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Preface

Today, with energy-dispersive and wavelength-
dispersive techniques, modern methods in X-ray
analysis are used in a wide range of applications, as
for example in X-ray fluorescence analysis, electron
microbeamanalysis,X-ray fluorescence analysiswith
charged particles, and so on. In many applications –
for instance in metallurgy, mining, microelectronics,
medicine, biology, environmental protection, chem-
istry, archeology, X-ray astronomy, and so on – fast
and effective information about the probes under in-
vestigation can be obtained by simultaneous multi-
element analysis. Therefore, it is of outstanding im-
portance for every analyst to have a carefully edited
collection of basic atomic data. This is also true in
the age of the communication society, where a large
quantity of data is available via the Internet. Practi-
cal experience shows that it is still important to have
data sets in the form of printed matter. This is even
more important, because much of the data available
in the Internet are given without correct citation of
data sources and without any evaluation.

Accurate sets of atomic data are necessary for the
calibration of energy- and wavelength-dispersive X-
ray spectrometers and serve as basic data for appli-
cations in atomic physics, nuclear physics and as-
trophysics, as well as data for diagnostics and mod-
elling of different plasmas, as for instance in fusion
research and ion source physics.

The present book characterizes, in a compact and
informative form, the most important processes and
facts connected with the emission of X-rays. Be-
ginning with the description of the atomic shell
structure, classification of atomic electron transi-
tions is given, and important details about these
processes are discussed. Subsequently, an overview

of the basic processes of the interaction of X-rays
with matter and of the most common detection
systems for the detection of X-rays are summa-
rized.

Individual sets of experimental atomic data,
known from the literature, are compared between
themselves and with theoretical results. In this way
it becomes possible to reach conclusions about the
consistency of the data sets to be used. In describing
theprocedures for energy and intensity calibration of
energy- and wavelength-dispersive X-ray spectrom-
eters, guidance in the application of atomic data for
the calibration of the detection systems to be used
and for transition line identification is given.

The present book fills a gap in the existing sci-
entific literature in a field important for commercial
and technological applications, as well as for basic
and applied research. It is offered to all scientists
and engineers using X-rays in research, technology,
process control, and in other fields. The spectrum
of working areas includes spheres of activity such
as X-ray and solid-state physics, atomic and nuclear
physics,plasma physics,astrophysics,physical chem-
istry, as well as special applications in such fields as
metallurgy, microelectronics, geology, silicate tech-
niques,environment protection,medicine,and so on.

The tables in the present book contain a wide
range of data contributingto the value of the bookby
their easy availability. From my own investigations I
know how costly the search for data can be. During
the writing of this book I have made an effort to sum-
marize all the data in a transparent way. When, for a
certain quantity,different data are known in the liter-
ature, as a rule I have given all known information to
characterize the actual knowledge in a definite objec-
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tive way. Here, readers should judge for themselves
how successful I have been. I would be grateful to
receive comments from users of the book, in order
to help me improve its conception and content for
further editions.

During the preparation of the first edition pub-
lished in 1989 by Verlag für Grundstoffindustrie,
Leipzig and in the same year as licence edition by
the Springer publishing house, my colleagues Dr.
S.Fritzsche,Dr.I.Reiche,Dipl.-Phys.K.Mädler,Dipl.-
Phys. R. Paul and Dipl.-Phys. J.-U. Uhlenbrok sup-
ported me in different ways. I express my gratitude
to all of them.During the preparation of the new edi-

tion the support given by Dipl.-Phys. G. Beulich, who
updated the extensive data set, was of extraordinary
value. Dr. D. Küchler and Dr. A. El-Shemi, as well as
Dipl.-Phys. T. Werner and Dr. F. Ullmann, gave me a
lot of valuable tips for the improvement of the first
edition. Furthermore, the comprehensive technical
assistance from Mrs. K. Arndt is acknowledged.

Last but not least, my gratitude is directed not
only to those actively contributing to the success of
the present book, but also to those contributing, via
appreciation and passive tolerance, to the finishing
of the present book – my family.

Dresden, October 2006 Günter Zschornack
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Part I

Atomic Structure, X-ray Physics and Radiation Detection



1 X-Ray Physics and Practice

1.1 Historical Development of X-Ray Physics

In antiquity, the Greek philosophers Leukipp1 and
Demokrit2 developed atomism as the science of the
existence of the smallest particles. This science says
that matter consists of small indivisible particles, the
so-called atoms. Only at the beginning of the nine-
teenth century was this thesis experimentally proved
by Dalton3, Gay-Lussac4 and Avogadro5 and the con-
ception of the existence of atoms and molecules was
developed.A description of the Dalton atomic theory
is given by Roscoe [459].

In the second half of the nineteenth century the
conception of the existence of atoms and molecules
was applied successfully in the kinetic theory of
gases. Important contributions to the new establish-
ment of the kinetic theory came from Clausius6,
Maxwell7, Boltzmann8 and Gibbs9. With the deter-
mination of the mass and size of atoms the concept
of the corpuscular structure of matter became more
and more important.

In the framework of the kinetic theory of gases the
atomwasassumed to bea structureless,homogenous
small sphere. At the end of the nineteenth century
experiments gave the first indications for an inner
structure to the atom. In 1881, investigations of gas

discharges by Helmholtz10 gave experimental confir-
mation that an elementary unit of electricity must
exist. In 1897 Thomson11 demonstrated that a nega-
tive electrical elementary charge is associated with a
light (in comparison to the atom) particle, the elec-
tron. The magnitude of the elementary charge and
the electron mass were determined, and electrons
were now understood as constituents of the atom
because they could be split from the atom. At the
beginning of the twentieth century experiments car-
ried out by Lenard [322] and Rutherford [467] on the
transmission of electrons and ˛-particles through
thin metallic foils gave a deeper understanding of
the atomic structure.

In the evaluation of these and other experiments
the Rutherford atomic model was developed:

The atom consists of a massive positively
charged nucleus with an extension of about
10−14 –10−15 m. Far from the nucleus, move
massless negatively charged electrons. The
mass of the atomic nucleus is about 2000–
4000 times greater than the mass of the elec-
tron shell. With a diameter in the order of
10−10 m the space occupied by an atom is al-
most empty.

1 about 480–420 before Christ
2 about 460–370 before Christ
3 John Dalton: British chemist and physicist (1766–1844)
4 Louis Joseph Gay-Lussac: French physicist and chemist (1778–1850)
5 Amedeo Avogadro: Italian naturalist (1776–1856)
6 Rudolf Clausius: German physicist (1822–1888)
7 James Clerk Maxwell: British physicist (1831–1879)
8 Ludwig Eduard Boltzmann: Austrian physicist (1844–1906)
9 Josiah Willard Gibbs:American physicist (1839–1903)
10 Hermann Helmholtz: German physicist and physiologist (1821–1894)
11 Sir Joseph John Thomson: British physicist (1856–1940)
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From the outside, atoms appear as electrically neu-
tral.Within the atom the entire negative charge of the
electrons is equal to the positive charge concentrated
in thenucleus.Somewhat later in theyear 1920,Chad-
wick12 determined the atomic number Z of atomic
nuclei.He found that the nuclear charge Z of an atom
is equal to the atomic number in the periodic table.
Because atoms are electrically neutral it follows that

atomic number = nuclear charge Z
= electron number of

the neutral atom.

In this way, an important relationship between the
atomic number and the atomic structurewas formu-
lated and it was deduced that the arrangement of the
elements in the periodic table must be closely con-
nected with the atomic structure.

Attempts to formulate,on the basis of the available
knowledge, a joint theory of atomic structure with
the aid of the laws of classical mechanics were unsat-
isfactory. First in 1925–1926 was quantum mechan-
ics formulated by Heisenberg13 and Schrödinger.14

Since that date a relevant description of microscopic
systems is given. Thus, in the present book all state-
ments will be formulated on a quantum mechanical
basis.

A pioneering paper was published in the year
1895 by Röntgen [456] in the Sitzungsberichte
der Würzburger Physikalischen und Medizinischen
Gesellschaft with the title “Über eine neue Art von
Strahlen”. In this paper Röntgen described a form
of radiation, which he called X-rays15 . Röntgen dis-
covered these X-rays during experiments with a gas-
discharge tube. The rays discovered by Röntgen, and
calledafter him,were an important highlight of phys-
ical research at this time. In 1896, more than 1000
papers tracing the investigationsof X-rayswere pub-
lished in scientific journals. Today X-rays are of fun-
damental importance for basic and applied research
as well as for applications in production and in pro-
duction control techniques. Examples of the wide
field of applications were given in Sect. 1.2.

The first spectroscopic investigations of light
emission and absorption of atoms were made about
110 years ago. These studies had shown that light
emitted by an atom has wavelengths characteristic of
each individual atom. Based on this understanding,
it was deduced that the appearance of characteris-
tic wavelengths must be connected with the internal
atomic structure.

The discovery of important regularities in the
wavelengths of hydrogen and in other comparably
simple spectra (for instance [28,83,332,370,419,428])
in 1913 was the first success of the interpretation of
the hydrogen spectrum by the Bohr theory. Because
atoms are stable and emit line spectra under certain
conditions, Bohr [77] had formulated postulates, the
so-called Bohr postulates:

1. In the atom there exist discrete orbits where, in con-
tradiction to classical electrodynamics, the elec-
trons can move without emitting radiation. Each
of these quantum orbits corresponds to a certain
energy state which is determined by an integer
number (the main quantum number n). The hy-
drogen atom is in the ground state (the state with
the smallest total energy) if the electron rotates in
an orbit with the smallest allowed radius. Outer
localized orbits correspond to energetically higher
states (excited states) of the atom.

2. To excite the electron from a stationary state (elec-
tron orbit) to a higher state, excitation energy must
be transferred to the electron. After a short charac-
teristic time the electron is transferred back from
the energetically higher orbit to the orbit with the
lower energy. The energy difference between the
initial and final orbit is emitted in the form of a
photon.

The application of quantum mechanics to many-
electron atoms has allowed us to understand and
to describe quite complicated spectra. For our pur-
poses, it is not necessary here to retrace the com-
plicated path to the present state of knowledge. For

12 Sir James Chadwick: British physicist (1891–1974)
13 Werner Karl Heisenberg: German physicist (1901–1976)
14 Erwin Schrödinger: Austrian physicist (1887–1961)
15 in German: X-Strahlen
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example, the interested reader can find adequate
overviews in [236,373,510,539].

A detailed discussion of the fundamental prob-
lems of the understanding of atomic spectra was
given, for example, in the overviews of Sobelman
[509], Cowan [126] and Shevelko [494].

Closely connected with the development of the
conception of the atomic structure is the use of X-
rays from atoms and ions for the purposes of basic
and applied research, such as their use in the control
of technological processes and for medical applica-
tions. After the discovery of X-rays, the diagnostic
possibilities of this radiation were understood very
rapidly.

In 1912, with the papers of Laue16, Friedrich17,
Knipping, the formulationof the Bragg equation [82]
and investigations by Moseley [370], important pre-
requisites for the use of spectroscopic methods for
the analysis of elements were developed. The use of
these new diagnostic possibilities led, for example,
to the discovery of the elements helium, cesium, gal-
lium, indium and thallium. A deeper understanding
of X-ray emission analysis started with the work of
Hevesy [235].

Principally, information on the atomic or ionic
electron shell structure can be obtained18 in dif-
ferent ways. Thus data from the elastic or inelastic
scattering of electrons, ions or X-rays and the en-
ergies from photoelectrons can help to clarify the
atomic structure.An important sourceofvery precise
information is spectroscopic studies of the quanta
emitted or absorbed by atoms. X-ray analytical in-
vestigations require the precise knowledge of such
atomic data,as for instance X-ray transition energies,
the relative intensities of different X-ray transitions,
the energies of absorption edges and fluorescence
yields.

This is why the data in the present book is, after
the discussion of important for X-ray analysis ter-
mini, principles and facts to give a comprehensive
description of atomic data on the basis of an exten-
sive evaluation of the existing X-ray literature. Here

we add information from calculated data if experi-
mental data are not available.

1.2 Significance of Atomic Data for Practice

In basic research X-ray spectroscopy is widely used
and often contributes substantially to increasing
knowledge in different scientific disciplines. To il-
lustrate this circumstance we give in the following
some examples underlying the importance of X-ray
physics:

1. Considering thedependence,known fromMose-
ley’s law, between the atomic number Z of a
given element and the corresponding transi-
tion frequencies of the X-rays, the elements cal-
cium (Z = 20) and zinc (Z = 30) were placed
into Mendeleev’s periodic table on the basis of
their measured X-ray transition energies. Like-
wise, the positions in the periodic table of the as
yet undetermined elements technetium, prome-
thium, astatine and francium could be deter-
mined. These elements were found only with
great difficulty because the elements astatine
and francium have only radioactive short-lived
isotopes and the half-life times of technetium
and promethium are shorter than the age of the
Earth.

2. The elements hafnium (Z = 72) and rhenium
(Z = 75) were discovered by the detection of
their X-ray emission.

3. The spectrometry of X-rays from element 104
confirms the production of this element [56].

4. Atomic states, as they are produced for example
in ion–atom collisions and in the cascade de-
cay of inner-shell vacancies, can be determined
by X-ray spectroscopy. Furthermore, the phys-
ical properties of X-ray-emitting matter, such
as density, temperature or composition of high-
temperature plasmas, can be analyzed by X-ray
spectroscopy.

16 Max von Laue: German physicist (1879–1960)
17 Walter Friedrich: German physicist (1883–1968)
18 Usually the term“atom”characterizes a neutral atom, i.e. a nucleus with charge +Z around which revolves N electrons,

where N = Z. By “ions” we understand positively or negatively charged systems with N < Z or N > Z.
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5. X-rays from electrons leaving the conduction
band of metals contain informationon the wave-
function of these electrons [169,418].

6. The binding energy of electrons bound in the
atomic orbitals weakly reflects the nuclear vol-
ume. Because in heavy atoms the lifetimes of
inner-shell vacancies are much smaller than the
lifetimeofmany nuclei, the radii of excitednuclei
can be determined by the spectrometry of X-rays
emitted during ˇ-decay (electron capture).

7. X-ray spectrometry allows one to get informa-
tion about the excitation process during the pro-
duction of X-rays. For example, X-ray transition
lines from electron capture (weak outer-shell
excitation) and from photoionization processes
(intense satellite lines) have been investigated.

8. By X-ray spectrometry Coster–Kronig transition
probabilities [574] as well as K and L transition
probabilities can be determined.

9. To determine nuclear lifetimes in the region of
10−16 s X-rays have been used in experiments
with delayed particles.

10. X-rays are applied in the structure analysis of
huge molecules. For example, the structure of
insulin, hemoglobin and of DNA were clarified
by the help of X-rays.

Without attempting completeness we will give a
list of applications of different X-ray techniques (e.g.
XIXE, RFA, PIXE19) where precise atomic data are
prerequisites for successful results:

• Medicine and biomedical research
– investigations of tissue probes, cells, etc.,
– analysis of trace elements in blood and

glands,
– investigations of the assimilation of nonra-

dioactive iodine,
– analysis of clinical X-ray sources;

• Metallurgy
– analysis of binding structures,diffusion pro-

files, etc.,
– qualitative and quantitative analysis of alloys,
– studies on the lattice structures at high pres-

sures,

– phase transitions at high temperatures and
other transition phenomena;

• Geophysical research and source exploration
– seafloor analysis, history of the seafloor,
– classification of mineral probes,
– mineral and precious metal exploration;

• Solid-state and semiconductor research
– fault analysis of semiconductor elements,
– investigation of the spatial impurity distribu-

tion in electronic devices and basic materials,
– classification of minerals in lunar probes, etc.

to get informationon the temperature, chem-
ical composition and cooling rates of differ-
ent probes;

• Space research
– X-ray astronomy (identification of character-

istic lines in the X-ray continuum),
– analysis of meteors, asteroids and planets,
– space exploration;

• Forensic science
– identification of art and coin forging,
– authenticity of credit cards, passports, etc.,
– customs examination according to precious

metals,
– identification of poisons of heavy elements,
– missile abrasion, gunpowder tracks;

• Industry
– quality control and error analysis,
– on-line process control in steelworks, metal

refining, etc.,
– control ofmachinewear by fluorescenceanal-

ysis of the lubricating oil,
– calibration of materials thickness,
– identification andarranging ofunknown ma-

terials,
– investigation of catalytic after-burning pro-

cesses in the car industry (Pb, S),
– food chemistry investigations;

• Archeology and art
– authenticity and classification of precious

archeological objects, determination of the
age, origin, etc.,

– identification and authenticity of old works
of art, coins, etc.;

• Environment analysis and protection

19 PIXE: Particle Induced X-ray Emission
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– analysis of environmental pollution (gaseous
and powdery pollutants) and air filter probes,

– trace analysis of toxic heavy elements.

Depending on the area of responsibility and
on the detection techniques (energy-dispersive or
wavelength-dispersive spectrometers) the demands
on atomic data are different, depending on the ac-
tual problem. Here we will note that not in every

case is the precision of the available atomic data the
limiting factor, because also quantities such as the
effect-to-background ratio, the energy resolution of
the applied spectrometer or the chemical composi-
tion of the investigatedprobes can influence the anal-
ysis results substantially. Thus for solving a concrete
problem a detailed analysis considering special de-
tails and circumstances must be done.



2 Physical Fundamentals

2.1 Electronic Configurations and Atomic
Ground States

2.1.1 Occupation of Electronic Levels

An atom consisting of electrons and a nucleus as a
many-body systemcan bedescribedcorrectly only as
a whole ensemble. Here the description of the elec-
tron motion is approximated in a central symmetric
effective potential produced by the nucleus and all
other electrons in the atom. Then in a many-electron
atom the effective central potential is the sum of the
screened Coulomb potential of the nucleus and of
the centrifugal potential. The field generated in this
way is a so-called self-consistent field.

In the nonrelativistic approximation the electron
motion in the central field is completely described by
the orbital angular momentum l = 0, 1, 2, 3, . . ., the
projection of this momentum on a certain direction
lz = m = l, l − 1, . . . , −l and by the electron en-
ergy connected with the principal quantum number
n. The dependence between the principal quantum
number n and the energetic states characterized by
n has, for the hydrogen atom, the form

En = −
Z2e4me

8h2"2
0

1
n2

(2.1)

where Z is the atomic number, e is the elementary
charge, me is the electron rest mass, h is Planck’s
constant and "0 is the dielectric constant.

Often the main subshells in the atom are charac-
terized, beside the principal quantum number, with
the capital letters

n = 1 2 3 4 5 6 7 . . .

shell K L M N O P Q . . .

The orbital angular momentum l is an integer quan-
tum number characterizing the angular momentum
state of the particle and corresponds, for an electron
on a stationary orbit, to a multiple of �1.

The magnetic quantum number m is also an inte-
ger number, describing the component of the orbital
angular quantum momentum according to the quan-
tization axis (as a rule the z-axis). There are 2l + 1
possible orientations of the orbital angular momen-
tum l.

Generally, in quantum mechanics the declaration
of angular momenta occurs in units of Planck’s con-
stant �. But in most cases this unit is omitted for
simplicity. The characterization of states with differ-
ent orbital angular momenta l is based on symbols
using letters of the Latin alphabet:

orbital angular 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
momentum l [�]

designation s p d f g h i k l m n o q r t
S P D F G H I K L M N O Q R T

Capital letters are used as notation for the whole
atomic state or for a significant finite population of
electrons. Electron states of a given orbital angular
momentum l are, according to increasing energy, de-
scribed by the principal quantum number n, where
n can take the values l + 1, l + 2, . . ..

Single electron states with different quantum
numbers n and l are characterized by a notation
where the leading number declares the principal
quantum number n and the following letter gives the

1
� = h/2�
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value of the orbital momentum l. If a certain state is
occupied by some electrons with the same values of
n and l then the number of these electrons is given
by a superscript to the symbol for the orbital angu-
lar momentum. For instance the occupation of the
electronic shells in the neutral oxygen atom is then
designated as

O (1s2 2s2 2p4)

This means that two electrons occupy the state with
n = 0 and l = 0, two electrons the state with n = 1
and l = 0 and four electrons the state with n = 1 and
l = 1. The electron distribution over the different
atomic substates with different n and l is called the
electron configuration.

Because electrons are fermions the electron con-
figuration of a many-electron atom is determined by
the Pauli exclusion principle [421]:

All many-electron systems are described by wave-
functions antisymmetrized according to electron ex-
change. For the occupation of the electron shells this
means that each quantum state characterized by a set
of certain quantum numbers can be occupied only by
one electron, i.e. electrons in a many-electron atom
must differ in at least one quantum number.

For simplicity and clarity it is standard notation to
give the electron configuration in boxed brackets
for that atom which is the latest before the consid-
ered one that has closed subshells with the same n
and l. Then only the occupation of nonclosed sub-
shells is given explicitly. In the example considered
this means for the oxygen atom:

[Be] 2p4 with Be (1s2 2s2) .

Frequently, in the case that only one electron popu-
lates a state with given n and l the superscript will be
neglected, so for example in the case of the sodium
(Z = 11) electron configuration we have

[Ne] 3s .

Furthermore, besides the described quantum
numbers the state of an electron in the central field is

characterized by the parity P, depending only on the
orbital angular momentum and describing the prop-
erties of a wavefunction¦ (r) in the case of reflection
at the origin of the system of coordinates (r → −r).
Then

¦ (−r) = +¦ (r) , P = +1 , even parity ;
¦ (−r) = −¦ (r) , P = −1 , odd parity .

The overall scheme with the orbital angular momen-
tum has the form

P = (−1)l . (2.2)

States with even l were declared as states with even
(positive) parity. In this case the electron wavefunc-
tion does not change sign under sign reversal of all
particle coordinates. The opposite case (odd l) is de-
clared as odd (negative) parity.

Therefore

orbital angular momentum l = 0,2,4, . . . :
states with positive parity, P = 1

orbital angular momentum l = 1,3,5, . . . :
states with negative parity, P = −1.

Thus, the state of a system with N electrons is even
according to

P = (−1) exp

(
N∑

i=1

li

)
(2.3)

if the sum of the orbital angular momenta is even.
Odd terms are characterized by an index “o” so for
instance

2S1/2, 2Po
1/2

2

The requirement to classify electron states by their
parity follows because of the need to draw up selec-
tion rules for radiative electron transitions.

Finally,to every electron there is associateda spin3.
The spin s and its projection sz on a selecteddirection
are not connected with the motion of the electron
and do not have a classical analogy. For one electron
it yields

s = 1/2 sz = ±1/2 (in units of �).

2 read: doublet S one-half, doublet P odd one-half
3 The spin follows without any additional assumptions from momentum conservation in the Dirac theory of the hydrogen

atom.
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Therefore the stateof one electron is completely char-
acterizedby the four quantumnumbersn, l, lz and sz .

For given quantum numbers n and l there exist
2(2l + 1) electron states with different lz and sz (de-
generate4 levels nl). Considering the Pauli exclusion
principle, in each quantum state with quantum num-
bers n, l, lz and sz there can be only one electron, i.e.
in an atom maximally 2(2l + 1) electrons can have
the same values n and l. Here electrons with the
same principal quantum number are called equiv-
alent electrons and electrons with different principal
quantum numbers are referred to as nonequivalent
electrons. In the case of equivalent electrons the Pauli
principle reduces the number of possible states con-
siderably.

The population of all electrons with the same n
and l forms a closed subshell (subshell occupied by
the maximum number of electrons) or an open sub-
shell whereas the population of all electrons with the
same principal quantum number n forms an atomic
main shell.

Considering the above-mentioned relations, a
closed l-subshell can have the following occupation:

l = 0 s-subshell 2 electrons,
l = 1 p-subshell 6 electrons,
l = 2 d-subshell 10 electrons,
l = 3 f-subshell 14 electrons and so on.

Starting from this assumption,the occupation of
different main shells yields

K-shell 1s2 2 electrons,
L-shell 2s2 2p6 8 electrons,
M-shell 3s2 3p6 3d10 18 electrons,
N-shell 4s2 4p6 4d10 4f14 32 electrons and so on.

Considering themagnetic interaction between the
orbital angular momentumand the electron spin and
of the coupling of the magnetic moments connected
with this, the total angular momentum results

j = l + s (2.4)

respectively for absolute values

j = |l ± s|
and for a single electron system

j = |l ± 1
2
| .

The consequence is that each electron energy level
nl must be described additionally by the total angu-
lar momentum of the electron (fine structure level
splitting). In the standard nomenclature this angular
momentum is given as a subscript on the right side
of the spectroscopic destination of l:

ns1/2, np1/2, np3/2, nd3/2, nd5/2, etc.

To each electron energy level nlj there exist (2l +
1) sublevels, only distinguished by the value of the
projections of the total angular momentum

mj = lz + sz .

2.1.2 Systematics of Electron Energy Levels

LS Coupling

In the central field approximation the energy of an
electron is completely described by the specification
of the electron configuration nl. If noncentral elec-
trostatic interactions take place between the elec-
trons and the spin–orbit interaction the energy levels
n1l1, n2l2, . . . split into many different sublevels. The
systematics of these sublevels occurs on the basis of
two borderline cases if one of the mentioned inter-
actions is small in comparison to the other one.

Experimental results show that with increasing
atomic number a more or less continuous transition
occurs from the case where the electrostatic interac-
tion dominates compared with the spin–orbit inter-
action (LS coupling), to the opposite case of jj cou-
pling. In pure form, jj coupling is rare; quite often an
intermediate coupling is characteristic.

Strictly speaking, the naturally observed cases
correspond to neither of the described couplings ex-
actly. So it may be that in the case of electron excita-
tion for the description of the atomic core, Russell–
Saunders (LS) coupling is favored, and for the de-

4 Degeneration: Because of certain symmetries of the system different eigenfunctions (wavefunctions) belong to each
energetic state.
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scription of the excited electron, jj coupling must be
used.

Quantum numbers L and S. In the case of LS cou-
pling, also called Russell–Saunders coupling [464,
466], the electrostatic interaction leads to a level split-
ting of a given electronic configuration into a series
of sublevels characterized by different values of the
total orbital angular momentum L

L =
∑

i

li ; |L| = �
√

L(L + 1) (2.5)

and of the total spin S

S =
∑

i

si ; |S| = �
√

S(S + 1) . (2.6)

For the total angular momentum it then follows that

J = L + S ; |J | = �
√

J(J + 1) . (2.7)

According to equation (2.5) the individual orbital an-
gular momenta couple first to the total orbital angu-
lar momentum and the individual spins according
to (2.6) to the total spin. Afterwards the total orbital
angular momentum and the total spin couple to the
total angular momentum J (equation 2.7)).

The dependence of the energetic L splitting can
be explained by a simple analogy: Different values of
L correspond to different electron orbits. That is the
reason that electrons with different values of L are
localized at different distances from each other. This
leads to deviating values of the electrostatic repul-
sion between the electrons, i.e. to different energetic
substates.The energy dependence of S is also of elec-
trostatic origin but does not have a classical analogy
because it is of a quantum mechanical nature.

The interaction energy of the electrons with the
nucleus and the interaction energy of the electrons
among each other are of different sign.Thus the elec-
trostatic electron interaction produces an energetic
level shift towards higher energies, i.e. the absolute
energy values decrease.

Based on empirical facts for the description of the
energy level structure of configurations containing
more than two electrons, Hund [254] proposed rela-
tions applicable for LS coupling conditions,and these
are referred in the literature as Hund’s rules:

• Complete occupied shells or subshells do not con-
tribute to the total orbital angular momentum L
and to the total spin S.

• Equivalent electrons (with the same l) are inserted
into the ground state so thatamaximum total spin
S5 results. This is the reason that levels with the
highest multiplicity are the energetically deepest
localized ones.

• In a complex configuration electrons are inserted
so that the term with maximum S has the largest
value of L. This means the terms with the largest
value of L are the lowest-energy terms in the case
of the same multiplicity S(S + 1).

• For less than half-filled shells the total angular
momentum J has the value

J = L − S

and for more than half-filled shells it yields

J = L + S .

At first Hund’s rules were formulated on the basis
of the then known experimental results in too gen-
eral a form. Certainly, Hund’s rules can be applied
to configurations with a single open subshell or with
one subshell plus an s-electron and then only in re-
stricted form [126]:

• The lowest energy term of a configuration ln or
lns1 is that term of maximum S with the largest
value of L.

This restricted form of Hund’s rules has been well
verified experimentally.

Level fine structure. If we assume that the spin–orbit
coupling is small in comparison to the Coulomb in-
teraction then this results in a splitting of the LS

5 The claim to maximum S can be explained as follows [307]: In a system of two electrons the spin can be S = 0 or S =
1 whereby corresponding to S = 1 there is an antisymmetric local part of the wavefunction ¦ (r1, r2). For r1 = r2 this
function vanishes, i.e. the probability of both electrons being localized close to each other is small for the case S = 1.As
a result the electrostatic repulsion is small and the electrons have a smaller energy. For a system of several electrons
the most antisymmetric local part of the wavefunction corresponds to the greatest spin.
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terms corresponding to the different values of the
total orbital angular momentum of the electrons

J = L + S . (2.8)

This splitting is called the fine-structure or multiplet
splitting.

According to the general quantum mechanical
rules for the addition of angular momenta, the to-
tal angular momentum J of an atom can take values
of

L + S ≥ J ≥ |L − S| . (2.9)

Here we distinguish between two cases:

L ≥ S: there are 2S + 1 different values of J, i.e. the
term is split into 2S + 1 components.
L ≤ S: In this case the number of components is
2L + 1, but with the addition that the designation of
multiplicity remains according to the value of 2S + 1

The quantity 2S + 1 describing here the number
of term components is called the multiplicity of the
terms. The designation of the terms is the following:

2S + 1 = 1 singlet;
2S + 1 = 2 doublet;
2S + 1 = 3 triplet;
2S + 1 = 4 quartet, etc.

The notation of atomic electronic levels is governed
by

multiplicity
total orbital angular momentum

parity

total angular
momentum

Here on the left upper side multiplicity 2S+1 and
on the right lower side the total angular momentum
J of the electrons are indicated. For odd parity on
the right upper term side the index “o” (for odd) is
added:

2S+1L(o)
J .

In the case of an absent index the term is of even
parity. So for instance the term 2Do

3/2 describes an
electron level with odd parity with D = 2, S = 1/2
and J = 3/2 and the term 3D1 stands for a level with
even parity with L = 2, S = 1 and J = 1.

The specification of L and S describes a term; L, S
and J describe a level and L, S, J and M a state.

An LS-term is associated with

(2L + 1)(2S + 1)

states differing in the z-components of the orbital
angular momentum ML and of the spin MS. Further-
more, each J-component is 2J + 1 times degenerated
because each level with the quantum numbers L, S, J
is degenerated according to the orientation of the
vector J . The reason is that the energy of an isolated
atom does not depend on the orientation of the total
angular momentum in space. Thus 2J + 1 electronic
states correspond to the different possible values of
the z-component of the total angular momentum J
with the same energy.

A situation typical of LS coupling is shown for
a sp-configuration in Fig. 2.1. The starting point is
here the mean central field energy of a spatial sym-
metric atomsplit by contributions fromtheelectron–
electron interaction and from the Coulomb exchange
interaction. A further energy splitting occurs by the
spin–orbit interaction. This is also the situation ver-
ified experimentally for the field-free case. The pres-
ence of an external magnetic field causes an addi-
tional splitting into M components of the levels re-
sulting from the spin–orbit interaction (cancelling of
degeneration to M). The total splitting∑

J

(2J + 1) = (2L + 1) (2S + 1) (2.10)

in the considered system into 2J+1 sublevels foreach
state SLJ can be used to determine the value of j for
each level.

If the level splitting is small in comparison to the
level separation caused by more stronger interac-
tions then the center of gravity of each group of split
levels is identical with the position of the nonsplit
parent levels6.

Landé’s interval rule. The multiplet splitting follows
Landé’s interval rule:

The energetic difference between two terms of a
fine-structure multiplet with quantum numbers

6 For a proof see [126], p. 357
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Fig. 2.1. Energy level structure of a sp-electron configuration in LS coupling. For clarity the splitting for the spin–orbit
interaction and that by an external magnetic field is represented increased and not in a true scale

J + 1 and J of the total quantum momentum is
proportional to the greater of both total angular
momenta of the terms.

This yields

�EJ+1 − �EJ = AJ (J + 1) . (2.11)

The so-called interval factor AJ is a constant with dif-
ferent values for different terms. AJ can be positive
or negative and the following apply:

• For AJ > 0 the multiplet component has the low-
est energy such that J = L − S. Such kinds of
multiplets are called regular.

• For AJ < 0 the multiplet component has the low-
est energy having the greatest possible value of
J = L + S. These multiplets are called irregular
multiplets.

For n = 2l + 1 a multiplet splitting is absent. The
interval rule is valid only for LS coupling. This fact
allows it to prove the existence of LS coupling in fine-
structuremultiplets by the application of the interval
rule.

A situation typical of LS coupling is shown for a
Ne3+ configuration in Fig. 2.2. The distance between
LS terms of a certain configuration is much smaller
than the distance between terms of different electron

configurations. Each term – excluding singlet and S
terms – has a fine structure whereby the energetic
difference between the components of this structure
ismuchsmaller than thedifferencebetween different
terms.

Term determination for many-electron configura-
tions under LS coupling conditions. Possible terms
for configurations of nonequivalent electrons can be
determined using the rules for the quantum mechan-
ical addition oforbital angular momenta.For two an-
gular momenta L1 and L2 for the quantum number L
it follows that

L = L1 + L2, L1 + L2 − 1, . . . , |L1 − L2|
and for the resulting spin quantum number is

S = S1 + S2, S1 + S2 − 1, . . . , |S1 − S2| .

If the system consists of more than two electrons,
then at first quantum momenta for two electrons are
summarized.As the next step the quantum momenta
of a third electron are added, then for a fourth, and
so on. This procedure should be demonstrated in the
following:

Configuration np n′d: l = 1, 2, 3; this results in the
terms 1P, 1D, 1F, 3P, 3D, 3F.
If to this configuration a further electron n′′p is
added, then it yields:
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Fig. 2.2. Energy levels of a Ne3+ electron configuration
under LS coupling conditions. Emission rates are given
for selected possible X-ray transitions

Addition of a p-electron

to the term 1P results in 2S, 2P, 2D;
to the term 1D results in 2P, 2D, 2F;
to the term 1F results in 2D, 2F, 2G;
to the term 3P results in 2S, 2P, 2D, 4S, 4P, 4D;
to the term 3D results in 2P, 2D, 2F, 4P, 4D, 4F;
to the term 3F results in 2D, 2F, 2G, 4D, 4F, 4G .

As a whole we have

2 terms 2S 1 term 4S
4 terms 2P 2 terms 4P
6 terms 2D 3 terms 4D
4 terms 2F 2 terms 4F
2 terms 2G 1 term 4G.

Such an entirety is usually summarized as

2SPDF G 4SPDF G
2 4 6 4 2 1 2 3 2 1

The ascertainment of the resulting terms can also
be realized with a scheme where the initial term
np n′d is given in square brackets: [np n′d].The spec-
ification of the initial term is also called the geneal-
ogy.

The presence of one electron in an electron shell
leads to a doublet, two electrons result in a singlet
and a triplet, three electrons result in a doublet and
a quartet and so on. Adding an electron to a term of
given multiplicity, results in terms with multiplicities
of one step higher and lower than the initial multi-
plicity, respectively.

In the course of increasing the number of elec-
trons in a given shell for the different terms, multi-
plicities result, as given in Table 2.1. Here multiplic-
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Table 2.1. Term multiplicities during the filling of an electron shell

number of electrons 1 2 3 4 5 6 7 8

multiplicity 2 1, 3 2, 4 1, 3, 5 2, 4 1, 3 2 1, 3

ities with even and odd numbers change with each
other. In the region near to a noble gas shell the pos-
sible multiplicities decrease again.

The ascertainment of the terms of a given mul-
tiplet resulting from a LS-term after addition of a
further electron is called polyades. For the example
given above the two terms

np n′d p [3F] 2D, 2F , 2G and
np n′d p [3F] 4D, 4F , 4G

form two different polyades.
The determination of possible terms will be more

complicated if it concerns equivalent electrons. Here
the Pauli exclusion principle can lead to the situ-
ation that for the values of L and S, derived from
the common rules of angular momentum addition,
there are terms not allowed by the exclusion prin-
ciple. Possible terms of the configuration pn, dn and
f n are summarized in Table 2.2. In the last column
of Table 2.2 the statistical weight

∑
(2L + 1)(2S + 1)

of the configuration is given, i.e. the total number of
states of the given configuration.

If the electron configuration contains equivalent
as well as nonequivalent electrons, then the terms
of equivalent electrons are determined first. After
that the remaining electrons are added according to
the rules of adding angular momenta. Examples for
LS-terms of nonequivalent electrons are given in Ta-
ble 2.3.

If a configuration contains two groups of equiva-
lent electrons, then first the terms for each group are
determined and added than for the total configura-
tion according to the addition rules of angular mo-
menta. Then in the framework of the vector model
of angular momenta the vector sums are

L = [(L1 + L2) + L3] + . . .

S = [(S1 + S2) + S3] + . . . (2.12)

J = L + S.

Here the Li, Si describe terms for the i-th nonclosed
subshell given in Table 2.2.

Closed shells must not be considered because the
corresponding values of Li and Si add to zero.

In Tables 2.4 and 2.5 a summary of common
notations for angular momenta in one- and many-
electron atoms is given according to [126].

jj-Coupling

Coupling schemata.The term scheme of many atoms
is different from that expected from the scheme
based on LS coupling conditions. Therefore from the
analysis of many experimental results it follows that
there is only a restricted region of application for the
LS coupling.

Thus we will here discuss the opposite case to
the LS coupling, where the spin–orbit interaction
is much stronger than the electrostatic interaction.
Here the orbital angular momentum and the spin
are not conserved independent of each other but are
characterized by a total angular momentum j. For a
many-electron atom the different total angular mo-
menta j can be added to give a total angular momen-
tum J of the atom. In the literature this case is called
jj-coupling, because with a dominant spin–orbit in-
teraction the introduction of single spins and orbital
angular momenta no longer describe the situation
correctly.Only the total angular momentum J of the
electron is conserved, i.e. the resulting total angular
momentum of a N-electron system follows by the
addition of the total angular momenta of the single
electrons

J =
N∑

i=1

ji =
N∑

i=1

(li + si) ; |J| = �
√

J(J + 1) .

(2.13)
Undistorted jj-coupling appears only in some atomic
spectra. Nevertheless, as a rule spectra of heavy ele-
ments show structures near to those expected from
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Table 2.2. Terms of the configuration ln of equivalent electrons under LS coupling conditions (see [126,198,307,465,509]).
g(ln) is the statistical weight

configuration terms number of terms g(ln)

s1 2S 1 2

s2 1S 1 1

p1, p5 2P0 1 6

p2, p4 1 (SD) 3P 3 15

p3 2 (PD)o 4S0 3 20

d1, d9 2D 1 10

d2, d8 1(SDG) 3(PF) 5 45

d3, d7 2(PD
2
FGH) 4(PF) 8 120

d4, d6 1(S
2
D
2
FG

2
I) 3(P

4
DF

2
GH) 5D 16 210

d5 2(SPD
3
F
2
G
2
HI) 4(PDFG) 6S 16 252

f 1, f 13 2F0 1 14

f 2, f 12 1(SDGI) 3(PFH) 7 91

f 3, f 11 2(PD
2
F
2
G
2
H
2

IKL)0 4(SDFGI)0 17 364

f 4, f 10 1(S
2
D
4
FG

4
H
2

I
3
KL

2
N) 3(P

3
D
2
F
4
G
3
H
4
I
2
K
2
LM) 47 1001

5(SDFGI)

f 5, f 9 2(P
4
D
5
F
7
G
6
H
7

I
5
K
5
L
3
M
2

NO)0 73 2002

4(SP
2
D
3
F
4
G
4
H
3

I
3
K
2
LM)0 6(PFH)0

f 6, f 8 1(S
4
PD

6
F
4
G
8
H
4

I
7
K
3
L
4
M
2

N
2
Q) 119 3003

3(P
6
D
5
F
9
G
7
H
9

I
6
K
6
L
3
M
3

NO) 5(SPD
3
F
2
G
3
H
2

I
2
KL)

f 7 7F 2(S
2
P
5
D
7
F
10

G
10

H
9

I
9
K
7
L
5
M
4

N
2

OQ)0 119 3432

4(S
2
P
2
D
6
F
5
G
7
H
5

I
5
K
3
L
3
MN)0 6(PDFGHI)0 8S0
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Table 2.3. LS-terms of nonequivalent electrons (after [534])

configuration terms

ss 1S, 3S

sp 1P, 3P

sd 1D, 3D

pp 1S, 1P, 1D, 3S, 3P, 3D

pd 1P, 1D, 1F, 3P, 3D, 3F

dd 1S, 1P, 1D, 1F, 1G, 3S, 3P, 3D, 3F, 3G

Table 2.4. Angular momenta for one-electron systems (after [126])

generally angular momentum for one electron

orbital spin total

vector J l s j = l + s

operator J 2 l 2 s 2 j 2

eigenvalue j(j + 1)�2 l(l + 1)�2 s(s + 1)�2 j(j + 1)�2

possible j = 0, 1, 2, . . . l = 0, 1, 2, 3, . . . only s = 1
2 j = l − 1

2 (l > 0)

values of the or and

quantum numbers j = 1
2 ,

3
2 ,

5
2 , . . . j = l + 1

2

operator Jz lz sz jz

eigenvalue m� (or mj �) ml � ms � m�

possible m = −j, ml = −l, ms = ± 1
2 m = −j,

values of the −j + 1, . . . −l + 1, . . . , −j + 1, . . .

quantum numbers j − 1, j l − 1, l j − 1, j

jj-coupling conditions. Generally it yields that in the
transition from light elements to heavier ones a more
or less continuous transition from LS-coupling to jj-
coupling occurs, i.e. there appears an intermediate
coupling type.

The ratio between the electrostatic and the spin–
orbit interaction often differs for different levels of
the same atom. For light and not too heavy atoms
the atomic ground state levels could be described in

LS-coupling, but this is no longer true for strongly
excited states. In this case the electrostatic interac-
tion from electrons of the atomic core with outer
electrons is small in comparison to the spin–orbit
interaction.

With some exclusions all real spectra can be de-
scribed in the framework of LS- or jj-coupling.Often
this is also possible for cases if neither LS- nor jj-
coupling can be applied exactly. Furthermore, later
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Table 2.5. Angular momenta for many-electron systems (after [126])

generally angular momenta of a N-electron system

orbital spin total

vector J L =
N∑

i=1
li S =

N∑
i=1

si J =
N∑

i=1
(l + s)

operator J 2 L 2 S 2 J 2

eigenvalue J(J + 1)�2 L(L + 1)�2 S(S + 1)�2 J(J + 1)�2

possible J = 0, 1, 2, . . . L integer S integer J integer

values of the (N even) or (N even) or

quantum numbers J = 1
2 ,

3
2 ,

5
2 , . . . S half-integral J half-integral

(N odd) (N odd)

operator Jz lz sz jz

eigenvalue M� (or ML�) ML� MS� M�

possible M = −J, ML = −L, MS = ± 1
2 M = −J,

values of the −J + 1, . . . −L + 1, . . . , −J + 1, . . .

quantum numbers J − 1, J L − 1, L J − 1, J

we will discuss other coupling schemes such as pair
coupling and jK-coupling too.

Systemization of electron states for jj-coupling con-
ditions. If the conditions for jj-coupling are satisfied,
then every state of an electron can be described by
four quantum numbers nljmj, where for a given l the
value of j result to

l = j ± 1

2
.

One of the possible values of l is even and the other is
odd. Thus, if the value of j and the parity of the state
are given then the value of l is determined.

If the electrostatic interaction is neglected, the en-
ergy of the electron does not depend on the spatial
orientation of the total angular momentum j in the
space, i.e. the energy is only dependent on the quan-
tum numbers nlj. In this case each state for a given j
is (2j + 1)-times degenerated. This means for m:

each state with j = l + 1/2 contains 2l + 2 levels with
different m;

each state with j = l − 1/2 contains 2l levels with
different m.

In Fig. 2.3 a characteristic level structure for jj-
coupling conditions is shown schematically (dis-
tances are not proportional to the level energies).

Usually the value of the total angular momentum
j is given as a subscript on the right side of the orbital
angular momentum l. Possible states are then

s1/2, p1/2, p3/2, d3/2, d5/2, f5/2, f7/2,
g7/2, g9/2, h9/2, h11/2, . . .

Due to the spin–orbit interaction the states j = l+1/2
and j = l − 1/2 correspond different energy levels.

For a many-electron system under jj-coupling
conditions, couplingof the angular momenta occurs,
so that first the spin and the orbital angular momen-
tum of each electron couple to a value ji and then the
resulting ji couple in an arbitrary sequence to a total
angular momentum J. For a two-electron system it
yields [

(l1, s1)j1, (l2, s2)j2
]

JM
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Fig. 2.3. Formation of a pf energy level structure for jj-
coupling conditions (after [126])

In jj-coupling the notation of energy levels has the
form

(j1, j2)J .

Here for jj-coupling the exclusion principle means
that two electrons must be different at least in one of
the quantum numbers nlj.

Considering the electrostatic interaction, a level
described by the quantum numbers nlj splits into
levels characterized by the total angular momentum
J. Possible values of J can be found here analogous
to the determination of the possible values under
LS-coupling conditions. For nonequivalent electrons
the allowed values of J can be determined with the
common rules of addition of angular momentum.

As an example we will consider a nd1nf 1 configu-
ration: Here for the d-electron, j = 3/2, 5/2, and for
the f -electron, j = 5/2, 7/2. The possible values of
J are listed in Table 2.7. Here we must note that the
total level number for a given value of J should be the
same in LS- as well as in jj-coupling.

As in LS-coupling for equivalent electrons the
Pauli exclusion principle must be considered too. In

Table 2.7. Terms for a nd1nf 1-configuration under jj-
coupling conditions

j1 j2 |j1 − j2| ≤ J ≤ j1 + j2 terms

3

2

5

2
1,2,3,4

(
3

2
,

5

2

)
1,2,3,4

3

2

7

2
2,3,4,5

(
3

2
,

7

2

)
2,3,4,5

5
2

5
2 0,1,2,3,4,5

(
5
2
,

5
2

)
0,1,2,3,4,5

5

2

7

2
1,2,3,4,5,6

(
5

2
,

7

2

)
1,2,3,4,5,6

Table 2.6 allowed levels of jn configurations are given
for j ≤ 9/2.

In nuclear physics jj-coupling is widely used for
equivalent particles. Otherwise, for atomic subshells
ln the coupling conditions are often much closer to
the LS scheme than to the jj coupling, if we refrain
from some very heavy elements. In the same way the
coupling between different subshells or between ex-
cited electrons and the atomic core is much closer to
jj-coupling.

Furthermore, we will refer to the fact that LS or jj
coupling lead to a different number ofatomic states if
in the case of LS coupling the spin–orbit interaction
or for the jj coupling the electrostatic interaction is
neglected. This means, if closely located transitions
could not be resolved in the case of jj coupling, then
there are far fewer transition lines than in the case
of LS coupling. This circumstance allows us to de-
duce the coupling scheme from an experimentally
observed spectrum. This is also possible if the ob-
served transition lines are so wide that it is impossi-
ble to resolve adjacent spectral lines.

Additional Coupling Types

Beside LS- and the jj-coupling there exits further
coupling types much more common than the jj-
coupling but much less well known.

Paircoupling.Paircouplingappears in ions forhighly
excited states. Paircoupling conditions are observed
for excited configurations, where the orbital energy
only weakly depends from the spin s of the excited
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Table 2.6. Allowed states of the configuration jn for jj-coupling conditions (after [214]; see also [126,509])

l j n J

s, p
1

2
0,2 0

1
1
2

p,d
3

2
0,4 0

1,3
3

2
2 0,2

d, f
5

2
0,6 0

1,5
5

2
2,4 0,2,4

3
3

2
,

5

2
,

9

2

f , g
7

2
0,8 0

1,7
7

2
2,6 0,2,4,6

3,5 3
2 ,

5
2 ,

7
2 ,

9
2 ,

11
2 , 15

2

4 0,2,2,4,4,5,6,8

g, h
9

2
0,10 0

1,9
9

2
2,8 0,2,4,6,8

3,7
3

2
,

5

2
,

7

2
,

9

2
,

9

2
,

11

2
,

13

2
,

15

2
,

17

2
,

21

2
4,6 0,0,2,2,3,4,4,4,5,6,6,6,7,8,8,9,10,12

5
1

2
,

3

2
,

5

2
,

5

2
,

7

2
,

7

2
,

9

2
,

9

2
,

9

2
,

11

2
,
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2
,
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,
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2
,

15

2
,

15

2
,

17

2
,

17

2
,

19

2
,

21

2
,

25

2

electron. This is characteristic of states with high or-
bital angular momenta, because such electrons dis-
turb the atomic core only slightly and the strength
of the spin–orbital interaction is proportional to l−3.
Here the energetic level structure depends on the
possible valuesof J , resulting fromtheaddition of s to
the resulting vector K of all other angular momenta.

For paircoupling, the following coupling types are
known as borderline cases:

1. jK-coupling. This is known also as jl-coupling
and arises if the spin–orbital interaction of the
core electrons is greater than the electrostatic
interaction of these electrons with the excited
electron.
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For two electrons the following coupling scheme
results:

l1 + s1 = j1
j1 + l2 = K (2.14)

K + s2 = J

with the notation

j1[K]J .

2. LK-coupling. This is also known as Ls-coupling
and is the alternative borderline case to jK-
coupling. In two-electron configurations this
corresponds to the case if the electron–electron
Coulomb interaction is greater than the spin–
orbital interaction of each electron. Then the
coupling scheme has the form

l1 + l2 = L
L + s1 = K
K + s2 = J .

(2.15)

In this way the individual states states are char-
acterized by

L[K]J .

Overview to the coupling types. For two
nonequivalent electrons with the orbital angu-
lar momenta l1s1 and l2s2:

LS-coupling l1 + l2 = L, s1 + s2 = S, L + S = J

jj-coupling l1 + s1 = j1, l2 + s2 = j2, j1 + j2 = J

LK-coupling l1 + l2 = L, L + s1 = K, K + s2 = J

jK-coupling l1 + s1 = j1, j1 + l2 = K , K + s2 = j,

According to [494] for a two-electron configura-
tion npn′p for the individual coupling types the
possible states can be written as:

LS-coupling:

1S0,
1P1,

1D2,
3S1,

3P0,1,2,
3D1,2,3 ; .

jj-coupling:[
1
2

1
2

]
0,1

,

[
1
2

3
2

]
1,2

,

[
3
2

1
2

]
1,2

,

[
3
2

3
2

]
0,1,2,3

; .

LK-coupling:

S
[

1

2

]
0,1

, P
[

1

2

]
0,1

, P
[

3

2

]
1,2

,

D
[

3

2

]
1,2

, D
[

5

2

]
2,3

;

jK-coupling:
1

2

[
1

2

]
0,1

,
3

2

[
1

2

]
0,1

,
1

2

[
3

2

]
1,2

,

3

2

[
3

2

]
1,2

,
3

2

[
5

2

]
2,3

.

2.1.3 Electron Shell Structure

Atomic ground states and excited states.The fact that
photons are emitted from the atomic shell only with
certain discrete wavelengths is connected with the
discrete atomic structure, i.e. the atom can exist only
in states with discrete energies. The first scientific
proof of the existence of discrete atomic energy lev-
els was obtained by the bombardment of atoms with
monoenergetic photons. As a result photoelectrons
with discrete kinetic energies were observed.

For X-ray analytic purposes important inner-shell
electron binding energies can be determined by

• photoelectron spectroscopy after the absorption
of monoenergetic and sufficiently energetic pho-
tons,

• the analysis of X-ray emission and absorption
spectra and

• by absorption spectroscopy with synchrotron ra-
diation.

The possible discrete electron energies of an atom
are called energy levels. Each quantum state repre-
senting the lowest possible energy of an atom is
called the ground state; all other states are excited
states and the corresponding quantum states are
named excited states.

Energy units of atomic states and X-ray transitions.
In atomic and X-ray physics energies are commonly
declared in electronvolts (eV) or in the correspond-
ing wavelengths in nanometers (nm). Energy and
wavelength are connected by



2.1 Electronic Configurations and Atomic Ground States 23

E = h� =
hc
�

. (2.16)

Here h is Planck’s constant and c is the vac-
uum speed of light. With hc = (1.23984191 ±
+0.00000011) 10−4 eV cm [157] we find

E[keV] =
1.23984191
�[nm]

and E[Ry] =
911.27
�[nm]

.

(2.17)
Here Ry is the Rydberg unit7 often used in the theory.
It yields

1Ry =
2�2me4

h
=

e2

2a0
= 13.6056923 eV (2.18)

with a0 = h2/4�2me2 = 0, 529177 · 10−8 cm as the
first Bohr radius of the hydrogen atom. Also used is
the Hartree

1 Hartree =
e2

a0
= 2 Ry . (2.19)

For the sake of completeness here we also give
some other non-SI units used up to now in different
parts of atomic and X-ray physics:

• Ångström. Especially in wavelength-dispersive
X-ray spectroscopy the non-SI unit Ångström8

is widely used:

1 Å = 1 × 10−10 m = 1 × 10−1 nm = 1 × 10−8 cm .

Likewise the International Ångström is also ap-
plied ,defined by the red line of cadmium (�Cd =
6438, 48698 Å):

1 I.Å = 0.000155316413�Cd .

• Kayser. For levels corresponding to weak bound
valence-electrons often the unit Kayser9 (abbre-
viatednotation K) isusedas a pseudoenergy unit.
Here a spectral line with the wavenumber k is
characterized by the number of vacuum wave-
lengths � per length unit (usually per centime-
ter):

k =
1
�

=
E
hc

.

For � in nm:

k =
109

�
cm−1 .

The kilokayser is applied to the XUV spectral
range and the millikayser characterizes effects
such as the isotope shift and hyperfine structure
splitting in optical spectra.

• Relations between energy and pseudoenergy
units. The following relations exist between en-
ergy and pseudoenergy units:

1 Ry = 109737.31568525 cm−1

1 eV = 8065.544 cm−1

These relations are valid for the Rydberg constant
R∞ for infinitely large nuclear mass.

Energy level diagrams. The possible energy levels of
an atom can be expressed by an energy level dia-
gram (Grotrian diagram). Here each level is repre-
sented by a horizontal line along a vertical energy
scale. Every level is placed in columns character-
izing certain quantum states. The individual levels
are characterized by the quantum numbers n (main
quantum number) and l (orbital angular momen-
tum). Known are expressions whose end levels are
placed in oneof several columns,according to certain
angular momenta that correspond to that level. Fur-
thermore there exist expressions where in each col-
umn the notation to characterize the quantum state
is given in the complete description of LS-coupling.

In each column with fixed l, the levels form a se-
quence of energies known as Rydberg series. For high
n every series converges to an energy, the so-called
series limit.This value is also known as the ionization
limit and describes the physical state for which the
electron is ionized, i.e.where the electron is infinitely
far from the atom and has zero kinetic energy.

Generally there exist ionization limits corre-
sponding to different energetic states of the remain-

7 according to the Swedish physicist J.R. Rydberg (1854–1919)
8 Spectroscopic length unit named after the Swedish physicist and astronomer Anders Jonas Ångström.Officially, since

January 1, 1980 the Ångström hast lost its validity but is still used nowadays in practice.
9 Named after the German physicist H.G.J. Kayser (1853–1940), the unit is not accepted by the IUPAP, but in practice it

is often used instead of cm−1.
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ing ion.The lowest lying ionization limit relates to the
ion ground state and is known as the first ionization
limit (or likewise as the ionization limit).

Ionizationenergy.Theenergy differencebetween the
atom or ion ground state and that of the next higher
charged ion is called the ionization energy of the
atom or ion, i.e. it characterizes the energy necessary
to transform an atom or ion to the next higher charge
state.The energy needed for theproduction of a posi-
tive charged atom X1+ is known as the first ionization
energy, for higher charge states yield corresponding
designations.

The often used term ionization potential is under-
stood to refer to a potential in volts with the same
numerical value as the ionization energy in eV.

A summary of experimental ionization energies
for all neutral atoms up to uranium is given in Ta-
ble 2.8. Here the values tabulated in [126] contain
results from [367], [99], and [338].

As a rule, ionization occurs by removing an elec-
tron from the outermost orbital (most weakly bound
electron). It should be mentioned that not for every
case is the ionization equivalent to a simple removal
of an electron from a certain orbital. For some cases
in the following the ionization process can addition-
ally lead to excited states in the atom to be ionized.

Electron affinity. Some neutral atoms and molecules
are able to catch an electron to form a negative ion in
a stable state. In this way the electron affinity charac-
terizes the energy released by the attachment of an
electron by a neutral atom or molecule. The electron
affinity can be calculated by the Born–Haber circular
process.

For example, a summary of electron affinities is
given in [494] and [441]. The values of the electron
affinity alternate through the periodic systems of el-
ements between energies of less than 100 meV (for
instance C− (2D)) to about 3 eV (for instance I− (1S)).

Electronic structure and ground state terms. In Ta-
ble 2.9 the electronic structure and the ground state
terms for the neutral atoms of the periodic systems
of the elements and for the first two ion ground states
are given.

Notationof ion charge states.To characterize the ion
charge state for a q-fold positive or negative charged

ion, it is common to write Zq± or to add to the ele-
ment symbol a roman number describing the charge
state of the positive charged ion. In this form we un-
derstand by Ge I the neutral germanium atom, by Ge
II the singly ionized germanium ion, by Ge III the
twofold ionized germanium ion, and so on.

2.2 Characteristic X-Rays

2.2.1 Classification

Origin of X-rays. Characteristic X-rays originate
fromelectron transitionsbetween different energetic
atomic or ionic substates after creating an inner-shell
vacancy, i.e. after the ionization of a strongly bound
electron. The X-ray properties were basically deter-
mined by the atomic number and the number and
distributions of the electrons according to the dif-
ferent possible quantum states. Here we define the
energy Ei of a state taking part in the X-ray tran-
sition as the energy of an electron state, where the
atom has one vacancy in the i-th subshell. Neglect-
ing nonradiative electron transitions, then the tran-
sition i → f from an initial state i into a final state
f of lower energy leads to the emission of an X-ray
quantum with energy Ei − Ef . This quantum corre-
sponds to the emission of radiation with a frequency
f , a vacuum wavelength � and a wavenumber k. Here
it yields

Ei − Ef = hf =
hc
�

= hck (2.20)

or, if we give the energy of the individual levels in
pseudoenergy units E/hc

Ei

hc
−

Ef

hc
=

1

�
= k . (2.21)

On the other hand, if for the atom there exists a state
f and if the atom is localized in a radiation field of
frequency

f ′ =
Ei − Ef

h

then it can be excited in a state i by the absorption of
a photon with energy Ei − Ef .
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Table 2.8. Experimental ionization energies for neutral atoms (q = 0) and for the first ion ground states q (in eV) for all
elements up to Z = 102 (after [126,441,494,528]).

ionization stage q

Z Atom q=0 q=1 q=2 q=3 q=4 q=5

1 H 13.598
2 He 24.587 54.418

3 Li 5.392 75.641 122.455
4 Be 9.322 18.211 153.896 217.720
5 B 8.298 25.155 37.931 259.374 340.228
6 C 11.260 24.384 47.888 64.494 392.091 490.00
7 N 14.534 29.602 47.450 77.474 97.891 552.12
8 O 13.618 35.118 54.936 77.414 113.900 138.12
9 F 17.422 34.971 62.709 87.141 114.244 157.17
10 Ne 21.564 40.963 63.46 97.12 126.22 157.93
11 Na 5.139 47.287 71.621 98.92 139.39 172.15
12 Mg 7.646 15.035 80.144 109.266 141.27 186.51
13 Al 5.986 18.829 28.488 119.994 153.72 190.48
14 Si 8.151 16.346 33.493 45.142 166.796 205.06
15 P 10.486 19.726 30.203 51.444 65.026 220.43
16 S 10.360 23.33 34.83 47.31 72.68 88.054
17 Cl 12.967 23.814 39.61 53.47 67.8 97.03
18 Ar 15.759 27.630 40.74 59.81 75.02 91.01
19 K 4.341 31.626 45.73 60.91 82.66 100.0
20 Ca 6.113 11.872 50.914 67.10 84.41 108.78
21 Sc 6.54 12.80 24.757 73.669 91.66 111.1
22 Ti 6.82 13.58 27.492 43.267 99.30 119.5
23 V 6.74 14.66 29.311 46.709 65.282 128.13
24 Cr 6.766 16.50 30.96 49.1 69.46 90.64
25 Mn 7.435 15.640 33.668 51.2 72.4 95
26 Fe 7.870 16.183 30.652 54.8 75.0 99.1
27 Co 7.86 17.083 33.50 51.3 79.5 102
28 Ni 7.635 18.169 35.17 54.9 75.5 108
29 Cu 7.726 20.293 36.84 55.2 79.9 103
30 Zn 9.394 17.965 39.724 59.4 82.6 108
31 Ga 5.999 20.51 30.71 64 83 110
32 Ge 7.899 15.935 34.22 45.71 93.5 113
33 As 9.81 18.589 28.352 50.14 62.63 127.6
34 Se 9.752 21.19 30.821 42.945 68.3 81.81
35 Br 11.814 21.8 36 47.3 59.7 88.6
36 Kr 13.999 24.360 36.95 52.5 64.7 78.5
37 Rb 4.177 26.050 39.02 52.6 71.0 84.4
38 Sr 5.695 11.030 42.884 56.28 71.6 90.8
39 Y 6.38 12.24 20.525 60.60 75.0 89.26
40 Zr 6.84 13.13 22.99 34.412 80.35 94
41 Nb 6.88 14.32 25.05 38.3 50.55 102.06
42 Mo 7.099 16.16 27.17 46.4 61.2 68
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Table 2.8. (cont.)

ionization stage q

Z Atom q=0 q=1 q=2 q=3 q=4 q=5

43 Tc 7.28 15.26 29.55 43 59 76
44 Ru 7.37 16.76 28.47 46.5 63 81
45 Rh 7.46 18.08 31.06 45.6 67 85
46 Pd 8.34 19.43 32.93 48.8 66 90
47 Ag 7.576 21.484 34.83 52 70 89
48 Cd 8.993 16.908 37.48 55 73 94
49 In 5.786 18.870 28.044 54 77 98
50 Sn 7.344 14.632 30.503 40.735 72.28 103
51 Sb 8.641 16.53 25.3 44.2 56 99
52 Te 9.009 18.6 27.96 37.42 58.76 70.7
53 I 10.451 19.131 33 41.7 71 75.76
54 Xe 12.130 21.21 32.1 46.7 59.7 71.8
55 Cs 3.894 23.14 33.38 45.5 62 74
56 Ba 5.212 10.004 35.844 47.1 62 80
57 La 5.577 11.06 19.177 49.95 61.6 80
58 Ce 5.539 10.85 20.198 36.76 65.55 77.6
59 Pr 5.473 10.55 21.624 38.98 57.53 81
60 Nd 5.525 10.73 22.1 40.41 60.00 80
61 Pm 5.582 10.90 22.3 41.1 61.69 82
62 Sm 5.644 11.07 23.4 41.4 62.66 79
63 Eu 5.670 11.24 24.92 42.6 63.23 82
64 Gd 6.150 12.09 20.63 44.0 64.76 85
65 Tb 5.864 11.52 21.91 39.79 66.46 89
66 Dy 5.939 11.67 22.8 41.47 62.08 84
67 Ho 6.022 11.80 22.84 42.5 63.93 86
68 Er 6.108 11.93 22.74 42.65 65.10 88
69 Tm 6.184 12.05 23.68 42.69 65.42 89
70 Yb 6.254 12.176 25.05 43.74 65.58 89
71 Lu 5.426 13.9 20.955 45.250 66.47 93

72 Hf 6.65 14.9 23.3 33.37 68.38 95
73 Ta 7.89 16.2 22.3 33.1 48.27 99
74 W 7.98 17.7 24.1 35.4 48 61
75 Re 7.88 16.6 26 37.7 51 64
76 Os 8.7 17 25 40 54 68
77 Ir 9.1 17.0 27 39 57 72
78 Pt 9.0 18.563 28.5 41.1 55 75
79 Au 9.225 20.5 30.5 43.5 58 73
80 Hg 10.437 18.756 34.2 46 61 77
81 Tl 6.108 20.428 29.83 50.7 64 81
82 Pb 7.416 15.032 31.938 42.32 68.8 84
83 Bi 7.289 16.69 25.56 45.3 56.0 88.3
84 Po 8.42 19.4 27.3 38 61 73
85 At 9.0 20.1 29.3 41 51 78
86 Rn 10.748 21.4 29.4 43.8 55 67
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Table 2.8. (cont.)

ionization stage q

Z Atom q=0 q=1 q=2 q=3 q=4 q=5

87 Fr 3.98 22.5 33.5 43 59 71
88 Ra 5.279 10.147 34.3 46.4 58.5 76
89 Ac 5.170 12.1 16 49 62 76
90 Th 6.080 11.5 20.0 28.8 65 69
91 Pa 5.890 14 22 26 34 84
92 U 6.050 14 24 33 36 44
93 Np 6.190
94 Pu 6.062
95 Am 5.993
96 Cm 6.021
97 Bk 6.229
98 Cf 6.298
99 Es 6.422
100 Fm 6.500
101 Md 6.580
102 No 6.650

Ritz combination principle. The appearance of char-
acteristic X-ray lines can be explained by the Ritz
combination principle [454]:

The wavenumbers (frequencies, energies) from lines
of characteristic X-rays can be expressed as differ-
ences between two atomic substates. The addition or
the subtraction of the wavenumbers of two spectral
lines of an atom give the wavenumber of a further
transition line.

Corresponding to this mechanism for the origin of
X-rays, it means that any two levels can combineand
produce in this way a line in the X-ray spectrum.This
is in principle true, but most level combinations can
be neglected because of their low intensity as a re-
sult of different selection rules which can reduce the
intensity of transitions significantly.

The practical relevance of the combination princi-
ple consists in the circumstance that the observation
of known X-ray lines andseries can beused to predict
new, as yet unknown spectral series or spectral lines
by combining observed terms or lines. In the past
the application of the Ritz combinationprinciple has
been used to predict the Paschen, Lyman, Brackett

and Pfund series of the hydrogen atom, quite earlier
before their experimental scientific proof [236].

Term energies and X-ray emission. X-ray emission
occurs if in an atomic inner-shell there exists an
initial vacancy, i.e. if at least one electron is absent
in the state to be considered. This is equivalent to
the situation where only one electron occupies the
considered subshell. Thus, the energy levels involved
in an X-ray emission process, i.e. the energy levels
with one inner-shell vacancy, can be described in
a first approximation as optical energy levels of a
hydrogen-like ion, if the influence of the electrons
on the atomic field is considered by the constants of
the total screening �t and of the inner screening �i,
respectively [4]. Then for the energy of the electron
orbitals:

E(nlj) = Rhc
M

M + me

[
(Z − �t)2

n2
+
˛2(Z − �i)4

n4(
n

j + 0.5
−

3
4

] ]
. (2.22)

In this description M is the atomic mass,me the elec-
tron mass, R the Rydberg constant and the quantum
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Table 2.9. Electronic structure and ground state terms for neutral atoms and ions of charge q = 1 and 2 for all elements
with Z ≤ 102.For the electronic configuration,experimentally determined LS terms are given for the ground states of free
atoms and ions (after [126,367,441]). For some heavy elements for the coupling of the outermost electron the jj-coupling
description is more appropriate and is given according to [441].

Z S q = 0 q = 1 q = 2

occupation term occupation term occupation term

1 H 1s1 2S1/2 – – – –

2 He 1s2 1S0 1s1 2S1/2 – –

3 Li [He] 2s1 2S1/2 [He] 1S0 1s1 2S1/2

4 Be [He] 2s2 1S0 [He] 2s1 2S1/2 [He] 1S0

5 B [Be] 2p1 2P0
1/2 [Be] 1S0 [He] 2s1 2S1/2

6 C [Be] 2p2 3P0 [Be] 2p1 2P0
1/2 [Be] 1S0

7 N [Be] 2p3 4S0
3/2 [Be] 2p2 3P0 [Be] 2p1 2P0

1/2

8 O [Be] 2p4 3P2 [Be] 2p3 4S0
3/2 [Be] 2p2 3P0

9 F [Be] 2p5 2P0
3/2 [Be] 2p4 3P2 [Be] 2p3 4S0

3/2

10 Ne [Be] 2p6 1S0 [Be] 2p5 2P0
3/2 [Be] 2p4 3P2

11 Na [Ne] 3s1 2S1/2 [Ne] 1S0 [Be] 2p5 2P0
3/2

12 Mg [Ne] 3s2 1S0 [Ne] 3s1 2S1/2 [Ne] 1S0

13 Al [Ne] 3s2 3p1 2P0
1/2 [Ne] 3s2 1S0 [Ne] 3s1 2S1/2

14 Si [Ne] 3s2 3p2 3P0 [Ne] 3s2 3p1 2P0
1/2 [Ne] 3s2 1S0

15 P [Ne] 3s2 3p3 4S0
3/2 [Ne] 3s2 3p2 3P0 [Ne] 3s2 3p1 2P0

1/2

16 S [Ne] 3s2 3p4 3P2 [Ne] 3s2 3p3 4S0
3/2 [Ne] 3s2 3p2 3P0

17 Cl [Ne] 3s2 3p5 2P0
3/2 [Ne] 3s2 3p4 3P2 [Ne] 3s2 3p3 4S0

3/2

18 Ar [Ne] 3s2 3p6 1S0 [Ne] 3s2 3p5 2P0
3/2 [Ne] 3s2 3p4 3P2

19 K [Ar] 4s1 2S1/2 [Ar] 1S0 [Ne] 3s2 3p5 2P0
3/2

20 Ca [Ar] 4s2 1S0 [Ar] 4s1 2S1/2 [Ar] 1S0

21 Sc [Ar] 3d1 4s2 2D3/2 [Ar] 3d1 4s1 3D1 [Ar] 3d1 2D3/2

22 Ti [Ar] 3d2 4s2 3F2 [Ar] 3d2 4s1 4F3/2 [Ar] 3d2 3F2

23 V [Ar] 3d3 4s2 4F3/2 [Ar] 3d4 5D0 [Ar] 3d3 4F3/2

24 Cr [Ar] 3d5 4s1 7S3 [Ar] 3d5 6S5/2 [Ar] 3d4 5D0

25 Mn [Ar] 3d5 4s2 6S5/2 [Ar] 3d5 4s1 7S3 [Ar] 3d5 6S5/2

26 Fe [Ar] 3d6 4s2 5D4 [Ar] 3d6 4s1 6D9/2 [Ar] 3d6 5D4

27 Co [Ar] 3d7 4s2 4F9/2 [Ar] 3d8 3F4 [Ar] 3d7 4F9/2

28 Ni [Ar] 3d8 4s2 3F4 [Ar] 3d9 2D5/2 [Ar] 3d8 3F4
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Table 2.9. (cont.)

Z S q = 0 q = 1 q = 2

occupation term occupation term occupation term

29 Cu [Ar] 3d10 4s1 2S1/2 [Ar] 3d10 1S0 [Ar] 3d9 2D5/2

30 Zn [Ar] 3d10 4s2 1S0 [Ar] 3d10 4s1 2S1/2 [Ar] 3d10 1S0

31 Ga [Zn] 4p1 2P0
1/2 [Zn] 1S0 [Ar] 3d10 4s1 2S1/2

32 Ge [Zn] 4p2 3P0 [Zn] 4p1 2P0
1/2 [Zn] 1S0

33 As [Zn] 4p3 4S0
3/2 [Zn] 4p2 3P0 [Zn] 4p1 2P0

1/2

34 Se [Zn] 4p4 3P2 [Zn] 4p3 4S0
3/2 [Zn] 4p2 3P0

35 Br [Zn] 4p5 2P0
3/2 [Zn] 4p4 3P2 [Zn] 4p3 4S0

3/2

36 Kr [Zn] 4p6 1S0 [Zn] 4p5 2P0
3/2 [Zn] 4p4 3P2

37 Rb [Kr] 5s1 2S1/2 [Kr] 1S0 [Zn] 4p5 2P0
3/2

38 Sr [Kr] 5s2 1S0 [Kr] 5s1 2S1/2 [Kr] 1S0

39 Y [Kr] 4d1 5s2 2D3/2 [Kr] 5s2 1S0 [Kr] 5s1

40 Zr [Kr] 4d2 5s2 3F2 [Kr] 4d2 5s1 4F3/2 [Kr] 4d2 3F2

41 Nb [Kr] 4d4 5s1 6D0
1/2 [Kr] 4d4 5D0 [Kr] 4d3 4F3/2

42 Mo [Kr] 4d5 5s1 7S3 [Kr] 4d5 6S5/2 [Kr] 4d4 5D0

43 Tc [Kr] 4d5 5s2 6S5/2 [Kr] 4d5 5s1 7S3 [Kr] 4d5 6S5/2

44 Ru [Kr] 4d7 5s1 5F5 [Kr] 4d7 4F9/2 [Kr] 4d6 5D4

45 Rh [Kr] 4d8 5s1 4F9/2 [Kr] 4d8 3F4 [Kr] 4d7 4F9/2

46 Pa [Kr] 4d10 1S0 [Kr] 4d9 2D5/2 [Kr] 4d8 3F4

47 Ag [Kr] 4d10 5s1 2S1/2 [Kr] 4d10 1S0 [Kr] 4d9 2D5/2

48 Cd [Kr] 4d10 5s2 1S0 [Kr] 4d10 5s1 2S1/2 [Kr] 4d10 1S0

49 In [Cd] 5p1 2P0
1/2 [Cd] 1S0 [Kr] 4d10 5s1 2S1/2

50 Sn [Cd] 5p2 3P0 [Cd] 5p1 2P0
1/2 [Cd] 1S0

51 Sb [Cd] 5p3 4S0
3/2 [Cd] 5p2 3P0 [Cd] 5p1 2P0

1/2

52 Te [Cd] 5p4 3P2 [Cd] 5p3 4S0
3/2 [Cd] 5p2 3P0

53 I [Cd] 5p5 2P0
3/2 [Cd] 5p4 3P2 [Cd] 5p3 4S0

3/2

54 Xe [Cd] 5p6 1S0 [Cd] 5p5 2P0
3/2 [Cd] 5p4 3P2

55 Cs [Xe] 6s1 2S1/2 [Xe] 1S0 [Cd] 5p5 –

56 Ba [Xe] 6s2 1S0 [Xe] 6s1 2S1/2 [Xe] 1S0

57 La [Xe] 5d1 6s2 2D3/1 [Xe] 5d2 3F2 [Xe] 5d1 2D3/2

58 Ce [La] 4f 1 1G0
4 [Xe] 4d1 5d2 4H0

7/2 [Xe] 4f 2 3H4

59 Pr [Xe] 4f 3 6s2 4I0
9/2 [Xe] 4f 3 6s1 5I0

4 [Xe] 4f 3 4I0
9/2
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Table 2.9. (cont.)

Z S q = 0 q = 1 q = 2

occupation term occupation term occupation term

60 Nd [Xe] 4f 4 6s2 5I4 [Xe] 4f 4 6s1 6I7/2 [Xe] 4f 4 5I4

61 Pm [Xe] 4f 5 6s2 6H0
5/2 [Xe] 4f 5 6s1 7H0

2 [Xe] 4f 5 (6H0
5/2)

62 Sm [Xe] 4f 6 6s2 7F0 [Xe] 4f 6 6s1 8F1/2 [Xe] 4f 6 7F0

63 Eu [Xe] 4f 7 6s2 8S0
7/2 [Xe] 4f 7 6s1 9S0

4 [Xe] 4f 7 8S0
7/2

64 Gd [Eu] 5d1 9D0
2 [Cs] 4f 7 5d1 10D0

5/2 [Xe] 4f 7 5d1 9D0
2

65 Tb [Xe] 4f 9 6s2 6H0
17/2 [Xe] 4f 9 6s1 7H0

8 [Xe] 4f 9 6H0
15/2

66 Dy [Xe] 4f 10 6s2 5I8 [Xe] 4f 10 6s1 6I17/2 [Xe] 4f 10 (5I8)

67 Ho [Xe] 4f 11 6s2 4I0
15/2 [Xe] 4f 11 6s1 5I0

8 [Xe] 4f 11 4I0
15/2

68 Er [Xe] 4f 12 6s2 3H6 [Xe] 4f 12 6s1 4H13/2 [Xe] 4f 12 3H6

69 Tm [Xe] 4f 13 6s2 2F0
7/2 [Xe] 4f 13 6s1 3F0

4 [Xe] 4f 13 2F0
7/2

70 Yb [Xe] 4f 14 6s2 1S0 [Xe] 4f 14 6s1 2S1/2 [Xe] 4f 14 1S0

71 Lu [Yb] 5d1 2D3/2 [Yb] 1S0 [Xe] 4f 14 6s1 2S1/2

72 Hf [Yb] 5d2 3F2 [Yb] 5d1 2D3/2 [Xe] 4f 14 5d2 3F2

73 Ta [Yb] 5d3 4F3/2 [Cs] 4f 14 5d3 5F2 [Xe] 4f 14 5d3 –

74 W [Yb] 5d4 5D0 [Cs] 4f 14 5d4 6D1/2 [Xe] 4f 14 5d4 –

75 Re [Yb] 5d5 6S5/2 [Cs] 4f 14 5d5 7S3 [Xe] 4f 14 5d5 –

76 Os [Yb] 5d6 5D4 [Cs] 4f 14 5d6 6D9/2 [Xe] 4f 14 5d6 –

77 Ir [Yb] 5d7 4F9/2 [Cs] 4f 14 5d7 – [Xe] 4f 14 5d7 –

78 Pt [Cs] 4f 14 5d9 3D3 [Xe] 4f 14 5d9 2D5/2 [Xe] 4f 14 5d8 –

79 Au [Cs] 4f 14 5d10 2S1/2 [Xe] 4f 14 5d10 1S0 [Xe] 4f 14 5d9 –

80 Hg [Yb] 5d10 1S0 [Cs] 4f 14 5d10 2S1/2 [Xe] 4f 14 5d10 –

81 Tl [Hg] 6p1 2P0
1/2 [Hg] 1S0 [Cs] 4f 14 5d10 2S1/2

82 Pb [Hg] 6p2 2P0 [Hg] 6p1 2P0
1/2 [Hg] 1S0

83 Bi [Hg] 6p3 4S0
3/2 [Hg] 6p2 2P0 [Hg] 6p1 2P0

1/2

84 Po [Hg] 6p4 3P2 [Hg] 6p3 – [Hg] 6p2 –

85 At [Hg] 6p5 2P3/2 [Hg] 6p4 – [Hg] 6p3 –

86 Rn [Hg] 6p6 1S0 [Hg] 5p5 – [Hg] 6p4 –

87 Fr [Rn] 7s1 2S1/2 [Rn] – [Hg] 6p5 –

88 Ra [Rn] 7s2 1S0 [Rn] 7s1 2S1/2 [Rn] 1S0

89 Ac [Rn] 6d1 7s2 2D3/2 [Rn] 7s2 1S0 [Rn] 7s1 2S1/2
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Table 2.9. (cont.)

Z S q = 0 q = 1 q = 2

occupation term occupation term occupation term

90 Th [Rn] 6d2 7s2 3F2 [Rn] 6d1 7s2 "D3/2 [Rn] 5f 1 6d1 3H0
4

mixed with [Rn] 6d2 7s1 4F3/2

91 Pa [Rn] 5f 2 3H4 [Rn] 5f 2 7s2 3H4 [Rn] 5f 2 7s1 –

6d1 7s2 (4, 3
2 ) 11

2

92 U [Ra] 5f 3 4I0
9/2 [Rn] 5f 3 7s2 4I0

9/2 [Rn] 5f 3 7s1 –

6d1 7s2 ( 9
2 ,

3
2 )0

6

93 Np [Ra] 5f 4 5I4 [Rn] 5f 4 7s2 – [Rn] 5f 4 7s1 –

6d1 7s2 (4, 3
2 ) 11

7 2

94 Pu [Rn] 5f 6 7s2 7F0 [Rn] 5f 6 7s1 8F1/2 [Rn] 5f 6 –

95 Am [Rn] 5f 7 7s2 8S0
7/2 [Rn] 5f 7 7s1 9S0

4 [Rn] 5f 7 8S0
7/2

96 Cm [Ra] 5f 7 8S0
7/2 [Rn] 5f 7 7s2 (S0

7/2 [Rn] 5f 7 7s1 –

6d1 7s2 ( 7
2 ,

3
2 )2

97 Bk [Rn] 5f 9 7s2 6H0
15/2 [Rn] 5f 9 7s1 7H0

8 [Rn] 5f 9 –

98 Cf [Rn] 5f 10 7s2 5I8 [Rn] 5f 10 5I8 [Rn] 5f 10 –

7s1 (8, 1
2 ) 17

2

99 Es [Rn] 5f 11 7s2 4I0
15/2 [Rn] 5f 11 4I0

15/2 [Rn] 5f 11 4I0
15/2

7s1 ( 15
2 , 1

2 )0
8

100 Fm [Rn] 5f 12 7s2 3H6 [Rn] 5f 12 7s1 – [Rn] 5f 12 –

101 Md [Rn] 5f 13 7s2 2F0
7/2 [Rn] 5f 13 7s1 – [Rn] 5f 13 –

102 No [Rn] 5f 14 7s2 1S0 [Rn] 5f 14 7s1 2S1/2 [Rn] 5f 14 1S0

numbers nlj characterize the main quantum number,
the orbital angular momentum and the total angular
momentum, respectively. The first term in equation
(2.22), the sum of the kinetic and potential energies
of the electrons, contain the main part of the en-
ergy. If we neglect the second term in equation (2.22)
which describes the interaction between the mag-
netic moment of the electron and that of the other
remaining electrons, then it follows that the square
root of the level energies E(nlj) depends linearly from
theatomic number Z.Thismeans that the square root

of the X-ray transition energy between two energy
levels depends linearly on the atomic number:

1
�

= C (Z − � )2 (2.23)

where � is the wavelength of an X-ray transition line
emitted from an atom of atomic number Z; C is a
constant for the considered X-ray series and � is the
screening constant. In the literature this dependence
is known as Moseley’s law10. The statement of Mose-
ley’s law [371] in 1914 firstly allows us to formulate a
physically based systematization for the localization

10 Henry Gwyn Jeffreys Moseley (1887–1915)
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Table 2.10. Classification of electron levels according to the
quantum numbers nlj.

n l j nlj nl

1 0 1/2 1s1/2 K 1s

2 0 1/2 2s1/2 L1 2s

2 1 1/2 2p1/2 L2 2p

2 1 3/2 2p3/2 L3 2p

3 0 1/2 3s1/2 M1 3s

3 1 1/2 3p1/2 M2 3p

3 1 3/2 3p3/2 M3 3p

3 2 3/2 3d3/2 M4 3d

3 2 5/2 3d5/2 M5 3d

4 0 1/2 4s1/2 N1 4s

4 1 1/2 4p1/2 N2 4p

4 1 3/2 4p3/2 N3 4p

4 2 3/2 4d3/2 N4 4d

4 2 5/2 4d5/2 N5 4d

4 3 5/2 4f5/2 N6 4f

4 3 7/2 4f7/2 N7 4f

...
...

...
...

...
...

of elements in the periodic table of elements. Ac-
cording to equation (2.22) the energy of the electron
orbitals depends on the quantum numbers nlj. In Ta-
ble 2.10 a list of possible subshells is given, where
for the subshells the X-ray term notation K, L1, L2

. . . as well as the optical term designation s, p, d, . . .
are summarized. Here the classification of the X-ray
terms is so constructed, that the index 1 describes a
subshell containing an s-electron, the indices 2 and 3
describe subshells with p-electrons containing sub-
shells with j = 1/2 and j = 3/2, and so on11.

Every subshell can contain at maximum of 2j + 1
electrons. This multiplicity 2j + 1 of the state is
founded on the fact that the total angular momen-
tum vector can, corresponding to the rules of spatial
quantization,beorientated in different directions.To
describe this behavior an additional quantum num-
ber mj is introduced. Then a complete subshell con-
tains electrons with all possible values of mj.

Table 2.11. Regular doublets of X-ray K and L series.

K series L series

initial final initial final

state state state state

˛1˛2 K L3L2 l� L3L2 M1

ˇ1ˇ3 K M3M2 ˛2ˇ1 L3L2 M4

ˇ6�5 L3L2 N1

ˇ15�1 L3L2 N4

ˇ5�6 L3L2 O4

ˇ4ˇ3 L1 M2M3

˛1˛2 L3 M5M4

�2�3 L1 N2N3

ˇ15ˇ2 L3 N4N5

Atoms in magnetic fields. If the atom is localized in
an outer magnetic field,a further splitting of the elec-
tron energy levels known from optical spectroscopy
as the Zeeman effect can be observed.This splitting is
not observed in X-ray spectra,but the level multiplic-
ity influences the observed line intensity as a result
of the dependence between multiplicity and electron
transmission probabilities of the involved states.

Regular doublets. Two levels characterized by the
same quantum numbers n and l, but different in j,
form regular doublets (also called relativistic or spin
doublets ). The energetic difference in the doublet
depends on the difference in the interaction energy
of the magnetic moments.As a result X-ray line dou-
blets can be observed if the initial and final levels of
the transition forma spin doublet.The energy differ-
ence between both lines of a regular doublet is given
by equation (2.22) for two terms differing in �j = 1:

E = R h c˛2 (Z − �i)4

n3l(l + 1)
. (2.24)

A summary of regular doublets for the X-ray K- and
L-series is given in Table 2.11.

An analysis of the relativistic spin screening con-
stant �i leads to the conclusion that for a considered

11 Instead of Roman numbers often Arabic numbers are used.
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Table 2.12. Relativistic spin screening constants �i (af-
ter [4])

L1 L2,3 M1 M2,3 M4,5 N1 N2,3 N4,5 N6,7

2,0 3,5 6,8 8,5 13,0 14,0 17,0 24 34

doublet this constant is independent of the atomic
number. In Table 2.12 values for �i given in [4] are
tabulated.

Irregular doublets. An additional doublet structure
arises also for level pairs with the same values of the
quantum numbers n and j but different in the orbital
angular momentum l. Such doublets (�l = 1,�j = 0)
are called irregular doublets (or screening doublets).

Irregular doublets are formed as a result of tran-
sitions from or to level pairs such as L1L2, M1M2,
M3M4 . . . and are connected with �t . The selection
rule �l = ±1 for dipole transitions is not valid for
one line of the doublet, i.e. one line is a forbidden
transition, as a rule a quadrupole transition. �t de-
pends on Z in a characteristic manner and the values
of�t are substantially greater than theseones from�i .
Values of the screening constant �t are given in [516].

Internal and outer screening. Theoretical calcula-
tions of screening constants show good agreement
with experimental values. Partially the screening de-
pends on charges, localized at radii smaller than the
subshell radius of the screened electronic shell and
in some degree on charges localized on radii greater
than that of the actual subshell.The first effect (inter-
nal screening) depends only, to first order,on the total
charge inside a sphere with the radius of the screened
shell, where the second effect (outer screening) de-
pends on the charge distribution from a shell with
greater radius. Here the contribution from a shell
with greater radius gives a smaller effect than the
contribution from inner shells. The potential at the
radius r0 of the considered shell can be written as

V(r0) =
Ze
r0

−
1
r0

r0∫
0

%(r)4�r2 dr −

∞∫
r0

%(r)4�r2 dr

(2.25)
with %(r) electron charge density at the radius r.

Representation of electron levels for the description
of X-ray transitions. As a rule by the interpretation
of optical and X-ray spectra it is assumed that the
observed lines correspond to electron transitionsbe-
tween two electron orbitals.For the representation of
X-ray transitions energy level diagrams can be con-
structed in two alternative ways where each combi-
nation of n, l and j lead to different electronic levels.

In Fig. 2.4 a diagram is given where the levels with
the strongest bound electrons are localized on the
bottom of the representation.If an electron is ionized
from a subshell considering actual selection rules the
vacancy is filled by electrons of outer subshells. Such
an electron transition from an outer to an inner sub-
shell leads, in accordance with nonradiative electron
transitions, to the emission of a characteristic X-ray
quantum.

Alternative to the representation shown in Fig. 2.4
the energy levels of an atom can be given as pre-
sented in Fig. 2.5 in the so-called Grotrian diagram.
The ionization of a strong bound electron from an
inner-shell n1l1 leads as a result of an X-ray transi-
tion to a vacancy in a higher subshell n2l2, i.e. the
emission of an X-ray quantum then corresponds to
an electron transition from a higher level to a lower
one. In the course of such a transition the vacancy
n1l1 is fulfilled by a transition n2l2 → n1l1 leading to
the localization of the vacancy in the weaker bound

Fig. 2.4. Energy level diagram of krypton
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Fig. 2.5. Grotrian diagram for selected X-ray transitions of the K-, L- and M series. The solid lines characterize dipole
transitions, dashed lines X-ray transitions of higher multipolarity

subshell 2. This secondary vacancy can then be filled
by another radiative transition n3l3 → n2l2 from a
weaker boundsubshell 3.X-ray transitions registered
in an energy level diagram as shown in Fig. 2.4 are
known as aKossel diagram of X-ray transitions [422].

If we neglect molecular and solid-state effects and
the interaction with partially filled subshells the in-
dividual levels in Fig. 2.5 are characterized by the
quantum numbers nlj.Usually in X-ray spectroscopy
the vacancies 1s1/2, 2s1/2, 2p1/2, 2p3/2, 3s1/2, etc. are
described by K, L1, L2, L3, M1, etc.12

X-ray transition in atoms with one initial vacancy.
X-ray transitions are described by a combination of
the symbols of both the levels participating in the
transition or by an empirical symbol which consists
of the designation of the shell where the initial va-

cancy is localized and a single or double index, as for
instance

K˛1 = KL3 = 1s1/2 − 2p3/2

K˛2 = KL2 = 1s1/2 − 2p1/2

K˛ = unresolved doublet (transitions n=2 → n=1)
Kˇ = unresolved doublet (transitions n=3 → n=1).

Beside the given nomenclature, often summarizing
designations for lines of the K series are used:

K′
ˇ1

all KM transitions (especially Kˇ1 + Kˇ3 + Kˇ5)

K′
ˇ2

all KN transitions and transitions from higher
shells (especially Kˇ2 + Kˇ4).

An overview of Siegbahn’s nomenclature of X-ray
transitions as it is used today in X-ray physics is

12 Roman indices are often used instead of Arabian indices.
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Table 2.13. Siegbahn’s nomenclature for X-ray transitions
of the K, L and M series. Here the series is determined by
the vacancy in the upper level. Note: In some publications
the LˇII

4
transition is also denoted Lˇ4x and the LˇI

4
transi-

tion is denoted Lˇ4

lower upper level

level K L1 L2 L3 M1 M2 M3 M4 M5

L1 2s1/2 ˛3

L2 2p1/2 ˛2

L3 2p3/2 ˛1

M1 3s1/2 � l

M2 3p1/2 ˇ3 ˇ4 t

M3 3p3/2 ˇ1 ˇ3 ˇ17 s

M4 3d3/2 ˇII
5 ˇ10 ˇ1 ˛2

M5 3d5/2 ˇI
5 ˇ9 ˛1

N1 4s1/2 �5 ˇ6

N2 4p1/2 ˇII
2 �2 �2

N3 4p3/2 ˇI
2 �3 ı �1

N4 4d3/2 ˇ4II �1 ˇ15 �2

N5 4d5/2 ˇI
4 �11 ˇ2 �1

N6 4f5/2 v u′ ˇ ˛2

� ′
8 ˇ ′

7

N7 4f7/2 � ′
8 u ˛1

ˇ ′
7

O1 5s1/2 �8 ˇ7

O2 5p1/2 �4′ �

O3 5p3/2 �4

O4 5d3/2 �6 ˇ5

O5 5d5/2 ˇ5

P2,3 6p1/2,3/2 �13

given in Table 2.13. For corresponding summaries
see also [50,126,337,356], etc.

A new nomenclature considering the atomic
structure was proposed by the IUPAC13. Contrary
to Siegbahn’s notation based on the intensities of
the observed X-ray transitions the IUPAC notation
is based on the designation of the energy levels and-
derstand form the transition by declaring the sub-

shells involved in the transition [264]. For instance
this means:
Siegbahn’s notation IUPAC notation

K˛1 K - L3

K˛2 K - L2

L˛1 L3 - M5

M˛1 M5 - N7 etc.

Selection rules.Although according to the Ritz com-
bination principle transitions between all occupied
electronic levels into the state of the primary vacancy
are possible, the transitions are truncated by selec-
tion rules for the quantum numbers of the states in-
volved in the transition.

For dipole transitions (the most intense X-ray
lines, also called main transition or main transition
lines) yields:

|�l| = 1

|�j| = 0, 1 (�j = 0 only for j �= 0)

�n �= 0.

With reduced intensity we observe

• electric quadrupole transitions with |�l| = 0, 2 ;
|�j| = 0, 1, 2 and

• magnetic dipole transitions with |�l| = 0 ;
|�j| = 0, 1.

X-ray series. Lines emitted by an atom with one K
shell vacancy, i.e. all transitions finishing in the K
shell, belong to the so-called K series. Analogously
all transitions, arising due to the filling of a L shell
vacancy, belong to the L series, etc. If an orbital con-
tains more than one subshell a differentiation with
respect to the exact localization of the initial vacancy
can be made. If, for example, the initial vacancy is
localized in the L1 subshell all transitions filling this
vacancy form the L1 subseries.All transitions formed
by the filling of an inner-shell vacancy in the other-
wise neutral atom are called diagram lines.

X-ray satellites. Beside the diagram lines, transition
lines with strongly reduced intensity exist, the so-
called X-ray satellite lines. The transition energy of
these lines can be higher or lower than the tran-
sition energy of the diagram lines and cannot be

13 IUPAC: International Union of Pure and Applied Chemistry
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explained in the framework of usually applied en-
ergy level schemes.Satellite line are formed by radia-
tive electron transitions in multiply ionized atoms,
by multielectron processes, by multiplet splitting of
the X-ray terms,by the influenceof the chemical sur-
roundings of the emitting atom, and by other effects.

X-ray transitions in ions. As a rule with increas-
ing ionization the X-ray transition energies shift to
higher energies [587]. An energy shift to the low-
energy region occurs, if electrons are ionized from
orbitals with high orbital angular momentum (d, f
electrons).The nomenclature of the X-ray lines emit-
ted by ions follows the notation given in Table 2.13
until extreme few-electron states are reached. As a
rule the notation for the most important spectral
lines in hydrogen- and helium-like ions as well as
for higher isoelectronic sequences is given in the no-
tation given in [194]. The notation of the most im-
portant spectral lines in hydrogen- and helium-like
ions is summarized in Table 2.14.

Table 2.14. Notation of the most important X-ray spectral
lines in hydrogen- and helium-like ions

isoelectronic notation transition

sequence

H Ly˛1 2p1 2p3/2 → 1s1 1s1/2

H Ly˛2 2p1 2p1/2 → 1s1 1s1/2

He w 1s12p1 1P1 → 1s2 1S0

He x 1s12p1 3P2 → 1s2 1S0

He y 1s12p1 3P1 → 1s2 1S0

He z 1s12p1 3S1 → 1s2 1S0

Band spectrum. In each series the components with
the shortest wavelengths arise from transitions of va-
lence electrons. For the case of bound atoms these
transitions are widened, have a structure and are
known as emission bands.The energetic width of the
emission bands is determined by the characteristics
of the discrete energy levels that could be occupied
by valence electrons. The course of the intensity dis-
tribution of individual bands in the solid-state can
be determined by the electron theory of solid states

and for the case of molecular compounds or gases by
molecular orbital (MO) theory. For instance, exam-
ples can be found in [356].

2.2.2 Line Profile and Line Broadening

In practice it is often assumed that the energy of all
levels is strongly fixed, i.e. that no uncertainty in the
orbital energy exists. Then the energy of an X-ray
quantum is also strongly defined and the X-ray tran-
sition is monochromatic.

In reality X-ray transition lines are never strongly
monochromatic and their frequency is distributed
over a certain wavelength region. The main reasons
for this broadening are:

• the natural linewidth of the atomic energy lev-
els caused by their finite lifetime and the from it
following uncertainty of the energy levels,

• the Doppler width as a result of the Doppler
broadening (Doppler effect) modifying the ra-
diation frequency from atoms moving relative to
the radiation detector and

• the collision and pressure broadening resulting
from modifications of the radiation by colli-
sions between radiation emitting atoms and their
neighbors.

A systemization of line broadening distinguishes be-
tween two classes of broadening effects:

• Inhomogenous line broadening. Inhomogenous
line broadening is caused by the Doppler effect.
This designation comes from the fact that a spec-
tral line broadened by the Doppler effect arises
from many spectral lines each of them smaller
in their linewidth and corresponding to atoms,
molecules or ions with different velocities.

• Homogenous line broadening. Spectral lines are
characterized as homogenously broadened if the
Doppler effect does not act. Many effects con-
tribute to homogenous line broadening, such
as for instance the natural linewidth, collision
broadening and interaction broadening.

Natural Linewidth

From quantum mechanics we know that as a result
of theHeisenberg uncertainty principle the energy of
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an excited atomic level with a finite lifetime 	 cannot
be better known than

�E ≈ �

	
. (2.26)

Thus, the finite lifetime of an excited atomic state re-
sults in unsharp energy levels. The decay probability
per time interval is then

P =
1

	
=
�E
�

. (2.27)

Level decay probabilities (or level widths divided by
�) are commonly declared in eV/� or in atomic units
(a.u.) and level widths in eV or in atomic energy units.
For these units:

• transition probabilities:

1 a.u. = 4.1341 × 1016 s−1 = 27.2113845 eV/�;
• widths:

1 a.u. = 27.2113845 eV.

Experimental information on atomic energy level
widths can be obtained by the measurement of
linewidths from X-ray emission lines, absorption
edges or from absorption lines.

The theory of natural linewidths was based on the
Dirac theory of radiation formulated in [562]. Cor-
responding to the quantum mechanical result a ra-
diative electron transition between the initial state i
and the final state f has the spectral distribution

I(!) d! =

 (i) + 
 (f )

h
d!(

!if − !
)2

+
�

h

(

 (i) + 
 (f )

)
(2.28)

with!if = (Ei −Ef )/�. From (2.28) it follows that the
width 
 of a spectral line is the sum of the widths of
the initial and final states. The Lorentz distribution
described by (2.28) characterizes a resonance pro-
cess and the resulting line is symmetric according to
the intensity maximum of the spectral line.

From (2.26) it follows that the natural linewidth is
determined by the lifetime of a vacancy in the con-
sidered level. The natural linewidth of an X-ray tran-
sition connecting two electron levels is influenced by
different effects, acting on the vacancy lifetime. In
the following we describe the most important effects
and consequences of it.

According to [301] all these effects can be subdi-
vided into two main groups: (i) lifetime effects and
(ii) other effects not connected with the lifetime. For
the analysis in both groups two Z regions are distin-
guished:

• a region where the levels are inner-shell core lev-
els (commonly in the penultimate occupied sub-
shell); and

• a region where the levels are inner-shell core lev-
els separated from the peripheral shell at least by
one fully occupied shell.

The lifetime of a vacancy is influenced by vacan-
cies in other atomic subhells.This effect is important
if the vacancy is localized near to other peripheral
levels, as for instance in the case in light atoms. For
deep core levels this effect can be neglected if the
additional vacancies are localized in outer subshells
and if between the vacancy and the core levels there
are enough electrons contributing to the screening
of the outer-shell electrons. The same situation is
observed for chemical bond atoms in a solid-state
environment because with the chemical bonding the
addition or removal of outer-shell electrons is con-
nected.

If the peripheral electron configuration is dis-
turbed by multiple ionization or chemical bonding
all level energies were changed and channels for non-
radiative electron transitions (Coster–Kronig transi-
tions) could be closed.According to (2.27) this effect
can substantially influence the level and transition
widths because of

P =
1
	

=



�
(2.29)

with

P = PR+PA+PCK ; 
 = 
R+
A+
CK . (2.30)

Here the indices R, A and CK describe radiative,
Auger and Coster–Kronig transitions.

An overview of partial and total widths of elec-
tronic levels and corresponding vacancy lifetimes is
given in Fig. 2.6. Extensive tables of calculated life-
time dominated level widths are given in [346–349]
and in [113–115]. Calculated level widths for all ele-
ments and all subshells beginning with the the K up
to the Q1 subshell are known from [423].
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Fig. 2.6. Dependence of partial X-ray
(
R) and Auger widths (
A) as well as
of energetic total widths (
 ) and of
the corresponding vacancy lifetimes
on the atomic number Z

Fig. 2.7. Definition of the asymmetry index. Imax is the
maximum line intensity

In [301] semiempirical tabulationsof K andLshell
level widths are given. An overview of known ener-
getic widths of the K to N7 subshells is presented
in [93, 94]. Here papers describing individual sub-
shells and Z-regions are cited. Examples of the de-
termination of level widths for L and M subshells by
the analysis of measured with high spectral resolu-
tion K˛ and and Kˇ X-ray lines are given in [148].
Details of the measurements and of data analysis can
be found for example in [147,229].

Multiplet Splitting of X-Ray Lines

In spectroscopic practice, X-ray lines with asymmet-
ric profiles are observed. Quantitatively this asym-
metry is described by the introduction of a so-called
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Z Symbol K˛1 K˛2 Z Symbol K˛1 K˛2

17 Cl 0,9 1,0 28 Ni 1,2 1,3

19 K 1,0 1,0 29 Cu 1,2 1,3

21 Sc 1,0 1,0 30 Zn 1,1 1,3

22 Ti 1,2 1,0 31 Ga 1,0 1,2

23 Va 1,2 1,1 32 Ga 1,0 1,1

24 Cr 1,4 1,0 35 Br 1,0 1,1

25 Mn 1,5 1,3 38 Sr 1,0 1,1

26 Fe 1,6 1,3 40 Zr 1,0 1,1

27 Co 1,4 1,3 42 Mo 1,0 1,0

Table 2.15.Asymmetry indices forK˛1 and
K˛2 X-ray lines of elements with Z ≤ 42
(from [279])

asymmetry index

˛ =
a
b

. (2.31)

The quantities a and b characterize the short- and
long-wavelength part of the linewidth (see Fig. 2.7).
For the K˛1 and K˛2 lines ˛ increases from 1 for
Z = 20 (calcium) to 1.6 for Z = 26 (iron) and is
again 1 at Z = 42 (molybdenum).

In Table 2.15 asymmetry indices for the K˛1 and
K˛2 linesup to molybdenumaregiven in [279].Refer-
ence [241] gives a graphical overview of asymmetry
indices for the K˛1 and K˛2 lines of elements from
chromium (Z = 24) up to copper (Z = 29) – see Fig.
2.8. Results from [241] and from other authors are
listed below:

K˛1 asymmetry index K˛2 asymmetry index

Parratt 1936 [416] Parratt 1936 [416]
Edamoto 1950 [162] Edamoto 1950 [162]
Meisel 1961 [355] Meisel 1961 [355]
Blochin 1964 [73] Tsutsumi 1968 [541]
Tsutsumi 1968 [541] Tsutsumi 1973 [542]
Nigavekar 1969 [395] Lee 1974 [317]
Pessa 1973 [425] Sorum 1987 [519]
Tsutsumi 1973 [542] Maskil 1988 [339]
Lee 1974 [317]
Onouel 1978 [406]
Deutsch 1982 [146]
Sorum 1987 [519]

The observed line asymmetry can be explained by
the spin–spin interaction of 2p electrons with elec-

trons from the partially filled 3d subshells [556].This
interaction leads to an asymmetric splitting accord-
ing to the initial 2p level. Because this splitting is
smaller than the total width of each sublevel there
arises an asymmetric line shape. Analogous line
asymmetries are observed in chemical compounds
and alloys. Here the character of the chemical bond
is the reason for the line form deviation from the
expected symmetric intensity distribution.

Especially in light atoms, multiplet splitting is
spectroscopically easily detectable. For example, we
quote the known multiplet splitting of the L2 and L3

levels of 3d elements in the region 22 ≤ Z ≤ 28, lead-
ing to an observable broadening of X-ray as well as of
Auger transition lines resulting in relatively high val-
ues of the antisymmetry index. This effect is known
for bound as well as for free atoms. Because the ex-
change interaction decreases with increasing separa-
tion of partially filled subshells the energetic widths
of the K and L levels and the widths of transitions
between these orbitals are influenced only weakly.

As a rule the calculation of X-ray satellite spectra
is complicated because of the multiplicity of the ini-
tial states which can decay in a multiplicity of final
states. Often in a small spectral region hundreds of
transition lines can be present for which the transi-
tion energies, transition rates and linewidths must
be determined. Therefore in the literature only less
detailed analyses are known for selected X-ray tran-
sitions. As an example we refer to the description of
the Kˇ X-ray emission spectrum of argon in [159].
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Line Broadening by Multiple Vacancies

X-ray line brodening and line deformation can also
be connected with the appearance of multiple va-
cancies in the atom. If besides an inner-shell vacancy
there exist additional vacancies in outer shells, satel-
lite lines within the energetic width of the diagram
line are observed because as a rule outer-shell va-
cancies result in small energetic shifts of the X-ray
transition lines [587]. This leads to a broadening
of the emission lines what is especially reflected in
light atoms because in atoms with higher Z the en-
ergetic shift caused by one or some additional outer-
shell vacancies is small in comparison to the natural
linewidth of the transition. An overview on partial
and total widths of individual electron levels and on
corresponding lifetimes is given in Fig. 2.6.

In Fig. 2.9 a fit of the Kˇ1,3 X-ray transition line for
electron impact excitation is shown [187]. An exclu-
sive consideration of direct contributions of the Kˇ1

andKˇ3 X-ray transitionswouldnot lead to a satisfac-
tory approximation of the measured transition lines.
Only the consideration of additional vacancies in the
3p and 3d subshells allow a sufficiently correct ap-
proximation. For example, for cobalt and copper the
influence of additional M shell vacancies is analyzed
in [147].

X-ray transition energy shifts for selected X-ray
transitions calculated in the framework of single-
configuration Dirac–Fock calculations for the case
of one outer-shell vacancy are shown in Figs. 2.10–
2.12 (see [587]). In these calculations the ion ground
state of a singly ionized positive ion is assumed.

Doppler Broadening

If the X-ray emitted atoms take part in a thermal
motion or have velocity components to or from the
spectrometer, then the Doppler effect causes a line
broadening. In contrast to the natural linewidth the
resulting broadening is an inhomogenous broadening
where individual atoms contribute to different parts
of the spectral line.

For the frequency f resulting fromthe relativemo-
tion v of the emitter and thedetection system it yields

f = f0

√
1 −
(v

c

)2

1 +
v
c

cos#
. (2.32)

Here # is the angle between the observation direc-
tion and the direction of the source moving relative
to the observer.

The Doppler broadening �f of a spectral line of
frequency f0 on the basis of the thermal motion of
atoms in a gas of absolute temperature T is deter-
mined for the resulting FWHM as

�f = 2
f0
c

√
2kT
m

ln 2 . (2.33)

Here m is the mass of the radiation emitting atom, k
the Boltzmann constant and c is the velocity of light
in vacuum. From equation (2.33) it follows that the
Doppler broadening increases with increasing tem-
perature and has the greatest value for light atoms.
The resulting distribution is a Gauss distribution. If
all constants are summarized in a numerical factor
then for the FWHM of a Doppler broadened line fol-
lows

�f = 7, 16 × 10−7 f0

√
T
m

s−1 . (2.34)

The principal situation for line broadening is shown
in Fig. 2.13 if we assume a Maxwellian velocity dis-
tribution in a radiation-emitting gas.

Besides the traditional investigations of line
broadening effects in the optical spectral range in
the last time the consideration of Doppler broad-
ening phenomena is of increasing importance so
for example in X-ray spectroscopic investigations
of ion–atom collisions, in astrophysical studies and
for plasma diagnostics. A detailed discussion of the
Doppler effect can be found in [199].

Collision Broadening

Impact excitation and deexcitation by electrons,pro-
tons,˛-particles or heavy ions likewise can lead to a
dramatic decrease of the lifetime of excited atoms
or ions. This is connected with a level broadening of
atomic states and in this course with a broadening
of spectral lines. In classical consideration, collisions
can be understood as an interruption of the wave of
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Fig. 2.8. Asymmetry indices for the K˛1 and K˛2 lines of the elements chromium to copper (from [241])
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the emitted radiation, leading to a broadening of the
corresponding Fourier spectrum. The collisions lead
a Lorentz function in the spectrum where the result-
ing FWHM is proportional to the particle density of
the colliding atoms.

For the description of spectral line broadening in
gases, Weisskopf [563] distinguishes three contribu-
tions to the collision broadening14:

• Collision attenuation. The collision attenuation
can be described as phase jumps if the emitting
or absorbing atoms collideswith other gas atoms.
In this context the radiant atom is considered
as an electron oscillator. The inneratomic cor-
relation which is responsible for the phase jump
is treated according to the quantum theory. The
emitted radiation at the collision is disregarded.

• Static approximation. The static approximation
considers all emitted radiation but no Fourier
analysis is accomplished. The approximation can
be applied if the resulting frequency shift �f =
f − f0 is greater than the collision broadening of
the line.The frequency shift at the interaction be-
tween the colliding atoms can be calculated un-
der the assumption of the validity of the Franck–
Condon principle. The consideration of van der
Waals interactions allows a description of the line
profile at great distances fromthe collision center.
An approximate formula for the resulting
FWHM, applicable to hydrogen and similar
atomic states, has the form [396]

��W
FWHM

∼= 3.0×1016�2 C2/5

(
T
�

)3/10

N (2.35)

14 for details see [236,237]
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with � the reduced mass of the atom and of the
incoming projectile, N the density of incoming
projectiles and T the temperature of the emitters.
The quantity C can be estimated as C = Cu − Cl

with
Cl,u = 9.8 × 1010 ˛P R2

l,u .

For the mean atomic polarizability it yields

˛P ≈ 6.7 × 10−25

(
3 IH

4 E∗

)2

cm3

where IH is the ionization energy of hydrogen
and E∗ the energy of the first excited level of the
incoming projectile. For the quantity R we have

R2
l,u ≈ 2.5

(
IH

I − El,u

)2

with I the ionization energy of the emitting atom.
• Resonance broadening. Resonance broadening

or coupling broadening occurs as a result of the
exchange of excitation energy between excited
and nonexcited atoms of the same element and
causes a decreaseof the lifetimeof both states and
so a line broadening of the spectral lines.The line
profile is a Lorentz function. The FWHM may be
estimated as [156]
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Fig. 2.13. Broadening of a spectral line emitted from a gas with Maxwellian velocity distribution (from [324])

��R
FWHM

∼= 8.6 × 10−30

(
gl

gu

)1/2

�2 �r fr Ni

(2.36)
where � is the wavelength of the observed line,gu

and gl are the statistical weights of the upper and
lower levels,�r is the wavelength of the resonance
line, fr is the oscillator strength of the resonance
line and Ni is the ground state density.

Interaction and Intensity Broadening

For the sake of completeness we also mention here
interaction broadening and intensity broadening.
These types of line broadening are of importance
for laser spectrometry but of less importance in X-
ray physics. The reason of interaction broadening is
the finite interaction time between the light passing

an atom or molecule and the passed object. The in-
tensity broadening is connected with the increasing
of the transition rate between individual levels in a
field of light. A more detailed description of these
broadening processes can be found in [324] or [57].

Voigt Profile

Although most of the considered broadenings lead
to a Lorentz line profile the intensity profile of mea-
sured transition lines results from a mathematical
convolution of Gauss and Lorentz functions because
all transition lines at first have a Gauss distribution
caused by the Doppler effect. The resulting intensity
profile is called the Voigt profile [552]. The actual
form of the profile is determined by the balance be-
tween the FWHMs of the individual processes.
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If we assume that a monoenergetic line can be
described as a Gauss function then a measured spec-
trum M(x) can be understood as the convolution of
an existing spectral distribution with a Gauss func-
tion [302]:

G(x) = A exp
(

−
x2

2� 2

)
(2.37)

M(x) =

∞∫
−∞

S(x′) G(x − x′) dx′ . (2.38)

A convolution with a delta function reproduces the
Gauss function (i.e. the monoenergetic line) and a
convolution with a Lorentz function

L(x) =
A

1 + 4
x2


 2

(2.39)

with the substitution

t =
x − x′

�

gives the Voigt profile

V(x) =
A 
 2

�

∞∫
−∞

e−t2/2 dt(



�

)2

+ 4
( x
�

− t
)2

. (2.40)

Here A is the amplitude of the considered function, 

the natural linewidth of the Lorentz function and �
the width of the Gauss function.Equation (2.40) can-
not be solved analytically and can be approximated
by a Taylor series or by a Gauss–Hermite integration.

Line Broadening by External Fields

The existence of external electric or magnetic fields
can cause a small increase or decrease of the total en-
ergy of atoms or ions in these fields.Here each atomic
state splits into sublevels where the amplitude of the
splitting dependson the strengthof the external field.
For the presence of electric fields this is known as the
Stark effect [521] and for magnetic fields as the Zee-
man effect [584]. As a rule the strength of the cited
effects (level splitting) is for most X-ray standard ap-
plications of less or negligible importance.

Hyperfine Structure and Isotope Shifts

Additional to the level splitting by external fields each
orbital can split into many substates by the hyperfine
structure interaction. This result is due to the mag-
netic interaction of the electrons with the magnetic
moment of thenucleus.In heavy elements these split-
tings often are big enough to distinguish individual
components in spectroscopic investigations. In light
elements the level splitting is small and spectral lines
overlap in a form that the effect can be detected only
as a common asymmetric broadening of the spectral
line. The atomic energy levels not only depend on
the nuclear spin, but also on the mass of the nucleus
and his form (quadrupole effects). These effects also
produce small energy shifts of the spectral lines of
different isotopes.

Instrumental Effects

Besides the effects discussed above methodical fea-
tures can influence the form and width of spectral
lines. These are especially:

• finite diaphragm widths,
• diffraction effects,
• geometrical aberrations,
• error sources and disturbing effects during elec-

trical signal registration, and
• the finite resolution of the applied spectrometer.

All these circumstances can produce deformations,
shifts and broadening effects in different spectrom-
eters and will be discussed later.

2.2.3 X-Ray Emission Rates

Einstein Transition Probabilities

Interaction of X-rays with an atom. Besides know-
ledge of X-ray transition energies in applications of
X-ray fluorescence analysis, it is important to know
the transition probabilities in an atom between in-
dividual atomic substates. In principle an atom can
interact with X-rays in three different ways (see also
Fig. 2.14):
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Fig. 2.14. Absorption,spontaneous and induced emission of radiation of the energy h� between the energy levels E1 and
E2 with the occupation numbers Ni and Nj . The transitions occur with the corresponding probabilities Bij ,Aji and Bji

1. Spontaneous emission.Hereunder emission of a
photon an atom from an excited state j of energy
Ej goes to a state i of lower energy Ei . In this way
the energy of the emitted photon is equal to the
energy difference of the electron states involved
in the transition

h �ji = Ej − Ei , (2.41)

corresponding to a spectral line with wavenum-
ber

kji =
1
�ji

=
Ej − Ei

hc
. (2.42)

The transition probability aji per time unit for
an atom from the state j into the state i considers
that for an isolated field free atom in a state with
the total angular momentum Ji there exist

gi = 2Ji + 1

degenerate quantum states of energy Ei corre-
sponding to 2Ji + 1 possible values of the mag-
netic quantum number Mi . The Einstein sponta-
neous transition probability [165] is defined as
the total probability per time unit that an atom
from the state j is transferred to a state gi of the
energy level i:

Aji =
∑
Mi

aji . (2.43)

Aji is independent of Mj , i.e. the transition prob-
ability is not dependent on an arbitrary choice
of the coordinate axes in space.

2. Absorption. The absorption of an X-ray quan-
tum occurs by excitation of an electron from
a energetically stronger bound state (energetic
lower state) to a weaker bound state.
If atoms are irradiated with radiation of fre-
quency �ji and radiation density u(� ) then these
atoms were transferred into excited states j with
a probability Bjiu(� ) under absorption of aquan-
tum of energy h�ji [165]. Here:

Bij =
c3

8�h� 3
Aji , (2.44)

i.e. the probabilities for spontaneous emission
and absorption are proportional to one another.

3. Induced emission.Einstein [165] further showed
that excited atoms with the same probability Bji

can also be stimulated to go into the ground state
under emission of a quantum of energy h�ji.This
process is called induced emission.

Then the total transition probability for a transition
from a state j to i is the sum of the probability of
spontaneous emission Aji and of the probability of
induced emission u(� )Bji.

The Einstein A-coefficient (spontaneous emis-
sion) is of importance for all fluorescent processes
and theB-coefficient (inducedemission) plays an im-
portant role for laser devices, because here we have
induced emission.

Line intensity and lifetime of excited states. In classi-
cal understanding the lifetime is those time periods
needed for the atom, as a radiating dipole, to emit
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its excitation energy. From classical considerations
it follows that the mean lifetime becomes shorter if
the radiation amplitude and therefore the line inten-
sity increase. This is also conserved in the sense of
the correspondence principle of quantum mechan-
ics. According to this principle for a certain excited
atom there exists a probability to emit its energy in a
certain time interval in the form of a photon. If there
is no other transition possibility, this emission take
place “in mean” after the so-called mean lifetime 	 .
For this reason thenumber of atomsper secondemit-
ted photons and in this course also the intensity of
the considered spectral line is indirect proportional
to the mean lifetime if the deexcitation is restricted
only to the considered deexcitation channel.

If Nj(t) is the number of excited atoms at time t
then the total transition rate as a result of sponta-
neous transitions is

dNj[t]

dt
= −Nj(t)

∑
i

Aji . (2.45)

Here the summation is taken over all atomic states
with an energy lower than Ej . If no other excitation
or deexcitation process exists then

Nj(t) = Nj(0) exp
(

−
t
	j

)
(2.46)

with

	j =

(∑
i

Aji

)−1

(2.47)

as the natural lifetime of the atom in each of the
states of the level j. For a finite lifetime, from the un-
certainty principle (2.26), there is a finite width for
the level j and a corresponding natural width of the
spectral line.

Oscillator strength. A further quantity to char-
acterize the transition probability is the oscillator
strength fji which is connected with the lifetime 	j by
the relation

	j =
fji
Aji

. (2.48)

Furthermore,

fji =
Aji∑

i
Aji

(2.49)

or [4]

fji =
�"0mec3

�
2Aji

e2E2
ji

(2.50)

with Eji the transition energy.
The oscillator strength is dimensionless and has

the physical meaning of an effective number of elec-
trons as classical oscillators emitting radiation with
the samestrengthas the considered atom.For intense
spectral lines the oscillator strength is in the order
of 1 and is exactly 1 for the case of only one possible
transition. A detailed theoretical description of os-
cillator strengths and transition probabilities can be
found for instance in [126,482,508] and in [494].

Calculation of Relativistic X-Ray Emission Rates

To get a complete and systematic overview of X-ray
emission rates and of X-ray intensity ratios between
individual transition lines (coupling factors) it is of-
ten insufficient to analyze the experimental data pub-
lished in the literature because there are different
gaps for individual transition ratios. A more com-
plete picture can be derived by calculations of X-ray
intensity ratios with different calculation (approxi-
mation) methods.

Calculations of X-ray intensity ratios are reported
in many papers. This problem is coupled with the
common problem of the calculation of atomic transi-
tion probabilities for radiative transitions, reviewed
in a series of former papers, for instance in [124],
[231], [507], [496], [360], [509], and others. Short
overviews are given in [195],[313],[170] ,[171] [130],
[561], [196], [38], [131], [504], [489] and [116]; these
papers must be understood as a selection of known
work only.

More modern calculations consider all multipole
contributions for the interaction between the electro-
magnetic field and each electric or magnetic multi-
pole moment of the atom as a whole make it possible
to the transition rate. The different contributions are
described with E1, E2, E3, . . . for the electric dipole,
quadrupole, octupole . . .moments and with M1, M2,
M3, . . . for the corresponding magnetic moments. Se-
lection rules for multipole moments dominating X-
ray transitions are given in Table 2.16.
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Table 2.16. Selection rules for dominating electron transi-
tions by the emission of characteristic X-rays

radiation multipole |�l| |�j| limitation for j

electric dipole 1 0,1 0 ↔ 0

quadrupole 0,2 0,1,2 1
2 ↔ 1

2

octupole 1,3 0,1,2,3 1
2 ↔ 1

2

magnetic dipole 0,2 0,1 0 ↔ 0

quadrupole 1 0,1,2 1
2 ↔ 1

2

Massey [341] has calculated relativistic transi-
tion rates under neglect of retardation effects. The
first correct relativistic formulation for the emis-
sion from single-particle states was given in [29] (see
also [30,31]).

The emission rate for photons with energy �!
and impulse �k in the angle d§ with a polarization
vector " from an atom, which passes from the initial
state j into the final state i, results in the first order of
perturbation [489]:


ji =
˛!

2�

∣∣∣∣∣∣〈¦1|
∑

j

˛ " eikr |¦2〉
∣∣∣∣∣∣
2

d§k . (2.51)

According to equation (2.51) for the calculation of X-
ray emission rates the energy of the emitted photons
and the atomic wavefunctions ¦ of the initial and
of the final state of the electrons taking part in the
transition must be known. For many-electron atoms
this can be realized only approximately.For instance,
overviews about different approximation methods
are given in [448,489,588].

For a one-electron atom an analytical expression
for the wavefunction can be given in the nonrela-
tivistic approximation.This is impossible for a many-
electron atom. Here simple calculations can be done
under neglect of the electron–electron interaction
with Coulomb wavefunctions equal for all involved
orbitals.A variety of approximate methods is known
to take into consideration effects of the electron–
electron interaction in many-electron atoms. A sim-
ple approximation is to replace the actual nuclear
charge by an effective charge considering the screen-

ing of the nuclear charge by electrons localized in the
near vicinity of the nucleus [341].

More realistic wavefunctions can be calculated
with iterativeprocedures in the independent-particle
model. Methods are known that optimize the evolu-
tion coefficients of the one-electron wavefunctions
by analytical procedure [457, 458] or after param-
eters of analytical functions [88]. The most today
used methods are based on an approach of one-
electron wavefunctions in the central-field approxi-
mation whereby the radial wavefunctions were given
as many numerical values on a radial mesh.

Numerical values for the description of the atomic
structure under consideration of the interaction be-
tween the electrons of a multielectron atom can
be obtained on an iterative way, where the stan-
dard approximation is the Hartree–Fock method
[174,175,190,228].Here the atomic wavefunctions are
assumed as an antisymmetrized sum of products of
one-electron wavefunctions. The one-electron wave-
functions at the same time satisfy a self-consistency
criterion where they are eigenvalue solutions for the
potential and for the exchange terms which are de-
termined by the same wavefunctions.

Generally there exist different methods based
on self-consistent field calculations different in the
treatment of the exchange term of the two-electron
interaction:

• Hartree model with neglect of the exchange term;
• Hartree–Fock–Slater model with approximation

of the exchange term by an easy to calculate local
exchange potential [506]; and

• Hartree–Fock model with correct treatment of
electron exchange (nonlocal potential).

Both the relativistic (Dirac–Fock or Dirac–Fock–
Slater) and the nonrelativistic method (Hartree–
Fock or Hartree–Fock–Slater) are widely used for
the calculation of X-ray emission rates. As formu-
lated in [448] a simplified comparison of relativistic
andnonrelativistic formulations for atomic structure
calculations is given in Table 2.17.

For instance extensive nonrelativistic calculations
are known from McGuire [346–350] and Bhalla [68].
Results from relativistic calculations were published
at about the same time in [64–66,460,486] and [329].



50 2 Physical Fundamentals

Table 2.17. Comparison of relativistic and nonrelativistic formulations for atomic structure calculations

atomic structure calculations

nonrelativistic relativistic

Schrödinger equation

Hamilton operator:

−
1

1

N∑
i=1

(
∇2

i +
2Z
ri

)
+
∑
i<j

1

rij

in atomic units

wavefunction:

one-component spinor

relativistic corrections
in perturbation theory:

• relativistic mass correction

• one-particle and two-particle Darwin terms
(retardation of the electrostatic interaction)

• spin–orbit coupling

• spin–other-orbit coupling

• magnetic interaction between spin and or-
bital angular momenta of different electrons

Dirac equation

Hamilton operator:

N∑
i=1

(
c˛ i × p1 + (ˇ − 1)c2 +

Z
ri

)

+
∑
i<j

1

rij

in atomic units

wavefunctions:

two-component spinor

Breit operator and most important

quantum electrodynamic

corrections in perturbation theory:

• retardation of the electrostatic inter-
action as a result of the finite velocity
of light

• interaction between the magnetic
momenta of the orbital angular mo-
menta and of the spins

• electron self-energy (fluctuation in
the electron position during the inter-
action of electrons with the radiation
field)

• vacuum polarization (screening
of the nuclear potential by virtual
electron-positron pairs)

All cited calculations are based on the assumption
that the electrons see the same potential in their ini-
tial and final states. Relativistic Hartree–Fock calcu-
lations were discussed in [139,213] and [334].

The fact that the initial and final state wavefunc-
tions are different from each other causes exchange
effects described in [32] and [487] using different
one-particle wavefunctions for the initial and final
states.

Higher precision in the description of the
electron–electron interaction in comparison to sin-
gle configuration Hartree–Fock calculations is pos-
sible by using different techniques:

• multiconfigurational Hartree–Fock method;
• variation calculations with correlated wavefunc-

tions;
• 1/Z development techniques;
• pair correlation technique; and
• diagram perturbation calculations.
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To calculate X-ray data such as transition energies,
emission rates and intensity ratios in X-ray physics
the multiconfigurational Dirac–Fock (MCDF) pro-
gram GRASP given in [214,351] (GRASP-Code) with
extensions from [160] and [448] is often used. This
MCDF program solves the Dirac equation and calcu-
lates atomic wavefunctions and energy eigenvalues
with the method of the self-consistent field approach.
For the calculation of orbital energies two-particle
corrections and QED contributions are included.The
theoretical fundamentals of themethodcan be found
in [213] and [214].

The GRASP code with its subprogram OSCL al-
lows us to calculate X-ray emission rates in the
frozen core approximation. This subprogram is de-
scribed in [160]. Reiche [448] describes the subpro-
gram RATEN, which enables an over the momen-
tum coupling averaged calculation of transition rates
from radiative electron transitions in frozen core ap-
proximation under the assumption that initial and
final state can be desribed by a single Slater deter-
minant. The program NONORTHO [448] allows to
calculate emission rates from radiative electron tran-
sitions between any states characterized by MCDF
wavefunctions in the adiabatic approximation.

As a new development the RATIP code for accu-
rate calculations of atomic properties and structures
became available in the last few years [188,189].The
RATIP code extends the widely applied GRASP code
to calculate a diversity of atomic transition and ion-
ization properties within a relativistic framework.
Differences and further developments in comparison
to GRASP92 code [415] have been discussed in [188].
Of special interest here is the capacity to obtain reli-
able results for open-shell atoms, especially also for
case studies of d- and f-shell elements.

Polarization and Angle Correlations

The X-ray radiation emitted from a statistical ensem-
ble of free atoms is isotropic and nonpolarized.How-
ever, if in the preparation process of atomic initial
states a direction is distinguished then the problem
characterizing the density matrix is diagonal with
respect to the magnetic quantum numbers with the
distinguished direction as polar axis and the emitted

radiation isdistributedaxially symmetric around the
distinguished direction. Generally it yields that for a
nondiagonal density matrix or if states with differ-
ent magnetic quantum numbers are not occupied
equally, as a rule the radiation is polarized and the
radiation intensity varies with the direction. For in-
stance, a description of the density matrix formalism
in connection with polarization processes as given
in [184] and [44].

While for standard applications in X-ray spectral
analysis polarization is of rather less importance, in
special applications the use of polarized X-rays as
exciting radiation allows us to increase the signal-
to-noise ratio and to lower the detection limit. For
the production of polarized X-rays Barkla scatter-
ing [42] or Bragg diffraction polarization is used [6].
An overview of both methods can be found in [469].

Barkla scattering arrangements can be realized in
three different ways [469]:

1. Orthogonal scattering systems. Here a low di-
vergent and good collimated X-ray beam is scat-
tered under a scattering angle of �/2, where the
electric field vector in the x-z scattering plane is
eliminated.If the beam is scattered a second time
in a suitable manner under an angle of �/2 rel-
ative to the first scattering plane then in the x-z
plane the orthogonal field vector can be elimi-
nated.

2. Multilayer scattering.Multilayer scattering is ap-
plied if some elements are to be be analyzed si-
multaneously with a polychromatic source. Ac-
tual layer systems are assembled from a material
of low atomic number with a support of a high-Z
material or a heavy molecular compound [582].

3. Zylindrical scattering systems To increase the
number of registered quanta the scattering ma-
terial is here formed cylindrically. A more de-
tailed descriptions of this kind of arrangements
can be found in [469].

The Bragg diffraction polarization can be realized
in orthogonal assemblies close to Barkla scattering
for planemultilayer scattering aswell as for higher X-
ray energies with plane or bent (Johann or Johansson
geometry) crystals to increase the scattered intensity.
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X-Ray Emission Rates in Ions

The existence of additional vacancies in different
atomic subshells influences the emission probabil-
ities of radiative electron transitions. This can be
observed as intensity variations in X-ray transitions
and in this way in different atomic fluorescence
yields.

To describe this effect in ions a simple statisti-
cal weighting procedure was proposed in [312]. This
procedure allows us to describe fluorescence yields
and oscillator strengths in multiply ionized atoms
on the basis of single-vacancy transition rates and
oscillator strengths. If a subshell, which can contain
at maximum n0 electrons, is occupied with n elec-
trons the transition rate for the analyzed subshell is
reduced in comparison to the fully occupied shell
by the ratio n/n0 for single electron transitions and
by n(n − 1)/n0(n0 − 1) if the transition contains two
electrons from the partially filled shell.The oscillator
strength is then reduced by n/n0.

Radiative transition rates 
 are proportional to
the product of the oscillator strength and the square
root of the transition energy. If the binding energy
difference between the electron states involved in the
considered transition is known the influenceof tran-
sition energy shifts on the transition rates can be
considered. To give an overview of changes in X-ray
emission rates for increasing outer-shell ionization
in the following we show X-ray emission rates of se-
lected transitions in argon, krypton and lead.

In Figs. 2.15 and 2.16 X-ray emission rates of se-
lected K-series transitions in argon ions for different
ion charge states are shown. During the ionization
of electrons from substates with n = 3 the emis-
sion rates change only slightly. With the ionization
of 2p3/2 electrons the K˛2 rate changes only weakly,
but the K˛1 rate and the total emission rate decrease
noticeably. In the same way the Kˇ3 rate increases
during the ionization of 3p3/2 electrons at decreas-
ing Kˇ1 rate. This behavior is also reflected in Fig.
2.17 which shows the intensity ratios. In Figs. 2.18
and 2.19 X-ray emission rates for krypton ions of the
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Fig. 2.15. Argon K˛1 and K˛2 X-ray emission rates and total
K shell emission rates 
 as a function of the ionization stage
q of the ground state ion. In the upper part fully ionized
subshells are indicated
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Fig. 2.16. Argon Kˇ1 and Kˇ3 X-ray emission rates as a func-
tion of the ionization stage q of the ground state ion. In the
upper part the fully ionized 3p3/2 subshell is indicated

K, L1, L2 and L3 series and from some intense X-ray
transitions are shown. Strong changes in the X-ray
emission rates are observed if electrons are ionized
from levels involved in the examined transition. The
characteristic decrease in the L X-ray emission rates
for the L1 series is explained by the closing of the
Lˇ9 and Lˇ10 channels, for the L2 series by closing of
Lˇ1 and L�5 channels and for the L3 series by closing
of the Lˇ6 , L˛1 , L˛2 and Ls channels as a result of the
ionization of the considered subshell.
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Fig. 2.19. Krypton X-ray emission rates 
 for the L1, L2

and L3 series as a function of the number of outer shell
vacancies q. In the upper part fully ionized subshells are
indicated. l∗ : j = l − 0, 5; l: j = l + 0, 5

Fig. 2.20. Total X-ray emission rates 
t and Kˇ/K˛ intensity
ratios for lead as a function of the number of outer shell
vacancies q. The dashed line gives the result of the Larkin
statistical weighting procedure [312]

In Fig. 2.20 the total K X-ray emission rate and
the Kˇ/K˛ intensity ratio as a function of the outer-
shell ionization in lead is shown [17]. In Fig. 2.20
the quantum mechanical calculated transitions rates
contain contributions from the atomic reorganiza-
tion after the ionization. The reorganization effects
appear as clear deviations from the results derived
with the statistical weighting procedure [312] andare
characteristic of a wide range where ionization of d
and f electrons take place. These electrons give only
small contributions to the radiative deexcitation of
K-shell vacancies but more intensively contribute to
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the screening of p-electrons which are more relevant
for K X-ray emission.Generally we state the decrease
of the total X-ray emission rates from the Larkin pro-
cedure in comparison to the quantum mechanical
results. In the same way the Kˇ/K˛ ratio is calculated
to be too small over the complete ionization region.
The reason is that in the Larkin procedure only the
decrease of the configuration weights of levels in-
volved in the analyzed transition are considered, i.e.
reorganization effects are fully neglected.

2.2.4 X-Ray Energy Shifts

Physical Fundamentals

Under certain conditionsX-ray energy shifts relative
to the X-ray diagram lines can be observed. X-ray
energy shifts appear if the potential field wherein
the electrons move is changed. Because the effective
atomic potential is the sum of contributions from
the field of the nucleus and from different interac-
tions of electrons among each other, changes of the
nuclear potential as well as in the occupation of elec-
tron shells influence the X-ray transition energies.
Sources for changes of the effective atomic potential
are known:

• processes connected with nuclear effects such as
– isotope effects,
– hyperfine interactions,
– electron capture,
– internal conversion;

• and interactions in the atomic shell.

Alterations in the atomic potential can occur by ex-
citation processes, by ionization after the interac-
tion with ionizing radiation (photons, electrons,pro-
tons,˛-particles or heavy ions),by capture processes
of exotic particles such as muons or kaons or by
modifying the atomic valence state during chemical
bounding. The magnitude of the energy shifts varies
between meV and some hundreds of eV. Here, how
the effective potential is modified in comparison to
the potential characteristic for the appearance of di-
agram lines is decisive.

For the first time in [502] X-ray satellite lines were
observed at the beginning of the twentieth century

in the K emission spectra of the elements sodium to
zinc (11 ≤ Z ≤ 30). The measured transitions were
identified as satellite lines of the corresponding K˛1

transitions. Coster [125] first reported satellite lines
in the L X-ray emission spectra and Stenstrom [522]
reported satellite lines in the M X-ray emission spec-
tra. These results were a proof that under certain
conditions X-ray lines of the K, L and M series can
have energetic shifts in comparison to the transition
energies of the diagram lines.

Satellite lines in ion collisions were always ob-
served [120] in experiments with different targets
bombarded with mercury ions. While doing so the
appearance of lines was observed to be different in
their energy from the energies of parent diagram
lines of the beam atoms as well as different from the
energies of the target materials. This phenomenon
was explained by satellite lines.

The chemical surroundings of atoms and ions also
influence the parameters of characteristic X-rays.
Chemically caused X-ray energy shifts were first in-
vestigated systematically in [327].Extensive work for
determining chemical X-ray energy shifts was done
in [531].Heredetailed measurements on compounds
of molybdenum, tin, silver, antimony, tungsten and
of rare earth elements with wavelength-dispersive
X-ray spectroscopy are known. Somewhat later mea-
surementsof other authorson tin [203] andon ruthe-
nium,praseodymium and ytterbium [316] were pub-
lished.

The study of other sources for nondiagram lines
occur basically in the last few decades, conditioned
by the progress in accelerator techniques, plasma
physics, ion source development, measurement tech-
niques and by the availabilityof powerful computers.

Properties of characteristic X-rays such as transi-
tion energies, emission rates, energies of absorption
edges or energetic widths of X-ray lines can be calcu-
lated with the self-consistent-field method. To study
X-ray energy shifts, experiments have been done by
many different authors with high-resolving semi-
conductor detectors. Although it has significantly
less luminous intensity, high-resolving wavelength-
dispersive X-ray spectroscopy is an excellent tool to
study X-ray energy shifts. Here X-ray energy shifts
were measured with a precision up to 0.1 percent of
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the natural linewidth of the measured X-ray transi-
tion line.

Isotope Effects

Atoms of the same element, but with different neu-
tron numbers (isotope15) emit characteristic X-rays
different from isotope to isotope in a characteristic
manner. This behavior is caused by small energetic
differences in the the binding energies of atomic lev-
els as a result of the co-motion and the finite size
of the atomic nuclei. An overview of the influence
of isotope effects on electron binding energies and
X-ray transition energies can be found for instance
in [76] and [227].

By means of the addition of neutrons to the nu-
cleus, for each nucleus the characteristic charge dis-
tribution %(r) is transformed into a radial broad-
ened distribution for the nucleus A′. This situation is
shown in Fig.2.21.From spectroscopic investigations
of mesonic atoms16, electron scattering experiments
etc., the nuclear radius depends on the number of
nucleons A in the nucleus and can be estimated as

R = r0A1/3

with R is the mean nuclear radius and with the values
of r0 deduced from different experiments:

r0 = (1, 1 . . . 1, 4) × 10−15 m .

The nuclear charge density and the radial wavefunc-
tion are shown in Fig. 2.21 for the case that one neu-
tron is added to the nucleus A. As shown in Fig.
2.21 the overlap of the electron wavefunction with
the nuclear charge distribution decreases and the ls-
electron for the atom with the nucleus A′ is more
weakly bound by the quantity�E. Isotope effects are
the strongest for the 1s level, because here as a result
of the near localization of the 1s wavefunction to the
nucleus the overlap with the nuclear wavefunctions
is more intense than for other electron states.

The changes of electron binding energies as a re-
sult of isotope effects for in an X-ray transition in-
volved levels can be observed as X-ray energy shifts.
The energetic level shift between two isotopes is de-
scribed as

ıEAA′
= ıEAA′

Coul + ıEAA′
Mas + ıEAA′

Pol . (2.52)

The first and dominant term on the right side of
equation (2.52) describes the energy shift connected
with a change of the Coulomb field if a certain num-
ber N of neutrons is added to the nucleus.The second
term contains a correction for the nuclear mass. Nu-
clear polarization effects are described by the third
term of equation (2.52).

Another in the literature known reading is to
present isotope shifts by two contributions [283]:

• the mass shift ıEAA′
Mas and

• the field shift ıEAA′

Feld.

As an example of optical spectra the separation pro-
cedure of mass and field isotope shift is described for
titanium atoms in [193].

Coulomb energy shifts ıııEAA′

Coul. The Coulomb en-
ergy shift results from the finite dimension of the
nucleus causing deviations from the Coulomb field
of a point nucleus and from the deviation of the
nucleus from an ideally spherical form. The result-
ing term shifts are proportional to the probability
of finding the electrons in the nuclear region, i.e. s-
electrons are much more strongly influenced than p-
electrons or electrons with higher angular momenta.
The Coulomb energy shift can be written in terms of
the nuclear charge parameters C:

ıECoul = C1ı〈r2〉 + C2〈r4〉 + C2〈r6〉 + . . . (2.53)

with

ı〈r2N〉 =

∫
ı% r2N dV∫
% dV

. (2.54)

Here % is the nuclear charge density. The coefficients
Cn can be calculated with the self-consistent-field

15 Isotopes: nuclei with the same atomic number but with different neutron numbers and therefore with different atomic
masses. Isotopy was discovered in 1910 by Soddy for the radioactive decay series. The natural isotopy of chemical
elements was demonstrated by mass spectroscopy in 1919 by Aston.

16 In such atoms an electron is replaced by a pion or muon.
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Table 2.18. Coefficients of the charge moments ı〈r2〉, ı〈r4〉, ı〈r6〉, known also as Seltzer coefficients (from [491]). If the
units are given in fm2, fm4, fm6 then the energy shifts result in meV (the order of magnitude is given in brackets).

Z C1 C2 C3 Z C1 C2 C3

30 0.683 (1) −0.232 (−2) 0.950 (−5) 67 0.468 (3) −0.412 0.114 (−2)

31 0.795 (1) −0.277 (−2) 0.109 (−4) 68 0.515 (3) −0.463 0.128 (−2)

32 0.918 (1) −0.331 (−2) 0.128 (−4) 69 0.565 (3) −0.518 0.143 (−2)

33 0.106 (2) −0.398 (−2) 0.152 (−4) 70 0.623 (3) −0.579 0.158 (−2)

34 0.122 (2) −0.471 (−2) 0.174 (−4) 71 0.683 (3) −0.648 0.177 (−2)

35 0.140 (2) −0.565 (−2) 0.208 (−4) 72 0.750 (3) −0.722 0.196 (−2)

36 0.161 (2) −0.662 (−2) 0.237 (−4) 73 0.825 (3) −0.807 0.219 (−2)

37 0.183 (2) −0.788 (−2) 0.282 (−4) 74 0.904 (3) −0.899 0.242 (−2)

38 0.208 (2) −0.926 (−2) 0.325 (−4) 75 0.991 (3) −0.100 (1) 0.271 (−2)

39 0.237 (2) −0.110 (−1) 0.385 (−4) 76 0.109 (4) −0.111 (1) 0.299 (−2)

40 0.267 (2) −0.128 (−1) 0.445 (−4) 77 0.119 (4) −0.124 (1) 0.333 (−2)

41 0.303 (2) −0.150 (−1) 0.517 (−4) 78 0.131 (4) −0.139 (1) 0.370 (−2)

42 0.341 (2) −0.173 (−1) 0.588 (−4) 79 0.144 (4) −0.155 (1) 0.414 (−2)

43 0.384 (2) −0.203 (−1) 0.687 (−4) 80 0.157 (4) −0.171 (1) 0.455 (−2)

44 0.432 (2) −0.233 (−1) 0.770 (−4) 81 0.172 (4) −0.191 (1) 0.505 (−2)

45 0.485 (2) −0.269 (−1) 0.885 (−4) 82 0.188 (4) −0.211 (1) 0.559 (−2)

46 0.543 (2) −0.309 (−1) 0.100 (−3) 83 0.207 (4) −0.236 (1) 0.625 (−2)

47 0.609 (2) −0.356 (−1) 0.115 (−3) 84 0.228 (4) −0.266 (1) 0.709 (−2)

48 0.680 (2) −0.405 (−1) 0.128 (−3) 85 0.249 (4) −0.297 (1) 0.795 (−2)

49 0.758 (2) −0.462 (−1) 0.144 (−3) 86 0.272 (4) −0.320 (1) 0.831 (−2)

50 0.845 (2) −0.523 (−1) 0.161 (−3) 87 0.297 (4) −0.356 (1) 0.931 (−2)

51 0.939 (2) −0.594 (−1) 0.181 (−3) 88 0.326 (4) −0.396 (1) 0.103 (−1)

52 0.104 (3) −0.662 (−1) 0.196 (−3) 89 0.357 (4) −0.443 (1) 0.116 (−1)

53 0.117 (3) −0.775 (−1) 0.232 (−3) 90 0.392 (4) −0.489 (1) 0.127 (−1)

54 0.129 (3) −0.872 (−1) 0.258 (−3) 91 0.429 (4) −0.549 (1) 0.144 (−1)

55 0.144 (3) −0.995 (−1) 0.293 (−3) 92 0.470 (4) −0.601 (1) 0.156 (−1)

56 0.158 (3) −0.111 0.322 (−3) 93 0.516 (4) −0.676 (1) 0.178 (−1)

57 0.177 (3) −0.127 0.368 (−3) 94 0.563 (4) −0.740 (1) 0.192 (−1)

58 0.195 (3) −0.144 0.419 (−3) 95 0.618 (4) −0.830 (1) 0.218 (−1)

59 0.214 (3) −0.163 0.474 (−3) 96 0.678 (4) −0.918 (1) 0.240 (−1)

60 0.238 (3) −0.185 0.534 (−3) 97 0.744 (4) −0.103 (2) 0.271 (−1)

61 0.263 (3) −0.210 0.607 (−3) 98 0.814 (4) −0.114 (2) 0.299 (−1)

62 0.291 (3) −0.234 0.667 (−3) 99 0.892 (4) −0.126 (2) 0.331 (−1)

63 0.320 (3) −0.264 0.750 (−3) 100 0.980 (4) −0.142 (2) 0.376 (−1)

64 0.351 (3) −0.292 0.817 (−3) 101 0.107 (5) −0.157 (2) 0.417 (−1)

65 0.388 (3) −0.330 0.921 (−3) 102 0.118 (5) −0.178 (2) 0.479 (−1)

66 0.427 (3) −0.368 0.102 (−2) 103 0.130 (5) −0.197 (2) 0.530 (−1)
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Fig. 2.21. K˛1 isotope shift of characteristic X-rays (after [76]). The addition of neutrons increases the width of the radial
nuclear charge distribution (dashed line) in comparison to the charge distribution of the initial nucleus (solid line). This
leads to a change in the overlap between nucleus and the 1s wavefunction

method and are tabulated in Table 2.18 for mean
mass numbers. In particular the Coulomb energy
shift is important in heavier elements, where the
heavier isotope has the higher energy.

Nuclear mass correction ıııEAA′

Mas. The nuclear mass
correction can be divided into

• the normal nuclear mass correction, and
• the specific mass correction.

Thus, we have

ıEAA′
mas = ıEAA′

norm + ıEAA′
spez . (2.55)

Because the nucleus has a finite mass the normal
mass correction is caused by the nuclear motion.
For one-electron spectra the wavenumber difference
yields

�k = me
A − A′

AA′ k

with me as the electron mass.
The specific mass correction is caused by correlations
between the outer electrons of the radiation emitting
system.

The mass effect is clearly pronounced for light
atoms and less important for heavier atoms. Here
the heavier isotope is associated with the lower en-
ergy state. The contribution of the mass effect to the
energy shift of the K˛1 X-ray transitions is approxi-
mated in [532]

ıEA+�A
mas ≈ 2

3

�A
1836A2

E(K˛1 ) (2.56)

with �A as the mass increase after the addition of
one neutron.

Isotope shifts and nuclear parameters. The isotope
shift ıE measured for transition lines of characteris-
tic K X-rays and corrected for the mass shift ıEAA′

mas
directly give the value of the coefficient ıECoul/C1

equal to the nuclear parameter �:

� = ı〈r2〉 +
C2

C1
ı〈r4〉 +

C3

C1
ı〈r6〉 + . . . (2.57)

The K˛ isotope shift essentially is determined by the
energetic shift of the 1s level; the contributions of
the L2 and L3 levels are only in the order of < 10−2

and 10−5 of the 1s energy level shift. As a rule the
nuclear parameter � deviate by less than 10 percent
from ı〈r2〉 [227]. In the case of titanium we have for
instance [193]

� = 0.995(4) × ı〈r2〉 .

In the case of the K shell the isotope shift of the bind-
ing energy can be estimated as [63]

�E ≈ 2 × 10−9A5/3 �A .

An overview of the experimentally observed
Coulomb shifts �ECoul and of variations of the nu-
clear charge radius ı〈r2〉 is given in Table 2.19.

Isotope shifts and hyperfine structure effects are
of the same order of magnitude. The most pro-
nounced isotope shifts can be observed in molecular
spectra. For instance more detailed discussions can
be found in [237] and [422].
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Table 2.19. KX-ray isotopeshiftsıECoul andchanges in the
radius of the charge distribution ı〈r2〉 for selected isotope
pairs (after [76]) as determinedby different authors.Corre-
sponding citations can be found in the original sources [76]

isotope �ECoul/meV �/fm2

92−100Mo 35.0 ± 5.0 1.030 ± 0.150
94−100Mo 31.0 ± 8.0 0.910 ± 0.230
116−124Sn 35.0 ± 1.3 0.414 ± 0.016
134−135Ba −6.3 ± 2.0 −0.040 ± 0.013
134−136Ba −3.4 ± 2.0 −0.022 ± 0.013
136−137Ba −0.2 ± 2.0 −0.001 ± 0.013
140−142Ce 51.5 ± 1.9 0.274 ± 0.010
144−145Nd 29.8 ± 4.2 0.126 ± 0.018
144−146Nd 55.4 ± 7.7 0.233 ± 0.033
146−148Nd 65.4 ± 8.0 0.275 ± 0.034
148−150Sm 88.3 ± 3.0 0.303 ± 0.010
149−150Sm 65.1 ± 3.0 0.224 ± 0.010
150−152Sm 119.5 ± 3.5 0.411 ± 0.012
154−155Gd 39.2 ± 8.1 0.112 ± 0.024
156−157Gd 10.4 ± 4.4 0.030 ± 0.013
156−158Gd 50.6 ± 3.6 0.144 ± 0.010
157−158Gd 40.6 ± 3.7 0.116 ± 0.011
158−160Gd 54.0 ± 3.4 0.154 ± 0.010
161−162Dy 39.4 ± 5.1 0.092 ± 0.012
162−163Dy 4.2 ± 3.3 0.010 ± 0.008
162−164Dy 55.6 ± 3.7 0.130 ± 0.009
163−164Dy 51.4 ± 4.7 0.120 ± 0.011
166−168Er 69.5 ± 4.5 0.135 ± 0.009
168−170Er 80.0 ± 6.1 0.155 ± 0.012
170−171Yb 48.0 ± 20.2 0.077 ± 0.032
170−172Yb 101.4 ± 11.6 0.163 ± 0.019
171−172Yb 53.4 ± 8.6 0.086 ± 0.014
172−173Yb 31.2 ± 16.9 0.050 ± 0.027
172−174Yb 88.0 ± 8.4 0.141 ± 0.013
173−174Yb 56.8 ± 20.6 0.091 ± 0.033
174−176Yb 65.5 ± 7.4 0.103 ± 0.012
178−180Hf 77.4 ± 5.3 0.103 ± 0.007
182−184W 92.3 ± 10.5 0.102 ± 0.012
184−186W 60.0 ± 8.0 0.066 ± 0.009
200−204Hg 254.0 ± 37.0 0.162 ± 0.024
204−206Pb 200.0 ± 38.0 0.106 ± 0.020
206−207Pb 50.0 ± 20.0 0.027 ± 0.011
206−208Pb 186.0 ± 18.0 0.099 ± 0.010
207−208Pb 136.0 ± 25.0 0.072 ± 0.013
235−238U 1800.0 ± 200.0 0.383 ± 0.044

Nuclear polarization effects. A further contribution
to the isotope shift can arise from nuclear polariza-
tion effects. Estimations show that in comparison
to other contributions this contribution can be ne-
glected [491].

Odd–even staggering.The energy shift for an isotope
with odd atomic mass number is not localized in the
middle of the energy shifts for neighboring isotopes
with even mass numbers but somewhat closer to the
energy shift of the isotope with lower mass number.

Meanwhile the combination of results from iso-
tope shifts from muonic and electronic X-ray spec-
tra and from optical data allow us to get very com-
prehensive information on nuclear radii. This also
concerns isotopes far away from the line of nuclear
stability.

Chemical Shifts

Chemical shifts modify X-ray emission spectra by
effects connected with the presence of valence elec-
trons.If a valence electron is removed froman atom17

a reduction in the screening of the nuclear poten-
tial in relation to the other electrons takes place and
for the remaining electrons a certain increase in the
binding energies can be observed (see Fig. 2.22). In
atoms of intermediate atomic number the energy
shift can be in the order of up to 10 eV and as a
rule has about the same value for ls, 2p, 3p and 4p
electron levels. For similar reasons the difference in
X-ray transition energies is typically two orders of
magnitude lower, i.e. about 0,1 eV.

Because chemical shifts are only in the order
of fractions of a percent of the natural linewidth
of the investigated X-ray line, in the past chemical
X-ray energy shifts were measured predominantly
with high-resolving wavelength-dispersive methods.
Thus, for instance Sumbaev [533] used a Cauchois-
type crystal diffraction spectrometer (Bragg reflec-
tion in transmission geometry) and Gohshi [208] a
two-crystal diffraction spectrometer with two plane
crystals (Bragg reflection on the crystal surface).
Meanwhile a variety of papers is known where with
the comparatively low energy resolution of semicon-

17 This is especially significant for s-electrons because of their localization near to the nucleus.
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Fig. 2.22. Electron levels and chemical shifts in Sn and SnO2 (after [161])

ductor detectors chemical influences on X-ray lines
(for instance see [271] and [447]) were measured.

Alder et al. [8] discuss the influence of the or-
bital angular momentum of the valence electron on
the expected K˛ and Kˇ X-ray energy shifts. They
demonstrate that the total electron charge density
decreases in the nuclear region if s-electrons are re-
moved. By removing p, d or f valence electrons the
charge density increases as a result of decreasing
screening. While the screening effect for p valence
electrons is comparatively small the removal of d or
f electrons leads to significantly greater changes in
the total electron density.

The study of chemical shifts makes it possible to
get qualitative results for the donor–acceptor behav-
ior of ligands, of the charge of the atom and of spe-
cific featuresofphase transitions [546].Furthermore,
it is possible to extract information on the redistri-
bution of the electron density in the atom as a result
of the chemical bonding. Depending on the system
there arise clear effects depending on the chemical
bonding, such as for instance differences in the re-
laxation processes of diamagnetic and paramagnetic
compounds of 3d transition elements and of free
molecules or molecules absorbed on metallic sur-
faces [217].

For atomic inner-shells these effects lead to the
strongest observed contributions.This is the reason
that in most papers handling chemical shifts the X-

ray K series is investigated. Typically the energy shift
of the K-shell is the greatest one and is much lower
for outer shells. Hence the highest terms of an X-ray
series show the greatest energy shift. The removal of
an electron as a result of a chemical bond must be
incomplete, i.e. the size of the X-ray energy shift can
be connected with the ionicity of the compound.

For light elements chemical shifts have the great-
est values,because the valence electrons are localized
in the L shell and so strongly influence the K shell
electrons. For a transition between K and L levels the
energy shift can be expressed as

�EKL = mi
[
pK �EK(Z,Z−1) − pL �EL(Z,Z−1)

]
(2.58)

where the quantities �E describe the energetic level
shifts of K and L orbitals as they result for the com-
plete ionization of an outer-shell electron. Further-
more, i is the ionicity, m the valence and p the time
that for each valence electron is localized in the K
or L shell. The results of X-ray measurements for
transitions which include different electron orbitals
characterize the different sensitivities of electron or-
bitals according to chemical valence states resulting
in different strengths of chemical shifts. In Table 2.20
chemical shifts are given as summarized in [76] from
different literature sources.Additionally included are
results from [480]. The strongest chemical shifts are
measured for elementsof the rare earth region.These
shifts are explained by strong changes in the screen-
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ing of inner electrons during the addition or ioniza-
tion of 4f electrons.

With the availability of sophisticatedatomic struc-
ture programs and of powerful computing tech-
niques it is possible to get, from systematic inves-
tigations of chemical shifts, information about the
valence structure in different regions of the periodic
systemof elements.Such investigations are restricted
so that as a rule the calculations are done for free
atoms, i.e. they do not exactly represent the chemical
bonding but are extrema for strong ionic bonds.

Hyperfine Structure

In the late nineteenth century additional splittings in
optical spectra of atoms and molecules which could
not be explained by fine structure effects and which
were three orders of magnitude smaller than those
from fine structure splittings were observed.A qual-
itative explanation of the hyperfine structure was
given by Pauly [420]. He understood the observed
level splitting as resulting from the interaction of
electrons from the atomic shell with the magnetic
dipole moment of the nucleus.Classical experiments
as those of Terenin and Dobrezov in the year 1927
demonstrate that the sodium D lines18 show a fur-
ther splitting. This situation is shown in Fig. 2.23. A
quantitative description of the observed effects was
given in [210] and [172].

The level splitting caused by the interaction of the
nuclear moments with the electrons of the atomic
shell can be distinguished into

• magnetic hyperfine structure, caused by the nu-
clear magnetic dipole moments and

• electrichyperfine structure, causedby the nuclear
electric quadrupole moments. As a rule this in-
teraction is small in comparison to the magnetic
hyperfine structure.

We will mentioned here that the isotope shift (see
Sect. 2.2.4) is often included in the generic term hy-
perfine structure splitting.

Magnetic hyperfine structure. Hyperfine structure
splittings arise for all spectral lines of atoms with
nuclei with odd mass number19. The main reason
for the hyperfine structure is the interaction of the
magnetic moments of the electrons and of the nu-
cleus, respectively. The nuclear magnetic moment is
formed as the sum of the magnetic moments of the
nucleons and is in the order of the nuclear magneton
�K . Because of the smallness of the nuclear mag-
neton in comparison to the Bohr magneton (about
three orders of magnitude smaller by the ratio of
the electron mass to the proton mass) the hyperfine
structure splitting is very small and is in the order of
about 100 meV to 1 eV for atomic K levels.

The magnetic interaction energy between the nu-
clear magnetic moment and the magnetic field pro-
duced from the electrons at the nucleus leads to a
mutual orientation of the intrinsic nuclear angular
momenta I (or nuclear spin) and the atomic shell
momenta J . As a rule the angular momenta I of the
nucleus are integral or half-integral between 0 and
9/2. Connected with this are nuclear angular mo-
menta between −2 and +6 nuclear magnetons. Be-
cause the interaction energy is small in comparison
to the coupling energy of the electrons in the atomic
shell andof thenucleons in thenucleus, thehyperfine
interaction does not disturb the inner couplings of
the atomic shell and of the nucleus, i.e. the hyperfine
interaction between J and I results only in the cou-
pling of both angular momenta to the total angular
momentum F of the atom:

F = I + J . (2.59)

Because for the addition of two angular momenta the
triangle relation |I − J| ≤ F ≤ I + J must be fulfilled,
for F we have

• 2I + 1 values for I < J or
• 2J + 1 values for J < I .

The magnetic interaction energy between shell
and nuclear moments has the value

EHFS = −�IBJ . (2.60)

18 Sodium D lines: D1: transition 3 2P1/2 → 3 2S1/2; D2: transition 3 2P3/2 → 3 2S1/2
19 In addition, also for the isotopes 2D and 14N.
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Table 2.20. Experimental determined chemical energy shifts. All shifts are given in meV. A and B chemical as X-ray
energies for the compounds A or B. The given in parenthesis values indicate the oxydation degree of the compound

Z A B �EK˛1
�EK˛2

�EKˇ1
�EKˇ2

�EKˇ1,3

24 Cr Cr2O3 (3+) 50 380
LaCrO3 (3+) 40 350
CrO2 (4+) 60 360
Ba2CrO4 (4+) 50 370
Cr0.6Ru0.4O2 (5+) 320 500
CrO3 (6+) 860 960
K2CrO4 (6+) 820 900
NiCrO4 (6+) 830 870

32 Ge GeO2 244±20
GeS2 123±13
GeS 110±11

33 As As2O3 151±6

37 Rb RbCl 21±4 28±10 131±22

38 Sr SrO −30±4

39 Y Y2O3 −146±10

40 Zr ZrO2 −299±5 −149±8 480±15

41 Nb Nb2O3 −260±5

42 Mo MoO3 −199±5 137±5 224±15

44 Ru RuF3 −94±3 −50±25
RuO2 −42±4 −24±25

47 Ag Ag2S 51±4 59±10 −125±15
AgCl 122±5 129±9 −104±16

48 Cd CdO 115±6
CdSe 82±13

49 In InO3 112±8

50 Sn˛ Snˇ 37±10
SnO 108±12
SnO2 204±11 193±16 101±30

Snˇ SnO 81±5 122±11 89±21

51 Sb Sb2O3 121±17
Sb2O4 172±10

51 Sb2O5 200±15

52 Te TeO2 176±5
TeO3 269±5

56 Ba BaO 42±20

57 La La2O3 −3±10

58 Ce CeO2 −457±15

59 Pr Pr2O3 −20±15
PrO2 −416±5

PrF3 Pr −45±4 −48±29 −55±7
Pr2O3 5±8 48±6 31±p 11±10
PrO2 371±3 320±5 416±18 1018±4
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Table 2.20. (cont.)

Z A B �EK˛1
�EK˛2

�EKˇ1
�EKˇ2

�EKˇ1,3

62 Sm SmCl2 606±14 448±19 1455±40 415±50 Kˇ3 :
1360±50

63 Eu EuF3 −644±12
EuI3 −618±21

EuF2 EuF3 644±11 582±15 1450±40 300±65 Kˇ3 :
1730±50

64 Gd GdF3 −13±15

65 Tb TbO1.66 −266±13
TbO1.72 394± 18

69 Tm TmF3 46±26

70 Yb Yb2S3 −520±25
YbF3 −579±26 570±114 586±114 1402±43

71 Lu LuF3 −48±38
Lu2O3 3±20

72 Hf HfO3 6±30

73 Ta Ta2O5 113±30

74 W WO3 110±33

D1 D2

3 P2
3/2

3 P2
3/2

3 P2
1/2

3 P2
1/2

3 S2
1/2

3 S2
1/2

fine structure splitting hyperfine structure splitting

= 0,023� Å

Na : Ne 3s1[ ]

I +
1
2

I -
1
2

Fig. 2.23. Fine structure and
hyperfine structure splitting in
sodium

The vector �I describes the magnetic nuclear mo-
ment and BJ the magnetic field produced by the elec-
trons of the atomic shell on the nucleus. Because the
magnetic field produced by the electrons is practi-
cally constant over the nuclear sphere we can assume
here a mean field 〈B0〉. Averaging over the precision
motion of spin and orbital angular momenta this
field is orientated in the direction of the orbital an-
gular momentum vector J

B0 = 〈B0〉 J

J�
. (2.61)

The magnetic moment �I of the nucleus should
be orientated in the direction of J :

�I = gK �K
I

�
=
�I �K

�

I

I
with gK =

�i

I
. (2.62)

Here gK describes the nuclear g-factor. Then each
orientation of the nuclear spin in the field BJ corre-
sponds a certain energy state of the system. Starting
from (2.60) we have

EHFS = −
�I

�2

�K

I × J
(IJ) . (2.63)

To calculate the perturbation energy for the ex-
pectation value

IJ =
1

2
(F2 − I2 − J2)

the actual operators are replaced by their eigenvalues
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EHFS =
A
2

[F(F + 1) − I(I + 1) − J(J + 1)] (2.64)

with

A = −
�I �K 〈B0〉

2 I × J
(interval factor) . (2.65)

The quantity A is known as the interval factor or as
the hyperfine structure constant .For positive nuclear
momenta the hyperfine structure constant is posi-
tive.Thismeans that the hyperfine structure splitting
is greater if F increases.

The relative term difference is described by the
so-called interval rule

�EF+1 − �EF = A(F + 1) . (2.66)

This rule reads:

• The difference of two terms in a hyperfine struc-
ture multiplet is proportional to the greater value
of both F-values. The splittings in a multiplet are
related as

F : F − 1: F − 2

and so on.

The absolute energetic spacing of hyperfine struc-
ture components is given by the interval factor A,
which contain a product of the nuclear momentum �
and the atomic field 〈B0〉 (see (2.65)). If one of these
values is known the other one can be determined
with the observed level splitting. Only for some triv-
ial cases is it possible to calculate 〈B0〉 from the elec-
tron configuration exactly. On the other hand, many
nuclear moments arewell known because they can be
measured by the use of external fields. For a known
nuclear moment 〈B0〉 can be derived from the mea-
surement.

In spectral transitions the intensities are propor-
tional to (2F +1) because the terms are (2F +1)-times
degenerate relative to mF and for transitions this de-
generation influences the state density of the final
state. The analysis of the level splitting is compli-
cated by the fact that normally both orbitals involved
in the transition are the subject of hyperfine struc-
ture splitting.

Electric hyperfine structure. Nuclei can be de-
formed. In this way the deformation is described by

the electric quadrupole moment. According to [534]
the contribution of the electric hyperfine structure
is given by

�EHFS = B

3
4

(C2 + C) − I(I + 1) J(J + 1)

2I (2I − 1) (2J − 1)
(2.67)

with

C = F(F + 1) − I(I + 1) − J(J + 1) .

The constant of electric quadrupole interaction B con-
tains the product of the electric quadrupole moment
and of a quantity proportional to the electric field
gradient. The quantity B is only different from zero
if the form of the nucleus deviates from spherical
symmetry.

The contribution of the electric hyperfine struc-
ture is principally somewhat smaller than the mag-
netic contribution, but of the same order of magni-
tude [534].

Total energy of the hyperfine structure interaction.
The total energy can be calculated as follows

EHFS = EFS +
A
2

C +B

3

4
(C2 + C) − I(I + 1) J(J + 1)

2I (2I − 1) (2J − 1)
(2.68)

where EFS is the contribution from the fine structure
interaction with respect to the total angular momen-
tum J of the atomic shell.

Importanceof hyperfine structure.Aboveall, the in-
vestigation of the hyperfine structure interaction is
of importance for studies in nuclear physics. From
spectroscopic measurements of the hyperfine struc-
ture splitting the quantities A and B can be deter-
mined from which information on nuclear proper-
ties (nuclear spin, magnetic dipole moment, electric
quadrupole moment) can be deduced.

Numerical values of the hyperfine structure split-
ting.Extensive tabulationsof the hyperfine structure
splitting and of the parameters of the energy levels
of stable isotopes are given in [441], [442] and [494].
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Atomic Structure Shifts for Transitions with �Z = 1

Atomic structure shifts were observed between dif-
ferent elements in similar chemical states. In electron
capture, an electron from an inner atomic orbital is
captured by the nucleus and absorbed by the process

p + e− → n + �e

i.e.an element of the atomic number Z is transformed
into an element with Z − 1. The X-rays connected
with this process are emitted from an atom with an
outer-shell structure of the atom with next higher
atomic number. Comparing the characteristic X-ray
energies with energies observed in processes with
�Z = 0 (photoionization, internal conversion) X-ray
energy shifts can be determined corresponding to
the difference in the atomic structureof neighboring
elements [227]. In Fig. 2.24 this situation is shown for
elements of the rare earth group.
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Fig. 2.24. X-ray energy shifts �E (E(photoionization),
np→1s - E(electron capture, np→1s) for rare earth el-
ements (after [227]). Experimental results are given for
Tb/Dy from [226] and for Ho/Er from [79]. The dashed
horizontal lines give calculated contributionsto the energy
shift by hyperfine structure effects. The dotted-dashed
lines characterize calculated energy shifts for the electron
configuration of trivalent metals. The dashed line give re-
sults from calculations with divalent metals

In electron capture the electrons are meanwhile in
a stable state. Under ionization of the same atom by
photoionization an additional electron can be bound
but the vacancy lifetime for the K shell is too short
for electron relaxation processes (10−15 to 10−17 s in
heavy elements; see Fig. 2.6). Thus it is possible, by
the measurement of the atomic structure shift, to get
a “snapshot”of both electron configurations.

Dynamical Shifts

The production mechanism of inner-shell vacancies
is connected with outer-shell excitations that tem-
porarily modify the atomic screening and so produce
small energy shifts.These processes were extensively
discussed in [227].

As a rule for low-energetic nuclear transitions and
photoionization processes, effects from additional
inner-shell vacancies can be detected. These sec-
ondary effects are weak but detectable. Outer-shell
ionization occurs more frequently but the magni-
tude of these effects is small (often inside the nat-
ural linewidth). On the other hand many cases are
known where asymmetric or complex X-ray line pro-
fileswereobserved.For example:Measuredwithhigh
spectral resolution K˛1,2 lines of copper (Z = 29)
show a complex line structure that can be explained
by additional 3d−1 and 3p−1 vacancies [479]. For the
line broadening we refer also to Sect. 2.2.2 and [187].

Because of the small vacancy production proba-
bility for electron capture, dynamical shifts are neg-
ligible in comparison to contributions from pho-
toionization processes. The order of magnitude for
dynamical shifts of the K X-ray series is shown in
Fig. 2.25.

X-Ray Outer-Shell Satellites

For example ions with outer-shell vacancies play a
dominant role in plasmas, in collective particle en-
sembles and in heavy ion sources. The existence of
outer-shell vacancies influences the course and the
intensity of interaction processes and structure ef-
fects in the atomic shell and of atom–nucleus inter-
actions. Up to now in the literature systematic ex-
perimental investigations of X-ray energy shifts by
the presence of an increasing number of outer-shell
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ization processes as a function of the atomic number Z
(after [227])

vacancies are not known, but otherwise many indi-
vidual experimental results have been published.

Energetic shifts of individual X-ray lines depend
on the outer-shell ionization and can be estimated
with self-consistent-field calculations. For example,
for intense X-ray dipole transitions of all elements
up to uranium this is done in [587]. In the same way
there exist many papers describing properties of iso-
electronic sequences.

In Table 2.21 experimentally determined energies
of neon satellite lines are compared with calculated
energy shifts. The case of neon allows us to com-
pare the intrinsic influence of inner-shell vacancies
on X-ray transition energies, because nonradiative
for additional L shell ionization processes as it is

Table 2.21. Influence of L shell vacancies on K˛ X-ray
transition energies for neon (Z=10). Experimental values
Eexp from [272] are compared with calculated values Eth

from [587].�E is the energy difference compared with the
parent diagram line; �Eth is the calculated energy differ-
ence

Satellite Eexp/eV �E/eV �Eth/eV

KL0 848±2
KL−1 855±2 7±4 6,1
KL−2 863±2 15±4 14,5
KL−3 873±2 25±4 25,4
KL−4 882±2 34±4 31,7
KL−5 895±2 47±4 45,3
KL−6 907±2 59±4 56,1

typical for L shell ionization in more complex atoms.
A comparison of experimental and calculated X-

ray energy shifts gives good agreement within the
error margins of the experiment. For the transition
to heavier elements the situation loses its unambigu-
ous character, because it can no longer be assumed
that only inner-shell or outer-shell vacancies exist
alone. Furthermore the energy shift per outer-shell
vacancy decreases per additional outer-shell vacancy
due to the increasing number of electrons in the
atomic shell and increasing in this way the electronic
screening.

As a result of the ionization process a variety of
vacancy configurations is possible. Here such rear-
rangement processes should be considered where the
ground state for the positive ion of the correspond-
ing degree of ionization is reached, i.e. the state with
a minimum of total energy of the multielectron sys-
tem. To reach minimal total energy the ion ground
state configurations can show significant differences
to the electron configurations of neutral atoms with
the same number of electrons.

As a rule the localization of vacancies in the ion
ground states begins with the 7s and 6d orbitals [441]
and continues with the sequence 5f, 6p, 6s, 5d, 4f, 5p,
5s, 4d, 4p, 4s, 3d, 3p, 3s, 2p, 2s and 1s.

In Figs. 2.26–2.30 energetic X-ray shifts for se-
lected transitions in argon (Z = 18) and thorium
(Z = 90) as a function of increasing ionization are
shown for the ion ground states.
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Fig. 2.26. Argon X-ray energy shifts �E of selected transi-
tions as a function of the number of outer-shell vacancies.
Completely ionized subshells are indicated
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Figures 2.31 and 2.32 give the tendency of X-ray
energy shifts for increasing degree of ionization and
increasing atomic number. In Figs. 2.33–2.35 for K˛1 ,
L˛1 and M˛1 transitions X-ray energy shifts for all el-
ements up to uranium for selected ionization stages
are summarized.
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From these graphical dependencies we see that
the energy shifts are greatest for X-ray series where
the initial level has the greatest main quantum num-
ber. With increasing degree of ionization the energy
shifts have at different ionization regions significant
different energy shift gradients. While for elements
with occupied 4f subshells for K and L transitions
decreasing energy shifts are characteristic, for lines
of the M-series this behavior could not be observed.
This circumstance can be used for the determination
of ionization stages of ions by X-ray diagnostics to
clear up ambiguities in X-ray spectra of the K and L
series by measuring lines of the M series and of the
energy gradient in K and L spectra for the case of
developing ionization.

The influence of outer-shell vacancies on the X-
ray transition energies depends on the localization of
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the electrons involved in the considered X-ray tran-
sition. For the K series the Kˇ21 transitions have the
greatest energy gradient for increasing outer-shell
ionization. Generally it yields that the X-ray energy
shifts are greatest for the highest difference in the
main quantum numbers of electrons involved in the
transition.

For different degrees of ionization the X-ray en-
ergy shifts of K and L transitions have clear local
minima. For the K˛1 transition a decreasing X-ray
energy shift for an increasing occupation of s and
p electron orbitals and an increasing shift during
the occupation of d and f levels is characteristic.For
the L˛1 transition line for a fixed ionization state we
find a permanent decrease of the X-ray energy shifts
over a wide Z-region. Only after reaching the xenon
electron configuration do the energy shifts increase
again.

The comparison of results for the K˛1 (1s1/2-
2p3/2), Kˇ1 (1s1/2-3p3/2) and L˛1 (2p3/2-3d5/2) transi-
tions show that outer-shell vacancies cause different
periodicities in the crossing of level energies for the
orbitals involved in the X-ray transition. The cross-
ing between the 1s1/2 and the 2p3/2 energy shifts has
periodic maxima for low ionization degrees if the
electron configuration reaches thenoble gas configu-
rations of argon, krypton or xenon. For the level pair
1s1/2-3p3/2 and 2p3/2-3d5/2 the same behavior does
not appear results until reaching the xenon electron
configuration. The reason for the observed phenom-
ena is based on the different interactions of d and f
electrons with the electrons involved in the transi-
tion.

The dependencies shown in Figs. 2.26–2.35 can be
used for the identification of ionization degrees of
atoms emitting characteristic X-rays by the energy
shift relative to transition energy of the parent dia-
gram lines.For a wide Z-region X-ray transition lines
can be found where for a certain element the X-ray
energy shifts for different ion charge states do not
cross each other, i.e. the energy shifts can be classi-
fied unambiguously to different ion charge states. If
this is not the case the measurement loses its unam-
biguous character and further physically indepen-
dent quantities must be analyzed.

X-Ray Inner-Shell Satellites

Multiple vacancy states in atomic inner-shells can
be induced by photon, electron or heavy ion impact
or result from atomic rearrangement processes. For
electron and photon excitation it is characteristic
that diagram lines resulting froman isolated primary
vacancy (see Fig. 2.27) will be mainly excited. Here
only weak contributions from multiple inner-shell
vacancies (KL−1 and KL−2) can be observed. On the
other hand, light ions can excite the whole satellite
spectrum. Here the excitation in outer shells as well
as the intensity of hypersatellite lines K−2L−i is small.
For heavy projectiles the ionization probability in-
creases and few-electron states can be observed. For
both light projectiles excited few-vacancy states and
few-electron states a simplification of the spectra (i.e.
small spectral overlap) is typical.

Beside satellites on the short-wavelength side of
the diagram lines, also lines on the long-wavelength
side of the spectrum can be observed. Long-
wavelength satellites can occur from electron tran-
sitions from outer atomic levels to the K orbital in
crystals (intersection transitions) as well as from
two-electron processes, where the X-ray transition
energy is decreased by the simultaneous excitation
of an outer-shell electron (radiative Auger process).
For the case of sufficiently strong interaction be-

tween incompletely filled subshells and the X-ray va-
cancy, the X-ray multiplet structure can be appear as
level splitting. Thus for instance X-ray satellites on
the long-wavelength side of the parent diagram lines
from atoms with incompletely filled d and f orbitals
can be attributed to multiplet splitting.

Calculations with atomic structure codes for
atoms with closed shells, with partially filled shells,
molecules and solid states allow the interpretation
of diagram lines and of spectral structures as a re-
sult of multiplet splitting, crossing transitions and
other effects. Because of the small lifetime of an
X-ray state (see Fig. 2.6) from processes leading in
the atom to multiple vacancy configurations (suc-
cessive ionization by some electrons, multiple ion-
ization by nonradiative electron transitions,multiple
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ionization by impact ionization) only multiple ion-
ization and direct multiple ionization (shake-off pro-
cesses) areprobable.Ofprincipal importancehere are
Coster–Kronig processes X1 → Xj Y where the va-
cancy states Xi andYj belong to different subshells of
the same main shell. The fundamentals of the shake-
off theory and corresponding numerical values for
different configurations and elements can be found
in [1,2,97,100].

While for the ionization of inner-shell electrons
by photon or electron impact states with a small
number of inner-shell vacancies are characteristic,
the situation for collisions with heavy particles will
be more complex. Here configurations with a high
number of inner-shell vacancies can be observed and
as a result one-, two- or three-electron ions can ap-
pear. With high-resolving X-ray spectrometry vari-
ous characteristic spectra from ion–atom collisions
were observed. Together with reaction models and
self-consistent field calculations the analysis of these
spectra allows us to get conclusions about the in-
teraction mechanisms during the collision process.
Satellite and hypersatellite lines can be classified by

their energy or wavelength.This allows us to get con-
clusions about the vacancy distributionin the atomic
shell after the interaction process.

In Fig.2.36 the energetic shift�E of K˛ X-ray satel-
lite lines in comparison to the transition energies of
the parent diagram lines is shown as a function of the
atomic number Z. Table 2.22 gives the order of mag-
nitude of X-ray energy shifts per additional L and
M vacancy for transition lines of the K and L series.
It should be mentioned that the values given in Ta-
ble 2.22 should be understood only as orientation but
for exact values atomic structure calculations should
be done.

Table 2.22. Satellite energy shifts for additional vacancies
in the L and M subshells as given by Mokler [363]. ZL and
ZM are screened charges: ZL = Z−4, 15; ZM1,2,3 = Z−11, 25;
ZM4,5 = Z − 21, 15

transition initial final shift per shift per
vacancy vacancy L vacancy/eV M vacancy/eV

K˛ K L2,3 1, 66 × ZL 0, 06 × ZM

Kˇ1,3 K M2,3 4, 38 × ZL 0, 91 × ZM

L˛ L3 M4,5 2, 24 × ZL 0, 56 × ZM

Lˇ1 L2 M4 2, 24 × ZL 0, 56 × ZM

Lˇ2 L3 N5 3, 71 × ZL 1, 72 × ZM

X-ray Emission from Highly Charged Ions

For many investigations connected with the spec-
troscopy of characteristic X-rays the appearance of
X-ray lines stemming from ionized atoms is char-
acteristic. With the development of such fields of
investigations as plasma physics, X-ray astronomy,
ion accelerators and sources of highly charged ions
processes become more and more important, where
the emission of X-rays typically deviates significantly
from the standard signature as known from X-ray
standard applications. Of main importance are here:

• Direct Excitation (DE)20;
• Radiative Recombination (RR)21 and
• Dielectronic Recombination (DR)22.

The itemized processes are summarized in Fig. 2.37.

20 DE: Direct Excitation
21 RR: Radiative Recombination
22 DR: Dielectronic Recombination
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Fig. 2.37. Origin of X-ray diagram lines and the most important X-ray emission processes in highly charged ions

Direct Excitation
A direct excitation of electrons

e− + Aq+ → A(q+)∗∗

occurs if the energy of the exciting electron is
greater than the binding energy difference between
the sublevels involved in the excitation process (see
Fig. 2.37). The excited state so produced can deexcite
by photon emission

A(q+)∗∗ → Aq+ + h� .

For this process the typical multiplet splitting can
produce a complex spectrum with many transition
lines, resolvable only with wavelength-dispersive X-
ray spectroscopy.

A simple estimation of excitation cross-sections
for the electron excitation from the state i into the
state j can be derived from the Van-Regemorter for-
mula (see for instance [173]):

�ij(E) =
8�2

√
3

a2
0 fij

I2
H

EeIij
G
(

Ee

Eij

)
(2.69)

with a0 the Bohr radius, fij the oscillator strength, Eij

the transition energy and Ee the electron energy.

The Gaunt factor G for �n = 0 can be calculated
as

G(x) = (0, 33 − 0, 3 x−1 + 0, 08 x−2) ln x

and for �n > 0 as

G(x) = (0, 276 − 0, 18 x−1) ln x .

For x < 1 the Gaunt factor becomes zero. The calcu-
lation formula for the oscillator strength fij is given
by (2.50).

In Fig. 2.38 an iridium spectrum is shown as it
was measured the Dresden EBIT at 15 keV electron
energy. DE lines for the L as well as for the M series
are clearly expressed in the shown spectrum. The
observed peaks are ensembles of overlapping transi-
tion lines from X-rays emitted by ions of adjacent ion
charge states as is characteristic for electron impact
ion sources. For the L excitation, lines can be identi-
fied for electron excitation processes into shells with
n = 3 and 4 and for M excitation transitions for elec-
tron excitation into n = 4 and 5 states.
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Radiative Recombination
Radiative recombination (RR; see also Fig. 2.37) is a
process

Aq+ + e− → A(q−1)+ + h�

where a free electron is captured into an ionized
atomic state with emission of an X-ray quantum with
energy

ERR = Ee − EB(nlj) . (2.70)

EB(nlj) is here the (negative) binding energy for the
considered subshell (nlj) (see Fig. 2.39) and Ee the
kinetic energy of the captured electron. The conse-
quence is that X-rays can be observed with a tran-
sition energy higher than the kinetic energy of the
electrons involved in the RR process. This behavior
can be seen in the inset of Fig. 2.38.

A calculation of the RR cross-section can be done
as described in [282]:

� q
RR(Ee) =

8�

3
√

3
˛ �2

e q(Ee) ln
(

1 +
q(Ee)

2n̂2

)
(2.71)

with

q(Ee) = (Z + q)2 IH

4Ee

and
n̂ = n + (1 − Wn) − 0, 3 ,

where n is the main quantum number of the valence
shell and Wn the ratio of the unoccupied states of the
valence shell to the total number of possible states
in this shell.˛ is the Sommerfeld fine-structure con-
stant (˛ = 1/137.0360), �e = 3.861 × 10−11 cm the
electronic Compton wavelength and IH = 13.6 eV
the ionization potential of the hydrogen atom.

Dielectronic Recombination
Dielectronic Recombination (DE) [340] (see also
Fig. 2.37) is a resonant recombination process of a
free electron with an ion Xq+ with subsequent radia-
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Fig. 2.39. Iridium binding energies EB(nlj) for electron capture in different ion charge states. X-ray energies calculates
than corresponding to (2.70)

tive stabilization. In this way in a first step a free elec-
tron is nonradiatively transferred in a bound state of
the ion under excitation of a further core electron.
As a result a doubly-excited state [X(q−1)+]∗∗ appears.
Because of the discrete level structure the kinetic en-
ergy of the free electron must fulfill the resonance
condition

Er = Ed − Ei (2.72)

where Ed is the total binding energy of the dielec-
tronic intermediate state and Ei is the energy of the
initial state. In a second step the doubly-excited ion
stabilizes by an electronic transition in a lower lying
level or in the ground state

Xq+ + e− → X(q−1)+∗∗ →
⎧⎨
⎩

X(q−1)+∗
+ �! (a)

or
X(q−1)+ + �! (b)

.

(2.73)
The X-rays produced in the process (a) are the so-
called dielectronic satellites.

The DE cross-section is calculated according to
[62] as

�DR(Ee) =
� �2

p2
e

gd

2 gi


A(d → i) 
r(d → f)
(Ee − Er)2 + 
d/4

(2.74)

with pe the initial electron momentum, gd, gi the sta-
tistical weights for the states d and i, 
A the Auger
width, 
r the radiative width, 
d the total width of
the doubly-excited state and Er the resonance en-
ergy. The identification of the states in (2.74) occurs
according to

e− + |i〉 → |d〉 → |f〉 + �! .

If the natural linewidth 
d is small in comparison
to the experimental linewidth, for the theoretic line
profile a delta-function can be assumed:

�DR(Ee) =
2�2

�
2

p2
e

gd

2 gi


A(d → i) 
r(d → f)


d
×ı(Ee−Er ) .

(2.75)

23 Here in Sect. 4.3 Lisitsa discusses the dielectronic recombination as a resonance process of equivalent photons.
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The dielectronic recombination is discussed in
more detail by Lisitsa [311]23 and Beyer et al. [62],
among others.

2.3 Fluorescence Yields

2.3.1 Implications for Basic Research and Practice

A detailed knowledge of nonradiative electron tran-
sition characteristics is important for the interpreta-
tion of many X-ray measurements in atomic physics,
nuclear physics,solid-statephysics andother areas of
research.For instancewe refer here, as an application
in nuclear physics, to nuclear decay via electron cap-
ture where the transition energies as well as the mul-
tipolarities of the internal converted � -transitions
are determined by the measurement of relative X-ray
ratios. Here X-ray fluorescence yields are needed for
the determination of the initial vacancy distribution
in the atom. In the same way the internal ionization
or emission of electrons from ˇ-decay investigated
by the measurement of X-rays in coincidence with
ˇ-particles requires an exact knowledge of the prop-
erties of atomic transitions.Because the fluorescence
yields of most atoms were determined from elec-
tron or photon ionization, atomic ionization cross-
sections can be derived from the measurement of
the total X-ray or from the total Auger electron pro-
duction cross-sections. The ionization cross-section
� I

i for a given state i can be characterized with the
X-ray production cross-section �R

i or with the cross-
section for the emission of Auger electrons �A

i in the
following form:

�iI =
�R

i

!i
=

�A
i

1 −!i
. (2.76)

To describe Auger cascades numerical values for
fluorescence yields are of importance for a wide field
in applied physics. In the course of cascade deexci-
tation an Auger transition starting from an inner-
shell vacancy produces a twofold ionized atom and
the successive filling of the vacancy transformed in a
higher subshell can lead to multiple ionized atoms.

Beside investigations of basic phenomena exact
fluorescence yields are also of importance for a wide
field of applied physics. For instance such data are
required in X-ray fluorescence analysis (for exam-
ple for medical investigations, trace element analy-
sis, in situ probe analysis in geological applications
andothers),Auger electron spectroscopy, low-energy
electron diffraction (LEED) and in the description of
photon transport processes.

2.3.2 Notations and Definitions24

The fluorescence yield of an atomic shell or subshell
is defined as the probability that a vacancy in the
considered shell will be filled by a radiative electron
transition. According to (2.30) the total probability
for the filling of an inner-shell vacancy includes con-
tributions from Röntgen, Auger and Coster–Kronig
transitions. The rates corresponding to the individ-
ual processes can be calculated as

! =

R



fluorescence yield (2.77)

a =

A



Auger yield (2.78)

f =

CK



Coster–Kronig yield. (2.79)

In detail Bambynek et al. [38] discussed the role
of fluorescence yields very completely. Thus follow-
ing [38] we give here in this subsection a summary
of the most important relations.

The sumof theyields fromradiative electron tran-
sitions ! and from nonradiative transitions a and f
is normalized to

! + a + f = 1 . (2.80)

For a probe containing many atoms the fluorescence
yield of an individual subshell is equal to the num-
ber of emitted X-ray quanta during the filling of the
vacancy divided by the number of initial vacancies.

From this definition the K-shell fluorescenceyield
is

!K =
IK

nK
. (2.81)

24 Reprinted with permission from Bambynek et al. [38]. Copyright 1972 by the American Physical Society
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Here IK describes the total number of emitted K X-
ray quanta and nK the number of initial vacancies.

For higher shells the definition of fluorescence
yields is much more complicated. The reasons are:

1. Main shells above theK-shell havemore than one
subshell and the electrons in these subshells can
have different orbital angular momenta. That is
why the mean fluorescence yield depends on the
ionization mechanism of the considered shells
because different ionization methods lead to dif-
ferent distributions of initial vacancies.

2. In the same shell Coster–Kronig transitions can
transform initial vacancies from one to another
subshell before the vacancy is filled by another
electron transition.

These circumstances require us to check measured
values very carefully with regard to their consistency
with the introduced definitions. From the existence
or absence of Coster–Kronig transitions two defini-
tions for the mean fluorescence yields can be intro-
duced:

Mean fluorescence yields in the absence of Coster–
Kronig transitions. In most experiments for study-
ing fluorescence yields of individual atomic shells
vacancies are produced simultaneously in different
subshells. If !nlj describes the subshell fluorescence
yield of subshell nlj then according to (2.81) for a
fixed n (i.e. into a main shell K, L, M, . . . ):

!nlj =
Inlj

nnlj
. (2.82)

Then the mean fluorescence yield of a given main
shell has the form

!̄X =
k∑

i=1

NX
i !X

i (2.83)

where X describes the corresponding main shell and
i the quantum numbers (nlj) of k individual sub-
shells. Here the quantity NX

i characterizes the rela-
tive number of initial vacancies in the subshell i of
the X-th main shell:

NX
i =

nX
i∑
nX

i

;
k∑

i=1

NX
i = 1 , (2.84)

with summation over all k subshells of the main
shell X.

If the total vacancy number in all subshells of the
X-th shell is given by nX then

nX =
k∑

i=1

nX
i (2.85)

and analogously to (2.81) the mean X-shell fluores-
cence yield !̄X is written as

!̄X =
IX

nX
. (2.86)

Here IX is the number of emitted X-ray quanta from
the shell X.

The definition of !̄X is applicable in accordance
with (2.83) and the initial vacancy distribution must
be unchanged until the vacancies are filled by elec-
tron transitions from higher main shells, i.e. Coster–
Kronig transitions should not arise.

Then it follows that the mean fluorescence yield
for a main shell X in any one experiment depends
on the initial vacancy distribution. This means that
two experiments can give different values in !̄X if
the chosen ionization methods produce different va-
cancy distributions. Thus !̄X is not a fundamental
constant for any atom but depends on the atomic
subshell yields !X

i and on the parameters NX
i of the

individual experiment.
To determine the atomic quantities !X

i for all k
subshells of the main shell X we need k experiments
leading to different known initial vacancy distribu-
tions. These experiments result in a set of mean flu-
orescence yields (!̄X)1 . . . (!̄X)k

(!̄X)1 =
k∑

i=1

(
NX

i

)
1 !X

i

(!̄X)2 =
k∑

i=1

(
NX

i

)
2 !X

i

...
... (2.87)

(!̄X)k =
k∑

i=1

(
NX

i

)
k !X

i .
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Then the given set of k equations is solved for the k
subshell fluorescence yields !X

i .

Mean fluorescence yield in the presence of Cos-
ter–Kronig transitions. Considering Coster–Kronig
transitions, two alternative assumptions can be
made:

1. The mean fluorescence yield !̄X can be assumed
to be a linear combination of the subshell fluo-
rescence yields!X

i with a vacancy distributionvX
i

which is changed by Coster–Kronig transitions.
This method results in equations containing the
subshell fluorescence yield !X

i for the initial sit-
uation and which correspond to the real experi-
mental situation.

2. Mathematically the mean fluorescence yields !̄X

can be represented as linear combinations of the
initial vacancy distribution NX

i with a set of co-
efficients vX

i . In this way the selection of the co-
efficients vX

i must consider the possible Coster–
Kronig transitions.

In the literature both approximations were used.
This is the reason that mistakes in the distinction be-
tween data sets can lead to misunderstandings in the
data interpretation. Therefore following [38] we for-
mulate, for each approximation,equations and trans-
formation equations valid between both alternative
approximations.

A. Description in terms of a changed vacancy dis-
tribution. The mean fluorescence yield of the main
shell X is described as a linear combination of the
subshell fluorescence yields !X

i :

!̄X =
k∑

i=1

vX
i !X

i . (2.88)

In contrast to the initial vacancy distribution from
(2.83) the coefficients vX

i here describe the relative
number of vacancies in the subshells Xi including
the vacancies transformed to individual subshells by
Coster–Kronig transitions. For the quantities vX

i this
yields

k∑
i=1

vX
i > 1 . (2.89)

We note that we have vX
i > 1.The reason is that some

vacancies produced in subshells below Xi are ac-
counted for several times because they shift to higher
shells by Coster–Kronig transitions. We declare the
Coster–Kronig transition probability for the trans-
formation of a vacancy from a subshell Xi to a higher
subshell Xj with f X

ij .Then the quantitiesvX
i can be ex-

pressed in terms of the relative number NX
i of initial

vacancies:

vX
1 = NX

1

vX
2 = NX

2 + f X
12 NX

1

vX
3 = NX

3 + f X
23 NX

2 + (f X
13 + f X

12 f X
23) NX

1 (2.90)

...
...

vX
k = NX

k + f X
k−1,k NX

k−1 + (f X
k−2,k−1 f X

k−1,k) NX
k−2 (2.91)

+ . . . + (f X
1k + f X

12 f X
2k + f X

12 f X
23 f X

3k + . . .) NX
1 .(2.92)

B. Description in terms of the initial vacancy distri-
bution NX

i . In this approximation the mean fluores-
cence yield is written as

!̄X =
∑

NX
i vX

i . (2.93)

The definition of the coefficients vX
i is stated in such

a way that their consistency with (2.90) is ensured.
The choice of the coefficientsvX

i guarantees that they
characterize the total number of X-rays produced af-
ter creating an initial vacancy in the subshell Xi. This
definition is different from the definition of the sub-
shell fluorescence yields !X

i . Here we note that the
products vX

i !
X
i and nX

i vX
i are not identical. Only the

sum of this products as given in (2.88) and (2.93) are
the same for the mean fluorescence yield !X

i . The
physical definition of vX

i !
X
i contains the number of

radiative electron transitions from higher shells to
the i-th subshell per created vacancy. The quantities
NX

i vX
i correspond to the number of X-ray quanta

emitted in transitions to all subshells of the X-th
main shell per vacancy in the i-th subshell.

C. Transformation equations. The transformation
equations between the coefficients vX

i and the sub-
shell fluorescenceyields!X

i follow from(2.88),(2.90)
and (2.93):
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vx
1 = !X

1 + f X
12 !

X
2 + (f X

13 + f X
12 f X

23) !X
3 + . . . (2.94)

(f X
1k + f X

12 f X
2k + f X

13 f X
3k + . . . + f X

1,k−1 f X
k−1,k

+ products of 3, 4, . . . , (k − 1) f X
ij , ordered for

the transition of the vacancy

from the subshell 1 to the subshell k) ×!X
k

(2.95)

...
...

vX
k−1 = !X

k−1 + f X
k−1 !

X
k

vX
k = !X

k .

We demonstrate the application of these equations in
detail for the quantities NX

i , vX
i and vX

i !
X
i for the L

and M shells.For these shells initial and final vacancy
distributions are connected as following:

L-shell

vL
1 = NL

1

vL
2 = NL

2 + f L
12 NL

1 (2.96)

vL
3 = NL

3 + f L
23 NL

2 + (f L
13 + f L

12 f L
23) NL

1

M-shell

vM
1 = NM

1

vM
2 = NM

2 + f M
12 NM

1

vM
3 = NM

3 + f M
23 NM

2 + (f M
13 + f M

12 f M
23 ) NM

1

vM
4 = NM

4 + f M
34 NM

3 + (f M
24 + f M

23 f M
34 ) NM

2 (2.97)

+ (f M
14 + f M

13 f M
34 + f M

12 f M
24 + f M

12 f M
23 f M

34 ) NM
1

vM
5 = NM

5 + f M
45 NM

4 + (f M
35 + f M

34 f M
45 ) NM

3

+ (f M
25 + f M

24 f M
45 + f M

23 f M
35 + f M

23 f M
34 f M

45 ) NM
2

+ (f M
15 + f M

14 f M
45 + f M

13 f M
35 + f M

12 f M
25 + f M

13 f M
34 f M

45

f M
12 f M

24 f M
45 + f M

12 f M
23 f M

35 + f M
12 f M

23 f M
34 f M

45 ) NM
1 .

The coefficients vX
i and the subshell fluorescence

yields !X
i are combined in the following way in the

L shell:

vL
1 = !L

1 + f L
12 !

L
2 + (f L

13 + f L
12 f L

23 + f L′
13 ) !L

3

vL
2 = !L

2 + f L
23 !

L
3 (2.98)

vL
3 = !L

3 .

The quantity f L′
13 describes the radiative intrashell

rate for the transition L1 → L3. In the literature often
f L′
13 is not considered because it yields f L

13 � f L′
13 (for

example according to [300] we have f L
13: f

L′
13 for kryp-

ton 0.52 :4.1 × 10−5 and for uranium 0.57 : 0.0097).
Neglecting the intrashell rates for radiative elec-

tron transitions for the M-shell we have:

vM
1 = !M

1 + f M
12 !

M
2

+ (f M
13 + f M

12 f M
23 ) !M

3 + (f M
14 + f M

13 f M
34

+ f M
12 f M

24 + f M
12 f M

23 f M
34 ) !M

4 + (f M
15 + f M

14 f M
45

+ f M
13 f M

35 + f M
12 f M

25 + f M
13 f M

34 f M
45 + f M

12 f M
24 f M

45

+ f M
12 f M

23 f M
35 + f M

12 f M
23 f M

34 f M
45 ) !M

5 (2.99)

vM
2 = !M

2 + f M
23 !

M
3 + (f M

24 + f M
23 f M

34 ) !M
4

+ (f M
25 + f M

24 f M
45 + f M

23 f M
35 + f M

23 f M
34 f M

45 ) !M
5

vM
3 = !M

3 + f M
34 !

M
4 + (f M

35 + f M
34 f M

45 ) !M
5

vM
4 = !M

4 + f M
45 !

M
5

vM
5 = !M

5 .

From the cited equations it follows that the deter-
mination of individual subshell fluorescence yields
!X

i from experiment can be very complicated. Ad-
ditionally, with the measurement of the mean main
shell fluorescence yield !̄X for a sufficient number
of different initial vacancy distributions, it is also
necessary to know the corresponding Coster–Kronig
transition probabilities. In some cases the situation
is simplified by the circumstance that the fluores-
cence yields for the subshells with the most tightly
bound electrons (for example !L

3 and !M
5 ) can be

determined directly and that in some regions of the
periodic table of the elements some Coster–Kronig
transition probabilities vanish. In this case the above
equations were simplified.
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Table 2.23. Regions of atomic numbers where strong Coster–Kronig transitions are energetically possible (after [38])

transition Z-region transition Z-region

L1-L2O(P,. . . ) all Z, where O-, . . . L1 - L2M4 21 ≤ Z ≤ 40

levels are occupied L1 - L2M5 26 ≤ Z ≤ 41

L1 - L2N1 19 ≤ Z ≤ 70 L1 - L3N (O, P, . . . ) all Z where N-, . . .

L1 - L2N2 31 ≤ Z ≤ 76 levels are occupied

L1 - L2N3 33 ≤ Z ≤ 81 L1 - L3M1 11 ≤ Z ≤ 31

L1 - L2N4 39 ≤ Z ≤ 91 L1 - L3M2 13 ≤ Z ≤ 35

L1 - L2N5 Z ≥ 42 L1 - L3M3 15 ≤ Z ≤ 36

L1 - L2N6 Z ≥ 58 L1 - L3M4 21 ≤ Z ≤ 49,Z ≥ 77

L1 - L2N7 Z ≥ 63 L1 - L3M5 26 ≤ Z ≤ 50,Z ≥ 74

L1 - L2M1 11 ≤ Z ≤ 29 L2 - L3N(O,. . . ) all Z where N-,. . .

L1 - L2M2 13 ≤ Z ≤ 32 levels are occupied

L1 - L2M3 15 ≤ Z ≤ 33 L2 - L3M4 21 ≤ Z ≤ 30

L2 - L3M5 26 ≤ Z ≤ 30,Z ≥ 91

To explain this situation in Table 2.23 the ap-
pearance of Coster–Kronig transitions in different
Z-regions is given. The Auger yield aX

i introduced
in (2.80) represents the probability that a vacancy
in the i-th subshell is filled by a nonradiative elec-
tron transition from a higher main shell. Here one
must consider that Coster–Kronig transitions are not
immanent in the definition of the Auger yield. The
Coster–Kronig yield f X

ij is the probability that a va-
cancy in the subshell Xi is filled by an electron tran-
sition from the subshell Xj of the same main shell X.
The emitted electron stems here from the same or a
higher main shell.

With the given definition between the fluores-
cence yield, the Auger yield and the Coster–Kronig
yield follows:

!X
i + aX

i +
k∑

j=i+1

f X
ij = 1 . (2.100)

Analogously to the definition of the mean fluores-
cence yield (2.88) the mean Auger yield is described
as

aX =
k∑

i=1

vX
i aX

i , (2.101)

with vX
i as the modified relative vacancy numbers

(2.90). The sum of the mean fluorescence yield and
the mean Auger yield for a given shell is, for the same
initial vacancy distribution, equal to one:

āX + !̄X = 1 . (2.102)

An overview of the dependence of the K and L flu-
orescence yields, theAuger and Coster–Kronig yields
from the atomic number Z is shown in Figs. 2.40–
2.43.
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Fig. 2.40. K-shell fluorescence yield !K and K-shell Auger
yield aK as a function of the atomic number Z
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Fig. 2.41. Fluorescence yield !, Auger yield a and Coster–
Kronig yield f1 for the L1 subshell as a function of the
atomic number Z
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Fig. 2.42. Fluorescence yield !, Auger yield a and Coster–
Kronig yield f23 for the L2 subshell as a function of the
atomic number Z
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Fig. 2.43. Fluorescence yield ! and Auger yield a for the L3

subshell as a function of the atomic number Z

2.3.3 Natural Level Widths and Fluorescence Yields

The energetic natural level width 
i of a subshell i is
calculated from the emission rate of radiative elec-
tron transitions (X-ray emission rate) 
 R

i and from
the fluorescence yield !i of the subshell where the
initial vacancy is localized


i =

 R
i

!i
. (2.103)

Consequently the natural width for an X-ray transi-
tion results from the sum of the level widths of the
orbitals involved in the X-ray transition.

For example for the energetic width of the K˛1

transition we have


 (K˛1 ) = 
 (K) + 
 (L3) .

2.4 Ionization

Inner-shell ionization processes can happen as a re-
sult of different excitation mechanisms. For X-ray
physics electron impact ionization and photoion-
ization are of outstanding importance. Nevertheless
processes such as ionization during proton or heavy
ion impact are also of importance for different ap-
plications. Thus in the following we will give a short
overview of these processes.

2.4.1 Electron Impact ionization

Electron impact ionization is the basic process for
producing characteristic X-rays in X-ray tubes, is
important for electron beam microprobes and is a
fundamental process in all plasma types, in astro-
physics and in laboratory plasmas. A lot of plasma
properties, as for instance the emitted radiation, are
dependent on the ionization of the plasma. Here the
ions are also produced by electron impact ionization.
Furthermore, for the interpretation of spectroscopic
observations and for the modelling of X-ray produc-
tion processes X-ray production cross-sections must
be available.

Electron impact ionization can occur in direct and
in indirect processes. Direct ionization is connected
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with the emission of an electron from an inner- or
outer-shell as a result of direct electron collisions. In-
direct ionization takes place as a result of an Auger
decay of an intermediate autoionizing state. The bal-
ance between direct and indirect processes essen-
tially depends on the energy of the incident electron
and on the atomic structure of the target.

Direct ionization. Direct ionization occurs if the en-
ergy of the incident electron is greater than the ion-
ization potential of the target atom or the considered
substate. Then the energy of the emitted electron is
equal to the difference between the kinetic energy of
the incident electron and that of the binding energy
of the ionized electron.

Although the ionization of atoms by electron im-
pact was first investigated experimentally in 1894 by
Lenard [321] and in 1912 by Bloch [71] and theo-
retically in 1912 by Thompson [538], it was Dolden
[151] who determined the first reliable electron im-
pact ionization cross-sections for He1+ with the
crossed-beam method. For the study of ionization
processes different experimental methods were de-
veloped, as for instance crossed-beam experiments,
spectroscopy on stored ions (electron beamion traps,
electron-ion storage rings) and plasma spectroscopy.

As result of the application of these methods a
sufficiently satisfying data base for ionization cross-
sections of neutral and low-charged ions (see for ex-
ample [536]25) exists. Precise data for higher than
twofold ionized ions have been available since 1978,
but most data are known here only for comparatively
low ion charges states.

The theoretical description of electron impact
ionization processes is connected with different dif-
ficulties. Besides the fact that a multibody problem
is given here, many ionization mechanisms are pos-
sible. The most important ionization mechanisms
are [475]:

Xn+ + e− → X(n+1) + 2 e− (2.104)

Xn+ + e− → X(n+m)+ + (m + 1) e− (2.105)

Xn+ + e− → X∗n+ + e− (2.106)

A(n+1)+ + e−

An+ + e− → A∗(n+1)+ + 2 e− (2.107)

A(n+m)+ + (m − 1) e−.

Equations (2.104) and (2.105) describe direct impact
ionization, where the energy of the incident electron
is transferred to one or more electrons and thereby
exceeds, for each individual bound electron, its bind-
ing energy. The excitation of an autoionizing state is
characterized by (2.106). Equation (2.107) stands for
another two-step process, an Auger transition after
inner-shell ionization,where first an inner-shell elec-
tron is ionized and then some electrons are emitted.

Usually it is stated that in electron–ion collisions
the process (2.104) occurs with the highest probabil-
ity. But the experimental experience of the last few
years shows that also the process (2.106) give an im-
portant contribution and in some cases can be the
dominant process. An analogous situation exists for
multi-ionization processes described by (2.105) and
(2.107).

Because of the fundamental importance of pre-
cise electron impact ionization cross-sections, much
work has been done in the theoretical interpretation
of this process. A complete resolution of the long-
range three-body problem with two continuum elec-
trons in the final state is impossible and the precision
of approximations based on classical or semiclassi-
cal descriptions or on quantum mechanics is often
problematic.

Thompson [538] described electron impact ion-
ization processes for neutral atoms in the frame-
work of the classical theory. Assuming that the en-
ergy transfer occurs by Coulomb interaction from
the incident electron of energy E to an atomic elec-
tron at rest, the total ionization cross-section has the
form

� (E) = 4� a2
o EH

∑
j

nj

Ij E

(
1 −

Ij

E

)
(2.108)

= 6.5 × 10−14
∑

j

nj

Ij E

(
1 −

Ij

E

)
cm2

25 Experimental values for electron impact ionization for atoms and ions from hydrogen up to uranium
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with a0 = 0.529 × 10−10 m as the Bohr radius,
EH = 13.6 eV the ionization energy of the hydrogen
atom and nj the number of electrons in the subshell
j bounded with the energy Ij (in eV).

Besides many modifications of the Thomson for-
mula (2.109) in the framework of the classical two-
center theory, the formula given by Gryzinski [216]
is often applied successfully:

�j I2
j = 6.51 × 10−14 nj g(Uj) [cm2 eV2] (2.109)

with

g(Uj) =
1
Uj

(
Uj − 1

Uj + 1

)3/2

{
1 +

2
3

(
1 −

1
2 Uj

)
ln
[
2.7 + (Uj − 1)1/2

] }

and

Uj =
E
Ij

.

The most important defect of Thomson’s theory is
the incorrect high-energy behavior of (2.109). Bethe
[58] shows that the ionization cross-section at high
energies must behave as

�Uj ∼ A
ln Uj

Uj
+

B
Uj

, (2.110)

leading to a corresponding modification of the the-
ory. Thus the limitation that the atomic electron dur-
ing the collision must be at rest was removed. Many
formulations with different initial velocities of the
electron are known (for instance see the early works
of Gryzinski [216], Kingston [278], Friens [186] and
Bell [55]). A little later quantum properties as elec-
tron exchange and interference were taken into ac-
count by Burges [89] and Kumar [303]).

Another classical approximation is based on the
impact parameter method [7,89,490] which consid-
ers many-bodyeffects and which reproduces the cor-
rect high-energy behavior of the cross-sections (see
2.110). The advantages of both methods are sum-
marized in the“classical exchange impact parameter
method” [89] which reproduces the correct ioniza-
tion cross-section behavior for low electron energies
as well as for high energy ones.

All classical and semiclassical approximations de-
scribe direct Coulomb ionization only. Autoioniza-
tion processes after inner-shell ionization or exci-
tation processes must be considered here by inde-
pendent calculations. Here for example Salop [474]
adds the approximated ionization cross-sections for
the individual processes in a simple way to the total
ionization cross-section.

The first quantum mechanical calculation of ion-
ization cross-sections was done by Bethe [58] in
the Born approximation. The most common quan-
tum mechanical calculation method for electron im-
pact ionization is the Coulomb–Born approximation
where the incident electron as well as the emitted
electron are described with Coulomb wavefunctions.
Different versions of this approximation vary in the
treatment or neglect of exchange effects. Modern
methods for the quantum mechanical calculation
of ionization cross-sections for instance are known
from Younger [581] (consideration of screening ef-
fects) and from Jakubowicz and Moores [261] and
Moores [368] (consideration of direct and indirect
contributions). Overviews of the many calculation
methods are given by Powell [434], Crandall [127]
and Salzborn [475]. Because of the high complexity
of derivative calculations and considering the fact
that it is often sufficient to know simple approxi-
mated cross-sectionsdifferent semiempirical formu-
las were developed. Especially successful is here the
formula derived from Lotz [328]:

� (E) =
N∑

j=1

aj nj
ln(E/Ij)

E Ij

{
1 − bj exp

(
−cj

E
Ij − 1

)}
.

(2.111)
The coefficients aj, bj and cj are tabulated constants
derived from the approximation of experimental
data. The estimation error is here in the region from
+40 to −30%.The indicated error region is character-
istic ofmost calculationsof ionization cross-sections.
Only in some special cases precisions of some per-
centage can be derived. In the case of electron impact
ionization the typical precision of experimental re-
sults also percentage-wise.

Details of the treatment of electron impact ion-
ization are discussed, for instance, by Maerk and
Dunn [333].
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Indirect ionization. In many-electron atoms or ions
indirect processes can lead to important contribu-
tions to the ionization cross-section. Because it is
not the aim of the present book we will characterize
these processes only briefly:

• Excitation-Autoionization (EA). For this process
after an electronic excitation an autoionization
process follows:

Xq+ + e− → [X]∗∗ + e− (2.112)

→ X(q+1)+ + 2 e−.

The decay of the twofold excited state can, ac-
cording to (2.112), result in the emission of an
additional electron and in this way in an increase
of the ionization cross-section (up to a factor two
or more). Alternatively the doubly excited state
can undergo radiative stabilization

X∗∗ → Xq+ + �! . (2.113)

The balance between additional electron emis-
sion and radiative stabilization is characterized
by the branching ratio.

• Resonant ionization (RI) via electron capture.
RI processes are characteristic only for certain
resonant energies of the incident electron and
produce resonance structures in the ionization
cross-section. Processes contributing up to some
10% of the total ionization cross-section are:
– Resonant-Excitation-Auto-Double Ioniza-

tion (READI) and
– Resonant Excitation-Double Autoionization

(REDA).

2.4.2 Ionization in Ion–Atom and Ion–Ion Collisions

Ionization processes

Zq1+
1 + Zq2+

2 → Zq1+
1 + Z(q2+1)+

2 + e− (2.114)

are discussed in ion–atom collisions for instance
in [363] and in [85]. The range of validity of cor-
responding approximations is investigated in detail
by Aberg [2].

For Z1
∼= Z2 (Z1 is the atomic number of the pro-

jectile; Z2 the atomic number of the target atom) in
comparison to the electron orbital velocity ve and low
projectile velocities vp for the description of inner-
shell ionization processes the quasimolecular elec-
tron promotion model is used. The basic idea of this
model is that an inner-shell electron as a result of
an ion–atom collision of overlapping molecular or-
bitals changes to a higher state. This process is only
valid for projectile–target combinations where the
orbital binding energies are approximately equal or
overlapping. For slow collisions (ve � vp) the re-
action cross-section from the MO model is some
orders of magnitude greater than the contribution
from direct Coulomb processes. The contribution of
the direct Coulomb process derives its maximum at
vp ≈ ve. The most important approximation meth-
ods for Coulomb ionization processes are:

• the plane wave Born approximation;
• the semiclassical approximation; and
• the classical two-center approximation.

The order of magnitude of ionization cross-sections
for ionization by heavy ion bombardment is 104–107

barn and varies with the atomic number and with the
energy of the projectile. For protons and ˛-particles
the ionization cross-section decreases depending on
the incident energy to orders of magnitude from 101

barn to 104 barn.

2.4.3 Multiple Ionization Processes

Multiple ionization processes occur as a result of col-
lision processes of energetic particles with atoms or
ions or after reorganization processes in the atomic
shell after the filling of an initial inner-shell vacancy.
During a collision the direct production of a multi-
ple vacancy state as well as the formation of an initial
vacancy as starting point for nonradiative reorgani-
zation processes such as Coster–Kronig transitions
and Auger cascades are probable. The occurrence of
multiple vacancy states is of importance for precise
element analysis methods, for X-ray diagnostics of
plasma states and for the interpretation of different
classes of interaction processes between ionizing ra-
diation and matter. The proof for the existence of
multiple vacancy states was given by Krause [299].
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If vacancies in corresponding electron states arise,
groups of X-ray satellite lines are observed where
each transition line corresponds to a certain number
of vacancies. Analogously to X-ray satellites, Auger
electron satellites were observed on the low-energy
side of the parent diagram lines. In comparison to
X-ray satellites these satellites have a more complex
structure. The reason is that Auger satellites have a
higher possible number of final states. This is espe-
cially pronounced if the transition goes in an outer
shell. Because of the after the ionization following
nonradiative reorganization processes the ionization
degreeof the atomcan increase significantly.Because
of the small vacancy lifetime for the development of
multiple vacancy configurations after photon or elec-
tron impact only the indirect multiple ionization by
nonradiative electron transitions and the direct mul-
tiple ionization (shake-off) are probable.

Of special importance are Coster–Kronig pro-
cesses of the type Xi →XjY where the vacancy states
Xi and Xj belong to the same main shell.

The basic ideas of the theory and numerical val-
ues for selected elements are among others given by
Carlson et al. [96,97,100]and by Aberg [1]. Shake-off
processes are characterized by the assumption that
the excitation of an electron into a bound state or in
the continuum is connected with a sudden change
in the atomic potential. The result is that another
weakly bound electron is suddenly localized above
the ionization border.

Such a situation is seen if another electron is re-
jected from the atomic shell in a time short in com-
parison to the orbital period of the excited electron.
Then the excited electron performs a monopole tran-
sition (�l = 0) while for the other electrons result in
a change in the orbital angular momentum �l = 1.
This selection rule holds for photon ionization cross-
sections in the dipole approximation. Additionally,
for electron impact ionization processes multipole
transitions are also possible.

The most tightly bound electron has the maxi-
mum likelihood for the ionization of a second elec-
tron. For a certain subshell the ionization probabil-
ity decreases with Z2

eff (Zeff is the effective nuclear
charge). This situation is shown in Fig. 2.44 for a
change of the nuclear charge �Z = 1 corresponding
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Fig. 2.44. Calculated probabilities P (in %) for electron
shake-off processes in s- and p-shells divided by the num-
ber n of electrons in the observed subshell as a function of
the atomic number Z (after [97])

approximately to a change in Zeff for K-shell ioniza-
tion.

To estimate the intensity of shake-off processes
the following rules can be formulated in accordance
with Fig. 2.44:

1. For a given subshell shake-off processes decrease
with increasing Z.

2. For a given atom and a certain angular orbital
momentum the intensity increases with increas-
ing main quantum number.

3. For a given main quantum number the contribu-
tion of shake-off processes per electron for low Z
is higher than for high orbital angular momenta;
for high Z an inverse tendency is characteristic.

4. The total contribution of shake-off processes
summed over all subshells is approximately in-
dependent of Z.

Up to now extensive experimental information
about the appearance of K and L vacancies for ele-
ments up to Z = 32 has accumulated. Comparatively
less systematic work exists for XY inner-shell va-
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cancy states where the vacancies were localized oth-
ers than in the K and L shells.

For the interpretation of X-ray and Auger satellite
spectra some general properties for the production
and the decay of XY vacancies can be summarized:

1. Ionization due to shake-off processes has the low-
est probability for the most tightly bound elec-
trons.

2. Coster–Kronig transitions are important for pref-
erentially strong bound electrons.

3. Shake-off processes can be reduced by a proper
selection of the energy of the exciting photons or
electrons if their energy is only less different from
the binding energy of the X-shell electrons.

4. In the case of photoionizationCoster–Kronig pro-
cesses can be eliminated by a suitable selection of
the excitation energy.

An inner-shell vacancy can be filled up either by a
radiative electron transition or by an Auger transi-
tion. The vacancies created during these processes
can be filled again by further electron transitions.
This process continues up to the moment when all
vacancies reach theoutermost shell or the ion ground
state. With the exception of the K and L shells Auger
processes are more probably than radiative electron
transitions. Because in each Auger process an elec-
tron is emitted, a series of such processes leads to a
vacancy cascade, i.e. to highly ionized atoms.

In Fig. 2.45 the relative ratios of ions are shown
produced by vacancy multiplication processes (cas-
cades) after creation of a vacancy in a certain sub-
shell.

Starting from the situation as shown in Fig. 2.45
the following predictions can be made. For a given
charge spectrum as a rule there exists a peaked dis-
tribution because the intensities of the different ion
charge states for heavy ions are approximately dis-
tributed symmetrically. In the K-shell spectra of ar-
gon and xenon we found small saddle-points at low
ionization charge states referring to competing va-
cancy cascades. The heavier the atom and lower ly-
ing the shell in which the initial vacancy is produced
the more complex the ion charge spectrum becomes.
Exceptions to this rule are observed in the K-shell of
neon and krypton.Here we found a smaller mean ion

Fig. 2.46. Ionization cross-sections for the ionization of
krypton as a function of the ion charge state q by elec-
trons of an energy of 20 MeV (after [474]). � I is the total
ionization cross-section, �C is the continuum ionization
cross-section, and �A is the Auger ionization cross-section

charge state than in the L1 subshell although the K-
shell charge spectra show contributions from higher
charged ions. This situation is caused by radiative
electron transitions if the initial vacancy is trans-
formed to a higher shell without further ionization
processes.

Ionization cross-sections for all ionization stages
of carbon, nitrogen, oxygen, neon and argon were
determined experimentally by Donets and Ovsyan-
nikov [152,153] with the electron beam method. Se-
lected values from these experiments are given in
Table 2.24.

In Fig.2.46 the total ionization cross-section �I for
krypton and its ions is given for the electron impact
ionization process at electron energies of 20 MeV
for all ion ground states [474]. Here the ionization
cross-section is the sum of contributions from con-
tinuum ionization cross-sections �C and of multiple
ionization cross-sections �A with consideration of
nonradiative electron transitions.
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Fig. 2.45. Relative rates for multiple ionization processes for the filling of an initial vacancy in different subshells of
selected atoms. The experimental values are from Carlson [96]
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q → q + 1 carbon nitrogen oxygen neon argon

4.85 keV 5.45 keV 5.65 keV 8.30 keV 11 keV

1 → 2 560± 110 670 ± 90 780± 100

2 → 3 162± 12 255 ± 45 330± 40 315± 30

3 → 4 78 ± 8 100 ± 11 145± 15 180± 20 188 ± 38

4 → 5 12,2± 0.8 43 ± 3 60 ± 7 88 ± 20 95 ± 25

5 → 6 4.5± 0.4 7.5 ± 0.5 30 ± 4 44 ± 4.5 74 ± 15

6 → 7 4.8 ± 0.4 43 ± 0.4 20.5± 2.4 23 ± 7

7 → 8 1.7 ± 0.1 8.8 ± 0.6 39 ± 9

8 → 9 1.8 ± 0.2 25 ± 5

9 → 10 0.86 ± 0.12 17 ± 2.4

Table 2.24. Ionization cross-sections
for the ionization of ions of the
charge state q (in 10−20 cm2) by elec-
tron impact ionization at different
excitation energies Ee as given in
the table head as parameter (after
[152])

Fig. 2.47. Electron emission following
photoionization, Auger and Coster–
Kronig transitions

2.5 X-Ray Spectra and the Auger-Effect

2.5.1 Auger Electrons and Inner-Shell Ionization

Meitner [357] and Robinson [455] found that atoms
after inner-shell ionization emit monoenergetic elec-
trons with energies independent of the ionization
method. For these electrons Auger 26 [22–26] found
the following coherences:

1. Under quantum irradiation the photoelectrons
and accompanying Auger electrons were emitted
by the same atom.

2. Auger electrons were emitted in arbitrary direc-
tions independent of the emission direction of the
photoelectrons.

3. The energy of Auger electrons does not depend
on the energy of the ionizing photon radiation.

4. The energy of Auger electrons increases with the
atomic number Z of the target atoms.

5. Not every photoelectron emission is accompanied
by Auger electron emission.

If for example a K-shell electron is ionized then
two processes dominate:

1. Radiative electron transitions where an electron
from a higher shell (for instance from the L-shell)
fills up the K-shell vacancy under X-ray emission.

2. Nonradiative electron transitions where instead
of X-ray emission an additional electron (for in-

26 The by Auger during to studies with a Wilson chamber observed slow monoenergetic electrons are after the discoverer
called as Auger electrons.
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stance from the L or M shell) is ionized. This situ-
ation is shown in Fig. 2.47.

The notation for Auger transitions is

X-YZ

(sometimes also written as X YZ) and means that the
initial vacancy is localized in the X shell and the final
vacancies are in the Y and Z shells. Here a nonradia-
tive transition occurs from the X to the Y shell and
an Auger electron is emitted from the Z shell. The
Auger effect has important consequences for X ray
spectra [4]:

• In deexcitation processes the Auger process is in
concurrence with radiative electron transitions,
i.e. the influence on the energetic widths of X-ray
emission lines.

• In the Auger process vacancies are transformed
from one shell to another. This influences the in-
tensities of X-ray emission lines.

• TheAuger process leads to double-vacancy states
in the atom and is a reason for the appearance of
X-ray satellite lines characteristic of atoms with
inner-shell double vacancies.

For instance,overviews of theAuger effect were pub-
lished by Bambynek et al. [38] and by Burhop and
Asaad [91].

2.5.2 Auger Effect and Energetic Width of X-Ray
Emission Lines and Absorption Edges

According to (2.28) in the frequency range between
� and � + d� the irradiated energy Eif (� ) for a tran-
sition i → f of a photon of frequency

�fi =
Ei − Ef

�

is given as [4]

Eif (� ) =
1

(2�)2

(
i + 
f ) �

(�fi − � )2 +
(

i +


i + 
f
2 �

)2 .

(2.115)
Here 
i and 
f are the sums over the widths of the
initial and final states.

If pR
i and PA

i are the probabilities that an atom is
deexcited by radiative or nonradiative (Auger) elec-
tron transitions then the mean lifetime of the state i
is

	i =
1

pR
i + pA

i

. (2.116)

The Heisenberg uncertainty principle gives, for the
width of the initial state,


i =
�

	i
= � (pR

i + pA
i ) = 
 R

i + 
 A
i , (2.117)

with 
 R
i = � pR

i as the width of radiative transitions
and 
 A

i = � pA
i as the width for Auger transitions.

Thus the total width of the initial state consists of
two partial widths. This scheme also described ab-
sorption edges.

2.5.3 Auger Effect and Intensities of X-Ray Emission
Lines

The connection between the Auger effect and inten-
sities of X-ray emission lines is described in [4]. If
ni is the number of atoms ionized in a certain time
interval in an inner-shell i then for equilibrium con-
ditions this is equal to the deexcitation rate of the
state i for all possible processes (radiative and Auger
transitions).

The total number nif of X-ray quanta emitted at
the transition i → f per unit of time is equal to

nif =
ni 
 R

if


 R
i + 
 A

i

. (2.118)

This means that the absolute intensity of the transi-
tion is influenced by theAuger transition probability.

The relative intensity of two emission lines

Iif

Iab
=

�fi ni 
 R
if (
 R

a + 
 A
a )

�ba na 
 R
ab (
 R

i + 
 A
i )

(2.119)

is then influenced by the Auger process.
For the case that both lines have an identical initial

state we have
Iif

Iib
=
�fi 
 R

if

�bi 
 R
ib

, (2.120)

i.e. the result is independent of Auger transitions
from the initial state.
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2.6 X-Ray Atomic Scattering Factors

In the wavelength-dispersive X-ray spectral analysis
for the estimation of the reflecting power of indi-
vidual analyzer crystals at different photon energies
and crystal curvatures it is necessary to determine
the structure factor for the crystal to be used [103].

An introduction to atomic scattering factors is
given for example by Cromer and Waber [129]. The
coherent X-ray scattering of atoms with energy high
in comparison to the binding energy of all electrons
of the considered atom is described by the atomic
scattering factor. According to the classical theory
the atomic scattering factor characterizes the ratio
between the amplitude of the radiation scattered by
the atom to the amplitude of the radiation scattered
on a single electron under identical conditions. The
calculation of atomic scattering factors is given in
detail by James [262].

In the nonrelativistic approximation the scatter-
ing factor is expressed by

f (s) =
∫

¦ ∗
f (r) ei s r ¦i(r) dV (2.121)

where ¦ is the total wavefunction of the atom, and
where the indices i and f characterize the initial and
final states of the atom. In the case of coherent scat-
tering the initial and final states are identically. The
vector s has the magnitude

|s| = 4� sin
#

�
,

with # as the Bragg angle and � as the wavelength
of the incident wave. Because ¦ ∗ ¦ define the charge
distribution, (2.121) defines f as the Fourier trans-
form of the atomic charge distribution.

If for a given atom the nl subshells contain 2(2l+1)
electrons then the corresponding atom is spherically
symmetric. The same symmetry is also characteris-
tic of s electrons. For a spherically symmetric atom
the direction of s must not be considered.

For the spherical case (2.121) is reduced to

f (s) =
∫

%(r) sin sr
sr

dr (2.122)

with

%(r) = [r P(r)]2 .

Here P(r) describes the radial part of ¦ (r). If rela-
tivistic wavefunctions were used then %(r) becomes
r2 [F2(r) + G2(r)]. F(r) and G(r) are here the large
and small components of the radial wavefunction.

In Chap. 8 scattering factors for all free atoms and
of the chemically most significant ions are listed as
given by Cromer and Waber [129]. The intervals be-
tween the quantities expressed in Chap. 8 were cho-
sen in such a way that a linear interpolation between
the listed values is possible with sufficient accuracy.
Apart from hydrogen all calculations were done with
relativistic wavefunctions.

Chapter 9 summarizes the coefficients ai, bi and
c for a fit of the scattering factors given in Chap. 8
based on the approximation

f
(

sin#
�

)
=

4∑
i=1

ai exp

(
−bi sin2 #

�2

)
+ c.

(2.123)
To characterize the precision of the analytical ap-
proximation the value and the position of the maxi-
mum and minimum deviation from the true curves
and the mean absolute deviation is given.

2.7 X-Ray Absorption

When a beam of X-rays traverses matter the individ-
ual X-ray quanta are absorbed in a single interaction
or lost from the beam by scattering processes in a
single interaction. Among others Heitler [231] and
Agarwal [4] describe the attenuation process in de-
tail and we follow these descriptions here in essential
parts.

Linear attenuation coefficient.The intensity of an X-
ray beam is reduced along a certain direction dx by
an intensity dI in comparison to the initial intensity
I .With �l as linear attenuation coefficient this can be
described as

dI
I

= −�l dx . (2.124)

The negative sign in (2.124) means that I decreases
with increasing x. After integration of (2.124) it fol-
lows that

ln I = −�l x + C (2.125)
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with C as integration constant. With the initial con-
ditions I = I0 at x = 0 and C = ln I0 this yields

I = I0 e− �l x . (2.126)

The dimension of �l is cm−1.

Mass attenuation coefficient. In the from (2.126) de-
rived equation

�l =
1

x
ln

I0

I
; (2.127)

all quantities on the right side areobservables.Exper-
iments have shown that the value of �l is dependent
on the state of aggregation of the absorber. Thus it
seems practical to introduce a mass attenuation co-
efficient �m independent of the physical state of the
material.

Consider an X-ray beam of intensity I for a given
attenuation cross-section. With % as linear material
density the beam interacts along the direction dx
with a mass

dm = % dx .

Then the relative change of intensity dI/I along the
direction dx is proportional to the mass m along dx.
This yields

dI
I

= −�m dm = −�m % dx (2.128)

and

I = I0 e−�m m = − I0 e−�m% dx . (2.129)

Here the product m = % x describes the mass surface
density (in g/cm2).

Atomic attenuation coefficient. For the characteri-
zation of the radiation attenuation per atom of the
absorber material it is assumed that the number of
atoms in dm is given by

dn =
dm
A

L =
% dx

A
L (2.130)

with A the atomic weight and L Avogadro’s number.
Then it follows that

dI
I

= −�a dn = −
% L
A

�a dx (2.131)

and
I = I0 e�a n (2.132)

where �a is the atomic attenuation coefficient. Since
dn describes the number of atoms per square cen-
timeter, of a material layer with the dimension of �a,
it follows that the unit of area is cm2. The atomic at-
tenuation coefficient interrelates the linear and the
mass attenuation coefficients as

�a =
A
% L

�l =
A
L
�m. (2.133)

The dimension of �a suggests that this quantity can
be understand as the atomic cross-section of the in-
teraction. The concept of the atomic attenuation co-
efficient makes it possible to calculate molecular at-
tenuation coefficients of any molecules over the ad-
dition of the contributions from all involved atoms.
For example we get

�a(CaF2) = �a(Ca) + 2 �a(F) .

Electronic attenuation coefficient. The number of
electrons per unit of area of absorber material is
dne = Z dn. Thus from (2.131) it follows that

dI
I

= −
�a

Z
dne (2.134)

and
I = I0 e− �e ne . (2.135)

�e is the so-called electronic attenuation coefficient
with dimension cm2 and is equal to �a/Z.

Comparisonof theattenuationcoefficients.Summa-
rizing the details for the attenuation coefficients we
have:

coefficient dimension

atomic attenuation coefficient �a l2

linear attenuation coefficient �l = �a
L
A
% l−1

mass attenuation coefficient �m = �a
L
A

l2 m−1

electronic attenuation coefficient �e =
�a

Z
l2



90 2 Physical Fundamentals

Attenuation coefficients and atomic structure. If X-
rays penetrate matter their intensity is attenuated
by absorption processes or atomic scattering. Photo-
electric absorption takes place if an inner-shell elec-
tron is removed. Scattering processes dominate at
the interaction of X-rays with tightly bound outer-
shell electrons.Assuming independent processes the
atomic attenuation coefficient�a can be expressed as
a sum of the atomic photoabsorption coefficient 	a
and the scattering coefficient �a

�a = 	a + �a . (2.136)

Furthermore,
�l = 	l + �l (2.137)

�m = 	m + �m (2.138)

�e = 	e + �e (2.139)

with

	e =
	a
Z

=
A

L Z
	m =

A
L Z %

	 . (2.140)

The electronic photoabsorption absorption coef-
ficient 	e considers the interaction of the radiation
field with all electrons of the atom.Then the range of
validity of (2.139) is restricted by the relation

� < �K or E > EK

where �K, EK is the wavelength corresponding to the
K-shell absorption edge or corresponding energy.

If �m is constant for increasing wavelength and in-
creasing atomic number Z, then 	m and 	a decrease
rapidly. For long wavelengths and heavy elements we
have approximately

atomic attenuation coefficient �a ≈
atomic photoabsorption coefficient 	a

(2.141)

and

mass attenuation coefficient �m ≈
mass related photoabsorption coefficient 	m.

(2.142)
If the impinging photon radiation is sufficiently

energetic and overcomes the binding energy of the

K shell then the photoabsorption coefficients can be
calculated as the sum of the absorption coefficients
of all atomic subshells of the atom. If the photon en-
ergy is not high enough to ionize all electrons of the
atom, then only subshells which are capable of ion-
ization can summarize contributions.

Between the absorption edges the change of 	a
with � and Z shows the dependence

	 ∼ Z4 �3 . (2.143)

From (2.143) it follows that energetic X-rays are
highly penetrating and that is why they are called
“hard” radiation. Low-energetic X-rays are strongly
absorbed and are called “soft” X-rays. A description
of the quantum theory of photoabsorption includ-
ing the calculation of 	nlj is given by Stobbe [524]
and Heitler [231].Details for the consideration of the
electronic screening in multielectron atoms for the
calculation of 	 are discussed by Pinsker [429].

Total cross-section for X-ray attenuation. The total
cross-section for the attenuation of X-ray intensity
for the transmission of X-rays through matter con-
tains the following contributions:

�tot = �a = 	a︸︷︷︸
photoeffect

+ �koh︸︷︷︸
Rayleigh scattering

+

�inkoh︸ ︷︷ ︸
Compton scattering

+ �pair︸︷︷︸
pair production

.

(2.144)

Here �tot is the total interaction cross-section per
atom27 in barn/cm2, 	a the atomic photoelectric
cross-section, �koh the cross-section for coherent
scattering (Rayleigh scattering), �inkoh the cross-
section for incoherent scattering (Compton scatter-
ing) and �pair the interaction cross-section for the
production of electron–positron pairs (pair produc-
tion cross-section).

The mass attenuation coefficient�m relates to �tot

as
�l

%
= �m = �tot

L
A

. (2.145)

Frequently used conversion factors for the conver-
sion of �tot to �m are given in Table 2.25. Here

27 1 barn = 1 × 10−24 cm2



2.8 Continuous X-Rays 91

�

[
barn
Atom

]
= K × �

[
cm2

g

]
.

The introduced in (2.144) of the pair production
cross-section is relevant only for photon energies
above 1 MeV (E > 2 me c2), i.e. in the X-ray energy
region we neglect this process.

Absorption-jump ratio. Because of the behavior of
the attenuation coefficients at the absorption edges
for each absorption edge there are two values for the
attenuation coefficient at a fixed wavelength �nlj or
energy Enlj . If the mass attenuation coefficient on the
short-wavelength side of �nlj is given as 	m(�nlj) and
on the low-wavelength side with 	 ′

m(�nlj) than it fol-
lows that 	m(�nlj) > 	 ′

m(�nlj . The ratio

rnlj =
	m (�nlj)

	 ′
m (�nlj)

=
	a (�nlj)

	 ′
a (�nlj)

> 1 (2.146)

is the absorption edge jump ratio for the level (nlj).
An overview of empirically determined ratios rnlj

is given in [4].
In thewavelength region� ≤ �K thephotoelectric

absorption occurspreferentially on K-shell electrons.
Then the ratio

rk − 1
rK

=
	K
	a

describes the part of the emitted photoelectrons
coming from the K shell. Analogously the jump ra-
tios for the absorption edges L1, L2, L3, M1, etc. can
be determined.

Energy transfer by X-rays. In some cases for the in-
teraction of X-rays with matter also the energy trans-
fer into the target is of interest. To describe this pro-
cess a mass energy transfer coefficient

�kin
%

=
1

E %
d Ekin

dx
(2.147)

is introduced.Here d Ekin is the sum of all kinetic en-
ergies from all particles released in the target and E
the sum of the energies of all quanta impinging on a
layer of thickness dx. If we consider that the charged
particles emit part of their energy as Bremsstrahlung
the real energy absorbed in the target along a path

dx will be described by the mass energy absorption
coefficient

�E = (1 − �B) �kin (2.148)

where �B is part of the energy of the charged sec-
ondary particles lost as Bremsstrahlung. The mass
energy transfer coefficient can be determined from
the cross-sections of the photo-, Compton and pair
production effects.

X-Ray Transmission. According to (2.126) the trans-
mission I/I0 of X-rays through matter (air, spectro-
scopic windows, shielding, ...) depends on the actual
X-ray energy and on the nature of the medium act-
ing as attenuator. For instance, in Table 2.26 we give
the transmission of X-rays with different energies
through beryllium.

Table 2.26. X-ray transmission through beryllium (Z = 4)
in percent

thickness / �m

transition line energy/keV 20 30 40 50

NaK˛ 1.04 13.8 5 1 –

Mg K˛ 1.26 30.4 16.7 9.0 5.0

Cr K˛1 5.41 98.0 97.7 96.3 95.4

Cu K˛1 8.04 100 99.5 99.0 98.4

2.8 Continuous X-Rays (Electron
Bremsstrahlung)

Besides the emission of characteristic X-rays the
characteristic line spectra for this type of radia-
tion often are superimposed with continuous radi-
ation. Continuous radiation arise if sufficiently en-
ergetic light charged particles are decelerated in the
Coulomb fields of nuclei or other charged particles.
The continuous radiation emitted in this process
is termed Bremsstrahlung and can be explained in
the framework of classical electrodynamics. Brems-
strahlung can arise as disturbing background radia-
tion or, as in the case of X-ray tubes, as well-aimed
produced radiation. For the issues of X-ray physics
electron Bremsstrahlung is of special interest and is
discussed here in more detail.
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Table 2.25. Conversion factors K for the conversion from barn/atom into cm2/g (after Henke [234])

Z element K Z element K Z element K

1 H 1.674 33 As 124.4 65 Tb 263.9

2 He 6.646 34 Se 131.1 66 Dy 269.8

3 Li 11.52 35 Br 132.7 67 Ho 273.8

4 Be 14.96 36 Kr 139.1 68 Er 277.7

5 B 17.95 37 Rb 141.9 69 Tm 280.5

6 C 19.94 38 Sr 145.5 70 Yb 287.3

7 N 23.26 39 Y 147.6 71 Lu 290.5

8 O 26.56 40 Zr 151.5 72 Hf 296.3

9 F 31.54 41 Nb 154.3 73 Ta 300.4

10 Ne 33.50 42 Mo 159.3 74 W 305.2

11 Na 38.17 43 Tc 164.2 75 Re 309.1

12 Mg 40.35 44 Ru 167.8 76 Os 315.8

13 Al 44.80 45 Rh 170.9 77 Ir 319.1

14 Si 46.63 46 Pd 176.7 78 Pt 323.9

15 P 51.43 47 Ag 179.1 79 Au 327.0

16 S 53.24 48 Cd 186.6 80 Hg 333.0

17 Cl 58.86 49 In 190.6 81 Tl 339.3

18 Ar 66.33 50 Sn 197.1 82 Pb 344.0

19 K 64.90 51 Sb 202.1 83 Bi 347.0

20 Ca 66.54 52 Te 211.9 84 Po 348.7

21 Sc 74.64 53 I 210.7 85 At 348.7

22 Ti 79.53 54 Xe 218.0 86 Rn 368.6

23 V 84.58 55 Cs 220.7 87 Fr 370.2

24 Cr 86.33 56 Ba 228.0 88 Ra 375.2

25 Mn 91.21 57 La 230.6 89 Ac 376.9

26 Fe 92.72 58 Ce 232.6 90 Th 385.3

27 Co 97.85 59 Pr 233.9 91 Pa 383.5

28 Ni 97.48 60 Nd 239.5 92 U 395.2

29 Cu 105.5 61 Pm 240.7 93 Np 393.6

30 Zn 108.6 62 Sm 249.6 94 Pu 405.1

31 Ga 115.8 63 Eu 252.3

32 Ge 120.5 64 Gd 261.1
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2.8.1 Properties of Electron Bremsstrahlung

For the production of electron Bremsstrahlung two
mechanisms of the electron–atom interaction are of
importance:

• Ordinary Bremsstrahlung: Electron Bremsstrah-
lung as a result of photon emission of a charged
particle decelerated in the field of a target elec-
tron or nucleus.

• Polarizational Bremsstrahlung (atomic Brems-
strahlung) as a result of the dynamical polariza-
tion of the atom by the incident particle (photon
emission of the target electrons virtually excited
by the projectile).

Because of its practical importance, in the following
we will consider in detail ordinary Bremsstrahlung
in comparison to polarization Bremsstrahlung. Or-
dinary Bremsstrahlung is much more important in
most cases.

The production of electron Bremsstrahlung is
characterized by a change of the momentum p of
the impinging electron with simultaneous emission
of electromagnetic radiation (Bremsstrahlung):

A + e−(p0) → A + e−(p1) + �! . (2.149)

In this way the inner state of the atom remains un-
changed.

For electron Bremsstrahlung the spectrumis char-
acteristic: quanta can be emitted up to a limiting en-
ergy of

Emax =
hc
Ee

. (2.150)

The probability that a charged particle emits Brems-
strahlung is proportional to

q2Z2E
m2

with q the charge of the particle (in units of the elec-
tron charge),E the particle energy and m the mass of
the particle. This proportionality is the reason that
especially light particles such as electrons can in-
tensively emit Bremsstrahlung. On the other hand,
in comparison to electrons, protons generate Brems-
strahlung with a probability six orders of magnitude
lower.

For the case of the deceleration of an electron in
the field of a nucleus the basic situation for the pro-
duction of Bremsstrahlung is shown in Fig. 2.48.

2.8.2 Bremsstrahlung Cross-Sections

Fundamental calculations of the energy loss of elec-
tronsby Bremsstrahlung in the fieldsof atomic nuclei
and atomic electrons were done by Bethe [59] and
Heitler [231], among others. An overview on cross-
sections for Bremsstrahlung production processes
can be found by Koch and Motz [287].Furthermore,a
summary of the treatment of Bremsstrahlung photon
emission in the framework of many-body perturba-
tion theory was given by Amusia [13].Basic formulas
for Bremsstrahlung production and corresponding
numerical material can also be found by Beyer et
al. [62].

The energy loss (−dE/dx)rad of electrons during
Bremsstrahlung emission can be explained in the
framework of quantum electrodynamics using the
Thomas–Fermi model(

−
dE
dx

)
≈ 4˛ r2

e N0EZ2 ln
183

Z1/3
. (2.151)
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Fig. 2.48. Production of electron Bremsstrah-
lung by deceleration of electrons in the field
of a nucleus. On the ride side the influence
of a thin absorber on the undisturbed spec-
trum is shown.
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Here the quantity (−dE/dx)rad describes the energy
loss per electron and path length. Furthermore, it
yields E, the electron energy, N0, the atomic density
of a medium with atomic number Z, ˛ = e2/�c, the
fine-structure constant and re = e2/(4� "0 mc2) =
˛2 a0 = 2.818 × 10−13 cm the classical electron ra-
dius.

2.8.3 Radiation Length and Radiation Density

The electron Bremsstrahlung loss increases with in-
creasing electron energy. This will be transparent if
we write (2.151) in the form(

−
dE
dx

)
=

1
x0

E . (2.152)

Here the quantity x0 describes the so-called radia-
tion length, which characterizes the target thickness
for which the particle energy is reduced to the e-th
part of the impact energy:

1

x0
= 4˛ r2

e N0Z2 ln
183

Z173
. (2.153)

Furthermore,the product of the radiation length and
the density % of the medium is also applied for the
characterization of theBremsstrahlung and is known
as the radiation thickness xr :

xr = % x0 =
A

4˛ r2
e NAZ2 ln

183
Z1/3

(2.154)

with A the atomic number of the target atoms and
NA the Avogadro constant.

2.8.4 Electron Bremsstrahlung from X-Ray Tubes

The photon spectrum from an X-ray tube contains
contributions from the electron Bremsstrahlung of
accelerated electrons impinging on the thick (in the
most cases) anodeand linesof X-ray transitions from
the atoms of the anode material. Here we will tract
in more detail the Bremsstrahlung part of the tube
spectrum.

An X-ray tube working with an acceleration volt-
age U emits Bremsstrahlung quanta up to a threshold
wavelength

�max =
hc
eU

( Duane-Hunt limit) . (2.155)

After considering the values for the natural constants
we get

�max[nm] = 1.239 × 109 1
U [kV]

. (2.156)

For the emitted spectrum the intensity I(�) can be
described by the Kramer rule [296]:

I(�) d� =
KiZ
�2

(
�

�max
− 1
)

(2.157)

where K is the Kramer constant, i is the tube current
and Z is the atomic number of the anode material.
I(�) describes the intensity density and I(�) d� the
spectral intensity. The total radiation intensity emit-
ted by an X-ray tube results as the integral of the
spectral intensity integrated over all wavelengths of
the spectrum. The units of the intensity density are
s−1nm−1 or s−1eV−1 if the quantity is declared as I(�)
or as I(E).

For the X-ray intensity at a tube voltage U and C
as a constant it follows that

I = CiZU 2 . (2.158)

The maximum wavelength for the intensity distri-
bution of the Bremsstrahlung spectrum can be esti-
mated from the critical wavelength �max

�̄ =
3

2
�max (2.159)

and depends on the tube voltage, the characteris-
tics of the applied voltage and on the anode material
(atomic number).

For the total absorption of an electron beam of
current i and acceleration voltage U in a material of
atomic number Z the Bremsstrahlung power PX is

PX[W] = 1.5 × 10−9 Z i[A] U 2[V] . (2.160)

In Fig. 2.49 the spectral distributionemitted by an
X-ray tube is presented. For real tubes the long-wave
part of the emitted radiation is attenuated by the tube
window (as a rule beryllium or aluminum).
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Fig. 2.49. Spectral intensity I(�) of the electron Bremsstrah-
lung in an X-ray tube with thick tungsten anode as a func-
tion of the acceleration voltage (after [72]); as parameter
the acceleration voltage is given in keV.

For an X-ray tube working with a sinusoidal
alternating-current voltage for the intensity it fol-
lows [284] that

I∼(�) =

1
�

CUI
[√

�2 − �2
max − �max arccos

�max
�

]
1
�3

(2.161)

with C a constant.

The ratio of the spectral densities of the emitted
Bremsstrahlung of an X-ray tube working with an
alternating-current voltage to a tube working with
direct-current voltage can be calculated in the fol-
lowing way [284]

I∼(�)

I(�)
=

1

�

⎛
⎜⎝ 1

1 −
�max

�

⎞
⎟⎠ ×

⎡
⎣
√

1 −
(
�max

�

)2

−
�max

�
arccos

�max

�

⎤
⎦ .

(2.162)

2.8.5 Bremsstrahlung Intensity Distribution

For Bremsstrahlung the differential scattering cross-
section for the deflection of an electron in an atomic
or nuclear field was calculated in the Born approxi-
mation by Bethe [60].

A characteristic azimuthal spatial intensity distri-
bution of Bremsstrahlung emission from an X-ray
tube is given in Fig. 2.50. Here the Bremsstrahlung
emission is peaked in the forward direction. The
mean angle of the emitted Bremsstrahlung quanta
can be approximated by

#̄ ≈ mec2

Ee
(2.163)

Fig. 2.50. Azimuthal distribution of the Bremsstrahlung intensity from an X-ray tube (after Kluev [284]). Part (a) of the
figure characterizes the theoretical distribution for different anode voltages in the case of a thin anode and part (b) shows
the experimental measured emission from a thick tungsten anode at an acceleration voltage of 100 keV
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with Ee as the electron energy. According to [72]
from Sommerfeld considerations [514, 515] for the
theoretical angle distribution we have for the Brems-
strahlung emitted from a massive anode

I(' ) ∼ sin2 '

cos'

⎡
⎢⎣ 1(

1 −
ve

c
cos'

)4 − 1

⎤
⎥⎦ . (2.164)

The angle ' describes the angle between the accel-
eration vector of the electron and the radius vector
directed to the point where the field strength com-
ponents B and H were measured.

For the short-wave limit of the Bremsstrahlung
spectrum we have the exact relation

I(' ) = const.
sin2 '(

1 −
ve

c
cos'

)6 . (2.165)

2.8.6 Polarizational Bremsstrahlung

Polarizational Bremsstrahlung is of special interest
in ion–atom and atom–atom collisions because, as a
result of the mass of the impinging particles,here the
ordinary Bremsstrahlung is clearly truncated. This
special process is described for example by Amusia
et al. [11,12].

For a description of polarizational Bremsstrah-
lung many-electron correlations must be consid-
ered. In the literature this is described on differ-
ent levels. For example more information can be
found in [289,290] and the citations therein. Brems-
strahlung production in more complicated systems
such as solid states, molecules and clusters can be

Fig. 2.51. Bremsstrahlung cross-sections of the ordinary
(curve 2) and polarizational Bremsstrahlung (curve 1) in
the region of the 4d ionization potential I4d of lanthanum
(after Korpl et al. [291]) for an electron energy of Ee = 600
eV.The ionization potential I4d for the 4d subshell is shown

described semiempirically under consideration of
the actual atomic structure (ionization threshold in
many-electron systems) by using photoabsorption
data [292].

The consideration of polarizational Bremsstrah-
lung leads to a clear increase of the ordinary Brems-
strahlung cross-section in the vicinity of the ion-
ization potentials of the individual atomic substates.
In Fig. 2.51 this is shown for Bremsstrahlung cross-
sections in the vicinity of the 4d ionization poten-
tial of lanthanum. Above the 4d ionization poten-
tial the Bremsstrahlung cross-sections show a max-
imum and decrease again with increasing energy of
the emitted photons.

2.8.7 Bremsstrahlung Emission from Plasmas

For astrophysical investigations, ion source physics
and other applications it is of interest to calculate
Bremsstrahlung spectra in plasmas produced by the
deceleration of electrons on the fields of ions. This
is of special importance because Bremsstrahlung in
hot plasmas give essential contributions to energy
loss processes and can be used for plasma tempera-
ture diagnostics.

The Bremsstrahlung spectrum of ions in the non-
relativistic Elwert–Born energy region of the inci-
dence electrons was calculated in a model potential
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approximation by Avdonina and Pratt [27]. Analyti-
cal results for a hot plasma, assuming an ionic radial
potential,are given by Lamoreux andAvdonina [306].

Bremsstrahlung processes can lead to substantial
power losses from the plasma. The power PBr emit-
ted from a plasma by Bremsstrahlung emission can
be described quantum mechanically [231]. For the
power density of the Bremsstrahlung emission it fol-
lows that

PBr

[
W

m3

]
= 1.5×10−38 q2

√
kTe[eV] ne[m−3] ni[m−3]

(2.166)
with q the ion charge, k the Boltzmann constant, Te

the electron temperature,ne the electron density and
ni the ion density. If in the plasma there exist ions
with different charge states q then the product q2ni

must be replaced by the sum
∑

j
q2

i nj
i over all ion

species j.
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3.1 Calibration Normals for Electromagnetic
Radiation

3.1.1 Classification of the Calibration Normals

The hierarchy of calibration normals begins with
the fact that for the characterization of electro-
magnetic radiation, beginning with infrared radia-
tion (� ≈ 10−6 m) to short-wavelength � -radiation
(� ≈ 10−13 m), a part that includes many orders
of magnitude comprising wavelength range must be
considered. For the use of a transition line as a cal-
ibration normal it must be required that its wave-
length should be localized in a well-accessible area.

Therefore because of the wide wavelength range it
becomes necessary to introduce some additional lo-
cal normals. In this framework the wavelengths are
distinguished from each other mostly by a multiple
and the error produced in this way should be suffi-
ciently small.

Local calibration normals must be related also to
the main normal. Because the normals can differ by
three or four orders of magnitude this can be con-
nected with considerable difficulties. To avoid this
for the apportionment of the wavelength areas addi-
tional normals are introduced. Choosing such nor-
mals we must adopt a compromise:
Too many normals lead to decreasing accuracy for
the normals related to each other, and too few nor-
mals can result in strongly differing wavelengths
where the accuracy of the comparison is also affected.

To avoid possible confusion in the selection of lo-
cal normals the normals should be classified. In the
optical spectral region such a classification was done
some 50 years ago.As first-order calibration normal,
the red cadmium line has been chosen and several

transition lines from neon and iron were selected as
second-order calibration normals.

A classification of the spectral range of X-ray and
� -radiation is given by Dselepov and Schestopalova
[157].

The corresponding classification scheme has the
following structure:

First-order normal. As first-order normal a transi-
tion is used from 86Kr with a vacuum wavelength of
605,780211 nm.

Second-order normals. Second-order normals were
selected by the following rules:

(a) The wavelength should be determined by a com-
parison with the wavelength from the first-order
normal.

(b) The comparison is made with a precision in the
order of the best known values from actual data.
In this way the relative error in the wavelength
comparison should not exceed (2–8) × 10−7.

(c) The comparison must be based on a method
founded on completely known physical laws. For
the application of these laws unprovable assump-
tions are not allowed.

(d) A second-order normal must be comparable with
the first-order normal and with the normals of
lower priority. It must be well and easily repro-
ducible.

(e) The spectroscopic purity of the normals should
be beyond doubt. The transition used as normal
must be a well separated line and should be so
far from other transition lines so that their back-
ground contributions were negligible.
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(f) A comparison between second-order normals
should be consistent with the comparison of the
wavelength of the first-order normal.

For the determination of second-order normals all
conditions (a)–(f) must be fulfilled. On the basis of
conditions (a)–(c) the � -lines from 169Yb,170Tm,192Ir,
198Hg and the X-ray emission line W K˛1 are proper
transitions.The condition (e) excludes 169Yb and 192Ir
as well as 170Tm. Thus only the W K˛1 and 198Hg lines
are suitable as second-order normals.

Third-order normals. These normals can be chosen
by using the following rules:

(a) Wavelengths from third-order normals must be
determined by the direct comparison with wave-
lengths from first- and second-order normals,
where the comparison should occur on an up-
to-date precision level and based on well-known
physical laws.

(b) New third normals can be introduced on the ba-
sis of properly determined third-order normals
by the Ritz combination principle E1 + E2 = E3.

(c) As upper error margins �E and �E/E we have
here:

�E < 10 eV for E < 200 keV
�E/E < 5 × 10−5 for E > 200 keV.

In Table 3.1. � lines as third-order normals are listed
with energies in the X-ray transition energy region
of the stable elements of Mendeleev’s periodic table.

Fourth-order normals. Fourth-order normals are
lines where the transition energy was determined by
comparison with second- and third-order normals.
Here:

(a) In comparison to those from third-order nor-
mals the upper error margins are increased by a
factor of two:

�E < 20 eV for E < 200 keV
�E/E < 1 × 10−4 for E > 200 keV.

(b) An unconditional comparison with second- and
third-order normals is not demanded. Methods
are possible where the measuring device is cal-
ibrated with second- and third-order normals
and the line energy is derived from the corre-
sponding calibration curve.

3.1.2 X-Ray Calibration Normals

To join the X-ray and optical spectral region, wave-
length measurements were first made with diffrac-
tion gratings (Compton and Duane in 1925 [123],
Bearden in 1931 [46, 47], Hanins and Bearden in
1964 [223], and others).With this techniques Henins
in 1971 [232] measured theAl K˛1,2 line in six diffrac-
tion orders with a relative error of 9 × 10−6. Because
at shorter wavelengths the experimental effort in-
creases dramatically the method is restricted to the
determination of wavelengths of light elements.

The most common method to the wavelength de-
termination of X-rays is Bragg’s diffraction law. For
a simple cubic crystal lattice this yields

n � = 2d sin# (3.1)

with # as the Bragg angle, d as the lattice constant
and n as the diffraction order. Experimentally the
wavelength is determined by the measurement of the
angle where the diffraction shows an intensity maxi-
mum. In this way the lattice constant of the crystal is
assumed to be known from previous experiments.

For precision measurements, (3.1) can be written
as

� =
2d sin#

n (h2 + k2 + l2)1/2

(
1 −

1 − �

sin2 #

)
. (3.2)

Here h, k, l describe the Miller crystallographic in-
dex for the crystallographic plane and � is the index
of refraction of the analyzed wavelength �. There-
fore for a precise determination of the wavelength �
it is required to measure # and d exactly because �
is almost equal to one (1 − � < 1 × 10−5). For ex-
ample the Bragg angle # can be determined with a
goniometer at 10◦ to 0, 1′′ (�# /# = 3 × 10−6) and
with interferometric methods to ≤ 0.01′′.

For the determination of the lattice constant d the
relation yields

d =
(

f A
% L

)1/3

. (3.3)

Here f describes the number of atoms in an elemen-
tary cell (f = 1 for a cubic lattice), A is the mean
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Table 3.1. Energies E� from � emitters, having as third-order normals an energy uncertainty of �E < 10 eV (after [157]).
T1/2 is the half-time; Kr, W, Hg denote the determination with the krypton normal or with lines from second-order
normals; and �E� is the error of the energy determination

initial E� [keV] �E� [eV] T1/2 method of
nuclide determination
171Lu 9.149 1 8.22d Hg
57 Co 14.408 5 269.80d
171Lu 19.384 2 8.22d Hg
241Am 26.345 1 432.80a
171Lu 27.126 3 8.22d Hg
182Ta 31.7376 0.5 115d W,Hg
183Ta 40.9765 1 5.10d W
182Ta 42.7151 0.7 115d W,Hg
183Ta 46.48501 0.20 5.10 Hg
171Lu 46.516 4 8.22d Hg
199Au 49.82655 0.18 3.13d Hg
183Ta 52.59648 0.18 5.10d Hg
171Lu 55.677 6 8.22d Hg
241Am 59.5370 1 432.80a W
169Yb 63.12080 0.17 30.70d Hg

63.12077 0.17 30.70d Kr
182Ta 65.7225 0.4 115d Hg

65.7230 0.9 115d W,Hg
65.7218 2 115d W

171Lu 66.720 7 8.22d Hg
182Ta 67.74998 0.22 115d Hg
153Sm 69.67340 0.21 46.44h Hg
187W 71.995 4 23.90h W

72.004 4 23.90h Hg
171Lu 72.366 7 8.22d Hg
1930s 73.046 3 31.50h Hg
153Sm 75.42256 0.26 46.44h Hg
171Lu 75.876 8 8.22d Hg
197Hg 77.345 8 64.10h W
166Ho 80.557 4 27h W
133Ba 80.998 8 10.90a
183Ta 82.989 2 5.10d W
153Sm 83.36764 0.26 46.44h Hg
170Tm 84.262 4 128.6d W

84.25523 0.23 128.6d Kr
84.25478 0.26 128.6d Hg

182Ta 84.6822 0.9 115d W,Hg
183Ta 84.7123 2 5.10d W
160Tb 86.786 2 72.3d
176Lu 88.361 9 3.6 × 1010a W
153Sm 89.48646 0.28 46.44d Hg
147Nd 91.1073 1.6 10.98d Hg
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Table 3.1. (cont.)

initial E� [keV] �E� [eV] T1/2 method of
nuclide determination
169Yb 93.61496 0.27 30.70d Hg

93.61514 0.27 30.70d Kr
165Dy 94.697 5 2.334h W

94.694 3 2.334h Hg
153Sm 97.43155 0.30 46.44d Hg
183Ta 99.08182 0.27 5.10d Hg

99.0806 2 5.10d W
182Ta 100.1033 2 115d W

100.10652 0.27 115d Hg
183Ta 101.9360 2 5.10d W

102.483 3 5.10d W
103.149 5 5.10d W

153Sm 103.175 4 46.44d W
103.18072 0.30 46.44d Hg

1930s 107.019 8 31.50h Hg
183Ta 107.9329 2 5.10d W

107.9337 0.3 5.10d Hg
183Ta 109.728 3 5.10d W
160Yb 109.77987 0.30 30.70d Hg

109.77987 0.30 30.70d Kr
171Er 111.624 4 7.52h Hg
182Ta 113.673 3 115d W

113.6724 0.4 115d Hg
187W 113.749 8 23.90h Hg
182Ta 116.416 4 115d W

116.4171 1 115d W,Hg
171Er 116.659 6 7.52h Hg
160Yb 118.1900 0.4 30.70d Hg

118.1902 0.4 30.7d Kr
165Dy 119.493 8 2.334h Hg
183Ta 120.375 3 5.10d W

atomic mass, % the crystal density and L the Avo-
gadro number. With this method Hanins and Bear-
den (1964) [223] reached a relative error in the de-
termination of the lattice constant d of 5 × 10−6.

More precise measurements became possible
through the use of an X-ray interferometer [142].
Therefore the relative error in the determination of
d could be reduced to 1, 5× 10−7. Such precise deter-
minations of d are impossible on the basis of (3.3),
because the values for% ,A and L have typical relative
errors of �%Si/%Si = 4.6×10−6,�ASi/ASi = 3×10−6

and �L/L = 1 × 10−6.

In the utilization of X-ray lines as calibration nor-
mals a range of circumstances are considered that
can influence the measurement:

Energetic widths of X-ray lines. The most common
X-ray lines correspond to electron transitions of the
E1 type. E1 transitions are very fast and therefore
have a considerable energetic width (see Chap. 5).
Small energetic widths extend only for transitions of
types M1, E2, . . . .

Asymmetry of X-ray transition lines. Various X-ray
lines have a measurable asymmetry (see Table 2.15).
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This and the energetic width of the X-ray transition
lines limits the accuracy in the analysis of experi-
mental lines, while it is often unclear which point
of the diffraction profile corresponds to the Bragg
angle.

Isotopeeffects.The X-ray wavelengths of one and the
same element differ from one another in the meV re-
gion as a result of isotope effects (see Sect. 2.2.4 and
Table 2.19).

Chemical effects. If an atom builds up a chemical
bond, then the transition energies change by a small
amount (see Sect. 2.2.4 and Table 2.20).

In contrast to these disadvantages of X-ray transi-
tion lines these difficulties do not extend to nuclear
calibration normals, because the lifetime of nuclear
states is essentially greater than those from atomic
electronic states. Therefore the energetic widths
of emitted � lines are some orders of magnitude
smaller. The reasons for this are:

1. In comparison to the atomic size the extent of
the nucleus is very small. Because the probabil-
ities for electric dipole or quadrupole radiation
are proportional to x2 or x4 (x is the linear dimen-
sion of the emitting system), a considerable dif-
ference arises as a result of the atomic dimension
(x ≈ 10−10 m) and the dimension of the nucleus
(x ≈ 10−14 m);

2. The most intense atomic transitions are
dipole transitions. Most nuclear transitions are
quadrupole transitions which are substantially
slower than atomic transitions.

Intensities of X-ray lines as they are used for the cal-
ibration of the detection efficiency for X-ray transi-
tion lines for various spectrometers are summarized
in Chap. 5. It contains intensity ratios calculated by
Scofield [489].

Intensities for � linesof all isotopeswere tabulated
by Gusev and Dmitriev [219].

3.2 Energy and Intensity Calibration

3.2.1 Calibration of Wavelength-Dispersive
Spectrometers

The determination of unknown energies or wave-
lengths of measured X-ray lines can be realized on
the basis of the well-known dependence between the
experimentally determined Bragg angle and the cor-
responding wavelength. If the measurement is re-
lated to a calibration line of wavelength �c in the
diffraction order nc , which is located at the position
sin#c, wavelength, the diffraction order and line po-
sition of an unknown line (index x) are related by

nc �c

nx �x
=

sin#c

sin #x
. (3.4)

In (3.4) we consider that for a single measurement in
diffraction order n a line is analyzed whose position
is determined as Pi(n) ± �Pi(n). If m single measure-
ments in different diffraction orders n are considered
after reduction to the first order of diffraction for the
mean position of the analyzed line, we find

P =
1

m

m∑
i=1

Pi(n)

n
. (3.5)

The calculation of the uncertainty �P for the deter-
mination of the line position can be done according
to Reidy [449] in two ways.As the standard deviation
of the weighted average of P we have

�P =

⎛
⎜⎜⎝

m∑
i=1

[P − (Pi(n)/n]2

m(m − 1)

⎞
⎟⎟⎠

1/2

(3.6)

and as the quadratic summation of the error calcu-
lated from the angle deviation we have

�P =

⎛
⎜⎜⎝

m∑
i=1

(�Pi(n)/n)

m(m − 1)

⎞
⎟⎟⎠

1/2

. (3.7)

In practice for �P the greatest value resulting from
(3.6) and (3.7) is assumed.
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For the ratio of the calibration line and of the line
to be measured we have

�c

�x
=

Pc ± �Pc

Px ± �Px
= R ± �R (3.8)

where the wavelength ratio is characterized by R and
the error of this ratio is given by �R. In this way we
get

R =
pc

px
(3.9)

and

�R =

[(
�P
P

)2

+
(
�Pc

Px

)2
]1/2

R . (3.10)

For the energy of the analyzed line it follows that

Ex = R Ec (3.11)

and for the uncertainty in the determination of Ex

�Ex =

[(
�R
R

)2

+
(
�Ec

Ec

)2
]1/2

Ex . (3.12)

If the possible sources of mistakes are not indepen-
dent of one another, correlations between different
parameters must be considered.

3.2.2 Calibration of Energy-Dispersive Spectrometers

Problem Definition

The method of measurement for the energy and the
relative intensities by means of energy-dispersive
spectrometers is based on the comparison of appara-
tus spectra from calibration sources and from sam-
ples to be examined. At the same time there is the
task of finding the peak maxima P in the analyzed
spectra to get an assignment to the energy E and to
determine from the peak area S a corresponding in-
tensity I . Because of the outstanding spectroscopic
properties of high-resolving silicon or germanium
based semiconductor detectors it becomes possible
to correct results without repetition of the experi-
ment if data of the used calibration normals were
changed.

The attainable precision of the results is limited
by a range of processes accompanying the detec-
tion process. This should be explained by the effects
which could affect the form of the apparatus spec-
trum during the application of semiconductor de-
tectors [555]:

1. scattering of X-rays on the target holder;
2. influence of background radiation (e.g. elec-

trons);
3. X-ray scattering in the source;
4. excitation of X-rays in the target holder or in the

source;
5. energy dependence of the photo- and Compton-

effect;
6. X-ray emission out of the sensitive volume of the

semiconductor detector;
7. scattering in the detector entrance window;
8. efficiency of the charge carrier collection in the

sensitive detector volume;
9. radiation scattering in the entrance window of

the vacuum chamber and in absorption filters;
10. excitation of X-rays in the construction materi-

als of the detector and of the radiation source;
11. scattering of X-ray quanta in the materials sur-

rounding the detector;
12. influence of outer electron Bremsstrahlung;
13. dependence of the maximum of the spectral line

from the geometry of the measurement;
14. influence of the natural radioactive background;
15. summation of impulses.

In the following the determination of the nonlinear-
ity of spectrometers as well as the calibration of the
energy and registration efficiency will be described
by the example of semiconductor detectors accord-
ing to Vylov et al. [555]. The described methods can
also be used for other energy-dispersive spectrome-
ters.

Nonlinearity of Spectrometers

In the examination of the nonlinearity of the spec-
trometer we start from two arbitrary peaks of differ-
ent energies Ei at positions Pi. From these peaks it
is supposed that both peak energies lie on a straight
line which can be approximated with the coefficients
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b1 and b2

E = b1 + b2 P (3.13)

with

b1 =
E1 P2 − E2 P1

P2 − P1
und b2 =

E1 − E2

P1 − P2
. (3.14)

The accuracy in the determination of the nonlinear-
ity depends on the suitable choice of the difference
(P2 − P1) and on the corresponding errors of the
energy measurement. With equation (3.13) the po-
sitions Pth

j of the maxima of the chosen peaks of

known energy and the differences �j = Pj − Pth
j are

determined.
The quantities�j can be approximated by the least

squares method with the polynomials

�j =
m∑

i=1

ai Pi−1
j . (3.15)

As a rule for the quantity m we have 2 ≤ m ≤ 5.
The selection of m > 5 can lead to oscillations be-
tween the experimental points. The choice of m and
of the approximation region result by an optimiza-
tion of the minimally attainable error in the observed
experiment.

F̄ =
1
n

n∑
j=1

(
�j − �

exp
j

)
(3.16)

with n as the number of experimental values to be
used. Usually F̄ has a value of ≤ 0.05 channels [555],
whereby the attainable value of F̄ is determined by
the quality of the spectrometer and by the choice and
consistency of the calibration normals.

Intensity Calibration

Depending of the measurement problem in the effi-
ciency calibration we distinguish between the abso-
lute and relative registration efficiency.

Absolute registration efficiency. The calibration of
the absolute registration efficiency can be done with
intensity normalsunder standardconditions andun-
der consideration of effects which can affect the form

of the apparatus spectrum (see Sect. 2.2.2). The ex-
perimental conditionsmust be selected here in a way
that allows us to minimize errors which are con-
nectedwith thegeometric reproduction of the source
position, the total dead time of the spectrometer, the
measurement time and the error in the half-lifetime
of radionuclides to be used. It yields

"abs =
S/	

I exp (−� t)
. (3.17)

S describes the area under a peak for a line of given
energy, 	 the measurement time, I the number of
monoenergetic quanta emitted per second from the
used source into an angle of 4� , � the decay con-
stant of the used nuclide and t the time between the
date of attestation and the moment of measurement.
The approximation of the detector efficiency is done
by the least squares method for a polynomial

ln "j =
m∑

i=1

ci (ln Ej)
i−1 (3.18)

with 2 ≤ m ≤ 5.Based on the calibration lines,which
are not, as a rule, distributed equidistantly over the
observed energy region and the complicated depen-
dency of the registration efficiency on the energy of
the X-ray quanta the energy region of interest is of-
ten subdivided into several approximation areas and
adapted with an equation (3.18). At the same time
the optimal value of m can be reached from the min-
imization of

F =
"abs − "calc

"abs

∣∣∣∣
Ej

. (3.19)

Control of the relative error in the determination of
the absolute registration efficiency is possible with

�"

"
=

[(
�I
I

)2

+
(
�S
S

)2

+
(

0.693 �t
T1/2

)2

+

(
0.693 t �T1/2

T2
1/2

)2

+

(
�	

	

)2
⎤
⎦1/2

(3.20)

where T1/2 is the half-lifetime of the radionuclide.

Relative registration efficiency. For a range of tasks
it is sufficient to know the relative registration ef-
ficiency of the spectrometer relative to an intensity
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normal.At the same time the relative registration ef-
ficiency is

"rel =
S
I

. (3.21)

The conversion of "rel into absolute values can be
done by means of a standardized multiplier ū. In this
way the quantity ū can be found from parabolic in-
terpolation between adjacent points of "abs where the
values of ūi are related to ūi = " i

abs/"
i
rel.With an aver-

aging of the calculated ūi we have

ū =
1

n

n∑
i=1

ūi , (3.22)

with n as the number of experimental points to be
used. After ordering the efficiency values "(E) ac-
cording to increasing quanta energy E, an approxi-
mation of the efficiency curve over the whole energy
region of interest is obtained.

Line intensity. For analyzed lines the intensities and
their errors can be calculated with

Ii =
Si

"i

IN

SN/"N
; �Ii = Ii

[(
�Si

Si

)2

+

(
�SN

SN

)2
]1/2

.

(3.23)
Here "i is the registration efficiency ofthe spectrome-
ter for quanta of energy Ei .IN and SN are the intensity
and the peak area of the calibration peak and Si the
peak area of the peak to be calibrated.

Energy Calibration

After the consideration of the spectrometer nonlin-
earity coefficients of the calibration curve are calcu-
lated with the least squares method as follows

Ei = b1 + b2 Pi . (3.24)

The error of a single measurement is

�Ei =
[
(�b1)2 + (�b2)2 P2

i + rPi + (b2 �Pi]
2 ]1/2

.
(3.25)

The first three terms in (3.25) characterize the error
region of the calibrationcurve with rPi as correlation
term. The fourth term characterizes the error in the
determination of the position of the peak maximum.

The quality of the experiment can be estimated by
the analysis of the expression

�Ei = Ei − Eth
i . (3.26)

Here the Eth
i are the result of the energy values de-

rived from the calibration for the used transition line
peaks and the Ei are the input energy values.

3.3 X-Ray Detectors

3.3.1 Energy- and Wavelength-Dispersive X-Ray
Spectroscopy

Principally, X-ray spectrometry can be done

• energy-dispersive or
• wavelength-dispersive.

The physical processes for energy-dispersive de-
tectors are:

semiconductor detectors, gas ionization detectors:
production of charge carrierswith following propor-
tional to the energy amplification of the generated
charge or current pulses

scintillation detectors: excitation of scintillation pro-
cesses with following production of photoelectrons
by the scintillation light and amplification propor-
tional to the energy of the electron current in a pho-
tomultiplier

cryogenic detectors: calorimetric detection of the
quantum energy deposited into the detector volume

Wavelength-dispersive detection methods are based
on the diffraction of X-rays on crystallographic lat-
tices according to the Bragg law (3.1)

n � = 2d sin#

with n the order of diffraction, � the wavelength of
the X-rays to be analyzed, d the lattice plane spacing
of the used crystallographic plane and # the diffrac-
tion angle.
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Table 3.2. Energy- and wavelength-dispersive X-ray spectroscopy

energy-dispersive wavelength-dispersive

detection method electric signals
proportional to the X-ray energies

Bragg diffraction
on the crystal lattice

resolution E/�E ≤ 50 �/�� ≤ 30000 for n=1

registration efficiency high
low for cryogenic detectors

low

typical detectors semiconductor detectors
gas ionization detectors
szintillation detectors
cryogenic detectors

crystal diffraction spectrometer:
Bragg spectrometer (Bragg diffraction on
the crystal surface)
Laue spectrometer (diffraction on the crys-
tallographic lattice during the radiation
transmission through the crystal)

measurement methods simultaneous multichannel measurement
over the whole energetic region of interest

sequential measurement or simultaneous
position-sensitivemeasurementovera reg-
istricted energy region

3.3.2 Gas Ionization Detectors

Apart from Geiger–Müller counters gas ionization
detectors register X-rays energy-dispersively. A de-
tailed description of the principles of gas ionization
detectors and of the basic physics for X-ray detec-
tion is given for example by Kment and Kuhn [285],
Wiesemann [569] and Delaney and Finch [133].

Physics of X-Ray Detection

Gas ionization detectors as well as semiconductor
detectors consist basically of two opposite electrodes
between which gases (or semiconductor crystals) are
located as detector medium. If a voltage is applied at
the electrodes between them an electrical field arises
which separates the charge carriers produced in the
detector volume and which causes the collection of
the charge carriers at the electrodes.This principle is
shown in Fig. 3.1. If sufficiently energetic X-rays en-
ter the detector volume in the gas ionization detector
electron–ion pairs will be produced.

Each entering X-ray quantum generates

N =
Eabs

w
(3.27)

charge carriers. Here Eabs is the energy absorbed by

Table 3.3. Mean energy for the creation of an electron–ion
pair.

element He Ne Ar Kr Xe

energy/eV 27.8 27.4 24.4 22.8 20.8

Fig. 3.1. Principle of ionization detectors. d is the electrode
spacing

the detector medium and w is the mean energy nec-
essary for the creation of a charge carrier pair (see
also Table 3.3) . The corresponding primary charge
is then

Q = e
Eabs

w
. (3.28)

Corresponding to their electric charge, electrons
and ions move then to the cathode or to the anode
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and are registered there. As electric information the
mean current or pulses produced by the charge car-
riers are available. If the potential difference at the
electrodes is small (small electric field strength) then
the particle movement results from the overlapping
of thermal and of directed motion resulting from
the electric field. For high field strengths the particle
motion is determined by the direction of the electric
forces

F = e E .

Therefore the electric field causes charge separation
andcollection of electrons and ionson the electrodes,
respectively.

Mean ion velocity in field direction. The mean ion
velocity in the field direction (we assume a field dis-
tribution along the x-axis) can be calculated as

v = �+ p0

p
Ex (3.29)

with �+ the ion mobility as mean ion velocity for
a field strength of 1 V/cm and at normal pressure
(p0 = 760 torr). This yields

[�] =
cm2

V s
.

Selected values for the ion mobility in different gases
are given in Table 3.4.

Table 3.4. Ion mobility of gases at normal pressure

gas H2 He N2 O2 Ar air

�+ /
cm2

V s
13.0 10.2 1.3 2.2 1.7 1.4

For detectors filledwithgases composedof several
elements the mobility �+ of ions of the component i
is

1

�+
i

=
n∑

j=1

cj

�ij
. (3.30)

Here n describes the number of gas components, cj

the volume concentration of the gas j and �+
ij the

mobility of ions of the gas i in the gas j.

Electron mobility. The electron mobility�− is up to
three orders of magnitude higher than those of pos-
itive ions. In Table 3.5 some electron mobilities for
pure electropositive gases are given.

Table 3.5. Electron mobilities of pure gases at normal pres-
sure

gas H2 He N2 Ar

�− /
cm2

V s
7900 500 145 206

The electron mobility does not depend linearly
from the field strength E and is sensible to gas com-
position. For

E
p

≤ 103 V

cm atm
yields the proportionality v ∼

√
E
p

.

For greater E/p the mean ion velocity increases
slowly and can reach values up to (104 . . . 105) m/s.

For the complete understanding of gas ionization de-
tectors further processes must be considered:

• drift and mobility of charge carriers,
• recombination of charge carriers,
• electron capture processes and
• charge multiplication processes.

Drift and mobility. In a gas ionization detector in the
presence of an electric field the produced charge car-
riers are accelerated towards the anode or cathode.
The charge carrier flow to the detector electrodes is
disturbed by collisions with the gas molecules, i.e. the
pressure of the working gas of the detector influences
the properties of charge carrier collection.

The charge carrier mobility � characterizes the
described circumstance and satisfies the relation

� =
v
E

. (3.31)

In a classic approach the charge carrier mobility is
connected with the diffusion constant D by

D
�

=
k T
e

(3.32)

where k is the Boltzmann constant and e the ele-
mentary electric charge.
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Recombination of charge carriers.Becausethe num-
ber of produced charge carriers is decisive for the
energy resolution as well as for the registration effi-
ciency of the detector, charge carrier loss processes
influence the detector properties substantially.

Positively charged ions can recombine under
emission of a photon:

A+ + e− → A + h� .

Molecular ions recombine under emission ofan elec-
tron:

A− + B+ → AB + e− .

For a given detector the characteristic recombina-
tion rate dn depends on the densities n+ and n− of
the positive and negative charged ions. With r as re-
combination coefficient depending on the chosen gas
filling the detector we have

−
dn+

dt
= −

dn−

dt
= r n+ n− . (3.33)

The influence of recombination processes decreases
with increasing detector voltage (increasing field
strength E).

Electron capture processes. Electron attachment is
based on the capture of free electrons by electroneg-
ative atoms when forming negative ions

e− + A → A− + h� .

Therefore electronegative gases (for example O2,
H2O, NO, NH3, H2S, SO2, halogens) decrease the col-
lection efficiency of electrons and ions before these
reach the collection electrodes.This means that elec-
tronegative gases influence the function of radiation
detectors even then, if it arrives on the speed of the
charge carrier transport (pulse detectors).

Electropositive gases (for example noble gases,N2,
H2, CH4, CO2) cannot catch electrons. Therefore it is
of importance for gas ionization detectors to usepure
gases as the detector medium.

Chargemultiplicationprocesses.Multiplication pro-
cesses in gas detectors occur if the electrons from
primary ionization processes gain sufficient energy
from the accelerating electric field to ionize gas

molecules.The secondary electrons so producedpro-
duce further electrons, and so on. This process leads
to the formation of an avalanching process.

Electron impact ionization produces ion–electron
pairs according to

e− + A → A+ + 2 e− .

Furthermore excitation processes

e− + A → A∗ + e− ,

are possible where the photons are emitted as a result
of deexcitation processes.

The ionization process can be characterized by
the first Townsend gas amplification coefficient ˛T ,
which characterizes the number of ionizations that
an accelerated electron causes in an electric field.˛T

depends on the electric field in the detector and on
the gas pressure in the detector volume:

˛T = ˛T

(
E
p

)
.

Between two collisions the electrons are acceler-
ated in such a way that they on their part can also
cause ionization and therefore the number of nega-
tive charge carriers is increased to

dN = ˛T EN dx . (3.34)

For the number of negative charge carriers the in-
tegration of equation (3.34) gives, for varying field
strength and initially existing N0 charge carriers,

N = N0 exp

⎛
⎝ x∫

0

˛t(x′) E(x′) dx′
⎞
⎠ = N0 A (3.35)

with A as the gas multiplication factor. The unit of
˛T in the chosen form is 1/V.

Therefore the gas multiplication factor has the
form

A =
N
N0

= exp

⎛
⎝ x∫

0

˛t(x
′) E(x′) dx′

⎞
⎠ . (3.36)

For a constant electric field equation (3.35) simplifies
to

N = N0 exp(˛T E x) . (3.37)
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Because the gas multiplication factor (3.36) can in-
crease practically to infinity there exist some limita-
tions:

A < 108

˛T E x < 20

}
Raether limit.

After exceeding this limit in the gas ionization detec-
tor a charge carrier avalanche develops to a spark.
Typically an avalanche develops in about 100 ns and
a streamer mechanism develops in 10 ns.

Secondary electrons. Primarily, in the detector the
produced electrons drift under the influence of the
electric field to the anode and gain kinetic energy
along the field gradient. This allows them on their
part to ionize or excite again. At the same time
the produced secondary electrons can ionize again,
etc. Therefore each primary electron releases an
avalanche of n electrons. Additionally excited atoms
and ions with a probability f can produce photo-
electrons in the working gas and in the cathode. The
quantity f describes the probability that one photo-
electron per electron emerges. Then for a primary
electron we have

1 electron −→ n electrons + nf photoelectrons.
(3.38)

The produced electrons generate a new avalanche
and we have:

2. step : (nf )n electrons + (nf )(nf ) photoelectrons

3. step : n3f 2 electrons + n3f 3 photoelectrons.

Finally per primary electron,

A = n + fn2 + f 2n3 + . . . (3.39)

electrons reach the anode. Thus for |fn| < 1 we have

A =
n

1 − fn
. (3.40)

In practice, this process causes a distorted rise of
the pulse, because the electrical charge correspond-
ing to a registered event will be, after each successive
ionization time, increased during the actual photo-
electron contribution.

A distorted pulse rise can be avoided when the
gas filling an organic gas is added (quenching gas) ,

Fig. 3.2. Current–voltage characteristics for the description
of physical processes in gas ionization detectors for radia-
tion detection. I is the ionization current; UD is the detector
voltage

which absorbs the emitted photons and in this way
prevents the production of photoelectrons. As pho-
ton absorbing gases for example CH4, CO2, CO or
C2H5OH are used. Propane, butane, ethylene and
propylene also absorb photons, but their dissocia-
tion products act also as quenching gas.

Working characteristics of gas ionization detectors.
Thephysical processes in a gasdischarge couldbede-
scribed with the current–voltage characteristics for
the ionization current I depending on the voltage UD

applied to the detector electrodes for a constant in-
tensity of the impinging X-rays (see Fig. 3.2).A char-
acterization of the region shown in Fig. 3.2 is given
in Table 3.6.

Geometry of gas ionization detectors.Generally gas
ionization detectors may be constructed in any of
three basic geometries:

• parallel plate detectors,
• cylindrical geometry, or
• spherical geometry

The geometries of gas-filled detectors are summa-
rized in Fig. 3.3.

Geiger–Müller Counters

Geiger–Müller counters are gas ionization detectors
working in the so-called Geiger–Müller region (see
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Table 3.6. Working regions of gas ionization detectors as shown in Fig. 3.2. Q0 is the total charge, Q01 is the charge of
primary produced charge carriers, I is the ionization current, and IS is the saturation current

destination process working region

recombination
region

Here U = R × I is valid; not all produced ions arrive at
the detector electrodes. Recombination and diffusion
processes cause charge carrier losses.
Q0 < Q01

not practically used for radiation
detection

ionization
region

The ionization current is approximately constant. A
slow current rise caused by recombination and sec-
ondary effects is possible.All primary produced charge
carriers become collected.
Q0 = Q01

ionization chambers

proportional
region

Particles become strongly accelerated, so that they
cause secondary ionization → avalanche-like charge
carrier multiplication arise (gas amplification k = I/IS

up to 104). Characteristic is the proportionality of the
amplified current to the primary ionization.
Q0 = k Q01

proportional counter

region of
restricted
proportionalty

The increasing density of slow positive ions produces
space charges which partially screen the detector elec-
trodes. The formation of charge carrier avalanches is
restricted by the space charge.Recombinations take ef-
fect and yield impinging particles independent of the
detector k = f (UD) and
Q0 = k Q01 (nonlinear)

rarely used in practice

Geiger–Müller
region

The discharge hits the whole electrode geometry; the
gas amplification increases so strongly that the current
stays independent of the primary ionization.Each pro-
duced charge carrier pair can trigger an avalanche.
Q0 = Q0(UD) → Q01

Geiger–Müller counter
removal counters
spark counter

continuous
discharge

Start of a self-sustained gas discharge without influ-
ence of ionizing radiation.
Continuous discharge or electric breakdown

not useable for
particle detection

Fig. 3.2) where they generate a signal that is not pro-
portional to energy independent of the impinging
particles. Such pulse counters are suited for applica-
tions where only the registered pulse rate is of in-
terest. Because they are applied only as pure pulse
counters the price and the demands on the registra-
tion electronics are comparatively low.

Counter build-up. Constructions of Geiger–Müller
counters include

• cylindrical lateral counters,
• bell counters, and

• conical counters.

The fundamental construction of a cylindrical
counter is shown in Fig. 3.4. An outer cylindrical
cathode encloses a thick axial wire or a cylindrical
anode. The radiation to be analyzed enters through a
front-side detector window or along the cylindric ge-
ometry into the working volume of the counter and
interacts there with the detector gas.

Mode of operation. Through the choice of a suitable
detector voltage near the anode wire there emerges
an electric field strength high enough that a detector
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Fig. 3.3. Geometry of gas ionization detectors and analyti-
cal expressions for the acting electrical field

regime in the Geiger–Müller region is formed. Here
gas amplificationsof up to 108 are characteristic.As a
result of the high field strengths during the develop-
ment of the charge carrier avalanches increasingly
encourage highly excited gas atoms which on their
part can emit photons. In this way in the detector
gas and in the cathode, secondary electrons can be
produced triggering new charge carrier avalanches
which spreadover the whole counter region.Thepro-
duced electrons are collected in about 10−8 s and the
slowly movable ions on the other hand form a cylin-
drical space charge surface around the counter wire.
This surface acts as a virtual anode and reduces the
field strength in the region of the counter wire so
much that the avalanche development is interrupted.

Fig. 3.4. Fundamental construction of a cylindrical Geiger–
Müller counter

The produced electrical charge Q0 is indepen-
dent of the primary charge Q01, i.e. the counter
has no energy dispersion. Independently of the pri-
mary ionization all pulses have the same height with
an amplitude much higher than the counter noise
(Upulse ≈ 1V).

To apply Geiger–Müller counters for the detection
of consecutive events the initiated discharge pro-
cess must be interrupted. The reason is that from
the interaction with photons or ions secondary elec-
trons cause an intermittent discharge which must be
quenched in order to reproduce the counter func-
tionality again.

The quenching of the discharge can be realized by

• external quenching, or with
• self-quenching counters.

Counters with external quenching are filled with
monatomic or diatomic gaseswhichundergo no pho-
toabsorption. Here the quenching of the discharge
occurs with on outer electronic quenching circuit.
In this way after discharge ignition the counter volt-
age is lowered below the voltage necessary for charge
carrier multiplication up to the moment when all
positive ions have reached the cathode. This can be
realized with

• a high-ohmic dynamical plate resistance (≈
109§), or with

• a specially designed electronic circuit.

In self-quenching counters a quenching gas is
added to the working gas to interrupt the discharge
without outer influence. As quenching gas organic
vapors or gases such as methane, ethanol, halogens
(bromine, chlorine) are used. Here the following ef-
fects are of importance:
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1. Quenching gas molecules absorb photons emitted
from excited noble gas ions so that these do not
arrive at the cathode and initiate there photoelec-
trons.

2. Positive noble gas ions transfer their charge to
quenching gas molecules because their ioniza-
tion energy is lower than that of the counter gas
atoms. Therefore instead of the counter gas ions
the quenching gas molecules are transferred to
the counter wall. As a rule the excitation energy
originating from neutralization processes on the
cathode leads to a dissociation of the molecules
so that the production of secondary ions does not
take place. The discharge stops and starts not be-
fore a new photon impinges into the counter and
ionizes the working gas.

3. Ion neutralization prevents further photoemis-
sion.

Time resolution.Because Geiger–Müller counters do
not measure energy-dispersively it is possible to de-
tect the entrance of single photons time-resolved
into the counter. In this way the time resolution is
determined by the counter dead-time, which is for
self-quenching counters in the region of 100 �s up to
300�s.

Counting response.The counting response describes
the measured counting rate as a function of the ap-
plied voltage for a constant flux of photons.A depen-
dence typical for Geiger–Müller counters is shown
in Fig. 3.5.Beginning with a certain cutoff voltage UE

the counter begins to work. After a sharp increase
to the plateau voltage UP the count rate changes in-
significantly up to the breakdown voltage UD. The
operation in this region or at higher voltages leads
to a destruction of the counter. For counters with
organic quenching gases cutoff voltages of (800 . . .
1000) V and for counters with halogen fillings volt-
ages of (200 . . . 400) V are characteristic.

The plateau length (UD − UP) amounts to some
hundreds V. For the running voltage UA should be
chosen as

UA = UP + 100V . (3.41)

In this way the slope S of the plateau

Fig. 3.5. Characteristics of a Geiger–Müller counter (af-
ter [527]).UE is the cutoff voltage,UP is the plateau voltage,
UA is the running voltage, and UD is the breakdown voltage

S =
N2 − N1

NM × 100V
100 % (3.42)

should not exceed 5%/V.

Registration efficiency. The efficiency for the regis-
tration of X-rays depends on the photon energy and
the connected radiation transmission of the used de-
tector window and on the type and the thickness of
the cathode material. Transmission curves for dif-
ferent materials for instance can be found at the
address http://www-cxro.lbl.gov/optical constants/.
Depending on the experimental conditions and the
counter to be used the registration efficiency is be-
tween 1% and 50%.

Lifetime. Organic quenched counters have a lifetime
of about 109 impulses and the lifetime of halogen
filled counters is in the order of > 1010 impulses.
As criteria when the counter lifetime is reached, the
following items are accounted for:

• the plateau length falls short of 100 V, and
• the plateau slope exceeds 10%/100 V.

Proportional Counters

Build-up. The geometry typical of a proportional
counter is the cylindrical geometry, but other ge-
ometries are also known (see Fig. 3.3). Next to sealed
counters in which the working gas is included in a
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closed volume, flow proportional counters are also
applied where the working gas is permanently ex-
changed by a suitable gas flow.

Operating mode. Proportional counters can be ap-
plied in two different regimes:

energy
detection

: proportional region
(high working gas pressure)

counting
regime

: region of restricted proportionality
→ high gas amplification is reached
at low working gas pressure

The mechanism of gas amplification starts at a crit-
ical electric field strength that is sufficient to accel-
erate the electrons to such energies exceeding the
ionization energy of the gas molecules. The critical
field strength depends on the applied gas and on the
gas pressure in the detector and is in the order of
E > 10 kV/cm. In cylindrical counters this value is
reached next to the central thin (20 �m to 100 �m)
anode wire. Therefore the amplification factor k is
independent of the position of the ionization track
in the gas volume, i.e. independent of the localization
of the primary ionization

k(UD) = exp

(
C
√

UD a p

[(
U0

Umin

)1/2

− 1

])
≈ 2m

(3.43)
with C the detector constant (must be determined
experimentally), p the gas pressure, m the collision
number in the gas amplification region, and Umin
the the minimal necessary detector voltage for trig-
gering gas amplification, i.e. k(Umin) = 1. The quan-
tity a describes the anode radius and is explained in
Fig. 3.3.

In Fig. 3.6 for a proportional counter a simplified
circuit in connection with a classic measuring ar-
rangement is shown. In modern measuring devices
the impulse hight analyzer is an analog-to-digital
converter, which digitizes the energy-proportional
signal produced by the amplifier and therefore trans-
forms it into a form possible to store it in a PC or in
special electronic devices.

Each registered photon produces at the RC-
element of the amplifier a voltage impulseof the form

U(t) =
Q

2C ln(b/a)
ln
(

1 +
b2

a2

t
t+

)
(3.44)

with t+ as the time needed by the ions to reach the
cathode:

t+ =
p ln(b/a)

2 UD �+
(b2 − a2) . (3.45)

For the collection time T− of the electron component,
the same expression as (3.45) holds, but the quantity
�+ is replaced by �−.

The course of voltage pulses for different differen-
tiation times RC is shown in Fig. 3.7. Two cases are
shown:

• t+ �RC
At the beginning the voltage pulse rises very
steeply as a result of the short electron transit
time T−, then more slowly through the contribu-
tion of the ion component up to an amplitude

Umax = k
e
C

Eabs
w

.

• t− � RC � t+
The pulse height is here also proportional to
Eabs/w,however the pulse duration is far smaller.
This allows count rates up to 106 pulses/s without
counting losses appearing.

Energy resolution. In the X-ray region the energy
resolution of gas proportional counters is at 6 keV
typically in the order of 15% to 20%. Counting rates
up to 106 counts per second are possible.

Time resolution. Based on the short impulse form
at suitable differentiation constants (see Fig. 3.7) for
proportional counters, a time resolution up to about
10−6 s is possible. In this way for high impulse rates
only the electron component is analyzed.

Counting response. As for Geiger–Müller counters
the working point is placed into the plateau of the
counting-rate characteristics (see also Sect. 3.3.2).
The form of the counting response depends on the
kind of radiation to be detected, the gain of the linear
amplifier and on the response limit of the subsequent
electronics.

Proportional counters allow a separate measure-
ment of radiation components with different spe-
cific ionization. Strongly ionizing particles produce
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Fig. 3.6. Measuring arrangement for energy-dispersive measurements with proportional counters

Fig. 3.7. Course of voltage pulses in gas proportional counters (after [527]).

greater pulses and can be detected at lower counter
voltages, weakly ionizing radiation needs for the reg-
istration higher detector voltages.

Registration efficiency. The registration efficiency
depends on the detector gas, its pressure and on the
material and thickness of the applied detector win-
dows. In Fig. 3.8 the course of the registration effi-
ciency for a xenon–methane mixture is shown at dif-
ferent working gaspressures.The clearly pronounced
edge-structure above 30 keV is caused by the K ab-
sorption edge of xenon. Furthermore for the low-
energy region the transmission of selected window
materials is shown.

Gas composition.Thechoiceof theworking gasmust
fulfill different demands such as for instance propor-
tionality between the energy of the radiation and of
the detector signal, a high gas amplification, a lower
detector working voltage and the detection of high
counting rates. As a rule noble gases are inserted as
the detector filling because these gases need the low-
est detector voltages for avalanche formation.

Pure argon makes possible gas amplifications in
the order of 103 . . . 104. Through the addition of
anorganic gases such as CO2,CH4 or BF3 the amplifi-
cation factor can be increased up to 106. The supple-

Fig. 3.8. Registration efficiency of a Xe/CH4 proportional
counter as a function of the X-ray energy E. In the low-
energy region the transmission of some mylar and mica
windows is shown also

ment of electronegative gases such as freon allows us
to increase the amplification further to 107. Details
are discussed in [452], for example.

Lifetime.Closed proportional counters with working
gas/quenching gas mixtures show, depending on the
gas composition, the gas pressure and on the energy
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of the detected photons after about ≥ 1010 counts,
a deterioration of the detector characteristics. This
problem does not appear if gas flow detectors are
inserted.

Position-sensitive proportional detectors

Position-sensitive proportional counters are applied
for X-ray detection as

• one-dimensional resolving position-sensitive
proportional counters, and

• two-dimensional resolving position-sensitive
proportional detectors (multiwire detectors or
microstrip detectors).

One-dimensional resolving position-sensitive propor-
tional counters. The following detector types are
used as one-dimensional resolving proportional
counters:

1. Detectors with a high-impedance anode wire.
Detectors with a high-impedance anode wire, of
whose ends both voltages U1 and U2 could be
registered and where the position information is
obtained from the voltage ratio.

2. Detectors with integrated delay line. In detec-
tors with integrated delay line tappings from the
delay line are connected to the detector cath-
ode segments. The time difference between the
voltage signals U1 and U2 includes the position
information and the integral of both signals is
proportional to the transferred photon energy.

3. Detectors with wedge-like double cathode. De-
tectors with wedge-like double cathodes are
based on the principle that the charge distribu-
tion produced by the impinging radiation on two
wedge-like cathode segments is analyzed.The ra-
tio U1/U2 contains the position information and
the sum U1 + U2 is proportional to the absorbed
energy.
The distance between the individual cathode
segments can amount to 1 mm to 1.5 mm and
allows position resolutions of about 200�m.

Two-dimensional resolving position-sensitive propor-
tional counters. Two-dimensional resolving propor-
tional counters are known as:

1. Multiwire proportional counters. Multiwire pro-
portional counters can be applied for energy spec-
troscopy as well as for position detection. These
detectors have been known for more than thirty
years [105,106].
Multiwire proportional counters are built up with
a lattice of very thin anode wires of which
each wire works as an independent proportional
counter. The lattice itself is centered between two
cathode planes with a typical cathode–anode dis-
tance of 7 mm to 8 mm. The distance between the
single anode wires is in the order of 2 mm. The
cathodes themselves consist of a certain number
of parallel wires that are selected by a delay line or
by amplifiers arranged in decade groups.As a rule
two cathode wire fields crossed at 90◦ are used, so
that a two-dimensional registration of the signal
position becomes possible.
For the measurement of high counting rates or in
coincidence experiments also expensive solutions
are used, with which to each wire a separate am-
plifier is assigned. The attainable time resolution
of multiwire proportional detectors is essentially
determined by the electron drift time.
For a wire distance s the position resolution is in
the order of s/3. In general the attainable energy
resolution is somewhat smaller than in single-
wireproportional counters,because for a gooden-
ergy resolution an extremely equally spaced wire
distance is required. Here small deviations cause
a deterioration of the energy resolution.

2. Microstrip proportional detectors. Microstrip
proportional detectors use a structured anode
plane. The position resolution for this detector
type can be 30 �m.

3.3.3 Scintillation detectors

If in gas ionization detectors the formation of free
charge carriers is used for the detection of X-rays, in
scintillation detectors luminescence flashes (scintil-
lations) emitted from excited atoms or molecules of
solid, liquid or gaseous scintillators are used to detect
the impinging radiation.
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Fig. 3.9. Build-up of a scintillation detector (after [200])

Build-up of scintillation detectors. The scheme of
a scintillation detector is given in Fig. 3.9 and the
build-up can be characterized as

scintillator → light guide → photomultiplier
→ pulse processing .

In the scintillator luminescence light is produced by
impinging photons, which by a light guide are trans-
ferred on the photocathode of a photomultiplier.
The photoelectrons initiated from the photocathode
were focussed on to so-called dynodes, at which ap-
pears a step by step multiplication of the secondary
electrons. The electrical pulses so produced contain
information on the energy of the registered quanta
and can also be used for time spectroscopy.

Operational mode. For example, a description of the
operational mode of a scintillation detector is given
in [526]: The energy EX of the in the incoming pho-
tons can be absorbed in the scintillator by ionization
and excitation processes partially Eabs < EX or com-
plete Eabs = EX . In this way the scintillation response
�S describes the part of the absorbed energy Eabs that
is transferred into the energy of the luminescence
light (scintillations with a decay constant 	).

Is Em the mean energy of a photon then

Nl = �s
Eabs

Em
. (3.46)

Luminescence quanta will be emitted isotropically.
Because as much as possible of the produced light
quanta should arrive at the photocathode, the scin-
tillator is often enveloped with a light reflecting layer
and the optical contact between scintillator and pho-
tocathode is realized by a light guide, which is addi-
tionally optical coupled to the scintillator and pho-
tocathode by light-guiding pastes. The quality of the
optical coupling is characterized by the light trans-
fer factor kl , which describes the number of photons
reaching the photocathode in relation to the number
of primary produced quanta.

Therefore Nl kl photons reach the photocathode
and produce

Nc = Nl kl �l (3.47)

photoelectrons.The quantum efficiency of the photo-
cathode �q describes the ratio between the number
of emitted photoelectrons to the number of quanta
reaching the cathode.

Through an electron-optical focussing system in-
tegrated into the photomultiplier, a fraction ke (elec-
tron transfer factor) of the photoelectrons reach the
first dynode of the photomultiplier and produces �
secondary electrons. Towards the anode an increas-
ing positive electrical potential is formed for thedyn-
odes by a potential divider, so that the electrons are
guided from dynode to dynode up to the anode.
When impinging on each dynode a further � sec-
ondary electrons are initiated so that an
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scintillator Zeff % �m �c 	 Ir H

NaI(Tl) 46.5 3.67 415 320 230 100 yes

CsI(Tl) 54 4.52 565 330 980 45 slightly

CsI(Na) 54 4.52 420 300 630 85 yes

CsF 49 4.64 390 220 5 6 yes

Bi4Ge3O12 (BGO) 62,5 7.13 480 350 300 12 no

CdWO4 54 7.87 540 450 800 40 no

CaF2(Eu) 14.6 3.18 435 405 940 50 no

Table 3.7. Physical characteristics of
selected scintillation materials. Zeff is
the effective atomic number, % is the
density in g/cm2,�m is the wavelength
of maximum emission in nm,�c is the
wavelength of the scintillation cutoff
wavelength in the crystal,	 is thedecay
constant in ns, Ir is the light output rel-
ative to NaI(Tl), and H is hygroscopic

electron amplification of �n

results for n dynodes. Therefore

Ne = Nc ke �
n (3.48)

electrons arrive at the anode of the photomultiplier.
This corresponds to a charge of Q = e Ne .

If the time constant RC on the photomultiplier
output increases in comparison to the time con-
stant for the described elementary processes, then
the charging of the initial capacitor C leads to a volt-
age impulse with the quantity

U =
Q
C

=
e
C
�q

Emax

Em
ke �q �

n . (3.49)

Scintillators. The most important scintillator mate-
rials are

1. anorganic crystals,
2. organic crystals,
3. organic liquid scintillators, and
4. plastic scintillators in polymerized synthetic ma-

terials.

In addition doped glasses or gases can also be ap-
plied.A detailed discussion of single scintillator ma-
terials and of their characteristics is given for exam-
ple in [200,323].

Some characteristic values of scintillators used in
X-ray spectroscopy are summarized in Table 3.7.

Often �m does not agree with the maximum of the
spectral sensitivity of the photocathode. This can be
improved through the addition of a second lumines-
cent substance, a so-called frequency convertor.

In Table 3.7 luminescence decay times of selected
scintillators are given for room temperature. For the
optimal use of scintillation detectors short lumines-
cence decay times are necessary. Note that because
of their composition a row of scintillators has differ-
ent decay times 	i . Therefore the measured form of a
scintillation pulse n(t) consists of the overlapping of
different components n0i(t):

n(t) =
∑

i

n0i exp(−t/	i) (3.50)

with n0i total number of photons emitted.
For the X-ray energy region the photoeffect is

dominant in photon detection processes. Therefore
as a rule scintillator thicknesses of up to 10 mm are
sufficient.

Light reflectors and light guides. Because the light
emission in the scintillator is isotropic only a part
of the produced photons impinges on the photocath-
ode. To increase the number of photons falling on
the photocathode the scintillator can be equipped
with a reflection layer. Often reflectors such as MgO
powder (≈ 97% reflection) or aluminum evaporated
polyester (≈ 93% reflection) are used. The quality
of the reflector determines the number of secondary
electrons Nc emitted per registered event from the
cathode. Ideally Nc should be independent of the ori-
gin of the light in the scintillator.

In certain cases (for example big scintillators and
small photocathodes) the application of light guides
is helpful. Organic glasses are used as light guides. In
this way light transport occurs through total reflec-
tion.In longer light guides the resulting transmission
coefficient must be considered.
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Table 3.8. Operational parameters for commercial photomultipliers

parameter value

photocathode materials multialkali coating:
Na2KSb activated with caesium
bialkali coating:
K2CsSb activated with oxygen and caesium

quantum output of the photocathode 0.1 . . . 0.4

gain of a single dynode 2 . . . 20

inter-dynode voltages 50 V . . . 300V

dynode materials beryllium or magnesium oxydes
Cs3Sb
gallium phosphide

total gain 104 . . . 108

charge per pulse 10−12 . . . 10−8 As

cross current in the voltage divider
for spectroscopic photomultipliers 0.1 . . . 1 mA

for short-time photomultipliers 1 . . . 10 mA

Air gaps between scintillator, light guide and pho-
tomultiplier must be avoided because otherwise light
losses through total reflection can appear.

Photomultiplier head. The build-upof a scintillation
detector is shown in Fig. 3.9. Typical operation pa-
rameters for commercial photomultipliers are given
in Table 3.8.

The basic processes in photomultiplier tubes can
be summarized as follows:

1. Light quanta that arrive at the photocathode pro-
duce photoelectrons.

2. The photoelectrons are focussed electrostatically
on the first dynode. There electron multiplication
takes place, i.e. a gain of the primary electron cur-
rent occur.

3. The electron amplification increases from dynode
to dynode.

4. The amplified signal is collected at the anode and
then reaches the subsequent electronics.

The generation of the dynode potentials takes
place by means of a voltage divider as shown in
Fig. 3.10. As a rule the ratio between the different

Ri are given by the manufacturer. Then the absolute

Fig. 3.10. Voltage divider for the generation of the dynode
potentials.Di is the dynodes, F is the focussing electrodes,
K is the photocathode, P is the anode, and Ri are the resis-
tances of the voltage divider
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values of the resistances arise from the actual cross-
currents (see Table 3.8). In addition, supporting ca-
pacitors on the last dynodes serve to hold the dynode
potentials constant during a pulsative current load.

The amplification stability substantially depends
on the voltage U put onto the photomultiplier. For
the amplification k we have

�k
k

≈ �U
U

× n (3.51)

with n the number of dynodes. For the application
of scintillation detectors in energy-dispersive X-ray
spectroscopy the detector voltage should be stabi-
lized to about 0,1%.

Of special design are so-called short-time pho-
tomultipliers for applications in time spectroscopy.
Here very high output pulses appear, i.e. the anode
signal no longer depends linearly on the photon en-
ergy. On the other hand, for energy spectroscopy a
dynode output is used.

For the use of photomultipliers it must be con-
sidered that a magnetic induction of �T can clearly
influence the measuring result. Therefore photomul-
tipliers are often shielded against outer magnetic
fields (among others also against the Earth’s mag-
netic field) with iron or �-metal.

Registration electronics.The pulse amplitude gener-
ated on the dynodes or on the anode is comparatively
small and must be amplified.Common preamplifiers
include:

1 Charge amplifiers.A charge amplifier converts the
arriving signals into a voltage proportional to the
detected electrical charge (see Fig. 3.11). For the
time constant counts

	 = RC > pulse width at the amplifier input

i.e. 	 is chosen greater than the width of the im-
pulses to be amplified. To warrant low noise, field-
effect transistors are used as operational ampli-
fiers. The disadvantage of a charge amplifier con-
sists is its missing suitability for high counting
rates. On the other hand, its advantage is the good
signal dispersion.

2 Voltage amplifier. In a voltage amplifier (see
Fig. 3.12) the initial current is converted into a

Fig. 3.11. Principal build-up of a charge amplifier

Fig. 3.12. Principal build-up of a voltage amplifier

voltage.For the choice ofthe time constant we have

	 = RC < pulse width on the amplifier input .

The advantages of a voltage amplifier are its high
count-rate processing and the circumstance that
here the internal noise is not of importance.

Energy resolution. For scintillation detectors energy
and time resolution are substantially determined by
inhomogeneities of the scintillator crystal and of the
photocathode as well as by the statistics of the detec-
tion process.

For X-ray detection only a small part of the pho-
ton energy is converted into photoelectrons because
it counts

�S �q � 1 .

The root-mean-square fluctuation of the output sig-
nal calculated for the case of the detection of mo-
noenergetic radiation satisfies

�output =
1

Nc
+

1

Nc kd
+

1

Nc k2
d

+ . . . (3.52)
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Fig. 3.13. Measuring arrangement for X-ray spectrometry with a scintillation detector

with kd the gain of a single dynode. Therefore for the
root-square fluctuation of the output signal we have

�QA

QA
= �2

output =
1

Eabs

Em

�S

1
�q kl

kd

kd − 1
. (3.53)

Scintillation detectors have a comparatively low en-
ergetic resolution. This is caused by the relatively
small number of produced photons and electrons as
well as through a Fano factor of F ≈ 1. Typically a
relative resolution of 8% up to 15% is reached.At low
energies values up to 40% can appear.

A typical measuring arrangement is shown in
Fig. 3.13. The pulses are amplified and formed by
a preamplifier and are further amplified in a linear
amplifier and evaluated in an ADC or discriminator.
In the subsequent storage unit (as a rule a PC with
interface/processing card) a multichannel spectrum
of the measured radiation field is registered.

The structure of the measured spectrum is deter-
mined for a certain energy resolution by the inter-
action processes of the detected photons with the
scintillator atoms. For radiation detection in the X-
ray energy region, the following effects are of impor-
tance:

1. Photoeffect. Through the absorption of an X-ray
of energy EX a photoelectron with energy

Ee = EX − EB

is produced. EB is the binding energy of the emit-
ted photoelectron. The photoeffect dominates, es-
pecially in scintillator materials with high atomic

number Z and at low X-ray energies EX :

�photo ∼ Z5

E7/2
X

.

2. Compton effect.Bythe Compton effect only a part
of the X-ray quantum energy is transferred to
a slightly bound electron and electrons up to a
certain edge-energy (Compton edge) are emitted.
The Z- and EX -dependence for Compton scatter-
ing has the form

�Compton ∼ Z
EX

.

The photon spectrum corresponding to individ-
ual elementary processes is shown in Fig. 3.14. At X-
ray energies below the threshold for pair-production
processes (1.02 MeV) the photo- and the Compton
effect dominate. For the photoeffect a sharp line is
characteristic, which corresponds to the registered
X-ray energy. On the other hand, for Compton scat-
tering a continuum, the so-called Compton contin-
uum, is observed,which delivers contributions to the
spectrum up to a certain limiting energy. The re-
sulting spectrum is represented on the right side of
Fig. 3.14. To characterize the balance of the elemen-
tary processes given in Table 3.9 the linear attenu-
ation coefficients for photon radiation in a NaI(Tl)
scintillator are indicated.

From Table 3.9 one can see that for a photon en-
ergy of up to 200 keV the photoeffect dominates.
Therefore in this energy region it is sufficient to
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Fig. 3.14. Photon spectrum arising from the individual elementary processes and resulting total spectrum

Table 3.9. Linear absorption coefficients � for the photo-
and the Compton effect in a NaI(Tl) crystal

E� /kev �photo/cm−1 �Compton/cm−1 �total/cm−1

50 20 0.5 20.5

100 5.5 0.45 5.95

200 0.8 0.3 1.1

500 0.07 0.28 0.35

use, for example, NaI(Tl) crystals with a thickness
of about 1 cm. Only for the detection of photons
with energies higher than about 1 MeV are greater
scintillator volumes required, because then the to-
tal absorption peak preferably arises from multiple
interaction processes.

Time resolution. Real-time fluctuations ıtPM in the
photomultiplier are in the order of

• 10 ns to 100 ns for spectroscopic photomultipli-
ers, and

• about 0.1 ns to some ns for short-time photomul-
tipliers.

This means that counting rates up to 107 pulses per
second can be registered without impulse losses.

The formof the output pulse results then from the
convolution of the pulse form for the scintillator light
with the pulse resulting from the charge carrier col-
lection in the photomultplier (2.35 × ıtPM). There-
fore statistical fluctuations are connected, leading to

a certain trigger unsharpness of the output current,
which on the other hand leads to time fluctuations
in the registration of time signals. Depending on the
scintillator, the photomultiplier and on the absorbed
photon energy, fluctuations in the order of 0.1 ns up
to some ns are possible.

For a sufficient time resolution the followingcom-
bination is advantageous:

• photomultiplier with low transit time fluctua-
tions, and

• scintillator with short luminescence decay time
and high light output.

Registration efficiency. The determination of the
registration efficiency results from the evaluation of
the full-energy peak from the photoeffect. For this
purpose X-ray sources with known source strength
are used. One of the possible definitions of the regis-
tration efficiency is

" =

total number of in the full-energy peak
registered counts

from the source emitted quanta in the
dead-time corrected measurement time

.

(3.54)

For aNaI(Tl) scintillation detector a characteristic
registration efficiency as a function of the registered
X-ray energy is given in Fig. 3.15.
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Fig. 3.15. Registration efficiency � of a NaI(Tl) scintillation
detector of thickness 10 mm

3.3.4 Semiconductor Detectors

For more than 50 years semiconductors have been
successfully appliedwithan energy resolution clearly
higher than those from other detectors such as gas
ionization detectors or scintillation detectors and
with comparatively good registration efficiency. On
the basis of the wide application of semiconductor
detectors in different scientific areas and commer-
cial applications there exist a multitude of excellent
monographs on this type of detector (see, for exam-
ple, [331]), to which readers are referred.

Build-up. Semiconductor detectors work as solid-
state ionization chambers. They use properties of
semiconductor materials with p- or n-conduction
produced by doping pure semiconductor materials
with donors or acceptors:

• p-conduction means an excess on acceptors, i.e.
mobile positive charge carriers (holes) produced
by doping of the semiconductor material with
trivalent atoms (B, Al, Ga, In).

• n-conductionmeansan excesson donors,i.e.neg-
ative charge carriers produced by doping with
pentavalent atoms (P, As, Sb, Bi).

If n- and p-conducting materials are brought into
contact then electrons and holes diffuse in the adja-
cent area with opposite types of charge. In this way
the electric charges partially compensate so that in
the n-region positive and in the p-region negative
excess charges arise. Between both areas a potential
difference (Upn ≈ 0.6V) originates, which prevents
further diffusion of charge carriers.

The hole and electron concentration is differ-
ent by many orders of magnitude in the p- and n-
region of the semiconductor and produce a junction
space-charge region that, because of the depletion of
free-movable charge carriers, acts as a barrier layer
(Fig. 3.16: region from -a to b). If in the reverse di-
rection at the p-n contact an outer voltage is applied
(negative polarity at the p-region), then in the re-
verse direction a high electrical field strength appear

Fig. 3.16. Basic structure of a p-n contact
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material Si Ge

atomic number 14 32

density [g cm−2] 2.3283 5.3234

dielectric constant (relative) "r 12 16

forbidden energy gap (300 K) [eV] 1.115 0.665

forbidden energy gap (0 K) [eV] 1.21 0.785

electron mobility (300 K) [cm2 V−1 s−1] 1350 3900

hole mobility (300 K) [cm2 V−1 s−1] 480 1900

electron mobility (L N2; 77 K) [cm2 V−1 s−1] 2.1 × 104 3.6 × 104

hole mobility (L N2; 77 K) [cm2 V−1 s−1] 1.1 × 104 4.2 × 104

mean energy per ion–electron pair (77 K) [eV] 3.76 2.96

specific resistance (300 K) [§m] 2300 0.47

specific resistance (77 K) [§m] 500

Fano factor 0.1 0.1

Table 3.10. Properties of semicon-
ductor materials

which allows fast charge carrier separation, if a col-
lision of ionizing radiation generates ion–electron
pairs.

Operational mode. During the entrance of an X-
ray quantum into the semiconductor material, ion–
electron pairs are formed by ionization processes. In
the barrier zone electrons and ions are quickly sep-
arated by the electric field and accelerated towards
the field boundaries (electrons move towards the n-
region, ions towards the p-region). In the outer cir-
cuit this causes a short-time current on the detector
and a spurious capacity which can be measured. The
registered pulse amplitude increases with increasing
detector voltage, which on the other hand, is limited
by the increasing noise of the reverse current.

The layer thickness of the depletion depth of the
n-region xn (region 0 to b in Fig. 3.16) and of the p-
region xp (region -a to 0 in Fig.3.16) can be calculated
as

x =
√

2 "r "0 % � (UD + UA) (3.55)

with "r the dielectric constant of the base material, "0

the electric field constant,� the charge carrier mobil-
ity, % the specific resistance of the base material, UA

the applied outer blocking bias and UD the diffusion
voltage. Some properties of semiconductor materi-
als important for the physics of the detector material
are summarized in Table 3.10. Basic physical prop-

erties of the elemental semiconductors germanium
and silicon are also reviewed in detail by Haller [220].

The total width of the space–charge region

xD = xn + xp (3.56)

describes the thickness of the sensitive detector vol-
ume. Then the barrier-layer capacity can be calcu-
lated with

Cd = "0 "r
F
xD

. (3.57)

The quantityF describes the area of the barrier layer.
Already, through the diffusion voltage, a thin

barrier-layer arises.If thedetector voltage is switched
on, in the high-resistive space-charge region the
complete blocking voltage releases, so that a zone of
high field strength is formed.Barrier-layer thickness,
detector capacity and also the pulse high (because of
U = Q/C) depend on the blocking voltage UA.

Important advantages in the application of semi-
conductor detectors are that:

• semiconductor detectors such as solid-state de-
vices have a high density, i.e. it is possible to reach
a comparatively high registration efficiency;

• the small energy extent, in comparison to other
detector types, for the production of charge car-
rier pairs allows the production of more charge
carriers per impinging X-ray and therefore a bet-
ter energy resolution;
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Table 3.11. Properties of semiconductors from binary compounds

parameter HgI2 GaAs CdTe

atomic number 80/53 31/33 48/34

density [g cm−2] 6.30 5.35 6.06

energy gap (300 K) [eV] 2.13 1.43 1.45

mean energy per electron–ion pair [eV] 4.22 4.51 4.42

electron mobility [cm−2 V−1 s−1] 100 8500 1050

hole mobility [cm−2 V−1 s−1] 4 420 80

• the signal produced in the detector is indepen-
dent of the place of origin in the detector volume
which favors semiconductors for spectrometric
measurements; and

• the collection time for charge carriers is in the or-
der of 10 ns up to 100 ns, i.e. good time resolution
is possible.

Disadvantages are that

• semiconductor detectors are relative expensive;
• for most semiconductor detectors, cooling with

liquid nitrogen is necessary; and
• semiconductor detectors under the influence of

ionizing radiation can bedamaged, i.e. for intense
radiation fields the lifetimeof the detector can be
restricted.

Detector materials. To realize ideal spectroscopic
conditions certain demands must be addressed for
the detector materials:

1. the energy for the creation of a charge carrier pair
must be as low as possible;

2. high charge carrier mobility by small losses or a
high charge carrier lifetime (pure crystals without
dislocations);

3. good insulation properties to avoid a small resid-
ual current flowing at high applied voltages. This
is connected with the demand to have a low con-
centration of thermally produced charge carriers,
i.e. a wide band gap and detector operation at low
temperatures is favorable;

4. high resistance to get large active detector vol-
umes;

5. high Z-materials, because the photoeffect is pro-
portional to Z5 (large absorption coefficient);

6. the material must allow good contact so that the
negative electrode cannot inject electrons and the
positive electrode cannot inject positive charge
carriers;

7. the material must be available in reasonable
amounts at reasonable costs.

In semiconductor detectors most frequently silicon
or germanium monocrystals are used, because these
crystals allow the realization of large detector vol-
umes at the best energy resolution. Because of the
small band gap in the case of germanium, cooling
with liquid nitrogen (77 K) is required. Silicon de-
tectors must be cooled if highest energy resolution
should be preserved. A compilation of material pa-
rameters is given in Table 3.10.

Because of their wide band gap semiconductor
detectors from binary compounds such as HgI2,
GaAs, CdTe and others, can be stored and operated
at room-temperatures. In Table 3.11 selected param-
eters for some binary compound semiconductors
are summarized. The high atomic number of these
materials (larger absorption coefficients)make them
attractive for X-ray spectroscopy. For example, 2 mm
of CdTe for X-ray absorption is equivalent to 10 mm
of germanium.

Packaging. To achieve good energy resolution as a
rule semiconductor detectors are equipped with a
Dewar vacuum flask to minimize contributions from
detector noise.A typical detector configuration with
cryostat is shown in Fig. 3.17. There are different de-
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Fig. 3.17. Typical packaging of semiconductor detectors for the application at LN2 temperatures (after [200])

tector versions where the detector finger is directed
upwards (Fig. 3.17), is mounted rectangular above
the Dewar, or rectangular at the Dewar plate.

Detector types. In energy-dispersive X-ray spec-
troscopy different types of semiconductor detectors
are in use. The most common detector types are:

• Barrier-layer detectors. These are Si detectors
that use the p-n transition as a radiation detec-
tor. In this way, to prevent the current flow, the
detector operates in the reverse direction. The
sensitive region (barrier-layer) depends on the
material properties and on the applied voltage.
The thickness of the barrier-layer can be calcu-
lated according to equation 3.55.

At room temperature for silicon we have [354]:

p-conducting material:

d[�m] = 0.3
√
%p[§ cm] (UD[V] + UA[V]

n-conducting material:

d[�m] = 0.5
√
%n[§ cm] (UD[V] + UA[V] .

(3.58)

The capacitance of the depletion layer is given by
equation (3.57) and is approximately:

Si : C[pF] ≈ 1.05
F[cm2]

d[cm]
(3.59)

Ge : C[pF] ≈ 1.40
F[cm2]
d[cm]

.
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In most cases the p-n transition is produced
through diffusion of phosphor in p-conducting
silicon (Si(P) detectors). If a detector basis mate-
rial with high specific resistance isused detectors
with depletion zones of 1 mm to 3 mm can be
achieved.

• p-i-n detectors. To achieve good registration ef-
ficiency for energetic photon radiation, lithium
drifted detectors are used which are designated
depending on the basic material, such as Si(Li) or
Ge(Li) detectors.
With the lithium drift technique thick intrin-
sic barrier layers can be produced. Here lithium
atoms are drifted into p-conducting germanium
or silicon at high temperatures. Then the drifted
lithium atoms get deposited on interstitial sites
forming a p-n junction. When a normal bar-
rier layer emerges a blocking voltage is applied
and lithium ions drift into the p-zone. Through
charge compensation between then- andp-zones
a high-impedance intrinsic conducting zone, the
so-called i-zone (intrinsic layer: p-i-n structure)
arises, which shows a practically constant field
strength. Depending of the drift and contacting
technologies to be used, a detector thickness of
up to some cm can be realized.
For a temperature of 77 K the reverse current
of common Ge(Li) detectors amounts to about
10–100 pA,corresponding to a noise level of 100–
300 eV respectively.To realize highest energy res-
olutions, detectors operate principally at liquid
nitrogen temperatures. To avoid contamination
of the detector surface the detector is mounted in
vacuum because such contaminations can lead to
field inhomogeneities and leakage currents.

• HP Ge detectors. Germanium detectors can be
produced with a broad intrinsic conducting zone
without lithium drift, if pure materials with
109 . . . 1011 impurity atoms per cm3 are used.
These detectors are so-called HP1 detectors.They
can be stored at room temperatures, but for
reaching highest detector resolution operation at
77 K is necessary (LN2 temperature).

• Semiconductor detectors with binary com-
pounds are applied for X-ray detection at room

temperature or with thermoelectric cooling in
detectors with comparatively small detector vol-
umes.

• Position-sensitive detectors. Silicon or germa-
nium detectors are applied as energy-dispersive
position-sensitive X-ray detectors. Common re-
alizations are:
– Continuous detector structures with resistive

layer. The principle of such detectors is based
on the charge dividing principle, in which the
fromof the registration position x-dependent
charge signal is callipered from the two con-
tacts on the ends of the resistive layer. The
ratio of the signal amplitudes gives the radi-
ation impact point with a measurement ac-
curacy of some micrometers. The addition of
both signals then gives the energy informa-
tion.

– Strip detectors. Detectors produced in planar
technology and consisting of many individ-
ual strip detectors of strip widths of ≥ 10�m
and strip distances of ≥ 10�m also allow the
position-sensitive detection of X-ray radia-
tion.

– Honeycomb detectors. Here the detector con-
sists of a field of independent detectors, and
each detector is equipped with its own spec-
troscopic electronics.

– CCD detectors. Fully depleted back-illumina-
ted CCDs have a good registration efficiency
in the range from eV up to 10 kev or higher,
and can in this energy region be applied to
position-sensitive X-ray detection. For ex-
ample, the soft X-ray performance of back-
illuminated CCDs is discussed by Bailey et
al. [40].

Energy resolution. The spectrometer energy resolu-
tion �E is determined by contributions stemming
from the detector �Edet. and from the electronics
�Eel.:

�E =
√
�E2

det. + �E2
el. . (3.60)

The ultimate detector resolution from charge car-
rier collection is

1 HP: High Purity
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�E =
√

w E F (3.61)

where E is the X-ray energy and F is the Fano factor.
If the detected transition is represented by a Gaus-

sian shape the FWHM2 is determined as

FWHM = 2.35 × �E . (3.62)

Furthermore, contributions must be added from
caught charge carriers on trapping sites (lattice dis-
locations) and from noise through leakage currents.

The Fano factor is defined as

F =

(Standard deviation of the produced
charge carrier pairs)2

number of the produced charge
carrier pairs

. (3.63)

In the case of Poisson statistics this yields

�E =

√
F E
w

. (3.64)

The value of the Fano factor lies between zero and
unity. This means:

F = 0 : no statistical fluctuations
(the whole energy is used for the produc-
tion of charge carrier pairs)

F = 1 : the number of charge carriers is deter-
mined by Poisson statistics

F < 1 : the production of charge carrier pairs
does not exactly following Poisson statis-
tics
(because Poisson statistics assume inde-
pendent events; F < 1 means that the in-
dividual ionization acts are correlated to
one another)

The electronic part of the noise contains statistical
fluctuations in the current flow leading to errors in
the amplitude measurement. Important noise parts
are:

• Parallel noise. This contribution depends on the
detector current Idet. and on the dynamical re-
sistance Rw . The equivalent noise reads as

�Epn ∼ Idet. × 	 or
	

Rw
(3.65)

with 	 the charge carrier collection time. This
means that for a small noise contribution, Idet.
must be small and Rw should be great.

• Series noise. In the amplifier circuit the series
noise is determined by the input noise of the first
FET:

�E2
sn ∼ C2

det.
	 SFET

(3.66)

with SFET as the dynamical slope of the FET.
Therefore we must aim to increase SFET and to
reduce the detector capacitance Cdet..• Sparkle noise. This noise is generated by surface
effects and depends on the electronic circuits and
on the individual detector, but is independent
of 	 .

The noise parts discussed here are added quadrati-
cally.

For an optimal energy resolution the time con-
stant must fulfill the following condition:

	opt. = 	int. = 	diff. .

	int. and 	diff. describe the integration and the differ-
entiation time constant, respectivelly. It counts

	 > 	opt. ⇒ parallel noise dominates,
	 < 	opt. ⇒ series noice dominates.

For the case of Si(Li) and Ge X-ray detectors for pho-
ton energies of 6 keV, energy resolutions lie in the
order of 130 eV up to 150 eV, respectively.

Time resolution. For semiconductor detectors typi-
cal impulse rise times are in the order of 10−7 s to
10−9 s.With suitable electronic methods a time reso-
lution of up to < 1 ns can be reached.

Registration efficiency. In Fig. 3.18 the registration
efficiency for typical X-ray semiconductor detectors
is shown. Because, in the low-energy region, the reg-
istration efficiency is dominated by the radiation

2 FWHM: Full With at Half Maximum
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Fig. 3.18. Registration efficiency of semiconductor detec-
tors in the X-ray energy region.Additionally the transmis-
sion of X-rays through beryllium is shown for the low-
energy limit

transmission through the detector window the trans-
mission of low-energy X-rays through beryllium is
also shown in the figure. Furthermore also window-
less detectors are available but the operation of these
detectors needs special measures. In this case it is
possible to detect very low-energetic X-rays with ap-
proximately 100% registration efficiency.

Radiation damage. At sufficiently intense expo-
sure ionizing radiation causes anomalous electronic
states in the detector crystal through the creation
of certain levels in the band structure, which influ-
ence the charge carrier lifetime,the energy resolution
and the material resistance.A discussion of these cir-
cumstances is given for example by Newman [378],
Kraner [297] and Bischoff et al. [70].

As a rule in the X-ray energy region radiation
damage in semiconductor crystals can be neglected.

3.3.5 Crystal Diffraction Spectrometers

Parameter and Classification

Wavelength-dispersive X-ray spectroscopy uses the
diffraction of X-rays on crystallographic planes or
on the crystal lattice. The diffraction on crystallo-
graphic lattices can be described by the Laue reflec-
tion condition for a three-dimensional point lattice

n � = 2 d sin# . (3.67)

where d = dhkl is the lattice constant (with h, k, l
as Miller indices), # is the Bragg angle and n is the
diffraction order (with n = 1, 2, 3, ...).

Equation (3.67) is exactly valid inside of the crys-
tal. For transitions between different media the re-
fraction of radiation must be considered.This can be
done if we consider an effective lattice constant

dn = d (1 − T) . (3.68)

The correction factor T is

T =
ı

sin2 #n
. (3.69)

Above the region of self-absorption we have

ı ≈ 2.7 × 10−8 % ZM

M
�2 (3.70)

with � the wavelength of the radiation to be ana-
lyzed (in nm), % the crystal density (in g cm2), ZM

the number of electrons in the crystal molecule and
M the molar weight (in g).

For short wavelengths, X-rays can be detected in
open or short-wave spectrometers, if the energy of
the X-ray quanta leads not to a significant reduction
of the radiation intensity for the given spectrometer
geometry.Here a first estimation of the transmission
of radiation through the effective attenuation me-
dia give an impression of whether spectrometry is
possible under normal conditions. For longer wave-
lengths where significant transmission losses dur-
ing the transmission through air are characteristic,
the spectrometer can be operated under a helium at-
mosphere or under vacuum. In this case one speaks
about so-called vacuum- or long-wave spectrometers.

A systematization of crystal diffraction spectrom-
eters can be undertaken depending on the type of
inserted crystals:

1. single-crystal spectrometers. Analysator crystals
are used as
• plane crystals or as
• bent (focussing) crystals.

2. Double-crystal spectrometers. With the goal of
increasing the spectrometer resolution and to get
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Table 3.12. Systematization of crystal diffraction spectrometers depending on the type of diffraction

Bragg spectrometer Laue spectrometer

diffraction at the crystal surface
diffraction on atomic planes orientated perpendicular to
the vertical line of the crystal surface

transmission geometry
diffraction on atomic planes orientated parallel to the
vertical line of the crystal surface

Bragg [82]
Johann [267]
Johansson [268]
von Hamos [554]

Cauchois [101,102]
DuMond [158]

a possibly undistorted form of the diffraction re-
flexes double-crystal spectrometers consist of two
closely positioned sequential crystals.

3. Grating spectrometers. Gratingspectrometers in-
clude mechanically produced diffraction lattices
for use in the low-energy region (UV, EUV) and
are not discussed here.

Crystal diffraction spectrometers can also be dis-
tinguished depending on the type of diffraction. A
corresponding classification is given in Table 3.12.

Plane-Crystal Spectrometers.

Plane-crystal spectrometers are realized as

• single-crystal spectrometers, or as
• double-crystal spectrometers.

Exceptionally three-crystal spectrometers have been
applied.

Single-Crystal Spectrometers
Bragg [82] described a crystal diffraction spectrom-
eter whose geometry is still applied in different mod-
ifications. The basic scheme of this spectrometer is
represented in Fig. 3.19. Characteristic here is the
diffraction at the crystal surface under considera-
tion of the diffraction condition (3.67). Typically for
these spectrometers is a simple set-up and a high
spectral resolution. X-rays which pass through the
diaphragm A are diffracted through the Bragg an-
gle # (the angle between the crystal surface and the
incident photon) and detected after entering the di-
aphragm B. The spectrum of an X-ray source can be

Fig. 3.19. Basic Bragg geometry for wavelength-dispersive
X-ray spectroscopy with use of a plane crystal

detected if the crystal is moved in �# steps and the
exit slit (detector) is simultaneously moved in 2�#
steps. In this set-up the analyzed radiation is quasi-
parallel.The aperture of the applied diaphragms and
the quality of the crystal to be used determine the
possible resolution.Because a small zone of the crys-
tal always contributes to the diffraction process such
spectrometers have a low luminosity.

Generally different spectrometer principles are
applied for X-ray spectroscopy with different levels
of success. Figure 3.20 shows an overview of com-
mon methods. Spectrometers with entrance or de-
tector slits are known in different versions.The edge-
spectrographs described in the literature give less
precise results.

For the simultaneous measurement of a certain
wavelength region the measurement set-up can be
modified in such a way that a position-sensitive de-
tector is used. Then the detector can measure X-ray
reflexes of different wavelengths at the diaphragm B
over the whole detector width.

Double-Crystal Spectrometers
In spite of its high spectral resolution and the excel-
lent reproducibility of their results, double-crystal
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Fig. 3.20. Different types of plane-
crystal spectrometers

spectrometers are rarely used because their regis-
tration efficiency in comparison to single-crystal
spectrometers is some orders of magnitude lower
(10−10 − 10−11). There are double-crystal spectrom-
eters such as Bragg spectrometers as well as Laue
spectrometers. A representation of both geometries
is given in Fig. 3.21.

For the parallel geometry the beam which exits
from the spectrometer is parallel to the beam which
enters the set-up, i.e. the angle of deflection is zero.
This means that the angular dispersion D vanishes
in this case. For the antiparallel case the angular dis-
persion is equal to the sum of both individual dis-
persions of each crystal

D = D#1 + D#2 =
1

2d

(
n1

cos#1
+

n2

cos#2

)
(3.71)

with n1,2 is the order of reflection for the first and
second crystal.

Double-crystal spectrometers in antiparallel ge-
ometries are already known from Davis and Purks
[132],Ehrenberg and Mark [163] and Ehrenberg and

Susich [164]. Additional double-crystal spectrome-
ters have been described by a multitude of authors,
as for example by Deslattes [141], Goshi et al. [209]
and Förster et al. [176]. The operation of a vertical
dispersion mode double-crystal spectrometer is dis-
cussed by Renner et al. [450].

Focussing Crystal Diffraction Spectrometers

Focussing crystal diffraction spectrometers are
known for Bragg geometry aswell as for Lauegeome-
try. In particular, Bragg spectrometers have been ap-
plied for wavelength-dispersive X-ray spectral analy-
sis; we will discuss these in more detail later.We note
here that for bent crystals the width of the rocking
curve can,as a result of the bending process,be wider
than for plane crystals.

Bragg Spectrometer
Spectrometer geometries. The most frequently used
spectrometer geometries are listed in Table 3.12:

Fig. 3.21. Double-crystal spectrome-
ters in the Bragg and Laue geometry.
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Fig. 3.22. Bragg spectrometer in Johann geometry. Q is the
source; D is the detector

Fig. 3.23. Bragg spectrometer in Johansson geometry. Q is
the source; D is the detector

• Johanngeometry.For Johann geometry the spec-
trometer set-up is shown in Fig. 3.22. In this case
the Bragg diffraction results at the concave side
of a cylindrically bent crystal. Here, to first order
the whole surface focusses a wavelength from a
divergent beam again to a certain line position.
All lines are situated at a position of the focal
circle with the radius RF , if the crystal is bent
cylindrically with radius 2RF .
The focussing in Johann geometry is not exact;
however it is sufficient for many uses if the opera-
tion is restricted to small crystal apertures.An es-
sential advantage of this method is that the beam
must not be limited by a diaphragm or a cutting
edge.Details of the linewith to be expected,of the
imaging errors and of the registration efficiency
have been discussed by Johann [267].

• Johansson geometry. Johansson spectrometers
are exactly focussing. For the Johansson geom-
etry a ground and bent crystal is characteristic,
whereby the crystal is first bent on the radius
2RF of the focal circle and is then ground on the
radius RF . The corresponding geometry is rep-
resented in Fig. 3.23. This diffraction scheme al-
lows precise selective focussing with a high gain

on registration efficiency. Details of the deriva-
tion of the focussing condition, of the influence
of different factorson the received line sharpness,
on the resolution and on the luminous intensity
have been discussed by Johansson [268]. Johans-
son spectrometers work without diaphragms,be-
cause all rays satisfying the Bragg condition are
selected and after diffraction focussed onto the
focal point. In comparison to the Johann spec-
trometer the advantage here is that much larger
crystal apertures can be used.

• Von Hamos geometry. The basic idea of this ge-
ometry (see Fig.3.24) is the diffraction on a cylin-
drically bent crystal [553, 554]. The von Hamos
geometry combines the advantage of planar crys-
tal Bragg spectrometers (high resolution) and
Johann/Johansson spectrometers (higher lumi-
nosity). For example, descriptions of spectrom-
eters in the von Hamos geometry can be found
in [54,243].

• Doubly curved geometries. For specific applica-
tions new spectrometer concepts based on ori-
ented polycrystalline films deposited on doubly
curved substrates have also been introduced. For
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Fig. 3.24. Bragg spectrometer in the von Hamos geometry (after [54])

example, different geometries are discussed by
Sparks et al. [520] and Wittry [572].

Laue Spectrometer
Here the most common spectrometers are arrange-
ments named after Cauchois and DuMond, respec-
tively. Because these spectrometers work in trans-
mission geometry, they have been applied especially
for the analysis of hard X-rays and of � -radiation.

With the recovery of semiconductor detectors both
spectrometer types have lost importance, because in
the hard X-ray region semiconductor detectors show,
besides good energy resolution, a registration effi-
ciency some orders higher than that from Laue crys-
tal diffraction spectrometers.

Cauchois Spectrometer.The Cauchois diffraction ge-
ometry [101] is shown in Fig. 3.25. In this geometry a

Fig. 3.25. Laue spectrometer in the Cauchois geometry Fig. 3.26. Laue spectrometer in the DuMont geometry
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singly bent crystal is used in transmission geometry.
An extended source or a line source in the focalplane
and lengthwise across the transmission crystal (di-
vergent beam from broad focal spot) is most appro-
priate to this set-up. In the Cauchois set-up large vol-
umes or areas can be analyzed. For instance this ge-
ometry is useful for X-ray fluorescence studies with
large-area targets. In theCauchois geometry all wave-
lengths are focused simultaneously.The recording of
the diffraction images can be done with a slit detec-
tor or a position-sensitive detector, whereby differ-
ent wavelengths are recorded along the detector area.
High-resolution measurements can be realized if the
slit width is chosen equal to the intrinsic linewidth
of the crystal.

Measurements are performed by moving the slit
detector or the position-sensitive detector continu-
ously or in a step-by-step regimealong the focal circle
or with a fixed slit detector with rotating crystal.Both
cases allow us to reach the same information.

The focusing error for this arrangement is the
same as for the Johann geometry.For low X-ray ener-
gies the use of transmission geometries is restricted
because the transmission of the beam through the
crystal can lead to a signficant loss of intensity.

DuMont Spectrometers. The DuMond geometry
[158] is shown in Fig. 3.26. Here the source is ideally
a line source and is located on the focal circle. In this
geometry the X-rays diverge after Bragg reflection
and form a virtual image. For a given source-crystal
orientation the spectrometer acts as a monochro-
mator since only one wavelength will be coherently
reflected.

The original measurement procedure here is that
the diffraction angle is varied by rotating the source
and the crystal about the point C. More practically,
most instruments work with a fixed source where
the crystal and detector rotate around the point C.
For example, a description of an in-beam installed
DuMond spectrometer can be found in [424].

Characteristics of Analyzer Crystals

In Table 3.13 properties of commonly used crystals
important for X-ray spectral analysis are summa-
rized. In this way values for the lattice constant d, the

reflex intensity I and for the resolving power �/��
known from the literature are specified.

Although for an optimal measurement the reflec-
tivity of the crystal as well as the resolving power
shouldbehigh,bothquantities are alternative to each
other.Therefore the choiceof suitable analyzing crys-
tals requires a careful analysis of the single-crystal
characteristics. Based on selected crystals and ge-
ometries the most important viewpoints of such an
analysis are discussed in the following.

Influence of Instrumental Effects on the Image
Characteristics of Crystals

Most instrumental effects typical for the operation of
crystal diffraction spectrometers can be minimized
or excluded by careful construction, adjustment and
optimal operation of the spectrometer.

To consider or exclude possible sources of error
it is necessary to know which mistakes can appear
and in which order of magnitude the mistakes are
to be expected. In general different instrumental ef-
fects combine with the natural characteristics of X-
ray lines from which arise the observed intensity and
line form. The resulting instrumental effects either
become evoked through technical mistakes or are of
a fundamental nature. Here the first class of errors
are typical effects that lead to shifts of diffraction
reflexes and therefore to a change of the measured
wavelength:

1. Misorientation of the crystal with respect to the
Rowland circle.
Because the magnitude of the misorientation �r
is much smaller than the radius R of the Rowland
circle for the wavelengths shift we have

��/� ∼ �r2

R2
.

��/� remains negligibly small.
2. Mistakes in the centering or in the axiality of the

mechanical parts of the spectrometer.
In the vertical direction the axis of rotation can
be adjusted with high accuracy, but if it does not
pass through the neutral axis of the crystal it re-
sults in a wavelength shift of
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��

�
≈ �a

2 R
(3.72)

with �a as the deviation of the axis of rotation
from the neutral axis of the crystal [449].

3. Deviations of the crystals from cylindrical form.

In focussing Bragg spectrometers technical de-
fects also cause a line broadening [103].A difference
between the radiusof curvature r of the crystal andof
the effective diameter of the Rowland circle R causes
a broadening of

b1 =
t
R

|R − r| sin # (3.73)

with t as the linear aperture of the crystal. If the re-
flecting surfaces are not parallel to the axis of the
focal cylinder, but rather positioned at an angle ' ,
then the broadening is

b2 =
h
2
' cos# (3.74)

with h as the crystal height.
Fundamental effects cannot be removed by the

increase of the technical precision. These effects are
established in the nature of the diffraction process
and cause, through the finite dimensions of source
and crystal, a focussing defect. A uniform descrip-
tion of the connectedaberrations for focussing Bragg
spectrometers is given by Zschornack et al. [585]. In
Table 3.14 analytical expressions for the description
of the influence of crystal and source dimensions
on the wavelength shifts are summarized for the Jo-
hann geometry.On the basis of the characteristic R−2

dependence for all expressions, a reduction of the in-
fluence of geometrical effects on wavelength shifts
can be achieved by an increase of the diameter of the
Rowland circle.

As well as the itemized reasons that can cause a
line shift or broadening of a given diffraction reflex,
both the natural linewidth as well as the diffraction
width of the crystal causes a noticeable contribution
to the linewidth. The width of the reflection curve of
a bent crystal depends on the initial physical param-
eters of the crystal plate, the nature (elastic or plastic)
of the crystal, the quality of the bending process and
the possible grinding, as well as on the subsequent
treatment.

The influence of instrumental effects on the im-
age characteristics of crystals, i.e. properties of crys-
tal diffraction spectrometers can be modelled with
different ray-tracing techniques. For instance we re-
fer to Sparks et al. [520], Hubbard and Pantos [250],
Morita [369], Lai et al. [308], Wittry and Sun [571],
Chukhovski et al. [118] and Sanchez et al. [478].

Spectrometer Characteristics

Crystal diffraction spectrometers are often home-
made devices. This makes these devices very vari-
ably and permits them to be adapted to concrete re-
quirements. To compare individual spectrometers a
comparison of general spectrometer characteristics
is required.

Diffraction Line Width
Knowledge of the factors leading to a broadening
of diffraction reflexes allows an optimization of the
constructionof the spectrometer and operation with
respect to an optimal wavelength resolution.

Following [286] the angular width !, as it is mea-
sured for the full width at half maximum of a diffrac-
tion line, can be represented as a function

! = !(!G,!C,!X) (3.75)

of the geometrical width !G, that was caused by the
crystal width !C and the radiation width !X [286].

The geometrical width !G is a function of partial
widths depending on the geometry of the spectrom-
eter

!G = !G(!A,!S,!t,!' .) (3.76)

The quantity!a is the angle determined by the aper-
ture of a shielding diaphragm and is only of im-
portance for single-crystal spectrometers with plane
crystals. !S characterizes the angle given by the fi-
nite source width and !t is a contribution essential
only for transmission spectrometers through the fi-
nite crystal depth t. !' describes the beam diver-
gence given by the source and crystal geometry.

The angular width determined by the crystal

!K = !K (!M ,!D,!R) (3.77)

corresponds to the half-width of the intensity distri-
bution of a parallel monochromatic plane wave after
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Table 3.13. Overview of the most common crystal analyzers. The numbers in brackets mean the wavelength � in nm and
the numbers before the double point the reflection order. The indicated values for �/�� and for the reflex intensity I
carry an orienting character because the values were assembled from a multitude of single papers by [356] and [74],
completed with data from [544].For the considered values different experimental conditions were characteristic.Spacings
of ˛-sodium soap hemihydrates originate from [359].

crystal plane d[nm] I �/��

quartz 505̄2 0.0812

SiO2 224̄3 0.10149

134̄0 0.11801 0.2

202̄3 0.1375

224̄0 0.12255

213̄1 0.1541

112̄1 0.1818

202̄0 0.2123

101̄2 0.2282

102̄0 0.24565

101̄1 0.33432 0.3

101̄0 0.42548 0.1 (0.007) 16000 (0.14)

0.5 (0.69) 2: 48000 (0.14)

3: 140000 (0.14)

LiF 422 0.0823 0.1 (0.07)

420 0.0895 0.2 (0.07) > 200

220 0.142

200 0.20138 1 (0.1)

0.9 (0.07)

0.7 (0.05)

Ge 422 0.11 11000

220 0.200

111 0.32702 0.3 2300 (0.15)

3: 0.4

Si 111 0.3135 0.5 (0.23) 17000 bis 27000

(at 0.07 to 0.3)

220 0.192016

topaz 400 0.116 8900 (0.07)

Al2(F,OH)2SiO4 303 0.1356 0.25 70000 (0.07)

200 0.23246

002 0.41957
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Table 3.13. (cont.)

crystal plane d[nm] I �/��

corundum Al2O3 146 0.083
030 0.1374

mica, muscovite 311̄ 0.1695
K2O×3Al2O3×6SiO2×2H2O 2̄01 0.2535

331 0.150
100 0.516
001 0.99634 0.05 400 (1.0)

(0.17 bis 0.83) 1800 (1.76)
3: 0.35 2700 (1.94)
4: 0.1 2: 4700 (0.95)
5: 0.40
6: 0.05
8: 0.15

gypsum 200 0.2595
CaSO4×2H2O 020 0.76005 0.12 (1.46)

rock salt NaCl 200 0.282

rock sugar C12H22O11 001 0.756
100 0.1006

calcite 200 0.30355 0.3 11000 (0.14)
CaCO3 8900 (0.07)

2: 70000 (0.07)
633 0.101
422 0.1517

sylvite KCl 200 0.314

fluorite CaF2 111 0.31515
220 0.1841

graphite 002 0.335 5.5 (0.15)
C 3 (0.27)

2 (0.61)

ADP 200 0.376 830 (1.0)
NH4×H2PO4 110 0.532 0.12 1000 (0.98)

(0.27 to 0.99)
112 0.307
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Table 3.13. (cont.)

crystal plane d[nm] I �/��

PET C(CH2OH)4 002 0.43665

EDDT C2H8N2·C4H6O6 020 0.44015 0.2 (0.53) 3000 (0.8)

MoS2 001 0.615

sorbitol hexaacetate (SHA) 110 0.700

Na ˇ aluminia 0004 0.562 weak – medium
NaAl11O17 0002 1.1245 weak

crystal plane d[nm] I �/��

KAP 100 1.33171 0.2 (0.53) 2000. . . 4000
KHC8H4O4 0.1 (1.83) (1.0 bis 2.3)

670 (1.0)

clinochlor 001 1.4196 1600 (2.74)
(Mg,Fe)19Al5
[Si11Al5O40] [OH]32

indium antimonide 111 0.37403

OAO 4.5275 0.2 (9.38)

lead stearate 5.01 0.1

beryl 101̄0 0.7977

THP TlHC8H4O4 100 0.1295

RAP RbHC8H4O4 100 0.130605

OHM 0.3175
CH3(CH2)17OOC(CH)2COOH

˛-Sodium soap hemihydrates

Sodium myristate 001 8.245

C14H27O2Na· 1
2 H2O

Sodium palmitate 001 9.271

C16H31O2Na· 1
2 H2O

Sodium stearate 001 10.291

C18H35O2Na· 1
2 H2O

Sodium arachidate 001 11.323

C20H39O2Na· 1
2 H2O
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Table 3.14. Analytical expressions for the description of the influence of finite crystal and source dimensions on the
wavelength shifts ��/� for Bragg crystal diffraction spectrometers in the Johann geometry (after [585]). R is the radius
of the Rowland circle

crystal characteristic source characteristic

dimension wavelength dimension wavelength

shift ��/� shift ��/�

height h0
1

24

h2
0

R2 sin2 #
heigh z0

1

24

z2
0

R2 sin2 #

width t0 −
1

24

t2
0

R2
cot2 # width y0

1

24

y2
0

R2
sin2 #

depth r0
1

8

r2
0

R2
cot2 # depth x0 0

diffraction.!M is here the distribution caused by the
angular contribution from the microcrystallites of
a plane crystal. Depending on the individual crys-
tal structure and on the surface treatment in Bragg
spectrometers!M can take values between a few and
some ten,or rarely, to somehundredarcsec [201,356].
The quantity !D describes the diffraction width of
an ideal crystal and!R the angular width that is con-
nected with the bending of the crystal plate.

The radiation width!� for � lines is small in com-
parison with!G, but results in a non-negligible con-
tribution to the width of the X-ray transition lines.

Luminous Intensity
In order to obtain good counting statistics for the
line to be analyzed, it is required that the luminous
intensity L of the spectrometer is as large as possible.
The luminous intensity as the registration efficiency
of a photon through the relevant spectrometer is [53]

L =
§˛

4�
PL � e− � x (3.78)

where§ is the effective solid angle,˛ is the transmis-
sion of the collimator, � is the registration efficiency
of the detector used to record the diffracted X-rays
and exp(− � x) is the attenuation of the X-ray flux
through absorption processes. The reflectivity PL in
the line maximum is

PL =
PI

!
=

integral reflectivity

width of the Rocking curve
. (3.79)

In this way the integral reflectivity is defined as fol-
lows:

PI =

#+�#∫
#−�#

I(# ) d#

I0
(rad) . (3.80)

I(# ) describes the beam intensity reflected by the
atomic plane and I0 the intensity of the primary
beam. The limits of the integration region were de-
termined through ±�# , whereby the width of the
integration region as a rule is selected as the three-
fold full width at half maximum of the diffraction
line.

Because in the literature only a few inconsistent
values for the reflectivity of different crystals at var-
ious energies and diffraction orders are known, for
the estimation of the reflection power a calculation of
these dependencies often becomes necessary. For in-
stance,Cauchois and Bonelle [103] and Pinsker [429]
describe the corresponding mathematical apparatus
for the calculation of crystal reflectivities. Crystal-
lographic formulas and constants can be found for
example in Glocker [201]. Programs for the calcula-
tion of the reflectivity are also available (for example
see [586]).

It has been shown experimentally that the applica-
tion of static and alternating electric fields can influ-
ence the diffraction properties of individual crystals.
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Experimental investigations on (110) quartz planes
are described in [154] where an increase of reflectiv-
ity is observed.

Luminousity of Johansson spectrometers. Because
in wavelength-dispersive X-ray spectrometry spec-
trometers of the Bragg type are used as a rule, in

Fig. 3.27. Spectrometer geometry for the derivation of the
luminosity of a Johannson spectrometer for X-ray excita-
tion in a target by an X-ray tube (the destinations used in
the figure are explained in the text)

the following the luminousity of such a spectrome-
ter in the Johansson geometry is described following
the compilation given in [16]. In the derivation of
the luminosity we start with equation (3.78). Here in
the derivation of the analytical relationship between
the luminosity L and the spectrometer geometry we
set ˛K = 1 and contributions from the detector ef-
ficiency and from the radiation absorption are not
considered. We will assume monochromatic radia-
tion. The spectrometer geometry for the derivation
of the luminosity is represented in Fig. 3.27. Then
the luminosity for the case that a radiation source is
located at a point F yields

L1 = PL
dh dv

4�
(3.81)

with dh and dv as the corresponding horizontal and
vertical divergence of the X-ray beam for the diffrac-
tion at the crystal K.The horizontal beam divergence
is

dh =
b
q

for Q >
b D
t

. (3.82)

At the same time,q describes the distance between
the source point F and the entrance slit. The width b
of the entrance slit is determined from the condition
that any one ray in the horizontal plane is diffracted
on the crystal, i.e.

b = D sin# ı# . (3.83)

ı# is the width of the diffraction reflex. Along the
focal circle in the Johansson geometry the reflection
angle is constant and equal to # . For rays outside the
focal circle plane # decreases around the quantity

�# =
(

dv

2

)
tan# . (3.84)

Diffraction is possible on the crystal if the condition
�# ≤ ı# /2 is fulfilled. From this the vertical diver-
gence is

dv = 2
√

cot# ı# . (3.85)

Then for L1 it follows that

L1 =
PL D (ı# )3/2

√
2 sin 2 #

4� q
. (3.86)

If a target excited through a primary radiation source
is located on the point F, then the luminosity of the
spectrometer is

L = L1 L2 (3.87)

with
L2 =

s
4� p2

. (3.88)

In this way L2 describes the rate of the primary X-
rays and p is the distance between the point F and
the primary radiation source. The effectively useful
area s of the sample is limited by the crystal hight h0

and the crystal width t0

s =
t0 h0 q

D sin 
. (3.89)

Therefore for L2 and L it follows that:
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Fig. 3.28. Integral reflectivity P of a plane LiF(200) crystal
depending on the diffraction order n at different photon
energies E in the kinematical Pkin (dashed line) and in the
dynamical theory Pdyn (solid line)

Fig. 3.29. Integral reflectivity P of a plane LiF(200) crystal
as a function of the photon energy E and at different orders
of diffraction n in the kinematic Pkin (dashed line) and in
the dynamic theory Pdyn (solid line)

L2 =
t0 h0 q

4� p2 D sin 
(3.90)

L =
PL t0 h0 (ı# )3/2

√
2 sin 2#

16�2 p2 sin 
. (3.91)

Luminosity for a point source outside of the focal
circle. Consider a point source located outside the
focal circle at a distance rB from a slit localized on
the focal circle. Then it can be shown that for the
luminosity the following relations hold [319]:

plane crystal

L =
�Ÿhor �Ÿvert

4�
Pmax �D e−� (rB+4R sin# (3.92)

Johansson geometry

as equation (3.92) and

von Hamos geometry

L =
�Ÿhor �Ÿvert

4�
Pmax �D e

− 2�
Rk

sin# . (3.93)

Here �Ÿhor and �Ÿvert describe the horizontal and
vertical diaphragm aperture angles, Pmax the re-
flection power in the reflex maximum and �D the
detection efficiency of the diffracted photons. The
exponential function with attenuation coefficient �
stands for the radiation attenuation.

Reflectivities for Selected Crystal and Atomic Planes
In order to characterize integral reflectivities for in-
dividual crystals and atomic planes at different X-ray
energies and for different orders of diffraction, se-
lected values as given by Zschornack et al. [586] are
indicated. In Figs. 3.28 and 3.29 the integral reflec-
tivity for ideal monocrystals is examined for a flat
LiF(200) crystal. Note the cross-over points between
the results from kinematic and dynamic theory for
E = 100 keV at n = 2 in Fig. 3.28 and for n = 1 at
E = 55 keV in Fig. 3.29.
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Fig. 3.30. Integral reflectivity PI of quartz (101̄1) calculated
with the dynamic theory as a function of the crystal bent
radius R at different X-ray energies

Fig. 3.31. Integral reflectivity PI of LiF(200) calculated with
the dynamic theory as a function of the crystal bent radius
R at different X-ray energies

Fig. 3.32. Integral reflectivity PI of Si(111) calculated with
the dynamic theory as a function of the crystal bent radius
R at different X-ray energies

In Figs. 3.28–3.32 the integral reflectivity calcu-
lated in the framework of the dynamic and the kine-
matic theory is shown for different radii of curvature
R at different energies. The results for quartz (101̄1),

Fig. 3.33. Integral reflectivity PI of different crystals bent
with a radius of R = 324 mm depending on the order of
diffraction n at a photon energy of E = 17.4 keV (Mo K˛)

LiF(200) and Si(111) show that an increase of the
radii of curvature by two orders of magnitude lead
to a decrease of the integral reflectivity by one order
of magnitude. Crystals with bent radii of some ten
centimeters have no substantial differences in their
reflectivity.

In Fig.3.33 integral reflectivities for different crys-
tals bent with a radius of R = 324 mm are shown.For
n = 1 LiF(200) has the highest integral reflectivity,
however the reflectivity falls away steeply with grow-
ing n. On the other hand, Si(111) and quartz(101̄1)
have local maxima for higher n, which for Si(111) at
n = 3, 4 shows a five and seven times smaller reflec-
tivity.

Angular Dispersion
For the angular dispersion from the differentiation
of Braggs law (3.67) it follows that

d#
d �

=
n

2 d cos#
. (3.94)

Furthermore, from equation (3.94) we have
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dE
d#

=
E cos#

n
. (3.95)

Inverse Linear Dispersion
For bent crystals with bending radius R we have

d�
dx

=
2 d cos#

n R
. (3.96)

Resolving Power
The resolving power A is defined as

A =
�

��
(3.97)

with ��, the half-width of the apparatus-related dis-
tortion function.�� is a function of the crystal prop-
erties and additionally depends on the chosen mea-
surement geometry.

Relative Energy Resolution
For the relative energy resolution we can write

|�E|
E

=
|� sin# |

sin#
= �# cot# =

2 d
h c

�#
E
n

cos# .

(3.98)

Energy Resolution
To access an optimal energy resolution in precision
measurements different points of view must be con-
sidered; these result from the Bragg equation for the
maximumrelative error in the energy determination:

|�E|
E

=
|� sin# |

sin#
= cot# �# =

2d
hc

�#
E
n

cos# .

(3.99)
�# is the angular error resulting from the mosaic
width of the crystal and from the uncertainty in the
determination of the Bragg angle and �E is the un-
certainty in the energy calibration. To minimize the
relative error of the energy determination we must
aim to

• measure at large angles # ,
• minimize the angular error �# ,
• realize measurements at high orders of diffrac-

tion n, and
• use crystals with small lattice spacing d.

Above all, of special interest is the quantity�# . This
error consists of the width of the mosaic distribu-
tion, the mechanical precision of the spectrometer
and the statistical error from the reflex analysis.

At sufficiently high statistics line positions can be
determined with an accuracy of 1/100 of the lines
half-value or better [53]. Increasingly exact results
are achieved if narrow and intense lines are evalu-
ated, i.e. the crystals should have a large reflectiv-
ity at small mosaic widths. For the determination of
the attainable energy resolution we rewrite equation
(3.99) in the form

�E = 1.613 × 10−3 dE2 �#

n

cos

[
arcsin

(
1239.853 n

2 d E

)]
1

n
. (3.100)

In equation (3.100) E is given in eV andd in nm.From
the literature it is known that because of different
mosaic widths different exemplars of the same crys-
tal and of the same atomic plane can give different
contributions to the broadening of the reflex profile.
Depending from the related crystals and from the X-
ray energy for n = 1 themosaic widths to be expected
are in the region of some arcsec to some sexagesimal
minutes [356], which corresponds to values between
about 5 × 10−6 and 2 × 10−3 rad. Therefore for the
specification of the attainable energy resolution it is
helpful to use the quantity

�E
�#

[
eV
rad

]
= 1.613 × 10−3 dE2

cos
[
arcsin

(
1239.853 n

2 d E

)]
1

n
.

(3.101)

The quantity �E/�# characterizes the contribution
to the resolving power of the crystal depending on
the structure of the atomic crystal planes, without
containing a statement about the width of the mo-
saic distribution that should be also considered to
get quantitative values near to reality.

In Fig. 3.34 the dependence of �E/�# on the en-
ergy of the analyzed X-rays is given for n = 1 for a
row of crystals and atomic planes.
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spectrometer resolving power

plane crystal spectrometer
E
�E

= 4
R
B

h2 c2

4 d2 E2

√
1 −

h2 c2

4 d2 E2

Johansson spectrometer
E
�E

= 4
1

#FWHM

h2 c2

2 d2 E2

√
1 −

h2 c2

4 d2 E2

von Hamos spectrometer
E
�E

=
2 R

B sin# cos#

Table 3.15. Resolving power of different
Bragg crystal diffraction spectrometers

Fig. 3.34. Attainable energy resolutions �E/�# for dif-
ferent crystals and atomic planes as a function of the
photon energy E

Besides the relative energy and wavelength resolu-
tion (�E/E and ��/�) the resolution can also be de-
scribed by E/�E or �/��.Table 3.15 summarizes the
resolution of different Bragg spectrometers as given
by Lehnert [319] and Beiersdorfer et al. [54].#FWHM
is here the half-width of the rocking curve.

3.3.6 Cryogenic Detectors

Cryogenic detectors are applied for X-ray detection
in some special cases for X-ray fluorescence analysis
and for X-ray spectroscopy. The use of these detec-
tors is up to now restricted and their application fre-
quency is rather low in comparison to the use of clas-
sical semiconductor detectors. On the other hand,
cryogenic detectors can be applied for X-ray detec-
tion with an energy resolution about ten times better
than that achievable from other energy-dispersive
detectors. The cryogenic detectors used in applica-
tions of X-ray spectroscopy are:

• superconducting tunnel junctions, and
• hot-electron microcalorimeters.

As in the case of semiconductor or gas ionization
detectors here the basic detection mechanism is not
the creation of electron–ion pairs by ionization pro-
cesses in the detector material but low-energy solid-
state excitations. These excitations can be

• quasiparticles (electron- and hole-like excita-
tions in superconductors),

• phonons (quantized crystal lattice vibrations),
and

• hot electrons in a metal at low temperature.

Characteristic for all these processes is a very low ex-
citation energy of about 1 meV or lower and working
temperatures of 1 K or lower, respectively.

Although cryogenic detectors are commercial
available, their distribution is restricted because of
their price and small active areas. Therefore we will
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EX �EX basic material reference

1 keV 8.9 eV Nb leGrand et al. [318]

Friedrich et al. [185]

1.77 keV 10 eV Ta Kraft et al. [295]

5.9 keV 16 eV Ta/Al Verhoeve et al. [551]

5.9 keV 29 eV Nb/Al Frank et al. [178]

5.9 keV 12 eV Al with Pb absorber Angloher et al. [14]

Table 3.16. Energy resolution �EX

of superconducting tunnel junction
detectors. EX is the X-ray energy

give here only a short characterization of these de-
tectors and refer formore details to the reviews given
by Frank [179] and [166] and the references therein.

Superconducting Tunnel Junctions

In a superconducting tunnel junction detector X-rays
are absorbed in a superconducting film and create
quasiparticle excitations. The number of excitations
is proportional to the absorbed X-ray energy and
can reach the order of 105–106 excitations. Regis-
tration of quasiparticle excitations is possible if the
tunnelling current is measured from the tunnelling
process througha thin insulating barrier.Because the
magnitude of the tunnelling current pulse is propor-
tional to the photon energy the detector can be used
for energy-dispersive single X-ray counting.

Excellent resolution can also be achieved with
alumina superconducting tunnel junction detectors
with a lead X-ray absorbing layer [14]. Here the en-
ergy of the X-ray photon absorbed in the lead layer
is transferred to the detector by phonons.

Superconducting tunnel junction detectors have
pulse decay times in the order of 1–30 �s depending
on the detector material to be used. This means that
count rates of 10 000 pulses per second and more can
be registered. The detector size varies from 70 �m ×
70 �m to 200 �m × 200 �m. For good registration
efficiency measurements in the energy region below
1 keV have been recommended.

Hot-Electron Microcalorimeters

Hot-electron microcalorimeters are true calorimet-
ric detectors. The working principle consists of the

measurement of the temperature generated in the
detector by the absorption of an X-ray photon af-
ter photoelectron creation and following electron–
electron scattering processes. During the detection
process the measured temperature rise is propor-
tional to the deposited energy. After a single pho-
ton detection the temperature decreases back to the
initial detector temperaturewitha timeconstant typ-
ically in the order of tens to hundreds of microsec-
onds. To avoid pile-up effects recommended photon
count rates for microcalorimeters are in the order of
1000 counts per second or lower.

Hot-electron microcalorimeters have small detec-
tion areas, typically in the order of 100�m × 100�m
up to 500 �m × 500 �m. The measurement of the
temperature in the detector occurs commonly with
transition edge sensors. Such sensors consist of a
thin film of superconducting material and operate
in the transition region between the superconduct-
ing and the normal conducting state. For good en-
ergy resolution the operation temperature of the mi-
crocalorimeter must be in the order of 100 mK or
lower.Typical energy resolutions forhot-electron mi-
crocalorimeters are summarized in Table 3.17. Up to
about 10 keV the detection efficiency is quite high
and drops down at lower photon energies.

Table 3.17. Energy resolution �EX of hot-electron mi-
crocalorimeters. EX is the X-ray energy

EX �EX reference

1.5 keV 2 eV Wollmann et al. [573]
5.9 keV 4.5 eV Irwin et al. [259]
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4.1 Electron Binding Energies

The comparison of the electron binding energies as
given in Chap. 5 shows that binding energies deter-
mined by different authors have substantial devia-
tions from each other. As a rule such discrepancies
were not based on incorrectlydetermined values but
were determined by the physical nature of the inves-
tigated probe.

The values from Bearden and Burr [51] cited in
Chap. 5 were determined on the basis of the follow-
ing experimental techniques:

1. X-ray emission data from which binding energy
differences were calculated,

2. X-ray absorption data, and
3. photoelectron data.

The last two methods allow the determination of
binding energies in a direct way. Nevertheless here
the measured data for insulators differ from other
ones because here the Fermi level of the spectrome-
ter is localized between the valence and the conduc-
tion band. The data measured with method 1 can be
used for the indirect determination of atomic bind-
ing energies by a normalization procedure with the
data derived from the methods 2 or 3. Sevier [493]
extended the data basis by the consideration of

1. Auger emission data (indirect method),
2. autoionization data (indirect method),
3. energy loss data (direct method),
4. data from internal conversion (direct method if

the transition energy is known), and
5. data from the measurement of excitation curves

(direct method).

Among others, X-ray spectroscopic measurements
can be done on large probes of pure elements. Here
the sensitivity to surface contaminations as a result
of bad vacuum conditions (for instance oxidation ef-
fects, oil deposition from vacuum pumps) as a rule
is very small. On the other hand the spectroscopy of
photoelectrons can lead, in the case of insufficient
vacuum conditions, to electron binding energies for
oxides or other disturbed states different from the
values from the pure element (see also Fig. 4.1). For
metals, electron binding energies were often mea-
sured for oxides in the most common valence states.
The order of magnitude of physically and chemically
determined electron binding energy shifts is shown
in Fig. 4.1.

A detailed discussion of differences between con-
densed elementary states and compounds, for con-
ductors in the condensedand in thegasphase and be-
tween metals and insulators is given by Sevier [493],
Shirley et al. [495],Watson et al. [560], Ley et al. [325]
and Williams and Long [570]. To characterize bind-
ing energy differences in Table 4.1 atomic electron
binding energies for solids and gases were compared.

To characterize the significance of the quanti-
ties in Figs. 4.2–4.18, summarized in Chap. 5, the
quantities published by Siegbahn [503] and Bearden
and Burr [51] were compared with those from Se-
vier [493]. For atomic inner-shells a consistency of
± 1 eV is characteristic for most data. Only above
Z = 80 are there greater deviations for all subshells.
Deviations for outer shells (N, O) are up to one order
of magnitude higher. If ultimate precision from the
data is demanded a detailed analysis for the individ-
ual element with consideration of the data extraction
strategy is imperative.
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Table 4.1. Atomicelectron binding energies for solids and gases measured with different methods (after [144]).The errors
for the last significant positions are given in parentheses. Symbols: XPS – X-ray photoelectron spectroscopie;AES – Auger
electron spectroscopy; XAS – X-ray absorption spectroscopy

Z element shell EXPS [eV] EXPS [eV] EAES [eV] EXAS [eV]

gas solid state gas solid state

11 Na 1s 1074.0 (1) 1079.1 (3) 1072

2s 70.84 (10) 65.7 (1)

3s 5.14 3.5

12 Mg 1s 1311.2 (3) 1306.7 (1) 1311.3 (3) 1303

2s 94.0 (5) 92.25 (10) 96.5 (3) 63

2p1/2 54.8 (5) 52.9 (1) 57.85 (10) 57.54

2p3/2 54.8 (5) 52.9 (1) 57.57 (10) 57.54

21 Sc 2s 503.2 (10) 501.5 (3)

2p1/2 408.4 (10) 407.08 (10)

2p3/2 403.9 (10) 402.15 (10)

3s 56.4 (10) 54.64 (10)

3p1/2,3/2 33.6 (10) 31.84 (10)

26 Fe 2s 857 (2) 6 853 (2)

2p1/2 733 (1) 725.15 (20) 720.8

2p3/2 720 (1) 712.05 (20) 707.4

3s 104 (1) 96.06 (20)

3p1/2, 3/2 66 (1) 57.54 (20) 54

30 Zn 2s 1203 (1) 1200.46 (25)

2p1/2 1052.0 (3) 1049.39 (15) 1045

2p3/2 1029.1 (3) 1026.26 (15) 1022

3s 145.0 (1) 144.18 (15)

3p1/2 95.6 (15) 98.7 (7) 86

3p3/2 93.00 (15) 96.1 (5)

82 Pb 4f7/2 144.0 (5) 104.5 143.6 (1)
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Fig. 4.1. Atomic electron binding energy shifts as a result of the physical and chemical influence of the environment
(after [493]). For comparison K X-ray energy shifts as a result of chemical effects are also given

Fig. 4.2. K-shell electron binding energy differences between results published by Bearden and Burr [51] (EB(Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �
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Fig. 4.3. L1-shell electron binding energy differences between results published by Bearden and Burr [51] (EB(Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �

Fig. 4.4. L2-shell electron binding energy differences between results published by Bearden and Burr [51] (EB(Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �
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Fig. 4.5. L3-shell electron binding energy differences between results published by Bearden and Burr [51] (EB(Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �

Fig. 4.6. M1-shell electron binding energy differences between results published by Bearden and Burr [51] (EB(Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �
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Fig. 4.7. M2-shell electron bindingenergy differences between results published by Beardem and Burr [51] (EB(Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �

Fig. 4.8. M3-shell electron binding energy differences between results published by Bearden and Burr [51] (EB(Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �
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Fig. 4.9. M4-shell electron binding energy differences between results published by Bearden and Burr [51] (EB(Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �

Fig. 4.10. M5-shell electron binding energy differences between results published by Besrden and Burr [51] (EB (Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �
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Fig. 4.11. N1-shell electron binding energy differences between results published by Bearden and Burr [51] (EB (Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �

Fig. 4.12. N2-shell electron bindingenergy differences between results published by Bearden and burr [51] (EB(Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �
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Fig. 4.13. N3-shell electron binding energy differences between results published by Bearden and Burr [51] (EB (Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �

Fig. 4.14. N4-shell electron binding energy differences between results published by Bearden and Burr [51] (EB (Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �
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Fig. 4.15. N5-shell electron binding energy differences between results published by Bearden and Burr [51] (EB (Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �

Fig. 4.16. N6-shell electron binding energy differences between results published by Bearden and Burr [51] (EB (Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)). The case that both differences coincide is marked by �
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Fig. 4.17. N7-shell electron binding energy differences between
results published by Bearden and Burr [51] (EB(Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)).
The case that both differences coincide is marked by �

Fig. 4.18. O1-shell electron binding energy differences between
results published by Bearden and Burr [51] (EB(Bearden)),
Siegbahn [503] (EB(Siegbahn)) and Sevier [493] (EB(Sevier)).
The case that both differences coincide is marked by �
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Basing on photoelectron measurements of abso-
lute energy levels for 81 elements and X-ray absorp-
tion wavelengths for eight elements a reevaluation
of X-ray atomic energy levels was made by [51]. The
energy levels of the remaining elements were inter-
polated by Moseley’s law using energy levels from
adjacent elements.

During the evaluation, the circumstance is used
that X-ray emission wavelengths are reevaluated and
placed on a consistent Å∗ scale by Bearden [50]. In
most cases this results in an overdetermined set of
equations for energy level differences which is solved
by a least-square procedure. In this way probable er-
rors of energy level differences are also determined.
Including the results fromtheabove experimental in-
vestigations absolute energiesof atomic energy levels
were determined.

The electron binding energy data known from the
literature were based on the analysis of results from
different experimental techniques. This is the rea-
son that uncertainties of conversion factors or of en-
ergy standards influence the derived results. In the
course of the last few years the precision of calibra-
tion normals andof conversion factorshas increased.
Therefore the uncertainties of calibration normals
and conversion factors for the determination of elec-
tron binding energieshas further decreased.As result
we derive, considering results with increased preci-
sion,a mean shift of the results from [51] by 13.4 ppm
in the direction of increasing energy [493]. Thus the
K-shell binding energies from Bearden and Burr [51]
shift as

+0.5 eV for Z > 55,
+1.0 eV for Z > 76,
+2.0 eV for Z > 100 .

All other electron binding energies increase by 0.5
eV. Not included in Chap. 5 are the best available
theoretical values. Deviations of calculated electron
binding energies from experimental results can be
explained by the fact that calculations as a rule were
done for free atoms although the experimentally de-
termined quantities were derived from solid state
or from chemical compounds. Furthermore, not all
published calculated data were derived on the high-

est possible level so that certain contributions to the
electron binding energies were neglected.

4.2 X-Ray Transition Energies

4.2.1 Standard Energy Range

The discussed problems and open questions by the
determination of electron binding energies are re-
flected as well at comparisons between X-ray en-
ergies determined in different experimental ap-
proaches. To characterize the values used in Figs.
4.19–4.21 in Chap. 5 selected X-ray transition lines
were mutually compared. As a standard of com-
parison, X-ray transition energies were determined
from electron binding energies derived with high-
resolving electron spectroscopy [503]. The typical
deviations are, for the K series, in the order of 10
ppm of the transition energy and, for the M series,
of about 100 ppm. As a rule activities to increase the
precision of X-ray transition energies occur for three
classes of experiments:

Measurements with direct indicating instruments.
Wavelength-dispersive measurements were realized
by absolute angle determinations with inteferomet-
ricaly calibrated crystals where only an optical wave-
length as external reference is used or the measure-
ment is done with precise angle encoders [276,277].
The errors gained with this method at the determi-
nation of K˛1 transition energies range from 8 meV
for argon to 280 meV for uranium.

Relative measurements to directly measured � lines.
Borchert [78], Hungerford et al. [255] and Barreau
and Börner [43] used focussed crystal diffraction
spectrometers to measure X-ray transition energies
relative to the411 keV � line in 198Hg (seeSect.3.1).In
detail this method has been used to determine X-ray
transitions in selected heavy elements with Z > 69.
For instance, for the K˛1 transition energy in ura-
nium an error of 500 meV has been obtained.

Relative measurements to directly measured X-ray
transitions.There are also the investigationsof Bear-
den et al.[49,50] andBorchert et al.[80].Theobtained
precision has been characterized by the errors for the
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Fig. 4.19. Differences �E of experimentally determined K˛1 X-ray transition energies E depending on the atomic number
Z. Results from Bearden [50] (E (Bearden)), Cauchois and Senemaud [104] (E (Cauchois)) and Siegbahn [503] (E (Sieg-
bahn)) are compared. In the lower part relative deviations in relation to the results derived by Siegbahn [503] are given
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Fig. 4.20. Differences �E of experimentally determined L˛1 X-ray transition energies E depending on the atomic number
Z. Results from Bearden [50] (E (Bearden)), Cauchois and Senemaud [104] (E (Cauchois)) and Siegbahn [503] (E (Sieg-
bahn)) are compared. In the lower part relative deviations in relation to the results derived by Siegbahn [503] were given
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Fig. 4.21. Differences �E of experimental determined M˛1 X-ray transition energies E in dependence from the atomic
number Z. Results from Bearden [50] (E (Bearden)), Cauchois and Senemaud [104] (E (Cauchois)) and Siegbahn [503]
(E (Siegbahn)) are compared. In the lower part relative deviations in relation to the results derived by Siegbahn [503]
were given

measurements of the K˛1 lines of selected elements.
For instance, for theAI K˛1 line an error of6 meV and
for the Bi K˛1 line an error of 1,37 eV was derived. A
discussion of individual wavelength ratios derived
by different authors can be found in Deslattes and
Kessler Jr. [144].

Calculated data for isolated neutral atoms derived
from the Livermore Evaluated Atomic Data Library
(EADL) were published by Perkins et al. [423] in July

1991. Here K and L shell radiative rates are accurate
to about 10%; for outer subshells inaccuracies of up
to 30% could be realistic. Transition energies of the
M series can deviate from experimental measured
values by 10 eV. If cited, these data give a first indica-
tion of the transition energy, but high precision, as is
necessary for special cases in element X-ray fluores-
cence analyze (overlap between L and M lines), has
not been achieved. If available it is recommended to
use other experimental data to first order. The au-



162 4 Data Base

thors mentioned that nonradiative widths for inner-
shell vacancies are given better than 15% if Coster–
Kronig or super Coster–Kronig transitions do not
take place. In this case the nonradiative widths can
be overestimated by a factor of two.

In [423] basic subshell data and radiative widths
are taken from Scofield, partially published in [486,
488, 489]. Nonradiative widths are from Chen et al.
[108–111,114,115].

The work of Bearden [50] contains a recompu-
tation of more than 2700 X-ray emission and ab-
sorption wavelengths of experimentally determined
quantities. As a basis for the reevaluation as an X-
ray wavelength standard, the W K˛1 line is used to
establish an absolute angstrom basis (�W K˛1 =
(0.2090100 ± 1 ppm)). This value was used to define
a new unit Å∗ in such a way that it yields

�W K˛1 = 0.2090100Å∗

i.e.
1Å∗ = 1Å∗ ± 5ppm .

To cover various regions of the X-ray spectrum
secondary standards are established with the highest
precision available in 1967:

�Ag K˛1 = (0.5594075 ± 1.1 or 5.5 ppm) Å∗
�Mo K˛1 = (0.709300 ± 1.3 or 5.2 ppm) Å∗
� Cu K˛1 = (1.540562 ± 1.3 or 5.2 ppm) Å∗
� Cr K˛1 = (2.293606 ± 1.3 or 5.2 ppm) Å∗

For the two given uncertainties the first value is re-
lated to theW K˛1 transition line asprimary standard
and the second one takes into account the probable
error of ± 5 ppm in the conversion factor.

Comparisons of tabulated calculated X-ray tran-
sition energies (for instance see Huang et al. [249] or
Perkins et al. [423]) with experimental transition en-
ergies based on the data from Siegbahn [503] about
wide regions showsdeviations in theorder of eV.This
fact can be explained by the neglect of correlation ef-
fects and other contributions in the calculations. For
instance, the influence of a finite nuclear charge dis-
tribution is discussed by Chen et al. [113].

Data preferentially derived due to excitation by
electrons or photons are known from Cauchois and

Senemaud [104].In this paper data from wavelength-
dispersive X-ray transition and absorption edge
measurements available in the literature up to the
end of 1976 are evaluated. The conversion factors are

  =
�/Å
�/kXu

=
�/mÅ
�/Xu

= 1.0021017 (0.6 ppm)

�

Å
× E

eV
= 12398.52

which gives

�

Xu
× E

keV
= 12372.52.

For the Rydberg constant it is assumed that

R∞ = 109737.3143(10) cm−1 .

A comparison of the measured most precise X-ray
transition energies with calculated results with con-
sideration of contributions from vacuum polariza-
tion, velocity-dependent Breit interactions, the nu-
clear shape and contributions of the electron self-
energy under consideration of the electronic screen-
ing is given by Deslattes and Kessler Jr. [144]. Here
characteristic deviations between experiment and
theory were in the order of 100 meV up to 10 eV
depending on the atomic number and on the indi-
vidual transition. For the mutual comparison of pre-
cision data the excitation conditions must also be
considered. As a rule different excitation processes
lead to energy shifts lying in the error region as given
in Chapter 5 for the X-ray transition energies listed
there.

In [145] K and L X-ray transition energies of all
elements for Z = 10–100 are tabulated. The sum-
marized X-ray transition energies are the result of
a combination of theoretical calculations with se-
lected experimental data. Here for conversions of
wavelength transition data from primary measure-
ments to eV the relation

E[eV] =
12398.41857(49)

�[Å]

has been applied. Because of the small uncertainty
here the authors pointed out that the energy and
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wavelength representations can be treated as metro-
logically equivalent.

In [145]the authors give a detailed discussion of
the precision of the experimental data and they dis-
cuss in detail the theoretical uncertainty of calcu-
lated data and in this context also theoretical issues
unresolved until now.

4.2.2 Soft X-Ray Energy Region

In the soft X-ray energy range below 1 keV, spectrum
analysis can be hindered due to the high density
of transition lines, i.e. often some line interference
can occur. Additionally, imprecisely known transi-
tion energies and line intensity ratios can lead to
misinterpretations in the spectrum analysis. To im-
prove this situation different authors give reports on
special studies in the low-energy region. Uncertain-
ties in the analysis of M X-ray spectra of rare earth
elements were analyzed by Labar and Salter [305].
For the energy region 100 eV ≤ EX ≤ 700 eV Ass-
mann and Wendt [18] found differences of up to two
orders of magnitude in comparison with other au-
thors. A reinvestigation of L-spectra in the Z-region
24 ≤ Z ≤ 33 was undertaken by Assmann et al. [19]
and Scheffel et al. [481] report on new results for
the iron L-spectrum. X-ray M spectra in the region
39 ≤ Z ≤ 56 were studied by Wendt [564]. New data
for electron excited M X-ray spectra of the elements
55 ≤ Z ≤ 58 can be found in Dellith andWendt [134].

4.3 X-Ray Fluorescence Yields

4.3.1 K-Shell X-ray fluorescence Yields

Precise available values of fluorescenceyields are im-
portant for various investigations in areas such as
atomic physics, nuclear physics and materials sci-
ence, as well as for applied physics. Because of the
insufficient correspondence between fluorescence
yield measurements published in the literature of-
ten semiempirical relations were used to describe
the fluorescence yields ! as a function of the atomic
number Z.

The first relation for the approximation of K shell
fluorescence yields as a function of Z was given by

Wentzel [566]:

!K

1 − !K
≈ 10−6 Z4 . (4.1)

For the derivation of equation (4.1) Wentzel [566]
considers only L electrons under neglect of screening
and relativistic effects. After further studies Burhop
[90] deduced that a more exact description needs a
modification of equation (4.1) in the form that some
constants must be entered. An overview of possi-
ble approximation formulas for semiempirical fits
of the K shell fluorescence yield can be found in
Bambynek et al. [38]. The same authors published
a three-parameter approximation with the form(

!K

1 −!K

)1/4

= 0.015 +0.0327 · Z − 0.64 · 10−6 · Z3 .

(4.2)
Nevertheless a detailed analysis shows that these rec-
ommended empirical values have somewhat system-
atic deviations from experiment.The deviations have
a characteristic Z-dependence since they are depen-
dent on the electronic configuration of the actual
outer electron shells. Thus an improved approxima-
tion was published by Hanke et al. [224]:

!K = 3.3704 · 10−1 − 6.0047 · 10−2 Z

+ 3.3133 · 10−3 Z2 − 3.9251 · 10−5 Z3 .

(4.3)

The range of validity for equation (4.3) was given as
12 ≤ Z ≤ 42 [224].

Deviations of K-shell fluorescence yields from
Bambynek et al. [38] and Krause [300] in compar-
ison to the values given by Bambynek [39] are shown
in Fig. 4.22.

The data sets used forcomparison were composed
from data derived with different measurement meth-
ods aswell as by different excitation methods (impact
ionization by charged particles, photoionization, in-
ternal conversion, electron capture, higher effects in
the nuclear decay). Methods known from the liter-
ature for the determination of fluorescence yields
are summarized in Table 4.2. A detailed description
of the techniques used was given by Bambynek et
al. [38].A critical estimation of individual techniques
can be found by Langenberg and van Eck [309]. A
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report of the available experimental and theoretical
information on fluorescence yields ofK,L and higher
shells was summarized by Hubbell in 1989 [252] and
somewhat later by Hubbell et al. [253].

The values given by Krause [300] were evaluated
by the author and characterized with the errors given
in Table 4.3.

4.3.2 L X-Ray Fluorescence Yields

Experimental techniques for the determination of
L-shell fluorescence yields were discussed by Bam-
bynek et al. [38].

Discontinuities in Coster–Kronig transition prob-
abilities for Z-regions where the energetic threshold
for intense groups of Coster–Kronig transitions were
of importance influence the value of corresponding
fluorescence yields (see also Table 2.20).

For the L1 subshell the Coster–Kronig yield is the
dominant component of the L1 deexcitation channel.
Thus the quality of their determination has a decisive
influence on the class of the determined fluorescence
yield. This is of significant importance in regions
where directly measured values were not available or
are not known precisely enough.

The uncertainties estimated by Krause [300] for
thedetermination of fluorescenceyields andCoster–
Kronig yields fitted by him between the individual
L-subshells are summarized in Table 4.4. In Table
4.4 the greatest uncertainties were observed for light
elements. This is connected with the circumstance
that the used values as a rule were determined from
molecules or theoretical yields derived on the basis
of single-particle calculations. This means there it is
not considered that in these Z-regions many-body
interactions [273] and chemical effects were of im-
portance. The strong influence of many-body effects
on M-shell Coster–Kronig transitions was discussed
by Ohno andWendin [399].These effects also appear
in a weaker form in the atomic L shells and cause,
in comparison to the values given in [300], a reduc-
tion of the Coster–Kronig widths in the vicinity of
the discontinuities in the fluorescence yield curves
and can lead to uncertainties greater than the given
values.

An approximation for the L3 fluorescence yield
in the range 38 ≤ Z ≤ 79 is given by Hanke and
Wernisch [224]

!L3 = 4.41 · 10−2 − 4.7559 · 10−3 Z + 1.1494 · 10−4 Z2

−1.8594 · 10−7 Z3. (4.4)

Average L shell fluorescence yields were evaluated
for elements with 56 ≤ Z ≤ 92 by Singh et al.
[505]. Tables of calculated L subshell fluorescence
yields and Coster–Kronig transition probabilities in
the element range 25 ≤ Z ≤ 96 are known from
Puri et al. [436]. Detailed investigations of Coster–
Kronig transition probabilities were done by dif-
ferent authors and listed for instance by Sogut et
al. [511, 513]. In detail this concerns papers from
Ohno [400],Broll [87], Semmes et al. [492],Rani et al.
[445], Zararsiz and Aygün [583], Sorenson [517,518],
Jitschin et al. [265], Xu [578], Hubbell et al. [253],
Allawadhi et al. [9], Baydas et al. [45] and Kim et
al. [281]. The influence of the chemical environ-
ment on Koster–Kronig transition probabilities is
discussed in [513] for measurementson tungsten and
lead.

4.3.3 M X-Ray Fluorescence Yields

To this day the knowledge of M-shell deexcitation is
relatively incomplete.Fortunately this information is
for many experiments of secondary interest in com-
parison to information on K and L shell deexcita-
tion.For heavy elements it yields that M-MN Coster–
Kronig transitions dominate in relation to the corre-
sponding M-NY and M-XY Auger transitions and to
the M-N and M-Y X-ray transitions. Corresponding
observations for a lighter element are reported by
Mehlhorn [353] for the case of krypton.

For M-shell Coster–Kronig transitions addition-
ally the contribution of super Coster–Kronig tran-
sitions must be considered, which appear in certain
regions of the periodic table of elements. Here a va-
cancy in a subshell i leads to two vacancies in the sub-
shell j of the shell with the same principal quantum
number. To quantify such processes McGuire [350]
calculates a quantity Sij which describes the mean
number of Mj vacancies produced as the first step of



4.3 X-Ray Fluorescence Yields 165

Table 4.2. Methods for the determination of K-shell fluorescence yields (after [38,39]). P – given accuracy in percent ;
Pmax – estimated accuracy, G – gas, S – solid state, EC – electron capture, IC – internal conversion,AES – Auger electron
spectroscopy

Nr. method creation of
the primary
vacancy by

target element range P Pmax

1 fluorescence excitation
in gas targets

X-rays G 6 ... 54 0.5 ... 22 2

2 fluorescence excitation
in solid states

X-rays S 3 ... 56 0.2 ... 50 3

3 AES and
conversion electron
spectroscopy

IC, EC S 43 ... 93 0.3 ... 9.0 2

4 AES, X-ray- and
ˇ-spectroscopy

EC S 80 1.7 2

5 AES and K X-ray
spectroscopy

EC G 17 ... 54 0.3 ... 6 1

6 AES and K X-ray
spectroscopy

EC S 6 ... 99 0.9 ... 37 5∗

7 K X-ray and � - or con-
version electron spec-
troscopy

EC
leading to
metastable
states

S 27 ... 49 5.9 ... 8.9 5

8 determination of the
K X-ray emission
and deexcitation rate

EC S 23 ... 55 0.5 ... 10.0 1

9 K X-ray - � or
K X-ray - K
conversion electron
coincidences

EC, IC S 22 ... 97 1.1 ... 9.0 2

10 bubble chamber tech-
nique

X-rays G 8 ... 54 3 ... 75 15

11 jump of the photoion-
ization current at the K-
edge

X-rays G, S 22 ... 53 – 20

12 photoemulsion
technique

EC S 84 5.6 15

13 excitation with e−, p,˛
heavy ions

G, S 6 ... 25 6.4 ... 53 15∗∗

∗ for high Z;

∗∗ at simultaneous detection of X-rays and Auger electrons
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Fig. 4.22. Residuals of K-shell fluorescence yields !K regarding the values from Bambynek [39] as a function of the atomic
number Z. The semicolon line gives the ratio to the values from Bambynek et al. [38], the solid line those in relation to
Krause [300], the dotted line the ratio to the theoretic relativistic values from Chen et al. [111] and the broken line the
relation to the theoretic nonrelativistic values from Walters and Bhalla [557]

decay of a vacancy Mi. In Table 4.5 values of Sij and
calculated Coster–Kronig probabilities f45 are listed.

Because of the small basis of data for experimen-
tally determined M-shell data it is difficult to un-
dertake a comparison with calculated data sets. Thus
further experimental investigations are required. A
description of different techniques to determine M-
shell fluorescence yields can be found in Bambynek
et al. [38].

Mean M-shell fluorescence yields !̄M for the el-
ement region 29 ≤ Z ≤ 100 were calculated by
Öz et al. [405]. Total M-shell fluorescence yields for

19 ≤ Z ≤ 100 are given by Hubbell et al. [253].
From measurements of !̄M errors of up to 50% are
known [446]. Fit values of M subshell fluorescence
yields and Coster–Kronig transitions for elements
with 20 ≤ Z ≤ 90 were published in [512]. Here the
basis of the fit were data published by McGuire [350]
for selected elements in the region 22 ≤ Z ≤ 92.

Table 4.3. Estimated uncertainties (in %) of the K-shell fluorescence yields fitted by Krause [300]

Z atomic number region

5 10 20 30 40 50 60 70 80 90

to to to to to to to to to to

10 20 30 40 50 60 70 80 90 100

�!K 10 5 3 3 2 1 1 1 1 1

to to to to

40∗ 10 5 2

∗) The yields for solid states and molecules could be different in the indicated Z-region
than the values given in the table.
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Table 4.4. Estimated uncertainties (in %) for L-shell fluorescence yields !1,2,3 and Koster–Kronig yields f (after [300])

Z atomic number region

10 20 30 40 50 60 70 80 90

to to to to to to to to to

20 30 40 50 60 70 80 90 100

!1 ≥ 30∗ 30∗∗ 30∗∗ 20 ∗∗ 15 15 15 15 15

... ... ...

30 20 20

!2 ≥ 25∗ 25∗,∗∗ 25 10 10 5 5 5 10∗∗

... ... ...

25 10 ...

!3 ≥25∗ 25∗ 20 10 5 5 3 3 3 ... 5

... ... ... ...

20 10 5 ...

f1 3∗ 5∗ 5 5∗∗ 15 10 5∗∗ 5 5

... ... ...

10 10 10

f12 10∗ 15∗ 15 20∗∗ 20 15 20∗∗ 10 10

...

50

f13 5∗ 10∗ 10 10∗∗ 15 10 5∗ 5 510

... ... ... ...

... ... 10 10

f23 - ≥40∗ 20 20 20 15 15 15∗∗ 15

... ...

30 20

∗) The yields for solid states and molecules could be different in the indicated Z-region
than the values given in the table.

∗∗) In the vicinity of the discontinuities of the given curves the uncertainties can be
greater than the given values.
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Table 4.5. Calculated mean number Sij of Mj vacancies produced in the first decay step of an Mi vacancy and theoretical
M-shell Coster–Kronig probabilities f45 (after [350]).

Z S12 S13 S14 S15 S23 S24 S25 S34 S35 f45

20 0.328 0.655

22 0.319 0.639 0.314 0.471 1.057 0.672 0.509 1.220

23 0.315 0.631 0.335 0.503 1.089 0.820 0.558 1.280

24 0.319 0.638 0.397 0.596 1.123 0.834 0.612 1.342

25 0.312 0.623 0.357 0.538 1.108 0.797 0.589 1.317

26 0.311 0.621 0.371 0.556 1.116 0.815 0.600 1.329

27 0.308 0.616 0.376 0.564 1.120 0.817 0.602 1.335

28 0.307 0.614 0.381 0.566 1.122 0.827 0.609 1.341

29 0.304 0.608 0.406 0.610 1.133 0.850 0.623 1.360

30 0.283 0.566 0.374 0.561 1.107 0.811 0.597 1.320

32 0.249 0.522 0.273 0.409 1.085 0.786 0.580 1.292

36 0.270 0.540 0.086 0.127 0.919 0.516 0.395 1.039

40 0.278 0.475 0.108 0.163 0.032 0.591 0.309 0.252 0.677

44 0.305 0.457 0.065 0.124 0.067 0.550 0.283 0.236 0.672

47 0.343 0.461 0.065 0.097 0.073 0.570 0.258 0.223 0.689

50 0.315 0.475 0.067 0.101 0.016 0.604 0.252 0.213 0.678

54 0.238 0.505 0.081 0.122 0.031 0.612 0.233 0.206 0.688

57 0.195 0.506 0.094 0.140 0.034 0.557 0.282 0.198 0.678

60 0.236 0.489 0.092 0.128 0.057 0.644 0.172 0.174 0.712 0.267

63 0.338 0.485 0.070 0.100 0.062 0514 0.137 0.165 0.720 0.369

67 0.266 0.527 0.061 0.090 0.106 0.667 0.120 0.145 0.751 0.408

70 0.272 0.525 0.056 0.091 0.116 0.680 0.105 0.141 0.761 0.479

73 0.197 0.561 0.065 0.115 0.114 0.674 0.106 0.082 0.810 0.411

76 0.161 0.594 0.067 0.109 0.107 0.684 0.098 0.106 0.764 0.418

79 0.148 0.594 0.067 0.112 0.114 0.673 0.095 0.114 0.782 0.046

83 0.109 0.650 0.065 0.095 0.103 0.662 0.083 0.094 0.750 0.035

86 0.143 0.593 0.069 0.100 0.128 0.610 0.093 0.072 0.768 0.065

90 0.072 0.690 0.063 0.091 0.116 0.623 0.088 0.097 0.725 0.066

4.4 Natural Atomic Level Widths and Widths of
X-Ray Transition Lines

Because the natural energetic linewidths of X-ray
transitions result as a sum of the energetic level
widthsof the atomic substates involved in the consid-
ered X-ray transition (see Sect. 2.3.3) in the following
both quantities are discussed together.

Experimental atomic level widths are not known
for all elements. Most information is available for K-
shell data. Experimental values for the K˛ linewidths
and for K-shell level widths are known for exam-
ple from Allinson [10], Richtmyer and Barnes [453],
Ingelstam [258] and Parratt [416]. More presently
measurements are published by Gokhale [202], Bro-
gren [86], Watanabe [558], Nelson et al. [374, 377],
Svensson et al. [535] and Agren et al. [3].
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Table 4.6. Estimated errors (in %) of semiempirical values of natural linewidths and level widths (after [301])

level atomic number region

or 10 20 30 40 50 60 70 80 90

line to to to to to to to to to

20 30 40 50 60 70 80 90 100

K 10∗ 5 5 4 4 3 3 3 4

L1 30∗ 30∗ 30∗∗ 25∗∗ 20 15 15 15 20

L2 25∗ 25∗ 25∗∗ 20 10 10 10 10 10∗∗

L3 25∗ 25∗ 20 15 10 10 8 8 8

K˛1,2 10∗ 7∗ 6 5 4 4 3 3 4

∗) Error resulting from the neglect of many-body effects are not included.

∗∗) In the region of Coster–Kronig discontinuities the errors can exceed the given
values.

Experimental values for L-shell level widths de-
rived by measurements of absorption edges and of
the form of absorption and emission lines are given
by Leisi et al. [320] based on the original data from
Richtmyer [453], Parratt [417], Beeman and Fried-
man [52] and Bearden and Snyder [48]. More mod-
ern values for example are known for free atoms
from Mehlhorn [353], Wuilleumier [575] and Nord-
green [397].

The semiempirical linewidths published by
Krause and Oliver [301] are atomic widths.Generally
atomic widths are smaller than observed in experi-
ment. Here the reason is that different effects such
as for example multiplet splitting and multiple ion-
ization processes can lead to a widening of levels
or emission lines. Apart from light elements these
widenings are small in comparison to the natural
level width.A detailed discussion of widening effects
are given in Sect. 2.2.2.

The errors of the determination of level widths re-
sult from a quadratic summation of the errors from
the fluorescence yields and of the X-ray emission
rates, respectively. Here the dominant part results
from the X-ray fluorescence yields [300]; see also Ta-
bles 4.3 and 4.4. The error of the K X-ray emission
rate is assumed by Krause and Oliver [301] to be 3–
5% and the errors of L-subshell rates are 4–7%.These

estimations relate to a comparison of calculated ra-
tios with the following experimental data:

• X-ray intensity ratios for transitions including
different main quantum numbers according to
[472],

• K˛ X-ray linewidths for heavy elementswhere the
radiative width dominates [426,473].

Opposite to the errors assumed in [301] based on a
comparison with experimental intensity ratios [489]
estimate for the K X-ray emission rate an uncertainty
of about 2%. Errors for the determination of the
linewidth result from the combined errors of the in-
dividual components. The errors derived in this way
are summarized in Table 4.6.

The uncertainties for the determination of ener-
getic widths of K˛ transitions are dominantly in-
fluenced by the errors for the determination of the
K-shell level width. Large uncertainties are typical
for low atomic numbers because here the errors of
the fluorescence yields are high because of the small
amount of experimental and calculated data (see also
Table 4.3 [273]). A graphical representation of this
situation is given in Figs. 4.23 and 4.24. Here the be-
haviour of K-shell level widths in the region Z > 40
can be approximated as [320]:


 (K) = 1.73 · 10−6 Z3.93 eV . (4.5)
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Fig. 4.23. Natural energetic linewidths of K˛1 transitions as
a function of the atomic number (after [301]). The solid
line relates to data from [301]. For comparison fitted data
from [473] (�) and values from [119] (�) are also given.

Fig. 4.24. Natural energetic linewidths of K˛2 transitions as
a function of the atomic number Z (after [301]). The solid
line relates to data from [301]. For comparison fitted data
from [473] (�) and values from [425] (◦) are also given.

The semiempirical values from Krause and Oliver
[301] shown in Figs. 4.23 and 4.24 show a continuous
rise with increasing atomic number, while the fitted
data from Pessa et al. [425] and Salem and Lee [473]
have the samedeviations fromthedata given in [301].
In the region between Z = 21 and Z = 28 the increas-
ing widths can bepartially explained by the exchange
interaction of a 2p hole with the incompletely filled
M shell.

In Fig. 4.25 absolute deviations of results derived
by several authors in comparison to those given in
[301] are shown. Deviations for K˛1 and K˛2 transi-
tion lines in different regions were explained in [301]
with imprecise initial data for the approximations
done by other authors. The values from [425] in the
region Z < 90 give a satisfying correspondence to
that from [301] and the mean deviation to the results
published in [377] does not exceed the 2% boundary.

4.5 X-Ray Emission Rates

In physical practice the evaluation of X-ray emission
rates as a rule occurs by comparison of the inten-

Fig. 4.25. Absolute deviations of values from selected au-
thors in comparison to the energetic widths 
 given in
[301] for the K˛1 and K˛2 X-ray transitions (after [301]).
An arbitrary selected boundary for an error region of ±
10% is shown
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Table 4.7. Comparison of experimental and theoretical K˛2 /K˛1 intensity ratios. Z – atomic number; A – intensity ratios
calculated by Reiche [448] on the basis of relativistic wavefunctions from the GRASP-code published by Grant et al. [214]
under consideration of all multipole orders of the radiation field in frozen core approximation; B – intensity ratios
calculated by Scofield [487]; E – experiment

Z A B E reference to E

26 Fe 0.5061 0.5107 0.506± 0.01 Salem and Wimmer [470]

0.507± 0.01 McCrary et al. [343]

30 Zn 0.5096 0.5142 0.513± 0.01 Salem and Wimmer [470]

38 Sr 0.5163 0.5205 0.521± 0.01 Salem and Wimmer [470]

48 Cd 0.5286 0.5317 0.544± 0.01 Salem and Wimmer [470]

50 Sn 0.5313 0.5343 0.541± 0.01 Salem and Wimmer [470]

0.531± 0.01 McCrary et al. [343]

56 Ba 0.5407 0.5428 0.533± 0.01 McCrary et al. [343]

78 Pt 0.5879 0.5850 0.563± 0.03 Nelson et al. [374]

80 Hg 0.5926 0.5899 0.595± 0.03 Nelson et al. [374]

sity ratios connected with these rates. Intensity ra-
tios are observables in the experiment, and often at
the same time are prerequisites for the analysis of
measured X-ray spectra. To determine X-ray inten-
sity ratios over the whole Z-region theoretical ra-
tios calculated with self-consistent field models (see
for instance Babushkin [29–31], Scofield [486–489],
Chen and Craseman [116], Rosner and Bhalla [460],
Lu [329],Manson andKennedy [335],Bhalla [65–67])
or approximations from experimental determined
intensity ratios (see for instance Salem et al. [472],
Nelson et al. [376], Salem and Schultz [471]) can be
used.

The in Sect. 5 calculated values of the X-ray emis-
sion rates are given. For the experimentally based
approximation of X-ray line intensities a compari-
son of X-ray emission rates among each other is only
permitted if X-ray transitions with the same initial
vacancy are considered. If this is not the case than
the line intensities change significantly as a result of
nonradiative electron transitions.

K-shell. Here a direct comparison of experimentally
measured intensity ratios with theoretical emission
rates is possible, because all comparisons are related
to transitions with the same initial vacancy. For the
determination of K-shell values Scofield et al. [488]

give a systematical error of up to 10%. With consid-
eration of exchange corrections Scofield [487] gave
total emission rates for light elements increased by
10% and rates for heavy elements increased by 2%.
Thus the error for calculated intensity ratios is re-
duced to about 2% in comparison to experiment.
To characterize the reachable precision at the cal-
culation for ratios of intensity in Table 4.7 data by
Scofield [487] and Reiche [448] is compared with ex-
perimental data. As a rule the derived agreement is
here in the order of the error boundaries charac-
teristic of the individual experiments, whereby the
calculated values from [487] and [448] differ only by
at about 1%. The difference increases if transitions
from different main shells to the K-shell were con-
sidered (for example Kˇ1/K˛1 : K-M3/K-L3 or Kˇ2/Kˇ1 :
K-N2,3/K-M3).Here differences of up to 20% for light
and up to 3% for heavy elements are considered.

The absolute size of X-ray intensity ratios is influ-
enced by the gauge used in the calculation (Coulomb
or lengthgauge; see [116]).Calculatedwith the length
gauge, emission rates exceed those calculated in the
framework of the Coulomb gauge by about 10% for
Z = 10 and by 4% for Z = 30. For heavy elements an
increasing identity of the results derived in the two
gauge forms is observed.
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Fig. 4.26. Comparison of calculated ( [488]) Lˇ4 /Lˇ3 inten-
sity ratios with theoretical values from [472].The solid line
corresponds to values published by [488] and the dashed
line an approximation of experimental values according
to [472]. The individual symbols characterize results from
different authors

Fig. 4.27. Comparison of calculated ( [488]) L� /Lˇ1 intensity
ratios with experimental values from [472]. The solid line
corresponds to values published by [488] and the dashed
line an approximation of experimental results according
to [472]. The individual symbols characterize results from
different authors

L and M shells. Total L X-ray emission rates in the
Coulomb gauge framework coincide with the re-
sults published by Scofield [487] to better than 1%.
For individual subshells preferentially of light ele-
ments deviations of up to a factor of two are known
from results derived in the length gauge (for instance
the L2 width for Z = 18), but for higher Z the de-
rived values are nearly identical. A comparison of
theoretical results with experimental data is given
in Figs. 4.26–4.28. Three line intensity ratios are se-
lected and these result from the creation of a primary
L1, L2 or L3 vacancy, respectively:

Lˇ4 /Lˇ3 : L1-M2 / L1 - M3

L�/Lˇ1 : L2-M1 / L2 - M4

Lˇ2,15 /L˛1 : L3-N4,5 - L3 / M5.

While for L-series transition lines a wide spectrum
of references for experimental and theoretical data
is known, the data basis for lines of the M series is
much poorer. M-shell X-ray emission for six element
rates were calculated in the atomic number region
48 ≤ Z ≤ 93 by Bhalla [65] on the basis of relativis-
tic Hartree–Slater wavefunctions and for elements in
the region 48 ≤ Z ≤ 92 by Chen and Craseman [116]

Fig. 4.28. Comparison of calculated ( [488]) Lˇ2,15 /L˛1 in-
tensity ratios with experimental values from [472]. The
solid line corresponds to values published by [488] and
the dashed line an approximation of experimental results
according to [472]. The individual symbols characterize
results from different authors

on the basis of relativistic Dirac–Fock wavefunctions
for the length and Coulomb gauge. Chen et al. [116]
state that theuncertainty for calculatedM-shell X-ray
emission rates calculated in a model of independent
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particles is in the range between 10% and 40% in the
atomic number region 48 ≤ Z ≤ 80. A comparison
of calculated relativistic and nonrelativistic M-shell
X-ray emission rates can, depending on the individ-
ual transition, deviate from some 10% up to 500%
as a result of the different calculated transition en-
ergies and changes in the radial distribution of the
single-electron wavefunctions [116]. Calculations in
the Coulomb and length gauge give results deviating
among eachother froma fewpercent up to some10%.

With the background of the above-mentioned cir-
cumstances M-shell emission rates in Chap. 5 should
beunderstoodonly as landmarks,as a rule,giving the
correct order of magnitude of the emission strength.
If for the M˛1 and the M˛2 lines identical intensities
are given it means that the corresponding authors
have calculated only the combined X-ray emission
rate for the M˛ doublet.

Some detailed studies on M spectra of rare earth
elements can be found in Wendt [565]. For soft X-
rays in the energy region of 100 eV ≤ EX ≤ 700 eV
Assmann and Wendt [18] discuss actually measured
relative intensities of L and M lines differing by up to
two orders of magnitude with respect to the accepted
literature data.

Because X-ray emission rates can be measured
by means of X-ray intensity ratios between differ-
ent transition lines, we note here that chemical ef-
fects [444] and pressure effects [256] can influence
the measured results.

4.6 Mass Attenuation Coefficients

The mass attenuation coefficients in the photon en-
ergy region below 1 keV given in Chap. 10 relate
to the photoabsorption cross-sections published by
Henke [234] and above 1 keV to an approximation of
experimental data done by Veigele [547].

Because thephotoabsorption cross-sections in the
photon energy region below 1 keV exceed the cross-
sections for coherent and incoherent scattering pro-
cesses by some orders of magnitude the effective at-
tenuation can be approximated by photoabsorption
cross-sections. On the basis of available approxima-
tions and data from 140 original papers Henke [234]
reevaluates new values of photoabsorption cross-
sections in the photon energy region between 30 eV
and 300 eV. Data for the energy region between 300
eV and 1 keV were taken from a paper published by
Henke and Ebisu [233].

Data above 1 keV given by Veigele [547] are based
on about 9000 experimental total photoelectric inter-
action cross-sections. An extensive bibliography of
these data can be found in the original paper [547].A
comparison with the data from Hubbell [251], Storm
and Israel [529] and McMaster et al. [352] shows that
above a photon energy of 10 keV in most cases these
data coincide with the values given in [547] with a
precision better than 5%. Below 10 keV the values
from [352] are about 20% higher than the results
from [547] and from [529]. The deviation between
the data from [529] and [547] in the photon energy
region below 10 keV are in the order of up to 5%.
Uncertainties published in [547] as a result of the
evaluation of the used data are tabulated in Table 4.8.
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Table 4.8. Uncertainties for the determination of mass attenuation coefficients after [547] (in %). The declaration of the
uncertainties occur in regions determined by the electron binding energies for the individual main shells of the element
considered

Z element >K K-L L-M M-N

1 H ±(2-5)

2 He ±(2-5)

3 Li ±(2-5)

4 Be ±(2-5)

5 B ±(2-5)

6 C ±(2-5)

7 N ±(2-5)

8 O ±(2-5)

9 F ±(2-5)

10 Ne ±(2-5)

11 Na ±(2-5) ±(2-5)

12 Mg ±(2-5) ±(2-5)

13 Al ±(2-5) ±(2-5)

14 Si ±(2-5) ±(2-5)

15 P ±(2-5) ±(2-5)

16 S ±(2-5) ±(2-5)

17 Cl ±(2-5) ±(2-5)

18 Ar ±(2-5) ±(2-5)

19 K ±(2-5) ±(2-5)

20 Ca ±(2-5) ±(2-5)

21 Sc ±(2-5) ±(2-5)

22 Ti ±(2-5) ±(2-5)

23 V ±(2-5) ±(2-5)

24 Cr ±(2-5) ±(2-5)

25 Mn ±(2-5) ±(2-5)

26 Fe ±(2-5) ±(2-5)

27 Co ±(2-5) ±(2-5)

28 Ni ±(2-5) ±(2-5)

29 Cu ±(2-5) ±(2-5)

30 Zn ±(2-5) ±(2-5) ±(10-20)

31 Ga* ±(2-5) ±(2-5) ±(10-20)

32 Ge ±(2-5) ±(2-5) ±(10-20)

33 As* ±(2-5) ±(2-5) ±(10-20)

34 Se ±(2-5) ±(2-5) ±(10-20)

35 Br ±(2-5) ±(2-5) ±(10-20)

*) For these elements no experimental data were used.
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Table 4.8. (cont.)

Z element >K K-L L-M M-N

36 Kr ±(2-5) ±(2-5) ±(5-10)

37 Rb* ±(2-5) ±(2-5) ±(5-10)

38 Sr* ±(2-5) ±(2-5) ±(5-10)

39 Y* ±(2-5) ±(2-5) ±(5-10)

40 Zr ±(2-5) ±(2-5) ±(5-10)

41 Nb ±(2-5) ±(2-5) ±(5-10)

42 Mo ±(2-5) ±(2-5) ±(5-10)

43 Tc* ±(2-5) ±(2-5) ±(5-10)

44 Ru* ±(2-5) ±(2-5) ±(5-10)

45 Rh ±(2-5) ±(2-5) ±(5-10)

46 Pd ±(2-5) ±(2-5) ±(5-10)

47 Ag ±(2-5) ±(2-5) ±(5-10)

48 Cd ±(2-5) ±(2-5) ±(5-10)

49 In ±(2-5) ±(2-5) ±(5-10)

50 Sn ±(2-5) ±(2-5) ±(5-10)

51 Sb ±(2-5) ±(2-5) ±(5-10)

52 Te ±(2-5) ±(2-5) ±(5-10)

53 I ±(2-5) ±(2-5) ±(5-10)

54 Xe ±(2-5) ±(2-5) ±(5-10)

55 Cs* ±(2-5) ±(2-5) ±(5-10)

56 Ba ±(2-5) ±(2-5) ±(5-10)

57 La ±(2-5) ±(2-5) ±(5-10)

58 Ce ±(2-5) ±(2-5) ±(5-10)

59 Pr ±(2-5) ±(2-5) ±(5-10)

60 Nd ±(2-5) ±(2-5) ±(5-10)

61 Pm* ±(2-5) ±(2-5) ±(5-10) ±(10-20)

62 Sm ±(2-5) ±(2-5) ±(5-10) ±(10-20)

63 Eu* ±(2-5) ±(2-5) ±(5-10) ±(10-20)

64 Gd ±(2-5) ±(2-5) ±(5-10) ±(10-20)

65 Tb* ±(5-10) ±(5-10) ±(5-10) ±(10-20)

66 Dy* ±(5-10) ±(5-10) ±(5-10) ±(10-20)

67 Ho ±(5-10) ±(5-10) ±(5-10) ±(10-20)

68 Er ±(5-10) ±(5-10) ±(5-10) ±(10-20)

69 Tm* ±(5-10) ±(5-10) ±(5-10) ±(10-20)

70 Yb ±(5-10) ±(5-10) ±(5-10) ±(10-20)

71 Lu ±(5-10) ±(5-10) ±(5-10) ±(10-20)

*) For these elements no experimental data were used.
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Table 4.8. (cont.)

Z element >K K-L L-M M-N

72 Hf ±(5-10) ±(5-10) ±(5-10) ±(10-20)

73 Ta ±(2-5) ±(2-5) ±(5-10) ±(10-20)

74 W ±(2-5) ±(2-5) ±(5-10) ±(10-20)

75 Re* ±(2-5) ±(2-5) ±(5-10) ±(10-20)

76 Os* ±(2-5) ±(2-5) ±(5-10) ±(10-20)

77 Ir ±(2-5) ±(2-5) ±(5-10) ±(5-10)

78 Pt ±(2-5) ±(2-5) ±(2-5) ±(5-10)

79 Au ±(2-5) ±(2-5) ±(2-5) ±(5-10)

80 Hg ±(2-5) ±(2-5) ±(2-5) ±(5-10)

81 Tl ±(2-5) ±(2-5) ±(2-5) ±(5-10)

82 Pb ±(2-5) ±(2-5) ±(2-5) ±(5-10)

83 Bi ±(5-10) ±(2-5) ±(2-5) ±(5-10)

84 Po* ±(5-10) ±(5-10) ±(10-20) ±(10-20)

85 At* ±(5-10) ±(5-10) ±(10-20) ±(10-20)

86 Rn* ±(5-10) ±(5-10) ±(10-20) ±(10-20)

87 Fr* ±(5-10) ±(5-10) ±(10-20) ±(10-20)

88 Ra* ±(5-10) ±(5-10) ±(10-20) ±(10-20)

89 Ac* ±(5-10) ±(5-10) ±(10-20) ±(10-20)

90 Tb ±(5-10) ±(5-10) ±(5-10) ±(10-20)

91 Pa* ±(5-10) ±(5-10) ±(5-10) ±(10-20)

92 U ±(5-10) ±(5-10) ±(5-10) ±(10-20)

93 Np* ±(5-10) ±(5-10) ±(10-20) ±(10-20)

94 Pu ±(5-10) ±(5-10) ±(10-20) ±(10-20)

*) For these elements no experimental data were used.
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5 X-Ray Emission Lines and Atomic Level Characteristics

In the following X-ray transition energies E, in-
tensities I , energetic line widths 
 of X-ray transi-
tion lines, electron binding energies EB, fluorescence
yields !nlj, energetic level widths 
 and absorption
edges AE are tabulated. The quantity TPIV (cited
from [423]) characterize the transition probability
that a certain initial vacancy is filled from an higher
electronic level. For example KM2 means, that there
is an initial vacancy in the K subshell and this va-
cancy is filled from an electron from the M2 subshell,
leaving a vacancy in the M2 subshell.

Theoretical transition energies from [423] are
given for orientation,but they could deviate from ex-
perimental measured values up to some tens of eV. In
some cases where experimental X-ray transistion en-
ergies are not known there are also cited transition
energies calculated from electron binding energies
publicated by [51]. This values give also an orienta-
tion but they could deviate from the real experimen-
tal values by up to some tens of eV. As latest data
of calculated X-ray transition energies and evaluated
experimental transition energies data from [145] is
included in the presented table. Especially this is the
case where other experimental information is not
available yet or where not enough other data are
available.For K and L X-ray transition data from [50]
in the most cases data as corrected by Deslattes et
al. [145]for an optically based scale are used.

The head of each table contains

• the chemical symbol and the name of the ele-
ment;

• the atomic number Z;
• the atomic mass A (the number in parentheses

gives the uncertainty in the last digit and an entry
in brackets give the mass number of the longest-

lived isotope for the case that the element has not
stable isotopes. In this case an atomic weight is
not exactly defined because of the complete ab-
sence in nature or for the case, that there exist a
greater number of isotopes.);

• the density % ;
• the electron configuration of the atomic ground

state.

Please note, that the sequence of citations in the table
do not match a rating of the cited values.

Not all positions could be fulfilled in the present
table yet. But there is the hope that every year the
information density on X-ray and atomic level data
rise up. Thus to complete your personally copy of
the book you can fill up vacant positions for the case
that new data are published after printing the present
tables.The author would it also very kindly acknowl-
edge if you inform him on new publications, data,
etc.

The in the tables cited values are experimen-
tal determined quantities, calculated ones or re-
sults from evaluations of experimental and calcu-
lated data. Thus, if available we give for a certain
physical quantity not only a selected value, but in
many cases results from different papers published
in the literature. This will be helpful for a first in-
dividual evaluation of the physical relevance of the
examined values.

For special problems we will recommend to study
careful the in the table cited papers to get detailed
information on the nature of the derived quantities,
possible errors, experimental and theoretical meth-
ods etc.
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Li Z= 3 [He] 2s1

Lithium A = 6.941(2) [260] % = 0.533 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
X /eV

K series
K˛ KL 54.30±0.24 [50]
K˛2,1 KL2,3 54.24 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 55.0 [503] 2.9(-4) [39] 54.8 [51]
54.8±0.1 [493] 1.1(-4) [183]
54.7 [51]

IP 5.39172 [222]
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Be Z= 4 [He] 2s2

Beryllium A = 9.012182(3) [260] % = 1.845 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛ KL 108.50±1.00 [50]
K˛ KL 109.21 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 111.0 [503] 2.9(-4) [39] 0.05 [74] 111.0 [51]
111.0±1.0 [51] 3.6(-4) [183]
111.9±0.4 [493] 3.3(-4) [310]

IP 9.3227 [222]
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B Z= 5 [He] 2s2 2p1

Boron A = 10.811(7) [260] % = 2.535 g/cm3 [547]
% = 2.36 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛ KL 183.3±0.8 [50]
K˛ KL 185.2 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 188.0 [503] 1.41(-3) [39] 0.06 [74] 188.0 [51]
188.0±0.4 [51] 1.70(-3) [301]
188.0±0.3 [493] 5.6(-4) [347]

8.0(-4) [557]

L1 14.05 [493]

L2 5.0 [503] 4.7 [51]
4.7±0.9 [493]

L3 4.7 ± 0.9 [493] 4.7 [51]

IP 8.29803 [222]



Carbon Z=6 183

C Z=6 [He] 2s2 2p2

Carbon A = 12.0107(8) [260] % = 2.25 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛ KL 277.0±2.0 [50] 1.03(-4) [488]
K˛ KL 276.8 [104]

K˛2 KL2 282.02 [423] 5.615(-4)

K˛1 KL3 282.03 [423] 1.121(-3)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 284.0 [503] 2.58(-3) [39] 0.06 [74] 283.8 [51]
283.8±0.4 [51] 2.80(-3) [301] 0.061 [423]
284.1±0.3 [493] 2.60(-3) [347]

2.40(-3) [557]
1.68(-3) [423]
1.30(-3) [183]
2.80(-3) [310]

L1 19.39 [493]

L2 7.0 [503] 6.4 [51]
6.4±0.4 [51]
9.0±2.1 [493]

L3 6.4 ± 0.4 [493] 6.4 [51]

IP 11.26030 [222]
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N Z=7 [He] 2s2 2p3

Nitrogen A= 14.00674(7) [222] %= 1.165(-3) g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛ KL 392.4±0.7 [50] 3.31(-4) [488]
K˛ KL 392.73 [104]
K˛ KL 395.38 (N2) [493]

K˛2 KL2 393.35 [423] 1.094(-3)

K˛1 KL3 393.37 [423] 2.182(-3)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 399.0 [503] 4.30(-3) [39] 0.09 [74] 401.6 [51]
401.06±0.4 [51] 5.20(-3) [300,

301]
0.093 [423]

400.5±1.2 [493] 6.00(-3) [347]
4.70(-3) [557]
3.28(-3) [423]
5.20(-3) [310]

L1 25.41 [493]

L2 9.0 [503] 9.2 [51]
9.2±0.6 [51]
8.9±0.6 [493]

L3 9.0 [503] 9.2 [51]
9.2±0.6 [51]
9.7±0.6 [493]

IP 14.53414 [222]



Oxygen Z=8 185

O Z=8 [He] 2s2 2p4

Oxygen A = 15.9994(3) [260] % = 1.331(-3) g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛ KL 524.9±0.7 [50] 8.23(-4) [488]
K˛ KL 526.48 [104]

K˛2 KL2 523.09 [423] 1.908(-3)

K˛1 KL3 523.13 [423] 3.800(-3)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 532.0 [503] 6.90(-3) [39] 0.13 [74] 532.0 [51]
532.0±0.4 [493] 8.30(-3) [301] 0.133 [423]

7.70(-3) [557]
9.20(-3) [423]
1.30(-2) [310]
6.70(-3) [183]

L1 24.0 [503] 23.7 [51]
23.7±0.4 [493]

L2 7.0 [503] 7.1 [51]
7.1±0.8 [51]
6.8±0.8 [493]

L3 7.0 [503] 7.1 [51]
7.1±0.8 [51]
7.4±0.8 [493]

IP 13.61806 [72.77]
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F Z=9 [He] 2s2 2p5

Fluorine A = 18.9984032(5) [260] % = 1.579(-3) g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛ KL 676.8±0.7 [50] 1.758(-3) [488]
K˛ KL 677.07 [104]

K˛2 KL2 671.32 [423] 3.068(-3)

K˛1 KL3 671.39 [423] 6.107(-3)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 686.00 [503] 1.30(-2) [301] 0.18 [74] 685.4 [51]
685.40± 0.40 [493] 1.55(-2) [557] 0.18 [423]

1.05(-2) [39]
9.18(-3) [39]
1.30(-2) [310]

L1 31.00 [503] 31.0 [51]
31.00 [51]
34.00± 1.00 [493]

L2 9.00 [503] 8.6 [51]
8.60± 0.80 [51]
8.40± 0.80 [493]

L3 9.00 [503] 8.6 [51]
8.60± 0.80 [51]
8.70± 0.80 [493]
17.423 [126]

IP 17.42282 [222]



Neon Z=10 187

Ne Z=10 [He] 2s2 2p6

Neon A = 20.1797(6) [260] % = 8.391(-4) g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 817.69± 0.56 [145]

K˛1.2 KL3,2 848.61±0.26 [50] 3.37(-3) [488] 0.24 [74]
K˛ KL 848.32 [104]

K˛2 KL2 838.10 [423] 4.643(-3)

K˛2 KL2 849.09± 0.54 [145]

K˛1 KL3 838.22 [423] 9.230(-3)

K˛1 KL3 849.17± 0.54 [145]

Kˇ KM 857.89± 0.44 [50]
KM 857.44 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 867.0 [503] 1.52(-2) [39] 0.24 [301] 866.90 [51]
866.9±0.3 [51] 1.80(-2) [301] 0.243 [423] 870.73± 0.16[145]
870.1±0.2 [350] 1.82(-2) [347] 0.24 [94]

1.64(-2) [557]
2.04(-2) [293]
1.39(-2) [423]
1.80(-2) [310]

L1 45.0 [503] < 0.1 [301] 45.0 [51]
48.5 [350] 53.04 ± 0.40 [145]

L2 18.0 [503] 0.01 [94] 18.3 [51]
18.3±0.4 [51] 21.63 ± 0.39 [145]
21.7 [493]

L3 18.0 [503] 0.01 [94] 18.3 [51]
18.3±0.4 [51] 21.55 ± 0.38 [145]
21.6 [493]

IP 21.5646 [222]



188 5 X-Ray Emission Lines and Atomic Level Characteristics

Na Z=11 [Ne] 3s1

Sodium A = 22.989770(2) [260] % = 0.969 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 1004.99± 0.49 [145] 0.81 [423]

K˛2 KL2 1041.77± 0.51 [145] 6.690(-3)

K˛1 KL3 1041.94± 0.51 [145] 1.330(-2)

K˛1,2 KL3,2 1040.98±0.12 [50] 5.756(-3) [488] 0.30 [301]
KL3.2 1041.06 [104]

Kˇ KM 1071.12±0.27 [50] 1.8(-13) [488]
KM 1067.20 [104]
KM1 1073.0± 1.2 [145]

L series
L1L2 3.803(-5)

L1L2,3 33.00±0.10 [50] 8.84(-6) [488]

L1L2,3 32.66 [104]

L1L3 32.7 [104] 7.799(-5)

L2,3M 30.45±0.04 [50]

L� L2M1 31.3±1.4 [145]

Ll L3M1 31.09±0.37 [145]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 1072.0 [503] 2.13(-2) [39] 0.30 [301] 1071.52 [51]
1072.1±0.4 [493] 2.30(-2) [301] 0.289 [423] 1080.15± 0.15 [145]

2.24(-2) [557] 0.28 [94]
2.40(-2) [293]
2.00(-2) [423]
2.10(-2) [253]

L1 63.0 [503] 1.2(-4) [423] 0.2 [301] 63.57 [51]
63.3±0.3 [493] 0.515 [423] 75.16 ± 0.35 [145]

0.28 [94]

L2 31.0 [503] 0.02 [94] 30.61 [51]
31.1±0.4 [493] 38.38 ± 0.37 [145]

L3 31.0 [503] 0.02 [94] 30.61 [51]
31.0±0.4 [493] 38.21 ± 0.37 [145]

M1 1.0 [503]
0.7±0.4 [493]

IP 5.13908 [222]
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Mg Z=12 [Ne] 3s2

Magnesium A = 24.3050(6) [260] % = 1.735 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 1205.04 [423] 1.453 [423]

1211.54± 0.43 [145]

K˛1.2 KL3,2 1253.60±0.03 [50] 9.11(-3) [488] 0.36 [301]
1253.60 [104]

K˛2 KL2 1254.14± 0.49 [484] 9.273(-3) 0.33 [423]

K˛1 KL3 1254.39± 0.49 [484] 1.842(-2) 0.33 [423]

Kˇ KM 1302.20±0.40 [50] 1.61(-12) [488]
1297.0 [104]

L series
L1L2,3 39.20±0.10 [50] 1.04(-5) [488]

39.01 [104]

L1L2 5.793(-5) 1.39 [423]

L1L3 1.204(-4)

L1M1 92.0 ± 1.4 [145]

L2,3M 49.3±0.10 [50] 2.30(-6) [488]

L� L2M1 49.66 [423] 3.411(-6)

49.4 ± 1.4 [145]

Ll L3M1 49.35 [423] 3.180(-6)
49.14± 0.36 [145]



Magnesium Z=12 191

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 1305.0 [503] 2.91(-2) [39] 0.36 [301] 1303.4 [51]
1305.0±0.4 [493] 3.00(-2) [301] 0.333 [423] 1312.30± 0.14 [145]

3.36(-2) [347] 0.33 [94]
3.01(-2) [557]
2.77(-2) [423]
2.60(-2) [253]

L1 89.0 [503] 2.9(-5) [301] 0.41 [301] 92.8 [51]
89.4±0.4 [493] 1.8(-4) [423] 1.125 [423] 100.75± 0.29 [145]

0.46 [94]

L2 52.0 [503] 1.2(-3) [301] 0.001 [301] 51.4 [51]
51.4±0.5 [51] 3.0(-6) [423] 0.0044 [423] 58.16 ± 0.35 [145]

0.03 [94]

L3 52.0 [503] 1.2(-3) [301] 0.001 [301] 51.4 [51]
51.4±0.5 [51] 3.0(-6) [423] 0.0042 [423] 57.90 ± 0.35 [145]
51.3±0.5 [493] 0.03 [94] 49.454 [51]

M1 2.0 [503]
2.1±0.4 [493]

IP 7.64624 [222]
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Al Z=13 [Ne] 3s2 3p1

Aluminium A = 26.981538(2) [260] % = 2.694 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 1430.85 [423] 1.77 [423]

1438.94± 0.38 [145]

K˛2 KL2 1486.295±0.10 [50] 4.60(-3) [488] 1.237(-2) 0.49 [301]
1486.40 [104] 5.30(-3) [487] 0.38 [423]
1486.14±0.03 [143]
1486.27±0.03 [277]

K˛1 KL3 1486.708±0.10 [50] 9.14(-3) [488] 2.455(-2) 0.49 [301]
1486.70 [104] 1.06(-2) [487] 0.38 [423]
1486.57±0.01 [143]
1486.70±0.01 [277]

Kˇ3 KM2 1561.28± 0.96 [145] 7.0(-5) [487] 7.558(-5)

Kˇ1 KM3 1545.03 [423] 1.4(-4) [487] 1.500(-4)

Kˇ KM 1557.57±0.58 [50] 8.39(-5) [488]
1553.40 [104]

L series
L1L2,3 42.80±0.15 [50] 1.34(-5) [488]

45.10 [104]

L1L2 7.900(-5) 1.39 [423]

L1M1 117.7± 1.1 [145]

Lˇ4 L1M2 114.17 [423] 2.077(-6)
122.3± 1.1 [145]

Lˇ3 L1M3 114.18 [423] 4.030(-6)

L2,3M 72.40±0.20 [50] 2.69(-6) [488]

L� L2M1 69.5± 1.2 [145] 1.605(-5)

L2M2 74.2± 1.2 [145]

Lˇ17 L2M3 76.33 [423] 1.756(-10)

Ll L3M1 69.1± 1.2 [145] 1.50(-5)

Lt L3M2 73.7± 1.2 [145] 8.2(-11)

L3M3 75.86 [423] 8.101(-11)



Aluminium Z=13 193

level characteristics

line transition E/eV I/eV/� TPIV 
 /eV

K 1560.0 [503] 3.87(-2) [39] 0.42 [301] 1559.6 [51]
1559.6±0.4 [493] 3.90(-2) [301] 0.378 [423] 1569.56± 0.13 [145]

4.12(-2) [347] 0.37 [94]
3.98(-2) [557]
3.33(-2) [293]
3.81(-2) [288]
3.79(-2) [41]
3.57(-2) [215]
3.87(-2) [253]

L1 118.0 [503] 2.6(-5) [301] 0.73 [301] 117.7 [51]
117.7±0.4 [493] 3.1(-6) [348] 1.390 [423] 130.62± 0.25 [145]

3.0(-5) [423] 0.78 [94]

L2 74.0 [503] 7.5(-4) [301] 0.0057 [423] 73.1 [51]
73.1±0.5 [51] 2.0(-5) [423] 0.04 [94] 72.76 [50]
73.2±0.2 [493] 82.44 ± 0.34

L3 73.0 [503] 7.5(-4) [301] 0.004 [301] 73.1 [51]
72.7±0.2 [493] 2.4(-3) [348] 0.0057 [423] 72.76 [50]

2.0(-5) [423] 0.04 [94] 82.03 ± 0.34

M1 1.0 [503]
0.7±0.4 [493]

IP 5.98577 [222]
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Si Z=14 [Ne] 3s2 3p2

Silicon A = 28.0855(3) [260] % = 2.32 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 1676.95 [423] 2.11 [423]

1686.54± 0.33 [145]

K˛2 KL2 1739.38±0.02 [50] 6.67(-3) [488] 1.598(-2) 0.49 [301]
1739.30 [104] 7.60(-3) [487] 0.44 [423]
1739.394± 0.034 [366]

K˛1 KL3 1739.98±0.02 [50] 0.1323 [488] 3.170(-2) 0.49 [301]
1740.00 [104] 0.151 [487] 0.44 [423]
1739.985± 0.019 [366]

Kˇ KM 1835.96±0.40 [50] 3.39(-4) [488]
KM 1836.10 [104]

KM1 1834.97± 0.84 [145]

Kˇ3 KM2 1841.79± 0.72 [145] 2.10(-4) [487] 2.724(-4)

Kˇ1 KM3 1821.98 [423] 4.20(-4) [487] 5.404(-4)

L series
L1M1 148.42± 0.91 [145]

Lˇ4 L1M2 155.24± 0.79 [145] 5.833(-6)

Lˇ3 L1M3 145.03 [423] 1.073(-5)

L2,3M 91.50±0.30 [50] 4.90(-6) [488]

L� L2M1 95.04 [423] 4.720(-5)
95.3± 1.1 [145]

L2M2 102.11± 0.93 [145]

Lˇ17 L2M3 102.15 [423] 1.828(-9)

Ll L3M1 93.81± 0.93 [145] 4.421(-5)

Lt L3M2 100.63± 0.93 [145] 8.542(-10)

L3M3 101.46 [423] 8.431(-10)



Silicon Z=14 195

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 1839.0 [503] 5.04(-2) [39] 0.48 [301] 1838.9 [51]
1838.9±0.4 [493] 5.00(-2) [301] 0.425 [423] 1840.05 [50]

5.92(-2) [347] 0.43 [94] 1850.26 ± 0.13 [145]
5.14(-2) [557]
4.70(-2) [38]
4.85(-2) [423]
4.82(-2) [309]

L1 149.0 [503] 3.0(-5) [301] 1.03 [301] 148.7 [51]
148.7±0.4 [493] 9.77(-6) [348] 1.684 [423] 163.72± 0.20 [145]

3.4(-4) [423] 0.9 [94]

L2 100.0 [503] 3.7(-4) [301] 0.015 [301] 99.2 [51]
99.2±0.5 [51] 5.0(-5) [423] 0.018 [423] 100.8 [50]
99.5±0.4 [493] 0.05 [94] 110.59± 0.34 [145]

L3 99.0 [503] 3.8(-4) [301] 0.004 [301] 99.2 [51]
98.9±0.4 [493] 1.08(-3) [348] 0.018 [423] 100.8 [50]

4.0(-5) [423] 0.05 [94] 109.10± 0.34 [145]

M1 8.0 [503]
7.6±0.5 [493]

M2 3.0 [503]
3.0±0.4 [493]

IP 8.15169 [222]



196 5 X-Ray Emission Lines and Atomic Level Characteristics

P Z=15 [Ne] 3s2 3p3

Phosphorus A = 30.973761(2) [222] % = 1.82 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 1943.25 [423] 2.50 [423]

1954.45± 0.27 [145]

K˛2 KL2 2012.70±0.48 [50] 9.35(-3) [488] 2.012(-2) 0.56 [301]
2012.90 [104] 1.06(-2) [487] 0.51 [423]

K˛1 KL3 2013.68±0.48 [50] 1.854(-2) [488] 3.987(-2) 0.57 [301]
2013.80 [104] 2.09(-2) [487] 0.51 [423]

Kˇ KM 2139.1±0.11 [50] 8.62(-4) [488] 4.66
Kˇ KM 2136.1 [104]

KM1 2136.1± 1.0 [145]

Kˇ3 KM2 2143.79± 0.58 [145] 4.7 [487] 6.215(-4)

Kˇ1 KM3 2138.8 [104] 9.30(-4) [487] 1.232(-3)
2140.8± 1.0 [145]

L series
L1L2 48.01 [423] 1.188(-4) 2.07 [423]

L1L3 48.97 [423] 2.789(-4) 2.07 [423]

L1M1 181.7± 1.0 [145]

Lˇ4 L1M2 189.34± 0.62 [145] 1.430(-5)

Lˇ3 L1M3 186.4± 1.0 [145] 2.505(-5)

L2,3M 119.40±0.46 [50] 7.98(-6) [488]

L� L2M1 123.0± 1.2 [145] 1.073(-4)

L2M2 130.65± 0.79 [145]

Lˇ17 L2M3 127.7± 1.2 [145] 9.518(-9)

Ll L3M1 121.42± 0.78 [145] 1.007(-4)

Lt L3M2 129.07± 0.78 [145] 4.448(-9)

Ls L3M3 126.1± 1.2 [145] 4.385(-9)



Phosphorus Z=15 197

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 2149.0 [503] 6.42(-2) [39] 0.53 [301] 2145.5 [51]
2145.5±0.4 [493] 6.30(-2) [301] 0.473 [423] 2143.54 [50]

7.43(-2) [347] 0.47 [94] 2154.24± 0.12 [145]
6.53(-2) [557]
6.04(-2) [38]
7.10(-2) [253]
7.73(-2) [423]
8.06(-2) [309]

L1 189.0 [503] 3.9(-5) [301] 1.26 [301] 189.3 [51]
189.3±0.4 [493] 2.12(-5) [348] 2.030 [423] 199.79± 0.16 [145]

4.4(-4) [423] 1.1 [94]

L2 136.0 [503] 3.1(-4) [301] 0.032 [301] 132.2 [51]
132.2±0.5 [51] 1.1(-4) [423] 0.0372 [423] 131.9 [50]
136.2±0.4 [493] 0.07 [94] 141.10± 0.33 [145]

L3 135.0 [503] 4.1(-4) [348] 0.033 [301] 132.2 [51]
135.3±0.4 [493] 3.1(-4) [301] 0.0374 [423] 131.9 [50]

1.(-4) [423] 0.07 [94] 139.51± 0.32 [145]

M1 16.0 [503]
16.2±0.6 [493]

M2 10.0 [503]
9.6±0.4 [493]

M3 10.0 [503]
10.1±0.4 [493]

IP 10.48669 [222]
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S Z=16 [Ne] 3s2 3p4

Sulfur A = 32.066(6) [222] % = 1.953 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 2229.93 [423] 2.92 [423]

2242.56± 0.23 [145]

K˛2 KL2 2306.70±0.04 [50] 0.01276 [488] 2.478(-2) 0.64 [301]
2306.70 [104] 0.0143 [487] 0.59 [423]
2307.01± 0.45 [145]
2306.700± 0.038 [366]

K˛1 KL3 2307.89±0.03 [50] 0.0253 [488] 4.906(-2) 0.65 [301]
2308.00 [104] 0.0283 [487] 0.59 [423]
2308.80± 0.40 [145]
2307.885± 0.034 [366]

Kˇ KM 2468.10±0.15 [50]
2464.90 [104]

KM1 2460.1± 1.1 [145]

Kˇ3 KM2 2469.73± 0.62 [145] 8.8(-4) [487] 1.156(-3)

Kˇ1 KM3 2464.07±0.14 [50] 1.18(-3) [488] 2.289(-3)
2467.53± 0.72 [145]

L series
L1L2 53.24 [423] 1.301(-4) 2.46 [423]

L1L3 54.57 [423] 3.191(-4) 2.46 [423]

L1M1 217.5± 1.1 [145]

Lˇ4 L1M2 227.17± 0.60 [145] 3.058(-5)

Lˇ3 L1M3 224.96± 0.72 [145] 5.148(-5)

Ll ,L� L3,2M1 148.66±0.79 [50] 2.44(-5) [488]
Ll ,L� L3,2M1 148.70 [104]

L� L2M1 153.1± 1.4 [145] 2.074(-4)

L2M2 162.72± 0.81 [145]

Lˇ17 L2M3 160.52± 0.93 [145] 3.454(-8)

Ll L3M1 151.29± 0.80 [145] 1.951(-4)

Lt L3M2 160.93± 0.80 [145] 1.614(-8)

Ls L3M3 158.73± 0.92 [145] 1.589(-8)



Sulfur Z=16 199

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 2472.0 [503] 8.64(-2) [39] 0.59 [301] 2472.0 [51]
2472.0±0.4 [493] 7.80(-2) [301] 0.522 [423] 2470.51 [50]

8.99(-2) [347] 0.52 [94] 2481.71± 0.12 [145]
8.18(-2) [557]
7.27(-2) [293]
8.20(-2) [412]
7.61(-2) [38]
7.10(-2) [253]
7.73(-2) [423]
8.06(-2) [309]
7.80(-2) [310]
8.20(-2) [183]

L1 229.0 [503] 7.4(-5) [301] 1.49 [301] 229.2 [51]
229.2±0.4 [493] 3.63(-5) [348] 2.395 [423] 239.15± 0.11 [145]

5.3(-4) [423] 1.3 [94]

L2 165.0 [503] 2.6(-4) [301] 0.054 [301] 164.8 [51]
164.8±0.7 [51] 2.1(-4) [423] 0.066 [423] 174.70± 0.33 [145]
165.4±0.4 [493] 0.09 [94]

L3 164.0 [503] 2.6(-4) [301] 0.054 [301] 164.8 [51]
164.2±0.4 [493] 2.9(-4) [348] 0.066 [423] 172.91± 0.32 [145]

1.9(-4) [423] 0.09 ]116]

M1 16.0 [503]
15.8±0.6 [493]

M2 8.0 [503]
7.8±0.4 [493]

M3 8.0 [503]
8.2±0.4 [493]

IP 10.360 [222]
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Cl Z=17 [Ne] 3s2 3p5

Chlorine A = 35.4527(9) [12.77] % = 2.947(-3) g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 2536.85 [423] 3.38 [423]

2250.96± 0.26 [145]

K˛2 KL2 2620.78±0.05 [50] 0.0170 [488] 2.995(-2) 0.72 [301]
2620.80 [104] 0.0188 [487] 0.68 [423]
2620.27± 0.55 [366]

K˛1 KL3 2622.39±0.05 [50] 0.0337 [488] 5.924(-2) 0.72 [301]
2622.40 [104] 0.0372 [487] 0.68 [423]
2623.67± 0.43 [366]

Kˇ KM 2815.60±0.28 [50]
2815.10 [104]

KM1 2807.0± 1.3 [145]

Kˇ3 KM2 2819.04± 0.64 [145] 1.52(-3) [487] 1.909(-3)

Kˇ1 KM3 2817.58± 0.49 [145] 1.18(-3) [488] 3.778(-3)

L series
L1L2 58.57 [423] 1.322(-4) 2.91 [423]

L1L3 60.35 [423] 3.387(-4) 2.91 [423]

L1M1 256.0± 1.3 [145]

Lˇ4 L1M2 268.08± 0.66 [145] 5.776(-5)

Lˇ3 L1M3 266.62 [145] 9.346(-5)

L� L2M1 184.14±0.36 [50] 1.75(-5) [488] 3.586(-4)
184.0 [104]
184.64 [423]
185.7± 1.5 [145]

L2M2 197.77± 0.84 [145]

Lˇ17 L2M3 196.31± 0.70 [145] 9.980(-8)

Ll L3M1 182.60±0.36 [50] 3.378(-4)
182.40 [104]
183.31± 0.83 [145]

Lt L3M2 195.37± 0.83 [145] 4.664(-8)

Ls L3M3 193.91± 0.69 [145] 4.585(-8)



Chlorine Z=17 201

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 2823.0 [503] 9.89(-2) [39] 0.64 [301] 2822.4 [51]
2822.4±0.3 [493] 9.70(-2) [301] 0.574 [423] 2819.64 [50]

0.108 [347] 0.57 [94] 2832.76± 0.12 [145]
0.1004 [557]
9.15(-2) [293]
9.42(-2) [38]
0.103 [412]
9.50(-2) [408]
9.49(-2) [423]
8.90(-2) [253]

L1 270.0 [503] 1.2(-4) [301] 1.58 [301] 270.2 [51]
270.2±0.4 [493] 5.60(-5) [348] 2.803 [423] 281.80 ± 0.15 [145]

6.2(-4) [423] 1.5 [94]

L2 202.0 [503] 2.4(-4) [301] 0.083 [301] 201.6 [51]
201.6±0.3 [493] 3.6(-4) [423] 0.103 [423] 211.49± 0.33 [145]

3.6(-4) [423] 0.11 [94]

L3 200.0 [503] 2.4(-4) [301] 0.087 [301] 200.0 [51]
200.0±0.3 [493] 2.3(-4) [348] 0.104 [423] 209.09± 0.31 [145]

3.4(-4) [423] 0.11 [94]

M1 18.0 [503]
17.5±0.4 [493]

M2 7.0 [503]
6.8±0.4 [51]
6.7±0.4 [493]

M3 7.0 [503]
6.8±0.4 [51]
6.7±0.4 [493]

IP 12.96764 [222]



202 5 X-Ray Emission Lines and Atomic Level Characteristics

Ar Z=18 [Ne] 3s2 3p6

Argon A = 39.948(1) [12.77] % = 1.66(-3) g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 2880.13± 0.33 [145] 3.87 [423]

K˛2 KL2 2955.63±0.03 [50] 0.0222 [488] 3.559(-2) 0.81 [301]
2955.62 [104] 0.0238(-2) [487] 0.78 [423]
2955.69± 0.01 [143]
2955.566± 0.016 [485]

K˛1 KL3 2957.70±0.01 [50] 0.0440 [488] 7.033(-2) 0.81 [301]
2957.69 [104] 0.0472 [487] 0.78 [423]
2957.81± 0.01 [143]
2957.682± 0.016 [485]

Kˇ3,1 KM2,3 3190.49± 0.24 [50]
2815.10 [104]

KM1 3177.4± 1.5 [145] 0.78 [423]

Kˇ3 KM2 3191.31± 0.58 [145] 2.44(-3) [487] 2.913(-3)

Kˇ1 KM3 3191.47± 0.58 [145] 4.80(-3) [488] 5.756(-3)

Kˇ2 KN2,3 3203.54± 0.10 [84]

KO2,3 3205.00± 0.10 [84]

KP2,3 3205.51± 0.10 [84]

KQ2,3 3205.77± 0.10 [84]

L series
L1M1 297.3± 1.6 ± 0.23 [145]

Lˇ4 L1M2 311.18± 0.69 [145] 9.683(-5)

Lˇ3 L1M3 311.35± 0.69± 0.23 [145] 1.527(-4)

L� L2M1 221.79±0.59 [50] 7.88(-5) [488] 5.713(-4)
218.70 [104]

L2M2 335.41± 0.78 [145]

Lˇ17 L2M3 235.58± 0.78 [145] 2.460(-7)

Ll L3M1 220.22±0.58 [50] 2.48(-5) [488] 5.392(-4)
221.00 [104]
219.52± 0.77 [145]

Lt L3M2 233.40± 0.77 [145] 1.149(-7)

Ls L3M3 233.57± 0.77 [145] 1.128(-7)



Argon Z=18 203

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 3203.00 [503] 0.118 [301] 0.68 [301] 3202.9 [51]
3202.90± 0.30 [493] 0.1215 [557] 0.63 [423] 3202.93 [50]

0.126 [347] 0.66 [94] 3207.44± 0.12 [145]
0.111 [293]
0.122 [412]
0.121 [412]
0.129 [230]
0.115 [38]
0.1195 [39]
0.1146 [423]
0.118 [310]
0.122 [112]

L1 320.00 [503] 1.80(-4) [301] 1.63 [301] 320.0 [51]
320.00 [51] 8.58(-5) [348] 3.24 [423] 327.31± 0.23 [145]
326.00 [493] 7.1(-4) [423] 1.8 [94]

1.1(-4) [244]

L2 247.00 [503] 2.20(-4) [301] 0.126 [301] 247.3 [51]
247.30 [51] 5.7(-4) [423] 0.15 [423] 235.41± 0.32 [145]
250.60 [493] 0.13 [94]

L3 245.00 [503] 2.20(-4) [301] 0.128 [301] 245.2 [51]
245.20± 0.30 [51] 1.90(-4) [348] 0.15 [423] 249.54± 0.31 [145]
248.50 [493] 5.4(-4) [423] 0.13 [94]

1.8(-4) [244]

M1 25.00 [503] 0.14 [94] 29.3 [51]
25.30 ± 0.40 [51]

M2 12.00 [503]
12.40 ± 0.30 [51]
15.90 [493]

M3 12.00 [503]
12.40 ± 0.30 [51]
15.80 [493]
15.76 [126]

IP 15.75962 [222]



204 5 X-Ray Emission Lines and Atomic Level Characteristics

K Z=19 [Ar] 4s1

Potassium A = 39.0983(1) [12.77] % = 0.860 g/cm3 [547]
% = 0.851 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 3229.98± 0.32 [145] 4.36 [423]

K˛2 KL2 3311.10± 0.20 [50] 2.863(-2) [488] 4.186(-2) 0.89 [301]
3310.75 [104] 3.05(-2) [487] 0.86 [423]
3311.22± 0.01 [143]
3311.97± 0.44 [144]

K˛1 KL3 3313.80± 0.20 [50] 5.65(-2) [488] 8.265(-2) 0.89 [301]
3313.80 [104] 6.03(-2) [487] 0.86 [423]
3313.97± 0.01 [143]

3314.60± 0.42 [144]

KM1 3375.0± 1.4 [145] 0.87 [423]

Kˇ3 KM2 3591.78± 0.42 [145] 3.50(-3) [487] 3.997(-3) 0.68 [423]

Kˇ1 KM3 3591.49± 0.61 [145] 7.00(-3) [487] 7.910(-3) 0.68 [423]

Kˇ1.3 KM2,3 3589.63± 0.31 [50] 8.14(-3) [488]

Kˇ5 KM4,5 3602.78± 0.62 [50]
3602.40 [104]

KN1 3611.14± 0.17 [145]

L series
L1M1 345.0± 1.5 [145]

Lˇ4 L1M2 361.81± 0.82 [145] 1.472(-4)

Lˇ3 L1M3 361.52± 0.71 [145] 2.254(-4)

L1N1 381.16± 0.27 [145]

L� L2M1 262.45± 0.17 [50] 3.46(-5) [488] 8.354(-4) 0.18 [423]
262.50 [104]

L2M2 279.81± 0.93 [145]

Lˇ17 L2M3 279.52± 0.81 [145] 4.814(-7)

L�5 L2N1 299.17± 0.38 [145] 2.039(-5)

Ll L3M1 259.703± 0.081 [50] 3.54(-5) [488] 7.895(-4) 0.18 [423]



Potassium Z=19 205

line transition E/eV I/eV/� TPIV 
 /eV

260.30 [104]
Lt L3M2 277.18± 0.91 [145] 2.241(7)-

Ls L3M3 276.90± 0.80 [145] 2.202(-7)

Lˇ6 L3N1 296.54± 0.36 [145] 1.925(-5)

M series
M2,3N1 17.90 ± 0.23 [50] 1.66(-7) [488]

18.29 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 3608.00 [503] 0.140 [301] 0.74 [301] 3607.4 [51]
3607.40± 0.40 [493] 0.1448 [557] 0.69 [423] 3607.81 [50]

0.149 [347] 0.71 [94] 3616.22± 0.12 [145]
0.132 [293]
0.1432 [39]
0.138 [38]
0.1364 [423]
0.140 [310]

L1 377.00 [503] 2.40(-4) [301] 1.92 [301] 377.1 [51]
377.10± 0.40 [493] 1.15(-4) [348] 3.68 [423] 386.25± 0.22 [145]

8.0(-4) [423] 2.1 [94]

L2 297.00 [503] 2.70(-4) [301] 0.152 [301] 296.3 [51]
296.30± 0.40 [493] 8.6(-4) [423] 0.18 [423] 294.5 [50]

0.18 [94] 304.25± 0.33 [145]

L3 294.00 [503] 2.70(-4) [301] 0.156 [301] 293.6 [51]
293.60± 0.40 [493] 2.10(-4) [348] 0.18 [423] 294.5 [50]

8.1(-4) [423] 0.18 [94] 301.62± 0.31 [145]

M1 34.00 [503] 0.7 [94] 34.8 [51]
33.90 ± 0.40 [493]

M2 18.00 [503]
17.80 ± 0.40 [51]
18.10 ± 0.50 [493]

M3 18.00 [503]
17.80 ± 0.40 [51]
17.80 ± 0.50 [493]

N1 4.34 [493]
4.341 [126]

IP 4.34066 [222]



206 5 X-Ray Emission Lines and Atomic Level Characteristics

Ca Z=20 [Ar] 4s2

Calcium A = 40.078(4) [222] % = 1.55 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 3598.89± 0.31 [145] 4.36 [423]

K˛2 KL2 3687.56± 0.43 [50] 3.63(-2) [488] 4.872(-2) 0.98 [301]
3688.00 [104] 3.85(-2) [487] 4.872(-2) 0.951 [423]

K˛1 KL3 3690.98± 0.41 [50] 7.16(-2) [488] 9.613(-2) 0.98 [301]
3691.70 [104] 7.61(-2) [487] 9.613(-2) 1.00 [473]

0.95 [423]

KM1 3993.8± 1.4 [145] 0.95 [423]

Kˇ3 KM2 4014.32± 0.59 [145] 4.80(-3) [487] 5.178(-3) 0.74 [423]

Kˇ1 KM3 4014.68± 0.58 [145] 9.60(-3) [487] 1.025(-2) 0.74 [423]

Kˇ3,1 KM2,3 4012.76± 0.38 [50] 1.149(-2) [488]
4012.88 [104]

Kˇ5 KM4,5 4032.47± 0.58 [50]
4032.50 [104]

KN1 4043.20± 0.18 [145]

L series
L1M1 394.9± 1.5 [145]

Lˇ4 L1M2 415.43± 0.68 [145] 2.041(-4)

Lˇ3 L1M3 415.80± 0.67 [145] 3.060(-4)

L1N1 444.32± 0.27 [145]

L� L2M1 306.43± 0.22 [50] 4.78(-5) [488] 1.196(-3) 0.21 [423]
306.40 [104]

L2M2 326,76± 0.79 [145]

Lˇ17 L2M3 327.12± 0.78 [145] 8.747(-7)

Lˇ1 L2M4 344.97± 0.28 [50]
344.90 [104]

L�5 L2N1 355.64± 0.39 [145] 2.536(-5)



Calcium Z=20 207

line transition E/eV I/eV/� TPIV 
 /eV

Ll L3M1 302.69± 0.22 [50] 4.90(-5) [488] 1.131(-3) 0.21 [423]
302.70 [104]

Lt L3M2 323.34± 0.77 [145] 4.060(-7)

Ls L3M3 323.71± 0.77 [145] 3.988(-7)

L˛2,1 L3M4,5 341.27± 0.28 [50]
341.40 [104]

Lˇ6 L3N1 352.23± 0.37 [145] 2.397(-5)

M series
M2,3N1 23.60 ± 0.40 [50] 8.61(-7) [335]

24.80 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 4038.00 [503] 0.163 [301] 0.81 [301] 4038.1 [51]
4038.10± 0.40 [493] 0.170 [557] 0.74 [423] 4038.12 [50]

0.177 [347] 0.77 [94] 4049.35± 0.12 [145]
0.155 [293]
0.1687 [39]
0.163 [38]
0.1603 [423]
0.163 [310]
0.170 [244]

L1 438.00 [503] 3.10(-4) [301] 2.07 [301] 437.8 [51]
437.80± 0.40 [493] 1.56(-4) [348] 3.95 [423] 450.46± 0.20 [145]

8.8(-4) [423] 2.5 [94]
2.0(-4) [244]

L2 350.00 [503] 3.30(-4) [301] 0.17 [301] 350.0 [51]
350.00± 0.40 [493] 1.22(-3) [423] 0.21 [423] 352.92 [50]

0.21 [94] 361.79± 0.39 [145]

L3 347.00 [503] 3.30(-4) [301] 0.17 [301] 346.4 [51]
346.40± 0.40 [493] 2.10(-4) [348] 0.21 [423] 349.34 [50]

1.16(-3) [423] 0.21 [94] 358.37± 0.30 [145]
2.88-4) [244]



208 5 X-Ray Emission Lines and Atomic Level Characteristics

level EB/eV !nlj 
 /eV AE/eV

M1 44.00 [503] 8.40(-6) [38] 0.82 [350] 44.3 [51]
43.70± 0.40 [493] 6.689(-4) [512]

1.1 [94]

M2 26.00 [503] 0.062 [38] 0.0003 [350]
25.40± 0.40 [51] 2.0(-5) [512] 1.2 [94]
25.80± 0.60 [493]

M3 26.00 [503] 0.001 [74]
25.40± 0.40 [51] 1.2 [94]
25.50± 0.60 [493]

N1 1.80± 0.60 [493]

IP 6.11316 [222]



Scandium Z=21 209

Sc Z=21 [Ar] 3d1 4s2

Scandium A = 44.955910(8) [222] % = 3.00 g/cm3 [547]
% = 2.90 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 3991.57± 0.39 [145] 5.39 [423]

K˛2 KL2 4085.95± 0.89 [50] 4.55(-2) [488] 5.638(-2) 1.06 [301]
4085.50 [104] 1.03 [423]

K˛1 KL3 4090.60± 0.15 [50] 8.96(-2) [488] 1.111(-1) 1.05 [301]
4090.05 [104] 1.03 [423]
4090.735± 0.019 [145]

KM1 4438.8± 1.5 [145] 2.28 [423]

Kˇ3,1 KM2,3 4460.44± 0.47 [50] 9.92(-3) [488]
4460.30 [104]

KM2 4461.16± 0.80 [145] 6.223(-3) 0.86 [423]

KM3 4462.93± 0.80 [145] 1.230(-2) 0.85 [423]

Kˇ5 KM4,5 4486.59± 0.72 [50] 3.91(-5) [488]
4486.10 [104]

KII
ˇ5

KM4 4490.79± 0.41 [145] 1.961(-7)

KM5 2.890(-7)

KN1 4495.16± 0.18 [145]

L series
L1M1 447.3 ± 1.7 [145]

Lˇ4,3 L1M2,3 467.90 [104] 7.21(-4) [488]

Lˇ4 L1M2 469.59± 0.98 [145] 2.626(-4) 4.64 [423]

Lˇ3 L1M3 471.36± 0.97 [145] 3.888(-4) 4.64 [423]

Lˇ10 L1M4 499.22± 0.59 [145] 1.375(-7)

L1N1 503.60± 0.36 [145]

L� L2M1 352.92± 0.30 [50] 6.22(-5) [488] 1.552(-3) 1.71 [423]
352.90 [104]



210 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

L2M2 357.7± 1.0 [145] 0.29 [423]

Lˇ17 L2M3 377.5± 1.0 [145] 1.421(-6) 0.28 [423]

Lˇ1 L2M4 399.69± 0.38 [50] 7.06(-5) [488] 9.277(-5) 0.23 [423]
399.80 [104]

L�5 L2N1 409.73± 0.40 [145] 3.039(-5)

Ll L3M1 348.36± 0.43 [50] 6.40(-5) [488] 1.474(-3) 1.71 [423]
348.30 [104]

Lt L3M2 371.01± 0.99 [145] 6.618(-7) 0.29 [423]

Ls L3M3 372.78± 0.99 [145] 6.496(-7) 0.28 [423]

L˛2,1 L3M4,5 395.48± 0.56 [50] 6.99(-5) [488]
395.70 [104]

L3M4 400.64± 0.60 [145] 6.522(-6)

L3M5 7.764(-5)

Lˇ6 L3N1 405.01± 0.37 [145] 2.878(-5)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 4493.00 [503] 0.188 [301] 0.86 [301] 4492.8 [51]
4492.80± 0.40 [493] 0.1991 [557] 0.80 [423] 4488.9 [50]

0.205 [347] 0.83 [94] 4501.68± 0.12 [145]
0.189 [293]
0.1962 [39]
0.190 [38]
0.190 [41]
0.1860 [423]
0.188 [310]

L1 500.00 [503] 3.90(-4) [301] 2.21 [301] 500.4 [51]
500.40± 0.40 [493] 9.7(-4) [423] 4.59 [423]

3.3 [94]

L2 407.00 [503] 8.40(-4) [301] 0.19 [301] 406.7 [51]
406.70± 0.40 [493] 1.68(-3) [423] 0.23 [423]

0.36 [94]

L3 402.00 [503] 8.40(-4) [301] 0.19 [301] 402.2 [51]
402.20± 0.40 [493] 1.59(-3) [423] 0.23 [423] 411.53± 0.31 [145]

0.23 [94]



Scandium Z=21 211

level EB/eV !nlj 
 /eV AE/eV

M1 54.00 [503] 7.282(-4) [512] 1.7 [423] 51.1 [51]
53.80 ± 0.40 [493] 2.0(-6) [423] 1.48 [423]

M2 32.00 [503] 2.0(-5) [512] 1.2 [94]
32.30 ± 0.50 [51] 0.06 [423]
33.80 ± 0.50 [493]

M3 32.00 [503] 0.05 [423]
32.30 ± 0.50 [51] 1.2 [423]
31.50 ± 0.50 [493]

M4 7.00 [503]
6.60 ± 0.50 [493]

N1 1.70 ± 0.10 [493]

IP 6.5615 [222]



212 5 X-Ray Emission Lines and Atomic Level Characteristics

Ti Z=22 [Ar] 3d2 4s2

Titanium A = 47.867(1) [222] % = 4.54 g/cm3 [547]
% = 4.6 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 4404.59± 0.43 [145] 6.13 [423]

K˛2 KL2 4504.92± 0.94 [50] 5.63(-2) [488] 6.460(-2) 1.18 [301]
4504.80 [104] 5.93(-2) [487] 2.13 [473]

1.11 [423]

K˛1 KL3 4510.90± 0.42 [50] 0.1107 [488] 1.271(-1) 1.16 [301]
4510.80 [104] 0.1168 [487] 1.45 [473]

1.11 [423]

4931.80 [104]

KM1 4907.1± 1.5 [145] 2.98 [423]

Kˇ3 KM2 4930.86± 0.85 [145] 7.70(-3) [487] 7.327(-3) 1.05 [423]

Kˇ1 KM3 4934.46± 0.87 [145] 1.52(-2) [488] 1.448(-2) 1.02 [423]

Kˇ3,1 KM2,3 4931.827± 0.059 [50] 1.898(-2) [488]
4931.80 [104]

Kˇ5 KM4,5 4962.27± 0.59 [50] 1.26(-6) [488]
4962.90 [104]

KII
ˇ5

KM4 4965.95± 0.43 [145] 5.901(-7)

KI
ˇ5

KM5 8.685(-7)

KN1 4971.09± 0.18 [145]

L series
L1M1 502.5± 1.8 [145] 7.38 [423]

Lˇ4 L1M2 526.3± 1.1 [145] 3.223(-4) 5.26 [423]

Lˇ3 L1M3 529.9± 1.1 [145] 4.715(-4) 5.43 [423]

Lˇ10 L1M4 561.36 ± 0.64 [145] 3.057(-7)

L1N1 566.50± 0.40 [145]

L� L2M1 401.37± 0.18 [50] 7.93(-5) [488] 2.020(-3) 2.37 [423]
401.20 [104]

L2M2 426.8± 1.1 [145] 0.44 [423]



Titanium Z=22 213

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ17 L2M3 430.4 ± 1.1 [145] 2.273(-6) 0.42 [423]

Lˇ1 L2M4,5 458.35± 0.64 [50] 2.02(-4) [488]
457.80 [104]

Lˇ1 L2M4 461.88± 0.64 [145] 3.223(-4) 5.46 [423]

L2M5 4.715(-4) 5.43 [423]

L�5 L2N1 467.03± 0.40 [145] 3.780(-5)

Ll L3M1 395.35± 0.37 [50] 8.18(-4) [488] 1.916(-3) 2.37 [423]
395.40 6 [104]

Lt L3M2 420.5 ± 1.0 [145] 1.077(-6) 0.45 [423]

Ls L3M3 424.1 ± 1.1 [145] 1.056(-6) 0.42 [423]

L˛2,1 L3M4,5 452.16± 0.49 [50] 1.99(-4) [488]
451.70 [104]

L˛2 L3M4 455.67± 0.61 [145] 1.242(-5)

L˛1 L3M5 1.460(-4)

Lˇ6 L3N1 460.72± 0.37 [145] 3.605(-5)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 4965.00 [503] 0.214 [301] 0.94 [301] 4966.4 [51]
4966.40± 0.40 [493] 0.223 [347] 0.86 [423] 4964.58 [50]

0.2273 [557] 0.89 [94] 4977.92± 0.12 [145]
0.212 [293]
0.219 [38]
0.221 [41]
0.2256 [39]
0.2135 [423]
0.214 [310]

L1 564.00 [503] 4.70(-4) [301] 2.34 [301] 563.7 [51]
563.70± 0.40 [493] 2.80(-4) [348] 5.27 [423] 573.33± 0.33 [145]

1.06(-3) [423] 3.9 [94]

L2 461.00 [503] 1.50(-3) [301] 0.24 [301] 461.5 [51]
461.50± 0.40 [493] 2.23(-3) [423] 0.25 [423] 454.31 [50]

0.52 [94] 473.85± 0.33 [145]



214 5 X-Ray Emission Lines and Atomic Level Characteristics

level EB/eV !nlj 
 /eV AE/eV

L3 455.00 [503] 1.50(-3) [301] 0.22 [301] 455.5 [51]
455.50± 0.40 [493] 1.18(-3) [348] 0.25 [423] 454.31 [50]

2.11(-3) [423] 0.25 [94] 467.55± 0.31 [145]

M1 59.00 [503] 3.20(-6) [38] 3.24 [350] 58.7 [51]
60.30± 0.40 [493] 7.923(-4) [512] 2.12 [423]

4.0(-6) [423] 2.1 [94]

M2 34.00 [503] 3.40(-5) [38] 0.21 [350]
34.60± 0.40 [51] 2.0(-5) [512] 0.19 [423]
35.60± 1.80 [493] 3.0(-5) [423] 1.2 [94]

M3 32.20± 1.80 [493] 0.16 [423]
0.10 [74]
1.2 [94]

M4 3.00 [503]
3.70± 0.40 [493]

N1 1.60± 1.30 [503]

IP 6.8281 [222]



Vanadium Z=23 215

V Z=23 [Ar] 3d3 4s2

Vanadium A = 50.9415(1) [12.77] % = 6.10 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 4838.50± 0.47 [145] 6.79 [423]

K˛2 KL2 4944.59± 0.45 [50] 6.89(-2) [488] 7.328(-2) 1.28 [301]
4944.60 [104] 7.24(-2) [487] 1.20 [423]

K˛1 KL3 4952.21± 0.0.42 [50] 0.1354 [488] 1.440(-1) 1.26 [301]
4952.10 [104] 0.1424 [487] 1.20 [423]

KM1 5399.3± 1.5 [145] 3.56 [423]

Kˇ3 KM2 5424.42± 0.89 [145] 9.50(-3) [487] 8.484(-3) 1.33 [423]

Kˇ1 KM3 5430.00± 0.94 [145] 1.88(-2) [487] 1.674(-2) 1.30 [423]

Kˇ3,1 KM2,3 5427.320± 0.071 [50] 2.37(-2) [488]
5427.20 [104]

Kˇ5 KM4,5 5462.96± 0.21 [50] 2.94(-6) [488]
5462.90 [104]

KˇII
5

KM4 5465.33± 0.44 [145] 1.265(-6)

KˇI
5

KM5 1.857(-6)

KN1 5471.17± 0.19 [145]

L series
L1M1 560.5 ± 1.8 [145] 8.55 [423]

Lˇ4,3 L1M2,3 585.1 ± 3.7 [50] 1.201(-3) [488]

Lˇ4 L1M2 585.9 ± 1.1 [145] 3.789(-4) 6.32 [423]

Lˇ3 L1M3 591.5 ± 1.2 [145] 5.539(-4) 6.30 [423]

Lˇ10 L1M4 5399.3± 1.5 [145] 5.663(-7)

L1N1 632.67± 0.44 [145]

L� L2M1 453.48± 0.74 [50] 9.92(-5) [488] 2.533(-3) 2.92 [423]
453.80 [104]

L2M2 480.8 ± 1.1 [145] 0.69 [423]



216 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ17 L2M3 486.4± 1.2 [145] 3.475(-6) 0.66 [423]

Lˇ1 L2M4 519.2± 1.3 [50] 4.14(-4) [488] 3.010(-4) 0.28 [423]
518.80 6 [104]

L�5 L2N1 527.58± 0.40 [145] 4.681(-5)

Ll L3M1 446.46± 0.24 [50] 1.02(-4) [488] 2.400(-3) 2.92 [423]
446.50 [104]

Lt L3M2 472.6± 1.1 [145] 1.659(-6) 0.69 [423]

Ls L3M3 478.2± 1.1 [145] 1.625(-6) 0.66 [423]

L˛2,1 L3M4,5 511.27± 0.94 [50] 4.12(-5) [488]
510.94 [104]

L˛2 L3M4 513.54± 0.63 [145] 2.282(-5)

L3M5 2.648(-4)

L3N1 519.38± 0.38 [145] 4.437(-5)

M2,3M4,5 37.00± 1.00 [50]
35.70 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 5465.00 [503] 0.243 [301] 1.01 [301] 5465.1 [51]
5465.10± 0.30 [493] 0.243 [293] 0.92 [423] 5478.28± 0.12 [145]

0.2608 [557] 0.96 [94]
0.250 [38]
0.250 [41]
0.2564 [39]
0.2426 [423]
0.243 [310]

L1 628.00 [503] 5.80(-4) [301] 2.41 [301] 628.2 [51]
628.20± 0.40 [493] 1.16(-3) [423] 5.92 [423] 639.78± 0.37 [145]

4.6 [94]

L2 520.00 [503] 2.60(-3) [301] 0.26 [301] 520.5 [51]
520.50± 0.30 [493] 2.88(-3) [423] 0.28 [423] 534.69± 0.33 [145]

0.78 [94]

L3 513.00 [503] 2.60(-3) [301] 0.24 [301] 512.9 [51]
512.90± 0.30 [493] 2.74(-3) [423] 0.28 [423] 526.50± 0.31 [145]

0.28 [94]



Vanadium Z=23 217

level EB/eV !nlj 
 /eV AE/eV

M1 66.00 [503] 2.90(-3) [38] 4.18 [350] 66.3 [51]
66.50 ± 0.40 [493] 8.613(-4) [512] 2.64 [423]

1.0(-5) [423] 2.2 [94]

M2 38.00 [503] 2.30(-5) [38] 0.53 [350]
37.80 ± 0.30 [51] 2.0(-5) [512] 0.41 [423]
40.60 ± 1.60 [493] 2.0(-5) [423] 1.2 [94]

M3 35.00 ± 1.60 [493] 0.38 [423]
1.2 [94]

M4 2.00 [503]
2.20 ± 0.30 [493]

N1 1.70 ± 1.70 [493]

IP 6.7463 [222]
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Cr Z=24 [Ar] 3d5 4s1

Chromium A = 51.9961(6) [12.77] % = 7.18 g/cm3 [547]
% = 7.14 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 5293.35± 0.50 [145] 7.81 [423]

K˛2 KL2 5405.51± 0.01 [50] 8.35(-2) [488] 8.258(-2) 1.37 [301]
5405.55 [104] 8.76(-2) [487] 2.64 [473]
5405.56± 0.01 [143] 1.30 [423]
5405.57± 0.01 [277]
5405.5384± 0.0071 [241]

K˛1 KL3 5414.72± 0.05 [50] 0.1640 [488] 1.621(-1) 1.35 [301]
5414.70 [104] 0.1720 [487] 2.05 [473]
5414.78± 0.07 [143] 1.31 [423]
5414.79± 0.07 [277]
5414.8045± 0.0071 [241]

KM1 5914.2± 1.5 [145] 4.25 [423]

Kˇ3 KM2 5940.74± 0.92 [145] 1.12(-2) [488] 9.494(-3) 1.91 [423]

Kˇ1 KM3 5947.1± 1.0 [145] 2.22(-2) [488] 1.870(-2) 1.88 [423]

Kˇ3,1 KM2,3 5946.71± 0.06 [50] 2.852(-2) [488]
5946.60 [104]

5946.823± 0.011 [241]

Kˇ5 KM4,5 5986.97± 0.26 [50] 6.30(-6) [488]
5987.10 [104]

KˇII
5

KM4 5986.82± 0.46 [145] 2.525(-6)

KˇI
5

KM5 5990.83± 0.12 [145] 3.695(-6)

KN1 5989.03± 0.19 [145]

L series
L1M1 620.9± 1.8 [145] 10.09 [423]

Lˇ4,3 L1M2,3 653.9± 1.0 [50] 1.58(-3) [488]
639.40 [104]

L1M2 647.4± 1.2 [145] 4.334(-4) 7.75 [423]
L1M3 653.8± 1.3 [145] 6.328(-4) 7.72 [423]

Lˇ10 L1M4 693.47± 0.74 [145] 9.014(-7)

Lˇ9 L1M5 697.48± 0.40 [145] 1.283(-6)
L1N1 695.68± 0.47 [145]



Chromium Z=24 219

line transition E/eV I/eV/� TPIV 
 /eV

L� L2M1 510.22± 0.93 [50] 1.20(-4) [488] 3.063(-3) 3.58 [423]
508.60 [104]

L2M2 536.7 ± 1.1 [145] 2.83 [423]

Lˇ17 L2M3 543.0 ± 1.2 [145] 5.0168-6) 1.21 [423]

Lˇ1 L2M4 582.90± 0.41 [50] 8.00(-4) [488] 5.246(-4) 0.32 [423]
580.60 [104]

L2M5 586.76± 0.33 [145]

L�5 L2N1 584.96± 0.41 [145] 5.758(-5)

Ll L3M1 500.33± 0.30 [50] 1.25(-4) [488] 2.891(-3) 3.58 [423]
499.98 [104]

Lt L3M2 526.9 ± 1.1 [145] 2.433(-6) 1.25 [423]

Ls L3M3 533.2 ± 1.2 [145] 2.380(-6) 1.21 [423]

L˛2,1 L3M4,5 572.9 ± 1.2 [50] 7.88(-4) [488]
571.36 [104]

L˛2 L3M4 572.94± 0.64 [145] 4.102(-5)

L˛1 L3M5 576.95± 0.30 [145] 4.703(-4)

Lˇ6 L3N1 575.15± 0.38 [145] 5.435(-5)

M series
M2,3M4,5 40 ± 1.20 [50]

40.25 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 5989.00 [503] 0.275 [301] 1.08 [301] 5989.2 [51]
5989.20± 0.30 [493] 0.276 [293] 0.99 [423] 5989.017± 0.040 [50]

0.2939 [557] 1.02 [94] 5995.656± 0.12 [145]
0.282 [38]
0.2885 [39]
0.287 [537]
0.282 [34]
0.280 [427]
0.279 [221]
0.2729 [423]
0.275 [310]
0.287 [537]
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level EB/eV !nlj 
 /eV AE/eV

L1 695.00 [503] 7.10(-4) [301] 2.54 [301] 694.6 [51]
694.60± 0.40 [493] 2.97(-4) [348] 6.83 [423] 742.4± 4.4 [50]

1.26(-3) [423] 5.2 [94] 702.31± 0.40 [145]

L2 584.00 [503] 3.70(-3) [301] 0.29 [301] 583.7 [51]
583.70± 0.30 [493] 3.65(-3) [423] 0.32 [423] 592.60± 0.57 [50]

0.76 [94] 591.60± 0.30 [145]

L3 575.00 [503] 3.70(-3) [301] 0.27 [301] 574.5 [51]
574.50± 0.30 [493] 3.29(-3) [348] 0.32 [423] 598.9± 4.3 [50]

3.46(-3) [423] 0.32 [94] 581,78± 0.30 [145]

M1 74.00 [503] 2.60(-6) [38] 4.92 [350] 74.1 [51]
74.10± 0.40 [493] 9.352(-4) [512] 3.26 [423]

1.0(-5) [423] 2.3 [94]

M2 43.00 [503] 1.60(-5) [38] 1.32 [350]
42.50± 0.30 [51] 2.0(-5) [512] 0.93 [423]
45.90± 0.90 [493] 1.0(-6) [423] 1.2 [94]

M3 42.50± 0.30 [51] 1.0(-6) [423] 0.80 [74]
39.90± 0.90 [493] 0.89 [423]

1.2 [94]

M4 2.00 [503]
2.30± 0.40 [51]
2.90± 0.40 [493]

M5 2.20± 0.40 [493]

N1 1.00± 1.70 [493]

IP 6.7665 [222]



Manganese Z=25 221

Mn Z=25 [Ar] 3d5 4s2

Manganese A = 54.93804(9) [12.77] % = 7.30 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 5769.18± 0.54 [145] 7.79 [423]

K˛2 KL2 5887.65± 0.06 [50] 0.1003 [488] 9.177(-2) 1.50 [301]
5887.6859± 0.0084 [241] 0.1049 [487] 1.42 [423]

K˛1 KL3 5898.75± 0.03 [50] 0.1967 [488] 1.799(-1) 1.48 [301]
5898.70 [104] 0.2058 [487] 1.43 [423]
5898.8010± 0.0084 [241]

KM1 6455.7± 1.5 [145] 4.45 [423]

Kˇ3 KM26485.39± 0.96 [145] 1.40(-2) [488] 1.094(-2) 2.14 [423]

Kˇ1 KM3 6492.7± 1.0 [145] 2.76(-2) [488] 2.152(-2) 2.10 [423]

Kˇ3,1 KM2,3 6490.45± 0.07 [50] 3.548(-2) [488]
6490.40 [104]
6490.585± 0.014 [241]

Kˇ5 KM4,5 6535.36± 0.51 [50] 1.04(-5) [488]
6535.39 [104]

KˇII
5

KM4 6537.52± 0.48 [145] 3.855(-6)

KˇI
5

KM5 6538.54± 0.51 [145] 5.641(-6)

KN1 6544.46± 0.20 [145]

L series
L1M1 686.5 ± 1.8 [145] 10.11 [423]

Lˇ4,3 L1M2,3 721.2 ± 1.2 [50] 2.03(-3) [488]
705.30 [104]

Lˇ4 L1M2 716.2 ± 1.3 [145] 4.880(-4) 7.80 [423]

Lˇ3 L1M3 723.5 ± 1.4 [145] 7.085(-4) 7.76 [423]

Lˇ10 L1M4 768.34± 0.80 [145] 1.261(-6)

Lˇ9 L1M5 769.36± 0.82 [145] 1.762(-6)

L1N1 775.27± 0.51 [145]

L� L2M1 567.42± 0.77 [50] 1.79(-4) [488] 3.576(-3) 3.74 [423]
568.20 [104]



222 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

L2M2 599.2± 1.2 [145] 1.44 [423]

Lˇ17 L2M3 606.5± 1.3 [145] 7.007(-6) 1.39 [423]

Lˇ1 L2M4 648.80± 0.70 [50] 1.80(-3) [488] 8.777(-4) 0.36 [423]
648.05 [104]

L2M5 652.34± 0.72 [145]

L�5 L2N1 658.26± 0.41 [145] 6.971(-5)

Ll L3M1 556.22± 0.11 [50] 1.56(-4) [488] 3.356(-3) 3.75 [423]
556.60 [104]

Lt L3M2 587.3± 1.1 [145] 3.419(-69 1.44 [423]

Ls L3M3 594.6 ± 1.2 [145] 3.338(-6) 1.40 [423]

L˛2,1 L3M4,5 637.44± 0.49 [50] 1.17(-3) [488] 1.50 [301]
637.25 [104]

L˛2 L3M4 639.42± 0.66 [145] 7.066(-5)

L˛1 L3M5 640.44± 0.69 [145] 7.980(-4)

Lˇ6 L3N1 646.36± 0.38 [145] 6.557(-5)

M series
M2,3M4,5 45.00± 1.00 [50]

45.70 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 6539.00 [503] 0.308 [301] 1.16 [301] 6539.0 [51]
6539.00± 0.40 [493] 0.310 [293] 1.07 [423] 6.537667 [294]

0.3276 [557] 1.11 [94] 6552.12± 0.12 [145]
0.314 [38]
0.303 [41]
0.3213 [39]
0.3042 [423]
0.308 [310]

L1 769.00 [503] 8.40(-4) [301] 6.62 [301] 769.0 [51]
769.00± 0.40 [493] 1.36(-3) [423] 6.72 [423] 782.94± 0.44 [145]

3.3(-4) [436] 6.2 [94]
3.5(-4) [244]



Manganese Z=25 223

level EB/eV !nlj 
 /eV AE/eV

L2 652.00 [503] 5.00(-3) [301] 0.34 [301] 651.4 [51]
651.40± 0.40 [493] 4.53(-3) [423] 0.36 [423] 665.92± 0.33 [145]

3.40(-3) [310] 0.97 [94]
3.40(-3) [436]
3.90(-3) [244]

L3 641.00 [503] 5.00(-3) [301] 0.32 [301] 640.3 [51]
640.30± 0.40 [493] 4.30(-3) [423] 0.36 [423] 654.02± 0.31 [145]

3.90(-3) [436] 0.36 [94]
4.57(-3) [244]

M1 84.00 [503] 3.10(-6) [38] 5.92 [350] 82.3 [51]
83.90 ± 0.50 [493] 1.0(-5) [423] 3.39 [423]

2.4 [94]

M2 49.00 [503] 1.60(-5) [38] 1.52 [350]
48.60 ± 0.40 [51] 2.0(-5) [512] 1.08 [423]
53.10 ± 0.40 [493] 2.0(-6) [423] 1.2 [94]

M3 49.00 [503] 2.0(-6) [423] 1.04 [423]
48.60 ± 0.40 [51] 1.2 [94]
46.40 ± 0.40 [493]

M4 4.00 [503]
3.30 ± 0.50 [51]
3.50 ± 0.60 [51]

M5 4.00 [503]
3.30 [51]
2.70 ± 0.50 [493]

N1 1.90 ± 0.20 [493]

IP 7.43402 [222]



224 5 X-Ray Emission Lines and Atomic Level Characteristics

Fe Z=26 [Ar] 3d6 4s2

Iron A = 55.845(2) [222] % = 7.86 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 6266.07± 0.58 [145] 8.53 [423]

K˛2 KL2 6390.84± 0.03 [50] 0.1196 [488] 1.014(-1) 1.62 [301]
6390.80 [104] 0.1248 [487] 3.20 [473]
6391.0264± 0.0099 [241] 1.55 [423]

K˛1 KL3 6403.84± 0.03 [50] 0.2341 [488] 1.986(-1) 1.61 [301]
6403.80 [104] 0.2444 [487] 2.46 [473]
6404.0062± 0.0099 [241] 1.56 [423]

KM1 7020.2± 1.5 [145] 4.84 [423]

Kˇ3 KM2 7053.2± 1.0 [145] 1.67(-2) [487] 1.221(-2) 2.66 [423]

Kˇ1 KM3 7059.9± 1.1 [145] 3.29(-2) [487] 2.400(-2) 2.60 [423]

Kˇ3,1 KM2,3 7057.98± 0.08 [50] 4.269(-2) [488]
7058.00 [104]

7058.175± 0.016 [241]

Kˇ5 KM4,5 7108.26± 0.60 [50] 1.74(-5) [488]
7108.40 [104]

KˇII
5

KM4 7110.59± 0.50 [145] 6.008(-6)

KˇI
5

KM5 7111.50± 0.52 [145] 8.772(-6

KN1 7117.93± 0.20 [145]

L series
L1M1 754.1± 1.8 [145] 11.07 [423]

Lˇ4,3 L1M2,3 792.2± 1.5 [50] 2.525(-3) [488]
790.40 [104]

Lˇ4 L1M2 787.2± 1.3 [145] 5.335(-4) 8.89 [423]

Lˇ3 L1M3 793.8± 1.5 [145] 3.921(-4) 8.84 [423]

Lˇ10 L1M4 844.52± 0.85 [145] 1.631(-6)

Lˇ9 L1M5 845.44± 0.87 [145] 2.202(-6)

L1N1 851.86± 0.55 [145]



Iron Z=26 225

line transition E/eV I/eV/� TPIV 
 /eV

L� L2M1 627.8 ± 1.9 [50] 1.79(-4) [488] 4.038(-3) 4.10 [423]
627.75 [104]

L2M2 663.7 ± 1.2 [145] 1.91 [423]

Lˇ17 L2M3 670.4 ± 1.3 [145] 9.181(-6) 1.86 [423]

Lˇ1 L2M4 718.32± 0.62 [50] 1.803(-3) [488] 1.402(-3) 0.40 [423]
717.95 [104]

L2M5 721.99± 0.73 [145]

L�5 L2N1 728.41± 0.41 [145] 8.273(-5)

Ll L3M1 615.30± 0.45 [50] 1.88(-4) [488] 3.759(-3) 4.11 [423]
615.50 [104]

Lt L3M2 650.1 ± 1.2 [145] 4.556(-6) 1.87 [423]

Ls L3M3 656.8 ± 1.3 [145] 1.009(-5) 1.87 [423]

L˛2,1 L3M4,5 704.8 ± 1.2 [50] 1.77(-3) [488]
704.95 [104]

L˛2 L3M4 707.46± 0.67 [145] 1.150(-4)

L˛1 L3M5 708.38± 0.70 [145] 1.285(-3)

Lˇ6 L3N1 714.80± 0.38 [145] 7.696(-5)

M series
M2,3M4,5 51.00 ± 1.00 [50]

51.15 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 7114.00 [503] 0.340 [301] 1.25 [301] 7112.0 [51]
7112.00± 0.90 [51] 0.364 [347] 1.15 [423] 7110.747± 0.020 [294]
7113.00± 0.90 [493] 0.3624 [557] 1.19 [94] 7125.87± 0.13 [145]

0.344 [293]
0.342 [35]
0.3362 [423]
0.340 [310]
0.350 [567]

L1 846.00 [503] 1.00(-3) [301] 2.76 [301] 846.1 [51]
846.10± 0.40 [493] 3.84(-4) [487] 7.38 [423] 859.80± 0.48 [145]

1.47(-3) [423] 7.05 [94]
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level EB/eV !nlj 
 /eV AE/eV

3.80(-3) [436]

L2 723.00 [503] 6.30(-3) [301] 0.37 [301] 721.1 [51]
721.10± 0.90 [493] 1.43(-3) [107] 0.40 [423] 720.74± 0.31 [50]

5.33(-3) [423] 1.14 [94] 736.35± 0.34 [145]
4.80(-3) [436]

L3 710.00 [503] 6.30(-3) [301] 0.36 [301] 708.1 [51]
708.10± 0.90 [493] 1.49(-3) [107] 0.41 [423] 707.46± 0.30 [50]

5.25(-3) [423] 0.41 [94] 722.74± 0.31 [145]
5.40(-3) [436]

M1 95.00 [503] 2.80(-6) [38] 6.90 [350] 91.3 [51]
92.90± 0.90 [493] 1.097(-3) [512] 3.70 [423]

1.0(-5) [423] 2.4 [94]

M2 56.00 [503] 1.60(-5) [38] 2.15 [350]
54.00± 0.90 [51] 2.0(-5) [512] 1.51 [423]
58.10± 0.90 [493] 4.0(-6) [423] 1.23 [94]

M3 56.00 [503] 4.0(-6) [423] 1.40 [74]
54.00± 0.90 [51] 1.46 [423]
52.00± 0.90 [493] 1.23 [94]

M4 6.00 [503]
3.90± 0.90 [493]

M5 6.00 [503]
3.60 [51]
3.10± 0.90 [493]

N1 2.10± 2.20 [493]

IP 7.9024 [222]



Cobalt Z=27 227

Co Z=27 [Ar] 3d7 4s2

Cobalt A = 58.933200(9) [222] % = 8.90 g/cm3 [547]
% = 8.71 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 6784.08± 0.61 [145] 9.21 [423]

K˛2 KL2 6915.30± 0.04 [50] 0.1415 [488] 1.112(-1) 1.76 [301]
6915.30 [104] 1.69 [423]
6915.5380± 0.0039 [241]

K˛1 KL3 6930.32± 0.04 [50] 0.2766 [488] 2.175(-1) 1.76 [301]
6930.20 [104] 1.70 [423]
6930.3780± 0.0039 [241]

KM1 7609.0± 1.5 [145] 5.21 [423]

Kˇ1.3 KM2,3 7649.43± 0.10 [50] 5.088(-2) [488]
7649.30 [104]
7649.445± 0.014 [241]

Kˇ3 KM2 7645.5± 1.0 [145] 1.350(-2) 3.24 [423]

Kˇ1 KM3 7651.5± 1.1 [145] 2.651(-2) 3.16 [423]

Kˇ5 KM4,5 7705.98± 0.21 [50] 2.78(-5) [488]
7706.00 [104]

KII
ˇ5

KM4 7708.35± 0.52 [145] 8.906(-6)

KI
ˇ5

KM5 7709.15± 0.54 [145] 1.297(-5)

KN1 7716.05± 0.21 [145]

L series
L1M1 824.9± 1.9 [145] 11.94 [423]

Lˇ4,3 L1M2,3 866.4± 2.7 [50] 3.10(-3) [488]
864.10 [104]

Lˇ4 L1M2 861.4± 1.4 [145] 5.828(-4) 9.98 [423]

Lˇ3 L1M3 867.4± 1.5 [145] 8.697(-4) 9.90 [423]

Lˇ10 L1M4 924.27± 0.90 [145] 1.956(-6)

Lˇ9 L1M5 925.07± 0.92 [145] 2.597(-6)

L1N1 931.97± 0.59 [145]



228 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

L� L2M1 693.8± 1.7 [50] 2.15(-4) [488] 4.382(-3) 4.43 [423]
692.25 [104]

L2M2 731.5± 1.2 [145] 2.45 [423]

Lˇ17 L2M3 737.4± 1.3 [145] 1.165(-5) 2.38 [423]

Lˇ1 L2M4 791.41± 0.60 [50] 2.63(-3) [488] 2.168(-3)
791.30 [104]

L2M5 795.08± 0.74 [145]

L�5 L2N1 801.98± 0.42 [145] 9.631(-5)

Ll L3M1 677.80± 0.44 [50] 2.82(-4) [488] 4.070(-3) 4.44 [423]
677.25 [104]

Lt L3M2 715.9± 1.2 [145] 5.774(-6) 2.47 [423]

Ls L3M3 721.9± 0.13 [145] 5.617(-6) 2.40 [423]

L˛2,1 L3M4,5 776.25± 0.43 [50] 2.58(-3) [488]
776.40 [104]

L˛2 L3M4 778.71± 0.69 [145] 1.787(-4)

L˛1 L3M5 779.52± 0.71 [145] 1.963(-3)

Lˇ6 L3N1 786.42± 0.39 [145] 9.631(-5)

M series
M2,3M4,5 58.00± 1.60 [50]

57.70 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 7709.00 [503] 0.373 [301] 1.33 [301] 7708.9 [51]
7708.90± 0.30 [493] 0.379 [293] 1.24 [423] 7708.776± 0.020 [294]

0.3977 [557] 1.28 [94] 7724.26± 0.13 [145]
0.366 [41]
0.381 [38]
0.388 [39]
0.3687 [423]
0.373 [310]

L1 926.00 [503] 1.20(-3) [301] 2.79 [301] 925.6 [51]
925.60± 0.40 [493] 1.58(-3) [423] 7.97 [423] 940.18± 0.51 [145]

4.48-4) [436] 7.2 [94]



Cobalt Z=27 229

level EB/eV !nlj 
 /eV AE/eV

L2 794.00 [503] 7.70(-3) [301] 0.43 [301] 793.8 [51]
793.60± 0.30 [493] 6.66(-3) [423] 0.46 [423] 793.84± 0.38 [50]

6.308-3) [436] 1.13 [94] 810.18± 0.34 [145]

L3 779.00 [503] 7.70(-3) [301] 0.43 [301] 778.6 [51]
778.60± 0.30 [493] 6.31(-3) [423] 0.47 [423] 779.03± 0.36 [50]

7.10(-3) [436] 0.47 [94] 794.62± 0.31 [145]

M1 101.00 [503] 2.80(-6) [38] 7.28 [350] 101.0 [51]
100.70± 0.40 [493] 2.0(-5) [423] 3.97 [423]

2.4 [94]

M2 60.00 [503] 1.70(-5) [38] 2.85 [350]
59.50 ± 0.30 [51] 2.0(-5) [512] 2.00 [423]
63.20 ± 0.30 [493] 1.0(-5) [423] 1.25 [94]

M3 60.00 [503] 1.0(-5) [423] 1.27 [94]
57.70 ± 0.30 [493] 1.93 [423]

M4 3.00 [503]
2.90 ± 0.30 [51]
2.70 ± 0.30 [493]

M5 3.00 [503]
3.30 ± 0.30 [493]

N1 1.90 ± 2.40 [493]

IP 7.8810 [222]



230 5 X-Ray Emission Lines and Atomic Level Characteristics

Ni Z=28 [Ar] 3d8 4s2

Nickel A = 58.6934(2) [222] % = 8.78 g/cm3 [547]
% = 8.96 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 7323.29± 0.65 [423] 9.85 [423]

K˛2 KL2 7460.89± 0.04 [50] 0.1662 [488] 1.211(-1) 1.96 [301]
7460.80 [104] 0.1730 [487] 3.78 [473]
7461.0343± 00.45 [241] 1.86 [423]

K˛1 KL3 7478.15± 0.04 [50] 0.325 [488] 2.364(-1) 1.94 [301]
7478.10 [104] 0.338 [487] 3.07 [473]
7478.2521± 0.0045 [241] 1.86 [423]

KM1 8222.2± 1.4 [145] 5.58 [423]

Kˇ3 KM2 8262.4± 1.1 [145] 2.34(-2) [487] 1.480(-2) 3.87 [423]

Kˇ1 KM3 8267.6± 1.1 [145] 4.59(-2) [487] 2.903(-2) 3.78 [423]

Kˇ3,1 KM2,3 8264.66± 0.04 [50] 6.023(-2) [488]
8264.52 [104]
8264.775± 0.017 [241]

Kˇ5 KM4,5 8328.68± 0.33 [50] 4.27(-5) [488]
8328.70 [104]

KII
ˇ5

KM4 8330.91± 0.54 [145] 1.269(-5)

KI
ˇ5

KM5 8331.59± 0.56 [145] 1.844(-5)

KN1 8338.94± 0.22 [145]

L series
L1M1 898.9± 1.9 [145] 12.76 [423]

Lˇ4,3 L1M2,3 940.7± 1.1 [50] 3.76(-3) [488]
940.60 [104]

Lˇ4 L1M2 939.1± 1.5 [145] 6.321(-4) 11.05 [423]

Lˇ3 L1M3 944.3± 1.6 [145] 9.677(-4) 10.96 [423]

Lˇ10 L1M4 1007.62± 0.95 [145] 2.273(-6)

Lˇ9 L1M5 1008.30± 0.97 [145] 2.979(-6)

L1N1 1015.65± 0.63 [145]

L� L2M1 762.0± 2.1 [50] 2.54(-4) [488] 4.557(-3) 4.77 [423]



Nickel Z=28 231

line transition E/eV I/eV/� TPIV 
 /eV

759.70 [104]
762.2 ± 1.7 [145]

L2M2 802.4 ± 1.3 [145] 3.06 [423]

Lˇ17 L2M3 807.6 ± 1.3 [145] 1.394(-5) 2.97 [423]

Lˇ1 L2M4 868.77± 0.54 [50] 3.70(-3) [488] 3.124(-3)
868.20 [104]

L2M5 871.63± 0.76 [145]

L�5 L2N1 878.98± 0.42 [145]

Ll L3M1 742.72± 0.59 [50] 2.69(-4) [488] 4.261(-3) 4.78 [423]
742.40 [104]

Lt L3M2 784.7 ± 1.2 [145] 7.039(-6) 3.07 [423]

Ls L3M3 789.9 ± 1.3 [145] 6.835(-6) 2.97 [423]

L˛2,1 L3M4,5 851.47± 0.21 [50] 3.61(-3) [488]
850.90 [104]

L˛2 L3M4 853.19± 0.71 [145] 2.627(-4)

L˛1 L3M5 853.87± 0.26 [145] 2.860(-3)

Lˇ6 L3N1 861.23± 0.39 [145] 9.788(-5)

M series
M2,3M4,5 65.10 ± 0.70 [50]

67.00 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 8333.00 [503] 0.406 [301] 1.44 [301] 8332.8 [51]
8332.80± 0.40 [493] 0.414 [293] 1.33 [423] 8331.486± 0.020 [294]

0.432 [557] 1.39 [94] 8347.42± 0.14 [145]
0.414 [38]
0.4212 [39]
0.4014 [423]
0.406 [310]

L1 1008.00 [503] 1.40(-3) [301] 2.89 [301] 1008.1 [51]
1008.10± 0.40 [493] 4.63(-4) [348] 8.51 [423] 1024.13± 0.55 [145]

1.72(-3) [423] 6.4 [94]
4.9(-4) [436]



232 5 X-Ray Emission Lines and Atomic Level Characteristics

level EB/eV !nlj 
 /eV AE/eV

1.6(-3) [21]

L2 872.00 [503] 8.60(-3) [301] 0.52 [301] 871.9 [51]
871.90± 0.40 [493] 2.69(-3) [107] 0.53 [423] 870.54± 0.45 [50]

7.80(-3) [423] 0.98 [94] 887.36± 0.34 [145]
7.90(-3) [436]
7.50(-3) [21]

L3 855.00 [503] 9.30(-3) [301] 0.48 [301] 854.7 [51]
854.70± 0.40 [493] 7.50(-3) [423] 0.53 [423] 853.58± 0.43 [50]

8.80(-3) [436] 0.53 [94] 869.70± 0.31 [145]
5.50(-3) [21]

M1 112.00 [503] 3.50(-6) [38] 7.92 [350] 110.8 [51]
111.80± 0.60 [493] 2.0(-5) [423] 4.25 [423]

2.3 [94]

M2 68.00 [503] 1.50(-5) [38] 3.80 [350]
68.10± 0.40 [51] 2.0(-5) [512] 2.54 [423]
71.20± 0.40 [493] 1.0(-5) [423] 1.3 [94]

M3 68.00 [503] 1.0(-5) [423] 1.3 [94]
69.70± 0.40 [493] 2.45 [423]

M4 4.00 [503]

3.60± 0.40 [51]
3.90± 0.40 [493]

M5 4.00 [503]
3.30± 0.40 [493]

N1 2.20± 2.50 [493]

IP 7.6398 [222]



Copper Z=29 233

Cu Z=29 [Ar] 3d10 4s1

Copper A = 63.546(3) [12.77] % = 8.94 g/cm3 [547]
% = 8.93 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 7884.83± 0.68 [145] 10.57 [423]

K˛2 KL2 8027.83± 0.01 [50] 0.1942 [488] 1.311(-1) 2.17 [301]
8027.80 [104] 0.2017 [487] 2.04 [423]
8027.91± 0.02 [143]
8027.92± 0.02 [277]
8027.8416± 0.0026 [241]

K˛1 KL3 8047.78± 0.01 [50] 0.379 [488] 2.557(-1) 2.11 [301]
8047.70 [104] 0.393 [487] 2.05 [423]
8047.86± 0.01 [143]
8047.87± 0.01 [277]
8047.8227± 0.0026 [241]

KM1 8859.8± 1.4 [145] 6.16 [423]

Kˇ3 KM2 8902.90± 0.64 [50] 2.354(-2) [488] 1.589(-2) 5.00 [423]
8902.80 [104] 2.69(-2) [487]

Kˇ1 KM3 8905.29± 0.64 [50] 4.61(-2) [488] 3.109(-2) 4.89 [423]
8905.10 [104] 5.27(-2) [487]

Kˇ5 KM4,5 8977.14± 0.29 [50] 6.50(-5) [488]
8974.20 [104]

KII
ˇ5

KM4 8977.49± 0.56 [145] 1.794(-5)

KI
ˇ5

KM5 8977.14± 0.29 [145] 2.593(-5)

Kˇ2 KN2,3 8977.00 [104]

KN1 8980.22± 0.23 [145]

L series
L1M1 975.0± 1.8 [145] 6.17 [423]

Lˇ4,3 L1M2,3 1022.8± 1.0 [50] 4.45(-3) [488]
1023.00 [104]

Lˇ4 L1M2 1019.1± 1.6 [145] 6.884(-4) 12.69 [423]

Lˇ3 L1M3 1022.0± 1.6 [145] 1.065(-3) 12.59 [423]



234 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ10 L1M4 1092.7± 1.0 1.4 [145] 2.601(-6)

Lˇ9 L1M5 1093.0± 1.0 [145] 3.422(-6)

L� L2M1 832.1± 1.7 [50] 2.96(-4) [488] 4.656(-3) 5.32 [423]
830.80 [104]

L2M2 875.6± 1.3 [145] 4.16 [423]

Lˇ17 L2M3 878.5± 1.4 [145] 1.625(-5)

Lˇ1 L2M4 949.84± 0.32 [50] 5.19(-3) [488] 4.430(-3) 4.60 [423]
949.70 [104]

L2M5 949.44± 0.77 [145]

L�5 L2N1 951.84± 0.43 [145]

Ll L3M1 811.08± 0.71 [50] 3.15(-4) [488] 4.338(-3) 5.34 [423]
810.60 [104]

Lt L3M2 855.8± 1.3 [145] 8.203(-6) 4.17 [423]

Ls L3M3 858.8± 1.3 [145] 7.948(-6) 4.07 [423]

L˛2,1 L3M4,5 929.68± 0.31 [50] 5.06(-3) [488]
930.10 [104]

L˛2 L3M4 929.38± 0.72 [145] 3.709(-4)

L˛1 L3M5 929.71± 0.74 [145] 3.972(-3)

Lˇ6 L3N1 932.11± 0.39 [145] 1.062(-4)

M series
M2,3M4,5 72.00± 1.30 [50]

74.30 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 8979.00 [503] 0.440 [301] 1.55 [301] 8978.9 [51]
8978.90± 0.40 [493] 0.4678 [557] 1.44 [423] 8980.476± 0.020 [294]

0.445 [38] 8987.96± 0.15 [145]
0.4538 [39]
0.451 [537]
0.444 [221]
0.439 [35]
0.4338 [423]
0.440 [310]
0.443 [33]



Copper Z=29 235

level EB/eV !nlj 
 /eV AE/eV

0.425 [430]

L1 1096.00 [503] 1.60(-3) [301] 3.06 [301] 1096.1 [51]
1096.60± 0.40 [493] 1.87(-3) [423] 9.13 [423] 1103.12± 0.59 [145]

5.38-4) [436]
1.708-3) [21]

L2 951.00 [503] 1.00(-2) [301] 0.62 [301] 951.0 [51]
951.00± 0.40 [493] 3.57(-3) [107] 0.60 [423] 952.68± 0.11 [50]

9.22(-3) [423] 959.58± 34 [145]
9.60(-3) [436]
1.40(-2) [21]

L3 931.00 [503] 1.10(-2) [301] 0.56 [301] 931.1 [51]
931.10± 0.40 [493] 3.83(-3) [107] 0.61 [423] 933.04± 0.10 [50]

8.80(-3) [423] 939.85± 0.31 [145]
1.06(-2) [436]
1.20(-2) [21]

M1 120.00 [503] 4.10(-6) [38] 6.66 [350] 122.5 [51]
119.80± 0.60 [493] 3.0(-5) [423] 4.73 [423]

M2 74.00 [503] 1.6(-5) [38] 5.22 [350]
73.60 ± 0.40 [51] 2.0(-5) [512] 3.56 [423]
75.30 ± 0.40 [493] 2.0(-5) [423]

M3 74.00 [503] 2.0(-5) [423] 3.46 [423]
73.60 ± 0.40 [51]
72.80 ± 0.40 [493]

M4 2.00 [503]
1.60 ± 0.40 [51]
1.80 ± 0.40 [493]

M5 2.00 [503]
1.60 ± 0.40 [51]
1.50 ± 0.40 [493]

N1 1.20 ± 2.70 [493]

IP 7.72638 [222]



236 5 X-Ray Emission Lines and Atomic Level Characteristics

Zn Z=30 [Ar] 3d10 4s2

Zinc A = 65.37(1) [222] % = 7.115 g/cm3 [547]
% = 7.13 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 8465.23± 0.68 [145] 11.06 [423]

K˛2 KL2 8615.823± 0.073 [50] 0.2254 [488] 1.406(-1) 2.39 [301]
8615.80 [104] 0.2338 [487] 3.96 [473]

2.23 [423]

K˛1 KL3 8638.906± 0.073 [50] 0.439 [488] 2.738(-1) 2.32 [301]
8638.80 [104] 0.455 [487] 3.40 [473]

2.24 [423]

KM1 9522.7± 1.4 [145] 6.32 [423]

Kˇ3 KM2 9570.8± 1.2 [145] 3.19(-2) [487] 1.739(-2) 5.33 [423]

Kˇ1 KM3 9573.6± 1.2 [145] 6.24(-2) [487] 3.400(-2) 5.18 [423]

Kˇ3,1 KM2,3 9572.03± 0.22 [50] 8.237(-2) [488]
9571.80 [104]

Kˇ5 KM4,5 9649.9± 1.1 [50] 9.22(-5) [488]
9651.60 [104]

KII
ˇ5

KM4 9650.97± 0.59 [145] 2.351(-5)

KI
ˇ5

KM5 9651.31± 0.59 [145] 3.399(-5)

KN1 9659.54± 0.23 [145]

Kˇ2 KN2,3 9658.05± 0.22 [50]
9658.0 [104]

L series
L1M1 1057.5± 1.9 [145] 14.26 [423]

Lˇ4,3 L1M2,3 1107.0± 1.0 [50] 5.38(-3) [488]
1122.40 [104]

Lˇ4 L1M2 1105.6± 1.7 [145] 7.386(-4) 13.27 [423]

Lˇ3 L1M3 1108.4± 1.6 [145] 1.175(-3) 13.12 [423]

Lˇ10 L1M4 1185.7± 1.0 [145] 2.896(-6)

Lˇ9 L1M5 1186.1± 1.0 [145] 3.916(-6)



Zinc Z=30 237

line transition E/eV I/eV/� TPIV 
 /eV

L1N1 1194.31± 0.66 [145]

L� L2M1 906.3± 2.0 [50] 3.49(-4) [488] 4.612(-3) 5.43 [423]
905.70 [104]

L2M2 954.6± 1.4 [145] 4.44 [423]

Lˇ17 L2M3 957.4± 1.4 [145] 1.808(-5) 4.29 [423]

Lˇ1 L2M4 1034.65± 0.38 [50] 6.78(-3) [488] 5.873(-3)
1034.50 [104]

L2M5 1035.10± 0.80 [145]

L�5 L2N1 1043.33± 0.45 [145] 1.304(-4)

Ll L3M1 884.3± 1.9 [50] 3.73(-4) [488] 4.350(-3) 5.44 [423]
894.70 [104]

Lt L3M2 931.7± 1.4 [145] 9.215(-6) 4.45 [423]

Ls L3M3 934.5± 1.3 [145] 8.910(-6) 4.30 [423]

L˛2,1 L3M4,5 1011.77± 0.37 [50] 6.61(-3) [488]
1011.90 [104]

L˛2 L3M4 1011.87± 0.75 [145] 4.963(-4)

L˛1 L3M5 1012.21± 0.75 [145] 5.260(-3)

Lˇ6 L3N1 1020.44± 0.40 [145] 1.133(-4)

M series
M2,3M4, 5 79.00± 1.50 [50]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 9659.00 [503] 0.474 [301] 1.67 [301] 9658.6 [51]
9658.60± 0.60 [493] 0.5014 [557] 1.56 [423] 9660.755± 0.030 [294]

0.449 [347] 1.62 [94] 9666.55± 0.15 [145]
0.482 [293]
0.479 [38]
0.4857 [39]
0.4659 [423]
0.470 [310]
0.488 [112]

L1 1194.00 [503] 1.80(-3) [301] 3.28 [301] 1193.6 [51]
1193.60± 0.90 [493] 5.23(-4) [348] 9.50 [423] 1203.31± 0.58 [145]
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level EB/eV !nlj 
 /eV AE/eV

2.02(-3) [310] 4.8 [94]
5.7(-4) [436]
6.0(-4) [244]

L2 1044.00 [503] 1.10(-2) [301] 0.72 [301] 1042.8 [51]
1042.80± 0.60 [493] 1.06(-2) [423] 0.67 [423] 1045.21± 13 [50]

1.04(-2) [436] 1.06 [94] 1052.33± 0.36 [145]
1.14(-2) [244]

L3 1021.00 [503] 1.20(-2) [301] 0.65 [301] 1019.7 [51]
1019.70± 0.60 [493] 1-08(-2) [348] 0.68 [423] 1022.03± 0.12 [50]

1.02(-2) [423] 0.68 [94] 1029.45± 0.31 [145]
1.01(-2) [436]
1.12(-2) [244]

M1 137.00 [503] 4.60(-6) [38] 5.90 [350] 139.8 [51]
135.90± 1.10 [493] 1.48(-3) [512] 4.76 [423]

3.0(-5) [423] 2.1 [94]

M2 87.00 [503] 2.20(-5) [38] 4.70 [350]
88.60± 0.60 [493] 2.0(-5) 3.77 [423]

2.0(-5) [423] 2.1 [94]

M3 87.00 [503] 3.0(-5) [423] 2.10 [74]
85.60± 0.60 [493] 3.62 [423]

2.15 [94]

M4 9.00 [503]
8.10± 0.60 [51]
7.90± 0.60 [493]

M5 9.00 [503] 10.1 [51]
8.10± 0.60 [51]
8.00± 0.60 [493]

N1 1.30± 0.30 [493]

IP 9.3942 [222]



Gallium Z=31 239

Ga Z=31 [Ar] 3d10 4s2 4p1

Gallium A = 69.723(1) [222] % = 5.918 g/cm3 [547]
% = 5.93 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 9067.89± 0.75 [145] 10.40 [423]

K˛2 KL2 9224.82± 0.07 [50] 0.2603 [488] 1.498(-1) 2.66 [301]
9224.835± 0.027 [366]

K˛1 KL3 9251.74± 0.06 [50] 0.506 [488] 2.912(-1) 2.59 [301]
9251.70 [104] 2.46 [423]
9251.674± 0.066 [366]

KM1 10210.4± 1.3 [145] 6.15 [423]

Kˇ3 KM2 10260.28± 0.64 [50] 3.29(-2) [488] 1.893(-2) 5.62 [423]
10260.00 [104]

Kˇ1 KM3 10264.19± 0.29 [50] 6.43(-2) [488] 3.699(-2) 5.41 [423]
10264.00 [104]

Kˇ5 KM4,5 10348.2± 2.6 [50] 1.39(-4) [488]
10350.40 [104]

KII
ˇ5

KM4 10349.92± 0.60 [145] 3.009(-5) 1.71 [423]

KI
ˇ5

KM5 10350.49± 0.61 [145] 4.346(-5)

KN1 10365.69± 0.34 [145]

Kˇ2 KN2,3 10366.42± 0.26 [50] 5.46(-4) [488]
10366.00 [104]

KII
ˇ2

KN2 10370.50± 0.21 [145] 1.080(-4)

KI
ˇ2

KN3 2.060(-4)

L series
L1M1 1142.5± 1.8 [145] 13.16 [423]

Lˇ3,4 L1M2,3 1196.9± 1.4 [50] 6.48(-3) [488]

Lˇ4 L1M2 1193.9± 1.6 [145] 7.968(-4) 12.63 [423]

Lˇ3 L1M3 1197.9± 1.7 [145] 1.286(-3) 12.42 [423]

Lˇ10 L1M4 1282.0± 1.1 [145] 3.251(-6) 12.41 [423]

Lˇ9 L1M5 1282.6± 1.1 [145] 4.519(-6)
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line transition E/eV I/eV/� TPIV 
 /eV

L1N1 1297.80± 0.83 [145]

L�2 L1N2 1302.61± 0.70 [145] 4.924(-6)

L� L2M1 984.22± 0.23 [50] 4.10(-4) [488] 4.433(-3) 5.21 [423]
984.20 [104]

L2M2 1036.7± 1.3 [145] 4.68 [423]

Lˇ17 L2M3 1040.7± 1.4 [145] 1.963(-5) 4.46 [423]

Lˇ1 L2M4 1124.76± 0.30 [50] 8.68(-3) [488] 7.534(-3) 0.77 [423]
1124.30 [104]

L2M5 1125.39± 0.80 [145]

L�5 L2N1 1140.59± 0.54 [145] 1.376(-4)

L2N2 1145.40± 0.40 [145]

Ll L3M1 957.17± 0.22 [50] 4.41(-4) [488] 4.301(-3) 5.22 [423]
957.40 [104]

Lt L3M2 1009.9± 1.3 [145] 1.008(-5) 4.68 [423]

Ls L3M3 1013.9± 1.3 [145] 9.725(-6) 4.47 [423]

L˛2,1 L3M4,5 1097.97± 0.14 [50] 8.45(-3) [488]
1097.90 [104]

L˛2 L3M4 1098.03± 0.75 [145] 6.459(-4) 0.77 [423]

L˛1 L3M5 1098.59± 0.76 [145] 6.713(-3)

Lˇ6 L3N1 1113.79± 0.49 [145] 1.195(-4)

L3N2 1118.61± 0.36 [145] 6.635(-9)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 10367.00 [503] 0.507 [301] 1.82 [301] 10367.1 [51]
10367.10± 0.50 [493] 0.514 [293] 1.70 [423] 10368.1± 1.3 [50]

0.5338 [557] 1.76 [94] 10377.76± 0.16 [145]
0.510 [38]
0.5166 [39]
0.528 [181]
0.529 [411]
0.4973 [423]
0.507 [310]
0.5338 [557]



Gallium Z=31 241

level EB/eV !nlj 
 /eV AE/eV

L1 1298.00 [503] 2.10(-3) [301] 3.38 [301] 1297.7 [51]
1297.70± 1.10 [493] 2.20(-3) [423] 8.71 [423] 1302.7± 1.0 [50]

8.90(-4) [436] 4.1 [94] 1309.87± 0.65 [145]

L2 1143.00 [503] 1.20(-2) [301] 0.38 [301] 1142.3 [51]
1142.30± 0.50 [493] 1.21(-2) [423] 0.76 [423] 1145.02± 0.78 [50]

1.22(-2) [436] 0.77 [94] 1152.66± 0.35 [145]

L3 1116.00 [503] 1.30(-2) [301] 0.76 [301] 1115.4 [51]
1115.40± 0.50 [493] 1.18(-2) [423] 0.76 [423] 1116.96± 0.15 [50]

1.18(-2) [436] 0.77 [94] 1125.86± 0.31 [145]

M1 158.00 [503] 1.588(-3) [512] 2 [94] 159.5 [51]
158.10± 0.70 [493] 4.0(-5) [423] 4.46 [423]

M2 107.00 [503] 2.0(-5) [512] 2.25 [94]
106.80± 0.70 [493] 5.0(-5) [423] 3.93 [423]

M3 103.00 [503] 4.0(-5) [423] 2.3 [94]
102.90± 0.50 [493] 3.72 [423]

M4 18.00 [503] 0.012 [94]
17.40 ± 0.50 [51] 0.01 [423]
20.70 ± 0.50 [493]

M5 18.00 [503] 18.7 [51]
17.40 ± 0.50 [51]
15.70 ± 0.50 [493]

N1 5.60 ± 3.40 [493]

N2 1.00 [503]
0.80 ± 0.50 [493]

IP 5.99930 [222]
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Ge Z=32 [Ar] 3d10 4s2 4p2

Germanium A = 72.61(2) [222] % = 5.308 g/cm3 [547]
% = 5.32 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 9692.08± 0.84 [145] 10.56 [423]

K˛2 KL2 9855.42± 0.10 [50] 0.299 [488] 1.585(-1) 2.92 [301]
9855.20 [104] 0.309 [487] 4.18 [473]

2.69 [423]

K˛1 KL3 9886.52± 0.11 [50] 0.580 [488] 3.077(-1) 2.78 [301]
9886.30 [104] 0.600 [487] 3.75 [473]

2.69 [423]

KM1 10924.0± 1.3 [145] 5.98 [423]

Kˇ3 KM2 10978.1± 1.3 [50] 3.86(-2) [488] 2.049(-2) 5.84 [423]
10978.00 [104] 4.40(-2) [487]

Kˇ1 KM3 10982.19± 0.29 [50] 7.55(-2) [488] 4.004(-2) 5.56 [423]
10982.00 [104] 8.62(-2) [487]

Kˇ5 KM4,5 11074.8± 1.5 [50] 1.73(-4) [488]
11075.50 [104]

KII
ˇ5

KM4 11074.59± 0.63 [145] 3.763(-5) 1.89 [423]

KI
ˇ5

KM5 11075.33± 0.63 [145] 5.428(-5) 1.89 [423]

KN1 11098.72± 0.52 [145]

KˇII
2

KN2 11105.84± 0.37 [145] 9.70(-4) [487] 3.342(-4)

KˇI
2

KN3 1.87(-3) [487] 6.409(-4)

Kˇ2 KN2,3 11100.97± 0.29 [50] 1.84(-3) [488]
11101.00 [104]

L series
L1M1 1231.9± 1.9 [145] 12.83 [423]

Lˇ4 L1M2 1286.12± 0.39 [50] 2.76(-3) [488] 8.459(-4) 12.70 [423]
1286.10 [104]

Lˇ3 L1M3 1294.04± 0.40 [50] 5.00(-3) [488] 1.423(-3) 12.42 [423]
1294.10 [104]

Lˇ10 L1M4 1382.5± 1.2 [145] 3.684(-6) 8.75 [423]



Germanium Z=32 243

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ9 L1M5 1383.2± 1.2 [145] 5.305(-6) 8.74 [423]

L1N1 1406.6± 1.1 [145]

L�2 L1N2 1413.76± 0.93 [145] 1.483(-5)

L� L2M1 1067.98± 0.27 [50] 4.81(-4) [488] 4.214(-3) 4.98 [423]
L2M21123.7± 1.5 1218.60 [104] 4.83 [423]

1068.00 [104]

Lˇ17 L2M3 1128.4± 1.5 [145] 2.072(-5) 4.55 [423]

L2M2 1123.7± 1.5 [145]

Lˇ1 L2M4 1218.50± 0.18 [50] 1.09(-2) [488] 9.332(-3) 0.89 [423]
1218.60 [104]

L2M5 1219.65± 0.83 [145] 0.88 [423]

L� 5 L2N1 1242.60 [104] 1.444(-4)
1243.05± 0.72 [145]

L2N2 1250.17± 0.56 [145]

Ll L3M1 1036.21± 0.51 [50] 5.20(-4) [488] 4.220(-3) 4.97 [423]
1037.80 [104]

Lt L3M2 1092.7± 1.4 [145] 1.091(-5) 4.83 [423]

Ls L3M3 1097.4± 1.4 [145]

L˛2,1 L3M4,5 1188.01± 0.13 [50] 1.06(-2) [488]
1188.20 [104]

L˛1 L3M4 1187.91± 0.78 [145] 8.057(-4) 0.88 [423]

L˛1 L3M5 1188.66± 0.13 [145] 8.319(-3) 0.84 [423]

Lˇ6 L3N1 1193.70± 2.00 [50] 1.249(-4)
1193.70 [104]

L3N2 1219.17± 0.51 [145] 2.107(-8)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 11104.00 [503] 0.535 [301] 1.96 [301] 11103.1 [51]
11103.10± 0.70 [493] 0.565 [557] 1.85 [423] 11103.76± 0.74 [50]

0.558 [347] 1.92 [94] 11113.82± 0.16 [145]
0.545 [293]
0.540 [38]
0.5464 [39]
0.554 [410]
0.5278 [423]
0.535 [310]
0.538 [430]
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level EB/eV !nlj 
 /eV AE/eV

L1 1413.00 [503] 2.40(-3) [301] 3.53 [301] 1414.3 [51]
1414.30± 0.70 [493] 7.70(-4) [348] 8.71 [423] 1413.23± 0.24 [50]

2.41(-3) [423] 3.8 [94] 1421.74± 0.73 [145]
1.05(-3) [436]
2.70(-3) [21]

L2 1249.00 [503] 1.60(-2) [301] 0.95 [301] 1247.8 [51]
1247.80± 0.70 [493] 7.72(-3) [107] 0.84 [423] 1249.32± 0.19 [50]

1.37(-2) [423] 0.86 [94] 1258.15± 0.35 [145]
1.42(-2) [436]
1.10(-2) [21]

L3 1217.00 [503] 1.50(-2) [301] 0.82 [301] 1216.7 [51]
1216.70± 0.70 [493] 1.44(-2) [348] 0.84 [423] 1217.06± 0.18 [50]

1.35(-2) [423] 0.86 [94] 1227.15± 0.31 [145]
1.36(-2) [436]
1.20(-2) [21]

M1 181.00 [503] 9.10(-6) [38] 4.59 [350] 180.1 [51]
180.00± 0.80 [493] 5.0(-5) [423] 4.13 [423]

2.1 [94]

M2 129.00 [503] 2.60(-5) [38] 5.22 [350]
127.90± 0.90 [493] 2.0(-5) [512] 3.99 [423]

3.0(-5) [423] 2.3 [94]

M3 122.00 [503] 6.0(-5) 873] 2.00 [74]
120.80± 0.70 [493] 3.71 [423]

2.3 [94]

M4 29.00 [503] 5.30(-3) [26,T] 0.05 [74]
28.70± 0.70 [51] 2.7(-3) [512] 0.05 [423]
29.20 [493] 0.045 [94]

M5 29.00 [503] 2.70(-3) [26,T] 0.05 [74] 29.2 [51]
28.70± 0.70 [51] 0.04 [423]
28.50 [493] 0.044 [94]

N1 9.00 [493]

N2 3.00 [503]
2.30 [493]

IP 7.8994 [222]



Arsenic Z=33 245

As Z=33 [Ar] 3d10 4s2 4p3

Arsenic A = 74.92160(2) [12.77] % = 5.72 g/cm3 [547]
% = 5.73 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 10336.70± 0.82 [145] 9.86 [423]

K˛2 KL2 10508.00± 0.09 [50] 0.342 [488] 1.669(-1) 3.17 [301]
10508.00 [104] 0.353 [487] 2.95 [423]
10507.50± 0.15 [366]

K˛1 KL3 10543.72± 0.09 [50] 0.663 [488] 3.232(-1) 3.08 [301]
10544.00 [104] 0.685 [487] 2.93 [423]
10543.2674± 0.0.0081 [366]

KM1 11663.0± 1.3 [145] 5.97 [423]

Kˇ3 KM2 11719.86± 0.84 [50] 4.52(-2) [488] 2.206(-2) 5.96 [423]
11720.00 [104] 5.14(-2) [487]

Kˇ1 KM3 11725.73± 0.37 [50] 8.82(-2) [488] 4.309(-2) 5.64 [423]
11726.00 [104] 0.1005 [487]

Kˇ5 KM4,5 11821.4± 1.7 [50] 2.31(-2) [488]
11822.00 [104]

KII
ˇ5

KM4 11825.05± 0.64 [145] 4.614(-5) 2.07 [423]

KI
ˇ5

KM5 11825.89± 0.65 [145] 6.645(-5) 2.07 [423]

KN1 11858.67± 0.77 [145]

KˇII
2

KN2 11867.94± 0.64 [145] 1.93(-3) [487] 6.722(-4)

KˇI
2

KN3 11866.38± 0.23 [145] 3.70(-3) [487] 1.292(-3)

Kˇ2 KN2,3 11864.34± 0.50 [50] 4.03(-3) [488]
11867.00 [104]

L series
L1M1 1326.3± 1.8 [145] 11.80 [423]

Lˇ4,3 L1M2,3 1388.54± 0.23 [50] 9.25(-3) [488]
1388.30 [104]

Lˇ4 L1M2 1384.54± 0.23 [145] 9.041(-4) 11.80 [423]

Lˇ3 L1M3 1390.4± 0.17 [145] 1.552(-3) 11.48 [423]

Lˇ10 L1M4 1488.3± 1.2 [145] 4.196(-6) 7.90 [423]

Lˇ9 L1M5 1489.2± 1.2 [145] 6.170(-6) 7.90 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L1N1 1522.0± 1.3 [145]

L�2 L1N2 1531.2± 1.2 [145] 2.924(-5)

L�3 L1N3 1529.68± 0.76 [145] 5.227(-5)

L� L2M1 1155.04± 0.15 [50] 5.61(-4) [488] 3.972(-3) 4.89 [423]
1155.10 [104]

L2M2 1213.8± 1.4 [145] 4.88 [423]

Lˇ17 L2M3 1219.3± 1.4 [145] 2.161(-5) 4.56 [423]

Lˇ1 L2M4 1316.99± 0.17 [50] 1.348(-2) [488] 1.124(-2) 0.99 [423]
1316.90 [104]

L2M5 1318.06± 0.82 [145] 0.99 [423]

L�5 L2N1 1350.84± 0.95 [145]

L2N2 1360.10± 0.82 [145]

L2N3 1358.54± 0.41 [145] 9.455(-8)

Ll L3M1 1119.78± 0.15 [50] 6.10(-4) [488] 4.164(-3) 4.88 [423]
1120.00 [104]

Lt L3M2 1178.1± 1.3 [145] 1.162(-5) 4.87 [423]

Ls L3M3 1183.7± 1.3 [145] 1.117(-5) 4.55 [423]

L˛2,1 L3M4,5 1282.01± 0.16 [50] 1.31(-2) [488]
1281.90 [104]

L˛2 L3M4 1281.56± 0.16 [145] 9.902(-4) 0.98 [423]

L˛1 L3M5 1282.41± 0.79 [145] 1.001(-2) 0.98 [423]

Lˇ6 L3N1 1315.19± 0.91 [145]

L3N2 1324.46± 0.78 [145] 4.399(-8)

L3N3 1322.90± 0.37 [145] 4.172(-8)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 11867.00 [503] 0.562 [301] 2.14 [301] 11866.7 [51]
11866.70± 0.70 [493] 0.574 [293] 2.01 [423] 11864.3± 1.7 [50]

0.594 [557] 2.09 [94] 11876.74± 0.18 [145]
0.567 [38]
0.5748 [39]
0.5574 [423]
0.562 [310]



Arsenic Z=33 247

level EB/eV !nlj 
 /eV AE/eV

0.594 [557]

L1 1527.00 [503] 2.80(-3) [301] 3.79 [301] 1526.5 [51]
1526.50± 0.80 [493] 1.40(-3) [107] 7.85 [423] 1529.32± 0.28 [50]

2.64(-3) [423] 3.8 [94] 1540.04± 0.70 [145]
1.23(-3) [436]

L2 1359.00 [503] 1.40(-2) [301] 1.03 [301] 1358.6 [1369
1358.60± 0.70 [493] 8.85(-3) [107] 0.93 [423] 1358.71± 0.22 [50]

1.54(-2) [423] 0.95 [94] 1368.90± 0.35 [145]
1.62(-2) [436]

L3 1323.00 [503] 1.60(-2) [301] 0.94 [301] 1323.1 [51]
1323.10± 0.70 [493] 9.74(-3) [107] 0.92 [423] 1323.61± 0.21 [50]

1.53(-2) [423] 0.94 [94] 1333.26± 0.31 [145]
1.55(-2) [436]

M1 204.00 [503] 1.818(-3) [512] 2.4 [94] 204.7 [342]
203.50± 0.70 [493] 6.0(-5) [423] 3.96 [423]

M2 147.00 [503] 2.0(-5) [512] 2.25 [94]
146.40± 1.20 [493] 9.0(-5) [423] 3.95 [423]

M3 141.00 [503] 8.0(-5) [423] 2.25 [94]
140.50± 0.80 [493] 3.63 [423]

M4 41.00 [503] 2.7(-3) [512] 0.058 [94]
41.20 ± 0.70 [51] 1.0(-6) [423] 0.06 [423]
41.70 ± 0.70 [493]

M5 41.00 [503] 0.06 [94] 41.7 [51]
40.90 ± 0.70 [493] 0.06 [423]

N1 12.50 ± 3.90 [493]

N2 3.00 [503]
2.50 ± 1.00 [493]

N3 3.00 [503]
2.50 ± 1.00 [493]

IP 9.7886 [222]
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Se Z=34 [Ar] 3d10 4s2 4p4

Selenium A = 78.96(3) [12.77] % = 4.82 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 11003.49± 0.84 [145] 10.23 [423]

K˛2 KL2 11184.0± 0.20 [50] 0.389 [488] 1.747(-1) 3.46 [301]
11182.00 [104] 0.401 [487] 4.43 [473]
11181.53± 0.31 [366] 3.22 [423]

K˛1 KL3 11222.40± 0.20 [50] 0.753 [488] 3.379(-1) 3.33 [301]
11222.40 [104] 0.777 [487] 4.10 [473]
11222.52± 0.12 [366] 3.20 [423]

KM1 12427.9± 1.3 [145] 6.43 [423]

Kˇ3 KM2 12489.7± 1.0 [50] 5.26(-2) [488] 2.360(-2) 6.06 [423]
12490.00 [104] 5.98(-2) [487]

Kˇ1 KM3 12496.03± 0.67 [50] 0.1027 [488] 4.605(-2) 5.70 [423]
12496.00 [104] 0.1169 [487]

Kˇ5 KM4,5 12596.0± 1.9 [50] 3.02(-4) [488]
12597.00 [104]

KII
ˇ5

KM4 12601.47± 0.68 [145] 5.560(-5) 2.26 [423]

KI
ˇ5

KM5 12602.42± 0.67 7.997(-5) 2.26 [423]

KN1 12645.7± 1.1 [145]

KˇII
2

KN2 12656.38± 0.73 [145] 3.30(-2) [487] 1.119(-3)

KˇI
2

KN3 12655.11± 0.33 [145] 6.40(-3) [487] 2.154(-3)

Kˇ2 KN2,3 12652.29± 0.96 [50] 7.29(-3) [488]
12653.00 [104]

L series
L1M1 1424.4± 1.8 [145] 12.27 [423]

Lˇ3,4 L1M2,3 1490.0± 2.4 [50] 1.095(-2) [488]

Lˇ4 L1M2 1486.8± 1.8 [145] 9.535(-4) 11.90 [423]

Lˇ3 L1M3 1493.0± 1.8 [145] 1.688(-3) 11.55 [423]

Lˇ10 L1M4 1598.0± 1.2 [145] 4.788(-6) 8.10 [423]

Lˇ9 L1M5 1598.9± 1.2 [145] 7.120(-6) 8.11 [423]



Selenium Z=34 249

line transition E/eV I/eV/� TPIV 
 /eV

L1N1 1642.2± 1.6 [145]

L�2 L1N2 1652.9± 1.3 [145] 4.808(-5)

L�3 L1N3 1651.62± 0.88 [145] 8.573(-5)

L� L2M1 1244.55± 0.18 [50] 6.52(-4) [488] 3.747(-3) 5.26 [423]
1244.80 [104]

L2M2 1308.4± 1.4 [145] 9.535(-4) 4.89 [423]

Lˇ17 L2M3 1314.7± 1.4 [145] 2.230(-5) 4.54 [423]

Lˇ1 L2M4 1419.24± 0.12 [50] 1.64(-2) [488] 1.324(-2) 1.09 [423]
1419.20 [104]

L2M5 1420.60± 0.84 [145] 1.09 [423]

L�5 L2N1 1463.9± 1.3 [145] 1.553(-4)

L2N2 1474.55± 0.89 [145]

L3N3 1473.29± 0.50 [145] 1.620(-7)

Ll L3M1 1204.41± 0.17 [50] 7.13(-4) [488] 4.089(-3) 5.23 [423]
1204.50 [104]

Lt L3M2 1267.7± 1.3 [145] 1.224(-5) 4.87 [423]

Ls L3M3 1273.9± 1.3 [145] 1.173(-5) 4.52 [423]

L˛2,1 L3M4,5 1379.11± 0.11 [50] 1.60(-2) [488]
1379.00 [104]

L˛2 L3M4 1378.92± 0.80 [145] 1.183(-3) 1.07 [423]

L˛1 L3M5 1379.88± 0.80 [145] 1.185(-2) 1.07 [423]
Lˇ6 L3N1 1423.1± 1.2 [145] 1.362(-4)

L3N2 1433.83± 0.86 [145] 7.606(-8)

L3N3 1432.57± 0.46 [145] 7.222(-8)

M series
M�1 M5N3 53.80 ± 0.50 [50] 2.16(-6) [335] 1.325(-6)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 12658.00 [503] 0.589 [301] 2.33 [301] 12657.8 [51]
12657.80± 0.70 [493] 0.602 [293] 2.20 [423] 12654.61± 0.19 [50]

0.623 [557] 2.28 [94] 12666.72± 0.19 [145]
0.596 [38]
0.6019 [39]
0.5857 [423]
0.589 [310]
0.623 [557]
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level EB/eV !nlj 
 /eV AE/eV

L1 1654.00 [503] 3.20(-3) [301] 3.94 [301] 1653.9 [51]
1653.90± 3.50 [493] 1.30(-3) [348] 8.04 [423] 1652.44± 0.33 [50]

2.88(-3) [423] 3.8 [94] 1663.23± 0.73 [145]
1.45(-3) [436]

L2 1476.00 [503] 1.60(-2) [301] 1.13 [301] 1476.2 [162]
1476.20± 0.70 [493] 9.94(-3) [107] 1.03 [423] 1474.72± 0.26 [50]

1.72(-2) [423] 1.05 [94] 1484.90± 0.31 [145]
1.84(-2) [436]

L3 1436.00 [503] 1.80(-2) [301] 1.00 [301] 1435.8 [51]
1435.80± 0.70 [493] 1.78(-2) [348] 1.00 [423] 1433.98± 0.25 [50]

1.73(-2) [423] 1.02 [94] 1444.18± 0.31 [145]
1.75(-2) [436]

M1 232.00 [503] 1.94(-3) [512] 4.30 [74] 229.6 [51]
231.50± 0.70 [493] 7.0(-5) [423] 4.23 [423]

2.8 [94]

M2 168.00 [503] 2.0(-5) [512] 2.00 [74]
168.20± 1.30 [493] 1.2(-4) [423] 3.86 [423]

2.2 [94]

M3 162.00 [503] 1.1(-4) [423] 2.00 [74]
161.90± 1.00 [493] 3.51 [423]

2.2 [94]

M4 57.00 [503] 2.7(-3) [512] 0.06 [74]
56.70± 0.80 [51] 2.0(-6) [423] 0.06 [423]
57.40± 0.80 [493] 0.065 [94]

M5 57.00 [503] 1.0(-6) [423] 0.06 [74] 54.6 [51]
56.70± 0.80 [51] 0.07 [423]
56.40± 0.80 [493] 0.066 [94]

N1 16.20± 4.10 [493]

N2 6.00 [503]
5.60± 1.30 [493]

N3 6.00 [503]
5.60 [51]
5.60± 1.30 [493]

IP 9.75238 [222]



Bromine Z=35 251

Br Z=35 [Ar] 3d10 4s2 4p5

Krypton A = 79.904(1) [12.77] % = 3.11 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 11692.04± 0.88 [145] 10.63 [423]

K˛2 KL2 11877.75± 0.34 [50] 0.442 [488] 1.821(-1) 3.73 [301]
11878.00 [104] 0.454 [487] 3.52 [423]

K˛1 KL3 11924.36± 0.34 [50] 0.853 [488] 3.515(-1) 3.60 [301]
11924.00 [104] 0.876 [487] 3.48 [423]

KM1 13218.6± 1.3 [145] 6.76 [423]

Kˇ3 KM2 13284.7± 1.1 [50] 6.09(-2) [488] 2.511(-2) 6.14 [423]
13285.00 [104] 6.87(-2) [487]

Kˇ1 KM3 13291.56± 0.42 [50] 0.1188 [488] 4.900(-2) 5.74 [423]
13292.00 [104] 0.1342 [487]

Kˇ5 KM4,5 13396.3± 2.1 [50] 2.30(-4) [488]
13400.30 [104]

KII
ˇ5

KM4 13403.97± 0.70 [145] 6.604(-5) 2.46 [423]

KI
ˇ5

KM5 13405.04± 0.70 9.482(-5) 2.47 [423]

KN1 13459.8± 1.5 [145]

KˇII
2

KN2 13471.50± 0.70 [145] 5.20(-3) [487] 1.674(-3)

KˇI
2

KN3 13470.84± 0.41 [145] 1.01(-2) [487] 3.222(-3)

Kˇ2 KN2,3 13469.60± 0.43 [50] 7.82(-3) [488]
13464.50 [104]

L series
L1M1 1526.5± 1.8 [145] 12.59 [423]

Lˇ4,3 L1M2,3 1596.3± 2.7 [50] 4.62(-3) [488]

Lˇ4 L1M2 1592.8± 1.8 [145] 1.026(-3) 11.98 [423]

Lˇ3 L1M3 1600.0± 1.8 [145] 1.834(-3) 11.58 [423]

Lˇ10 L1M4 1711.9± 1.3 [145] 5.591(-6) 8.30 [423]

Lˇ9 L1M5 1713.0± 1.3 [145] 8.316(-6) 8.30 [423]

L1N1 1767.8± 2.1 [145]
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line transition E/eV I/eV/� TPIV 
 /eV

L�2 L1N2 1779.5± 1.3 [145] 7.286(-5)

L�3 L1N3 1778.79± 0.97 [145] 1.294(-4)

L� L2M1 1339.63± 0.21 [50] 7.54(-4) [488] 3.554(-3) 5.48 [423]
1339.70 [104]

L2M2 1407.2± 1.4 [145] 4.87 [423]

Lˇ17 L2M3 1414.4± 1.4 [145] 2.287(-5) 4.46 [423]

Lˇ1 L2M4 1525.92± 0.14 [50] 1.99(-2) [488] 1.535(-2) 1.19 [423]
1525.80 [104]

L2M5 1527.35± 0.85 [145] 1.19 [423]

L�5 L2N1 1582.1± 1.7 [145] 1.611(-4)

L2N2 1593.81± 0.87 [145]

L2N3 1593.15± 0.56 [145] 2.520(-7)

Ll L3M1 1293.50± 0.20 [50] 8.30(-4) [488] 4.074(-3) 5.44 [423]
1293.70 [104]

Lt L3M2 1360.8± 1.4 [145] 1.305(-5) 4.83 [423]

Ls L3M3 1368.1± 1.3 [145] 1.248(-5) 4.42 [423]

L˛2,1 L3M4,5 1480.46± 0.13 [50] 1.732(-2) [488]
1480.30 [104]

L˛2 L3M4 1479.95± 0.82 [145] 1.403(-3) 1.15 [423]

L˛1 L3M5 1481.02± 0.81 [145] 1.374(-2) 1.16 [423]

Lˇ6 L3N1 1535.8± 0.6 [145] 1.436(-4)

L3N2 1547.49± 0.83 [145] 1.203(-7)

L3N3 1546.82± 0.52 [145] 1.142(-7)

M series
M1M2 67.20± 0.10 [50] 1.286(-5) 8.10 [423]

79.40 [104]

M1M3 75.30± 0.14 [50] 3.420(-5) 7.70 [423]
85.90 [104]

M2M4 113.30± 0.30 [50] 1.330(-4) 3.81 [423]
113.30 [104]

M2N1 161.30± 0.40 [50] 2.46(-5) [335] 2.438(-5)
161.31 [104]

M3M4,5 108.90± 0.30 [50]
109.00 [104]

M3M4 1.140(-5) 3.41 [423]

M3M5 1.069(-4) 3.41 [423]

M3N1 155.45± 0.60 [50] 2.46(-5) [335] 2.232(-5)



Bromine Z=35 253

line transition E/eV I/eV/� TPIV 
 /eV

155.40 [104]

M�2 M4N2 64.88± 0.07 [50] 4.06(-6) [335] 3.362(-6)
64.90 [104]

Mı M4N3 65.40± 0.10 [50] 4.06(-6) [335] 6.249(-7)
66.31 [104]

M�1 M5N3 64.37± 0.07 [50] 4.06(-6) [335] 3.299(-6)
64.38 [104]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 13474.00 [503] 0.618 [301] 2.52 [301] 13473.7 [51]
13473.70± 0.40 [493] 0.629 [293] 2.40 [423] 13470.5± 2.2 [50]

0.6493 [557] 2.49 [94] 13483.86± 0.19 [145]
0.622 [38]
0.6275 [39]
0.6128 [423]
0.615 [310]
0.627 [112]

L1 1782.00 [503] 3.60(-3) [301] 4.11 [301] 1782.0 [51]
1782.00± 0.40 [493] 3.17(-3) [423] 8.24 [423] 1781.6± 1.9 [50]

1.65(-3) [436] 3.8 [94] 1791.81± 0.76 [145]
1.73(-3) [244]

L2 1596.00 [503] 1.80(-2) [301] 1.21 [301] 1596.0 [51]
1596.00± 0.40 [493] 1.09(-2) [107] 1.13 [423] 1599.2± 0.5 [50]

1.91(-2) [423] 1.14 [94] 1606.17± 35 [145]
2.06(-2) [436]

L3 1550.00 [503] 2.00(-2) [301] 1.08 [301] 1549.9 [51]
1549.90± 0.40 [493] 1.94(-2) [423] 1.09 [423] 1552.9± 1.4 [50]

1.94(-2) [436] 1.1 [94] 1559.84± 0.31 [145]

M1 257.00 [503] 2.07(-3) [512] 3.2 [94] 257.0 [51]
256.50± 0.40 [493] 8.0(-5) [423] 4.36 [423]
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level EB/eV !nlj 
 /eV AE/eV

M2 189.00 [503] 2.0(-5) [512] 2.1 [94]
189.30± 0.40 [493] 1.6(-4) [423] 3.74 [423]

M3 182.00 [503] 1.4(-4) [423] 2.15 [94]
181.50± 0.40 [493] 3.34 [423]

M4 70.00 [503] 2.7(-3) [512] 0.068 [94]
70.10± 0.40 [493] 4.0(-6) [423] 0.07 [423]

M5 69.00 [503] 3.0(-6) [423] 0.07 [94] 69.0 [51]
69.00± 0.40 [493] 0.07 [423]

N1 27.00 [503]
27.30± 0.50 [493]

N2 5.00 [503]
5.20± 0.40 [493]

N3 5.00 [503]
4.60± 0.40 [493]

IP 11.81381 [222]



Krypton Z=36 255

Kr Z=36 [Ar] 3d10 4s2 4p6

Krypton A = 83.80(1) [12.77] % = 3.484(-3) g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 12402.57± 0.92 [145] 9.79 [423]

K˛2 KL2 12598.00± 1.30 [50] 0.499 [488] 1.889(-1) 4.06 [301]
12598.00 [104] 0.512 [487] 4.62 [473]
12595.424± 0.056 [366] 3.84 [423]

K˛1 KL3 12649.00± 1.30 [50] 0.962 [488] 3.642(-1) 3.92 [301]
12650.00 [104] 0.988 [487] 4.23 [473]
12648.002± 0.052 [366] 3.79 [423]

KM1 14034.9± 1.2 [145] 7.79 [423]

Kˇ3 KM2 14104.00± 1.60 [50] 7.02(-2) [488] 2.657(-2) 6.16 [423]
14105.00 [104] 7.76(-2) [487]
14104.96± 0.11 [366]

Kˇ1 KM3 14112.00± 1.60 [50] 0.1369 [488] 5.182(-2) 5.70 [423]
14113.00 [104] 0.1518 [487]

Kˇ5 KM4,5 14237.7± 4.8 [50] 2.05(-4) [488] 7.747(-5) 2.69 [423]
14237.00 [104]

KII
ˇ5

KM4 14232.63± 0.72 [145] 7.747(-5) 2.69 [423]

KI
ˇ5

KM4 14232.63± 0.48 [145] 1.110(-4) 2.69 [423]

KN1 14301.2± 2.0 [145]

KˇII
2

KN2 14313.43± 0.59 [145] 7.70(-3) [487] 2.335(-3)

KˇI
2

KN3 14314.10± 0.58 [145] 1.50(-2) [487] 4.492(-3)

Kˇ2 KN2,3 14315.0± 2.4 [50] 1.187(-2) [488]
14314.00 [104]

Kˇ4 KN4,5 14328.2± 4.9 [50]
14328.90 [104]

KO2,3 14324.57± 0.10 [84]

KP2,3 14325.86± 0.10 [84]

KQ2,3 14326.45± 0.10 [84]

KR2,3 14326.72± 0.10 [84]

L1M1 1632.4± 1.8 [145] 12.35 [423]

Lˇ4 L1M2 1697.5± 1.7 [50] 5.43(-3) [488] 1.114(-3) 10.71 [423]
1700.00 [104]



256 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ3 L1M3 1706.8± 1.7 [50] 9.66(-3) [488] 1.982(-3) 10.25 [423]
1709.90 [104]

Lˇ10 L1M4 1830.1± 1.3 [145] 6.556(-6) 7.25 [423]

Lˇ9 L1M5 1831.3± 1.3 [145] 9.756(-6) 7.25 [423]

L1N1 1898.7± 2.5 [145]

L�2 L1N2 1910.9± 1.2 [145] 1.044(-4)

L�3 L1N3 1911.5± 1.2 [145] 1.847(-4)

L� L2M1 1439.4± 1.4 [145] 3.38(-3) 6.394 [423]

L2M2 1510.1± 1.4 [145] 4.76 [423]

Lˇ17 L2M3 1517.7± 1.4 [145] 2.351(-5)

Lˇ1 L2M4 1636.60± 0.65 [50] 2.374(-2) [488] 1.749(-2) 1.29 [423]
1639.00 [104]
1636.876± 0.021 [366]

L2M5 1638.30± 0.87 [145] 1.29 [423]

L� 5 L2N1 1703.3± 1.7 [50] 1.08(-4) [488] 1.675(-4)
1706.00 [104]

L2N2 1717.86± 0.75 [145]

L2N3 1710.00± 1.20 [50] 4.11(-7) [488] 3.662(-7)
1713.00 [104]
1718.52.52± 0.73 [145]

Ll L3M1 1386.9± 1.4 [145] 4.046(-3) 6.34 [423]

Lt L3M2 1457.7± 1.4 [145] 1.363(-5) 4.71 [423]

Ls L3M3 1465.3± 1.3 [145] 1.301(-5) 4.25 [423]

L˛1.2 L3M4,5 1586.00± 0.60 [50] 2.33(-3) [488]
1589.00 [104]
1585.411± 0.026 [366]

L˛2 L3M4 1584.63± 0.83 [145] 1.621(-3) 1.24 [423]

L˛1 L3M5 1585.88± 0.83 [145] 1.578(-2) 1.24 [423]

Lˇ6 L3N1 1650.9± 1.3 [50] 1.19(-4) [488] 1.508(-4)
1654.00 [104]

L3N2 1665.43± 0.70 [145] 1.776(-7)

L3N3 1666.09± 0.68 [145] 1.634(-7)



Krypton Z=36 257

line transition E/eV I/eV/� TPIV 
 /eV

M series
M2N1 195.00 [104] 3.12(-5) [335] 3.245(-5)

M3N1 187.00 [104] 3.12(-5) [335] 3.231(-5)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 14326.00 [503] 0.643 [301] 2.75 [301] 14325.6 [51]
14325.60± 0.80 [493] 0.659 [347] 2.62 [423] 14324.61± 0.24 [50]

0.6754 [557] 2.71 [94] 14328.06± 0.20 [145]
0.655 [293]
0.646 [38]
0.660 [230]
0.6517 [39]
0.655 [197]
0.6385 [423]
0.643 [310]
0.651 [112]

L1 1921.00 [503] 4.10(-3) [301] 4.28 [301] 1921.0 [51]
1921.00± 0.60 [493] 2.19(-3) [107] 7.17 [423] 1916.3± 4.4 [50]

1.85(-3) [348] 3.75 [94] 1925.49± 0.79 [145]
3.50(-3) [423]
2.21(-3) [244]

L2 1727.00 [503] 2.00(-2) [301] 1.31 [301] 1727.2 [51]
1727.20± 0.50 [493] 1.19(-2) [107] 1.22 [423] 1729.66± 0.36 [50]

2.20(-2) [348] 1.25 [94] 1732.49± 0.36 [145]
2.11(-2) [423]
1.99(-2) [436]
2.11(-2) [244]
1.40(-2) [21]
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level EB/eV !nlj 
 /eV AE/eV

L3 1675.00 [503] 2.20(-2) [301] 1.17 [301] 1674.9 [51]
1674.90± 0.50 [493] 1.23(-2) [107] 1.17 [423] 1677.25± 0.34 [50]

2.36(-2) [348] 1.19 [94] 1680.06± 0.31 [145]
2.16(-2) [423]
2.02(-2) [436]
2.16(-2) [244]
1.60(-2) [20]

M1 289.00 [503] 4.9(-5) [38] 6.11 [350] 292.8 [51]
292.10± 1.00 [493] 2.199(-3) [512] 5.17 [423]

1.0(-4) [423] 3.5 [94]

M2 223.00 [503] 6.0(-5) [38] 4.14 [350]
222.70± 1.10 [51] 2.0(-5) [512] 3.54 [423]
222.10 [493] 2.0(-4) [423] 1.6 [94]

M3 214.00 [503] 6.00(-5) [38] 4.13 [350]
213.80± 1.10 [51] 1.8(-4) [423] 3.08 [423]
214.40 [493] 1.1 [94]

M4 89.00 [503] 2.70(-3) [38] 0.089 [350]
88.00± 0.80 [51] 2.70(-3) [512] 0.07 [423]
95.00 [493] 1.0(-5) [423] 0.07 [94]

M5 89.00 [503] 1.0(-5) [423] 0.09 [74] 93.8 [51]
88.00± 0.80 [51] 0.07 [423]
93.80 [493] 0.072 [94]

N1 24.00 [503] 0.4 [94]
24.00± 0.80 [51]
27.50 [493]

N2 11.00 [503]
10.60± 1.90 [51]
14.70 [493]

N3 11.00 [503]
10.60± 1.90 [51]

IP 13.99961 [222]



Rubidium Z=37 259

Rb Z=37 [Kr] 5s1

Rubidium A = 85.4678(3) [12.77] % = 1.53 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV [423] 
X /eV

K series
K˛3 KL1 13135.18± 0.93 [145] 9.05 [423]

K˛2 KL2 13335.88± 0.21 [50] 0.562 [488] 1.953(-1) 4.92 [301]
13336.00 [104] 0.576 [487] 4.20 [423]

K˛1 KL3 13395.49± 0.19 [50] 1.081 [488] 3.757(-1) 4.26 [301]
13395.00 [104] 1.109 [487] 4.11 [423]

KM1 14878.6± 1.2 [145] 8.68 [423]

Kˇ3 KM2 14951.86± 0.80 [50] 8.05(-2) [488] 2.800(-2) 6.02 [423]
14952.00 [104] 8.87(-2) [487]

Kˇ1 KM3 14961.42± 0.53 [50] 0.1570 [488] 5.459(-2) 5.67 [423]
14962.00 [104] 0.1735 [487]

Kˇ5 KM4,5 15084.8± 2.7 [50] 3.70(-4) [488]
15085.30 [104]

KII
ˇ5

KM4 15088.21± 0.76 [145] 8.996(-5) 2.92 [423]

KI
ˇ5

KM5 15089.65± 0.75 [145] 1.286(-4) 2.92 [423]

KN1 15166.8± 2.0 [145] 3.10 [423]

KˇII
2

KN2 15185.59± 0.61 [145] 1.02(-2) [487] 3.051(-3)

KˇI
2

KN3 15186.55± 0.61 [145] 1.88(-2) [487] 5.880(-3)

Kˇ2 KN2,3 15185.54± 0.83 [50] 1.628(-2) [488]
15186.00 [104]

Kˇ4 KN4,5 15205.1± 5.5 [50]
15206.00 [104]

L series
L1M1 1743.4± 1.8 [145] 12.04 [423]

Lˇ4 L1M2 1817.74± 0.12 [50] 6.34(-3) [488] 1.214(-3) 9.37 [423]
1817.70 [104]

Lˇ3 L1M3 1826.60± 0.12 [50] 1.123(-2) [488] 2.147(-3) 9.03 [423]
1826.60 [104]

Lˇ10 L1M4 1953.0± 1.4 [145] 7.673(-6) 6.28 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ9 L1M5 1954.5± 1.3 [145] 1.142(-5) 6.28 [423]

L1N1 2031.6± 2.5 [145] 6.46 [423]

L� 2.3 L1N2,3 2050.72± 0.15 [50] 1.26(-3) [488]
2050.70 [104]

L�2 L1N2 2050.4± 1.2 [145] 1.352(-4)

L�3 L1N3 2051.4± 1.2 [145] 2.400(-4)

L� L2M1 1541.78± 0.11 [50] 9.98(-4) [488] 3.268(-3) 7.14 [423]
1541.80 [104]

L2M2 1617.0± 1.4 [145] 4.47 [423]

Lˇ17 L2M3 1625.9± 1.3 [145] 2.440(-5) 4.13 [423]

Lˇ1 L2M4 1752.18± 0.11 [50] 2.82(-2) [488] 1.992(-2) 1.38 [423]
1752.10 [104]

L2M5 1753.90± 0.88 [145] 1.38 [423]

L� 5 L2N1 1835.33± 0.12 [50] 1.36(-4) [488] 1.762(-4) 1.56 [423]
1835.30 [104]

L2N2 1849.84± 0.75 [145]

L2N3 1850.79± 0.74 [145] 4.935(-7)

Ll L3M1 1482.40± 0.10 [50] 1.11(-3) [488] 4.104(-3) 7.08 [423]
1482.40 [104]

Lt L3M2 1557.7± 1.4 [145] 1.450(-5) 4.41 [423]

Ls L3M3 1566.6± 1.3 [145] 1.381(-5) 4.07 [423]

L˛2 L3M4 1692.57± 0.10 [50] 2.75(-3) [488] 1.886(-3) 1.32 [423]
1692.50 [104]

L˛1 L3M5 1694.141± 0.069 [50] 2.448(-2) [488] 1.784(-2) 1.32 [423]
1694.10 [104]

Lˇ6 L3N1 1775.18± 0.11 [50] 1.51(-4) [488] 1.613(-4) 1.50 [423]
1775.20 [104]

L3N2 1790.54± 0.70 [145] 2.399(-7)

L3N3 1791.50± 0.70 [145] 2.293(-7)

M series
M1M3 85.90± 0.20 [50] 3.666(-5) 8.65 [423]

M2M4 135.50± 0.30 [50] 2.053(-4) [423]

M2N1 217.40± 0.80 [50] 4.07(-5) [335] 4.318(-5) 3.41 [423]
217.40 [104]

M3M4,5 128.20± 0.30 [50]

M3M4 1.711(-5) 2.88 [423]

M3M5 1.620(-4) 2.89 [423]



Rubidium Z=37 261

line transition E/eV I/eV/� TPIV 
 /eV

M3N1 208.30± 0.70 [50] 4.07(-5) [335] 4.607(-5) 3.07 [423]
208.40 [104]

M�2 M4N2 97.00± 0.15 [50] 1.05(-5) [335] 1.320(-5)
96.98 [104]

Mı M4N3 97.80± 0.15 [50] 1.05(-5) [335] 2.437(-6)
97.85 [104]

M�1 M5N3 96.40± 0.15 [50] 1.05(-5) [335] 1.314(-5)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 15200.00 [503] 0.667 [301] 2.99 [301] 15199.7 [51]
15199.70± 0.30 [493] 0.6779 [293] 2.86 [423] 15202.5± 1.4 [50]

0.6987 [557] 2.96 [94] 15207.74± 0.22 [145]
0.669 [38]
0.6744 [39]
0.679 [461]
0.668 [37]
0.6628 [423]
0.667 [310]

L1 2065.00 [503] 4.60(-3) [301] 4.44 [301] 2065.1 [51]
2065.10± 0.30 [493] 1.32(-2) [107] 6.21 [423] 2063.6 ± 2.5 [50]

3.85(-3) [423] 3.75 [94] 2072.55± 0.81 [145]
3.40(-3) [436]
2.60(-3) [576]

L2 1864.00 [503] 2.20(-2) [301] 1.43 [301] 1863.9 [565]
1863.90± 0.30 [493] 2.34(-2) [126] 1.31 [423] 1866.08± 0.42 [50]

2.23(-2) [436] 1.34 [94] 1871.98± 0.36 [145]

L3 1805.00 [503] 2.40(-2) [301] 1.27 [301] 1804.4 [51]
1804.40± 0.30 [493] 2.40(-2) [423] 1.25 [423] 1806.80± 0.39 [50]

2.26(-2) [436] 1.27 [423] 1812.69± 0.31 [145]

M1 322.00 [503] 2.336(-3) [512] 5.83 [423] 326.7 [51]
322.10± 0.30 [493] 1.1(-4) [423] 4 [94]

M2 248.00 [503] 1.0(-5) [512] 3.16 [423]
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level EB/eV !nlj 
 /eV AE/eV

247.40± 0.30 [493] 2.5(-4) [423] 1.9 [94]

M3 239.00 [503] 2.2(-4) [423] 2.82 [423]
238.50± 0.30 [493] 1.95 [94]

M4 112.00 [503] 2.70(-3) [512] 0.07 [423]
111.80± 0.30 [493] 2.0(-5) [423] 0.067 [94]

M5 111.00 [503] 1.0(-5) [423] 0.07 [423] 112,0 [51]
110.30± 0.30 [493] 0.069 [94]

N1 30.00 [503] 1.0(-6) [423] 0.25 [423]
29.30± 0.30 [493] 1.2 [94]

N2 15.00 [503]
14.30± 0.40 [493]

N3 14.00 [503]
14.00± 0.30 [493]

IP 4.17713 [222]



Strontium Z=38 263

Sr Z=38 [Kr] 5s2

Strontium A = 87.62(1) [12.77] % = 2.60 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 13889.75± 0.96 [145] 9.37 [423]

K˛2 KL2 14098.03± 0.24 [50] 0.630 [488] 2.013(-1) 4.79 [301]
14098.00 [104] 4.97 [473]

4.52 [423]

K˛1 KL3 14165.20± 0.24 [50] 1.210 [488] 3.865(-1) 4.63 [301]
14165.00 [104] 1.241 [487] 5.17 [473]

4.44 [423]

KM1 15748.1± 1.2 [145] 9.68 [423]

Kˇ3 KM2 15825.17± 0.90 [50] 9.20(-2) [488] 2.937(-2) 5.93 [423]
15825.00 [104] 0.1010 [487]

Kˇ1 KM3 15835.89± 0.60 [50] 0.1793 [488] 5.725(-2) 5.59 [423]
15836.00 [104] 0.1975 [487]

Kˇ5 KM4,5 15968.9± 3.0 [50] 4.62(-4) [488]
15958.70 [104]

KII
ˇ5

KM4 15970.20± 0.70 [145] 1.035(-4) 3.18 [423]

KI
ˇ5

KM5 15971.90± 0.76 [145] 1.476(-4) 3.18 [423]

KN1 16068.8± 2.1 [145] 3.12 [423]

KˇII
2

KN2 16085.68± 0.68 [145] 1.30(-2) [487] 3.805(-3) 3.12 [423]

KˇI
2

KN3 16086.84± 0.41 [145] 2.53(-2) [487] 7.275(-3) 3.12 [423]

Kˇ2 KN2,3 16084.68± 0.93 [50] 2.111(-1) [488]
16085.00 [104]

Kˇ4 KN4,5 16103.9± 1.5 [50]
16103.80 [104]

L series
L1M1 1858.4± 1.8 [145] 12.82 [423]

Lˇ4 L1M2 1936.44± 0.13 [50] 7.38(-3) [488] 1.341(-3 9.07 [423]
1936.30 [104]

Lˇ3 L1M3 1947.20± 0.14 [50] 1.299(-2) [488] 2.361(-3) 8.72 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

1947.10 [104]

Lˇ10 L1M4 2080.5± 1.4 [145] 9.077(-6) 6.31 [423]

Lˇ9 L1M5 2082.2± 1.4 [145] 1.351(-5) 6.31 [423]

L1N1 2179.0± 2.7 [145] 6.90 [423]

L� 2.3 L1N2,3 2196.52± 0.17 [50] 1.65(-4) [488]
2196.50 [263]

L�2 L1N2 2195.9± 1.3 [145] 1.693(-4) 6.25 [423]

L�3 L1N3 2197.1± 1.0 [145] 3.003(-4) 6.25 [423]

L� L2M1 1649.337± 0.097 [50] 1.14(-3) [488] 3.198(-3) 7.97 [423]
1649.30 [104]

L2M2 1728.1± 1.4 [145] 4.22 [423]

Lˇ17 L2M3 1738.3± 1.3 [145] 2.534(-5) 3.87 [423]

Lˇ1 L2M4 1871.74± 0.13 [50] 3.31(-2) [488] 2.238(-2) 1.46 [423]
1871.70 [104]

L2M5 1873.88± 0.89 [145] 1.46 [423]

L� 5 L2N1 1969.19± 0.14 [50] 1.68(-4) [488] 1.874(-4) 2.05 [423]
1969.10 [104]

L2N2 1987.67± 0.82 [145] 1.40 [423]

L2N3 1988.82± 0.55 [145] 6.352(-7) 1.40 [423]

Ll L3M1 1582.174± 0.090 [50] 1.28(-3) [488] 4.164(-3) 7.90 [423]
1582.20 [104]

Lt L3M2 1661.4± 1.4 [145] 1.541(-5) 4.15 [423]

Ls L3M3 1671.5± 1.3 [145] 1.465(-5) 3.80 [423]

L˛2 L3M4 1804.77± 0.12 [50] 3.24(-3) [488] 2.133(-3) 1.39 [423]
1804.70 [104]

L˛1 L3M5 1806.585± 0.078 [50] 2.88(-2) [488] 2.006(-2) 1.36 [423]
1806.60 [263]

Lˇ6 L3N1 1901.83± 0.13 [50] 1.88(-4) [488] 1.724(-4) 1.98 [423]
1901.80 [104]

L3N2 1920.88± 0.76 [145] 3.083(-7) 1.33 [423]

L3N3 1922.04± 0.50 [145] 2.956(-7) 1.34 [423]

M series
M2M4 144.70± 0.30 [50] 2.483(-4) 2.88 [423]

M2N1 241.60± 0.50 [50] 5.22(-5) [335] 5.725(-5) 3.47 [423]
241.60 [104]

M3M4,5 135.70± 0.30 [50]

M3M4 2.066(-5) 2.53 [423]



Strontium Z=38 265

line transition E/eV I/eV/� TPIV 
 /eV

M3M5 1.967(-4) 2.54 [423]

M3N1 231.30± 0.40 [50] 5.22(-5) [335] 6.360(-5) 3.12 [423]
231.30 [104]

M�2 M4N2 114.80± 0.20 [50] 1.49(-5) [335] 2.274(-5) 0.06 [423]

Mı M4N3 117.73 [423] 4.182(-6) 0.06 [423]

M�1 M5N3 114.00± 0.10 [50] 1.49(-5) [335] 2.279(-5) 0.07 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 16105.00 [503] 0.690 [301] 3.25 [301] 16104.6 [51]
16104.60± 0.30 [493] 0.702 [293] 3.11 [423] 16107.2± 1.5 [50]

0.691 [38] 3.23 [94] 16115.26± 0.23 [145]
0.6956 [39]
0.6857 [423]
0.690 [310]

L1 2216.00 [503] 9.10(-3) [301] 4.67 [301] 2216.3 [51]
2216.30± 0.30 [493] 3.00(-3) [348] 6.25 [423] 2217.1± 2.9 [50]

4.30(-3) [423] 3.75 [94] 2225.51± 0.83 [145]
4.10(-3) [436]
2.90(-3) [576]
5.50(-3) [21]

L2 2007.00 [503] 2.40(-2) [301] 1.54 [301] 2006.8 [51]
2006.80± 0.30 [493] 2.24(-2) [348] 1.40 [423] 2008.46± 0.48 [50]

2.58(-2) [423] 1.43 [94] 2017.25± 0.36 [145]
2.48(-2) [436]
3.00(-2) [21]

L3 1940.00 [503] 2.60(-2) [301] 1.39 [301] 1939.6 [51]
1939.60± 0.30 [493] 2.43(-2) [348] 1.33 [423] 1941.17± 0.45 [50]

2.66(-2) [423] 1.35 [94] 1950.46± 0.31 [145]
2.51(-2) [436]
3.40(-2) [21]

M1 358.00 [503] 2.478(-3) [512] 6.20 [74] 358.7 [51]
357.50± 0.30 [493] 1.3(-4) [423] 6.57 [423]

4.4 [94]
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level EB/eV !nlj 
 /eV AE/eV

M2 280.00 [503] 7.0(-5) [512] 2.20 [74]
279.80± 0.30 [493] 3.1(-4) [423] 2.82 [423]

1.9 [94]

M3 269.00 [503] 2.8(-4) [423] 2.20 [74]
269.10± 0.30 [493] 2.47 [423]

1.9 [94]

M4 135.00 [503] 2.7(-3) [512] 0.08 [74]
135.00± 0.30 [493] 3.0(-5) [423] 0.06 [423]

0.061 [94]

M5 133.00 [503] 2.0(-5) [423] 0.08 [74] 134.2 [51]
133.10± 0.30 [493] 0.06 [423]

0.064 [94]

N1 38.00 [503] 2.0(-6) [423] 1.00 [74]
37.70± 0.30 [493] 0.65 [423]

1.6 [94]

N2 20.00 [503] 0.0001 [74]
19.90± 0.30 [51] 0.4 [94]
20.70± 0.40 [493]

N3 20.00 [503]
19.90± 0.30 [51] 0.0001 [347]
19.50± 0.40 [493]

IP 5.6949 [222]



Yttrium Z=39 267

Y Z=39 [Kr] 4d1 5s2

Yttrium A = 88.90585(2) [12.77] % = 4.45 g/cm3 [547]
% = 4.50 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 14667.13± 0.99 [145] 9.43 [423]

K˛2 KL2 14882.94± 0.26 [50] 0.705 [488] 2.068(-1) 5.18 [301]
14885.00 [104] 4.89 [423]

K˛1 KL3 14958.54± 0.27 [50] 1.351 [488] 3.963(-1) 5.02 [301]
14960.00 [104] 4.81 [423]

KM1 16644.7± 1.2 [145] 10.39 [423]

Kˇ3 KM2 16725.9± 1.0 [50] 0.1047 [488] 3.070(-2) 5.91 [423]
16726.00 [104]

Kˇ1 KM3 16738.08± 0.67 [50] 0.2039 [488] 5.982(-2) 6.07 [423]
16738.00 [104]

Kˇ5 KM4,5 16879.8± 3.4 [50] 5.72(-4) [488]
16879.00 [104]

KII
ˇ5

KM4 16879.20± 0.81 [145] 1.179(-4) 3.46 [423]

KI
ˇ5

KM5 16881.39± 0.79 [145] 1.679(-4) 3.46 [423]

KN1 16994.8± 2.3 [145] 5.55 [423]

Kˇ2 KN2,3 17015.6± 1.4 [50] 2.589(-2) [488]
17012.30 [104]

KII
ˇ2

KN2 17012.08± 0.62 [145] 4.526(-3) 3.46 [423]

KI
ˇ2

KN3 17015.30± 0.49 [145] 8.714(-3) 3.45 [423]

Kˇ4 KN4,5 17036.2± 1.7 [50] 5.72(-6) [488]
17038.00 [104]

KN4 6.957(-7)

KN5 9.831(-7)

L series
L1M1 1977.5± 1.8 [145] 13.13 [423]

Lˇ4 L1M2 2059.99± 0.15 [50] 8.54(-3) [488] 1.491(-3) 8.56 [423]
2060.00 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ3 L1M3 2072.17± 0.15 [50] 1.49(-2) [488] 2.610(-3) 8.71 [423]
2072.20 [104]

Lˇ10 L1M4 2212.1± 1.4 [145] 1.076(-5) 6.10 [423]

Lˇ9 L1M5 2214.3± 1.4 [145] 1.602(-5) 6.11 [423]

L1N1 2327.7± 2.9 [145] 8.30 [423]

L� 2.3 L1N2,3 2346.82± 0.20 [50] 2.06(-3) [488]
2346.75 [104]

L�2 L1N2 2345.0± 1.2 [145] 2.032(-4) 6.10 [423]

L�3 L1N3 2348.2± 1.1 [145] 3.587(-4) 6.10 [423]

L1N4 2373.8± 1.2 [145] 5.058(-8)

L� L2M1 1760.96± 0.11 [50] 1.30(-3) [488] 3.126(-3) 8.59 [423]
1760.90 [104]

L2M2 1843.8± 1.4 [145] 4.01 [423]

Lˇ17 L2M3 1855.4± 1.3 [145] 2.525(-5) 4.17 [423]

Lˇ1 L2M4 1995.85± 0.14 [50] 3.87(-2) [488] 2.486(-2) 1.55 [423]
1995.80 [104]

L2M5 1998.39± 0.91 [145] 1.56 [423]

L� 5 L2N1 2110.19± 0.16 [50] 2.03(-4) [488] 1.986(-4) 3.75 [423]
2110.20 [104]

L2N2 2129.08± 0.74 [145] 1.55 [423]

L2N3 2132.30± 0.61 [145] 7.701(-7) 1.55 [423]

L�1 L2N4 2157.90± 0.71 [145] 1.343(-4)

Ll L3M1 1685.39± 0.10 [50] 1.47(-3) [488] 4.299(-3) 8.51 [423]
1685.40 [104]

Lt L3M2 1768.6± 1.4 [145] 1.664(-5) 3.93 [423]

Ls L3M3 1780.3± 1.3 [145] 1.579(-5) 4.09 [423]

L˛2 L3M4 1920.48± 0.13 [50] 3.78(-3) [488] 2.431(-3) 1.47 [423]
1920.50 [104]

L˛1 L3M5 1922.564± 0.088 [50] 3.36(-2) [488] 2.218(-2) 1.48 [423]
1922.50 [104]

Lˇ6 L3N1 2034.43± 0.15 [50] 2.27(-4) [488] 1.873(-4) 3.67 [423]
2034.40 [104]

L3N2 2053.95± 0.69 [145] 3.816(-7) 1.48 [423]

L3N3 2057.16± 0.56 [145] 3.658(-7) 1.48 [423]

Lˇ15 L3N4 2082.77± 0.66 [145] 1.303(-5)

M series
M2M4 152.20± 0.40 [50] 2.931(-4) 2.58 [423]



Yttrium Z=39 269

line transition E/eV I/eV/� TPIV 
 /eV

M2N1 267.00± 0.50 [50] 6.46(-5) [335] 7.405(-5) 4.78 [423]

M3M4,5 143.40± 0.30 [50]

M3M4 2.379(-5) 2.74 [423]

M3M5 2.278(-4) 2.74 [423]

M3N1 256.00± 1.10 [50] 6.46(-5) [335] 8.369(-5) 4.93 [423]
256.00 [104]

M�2 M3N4 294.86 [423] 5.669(-7)

M�1 M3N5 294.79 [423] 4.672(-6)

M4N2,3 132.80± 0.30 [145]

M4N2 3.679(-5) 0.13 [423]

M4N3 6.712(-6) 0.12 [423]

M�1 M5N3 134.37 [423] 3.709(-5) 0.13 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 17039.00 [503] 0.710 [301] 3.52 [301] 17038.4 [51]
17038.40± 0.30 [493] 0.722 [293] 3.39 [423] 17036.612± 0.050[294]

0.742 [557] 3.51 [94] 17047.90± 0.24 [145]
0.711 [38]
0.7155 [39]
0.7071 [423]
0.710 [310]

L1 2373.00 [503] 5.90(-3) [301] 4.71 [301] 2372.5 [51]
2372.50± 0.30 [493] 4.79(-3) [423] 6.04 [423] 2376.5± 3.4 [50]

4.70(-3) [436] 3.75 [94] 2380.76± 0.87 [145]
6.40(-3) [576]

L2 2155.00 [503] 2.60(-2) [301] 1.65 [301] 2155.55 [51]
2155.50± 0.30 [493] 2.84(-2) [423] 1.49 [423] 2153.97± 0.55 [50]

2.76(-2) [436] 1.53 [94] 2164.89± 0.36 [145]

L3 2080.00 [503] 2.80(-2) [301] 1.50 [301] 2080.0 [51]
2080.00± 0.30 [493] 2.93(-2) [423] 1.41 [423] 2079.54± 0.52 [50]

2.79(-2) [436] 1.43 [94] 2089.76± 0.31 [145]
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level EB/eV !nlj 
 /eV AE/eV

M1 395.00 [503] 2.624(-3) [512] 4.9 [94] 392.0 [51]
393.60± 0.30 [493] 1.5(-4) [423] 7.09 [423]

M2 313.00 [503] 1.30(-4) [512] 1.95 [94]
312.40± 0.30 [493] 3.7(-4) [423] 2.52 [423]

M3 301.00 [503] 3.4(-4) [423] 1.95 [94]
300.30± 0.30 [493] 2.68 [423]

M4 160.00 [503] 2.7(-3) [512] 0.062 [94]
159.60± 0.30 [493] 4.0(-5) [423] 0.06 [423]

M5 158.00 [503] 4.0(-5) [423] 0.066 [94] 155.8 [51]
157.40± 0.30 [493] 0.07 [423]

N1 46.00 [503] 3.0(-6) [423] 2 [94]
45.40± 0.30 [493] 2.26 [423]

N2 29.00 [503] 0.06 [423]
25.60± 0.40 [51] 0.8 [94]
25.10± 2.30 [493]

N3 26.00 [503] 0.06 [423]
25.60± 0.40 [51] 0.3 [94]
22.80± 2.30 [493]

N4 3.00 [503]
2.40± 1.20 [493]

IP 6.2171 [222]



Zirconium Z=40 271

Zr Z=40 [Kr] 4d2 5s2

Zirconium A = 91.224(2) [222] % = 6.44 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 15467.0± 1.0 [145] 9.39 [423]

K˛2 KL2 15691.90± 0.20 [50] 0.786 [488] 2.119(-1) 5.62 [301]
15691.00 [104] 0.804 [487] 5.25 [473]
15690.645± 0.050 [366] 5.28 [423]

K˛1 KL3 15775.10± 0.20 [50] 1.504 [488] 4.054(-1) 5.40 [301]
15775.00 [104] 1.539 [487] 5.70 [473]
15774.914± 0.054 [366] 5.19 [423]

KM1 17658.0± 1.2 [145] 11.29 [423]

Kˇ3 KM2 17654.10± 1.00 [50] 0.1186 [488] 3.197(-2) 6.38 [423]
17654.00 [104] 0.1297 [487]
17652.628± 0.075 [366]

Kˇ1 KM3 17667.80± 0.80 [50] 0.2310 [488] 6.226(-2) 6.53 [423]
17668.00 [104] 0.2533 [487]
17666.578± 0.076 [366]

Kˇ5 KM4,5 17816.1± 3.8 [50] 7.03(-4) [488]
17816.00 [104]

KII
ˇ5

KM4 17815.21± 0.83 [145] 1.333(-4) 3.77 [423]

KI
ˇ5

KM5 17817.98± 0.81 [145] 1.893(-4) 3.77 [423]

KN1 17948.5± 2.5 [145] 8.21 [423]

KˇII
2

KN2 17966.67± 0.73 [145] 1.86(-2) [487] 5.236(-3) 3.96 [423]

KˇI
2

KN3 17971.47± 0.56 [145] 3.62(-2) [487] 1.006(-2) 3.95 [423]

Kˇ2 KN2,3 17970.3± 1.5 [50] 3.11(-2) [488]
17969.98 [104]

Kˇ4 KN4,5 17994.3± 1.9 [50] 1.68(-5) [488]
17993.80 [104]

KII
ˇ4

KN4 18000.09± 0.75 [145] 1.883(-6)

KˇI
4

KN5 2.656(-6)
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line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M1 2101.0± 1.8 [145] 13.28 [423]

Lˇ4 L1M2 2187.30± 0.10 [50] 9.84(-3) [488] 1.655(-3) 5.60 [473]
2187.30 [104] 8.38 [423]
2187.714± 0.036 [366]

Lˇ3 L1M3 2201.00± 0.10 [50] 1.71(-2) [488] 2.881(-3) 5.60 [473]
2201.00 [104] 8.53 [423]
2201.063± 0.032 [145]

Lˇ10 L1M4 2348.2± 1.4 [145] 1.270(-5) 5.76 [423]

Lˇ9 L1M5 2350.9± 1.4 [145] 1.891(-5) 5.76 [423]

L1N1 2481.5± 3.1 [145] 10.20 [423]

L� 2.3 L1N2,3 2502.87± 0.22 [50] 1.42(-2) [488]
2502.80 [104]

L�2 L1N2 2499.6± 1.3 [145] 2.395(-4) 5.96 [423]

L�3 L1N3 2504.4± 1.4 [145] 4.206(-4) 5.94 [423]

L1N4 2533.0± 1.4 [145] 1.403(-7)

L� L2M1 1876.56± 0.13 [50] 1.48(-3) [488] 3.107(-3) 9.17 [423]
1875.60 [104]

L2M2 1963.5± 1.4 [145] 4.28 [423]

Lˇ17 L2M3 1976.8± 1.3 [145] 2.759(-5) 4.43 [423]

Lˇ1 L2M4 2124.40± 0.10 [50] 4.50(-2) [488] 2.729(-2) 1.87 [473]
2124.40 [104] 1.66 [423]
2124.394± 0.028 [366]

L2M5 2127.36± 0.93 [145] 1.66 [423]

L� 5 L2N1 2255.17± 0.18 [50] 2.40(-4) [488] 2.134(-4) 6.10 [423]
2255.10 [104]

L2N2 2276.06± 0.83 [145] 1.86 [423]

L2N3 2280.86± 0.66 [145] 9.263(-7) 1.85 [423]

L� 1 L2N4 2302.66± 0.19 [50] 2.52(-4) [488] 3.429(-4) 3.34 [473]
2302.60 [104]

Ll L3M1 1792.01± 0.08 [50] 1.68(-3) [488] 4.431(-3) 9.08 [423]
1792.00 [104]
1792.111± 0.023 [366]

Lt L3M2 1879.2± 1.4 [145] 1.775(-5) 4.19 [423]

Ls L3M3 1892.6± 1.3 [145] 1.678(-5) 4.34 [423]

L˛2 L3M4 2039.90± 0.10 [50] 4.38(-3) [488] 2.684(-3) 1.52 [473]
2039.90 [104] 1.57 [423]
2040.19± 0.16 [366]

L˛1 L3M5 2042.36± 0.07 [50] 3.89(-2) [488] 2.443(-2) 1.68 [473]
2042.30 [104] 1.57 [423]



Zirconium Z=40 273

line transition E/eV I/eV/� TPIV 
 /eV

2042.489± 0.027 [366]

Lˇ6 L3N1 2171.28± 0.17 [50] 2.71(-4) [488] 2.029(-4) 6.01 [423]
2171.20 [104]

L3N2 2191.80± 0.78 [145] 4.614(-7) 1.77 [423]

L3N3 2196.60± 0.62 [145] 4.424(-7) 1.76 [423]

Lˇ15 L3N4 2225.22± 0.81 [145] 5.33(-5) [488] 3.345(-5)

Lˇ2 L3N5 2219.40 [104] 4.72(-4) [488] 2.962(-4) 5.13 [473]

Lˇ2,15 L3N4,5 2219.40± 0.18 [50]

M series
M2M4 161.70± 0.40 [50] 1.560(-5) 2.76 [423]

M3M5 153.30± 0.60 [50] 2.559(-4) 2.91 [423]

M�2 M3N4 324.21 [423] 1.931(-6)

M�1 M3N5 324.36 [423] 1.598(-5)

M�1 M5N3 153.75 [423] 5.737(-5) 0.32 [423]

M4,5N2,3 151.10± 0.40 [50] 2.52(-5) [335]

M4,5O2,3 177.00± 1.00 [50]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 17998.00 [503] 0.730 [301] 3.84 [301] 17997.6 [51]
17997.60± 0.40 [493] 0.761 [557] 3.70 [423] 17995.872± 0.080[294]

0.740 [347] 3.83 [94] 18008.15± 0.26 [145]
0.741 [293]
0.730 [38]
0.734 [39]
0.7272 [423]
0.730 [310]
0.732 [112]
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level EB/eV !nlj 
 /eV AE/eV

L1 2532.00 [503] 6.80(-3) [301] 4.78 [301] 2531.6 [51]
2531.60± 0.30 [493] 3.96(-3) [107] 5.69 [423] 2541.1± 3.9 [50]

3.97(-3) [348] 3.75 [94] 2541.10± 0.87 [145]
5.33(-3) [423]
5.30(-3) [436]
5.50(-3) [244]

L2 2307.00 [503] 2.80(-2) [301] 1.78 [301] 2306.7 [51]
2306.70± 0.30 [493] 1.89(-2) [107] 1.59 [423] 2305.36± 0.63 [50]

2.94(-2) [348] 1.63 [94] 2317.53± 0.36 [145]
3.10(-2) [423]
2.92(-2) [436]
3.07(-2) [244]

L3 2233.00 [503] 3.10(-2) [301] 1.37 [301] 2222.3 [51]
2222.30± 0.30 [493] 2.01(-2) [107] 1.50 [423] 2222.30± 0.59 [50]

2.95(-2) [348] 1.51 [94] 2233.28± 0.32 [145]
3.21(-2) [423]
3.04(-2) [436]
3.20(-2) [244]

M1 431.00 [503] 7.00(-5) [38] 6.47 [350] 430.3 [51]
430.30± 0.30 [493] 2.775(-3) [512] 7.59 [423]

1.7(-4) [423] 5.4 [94]

M2 345.00 [503] 1.40(-4) [38] 2.43 [350]
344.20± 0.40 [493] 1.9(-4) [512] 2.69 [423]

4.4(-4) [423] 2 [94]

M3 331.00 [503] 1.50(-4) [38] 2.40 [350]
330.50± 0.40 [493] 4.1(-4) [423] 2.84 [423]

2 [94]

M4 183.00 [503] 2.70(-3) [38] 0.073 [350]
182.40± 0.30 [493] 2.7(-3) [512] 0.07 [423]

7.0(-5) [423] 0.07 [94]
M5 180.00 [503] 6.0(-5) [423] 0.07 [74] 178.8 [51]

180.00± 0.30 [493] 0.07 [423]
0.074 [94]

N1 62.00 [503] 4.0(-6) [423] 5.00 [74]
51.30± 0.30 [493] 4.51 [423]

2.4 [94]
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level EB/eV !nlj 
 /eV AE/eV

N2 29.00 [503] 0.27 [423]
28.70 ± 0.40 [51] 0.01 [74]
29.30 ± 2.10 [493] 1.2 [94]

N3 29.00 [503] 0.25 [423]
28.70 ± 0.40 [51] 0.01 [74]
25.70 ± 2.10 [493] 0.6 [94]

N4 3.00 [503]
3.00 ± 0.30 [493]

IP 6.63390 [222]
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Nb Z=41 [Kr] 4d4 5s1

Niobium A = 92.90638(2) [222] % = 8.58 g/cm3 [547]
% = 8.55 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 16290.1± 1.0 [145] 9.92 [423]

K˛2 KL2 16521.28± 0.33 [50] 0.874 [488] 2.167(-1) 6.01 [301]
16521.00 [104] 5.71 [423]

K˛1 KL3 16615.16± 0.33 [50] 1.669 [488] 4.139(-1) 5.80 [301]
16615.00 [104] 5.60 [423]

KM1 18518.9± 1.2 [145] 12.00 [423]

Kˇ3 KM2 18606.5± 1.2 [50] 0.1339 [488] 3.318(-2) 6.81 [423]
18606.00 [104]

Kˇ1 KM3 18622.68± 0.83 [50] 0.2607 [488] 6.461(-2) 6.95 [423]
18623.00 [104]

Kˇ5 KM4,5 18784.10 [104] 8.55(-4) [488]

KII
ˇ5

KM4 18778.45± 0.87 [145] 1.496(-4) 4.11 [423]

KI
ˇ5

KM5 18782.22± 0.85 [145] 2.120(-4) 4.11 [423]

KN1 18930.5± 2.6 [145] 11.98 [423]

Kˇ2 KN2,3 18952.9± 1.7 [50] 3.62(-2) [488]
18953.00 [104]

KII
ˇ2

KN2 18948.34± 0.90 [145] 5.866(-3) 5.05 [423]

KI
ˇ2

KN3 18955.56± 0.63 [145] 1.122(-2) 5.09 [423]

Kˇ4 KN4,5 18981.3± 2.2 [50] 4.15(-5) [488]
18980.00 [104]

KII
ˇ4

KN4 18985.99± 0.83 [145] 4.286(-6)

KI
ˇ4

KN5 6.008(-6)
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line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M1 2228.7± 1.8 [145] 13.88 [423]

Lˇ4 L1M2 2319.38± 0.19 [50] 1.129(-2) [488] 1.838(-3) 8.69 [423]
2319.30 [104]
2319.60± 1.00 [437]

Lˇ3 L1M3 2334.80± 0.20 [50] 1.953(-2) [488] 3.182(-3) 8.84 [423]
2334.70 [104]
2335.20± 1.00 [437]

Lˇ10 L1M4 2487.00 [104] 9.18(-5) [488] 1.495(-5) 5.99 [423]
2488.3± 1.5 [145]

Lˇ9 L1M5 2492.00 [104] 1.37(-4) [488] 2.227(-5) 5.99 [423]
2492.1± 1.5 [145]

L1N1 2640.4± 3.3 [145] 13.86 [423]

L� 2.3 L1N2,3 2663.88± 0.17 [50] 2.94(-3) [488]
2663.80 [104]

L�2 L1N2 2658.2± 1.5 [145] 2.749(-4) 6.93 [423]

L�3 L1N3 2665.4± 1.3 [145] 4.795(-4) 6.97 [423]

L1N4 2695.8± 1.4 [145] 3.299(-7)

L� L2M1 1996.21± 0.14 [50] 1.67(-3) [488] 3.072(-3) 9.67 [423]
1996.20 [104]

L2M2 2087.5± 1.5 [145] 4.49 [423]

Lˇ17 L2M3 2102.7± 1.3 [145] 2.883(-5) 4.64 [423]

Lˇ1 L2M4 2257.38± 0.18 [50] 5.19(-2) [488] 2.974(-2) 1.78 [423]
2257.40 [104]

L2M5 2260.88± 0.94 [145] 1.80 [423]

L� 5 L2N1 2406.63± 0.21 [50] 2.79(-4) [488] 2.278(-4) 9.65 [423]
2406.60 [104]

L2N2 2426.99± 0.98 [145] 2.73 [423]

L2N3 2434.21± 0.71 [145] 1.070(-6) 2.77 [423]

L� 1 L2N4 2461.87± 0.22 [50] 1.28(-3) [488] 7.348(-4)
2461.30 [104]

Ll L3M1 1902.27± 0.13 [50] 1.91(-3) [488] 4.613(-3) 9.56 [423]
1902.20 [104]

Lt L3M2 1993.2± 1.4 [145] 1.911(-5) 4.37 [423]

Ls L3M3 2008.4± 1.3 [145] 1.800(-5) 4.52 [423]

L˛2 L3M4 2163.02± 0.17 [50] 5.04(-3) [488] 2.989(-3) 1.68 [423]
2163.00 [104]

L˛1 L3M5 2165.89± 0.11 [50] 4.48(-2) [488] 2.655(-2) 1.68 [423]
2165.90 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ6 L3N1 2312.54± 0.19 [50] 3.17(-4) [488] 2.220(-4) 9.55 [423]
2312.50 [104]
2312.90± 1.00 [437]

L3N2 2332.68± 0.93 [145] 5.447(-7) 2.61 [423]

L3N3 2339.90± 0.66 [145] 5.213(-7) 2.61 [423]

Lˇ15 L3N4 2370.34± 0.86 [145] 1.23(-4) [488] 7.312(-5)

Lˇ2 L3N5 2367.90 [104] 1.09(-3) [488] 6.450(-4)
2366.80± 1.00 [437]

Lˇ15,2 L3N4,5 2367.02± 0.20 [50]

M series
M1N2,3 437.00 [104] 4.04(-4) [335]

M1N2 5.112(-5) 9.01 [423]

M1N3 7.845(-5) 9.05 [423]

M2M4 171.80± 0.70 [50] 3.607(-4) 2.88 [423]

M2N1 323.00± 2.50 [50] 9.32(-5) [335] 1.118(-4) 10.75 [423]
323.00 [104]

M2N4 375.00± 2.30 [50] 4.52(-5) [335] 4.144(-5)

M3M5 158.20± 0.40 [50] 2.759(-4) 3.03 [423]

M3N1 305.00± 1.50 [50] 9.32(-5) [335] 1.296(-4) 10.90 [423]
305.00 [104]

M�2,1 M3N4,5 356.00± 2.00 [50] 4.52(-5) [335]

M3N4 5.144(-6)

M3N5 4.240(-5)

M�2 M4N2 174.24 [423] 8.362(-5) 1.12 [423]

Mı M4N3 176.46 [423] 1.498(-5) 1.16 [423]

M�1 M5N3 173.45 [423] 8.517(-5) 1.17 [423]

M4,5N2,3 171.70± 0.20 [50]

M4,5O2,3 200.20± 0.65 [50]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 18986.00 [503] 0.747 [301] 4.14 [301] 18985.6 [51]
18985.60± 0.40 [493] 0.759 [293] 4.02 [423] 18982.961± 0.040[294]

0.7788 [557] 4.16 [94] 18990.67± 0.27 [145]
0.748 [38]
0.7512 [39]
0.7459 [423]
0.74 [310]

L1 2698.00 [503] 9.40(-3) [301] 3.94 [301] 2697.7 [51]
2697.70± 0.30 [493] 5.92(-3) [423] 5.90 [423] 2710.0± 4.4 [50]

6.10(-3) [436] 3.8 [94] 2700.53± 0.88 [145]
1.10(-2) [576]

L2 2465.00 [503] 3.10(-2) [301] 1.87 [301] 2464.7 [51]
2464.70± 0.30 [493] 3.39(-2) [423] 1.69 [423] 2464.37± 0.72 [50]

3.25(-2) [436] 1.73 [94] 2469.32± 0.35 [145]

L3 2371.00 [503] 3.40(-2) [301] 1.66 [301] 2370.5 [51]
2370.50± 0.30 [493] 3.51(-2) [423] 1.58 [423] 2370.60± 0.67 [50]

3.39(-2) [436] 1.6 [94] 2375.01± 0.30 [145]

M1 469.00 [503] 2.932(-3) [512] 5.8 [94] 466.6 [51]
468.40± 0.30 [493] 1.9(-4) [423] 7.98 [423]

M2 379.00 [503] 2.5(-4) [512] 2.05 [94]
378.40± 0.40 [493] 5.1(-4) [423] 2.79 [423]

M3 363.00 [503] 4.8(-4) [423] 2.05 [94]
363.00± 0.40 [493] 2.94 [423]

M4 208.00 [503] 2.7(-3) [512] 0.092 [94]
207.40± 0.30 [493] 1.0(-4) [423] 0.09 [423]

M5 205.00 [503] 9.0(-5) [423] 0.095 [94] 202.3 [51]
204.60± 0.30 [493] 0.10 [423]

N1 58.00 [503] 1.0(-5) [423] 7.96 [423]
58.10 ± 0.30 [493] 2.8 [94]

N2 34.00 [503] 1.0(-6) [423] 1.5 [94]
33.90 ± 0.40 [51] 1.03 [423]
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level EB/eV !nlj 
 /eV AE/eV

35.60± 2.60 [493]

N3 34.00 [503] 1 [94]
33.90± 0.40 [51] 1.07 [423]
29.60± 2.60 [493]

N4 4.00 [503]
3.20± 0.30 [493]

IP 6.75885 [222]
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Mo Z=42 [Kr] 4d5 5s1

MolybdenumA = 95.94(1) [12.77] % = 10.20 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 17135.0± 1.1 [145] 10.50 [423]

K˛2 KL2 17374.30± 0.15 [50] 0.970 [488] 2.213(-1) 6.49 [301]
17375.00 [104] 0.990 [487] 6.80 [473]
17374.39± 0.22 [143] 6.16 [423]
17374.40± 0.22 [277]
17374.29± 0.29 [144]

K˛1 KL3 17479.35± 0.03 [50] 1.848 [488] 4.217(-1) 6.31 [301]
17480.00 [104] 1.888 [487] 6.82 [473]
17479.48± 0.01 [143] 6.04 [423]
17479.49± 0.01 [277]
17479.372± 0.010 [144]

KM1 19495.8± 1.2 [145] 12.87 [423]

Kˇ3 KM2 19590.25± 0.41 [50] 0.1506 [488] 3.436(-2) 7.31 [423]
19591.00 [104] 0.1640 [487]
19589.00± 1.00 [95]
19590.37± 0.42 [277]

Kˇ1 KM3 19608.34± 0.42 [50] 0.2931 [488] 6.689(-2) 7.46 [423]
19609.00 [104] 0.320 [487]
19607.00± 1.00 [95]
19608.47± 0.42 [277]

Kˇ52 KM4 19771.4± 2.3 [50] 7.31(-4) [488] 1.669(-4) 4.48 [423]
19771.00 [104]

Kˇ51 KM5 19776.4± 2.3 [50] 1.03(-3) [488] 2.360(-4) 4.49 [423]
19776.00 [104]

KN1 19940.3± 2.8 [145] 15.20 [423]

Kˇ22 KN2 19960.0± 1.1 [145] 2.18(-2) [488] 6.341(-3) 6.34 [423]
19963.00 [104] 2.48(-2) [487]

Kˇ21 KN3 19967.16± 0.68 [145] 4.23(-2) [488] 1.223(-2) 6.43 [423]
4.82(-2) [487]

KN2,3 19965.27± 0.95 [50]
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line transition E/eV I/eV/� TPIV 
 /eV

19964.50± 0.50 [95]

KII
ˇ4

KN4 19990.00 [104] 7.05(-5) [488] 6.708(-6)
20000.73± 0.83 [145]

KˇI
4

KN5 19997.00 [104] 7.05(-5) [488] 9.385(-6)
19999.84± 0.35 [145]

Kˇ4 KN4,5 19996.8± 4.3 [50]

L series
L1M1 2360.9± 1.8 [145] 14.63 [423]

Lˇ4 L1M2 2455.68± 0.22 [50] 1.29(-2) [488] 2.066(-3) 5.78 [473]
2455.60 [104] 9.06 [423]

Lˇ3 L1M3 2473.07± 0.22 [50] 2.22(-2) [488] 3.553(-3) 5.90 [473]
2473.00 [104] 9.22 [423]

Lˇ10 L1M4 2633.7± 1.5 [145] 1.776(-5) 6.24 [423]

Lˇ9 L1M5 2637.8± 1.5 [145] 2.646(-5) 6.25 [423]

L1N1 2805.3± 3.4 [145]

L� 2.3 L1N2,3 2830.65± 0.19 [50] 3.49(-3) [488]
2830.70 [104]

L�2 L1N2 2825.1± 1.7 [145] 3.219(-4) 8.10 [423]

L�3 L1N3 2832.2± 1.3 [145] 5.584(-4) 8.19 [423]

L1N4 2865.8± 1.4 [145] 5.410(-7)

L1N5 2864.87± 0.96 [145] 8.042(-7)

L� L2M1 2120.26± 0.16 [50] 1.88(-3) [488] 3.128(-3) 10.29 [423]
2120.30 [104]

L2M2 2215.7± 1.5 [145] 4.72 [423]

Lˇ17 L2M3 2232.9± 1.3 [145] 2.042(-5) 4.87 [423]

Lˇ1 L2M4 2394.831± 0.055 [50] 5.95(-2) [488] 3.232(-2) 2.03 [473]
2394.80 [104] 1.90 [423]

L2M5 2398.63± 0.95 [145] 1.91 [423]

L� 5 L2N1 2563.26± 0.16 [50] 3.25(-4) [488] 2.475(-4) 12.62 [423]
2563.20 [104]

L2N2 2585.9± 1.2 [145] 3.76 [423]

L2N3 2592.98± 0.78 [145] 1.275(-6) 3.85 [423]

L� 1 L2N4 2623.52± 0.16 [50] 2.05(-3) [488] 1.111(-3) 3.76 [473]
2623.50 [104]

L2N5 2625.66± 0.44 [145]

Ll L3M1 2015.71± 0.15 [50] 2.17(-3) [488] 4.807(-3) 10.17 [423]
2015.70 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

Lt L3M2 2110.8± 1.4 [145] 2.042(-5) 4.60 [423]

Ls L3M3 2128.0± 1.2 [145] 1.932(-5) 4.75 [423]

L˛2 L3M4 2289.875± 0.050 [50] 5.78(-3) [488] 3.253(-3) 1.80 [473]
2289.90 [104] 1.78 [423]

L˛1 L3M5 2293.187± 0.050 [50] 5.13(-2) [488] 2.889(-2) 1.86 [473]
2293.20 [104] 1.79 [423]

Lˇ6 L3N1 2455.68± 0.36 [50] 3.72(-4) [488] 2.439(-4) 12.50 [423]
2455.60 [104]

L3N2 2480.9± 1.1 [145] 6.497(-7) 3.64 [423]

L3N3 2488.06± 0.72 [145] 6.211(-7) 3.73 [423]

Lˇ15 L3N4 2521.63± 0.86 [145] 1.97(-4) [488] 1.107(-4)

Lˇ15,2 L3N4,5 2518.33± 0.15 [50]

Lˇ2 L3N5 2518.30 [104] 1.73(-3) [488] 9.765(-4) 5.30 [473]
2520.74± 0.38 [145]

M series
M1N2,3 470.00 [104] 5.01(-4) [335]

M1N2 5.958(-5) 10.47 [423]

M1N3 9.073(-5) 2.06 [423]

M2M4 179.80± 0.50 [50] 3.872(-4) 3.05 [423]

M2N1 351.00± 3.00 [50] 1.11(-4) [335] 1.315(-4) 13.77 [423]
351.00 [104]

M3M5 165.60± 0.20 [50] 2.925(-4) 3.20 [423]

M3N1 331.00± 2.00 [50] 1.11(-4) [335] 1.541(-4) 13.92 [423]
332.50 [104]

M�2 M3N4 384.63 [423] 9.191(-6)

M�1 M3N5 384.86 [423] 7.586(-5)

M�2 M4N2 195.38 [423] 1.194(-4) 2.08 [423]

Mı M4N3 197.99 [423] 2.120(-5) 2.18 [423]

M�1 M5N3 194.54 [423] 1.222(-4) 2.18 [423]

M4,5N2,3 192.60± 0.20 [50]

M4,5O2,3 226.20± 0.80 [50]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 20000.00 [503] 0.765 [301] 4.52 [301] 19999.5 [51]
19999.50± 0.30 [493] 0.776 [293] 4.37 [423] 20000.351± 0.020[294]

0.7951 [557] 4.52 [94] 20008.81± 0.28 [145]
0.764 [38]
0.7672 [39]
0.7633 [423]
0.765 [310]
0.768 [33]
0.765 [112]

L1 2866.00 [503] 1.00(-2) [301] 4.25 [301] 2865.5 [51]
2865.50± 0.30 [493] 3.40(-3) [107] 6.13 [423] 2880.6± 5.0 [50]

5.75(-3) [348] 3.8 [94] 2873.84± 0.88 [145]
6.65(-3) [423]
1.10(-2) [576]
1.40(-2) [20]

L2 2625.00 [503] 3.40(-2) [301] 1.97 [301] 2625.1 [51]
2625.10± 0.30 [493] 2.45(-2) [107] 1.79 [423] 2627.30± 0.82 [50]

3.50(-2) [348] 1.83 [94] 2634.63± 0.36 [145]
3.68(-2) [423]
3.60(-2) [436]
3.708-2) [20]

L3 2520.00 [503] 3.70(-2) [301] 1.78 [301] 2520.2 [51]
2520.20± 0.30 [493] 2.59(-2) [107] 1.67 [423] 2523.56± 0.76 [50]

3.73(-2) [348] 1.69 [94] 2529.71± 0.31 [145]
3.83(-2) [423]
4.00(-2) [20]

M1 505.00 [503] 3.093(-3) [512] 7.00 [74] 506.3 [51]
504.60± 0.30 [493] 2.1(-4) [423] 8.50 [423]

6.3 [94]
M2 410.00 [503] 3.1(-4) [512] 2.70 [74]

409.70± 0.40 [493] 5.9(-4) [423] 2.93 [423]
2.1 [94]

M3 393.00 [503] 5.6(-4) [423] 2.70 [74]
392.30± 0.30 [493] 3.08 [423]

2.1 [94]



Molybdenum Z=42 285

level EB/eV !nlj 
 /eV AE/eV

M4 230.00 [503] 2.7(-3) [512] 0.10 [74]
230.30± 0.30 [493] 1.4(-4) [423] 0.11 [423]

0.22 [94]

M5 227.00 [503] 1.2(-4) [423] 0.10 [74] 227.9 [51]
227.00± 0.30 [493] 0.12 [423]

0.12 [94]

N1 62.00 [503] 1.0(-5) [423] 10.83 [423]
61.80 ± 0.30 [493] 7.10 [74]

3.2 [94]

N2 35.00 [503] 2.0(-6) [423] 1.00 [74]
34.80 ± 0.30 [51] 1.97 [423]
38.30 ± 0.70 [493] 2.2 [94]

N3 35.00 [503] 1.0(-6) [423] 1.00 [74]
34.80 ± 0.40 [51] 2.06 [423]
32.30 ± 0.70 [493] 1.6 [94]

N4 2.00 [503]
1.90 ± 0.30 [493]

N5 2.00 [503]
1.80 ± 0.30 [51]
1.20 ± 0.30 [493]

IP 7.09243 [222]
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Tc Z=43 [Kr] 4d5 5s2

TechnetiumA = 98 [222] % = 11.50 g/cm3 [547]
% = 11.49 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV [423] 
X /eV

K series
K˛3 KL1 18003.8± 1.1 [145] 11.13 [423]

K˛2 KL2 18250.90± 1.2 [50] 1.073 [488] 2.256(-1) 6.99 [301]
18251.00 [104] 6.64 [423]

K˛1 KL3 18367.2± 1.2 [50] 2.040 [488] 4.288(-1) 6.82 [301]
18369.00 [104] 6.51 [423]

KM1 20501.2± 1.2 [145] 13.80 [423]

Kˇ3 KM2 20599.2± 2.0 [50] 0.1688 [488] 3.547(-2) 7.82 [423]
20614.00 [104]

Kˇ1 KM3 20619.0± 2.0 [50] 0.328 [488] 6.902(-2) 7.98 [423]

KII
ˇ5

KM4 20787.80± 0.92 [145] 1.850(-4) 4.89 [423]

KI
ˇ5

KM5 20792.02± 0.89 [145] 2.611(-4) 4.89 [423]

KN1 20977.3± 3.0 [145] 18.39 [423]

Kˇ2 KN2,3 21005.00± 2.00 [50] 2.533(-2) [488] 1.24

KII
ˇ2

KN2 20999.2± 1.4 [145] 6.843(-3) 8.07 [423]

KI
ˇ2

KN3 21006.03± 0.79 [145] 1.315(-2) 8.24 [423]

KII
ˇ4

KN4 21042.72± 0.85 [145] 9.789(-6)

KI
ˇ4

KN5 21043.05± 0.75 [145] 1.366(-5)

L series
L1M1 2497.4± 1.8 [145] 13.79 [423]

Lˇ4 L1M2 2595.6± 2.0 [145] 2.316(-3) 7.82 [423]

Lˇ3 L1M3 2614.9± 1.8 [145] 3.958(-3) 7.97 [423]
Lˇ10 L1M4 2784.0± 1.5 [145] 2.101(-5) 4.88 [423]

Lˇ9 L1M5 2788.2± 1.5 [145] 3.131(-5) 4.88 [423]

L1N1 2973.4± 3.6 [145] 18.38 [423]

L�2 L1N2 2995.4± 2.0 [145] 3.739(-4) 8.07 [423]

L�3 L1N3 3002.2± 1.4 [145] 6.448(-4) 8.24 [423]



Technetium Z=43 287

line transition E/eV I/eV/� TPIV [423] 
X /eV

L1N4 3038.9± 1.5 [145] 8.296(-7)

L1N5 3039.2± 1.4 [145] 1.234(-6)

L� L2M1 2249.9± 1.3 [145] 3.183(-3) 10.94 [423]

L2M2 2348.2± 1.5 [145] 4.96 [423]

Lˇ17 L2M3 2367.5± 1.3 [145] 3.258(-5) 5.12 [423]

Lˇ1 L2M4 2536.83± 0.61 [50] 6.80(-2) [488] 3.499(-2) 2.03 [423]

L2M5 2540.74± 0.96 [145] 2.03 [423]

L�5 L2N1 2726.0± 3.0 [145] 2.683(-4) 15.53 [423]

L2N2 2747.9± 1.5 [145] 5.21 [423]

L2N3 2754.75± 0.86 [145] 1.503(-6) 5.39 [423]

L�1 L2N4 2791.44± 0.91 [145] 1.573(-3)

L2N5 2791.77± 0.81 [145]

Ll L3M1 2133.6± 1.4 [145] 5.003(-3) 10.81 [423]

Lt L3M2 2231.9± 1.4 [145] 2.178(-5) 4.83 [423]

Ls L3M3 2251.2± 1.2 [145] 2.065(-5) 4.99 [423]

L˛2 L3M4 2420.24± 0.93 [145] 3.526(-3) 1.90 [423]

L˛1 L3M5 2423.99± 0.21 [50] 5.85(-2) [488] 3.131(-2) 1.90 [423]

Lˇ6 L3N1 2609.7± 3.0 [145] 2.673(-4) 15.40 [423]

L3N2 2631.7± 1.4 [145] 7.667(-7) 5.09 [423]

L3N3 2638.46± 0.80 [145] 7.321(-7) 5.26 [423]

Lˇ15 L3N4 2675.15± 0.86 [145] 1.566(-4)

Lˇ2 L3N5 2675.49± 0.76 [145] 1.382(-3)

M series
M�2 M3N4 416.88 [423] 1.482(-5)

M�1 M3N5 417.17 [423] 1.223(-4)

M�2 M4N2 217.41 [423] 1.657(-4) 3.46 [423]

Mı M4N3 220.46 [423] 2.915(-5) 3.63 [423]

M�1 M5N3 216.52 [423] 1.704(-4) 3.64 [423]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 21044.00 [503] 0.780 [301] 4.91 [301] 21044.0 [51]
21044.00± 0.70 [493] 0.779 [38] 4.75 [423] 21047.49± 0.53 [50]

0.8093 [557] 4.91 [94] 21050.47± 0.85 [145]
0.792 [293]
0.7821 [39]
0.7794 [423]

L1 3043.00 [503] 1.10(-2) [301] 4.36 [301] 3042.5 [51]
3042.50± 0.40 [493] 7.46(-3) [423] 6.38 [423] 3055.3± 5.6 [50]

7.60(-3) [436] 3.8 [94] 3046.63± 0.91 [145]

L2 2793.00 [503] 3.70(-2) [301] 2.08 [301] 2.7932 [51]
2793.20± 0.40 [493] 4.01(-2) [423] 1.89 [423] 2794.91± 0.93 [50]

3.96(-2) [436] 1.93 [94] 2799.19± 0.36

L3 2677.00 [503] 4.00(-2) [301] 1.91 [301] 2.6769 [51]
2676.90± 0.40 [493] 4.17(-2) [423] 1.76 [423] 2677.80± 0.86 [50]

4.10(-2) [436] 1.78 [94] 2682.91± 0.31 [145]

M1 544.00 [503] 3.259(-3) [512] 6.7 [94] 544.0 [51]
544.00± 1.00 [493] 2.3(-4) [423] 9.05 [423]

M2 445.00 [503] 3.7(-4) [512] 2.15 [94]
444.90± 1.50 [493] 6.8(-4) [423] 3.08 [423]

M3 425.00 [503] 6.5(-4) [423] 2.15 [94]
425.00± 1.50 [493] 3.23 [423]

M4 257.00 [503] 2.7(-3) [512] 0.5 [94]
256.40± 0.50 [493] 1.9(-4) [423] 0.14 [423]

M5 253.00 [503] 1.7(-4) [423] 0.14 [423] 253.9 [51]
252.90± 0.40 [493] 0.14 [423]

N1 68.00 [503] 1.0(-5) [423] 13.64 [423]
68.80± 0.80 [493] 3.5 [94]

N2 39.00 [503] 3.0(-6) [423]
38.90± 1.90 [51] 3.33 [423]
42.80± 1.90 [493] 2.7 [94]



Technetium Z=43 289

level EB/eV !nlj 
 /eV AE/eV

N3 39.00 [503] 1.0(-6) [423] 2.2 [94]
36.90 ± 1.90 [493] 3.50 [423]

N4 2.00 [503]
2.00 ± 0.80 [493]

N5 2.00 [503]
1.20 ± 0.80 [493]

IP 7.28 [222]



290 5 X-Ray Emission Lines and Atomic Level Characteristics

Ru Z=44 [Kr] 4d7 5s1

Ruthenium A = 101.07(2) [222] % = 12.20 g/cm3 [547]
% = 12.10 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 18895.0± 1.283.10 [145] 11.67 [423]

K˛2 KL2 19150.49± 0.18 [50] 1.184 [488] 2.296(-1) 7.56 [301]
19151.00 [104] 7.96 [473]
19150.68± 0.18 [143] 7.14 [423]
19150.68± 0.18 [277]

K˛1 KL3 19279.16± 0.18 [50] 2.247 [488] 4.356(-1) 7.33 [301]
19279.00 [104] 7.41 [473]
19279.36± 0.18 [143] 7.00 [423]
19279.29± 0.18 [277]

KM1 21533.3± 1.2 [145] 14.71 [423]
Kˇ3 KM2 21634.65± 0.16 [50] 0.1885 [488] 3.655(-2) 8.36 [423]

21635.00 [104]
21634.79± 0.23 [277]

Kˇ1 KM3 21656.75± 0.16 [50] 0.367 [488] 7.109(-2) 8.54 [423]
21657.00 [104]
21656.89± 0.23 [277]

Kˇ52 KM4 21828.9± 8.00 [50] 1.05(-3) [488] 2.042(-4) 5.32 [423]
21828.00 [104]

Kˇ51 KM5 21833.6± 5.1 [50] 1.48(-3) [488] 2.873(-4) 5.33 [423]
21833.00 [104]

KN1 22046.6± 3.1 [145] 21.64 [423]
Kˇ2 KN2,3 22074.3± 1.7 [50] 5.65(-2) [488]

22074.00 [104]

KII
ˇ2

KN2 22071.1± 1.7 [145] 7.158(-3) 10.27 [423]

KI
ˇ2

KN3 22077.45± 0.88 [145] 1.378(-2) 10.58 [423]

Kˇ4 KN4,5 22104.6± 5.2 [50] 1.68(-4) [488]
22114.00 [104]

KII
ˇ4

KN4 22117.30± 0.84 [145] 1.361(-5)

KI
ˇ4

KN5 22117.91± 0.83 [145] 1.893(-5)



Ruthenium Z=44 291

line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M1 2638.1± 1.8 [145] 16.07 [423]

Lˇ4 L1M2 2741.15± 0.18 [50] 1.664(-2) [488] 2.612(-3) 5.96 [473]
2741.10 [104] 9.72 [423]

Lˇ3 L1M3 2763.39± 0.27 [50] 2.826(-2) [488] 4.437(-3) 6.35 [473]
2763.30 [104] 9.90 [423]

Lˇ10 L1M4 2938.7± 1.6 [145] 2.496(-5) 6.68 [423]

Lˇ9 L1M5 2943.6± 1.5 [145] 3.720(-5) 6.68 [423]

L1N1 3151.6± 3.7 [145] 23.00 [423]

L� 2.3 L1N2,3 3180.91± 0.24 [50] 4.75(-3) [488]
3181.10 [104]

L�2 L1N2 3176.1± 2.3 [145] 4.349(-4) 11.63 [423]

L�3 L1N3 3182.91± 0.24 [145] 7.456(-4) 11.93 [423]

L1N4 3222.3± 1.5 [145] 1.224(-6)

L1N5 3222.9± 1.4 [145] 1.822(-6)

L� L2M1 2381.99± 0.14 [50] 2.37(-3) [488] 3.235(-3) 11.55 [423]
2381.90 [104]

L2M2 2485.1± 1.5 [145] 5.20 [423]

Lˇ17 L2M3 2506.8± 1.3 [145] 3.454(-5) 5.37 [423]

Lˇ1 L2M4 2683.263± 0.010 [50] 7.73(-2) [488] 3.769(-2) 2.18 [473]
2683.30 [104] 2.16 [423]

L2M5 2687.90± 0.97 [145] 2.16 [423]

L� 5 L2N1 2891.85± 0.20 [50] 4.30(-4) [488] 2.901(-4) 18.48 [423]
2891.80 [104]

L2N2 2920.5± 1.8 [145] 7.11 [423]

L2N3 2926.79± 0.93 [145] 1.753(-6) 7.41 [423]

L� 1 L2N4 2964.52± 0.21 [50] 4.35(-3) [488] 2.118(-3) 4.15 [473]
2964.50 [104]

L2N5 2967.25± 0.88 [145]
Ll L3M1 2252.79± 0.18 [50] 2.77(-3) [488] 5.200(-3) 11.40 [423]

2252.70 [104]

Lt L3M2 2356.2± 1.4 [145] 2.319(-5) 4.96 [423]

Ls L3M3 2377.9± 1.2 [145] 2.194(-5) 5.13 [423]

L˛2 L3M4 2554.330± 0.055 [50] 7.48(-3) [488] 3.810(-3) 1.98 [473]
2554.40 [104] 2.02 [423]

L˛1 L3M5 2558.579± 0.039 [50] 6.64(-2) [488] 3.381(-2) 2.03 [473]
2558.60 [104] [423]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ6 L3N1 2763.39± 0.27 [50] 4.99(-4) [488] 2.922(-4) 18.34 [423]
2763.30 [104]

L3N2 2791.6± 1.7 [145] 8.964(-7) 6.87 [423]

L3N3 2797.95± 0.87 [145] 8.552(-7) 7.17 [423]

Lˇ15 L3N4 2837.79± 0.83 [145] 4.15(-4) [488] 2.114(-4)

Lˇ15,2 L3N4,5 2835.96± 0.19 [50]

Lˇ2 L3N5 2838.40± 0.82 [145] 1.865(-3)

M series
M2M4 199.20± 0.34 [50] 4.215(-4) [423]

M2N1 384.00± 2.40 [50] 1.51(-4) [335] 1.679(-4) 19.70 [423]
384.00 [104]

M2N4 486.00± 2.00 [50] 2.07(-4) [335] 1.764(-4)
486.20 ]

M3M5 181.40± 0.30 [50] 3.095(-4) 3.56 [423]

M�2,1 M3N4,5 462.00± 2.00 [50] 2.07(-4) [335]

M�2 M3N4 461.80 [104] 2.208(-5)

M3N5 1.822(-4)

M�2 M4N2 240.34 [423] 2.244(-4) 5.29 [423]

Mı M4N3 243.87 [423] 3.911(-5) 5.59 [423]

M�1 M5N3 239.39 [423] 2.318(-4) 5.60 [423]

M4,5N2,3 236.90± 0.30 [50]

M4,5O2,3 276.80± 0.60 [50]



Ruthenium Z=44 293

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 22117.00 [503] 0.794 [301] 5.33 [301] 22117.2 [51]
22117.20± 0.30 [493] 0.8236 [557] 5.15 [423] 22119.56± 0.58 [50]

0.806 [347] 5.33 [94] 22127.70± 0.32 [145]
0.807 [293]
0.793 [38]
0.7958 [39]
0.7943 [423]
0.794 [310]

L1 3224.00 [503] 1.20(-2) [301] 4.58 [301] 3224.0 [51]
3224.00± 0.30 [493] 7.74(-3) [348] 6.51 [423] 3232.9± 6.2 [50]

8.41(-3) [423] 3.9 [94] 3232.69± 0.93 [145]
8.30(-3) [436]
1.50(-2) [576]

L2 2967.00 [503] 4.00(-2) [301] 2.23 [301] 2966.9 [51]
2966.90± 0.30 [493] 4.18(-2) [348] 1.99 [423] 2966.1± 1.1 [50]

4.34(-2) [423] 2.03 [94] 2977.03± 0.37 [145]
4.30(-2) [436]

L3 2838.00 [503] 4.30(-2) [301] 2.00 [301] 2837.9 [51]
2837.90± 0.30 [493] 4.50(-2) [348] 1.85 [423] 2837.77± 0.96 [50]

4.52(-2) [423] 1.87 [94] 2848.19± 0.32 [145]
4.50(-2) [436]

M1 585.00 [503] 1.20(-4) [38] 7.89 [350] 586.1 [51]
585.00± 0.30 [493] 3.429(-3) [512] 9.56 [423]

2.6(-4) [423] 7.2 [94]

M2 483.00 [503] 2.60(-4) [38] 2.91 [350]
482.80± 0.30 [493] 3.7(-4) [512] 3.21 [423]

7.7(-4) [423] 2.2 [94]

M3 461.00 [503] 2.30(-4) [38] 2.98 [350]
460.60± 0.30 [493] 7.5(-4) [423] 3.39 [423]

2.2 [94]

M4 284.00 [503] 2.90(-3) [38] 0.24 [350]
283.60± 0.30 [493] 2.7(-3) [512] 0.17 [423]

1.6(-4) [423] 0.59 [94]
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level EB/eV !nlj 
 /eV AE/eV

M5 279.00 [503] 2.3(-4) [423] 0.22 [74] 280.0 [51]
279.40± 0.30 [493] 0.17 [423]

0.17 [94]

N1 75.00 [503] 1.0(-5) [423] 16.49 [423]
74.90± 0.30 [493] 7.40 [74]

3.9 [94]

N2 43.00 [503] 1.0(-5) [423] 3.2 [94]
43.10± 0.40 [51] 5.12 [423]
47.00± 0.40 [493] 3.80 [74]

N3 43.00 [503] 2.0(-6) [423] 2.8 [94]
43.10± 0.40 [51] 5.42 [423]
41.20± 0.40 [493] 3.80 [74]

N4 2.00 [503]
2.00± 0.30 [51]
2.40± 0.30 [493]

N5 2.00 [503]
2.00± 0.30 [51]
1.80± 0.30 [493]

IP 7.36050 [222]



Rhodium Z=45 295

Rh Z=45 [Kr] 4d8 5s1

Rhodium A = 102.90550(2) [222] % = 12.39 g/cm3 [547]
% = 12.44 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 19809.3± 1.1 [145] 12.20 [423]

K˛2 KL2 20073.67± 0.20 [50] 1.304 [488] 2.333(-1) 7.90 [301]
20074.00 [104] 9.40 [473]

7.68 [423]

K˛1 KL3 20216.12± 0.20 [50] 2.469 [488] 4.417(-1) 7.90 [301]
20216.00 [104] 9.50 [473]

7.53 [423]

KM1 22586.0± 1.2 [145] 15.45 [423]

Kˇ3 KM2 22698.83± 0.17 [50] 0.2100 [488] 3.756(-2) 8.94 [423]
22699.00 [104]

Kˇ1 KM3 22723.59± 0.17 [50] 0.408 [488] 7.304(-2) 9.13 [423]
22724.00 [104]

Kˇ52 KM4 22909.6± 5.6 [50] 1.25(-3) [488] 2.241(-4) 5.80 [423]
22908.00 [104]

Kˇ51 KM5 22916.8± 5.6 [50] 1.76(-3) [488] 3.146(-4) 5.80 [423]
22916.00 [104]

KN1 23142.4± 3.2 [145] 24.80 [423]

Kˇ22 KN2 23169.2± 2.0 [145] 3.33(-2) [488] 7.470(-3) 13.00 [423]

Kˇ21 KN3 23175.60± 0.96 [145] 6.45(-2) [488] 1.443(-2) 13.49 [423]

Kˇ2 KN2,3 23173.0± 1.3 [50]
23173.00 [104]

Kˇ4 KN4,5 23217.2± 5.8 [50] 2.43(-4) [488]

KˇII
4

KN4 23206.00 [104] 1.821(-5)
23218.69± 0.83 [145]

KI
ˇ4

KN5 23216.00 [104] 2.527(-5)
23219.47± 0.58 [145]

L series
L1M1 2776.6± 1.8 [145] 16.47 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ4 L1M2 2890.84± 0.20 [50] 1.88(-2) [488] 2.986(-3) 9.96 [423]
2890.80 [104]

Lˇ3 L1M3 2915.72± 0.20 [50] 3.17(-2) [488] 5.037(-3) 10.15 [423]
2915.60 [104]

Lˇ10 L1M4 3098.5± 1.6 [145] 2.998(-5) 6.82 [423]

Lˇ9 L1M5 3103.7± 1.5 [145] 4.471(-5) 6.82 [423]

L1N1 3333.0± 3.8 [145] 25.82 [423]

L� 2.3 L1N2,3 3364.06± 0.27 [50] 5.48(-3) [488]
3363.90 [104]

L�2 L1N2 3360.5± 2.7 [145] 5.105(-4) 14.02 [423]

L�3 L1N3 3366.3± 1.6 [145] 8.696(-4) 14.51 [423]

L1N4 3409.4± 1.4 [145] 1.769(-6)

L1N5 3410.1± 1.5 [145] 2.635(-6)

L� L2M1 2519.10± 0.15 [50] 2.65(-3) [488] 3.286(-3) 11.96 [423]
2519.00 [104]

L2M2 2626.3± 1.5 [145] 5.45 [423]

Lˇ17 L2M3 2650.6± 1.3 [145] 3.656(-5) 5.64 [423]

Lˇ1 L2M4 2834.439± 0.038 [50] 8.75(-2) [488] 4.057(-2) 2.30 [423]
2834.40 [104]

L2M5 2839.56± 0.98 [145] 2.31 [423]

L� 5 L2N1 3065.00± 0.22 [50] 4.91(-4) [488] 3.131(-4) 21.30 [423]
3065.10 [104]

L2N2 3096.4± 2.1 [145] 9.51 [423]

L2N3 3102.1± 1.0 [145] 2.036(-6) 10.00 [423]

L� 1 L2N4 3143.81± 0.24 [50] 5.96(-3) [488] 2.764(-3)
3143.80 [104]

L2N5 3145.99± 0.91 [145]

Ll L3M1 2376.55± 0.20 [50] 3.12(-3) [488] 5.399(-3) 11.80 [423]
2376.50 [104]

Lt L3M2 2484.1± 1.4 [145] 2.464(-5) 5.44 [423]

Ls L3M3 2508.4± 1.2 [145] 2.328(-5) 5.47 [423]

L˛2 L3M4 2692.078± 0.078 [50] 8.45(-3) [488] 4.099(-3) 2.15 [423]
2692.00 [104]

L˛1 L3M5 2696.775± 0.078 [50] 7.50(-2) [488] 3.639(-2) 2.15 [423]
2696.70 [104]

Lˇ6 L3N1 2922.94± 0.20 [50] 5.73(-4) [488] 3.187(-4) 21.15 [423]
2922.90 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

L3N2 2954.1± 2.1 [145] 9.34 [423]

L3N3 2959.86± 0.94 [145] 9.83 [423]

Lˇ15 L3N4 3002.94± 0.82 [145] 5.68(-4) [488] 2.755(-4)

Lˇ2 L3N5 3003.73± 0.86 [145] 5.01(-3) [488] 2.430(-3)

Lˇ15,2 L3N4,5 3001.27± 0.22 [50]

M series
M2M4 209.00± 0.15 [50] 4.304(-4) 3.56 [423]

M2N1 442.00± 3.00 [50] 1.75(-4) [335] 1.838(-4) 22.56 [423]
443.60 [104]

M3M4 189.20± 0.30 [50] 3.094(-5) 3.75 [423]

M3N1 417.00± 1.00 [50] 1.75(-4) [335] 2.204(-4) 22.75 [423]
416.20 [104]

M�2,1 M3N4,5 496.00± 1.80 [50] 3.06(-4) [335]
495.90 [104]

M�2 M3N4 3.078(-5)

M�1 M3N5 2.538(-4)

M4,5N2,3 260.10± 0.50 [50]

M�2 M4N2 2.977(-4) 7.62 [423]

Mı M4N3 5.136(-5) 8.11 [423]

M5N2 7.62 [423]

M�1 M5N3 3.086(-4) 8.12 [423]

M4,5O2,3 303.00± 1.50 [50]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 23220.00 [503] 0.808 [301] 5.77 [301] 23219.9 [51]
23219.90± 0.30 [493] 0.820 [293] 5.59 [423] 23221.99± 0.30 [294]

0.8367 [557] 5.77 [94] 23230.32± 0.30 [145]
0.807 [38]
0.8086 [39]
0.8081 [423]
0.808 [310]
0.808 [112]

L1 3412.00 [503] 1.30(-2) [301] 4.73 [301] 3411.9 [51]
3411.90± 0.30 [493] 9.61(-3) [423] 6.61 [423] 3416.7± 7.0 [50]

8.90(-3) [436] 4 [94] 3420.89± 0.92 [145]
9.16(-3) [244]
1.70(-2) [576]

L2 3146.00 [503] 4.30(-2) [301] 2.35 [301] 3146.1 [51]
3146.10± 0.30 [493] 4.70(-2) [423] 2.09 [423] 3144.76± 0.59 [50]

4.50(-2) [436] 2.13 [94] 3156.74± 0.37 [145]
4.78(-2) [244]

L3 3004.00 [503] 4.30(-2) [301] 2.13 [301] 3003.8 [51]
3003.80± 0.30 [493] 4.90(-2) [423] 1.94 [423] 3002.07± 0.54 [50]

4.70(-2) [436] 1.96 [423] 3014.48± 0.31 [145]
5.01(-2) [244]

M1 627.00 [503] 3.429(-3) [512] 7.6 [94] 628.1 [51]
627.10± 0.30 [493] 2.7(-4) [423] 9.86 [423]

M2 521.00 [503] 4.9(-4) [512] 2.25 [94]
521.00± 0.30 [493] 8.6(-4) [423] 3.35 [423]

M3 496.00 [503] 8.5(-4) [423] 2.25 [94]
496.20± 0.30 [493] 3.54 [423]

M4 312.00 [503] 2.7(-3) [512] 0.61 [94]
311.70± 0.30 [493] 3.5(-4) [423] 0.21 [423]

M5 307.00 [503] 3.1(-4) [423] 0.21 [94] 307.2 [51]
307.00± 0.30 [493] 0.21 [423]



Rhodium Z=45 299

level EB/eV !nlj 
 /eV AE/eV

N1 81.00 [503] 2.0(-5) [423] 19.21 [423]
81.00 ± 0.30 [493] 4.2 [94]

N2 48.00 [503] 1.0(-5) [423] 7.41 [423]
47.90 ± 0.40 [51] 4.2 [94]
51.90 ± 0.50 [493]

N3 48.00 [503] 2.0(-6) [423] 7.90 [423]
47.90 ± 0.40 [51] 3.8 [94]
46.30 ± 0.50 [493]

N4 3.00 [503]
2.50 ± 0.40 [51]
2.80 ± 0.40 [493]

N5 3.00 [503]
2.50 ± 0.40 [51]
2.20 ± 0.40 [493]

IP 7.45890 [222]
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Pd Z=46 [Kr] 4d10

Palladium A = 106.42(1) [222] % = 12.00 g/cm3 [547]
% = 12.20 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 20747.8± 1.1 [145] 12.32 [423]

K˛2 KL2 21020.15± 0.22 [50] 1.433 [488] 2.367(-1) 8.67 [301]
21020.00 [104] 9.20 [473]

8.26 [423]

K˛1 KL3 21177.08± 0.17 [50] 2.707 [488] 4.472(-1) 8.49 [301]
21177.00 [104] 8.80 [473]

8.09 [423]

KM1 23681.7± 1.2 [145] 16.51 [423]

Kˇ3 KM2 23791.12± 0.19 [50] 0.2332 [488] 3.852(-2) 9.53 [423]
23791.00 [104]
23792.00± 2.00 [95]

Kˇ1 KM3 23818.69± 0.19 [50] 0.453 [488] 7.487(-2) 9.74 [423]
23819.00 [104]
23819.00± 2.00 [95]

Kˇ5 KM4,5 23995.0± 6.2 [50] 2.07(-3) [488]
23994.00 [104]

KII
ˇ5

KM4 24011.0± 1.0 [145] 2.449(-4) 6.32 [423]

KI
ˇ5

KM5 24016.22± 0.99 [145] 3.427(-4) 6.32 [423]

KN1 24267.0± 3.6 [145] 27.84 [423]

Kˇ2 KN2,3 24299.40± 0.28 [50] 7.25(-2) [488]
24299.00 [104]
24299.00± 1.00 [95]

KII
beta2

KN2 24297.2± 2.2 [145] 7.784(-3) 17.34 [423]

KI
ˇ2

KN3 24302.2± 2.4 [145] 1.508(-2) 18.05 [423]

Kˇ4 KN4,5 24346.00± 3.90 [50] 3.51(-4) [488]

KII
ˇ4

KN4 24348.74± 0.89 [145] 2.439(-5)

KI
ˇ4

KN5 24349.18± 0.88 [145] 3.354(-5)



Palladium Z=46 301

line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M1 2934.0± 1.8 [145] 8.18 [423]

Lˇ4 L1M2 3045.43± 0.22 [50] 2.12(-2) [488] 3.594(-3) 6.18 [473]
3045.40 [104] 9.73 [423]
3045.60± 1.00 [437]

Lˇ3 L1M3 3072.98± 0.23 [50] 3.55(-2) [488] 6.023(-3) 6.80 [473]
3073.00 [104] 9.95 [423]
3074.10± 1.00 [437]

Lˇ10 L1M4 3263.72± 0.25 [50] 2.23(-4) [488] 3.790(-5) 6.52 [423]
3263.70 [104]

Lˇ9 L1M5 3269.58± 0.26 [50] 3.33(-4) [488] 5.651(-5) 6.52 [423]
3269.50 [104]

L1N1 3519.3± 4.1 [145] 28.05 [423]

L� 2.3 L1N2,3 3553.32± 0.30 [50] 6.21(-3) [488]
3553.20 [104]

L�2 L1N2 3549.4± 2.8 [145] 6.237(-4) 17.55 [423]

L�3 L1N3 3554.5± 3.0 [145] 1.054(-3) 18.26 [423]

L1N4 3601.0± 1.5 [145] 2.709(-6)

L1N5 3601.4± 1.5 [145] 4.016(-6)

L� L2M1 2660.28± 0.17 [50] 2.95(-3) [488] 3.357(-3) 12.67 [423]
2660.30 [104]

L2M2 2771.4± 1.3 [145] 5.67 [423]

Lˇ17 L2M3 2798.9± 1.2 [145] 3.862(-5) 5.89 [423]

Lˇ1 L2M4 2990.250± 0.053 [50] 9.87(-2) [488] 4.345(-2) 2.36 [473]
2990.30 [104] 2.46 [423]
2990.10± 1.00 [437]

L2M5 2995.6± 1.0 [145] 2.46 [423]

L� 5 L2N1 3243.74± 0.25 [50] 5.54(-4) [488] 3.371(-4) 23.99 [423]
3243.60 [104]

L2N2 3276.5± 2.2 [145] 13.49 [423]

L2N3 3281.6± 2.4 [145] 2.317(-6) 14.20 [423]

L� 1 L2N4 3328.74± 0.26 [50] 8.21(-3) [488] 3.612(-3) 4.50 [473]
3328.70 [104]

L2N5 3328.56± 0.89 [145]

Ll L3M1 2503.43± 0.22 [50] 3.51(-3) [488] 5.598(-3) 12.50 [423]
2503.40 [104]

Lt L3M2 2614.8± 1.3 [145] 2.614(-5) 5.51 [423]

Ls L3M3 2642.3± 1.2 [145] 2.465(-5) 5.73 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L˛2 L3M4 2833.312± 0.067 [50] 9.51(-3) [488] 4.392(-3) 2.16 [473]
2833.30 [104] 2.29 [423]

L˛1 L3M5 2838.638± 0.048 [50] 8.44(-2) [488] 3.899(-2) 2.21 [473]
2838.60 [104] 2.30 [423]

Lˇ6 L3N1 3087.06± 0.23 [50] 6.52(-4) [488] 3.467(-4) 23.82 [423]
3087.00 [104]
3087.50± 1.00 [437]

L3N2 3119.9± 2.2 [145] 1-185(-6) 13.33 [423]

L3N3 3125.0± 2.4 [145] 1.127(-6) 14.04 [423]

Lˇ15 L3N4 3171.80 [104] 7.79(-4) [488] 3.598(-4)
3171.50± 0.85 [145]

Lˇ2 L3N5 3171.80 [104] 6.83(-4) [488] 3.154(-3) 5.63 [473]
3171.93± 0.84 [145]

Lˇ15,2 L3N4,5 3171.820± 0.048 [50]

M series
M1N2,3 616.00± 6.00 [50] 1.04(-3) [335]

617.00 [104]

M1N2 9.520(-5) 21.75 [423]

M1N3 1.395(-4) 22.46 [423]

M2M4 219.40± 0.40 [50] 4.293(-4) 3.74 [423]

M2N1 474.00± 4.00 [50] 2.00(-4) [335] 1.942(-4) 25.26 [423]
473.00 [104]

M2N4 560.00± 2.50 [50] 4.47(-4) [335] 3.343(-4)
561.00 [104]

M3M5 197.00± 0.30 [50] 3.028(-4) 3.95 [423]

M3N1 445.00± 1.60 [50] 2.00(-4) [335] 2.351(-4) 25.47 [423]
446.00 [104]

M�2,1 M3N4,5 531.00± 2.00 [50] 4.47(-4) [335]

M�2 M3N4 4.183(-5)

M�1 M3N5 3.424(-4)

M4,5N2,3 284.40± 0.70 [50]

M�2 M4N2 3.876(-4) 11.55 [423]

Mı M4N3 6.612(-5) 12.26 [423]

M5N2 11.55 [423]

M�1 M5N3 4.034(-4) 12.26 [423]

M4,5O2,3 332.00± 2.00 [50]



Palladium Z=46 303

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 24350.00 [503] 0.820 [301] 6.24 [301] 24350.3 [51]
24350.30± 0.30 [493] 0.833 [293] 6.05 [423] 24352.59± 0.20 [294]

0.8491 [557] 6.25 [94] 24357.63± 0.36 [145]
0.819 [38]
0.8204 [39]
0.8208 [423]
0.820 [310]
0.819 [38]

L1 3605.00 [503] 1.40(-2) [301] 4.93 [301] 3604.3 [51]
3604.30± 0.30 [493] 1.15(-2) [423] 6.26 [423] 3607.3± 1.6 [50]

1.90(-2) [576] 3.9 [94] 3609.87± 0.93 [145]

L2 3331.00 [503] 4.40(-2) [301] 2.43 [301] 3330.3 [51]
3330.30± 0.30 [493] 5.08(-2) [423] 2.20 [423] 3330.35± 0.13 [50]

5.00(-2) [436] 2.23 [94] 3337.01± 0.37 [145]

L3 3173.00 [503] 4.90(-2) [301] 2.25 [301] 3173.01± 0.12 [50]
3173.30± 0.30 [493] 5.29(-2) [423] 2.03 [423] 3173.3 [51]

5.20(-2) [436] 2.05 [94] 3180.38± 0.32 [145]

M1 670.00 [503] 3.785(-3) [512] 9.00 [74] 671.6 [51]
669.90± 0.30 [493] 3.0(-4) [423] 10.46 [423]

8 [94]

M2 559.00 [503] 5.5(-4) [512] 3.70 [74]
559.10± 0.30 [493] 9.6(-4) [423] 3.47 [423]

2.35 [94]

M3 531.00 [503] 9.5(-4) [423] 3.70 [74]
531.50± 0.30 [493] 3.69 [423]

2.35 [94]

M4 340.00 [503] 2.7(-3) [512] 0.40 [74]
340.00± 0.30 [493] 4.5(-4) [423] 0.26 [423]

0.26 [94]

M5 335.00 [503] 4.0(-4) [423] 0.40 [74] 335.2 [51]
334.70± 0.30 [493] 0.26 [423]
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level EB/eV !nlj 
 /eV AE/eV

0.26 [94]

N1 86.00 [503] 2.0(-5) [423] 21.79 [423]
86.40± 0.30 [493] 7.20 [74]

4.35 [94]

N2 51.00 [503] 1.0(-5) [423] 10.00 [74]
51.10± 0.40 [51] 11.29 [423]
54.40± 0.60 [493] 6.4 [94]

N3 51.00 [503] 4.0(-6) [423] 10.00 [74]
51.10± 0.40 [51] 12.00 [423]
50.00± 0.60 [493] 5.6 [94]

N4 1.00 [503]
1.50± 0.30 [51]
1.70± 0.30 [493]

N5 1.00 [503]
1.50± 0.30 [51]
1.30± 0.30 [493]

IP 8.3369 [222]



Silver Z=47 305

Ag Z=47 [Kr] 4d10 5s1

Silver A = 107.8682(2) [222] % = 10.48 g/cm3 [547]
% = 10.492 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 21709.4± 1.2 [145] 12.00 [423]

K˛2 KL2 21990.30± 0.10 [50] 1.571 [488] 2.400(-1) 9.32 [301]
21991.00 [104] 1.599 [487] 11.30 [473]
21990.51± 0.18 [143] 8.86 [423]
21990.44± 0.10 [277]

K˛1 KL3 22162.917± 0.030 [50] 2.961 [488] 4.523(-1) 9.16 [301]
22162.99 [104] 3.02 [487] 11.10 [473]
22163.14± 0.04 [143] 8.68 [423]
22163.06± 0.03 [277]

KM1 24797.4± 1.2 [145] 17.67 [423]

Kˇ3 KM2 24911.54± 0.30 [50] 0.2582 [488] 3.944(-2) 10.20 [423]
24911.98 [104] 0.2789 [487]
24911.71± 0.30 [277]

Kˇ1 KM3 24942.42± 0.30 [50] 0.502 [488] 7.663(-2) 10.43 [423]
24942.60 [104] 0.543 [487]
24942.58± 0.30 [277]

Kˇ5 KM4,5 25145.5± 1.5 [50] 2.44(-3) [488]
25145.00 [104]

KII
ˇ5

KM4 25141.5± 1.5 [145] 2.665(-4) 6.86 [423]

KI
ˇ5

KM5 25147.6± 1.0 [145] 3.719(-4) 6.86 [423]

KN1 25421.1± 3.5 [145] 30.48 [423]

KˇII
2

KN2 25455.6± 2.9 [145] 4.77(-2) [487] 8.016(-3) 20.31 [423]

KˇI
2

KN3 25457.8± 2.0 [145] 9.25(-2) [487] 1.550(-2) 21.26 [423]

Kˇ2 KN2,3 25456.71± 0.31 [50] 8.27(-2) [488]
25457.00 [104]

KII
ˇ4

KN4 25490.00 [104] 3.003(-5)
25509.99± 0.91 [145]

KI
ˇ4

KN5 25510.83± 0.99 [145] 4.140(-5)
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line transition E/eV I/eV/� TPIV 
 /eV

Kˇ4 KN4,5 25511.8± 3.1 [50] 4.68(-4) [488]

L series
L1M1 3088.0± 1.7 [145] 16.52 [423]

Lˇ4 L1M2 3203.487± 0.061 [50] 2.38(-2) [488] 4.639(-3) 5.90 [279]
3203.33 [104] 9.04 [423]

Lˇ3 L1M3 3234.49± 0.11 [50] 3.96(-2) [488] 7.719(-3) 6.60 [279]
3234.30 [104] 9.28 [423]

Lˇ10 L1M4 3432.91± 0.13 [50] 2.63(-4) [488] 5.127(-5) 5.70 [423]
3432.86 [104]

Lˇ9 L1M5 3439.21± 0.13 [50] 3.92(-4) [488] 7.647(-5) 5.71 [423]
3439.00 [104]

L1N1 3711.7± 4.0 [145] 29.33

L� 2 L1N2 3743.25± 0.15 [50] 4.25(-3) [488] 8.295(-4) 11.00 [279]
19.16 [423]

L� 3 L1N3 3749.82± 0.15 [50] 7.14(-3) [488] 1.394(-3) 10.20 [279]
20.11 [423]

L�2,3 L1N2,3 3749.70 [104]

L1N4 3800.6± 1.5 [145] 4.091(-6)

L1N5 3801.4± 1.6 [145] 4.103(-6)

L� L2M1 2806.11± 0.19 [50] 3.28(-3) [488] 3.437(-3) 13.43 [423]
2806.10 [104]

L2M2 2922.1± 1.5 [145] 5.95 [423]

Lˇ17 L2M3 2952.4± 1.3 [145] 4.073(-5) 6.18 [423]

Lˇ1 L2M4 3150.974± 0.036 [50] 0.1109 [488] 4.651(-2) 2.40 [279]
3151.00 [104] 2.61 [423]

L2M5 3156.9± 1.0 [145] 2.62 [423]

L� 5 L2N1 3428.35± 0.13 [50] 6.30(-4) [488] 3.622(-4) 26.23 [423]
3428.20 [104]

L2N2 3465.0± 2.9 [145] 16.07 [423]

L2N3 3467.1± 2.0 [145] 2.684(-6) 17.02 [423]

L� 1 L2N4 3519.625± 0.059 [50] 1.04(-2) [488] 4.347(-3) 3.95 [279]
3619.60 [104]

L2N5 3520.17± 0.97 [145]

Ll L3M1 2633.66± 0.17 [50] 3.93(-3) [488] 5.801(-3) 13.25 [423]
2633.60 [104]

Lt L3M2 2749.8± 1.4 [145] 2.771(-5) 5.76 [423]

Ls L3M3 2780.1± 1.2 [145] 2.608(-5) 5.99 [423]



Silver Z=47 307

line transition E/eV I/eV/� TPIV 
 /eV

L˛2 L3M4 2978.240± 0.053 [50] 1.07(-2) [488] 4.713(-3) 2.42 [423]
2978.30 [104]

L˛1 L3M5 2984.340± 0.032 [50] 9.46(-2) [488] 4.181(-2) 3.20 [279]
2984.30 [104] 2.43 [423]

Lˇ6 L3N1 3256.06± 0.11 [50] 7.46(-4) [488] 3.766(-4) 26.05 [423]
3255.90 [104]

L3N2 3292.7± 2.8 [145] 1.372(-6) 15.88 [423]

L3N3 3294.8± 1.9 [145] 1.306(-6) 16.83 [423]

Lˇ15 L3N4 3347.82 [104] 9.81(-4) [488] 4.335(-4)
3346.99± 0.84 [145]

Lˇ2 L3N5 3347.80 [104] 8.64(-3) [488] 3.820(-3) 3.72 [279]
3347.84± 0.92 [145]

Lˇ15,2 L3N4,5 3347.842± 0.040 [50]

M series
M1N2,3 658.00± 7.00 [50] 1.23(-3) [335]

659.50 [104]

M1N2 1.071(-4) 24.88 [423]

M1N3 1.555(-4) 25.83 [423]

M2M4 229.50± 0.40 [50] 4.279(-4) 3.95 [423]

M2N4 600.00± 2.00 [50] 6.06(-4) [335] 4.159(-4) 7.50 [279]
600.40 [104]

M3M5 204.80± 0.30 [50] 2.956(-4) 4.18 [423]

M3N1 478.00± 2.00 [50] 2.30(-4) [335] 2.514(-4) 27.80 [423]
477.80 82]

M�2,1 M3N4,5 568.00± 2.00 [50]

M�2 M3N4 5.208(-5)

M� 1 M3N5 568.70 [104] 6.06(-4) [335] 4.282(-4) 8.60 [279]

M4,5N2,3 311.70± 0.60 [50]

M�2 M4N2 4.965(-4) 14.06 [423]

Mı M4N3 8.390(-5) 15.01 [423]

M5N2 14.06 [423]

M�1 M5N3 5.186(-4) 15.01 [423]

M4,5O2,3 370.00± 3.00 [50]

M5N1 509.00± 4.00 [50] 24.23 [423]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 25514.00 [503] 0.831 [301] 6.75 [301] 25515.0 [51]
25514.00± 0.30 [493] 0.8605 [557] 6.56 [423] 25515.59± 0.30 [294]

0.842 [347] 6.76 [94] 25523.71± 0.39 [145]
0.844 [293]
0.830 [38]
0.8313 [39]
0.834 [177]
0.8326 [423]
0.831 [310]
0.836 [112]

L1 3806.00 [503] 1.60(-2) [301] 4.88 [301] 3805.8 [51]
3805.80± 0.30 [493] 1.01(-2) [107] 5.40 [423] 3807.34± 0.17 [50]

1.02(-2) [348] 3.8 [94] 3814.27± 0.97 [145]
1.11(-2) [436]
1.14(-2) [244]
2.00(-2) [577]
1.60(-2) [21]

L2 3524.00 [503] 5.10(-2) [301] 2.57 [301] 3523.7 [51]
3523.70± 0.30 [493] 4.30(-2) [107] 2.30 [423] 3525.83± 0.15 [50]

5.47(-2) [348] 2.32 [94] 3533.04± 0.38 [145]
5.47(-2) [423]
5.40(-2) [436]
5.60(-2) [244]
5.50(-2) [21]

L3 3351.00 [503] 5.20(-2) [301] 2.40 [301] 3351.1 [51]
3351.10± 0.30 [493] 4.49(-2) [107] 2.12 [423] 3350.96± 0.13 [50]

6.02(-2) [348] 2.15 [94] 3360.71± 0.32 [145]
5.70(-2) [423]
5.60(-2) [436]
5.77(-2) [244]
5.80(-2) [21]

M1 717.00 [503] 1.70(-4) [38] 9.62 [350] 719.0 [51]
717.50± 0.30 [493] 3.971(-3) [512] 11.12 [423]

3.3(-4) [423] 8.4 [94]

M2 602.00 [503] 2.90(-4) [38] 3.74 [350]



Silver Z=47 309

level EB/eV !nlj 
 /eV AE/eV

602.40± 0.30 [493] 6.1(-4) [512] 3.64 [423]
1.06(-3) [423] 2.45 [94]

M3 571.00 [503] 3.20(-4) [38] 3.88 [350]
571.40± 0.30 [493] 1.06(-3) [423] 3.88 [423]

3.3(-4) [423] 2.55 [94]

M4 373.00 [503] 2.70(-3) [38] 0.44 [350]
372.80± 0.30 [493] 2.7(-3) [512] 0.30 [423]

5.8(-4) [423] 0.3 [94]

M5 367.00 [503] 5.2(-4) 0.31 [94] 368.0 [51]
366.70± 0.30 [493] 0.31 [423]

N1 95.00 [503] 2.0(-5) [423] 23.93 [423]
95.20 ± 0.30 [493] 4.4 [94]

N2 62.00 [503] 2.0(-5) [423] 8.4 [94]
62.60 ± 0.30 [493] 13.76 [423]

N3 56.00 [503] 1.0(-5) [423] 8 [94]
55.90 ± 0.30 [493] 14.71 [423]

N4 3.00 [503]
3.30 ± 0.30 [51]
3.60 ± 0.30 [493]

N5 3.00 [503]
3.30 ± 0.30 [51]
3.10 ± 0.30 [493]

IP 7.5763
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Cd Z=48 [Kr] 4d10 5s2

Cadmium A = 112.411(8) [222] % = 8.63 g/cm3 [547]
% = 8.65 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 22694.5± 1.2 [145] 11.37 [423]

K˛2 KL2 22984.05± 0.20 [50] 1.719 [488] 2.430(-1) 9.91 [301]
22984.00 [104] 10.40 [473]

9.49 [423]

K˛1 KL3 23173.98± 0.20 [50] 3.23 [488] 4.568(-1) 9.79 [301]
23174.00 [104] 9.80 [473]

9.30 [423]

KM1 25941.6± 1.2 [145] 18.80 [423]

Kˇ3 KM2 26061.32± 0.39 [50] 0.2852 [488] 4.031(-2) 10.93 [423]
26062.00 [104]

Kˇ1 KM3 26095.44± 0.39 [50] 0.554 [488] 7.830(-2) 11.17 [423]
26096.00 [104]

KII
ˇ5

KM4 26301.2± 1.1 [145] 2.890(-4) 7.43 [423]

KI
ˇ5

KM5 26307.8± 1.2 [145] 4.022(-4) 7.44 [423]

KN1 26604.9± 3.5 [145] 32.43 [423]

Kˇ2 KN2,3 26644.07± 0.59 [50] 9.42(-2) [488]
26645.00 [104]

KII
ˇ2

KN2 26644.1± 3.5 [145] 8.205(-3) 23.56 [423]

KI
ˇ2

KN3 26643.5± 1.6 [145] 1.592(-2) 24.83 [423]

KII
ˇ4

KN4 26701.15± 0.88 [145] 3.607(-5)

KI
ˇ4

KN5 26702.5± 1.1 [145] 4.969(-5)

L series
L1M1 3247.1± 1.7 [145] 15.99 [423]

Lˇ4 L1M2 3367.23± 0.12 [50] 2.66(-2) [488] 6.458(-3) 6.28 [473]
3367.30 [104] 8.11 [423]
3367.50± 1.00 [437]

Lˇ3 L1M3 3401.48± 0.12 [50] 4.40(-2) [488] 1.057(-2) 7.23 [473]
3401.50 [104] 8.35 [423]



Cadmium Z=48 311

line transition E/eV I/eV/� TPIV 
 /eV

3401.70± 1.00 [437]

Lˇ10 L1M4 3607.60± 0.31 [50] 3.08(-4) [488] 7.472(-5) 4.62 [423]
3607.60 ]
3607.40± 1.00 [437]

Lˇ9 L1M5 3614.49± 0.14 [50] 4.59(-4) [488] 1.115(-4) 4.63 [423]
3614.40 [104]
3614.30± 1.00 [437]

L1N1 3910.4± 4.1 [145] 29.62 [423]

L�2 L1N2 3951.38± 0.37 [50] 1.190(-3) 20.75 [423]

L� 2.3 L1N2,3 3951.40 [104] 8.20(-3) [488]

L�3 L1N3 3949.0± 2.2 [145] 1.990(-3) 22.01 [423]

L1N4 4006.6± 1.5 [145] 6.517(-6)

L1N5 4008.0± 1.6 [145] 9.757(-6)

L� L2M1 2956.782± 0.094 [50] 3.64(-3) [488] 3.517(-3) 14.12 [423]
2956.80 [104]

L2M2 3076.9± 1.5 [145] 6.23 [423]

Lˇ17 L2M3 3110.6± 1.3 [145] 6.47 [423]

Lˇ1 L2M4 3316.605± 0.053 [50] 0.1242 [488] 4.997(-2) 2.54 [473]
3316.60 [104] 2.75 [423]
3316.70± 1.00 [437]

L2M5 3323.3± 1.0 [145] 2.74 [423]

L� 5 L2N1 3619.38± 0.14 [50] 7.14(-4) [488] 3.886(-4) 27.74 [423]
3619.30 [104]
3619.20± 1.00 [437]

L2N2 3659.6± 3.5 [145] 18.87 [423]

L2N3 3659.0± 1.6 [145] 3.119(-6) 20.13

L� 1 L2N4 3716.898± 0.099 [50] 1.279(-2) [488] 5.142(-3) 4.38 [473]
3716.80 [104]
3717.50± 1.00 [437]

L2N5 3718.0± 1.0 [145]

Ll L3M1 2767.376± 0.082 [50] 4.39(-3) [488] 6.005(-3) 13.93 [423]
2767.30 [104]

Lt L3M2 2887.7± 1.4 [145] 2.932(-5) 6.04 [423]

Ls L3M3 2921.4± 1.2 [145] 2.755(-5) 6.28

L˛2 L3M4 3126.950± 0.070 [50] 1.192(-2) [488] 5.047(-3) 2.40 [473]
3126.90 [104] 2.56 [423]

L˛1 L3M5 3133.755± 0.047 [50] 0.1057 [488] 4.478(-2) 2.43 [473]
3133.80 [104] 2.56 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ6 L3N1 3429.98± 0.13 [50] 8.52(-4) [488] 4.083(-4) 27.55 [423]
3430.00 [104]
3430.20± 1.00 [437]

L3N2 3470.4± 3.5 [145] 1.587(-6) 18.68 [423]

L3N3 3469.7± 1.5 [145] 19.94 [423]

Lˇ15,2 L3N4,5 3528.159± 0.059 [50] 1.21(-3) [488]
3528.20 [104]

Lˇ15 L3N4 3527.42± 0.79 [145] 5.102(-4)

Lˇ2 L3N5 3527.60± 1.00 [437] 1.07(-2) [488] 4.511(-3) 5.82 [473]

3528.74± 0.97 [145]

M series
M2N1 540.00± 5.00 [50] 3.81(-4) [116] 2.186(-4) 29.18 [423]

541.40 [104]

M2N4 238.40± 0.90 [50] 5.019(-4)

M2N4 639.00± 2.30 [104] 5.019(-4)

M2N5 639.00± 2.30 [50] 7.95(-4) [335]

M3M5 211.10± 0.70 [50] 2.866(-4) 4.42 [423]

M3N1 507.00± 2.00 [50] 4.19(-4) [116] 2.667(-4) 29.42 [423]
507.50 [104] 2.64(-4) [335]

M� M3N4,5 606.00± 2.00 [50] 7.95(-4) [335]

M3N4 7.387(-5)

M�1 M3N5 606.00 [104] 5.156(-4)

M�2 M4N2 341.84 [423] 6.267(-4) 16.81 [423]

Mı M4N3 347.87 [423] 1.050(-4) 18.08 [423]

M� M4O2 408.50 [104]

M4O2,3 408.00± 1.30 [50]

M�1 M5N3 340.67 [423] 6.569(-4) 18.08 [423]

M5O3 403.00± 1.30 [50]



Cadmium Z=48 313

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 26711.00 [503] 0.843 [301] 7.28 [301] 26711.2 [51]
26711.20± 0.30 [493] 0.855 [557] 7.09 [423] 26713.29± 0.20 [294]

0.8707 [347] 7.32 [94] 25720.58± 0.41 [145]
0.840 [38]
0.8415 [39]
0.8434 [423]
0.843 [310]
0.853 [33]

L1 4018.00 [503] 1.80(-2) [301] 4.87 [301] 4018.0 [51]
4018.00± 0.30 [493] 2.07(-2) [423] 4.28 [423] 4019.01± 0.19 [50]

1.22(-2) [436] 3.5 [94] 4026.07± 0.98 [145]
2.79(-2) [577]

L2 3727.00 [503] 5.60(-2) [301] 2.62 [301] 3727.0 [51]
3727.00± 0.30 [493] 5.91(-2) [423] 2.40 [423] 3728.01± 0.17 [50]

5.90(-2) [436] 2.42 [94] 3736.10± 0.39

L3 3538.00 [503] 5.60(-2) [301] 2.50 [301] 3537.5 [51]
3537.50± 0.30 [493] 6.14(-2) [423] 2.21 [423] 3537.60± 0.15 [50]

6.00(-2) [436] 2.24 [94] 3546.84± 0.32 [145]

M1 770.00 [503] 4.161(-3) [512] 10.00 [74] 772.0 [51]
770.20± 0.30 [493] 3.6(-4) [423] 11.71 [423]

8.8 [94]

M2 651.00 [503] 6.7(-4) [512] 3.70 [74]
650.70± 0.30 [493] 1.16(-3) [423] 3.83 [423]

2.55 [94]

M3 617.00 [503] 6.80(-2) [512] 3.70 [74]
616.50± 0.30 [493] 1.18(-3) [423] 4.07 [423]

2.8 [94]

M4 411.00 [503] 2.70(-3) [512] 0.48 [74]
410.50± 0.30 [493] 7.3(-4) [423] 0.34 [423]

0.34 [94]

M5 404.00 [503] 6.6(-4) [423] 0.48 [74] 405.2 [51]
403.70± 0.30 [493] 0.35 [423]

0.35 [94]
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level EB/eV !nlj 
 /eV AE/eV

N1 108.00 [503] 3.0(-5) [423] 25.34 [423]
107.60± 0.30 [493] 6.00 [74]

4.4 [94]

N2 67.00 [503] 3.0(-5) [423] 14.00 [74]
66.90± 0.40 [493] 16.47 [423]

10.8 [94]

N3 67.00 [503] 1.0(-5) [423] 10.5 [94]
66.90± 0.40 [51] 14.00 [74]
65.00± 0.40 [493] 17.73 [423]

N4 9.00 [503]
9.30± 0.30 [51]
9.70± 0.30 [493]

N5 9.00 [503]
9.30± 0.30 [51]
9.00± 0.30 [493]

O1 2.20± 0.50 [493]

IP 8.9938 [222]



Indium Z=49 315

In Z=49 [Kr] 4d10 5s2 5p1

Indium A = 114.818(3) [222] % = 7.30 g/cm3 [547]
% = 7.28 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 23703.5± 1.2 [145] 10.56 [423]

K˛2 KL2 24002.03± 0.28 [50] 1.878 [488] 2.457(-1) 10.63 [301]
24002.00 [104] 10.17 [423]

K˛1 KL3 24209.75± 0.22 [50] 3.52 [488] 4.609(-1) 10.56 [301]
24210.00 [104] 9.97 [423]

KM1 27114.4± 1.2 [145] 19.49 [423]

Kˇ3 KM2 27237.50± 0.25 [50] 0.314 [488] 4.113(-2) 11.69 [423]
27238.00 [104]

Kˇ1 KM3 27275.55± 0.25 [50] 0.61 [488] 7.985(-2) 11.97 [423]
27276.00 [104]

Kˇ52 KM4 27491.8± 1.8 [50] 2.38(-2) [488] 3.123(-4) 8.05 [423]
27491.00 [104]

Kˇ51 KM5 27499.1± 1.8 [50] 3.31(-3) [488] 4.333(-4) 8.06 [423]
27499.00 [104]

KN1 27819.7± 3.7 [145] 33.85 [423]

Kˇ2 KN2,3 27861.20± 0.93 [50] 0.1070 [488]
27862.00 [104]

KII
ˇ2

KN2 27860.20± 0.93 [145] 8.395(-3) 26.90 [423]

KI
ˇ2

KN3 27860.9± 1.7 [145] 1.634(-2) 29.13 [423]

KII
ˇ4

KN4 27899.00 [104] 4.270(-5) 7.70 [423]
27923.03± 0.99 [145]

KI
ˇ4

KN5 27928.00 [104] 5.881(-5) 7.68 [423]
27924.2± 1.0 [145]

Kˇ4 KN4,5 27928.4± 3.7 [50] 7.76(-4) [488]

KO2,3 27940.00± 2.00 [50]
27940.00 [104]

KO2 6.080(-5)
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line transition E/eV I/eV/� TPIV 
 /eV

KO3 1.083(-4)

L series
L1M1 3410.9± 1.7 [145] 14.66 [423]

Lˇ4 L1M2 3535.31± 0.13 [50] 2.973(-2) [488] 1.029(-2) 6.92 [423]
3535.30 [104]
3534.40± 1.00 [437]

Lˇ3 L1M3 3573.14± 0.14 [50] 4.87(-2) [488] 1.687(-2) 7.20 [423]
3573.10 [104]
3572.50± 1.00 [437]

Lˇ10 L1M4 3786.83± 0.15 [50] 3.60(-4) [488] 1.244(-4) 3.28 [423]
3786.70 [104]
3787.40± 1.00 [437]

Lˇ9 L1M5 3794.26± 0.15 [50] 5.37(-4) [488] 1.856(-4) 3.28 [423]
3794.20 [104]
3794.90 [437]

L1N1 4116.2± 4.3 [145] 29.08 [423]

L� 2.3 L1N2,3 4160.48± 0.41 [50] 9.39(-3) [488]
4160.50 [104]

L�2 L1N2 4157.2± 4.2 [145] 1.953(-3) 22.12 [423]

L�3 L1N3 4157.4± 2.2 3.248(-3) 24.35 [423]

L1N4 4219.5± 1.5 [145] 1.175(-5) 2.93 [423]

L1N5 4220.6± 1.6 [145] 1.765(-5) 2.91 [423]

L�4′ ,4 L1O2,3 4236.70± 0.30 [50] 7.34(-5) [488]
4236.70 [104]

L1O2 1.654(-5)

L1O3 2.539(-5)

L� L2M1 3112.58± 0.10 [50] 4.03(-3) [488] 3.597(-3) 14.27 [423]
3112.60 [104]

L2M2 3236.3± 1.5 [145] 6.53 [423]

Lˇ17 L2M3 3273.8± 1.3 [145] 4.516(-5) 6.81 [423]

Lˇ1 L2M4 3487.244± 0.058 [50] 0.1387 [488] 5.356(-2) 2.89 [423]
3487.30 [104]
3485.90± 1.00 [437]

L2M5 3494.8± 1.0 [145] 2.90 [423]

L� 5 L2N1 3815.93± 0.16 [50] 8.07(-4) [488] 4.163(-4) 28.69 [423]
3815.80 [104]
3817.10± 1.00 [437]

L2N2 3858.4± 3.6 [145] 21.74 [423]



Indium Z=49 317

line transition E/eV I/eV/� TPIV 
 /eV

L2N3 3858.6± 1.6 [145] 3.612(-6) 23.97 [423]

L� 1 L2N4 3920.848± 0.073 [50] 1.556(-2) [488] 6.009(-3) 2.54 [423]
3920.80 [104]

L2N5 3921.84± 0.98 [145] 2.53 [423]

Ll L3M1 2904.431± 0.091 [50] 4.90(-3) [488] 6.212(-3) 14.07 [423]
2904.40 [104]

Lt L3M2 3028.9± 1.4 [145] 3.099(-5) 6.29 [423]

Ls L3M3 3066.4± 1.2 [145] 2.908(-5) 6.57 [423]

L˛2 L3M4 3279.322± 0.079 [50] 1.328(-2) [488] 5.399(-3) 2.69 [423]
3279.30 [104]

L˛1 L3M5 3286.982± 0.052 [50] 0.1187 [488] 4.789(-2) 2.70 [423]
3287.00 [104]

Lˇ6 L3N1 3608.27± 0.14 [50] 9.71(-4) [488] 4.419(-4) 28.49 [423]
3608.20 [104]
3607.50± 1.00 [437]

L3N2 3651.0± 3.5 [145] 1.828(-6) 21.50 [423]

L3N3 3651.1± 1.5 [145] 1.743(-6) 23.73 [423]

Lˇ15 L3N4 3713.80 [104] 1.46(-3) [488] 5.942(-4) 2.34 [423]
3713.24± 0.87 [145]

Lˇ2 L3N5 3714.30± 1.00 [437] 1.295(-2) [488] 5.265(-3) 2.32 [423]
3714.37± 0.92 [145]

Lˇ15,2 L3N4,5 3713.81± 0.03 [50]

Lˇ7 L3O1 3730.00± 5.00 [50] 9.61(-5) [488] 3.905(-5)

M series
M�2 M3N4 635.18 [423] 7.387(-5) 4.34 [423]

M�1 M3N5 636.09 [423] 6.096(-4) 4.32 [423]

M�2 M4N2 370.27 [423] 7.739(-4) 19.62 [423]

Mı M4N3 377.17 [423] 1.284(-4) 21.85 [423]

M� M4O2 456.13 [423] 6.343(-6)

M�1 M5N3 369.13 [423] 8.151(-4) 21.85 [423]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 27940.00 [503] 0.853 [301] 7.91 [301] 27939.9 [51]
27939.90± 0.30 [493] 0.865 [293] 7.67 [423] 27940.39± 0.30 [50]

0.8803 [557] 7.9 [94] 27949.69± 0.44 [145]
0.850 [38]
0.8508 [39]
0.8533 [423]
0.853 [310]

L1 4238.00 [503] 2.00(-2) [301] 5.00 [301] 4237.5 [51]
4237.50± 0.30 [493] 3.30(-2) [423] 2.89 [423] 4237.26± 0.21 [50]

1.34(-2) [436] 3 [94] 4246.17± 0.99 [145]
2.69(-2) [577]

L2 3938.00 [503] 6.10(-2) [301] 2.72 [301] 3938.0 [51]
3938.00± 0.30 [493] 6.34(-2) [423] 2.50 [423] 3939.32± 0.19 [50]

6.40(-2) [436] 2.53 [94] 3947.38± 0.39 [145]

L3 3730.00 [503] 6.00(-2) [301] 2.65 [301] 3730.1 [51]
3730.10± 0.30 [493] 6.59(-2) [126] 2.30 [423] 3730.25± 0.17 [50]

6.50(-2) [436] 2.34 [94] 3739.91± 0.31 [145]

M1 826.00 [503] 4.36(-3) [512] 11.77 [423] 972.2 [51]
825.60± 0.30 [493] 4.1(-4) [423] 9.2 [94]

M2 702.00 [503] 7.4(-4) [512] 2.7 [94]
702.20± 0.30 [493] 1.27(-3) [423] 4.03 [423]

M3 664.00 [503] 7.20(-2) [512] 3.05 [94]
664.30± 0.30 [493] 1.30(-3) [423] 4.31 [423]

M4 451.00 [503] 2.7(-3) [512] 0.38 [94]
450.80± 0.30 [493] 9.1(-4) [423] 0.39 [423]

M5 443.00 [503] 8.2(-4) [423] 0.39 [94] 443.9 [51]
443.10± 0.30 [493] 0.39 [423]

N1 122.00 [503] 4.0(-5) [423] 26.19 [423]
121.90± 0.30 [493] 4.2 [94]



Indium Z=49 319

level EB/eV !nlj 
 /eV AE/eV

N2 77.00 [503] 3.0(-5) [423] 13.2 [94]
77.40 ± 0.40 [51] 19.23 [423]
81.90 ± 0.40 [493]

N3 77.00 [503] 1.0(-5) [423] 14 [94]
77.40 ± 0.40 [51] 21.46 [423]
75.10 ± 0.40 [493]

N4 16.00 [503]
16.20 ± 0.30 [51]
18.60 ± 0.30 [493] 0.04 [423]

N5 16.00 [503]
15.80 ± 0.30 [493] 0.02 [423]

O1 4.10 ± 0.70 [493]

O2 0.75 ± 1.00 [493]

IP 5.78636 [222]
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Sn Z=50 [Kr] 4d10 5s2 5p2

Tin A = 118.710(7) [222] % = 7.30 g/cm3 [547]
% = 7.29 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 24736.6± 1.2 [145] 10.68 [423]

K˛2 KL2 25044.04± 0.23 [50] 2.047 [488] 2.482(-1) 11.30 [301]
25044.00 [104] 2.080 [487] 12.40 [473]

10.89 [423]

K˛1 KL3 25271.36± 0.23 [50] 3.83 [488] 4.643(-1) 11.20 [301]
25272.00 [104] 3.89 [487] 11.20 [473]

10.68 [423]

KM1 28316.1± 1.2 [145] 20.61 [423]

Kˇ3 KM2 28444.43± 0.33 [50] 0.346 [488] 4.189(-2) 11.00 [473]
28445.00 [104] 0.372 [487] 12.49 [423]

Kˇ1 KM3 28486.26± 0.33 [50] 0.671 [488] 8.134(-2) 11.80 [473]
28487.00 [104] 0.722 [487] 12.83 [423]

KˇII
5

KM4 28710.2± 3.00 [50] 2.77(-3) [488] 3.362(-4) 8.71 [423]
28709.00 [104]

KˇI
5

KM5 28716.2± 3.00 [50] 3.84(-3) [488] 4.651(-4) 8.72 [423]
28715.00 [104]

KN1 29064.2± 3.7 [145] 33.77 [423]

KˇII
2

KN2 29096.05± 0.80 [145] 6.97(-2) [487] 8.585(-3) 29.94 [423]

KˇI
2

KN3 29109.2± 1.8 [145] 0.1356 [487] 1.677(-2) 33.90 [423]

Kˇ2 KN2,3 29109.64± 0.81 [50] 0.1211 [488]
29109.00 [104]

KˇII
4

KN4 29175.4± 1.1 [145] 9.74(-4) [488] 4.975(-5) 8.36 [423]

KˇI
4

KN5 29176.00 [104] 6.841(-5) 8.36 [423]

29176.7± 1.1 [145]

Kˇ4 KN4,5 29175.7± 3.00 [50]

KO2,3 29195.00± 2.00 [50] 3.99(-3) [488]
29195.00 [104] 0.006 [487]

KO2 1.719(-4)

KO3 3.120(-4)
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line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M1 3579.5± 1.7 [145] 15.35 [423]

Lˇ4 L1M2 3708.33± 0.15 [50] 3.31(-2) [488] 1.097(-2) 6.60 [473]
3708.20 [104] 7.23 [423]
3708.60± 1.00 [437]

Lˇ3 L1M3 3750.392± 0.050 [50] 5.39(-2) [488] 1.786(-2) 7.70 [473]
3750.30 [104] 7.57 [423]
3750.90± 1.00 [437]

Lˇ10 L1M4 3971.63± 0.17 [50] 4.18(-4) [488] 1.386(-4) 3.45 [423]
3971.50 [104]

Lˇ9 L1M5 3980.00± 0.17 [50] 6.24(-4) [488] 2.069(-4) 3.45 [423]
3979.80 [104]

L1N1 4327.6± 4.2 [145] 28.51 [423]

L� 2.3 L1N2,3 4376.83± 0.46 [50] 1.07(-2) [488]
4376.90 [104]

L�2 L1N2 4359.5± 1.3 [145] 2.143(-3) 24.68 [423]

L�3 L1N3 4372.6± 2.3 [145] 3.547(-3) 28.64 [423]

L1N4 4438.8± 1.6 [145] 1.399(-5) 3.10 [423]

L1N5 4440.1± 1.6 [145] 2.108(-5) 3.10 [423]

L�4′,4 L1O2,3 4463.80± 0.30 [50] 2.30(-4) [488]
4463.90 [104]

L1O2 4.901(-5)

L1O3 7.628(-5)

L� L2M1 3272.37± 0.12 [50] 4.45(-3) [488] 3.676(-3) 14.94 [423]
3272.30 [104]

L2M2 3400.4± 1.5 [145] 6.82 [423]

Lˇ17 L2M3 3442.1± 1.3 [145] 4.747(-5) 7.16 [423]

Lˇ1 L2M4 3662.839± 0.048 [50] 0.1544 [488] 5.735(-2) 2.75 [473]
3662.70 [104] 3.04 [423]
3662.70± 1.00 [437]

L2M5 3671.3± 1.0 [145] 3.05 [423]

L� 5 L2N1 4019.20± 0.17 [50] 9.10(-4) [488] 4.454(-4) 28.09 [423]
4019.00 [104]

L2N2 4051.76± 0.72 [145] 24.27 [423]

L2N3 4064.9± 1.7 [145] 4.170(-6) 28.23 [423]

L� 1 L2N4 4131.161± 0.061 [50] 1.865(-2) [488] 6.923(-3) 5.23 [473]
4131.10 [104] 2.69 [423]

L2N5 4132.4± 1.0 [145] 2.69 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

Ll L3M1 3045.01± 0.10 [50] 5.45(-3) [488] 6.421(-3) 14.73 [423]
3045.00 [104]

Lt L3M2 3173.4± 1.4 [145] 3.271(-5) 6.61 [423]

Ls L3M3 3215.0± 1.2 [145] 3.064(-5) 6.95 [423]

L˛2 L3M4 3437.356± 0.056 [50] 1.475(-2) [488] 5.769(-3) 2.62 [473]
3435.40 [104] 2.83 [423]

L˛1 L3M5 3444.011± 0.042 [50] 0.1308 [488] 5.115(-2) 2.62 [473]
3444.00 [104] 2.83 [423]

Lˇ6 L3N1 3792.66± 0.15 [50] 1.10(-3) [488] 4.774(-4) 27.88 [423]
3791.90 [104]
3792.60± 1.00 [437]

L3N2 3824.71± 0.66 [145] 2.100(-6) 24.06 [423]

L3N3 3837.9± 1.7 [145] 2.005(-6) 28.02

Lˇ15 L3N4 3904.07± 0.95 [145] 1.75(-3) [488] 6.824(-4) 2.48 [423]

Lˇ2 L3N5 3904.90 [104] 1.55(-2) [488] 6.057(-3) 6.10 [473]
3905.32± 0.95 [145] 3.2 [423]

2.48 [423]

Lˇ15,2 L3N4,5 3904.894± 0.055 [50]

Lˇ7 L3O1 3927.90± 0.40 [50] 1.24(-4) [488] 4.850(-5)
3928.50 [104]

M series
M1P3 616.80 [263]

M2N4 262.10± 0.60 [50] 6.944(-4)

M2N1 619.00± 3.00 [50] 3.43(-4) [335] 2.437(-4) 29.70 [423]
618.70 [104]

M2N4 733.00± 2.00 [50] 1.29(-3) [335] 6.944(-4) 4.29 [423]
732.30 [104]
733.60 [263]

M3N5 228.70± 0.40 [50] 7.095(-4) 4.29 [423]

M3N1 575.00± 3.00 [50] 3.43(-4) [335] 2.988(-4) 30.04 [423]
576.60 [104]

M� 2 M3N4 1.29(-3) [335] 8.594(-5) 4.63 [423]

M� 1 M3N5 691.10 [104] 1.29(-3) [335] 7.095(-4) 4.63 [423]

M�2,1 M3N4,5 962.60± 2.00 [50]

M�2 .ı M4,5N2,3 397.00± 1.00 [50]

M4N2 491.00± 2.00 [50] 9.378(-4) 22.09 [423]

M4N3 1.542(-4) 26.05 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

M� M4O2 491.40 [104] 2.068(-5)

M4O2,3 491.00± 2.00 [50]

M�1 M5N3 398.82 [423] 9.939(-4) 26.06 [423]

M5O3 483.00± 2.00 [50] 2.059(-5)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 29200.00 [503] 0.862 [301] 8.49 [301] 29200.1 [51]
29200.10± 0.40 [493] 0.8889 [557] 8.28 [423] 29200.39± 0.20 [294]

0.871 [347] 8.53 [94]
0.874 [293]
0.859 [38]
0.8595 [39]
0.8625 [423]
0.862 [310]
0.861 [33]
0.858 [112]

L1 4465.00 [503] 3.70(-2) [301] 2.97 [301] 4464.7 [51]
4464.70± 0.30 [493] 1.30(-2) [107] 3.02 [423] 4464.77± 0.24 [50]

1.30(-2) [348] 2.4 [94] 4473.20± 0.99 [145]
3.53(-2) [423]
3.56(-2) [436]
3.65(-2) [244]
3.04(-2) [577]

L2 4156.00 [503] 6.50(-2) [301] 2.84 [301] 4156.1 [51]
4156.10± 0.30 [493] 5.65(-2) [107] 2.61 [423] 4157.27± 0.21 [50]

6.56(-2) [348] 2.64 [94] 4165.49± 0.39 [145]
6.85(-2) [423]
6.80(-2) [436]
7.00(-2) [244]

L3 3929.00 [503] 6.40(-2) [301] 2.75 [301] 3928.8 [51]
3928.80± 0.30 [493] 7.37(-2) [348] 2.40 [423] 3928.84± 0.18 [50]

7.07(-2) [423] 2.43 [94] 3938.45± 0.33 [145]
7.00(-2) [244]
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level EB/eV !nlj 
 /eV AE/eV

M1 884.00 [503] 2.50(-4) [38] 12.34 [423] 884.7 [51]
883.80± 0.30 [493] 4.7(-4) [512] 10.85 [350]

4.4(-4) [423] 9.6 [94]

M2 757.00 [503] 7.00(-4) [38] 3.69 [350]
756.40± 0.40 [493] 7.9(-4) [512] 4.21 [423]

1.39(-3) [423] 2.85 [94]

M3 715.00 [503] 5.40(-4) [38] 4.06 [350]
714.40± 0.30 [493] 1.42(-3) [423] 4.55 [423]

3.3 [94]

M4 494.00 [503] 2.70(-3) [38] 0.52 [350]
493.30± 0.30 [493] 2.7(-4) [512] 0.43 [423]

1.12(-3) [423] 0.43 [94]

M5 485.00 [503] 1.02(-3) [423] 0.50 [74] 484.9 [51]
484.80± 0.30 [493] 0.44 [423]

0.44 [94]

N1 137.00 [503] 4.0(-5) [423] 25.49 [423]
136.50± 0.40 [493] 3.60 [74]

3.4 [94]

N2 89.00 [503] 4.0(-5) [423] 14.00 [74]
88.60± 0.40 [51] 21.66 [423]
93.90± 0.40 [493] 17 [94]

N3 89.00 [503] 1.0(-5) [423] 14.00 [74]
86.00± 0.40 [493] 25.62 [423]

17 [94]
N4 24.00 [503] 0.08 [94]

23.90± 0.30 [51] 0.14 [74]
24.60± 0.30 [493] 0.08 [423]

N5 24.00 [503] 0.14 [74]
23.90± 0.30 [51] 0.08 [423]
23.40± 0.30 [493] 0.08 [94]

O1 7.00± 0.50 [493]

O2 1.25± 0.30 [493]

IP 7.3439 [222]



Antimony Z=51 325

Sb Z=51 [Kr] 4d10 5s2 5p3

Antimony A = 121.760(1) [222] % = 6.679 g/cm3 [547]
% = 6.62 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 25793.9± 1.2 [145] 12.08 [423]

K˛2 KL2 26110.78± 0.25 [50] 2.228 [488] 2.504(-1) 12.20 [301]
26111.00 [104] 2.263 [487] 11.65 [423]
26111.04± 0.24 [143]
26111.95± 0.25 [277]

K˛1 KL3 26358.86± 0.25 [50] 4.16 [488] 4.674(-1) 12.00 [301]
26359.00 [104] 4.22 [487] 11.43 [423]
26359.13± 0.25 [143]
26359.03± 0.25 [277]

KM1 29546.8± 1.2 [145] 21.80 [423]
Kˇ3 KM2 29679.20± 0.29 [50] 0.379 [488] 4.261(-2) 13.36 [423]

29680.00 [104] 0.407 [487]
29679.40± 0.42 [277]

Kˇ1 KM3 29725.53± 0.22 [50] 0.735 [488] 8.266(-2) 13.74 [423]
29726.00 [104] 0.790 [487]
29725.72± 0.32 [277]

KˇII
5

KM4 29956.1± 1.1 [50] 3.21(-3) [488] 3.609(-4) 9.41 [423]
29956.00 [104]

KˇI
5

KM5 29963.3± 1.1 [50] 4.43(-3) [488] 4.977(-4) 9.41 [423]
29964.00 [104]

KN1 30340.1± 3.9 [145] 31.52 [423]
KˇII

2
KN2 30387.1± 4.1 [145] 7.85(-2) [487] 8.774(-3) 32.56 [423]

KˇI
2

KN3 30388.0± 1.9 0.1529 [487] 1.719(-2) 39.26 [423]

Kˇ2 KN2,3 30389.84± 0.55 [50] 0.1365 [488]
30390.00 ]

KˇII
4

KN4 30428.00 [104] 5.717(-5) 9.07 [423]
30458.3± 1.1 [145]

KˇI
4

KN5 30461.00 [104] 7.845(-5) 9.08 [423]
30459.7± 1.1 [145]
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line transition E/eV I/eV/� TPIV 
 /eV

Kˇ4 KN4,5 30460.40± 0.75 [50] 1.21(-3) [488]

KO2,3 30487.50± 0.75 [50] 8.17(-3) [488]
30488.00 [104] 1.14(-2) [487]

KO2 3.239(-4)

KO3 5.951(-4)

L series
L1M1 3752.9± 1.7 [145] 16.02 [423]

Lˇ4 L1M2 3886.42± 0.16 [50] 3.68(-2) [488] 1.169(-2) 7.57 [423]
3886.30 [104]
3886.40± 1.00 [437]

Lˇ3 L1M3 3932.73± 0.17 [50] 5.94(-2) [488] 1.888(-2) 7.95 [423]
3932.70 [104]
3933.30± 1.00 [437]

Lˇ10 L1M4 4161.64± 0.19 [50] 4.85(-4) [488] 1.542(-4) 3.62 [423]
4161.60 [104]

Lˇ9 L1M5 4170.82± 0.19 [50] 7.24(-4) [488] 2.301(-4) 3.62 [423]

L1N1 4546.2± 4.4 [145] 25.74 [423]

L� 2.3 L1N2,3 4599.95± 0.51 [50] 1.215(-2) [488]
4600.00 [104]

L�2 L1N2 4593.1± 4.8 [145] 2.347(-3) 26.77 [423]

L�3 L1N3 4594.0± 2.4 [145] 3.862(-3) 33.47 [423]

L1N4 4664.3± 1.6 [145] 1.647(-5) 3.29 [423]

L1N5 4665.8± 1.6 [145] 2.487(-5) 3.29 [423]

L� 4 L1O2,3 4696.70± 0.36 [50] 4.77(-4) [488]
4696.70 [104]

L1O2 9.690(-5)

L1O3 1.516(-4)

L� L2M1 3436.65± 0.13 [50] 4.90(-3) [488] 3.756(-3) 15.58 [423]
3436.60 [104]

L2M2 3569.3± 1.5 [145] 7.13 [423]

Lˇ17 L2M3 3615.3± 1.3 [145] 4.985(-5) 7.51 [423]

Lˇ1 L2M4 3843.615± 0.071 [50] 0.1717 [488] 6.145(-2) 3.18 [423]
3846.60 [104]
3843.40± 1.00 [437]

L2M5 3853.1± 1.0 [145] 3.19 [423]

L� 5 L2N1 4228.78± 0.19 [50] 1.02(-3) [488] 4.757(-4) 25.30 [423]
4228.70 [104]

L2N2 4276.3± 4.2 [145] 26.33 [423]



Antimony Z=51 327

line transition E/eV I/eV/� TPIV 
 /eV

L2N3 4277.2± 1.8 [145] 4.807(-6) 33.04 [423]

L� 1 L2N4 4347.831± 0.068 [50] 2.206(-2) [488] 7.904(-3) 2.85 [423]
4347.80 [104]

L2N5 4348.99± 0.96 [145] 2.85 [423]

Ll L3M1 3188.63± 0.11 [50] 6.06(-3) [488] 6.632(-3) 15.36 [423]
3188.60 [104]

Lt L3M2 3321.3± 1.4 [145] 3.449(-5) 6.91 [423]

Ls L3M3 3367.3± 1.2 [145] 3.226(-5) 7.29 [423]

L˛2 L3M4 3595.358± 0.093 [50] 1.634(-2) [488] 6.155(-3) 12.20 [473]
3595.30 [104] 2.97 [423]

L˛1 L3M5 3604.756± 0.062 [50] 0.1449 [488] 5.458(-2) 12.00 [473]
3604.80 [104] 2.97 [423]

Lˇ6 L3N1 3980.00± 0.17 [50] 1.25(-3) [488] 5.149(-4) 25.08 [423]
3979.90 [104]
3980.60± 1.00 [437]

L3N2 4028.4± 4.1 [145] 2.404(-6) 26.11 [423]

L3N3 4029.3± 1.7 [145] 2.298(-6) 32.81 [423]

Lˇ15,2 L3N4,5 4100.826± 0.060 [50]
4100.80 [104]

Lˇ15 L3N4 4099.59± 0.89 [145] 2.06(-3) [488] 7.749(-4) 2.63 [423]

Lˇ2 L3N5 4101.02± 0.91 [145] 1.829(-2) [488] 6.889(-3) 2.64 [423]

Lˇ7 L3O1 4125.50± 0.40 [50] 1.54(-4) [488] 5.813(-5)
4126.20 [104]

M series
M1P3 659.50 [263]

M2N1 658.00± 3.50 [50] 3.90(-4) [335] 2.556(-4) 27.01 [423]
659.50 [104]

M2N4 776.00± 2.50 [50] 1.60(-3) [335] 7.927(-4) 4.56 [423]
775.90 [104]
779.80 [263]

M3M5 237.50± 0.45 [50] 2.623(-4) 5.28 [423]

M3N1 612.00± 3.00 [50] 3.90(-4) [335] 3.151(-4) 27.39 [423]
613.50 [104]

M�2,1 M3N4,5 733.00± 2.00 [50]
733.60 [263]

M� 2 M3N4 1.60(-3) [335] 9.816(-5) 4.94 [423]

M� 1 M3N5 732.80 [104] 1.60(-3) [335] 8.108(-4) 4.94 [423]

M�2 .ı M4N2,3 429.00± 1.00 [50]
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line transition E/eV I/eV/� TPIV 
 /eV

M4N2 1.119(-3) 24.09 [423]

M4N3 1.822(-4) 30.80 [423]

M� M4O2 540.06 [423] 4.443(-5)

M�1 M5N3 429.73 [423] 1.195(-3) 30.80 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 30491.00 [503] 0.870 [301] 9.16 [301] 30491.2 [51]
30491.20± 0.30 [493] 0.867 [38] 8.94 [423] 30490.49± 0.20 [50]

0.8971 [557] 9.2 [94] 30501.27± 0.49 [145]
0.8676 [39]
0.8709 [423]
0.87 [310]

L1 4699.00 [503] 3.90(-2) [301] 3.13 [301] 4698.3 [51]
4698.30± 0.30 [493] 3.11(-2) [107] 3.15 [423] 4698.44± 0.26 [50]

3.78(-2) [423] 2.3 [94] 4707.3± 1.0 [145]
3.82(-2) [436]
4.03(-2) [577]

L2 4381.00 [503] 6.90(-2) [301] 3.00 [301] 4380.4 [51]
4380.40± 0.30 [493] 6.16(-2) [107] 2.71 [423] 4381.9± 1.1 [50]

7.37(-2) [423] 2.74 [94] 4390.54± 0.40 [145]
7.30(-2) [436]

L3 4132.00 [503] 6.90(-2) [301] 2.87 [301] 4132.2 [51]
4132.20± 0.30 [493] 6.33(-2) [107] 2.49 [423] 4132.33± 0.20 [50]

7.57(-2) [423] 2.53 [94] 4142.58± 0.33 [145]
7.50(-2) [436]

M1 944.00 [503] 5.3(-4) [512] 10 [94] 946.0 [51]
943.70± 0.30 [493] 4.8(-4) [423] 12.87 [423]

M2 812.00 [503] 8.5(-4) [512] 3 [94]
811.90± 0.30 [493] 1.50(-3) [423] 4.42 [423]

M3 766.00 [503] 8.30(-2) [512] 3.6 [94]
765.60± 0.30 [493] 1.55(-3) [423] 4.80 [423]



Antimony Z=51 329

level EB/eV !nlj 
 /eV AE/eV

M4 537.00 [503] 2.70(-3) [512] 0.47 [94]
536.90± 0.30 [493] 1.35(-3) [423] 0.47 [423]

M5 528.00 [503] 1.24(-3) [423] 0.48 [94] 528.2 [51]
527.50± 0.30 [493] 0.48 [423]

N1 152.00 [503] 5.0(-5) [423] 22.59 [423]
152.00± 0.30 [493] 2.6 [94]

N2 99.00 [503] 6.0(-5) [423]
98.40 ± 0.50 [51] 23.62 [423]
104.30± 0.50 [493]

N3 99.00 [503] 2.0(-5) [423]
98.40 ± 0.50 [51] 30.33 [423]
95.40 ± 0.50 [493]

N4 32.00 [503] 0.14 [94]
31.40 ± 0.30 [51]
32.20 ± 0.30 [493] 0.14 [423]

N5 32.00 [503] 0.14 [94]
30.80 ± 0.30 [493] 0.14 [423]

O1 4.10 ± 0.40 [493]

O2 7.78 [493]

O3 0.75 ± 0.10 [493]

IP 8.6084 [222]
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Te Z=52 [Kr] 4d10 5s2 5p4

Tellurium A = 127.60(3) [12.77] % = 6.23 g/cm3 [547]
% = 6.25 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 26875.7± 1.3 [145] 12.91 [423]

K˛2 KL2 27201.99± 0.21 [50] 2.420 [488] 2.524(-1) 13.00 [301]
27202.00 [104] 14.20 [473]

12.45 [423]

K˛1 KL3 27472.57± 0.27 [50] 4.50 [488] 4.699(-1) 12.80 [301]
27472.00 [104] 12.80 [473]

12.22 [423]

KM1 30806.9± 1.2 [145] 22.84 [423]

Kˇ3 KM2 30944.60± 0.46 [50] 0.415 [488] 4.327(-2) 12.30 [473]
30945.00 [104] 14.28 [423]

Kˇ1 KM3 30995.97± 0.34 [50] 0.805 [488] 8.392(-2) 13.30 [473]
30996.00 [104] 14.69 [423]

KˇII
5

KM4 31231.6± 1.2 [145] 3.862(-4) 10.15 [423]

KˇI
5

KM5 31241.8± 1.2 [145] 5.310(-4) 10.16 [423]

KN1 31646.5± 4.0 [145] 23.08 [423]

Kˇ2 KN2,3 31700.76± 0.72 [50] 0.1534 [488]
31701.00 [104]

KˇII
2

KN2 31696.4± 4.5 [145] 8.965(-3) 34,84 [423]

KˇI
2

KN3 31698.6± 2.2 [145] 1.762(-2) 45,72 [423]

KO2,3 31811.40± 0.80 [50] 1.403(-2) [488]
31812.00 [104]

KˇII
4

KN4 31772.4± 1.1 [145] 6.500(-5) 9.81 [423]

KˇI
4

KN5 31774.0± 1.1 [145] 8.900(-5) 9.83 [423]

KO2 5.136(-4)

KO3 9.497(-4)

L series
L1M1 3931.2± 1.7 [145] 16.47 [423]

Lˇ4 L1M2 4069.52± 0.18 [50] 4.08(-2) [488] 1.245(-2) 6.82 [473]
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line transition E/eV I/eV/� TPIV 
 /eV

4069.40 [104] 7.91 [423]

Lˇ3 L1M3 4120.48± 0.18 [50] 6.54(-2) [488] 1.994(-2) 8.22 [473]
4120.40 [104] 8.33 [423]

Lˇ10 L1M4 4355.16± 0.20 [50] 5.61(-4) [488] 1.711(-4) 3.79 [423]
4355.00 [104]

Lˇ9 L1M5 4367.16± 0.20 [50] 8.37(-4) [488] 2.555(-4) 3.79 [423]
4367.00 [104]

L1N1 4770.8± 4.5 [145] 16.71 [423]

L� 2.3 L1N2,3 4829.10± 0.56 [50] 1.374(-2) [488]
4829.10 [104]

L�2 L1N2 4820.8± 2.7 [145] 2.563(-3) 28.47 [423]

L�3 L1N3 4822.8± 2.7 [145] 4.194(-3) 39.35 [423]

L1N4 4896.6± 1.6 [145] 1.919(-5) 3.44 [423]

L1N5 4898.2± 1.6 [145] 2.904(-5) 3.46 [423]

L� 4 L1O2,3 4936.90± 0.40 [50] 8.26(-4) [488]
4937.00 [104]

L1O2 1.611(-4)

L1O3 2.520(-4)

L� L2M1 3605.90± 0.14 [50] 5.39(-3) [488] 3.835(-3) 16.01 [423]
3605.80 [104]

L2M2 3743.0± 1.5 [145] 7.45 [423]

Lˇ17 L2M3 3793.7± 1.3 [145] 5.229(-5) 7.86

Lˇ1 L2M4 4029.63± 0.12 [50] 0.1899 [488] 6.571(-2) 2.96 [473]
4029.50 [104] 3.33 [423]

L2M5 4040.1± 1.1 [145] 3.32 [423]

L� 5 L2N1 4443.70± 0.21 [50] 1.15(-3) [488] 5.075(-4) 16.25 [423]
4443.60 [104]

L2N2 4494.7± 4.4 [145] 28.01 [423]

L2N3 4496.8± 2.0 [145] 5.520(-6) 38.89 [423]

L� 1 L2N4 4570.93± 0.15 [50] 2.583(-2) [488] 8.938(-3) 5.60 [473]
4570.80 [263] 2.99 [423]

L2N5 4572.25± 0.97 [145] 3.00 [423]

Ll L3M1 3335.58± 0.12 [50] 6.72(-3) [488] 6.844(-3) 15.79 [423]
3335.50 [104]

Lt L3M2 3472.6± 1.4 [145] 3.633(-5) 7.23 [423]

Ls L3M3 3523.4± 1.2 [145] 3.392(-5) 7.64 [423]

L˛2 L3M4 3758.79± 0.15 [50] 1.806(-2) [488] 6.561(-3) 2.88 [473]
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line transition E/eV I/eV/� TPIV 
 /eV

3758.70 [104] 3.10 [423]

L˛1 L3M5 3769.38± 0.10 [50] 0.1601 [488] 5.818(-2) 2.88 [473]
3769.30 [104] 3.11 [423]

Lˇ6 L3N1 4173.25± 0.19 [50] 1.412(-3) [488] 5.545(-4) 16.02 [423]
4173.10 [104]

L3N2 4224.4± 4.4 [145] 2.747(-6) 27.79 [423]

L3N3 4226.5± 2.0 [145] 2.627(-6) 38.67 [423]

Lˇ15,2 L3N4,5 4301.70± 0.18 [50]

Lˇ15 L3N4 4300.31± 0.91 [145] 2.40(-3) [488] 8.719(-4) 2.76 [423]

Lˇ2 L3N5 4301.60 [104] 2.136(-2) [488] 7.760(-3) 6.25 [473]
4301.89± 0.91 [145] 2.78 [423]

Lˇ7 L3O1 4329.80± 0.50 [50] 1.88(-4) [488] 6.832(-5)
4330.00 [104]

M series
M1P3 704.50 [263]

M2N1 703.00± 4.00 [50] 4.41(-4) [335] 2.656(-4) 18.08 [423]
702.50 [104]

M3M5 246.50± 0.50 [43] 2.546(-4) 5.57 [423]

M3N1 648.00± 3.40 [50] 4.41(-4) [335] 3.316(-4) 18.49 [423]
649.10 [104]

M�2,1 M3N4,5 778.00± 2.00 [50] 1.96(-3) [335]
779.80 [263]

M3N4 1.106(-4) 5.23 [423]

M�1 M3N5 778.30 [104] 9.137(-4) 5.25 [423]

M�2 M4N2 462.77 [423] 1.321(-3) 25.72 [423]

Mı M4N3 472.82 [423] 2.131(-4) 36.59 [423]

M4O1 581.00± 1.00 [50]
581.30 [104]

M� M4O2,3 581.00± 1.40 [50]

M4O2 7.967(-5)

M4O3 1.228(-5)

M�1 M5N3 461.82 [263] 1.418(-3) 36.60 [423]

M5O3 569.00± 1.30 [50] 8.165(-5)
569.80 [104]



Tellurium Z=52 333

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 31814.00 [503] 0.877 [301] 9.89 [301] 31813.8 [51]
31813.80± 0.30 [493] 0.890 [293] 9.64 [423] 31811.5± 1.2 [50]

0.9046 [557] 9.91 [94] 31824.29± 0.52 [145]
0.875 [38]
0.8750 [39]
0.857 [270]
0.8787 [423]
0.874 [112]
0.875 [38]

L1 4939.00 [503] 4.10(-2) [301] 3.32 [301] 4939.2 [51]
4939.20± 0.30 [493] 4.04(-2) [423] 3.27 [423] 4939.73± 0.29 [50]

4.10(-2) [436] 2.2 [94] 4948.5± 1.0 [145]
4.17(-2) [244]
5.01(-2) [577]

L2 4612.00 [503] 7.40(-2) [301] 3.12 [301] 4612.0 [51]
4612.00± 0.30 [493] 7.91(-2) [423] 2.81 [423] 4612.56± 0.40 [50]

8.10(-2) [244] 2.84 [94] 4622.56± 0.40
0.875 [38]

L3 4341.00 [503] 7.40(-2) [301] 2.95 [301] 4341.4 [51]
4341.40± 0.30 [493] 8.09(-2) [423] 2.59 [423] 4341.88± 0.23 [50]

8.10(-2) [436] 2.62 [94] 4352.20± 0.34 [145]
8.29(-2) [244]

M1 1006.00 [503] 5.9(-4) [512] 11.00 [74] 1006.0 [51]
1006.10± 0.30 [493] 5.3(-4) [423] 13.20 [423]

10.2 [94]

M2 870.00 [503] 9.1(-4) [512] 4.40 [74]
869.70± 0.30 [493] 1.61(-3) [423] 4.64 [423]

3.2 [94]

M3 819.00 [503] 8.90(-2) [512] 4.40 [74]
818.70± 0.30 [493] 1.68(-3) [423] 5.06 [423]

3.9 [94]

M4 582.00 [503] 2.7(-3) [512] 0.60 [74]
582.50± 0.30 [493] 1.63(-3) [423] 0.51 [423]

0.52 [94]
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level EB/eV !nlj 
 /eV AE/eV

M5 572.00 [503] 1.50(-3) [423] 0.60 [74] 573.0 [51]
572.10± 0.30 [493] 0.52 [423]

0.52 [94]

N1 168.00 [503] 6.0(-5) [423] 13.44 [423]
168.30± 0.30 [493] 5.00 [74]

2.4 [94]

N2 110.00 [503] 7.0(-5) [423]
110.20± 0.50 [51] 25.20 [423]
116.80± 0.50 [493] 7.30 [74]

N3 110.00 [503] 2.0(-5) [423] 7.30 [74]
96.90± 0.50 [493] 36.08 [423]

N4 40.00 [503] 0.17 [94]
39.80± 0.30 [51] 0.10 [74]
40.80± 0.30 [493] 0.17 [423]

N5 40.00 [503] 0.2 [94]
39.80± 0.30 [51] 0.10 [74]
39.20± 0.30 [493] 0.20 [423]

O1 12.00 [503]
11.60± 0.60 [493]

O2 2.00 [503]
2.30± 0.50 [51]
2.60± 0.50 [493]

O3 2.00± 0.50 [493]

IP 9.0096 [222]



Iodine Z=53 335

I Z=53 [Kr] 4d10 5s2 5p5

Iodine A = 126.90447(3) [222] % = 4.92 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 27982.3± 1.3 [145] 13.78 [423]

K˛2 KL2 28317.52± 0.67 [50] 2.625 [488] 2.543(-1) 13.80 [301]
28318.00 [104] 13.29 [423]

K˛1 KL3 28612.32± 0.49 [50] 4.87 [488] 4.721(-1) 13.70 [301]
28612.00 [104] 13.06 [423]

KM1 32096.7± 1.2 [145] 23.38 [423]

Kˇ3 KM2 32239.71± 0.50 [50] 0.453 [488] 4.391(-2) 15.27 [423]
32240.00 [104]

Kˇ1 KM3 32295.05± 0.50 [50] 0.879 [488] 8.515(-2) 15.69 [423]
32295.00 [104]

KˇII
5

KM4 32538.8± 1.3 [145] 4.122(-4) 10.94 [423]

KˇI
5

KM5 32550.1± 1.2 [145] 5.651(-4) 10.94 [423]

KN1 32984.4± 0.40 [145] 16.75 [423]

Kˇ2 KN2,3 33041.7± 2.6 [50] 0.1717 [488]
33019.00 [104]

KˇII
2

KN2 33037.3± 4.8 [145] 9.156(-3) 36.35 [423]

KˇI
2

KN3 33041.8± 2.6 [145] 1.791(-2) 54.36 [423]

KˇII
4

KN4 33118.2± 1.1 [145] 7.322(-5) 10.49 [423]

KˇI
4

KN5 33120.0± 1.1 [145] 1.000(-4) 10.48 [423]

L series
L1M1 4114.4± 1.7 [145] 16.40 [423]

Lˇ4 L1M2 4257.53± 0.19 [50] 4.51(-2) [488] 1.315(-2) 8.29 [423]
4257.40 [104]

Lˇ3 L1M3 4313.49± 0.20 [50] 7.17(-2) [488] 2.089(-2) 8.71 [423]
4313.40 [104]

Lˇ10 L1M4 4556.43± 0.22 [50] 6.46(-4) [488] 1.883(-4) 3.95 [423]
4556.40 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ9 L1M5 4569.06± 0.22 [50] 9.65(-4) [488] 2.812(-4) 3.96 [423]
4569.00 [104]

L1N1 5002.1± 4.5 [145] 9.77 [423]

L� 2.3 L1N2,3 5065.67± 0.61 [50] 1.548(-2) [488]
5065.70 [104]

L�2 L1N2 5055.0± 5.2 [145] 2.774(-3) 29.37 [423]

L�3 L1N3 5059.5± 3.0 [145] 4.511(-3) 47.38 [423]

L1N4 5135.9± 1.6 [145] 2.204(-5) 3.51 [423]

L1N5 5137.7± 1.6 [145] 3.343(-5) 3.50 [423]

L� 4 L1O2,3 5184.80± 0.40 [50] 1.29(-3) [488]
5184.80 [104]

L1O2 2.417(-4)

L1O3 3.771(-4)

L� L2M1 3780.19± 0.15 [50] 5.92(-3) [488] 3.924(-3) 15.92 [423]
3779.90 [104]

L2M2 3921.6± 1.5 [145] 7.80 [423]

Lˇ17 L2M3 3977.5± 1.3 [145] 5.501(-5) 8.23 [423]

Lˇ1 L2M4 4220.76± 0.13 [50] 0.2098 [488] 7.022(-2) 3.47 [423]
4220.70 [104]

L2M5 4232.5± 1.1 [145] 3.48 [423]

L� 5 L2N1 4666.08± 0.23 [50] 1.28(-3) [488] 5.405(-4) 9.28 [423]
4666.00 [104]

L2N2 4719.6± 4.6 [145] 28.89 [423]

L2N3 4724.2± 2.4 [145] 6.319(-6) 46.90 [423]

L� 1 L2N4 4800.98± 0.22 [50] 2.997(-2) [488] 1.004(-2) 3.02 [423]
4890.90 [104]

L2N5 4802.33± 0.95 [145] 3.03 [423]

Ll L3M1 3485.06± 0.13 [50] 7.44(-3) [488] 7.059(-3) 15.67 [423]
3485.00 [104]

Lt L3M2 3627.3± 1.4 [145] 3.822(-5) 7.56 [423]

Ls L3M3 3683.2± 1.2 [145] 3.564(-5) 7.99 [423]

L˛2 L3M4 3926.09± 0.11 [50] 1.99(-2) [488] 6.987(-3) 3.24 [423]
3926.00 [104]

L˛1 L3M5 3937.70± 0.11 [50] 0.1764 [488] 6.194(-2) 3.24 [423]
3937.60 [104]

Lˇ6 L3N1 4370.62± 0.21 [50] 1.59(-3) [488] 5.963(-4) 9.05 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

4370.50 [104]

L2N2 4425.3± 4.5 [145] 3.118(-6) 28.65 [423]

L3N3 4429.9± 2.4 [145] 2.991(-6) 46.66 [423]

Lˇ15 L3N4 4507.58± 0.19 [50] 2.77(-3) [488] 9.740(-4) 2.79 [423]

Lˇ2 L3N5 4507.58± 0.19 [50] 2.471(-2) [488] 8.676(-3) 2.80 [423]

Lˇ7 L3O1 4543.50± 0.50 [50] 2.26(-4) [488] 7.925(-5)
4541.50 [104]

M series
M�2,1 M3N4,5 826.60 [263]

M3N4 1.235(-4) 5.42 [423]

M3N5 1.020(-3) 5.43 [423]

M�2 M4N2 495.93 [423] 1.543(-3) 26.52 [423]

Mı M4N3 507.25 [423] 2.463(-4) 44.54 [423]

M� M4O2 630.69 [423] 1.285(-4)

M�1 M5N3 495.10 [423] 1.665(-3) 44.54 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 33170.00 [503] 0.884 [301] 10.60 [301] 33169.4 [51]
33169.40± 0.40 [493] 0.882 [38] 10.38 [423] 33167.2± 1.3 [50]

0.9112 [557] 10.7 [94] 33179.46± 0.54 [145]
0.8819 [39]
0.8858 [423]
0.884 [310]

L1 5188.00 [503] 4.40(-2) [301] 3.46 [301] 5188.1 [51]
5188.10± 0.30 [493] 4.28(-2) [423] 3.40 [423] 5191.9± 1.6 [50]

6.00(-2) [576] 2.1 [94] 5197.2± 1.0 [145]
6.02(-2) [577]

L2 4852.00 [503] 7.90(-2) [301] 3.25 [301] 4852.1 [51]
4852.10± 0.30 [493] 8.49(-2) [423] 2.91 [423] 4854.1± 1.4 [50]

8.40(-2) [436] 2.95 [94] 4861.84± 0.38

L3 4557.00 [503] 7.90(-2) [301] 3.08 [301] 4557.1 [51]
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level EB/eV !nlj 
 /eV AE/eV

4557.10± 0.30 [493] 8.64(-2) [423] 2.68 [423] 4558.8± 1.2 [50]
8.60(-2) [436] 2.72 [94] 4567.52± 0.32 [145]

M1 1072.00 [503] 6.5(-4) [512] 10.4 [94] 1072.1 [51]
1072.10± 0.30 [493] 6.0(-4) [423] 13.01 [423]

M2 931.00 [503] 9.7(-4) [512] 3.35 [94]
930.50± 0.30 [493] 1.72(-3) [423] 4.89 [423]

M3 875.00 [503] 9.40(-2) [512] 4.3 [94]
874.60± 0.30 [493] 1.81(-3) [423] 5.31 [423]

M4 631.00 [503] 2.7(-3) [512] 0.56 [94]
631.30± 0.30 [493] 1.94(-3) [423] 0.56 [423]

M5 620.00 [503] 1.80(-3) [423] 0.56 [94] 620.0 [51]
619.40± 0.30 [493] 0.56 [423]

N1 186.00 [503] 7.0(-5) [423] 6.37 [423]
186.40± 0.30 [493] 2.4 [94]

N2 123.00 [503] 9.0(-5) [423]
122.70± 0.50 [51] 25.97 [423]
130.10± 0.50 [493]

N3 123.00 [503] 3.0(-5) [423]
122.70 [51] 43.98 [423]
119.00± 0.50 [493]

N4 50.00 [503] 0.11 [94]
49.60± 0.30 [51] 0.11 [423]
50.70± 0.30 [493]

N5 50.00 [503] 0.12 [94]
48.90± 0.30 [493] 0.12 [423]

O1 14.00 [503]
13.60± 0.60 [493]

O2 3.00 [503]
3.30± 0.50 [51]
3.80± 0%.50 [493]

O3 3.00 [503]
3.30± 0.50 [51]
2.90± 0.50 [493]

IP 10.45126 [222]



Xenon Z=54 339

Xe Z=54 [Kr] 4d10 5s2 5p6

Xenon A = 131.29(2) [222] % = 5.458(-3) g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 29112.8± 3.1 [145] 14.45 [423]

29112.44± 0.24 [365]

K˛2 KL2 29458.00± 1.50 [50] 2.842 [488] 2.560(-1) 14.80 [301]
29488.00 [104] 2.883 [487] 15.10 [473]
29458.44± 0.05 [277] 13.96 [423]
29458.16± 0.05 [365]
29458.250± 0.050 [144]

K˛1 KL3 29779.00± 1.50 [50] 5.26 [488] 4.741(-1) 14.60 [301]
29805.00 [104] 5.34 [487] 14.20 [473]
29778.97± 0.10 [277] 13.73 [423]
29778.69± 0.10 [365]
29778.78± 0.10 [144]

KM1 33416.62± 0.06 [365] 22.28 [423]
33416.0± 3.2 [145]

Kˇ3 KM2 33563.20± 0.20 [50] 0.494 [488] 4.450(-2) 13.43 [473]
33563.42± 0.12 [277] 0.527 [487] 16.09 [423]
33563.10± 0.12 [365]

Kˇ1 KM3 33624.23± 0.12 [50] 0.958 [488] 8.628(-2) 15.30 [473]
33647.00 [104] 1.022 [487] 16.68 [423]
33624.45± 0.12 [277]
33624.13± 0.12 [365]

KˇII
5

KM4 33875.95± 0.08 [365] 4.390(-4) 11.70 [423]

KˇI
5

KM5 33888.78± 0.10 [365] 5.995(-4) 11.70 [423]

KN1 34353.4± 6.0 [145] 16.31 [423]

KˇII
2

KN2 34408.9± 6.9 [145] 0.1073 [487] 9.331(-3) 36.81 [423]

KˇI
2

KN3 34408.0± 1.1 [145] 0.2100 [487] 1.820(-2) 43.08 [423]

Kˇ2 KN2,3 34414.7± 4.2 [50] 0.1916 [488]
34449.00 [104]

KˇII
4

KN4 34495.4± 3.2 [145] 8.183(-5) 11.19 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

KˇI
4

KN5 34497.2± 3.1 [145] 1.115(-4) 11.19 [423]

L series
L1M1 4303.2± 1.9 [145] 14.51 [423]

Lˇ4 L1M2 4450.328± 0.030 [365] 1.388(-2) 8.33 [423]
4450.36± 0.02 [404]

Lˇ3 L1M3 4512.028± 0.030 [365] 2.188(-2) 8.92 [423]
4511.98± 0.04 [404]

Lˇ10 L1M4 4763.2± 2.0 [145] 2.068(-4) 8.91 [423]

Lˇ9 L1M5 4775.8± 2.0 [145] 3.088(-4) 8.92 [423]

L1N1 5240.5± 4.7 [145] 11.88 [423]

L�2 L2N2 5296.0± 5.5 [145] 2.993(-3) 29.05 [423]

L�3 L1N3 5306.70± 0.20 [404] 4.839(-3) 35.32 [423]

L�2,3 L1N2,3 5306.71± 0.20 [402]

L1N4 5382.5± 1.8 [145] 2.516(-5) 3.42 [423]

L1N5 5384.3± 1.8 [145] 3.821(-5) 3.42 [423]

L1P2,3 5450.40± 0.10 [84]

L1Q2,3 5451.67± 0.10 [84]

L1R2,3 5452.18± 0.10 [84]

L1S2,3 5452.41± 0.10 [84]

L� L2M1 3958.368± 0.050 [365] 4.029(-3) 14.03 [423]
3957.80± 0.20 [404]

L2M2 4104.6± 1.4 [145] 7.83 [423]

Lˇ17 L2M3 4166.2± 1.3 [145] 5.825(-5) 8.42 [423]

Lˇ1 L2M4 4417.668± 0.030 [365] 7.491(-2) 3.45 [423]
4417.66± 0.02 [404]

L2M5 4430.2± 1.1 [145] 3.46 [423]

L�5 L2N1 4895.0± 3.9 [145] 5.749(-4) 8.05 [423]

L2N2 4950.5± 4.6 [145] 28.56 [423]

L2N3 4949.2± 8.9 [145] 7.203(-6) 35.04 [423]

L�1 L2N4 5037.14± 0.10 [404] 1.118(-2) 2.93 [423]
5036.95± 0.93 [145]

L2N5 5038.78± 0.89 [145] 2.93 [423]

L2O4,5 5104.88± 0.10 [84]

L2P1 5103.09± 0.10 [84]

L2P4,5 5105.93± 0.10 [84]

L2Q4,5 5106.45± 0.10 [84]



Xenon Z=54 341

line transition E/eV I/eV/� TPIV 
 /eV

Ll L3M1 3638.008± 0.059 [365] 7.276(-3) 13.80 [423]
3636.90± 0.30 [404]

Lt L3M2 3784.7± 1.4 [145] 4.017(-5) 7.61 [423]

Ls L3M3 3846.3± 1.2 [145] 3.740(-5) 8.20 [423]

L˛2 L3M4 4097.378± 0.030 [365] 7.433(-3) 3.22 [423]
4097.42± 0.05 [404]

L˛1 L3M5 4109.9± 0.30 [50] 0.1939 [488] 6.588(-2) 3.15 [473]
4110.088± 0.020 [365] 3.22 [423]
4110.18± 0.04 [404]

Lˇ6 L3N1 4575.1± 3.8 [145] 6.411(-4) 7.83 [423]

L3N2 4630.6± 4.6 [145] 3.535(-6) 5.20 [423]

L3N3 4629.3± 8.9 [145] 3.392(-6)

Lˇ15 L3N4 4717.08± 0.89 [145] 1.081(-3) 2.71 [423]

Lˇ2 L3N5 4718.86± 0.08 [404] 9.640(-3) 2.71 [423]
4718.90± 0.84 [145]

L3O4,5 4784.23± 0.10 [84]

L3P1 4782.40± 0.10 [84]

L3P4,5 4785.26± 0.10 [84]

L3Q4,5 4685.70± 0.10 [84]

M series
M�2 M3N4 856.72 [423] 1.370(-4) 5.66 [423]

M�1 M3N5 858.78 [423] 1.130(-3) 5.66 [423]

M�2,1 M3N4,5 873.10 [263]

M�2 M4N2 530.22 [423] 1.782(-3) 26.30 [423]

Mı M4N3 542.93 [423] 2.816(-4) 32.57 [423]

M� M4O2 678.56 [423] 1.932(-4)

M�1 M5N3 529.54 [423] 1.936(-3) 32.57 [423]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 34561.00 [503] 0.891 [301] 11.40 [301] 34561.4 [51]
34561.40± 1.10 [493] 0.902 [557] 11.11 [423] 34593.00± 0.71 [50]

0.9176 [347] 11.5 [94] 34566.5± 2.6 [145]
0.889 [38]
0.880 [230]
0.8883 [39]
0.990 [540]
0.8924 [423]
0.891 [310]
0.887 [112]

L1 5453.00 [503] 5.84(-2) [348] 3.64 [301] 5452.8 [51]
5452.80± 0.40 [493] 4.54(-2) [423] 3.35 [423] 5452.89± 0.35 [50]

4.60(-2) [436] 2 [94] 5453.7± 1.3 [145]
4.75(-2) [244]
0.889 [38]

L2 5104.00 [503] 9.12(-2) [348] 3.51 [301] 5103.7 [51]
5103.70± 0.40 [493] 9.08(-2) [423] 2.85 [423] 5103.83± 0.31 [50]

9.00(-2) [436] 3.05 [94] 5108.10 ± 0.31 [145]
9.30(-2) [244]

L3 4782.00 [503] 9.70(-2) [348] 3.25 [301] 4782.2 [51]
4782.20± 0.40 [493] 9.21(-2) [423] 2.63 [423] 4782.16± 0.27 [50]

9.20(-2) [436] 2.82 [94] 4788.22± 0.32
9.42(-2) [244]

M1 1145.00 [503] 4.70(-4) [38] 10.18 [350] 1144.6 [51]
1148.40± 2.50 [493] 7.1(-4) [512] 11.17 [423]

7.0(-4) [423] 10.6 [94]

M2 999.00 [503] 9.00(-4) [38] 4.83 [350]
999.00± 2.10 [493] 1.03(-3) [512] 4.98 [423]

1.87(-3) [423] 3.5 [94]

M3 937.00 [503] 6.80(-4) [38] 5.48 [350]
937.00± 2.10 [493] 1.95(-3) [423] 5.58 [423]

4.7 [94]

M4 685.00 [503] 2.70(-3) [38] 0.68 [350]



Xenon Z=54 343

level EB/eV !nlj 
 /eV AE/eV

690.60± 0.70 [493] 2.7(-3) [512] 0.59 [423]
2.29(-3) [423] 0.6 [94]

M5 672.00 [503] 2.14(-3) [423] 0.6 [94] 676.4 [51]
672.30± 0.50 [51] 0.68 [74]
674.70± 2.70 [493] 0.60 [423]

N1 208.00 [503] 7.0(-5) [423] 5.20 [423]
217.70± 5.00 [493] 5.50 [74]

2.6 [94]

N2 147.00 [503] 1.0(-4) [423] 3.00 [74]
146.70± 3.10 [51] 25.71 [423]
163.90± 3.00 [493]

N3 147.00 [503] 3.0(-5) [423] 3.00 [74]
146.70± 3.10 [51] 31.97 [423]

N4 63.00 [503] 1.0(-6) [423] 0.09 [74]
69.50 ± 0.20 [493] 0.08 [423]

0.1 [94]

N5 63.00 [503] 1.0(-6) [423] 0.09 [74]
67.60 ± 0.20 [493] 0.08 [423]

0.08 [94]

O1 18.00 [503]
23.40 ± 0.50 [493]

O2 7.00 [503]
13.40 ± 0.50 [493]

O3 12.10 ± 0.50 [493]

IP 12.1298 [222]
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Cs Z=55 [Xe] 6s1

Cesium A = 132.90545(2) [222] % = 1.873 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 30270.5± 1.3 [145] 15.42 [423]

K˛2 KL2 30625.40± 0.45 [50] 3.07 [488] 2.576(-1) 15.80 [301]
30625.00 [104] 14.90 [423]

K˛1 KL3 30973.13± 0.46 [50] 5.68 [488] 4.757(-1) 15.60 [301]
30973.00 [104] 14.67 [423]

KM1 34766.7± 1.2 [145] 23.50 [423]

Kˇ3 KM2 34919.68± 0.58 [50] 0.538 [488] 4.507(-2) 16.89 [423]
34919.00 [104]

Kˇ1 KM3 34987.3± 1.0 [50] 1.042 [488] 8.736(-2) 17.79 [423]
34987.00 [104]

KˇII
5

KM4 35244.9± 1.4 [145] 4.664(-4) 12.58 [423]

KˇI
5

KM5 35258.6± 1.3 [145] 6.352(-4) 12.58 [423]

KN1 35755.7± 4.1 [145] 17.71 [423]

Kˇ2 KN2,3 35821.7± 3.1 [50] 0.2131 [488]
35822.00 [104]

KˇII
2

KN2 35813.2± 5.1 [145] 9.483(-3) 35.34 [423]

KˇI
2

KN3 35823.0± 3.8 [145] 1.848(-2) 49.22 [423]

KˇII
4

KN4 35905.3± 1.3 [145] 9.093(-5) 11.27 [423]

KˇI
4

KN5 35907.4± 1.2 [145] 1.236(-4) 11.26 [423]

L series
L1M1 4496.1± 1.7 [145] 15.02 [423]

Lˇ4 L1M2 4649.45± 0.52 [50] 5.49(-2) [488] 1.470(-2) 8.42 [423]
4649.40 [104]

Lˇ3 L1M3 4716.85± 0.53 [50] 8.58(-2) [488] 2.296(-2) 9.32 [423]
4717.10 [104]

Lˇ10 L1M4 4975.21± 0.59 [50] 8.50(-4) [488] 2.277(-4) 4.10 [423]
4975.70 [104]



Cesium Z=55 345

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ9 L1M5 5002.72± 0.60 [50] 1.27(-3) [488] 3.401(-4) 4.11 [423]
5003.00 [104]

L1N1 5485.2± 4.6 [145] 9.23 [423]

L� 2 L1N2 5542.10± 0.73 [50] 1.209(-2) [488] 3.237(-3) 26.87 [423]
5542.30 [104]

L� 3 L1N3 5552.77± 0.74 [50] 1.943(-2) [488] 5.202(-3) 40.75 [423]
5553.20 [104]

L1N4 5634.8± 1.7 [145] 2.867(-5) 3.55 [423]

L1N5 5636.9± 1.7 [145] 4.367(-5) 3.54 [423]

L� 4 L1O2,3 5702.60± 0.50 [50] 2.52(-3) [488]
5702.70 [104]

L1O2 4.289(-4)

L1O3 6.748(-4)

L� L2M1 4142.13± 0.41 [50] 7.10(-3) [488] 4.135(-3) 14.50 [423]
4142.50 [104]

L2M2 4293.7± 1.5 [145] 7.89 [423]

Lˇ17 L2M3 4360.9± 1.3 [145] 6.161(-5) 8.79 [423]

Lˇ1 L2M4 4619.83± 0.51 [50] 0.2543 [488] 7.987(-2) 3.58 [423]
4620.10 [104]

L2M5 4633.8± 1.1 [145] 3.59 [423]

L� 5 L2N1 5128.75± 0.63 [50] 1.59(-3) [488] 6.108(-4) 8.72 [423]
5129.20 [104]

L2N2 5188.3± 4.8 [145] 26.35 [423]

L2N3 5198.1± 3.6 [145] 8.194(-6) 40.22 [423]

L� 1 L2N4 5280.34± 0.67 [50] 3.95(-2) [488] 1.242(-2) 3.03 [423]
5280.60 [104]

L2N5 5282.54± 0.98 [145] 3.02 [423]

Ll L3M1 3794.99± 0.34 [50] 9.07(-3) [488] 7.495(-3) 14.27 [423]
3795.10 [104]

Lt L3M2 3946.5± 1.4 [145] 4.218(-5) 7.66 [423]

Ls L3M3 4013.7± 1.2 [145] 3.921(-5) 8.56 [423]

L˛2 L3M4 4272.31± 0.44 [50] 2.401(-2) [488] 7.899(-3) 3.35 [423]
4272.60 [104]

L˛1 L3M5 4286.49± 0.44 [50] 0.2127 [488] 6.998(-2) 3.36 [423]
4286.80 [104]

Lˇ6 L3N1 4781.06± 0.55 [50] 2.01(-3) [488] 6.907(-4) 8.49 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

4781.50 [104]

L3N2 4841.1± 4.8 [145] 3.994(-6) 26.12 [423]

L3N3 4851.0± 3.5 [145] 3.840(-6) 39.99 [423]

Lˇ15,2 L3N4,5 4936.00± 0.58 [50]

Lˇ15 L3N4 4933.27± 0.98 [145] 3.63(-3) [488] 1.195(-3) 2.80 [423]

Lˇ2 L3N5 4936.40 [104] 3.24(-2) [488] 1.066(-2) 2.80 [423]
4935.36± 0.92 [145]

Lˇ7 L3O1 4989.30± 0.40 [50] 3.26(-4) [488] 1.025(-4)
4989.70 [104]

M series
M2N1 836.0 [134] 3.122(-4) 10.705 [423]

M2N4 987.0 [134] 1.244(-3) 5.020 [423]

M3N1 766.0 [134] 3.821(-4) 11.609 [423]

M�2,1 M3N4,5 918.40 [263]

M�2 M3N4 1.498(-4) 5.92 [423]

M�1 M3N5 1.235(-3) 5.92 [423]
922.0 [134]

M�2 M4N2 565.73 [423] 2.080(-3) 24.03 [423]

Mı M4N3 579.94 [423] 3.252(-4) 37.90 [423]
579.0 [134]

M� M4O2 729.43 [423] 2.619(-4)

M4O2,3 726.0 [134]

M�1 M5N3 565.22 [423] 2.245(-3) 37.90 [423]
565.0 [134]

M5O3 714.0 [134] 2.762(-4)

N series
N4O2 65.74± 0.04 [50] 8.083(-7)

N4O3 67.46± 0.04 [50] 1.395(-7)

N5O3 65.15± 0.04 [50] 9.731(-7)



Cesium Z=55 347

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 35985.00 [503] 0.897 [301] 12.30 [301] 35984.6 [51]
35984.60± 0.40 [493] 0.876 [167] 11.95 [423] 35988.0± 1.5 [50]

0.895 [38] 12.3 [94] 35991.92± 0.62 [145]
0.8942 [39]
0.898 [211]
0.8984 [423]
0.897 [310]

L1 5713.00 [503] 4.90(-2) [301] 3.78 [301] 5714.3 [51]
5714.30± 0.40 [493] 4.83(-2) [423] 3.47 [423] 5720.6± 2.0 [50]

4.90(-2) [436] 2 [94] 5721.4± 1.0 [145]
6.30(-2) [576]

L2 5360.00 [503] 9.00(-2) [301] 3.25 [301] 5359.4 [51]
5359.40± 0.40 [493] 9.72(-2) [423] 2.95 [423] 5358.15± 0.34 [50]

9.70(-2) [436] 3.15 [94] 5367.05± 0.39 [145]

L3 5012.00 [503] 9.10(-2) [301] 3.51 [301] 5011.9 [51]
5011.90± 0.40 [493] 9.81(-2) [423] 2.72 [423] 5011.31± 0.30 [50]

9.80(-2) [436] 2.92 [94] 5019.87± 0.32 [145]

M1 1217.00 [503] 7.7(-4) [512] 10.8 [94] 1217.1 [51]
1217.10± 0.40 [493] 7.5(-4) [423] 11.55 [423]

M2 1065.00 [503] 1.09(-3) [512] 3.7 [94] 1065.0 [51]
1065.00± 0.50 [493] 2.04(-3) [423] 4.94 [423]

M3 998.00 [503] 0.107 [512] 5 [94]
997.60± 0.50 [493] 2.08(-3) [423] 5.85 [423]

M4 740.00 [503] 2.7(-3) [512] 0.63 [94]
739.50± 0.40 [493] 2.71(-3) [423] 0.63 [423]

M5 726.00 [503] 2.52(-3) [423] 0.63 [94] 726.6 [51]
725.50± 0.50 [493] 0.63 [423]

N1 231.00 [503] 8.0(-5) [423] 2.8 [94]
230.80± 0.40 [493] 5.76 [423]

N2 172.00 [503] 1.3(-4) [423]
172.30± 0.60 [493] 23.40 [423]
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level EB/eV !nlj 
 /eV AE/eV

N3 162.00 [503] 4.0(-5) [423]
161.60± 0.60 [493] 37.27 [423]

N4 79.00 [503] 1.0(-6) [423] 0.08 [94]
78.80± 0.50 [493] 0.08 [423]

N5 77.00 [503] 1.0(-6) [423] 0.08 [94]
76.50± 0.50 [493] 0.07 [423]

O1 23.00 [503]
22.70± 0.50 [493]

O2 13.00 [503]
13.10± 0.50 [493]

O3 12.00 [503]
11.40± 0.50 [493]

IP 3.89390 [222]



Barium Z=56 349

Ba Z=56 [Xe] 6s2

Barium A = 137.327(7) [222] % = 3.50 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 31452.5± 1.4 [145] 16.44 [423]

K˛2 KL2 31817.10± 0.40 [50] 3.32 [488] 2.591(-1) 16.80 [301]
31817.00 [104] 3.36 [487] 16.80 [473]
31816.82± 0.06 [277] 15.89 [423]
31816.615± 0.060 [144]

K˛1 KL3 32193.60± 0.30 [50] 6.11 [488] 4.771(-1) 16.50 [301]
32194.00 [104] 6.20 [487] 16.10 [473]
32193.47± 0.07 [277] 15.66 [423]
32193.262± 0.070 [144]

KM1 36147.3± 1.3 [145] 24.71 [423]

Kˇ3 KM2 36304.00± 0.40 [50] 0.584 [488] 4.560(-2) 16.00 [473]
36305.00 [104] 0.621 [487] 17.96 [423]
36303.58± 0.12 [277]
36303.35± 0.12 [144]

Kˇ1 KM3 36378.20± 0.30 [50] 1.132 [488] 8.835(-2) 18.15 [473]
36379.00 [104] 1.204 [487] 18.92 [423]
36377.68± 0.08 [277]
36377.445± 0.080 [144]

KˇII
5

KM4 36643.2± 3.2 [50] 6.33(-3) [488] 4.945(-4) 13.49 [423]
36644.00 [104]

KˇI
5

KM5 36666.0± 3.2 [50] 8.60(-3) [488] 6.712(-4) 13.50 [423]
36666.00 [104]

KN1 37188.0± 4.2 [145] 19.16 [423]

Kˇ2 KN2,3 37257.7± 1.7 [50] 0.2365 [488]
37258.00 [104]

KˇII
2

KN2 37249.0± 1.6 [145] 0.1317 [487] 9.633(-3) 30.25 [423]

KˇI
2

KN3 37262.9± 1.3 [145] 0.2581 [487] 1.877(-2) 15.32 [423]

Kˇ4 KN4,5 37311.5± 3.3 [50] 3.03(-3) [488]

KˇII
4

KN4 37313.00 [104] 1.005(-4) 12.91 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

KˇI
4

KN5 37349.84± 0.86 [145] 1.363(-4) 12.91 [423]

KO2,3 37426.00± 2.30 [50] 5.18(-2) [488]
37428.00 [104] 6.22(-2) [487]

KO2 1.352(-3)

KO3 2.593(-3)

L series
L1M1 4694.8± 1.7 [145] 15.49 [423]

Lˇ4 L1M2 4851.97± 0.56 [50] 6.04(-2) [488] 1.557(-2) 7.42 [473]
4852.50 [104] 8.74 [423]

Lˇ3 L1M3 4926.97± 0.58 [50] 9.35(-2) [488] 2.410(-2) 9.20 [473]
4927.50 [104] 9.70 [423]

Lˇ10 L1M4 5194.28± 0.64 [50] 9.72(-4) [488] 2.505(-4) 4.26 [423]
5194.80 [104]

Lˇ9 L1M5 5217.23± 0.65 [50] 1.45(-3) [488] 3.742(-4) 4.27 [423]
5217.60 [104]

L1N1 5735.5± 4.6 [145] 9.94 [423]

L� 2 L1N2 5796.90± 0.50 [50] 1.357(-2) [488] 3.499(-3) 21.02 [423]
5797.50 [104]

L� 3 L1N3 5809.20± 0.50 [50] 2.167(-2) [488] 5.587(-3) 6.09 [423]
5809.80 [104]

L�2,3 L1N2,3 5810.11± 0.20 [403]

L1N4 5895.2± 5.6 [145] 3.256(-5) 3.69 [423]

L1N5 5897.3± 1.3 [145] 4.971(-5) 3.69 [423]

L� 4 L1O2,3 5973.30± 0.90 [50] 3.17(-3) [488]
5974.50 [104]

L1O2 5.183(-4)

L1O3 8.163(-4)

L� L2M1 4330.96± 0.67 [50] 7.75(-3) [488] 4.241(-3) 14.93 [423]
4331.80 [104]

L2M2 4487.4± 1.5 [145] 8.17 [423]

Lˇ17 L2M3 4560.9± 1.3 [145] 6.511(-5) 9.13 [423]

Lˇ1 L2M4 4827.58± 0.14 [50] 0.279 [488] 8.524(-2) 3.45 [473]
4828.90 [104] 3.71 [423]

L2M5 4842.9± 1.1 [145] 3.47 [423]

L� 5 L2N1 5370.7± 1.0 [50] 1.77(-3) [488] 6.482(-4) 9.38 [423]
5371.20 [104]

L2N2 5433.0± 1.5 [145] 20.46 [423]



Barium Z=56 351

line transition E/eV I/eV/� TPIV 
 /eV

L2N3 5446.4± 1.1 [145] 9.315(-6) 5.54 [423]

L� 1 L2N4 5531.22± 0.73 [50] 4.51(-2) [488] 1.377(-2) 6.35 [473]
5531.60 [104] 3.14 [423]

L2N5 5533.28± 0.61 [145] 6.35 [423]

L� 8 L2O1 5578.00 [104] 3.10(-4) [488] 8.754(-5) 3.70 [423]

Ll L3M1 3954.15± 0.37 [50] 1.00(-2) [488] 7.717(-3) 14.70 [423]
3954.50 [104]

Lt L3M2 4111.1± 1.4 [145] 4.425(-5) 7.94 [423]

Ls L3M3 4184.6± 1.3 [145] 4.108(-5) 8.90 [423]

L˛2 L3M4 4450.94± 0.12 [50] 2.629(-2) [488] 8.382(-3) 3.45 [473]
4451.70 [104] 3.48 [423]

L˛1 L3M5 4466.30± 0.12 [50] 0.2328 [488] 7.425(-2) 3.39 [473]
4467.30 [104] 3.49 [423]

Lˇ6 L3N1 4994.05± 0.60 [50] 2.25(-3) [488] 7.433(-4) 9.15 [423]
4994.40 [104]

L3N2 5056.0± 1.5 [145] 4.499(-6) 20.23 [423]

L3N3 5070.1± 1.0 [145] 4.333(-6) 5.31 [423]

Lˇ15,2 L3N4,5 5156.58± 0.19 [50]

Lˇ15 L3N4 5156.50 [104] 4.12(-3) [488] 1.314(-3) 2.90 [423]
5154.8± 4.9 [145]

Lˇ2 L3N5 5156.50 [104] 3.68(-3) [488] 1.174(-2) 6.70 [473]
5156.97± 0.55 [145] 2.90 [423]

Lˇ7 L3O1 5207.90± 0.40 [50] 3.93(-4) [488] 1.162(-4) 3.47 [423]
5208.00 [104]

M series
M2N1 884.0 [134] 3.236(-4) 18.267 [423]

M2N4 1043.0 [134] 1.452(-3) 5.210 [423]

M3N1 807.0 [134] 4.185(-4) 12.418 [423]

M�2,1 M3N4,5 973.00± 2.30 [50]
974.70 [263]

M� 2 M3N4 3.72(-7) [116] 1.634(-4) 6.17 [423]
3.96(-3) [335]

M� 1 M3N5 976.00 [104] 1.31(-5) [116] 1.347(-3) 6.17 [423]
971.0 [134] 3.96(-3) [335]
973.0 [50]

M�2 M4N2 602.43 [423] 2.418(-3) 18.07 [423]

Mı M4N3 617.0 [134] 3.740(-4) 3.14 [423]

Mˇ M4N6 799.0 [134]
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line transition E/eV I/eV/� TPIV 
 /eV

M� M4O2 779.00± 2.40 [50] 2.14(-5) [116] 3.394(-4)
779.30 [104]
780.80 [263]

M4O3 789.00± 4.50 [50] 3.21(-6) [116] 5.172(-5)
788.70 82]
789.70 [263]

M4O2,3 779.0 [134]

M�1 M5N3 601.00± 1.20 [50] 3.78(-4) [116] 2.594(-3) 3.16 [423]
599.30 [104] 2.90(-4) [335]
601.90 [263]
601.0 [134]

M˛1 M5N7 784.0 [134]

M5O3 765.00± 5.00 [50] 2.01(-5) [116] 3.583(-4)
765.30 [104]
765.0 [134]

N series
N4O2 75.90± 0.10 [50] 1.357(-6)

N4O3 77.96± 0.10 [50] 2.334(-7)

N5O3 75.30± 0.10 [50] 1.627(-6)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 37441.00 [503] 0.902 [301] 13.20 [301] 37440.6 [51]
37440.60± 0.40 [493] 0.901 [38] 12.83 [423] 37452.4± 1.7 [50]

0.916 [293] 13.2 [94] 37450.23± 0.63 [145]
0.8997 [39]
0.9039 [423]
0.902 [310]
0.899 [112]

L1 5987.00 [503] 5.20(-2) [301] 3.52 [301] 5988.8 [51]
5988.80± 0.40 [493] 5.13(-2) [423] 3.61 [423] 5995.9± 2.1 [50]

5.30(-2) [436] 2.1 [94] 5997.7± 1.0
5.38(-2) [244]
5.70(-2) [576]

L2 5624.00 [503] 9.07(-2) [107] 3.57 [301] 5623.6 [51]



Barium Z=56 353

level EB/eV !nlj 
 /eV AE/eV

5623.60± 0.30 [493] 9.60(-2) [301] 3.06 [423] 5623.29± 0.28 [50]
0.1041 [423] 3.25 [94] 5633.67± 0.39 [145]
0.103 [436]
0.105 [244]
0.916 [293]

L3 5247.00 [503] 8.99(-2) [107] 3.32 [301] 5247.0 [51]
5247.00± 0.30 [493] 9.70(-2) [301] 2.82 [423] 5247.04± 0.33 [50]

0.104 [436] 3.02 [94] 5257.36± 0.32 [145]
0.107 [244]
0.916 [293]

M1 1293.00 [503] 8.3(-4) [512] 10.00 [74] 1292.8 [51]
1292.80± 0.40 [493] 8.1(-4) [423] 11.88 [423]

11.1 [94]

M2 1137.00 [503] 1.15(-3) [512] 5.40 [74] 1136.7 [51]
1136.70± 0.50 [493] 2.15(-3) [423] 5.13 [423]

3.9 [94]

M3 1063.00 [503] 0.114 [512] 5.40 [74] 1062.2 [51]
1062.20± 0.50 [493] 2.22(-2) [423] 6.09 [423]

5.4 [94]

M4 796.00 [503] 2.7(-3) [512] 0.75 [74]
796.10± 0.30 [493] 3.18(-3) [423] 0.66 [423]

0.67 [94]

M5 781.00 [503] 2.95(-3) [423] 0.75 [74] 780.5 [51]
780.70± 0.30 [493] 0.67 [423]

0.67 [94]
N1 253.00 [503] 9.0(-5) [423] 6.00 [74]

253.00± 0.50 [493] 6.33 [423]
3.1 [94]

N2 192.00 [503] 1.5(-4) [423] 2.80 [74]
191.80± 0.70 [493] 17.41 [423]

5 [94]

N3 179.70± 0.60 [493] 5.0(-5) [423] 2.80 [74]
2.49 [423]
1.3 [94]

N4 93.00 [503] 2.0(-6) [423] 0.10 [74]
92.50 ± 0.50 [493] 0.08 [423]
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level EB/eV !nlj 
 /eV AE/eV

0.08 [94]

N5 90.00 [503] 2.0(-6) [423] 0.10 [74]
89.90± 0.50 [493] 0.07 [423]

0.08 [94]

O1 40.00 [503]
39.10± 0.60 [493]

O2 17.00 [503]
16.60± 0.50 [493]

O3 15.00 [503]
14.60± 0.50 [493]

IP 5.21170 [222]



Lanthanum Z=57 355

La Z=57 [Xe] 5d1 6s2

Lanthanum A = 138.9055(2) [222] % = 6.166 g/cm3 [547]
% = 6.18 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 32660.4± 1.4 [145] 17.51 [423]

K˛2 KL2 33034.38± 0.26 [50] 3.58 [488] 2.605(-1) 17.80 [301]
33034.00 [104] 16.93 [423]

K˛1 KL3 33442.12± 0.27 [50] 6.57 [488] 4.784(-1) 17.60 [301]
33442.00 [104] 16.69 [423]

KM1 37559.0± 1.3 [145] 25.91 [423]

Kˇ3 KM2 37720.60± 0.68 [50] 0.633 [488] 4.611(-2) 19.06 [423]
37721.00 [104]
37721.00± 1.00 [95]

Kˇ1 KM3 37801.45± 0.51 [50] 1.227 [488] 8.932(-2) 19.90 [423]
37802.00 [104]
37802.00± 1.00 [95]

Kˇ5 KM4,5 38092.00± 5.00 [95]

KˇII
5

KM4 38074.6± 3.5 [50] 7.19(-3) [488] 5.233(-4) 14.47 [423]
38075.4± 1.5 [145]

KˇI
5

KM5 38094.5± 3.5 [50] 9.73(-3) [488] 7.078(-4) 14.48 [423]
38095.00 [104]

KN1 38654.0± 4.2 [145] 20.62 [423]

Kˇ2 KN2,3 38730.3± 1.3 [50]
38724.00± 2.00 [95]

KˇII
2

KN2 38697.00 [104] 0.1343 [488] 9.784(-3) 19.55 [423]
38717.0± 1.6 [145]

KˇI
2

KN3 38731.20 [104] 0.2616 [488] 1.905(-2) 16.56 [423]
38732.9± 1.4 [145]

Kˇ4 KN4,5 38828.2± 3.6 [50] 3.57(-3) [488]

KˇII
4

KN4 38784.00 [104] 1.105(-4) 13.87 [423]
38823.1± 5.0 [145]

KˇI
4

KN5 38829.00 [104] 1.494(-4) 13.87 [423]
38825.05± 0.90 [145]

KO2,3 38909.00± 2.40 [50] 6.14(-2) [488]
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line transition E/eV I/eV/� TPIV 
 /eV

38911.00 [104]
38916.00± 1.00 [95]

KO2 1.533(-3)

KO3 2.936(-3)

L series
L1M1 4898.6± 1.7 [145] 15.90 [423]

Lˇ4 L1M2 5061.79± 0.38 [50] 6.63(-2) [488] 1.653(-2) 9.02 [423]
5062.80 [104]

Lˇ3 L1M3 5143.40± 0.39 [50] 0.1017 [488] 2.536(-2) 9.86 [423]
5143.90 [104]

Lˇ10 L1M4 5416.99± 0.71 [50] 1.11(-3) [488] 2.761(-4) 4.43 [423]
5415.00 [104]

Lˇ9 L1M5 5435.79± 0.71 [50] 1.65(-3) [488] 4.127(-4) 4.44 [423]
5434.00 [104]

L1N1 5993.6± 4.6 [145] 10.61 [423]

L� 2 L1N2 6060.73± 0.29 [50] 1.519(-2) [488] 3.787(-3) 9.51 [423]
6060.20 [104]

L� 3 L1N3 6075.32± 0.29 [50] 2.409(-2) [488] 6.007(-3) 6.53 [423]
6075.10 [104]

L1N4 6162.7± 5.3 [145] 3.691(-5) 3.83 [423]

L1N5 6164.6± 1.3 [145] 5.650(-5) 3.84 [423]

L1N4,5 6167.10± 0.61 [499]

L1N6,7 6264.8± 1.6 [498]

L� 4 L1O2,3 6252.00± 1.30 [50] 3.78(-3) [488]
6252.90 [104]

L1O2 5.625(-4)

L1O3 8.778(-4)

L� L2M1 4524.9± 7.3 [50] 8.45(-3) [488] 4.352(-3) 15.32 [423]
4525.00 [104]

L2M2 4686.2± 1.5 [145] 8.45 [423]

Lˇ17 L2M3 4766.7± 1.3 [145] 6.879(-5) 9.29 [423]

Lˇ1 L2M4 5042.17± 0.15 [50] 0.306 [488] 9.069(-2) 3.86 [423]
5043.20 [104]

L2M5 5057.8± 1.1 [145] 3.87 [423]

L� 5 L2N1 5620.13± 0.48 [50] 1.96(-3) [488] 6.878(-4) 10.03 [423]
5621.80 [104]

L2N2 5683± 15 [145] 8.94 [423]

L2N3 5698.6± 1.1 [145] 1.054(-5) 5.95 [423]

5702.30 [95]



Lanthanum Z=57 357

line transition E/eV I/eV/� TPIV 
 /eV

L� 1 L2N4 5788.30± 0.26 [50] 5.11(-2) [488] 1.515(-2) 3.26 [423]
5789.10 [104]

L2N5 5790.83± 0.61 [145] 3.26 [423]

Lv L2N6,7 5887.7± 1.4 [498]

L2O2 5888.00 [104] 3.99(-3) [488] 1.96 [473]

Ll L3M1 4124.5± 6.1 [50] 1.10(-2) [488] 7.947(-3) 15.08 [423]
4124.00 [104]

Lt L3M2 4278.9± 1.4 [145] 4.642(-5) 8.21 [423]

Ls L3M3 4359.3± 1.3 [145] 4.303(-5) 9.05 [423]

L˛2 L3M4 4634.26± 0.10 [50] 2.872(-2) [488] 8.887(-3) 17.80 [473]
4634.40 [104] 3.62 [423]

L˛1 L3M5 4651.02± 0.13 [50] 0.2543 [488] 7.870(-2) 17.60 [473]
4651.20 [104] 3.63 [423]

Lˇ6 L3N1 5211.63± 0.42 [50] 2.51(-3) [488] 7.994(-4) 9.79 [423]
5211.90 [104]

L3N2 5276 ± 15 [145] 5.051(-6) 8.70 [423]

L3N3 5291.2± 1.0 [145] 4.873(-6) 5.71 [423]

Lˇ15,2 L3N4,5 5382.87± 0.23 [50] 4.65(-3) [488] 1.439(-3) 3.02 [423]

Lˇ15 L3N4 5381.4± 4.6 [145] 1.439(-3) 3.01 [423]

Lˇ2 L3N5 5383.43± 0.55 [145] 4.16(-2) [488] 1.287(-2) 3.02 [423]
5384.00 [104]

Lu L3N6,7 5479.1± 1.2 [498]

Lˇ7 L3O1 5450.00± 7.00 [50] 4.62(-4) [488] 1.295(-4) 3.54 [423]
5450.00 [104]

Lˇ5 L3O4,5 5478.00 [104] 3.55(-4) [488]
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line transition E/eV I/eV/� TPIV 
 /eV

M series
M2N1 931.0 [134] 3.327(-4) 12.155 [423]

M2N4 1101.0 [134] 1.452(-3) 12.155 [423]

M� M3N4,5 1027.00± 3.40 [50] 4.62(-3) [335]
1028.00 [104]
1028.90 [263]

M�2 M3N4 1.777(-4) 6.22 [423]

M�1 M3N5 1023.0 [134] 1.463(-3) 6.22 [423]

M�2 M4N2 640.23 [423] 2.761(-3) 6.48 [423]

Mı M4N3 654.0 [134] 4.225(-4) 3.49 [423]

Mˇ M4N6 854.00± 3.00 [50]
856.20 [263]
849.0 [134]

M� M4O2 836.63 [423] 4.143(-4)

M�1 M5N3 638.00± 1.60 [50] 3.25(-4) [335] 2.992(-3) 9.10 [279]
638.10 [104] 8.92 [423]
639.10 [263]
638.0 [134]

M˛1 M5N7 833.0 [134]

M˛1.2 M5N6,7 833.00± 2.80 [50]
834.90 [263]

M5O3 811.0 [134] 4.421(-4)

N series
N4,5O2,3 81.20± 0.30 [50]



Lanthanum Z=57 359

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 38925.00 [503] 0.907 [301] 14.10 [301] 38924.6 [51]
38924.60± 0.40 [493] 13.77 [423] 38934.3± 9.0 [50]

0.906 [38] 14.2 [94] 38939.45± 0.67 [145]
0.9049 [39]
0.9090 [423]
0.907 [310]

L1 6267.00 [503] 5.50(-2) [301] 4.06 [301] 6266.3 [51]
6266.30± 0.50 [493] 5.44(-2) [423] 3.73 [423]

5.70(-2) [436] 2.2 [94]

L2 5891.00 [503] 0.103 [301] 3.63 [301] 5890.6 [51]
5890.60± 0.40 [493] 0.1111 [423] 3.16 [423]

0.111 [436] 3.35 [94]

L3 5483.00 [503] 0.104 [301] 3.41 [301] 5482.7 [51]
5482.70± 0.40 [493] 0.1109 [423] 2.92 [423]

0.112 [436] 3.12 [94]

M1 1362.00 [503] 8.40(-4) [38] 9.30 [350] 1361.3 [51]
1361.30± 0.30 [493] 8.9(-4) [512] 12.16 [423]

8.4(-4) [423] 11.4 [94]

M2 1205.00 [503] 1.10(-3) [38] 5.76 [350] 1204.4 [51]
1204.40± 0.60 [493] 9.28(-3) [512] 5.29 [423]

8.7(-4) [423] 4.1 [94]

M3 1124.00 [503] 9.90(-4) [38] 5.41 [350] 1123.4 [51]
1123.40± 0.50 [493] 0.121 [512] 6.12 [423]

2.27(-3) [423] 5.8 [94]

M4 849.00 [503] 2.70(-3) [38] 0.73 [350]
848.50± 0.40 [493] 2.7(-3) [512] 0.70 [423]

2.70(-3) [423] 0.7 [94]

M5 832.00 [503] 3.43(-3) [423] 836.0 [51]
831.70± 0.40 [493] 0.70 [423]

0.7 [94]

N1 271.00 [503] 1.0(-4) [423] 3.3 [94]
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level EB/eV !nlj 
 /eV AE/eV

270.40± 0.80 [493] 6.87 [423]

N2 206.00 [503] 1.7(-4) [423] 5.03 [94]
205.80± 1.20 [493] 5.78 [423]

N3 192.00 [503] 5.0(-5) [423] 1.45 [94]
191.40± 0.90 [493] 2.79 [423]

N4 99.00 [503] 3.0(-6) [423] 0.09 [94]
98.90± 0.80 [51]
100.70± 0.80 [493] 0.09 [423]

N5 99.00 [503] 3.0(-6) [423] 0.1 [94]
98.90± 0.80 [51]
97.70± 0.80 [493] 0.10 [423]

O1 33.00 [503] 0.62 [423]
32.30± 7.20 [493]

O2 15.00 [503]
14.40± 1.20 [51]
16.60± 1.20 [493]

O3 15.00 [503]
13.30± 1.20 [493]

IP 5.5770 [222]



Cerium Z=58 361

Ce Z=58 [Xe] 4f1 5d1 6s2

Cerium A = 140.116(1) [222] % = 6.771 g/cm3 [547]
% = 6.79 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 33896.2± 1.4 [145] 18.58 [423]

K˛2 KL2 34279.28± 0.28 [50] 3.85 [488] 2.618(-1) 18.90 [301]
34279.00 [104] 19.50 [473]

17.96 [423]

K˛1 KL3 34720.00± 0.29 [50] 7.06 [488] 4.794(-1) 18.60 [301]
34720.00 [104] 18.60 [473]

17.74 [423]

KM1 39006.9± 1.4 [145] 27.68 [423]

Kˇ3 KM2 39170.46± 0.73 [50] 0.686 [488] 4.660(-2) 17.95 [473]
39171.00 [104] 20.43 [423]

Kˇ1 KM3 39257.77± 0.37 [50] 1.329 [488] 9.028(-2) 20.60 [473]
39259.00 [104] 21.31 [423]

KˇII
5

KM4 39539.0± 3.7 [50] 8.16(-3) [488] 5.540(-4) 15.54 [423]
39540.00 [104]

KˇI
5

KM5 39557.9± 3.7 [50] 1.099(-2) [488] 7.468(-4) 15.46 [423]
39558.00 [104]

KN1 40155.1± 4.3 [145] 22.40 [423]

Kˇ2 KN2,3 40233.1± 1.9 [50]

KˇII
2

KN2 40201.00 [104] 0.1454 [488] 9.920(-3) 27.24 [423]
40220± 16 [145]

KˇI
2

KN3 40234.10 [104] 0.2827 [488] 1.930(-2) 18.47 [423]
40237.4± 1.4 [145]

Kˇ4 KN4,5 40336.5± 3.9 [50] 4.02(-3) [488]
40338.00 [104]

KˇII
4

KN4 40330.4± 4.7 [145] 1.165(-4) 15.35 [423]

KˇI
4

KN5 40334.22± 0.93 [145] 1.568(-4) 15.07 [423]

KO2,3 40427.00± 2.60 [50] 6.12(-2) [488]
40429.20 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

KO2 1.673(-3)

KO3 3.236(-3)

L series
L1M1 5110.7± 1.7 [145] 16.77 [423]

Lˇ4 L1M2 5277.35± 0.43 [50] 7.28(-2) [488] 1.753(-2) 7.82 [473]
5277.50 [104] 9.53 [423]

Lˇ3 L1M3 5365.29± 0.42 [50] 0.1106 [488] 2.662(-2) 9.70 [473]
5365.40 [104] 10.41 [423]

Lˇ10 L1M4 5644.98± 0.50 [50] 1.26(-3) [488] 3.036(-4) 4.63 [423]
5644.90 [104]

Lˇ9 L1M5 5664.63± 0.47 [50] 1.88(-3) [488] 4.538(-4) 4.56 [423]
5664.60 [104]

L1N1 6258.9± 4.6 [145] 11.49 [423]

L� 2 L1N2 6326.39± 0.59 [50] 1.666(-3) [488] 4.009(-3) 16.34 [423]
6326.70 [104]

L� 3 L1N3 6342.00± 0.59 [50] 2.617(-2) [488] 6.299(-3) 7.56 [423]
6342.30 [104]

L� 11 L1N4,5 6440.0 [104] 2.55(-4) [488]
6439 ± 0.34 [499]

L1N4 6434.2± 5.1 [145] 4.018(-5) 4.45 [423]

L1N5 6438.0± 1.3 [145] 6.148(-5) 4.16 [423]

L1N6 6538.6± 1.5 [145]

L1O1 6512.90 [104] 1.15(-8) [488] 4.43 [423]

L1N6,7 6546.60 [501]

L1O1 6512.90 [104] 4.44 [423]

L� 4 L1O2,3 6528.00± 1.40 [50] 3.78(-3) [488]
6528.40 [104]

L1O2 5.890(-4)

L1O3 9.092(-4)

L� L2M1 4731.6± 1.1 [50] 9.21(-3) [488] 4.455(-3) 16.15 [423]
4731.90 [104]

L2M2 4893.1± 1.5 [145] 8.91 [423]

Lˇ17 L2M3 4981.4± 1.4 [145] 7.248(-5) 9.79 [423]

Lˇ1 L2M4 5262.93± 0.41 [50] 0.335 [488] 9.746(-2) 3.73 [473]
5263.10 [104] 4.01 [423]

L2M5 5281.6± 1.1 [145] 3.64 [423]

L� 5 L2N1 5874.90± 0.51 [50] 2.13(-3) [488] 7.277(-4) 10.87 [423]



Cerium Z=58 363

line transition E/eV I/eV/� TPIV 
 /eV

5874.90 [104]

L2N2 5940.30 [501] 15.72 [423]
5940± 15 [145]

L2N3 5957.9± 1.1 [145] 1.177(-5) 6.94 [423]
L2N3 5960.60 [501] 6.94 [423]

L� 1 L2N4 6052.15± 0.29 [50] 5.56(-2) [488] 1.618(-2) 6.75 [473]
6052.20 [104] 3.83 [423]

L2N5 6054.66± 0.61 [145]

Lv L2N6,7 6161.60 [104] 5.72(-6) [488]

L2N6 1.664(-6)
6161.57± 0.61 [499]

Lv L2N6 6155.21± 0.84 [145] 1.664(-6)

L� 8 L2O1 6126.00± 1.20 [50] 3.73(-4) [488] 1.063(-4) 3.81 [423]
6127.70 [104]

Ll L3M1 4287.52± 0.88 [50] 1.21(-2) [488] 8.164(-3) 15.93 [423]
4287.50 [104]

Lt L3M2 4452.6± 1.4 [145] 4.856(-5) 8.69 [423]

Ls L3M3 4540.8± 1.3 [145] 4.495(-5) 9.57 [423]

L˛2 L3M4 4823.17± 0.34 [50] 3.14(-2) [488] 9.465(-3) 3.78 [473]
4823.20 [104] 3.79 [423]

L˛1 L3M5 4840.06± 0.31 [50] 0.2777 [488] 8.382(-2) 3.70 [473]
4840.00 [104] 3.72 [423]

Lˇ6 L3N1 5433.24± 0.43 [50] 2.75(-3) [488] 8.570(-4) 10.65 [423]
5433.20 [104]

L3N2 5499.00 [501] 5.587(-6) 15.50 [423]

L3N3 5518.80 [501] 5.386(-6) 6.72 [423]

Lˇ15 L3N4 5610.3± 4.3 [145] 5.04(-3) [488] 1.521(-3) 3.61 [423]

Lˇ2 L3N5 5612.40 [104] 4.50(-2) [488] 1.359(-2) 6.86 [473]
5614.13± 0.54 3.32 [423]

Lˇ15,2 L3N4,5 5612.67± 0.42 [50]

Lu,u′ L3N6,7 5721.10 [104] 4.79(-6) [488]
5721.10± 0.53 [205]

Lu L3N6 2.521(-7)

L3N7 1.447(-6)

Lˇ7 L3O1 5713.20± 0.50 [50] 4.80(-4) [488] 1.436(-4) 3.59 [423]
5682.30 [104]

L3O2,3 5699.70 [501]
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line transition E/eV I/eV/� TPIV 
 /eV

L3O2 9.834(-7)

L3O3 8.890(-7)

M series
M2N1 982.0 [134] 3.464(-4) 13.341 [423]

M2N4 1159.0 [134] 1.532(-3) 6.301 [423]

M�2,1 M3N4,5 1074.90± 0.90 [50] 5.13(-3) [335]
1074.80 [104]
1077.20 [263]

M�2 M3N4 1.914(-4) 7.18 [423]

M�1 M3N5 1074.0 [134] 1.571(-3) 6.89 [423]

M�2 M4N2 2.937(-3) 13.30 [423]

Mı M4N3 693.0 [134] 4.430(-4) 4.52 [423]

Mˇ M4N6 902.00± 2.60 [50] 7.87(-4) [335] 2.282(-4)
903.70 [263]
899.0 [134]

M� M4O2 4.625(-4)

M�1 M5N3 676.00± 1.50 [50] 3.53(-4) [335] 3.225(-3) 10.60 [473]
674.60 [104] 4.44 [423]
677.50 [263]
675.0 [134]

M˛2,1 M5N6,7 883.00± 1.30 [50] 7.87(-4) [335]
885.00 [263]

M˛2 M5N6 879,29 [423] 1.155(-5)

M˛1 M5N7 880.0 [134] 2.259(-4)

M5O2,3 862.00± 3.00 [50]
862.00 [104]

M5O3 862.0 [134] 5.062(-4)

N series
N4,5O2,3 85.90 ± 0.40 [50]



Cerium Z=58 365

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 40444.00 [503] 0.912 [301] 15.10 [301] 40443.0 [51]
40443.00± 0.40 [493] 0.911(26) [38] 14.74 [423] 40453.6± 9.8 [50]

0.926 [293] 15.2 [94] 40446.57± 0.71 [145]
0.9096 [39]
0.9137 [423]
0.912 [310]

L1 6549.00 [503] 5.80(-2) [301] 4.21 [301] 6548.8 [51]
6548.80± 0.50 [493] 5.74(-2) [423] 3.84 [423] 6548.1± 2.6 [50]

6.10(-2) [436] 2.5 [94] 6550.4± 1.1 [145]

L2 6165.00 [503] 0.110 [301] 3.80 [301] 6164.2 [51]
6164.20± 0.40 [493] 0.1190 [423] 3.22 [423] 6160.9± 2.3 [50]

0.119 [436] 3.41 [94] 6167.01± 0.31 [145]

L3 5724.00 [503] 0.111 [301] 3.49 [301] 5723.4 [51]
5723.40± 0.40 [493] 0.1177 [423] 3.00 [423] 5724.0± 3.9 [50]

0.119 [436] 3.19 [94] 5726.47± 0.32 [145]

M1 1435.00 [503] 9.5(-3) [512] 11.00 [74] 1434.6 [51]
1434.60± 0.60 [493] 9.1(-4) [423] 12.93 [423]

11.6 [94]

M2 1273.00 [503] 9.33(-3) [512] 5.80 [74] 1272.8 [51]
1272.80± 0.60 [493] 2.38(-3) [423] 5.69 [423]

4.3 [94]
M3 1186.00 [503] 0.128 [512] 5.80 [74] 1185.4 [51]

1185.40± 0.50 [493] 2.53(-3) [423] 6.57 [423]
6.2 [94]

M4 902.00 [503] 2.7(-3) [512] 0.82 [74]
901.30± 0.60 [493] 4.14(-3) [423] 0.79 [423]

0.72 [94]

M5 884.00 [503] 1.20 [74] 883.8 [51]
883.30± 0.50 [493] 3.97 [423] 0.72 [423]

0.72 [94]

N1 290.00 [503] 1.1(-4) [423] 8.10 [74]
289.60± 0.70 [493] 7.65 [423]
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level EB/eV !nlj 
 /eV AE/eV

3.5 [94]

N2 224.00 [503] 2.0(-4) [423] 4.50 [74]
223.30± 1.10 [493] 12.50 [423]

5.06 [94]

N3 208.00 [503] 6.0(-5) [423] 4.50 [74]
207.20± 0.90 [493] 3.72 [423]

1.6 [94]

N4 111.00 [503] 4.0(-6) [423] 0.34 [74]
113.60± 0.60 [493] 0.61 [423]

0.61 [94]

N5 111.00 [503] 4.0(-6) [423] 0.34 [74]
107.60± 0.60 [493] 0.32 [423]

0.32 [94]

N6 1.00 [503]
0.10± 1.20 [493]

O1 38.00 [503] 0.59 [423]
37.80± 1.30 [493]

O2 20.00 [503]
19.80± 1.20 [51]
21.80± 1.20 [493]

O3 20.00 [503]
18.80± 1.20 [493]

IP 5.5387 [222]



Praseodymium Z=59 367

Pr Z=59 [Xe] 4f3 6s2

Praseodymium A = 140.90765(2) [222] % = 6.772 g/cm3 [547]
% = 6.71 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 35157.3± 1.4 [145] 19.74 [423]

K˛2 KL2 35550.59± 0.30 [50] 4.15 [488] 2.630(-1) 20.10 [301]
35550.00 [104] 19.08 [423]

K˛1 KL3 36026.71± 0.31 [50] 7.57 [488] 4.802(-1) 19.80 [301]
36027.00 [104] 18.87 [423]

KM1 40484.3± 1.4 [145] 17.14 [423]

Kˇ3 KM2 40653.27± 0.99 [50] 0.742 [488] 4.706(-2) 21.79 [423]
40654.00 [104]

Kˇ1 KM3 40748.67± 0.79 [50] 1.436 [488] 9.112(-2) 22.73 [423]
40749.00 [104]

KˇII
5

KM4 41039.2± 1.5 [145] 5.856(-4) 16.65 [423]

KˇI
5

KM5 41060.5± 1.5 [145] 7.851(-4) 16.53 [423]

KN1 41688.1± 4.3 [145] 24.03 [423]

Kˇ2 KN2,3 41774.4± 4.2 [50]

KˇII
2

KN2 41738.40 [104] 0.1583 [488] 1.006(-2) 27.62 [423]
41754± 16 [145]

KˇI
2

KN3 41775.40 [104] 0.308 [488] 1.956(-2) 20.13 [423]
41774.3± 1.4 [145]

KˇII
4

KN4 41872.4± 4.5 [145] 1.245(-4) 16.56 [423]

KˇI
4

KN5 41876.35± 0.97 [145] 1.670(-4) 16.31 [423]

L series
L1M1 5326.9± 1.7 [145] 5.32 [423]

Lˇ4 L1M2 5498.1± 1.4 [50] 7.97(-2) [488] 1.853(-2) 9.97 [423]
5497.90 [104]

Lˇ3 L1M3 5591.8± 1.1 [50] 0.1199 [488] 2.787(-2) 10.91 [423]
5593.60 [104]

Lˇ10 L1M4 5884.0± 1.7 [50] 1.43(-3) [488] 3.328(-4) 4.83 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

5885.20 [104]

Lˇ9 L1M5 5902.8± 1.7 [50] 2.14(-3) [488] 4.976(-4) 4.71 [423]
5904.10 [104]

L1N1 6530.7± 4.6 [145] 12.21 [423]

L� 2 L1N2 6598.0± 2.1 [50] 1.837(-2) [488] 4.269(-3) 15.80 [423]
6600.40 [104]

L� 3 L1N3 6615.9± 2.1 [50] 2.861(-2) [488] 6.649(-3) 8.31 [423]
6618.80 [104]

L1N4 6715.1± 4.8 [145] 4.432(-5) 4.74 [423]

L�11 L1N5 6719.0± 1.3 [145] 6.789(-5) 4.49 [423]

L1N4,5 6718.70 [104] 2.92(-4) [488]

L1N6,7 6830.40 [501]

L� 4 L1O2,3 6815.00± 1.50 [50] 4.09(-3) [488]
6811.90 [104]

L1O2 6.221(-4)

L1O3 9.503(-4)

L� L2M1 4935.6± 8.7 [50] 1.002(-2) [488] 4.563(-3) 16.81 [423]
4935.00 [104]

L2M2 5104.0± 1.5 [145] 9.31 [423]

Lˇ17 L2M3 5200.4± 1.4 [145] 7.667(-5) 10.25 [423]

Lˇ1 L2M4 5488.9± 1.1 [50] 0.365 [488] 1.042(-1) 4.17 [423]
5489.60 [104]

L2M5 5510.0± 1.1 [145] 4.05 [423]

L� 5 L2N1 6136.2± 1.8 [50] 2.34(-3) [488] 7.698(-4) 11.55 [423]
6135.70 [104]

L2N2 6204± 15 [145] 15.14 [423]

L2N3 6223.8± 1.0 [145] 1.317(-5) 7.65 [423]

L� 1 L2N4 6322.1± 1.4 [50] 6.13(-2) [488] 1.747(-2) 4.08 [423]
6323.50 [104]

L2N5 6325.84± 0.61 [145] 3.83 [423]

Lv L2N6 6436.70 [104] 1.06(-5) [488] 3.030(-6)
6431.16± 0.81 [145]

L2N7 6436.70 [104]

L� 8 L2O1 6403.00± 1.30 [50] 4.05(-4) [488] 1.164(-4) 3.87 [423]
6403.30 [104]

Ll L3M1 4453.23± 0.95 [50] 1.328(-2) [488] 8.390(-3) 16.59 [423]
4453.60 [104]



Praseodymium Z=59 369

line transition E/eV I/eV/� TPIV 
 /eV

Lt L3M2 4628.2± 1.4 [145] 5.080(-5) 9.10 [423]

Ls L3M3 4724.6± 1.3 [145] 4.697(-5) 10.04 [423]

L˛2 L3M4 5013.64± 0.90 [50] 3.42(-2) [488] 1.004(-2) 3.96 [423]
5013.00 [104]

L˛1 L3M5 5033.79± 0.60 [50] 0.302 [488] 8.893(-2) 3.84 [423]
5033.60 [104]

Lˇ6 L3N1 5659.7± 1.5 [50] 3.04(-3) [488] 9.185(-4) 11.33 [423]
5660.20 [104]

L3N2 5724.20 [501] 6.199(-6) 14.92 [423]
5728± 15 [145]

L2N3 5748.06± 0.97 [145] 5.978(-6)

Lˇ15 L3N4 5851.30 [104] 5.54(-3) [488] 1.628(-3) 3.87 [423]
5846.1± 4.1 [145]

Lˇ2 L3N5 5850.08± 0.54 [145] 1.455(-2) 3.62 [423]

Lˇ15,2 L3N4,5 5849.9± 1.6 [50]

Lu L3N6,7 5721.10 [104] 8.91(-6) [488]

L′
u L3N6 5955.40± 0.75 [145] 4.573(-7)

Lu L3N7 2.621(-6)

Lˇ7 L3O1 5927.00± 1.10 [50] 5.27(-4) [488] 1.588(-4) 3.66 [423]
5926.40 [104]

L3O2,3 5940.80 [501]

L3O2 1.168(-6)

L3O3 1.037(-6)

M series
M� 2.1 M3N4,5 1127.30± 0.90 [50] 5.80(-3) [335]

1127.30 [104]
1129.20 [263]

M� 2 M3N4 2.051(-4) 7.73 [423]

M� 1 M3N5 1.679(-3) 7.48 [423]

M�2 M4N2 715.34 [423] 3.233(-3) 12.71 [423]

Mı M4N3 736.42 [423] 4.784(-4) 5.22 [423]

Mˇ M4N6 950.00± 1.00 [50] 1.37(-3) [335] 3.579(-4)
951.50 [263]

M� M4O2 928.72 [423] 5.254(-4)

M�1 M5N3 714.00± 1.60 [50] 3.580(-3) 5.10 [423]
716.70 [263]

M˛2,1 M5N6,7 929.20± 0.35 [50] 1.37(-3) [335]
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line transition E/eV I/eV/� TPIV 
 /eV

930.80 [263]

M˛2 M5N6 1.878(-5)

M˛1 M5N7 3.667(-4)

N series
N4,5N6,7 109.50± 1.00 [50] 3.667(-4)

N4,5O2,3 80.80± 0.30 [43] 3.667(-4)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 41991.00 [503] 0.917 [301] 10.20 [301] 41990.6 [51]
41990.60± 0.50 [493] 15.78 [423] 42002 ± 11 [50]

0.915 [38] 16.2 [94] 41994.11± 0.75 [145]
0.9140 [39]
0.9180 [423]
0.917 [310]
0.923 [33]
0.916 [242]

L1 6835.00 [503] 6.10(-2) [301] 4.34 [301] 6834.8 [51]
6834.80± 0.50 [493] 6.04(-2) [423] 3.96 [423] 6834.4± 2.8 [50]

6.50(-2) [436] 2.7 [94] 6836.8± 1.1 [145]
L2 6441.00 [503] 0.117 [301] 3.89 [301] 6440.4 [51]

6440.40± 0.50 [493] 0.1272 [423] 3.30 [423] 6439.0± 2.5 [50]
0.128 [436] 3.48 [94] 6443.60± 0.39

L3 5965.00 [503] 0.118 [301] 3.60 [301] 5964.3 [51]
5964.30± 0.40 [493] 0.1248 [423] 3.09 [423] 5963.3± 2.1 [50]

0.126 [436] 3.27 [94] 5967.84± 0.33 [145]

M1 1511.00 [503] 1.01(-3) 11.8 [94] 1511.0 [51]
1511.00± 0.80 [493] 9.7(-4) [423] 13.51 [423]

M2 1338.00 [503] 9.42(-3) [512] 4.5 [94] 1337.4 [51]
1337.40± 0.70 [493] 2.49(-3) [423] 6.01 [423]

M3 1243.00 [503] 1.05(-3) [512] 6.7 [94] 1242.2 [51]



Praseodymium Z=59 371

level EB/eV !nlj 
 /eV AE/eV

1242.20± 0.60 [493] 2.68(-3) [423] 6.95 [423]

M4 951.00 [503] 2.7(-3) [512] 0.75 [94]
951.10± 0.60 [493] 4.67(-3) [423] 0.87 [423]

M5 931.00 [503] 4.56(-3) [423] 0.75 [94] 928.8 [51]
931.00± 0.60 [493] 0.75 [423]

N1 305.00 [503] 1.2(-4) [423] 3.7 [94]
304.50± 0.90 [493] 8.25 [423]

N2 237.00 [503] 2.2(-4) [423] 5.08 [94]
236.30± 1.50 [493] 11.84 [423]

N3 218.00 [503] 7.0(-5) [423] 1.75 [94]
217.60± 1.10 [493] 4.35 [423]

N4 114.00 [503] 1.0(-5) [423] 0.78 [94]
113.20± 0.70 [51]
117.90± 0.70 [493] 0.78 [423]

N5 114.00 [503] 1.0(-5) [423]
110.10± 0.70 [493] 0.53 [423]

N6 2.00 [503] 0.53 [94]
2.00 ± 0.60 [493]

O1 38.00 [503] 0.57 [423]
37.40 ± 1.00 [493]

O2 23.00 [503]
22.30 ± 0.70 [51]
24.60 ± 0.70 [493]

O3 23.00 [503]
21.20 ± 0.70 [493]

IP 5.464 [222]
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Nd Z=60 [Xe] 4f4 6s2

Neodymium A = 144.24(3) [12.77] % = 7.003 g/cm3 [547]
% = 6.96 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 36445.1± 1.5 [145] 20.95 [423]

K˛2 KL2 36847.40± 0.20 [50] 4.45 [488] 2.641(-1) 21.30 [301]
36848.00 [104] 4.51 [487] 21.50 [473]
36847.74± 0.08 [277] 20.25 [423]
36847.502± 0.080 [144]

K˛1 KL3 37361.00± 0.20 [50] 8.11 [488] 4.810(-1) 20.90 [301]
37361.00 [104] 8.21 [487] 21.50 [473]
37360.98± 0.07 [277] 20.05 [423]
37360.739± 0.070 [144]

KM1 41993.8± 1.5 [145] 30.94 [423]

Kˇ3 KM2 42166.50± 0.40 [50] 0.801 [488] 4.751(-2) 21.33 [473]
42162.30 [104] 0.845 [487] 23.22 [423]
42166.51± 0.74 [277]
42166.24± 0.57 [144]

Kˇ1 KM3 42271.30± 0.30 [50] 1.550 [488] 9.194(-2) 23.25 [473]
42269.00 [104] 1.636 [487] 24.16 [423]
42271.17± 0.57 [277]
42270.90± 0.57 [144]

KˇII
5

KM4 42569.0± 1.6 [145] 6.161(-4) 17.84 [423]

KˇI
5

KM5 42592.8± 1.5 [145] 8.241(-4) 17.65 [423]

KN1 43254.5± 4.3 [145] 25.69 [423]

Kˇ2 KN2,3 43335± 22 [50]
43301.40 [104]

KˇII
2

KN2 43322± 16 [145] 0.1719 [488] 1.020(-2) 28.95 [423]

0.1857 [487]

KˇI
2

KN3 43344.9± 1.4 [145] 0.363 [487] 1.983(-2) 21.82 [423]

KˇII
4

KN4 43449.2± 4.2 [145] 1.327(-4) 17.92 [423]

KˇI
4

KN5 43452.3± 1.0 [145] 1.772(-4) 17.67 [423]



Neodymium Z=60 373

line transition E/eV I/eV/� TPIV 
 /eV

KO2,3 8.07(-2) [487]

L series
L1M1 5548.7± 1.8 [145] 5.50 [423]

Lˇ4 L1M2 5721.6± 1.2 [50] 8.71(-2) [488] 1.955(-2) 8.15 [473]
5722.20 [104] 10.42 [423]

Lˇ3 L1M3 5829.40± 0.50 [50] 0.1298 [488] 2.913(-2) 10.30 [473]
5830.60 [104] 11.37 [423]
5827.801± 0.052 [366]

Lˇ10 L1M4 6124.97± 0.41 [50] 1.62(-3) [488] 3.642(-4) 5.05 [423]
6126.50 [104]

Lˇ9 L1M5 6148.82± 0.41 [50] 2.42(-3) [488] 5.445(-4) 4.86 [423]
6148.80 [104]

L1N1 6809.4± 4.6 [145] 12.90 [423]

L� 2 L1N2 6884.03± 0.34 [50] 2.02(-2) [488] 4.534(-3) 16.15 [423]
6883.20 [104]

L� 3 L1N3 6900.44± 0.34 [50] 3.12(-2) [488] 7.001(-3) 9.23 [423]
6900.50 [104]

L� 11 L1N4,5 7007.74± 0.36 [206] 3.33(-4) [488]

L1N4 7004.1± 4.5 [145] 4.870(-5) 5.13 [423]

L1N5 7007.2± 1.3 [145] 7.470(-5) 4.88 [423]

L1N6 7117.2± 1.5 [145]

L1N6,7 7122.1± 2.0 [500]

L1O1 7088.20 [104] 1.75(-8) [488] 4.63 [423]

L�4,4′ L1O2,3 7107.00± 1.60 [50]

L�4′ L1O2 7106.60 [104] 2.92(-3) [488] 6.546(-4)

L� L2M1 5145.70± 0.90 [50] 1.088(-2) [488] 4.672(-3) 17.45 [423]
5147.10 [104]
5145.25± 0.17 [366]

L2M2 5320.3± 1.5 [145] 9.73 [423]

Lˇ17 L2M3 5424.4± 1.2 [500] 8.160(-5) 10.67 [423]

Lˇ1 L2M4 5721.60± 0.50 [50] 0.398 [488] 1.112(-1) 4.00 [473]
5720.60 [104] 4.35 [423]
5721.446± 0.050 [366]

L2M5 5744.6± 1.1 [145] 4.16 [423]

L� 5 L2N1 6405.29± 0.33 [50] 2.55(-3) [488] 8.135(-4) 12.19 [423]
6406.30 [104]

L2N2 6474 ± 15 [145] 15.45 [423]

L2N3 6496.8± 1.0 [145] 1.471(-5) 8.33 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L� 1 L2N4 6601.16± 0.24 [50] 6.74(-2) [488] 1.882(-2) 7.16 [473]
6600.80 [104] 4.43 [423]

L2N5 6604.15± 0.61 [145] 4.18 [423]

Lv L2N6,7 6719.80 [104] 1.73(-5) [488]

Lv L2N6 6714.16± 0.78 [145] 4.833(-6)

L2N6,7 6718.98± 0.61 [500]

L� 8 L2O1 6683.00± 1.80 [50] 4.40(-4) [488] 1.273(-4) 3.93 [423]
6681.40 [104]

L2O2,3 6702.30 [501]

Ll L3M1 4633.00± 0.70 [50] 1.456(-2) [488] 8.618(-3) 17.25 [423]
4633.40 [104]
4631.849± 0.052 [366]

Lt L3M2 4807.1± 1.5 [145] 5.311(-5) 9.52 [423]

Ls L3M3 4912.2± 1.4 [145] 4.903(-5) 10.46 [423]

L˛2 L3M4 5207.70± 0.70 [50] 3.71(-2) [488] 1.065(-2) 4.08 [473]
5209.80 [104] 4.15 [423]
5207.7± 1.1 [366]

L˛1 L3M5 5230.40± 0.40 [50] 0.329 [488] 9.426(-2) 3.93 [473]
5231.30 [104] 3.96 [423]
5230.239± 0.035 [366]

Lˇ6 L3N1 5892.99± 0.25 [50] 3.35(-3) [488] 9.832(-4) 11.99 [423]
5893.90 [104]

L3N2 5963.10 [501] 6.858(-6) 18.42 [423]

L3N3 5988.80 [501] 6.618(-6) 8.12 [423]

Lˇ15,2 L3N4,5 6091.25± 0.26 [50] 5.42(-2) [488] 7.18 [473]
6090.60 [104]

Lˇ15 L3N4 6087.8± 3.8 [145] 1.738(-3) 4.23 [423]

Lˇ2 L3N5 6090.96± 0.55 [145] 1.554(-2) 3.97 [423]

Lu′,u L3N6,7 6204.90 [104] 1.45(-6) [488]

L′
u L3N6 6202.34± 0.52 [500] 7.268(-7) [423]

Lu L3N7 4.159(-6) [423]

Lˇ7 L3O1 6170.80± 0.90 [50] 5.76(-3) [488] 1.722(-4) 3.73 [423]
6169.60 [104]

L3O2,3 6184.70 [501] 1.280(-6)

M series
M�2,1 M3N4,5 1180.00± 1.00 [50]

1183.20 [263]

M� 2 M3N4 1158,42 [423] 6.51(-3) [335] 2.203(-4) 8.34 [423]



Neodymium Z=60 375

line transition E/eV I/eV/� TPIV 
 /eV

M� 1 M3N5 1180.20 [104] 6.15(-3) [335] 1.800(-3) 8.08 [423]

M�2 M4N2 754.54 [423] 3.512(-3) 13.04 [423]

Mı M4N3 777.58 [423] 5.077(-4) 5.91 [423]

Mˇ M4N6 997.00± 1.60 [50] 2.10(-3) [335] 5.627(-4)
999.10 [263]

M� M4O2 979.18 [423] 5.859(-4)

M�1 M5N3 753.00± 1.80 [50] 3.901(-3) 12.23 [423]
756.00 [263]

M˛2,1 M5N6,7 978.00± 1.50 [50]
980.10 [263]

M5N6 3.056(-5)

M5N7 5.955(-4)

N series
N4N6,7 116.00± 1.10 [50]

N4,5O2,3 96.20± 0.50 [50]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 43569.00 [503] 0.921 [301] 17.30 [301] 43568.9 [51]
43568.90± 0.40 [493] 0.920 [38] 16.87 [423] 43574± 11 [50]

0.935 [293] 17.4 [94] 43575.27± 0.79 [145]
0.9181 [39]
0.9220 [423]
0.921 [310]
0.918 [112]

L1 7126.00 [503] 6.40(-2) [301] 4.52 [301] 7126.0 [51]
7126.00± 0.40 [493] 6.00(-2) [107] 2.9 [94]

7.45(-2) [348] 4.08 [423] 7129.52± 0.61 [50]
6.36(-2) [423] 7130.2± 1.1 [145]
6.70(-2) [436]
6.78(-2) [244]



376 5 X-Ray Emission Lines and Atomic Level Characteristics

level EB/eV !nlj 
 /eV AE/eV

L2 6722.00 [503] 0.124 [301] 3.97 [301] 6721.5 [51]
6721.50± 0.40 [493] 0.120 [107] 3.55 [94] 6723.55± 0.54 [50]

0.133 [348] 3.38 [423] 6727.09± 0.40 [145]
0.1357 [423]
0.136 [436]
0.139 [244]

0.136 [436]
0.139 [244]

L3 6208.00 [503] 0.125 [301] 3.65 [301] 6207.9 [51]
6207.90± 0.40 [493] 0.120 [107] 3.36 [94] 6209.36± 0.46 [50]

0.135 [348] 3.18 [423] 6213.90± 0.33
0.1321 [423]
0.134 [436]
0.136 [244]
0.119 [168]

M1 1576.00 [503] 8.10(-4) [38] 12.87 [350] 1575.3 [51]
1575.30± 0.70 [493] 1.07(-3) [512] 14.07 [423]

1.01(-3) [423] 12 [94]

M2 1403.00 [503] 1.32(-3) [38] 6.69 [350] 1402.8 [51]
1402.80± 0.60 [493] 9.55(-3) [512] 6.34 [423]

2.61(-3) [423] 4.7 [94]

M3 1298.00 [503] 1.05(-3) [38] 6.81 [350] 1297.4 [51]
1297.40± 0.50 [493] 1.11(-3) [512] 7.29 [423]

2.85(-3) [423] 7.3 [94]

M4 1000.00 [503] 2.60(-3) [38] 1.39 [350]
999.90± 0.60 [493] 2.7(-3) [512] 0.97 [423]

5.25(-3) [423] 0.78 [94]

M5 978.00 [503] 3.20(-3) [38] 1.00 [350] 980.4 [51]
977.70± 0.60 [493] 1.23(-3) [512] 0.78 [423]

5.21(-3) [423] 0.78 [94]

N1 316.00 [503] 1.3(-4) [423] 10.00 [74]
315.20± 0.80 [493] 8.82 [423]

4 [94]

N2 244.00 [503] 2.5(-4) [423] 6.00 [74]
243.30± 1.60 [493] 12.07 [423]

5.1 [94]
N3 225.00 [503] 8.0(-5) [423] 6.00 [74]

224.60± 1.30 [493] 4.95 [423]
1.9 [94]

N4 118.00 [503] 1.0(-5) [423] 1.05 [423]
117.50± 0.70 [51] 0.80 [74]
123.40± 0.70 [493] 1.05 [94]

N5 118.00 [503] 1.0(-5) [423] 0.80 [423]
117.50± 0.70 [51] 0.80 [74]



Neodymium Z=60 377

level EB/eV !nlj 
 /eV AE/eV

113.50± 0.70 [493] 0.8 [94]

N6 2.00 [503]

1.50 ± 0.90 [493]
O1 38.00 [503] 0.55 [423]

37.50 ± 0.90 [493]

O2 22.00 [503]
21.10 ± 0.80 [51]
23.60 ± 0.80 [493]

O3 22.00 [503]
19.80 ± 0.80 [493]

IP 5.5250 [222]



378 5 X-Ray Emission Lines and Atomic Level Characteristics

Pm Z=61 [Xe] 4f5 6s2

Promethium A = 144.9127 [222] % = 7.22 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 37759.6± 1.5 [145] 22.22 [423]

K˛2 KL2 38171.55± 0.70 [50] 4.78 [488] 2.653(-1) 22.50 [301]
38225.00 [104] 21.47 [423]

K˛1 KL3 38725.11± 0.72 [50] 8.67 [488] 4.814(-1) 22.20 [301]
38783.00 [104] 21.28 [423]

KM1 43535.6± 1.6 [145] 32.60 [423]

Kˇ3 KM2 43712.7± 9.1 [50] 0.863 [488] 4.792(-2) 24.69 [423]

Kˇ1 KM3 43825.5± 6.9 [50] 1.670 [488] 9.273(-2) 24.99 [423]
43874.00 [104]

KˇII
5

KM4 44131.7± 1.6 [145] 6.484(-4) 19.09 [423]

KˇI
5

KM5 44158.1± 1.6 [145] 8.644(-4) 18.83 [423]

KN1 44854.1± 4.3 [145] 27.37 [423]

Kˇ2 KN2,3 44937± 24 [50] 0.362 [488] 4.18
44986.00 [104]

KˇII
2

KN2 44923± 16 [145] 1.034(-2) 30.14 [423]

KˇI
2

KN3 44948.9± 1.5 [145] 2.009(-2) 23.53 [423]

KˇII
4

KN4 45060.8± 4.0 [145] 1.411(-4) 19.40 [423]

KˇI
4

KN5 45061.8± 1.8 [145] 1.877(-4) 19.13 [423]

L series
L1M1 5776.1± 1.8 [145] 5.68 [423]

Lˇ4 L1M2 5955.2± 2.2 [145] 2.061(-2) 10.89 [423]

Lˇ3 L1M3 6071.3± 1.8 [50] 0.1402 [488] 3.040(-2) 11.18 [423]
6071.20 [104]

Lˇ10 L1M4 6372.1± 1.9 [145] 3.975(-4) 5.28 [423]

Lˇ9 L1M5 6398.5± 1.8 [145] 5.943(-4) 5.02 [423]

L1N1 7094.5± 4.6 [145] 13.56 [423]

L�2 L1N2 7163 ± 16 [145] 4.805(-3) 16.34 [423]



Promethium Z=61 379

line transition E/eV I/eV/� TPIV 
 /eV

L�3 L1N3 7189.3± 1.7 [145] 7.351(-3) 9.73 [423]

L1N4 7301.2± 4.3 [145] 5.335(-5) 5.59 [423]

L1N5 7302.3± 1.4 [145] 8.193(-5) 5.32 [423]

L1N6 7416.9± 1.5 [145]

L� L2M1 5363.0± 1.3 [145] 4.780(-3) 18.03 [423]

L2M2 5542.1± 1.5 [145] 10.13 [423]

Lˇ17 L2M3 5656.5± 1.5 [145] 8.676(-5) 10.43 [423]

Lˇ1 L2M4 5961.5± 1.7 [50] 0.433 [488] 1.185(-1) 4.53 [423]
5961.50 [104]

L2M5 5985.4± 1.1 [145] 4.26 [423]

L�5 L2N1 6681.4± 3.9 [145] 8.589(-4) 12.80 [423]

L2N2 6750± 15 [145] 15.58 [423]

L2N3 6776.2± 1.0 [145] 1.638(-5) 8.97 [423]

L� 1 L2N4 6892.1± 5.1 [50] 7.39(-2) [488] 2.022(-2) 4.84 [423]
6892.00 [104]

L2N5 6889.17± 0.65 [145] 4.56 [423]

Lv L2N6 7003.78± 80 [145] 7.143(-6)

Ll L3M1 4810.0± 1.5 [145] 8.849(-3) 17.84 [423]

Lt L3M2 4989.2± 1.5 [145] 5.586(-5) 9.94 [423]

Ls L3M3 5103.6± 1.4 [145] 5.115(-5) 10.24 [423]

L˛2 L3M4 5407.9± 1.4 [50] 4.03(-2) [488] 1.128(-2) 4.34 [423]
5407.80 [104]

L˛1 L3M5 5432.6± 1.1 [50] 0.357 [488] 9.980(-2) 4.08 [423]
5432.50 [104]

Lˇ6 L3N1 6128.5± 3.8 [145] 1.051(-3) 12.61 [423]

L3N2 6197± 15 [145] 7.571(-6) 15.39 [423]

L3N3 6223.31± 0.97 [145] 7.309(-6) 8.78 [423]

Lˇ15,2 L3N4,5 6338.9± 2.9 [50] 6.62(-3) [488] 1.852(-3) 4.65 [423]

Lˇ15 L3N4 6335.2± 3.5 [145] 1.852(-3) 4.64 [423]

Lˇ2 L3N5 6336.23± 0.59 [145] 5.92(-2) [488] 1.656(-2) 4.38 [423]

L′
u L3N6 6450.84± 0.72 [145] 1.071(-6)

M series
M�2,1 M3N4,5 1238.60 [263]

M� 2 M3N4 1211,85 [423] 2.323(-4) 8.36 [423]

M� 1 M3N5 1276,31 [423] 1.893(-3) 8.09 [423]

M�2 M4N2 794.59 [423] 3.740(-3) 13.20 [423]

Mı M4N3 819.73 [423] 5.295(-4) 6.59 [423]



380 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

Mˇ M4N6 1050.70 [263] 8.838(-4)

M� M4O2 1030.64 [423] 6.380(-4)

M�1 M5N3 794.80 [263] 4.131(-3) 6.33 [423]

M˛2,1 M5N6,7 1023.80 [263]

M˛2 M5N6 1025,72 [423] 4.990(-5)

M˛1 M5N7 1026.25 [423] 9.705(-4)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 45185.00 [503] 0.925 [301] 18.50 [301] 45184.0 [51]
45184.00± 0.70 [493] 18.01 [423] 45198± 12 [50]

0.924 [38] 18.5 [94] 45189.77± 0.87 [145]
0.9226 [39]
0.9257 [423]
0.925 [310]

L1 7428.00 [503] 6.40(-2) [301] 4.67 [301] 7427.9 [51]
7427.90± 0.80 [493] 6.67(-2) [423] 4.20 [423] 7435.7± 3.3 [50]

7.10(-2) [436] 3.1 [94] 7430.2± 1.1 [145]

L2 7013.00 [503] 0.124 [301] 4.05 [301] 7012.8 [51]
7012.80± 0.60 [493] 0.1446 [423] 3.45 [423] 7014.2± 2.9 [50]

0.145 [436] 3.63 [94] 7017.09± 0.44 [145]

L3 6460.00 [503] 0.125 [301] 3.75 [301] 6459.3 [51]
6459.30± 0.60 [493] 0.1397 [423] 3.23 [423] 6460.44± 0.50 [50]

0.142 [436] 3.44 [94] 6464.15± 0.36 [145]

M1 1650.00 [503] 1.13(-3) [512] 12.2 [94] 1646.5 [51]
1648.60± 1.50 [493] 1.07(-3) [423] 14.58 [423]

4.2 [94]



Promethium Z=61 381

level EB/eV !nlj 
 /eV AE/eV

M2 1472.00 [503] 9.72(-3) [512] 5 [94] 1471.4 [51]
1471.40± 6.20 [493] 2.72(-3) [423] 6.67 [423]

5.13 [94]

M3 1357.00 [503] 1.17(-3) [512] 7.8 [94] 1356.9 [51]
1356.90± 1.40 [493] 2.97(-2) [423] 6.98 [423]

2.05 [94]
M4 1052.00 [503] 8.42(-3) [512] 0.82 [94] 1051.5 [51]

1051.50± 0.90 [493] 5.88(-3) [423] 1.07 [423]
1.38 [94]

M5 1027.00 [503] 2.67(-3) [512] 0.82 [94] 1026.9 [51]
1026.90± 1.00 [493] 5.92(-3) [423] 0.82 [423]

1.11 [94]

N1 331.00 [503] 1.4(-4) [423]
331.40± 2.00 [493] 9.35 [423]

N2 255.00 [503] 2.8(-4) [423]
242.00± 1.60 [51] 12.13 [423]
254.70± 3.20 [493]

N3 237.00 [503] 9.0(-5) [423]
242.00± 1.60 [51] 5.52 [423]
236.20± 2.50 [493]

N4 121.00 [503] 1.0(-5) [423]
120.40± 2.00 [51] 1.38 [423]
127.60± 2.00 [493]

N5 121.00 [503] 1.0(-5) [423]
120.40± 2.00 [51] 1.11 [423]
115.60± 2.00 [493]

N6 4.00 [503]
3.50 ± 2.00 [493]

O1 38.00 [503] 0.54 [423]
36.00 ± 2.50 [493]

O2 22.00 [503]
24.50 ± 1.00 [493]

O3 22.00 [503]
20.10 ± 1.00 [493]

IP 5.58 [222]



382 5 X-Ray Emission Lines and Atomic Level Characteristics

Sm Z=62 [Xe] 4f6 6s2

Samarium A = 150.36(3) [222] % = 7.537 g/cm3 [547]
% = 7.50 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 39101.2± 1.6 [145] 23.55 [423]

K˛2 KL2 39522.40± 0.25 [50] 5.12 [488] 2.663(-1) 23.80 [301]
39523.00 [104] 24.70 [473]
39523.64± 0.10 [277] 22.76 [423]
39523.39± 0.10 [144]

K˛1 KL3 40118.10± 0.25 [50] 9.27 [488] 4.819(-1) 23.60 [301]
40119.00 [104] 26.00 [473]
40118.74± 0.06 [277] 22.58 [423]
40118.481± 0.060 [144]

KM1 45110.3± 1.7 [145] 34.30 [423]

Kˇ3 KM2 45289.00± 3.30 [50] 0.927 [488] 4.829(-2) 24.56 [473]
45287.00 [104] 26.24 [423]
45288.6± 4.9 [144]

Kˇ1 KM3 45413.00± 3.30 [50] 1.797 [488] 9.344(-2) 25.65 [473]
45412.00 [104] 26.59 [423]
45413.0± 4.9 [144]

Kˇ5 KM4,5 45731.4± 7.5 [50] 1.739 [488]
45729.00 [104]

KˇII
5

KM4 45728.1± 1.8 [145] 6.808(-4) 20.40 [423]

KˇI
5

KM5 45756.9± 1.6 [145] 9.043(-4) 20.08 [423]

KN1 46488.6± 4.4 [145] 29.09 [423]

Kˇ2 KN2,3 46575± 26 [50] 0.391 [488]
46576.00 [104]

KˇII
2

KN2 46530± 16 [145] 1.047(-2) 31.25 [423]

KˇI
2

KN3 46588.2± 1.5 [145] 2.033(-2) 25.29 [423]

KˇII
4

KN4 46709.1± 3.8 [145] 1.495(-4) 21.00 [423]



Samarium Z=62 383

line transition E/eV I/eV/� TPIV 
 /eV

KßbetaI
4

KN5 46706.4± 1.1 [145] 1.980(-4) 20.70 [423]

KO2,3 46801.00± 5.00 [50] 8.11(-2) [488]

KO2 2.114(-3)

KO3 4.276(-3)

L series
L1M1 6009.1± 1.9 [145] 19.42 [423]

Lˇ4 L1M2 6196.19± 0.26 [50] 0.1036 [488] 2.174(-2) 8.60 [473]
6196.10 [104] 11.35 [423]

Lˇ3 L1M3 6318.00± 0.10 [50] 0.1512 [488] 3.171(-2) 10.80 [473]
6317.70 [104] 11.69 [423]
6316.36± 0.13 [366]

Lˇ10 L1M4 6630.40± 0.10 [50] 4.338(-4) 5.49 [423]
6628.69± 0.26 [440]

Lˇ9 L1M5 6659.70± 0.10 [50] 6.488(-4) 5.17 [423]
6655.60± 0.14 [440]

L1N1 7387.5± 4.7 [145] 14.19 [423]

L� 2 L1N2 7467.19± 0.37 [50] 2.427(-2) [488] 5.090(-3) 16.35 [423]
7466.70 [104]

L� 3 L1N3 7486.82± 0.20 [50] 3.68(-2) [488] 7.714(-3) 10.39 [423]
7486.70 [104]

L� 11 L1N4,5 7605.90 [104] 4.28(-4) [488]
7606.24± 0.38 [204]

L1N4 7608.0± 4.0 [145] 5.840(-5) 6.10 [423]

L�11 L1N5 7605.2± 1.4 [145] 8.976(-5) 5.80 [423]

L1N6 7733.00 [104] 8.74(-7) [488]
7724.4± 1.5 [145]

L� 4 L1O2,3 7713.70± 0.14 [50] 5.07(-3) [488]
7713.60 [104]

L1O2 7.201(-4)

L1O3 1.064(-3)

L� L2M1 5589.20± 0.08 [50] 1.279(-2) [488] 4.911(-3) 18.61 [423]
5589.10 [104]
5585.55± 0.91 [366]

L2M2 5769.7± 1.6 [145] 10.55 [423]

Lˇ17 L2M3 5891.70 [104] 2.79(-4) [488] 9.214(-5) 10.89 [423]
5891.6± 1.4 [498]

Lˇ1 L2M4 6205.10± 0.09 [50] 0.471 [488] 1.265(-1) 4.33 [473]
6206.30 [104] 4.71 [423]
6204.073± 0.093 [366]

L2M5 6232.6± 1.2 [145] 4.38 [423]



384 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

L� 5 L2N1 6967.67± 0.17 [50] 3.02(-3) [488] 9.059(-4) 13.40 [423]
L2N2 7006± 15 [145] 15.55 [423]

L2N3 7064.27± 0.81 [443] 1.825(-5)

L� 1 L2N4 7178.09± 0.17 [50] 8.09(-2) [488] 2.171(-2) 7.50 [473]
7177.90 [104] 5.31 [423]

L2N5 7182.12± 0.66 [145] 5.01 [423]

Lv L2N6 7301.27± 0.77 [145] 1.007(-5)

L2N6,7 7308.00± 0.86 [204]

L� 8 L2O1 7265.80 [104] 5.14(-4) [488] 1.486(-4) 4.06 [423]

L2O2 7288.00 [104] 5.06(-9) [488]

L� 6 L2O4 7307.60± 0.40 [50]

Ll L3M1 4994.50± 0.80 [50] 1.743(-2) [104] 9.081(-3) 18.43 [423]
4993.20 [104]
4990.43± 0.17 [366]

Lt L3M2 5174.6± 1.5 [145] 5.874(-5) 10.37 [423]

Ls L3M3 5296.50 [104] 1.26(-4) [488] 5.369(-5) 10.72 [423]
5298.8± 1.4 [145]

L˛2 L3M4 5608.40± 0.70 [50] 4.37(-2) [488] 1.193(-2) 4.50 [473]
5608.40 [104] 4.53 [423]
5609.053± 0.061 [366]

L˛1 L3M5 5636.10± 0.50 [50] 0.386 [488] 1.056(-1) 4.13 [473]
5636.00 [104] 4.21 [423]
5635.970± 0.033 [366]

Lˇ6 L3N1 6369.72± 0.14 [50] 4.04(-3) [488] 1.123(-3) 13.22 [423]
6369.60 [104]

L3N2 6411± 15 [145] 8.338(-6) 15.37 [423]

L3N3 6469.72± 0.68 [443] 8.053(-6)

Lˇ15,2 L3N4,5 6587.17± 0.14 [50]
6589.8± 3.2 [145]

Lˇ15 L3N4 1566.50 [423] 7.20(-3) [488] 1.968(-3) 5.13 [423]

Lˇ2 L3N5 6586.90 [104] 6.44(-2) [488] 1.760(-2) 7.42 [473]
6587.17± 0.14 [145] 4.83 [423]

Lu′ L3N6 6711.75± 0.73 [204] 1.501(-6)
6706.19± 0.71 [145]

Lˇ7 L3O1 6679.10± 0.11 [50] 8.56(-4) [488] 2.019(-4) 3.88 [423]
6679.00 [104]

L3O2,3 6694.30 [501]

Lˇ5 L3O4,5 6712.60± 0.33 [50] 8.10(-3) [488]
6712.50 [104]

M series



Samarium Z=62 385

line transition E/eV I/eV/� TPIV 
 /eV

M�2,1 M3N4,5 1291.00± 1.00 [50]
1294.20 [263]

M� 2 M3N4 8.10(-3) [335] 2.475(-4) 9.14 [423]

M� 1 M3N5 1291.50 [104] 4.07(-3) [335] 2.011(-3) 8.84 [423]

M�2 M4N2 3.90(-3) 13.19 [423]

Mı M4N3 5.36(-4) 7.23 [423]

Mˇ M4N6 1099.80± 1.00 [50] 5.01(-4) [335] 1.346(-3)
1102.10 [263]

M� M4O2 6.81(-4)

M�1 M5N3 831.00± 2.20 [50] 4.07(-3) [335] 4.276(-3) 6.92 [423]
833.20 [263]

M˛2,1 M5N6,7 1081.00± 3.00 [50]
1082.80 [423]

N series
N4,5N6,7 126.00± 1.30 [50]

N4,5O2,3 105.60 [50]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 46835.00 [503] 0.927 [301] 19.70 [301] 46834.2 [51]
46834.20± 0.50 [493] 0.9290 [423] 19.23 [423] 46849± 13 [50]

0.928 [38] 19.8 [94] 46839.02± 0.91 [145]
0.9255 [39]
0.929 [310]
0.933 [33]
0.922 [242]
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level EB/eV !nlj 
 /eV AE/eV

L1 7737.00 [503] 7.10(-2) [301] 4.80 [301] 7736.8 [51]
7736.80± 0.50 [493] 7.00(-2) [423] 4.33 [423] 7747.93± 0.72 [50]

7.50(-2) [436] 3.3 [94] 7737.9± 1.2 [145]
6.70(-2) [525]

L2 7312.00 [503] 0.140 [301] 4.15 [301] 7311.8 [51]
7311.80± 0.40 [493] 0.1543 [423] 3.53 [423] 7313.30± 0.64 [50]

0.155 [436] 3.7 [94] 7314.76± 0.44 [145]
0.146 [525]

L3 6717.00 [503] 0.139 [301] 3.86 [301] 6716.2 [51]
6716.20± 0.50 [493] 0.1476 [423] 3.35 [423] 6717.36± 0.54 [50]

0.15 [436] 3.53 [94] 6719.67± 0.37 [145]

M1 1724.00 [503] 1.19(-3) [512] 14.00 [74] 1722.8 [51]
1722.80± 0.80 [493] 1.15(-3) [423] 15.08 [423]

12.4 [94]

M2 1542.00 [503] 9.93(-3) [512] 7.30 [74] 1540.7 [51]
1540.70± 1.20 [493] 2.84(-3) [423] 7.02 [423]

5.2 [94]

M3 1421.00 [503] 1.23(-3) [512] 7.30 [74] 1419.8 [51]
1419.80± 1.10 [493] 3.14(-3) [423] 7.36 [423]

8.1 [94]

M4 1107.00 [503] 8.31(-3) [512] 1.00 [74] 1106.0 [51]
1106.00± 0.80 [493] 6.56(-3) [423] 1.18 [423]

0.86 [94]

M5 1081.00 [503] 4.11(-3) [512] 1.60 [74] 1080.2 [51]
1080.20± 0.60 [493] 6.69(-3) [423] 0.86 [423]

0.86 [94]

N1 347.00 [503] 1.6(-4) [423] 11.00 [74]
345.70± 0.90 [493] 9.87 [423]

4.4 [94]

N2 267.00 [503] 3.2(-4) [423] 7.20 [74]
265.60± 1.90 [493] 12.02 [423]

5.16 [94]

N3 249.00 [503] 1.1(-4) [423] 7.20 [74]
247.40± 1.50 [493] 6.06 [423]

2.2 [94]

N4 130.00 [503] 1.0(-5) [423] 1.30 [74]
129.00± 1.20 [51] 1.78 [423]
127.50± 1.20 [493] 1.78 [94]



Samarium Z=62 387

level EB/eV !nlj 
 /eV AE/eV

N5 130.00 [503] 1.0(-5) [423] 1.30 [74]
129.00± 1.20 [51] 1.48 [423]
123.30± 1.20 [493] 1.48 [94]

N6 7.00 [503]
5.50 ± 1.10 [493]

O1 39.00 [503] 0.52 [423]
37.40 ± 1.50 [493]

O2 22.00 [503]
21.30 ± 1.50 [51]
23.60 ± 1.30 [493]

O3 22.00 [503]
21.30 ± 1.50 [51]
18.90 ± 1.30 [493]

IP 5.6436 [222]
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Eu Z=63 [Xe] 4f7 6s2

Europium A = 151.964(1) [222] % = 5.253 g/cm3 [547]
% = 5.30 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 40470.1± 1.6 [145] 24.95 [423]

K˛2 KL2 40902.33± 0.40 [50] 5.48 [488] 2.673(-1) 28.20 [301]
40902.00 [104] 5.54 [487] 24.10 [423]

K˛1 KL3 41542.63± 0.41 [50] 9.89 [488] 4.821(-1) 27.90 [301]
41542.00 [104] 10.00 [487] 26.00 [473]

23.93 [423]

KM1 46718.4± 1.8 [145] 36.06

Kˇ3 KM2 46904.0± 1.3 [50] 0.998 [488] 4.866(-2) 27.86 [423]
46904.00 [104] 1.050 [487]

Kˇ1 KM3 47038.4± 1.3 [50] 1.931 [488] 9.415(-2) 28.25 [423]
47038.00 [104] 2.031 [487]

KˇII
5

KM4 47358.3± 1.7 [145] 7.142(-4) 21.78 [423]

KˇI
5

KM5 47389.4± 1.7 [145] 9.450(-4) 21.40 [423]

KN1 48157.3± 4.3 [145] 30.86 [423]

Kˇ2 KN2,3 48256.6± 2.2 [50] 0.2174 [488] 1.060(-2) 33.06 [423]

KˇII
2

KN2 48213.70 [104] 0.2344 [487] 33.06 [423]
48230± 16 [145]

KˇI
2

KN3 48256.50 [104] 0.422 [488] 2.057(-2) 27.07 [423]
48261.1± 1.5 [145] 0.458 [487]

KˇII
4

KN4 48382.0± 3.5 [145] 1.581(-4) 22.72 [423]

KˇI
4

KN5 48384.3± 1.2 [145] 2.086(-4) 22.38 [423]

KO2,3 48497.00± 1.30 [50] 8.65(-2) [488]
9.69(-2) [487]

KO2 2.190(-3)

KO3 4.471(-3)



Europium Z=63 389

line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M2 6248.4± 2.1 [145] 6.03 [423]

Lˇ4 L1M2 6437.81± 0.55 [50] 0.1128 [488] 2.277(-2) 11.74 [423]
6439.10 [104]

Lˇ3 L1M3 6371.57± 0.58 [50] 0.1627 [488] 3.286(-2) 12.13 [423]
6571.50 [104]

Lˇ10 L1M4 6889.81± 0.70 [50] 2.33(-3) [488] 4.698(-4) 5.66 [423]
6890.60 [104]

Lˇ9 L1M5 6919.15± 0.71 [50] 3.48(-3) [488] 7.030(-4) 5.27 [423]
6920.20 [104]

L1N1 7687.6± 2.4 [497] 14.83 [423]

L1N1 7688.10 [501] 14.83 [423]

L� 2 L1N2 7768.10± 0.81 [50] 2.652(-2) [488] 5.355(-3) 16.94 [423]
7767.80 [104] 5.355(-3)

L� 3 L1N3 7794.11± 0.81 [50] 3.98(-2) [488] 8.035(-3) 10.95 [423]
7796.20 [104]

L� 11 L1N4,5 7912.00 [104] 4.83(-4) [488]
7914.56± 0.36 [497]

L1N4 7911.9± 3.8 [145] 6.343(-5) 6.60 [423]

L�11 L1N5 7914.2± 1.4 [145] 9.762(-5) 6.26 [423]

L1N6 8040.1± 1.5 [145]

L1N7 8042.8± 1.5 [145]

L� 4 L1O2,3 8030.40± 0.50 [50] 4.42(-3) [488]
8030.45 [104]

L1O2 7.495(-4)

L1O3 1.094(-3)

L� L2M1 5816.67± 0.81 [50] 1.384(-2) [488] 5.043(-3) 19.18 [423]
5816.50 [104]

L2M2 6003.0± 1.6 [145] 10.98 [423]

Lˇ17 L2M3 6137.7± 1.5 [497] 9.775(-5) 11.37 [423]
6137.3± 1.5 [145]

Lˇ1 L2M4 6455.72± 0.56 [50] 0.511 [488] 1.344(-1) 4.90 [423]
6456.60 [104]

L2M5 6485.9± 1.2 [145] 4.52 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L� 5 L2N1 7255.47± 0.70 [50] 3.28(-3) [488] 9.546(-4) 13.98 [423]
7256.70 [104]

L2N2 7331.60± 2.0 [501] 16.18 [423]

L2N3 7357.6± 1.0 [145] 2.021(-5) 10.19 [423]

L� 1 L2N4 7479.12± 0.43 [50] 8.82(-2) [488] 2.323(-2) 5.84 [423]
7480.10 [104]

L2N5 7480.82± 0.67 [145] 5.50 [423]

L2N6,7 7612.87± 0.94 [207]

Lv L2N6 7606.73± 0.76 [145] 1.387(-5)

L2N7 7609.40± 0.75 [145]

L� 8 L2O1 7584.90± 1.00 [50] 5.54(-4) [488] 1.592(-4) 4.64 [423]
7584.70 [104]

L2O2,3 7595.70 [501]

L� 6 L2O4 7614.70± 1.00 [50]
7614.90 [104]

Ll L3M1 5177.15± 0.64 [50] 1.903(-2) [488] 9.315(-3) 19.02 [423]
5177.20 [104]

Lt L3M2 5363.2± 1.5 [145] 6.171(-5) 10.82 [423]

Ls L3M3 5498.6± 1.2 [50] 5.642(-5) 13.33 [423]
5497.5± 1.4 [145]

L˛2 L3M4 5816.61± 0.45 [50] 4.72(-2) [488] 1.261(-2) 4.73 [423]
5816.50 [104]

L˛1 L3M5 5846.46± 0.26 [50] 0.418 [488] 1.115(-1) 4.35 [423]
5845.70 [104]

Lˇ6 L3N1 6614.56± 0.59 [50] 4.42(-3) [488] 1.198(-3) 13.81 [423]
6617.20 [104]

L3N2 6687± 15 [145] 9.159(-6) 16.02 [423]

L3N3 6717.81± 0.94 [145] 8.855(-6) 10.03 [423]

Lˇ15 L3N4 6840.80 [104] 7.82(-3) [488] 2.090(-3) 5.68 [423]
6838.6± 2.9 [145]

Lˇ2 L3N5 6843.10 [104] 7.00(-2) [488] 1.869(-2) 5.34 [423]
6841.01± 0.59 [145]

Lˇ15,2 L3N4,5 6841.83± 0.63 [50]

L4N6,7 6971.57± 0.79 [50]

Lu′ L3N6 6966.92± 0.62 [145] 2.022(-6)

Lu L3N7 6969.59± 0.67 [145] 1.156(-5)

Lˇ7 L3O1 6945.30± 0.80 [50] 7.44(-4) [488] 2.181(-4) 4.48 [423]
6945.30 [104]

L3O2,3 6953.40 [501]



Europium Z=63 391

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ5 L3O4,5 6976.30± 0.80 [50]
6976.30 [104]

M series
M�2 M3N4 1.03(-3) [116] 2.633(-4) 9.99 [423]

8.99(-3) [335]

M� 1 M3N5 1346.00 [104] 8.71(-3) [116] 2.134(-3) 9.65 [423]
8.99(-3) [335]

M�2,1 M3N4,5 1346.00± 1.30 [50]
1349.10 [263]

M�2 M4N2 877.15 [423] 3.961(-3) 13.86 [423]

Mı M4N3 906.90 [423] 5.320(-4) 7.87 [423]

Mˇ M4N6 1153.30± 0.75 [50] 6.20(-3) [116] 2.002(-3) [423]
1153.60 [104] 5.35(-3) [335]
1155.50 [263]

M� M4O2 1136.59 [423] 7.042(-4)

M�1 M5N3 872.00± 1.20 [50] 7.05(-4) [116] 4.258(-3) 7.49 [423]
871.90 [104] 5.35(-3) [335]
873.70 [263]

M˛2.1 M5N6,7 1131.00± 3.00 [50] 5.89(-3) [116]
1125.20 [104]
1133.30 [263]

M5N6 1.172(-4)

M5N7 2.273(-3)

M5O3 1107.50 [104] 4.16(-5) [116] 8.822(-4)

N series
N4O2,3 110.70± 0.60 [50]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 48519.00 [503] 0.932 [301] 21.00 [301] 48519.0 [51]
48519.00± 0.40 [493] 0.925 [364] 20.49 [423] 48519.7± 2.8 [50]

0.931 [38] 21.1 [94] 48523.77± 0.96 [145]
0.9289 [39]
0.9321 [423]
0.932 [310]
0.929 [112]
0.929 [242]

L1 8052.00 [503] 7.50(-2) [301] 4.91 [301] 8052.0 [51]
8052.00± 0.40 [493] 7.30(-2) [423] 4.37 [423] 8060.75± 0.78 [50]

7.80(-2) [436] 3.6 [94] 8053.7± 1.2 [145]
7.93(-2) [244]

L2 7618.00 [503] 0.149 [301] 4.23 [301] 7617.1 [51]
7617.10± 0.40 [493] 0.1640 [423] 3.61 [423] 7619.83± 0.69 [50]

0.164 [436] 3.77 [94] 7620.28± 0.45 [145]
0.167 [244]

L3 6977.00 [503] 0.147 [301] 3.91 [301] 6976.9 [51]
6976.90± 0.40 [493] 0.1558 [423] 3.44 [423] 6980.59± 0.58 [50]

0.158 [436] 3.62 [94] 6980.47± 0.37 [145]
0.16 [244]

M1 1800.00 [503] 8.70(-4) [38] 14.95 [350] 1800.0 [51]
1800.00± 0.50 [493] 1.25(-3) [512] 15.57 [423]

1.23(-3) [423] 12.6 [94]

M2 1614.00 [503] 1.47(-3) [38] 8.37 [350] 1613.9 [51]
1613.90± 0.70 [493] 1.00(-2) [512] 7.37 [423]

2.96(-3) [423] 5.4 [94]

M3 1481.00 [503] 1.26(-3) [38] 7.81 [350] 1480.6 [51]
1480.60± 0.60 [493] 1.29(-3) [512] 7.76 [423]

3.31(-3) [423] 8.2 [94]

M4 1161.00 [503] 4.10(-3) [38] 1.86 [350] 1160.6 [51]
1160.60± 0.60 [493] 8.34(-3) [512] 1.29 [423]

7.30(-3) [423] 0.9 [94]



Europium Z=63 393

level EB/eV !nlj 
 /eV AE/eV

M5 1131.00 [503] 5.90(-3) [38] 1.14 [350] 1130.9 [51]
1130.90± 0.60 [493] 5.55(-3) [512] 0.90 [423]

7.53(-3) [423] 0.9 [94]
N1 360.00 [503] 1.7(-4) [423] 4.6 [94]

360.20± 0.70 [493] 10.37 [423]

N2 284.00 [503] 3.5(-4) [423] 5.2 [94]
283.90± 1.00 [493] 12.57 [423]

N3 257.00 [503] 1.2(-4) [423] 2.35 [94]
256.60± 0.80 [493] 6.58 [423]

N4 134.00 [503] 2.0(-5) [423] 2.2 [94]
133.20± 0.60 [51] 2.23 [423]

N5 134.00 [503] 2.0(-5) [423] 1.9 [94]
133.20± 0.60 [51] 1.89 [423]

N6 1.50 ± 3.20 [493]

N7 0.00 ± 3.20 [51]

O1 32.00 [503] 1.03 [423]
31.80 ± 0.70 [493]

O2 22.00 [503]
22.00 ± 0.60 [51]
25.20 ± 0.60 [493]

O3 22.00 [503]
22.00 ± 0.60 [51]
20.40 ± 0.60 [493]

IP 5.6704 [222]
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Gd Z=64 [Xe] 4f7 5d1 6s2

Gadolinium A = 157.25(3) [222] % = 7.898 g/cm3 [547]
% = 7.80 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 41865.8± 1.6 [145] 26.43 [423]

K˛2 KL2 42309.30± 0.43 [50] 5.86 [488] 2.682(-1) 26.70 [301]
42309.00 [104] 5.93 [487] 29.50 [473]

25.54 [423]

K˛1 KL3 42996.72± 0.44 [50] 10.54 [488] 4.822(-1) 26.40 [301]
42997.00 [104] 10.66 [487] 28.00 [473]

25.38 [423]

KM1 48357.9± 2.0 [145] 37.64 [423]

Kˇ3 KM2 48555.8± 5.6 [50] 1.071 [488] 4.901(-2) 28.00 [473]
48556.00 [104] 1.127 [487]

29.51 [423]

Kˇ1 KM3 48696.9± 5.7 [50] 2.072 [488] 9.479(-2) 29.37 [473]
48700.00 [104] 2.178 [487] 29.95 [423]

Kˇ5 KM4,5 49053.3± 8.6 [50] 2.153(-2) [488]
49053.00 [104]

KˇII
5

KM4 49020.8± 1.8 [145] 7.476(-4) 23.16 [423]

KˇI
5

KM5 49054.6± 1.7 [145] 9.850(-4) 22.78 [423]

KN1 49860.6± 4.3 [145] 32.47 [423]

KˇII
2

KN2 49935.3± 4.7 [145] 0.2536 [487] 1.077(-2) 30.63 [423]

KˇI
2

KN3 49969.7± 1.5 [145] 0.496 [487] 2.090(-2) 28.69 [423]

Kˇ2 KN2,3 49960.6± 8.9 [50] 0.457 [488]
49960.00 [104]

KˇII
4

KN4 50090.7± 3.3 [145] 1.685(-4) 23.98 [423]

KˇI
4

KN5 50098.6± 1.2 [145] 2.214(-4) 23.92 [423]

KO2,3 50221.00± 0.60 [50] 0.1107 [487]
50221.00 [104] 9.87(-2) [488] 0.94

KO2 2.268(-3)

KO3 4.674(-3)



Gadolinium Z=64 395

line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M1 6492.2± 2.2 [145] 20.40 [423]

Lˇ4 L1M2 6687.3± 1.1 [50] 0.1225 [488] 2.394(-2) 9.08 [473]
6687.10 [104] 12.27 [423]

Lˇ3 L1M3 6831.0± 1.1 [50] 0.1748 [488] 3.415(-2) 11.20 [473]
6381.10 [104] 12.71 [423]

Lˇ10 L1M4 7160.4± 1.8 [50] 2.61(-3) [488] 5.107(-4) 5.93 [423]
7160.30 [104]

Lˇ9 L1M5 7191.6± 1.9 [50] 3.91(-3) [488] 7.641(-4) 5.55 [423]
7191.70 [104]

L1N1 7994.8± 4.4 [145] 15.23 [423]

L� 2 L1N2 8087.0± 1.6 [50] 2.906(-2) [488] 5.679(-3) 13.39 [423]
8087.20 [104]

L� 3 L1N3 8105.0± 1.6 [50] 4.32(-2) [488] 8.445(-3) 11.46 [423]
8105.20 [104]

L� 11 L1N4,5 8237.30 [104] 5.51(-4) [488]
8237.2± 1.0 [380]

L1N4 8224.9± 3.4 [145] 6.978(-5) 6.74 [423]

L1N5 8232.8± 1.4 [145] 1.076(-4) 6.60 [423]

L1N6 8365.2± 1.5 [145]

L1N7 8368.5± 1.5 [145]

L� 4 L1O2,3 8355.00± 1.10 [50] 6.21(-3) [488]
8355.00 [104]

L1O2 7.844(-4)

L1O3 1.130(-3)

L1O4,5 8373.00± 1.70 [50] 5.10(-6) [488]
8373.00 [104]

L� L2M1 6049.69± 0.44 [50] 1.494(-2) [488] 5.180(-3) 19.52 [423]
6049.30 [104]

L2M2 6240.9± 1.6 [145] 11.38 [423]

Lˇ17 L2M3 6386.0± 1.5 [145] 1.046(-4) 11.82 [423]

Lˇ1 L2M4 6713.4± 1.1 [50] 0.553 [488] 1.423(-1) 4.63 [473]
6713.20 [104] 5.04 [423]

L2M5 6743.40 [104] 1.05(-5) [488] 4.66 [423]
6743.32± 0.74 [145]
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line transition E/eV I/eV/� TPIV 
 /eV

L� 5 L2N1 7554.4± 1.4 [50] 3.57(-3) [488] 1.006(-3) 14.35 [423]
7554.60 [104]

L2N2 7642.60 [104] 5.03(-8) [488] 12.51 [423]
7642.67± 0.47 [386]

L2N3 7655.20 [104] 8.70(-5) [488] 2.241(-5) 10.57 [423]
7657.7± 1.2 [137]

L� 1 L2N4 7785.9± 1.4 [50] 9.70(-2) [488] 2.499(-2) 7.83 [473]
7785.70 [104] 5.86 [423]

L2N5 7788.91± 0.63 [145] 5.80 [423]

Lv L2N6 7921.33± 0.71 [145] 1.856(-5)

L2N7 7924.64± 0.71 [145]

L� 8 L2O1 7894.00± 1.00 [50] 6.25(-4) [488] 1.705(-4) 5.25 [423]
7893.40 [104]

L� 6 L2O4 7925.00± 1.00 [50] 5.79(-4) [488]
7924.90 [104]

Ll L3M1 5362.09± 0.69 [50] 2.075(-2) [488] 9.558(-3) 19.36 [423]
5362.20 [104]

Lt L3M2 5553.7± 1.5 [145] 6.483(-5) 11.21 [423]

Ls L3M3 5698.20 [104] 1.58(-4) [488] 5.928(-5) 11.66 [423]
5698.3± 1.3 [385]

L˛2 L3M4 6024.99± 0.87 [50] 5.10(-2) [488] 1.329(-2) 4.90 [473]
6025.00 [104] 4.88 [423]

L˛1 L3M5 6057.37± 0.88 [50] 0.451 [488] 1.175(-1) 4.46 [473]
6057.30 [104] 4.50 [423]

Lˇ6 L3N1 6867.3± 1.1 [50] 4.85(-3) [488] 1.277(-3) 14.19 [423]
6867.00 [104]

L3N2 6938.5± 4.0 [145] 1.001(-5) 12.34 [423]

L3N3 6972.94± 0.89 [145] 9.755(-6)

Lˇ15 L3N4 7097.90 [104] 8.56(-3) [488] 2.233(-3) 5.69 [423]
7093.9± 2.6 [145]

Lˇ2 L3N5 7103.10 [104] 7.66(-2) [488] 1.998(-2) 7.70 [473]
7101.77± 0.55 [145] 5.55 [423]

Lˇ2,15 L3N4,5 7103.0± 1.2 [50]

Lu′ L3N6 7234.19± 0.63 [145] 2.663(-6)

Lu L3N7 7237.50± 0.63 [145] 1.530(-5)



Gadolinium Z=64 397

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ7 L3O1 7207.10± 0.85 [50] 8.46(-4) [488] 2.356(-4) 5.09 [423]
7207.20 [104]

Lˇ5 L3O4,5 7237.40± 0.85 [50] 4.90(-4) [488]
7237.50 [104]

M series
M� 2,1 M3N4,5 1402.00± 1.50 [50]

1404.10 [263]

M� 2 M3N4 1.007(-2) [335] 2.811(-4) 10.26 [423]

M� 1 M3N5 1401.80 [104] 1.007(-2) [335] 2.275(-3) 10.12 [423]

M�2 M4N2 3.939(-3) 10.13 [423]

Mı M4N3 5.117(-4) 8.19 [423]

Mˇ M4N6 1209.10± 0.70 [50] 6.41(-3) [335] 2.840(-3)
1209.90 [104]
1212.00 [104]

M� M4O2 7.134(-4)

M�1 M5N3 914.00± 1.40 [50] 5.93(-4) [335] 4.125(-3) 7.81 [423]
913.70 [104]
915.70 [263]

M˛1.2 M5N6,7 1185.00± 3.40 [50] 6.41(-3) [335]
1189.50 [104]
1187.60 [263]

M5N6 1.681(-4)

M5N7 3.255(-3)

M5O3 1165.00 [104] 8.874(-4)
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 50239.00 [503] 0.935 [301] 22.30 [301] 50239.1 [51]
50239.10± 0.50 [493] 0.934 [38] 21.83 [423] 50233.9± 3.0 [50]

0.9320 [39] 22.4 [94] 50251.67± 0.97 [145]
0.9350 [423]
0.935 [310]
0.922 [33]
0.935 [242]

L1 8376.00 [503] 7.90(-2) [301] 5.05 [301] 8375.6 [51]
8375.60± 0.50 [493] 7.65(-2) [423] 4.60 [423] 8386.25± 0.84 [50]

8.30(-2) [436] 3.8 [94] 8385.9± 1.2 [145]

L2 7931.00 [503] 0.158 [301] 4.32 [301] 7930.3 [51]
7930.30± 0.40 [493] 0.1738 [423] 3.71 [423] 7931.32± 0.75 [50]

0.175 [436] 3.87 [94] 7942.02± 0.41 [145]

L3 7243.00 [503] 0.155 [301] 4.01 [301] 7242.8 [51]
7242.80± 0.40 [493] 0.1643 [423] 3.55 [423] 7243.23± 0.63 [50]

0.167 [436] 3.72 [94] 7254.88± 0.33 [145]

M1 1881.00 [503] 1.31(-3) [512] 16.00 [74] 1880.8 [51]
1880.80± 0.50 [493] 1.30(-3) [423] 15.81 [423]

12.8 [94]

M2 1689.00 [503] 0.010 [512] 8.30 [74] 1688.3 [51]
1688.30± 0.70 [493] 3.10(-3) [423] 7.68 [423]

5.6 [94]

M3 1544.00 [503] 1.35(-3) [512] 8.30 [74] 1544.0 [51]
1544.00± 0.80 [493] 3.51(-3) [423] 8.11 [423]

8.3 [94]

M4 1218.00 [503] 8.51(-3) [512] 1.20 [74] 1217.2 [51]
1217.20± 0.60 [493] 8.10(-3) [423] 1.33 [423]

0.95 [94]

M5 1186.00 [503] 6.99(-3) [512] 1.90 [74] 1185.2 [51]
1185.20± 0.60 [493] 8.43(-3) [423] 0.95 [423]

0.95 [94]



Gadolinium Z=64 399

level EB/eV !nlj 
 /eV AE/eV

N1 376.00 [503] 1.9(-4) [423] 12.00 [74]
375.80± 0.70 [493] 10.64 [423]

4.9 [94]

N2 289.00 [503] 3.9(-4) [423] 9.00 [74]
288.50± 1.20 [493] 8.80 [423]

5.23 [94]
N3 271.00 [503] 1.3(-4) [423] 9.00 [74]

270.90± 0.90 [493] 6.86 [423]
2.5 [94]

N4 141.00 [503] 2.0(-5) [423] 2.40 [74]
149.50± 0.80 [493] 2.15 [423]

2.45 [94]

N5 141.00 [503] 2.0(-5) [423] 2.40 [74]
140.50± 0.80 [51] 2.00 [423]
134.50± 0.80 [493] 2.2 [94]

N6 0.10 ± 3.50 [51]
2.00 ± 3.50 [493]

N7 0.10 ± 3.50 [51]

O1 36.00 [503] 1.54 [423]
36.10 ± 0.80 [493]

O2 21.00 [503]
20.30 ± 1.20 [51]
24.30 ± 1.20 [493]

O3 21.00 [503]
18.30 ± 1.20 [493]

IP 6.1501 [222]



400 5 X-Ray Emission Lines and Atomic Level Characteristics

Tb Z=65 [Xe] 4f9 6s2

Terbium A = 158.92534(2) [222] % = 8.234 g/cm3 [547]
% = 8.19 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 43291.4± 1.7 [145] 27.94 [423]

K˛2 KL2 43744.62± 0.46 [50] 6.26 [488] 2.692(-1) 28.20 [301]
43745.00 [104] 6.33 [487] 26.99 [423]

K˛1 KL3 44482.75± 0.47 [50] 11.23 [488] 4.825(-1) 27.90 [301]
44482.00 [104] 11.35 [487] 26.85 [423]

KM1 50035.5± 2.2 [145] 39.75 [423]

Kˇ3 KM2 50229.8± 6.0 [50] 1.148 [488] 4.935(-2) 31.70 [423]
50230.00 [104] 1.205 [487]

Kˇ1 KM3 50382.9± 6.1 [50] 2.22 [488] 9.545(-2) 31.79 [423]
50383.00 [104] 2.331 [487]

KˇII
5

KM4 50722.7± 1.9 [145] 7.827(-4) 24.77 [423]

KˇI
5

KM5 50757.8± 1.8 [145] 1.027(-3) 24.23 [423]

KN1 51600.7± 4.3 [145] 34.56 [423]

KˇII
2

KN2 51678.3± 4.6 [145] 0.2712 [487] 1.083(-2) 37.64 [423]

KˇI
2

KN3 51714.0± 1.6 [145] 0.529 [487] 2.099(-2) 30.77 [423]

Kˇ2 KN2,3 51724± 64 [50] 0.488 [488]
51742.00 [104]

KˇII
4

KN4 51837.5± 3.1 [145] 1.756(-4) 26.64 [423]

KßbetaI
4

KN5 51846.4± 1.3 [145] 2.297(-4) 26.06 [423]

KO2,3 51965.00± 6.50 [50] 9.78(-2) [488]
51966.00 [104] 0.1091 [487]

KO2 2.324(-3) [423]

KO3 4.804(-3) [423]

L series
L1M1 6744.2± 2.3 [145] 21.24 [423]

Lˇ4 L1M2 6940.3± 1.1 [50] 0.1330 [488] 2.518(-2) 13.20 [423]
6940.50 [104]



Terbium Z=65 401

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ3 L1M3 7096.1± 1.2 [50] 0.1876 [488] 3.552(-2) 13.29 [423]
7095.80 [104]

Lˇ10 L1M4 7436.1± 2.0 [50] 2.93(-3) [488] 5.551(-4) 6.27 [423]
7436.10 [104]

Lˇ9 L1M5 7469.50 [104] 4.39(-3) [488] 8.307(-4) 5.72 [423]
7466.5± 2.0 [145]

L1N1 8313.88± 0.56 [379] 16.05 [423]
8309.3± 4.4 [145]

L� 2 L1N2 8397.6± 1.7 [50] 3.15(-2) [488] 5.965(-3) 19.13 [423]
8397.60 [104]

L� 3 L1N3 8423.9± 1.7 [50] 4.63(-2) [488] 8.769(-3) 12.26 [423]
8423.70 [104]

L� 11 L1N4,5 8559.00 [104] 6.13(-3) [488]
8558.88± 0.59 [379]

L1N4 8546.2± 3.2 [145] 7.523(-5) 8.14 [423]

L1N5 8555.0± 1.5 [145] 1.160(-4) 7.56 [423]

L1N6 8694.9± 1.5 [145]

L1N7 8697.5± 1.5 [145]

L1O1 8669.60 [104] 4.63(-8) [488] 7.03 [423]

L� 4 L1O2,3 8685.00± 1.20 [50] 6.15(-3) [488]
8684.90 [104]

L1O2 8.176(-4)

L1O3 1.164(-3)

L1O4 8713.80 [104]

L1O4,5 8714.00± 1.80 [50]

L� L2M1 6283.95± 0.94 [50] 1.613(-2) [488] 5.310(-3) 20.30 [423]
6284.10 [104]

L2M2 6487.4± 1.6 [145] 12.25 [423]

Lˇ17 L2M3 6643.5± 1.6 [145] 1.118(-4) 12.34 [423]

Lˇ1 L2M4 6977.8± 1.7 [50] 0.598 [488] 1.514(-1) 5.33 [423]
6975.30 [104]

L2M5 7009.40 [104] 1.23(-5) [488] 4.78 [423]

L2M5 7009.37± 0.79 [136]
7012.3± 1.2 [145]
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line transition E/eV I/eV/� TPIV 
 /eV

L� 5 L2N1 7853.4± 1.5 [50] 3.85(-3) [488] 1.057(-3) 15.11 [423]
7853.50 [104]

L2N2 7936.00 [104] 6.09(-8) [488] 18.19 [423]
7935.81± 0.51 [382]

L2N3 7967.00 [104] 9.74(-5) [488] 2.466(-5) 11.32 [423]
7968.42± 0.49 [136]

L� 1 L2N4 8101.8± 1.6 [50] 0.1044 [488] 2.644(-2) 7.20 [423]
8102.50 [104]

L2N5 8100.81± 0.68 [145] 6.61 [423]

Lv L2N6 8240.74± 0.75 [145] 2.405(-5)

L2N7 8243.33± 0.77 [145]

L� 8 L2O1 8212.00± 1.10 [50] 6.41(-4) [488] 1.821(-4) 6.09 [423]
8212.40 [104]

L� 6 L2O4 8246.00± 1.10 [50]
8246.30 [104]

Ll L3M1 5546.81± 0.73 [50] 2.26(-3) [488] 9.828(-3) 20.16 [423]
Lt L3M2 5750.1± 1.5 [145] 6.793(-5) 12.11 [423]

Ls L3M3 5906.30 [104] 1.76(-4) [488] 6.213(-5) 12.20 [423]
5906.2± 1.5 [145]

L˛2 L3M4 6238.10± 0.93 [50] 5.50(-2) [488] 1.403(-2) 5.18 [423]
6238.00 [104]

L˛1 L3M5 6272.82± 0.94 [50] 0.486 [488] 1.241(-1) 4.64 [423]
6272.80 [104]

Lˇ6 L3N1 7116.4± 1.2 [50] 5.28(-3) [488] 1.358(-3) 14.97 [423]
7116.30 [104]

L3N2 7198.40 [104] 4.30(-5) [488] 1.098(-5) 18.05 [423]
7195.4± 3.9 [145]

L3N3 7227.00 [104] 4.17(-5) [488] 1.064(-5) 11.18 [423]
7226.9± 1.3 [136]
7231.17± 0.92 [145]

Lˇ15 L3N4 7365.10 [104] 9.17(-3) [488] 2.341(-3) 7.05 [423]
7354.6± 2.4 [145]

Lˇ2 L3N5 7363.50± 0.60 [145] 8.20(-2) [488] 2.094(-2) 6.47 [423]

Lˇ15,2 L3N4,5 7366.7± 1.3 [50]

Lu′ L3N6 7503.43± 0.68 [145] 3.433(-6)

Lu L3N7 7506.02± 0.69 [145] 1.965(-5)

Lˇ7 L3O1 7475.30± 0.90 [50] 8.76(-4) [488] 2.536(-4) 5.94 [423]
7475.30 [104]

Lˇ5 L3O4,5 7509.40± 0.90 [50]
7507.30 [104]



Terbium Z=65 403

line transition E/eV I/eV/� TPIV 
 /eV

M series
M�2,1 M3N4,5 1461.00± 1.50 [50] 1.10(-2) [335] 2.391(-3) 11.42 [423]

1463.80 [263]

M�1 M3N5 1461.10 [104] 2.391(-3) 11.40 [423]

M�2 M4N2 963.00 [423] 3.769(-3) 16.06 [423]

Mı M4N3 997.96 [423] 4.779(-4) 9.10 [423]

Mˇ M4N6 1266.10± 0.80 [50] 8.85(-3) [335] 3.878(-3)
1266.10 [104]
1269.00 [263]

M� M4O2 1246.76 [423] 6.980(-4)

M�1 M5N3 955.00± 1.50 [50] 6.35(-4) [335] 3.851(-3) 8.55 [423]
955.50 [104]
957.40 [263]

M˛2,1 M5N6,7 1240.00± 2.50 [50] 8.58(-3) [335]
1242.30 [263]

M5N6 2.301(-4)

M5N7 4.452(-3)

N series
N4,5N6,7 144.00 [50]

N4,5O2,3 121.30 [50]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 51996.00 [503] 0.938 [301] 23.80 [301] 51995.7 [51]
51995.70± 0.50 [493] 0.937 [38] 23.22 [423] 52003.8± 3.2 [50]

0.9349 [39] 23.8 [94] 51999.5± 1.1 [145]
0.9376 [423]
0.938 [242]
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level EB/eV !nlj 
 /eV AE/eV

L1 8708.00 [503] 8.30(-2) [301] 5.19 [301] 8708.0 [51]
8708.00± 0.50 [493] 0.18 [344] 4.72 [423] 8717.03± 0.91 [50]

8.00(-2) [423] 4 [94] 8708.1± 1.2
8.70(-2) [436]
9.00(-2) [476]
0.102 [477]

L2 8252.00 [503] 0.167 [301] 4.43 [301] 8251.6 [51]
8251.60± 0.40 [493] 0.165 [344] 3.77 [423] 8252.83± 0.81 [50]

0.166 [107] 3.93 [94] 8253.93± 0.46 [145]
0.1846 [423]
0.186 [436]
0.194 [476]
0.209 [477]

L3 7515.00 [503] 0.164 [301] 4.12 [301] 7514.0 [51]
7514.00± 0.40 [493] 0.188 [344] 3.63 [423] 7515.45± 0.67 [50]

0.1730 [423] 3.8 [94] 7516.62± 0.39 [145]
0.175 [436]

M1 1968.00 [503] 1.37(-3) [512] 13 [94] 1967.5 [51]
1967.50± 0.60 [493] 1.42(-3) [423] 16.53 [423]

M2 1768.00 [503] 1.10(-2) [512] 5.8 [94] 1767.7 [51]
1767.70± 0.90 [493] 3.22(-3) [423] 8.48 [423]

M3 1612.00 [503] 1.41(-3) [512] 8.2 [94] 1611.3 [51]
1611.30± 0.80 [493] 3.68(-3) [423] 8.57 [423]

M4 1276.00 [503] 8.62(-3) [512] 1.01 [94] 1275.0 [51]
1275.00± 0.60 [493] 8.91(-3) [423] 1.55 [423]

M5 1242.00 [503] 8.43(-3) [512] 1.01 [94] 1241.2 [51]
1241.20± 0.70 [493] 9.41(-3) [423] 1.01 [423]

N1 398.00 [503] 2.0(-4) [423] 5.1 [94]
397.90± 0.80 [493] 11.34 [423]

N2 311.00 [503] 4.2(-4) [423] 5.26 [94]
310.20± 1.20 [493] 14.42 [423]

N3 286.00 [503] 1.5(-4) [423] 2.65 [94]
285.00± 1.00 [493] 7.55 [423]

N4 148.00 [503] 3.0(-5) [423] 2.7 [94]
147.00± 0.80 [51] 3.42 [423]
154.50± 0.80 [493]



Terbium Z=65 405

level EB/eV !nlj 
 /eV AE/eV

N5 148.00 [503] 3.0(-5) [423] 2.4 [94]
147.00± 0.80 [51] 2.84 [423]
142.00± 0.80 [493]

N6 3.00 [503]
2.60 ± 1.50 [51]
4.00 ± 1.50 [493]

N7 3.00 [503]
2.60 ± 1.50 [51]
1.60 ± 1.50 [493]

O1 40.00 [503] 2.31 [423]
39.00 ± 0.80 [493]

O2 26.00 [503]
25.40 ± 0.80 [51]
26.30 ± 2.30 [493]

O3 26.00 [503]
25.40 ± 0.80 [51]
21.30 ± 2.30 [493]

IP 5.8638 [222]
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Dy Z=66 [Xe] 4f10 6s2

Dysprosium A = 162.500(3) [222] % = 8.54 g/cm3 [547]
% = 8.35 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 44744.3± 1.7 [145] 29.54 [423]

K˛2 KL2 45208.27± 0.49 [50] 6.68 [488] 2.700(-1) 29.80 [301]
45208.00 [104] 32.20 [473]

28.54 [423]

K˛1 KL3 45998.94± 0.51 [50] 11.94 [488] 4.826(-1) 29.40 [301]
45999.00 [104] 33.90 [473]

28.41 [423]

KM1 51745.4± 2.3 [145] 41.67 [423]

Kˇ3 KM2 51958.1± 6.4 [50] 1.229 [488] 4.967(-2) 32.00 [473]
51961.40 [104] 33.54 [423]

Kˇ1 KM3 52119.7± 6.5 [50] 2.376 [488] 9.602(-2) 32.73 [473]
52121.00 [104] 33.66 [423]

Kˇ5 KM4,5 52494.8± 9.9 [50] 2.645(-2) [488]
52495.00 [104]

KˇII
5

KM4 52457.4± 1.9 [145] 8.178(-4) 26.38 [423]

KˇI
5

KM5 52494.8± 1.9 [145] 1.069(-3) 25.75 [423]

KN1 53372.0± 2.7 [145] 36.51 [423]

Kˇ2 KN2,3 53510± 68 [50] 0.524 [488]
53496.00 [104]

KˇII
2

KN2 53451.7± 2.9 [145] 1.093(-2) 39.53 [423]

KˇI
2

KN3 53483.2± 1.2 [145] 2.118(-2) 32.69 [423]

KˇII
4

KN4 53619.4± 2.8 [145] 1.846(-4) 28.79 [423]

KˇI
4

KN5 53629.4± 1.3 [145] 2.404(-4) 28.07 [423]

KO2,3 53774.00± 7.00 [50] 0.1037 [488]
53775.00 [104]

KO2 2.381(-3)

KO3 4.938(-3)



Dysprosium Z=66 407

line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M1 7001.1± 2.5 [145] 21.84 [423]

Lˇ4 L1M2 7203.96± 0.43 [50] 0.1442 [488] 2.623(-2) 9.60 [473]
7203.90 [104] 13.71 [423]

Lˇ3 L1M3 7370.20± 0.90 [50] 0.2010 [488] 3.657(-2) 11.50 [473]
7370.50 [104] 13.83 [423]

Lˇ10 L1M4 7712.79± 0.58 [50] 2.28(-3) [488] 5.972(-4) 6.54 [423]
7711.40 [104]

Lˇ9 L1M5 7749.57± 0.59 [50] 8.940(-4) 5.92 [423]
7746.40 [104] 4.91(-3) [488]

L1N1 8604.00 [104] 3.05(-7) [488] 16.68 [423]
8627.7± 2.9 [145]

L� 2 L1N2 8714.09± 0.63 [50] 3.43(-2) [488] 6.232(-3) 19.69 [423]
8714.00 [104]

L� 3 L1N3 8753.34± 0.64 [50] 4.98(-2) [488] 9.067(-3) 12.85 [423]
8753.20 [104]

L1N4 8875.1± 2.9 [145] 8.106(-5) 8.96 [423]

L1N5 8889.3± 3.2 [389] 1.252(-4) 8.24 [423]
8885.1± 1.4 [145]

L1N6 9035.2± 1.5 [145]

L1N7 9037.6± 1.5 [145]

L� 4 L1O2,3 9019.50± 0.50 [50] 6.53(-3) [488]
9019.50 [104]

L1O2 8.457(-4)

L1O3 1.188(-3)

L� L2M1 6534.22± 0.36 [50] 1.739(-2) [488] 5.446(-3) 20.84 [423]
6534.20 [104]

L2M2 6738.6± 1.6 [145] 12.71 [423]

Lˇ17 L2M3 6905.70 [104] 4.41(-4) [488] 1.195(-4) 12.83 [423]
6905.61± 0.77 [138]

Lˇ1 L2M4 7247.80± 0.44 [50] 0.646 [488] 1.607(-1) 5.03 [473]
7247.70 [104] 5.55 [423]

L2M5 7277.30 [104] 1.44(-5) [488] 4.92 [423]
7277.2± 1.3 [138]



408 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

L� 5 L2N1 8166.19± 0.56 [50] 4.17(-3) [488] 1.111(-3) 15.68 [423]
8166.20 [104]

L2N2 8242.6± 2.2 [145] 18.70 [423]

L2N3 8286.50 [104] 1.09(-4) [488] 2.721(-5) 11.86 [423]
8286.4± 1.1 [138]

L� 1 L2N4 8418.94± 0.59 [50] 0.1132 [488] 2.820(-2) 8.30 [473]
8418.00 [104] 7.95 [423]

L2N5 8420.27± 0.63 [145] 7.62 [423]

Lv L2N6 8570.38± 0.71 [145] 3.048(-5)

L2N7 8572.85± 0.72 [145]

L� 8 L2O1 8575.30± 0.40 [50] 6.88(-4) [488] 1.944(-4) 6.94 [423]
8521.70 [104]

L� 6 L2O4 8575.30± 0.40 [50]
8579.90 [104]

Ll L3M1 5743.05± 0.26 [50] 2.426(-2) [488] 1.011(-2) 20.71 [423]
5741.90 [104]

Lt L3M2 5948.3± 1.5 [145] 7.118(-5) 12.57 [423]

Ls L3M3 6114.70 [104] 1.97(-4) [488] 6.511(-5) 12.70 [423]
6114.8± 1.5 [384]

L˛2 L3M4 6457.72± 0.15 [50] 5.92(-2) [488] 1.478(-2) 5.35 [473]
6457.70 [104] 5.41 [423]

L˛1 L3M5 6495.27± 0.15 [50] 0.523 [488] 1.306(-1) 4.81 [473]
6495.30 [104] 4.79 [423]

Lˇ6 L3N1 7370.56± 0.45 [50] 5.76(-3) [488] 1.445(-3) 15.55 [423]
7370.50 [104]

L3N2 7439.00 [104] 4.80(-5) [488] 1.199(-5) 18.57 [423]

L3N3 7494.80 [104] 4.65(-5) [488] 1.162(-5) 11.73 [423]

7494.77± 0.91 [138]

Lˇ15,2 L3N4,5 7635.84± 0.49 [50] 9.90(-3) [488] 2.472(-3)
Lˇ15 L3N4 7620.0± 2.1 [145] 2.472(-3) 7.82 [423]

Lˇ2 L3N5 7629.92± 0.55 [145] 8.85(-2) [488] 2.211(-2) 7.90 [473]
7.10 [423]

Lu′ L3N6 7780.03± 0.62 [145] 4.329(-6)

Lu L3N7 7782.50± 0.65 [145] 2.456(-5)



Dysprosium Z=66 409

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ7 L3O1 7727.20± 0.30 [50] 9.48(-4) [488] 2.730(-4) 6.81 [423]
7726.40 [104]

L3O2,3 7764.60 [104] 6.44(-6) [488]

L3O2 2.786(-6)

L3O3 2.365(-6)

Lˇ5 L3O4,5 7805.50± 0.30 [50]
7785.90 [104]

M series
M�2,1 M3N4,5 1522.00± 2.00 [50] 1.205(-2) [335]

1522.00 [104]
1525.00 [263]

M3N4 3.160(-4) 13.07 [423]

M3N5 2.540(-4) 12.35 [423]

M�2 M4N2 1007.22 [423] 3.545(-3) 16.53 [423]

Mı M4N3 1045.04 [423] 4.385(-4) 9.69 [423]

Mˇ M4N6 1325.00± 1.00 [50] 1.058(-2) [335] 3.008(-4)
1324.70 [104]
1327.50 [263]

M� M4O2 1303.54 [423] 6.710(-4)

M�1 M5N3 998.00± 1.60 [50] 6.83(-4) [335] 3.501(-3) 9.06 [423]
997.70 [104]
999.90 [263]

M˛1,2 M5N6,7 1293.00± 2.70 [50] 1.058(-2) [335]
1295.60 [104]

M5N6 3.008(-4)

M5N7 5.817(-3)

M5O3 1272.10 [104] 8.290(-4)

N series
N4,5N6,7 149.00± 1.80 [50]

N4,5O2,3 128.00 [50]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 53788.00 [503] 0.941 [301] 25.20 [301] 53788.5 [51]
53788.50± 0.50 [493] 0.943 [212] 24.69 [423] 53793.1± 3.5 [50]

0.940 [38] 25.3 [94] 53792.3± 1.1 [145]
0.9376 [39]
0.9401 [253]
0.941 [242]

L1 9047.00 [503] 8.90(-2) [301] 5.25 [301] 9045.8 [51]
9045.80± 0.50 [493] 8.29(-2) [423] 4.85 [423] 9055.09± 0.98 [50]

9.10(-2) [436] 4.3 [94] 9048.0± 1.2 [145]

L2 8581.00 [503] 0.178 [301] 4.55 [301] 8580.6 [51]
8580.60± 0.40 [493] 0.1959 [423] 3.86 [423] 8583.06± 0.l88 [50]

0.197 [436] 4.01 [423] 8583.26± 0.42 [145]

L3 7790.00 [503] 0.174 [301] 4.17 [301] 7790.1 [51]
7790.10± 0.40 [493] 0.1820 [423] 3.73 [423] 7789.79± 0.72 [50]

0.184 [436] 3.9 [94] 7792.90± 0.34 [145]

M1 2047.00 [503] 1.43(-3) [512] 17.00 [74] 2046.8 [51]
2046.80± 0.40 [493] 1.52(-3) [423] 16.99 [423]

13.2 [94]

M2 1842.00 [503] 1.10(-2) [512] 10.00 [74] 1841.8 [51]
1841.80± 0.50 [493] 3.35(-3) [423] 8.86 [423]

6 [94]

M3 1676.00 [503] 1.47(-3) [512] 10.00 [74] 1675.6 [51]
1675.60± 0.90 [493] 3.89(-3) [423] 8.97 [423]

8 [94]

M4 1332.00 [503] 9.27(-3) [512] 1.40 [74] 1332.5 [51]
1332.50± 0.40 [493] 9.81(-3) [423] 1.69 [423]

1.065 [94]

M5 1295.00 [503] 9.87(-3) [512] 2.30 [74] 1294.9 [51]
1294.90± 0.40 [493] 1.05(-2) [423] 1.06 [423]

1.065 [94]



Dysprosium Z=66 411

level EB/eV !nlj 
 /eV AE/eV

N1 416.00 [503] 2.2(-4) [423] 14.00 [74]
416.30± 0.50 [493] 11.82 [423]

5.4 [94]

N2 332.00 [503] 4.6(-4) [423] 10.00 [74]
331.80± 0.60 [493] 14.84 [423]

5.3 [94]
N3 293.00 [503] 1.6(-4) [423] 10.00 [74]

292.90± 0.60 [493] 8.00 [423]
2.8 [94]

N4 154.00 [503] 3.0(-5) [423] 2.95 [94]
154.20± 0.50 [51] 4.10 [423]
161.40± 0.50 [493] 4.00 [74]

N5 154.00 [503] 3.0(-5) [423] 2.6 [94]
154.20± 0.50 [51] 3.38 [423]
149.40± 0.50 [493]

N6 4.00 [503]
4.20 ± 1.60 [51]
5.50 ± 1.60 [493]

N7 4.00 [503]
4.20 ± 1.60 [51]
3.30 ± 1.60 [493]

O1 63.00 [503] 3.0(-5) [423] 3.08 [423]
62.90 ± 0.50 [493]

O2 26.00 [503]
26.30 ± 0.60 [51]
28.20 ± 2.10 [493]

O3 26.00 [503]
22.90 ± 2.10 [493]

IP 5.9389 [222]
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Ho Z=67 [Xe] 4f11 6s2

Holmium A = 164.93032(2) [222] % = 8.781 g/cm3 [547]
% = 8.65 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 46225.6± 1.8 [145] 31.20 [423]

K˛2 KL2 46699.70± 0.35 [50] 7.13 [488] 2.707(-1) 31.50 [301]
46700.00 [104] 30.16 [423]
46699.98± 0.15 [80]

K˛1 KL3 47546.70± 0.40 [50] 12.69 [488] 4.821(-1) 31.50 [301]
47547.00 [104] 30.04 [423]
47547.10± 0.77 [80]

KM1 53489.7± 2.5 [145] 43.66 [423]

Kˇ3 KM2 53711.00± 4.70 [50] 1.314 [488] 4.967(-2) 35.44 [423]
53712.00 [104]
53711.3± 6.9 [80]

Kˇ1 KM3 53877.00± 4.70 [50] 2.54 [488] 9.602(-2) 35.61 [423]
53878.00 [104]
53877.1± 7.0 [80]

Kˇ5 KM4,5 54247± 11 [50] 2.921(-2) [488]
54246.00 [104]

KˇII
5

KM4 54227.4± 2.0 [145] 8.528(-4) 28.06 [423]

KˇI
5

KM5 54267.1± 1.9 [145] 1.110(-3) 27.34 [423]

KN1 55188.2± 4.1 [145] 38.51 [423]

Kˇ2 KN2,3 55325± 73 [50] 0.562 [488]

KˇII
2

KN2 55271.2± 4.4 [145] 1.102(-2) 42.38 [423]

KˇI
2

KN3 55312.1± 1.6 [145] 2.134(-2) 34.65 [423]

KˇII
4

KN4 55442.0± 2.6 [145] 1.936(-4) 30.93 [423]

KˇI
4

KN5 554543.7± 1.3 [145] 2.509(-4) 30.16 [423]

KO2,3 55584.00± 7.50 [50] 0.1098 [488]

KO2 2.438(-3)

KO3 5.071(-3)



Holmium Z=67 413

line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M1 7264.1± 2.6 [145] 22.43 [423]

Lˇ4 L1M2 7471.1± 1.3 [50] 0.1561 [488] 2.758(-2) 14.21 [423]
7471.10 [104]

Lˇ3 L1M3 7651.8± 1.4 [50] 0.2150 [488] 3.798(-2) 14.38 [423]
7652.20 [104]

Lˇ10 L1M4 8006.00± 1.60 [50] 3.67(-3) [488] 6.481(-4) 6.83 [423]
8006.10 [104]
8004.08± 0.15 [440]

Lˇ9 L1M5 8044.61± 0.14 [440] 9.701(-4) 6.10 [423]

L1N1 8962.6± 4.2 [145] 17.28 [423]

L� 2 L1N2 9051.1± 2.0 [50] 3.72(-2) [488] 6.571(-3) 21.15 [423]
9050.90 [104]

L� 3 L1N3 9087.6± 2.0 [50] 5.35(-2) [488] 9.456(-3) 13.41 [423]
9087.60 [104]

L� 11 L1N4,5 9232.10 [104] 4.99(-4) [488]

L1N4 9216.4± 2.7 [145] 8.809(-5) 9.70 [423]

L1N5 9228.1± 1.5 [145] 1.362(-4) 8.93 [423]

L1N6 9382.7± 1.5 [145]

L1N7 9385.0± 1.6 [145]

L1O1 9345.10 [104] 6.67(-8) [488] 8.84 [423]

L� 4 L1O2,3 9374.00± 1.40 [50] 6.92(-3) [488]
9374.50 [104]

L1O2 8.826(-4)

L1O3 1.223(-3)

L1O4,5 9387.00± 2.00 [50]
9386.90 [104]

L� L2M1 6788.30± 0.80 [50] 1.873(-2) [488] 5.582(-3) 21.39 [423]
6788.40 [104]
9786.94± 0.27 [366]

L2M2 6995.9± 1.6 [145] 13.17 [423]

Lˇ17 L2M3 7176.5± 1.7 [145] 1.276(-4) 13.34 [423]

Lˇ1 L2M4 7525.30± 0.90 [50] 0.696 [488] 1.700(-1) 5.79 [423]
7525.50 [104]
7525.67± 0.15 [366]

L2M5 7566.1± 1.2 [145] 5.06 [423]

L� 5 L2N1 8481.5± 1.7 [50] 4.50(-3) [488] 1.167(-3) 16.24 [423]
8481.60 [104]

L1N2 8570.2± 3.7 [145] 20.10 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L2N3 8586.50 [104] 1.22(-4) [488] 2.990(-5) 12.37 [423]
8611.15± 0.93 [145]

L� 1 L2N4 8747.2± 1.8 [50] 0.1226 [488] 2.995(-2) 8.66 [423]

L2N5 8752.71± 0.63 [145] 7.89 [423]

Lv L2N6 8907.28± 0.70 [145] 3.808(-5)

L2N7 8909.60± 0.74 [145]

L� 8 L2O1 8867.00± 1.30 [50] 7.38(-4) [488] 2.074(-4) 7.80 [423]
8866.90 [104]

L� 6 L2O4 8905.00± 1.30 [50]
8905.00 [104]

Ll L3M1 5943.40± 0.60 [50] 2.676(-2) [488] 1.039(-2) 21.27 [423]
5943.50 [104]
5939.963± 0.71 [366]

Lt L3M2 6161.20 [104] 2.39(-4) [488] 7.463(-5) 13.05 [423]
6149.4± 1.6 [145]

Ls L3M3 6333.50 [104] 2.19(-4) [488] 6.819(-5) 13.22 [423]
6330.0± 1.6 [145]

L˛2 L3M4 6679.50± 0.70 [50] 6.36(-2) [488] 1.555(-2) 5.67 [423]
6679.60 [104]
6678.484± 0.054 [366]

L˛1 L3M5 6719.80± 0.70 [50] 0.562 [488] 1.374(-1) 4.95 [423]
6719.90 [104]
6719.675± 0.062 [366]

Lˇ6 L3N1 7635.8± 1.4 [50] 6.27(-3) [488] 1.537(-3) 16.12 [423]
7636.00 [104]

L3N2 7727.00 [104] 5.35(-5) [488] 1.306(-5) 19.99 [423]
7727.16± 0.48 [387]

L3N3 7763.00 [104] 5.19(-5) [488] 1.267(-5) 12.25 [423]
7763.52± 0.49 [387]

Lˇ15 L3N4 7911.00± 1.00 [50] 1.067(-2) [488] 2.606(-3) 8.54 [423]
7902.86± 0.25 [387]

Lˇ2 L3N5 7911.20± [104] 9.54(-2) [488] 2.331(-2) 7.77 [423]
7911.35± 0.25 [387]

Lˇ15,2 L3N4,5 7903.60 [104]

Lu′ L3N6 8060.83± 0.62 [145] 5.378(-6)

Lu L3N7 8063.15± 0.65 [145] 3.056(-5)

Lˇ5 L3O4,5 8062.00± 1.00 [50]
8062.30 [104]



Holmium Z=67 415

line transition E/eV I/eV/� TPIV 
 /eV

M series
M�2,1 M3N4,5 1567.00± 2.00 [50] 1.413(-2) [116]

1576.30 [104] 1.321(-2) [335]
1579.40 [263]

M�2 M3N4 1554.90 [423] 3.363(-4) 14.11 [423]

M�1 M3N5 1562.30 [423] 2.696(-3) 13.34 [423]

M�2 M4N2 1052.15 [423] 3.276(-3) 18.01 [423]

Mı M4N3 1093.00 [423] 3.934(-4) 10.27 [423]

Mˇ M4N6 1383.00± 0.60 [50] 1.453(-2) [116] 6.399(-3)
1382.90 [104] 1.287(-2) [335]
1385.30 [263]

M� M4O2 1361.30 [423] 6.399(-4)

M�1 M5N3 1045.00± 0.90 [50] 9.93(-4) [488] 3.158(-3) 9.55 [423]
1045.10 [104] 7.35(-4) [335]

M˛1.2 M5N6,7 1348.00± 3.00 [50] 1.360(-2) [116]
1350.60 [263] 1.287(-2) [335]

M˛2 M5N6 1344.50 [423] 3.755(-4)

M˛1 M5N7 1345.60 [423] 7.259(-3)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 56618.00 [503] 0.944 [301] 26.80 [301] 55617.7 [51]
55617.70± 0.50 [493] 0.943 [38] 26.22 [423] 55619.9± 3.7 [50]

0.9401 [39] 26.9 [94] 55620.8± 1.1 [145]
0.9415 [423]
0.944 [310]
0.939 [33]
0.94 [112]
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level EB/eV !nlj 
 /eV AE/eV

L1 9395.00 [503] 9.40(-2) [301] 5.33 [301] 9394.2 [51]
9394.20± 0.40 [493] 0.112 [348] 4.98 [423] 9399.7± 1.1 [50]

9.40(-29 [128] 4.5 [94] 9395.2± 1.2
8.67(-2) [423]
9.50(-2) [436]
9.64(-29 [244]

L2 8919.00 [503] 0.189 [301] 4.66 [301] 8917.8 [51]
0.203 [348] 3.94 [423] 8916.38± 0.95 [50]

8917.80± 0.40 [493] 0.170 [240] 8919.77± 0.42 [145]
0.2071 [423] 4.09 [94]
0.208 [436]
0.21 [244]
0.226 [476]

L3 8071.00 [503] 0.182 [301] 4.26 [301] 8071.1 [51]
0.201 [348] 3.82 [423] 8067.56± 0.78 [50]

8071.10± 0.40 [493] 0.22 [269] 4 [94] 8073.31± 0.34 [145]
0.169 [197]
0.1913 [423]
0.193 [436]
0.196 [244]
0.9415 [423]

M1 2128.00 [503] 1.08(-3) [38] 18.30 [350] 2128.3 [51]
2128.30± 0.60 [493] 1.49(-3) [512] 17.45 [423]

1.60(-3) [423] 13.4 [423]
0.9415 [423]

M2 1923.00 [503] 1.85(-3) [51] 10.40 [350] 1922.8 [51]
1922.80± 1.00 [493] 1.20(-2) [512] 9.22 [423]

3.52(-3) [423] 6.3 [94]
1.72(-3) [245]

M3 1741.00 [503] 1.45(-3) [38] 10.20 [350] 1741.2 [51]
1741.20± 0.90 [493] 1.53(-3) [512] 9.40 [423]

4.12(-3) [423] 7.8 [94]
1.68(-3) [245]

M4 1391.00 [503] 1.45(-3) [38] 2.41 [350] 1391.5 [51]
1391.50± 0.70 [493] 9.86(-3) [512] 1.85 [423]

1.08(-2) [423] 1.13 [94]

M5 1351.00 [503] 6.70(-3) [38] 1.38 [350] 1351.4 [51]
1351.40± 0.80 [493] 1.10(-2) [512] 1.13 [423]

1.16(-2) [423] 1.13 [94]

N1 436.00 [503] 2.4(-4) [423] 5.6 [94]
435.70± 0.80 [493] 12.30 [423]

N2 343.00 [503] 5.0(-4) [423] 5.33 [94]
343.50± 1.40 [493] 16.16 [423]

N3 306.00 [503] 1.8(-4) [423] 2.95 [94]
306.60± 0.90 [493] 8.43 [423]



Holmium Z=67 417

level EB/eV !nlj 
 /eV AE/eV

N4 161.00 [503] 4.0(-5) [423] 3.15 [94]
161.00± 1.00 [51] 4.72 [423]
161.80± 1.00 [493]

N5 161.00 [503] 4.0(-5) 2.8 [94]
156.50± 1.00 [493] 3.95 [423]

N6 4.00 [503]
3.70 ± 3.00 [51]
4.80 ± 3.00 [493]

N7 4.00 [503]
3.70 ± 3.00 [51]
2.80 ± 3.00 [493]

O1 51.00 [503] 1.0(-6) [423] 3.85 [423]
51.20 ± 1.30 [493]

O2 20.00 [503]
20.30 ± 1.50 [51]
24.90 ± 1.40 [493]

O3 20.00 [503]
19.50 ± 1.40 [493]

IP 6.0215 [222]
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Er Z=68 [Xe] 4f12 6s2

Erbium A = 167.259(3) [222] % = 9.045 g/cm3 [547]
% = 9.01 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 47736.8± 1.9 [145] 32.95 [423]

K˛2 KL2 48221.10± 0.40 [50] 7.59 [488] 2.717(-1) 33.10 [301]
48222.00 [104] 7.66 [487] 35.50 [473]
48221.90± 0.20 [277] 31.86 [423]
48221.61± 0.20 [144]

K˛1 KL3 49127.70± 0.40 [50] 13.47 [488] 4.821(-1) 32.70 [301]
49128.00 [104] 13.61 [487] 37.40 [473]
49127.56± 0.12 [277] 31.76 [423]
49127.24± 0.12 [144]

KM1 55270.1± 2.7 [145] 45.71 [423]

Kˇ3 KM2 55494.00± 5.00 [50] 1.403 [488] 5.022(-2) 35.70 [473]
55495.00 [104] 1.469 [487] 37.41 [423]
55480.08± 0.35 [277]
55479.72± 0.35 [144]

Kˇ1 KM3 55681.00± 5.00 [50] 2.712 [488] 9.706(-2) 36.20 [473]
55682.00 [104] 2.840 [487] 37.48 [423]
55673.88± 0.18 [277]
55673.52± 0.18 [144]

Kˇ5 KM4,5 56040± 11 [50] 3.22(-2) [488]
56038.00 [104]

KˇII
5

KM4 56034.5± 2.0 [145] 8.893(-4) 29.84 [423]

KˇI
5

KM5 56076.6± 2.0 [145] 1.153(-3) 29.03 [423]

KN1 57037.5± 4.1 [145] 40.61 [423]

KˇII
2

KN2 57123.3± 4.3 [145] 0.334 [487] 1.112(-2) 44.51 [423]

KˇI
2

KN3 57167.0± 1.7 [145] 0.651 [487] 2.151(-2) 36.68 [423]

Kˇ2 KN2,3 57214± 78 [50] 0.601 [488]

KˇII
4

KN4 57301.1± 2.3 [145] 2.029(-4) 33.45 [423]



Erbium Z=68 419

line transition E/eV I/eV/� TPIV 
 /eV

KˇI
4

KN5 57313.3± 1.4 [145] 2.618(-4) 32.38 [423]

KO2,3 57450.00± 8.00 [50] 0.1162 [488]
57448.00 [104] 0.1285 [487]

KO2 2.477(-3)

KO3 5.136(-3)

L series
L1M1 7540.60 [104] 1.10(-6) [488] 22.99 [423]

7533.4± 2.8 [145]

Lˇ4 L1M2 7745.30± 0.50 [50] 0.1688 [488] 2.885(-2) 10.03 [473]
7744.70 [104] 14.70 [423]
7744.75± 0.14 [366]

Lˇ3 L1M3 7939.20± 0.50 [50] 0.2296 [488] 3.925(-2) 11.85 [473]
7938.00 [104] 14.77 [423]
7939.007± 0.086 [366]

Lˇ10 L1M4 8298.1± 2.5 [50] 4.09(-3) [488] 6.998(-4) 7.12 [423]
8301.70 [104]

Lˇ9 L1M5 8340.66± 0.56 [50] 6.13(-3) [488] 1.048(-3) 6.31 [423]
8347.00 [104]

L1N1 9300.7± 4.2 [145] 6.40 [423]

L1N1 9292.00 [104] 4.43(-7) [488] 17.89 [423]
L� 2 L1N2 9385.5± 2.1 [50] 4.03(-2) [488] 6.894(-3) 21.79 [423]

9385.90 [104]

L� 3 L1N3 9431.2± 1.1 [50] 5.74(-2) [488] 9.808(-3) 13.97 [423]
9431.10 [104]

L1N4 9564.3± 2.4 [145] 9.525(-5) 10.74 [423]

L1N5 9576.5± 1.5 [145] 1.475(-4) 9.67 [423]

L1N4,5 9569.15± 0.74 [394]

L1N6 9738.6± 1.6 [145]

L1N7 9740.7± 1.6 [145]

L1O1 9690.20 [104] 7.98(-8) [488] 9.39 [423]

L� 4 L1O2,3 9722.00± 1.50 [104] 5.36(-3) [488]
9723.40 [104]

L1O2 9.169(-4)

L1O3 1.253(-3)

L1O4,5 9752.30 [104]



420 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

L� L2M1 7057.90± 0.40 [50] 2.015(-3) [488] 5.720(-3) 21.90 [423]
7057.20 [104]
7045.167± 0.090 [366]

L2M2 7259.3± 1.7 [145] 13.62 [423]

Lˇ17 L2M3 7425.20 [104] 5.48(-4) [488] 1.369(-4) 13.68 [423]
7461.31± 0.45 [393]

Lˇ1 L2M4 7810.90± 0.50 [50] 0.750 [488] 1.796(-1) 6.04 [423]
7810.90 [104]
7810.19± 0.42 [366]

L2M5 7853.6± 1.2 [145] 5.22 [423]

L� 5 L2N1 8813.7± 2.8 [50] 4.85(-3) [488] 1.225(-3) 16.81 [423]
8813.30 [104]

L2N2 8900.3± 3.5 [145] 20.71 [423]
L2N3 8946.80 [104] 1.37(-4) [488] 3.275(-5) 12.88 [423]

8946.94± 0.65 [381]
L� 1 L2N4 9088.9± 2.0 [50] 0.1326 [488] 3.176(-2) 9.65 [423]

9084.00 [104]

L2N5 9090.26± 0.63 [145] 8.58 [423]

Lv L2N6 9252.38± 0.70 [145] 4.622(-5)

L2N7 9254.50± 0.74 [145]

L� 8 L2O1 9255.00± 2.00 [50] 7.91(-4) [488] 2.205(-4) 8.31 [423]
9209.20 [104]

L2O2,3 9234.50 [104] 1.75(-5) [488]

L2O3 7.272(-6)

L� 6 L2O4 9255.00± 2.00 [104]
9254.40 [104]

Ll L3M1 6152.00± 3.00 [50] 2.907(-2) [488] 1.068(-2) 21.80 [423]
6153.20 [104]
6138.86± 0.14 [366]

Lt L3M2 6353.6± 1.6 [145] 7.874(-5) 13.51 [423]

Ls L3M3 6547.6± 1.6 [145] 7.157(-5) 13.57 [423]

L˛2 L3M4 6905.00± 0.80 [50] 6.83(-2) [488] 1.634(-2) 5.73 [473]
6906.90 [104] 5.93 [423]
6904.50± 0.17 [366]

L˛1 L3M5 6948.70± 0.35 [50] 0.604 [488] 1.443(-1) 5.17 [473]
6949.90 [104] 5.12 [423]
6947.913± 0.077 [366]

Lˇ6 L3N1 7909.6± 1.5 [50] 6.83(-3) [488] 1.636(-3) 16.70 [423]
7908.40 [104]

L3N2 7994.6± 3.5 [145] 1.420(-5) 20.60 [423]

L3N3 8038.29± 0.84 [145] 1.379(-5) 12.77 [423]



Erbium Z=68 421

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ15,2 L3N4,5 8189.11± 0.72 [50] 1.147(-2) [488] 2.744(-3)

Lˇ15 L3N4 8189.70 [104] 2.744(-3) 9.54 [423]
8172.4± 1.5 [145]

Lˇ2 L3N5 8189.00± 0.50 [50] 0.1026 [488] 2.455(-2) 8.47 [423]
8189.80 [104]

Lu′ L3N6 8346.63± 0.63 [145] 6.647(-6)

Lu L3N7 8348.75± 0.65 [145] 3.729(-5)

Lˇ7 L3O1 8298.00± 2.00 [50] 1.11(-3) [488] 3.152(-4) 8.20 [423]
8296.00 [104]

Lˇ5 L3O4,5 8350.00± 2.00 [50]
8350.20 [104]

M series
M2N4 1830 [565] 2.512(-3) 15.20 [423]

M�2 M3N4 1632.00± 2.20 [50] 1.44(-2) [335] 2.512(-3) 15.20 [423]
1635.70 [263]

M� 1 M3N5 1643.00± 2.00 [50] 1.44(-2) [335] 2.857(-3) 14.20 [423]
1646.50 [263]

M�2 M4N2 1097.96 [423] 2.992(-3) 18.68 [423]

Mı M4N3 1142.03 [423] 3.515(-4) 10.86 [423]

Mˇ M4N6 1443.00± 0.50 [50] 1.55(-2) [335] 7.822(-3)
1443.40 [104]
1446.70 [263]

M� M4O2 1420.27 [423] 6.031(-4)

M�1 M5N3 1090.10± 1.00 [50] 7.89(-4) [335] 2.814(-3) 10.05 [423]
1090.30 [104]
1092.40 [263]

M˛1.2 M5N6,7 1406.00± 1.60 [50] 1.55(-2) [335]
1408.90 [263]

M5N6 1401.06 [423] 4.532(-4)

M5N7 1402.24 [423] 8.762(-3)

N series
N4N6 171.00± 2.00 [50]

N5N6,7 163.00± 1.50 [50]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 57486.00 [503] 0.947 [301] 28.40 [301] 57485.5 [51]
57485.50± 0.50 [493] 0.945 [38] 27.83 [423] 57485.2± 2.0 [330]

0.9425 [39] 28.5 [94] 57487.4± 1.2 [145]
0.9438 [423]

L1 9752.00 [503] 0.100 [301] 5.43 [301] 9751.3 [51]
9751.30± 0.40 [493] 9.03(-2) [423] 5.12 [423] 9757.8± 1.1 [50]

0.105 [436] 4.7 [94] 9750.6± 1.3 [145]

L2 9265.00 [503] 0.200 [301] 4.73 [301] 9264.3 [51]
9264.30± 0.40 [493] 0.185 [240] 4.03 [423] 9262.1± 1.0 [50]

0.2189 [423] 4.18 [94] 9264.40± 0.42 [145]
0.219 [436]

L3 8358.00 [503] 0.192 [301] 4.35 [301] 8357.9 [51]
8357.90± 0.40 [493] 0.172 [240] 3.92 [423] 8357.42± 0.83 [50]

0.2008 [423] 4.1 [94] 8358.66± 0.34 [145]
0.203 [436]

M1 2207.00 [503] 1.55(-3) [512] 19.00 [74] 2206.5 [51]
2206.70± 1.50 [493] 1.70(-3) [423] 17.87 [423]

13.6 [94]

M2 2006.00 [503] 1.20(-2) [512] 11.00 [74] 2005.8 [51]
2005.80± 0.60 [493] 3.68(-3) [423] 9.58 [423]

6.6 [94]

M3 1812.00 [503] 1.59(-3) [512] 11.00 [74] 1811.8 [51]
1811.80± 0.60 [493] 4.36(-3) [423] 9.65 [423]

7.5 [94]

M4 1453.00 [503] 1.10(-2) [512] 1.40 [74] 1453.3 [51]
1453.30± 0.30 [493] 1.18(-2) [423] 2.01 [423]

1.2 [94]

M5 1409.00 [503] 1.308-2) [512] 2.50 [74] 1409.3 [51]
1409.30± 0.50 [493] 1.27(-2) [423] 1.20 [423]

1.2 [94]



Erbium Z=68 423

level EB/eV !nlj 
 /eV AE/eV

N1 449.00 [503] 2.6(-4) [423] 15.00 [74]
449.10± 1.00 [493] 12.78 [423]

5.8 [94]

N2 366.00 [503] 5.4(-4) [423] 12.00 [74]
366.20± 1.50 [493] 16.68 [423]

5.36 [94]
N3 320.00 [503] 1.9(-4) [423] 12.00 [74]

320.00± 0.70 [493] 8.85 [423]
3.15 [94]

N4 177.00 [503] 5.0(-5) [423] 5.80 [74]
176.70± 1.20 [493] 5.62 [423]

3.35 [94]

N5 168.00 [503] 5.0(-5) [423] 5.80 [74]
167.60± 1.50 [493] 4.55 [423]

2.95 [94]

N6 4.00 [503]
4.30 ± 1.40 [493]

N7 4.00 [503]
3.60 ± 1.40 [493]

O1 60.00 [503] 1.0(-6) [423] 4.28 [423]
59.80 ± 1.70 [493]

O2 29.00 [503]
29.40 ± 1.60 [51]
27.90 ± 3.00 [493]

O3 29.00 [503]
22.30 ± 3.00 [493]

IP 6.1077 [222]
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Tm Z=69 [Xe] 4f13 6s2

Thulium A = 168.93421(2) [222] % = 9.314 g/cm3 [547]
% = 9.20 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 49276.7± 1.9 [145] 35.67 [423]

49273.3 [104]

K˛2 KL2 49772.60± 0.40 [50] 8.08 [488] 2.727(-1) 34.90 [301]
49773.00 [104] 33.63 [423]
49773.00± 0.12 [277]
49772.67± 0.12 [78]

K˛1 KL3 50741.60± 0.40 [50] 14.28 [488] 4.820(-1) 34.60 [301]
50742.00 [104] 33.54 [423]
50742.80± 0.09 [277]
50741.475± 0.092 [78]

KM1 57085.6± 2.8 [145] 47.77 [423]

Kˇ3 KM2 57304.00± 1.00 [50] 1.496 [488] 5.051(-2) 39.45 [423]
57304.00 [104]
57303.0± 7.9 [78]

Kˇ1 KM3 57517.00± 1.00 [50] 2.892 [488] 9.762(-2) 39.57 [423]
57517.00 [104]
57509.14± 0.15 [277]
57508.75± 0.15 [78]

Kˇ5 KM4,5 57924.8± 8.0 [50] 3.54(-2) [488] 0.25
57942.00 [104]

KˇII
5

KM4 57877.6± 2.1 [145] 9.264(-4) 31.68 [423]

KˇI
5

KM5 57922.3± 2.0 [145] 1.196(-3) 30.78 [423]

KN1 58923.4± 4.0 [145] 42.77 [423]

Kˇ2 KN2,3 59095± 83 [50] 0.642 [488]

KˇII
2

KN2 59012.3± 4.3 [145] 1.121(-2) 47.50 [423]

KˇI
2

KN3 59058.9± 1.7 [145] 2.168(-2) 38.76 [423]

KˇII
4

KN4 59197.7± 2.1 [145] 2.125(-4) 35.87 [423]



Thulium Z=69 425

line transition E/eV I/eV/� TPIV 
 /eV

KˇI
4

KN5 59209.8± 1.5 [145] 2.727(-4) 34.69 [423]

KO2,3 59346.00± 6.00 [50] 0.1228 [488]
59346.00 [104]

KO2 2.508(-3)

KO3 5.201(-3)

L series
L1M1 7814.0± 2.5 [383] 24.42 [423]

7808.9± 2.9 [145]

Lˇ4 L1M2 8025.8± 1.5 [50] 0.1823 [488] 2.639(-2) 16.10 [423]
8025.90 [104]

Lˇ3 L1M3 8230.9± 1.6 [50] 0.2448 [488] 3.543(-2) 16.23 [423]
8230.70 [104]

Lˇ10 L1M4 8600.8± 1.5 [50] 4.56(-3) [488] 6.601(-4) 8.33 [423]
8603.70 [104]

Lˇ9 L1M5 8648.6± 1.5 [50] 6.83(-3) [488] 9.882(-4) 7.43 [423]
8648.20 [104]

L1N1 9643.00 [104] 5.32(-7) [488] 19.43 [423]
9646.7± 4.1 [145]

L� 2 L1N2 9730.2± 2.3 [50] 4.37(-2) [488] 6.320(-3) 24.15 [423]
9730.00 [104]

L� 3 L1N3 9779.3± 2.3 [50] 6.14(-2) [488] 8.887(-3) 15.41 [423]
9778.80 [104]

L� 11 L1N4,5 9927.00 [104] 9.63(-4) [488]

L1N4 9921.0± 2.2 [145] 8.995(-5) 12.52 [423]

L1N5 9933.1± 1.5 [145] 1.393(-4) 11.35 [423]

L1N6 10102.9± 1.6 [145]

L1N7 10104.8± 1.7 [145]

L1O1 10054.20 [104] 9.52(-8) [488] 10.86 [423]

L� 4 L1O2,3 10084.00± 1.60 [50] 7.75(-3) [488]
10084.00 [104]

L1O2 8.324(-4)

L1O3 1.122(-3)

L1O4,5 10110.00± 2.50 [50]
10110.00 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

L� L2M1 7308.80± 0.90 [50] 2.165(-2) [488] 5.858(-3) 22.38 [423]
7309.00 [104]
7309.30± 0.56 [366]

L2M2 7529.0± 1.7 [145] 14.06 [423]

Lˇ17 L2M3 7728.00 [104] 6.09(-3) [488] 1.475(-4) 14.18 [423]
7728.6± 2.4 [383]

Lˇ1 L2M4 8101.00± 1.10 [50] 0.806 [488] 1.894(-1) 6.29 [423]
8101.20 [104]
8102.265± 0.037 [366]

L2M5 8146.00 [104] 2.24(-5) [488] 5.39 [423]
8146.0± 1.6 [135]

L� 5 L2N1 9144.6± 2.0 [50] 5.23(-3) [488] 1.284(-3) 17.38 [423]
9144.60 [104]

L2N2 9225.30 [104] 1.29(-7) [488] 22.11 [423]
9225.2± 2.1 [135]

L2N3 9292.00 [104] 1.52(-4) [488] 3.585(-5) 13.37 [423]
9285.08± 0.92 [145]

L� 1 L2N4 9426.2± 2.1 [50] 0.1431 [488] 3.364(-2) 10.48 [423]
9425.80 [104]

L2N5 9436.02± 0.63 [145] 9.30 [423]

Lv L2N6 9605.83± 0.72 [145] 5.592(-5)

L2N7 9607.72± 0.76 [145]

L� 8 L2O1 10052.60 [104] 8.46(-4) [488] 2.338(-4) 8.82 [423]

L� 6 L2O4 9607.00± 1.50 [50]
9607.90 [104]

Ll L3M1 6341.96± 0.83 [50] 3.15(-2) [488] 1.097(-2) 22.28 [423]
6342.00 [104]

Lt L3M2 6557.40 [104] 2.95(-4) [488] 8.300(-5) 13.97 [423]
6557.5± 1.7 [383]

Ls L3M3 6768.9± 1.6 [145] 14.54 [423]

L˛2 L3M4 7133.10± 0.80 [50] 7.33(-2) [488] 1.715(-2) 6.20 [423]
7133.30 [104]
7133.715± 0.078 [366]

L˛1 L3M5 7179.90± 0.80 [50] 0.647 [488] 1.515(-1) 5.30 [423]
7177.80 [104]
7180.113± 0.029 [366]



Thulium Z=69 427

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ6 L3N1 8177.2± 1.6 [50] 7.42(-3) [488] 1.739(-3) 17.29 [423]
8177.10 [104]

L3N2 8263.10 [104] 6.85(-5) [488] 1.541(-5) 22.02 [423]
8263.1± 1.7 [135]

L3N3 8316.72± 0.83 [145] 1.498(-5)

Lˇ15,2 L3N4,5 8468.7± 1.7 [50] 1.232(-2) [488] 2.885(-3)

Lˇ15 L3N4 8455.6± 1.2 [145] 2.885(-3) 10.39 [423]

Lˇ2 L3N5 8468.40 [104] 0.112 [488] 2.580(-2) 9.21 [423]
8467.65± 0.55 [145]

Lu′ L3N6 8637.46± 0.63 [145] 8.082(-6)

Lu L3N7 8639.35± 0.67 [145] 4.538(-5)

Lˇ7 L3O1 8584.90 [104] 1.19(-3) [488] 3.381(-4) 8.72 [423]

Lˇ5 L3O4,5 8641.00± 1.20 [50]
8640.90 [104]

M series
M�1 M3N4 1678.15 [423] 3.800(-4) 16.43 [423]

M�2 M3N5 1686.77 [423] 3.027(-3) 15.25 [423]

M�2 M4N2 1144.60 [423] 2.749(-3) 20.16 [423]

Mı M4N3 1192.10 [423] 3.162(-4) 11.42 [423]

Mˇ M4N6 1503.00± 1.30 [50] 1.842(-2) [335] 9.278(-3)

M� M4O2 1480.40 [423] 5.684(-4)

M�1 M5N3 1137.50 [263] 2.547(-3) 10.52 [423]

M˛1.2 M5N6,7 1462.00± 2.00 [50] 1.842(-2) [335]
1465.50 [104]

M˛2 M5N6 1458.80 [423] 5.296(-4)
M˛1 M5N7 1460.10 [423] 1.025(-2)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 59390.00 [503] 0.949 [301] 30.10 [301] 59389.6 [51]
59389.60± 0.50 [493] 0.948 [38] 29.51 [423] 59379± 21 [50]

0.9447 [39] 30.2 [94] 59391.1± 1.3 [145]
0.9460 [423]
0.949 [310]
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level EB/eV !nlj 
 /eV AE/eV

L1 10116.00 [503] 0.106 [301] 5.47 [301] 10115.7 [51]
10115.70± 0.40 [493] 8.21(-2) [423] 6.16 [423] 10121.0± 1.2 [50]

0.109 [436] 4.9 [94] 10114.4± 1.3 [145]

L2 9618.00 [503] 0.211 [301] 4.79 [301] 9616.9 [51]
9616.90± 0.40 [493] 0.2307 [423] 4.12 [423] 9617.0± 1.1 [50]

0.231 [436] 4.26 [94] 9617.34± 0.43 [145]

L3 8648.00 [503] 0.201 [301] 4.48 [301] 8648.0 [51]
8648.00± 0.40 [493] 0.2106 [423] 4.03 [423] 8649.53± 0.89 [50]

0.212 [436] 4.2 [94] 8648.97± 0.34 [145]

M1 2307.00 [503] 1.61(-3) [512] 13.8 [94] 2306.8 [51]
2306.80± 0.70 [493] 1.82(-3) [423] 18.26 [423]

M2 2090.00 [503] 1.30(-2) [512] 6.85 [94] 2089.8 [51]
2089.80± 1.10 [493] 3.86(-3) [423] 9.94 [423]

M3 1885.00 [503] 1.95(-3) [512] 7.1 [94] 1884.5 [51]
1884.50± 1.10 [493] 4.60(-3) [423] 10.06 [423]

M4 1515.00 [503] 1.10(-2) [512] 1.27 [94] 1514.6 [51]
1514.60± 0.70 [493] 1.30(-2) [423] 2.17 [423]

M5 1468.00 [503] 1.40(-2) [512] 1.27 [94] 1467.7 [51]
1467.70± 0.90 [493] 1.40(-2) [423] 1.27 [423]

N1 472.00 [503] 2.7(-4) [423] 6.1 [94]
471.70± 0.90 [493] 13.26 [423]

N2 386.00 [503] 5.8(-4) [423] 5.4 [94]
385.90± 1.60 [493] 17.99 [423]

N3 337.00 [503] 2.1(-4) [423] 3.3 [94]
336.60± 1.60 [493] 9.25 [423]

N4 180.00 [503] 6.0(-5) [423] 3.55 [94]
179.60± 1.20 [51] 6.36 [423]
185.50± 1.20 [493]

N5 180.00 [503] 6.0(-5) [423] 3.1 [94]
175.70± 1.20 [493] 5.15 [423]

N6 5.00 [503]
5.30± 1.90 [51]
6.20± 1.90 [493]



Thulium Z=69 429

level EB/eV !nlj 
 /eV AE/eV

N7 5.00 [503]
5.30 ± 1.90 [51]
4.70 ± 1.90 [493]

O1 35.00 [503] 1.0(-6) [423] 4.70 [423]
53.20 ± 3.00 [493]

O2 32.00 [503]
32.30 ± 1.60 [51]
36.20 ± 1.60 [493]

O3 32.00 [503]
32.30 ± 1.60 [51]
30.40 ± 1.60 [493]

IP 6.18431 [222]
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Yb Z=70 [Xe] 4f14 6s2

Ytterbium A = 173.04(3) [222] % = 6.972 g/cm3 [547]
% = 7.02 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 50987.00 [104] 39.31 [423]

50846.5± 2.0 [145]

K˛2 KL2 51354.60± 0.63 [50] 8.53 [488] 2.735(-1) 36.70 [301]
51355.00 [104] 8.67 [487] 40.60 [473]

35.48 [423]

K˛1 KL3 52389.48± 0.66 [50] 15.13 [488] 4.819(-1) 36.50 [301]
52389.00 [104] 15.28 [487] 42.00 [473]

35.54 [423]

KM1 58937.5± 3.0 [145] 49.96 [423]

Kˇ3 KM2 59152± 42 [50] 1.594 [488] 5.079(-2) 41.15 [473]
59137.65 [104] 1.666 [487] 41.59 [423]
59160.1± 2.6 [145]

Kˇ1 KM3 59367.1± 8.4 [50] 3.08 [488] 9.815(-2) 41.43 [473]
59383.3± 2.7 [145] 3.22 [116] 41.77 [423]

Kˇ5 KM4,5 59782.2± 8.5 [50] 3.89(-2) [488]
59782.00 [104]

KˇII
5

KM4 59758.2± 2.2 [145] 9.643(-4) 33.61 [423]

KˇI
5

KM5 59805.4± 2.1 [145] 1.239(-3) 32.61 [423]

KN1 60847.3± 3.9 [145] 45.01 [423]

KˇII
2

KN2 60939.1± 4.1 [145] 0.381 [488] 1.130(-2) 50.14 [423]

KˇI
2

KN3 60988.5± 1.8 [145] 0.742 [488] 2.185(-2) 40.91 [423]

Kˇ2 KN2,3 60985± 89 [50] 0.355 [488]
60882.40 [104]

KˇII
4

KN4 61132.8± 1.9 [145] 2.221(-4) 38.52 [423]



Ytterbium Z=70 431

line transition E/eV I/eV/� TPIV 
 /eV

KˇI
4

KN5 61144.8± 1.5 [145] 2.838(-4) 37.11 [423]

KO2,3 61298.00± 60.00 [50] 0.1296 [488] 0.86
61299.00 [104] 0.1430 [487]

KO2 2.540(-3) 31.31 [423]

KO3 5.265(-3) 31.27 [423]

L series
L1M1 8091.0± 3.1 [145] 26.74 [423]

Lˇ4 L1M2 8313.26± 0.25 [50] 0.1967 [488] 2.276(-2) 11.00 [473]
8313.10 [104] 18.36 [423]

Lˇ3 L1M3 8536.79± 0.43 [50] 0.2607 [488] 3.016(-2) 12.20 [473]
8536.20 [104] 18.55 [423]

Lˇ10 L1M4 8910.00± 0.70 [50] 5.07(-3) [488] 5.870(-4) 10.39 [423]
8910.00 [104]
8913.31± 0.14 [440]

Lˇ9 L1M5 8959.70± 0.70 [50] 7.59(-3) [488] 8.792(-4) 9.39 [423]
8958.50 [104]
8960.64± 0.19 [440]

L1N1 10037.00 [104] 6.38(-7) [488] 21.79 [423]
10000.8± 4.0 [145]

L� 2 L1N2 10089.79± 0.85 [50] 4.72(-2) [488] 5.464(-3) 26.92 [423]
10105.00 [543]

L� 3 L1N3 10143.20± 0.61 [50] 6.56(-2) [488] 7.593(-3) 17.69 [423]
10143.40 [104]
10155.00 [543]

L� 11 L1N4,5 10289.00 [104] 1.07(-3) [488]
10297.90± 0.86 [392]

L1N4 10286.3± 1.9 [145] 8.007(-5) 15.30 [423]

L1N5 10298.3± 1.6 [145] 1.242(-4) 13.89 [423]

L1N6 10475.9± 1.7 [145]

L1N7 10477.7± 1.7 [145]

L1O1 10431.20± 0.90 [50] 1.13(-7) [488] 13.16 [423]
10431.30 [104]

L� 4 L1O2,3 10460.30± 0.90 [50] 6.16(-3) [488]
10462.00 [104]

L� ′
4

L1O2 10469.00 [543] 7.132(-4) 8.08 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L�4 L1O3 10475.00 [543] 9.462(-4) 8.05 [423]

L1O4,5 10483.30± 0.90 [50] 8.18(-3) [488]
10483.00 [104]

L� L2M1 7580.24± 0.34 [50] 2.325(-2) [488] 6.004(-3) 22.91 [423]
7580.20 [104]
7568.00 [543]

L2M2 7805.29± 0.65 [50] 4.36(-7) [488] 14.54 [423]
7805.90 [104]
7805.4± 1.8 [145]

Lˇ17 L2M3 8024.08± 0.52 [392] 1.586(-4) 14.71 [423]
8028.6± 1.8 [145]

Lˇ1 L2M4 8401.88± 0.42 [50] 0.866 [488] 1.995(-1) 5.90 [473]
8401.90 [104] 6.56 [423]
8399.00 [543]

L2M5 8450.8± 1.2 [145] 5.56 [423]

L� 5 L2N1 9491.1± 1.1 [50] 5.63(-3) [488] 1.346(-3) 17.96 [423]
9491.00 [104]

L2N2 9584.4± 3.2 [145] 23.08 [423]

L2N3 9632.70 [104] 1.70(-4) [488] 3.912(-5) 13.86 [423]
9633.83± 0.89 [145]

L� 1 L2N4 9780.18± 0.57 [50] 0.1543 [488] 3.555(-2) 9.20 [473]
9780.70 [104] 11.46 [423]
9774.00 [543]

L2N5 9790.13± 0.65 [145] 10.05 [423]

Lv L2N6 9972.80 [104] 2.88(-4) [488] 6.631(-5)
L2N7 9969.53± 0.78 [145]

L� 8 L2O1 9924.60± 0.40 [50] 9.04(-4) [488] 2.476(-4) 9.33 [423]
9924.90 [104]

L2O2,3 9956.10± 0.80 [50] 2.12(-5) [488]
9956.00 [104]

L2O2 4.25 [423]

L2O3 8.595(-6) 4.22 [423]

L� 6 L2O4 9976.60± 0.25 [50]
9976.60 [104]

Ll L3M1 6545.54± 0.26 [50] 3.42(-2) [488] 1.126(-2) 22.83 [423]
6545.50 [104]
6535.00 [543]

Lt L3M2 6771.62± 0.49 [50] 3.27(-4) [488] 8.742(-5) 14.46 [423]
6771.60 [104]

Ls L3M3 6990.90 [104] 2.98(-4) [488] 7.948(-5) 14.64 [423]
6994.2± 1.7 [145]
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line transition E/eV I/eV/� TPIV 
 /eV

L˛2 L3M4 7367.40± 0.32 [50] 7.84(-2) [488] 1.799(-2) 6.22 [473]
7367.70 [104] 6.48 [423]
7366.00 [543]

L˛1 L3M5 7415.70± 0.26 [50] 0.693 [488] 1.587(-1) 5.40 [473]
7415.40 [104] 5.48 [423]
7414.00 [543]

Lˇ6 L3N1 8456.61± 0.85 [50] 8.05(-3) [488] 1.847(-3) 17.88 [423]
8456.00 [104]

L3N2 8550.0± 3.1 [145] 1.669(-5) 23.00 [423]

L3N3 8599.50 [104] 7.09(-5) [488] 1.625(-5) 13.78 [423]
8599.39± 0.79 [145]

Lˇ15,2 L3N4,5 8758.91± 0.46 [50] 1.321(-2) [488] 3.028(-3)

Lˇ15 L3N4 8743.73± 0.91 [145] 3.028(-3) 11.39 [423]

Lˇ2 L3N5 8759.60 [104] 0.1182 [488] 2.710(-2) 8.58 [473]
8755.69± 0.55 [145] 9.98 [423]

Lu L3N6,7 8934.50 [50] 2.38(-4) [488]

Lu′ L3N6 8933.35± 0.64 [145] 9.734(-6)

Lu L3N7 8935.09± 0.68 [145] 5.453(-5)

Lˇ7 L3O1 8888.90± 0.70 [50] 1.29(-3) [488] 3.623(-4) 9.25 [423]
8888.90 [104]

L3O2,3 8920.90± 0.70 [50] 9.38(-6) [488]
8921.60 [104]

L3O2 3.702(-6) 4.17 [423]

L3O3 3.316(-6) 4.14 [423]

Lˇ5 L3O4,5 8939.00± 0.50 [50]
8940.30 [104]

M series
M3N1 1464.00± 1.60 [50] 2.17(-3) [335] 8.460(-4) 24.25 [423]

1467.30 [263]

M�2 M3N4 1741.47 [423] 4.028(-4) 17.76 [423]

M� 1 M3N5 1765.00± 2.00 [50] 1.716(-2) [335] 3.200(-3) 16.35 [423]
1765.00 [104]
1768.70 [263]

M�2 M4N2 1192.06 [423] 2.552(-3) 21.22 [423]

Mı M4N3 1243.18 [423] 2.876(-4) 12.00 [423]

Mˇ M4N6 1567.50± 0.40 [50] 2.17(-2) [335] 1.076(-2)
1566.10 [104]
1571.40 [263]
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line transition E/eV I/eV/� TPIV 
 /eV

M� M4O2 1541.66 [423] 5.411(-4) 2.39 [423]

M�1 M5N3 1183.00± 1.00 [50] 9.06(-4) [335] 2.328(-3) 11.00 [423]
1183.10 [104]
1185.30 [263]

M˛2.1 M5N6,7 1521.40± 0.90 [50] 2.172(-2) [335]
1525.00 [263]

M˛2 M5N6 1517.41 [423] 6.069(-4)

M˛1 M5N7 1518.83 [423] 1.175(-2)

N series
N4N6 190.00± 2.00 [50] 5.181(-5)

N5N6,7 179.00± 1.30 [50]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 61332.00 [503] 0.9467 [39] 31.26 [423] 61332.3 [51]
61332.30± 0.50 [493] 0.963 [293] 32 [94] 61305± 22 [50]

0.951 [301] 31.90 [301] 61333.3± 1.3 [145]
0.950 [38]
0.9481 [423]
0.951 [310]
0.947 [112]
0.9661 [155]

L1 10488.00 [503] 0.112 [301] 5.53 [301] 10486.4 [51]
10486.40± 0.40 [493] 0.112 [128] 8.04 [423] 10491.0± 1.3 [50]

7.04(-2) [423] 5.2 [94] 10486.8± 1.4 [145]
0.114 [436]

L2 9978.00 [503] 0.222 [301] 4.82 [301] 9978.2 [51]
9978.20± 0.40 [493] 0.2429 [423] 4.21 [423] 9976.0± 1.2 [50]

0.246 [244] 4.36 [94] 9978.70± 0.44 [145]

L3 8943.00 [503] 0.210 [301] 4.60 [301] 8943.6 [51]
8943.60± 0.40 [493] 0.2206 [423] 4.13 [423] 8944.04± 0.94 [50]

0.224 [244] 4.31 [94] 8944.26± 0.35 [145]

M1 2397.00 [503] 1.15(-3) [38] 20.80 [350] 2398.2 [51]
2398.10± 0.40 [493] 1.67(-3) [512] 18.70 [423]

1.94(-3) [423] 13.9 [94]
1.18(-3) [245]

M2 2172.00 [503] 1.97(-3) [38] 11.80 [350] 2173.0 [51]
2173.00± 0.40 [493] 1.30(-2) [512] 10.32 [423]

4.08(-3) [423] 7.1 [94]
2.01(-3) [245]
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level EB/eV !nlj 
 /eV AE/eV

M3 1949.00 [503] 1.66(-3) [38] 11.60 [350] 1949.8 [51]
1949.00± 0.50 [493] 1.71(-3) [512] 10.50 [423]

4.86(-3) [423] 6.7 [94]
2.15(-3) [245]

M4 1576.00 [503] 8.60(-3) [38] 3.10 [350] 1576.3 [51]
1576.30± 0.40 [493] 1.20(-2) [512] 2.35 [423]

1.42(-2) [423] 1.35 [94]

M5 1527.00 [503] 1.49(-2) [38] 1.56 [350] 1527.8 [51]
1527.80± 0.40 [493] 1.60(-2) [512] 1.35 [423]

1.53(-2) [423] 1.35 [94]

N1 487.00 [503] 2.9(-4) [423] 16.00 [74]
487.20± 0.60 [493] 13.75 [423]

6.3 [94]

N2 396.00 [503] 6.3(-4) [423] 13.00 [74]
396.70± 0.70 [493] 18.88 [423]

5.5 [94]

N3 343.00 [503] 2.3(-4) [423] 13.00 [74]
343.50± 0.50 [493] 9.65 [423]

3.5 [94]

N4 197.00 [503] 7.0(-5) [739 8.00 [74]
198.10± 0.50 [493] 7.26 [423]

3.7 [94]

N5 184.00 [503] 7.0(-5) [423] 8.00 [74]
184.90± 1.30 [493] 5.85 [423]

3.2 [94]

N6 6.00 [503] 0.0002 [74]
6.30 ± 1.00 [51] 0.03 [94]
7.00 ± 1.00 [493]

N7 6.00 [503] 0.03 [94]
6.30 ± 1.00 [51] 0.0002 [74]
5.80 ± 1.00 [493]

O1 53.00 [503] 1.0(-6) [423] 5.12 [423]
54.10 ± 0.50 [493]

O2 23.00 [503] 0.04 [423]
23.40 ± 0.60 [51]
27.40 ± 0.60 [493]

O3 23.00 [503] 0.01 [423]
23.40 ± 0.60 [51]
21.40 ± 0.60 [493]

IP 6.25416 [222]
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Lu Z=71 [Xe] 4f14 5d1 6s2

Lutetium A = 174.967(1) [222] % = 9.835 g/cm3 [547]
% = 9.79 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 52445.5± 2.1 [145] 41.75 [423]

K˛2 KL2 52965.57± 0.67 [50] 9.12 [488] 2.743(-1) 38.70 [301]
52966.00 [104] 37.43 [423]

K˛1 KL3 54070.39± 0.70 [50] 16.09 [488] 4.817(-1) 38.40 [301]
54070.00 [104] 37.35 [423]

KM1 60823.9± 3.1 [145] 51.68 [423]

Kˇ3 KM2 61048± 18 [50] 1.696 [488] 5.105(-2) 43.76 [423]
61092.80 [104]
61051.8± 2.7 [145]

Kˇ1 KM3 61283± 13 [50] 3.28 [488] 9.863(-2) 44.02 [423]
61338.00 [104]
61291.2± 2.7 [145]

Kˇ5 KM4,5 61731.9± 9.1 [50] 4.26(-2) [488]
61733.00 [104]

KˇII
5

KM4 61674.4± 2.2 [145] 1.002(-3) 35.55 [423]

KˇI
5

KM5 61725.3± 2.2 [145] 1.281(-3) 34.54 [423]

KN1 62809.2± 4.0 [145] 47.12 [423]

Kˇ2 KN2,3 62967± 95 [50] 0.734 [488]
62968.00 [104]

KˇII
2

KN2 62903.9± 4.2 [145] 1.141(-2) 49.62 [423]

KˇI
2

KN3 62957.6± 1.8 [145] 2.207(-2) 42.94 [423]

KˇII
4

KN4 63106.2± 2.5 [145] 2.333(-4) 39.53 [423]

KˇI
4

KN5 63119.0± 1.6 [145] 2.967(-4) 39.30 [423]

KO2,3 63293.00± 7.00 [50] 0.1459 [488]
63293.00 [104]

KO2 2.573(-3) 33.67 [423]

KO3 5.331(-3) 33.32 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M1 8378.80 [104] 1.88(-6) [488] 27.21 [423]

8378.4± 3.1 [145]

Lˇ4 L1M2 8606.54± 0.44 [50] 0.2119 [488] 2.360(-2) 19.29 [423]
8606.50 [104]

Lˇ3 L1M3 8847.03± 0.47 [50] 0.2771 [488] 3.086(-2) 19.54 [423]
8846.20 [104]

Lˇ10 L1M4 9231.7± 2.0 [50] 5.63(-3) [488] 6.272(-4) 11.08 [423]
9230.90 [104]

Lˇ9 L1M5 9281.5± 1.0 [50] 8.43(-3) [488] 9.392(-4) 10.07 [423]
9282.10 [104]

L1N1 10363.00 [104] 7.64(-7) [488] 22.65 [423]
10363.7± 4.0 [145]

L� 2 L1N2 10460.0± 2.6 [50] 5.11(-2) [488] 5.695(-3) 25.15 [423]
10462.40 [104]

L� 3 L1N3 10511.16± 0.53 [50] 7.03(-2) [488] 7.823(-3) 18.47 [423]
10510.90 [104]

L1N4 10667.3±1.2 [50] 7.75(-4) [488] 8.629(-5) 15.06 [423]
10665.70 [104]
10661.0± 2.5 [145]

L� 11 L1N5 10678.3± 1.2 [50] 1.20(-3) [488] 1.340(-4) 14.83 [423]
10676.40 [104]

L1N6 10858.7± 1.7 [145]

L1N7 10860.6± 1.7 [145]

L1O1 10815.90 [104] 1.40(-7) [488] 13.93 [423]

L� 4 L1O2,3 10842.50± 1.00 [50] 9.23(-3) [488]
10844.00 [104]

L1O2 7.794(-4) 9.20 [423]

L1O3 1.029(-3) 8.85 [423]

L1O4,5 10863.00 [104] 8.01(-6) [488]

L1O4 3.628(-7)

L1O5 5.289(-7)

L� L2M1 7857.43± 0.74 [50] 2.493(-2) [488] 6.190(-3) 22.90 [423]
7858.00 [104]

L2M2 8085.82± 0.70 [50] 5.19(-7) [488] 14.97 [423]
8085.80 [104]

Lˇ17 L3M3 8323.17± 0.56 [391] 1.704(-4) 15.20 [423]
8325.9± 1.8 [145]

Lˇ1 L2M4 8709.13± 0.27 [50] 0.929 [488] 2.099(-1) 6.77 [423]
8709.20 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

L2M5 8760.0± 1.2 [145] 5.75 [423]

L� 5 L2N1 9843.0± 1.2 [50] 6.06(-3) [488] 1.409(-3) 18.33 [423]
9842.00 [104]

L2N2 9920.00 [104] 1.86(-7) [488] 20.83 [423]
9938.7± 3.3 [145]

L2N3 9979.00 [104] 1.89(-4) [488] 4.279(-5) 14.15 [423]
9992.28± 0.91 [145]

L� 1 L2N4 10143.53± 0.49 [50] 0.1671 [488] 3.777(-2) 10.74 [423]
10143.00 [104]

L2N5 10153.73± 0.64 [145] 10.52 [423]

Lv L2N6 10338.91± 0.74 [145] 7.767(-5)

L2N7 10340.83± 0.78 [145]

L� 8 L2O1 10291.50± 0.90 [50] 1.01(-3) [488] 2.620(-4) 9.61 [423]
10292.00 [104]

L2O2,3 10319.80± 0.90 [50] 2.49(-5) [488]
10320.00 [104]

L2O2 4.88 [423]

L2O3 9.243(-6) 4.53 [423]

L� 6 L2O4 10343.10± 0.90 [50] 7.33(-4) [488] 1.656(-4)
10344.00 [104]

Ll L3M1 6752.85± 0.54 [50] 3.70(-2) [488] 1.156(-2) 22.82 [423]
6752.10 [104]

Lt L3M2 6980.99± 0.58 [50] 3.62(-4) [488] 9.202(-5) 14.90 [423]
6981.10 [104]

Ls L3M3 7313.00 [104] 3.29(-4) [488] 8.366(-5) 15.16 [423]
7221.7± 1.7 [145]

L˛2 L3M4 7604.92± 0.35 [50] 8.39(-2) [488] 1.879(-2) 6.69 [423]
7605.00 [104]

L˛1 L3M5 7655.55± 0.21 [50] 0.741 [488] 1.659(-1) 5.68 [423]
7655.50 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ6 L3N1 8737.92± 0.91 [50] 8.75(-3) [488] 1.960(-3) 18.26 [423]
8739.00 [104]

L3N2 8834.5± 3.2 [145] 1.805(-5) 20.76 [423]

L3N3 8881.60 [104] 7.87(-5) [488] 1.763(-5) 14.08 [423]
8888.09± 0.81 [145]

Lˇ15 L3N4 9039.91± 0.98 [50] 1.424(-2) [488] 3.191(-3) 10.67 [423]
9039.40 [104]

Lˇ2 L3N5 9049.01± 0.29 [50] 0.1275 [488] 2.856(-2) 10.44 [423]
9049.10 [104]

Lu′ L3N6 9234.72± 0.65 [145] 1.138(-5)

Lu L3N7 9236.64± 0.68 [145] 6.386(-5)

Lˇ7 L3O1 9187.30± 0.40 [50] 1.44(-3) [488] 3.879(-4) 9.54 [423]
9187.00 [104]

L3O2,3 9216.30± 0.60 [50] 1.09(-5) [488]
9216.40 [104]

L3O2 3.964(-6) 4.81 [423]

L3O3 3.597(-6) 4.46 [423]

Lˇ5 L3O4,5 9239.70± 0.50 [50] 5.80(-4) [488]
9239.80 [104]

L3O4 1.389(-5)

L3O5 1.162(-4)

M series
M� 2 M3N4 1834.00 [104] 1.88(-2) [335] 4.255(-4) 17.33 [423]

M� 1 M3N5 1832.00± 2.00 [50] 3.371(-3) 17.10 [423]
1835.70 [104]

M�2 M4N2 1240.61 [423] 2.398(-3) 18.96 [423]

Mı M4N3 1295.75 [423] 2.646(-4) 12.28 [423]

Mˇ M4N6 1631.20± 0.40 [50] 2.49(-2) [335] 1.224(-2)
1631.00 [104]
1633.50 [263]

M� M4O2 1609.28 [423] 5.209(-4) 3.01 [423]

M�1 M5N3 1242.75 [423] 2.172(-3) 11.26 [423]

M˛2,1 M5N6,7 1581.30± 0.40 [50] 2.49(-2) [335]

M˛2 M5N6 6.833(-4)

M˛1 M5N7 1.325(-2)
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 63314.00 [503] 0.953 [301] 33.11 [423] 63313.8 [51]
63313.80± 0.50 [493] 0.952 [38] 33.9 [94] 63305± 24 [50]

0.9487 [39] 63322.7± 1.4 [145]
0.9500 [423]
0.953 [310]

L1 10870.00 [503] 0.120 [301] 5.59 [301] 10870.4 [51]
10870.40± 0.40 [493] 7.28(-2) [423] 8.64 [423] 10873.7± 1.4 [50]

0.12 [436] 5.4 [94] 10877.2± 1.4 [145]

L2 10349.00 [503] 0.234 [301] 4.92 [301] 10348.6 [51]
10348.60± 0.40 [493] 0.2560 [423] 4.32 [423] 10344.8± 1.3 [50]

0.256 [436] 4.46 [94] 10357.43± 0.44 [145]

L3 9244.00 [503] 0.220 [301] 4.68 [301] 9244.1 [51]
9244.10± 0.40 [493] 0.251 [435] 4.25 [423] 9249.0± 1.0 [50]

0.2308 [423] 4.43 [94] 9253.24± 0.35 [145]
0.231 [436]

M1 2491.00 [503] 1.73(-3) [512] 14.1 [94] 2491.2 [51]
2491.20± 0.50 [493] 2.14(-3) [423] 18.58 [423]

M2 2264.00 [503] 1.40(-2) [512] 7.3 [94] 2263.5 [51]
2263.50± 0.40 [493] 4.27(-3) [423] 10.65 [423]

M3 2024.00 [503] 1.77(-3) [512] 6 [94] 2023.6 [51]
2023.60± 0.50 [493] 5.13(-3) [423] 10.91 [423]

M4 1640.00 [503] 1.40(-2) [512] 1.43 [94] 1639.4 [51]
1639.40± 0.40 [493] 1.55(-2) [423] 2.45 [423]

M5 1589.00 [503] 1.70(-2) [512] 1.43 [94] 1588.5 [51]
1588.50± 0.40 [493] 1.67(-2) [423] 1.43 [423]

N1 506.00 [503] 3.2(-4) [739 6.6 [94]
506.20± 0.60 [493] 14.01 [423]

N2 410.00 [503] 6.8(-4) [423] 5.5 [94]
410.10± 0.80 [493] 16.51 [423]

N3 359.00 [503] 2.5(-4) [423] 3.65 [94]
359.30± 0.50 [493] 9.83 [423]
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level EB/eV !nlj 
 /eV AE/eV

N4 205.00 [503] 8.0(-5) [423] 3.8 [94]
204.80± 0.50 [493] 6.42 [423]

N5 195.00 [503] 8.0(-5) [423] 3.3 [94]
195.00± 0.40 [493] 6.20 [423]

N6 7.00 [503] 0.03 [94]
6.90 ± 0.50 [51]
7.80 ± 0.50 [493]

N7 7.00 [503] 0.03 [94]
6.20 ± 0.50 [51]

O1 57.00 [503] 2.0(-6) [423] 5.29 [423]
56.80 ± 0.50 [493]

O2 28.00 [503] 0.56 [423]
28.00 ± 0.60 [51]
33.00 ± 0.60 [493]

O3 28.00 [503] 0.21 [423]
25.50 ± 0.60 [493]

O4 5.00 [503]
4.60 ± 0.60 [493]

IP 5.4259 [222]
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Hf Z=72 [Xe] 4f14 5d2 6s2

Hafnium A = 178.49(2) [222] % = 13.27 g/cm3 [547]
% = 13.3 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 54080.40 [104] 44.17 [423]

54074.8± 2.1 [145]

K˛2 KL2 54612.0± 1.1 [50] 9.68 [488] 2.752(-1) 40.70 [301]
54613.00 [104] 9.77 [487] 44.30 [473]

39.47 [423]

K˛1 KL3 55790.8± 1.1 [50] 16.93 [488] 4.815(-1) 40.50 [301]
55792.00 [104] 17.09 [487] 45.30 [473]

39.41 [423]

KM1 62747.2± 3.2 [145] 53.22 [423]

Kˇ3 KM2 62980.8± 1.9 [50] 1.803 [488] 5.125(-2) 46.10 [473]
63178.00 [104] 1.884 [487] 46.00 [423]

Kˇ1 KM3 63234± 14 [50] 3.48 [488] 9.906(-2) 46.00 [473]
63400.00 [104] 3.64 [487] 46.35 [423]

KˇII
5

KM4 63628.8± 2.3 [145] 1.040(-3) 37.56 [423]

KˇI
5

KM5 63683.2± 2.2 [145] 1.324(-3) 36.56 [423]

KN1 64810.0± 4.1 [145] 49.25 [423]

KˇII
2

KN2 64907.3± 4.3 [145] 0.435 [487] 1.153(-2) 49.32 [423]

KˇI
2

KN3 64965.3± 1.9 [145] 0.849 [487] 2.231(-2) 45.00 [423]

Kˇ2 KN2,3 64980.00± 7.00 [50] 0.785 [488]
64975.00 [104]

KˇII
4

KN4 65119.3± 2.6 [145] 2.450(-4) 41.41 [423]

KˇI
4

KN5 65132.6± 1.7 [145] 3.104(-4) 41.50 [423]

KO2,3 0.1798 [488]

KO2 2.605(-3) 36.12 [423]

KO3 5.397(-3) 35.46 [423]

L series
L1M1 8668.58± 0.81 [50] 2.23(-6) [488] 27.31 [423]

8668.60 [104]

Lˇ4 L1M2 8905.50± 0.47 [50] 0.2281 [488] 2.404(-2) 12.80 [473]
8905.50 [104] 20.09 [423]

Lˇ3 L1M3 9163.51± 0.50 [50] 0.2941 [488] 3.099(-2) 12.40 [473]
9163.50 [104] 20.44 [423]

Lˇ10 L1M4 9550.40± 0.98 [50] 6.581(-4) 11.65 [423]
9550.40 [104]
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line transition E/eV I/eV/� TPIV 
 /eV
Lˇ9 L1M5 9609.17± 0.99 [50] 9.851(-4) 10.65 [423]

L1N1 10735.2± 4.0 [145] 23.34 [423]

L� 2 L1N2 10833.64± 0.70 [50] 5.54(-2) [488] 5.833(-3) 23.41 [423]
10833.60 [104]

L� 3 L1N3 10890.83± 0.71 [50] 7.52(-2) [488] 7.923(-3) 19.09 [423]
10895.00 [104]

L1N4 11045.2± 1.3 [50] 8.66(-4) [488] 9.130(-5) 15.86 [423]
11045.20 [104]

L� 11 L1N5 11055.4± 1.3 [50] 1.35(-3) [488] 1.421(-4) 15.59 [423]

L1N6 11250.5± 1.7 [145]

L1N7 11252.7± 1.7 [145]

L1O1 11203.40± 0.90 [50] 1.73(-7) [488] 14.60 [423]
11203.50 [104]

L� 4′ L1O2 11232.60± 0.50 [50] 7.92(-3) [488] 8.346(-4) 10.21 [423]
11233.00 [104]

L� 4 L1O3 11240.00 [104] 1.307(-2) [488] 1.093(-3) 9.55 [423]

L�4′,4 L1O2,3 11240.10± 0.50 [50]

L1O4,5 11262.00± 0.90 [50] 2.20(-5) [488]
11262.00 [104]

L1O4 9.338(-7)

L1O5 1.386(-6)

L� L2M1 8139.33± 0.40 [50] 2.671(-2) [488] 6.378(-3) 22.62 [423]
8139.30 [104]

L2M2 8373.56± 0.75 [50] 6.17(-7) [488] 15.40 [423]
8373.60 [104]

Lˇ17 L2M3 8631.28± 0.80 [50] 8.28(-5) [488] 1.829(-4) 15.75 [423]
8631.30 [104]

Lˇ1 L2M4 9022.80± 0.49 [50] 0.995 [488] 2.197(-1) 6.36 [473]
9022.80 [104] 6.95 [423]

L2M5 9076.9± 1.3 [145] 6.95 [423]

L� 5 L2N1 10201.20± 0.62 [50] 6.53(-3) [488] 1.474(-3) 18.65 [423]
10201.00 [104]

L2N2 10301.0± 3.3 [145] 2.22(-7) [488] 18.72 [423]

L2N3 10358.90± 0.90 [145] 2.11(-4) [488] 4.659(-5) 14.40 [423]

L� 1 L2N4 10515.89± 0.66 [50] 0.1810 [488] 3.996(-2) 9.63 [473]
10516.00 [104] 11.17 [423]

L2N5 10525.9± 1.2 [50] 6.89(-6) [488] 10.89 [423]
10526.00 [104]

Lv L2N6 10703.8± 1.2 [50] 4.07(-4) [488] 8.990(-5)
10704.00 [104]

L2N7 10721.18± 0.78 [145]

L� 8 L2O1 10675.40± 0.50 [50] 1.12(-3) [488] 2.770(-4) 9.90 [423]
10676.00 [104]

L2O2 10700.00 [104] 3.41(-5) [488] 5.52 [423]

L2O3 10709.00 [104] 2.91(-5) [488] 9.930(-6) 4.86 [423]



444 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV
L� 6 L2O4 10732.5± 0.50 [50] 1.93(-3) [488] 4.270(-4)

L2O4,5 10733.00 [104]

Ll L3M1 6959.63± 0.29 [50] 4.01(-2) [488] 1.186(-2) 22.55 [423]
6960.00 [104]

Lt L3M2 7195.52± 0.56 [50] 3.99(-4) [488] 9.678(-5) 15.33 [423]
7195.50 [104]

Ls L3M3 7453.28± 0.60 [50] 6.63(-4) [488] 8.800(-5) 15.68 [423]
7453.30 [104]

L˛2 L3M4 7844.70± 0.37 [50] 8.96(-2) [488] 1.962(-2) 6.70 [473]
7844.70 [104] 6.89 [423]

L˛1 L3M5 7899.08± 0.37 [50] 0.791 [488] 1.732(-1) 5.83 [473]
7899.10 [104] 5.89 [423]

Lˇ6 L3N1 9022.80± 0.49 [50] 9.50(-3) [488] 2.081(-3) 18.58 [423]
9022.80 [104]

L3N2 9123.93± 0.89 [50] 8.91(-5) [488] 1.951(-5) 18.65 [423]
9124.00 [104]

L3N3 9180.27± 0.91 [50] 8.72(-5) [488] 1.909(-5) 14.33 [423]
9180.30 [104]

Lˇ15 L3N4 9337.21± 0.52 [50] 1.534(-2) [488] 3.359(-3) 11.10 [423]
9337.20 [104]

Lˇ2 L3N5 9347.35± 0.52 [50] 0.1374 [488] 3.009(-2) 8.92 [473]
9347.40 [104] 10.82 [423]

Lu L3N6,7 9525.01± 0.97 [50] 3.38(-4) [488]

LU ′ L3N6 9541.24± 0.66 [145] 1.319(-5)

Lu L3N7 9543.46± 0.69 [145] 7.405(-5)

Lˇ7 L3O1 9495.80± 0.40 [50] 1.62(-3) [488] 4.149(-4) 9.84 [423]
9495.90 [104]

L3O2 9522.20 [104] 1.25(-5) [488] 4.241(-6) 5.45 [423]

L3O3 9530.80 [104] 1.19(-5) [488] 3.898(-6) 4.79 [423]

Lˇ5 L3O4,5 9554.60± 0.40 [50] 1.54(-3) [488]
9554.70 [104]

L3O4 3.560(-5)

L3O5 3.028(-4)

M series
M3N1 1572.00± 2.00 [50] 2.50(-2) [335] 9.324(-4) 25.52 [423]

1571.90 [104]
1575.40 [263]

M�2 M3N4 1873.41 [423] 4.482(-4) 18.05 [423]

M� 1 M3N5 1895.00± 1.00 [50] 2.058(-2) [335] 3.543(-3) 17.77 [423]
1895.00 [104]
1898.70 [263]

M�2 M4N2 1280.00± 1.00 [50] 1.04(-3) [335] 2.291(-3) 16.80 [423]
1280.00 [104]
1282.20 [263]

Mı M4N3 1282.20 [263] 2.478(-4) 12.48 [423]
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line transition E/eV I/eV/� TPIV 
 /eV
Mˇ M4N6 1697.60± 0.20 [50] 2.8316(-3) [335] 1.375(-2)

1697.00 [104]
1700.70 [263]

M� M4O2 1679.16 [423] 5.099(-4) 3.60 [423]

M�1 M5N3 1280.00± 1.00 [50] 1.04(-4) [335] 2.090(-3) 11.48 [423]
1280.00 [104]
1282.20 [263]

M˛2 M5N6 1642.90 [104] 2.831(-2) [335] 7.579(-4)

M˛1 M5N7 1644.40 [104] 2.831(-2) [335] 1.472(-2)

M˛2,1 M5N6,7 1644.60± 0.20 [50]
1648.70 [263]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 65351.00 [503] 0.9505 [30.F] 35.04 [423] 65350.8 [51]
65350.80± 0.60 [493] 0.954 [38] 35.9 [94] 65316± 25 [50]

0.955 [301] 35.70 [301] 65352.0± 1.4 [145]
0.9517 [423]
0.955 [310]

L1 11272.00 [503] 0.128 [301] 5.63 [301] 11270.7 [51]
11270.70± 0.40 [493] 7.39(-2) [423] 9.13 [423] 11268.585± 0.050[294]

0.125 [436] 5.7 [94] 11277.2± 1.4 [145]
0.125 [567]

L2 10739.00 [503] 0.246 [301] 5.02 [301] 10739.4 [51]
10739.40± 0.40 [493] 4.44 [423] 10735.875± 0.020[294]

0.2685 [423] 4.57 [94] 10745.60± 0.45
0.268 [436]
0.243 [567]

L3 9561.00 [503] 0.231 [301] 4.80 [301] 9560.7 [51]
9560.70± 0.40 [493] 0.228 [435] 4.37 [423] 9558.286± 0.050 [294]

0.2413 [423] 4.55 [94] 9567.88± 0.36
0.241 [436]
0.222 [567]

M1 2601.00 [503] 2.24(-3) [423] 20.00 [74] 2600.9 [51]
2600.90± 0.40 [493] 1.79(-3) [512] 18.18 [423]

14.2 [94]

M2 2365.00 [503] 4.46(-3) [423] 11.00 [74] 2365.4 [51]
2365.40± 0.40 [493] 1.40(-2) [512] 10.96 [423]

7.5 [94]
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level EB/eV !nlj 
 /eV AE/eV

M3 2108.00 [503] 5.40(-3) [423] 12.00 [74] 2107.6 [51]
2107.60± 0.40 [493] 1.83(-3) [512] 11.31 [423]

5.6 [94]

M4 1716.00 [503] 1.69(-2) [423] 1.60 [74] 1716.4 [51]
1716.40± 0.40 [493] 1.50(-2) [512] 2.52 [423]

1.52 [94]

M5 1662.00 [503] 1.81(-2) [423] 3.20 [74] 1661.7 [51]
1661.70± 0.40 [493] 1.90(-2) [512] 1.52 [423]

1.52 [94]

N1 538.00 [503] 3.4(-4) [423] 16.00 [74]
538.10± 0.40 [493] 14.21 [423]

6.8 [94]

N2 437.00 [503] 7.3(-4) [423] 13.00 [74]
437.00± 0.50 [493] 14.28 [423]

5.6 [94]

N3 380.00 [503] 2.7(-4) [423] 13.00 [74]
380.40± 0.50 [493] 9.96 [423]

3.85 [94]

N4 224.00 [503] 1.0(-4) [423] 7.30 [74]
223.80± 0.90 [493] 6.73 [423]

3.9 [94]

N5 214.00 [503] 9.0(-5) [423] 7.30 [74]
213.70± 0.50 [493] 6.46 [423]

3.5 [94]
N6 19.00 [503] 0.02 [74]

17.10± 0.50 [51] 0.07 [94]
18.20± 0.50 [493]

N7 18.00 [503] 0.03 [94]
17.10± 0.50 [51] 0.02 [74]
16.30± 0.50 [493]

O1 65.00 [503] 2.0(-6) [423] 5.47 [423]
64.90± 0.40 [493]

O2 38.00 [503] 1.08 [423]
38.10± 0.60 [51]
38.20± 0.60 [493]

O3 31.00 [503] 0.42 [423]
30.60± 0.60 [51]
29.00± 1.50 [493]

O4 7.00 [503]
6.00± 0.40 [493]

IP 6.82507 [222]
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Ta Z=73 [Xe] 4f14 5d3 6s2

Tantalum A = 180.9479(1) [222] % = 16.60 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 55735.0± 2.1 [145] 47.28 [423]

K˛2 KL2 56277.6± 1.5 [50] 10.26 [488] 2.760(-1) 42.90 [301]
56278.00 [104] 10.36 [487] 41.61 [423]

K˛1 KL3 57533.2± 1.6 [50] 17.89 [488] 4.811(-1) 42.60 [301]
57533.00 [104] 18.06 [487] 41.55 [423]

KM1 64708.3± 3.2 [145] 54,59 [423]

Kˇ3 KM2 64949.6± 1.0 [50] 1.914 [488] 5.149(-2) 48.32 [423]
64950.00 [104] 2.000 [487]

Kˇ1 KM3 65223.3,± 2.0 [50] 3.70 [488] 9.948(-2) 47.24 [423]
65224.00 [104] 3.86 [487]

KˇII
5

KM4 65626.9± 3.1 [50] 4.01(-2) [488] 1.078(-3) 39.61 [423]
65627.80 [104]

KˇI
5

KM5 65683.6± 3.1 [50] 5.08(-2) [488] 1.367(-3) 38.66 [423]
65684.60 [104]

KN1 66866.7± 4.2 [145] 51.42 [423]

KˇII
2

KN2 66949.4± 4.8 [50] 0.433 [488] 1.164(-2) 50.60 [423]
66950.20 [104] 0.464 [487]

KˇI
2

KN3 67013.5± 4.3 [50] 0.839 [488] 2.256(-2) 47.07 [423]
67014.40 [104] 0.907 [487]

Kˇ4 KN4,5 67195.4± 5.4 [50] 2.162(-2) [488]
67198.00 [104]

KˇII
4

KN4 67242.1± 2.8 [145] 2.573(-4) 44.06 [423]

KˇI
4

KN5 67202.7± 1.7 [145] 3.244(-4) 43.73 [423]

KO2,3 67370.00± 2.60 [50] 0.1822 [488]
67370.90 [104] 0.2002 [487]

KO2 2.637(-3) 38.65 [423]

KO3 5.443(-3) 37.68 [423]

L series
L1M1 8973.2± 3.1 [145] 27.75 [423]

Lˇ4 L1M2 9212.47± 0.30 [50] 0.2453 [488] 2.344(-2) 14.10 [473]
9213.20 [104] 21.49 [423]

Lˇ3 L1M3 9487.62± 0.28 [104] 0.312 [488] 2.979(-2) 11.70 [473]
9487.60 [104] 20.41 [423]

Lˇ10 L1M4 9889.3± 2.3 [50] 6.92(-3) [488] 6.605(-4) 12.78 [423]
9888.70 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ9 L1M5 9945.6± 2.4 [50] 1.035(-2) [488] 9.896(-4) 11.83 [423]
9946.70 [104]

L1N1 11117.4± 1.3 [50] 1.09(-6) [488] 24.59 [423]
11117.40 [104]

L� 2 L1N2 11217.1± 2.1 [50] 5.99(-2) [488] 5.721(-3) 11.60 [473]
11215.70 [104] 23.77 [423]
11229.00 [543]

L� 3 L1N3 11277.68± 0.61 [50] 8.04(-2) [488] 7.681(-3) 10.00 [473]
11277.00 [104] 20.24 [423]
11292.00 [543]

L1N4 11439.9± 1.1 [50] 9.68(-4) [488] 9.253(-5) 17.23 [423]
11439.60 [104]

L� 11 L1N5 11458.1± 1.1 [50] 1.51(-3) [488] 1.443(-4) 16.90 [423]
11458.00 [104]

L1N6,7 11657.00± 1.00 [50] 1.66(-5) [488]
11657.00 [104]

L1N6 11667.8± 1.7 [145]

L1N7 11670.4± 1.8 [145]

L1O1 11611.80,± 1.00 [50] 2.13(-7) [488] 15.87 [423]
11612.00 [104]

L� 4′ L1O2 11636.60,± 0.30 [50] 8.92(-3) [488] 8.524(-4) 11.83 [423]
11637.00 [104]
11655.00 [543]

L� 4 L1O3 11645.10,± 0.30 [50] 1.158(-2) [488] 1.107(-3) 10.85 [423]
11645.00 [104]
11665.00 [543]

L1O4,5 11675.2± 1.00 [50] 4.28(-5) [488]
11675.00 [104]

L1O4 1.636(-6)

L1O5 2.452(-6)

L� L2M1 8428.09± 0.42 [50] 0.2859 [488] 6.569(-3) 22.09 [423]
8428.00 [104]
8413.00 [543]

L2M2 8668.56± 0.49 [50] 7.31(-7) [488] 15.83 [423]
8667.20 [104]

Lˇ17 L2M3 8941.76± 0.54 [50] 9.14(-4) [488] 1.972(-4) 14.75 [423]
8941.40 [104]

Lˇ1 L2M4 9343.19± 0.31 [50] 1.065 [488] 2.295(-1) 6.60 [473]
9342.90 [104] 7.11 [423]
9338.00 [543]

L2M5 9399.94± 0.95 [50] 3.92(-5) [488] 6.16 [423]
9399.00 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

L� 5 L2N1 10570.6± 1.3 [50] 7.02(-3) [488] 1.541(-3) 18.92 [423]
10571.00 [104]

L2N2 10674.04± 0.87 [50] 2.66(-7) [488] 18.10 [423]

L2N3 10731.6± 1.4 [50] 2.35(-4) [488] 5.064(-5) 14.58 [423]
10732.00 [104]

L� 1 L2N4 10895.33± 0.43 [50] 0.1959 [488] 4.224(-2) 9.50 [473]
10895.00 [104] 11.56 [423]
10887.00 [543]

L2N5 10906.84± 0.77 [50] 7.99(-6) [488] 11.23 [423]
10906.00 [104]

Lv L2N6 11107.82± 0.83 [50] 4.87(-4) [488] 1.032(-4)
11111.00 [104]

L2N7 11126.71± 0.80 [145]

L� 8 L2O1 11064.60± 1.00 [50] 1.24(-3) [488] 2.926(-4) 10.20 [423]
11065.00 [104]

L2O2 11090.70± 0.90 [50] 4.26(-8) [488] 6.16 [423]
11091.00 [104]

L2O3 11100.10± 0.90 [50] 3.38(-5) [488] 1.066(-5) 5.18 [423]
11100.00 [104]

L� 6 L2O4 11130.60± 0.30 [50] 3.62(-3) [488] 7.815(-4)
11131.00 [104]

Ll L3M1 7173.20± 0.31 [50] 4.33(-2) [488] 1.216(-2) 22.02 [423]
7173.30 [104]
7160.00 [543]

Lt L3M2 7412.13± 0.35 [50] 4.39(-4) [488] 1.017(-4) 15.76 [423]
7412.30 [104]

Ls L3M3 7686.65± 0.38 [50] 3.99(-4) [488] 9.249(-5) 14.68 [423]
7688.20 [104]

L˛2 L3M4 8087.93± 0.16 [50] 9.55(-2) [488] 2.044(-2) 7.05 [423]
8088.00 [104]
8085.00 [543]

L˛1 L3M5 8146.17± 0.16 [50] 0.843 [488] 1.805(-1) 6.10 [423]
8146.30 [104]

Lˇ6 L3N1 9315.40± 0.83 [50] 2.207(-3) 18.86 [423]
9316.30 [104]

L3N2 9416.1± 1.1 [50] 2.103(-5) 18.04 [423]
9415.60 [104]

L3N3 9474.4± 1.1 [50] 2.065(-5) 14.51 [423]
9474.40 ]

Lˇ15 L3N4 9639.50± 0.55 [50] 1.65(-2) [488] 3.533(-3) 11.50 [423]
9639.80 [104]

Lˇ2 L3N5 9651.89± 0.22 [50] 0.1480 [488] 3.167(-2) 9.80 [473]
9651.90 [104] 11.17 [423]

Lu′ L3N6 9857.30 [104] 1.515(-5)
9868.99± 0.67 [145]

Lu L3N7 9871.52± 0.70 [145] 8.515(-5)

L3N6,7 9857.23± 0.46 [50] 7.09(-5) [488]

Lˇ7 L3O1 9809.80± 0.40 [50] 1.81(-3) [488] 4.433(-4) 10.14 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

9809.90 [104]

L3O2,3 9839.00± 2.50 [50] 1.44(-5) [488]

L3O2 9837.70 [104] 4.532(-6) 6.10 [423]

L3O3 9845.20 [104] 1.38(-5) [488] 4.219(-6) 5.12 [423]

Lˇ5 L3O4,5 9875.00± 0.80 [50] 2.90(-3) [488]
9875.80 [104]

L3O4 6.480(-5)

L3O5 5.557(-4)

M series
M1N3 2295.00± 9.00 [50] 8.802(-4) 27.55 [423]

2302.00 [263]

M2N4 2226.00± 1.60 [50] 3.136(-3) 18.27 [423]
2226.00 [104]
2231.00 [263]

M3N1 1629.00± 2.00 [50] 9.761(-4) 24.55 [423]
1631.40 [263]

M3N3 2295.00± 8.00 [50] 2.54(-3) [335] 20.21 [423]

M� 2 M3N4 1951.00± 1.50 [50] 2.251(-2) [335] 4.711(-4) 17.20 [423]
1952.00 [104]
1955.00 [263]

M� 1 M3N5 1964.00± 1.20 [50] 2.251(-2) [335] 3.715(-3) 16.86 [423]
1964.00 [104]
1968.30 [263]

M3O1 2126.00± 7.00 [50] 1.795(-4) 15.84 [423]
2126.00 [104]
2130.00 [263]

M3O4,5 2190.00± 12.00 [50]
2190.00 [104]

M3O4 9.490(-6)

M3O5 2186.00 [104] 7.222(-5)

M�2 M4N2 1328.80± 0.70 [104] 1.12(-3) [335] 2.240(-3) 16.10 [423]
1328.80 [104]
1331.70 [263]

Mı M4N3 1393.00± 3.00 [50] 1.12(-3) [335] 2.375(-4) 12.58 [423]
1394.10 [104]
1396.20 [263]

Mˇ M4N6 1765.50± 0.30 [50] 3.198(-2) [335] 1.529(-2)
1765.50 [104]
1768.70 [263]

M� M4O2 1748.00± 5.00 [50] 5.107(-4) 4.16 [423]
1747.50 [104]

M4O2,3 1751.20 [263]

M4O3 5.417(-5) 3.18 [423]

M�1 M5N3 1330.80± 0.60 [50] 3.96(-4) [335] 2.007(-3) 2.23 [423]
1330.80 [104]
1333.20 [263]

M5N4 1708.00 [104] 8.61 [423]



Tantalum Z=73 451

line transition E/eV I/eV/� TPIV 
 /eV

M5N5 1709.60 [104] 8.28 [423]

M˛2,1 M5N6,7 1709.60± 0.25 [50]
1712.50 [263]

M˛2 M5N6 3.198(-2) [488] 8.356(-4)

M˛1 M5N7 3.198(-2) [488] 1.625(-2)

M5O3 1700.00± 5.00 [50] 5.402(-4)
1700.00 [104]
1703.10 [263]

N series
N4N6 213.00± 0.40 [50] 8.751(-5)

N5N6,7 202.80± 0.70 [50]

N5N6 4.012(-6)

N5N7 8.358(-5)

level characteristics

level EB/eV !nlj 
 /eV AE/eV
K 67417.00 [503] 0.957 [301] 37.70 [301] 67416.4 [51]

67416.40± 0.60 [493] 0.956 [38] 37.05 [423] 67403.7± 5.4 [50]
0.9522 [39] 37.9 [94] 67431.9± 1.5 [145]
0.9534 [423]
0.957 [310]
0.962 [33]

L1 11680.00 [503] 0.137 [301] 5.58 [301] 11681.5 [51]
11681.50± 0.30 [493] 7.18(-2) [423] 10.22 [423] 11682.1± 1.6 [50]

0.131 [436] 6 [94] 11696.9± 1.4 [145]
0.154 [578]

L2 11136.00 [503] 0.258 [301] 5.15 [301] 11136.1 [51]
11136.10± 0.30 [493] 0.257 [361] 4.56 [423] 11132.5± 1.5 [50]

0.25 [548] 4.69 [94] 11153.23± 0.56 [145]
0.2813 [423]
0.26 [578]
0.262 [567]

L3 9881.00 [503] 0.243 [301] 4.88 [301] 9881.1 [51]
9881.10± 0.30 [493] 0.25(3) [212] 4.68 [94] 9876.7± 1.2 [50]

0.27 [548] 4.49 [423] 9898.04± 0.36 [145]
0.228 [361]
0.2519 [423]
0.251 [436]
0.241 [578]
0.233 [567]

M1 2708.00 [503] 1.45(-3) [38] 19.30 [350] 2708.0 [51]
2708.00± 0.40 [493] 1.85(-3) [512] 17.53 [423]

2.43(-3) [423] 14.3 [94]

M2 2469.00 [503] 2.64(-3) [38] 12.00 [350] 2468.7 [51]
2468.70± 0.30 [493] 1.50(-2) [512] 11.27 [423]

2.64(-3) [423] 7.8 [94]
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level EB/eV !nlj 
 /eV AE/eV

M3 2194.00 [503] 2.14(-3) [38] 10.80 [350] 2194.0 [51]
2194.00± 0.30 [493] 2.22(-3) [512] 10.19 [423]

5.69(-3) [423] 5.7 [94]

M4 1793.00 [503] 1.30(-2) [38] 3.25 [350] 1793.2 [51]
1793.20± 0.30 [493] 1.60(-2) [512] 2.56 [423]

1.83(-2) [423] 1.61 [94]

M5 1735.00 [503] 2.05(-2) [38] 1.80 [350] 1735.1 [51]
1735.10± 0.30 [493] 2.00(-2) [512] 1.61 [423]

1.96(-2) [423] 1.61 [94]
M5 1735.00 [503] 2.05(-2) [38] 1.80 [350] 1.7351 [51]

1735.10± 0.30 [493] 2.00(-2) [512] 1.61 [423]
1.96(-2) [423] 1.61 [94]

N1 566.00 [503] 3.6(-4) [423] 7 [94]
565.50± 0.50 [493] 14.36 [423]

N2 465.00 [503] 7.8(-4) [423] 5.7 [94]
464.80± 0.50 [493] 13.55 [423]

N3 405.00 [503] 2.9(-4) [423] 4 [94]
404.50± 0.40 [493] 10.02 [423]

N4 242.00 [503] 1.1(-4) [423] 4 [94]
241.30± 0.40 [493] 7.01 [423]

N5 230.00 [503] 1.1(-4) [423] 3.65 [94]
229.30± 0.30 [493] 6.67 [423]

N6 27.00 [503] 0.08 [94]
27.50± 0.20 [493]

N7 25.00 [503] 0.04 [94]
25.60± 0.20 [493]

O1 71.00 [503] 2.0(-6) [423] 5.65 [423]
71.10± 0.50 [493]

O2 45.00 [503] 1.60 [423]
44.90± 0.40 [51]
43.70± 1.40 [493]

O3 37.00 [503] 0.63 [423]
36.40± 0.40 [51]
34.70± 2.50 [493]

O4 6.00 [503]
5.70± 0.40 [493]

IP 7.5496 [222]



Tungsten Z=74 453

W Z=74 [Xe] 4f14 5d4 6s2

Tungsten A = 183.84(1) [222] % = 19.30 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 57420± 16 [50] 8.77(-3) [488] 50.78 [423]

57421.00 [104]

K˛2 KL2 57981.70± 0.55 [50] 10.87 [488] 2.765(-1) 45.20 [301]
57982.00 [104] 10.97 [487] 43.84 [423]
57982.60± 0.80 [143]
57982.60± 0.80 [277]
57981.77± 0.14 [144]

K˛1 KL3 59318.24± 0.06 [50] 4.801(-1) 44.90 [488]
59319.00 [104] 19.06 [487] 47.75 [473]
59319.23± 0.05 [143] 43.78 [423]
59319.23± 0.05 [277]
59318.847± 0.050 [144]

KM1 66706.9± 3.3 [145] 56.54 [423]

Kˇ3 KM2 66951.40± 0.70 [50] 2.120 [487] 5.162(-2) 50.70 [423]
66956.30 [104]
66952.40± 1.07 [277]
66952.19± 0.25 [144]

Kˇ1 KM3 67244.30± 0.70 [50] 3.92 [488] 9.976(-2) 51.53 [279]
67243.00 [104] 4.10 [487] 49.27 [423]
67245.45± 1.08 [277]

KˇII
5

KM4 67652.3± 2.7 [50] 4.39(-2) [488] 1.116(-3) 41.66 [423]
67653.00 [104]
67245.0± 1.1 [144]

KˇI
5

KM5 67715.9± 3.8 [50] 5.54(-2) [488] 1.407(-3) 40.85 [423]
67716.40 [104]

KN1 68932.0± 4.3 [145] 53.64 [423]

KˇII
2

KN2 69032.5± 5.7 [50] 0.462 [488] 1.175(-2) 52.76 [423]
69039.00 [104] 0.495 [487]

KˇI
2

KN3 69101.3± 4.0 [50] 0.896 [488] 2.278(-2) 49.16 [423]
69106.00 [104] 0.969 [487]

Kˇ4 KN4,5 69295± 11 [50] 2.391(-2) [488]
69295.00 [104]

KˇII
4

KN4 69267.3± 3.2 [145] 2.695(-4) 46.41 [423]

KˇI
4

KN5 69281.8± 1.8 [145] 3.383(-4) 46.02 [423]

KO2,3 69479.00± 2.00 [50] 0.2023 [488]
69488.00 [104] 0.2218 [487]
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line transition E/eV I/eV/� TPIV 
 /eV
KO2 2.670(-3) 41.28 [423]

KO3 5.470(-3) 39.99 [423]

L series
L1M1 9278.10± 0.68 [50] 29.01 [423]

Lˇ4 L1M2 9525.23± 0.54 [50] 0.2636 [488] 2.268(-2) 15.10 [279]
9523.60 [104] 14.60 [473]

23.17 [423]

Lˇ3 L1M3 9818.91± 0.46 [50] 0.330 [488] 2.839(-2) 12.30 [279]
9817.10 [104] 13.10 [473]

21.74 [423]

Lˇ10 L1M4 10227.90± 0.30 [50] 7.65(-3) [488] 6.581(-4) 14.13 [423]
10227.00 [104]
10228.29± 0.24 [440]

Lˇ9 L1M5 10290.70± 0.60 [50] 0.1145 [488] 9.849(-4) 13.32 [423]
10290.10 [104]
10291.13± 0.22 [440]

L1N1 11502.8± 1.1 [218] 26.11 [423]

L� 2 L1N2 11610.50± 0.44 [50] 6.47(-2) [488] 5.567(-3) 12.10 [473]
11607.70 [104] 25.23 [423]
11622.00 [543]

L� 3 L1N3 11680.49± 0.73 [50] 8.58(-2) [488] 7.386(-3) 11.00 [473]
11674.40 [104] 21.63 [423]
11691.00 [543]

L1N4 11843.9± 3.3 [50] 1.08(-3) [488] 9.306(-5) 18.87 [423]
11847.00 [104]

L� 11 L1N5 11861.9± 1.1 [50] 1.69(-3) [488] 1.453(-4) 18.48 [423]
11857.00 [104]

L1N6 12063.2± 1.8 [145]

L1N7 12065.8± 1.7 [145]

L1O1 12017.00± 3.50 [50] 2.68(-7) [488] 17.44 [423]
12017.00 [104]

L� 4′ L1O2 12053.00± 0.40 [50] 1.002(-2) [488] 8.620(-4) 13.74 [423]
12053.00 [104]
12069.00 [543]

L� 4 L1O3 12063.40± 0.40 [50] 1.288(-2) [488] 1.108(-3) 12.46 [423]
12063.00 [104]
12082.00 [543]

L1O4,5 12095.00± 2.40 [50] 7.15(-5) [488]
12094.00 [104]

L1O4 2.465(-6)

L1O5 3.716(-6)

L� L2M1 8724.42± 0.25 [50] 3.06(-2) [488] 6.763(-3) 22.07 [423]
8723.70 [104]
8708.00 [543]

L2M2 8952.90 [104] 8.65(-7) [488] 16.23 [423]
8953.03± 0.65 [388]

Lˇ17 L2M3 9268.72± 0.48 [50] 1.01(-3) [488] 2.120(-4) 14.80 [423]



Tungsten Z=74 455

line transition E/eV I/eV/� TPIV 
 /eV
9262.00 [104]

Lˇ1 L2M4 9672.58± 0.10 [50] 1.138 [488] 2.394(-1) 6.50 [279]
9672.50 [104] 6.90 [473]
9667.00 [543] 7.19 [423]

L2M5 9735.08± 0.73 [50] 4.49(-5) [488] 6.38 [423]
9741.00 [104]

L� 5 L2N1 10948.91± 0.39 [50] 7.55(-3) [488] 1.611(-3) 19.18 [423]
10948.00 [104]

L2N2 11045.20± 0.96 [50] 3.17(-7) [488] 18.29 [423]
11052.00 [104]

L2N3 11120.5± 3.0 [50] 2.61(-4) [488] 5.488(-5) 14.70 [423]
11120.00 [104]

L� 1 L2N4 11286.00± 0.46 [50] 0.2118 [488] 4.455(-2) 9.80 [279]
11286.00 [104] 10.28 [473]
11277.00 [543] 11.94 [423]

L2N5 11299.89± 0.66 [145] 11.55 [423]

L2N6,7 11510.00± 1.10 [50]

L2N6 11507.48± 0.79 [145] 1.175(-4)

L2N7 11510.08± 0.72 [145]

Lv L2N6,7 11511.00 [104] 5.59(-3) [488]

L� 8 L2O1 11467.70± 0.40 [50] 1.37(-3) [488] 3.089(-4) 10.51 [423]
11467.00 [104]

L2O3 11488.00± 2.10 [50] 3.91(-5) [488] 1.143(-5) 5.52 [423]
11491.00 [104]

L� 6 L2O4 11538.70± 0.55 [50] 5.86(-3) [488] 1.221(-3) 7.00 [473]
11539.00 [104]

Ll L3M1 7387.82± 0.65 [50] 4.68(-2) [488] 1.253(-2) 22.01 [423]
7387.70 [104]
7372.00 [543]

Lt L3M2 7631.41± 0.86 [50] 4.83(-4) [488] 1.072(-4) 16.17 [423]
7631.20 [104]

Ls L3M3 7926.44± 0.93 [50] 4.39(-4) [488] 9.713(-5) 14.74 [423]
7927.20 [104]

L˛2 L3M4 8335.34± 0.17 [50] 0.1018 [488] 2.127(-2) 7.20 [473]
8335.40 [104] 7.14 [423]
8331.00 [543]

L˛1 L3M5 8398.242± 0.054 [50] 0.898 [488] 1.877(-1) 6.50 [473]
8397.40 [104] 6.32 [423]
8393.00 [543]

Lˇ6 L3N1 9608.199± 0.074 [50] 1.119(-2) [488] 2.338(-3) 19.12 [423]
9611.10 [104]

L3N2 9712.7± 2.3 [50] 1.08(-4) [488] 2.262(-5) 18.23 [423]
9712.00 [104]

L3N3 9784.00± 1.50 [50] 1.07(-4) [488] 2.231(-5) 14.64 [423]
9784.00 [104]

Lˇ15 L3N4 9947.95± 0.35 [50] 1.775(-2) [488] 3.711(-3) 11.88 [423]
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line transition E/eV I/eV/� TPIV 
 /eV
9947.40 [104]

Lˇ2 L3N5 9964.133± 0.078 [50] 0.1593 [488] 3.328(-2) 9.80 [279]
9961.20 [104] 11.49 [423]

Lu L3N6,7 10173.49± 0.62 [50] 4.65(-4) [488]
10173.00 [104]

Lu′ L3N6 10170.58± 0.69 [145] 1.731(-5)

Lu L3N7 10173.18± 0.68 [145] 9.720(-5)

Lˇ7 L3O1 10129.20± 0.30 [50] 2.01(-3) [488] 4.731(-4) 10.45 [423]
10129.00 [104]

L3O2,3 10153.00± 2.00 [50] 1.65(-5) [488]
10154.00 [104]

L3O2 4.838(-6) 6.75 [423]

L3O3 4.560(-6) 5.46 [423]

Lˇ5 L3O4,5 10200.40± 0.25 [50] 4.68(-3) [488] 6.50 [279]
10200.00 [104]

L3O4 1.017(-4)

L3O5 8.690(-4)

M series
M1N3 2397.00± 4.00 [50] 1.200(-2) [116] 9.076(-4) 27.40 [423]

2396.00 [104] 2.412(-2) [335]
2402.00 [263]

M1O2 2.116(-4) 19.51 [423]

M1O3 2799.00 [263] 1.964(-4) 18.22 [423]

M1O2,3 2790.00± 13.00 [50] 4.17(-3) [116]

M2N1 1973.00± 6.00 [50] 4.35(-3) [116] 6.166(-4) 26.04 [423]
1971.20 [263] 2.88(-3) [335]

M2N4 2314.00± 2.00 [50] 2.237(-2) [116] 3.245(-3) 18.70 [423]
2316.10 [104] 2.458(-2) [335]
2319.00 [263]

M3N1 1684.00± 2.00 [50] 5.88(-3) [116] 1.020(-3) 24.61 [423]
1684.00 [104] 2.88(-3) [116]
1686.90 [263]

M� 2 M3N4 2021.00± 1.30 [50] 2.85(-4) [116] 4.942(-4) 17.37 [423]
2021.00 [104] 2.457(-2) [335]
2026.00 [263]

M� 1 M3N5 2035.00± 1.00 [50] 2.258(-2) [116] 3.887(-3) 6.00 [279]
2036.00 [104] 2.458(-2) [335] 16.98 [423]
2040.00 [263]

M3O1 2203.00± 3.00 [50] 9.58(-4) [116] 1.896(-4) 15.94 [423]
2202.00 [104]
2208.00 [263]

M3O5 2275.20 [104] 7.97(-4) [116] 1.136(-4)

M�2 M4N2 1378.70± 0.80 [50] 2.04(-3) [116] 2.188(-3) 16.11 [423]
1378.20 [104] 1.20(-3) [335]
1382.20 [263]

Mı M4N3 1446.00± 1.40 [50] 2.67(-4) [116] 2.274(-4) 0.84 [473]



Tungsten Z=74 457

line transition E/eV I/eV/� TPIV 
 /eV
1445.60 [104] 1.20(-3) [335] 12.52 [423]
1448.40 [263]

Mˇ M4N6 1834.90± 0.30 [50] 5.09(-6) [116] 1.694(-2)
1835.00 [104] 3.592(-2) [335] 2.14 [473]

M� M4O2,3 1822.00± 2.40 [50] 1.37(-4) [116] 3.01 [473]

M4O2 5.106(-4) 4.63 [423]

M4O3 5.383(-5) 3.34 [423]
1821.00 [104]
1825.40 [263]

M�1 M5N3 1383.50± 0.60 [50] 1.73(-3) [116] 1.925(-3) 2.30 [473]
1383.50 [104] 1.20(-3) [335] 11.71 [423]
1386.80 [263]

M˛2 M5N6 1773.10± 0.50 [50] 1.84(-3) [116] 9.166(-4) 0.31 [473]
1773.50 [104] 3.592(-2) [335]
1776.80 [263]

M˛1 M5N7 1775.40± 0.30 [50] 3.565(-2) [116] 1.784(-2) 1.68 [473]
1775.40 [104] 3.592(-2) [335]
1779.10 [263]

M5O3 1770.00± 2.30 [50] 1.11(-4) [116] 5.187(-4) 2.53 [423]
1770.00 [104]
1773.70 [263]

N series
N2N4 229.50± 0.90 [50] 6.797(-4) 20.86 [423]

N4N6 222.10± 0.40 [50] 1.006(-4)

N5N6 208.00± 1.00 [50] 4.595(-6)

N5N7 212.20 [50] 9.608(-5)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 69525.00 [503] 0.958 [301] 39.90 [301] 69525.0 [51]
69525.00± 0.30 [493] 0.957 [38] 39.15 [423] 69508.5± 5.8 [50]

0.9538 [39] 40.1 [94] 69533.0± 1.6 [145]
0.0.9539 [423]
0.956 [33]
0.954 [112]
0.961 [242]

L1 12099.00 [503] 0.147 [301] 5.61 [301] 12099.8 [51]
12099.30± 0.30 [493] 0.138 [107] 11.62 [423] 12099.73± 0.87 [50]

6.92(-2) [423] 6.3 [94] 12106.9± 1.4 [145]
0.136 [436]
0.137 [244]
0.13 [567]
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level EB/eV !nlj 
 /eV AE/eV

L2 11542.00 [503] 0.270 [301] 5.33 [301] 11544.0 [51]
11544.00± 0.30 [493] 0.271 [107] 4.69 [423] 11538.6± 1.6 [50]

0.2942 [423] 4.82 [94] 11551.16± 0.47 [145]
0.291 [436]
0.275 [578]
0.274 [567]

L3 10205.00 [503] 0.255 [301] 4.98 [301] 10206.8 [51]
10206.80± 0.30 [493] 0.253 [107] 4.63 [423] 10200.1± 1.2 [50]

0.268 [348] 4.81 [94] 10214.26± 0.36 [145]
0.272 [435]
0.2627 [423]
0.261 [436]
0.264 [244]
0.246 [578]
0.245 [567]

M1 2820.00 [503] 1.91(-3) [512] 21.00 [74] 2819.6 [51]
2819.60± 0.40 [493] 2.54(-3) [423] 17.39 [423]

1.63(-3) [245] 14.5 [94]

M2 2575.00 [503] 1.60(-2) [512] 10.00 [74] 2574.9 [51]
2574.90± 0.30 [493] 4.85(-3) [423] 11.54 [423]

2.52(-3) [245] 8.1 [94]

M3 2281.00 [503] 2.56(-3) [512] 13.00 [74] 2281.0 [51]
2281.00± 0.30 [493] 5.99(-3) [423] 10.12 [423]

2.94(-3) [245] 6.4 [94]

M4 1872.00 [503] 1.80(-2) [512] 1.90 [74] 1871.6 [51]
1871.60± 0.30 [493] 1.99(-2) [423] 2.51 [423]

1.7 [94]

M5 1810.00 [503] 2.10(-2) [512] 3.50 [74] 1809.2 [51]
1809.20± 0.30 [493] 2.12(-2) [423] 1.70 [423]

1.7 [94]

N1 595.00 [503] 3.9(-4) [423] 16.00 [74]
595.00± 0.40 [493] 14.49 [423]

7.3 [94]

N2 492.00 [503] 8.3(-4) [423] 13.00 [74]
491.60± 0.40 [493] 13.60 [423]

5.8 [94]

N3 426.00 [503] 3.1(-4) [423] 13.00 [74]
425.30± 0.50 [493] 10.01 [423]

4.2 [94]

N4 259.00 [503] 1.3(-4) [423] 7.80 [74]
258.80± 0.40 [493] 7.25 [423]

4.1 [94]

N5 246.00 [503] 1.2(-4) [423] 7.80 [74]
245.40± 0.40 [493] 6.86 [423]

3.8 [94]



Tungsten Z=74 459

level EB/eV !nlj 
 /eV AE/eV

N6 37.00 [503]
36.50 ± 0.40 [51] 0.07 [74]
37.40 ± 0.60 [493] 0.1 [94]

N7 34.00 [503]
33.60 ± 0.40 [51] 0.07 [74]
35.10 ± 1.00 [493] 0.06 [94]

O1 77.00 [503] 3.0(-6) [423] 5.82 [423]
77.10 ± 0.40 [493]

O2 74.00 [503] 2.12 [423]
46.80 ± 0.50 [51]
46.70 ± 0.50 [493]

O3 37.00 [503] 0.83 [423]
35.60 ± 0.50 [51]
36.50 ± 2.30 [493]

O4 6.00 [503]
6.10 ± 0.40 [493]

IP 7.8640 [222]
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Re Z=75 [Xe] 4f14 5d5 6s2

Rhenium A = 186.207(1) [222] % = 21.06 g/cm3 [547]
% = 20.53 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 59150.0± 2.2 [145] 54.00 [423]

K˛2 KL2 59718.57± 0.43 [50] 11.51 [488] 2.773(-1) 47.60 [301]
59719.00 [104]

K˛1 KL3 61141.00± 0.89 [50] 19.91 [488] 4.795(-1) 47.20 [301]
61141.40 [104]

KM1 68745.6± 3.4 [145] 59.02 [423]

Kˇ3 KM2 68995.2± 1.7 [50] 2.515 [488] 5.182(-2) 53.13 [423]
68995.70 [104]

Kˇ1 KM3 69310.3± 1.7 [50] 4.16 [488] 1.001(-1) 51.73 [423]
69310.30 [104]

KˇII
5

KM4 69719.6± 5.8 [50] 4.80(-2) [488] 1.155(-3) 43.80 [423]

KˇI
5

KM5 69786.3± 5.8 [50] 6.02(-2) [488] 1.450(-3) 43.12 [423]

KN1 71053.6± 4.4 [145] 55.97 [423]

KˇII
2

KN2 71152.0± 6.0 [50] 0.492 [488] 1.186(-2) 54.98 [423]
71147.90 [104]

KˇI
2

KN3 71232.1± 3.6 [50] 0.956 [488] 2.304(-2) 51.28 [423]
71230.20 [104]

Kˇ4 KN4,5 71410± 12 [50] 2.639(-3) [488] 48.81 [423]

KˇII
4

KN4 71402.1± 3.2 [145] 2.825(-4)

KˇI
4

KN5 71417.6± 1.9 [145] 3.531(-4) 48.35 [423]

KO2,3 71633.00± 4.00 [50] 0.2237 [488]

KO2 2.702(-3) 44.79 [423]

KO3 5.496(-3) 43.49 [423]

L series
L1M1 9595.6± 3.2 [145] 30.36 [423]

Lˇ4 L1M2 9846.35± 0.58 [50] 0.2830 [488] 2.250(-2) 16.40 [473]
9846.00 [104]

Lˇ3 L1M3 10159.90± 0.62 [50] 0.349 [488] 2.775(-2) 13.60 [473]
10160.00 [104]

Lˇ10 L1M4 10577.07± 0.67 [50] 8.45(-3) [488] 6.718(-4) 15.14 [423]
10577.00 [104]

Lˇ9 L1M5 10643.45± 0.54 [50] 1.265(-2) [488] 1.006(-3) 14.46 [423]
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line transition E/eV I/eV/� TPIV 
 /eV
10643.20 [104]

L1N1 11898.5± 1.7 [50] 1.54(-6) [488] 27.31 [423]
11899.00 [104]

L� 2 L1N2 12009.95± 0.86 [50] 6.99(-2) [488] 5.561(-3) 13.20 [473]
12009.30 [104] 26.32 [423]

L� 3 L1N3 12082.5± 1.2 [50] 9.16(-2) [488] 7.284(-3) 12.00 [473]
12081.90 [104] 22.62 [423]

L1N4 12252.4± 1.8 [50] 1.21(-3) [488] 9.598(-5) 20.15 [423]
12252.00 [104]

L� 11 L1N5 12265.8± 1.8 [50] 1.89(-3) [488] 1.501(-4) 19.69 [423]
12266.00 [104]

L1N6 12483.0± 2.3 [145]

L1N7 12486.0± 2.3 [145]

L1O1 12442.00± 1.20 [50] 3.19(-7) [488] 20.98 [423]
12442.00 [104]

L� ′
4

L1O2 12481.30± 0.60 [50] 8.917(-4) 16.13 [423]

L� 4 L1O3 12492.00± 0.60 [50] 1.10(-4) [488] 1.134(-3) 14.83 [423]
12492.00 [104]

L1O4,5 12524.00± 1.30 [50] 1.426(-2) [488]
L1O4 3.618(-6)

L1O5 5.482(-6)

L� L2M1 9027.27± 0.49 [50] 2.37(-2) [488] 6.959(-3) 22.51 [423]
9027.10 [104]

L2M2 9275.9± 1.0 [50] 1.02(-6) [488] 16.62 [423]
9276.00 [104]

Lˇ17 L2M3 9591.0± 1.1 [50] 1.11(-4) [488] 2.279(-4) 15.23 [423]
9591.00 [104]

Lˇ1 L2M4 10010.04± 0.24 [50] 1.215 [488] 2.497(-1) 6.50 [473]
10010.00 [104] 7.29 [423]

L2M5 10075.8± 1.2 [50] 5.13(-5) [488] 6.61 [423]
10075.00 [104]

L� 5 L2N1 11334.18± 0.77 [50] 8.11(-3) [488] 1.682(-3) 19.46 [423]
11334.00 [104]

L2N2 11438.5± 1.6 [50] 3.77(-7) [488] 18.47 [423]
11438.00 [104]

L2N3 11515.0± 1.6 [50] 2.90(-4) [488] 5.954(-5) 14.77 [423]
11515.00 [104]

L� 1 L2N4 11685.53± 0.82 [50] 0.2289 [488] 4.704(-2) 9.50 [473]
11685.00 [104] 12.30 [423]

L2N5 11699.29± 0.67 [145] 16.66 [423]

Lv L2N6 11916.8± 1.7 [50] 6.48(-4) [488] 1.332(-4)
11917.00 [104]

L2N7 11917.7± 1.4 [145]

L� 8 L2O1 11875.80± 0.60 [50] 1.51(-3) [488] 13.257(-4) 13.13 [423]
11876.00 [104]



462 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV
L2O3 11925.00± 1.10 [50] 4.51(-5) [488] 1.223(-5) 6.98 [423]

11925.00 [104]

L� 6 L2O4 11956.00± 1.00 [50] 8.69(-3) [488] 1.805(-3)
11955.00 [104]

Ll L3M1 7603.67± 0.35 [50] 5.05(-2) [488] 1.293(-2) 22.45 [423]
7603.50 [104]

Lt L3M2 7852.45± 0.74 [50] 5.31(-4) [488] 1.136(-4) 16.56 [423]
7853.50 [104]

Ls L3M3 8168.55± 0.80 [50] 4.81(-4) [488] 1.028(-4) 15.17 [423]
8168.00 [104]

L˛2 L3M4 8586.27± 0.44 [50] 0.1084 [488] 2.210(-2) 6.44 [423]
8586.30 [104]

L˛1 L3M5 8652.55± 0.36 [50] 0.965 [488] 1.949(-1) 6.55 [423]
8652.30 [104]

Lˇ6 L3N1 9910.66± 0.59 [50] 1.212(-2) [488] 2.473(-3) 19.40 [423]
9910.20 [104]

L3N2 10018.4± 3.2 [145] 2.429(-5) 18.41 [423]

L3N3 10093.8± 1.2 [50] 1.18(-4) [488] 2.403(-5) 14.71 [423]
10093.00 [104]

Lˇ15 L3N4 10261.82± 0.63 [50] 1.608(-2) [488] 3.889(-3) 9.44 [423]
10262.00 [104]

Lˇ2 L3N5 10275.35± 0.50 [50] 0.1713 [488] 3.493(-2) 16.60 [423]
10275.00 [104]

Lu L3N6,7 10493.6± 1.3 [50] 5.40(-4) [488]
L′

u L3N6 10495.00 [104] 1.963(-5)
10491.9± 1.2 [145]

Lu L3N7 10494.9± 1.3 [145] 1.102(-4)

Lˇ7 L3O1 10452.90± 0.50 [50] 5.044(-4) 13.07 [423]

Lˇ5 L3O4,5 10531.80± 0.50 [50] 6.92(-3) [488]
L3O4 10532.00 [104] 1.486(-4)

L3O5 1.272(-3)

M series
M� 2 M3N4 2090.00± 1.80 [50] 2.68(-2) [335] 5.171(-4)

2090.00 [104]
2095.00 [263]

M�1 M3N5 2106.70± "0.70 [50] 4.057(-3)
2111.00 [263]

M�2 M4N2 1431.00± 0.80 [50] 1.29(-3) [335] 2.133(-3)
1431.00 [104]
1433.30 [263]

Mı M4N3 1505.00± 1.50 [50] 1.29(-3) [335] 2.216(-4)
1504.80 [104]
1508.30 [263]

Mˇ M4N6 1906.10± 0.30 [50] 1.869(-2)
1910.10 [263]

M� M4O2 1900.83 [423] 5.096(-4)
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line transition E/eV I/eV/� TPIV 
 /eV
M�1 M5N3 1436.80± 0.70 [50] 1.29(-3) [335] 1.844(-3)

1436.80 [104]
1440.00 [263]

M˛2 M5N6 1842.50± 0.30 [50] 4.01(-2) [335] 1.000(-3)

M˛1 M5N7 1899.00 [104] 4.01(-2) [335] 1.949(-2)

M˛1.2 M5N6,7 1842.50± 0.30 [50]
1846.40 [263]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 71677.00 [503] 0.959 [301] 42.10 [301] 71676.4 [51]
71676.40± 0.40 [493] 0.959 [38] 41.33 [423] 71657.8± 6.1 [50]

0.9553 [39] 42.2 [94] 71687.5± 1.7 [145]
0.9551 [423]
0.959 [310]

L1 12527.00 [503] 0.144 [301] 6.18 [301] 12526.7 [51]
12526.70± 0.40 [493] 6.85(-2) [423] 12.67 [423] 12531.1± 1.9 [50]

8.40(-2) [436] 6.7 [94] 12537.5± 1.4 [145]
0.116 [578]

L2 11957.00 [503] 0.283 [301] 5.48 [301] 11958.7 [51]
11958.70± 0.30 [493] 0.3080 [423] 4.82 [423] 11954.7± 1.7 [50]

0.304 [436] 4.95 [94] 11969.17± 0.47 [145]
0.293 [578]

L3 10535.00 [503] 0.268 [301] 5.04 [301] 10535.3 [51]
10535.30± 0.30 [493] 0.2736 [423] 4.76 [423] 10531.1± 1.3 [50]

0.271 [436] 4.95 [94] 10546.35± 0.36 [145]
0.254 [578]

M1 2932.00 [503] 1.97(-3) [512] 17.69 [423] 2931.7 [51]
2931.70± 0.40 [493] 2.69(-3) [423] 14.6 [94]

M2 2682.00 [503] 2.40(-2) [512] 11.80 [423] 2681.6 [51]
2681.60± 0.40 [493] 1.60(-2) [423] 8.4 [94]

M3 2367.00 [503] 2.9(-3) [512] 10.40 [423] 2367.3 [51]
2367.30± 0.30 [493] 6.30(-3) [423] 6.9 [94]

M4 1949.00 [503] 2.00(-2) [512] 2.47 [423] 1948.9 [51]
1948.90± 0.30 [493] 2.16(-2) [423] 1.79 [94]

M5 1883.00 [503] 2.30(-2) [512] 1.79 [423] 1882.9 [51]
1882.90± 0.30 [493] 2.28(-2) [423] 1.79 [94]
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level EB/eV !nlj 
 /eV AE/eV

N1 625.00 [503] 4.1(-4) [423] 14.64 [423]
625.00± 0.40 [493] 7.5 [94]

N2 518.00 [503] 8.8(-4) [423] 13.65 [423]
517.90± 0.50 [493] 5.9 [94]

N3 445.00 [503] 3.3(-4) [423] 9.95 [423]
444.40± 0.50 [493] 4.4 [94]

N4 274.00 [503] 1.5(-4) [423] 7.48 [423]
273.70± 0.50 [493] 4.1 [94]

N5 260.00 [503] 1.4(-4) [423] 7.02 [423]
260.20± 0.40 [493] 3.9 [94]

N6 47.00 [503] 0.15 [94]
48.10± 0.20 [493]

N7 45.00 [503] 0.11 [94]
45.70± 0.20 [493]

O1 83.00 [503] 3.0(-6) [423] 8.31 [423]
82.80± 0.50 [493]

O2 46.00 [503] 3.46 [423]
45.60± 0.70 [51]
48.40± 2.40 [493]

O3 35.00 [503] 2.16 [423]
34.60± 0.60 [51]
36.80± 2.10 [493]

O4 4.00 [503]
3.50± 0.50 [51]
3.80± 0.50 [493]

O5 4.00 [493]
3.50± 0.50 [51]
2.50± 0.50 [493]

P1 7.88 [126]

IP 7.8335 [222]
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Os Z=76 [Xe] 4f14 5d6 6s2

Osmium A = 190.23(3) [222] % = 22.57 g/cm3 [547]
% = 22.50 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 60905.6± 2.3 [145] 56,73 [423]

K˛2 KL2 61487.27± 0.90 [50] 12.18 [488] 2.780(-1) 50.000 [301]
61488.00 [104] 49.40 [473]

K˛1 KL3 63001.07± 0.95 [50] 20.98 [488] 4.788(-1) 49.60 [301]
63001.00 [104] 53.00 [473]

KM1 70823.2± 3.5 [145] 61.59 [423]

Kˇ3 KM2 71078.1± 1.8 [50] 2.278 [488] 5.199(-2) 55.95 [473]
71076.90 [104]

Kˇ1 KM3 71413.9± 1.8 [50] 4.40 [488] 1.005(-1) 55.90 [473]
71411.90 [104]

KˇII
5

KM4 71823.8± 6.2 [50] 5.23(-2) [488] 1.195(-3) 46.01 [423]

KˇI
5

KM5 71894.7± 6.2 [50] 6.54(-2) [488] 1.492(-3) 45.49 [423]

KN1 73217.2± 4.5 [145] 58.46 [423]

KˇII
2

KN2 73318.9± 6.4 [50] 0.524 [488] 1.197(-2) 57.30 [423]
73316.10 [104]

KˇI
2

KN3 73403.2± 3.9 [50] 1.020 [488] 2.327(-2) 53.46 [423]
73402.30 [104]

Kˇ4 KN4,5 73615± 13 [50] 2.928(-2) [488]
KˇII

4
KN4 73579.9± 3.5 [145] 2.958(-4) 51.29 [423]

KˇI
4

KN5 73595.9± 2.0 [145] 3.680(-4) 50.74 [423]
KO2,3 73808.00± 4.40 [50] 0.2465 [488]

KO2 2.734(-3) 48.41 [423]
KO3 5.521(-3) 47.09 [423]

L series
L1M1 9917.6± 3.2 [145] 31.10 [423]

Lˇ4 L1M2 10175.50± 0.62 [50] 0.304 [488] 2.316(-2) 17.10 [279]
10175.40 [104] 16.50 [473]

Lˇ3 L1M3 10510.99± 0.92 [50] 0.368 [488] 2.810(-2) 14.70 [279]
10511.00 [104] 14.60 [473]

Lˇ10 L1M4 10937.72± 0.71 [50] 9.32(-3) [488] 7.114(-4) 15.52 [423]
10937.00 [104]

Lˇ9 L1M5 11007.25± 0.87 [50] 1.392(-2) [488] 1.065(-3) 15.00 [423]
11007.80 [104]

L1N1 12311.6± 4.2 [145] 27.97 [423]
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line transition E/eV I/eV/� TPIV 
 /eV
L� 2 L1N2 12422.46± 0.92 [50] 7.54(-2) [488] 5.757(-3) 14.00 [473]

12422.50 [104]

L� 3 L1N3 12499.98± 0.93 [50] 9.76(-2) [488] 7.445(-3) 12.60 [473]
12499.90 [104]

L1N4 12687.5± 5.8 [50] 1.34(-3) [488] 1.026(-4) 20.80 [423]
12687.00 [104]

L� 11 L1N5 12696.6± 5.8 [50] 2.11(-3) [488] 1.608(-4) 20.25 [423]
12696.00 [104]

L1N6 12913.5± 2.3 [145]

L1N7 12916.6± 2.4 [145]

L1O1 12872.10± 0.90 [50] 3.88(-7) [488] 23.91 [423]
12872.20 [104]

L� 4′ L1O2 12910.00± 1.10 [50] 1.25(-2) [488] 9.535(-4) 17.92 [423]
12910.00 [104]

L� 4 L1O3 12923.00± 1.10 [50] 1.57(-2) [488] 1.199(-3) 16.60 [423]
12923.00 [104]

L1O4,5 12968.30± 0.70 [50] 1.59(-4) [488] 0.04
L1O4 12998.00 [104] 5.127(-6)
L1O5 7.804(-6)

L� L2M1 9337.07± 0.73 [50] 3.49(-2) [488] 7.158(-3) 22.93 [423]
9337.10 [104]

L2M2 9585.8± 2.2 [50] 1.20(-6) [488] 17.02 [423]
9586.00 [104]

Lˇ17 L2M3 9934.5± 2.4 [50] 1.22(-4) [488] 2.445(-4) 15.67 [423]
9935.00 [104]

Lˇ1 L2M4 10355.42± 0.65 [50] 1.296 [488] 2.600(-1) 6.60 [279]
10355.00 [104] 7.42 [473]

L2M5 10420.70± 0.91 [50] 5.85(-5) [488] 6.83 [423]
10421.00 [104]

L� 5 L2N1 11730.42± 0.82 [50] 8.71(-4) [488] 1.755(-3) 19.80 [423]
11730.00 [104]

L2N2 11839.7± 3.3 [145] 18.64 [423]

L2N3 11924.47± 0.85 [50] 3.21(-4) [488] 6.444(-5) 14.80 [423]
11924.00 [104]

L� 1 L2N4 12095.48± 0.87 [50] 0.2471 [488] 4.955(-2) 9.40 [279]
12095.00 [104] 10.65 [473]

L2N5 12109.35± 0.67 [145] 12.08 [423]

Lv L2N6 12336.5± 3.6 [50] 7.48(-4) [488] 1.500(-4)
12338.0 [104]

L2N7 12335.7± 1.4 [145]

L� 8 L2O1 12301.20± 0.60 [50] 1.66(-4) [488] 3.433(-4) 15.74 [423]
12302.00 [104]

L2O3 12340.00± 2.50 [50] 5.17(-5) [488] 1.309(-5) 8.43 [423]
12340.00 [104]

L� 6 L2O4 12384.80± 0.60 [50] 1.22(-2) [488] 2.519(-3) 7.00 [473]
12385.00 [104]
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line transition E/eV I/eV/� TPIV 
 /eV
Ll L3M1 7822.33± 0.51 [50] 5.44(-2) [488] 1.333(-2) 22.19 [423]

7822.30 [104]

Lt L3M2 8078.6± 1.6 [50] 5.82(-4) [488] 1.202(-4) 16.98 [423]
8079.00 [104]

Ls L3M3 8414.1± 1.7 [50] 5.27(-4) [488] 1.088(-4) 15.63 [423]
8414.00 [104]

L˛2 L3M4 8841.10± 0.47 [50] 0.1152 [488] 2.293(-2) 7.20 [473]
8841.00 [104] 6.56 [423]

L˛1 L3M5 8911.83± 0.47 [50] 1.0016 [488] 2.021(-1) 7.04 [473]
8911.80 [104] 6.79 [423]

Lˇ6 L3N1 10217.00± 0.62 [50] 1.31(-2) [488] 2.612(-3) 19.76 [423]
10217.00 [104]

L3N2 10324.46± 0.89 [50] 1.31(-4) [488] 2.602(-5) 18.60 [423]
10325.00 [104]

L3N3 10400.00 [104] 1.30(-4) [488] 2.586(-5) 14.76 [423]
10404.12± 0.78 [145]

Lˇ15 L3N4 10581.68± 0.67 [50] 2.0047(-2) [488] 4.074(-3) 9.36 [423]
10582.00 [104]

Lˇ2 L3N5 10598.7± 1.1 [50] 0.1840 [488] 3.661(-2) 9.90 [279]
10598.00 [104] 9.60 [473]

Lu L3N6,7 10824.65± 0.98 [50] 1.11(-4) [488]
Lu′ L3N6 10825.00 [104] 2.213(-5)

10819.2± 1.3 [145]

Lu L3N7 10822.4± 1.3 [145] 1.241(-4)

Lˇ7 L3O1 10787.20± 0.80 [50] 2.49(-3) [488] 5.372(-4) 15.68 [423]
10787.00 [104]

Lˇ5 L3O4,5 10871.10± 1.00 [50] 9.68(-3) [488]
L3O4 10871.00 [104] 2.063(-4)

L3O5 1.767(-3)

M series
M1N3 2590.00± 11.00 [50] 2.816(-2) [335] 9.760(-4)

2589.00 [104]
2594.00 [263]

M2N1 2133.00± 7.00 [50] 3.30(-3) [335] 6.502(-4)
2132.00 [104]
2137.00 [263]

M2N4 2502.00± 2.00 [50] 3.36(-4) [335] 3.451(-3)
2503.00 [104]
2507.00 [263]

M3N1 1798.00± 5.00 [50] 3.30(-3) [335] 1.108(-3)
1798.00 [104]
1801.60 [263]

M� 2 M3N4 2166.00± 2.00 [50] 2.918(-2) [335] 5.399(-4)
2166.00 [104]
2171.00 [263]

M� 1 M3N5 2182.00± 1.50 [50] 2.918(-2) [335] 4.225(-3)
2182.00 [104]
2187.00 [263]
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line transition E/eV I/eV/� TPIV 
 /eV
M�2 M4N2 1483.10± 0.90 [50] 1.38(-3) [335] 2.102(-3)

1483.20 [104]
1486.60 [263]

Mı M4N3 1578.27 [423] 2.154(-4)

M4N4 1978.30± 0.30 [50] 4.466(-2) [335]

Mˇ M4N6 1978.30± 0.30 [50] 2.055(-2)
1978.30 [104]
1982.50 [263]

M� M4O2 1978.49 [423] 5.072(-4)

M�1 M5N3 1491.90± 0.70 [50] 1.38(-3) [335] 1.767(-3)
1495.60 [263]

M˛1.2 M5N6,7 1910.20± 0.30 [50]
M5N6 1910.00 [104] 1.086(-3)
M5N7 1913.30 [263] 2.118(-2)

N series
N4N6 238.80± 0.50 [50] 1.305(-4)

N5N6,7 226.60± 0.80 [50]

N5N6 5.901(-6)

N5N7 1.244(-4)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 73871.00 [503] 0.961 [301] 44.40 [301] 73870.8 [51]
73870.80± 0.50 [493] 0.961(18) [38] 43.62 [423] 73856.2± 6.5 [50]

0.9562 [423] 44.6 [94] 73884.0± 1.7 [145]

L1 12968.00 [503] 0.130 [301] 7.25 [301] 12968.0 [51]
12968.00± 0.40 [493] 8.80(-2) [436] 13.11 [423] 12971.6± 2.0 [50]

7.028-2) [423] 7.2 [94] 12978.4± 1.5 [145]

L2 12385.00 [503] 0.295 [301] 5.59 [301] 12385.0 [51]
12385.00± 0.40 [493] 0.3218 [423] 4.95 [423] 12380.9± 1.8 [50]

0.318 [436] 5.09 [94] 12397.42± 0.48 [145]

L3 10871.00 [503] 0.281 [301] 5.16 [301] 10870.9 [51]
10870.90± 0.30 [493] 0.290 [435] 4.91 [423] 10868.0± 1.ö4 [50]

0.2846 [423] 5.09 [94] 10884.14± 0.37 [145]
0.282 [436]

M1 3049.00 [503] 1.67(-3) [38] 20.40 [350] 3048.5 [51]
3048.50± 0.40 [493] 2.03(-3) [512] 17.98 [423]

2.81(-3) [423] 14.7 [94]

M2 2792.00 [503] 3.25(-3) [38] 13.90 [350] 2792.2 [51]



Osmium Z=76 469

level EB/eV !nlj 
 /eV AE/eV

2792.20± 0.30 [493] 1.70(-2) [512] 12.06 [423]
5.26(-3) [423] 8.6 [94]

M3 2458.00 [503] 3.20(-3) [38] 9.34 [350] 2457.2 [51]
2457.20± 0.40 [493] 3.24(-3) [512] 10.72 [423]

6.62(-3) [423] 7.5 [94]

M4 2031.00 [503] 1.37(-2) [38] 4.18 [350] 2038.0 [51]
2030.80± 0.30 [493] 2.10(-2) [512] 2.40 [423]

2.34(-2) [423] 1.89 [94]

M5 1960.00 [503] 2.32(-2) [38] 2.25 [350] 1960.1 [51]
1960.10± 0.30 [493] 2.40(-2) [512] 1.89 [423]

2.45(-2) [423] 1.89 [94]

N1 655.00 [503] 4.4(-4) [423] 16.00 [74]
654.30± 0.50 [493] 14.85 [423]

7.7 [94]

N2 547.00 [503] 13.00 [74]
546.50± 0.50 [493] 9.3(-4) [423] 13.70 [423]

6 [94]

N3 469.00 [503] 3.5(-4) [423] 13.00 [74]
468.20± 0.60 [493] 9.86 [423]

4.6 [94]
N4 290.00 [503] 1.6(-4) [739 8.00 [74]

289.40± 0.50 [493] 7.68 [423]
4.1 [94]

N5 273.00 [503] 1.6(-4) [423] 8.00 [74]
272.80± 0.60 [493] 7.13 [423]

3.9 [94]

N6 52.00 [503] 0.12 [74]
53.80 ± 0.20 [493] 0.22 [94]

N7 50.00 [503] 0.12 [74]
51.00 ± 0.20 [493] 0.18 [94]

O1 84.00 [503] 4.0(-6) [423] 10.79 [423]
83.70 ± 0.60 [493]

O2 58.00 [503] 1.0(-6) [423] 4.80 [423]
58.00 ± 1.10 [493]

O3 46.00 [503] 3.48 [423]
45.40 ± 1.00 [493]

O4 0.40 ± 0.70 [493]

O5 0.00 ± 0.70 [493]

IP 8.4382 [222]



470 5 X-Ray Emission Lines and Atomic Level Characteristics

Ir Z=77 [Xe] 4f14 5d7 6s2

Iridium A= 192.217(3) [222] %= 22.42 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 62694.2± 2.3 [145] 59.12 [423]

K˛2 KL2 63287.29± 0.96 [50] 12.87 [488] 2.787(-1) 52.50 [301]
63288.50 [104] 51.08 [423]

K˛1 KL3 64896.2± 1.0 [50] 22.09 [488] 4.781(-1) 52.10 [301]
64897.20 [104] 51.04 [423]

KM1 72941.1± 3.6 [145] 64.20 [423]

Kˇ3 KM2 73203.4± 1.3 [50] 2.403 [488] 5.214(-2) 58.24 [423]
73202.90 [104]

Kˇ1 KM3 73561.7± 1.3 [50] 4.660 [488] 1.008(-1) 56.97 [423]
73561.90 [50]

KˇII
5

KM4 73980± 13 [50] 5.700(-2) [488] 1.234(-3) 48.26 [423]
73983.80 [104]
73996.1± 2.7 [145]

KˇI
5

KM5 74075.5± 5.9 [50] 7.090(-2) [488] 1.533(-3) 47.97 [423]
74076.90 [104]

KN1 75418.4± 4.7 [145] 61.03 [423]

KˇII
2

KN2 75529.9± 6.8 [50] 0.558 [488] 1.208(-2) 59.70 [423]
75530.70 [104]

KˇI
2

KN3 75619.3± 4.8 [50] 1.087 [488] 2.353(-2) 55.73 [423]
75620.80 [104]

Kˇ4 KN4,5 75821± 14 [50] 3.200(-2) [488]
75821.00 [104]

KˇII
4

KN4 75795.7± 3.8 [145] 3.095(-4) 53.93 [423]

KˇI
4

KN5 75812.4± 2.2 [145] 3.832(-4) 53.20 [423]

KO2,3 76053.00± 2.30 [50] 0.2658 [488]
76055.40 [104]

KO2 2.766(-3) 52.13 [423]

KO3 5.546(-3) 50.79 [423]

L series
L1M1 10244.8± 2.5 [50] 5.120(-6) [488] 31.35 [423]

10245.00 [104]

Lˇ4 L1M2 10510.72± 0.40 [50] 0.325 [488] 2.513(-2) 17.70 [473]
10510.20 [104] 25.40 [423]

Lˇ3 L1M3 10867.54± 0.42 [50] 0.388 [488] 3.000(-2) 14.90 [473]
10867.00 [104] 24.12 [423]



Iridium Z=77 471

line transition E/eV I/eV/� TPIV 
 /eV
Lˇ10 L1M4 11301.74± 0.61 [50] 1.027(-2) [488] 7.933(-4) 15.42 [423]

11301.00 [104]

Lˇ9 L1M5 11377.13± 0.77 [50] 1.538(-2) [488] 1.187(-3) 15.13 [423]
11376.90 [104]

L1N1 12695.3± 3.8 [50] 2.170(-2) [104] 28.18 [423]
12691.00 [104]

L� 2 L1N2 12841.92± 0.59 [50] 8.130(-2) [488] 6.280(-3) 14.60 [473]
12840.60 [104] 26.85 [423]

L� 3 L1N3 12924.1± 1.0 [50] 0.1093 [488] 8.025(-3) 13.30 [473]
12922.80 [104] 22.89 [423]

L1N4 13107.3± 4.1 [50] 1.500(-3) [488] 1.157(-4) 21.08 [423]
13108.00 [104]

L� 11 L1N5 13125.,4± 4.1 [50] 2.35(-3) [488] 1.815(-4) 20.36 [423]
13126.00 [104]

L1N6 13349.0± 2.5 [145]

L1N7 13352.4± 2.5 [145]

L1O1 13271.00 [104] 4.680(-7) [488] 26.42 [423]

L� 4′ L1O2 13355.50± 0.40 [50] 1.370(-2) [488] 1.059(-3) 19.28 [423]
13355.00 [104]

L� 4 L1O3 13368.10± 0.40 [50] 1.690(-2) [488] 1.306(-3) 17.94 [423]
13367.00 [104]

L1O4,5 13413.00± 4.40 [50] 2.500(-4) [488]

L1O4 6.984(-6)

L1O5 1.067(-5)

L� L2M1 9652.34± 0.33 [50] 3.720(-2) [488] 7.367(-3) 23.30 [423]
9651.60 [104]

L2M2 9917.0± 3.5 [50] 1.420(-6) [488] 17.36 [423]
9909.00 [104]

Lˇ17 L2M3 10272.8± 2.5 [50] 1.340(-3) [488] 2.614(-4) 16.08 [423]
10274.00 [104]

Lˇ1 L2M4 10708.35± 0.41 [50] 1.382 [488] 2.699(-1) 6.80 [473]
10708.00 [104] 7.38 [423]

L2M5 10791.4± 2.8 [50] 6.670(-5) [488] 7.08 [423]
10792.50 [104]

L� 5 L2N1 12134.31± 0.88 [50] 9.350(-3) [488] 1.832(-3) 20.14 [423]
12133.00 [104]

L2N2 12251.2± 3.6 [50] 5.310(-7) [488] 18.81 [423]
12251.00 [104]

L2N3 12331.6± 5.4 [50] 3.560(-4) [488] 6.949(-5) 14.84 [423]
12332.00 [104]

L� 1 L2N4 12512.72± 0.56 [50] 0.2665 [488] 5.205(-2) 9.60 [473]
12511.30 [104] 13.04 [423]

L2N5 12524.29± 0.81 [145]

Lv L2N6 12760.5± 1.2 [50] 5.580(-4) [488] 1.677(-4)
12759.00 [104]



472 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV
L2N7 12758.5± 1.6 [145]

L� 8 L2O1 12727.90± 0.40 [50] 1.810(-3) [488] 3.619(-4) 18.38 [423]
12727.00 [104]

L2O2,3 12784.30± 0.70 [50] 5.780(-5) [488]
12783.00 [104]

L2O2 11.24 [423]

L2O3 1.401(-5) 9.90 [423]

L� 6 L2O4 12820.10± 0.50 [50] 1.873(-2) [488] 3.366(-3)
12819.00 [104]

Ll L3M1 8045.89± 0.23 [50] 5.870(-2) [488] 1.375(-2) 23.26 [423]
8045.30 [104]

Lt L3M2 8304.2± 2.5 [50] 6.370(-4) [488] 1.271(-4) 17.32 [423]
8310.00 [104]

Ls L3M3 8659.2± 1.8 [50] 5.770(-4) [488] 1.151(-4) 16.04 [423]
8659.00 [104]

L˛2 L3M4 9099.62± 0.49 [50] 0.1234 [488] 2.374(-2) 7.34 [423]
9099.10 [104]

L˛1 L3M5 9175.18± 0.30 [50] 1.079 [488] 2.093(-1) 8.10 [473]
9174.50 [104] 7.05 [423]

Lˇ6 L3N1 10525.17± 0.40 [50] 1.421(-2) [488] 2.756(-3) 20.10 [423]
10524.00 [104]

L3N2 10638.15± 0.68 [50] 1.430(-4) [488] 2.782(-5) 18.77 [423]
10640.00 [104]

L3N3 10725.1± 4.1 [50] 1.430(-4) [488] 2.777(-5) 14.81 [423]
10725.00 [104]

Lˇ15 L3N4 10903.67± 0.43 [50] 2.195(-2) [488] 4.258(-3) 13.00 [423]
10903.00 [104]

Lˇ2 L3N5 10920.47± 0.43 [50] 0.1975 [488] 3.832(-2) 9.70 [473]
10920.00 [104] 12.28 [423]

Lu L3N6,7 11155.01± 0.59 [50] 1.280(-4) [488]
11153.00 [104]

Lu′ L3N6 11146.8± 1.4 [145] 2.479(-5)

Lu L3N7 11150.1± 1.4 [145] 1.390(-4)

Lˇ7 L3O1 11120.50± 0.30 [50] 2.730(-3) [488] 5.721(-4) 18.34 [423]
11120.00 [104]

L3O2,3 11177.20± 0.60 [50] 2.370(-5) [488]
11174.00 [104]

L3O2 5.855(-6) 11.20 [423]

L3O3 5.723(-6) 9.77 [423]

Lˇ5 L3O4,5 11211.40± 0.30 [50] 1.440(-2) [488]
11211.00 [104]

L3O4 2.714(-4)

L3O5 2.333(-3)

M series
M1N3 2677.00± 5.00 [50] 3.637(-2) [335] 1.035(-3) 27.95 [423]



Iridium Z=77 473

line transition E/eV I/eV/� TPIV 
 /eV
2683.00 [263]

M2N4 2594.00± 2.00 [50] 3.173(-2) [335] 3.548(-3) 20.20 [423]
2594.00 [104]
2599.00 [263]

M3N1 1859.00± 2.50 [50] 3.530(-3) [335] 1.154(-3) 26.02 [423]
1860.00 [104]
1863.00 [263]

M� 2 M3N4 2238.00± 2.00 [50] 3.173(-2) [335] 5.628(-4) 18.92 [423]
2238.00 [104]
2242.00 [263]

M� 1 M3N5 2254.00± 1.60 [50] 3.173(-2) [335] 9.50 [279]
2254.00 [104] 4.394(-3) 18.20 [423]
2259.00 [263]

M3O4,5 2546.00± 5.00 [50]
2546.00
2552.00 [263]

M3O4 3.959(-5)

M3O5 3.018(-4)

M�2 M5N2 1537.30± 1.00 [50] 1.480(-3) [335] 15.70 [423]
1537.30 [104]
1540.20 [263]

Mı M4N3 1622.00± 2.00 [50] 1.480(-3) [335] 2.122(-4) 12.03 [423]
1622.00 [104]
1625.00 [263]

Mˇ M4N6 2053.50± 0.30 [50] 4.949(-2) [335] 2.253(-2) 2.20 [279]
2054.00
2058.00 [263]

M� M4O2 2057.50 [423] 5.043(-4) 8.42 [423]

M�1 M5N3 1545.80± 0.80 [50] 1.480(-3) [335] 1.715(-3) 11.73 [423]
1546.20 [104]
1549.80 [263]

M˛2 M5N6 1975.80± 1.00 [50] 4.949(-2) [335] 1.174(-3)
1976.20 [104]
1979.90 [263]

M˛1 M5N7 1979.90± 0.30 [50] 4.949(-2) [335] 2.289(-2) 2.50 [473]
1980.00 [104]
1984.10 [263]

N series
N4N6 247.00 [50]

N5N6,7 234.80 [50]



474 5 X-Ray Emission Lines and Atomic Level Characteristics

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 76111.00 [503] 0.962 [301] 46.80 [301] 76111.0 [51]
76111.00± 0.50 [493] 0.962 [38] 45.98 [423] 76100.1± 6.9 [50]

0.958 [39] 47 [94] 76117.5± 1.8 [145]
0.9572 [423]

L1 13419.00 [503] 0.120 [301] 8.30 [301] 13418.5 [51]
13418.50± 0.30 [493] 7.59(-2) [423] 13.14 [423] 13423.8± 2.2 [50]

9.30(-2) [436] 7.9 [94] 13423.3± 1.5 [145]

0.128 [578]
0.139 [567]

L2 12824.00 [503] 0.308 [301] 5.68 [301] 12824.1 [51]
12824.10± 0.30 [493] 0.3354 [423] 5.10 [423] 12820.0± 2.0 [50]

0.331 [436] 5.23 [94] 12754.38± 0.50 [145]
0.323 [578]
0.323 [567]

L3 11215.00 [503] 0.294 [301] 5.25 [301] 11215.2 [51]
11215.20± 0.30 [493] 0.262 [462] 5.06 [423] 11212.0± 1.5 [50]

0.2958 [423] 5.24 [94] 11046.07± 0.78 [145]
0.274 [436]
0.282 [567]

M1 3174.00 [503] 2.09(-3) [512] 18.21 [423] 3173.7 [51]
3173.70± 1.70 [493] 3.03(-3) [423] 14.8 [94]

M2 2909.00 [503] 1.80(-2) [512] 12.26 [423] 2908.7 [51]
2908.70± 0.30 [493] 5.48(-2) [423] 8.9 [94]

M3 2551.00 [503] 3.58(-3) [512] 10.98 [423] 2550.7 [51]
2550.70± 0.30 [493] 6.94(-3) [423] 8 [94]

M4 2116.00 [503] 2.30(-2) [512] 2.28 [423] 2116.1 [51]
2116.10± 0.30 [493] 2.54(-2) [423] 1.99 [94]

M5 2041.00 [503] 2.60(-2) [512] 1.99 [423] 2040.4 [51]
2040.40± 0.30 [493] 2.62(-2) [423] 1.99 [94]

N1 690.00 [503] 4.7(-4) [423] 15.04 [423]
690.10± 0.40 [493] 8 [94]

N2 577.00 [503] 9.8(-4) [423] 13.71 [423]
577.10± 0.40 [493] 6.1 [94]

N3 495.00 [503] 3.8(-4) [423] 9.75 [423]
494.30± 0.60 [493] 4.75 [94]

N4 312.00 [503] 1.8(-4) [423] 7.94 [423]
311.40± 0.40 [493] 4.1 [94]



Iridium Z=77 475

level EB/eV !nlj 
 /eV AE/eV

N5 295.00 [503] 1.8(-4) [423] 7.22 [423]
294.90± 0.40 [493] 4 [94]

N6 63.00 [503] 0.31 [94]
63.40 ± 0.40 [51]
63.80 ± 0.40 [493]

N7 60.00 [503] 0.27 [94]
60.50 ± 0.40 [51]
60.80 ± 0.30 [493]

O1 96.00 [503] 1.0(-5) [423] 13.28 [423]
95.20 ± 0.40 [493]

O2 63.00 [503] 1.0(-6) [423] 6.14 [423]
63.00 ± 0.60 [493]

O3 51.00 [503] 4.80 [423]
50.50 ± 0.60 [51]
49.60 ± 1.00 [493]

O4 4.00 [503]
4.20 ± 0.40 [493]

O5 3.20 ± 0.40 [493]

IP 8.9670 [222]



476 5 X-Ray Emission Lines and Atomic Level Characteristics

Pt Z=78 [Xe] 4f14 5d9 6s1

Platinum A= 195.0078(2) [222] %= 21.41 g/cm3 [547]
%= 21.40 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 64515.5± 2.4 [145] 61.83 [423]

K˛2 KL2 65123.3± 2.0 [50] 13.60 [488] 2.794(-1) 53.69 [423]
65123.00 [104] 13.71 [487] 54.30 [473]

K˛1 KL3 66832.9± 2.1 [50] 23.24 [488] 4.774(-1) 53.66 [423]
66832.00 [104] 23.45 [487] 60.30 [473]

KM1 75099.4± 3.6 [145] 66.91 [423]

Kˇ3 KM2 75368.7± 2.0 [50] 2.545 [488] 5.230(-2) 60.94 [423]
75369.90 [104] 2.653 [487]

Kˇ1 KM3 75749.1± 2.1 [50] 4.92 [488] 1.011(-1) 59.64 [423]
75750.00 [104] 5.13 [487]

KˇII
5

KM4 76198± 14 [50] 6.20(-2) [488] 1.275(-3) 50.64 [423]
76202.50 [104]

KˇI
5

KM5 76273± 21 [50] 7.67(-2) [488] 1.575(-3) 50.53 [423]
76278.10 [104]

KN1 77672.2± 4.7 [145] 63.81 [423]

KˇII
2

KN2 77785.5± 7.2 [50] 0.593 [488] 1.219(-2) 62.10 [423]
77788.80 [104] 0.636 [487]

KˇI
2

KN3 77878.3± 7.2 [50] 1.157 [488] 2.377(-2) 58.09 [423]
77882.00 [104] 1.250 [487]

Kˇ4 KN4,5 78070± 15 [50]
78070.00 [104]

KˇII
4

KN4 78064.5± 3.8 [145] 3.235(-4) 56.49 [423]

KˇI
4

KN5 78081.9± 2.1 [145] 3.985(-4) 55.71 [423]

KO2,3 78341.00± 5.00 [50] 0.2932 [488]
78346.00 [104]

KO2 2.799(-3) 55.93 [423]

KO3 5.572(-3) 54.57 [423]

L series
L1M1 10600.2± 1.2 [50] 6.002(-6) [488] 31.84 [423]

10530.00 [104]

Lˇ4 L1M2 10854.41± 0.70 [50] 0.348 [488] 2.640(-2) 25.87 [423]
10854.40 [104] 18.000 [473]

Lˇ3 L1M3 11230.89± 0.75 [50] 0.409 [488] 3.100(-2) 24.57 [423]
11231.00 [2 16.10 [473]



Platinum Z=78 477

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ10 L1M4 11676.3± 1.1 [50] 1.13(-2) [488] 8.566(-4) 15.57 [423]
11675.00 [104]

Lˇ9 L1M5 11756.79± 0.22 [50] 1.692(-2) [488] 1.283(-3) 15.46 [423]
11756.90 [104]

L1N1 13112.9± 4.1 [50] 2.56(-6) [488] 28.73 [423]
13111.00 [104]

L� 2 L1N2 13270.5± 1.1 [50] 8.76(-2) [488] 6.640(-3) 27.03 [423]
13270.60 [104]
13289.00 [543]

L� 3 L1N3 13361.5± 1.1 [50] 0.1104 [488] 8.366(-3) 23.02 [423]
13361.40 [104]
13380.00 [543]

L1N4 13549.0± 3.4 [145] 1.263(-4) 21.43 [423]

L� 11 L1N5 13560.4± 4.4 [50] 2.62(-3) [488] 1.985(-4) 20.64 [423]
13563.00 [104]

L1N6 13805.0± 2.4 [145]

L1N7 13808.5± 2.4 [145]

L1O1 13784.00± 3.00 [50] 5.68(-7) [488] 29.15 [423]
13789.00 [104]

L� 4′ L1O2 13814.50± 0.60 [50] 1.528(-2) [488] 1.158(-3) 20.86 [423]
13814.00 [104]
13835.00 [543]

L� 4 L1O3 13828.10± 0.60 [50] 1.867(-2) [488] 1.415(-3) 19.50 [423]
13827.00 [104]
13851.00 [543]

L1O4 13864.00± 1.60 [50] 3.17(-4) [488] 9.253(-6)
13863.00 [104]

L1O5 13878.00± 1.60 [50] 3.17(-4) [488] 1.420(-5)
13879.00 [104]

L� L2M1 9975.2± 2.4 [50] 3.79(-2) [488] 7.597(-3) 23.70 [423]
9976.10 [104]
9959.00 [543]

L2M2 10221± 12 [50] 1.66(-6) [488] 17.74 [423]
10230.00 [104]

Lˇ17 L2M3 10626.8± 1.3 [50] 1.49(-3) [488] 2.790(-4) 16.44 [423]
10627.00 [104]

Lˇ1 L2M4 11070.84± 0.29 [50] 1.471 [488] 2.797(-1) 7.43 [423]
11071.00 [104] 8.00 [473]
11065.00 [543]

L2M5 11140.5± 3.0 [50] 7.59(-5) [488] 7.33 [423]

L� 5 L2N1 12552.6± 3.8 [50] 1.0003(-2) [488] 1.909(-3) 20.59 [423]
12552.00 [104]

L2N2 12661.6± 3.8 [50] 6.29(-7) [488] 18.90 [423]
12619.00 [104]

L2N3 12758.93± 0.78 [50] 3.43(-4) [488] 7.480(-5) 14.88 [423]
12758.00 [104]



478 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

L� 1 L2N4 12942.19± 0.60 [50] 0.2871 [488] 5.459(-2) 13.28 [423]
12942.00 [104] 11.20 [473]
12933.00 [543]

L2N5 12959.33± 0.76 [145] 12.52 [423]

Lv L2N6 13199.3± 1.0 [50] 9.82(-4) [488] 1.866(-4) 5.61 [423]
13198.00 [104]

L2N7 13201.5± 1.5 [145]

L� 8 L2O1 13173.00± 1.40 [50] 1.99(-3) [488] 3.806(-4) 21.01 [423]
13172.00 [104]

L� 6 L2O4 13271.00± 3.00 [50] 2.293(-2) [488] 4.260(-3)
13269.00 [104]

Ll L3M1 8268.2± 1.6 [50] 6.32(-2) [488] 1.416(-2) 23.67 [423]
8268.70 [104]
8252.00 [543]

Lt L3M2 8532.9± 1.7 [50] 6.96(-4) [488] 1.343(-4) 17.70 [423]

Ls L3M3 8922.8± 1.9 [50] 6.30(-4) [488] 1.215(-4) 16.41 [423]

L˛2 L3M4 9361.92± 0.21 [50] 0.1299 [488] 2.456(-2) 7.40 [423]
9362.00 [104]
9358.00 [543]

L˛1 L3M5 9442.39± 0.32 [50] 1.145 [488] 2.165(-1) 7.30 [423]
9442.30 [104] 7.60 [473]
9438.00 [543]

Lˇ6 L3N1 10841.88± 0.70 [50] 1.507(-2) [488] 2.906(-3) 20.56 [423]
10841.00 [104]

L3N2 10962.2± 2.9 [50] 1.57(-4) [488] 2.968(-5) 18.86 [423]
10958.00 [104]

L3N3 11044.2± 2.9 [50] 1.57(-4) [488] 2.975(-5) 14.85 [423]
11046.00 [104]

Lˇ15 L3N4 11233.4± 2.4 [145] 4.446(-3) 13.26 [423]

Lˇ2 L3N5 11250.66± 0.45 [50] 0.2117 [488] 4.004(-2) 12.47 [423]
11250.00 [104] 9.95 [473]

Lu L3N6,7 11490.91± 0.79 [50] 1.46(-4) [488]
11491.00 [104]

Lu′ L3N6 11489.5± 1.3 [145] 2.768(-5) 5.58 [423]

Lu L3N7 11492.9± 1.3 [145] 1.551(-4) 5.52 [423]

Lˇ7 L3O1 11461.90± 0.30 [50] 3.003(-3) [488] 6.081(-4) 20.98 [423]
11461.00 [104]

L3O2,3 11521.00± 3.20 [50] 2.68(-5) [488]
11521.00

L3O2 6.226(-6) 12.69 [423]

L3O3 6.157(-6) 11.34 [423]

Lˇ5 L3O4,5 11561.00± 2.20 [50] 1.785(-2) [488]
11560.00 [104]

L3O4 3.417(-4)

L3O5 2.951(-3)
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line transition E/eV I/eV/� TPIV 
 /eV

M series
M1N3 2780.00± 5.60 [50] 3.273(-2) [335] 1.077(-3) 28.10 [423]

2780.00 [104]
2786.00 [263]

M2N4 2695.00± 2.30 [50] 3.445(-2) [335] 3.642(-3) 20.53 [423]
2696.00 [104]
2701.00 [263]

M3N1 1921.00± 2.70 [50] 3.77(-3) [335] 1.198(-3) 26.55 [423]
1920.60 [104]
1924.60 [263]

M� 2 M3N4 2314.00± 2.20 [50] 3.445(-2) [335] 5.849(-4) 19.23 [423]
2314.00 [104]
2319.00 [263]

M� 1 M3N5 2331.00± 1.80 [50] 3.445(-2) [335] 4.556(-3) 18.45 [423]
2330.00 [104]
2336.00 [263]

M3O1 2543.00± 4.70 [50] 2.369(-4) 26.96 [423]
2543.00 [104]
2548.00 [263]

M3O4,5 2641.00± 4.50 [50]
2647.00 [263]

M3O4 4.958(-5)

M3O5 2643.00 [104] 3.783(-4)

M�2 M4N2 1592.00± 1.00 [50] 1.58(-3) [335] 2.054(-3) 15.84 [423]
1592.00 [104]
1595.70 [263]

Mı M4N3 1682.00± 2.00 [50] 1.58(-3) [335] 2.091(-4) 11.83 [423]
1682.00 [104]
1684.60 [263]

Mˇ M4N6 2127.30± 0.40 [50] 5.462(-2) [335] 2.462(-2) 2.55 [423]
2127.00 [104]
2132.00 [263]

M� M4O2 2139.06 [423] 5.006(-4) 9.67 [423]

M�1 M5N3 1602.20± 0.80 [50] 1.58(-3) [335] 1.663(-3) 11.72 [423]
1602.00 [104]
1606.00 [263]

M˛2 M5N6 2047.00± 1.00 [50] 5.416(-2) [335] 1.263(-3) 2.45 [423]
2047.00 [104]
2051.00 [263]

M˛1 M5N7 2050.50± 0.34 [50] 5.416(-2) [335] 2.464(-2) 2.40 [423]
2050.00 [104]
2055.00 [263]

M5O3 2071.00± 3.00 [50] 4.358(-4) 8.21 [423]
2071.00 [104]
2075.00 [263]
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line transition E/eV I/eV/� TPIV 
 /eV

N series
N4N6 258.00± 1.10 [50] 1.637(-4) 8.40 [423]

N5N6,7 243.60± 0.50 [50]

N5N6 7.350(-6) 7.62 [423]

N5N7 1.562(-4) 7.57 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV
K 78395.00 [503] 0.963 [301] 49.30 [301] 78394.8 [51]

78394.80± 0.70 [493] 0.967 [225] 49.5 [94] 78380.5± 7.3 [50]
0.963(13) [38] 48.45 [423] 78404.2± 1.9 [145]
0.9592 [39]
0.9581 [423]

L1 13880.00 [503] 0.114 [301] 9.39 [301] 13879.9 [51]
13880.10± 0.40 [493] 7.94(-2) [423] 13.38 [423] 13880.69± 0.30 [294]

7.40(-2) [436] 8.8 [94] 13888.7± 1.4 [145]
0.115 [578]
0.13 [567]

L2 13273.00 [503] 0.321 [301] 5.86 [301] 13272.6 [51]
13272.60± 0.40 [493] 0.3491 [423] 5.24 [423] 13271.894

± 0.030
[294]

0.344 [436] 5.38 [94] 13281.67± 0.51 [145]
0.341 [578]
0.349 [567]

L3 11564.00 [503] 0.306 [301] 5.31 [301] 11563.7 [51]
0.31 [269] 5.21 [423] 11562.755± 0.020 [294]

11563.70± 0.40 [493] 0.262 [435] 5.39 [94] 11573.11± 0.38 [145]
0.3070 [423]
0.303 [436]
0.284 [578]
0.294 [567]

M1 3298.00 [503] 2.15(-3) [512] 23.00 [74] 3296.0 [51]
3297.20± 0.90 [493] 3.21(-3) [423] 18.46 [423]

2.14(-3) [245] 14.9 [94]

M2 3027.00 [503] 1.90(-2) [512] 12.49 [423] 3026.5 [51]
3026.50± 0.40 [51] 5.70(-3) [423] 9.00 [74]
3026.70± 0.50 [493] 3.18(-3) [245] 9.2 [94]

M3 2646.00 [503] 3.92(-3) [512] 11.19 [423] 2645.4 [51]
2645.40± 0.40 [51] 7.28(-3) [423] 15.00 [74]
2645.70± 0.50 [493] 4.60(-3) [245] 8.3 [94]

M4 2202.00 [503] 2.60(-2) [512] 2.19 [423] 2201.9 [51]
2201.90± 0.30 [51] 2.74(-2) [423] 2.30 [74]
2201.70± 0.40 [493] 2.08 [94]

M5 2121.00 [503] 2.70(-2) [512] 2.08 [423] 2121.6 [51]
2121.60± 0.30 [51] 2.80(-2) [423] 2.50 [74]
2121.40± 0.40 [493] 2.08 [94]
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level EB/eV !nlj 
 /eV AE/eV

N1 724.00 [503] 5.0(-4) [423] 15.35 [423]
722.00± 0.60 [51] 17.00 [50]
722.80± 1.20 [493] 8.25 [94]

N2 608.00 [503] 1.03(-3) [423] 13.65 [423]
609.00± 0.60 [51] 13.00 [74]
608.40± 1.00 [493] 6.25 [94]

N3 519.00 [503] 4.0(-4) [423] 9.64 [423]
519.00± 0.60 [493] 13.00 [74]

4.9 [94]

N4 331.00 [503] 2.1(-4) [423] 8.04 [423]
330.80± 0.50 [51] 8.30 [74]
330.70± 0.60 [493] 4.1 [94]

N5 314.00 [503] 2.0(-4) [423] 7.26 [423]
313.30± 0.40 [51] 8.30 [74]
313.40± 0.50 [493] 3.95 [94]

N6 74.00 [503] 1.0(-6) [423] 0.36 [423]
74.30 ± 0.40 [493] 0.22 [74]

0.35 [94]

N7 70.00 [503] 1.0(-6) [423] 0.31 [423]
71.10 ± 0.50 [51] 0.22 [74]
70.90 ± 0.40 [493] 0.31 [94]

O1 102.00 [503] 1.0(-5) [423] 15.77 [423]
102.70± 0.40 [493]

O2 66.00 [503] 1.0(-6) [423] 7.48 [423]
65.30 ± 0.70 [493]

O3 51.00 [503] 6.12 [423]
51.70 ± 0.70 [51]
51.60 ± 0.70 [493]

O4 2.00 [503]
2.20 ± 1.30 [51]
2.80 ± 0.90 [493]

O5 2.00 [503]
2.20 ± 1.30 [51]
1.40 ± 0.90 [493]

IP 8.9587 [222]
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Au Z=79 [Xe] 4f14 5d10 6s1

Gold A = 196.96655(2) [222] % = 19.29 g/cm3 [547]
% = 19.30 g/cm3 [483]

X-ray transitions
line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 66400± 21 [50] 1.81(-2) [488] 64.58 [423]

66400.90 [104]
66372.5± 2.4 [145]

K˛2 KL2 66989.50± 0.70 [50] 14.36 [488] 2.801(-1) 58.00 [301]
66991.90 [104] 14.48 [487] 56.42 [423]
66991.16± 0.22 [277]
66990.73± 0.22 [144]

K˛1 KL3 68803.70± 0.80 [50] 24.43 [488] 4.766(-1) 57.40 [301]
68806.60 [104] 24.64 [487] 56.40 [423]
68804.94± 0.18 [277]
68804.50± 0.18 [144]

KM1 77301.2± 3.7 [145] 69.68 [423]

Kˇ3 KM2 77580.00± 1.00 [50] 2.687 [488] 5.242(-2) 63.73 [423]
77581.90 [104] 2.800 [487]
77575.51± 0.61 [277]
77575.01± 0.61 [144]

Kˇ1 KM3 77984.00± 1.40 [50] 5.20 [488] 1.014(-1) 61.89 [423]
77985.90 [104] 5.41 [487]
77980.30± 0.38 [277]
77979.80± 0.38 [144]

KˇII
5

KM4 78439.0± 5.1 [50] 6.74(-2) [488] 1.315(-3) 53.27 [423]
78440.00 [104]

KˇI
5

KM5 78529.5± 3.7 [50] 8.29(-2) [488] 1.617(-3) 53.21 [423]
78530.00 [104]

KN1 79963.3± 4.8 [145] 66.63 [423]

KˇII
2

KN2 80076.5± 5.1 [50] 0.630 [488] 1.229(-2) 64.63 [423]
80079.00 [104] 0.675 [487]

KˇI
2

KN3 80186.2± 6.9 [50] 1.231 [488] 2.402(-2) 60.53 [423]
80188.00 [104] 1.330 [487]

Kˇ4 KN4,5 80391.1± 3.9 [50] 3.85(-2) [488]
80390.00 [104]

KˇII
4

KN4 80371.0± 4.2 [145] 3.378(-4) 59.14 [423]

KˇI
4

KN5 80389.0± 2.3 [145] 4.142(-4) 58.30 [423]

KO2,3 80667.00± 4.00 [50] 0.320 [488]
80669.00 [104] 0.345 [487]

KO2 2.831(-3) 59.51 [423]

KO3 5.597(-3) 59.33 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M1 10921.15± 0.71 [50] 7.05(-6) [488] 32.33 [423]

10920.40 [104]

Lˇ4 L1M2 11204.81± 0.45 [50] 0.373 [488] 2.745(-2) 20.70 [473]
11204.20 [104] 26.37 [423]

Lˇ3 L1M3 11610.5± 1.4 [50] 0.430 [488] 3.168(-2) 18.40 [473]
11610.00 [104] 24.53 [423]

Lˇ10 L1M4 12061.8± 1.2 [50] 1.243(-2) [488] 9.151(-4) 15.89 [423]
12062.00 [104]

Lˇ9 L1M5 12147.6± 1.2 [50] 1.861(-2) [488] 1.370(-3) 15.85 [423]
12147.30 [104]

L1N1 13578.2± 2.2 [50] 3.09(-6) [488] 29.26 [423]
13577.70 [104]

L� 2 L1N2 13709.70± 0.67 [50] 9.43(-2) [488] 6.946(-3) 18.10 [473]
13708.70 [104] 27.27 [423]
13730.00 [543]

L� 3 L1N3 13809.1± 1.1 [50] 0.1173 [488] 8.633(-3) 16.40 [473]
13807.70 [104] 23.17 [423]
13828.00 [543]

L1N4 13999.3± 1.6 [50] 1.85(-3) [488] 1.363(-4) 21.78 [423]
13998.10 [104]

L� 11 L1N5 14019.9± 1.6 [50] 2.91(-3) [488] 2.146(-4) 20.94 [423]
14018.90 [104]

L1N6 14263.1± 2.6 [145] 13.99 [423]

L1N7 14266.8± 2.5 [145] 13.93 [423]

L1O1 14238.50± 0.80 [50] 6.85(-7) [488] 31.90 [423]
14238.00 [104]

L� 4′ L1O2 14280.90± 0.70 [50] 1.688(-2) [488] 1.243(-3) 22.15 [423]
14280.00 [104]
14304.00 [543]

L� 4 L1O3 14299.60± 0.70 [50] 2.036(-2) [488] 1.499(-3) 21.97 [423]
14299.00 [104]
14320.00 [543]

L1O4 14350.00± 0.80 [50] 4.15(-4) [488] 1.184(-5)
14349.00 [104]

L1O4,5 14349.70± 0.80 [50]

L1O5 14358.00 [104] 4.15(-4) [488] 1.823(-5)

L� L2M1 10308.41± 0.38 [50] 4.23(-2) [488] 7.850(-3) 24.07 [423]
10308.00 [104]
10289.00 [543]

L2M2 10589.5± 1.3 [50] 1.95(-6) [488] 18.11 [423]
10587.00 [104]

Lˇ17 L2M3 10991.54± 0.72 [50] 1.61(-3) [488] 2.971(-4) 16.27 [423]
10991.00 [104]

Lˇ1 L2M4 11442.45± 0.47 [50] 1.565 [488] 2.895(-1) 8.50 [473]
11441.00 [104] 7.63 [423]
11436.00 [543]
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line transition E/eV I/eV/� TPIV 
 /eV
L2M5 11526.8± 3.2 [50] 8.62(-5) [488] 7.65 [423]

11525.00 [104]

L� 5 L2N1 12974.43± 0.60 [50] 1.075(-2) [488] 1.988(-3) 21.00 [423]
12974.00 [104]

L2N2 13080.00 [104] 7.43(-7) [488] 19.01 [423]
13089.4± 3.5 [145]

L2N3 13186.8± 4.2 [50] 4.35(-4) [488] 8.035(-5) 14.91 [423]
13185.00 [104]

L� 1 L2N4 13381.79± 0.64 [50] 0.309 [488] 5.714(-2) 11.50 [473]
13381.00 [104] 13.52 [423]
13372.00 [543]

L2N5 13396.01± 0.71 [145] 12.69 [423]

Lv L2N6 13648.9± 1.1 [50] 1.12(-3) [488] 2.067(-4) 5.79 [423]
13648.00 [104]

L2N7 13646.2± 1.5 [145] 5.73 [423]

L� 8 L2O1 13626.00± 0.75 [50] 2.18(-3) [488] 4.019(-4) 23.83 [423]
13625.00 [104]

L2O2 13662.00± 1.10 [50] 1.44(-7) [488] 13.89 [423]
13662.00 [104]

L2O3 13679.00± 1.10 [50] 9.54(-5) [488] 1.597(-5) 13.71 [423]
13679.00 [104]

L� 6 L2O4 13730.40± 0.50 [50] 2.905(-2) [488] 5.222(-3)
13729.00 [104]

Ll L3M1 8494.03± 0.78 [50] 6.80(-2) 1.459(-2) 24.09 [423]
8493.60 [104]
8477.00 [543]

Lt L3M2 8770.31± 0.64 [50] 7.60(-4) [488] 1.418(-4) 18.09 [423]
8769.80 [104]

Ls L3M3 9174.97± 0.70 [50] 6.88(-4) [488] 1.283(-4) 16.25 [423]
9174.40 [104]

L˛2 L3M4 9628.05± 0.33 [50] 0.1377 [488] 2.538(-2) 7.61 [423]
9627.20 [104]
9624.00 [543]

L˛1 L3M5 9713.44± 0.34 [50] 1.214 [488] 2.236(-1) 8.60 [473]
9712.90 [104] 7.57 [423]
9709.00 [543]

Lˇ6 L3N1 11160.33± 0.45 [50] 1.68(-2) [488] 3.060(-3) 20.98 [423]
11160.00 [104]

L3N2 11274.4± 1.1 [50] 1.71(-4) [488] 3.162(-5) 18.99 [423]
11274.00 [104]

L3N3 11371.8± 1.1 [50] 1.73(-4) [488] 3.186(-5) 14.89 [423]
11371.00 [104]

Lˇ15 L3N4 11566.81± 0.80 [50] 2.515(-2) [488] 4.635(-3) 13.50 [423]
11567.00 [104]

Lˇ2 L3N5 11584.75± 0.48 [50] 0.2267 [488] 4.178(-2) 11.20 [473]
11584.00 [104] 12.66 [423]

Lu L3N6,7 11835.80± 0.84 [50] 1.67(-4) [488]
11835.00 [104]

Lu′ L3N6 11828.7± 1.4 [145] 3.075(-5) 5.77 [423]



Gold Z=79 485

line transition E/eV I/eV/� TPIV 
 /eV
Lu L3N7 11832.3± 1.4 [145] 1.722(-4) 5.71 [423]

Lˇ7 L3O1 11810.60± 0.90 [50] 3.34(-3) [488] 6.462(-4) 23.81 [423]
11810.00 [104]

L3O2,3 11865.00± 2.30 [50] 2.96(-5) [488] 6.620(-6)
11865.00 [104]

Lˇ5 L3O4,5 11916.30± 0.35 [50] 2.25(-2) [488]
11916.00 [104]

L3O4 4.156(-4)

L3O5 3.609(-3)

L3P1 11935.00 [104] 1.42(-4) [488] 4.876(-5)

L3P2,3 11935.50± 0.80 [50]

M series
M1N3 2883.00± 6.00 [50] 3.523(-2) [335] 1.120(-3) 28.18 [423]

2883.00 [104]
2889.00 [263]

M2N4 2797.00± 2.50 [50] 3.265(-2) [116] 3.735(-3) 20.83 [423]
2797.00 [104] 3.735(-2) [335]
2803.00 [263]

M3N1 1981.00± 2.80 [50] 8.79(-3) [116] 1.246(-3) 26.47 [423]
1982.00 [104] 4.03(-3) [335] 10.00 [473]
1985.00 [263]

M� 2 M3N4 2391.00± 2.30 [50] 4.30(-4) [116] 6.083(-4) 18.99 [423]
2391.00 [104] 3.7 [488]35(-2) [335]
2396.00 [263]

M� 1 M3N5 2410.00± 1.90 [50] 3.374(-2) [116] 4.726(-3) 18.15 [423]
2409.00 [104] 3.735(-2) [335]
2415.00 [263]

M3O1 2636.00± 5.00 [50] 1.58(-3) [116] 2.501(-4) 29.30 [423]
2636.00 [104]
2642.00 [263]

M3O4 2742.00± 3.60 [50] 4.93(-4) [116] 6.013(-5)

M3O5 2742.00± 4.00 [50] 3.78(-3) [116] 4.595(-4)

M3O4,5 2747.00 [263]

M�2 M4N2 1648.00± 1.10 [50] 3.05(-3) [116] 2.045(-3) 15.84 [423]
1648.00 [104] 1.69(-3) [335]
1650.90 [263]

Mı M4N3 1746.00± 2.00 [50] 3.70(-4) [116] 2.060(-4) 11.74 [423]
1746.00 [104] 1.69(-3) [335]
1748.70 [263]

Mˇ M4N6 2204.60± 0.40 [50] 6.34(-2) [116] 2.685(-2) 8.50 [279]
2205.00 [104] 6.01(-2) [335] 2.62 [423]
2209.00 [263]

M� M4O2 2222.15 [423] 4.964(-4) 10.72 [423]

M�1 M5N3 1660.50± 0.90 [50] 2.45(-3) [116] 1.612(-3) 11.69 [423]
1661.00 [104] 1.69(-3) [335]
1664.20 [263]
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line transition E/eV I/eV/� TPIV 
 /eV

M˛2 M5N6 2118.00± 1.10 [50] 2.97(-3) [116] 1.354(-3) 2.57 [423]
2118.00 [104] 6.01(-2) [335] 2.50 [473]
2122.00 [263]

M˛1 M5N7 2122.90± 0.40 [50] 5.787(-2) [116] 2.643(-2) 2.50 [473]
2123.00 [104] 6.010(-2) [335] 2.51 [423]
2127.00 [263]

M5O3 2150.00± 3.40 [50] 3.37(-4) [116] 4.166(-4) 10.49 [423]
2149.00 [104]
2154.00 [263]

N series
N4N6 265.00± 1.10 [50] 1.825(-4) 8.51 [423]

N5N6,7 251.00± 0.50 [50] 7.63 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV
K 80725.00 [503] 0.964 [301] 52.00 [301] 80724.9 [51]

80724.90(0.5) [493] 0.964(17) [38] 51.02 [423] 80721.3± 3.9 [50]
0.9604 [39] 52.1 [94] 80734.7± 2.1 [145]
0.969 [423]
0.964 [39]
0.954 [242]

L1 14353.00 [503] 0.107 [301] 10.50 [301] 14352.8 [51]
14352.80(0.4) [493] 0.105 [348] 13.60 [423] 14355.29± 0.50 [50]

8.23(-2) [423] 9.8 [94] 14362.2± 1.6 [294]
7.80(-2) [436]
0.124 [578]
0.137 [567]

L2 13733.00 [503] 0.334 [301] 6.00 [301] 13733.6 [51]
13733.60(0.3) [493] 0.357 [348] 5.40 [423] 13734.194± 0.070[294]

0.3627 [423] 5.53 [94] 13741.67± 0.52 [145]
0.358 [436]
0.342 [92]

L3 11918.00 [503] 0.320 [301] 5.41 [301] 11918.7 [51]
0.31(4) [269] 5.37 [423] 11919.694± 0.060[294]

11918.70(0.3) [493] 0.317 [435] 5.54 [94] 11927.78± 0.39 [145]
0.3183 [423]
0.313 [436]
0.296 [578]
0.286 [92]

M1 3425.00 [503] 2.13(-3) [38] 20.90 [350] 3424.9 [51]
3424.90(0.3) [493] 2.21(-3) [512] 18.67 [423]

3.40(-3) [423] 15 [94]

M2 3150.00 [503] 4.32(-3) [38] 10.70 [350] 3147.8 [51]
3147.80(0.4) [493] 5.92(-3) [423] 12.71 [423]

9.5 [94]

M3 2743.00 [503] 4.20(-3) [38] 12.10 [350] 2743.0 [51]
2743.00(0.4) [493] 4.26(-3) [512] 10.86 [423]

7.64(-3) [423] 8.5 [94]



Gold Z=79 487

level EB/eV !nlj 
 /eV AE/eV

M4 2291.00 [503] 2.64(-2) [38] 12.80 [350] 2291.1 [51]
2291.10(0.3) [493] 2.80(-2) [512] 2.24 [423]

2.96(-2) [423] 2.18 [94]

M5 2206.00 [503] 2.56(-2) [38] 12.66 [350] 2205.7 [51]
2205.70(0.3) [493] 2.90(-2) [512] 2.18 [423]

2.98(-2) [423] 2.18 [94]

N1 759.00 [503] 5.2(-4) [423] 15.60 [423]
758.80(0.4) [493] 8.5 [94]

N2 644.00 [503] 1.07(-3) [423] 13.61 [423]
643.70(0.5) [493] 6.4 [94]

N3 546.00 [503] 4.2(-4) [423] 9.51 [423]
545.40(0.5) [493] 5.05 [94]

N4 352.00 [503] 2.3(-4) [423] 8.12 [423]
352.00(0.4) [493] 4.1 [94]

N5 334.00 [503] 2.2(-4) [423] 7.28 [423]
333.90(0.4) [493] 3.9 [94]

N6 87.00 [503] 1.0(-6) [423] 0.39 [423]
86.40 ± 0.40 [51] 0.37 [94]
87.30 ± 0.60 [493]

N7 83.00 [503] 1.0(-7) [423] 0.33 [423]
82.80 ± 0.50 [51] 0.33 [94]
83.70 ± 0.60 [493]

O1 108.00 [503] 1.0(-5) [423] 18.43 [423]
107.80± 0.70 [493]

O2 72.00 [503] 2.0(-6) [423] 8.49 [423]
71.70 ± 0.70 [493]

O3 54.00 [503] 8.31 [423]
53.70 ± 0.70 [51]
56.90 ± 2.30 [493]

O4 3.00 [503]
2.50 ± 0.50 [51]
3.30 ± 0.50 [493]

O5 3.00 [503]
1.80 ± 0.50 [493]

IP 9.2255 [222]



488 5 X-Ray Emission Lines and Atomic Level Characteristics

Hg Z=80 [Xe] 4f14 5d10 6s2

Mercury A = 200.59(2) [222] % = 13.522 g/cm3 [547]
% = 13.546 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 68260.5± 2.5 [145] 67.45 [423]

K˛2 KL2 68895.1± 1.7 [50] 15.14 [488] 2.807(-1) 59.23 [423]
68894.90 [104] 15.27 [487] 68.20 [473]

60.80 [301]

K˛1 KL3 70819.5± 1.8 [50] 25.66 [488] 4.758(-1) 59.21 [423]
70819.90 [104] 25.88 [487] 64.75 [473]

60.10 [301]

KM1 79541.6± 3.8 [145] 72.54 [423]

Kˇ3 KM2 79823.3± 2.3 [50] 2.835 [488] 5.256(-2) 66.60 [423]
79822.90 [104] 2.952 [487] 68.95 [473]

Kˇ1 KM3 80254.2± 2.3 [50] 5.46 [488] 1.017(-1) 63.79 [423]
80253.90 [104] 5.71 [487] 65.75 [473]

Kˇ5 KM4,5 80754± 16 [50] 8.95(-2) [488]
80760.00 [104]

KˇII
5

KM4 80717.1± 3.0 [145] 1.356(-3) 55.98 [423]

KˇI
5

KM5 80807.6± 2.9 1.659(-3) 55.95 [423]

KN1 82302.4± 4.9 [145] 68.83 [423]

KˇII
2

KN2 82435± 16 [50] 0.668 [488] 1.239(-2) 67.34 [423]
82434.00 [104] 0.716 [487]

KˇI
2

KN3 82545± 16 [50] 1.309 [488] 2.427(-2) 63.03 [423]
82540.00 [104] 1.413 [487]

Kˇ4 KN4,5 82776± 16 [50] 4.22(-2) [488]
82780.00 [104]

KˇII
4

KN4 82726.0± 4.2 [145] 3.524(-4) 61.82 [423]

KˇI
4

KN5 82745.3± 2.3 [145] 4.301(-4) 60.94 [423]

KO2,3 83040.00± 11.00 [50] 0.351 [488]
83040.00 [104] 0.380 [487]

KO2 2.863(-3) 62.60 [423]

KO3 5.622(-3) 63.50 [423]

L series
L1M1 11272.1± 3.0 [50] 8.26(-6) [488] 32.64 [423]

11272.00 [104]



Mercury Z=80 489

line transition E/eV I/eV/� TPIV 
 /eV
Lˇ4 L1M2 11563.1± 1.1 [50] 0.399 [488] 2.894(-2) 26.70 [423]

11563.00 [104] 19.70 [473]

Lˇ3 L1M3 11995.4± 1.2 [50] 0.452 [488] 3.280(-2) 23.88 [423]
11995.00 [104] 17.40 [473]

Lˇ10 L1M4 12446.0± 2.5 [50] 1.366(-2) [488] 9.909(-4) 16.07 [423]
12446.00 [104]
12456.97± 0.52 [440]

Lˇ9 L1M5 12560.0± 2.5 [50] 2.044(-2) [488] 1.484(-3) 16.05 [423]
12558.00 [104]
12547.52± 0.29 [440]

L1N1 14045.8± 4.7 [50] 3.57(-6) [488] 28.91 [423]
14045.00 [104]

L� 2 L1N2 14162.3± 1.7 [50] 0.1015 [488] 7.363(-3) 27.43 [423]
14162.10 [104]

L� 3 L1N3 14264.8± 1.7 [50] 0.1244 [488] 9.027(-3) 23.13 [423]
14264.60 [104]

L1N4 14465.5± 3.6 [145] 1.492(-4) 21.92 [423]

L� 11 L1N5 14474.3± 1.8 [50] 3.24(-3) [488] 2.352(-4) 21.04 [423]
14473.20 [104]

L1N6 14739.1± 2.6 [145]

L1N7 14743.2± 2.6 [145]

L1O1 14570.00± 3.50 [50] 8.28(-7) [488] 34.53 [423]
14670.00 [104]

L� 4′ L1O2 14757.00± 1.20 [50] 1.874(-2) [488] 1.360(-3) 22.69 [423]
14757.00 [104]

L� 4 L1O3 14778.00± 1.20 [50] 2.237(-2) [488] 1.624(-3) 23.60 [423]
14783.00 [104]

L1O4,5 14847.00± 3.60 [50] 5.11(-4) [488]
14847.00 [104]

L1O4 1.482(-5)

L1O5 2.293(-5)

L� L2M1 10651.4± 1.4 [50] 4.51(-2) [488] 8.106(-3) 24.43 [423]
10651.00 [104]

L2M2 10888.1± 7.1 [50] 2.28(-6) [488] 18.49 [423]
10888.00 [104]

Lˇ17 L2M3 11357.9± 7.7 [50] 1.75(-3) [488] 3.160(-4) 15.67 [423]
11370.00 [104]

Lˇ1 L2M4 11822.70± 0.83 [50] 1.684 [488] 2.991(-1) 7.87 [423]
11823.00 [104] 8.70 [473]

L2M5 11913.2± 1.3 [145] 7.84 [423]

L� 5 L2N1 13410.3± 1.5 [50] 1.16(-2) [488] 2.069(-3) 20.70 [423]
13410.00 [104]

L2N2 13530.8± 3.6 [145] 19.22 [423]

L2N3 13640.3± 1.6 [50] 4.79(-4) [488] 8.621(-5) 14.92 [423]
13641.00 [104]
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line transition E/eV I/eV/� TPIV 
 /eV
L� 1 L2N4 13830.2± 1.1 [50] 0.322 [488] 5.975(-2) 13.71 [423]

13830.00 [104] 11.80 [473]

L2N5 13850.97± 0.72 [145] 12.83 [423]

Lv L2N6 14107.3± 1.7 [50] 1.27(-3) [488] 2.280(-4) 5.89 [423]
14107.00 [104]

L2N7 14109.3± 1.6 [145] 5.87 [423]

L� 8 L2O1 14090.00± 1.10 [50] 2.38(-3) [488] 4.258(-4) 26.32 [423]
14090.00 [104]

L2O2 14114.00± 1.60 [50] 1.76(-7) [488] 14.48 [423]
14114.00 [104]

L2O3 14156.00± 1.60 [50] 8.61(-5) [488] 1.719(-5) 15.39 [423]
14156.00 [104]

L� 6 L2O4 14199.00± 1.10 [50] 3.45(-2) [488] 6.200(-3)
14199.00 [104]

L2P1 4.116(-5)

Ll L3M1 8721.32± 0.91 [50] 7.91(-2) [488] 1.502(-2) 24.41 [423]
8721.00 [104]

Lt L3M2 9019.5± 1.9 [50] 8.29(-4) [488] 1.496(-4) 18.47 [423]
9019.00 [104]

Ls L3M3 9455.6± 2.1 [50] 7.50(-4) [488] 1.353(-4) 15.65 [423]
9456.00 [104]

L˛2 L3M4 9897.68± 0.82 [50] 0.1459 [488] 2.620(-2) 7.84 [423]
9897.60 [104] 8.80 [473]

L˛1 L3M5 9988.91± 0.60 [50] 1.285 [488] 2.307(-1) 7.82 [423]
9888.80 [104] 8.10 [473]

Lˇ6 L3N1 11482.5± 1.1 [50] 1.793(-2) [488] 3.219(-3) 20.68 [423]
11482.00 [104]

L3N2 11642.6± 3.2 [50] 1.87(-4) [488] 3.361(-5) 19.20 [423]
11643.00 [104]

L3N3 11713.0± 1.6 [50] 1.90(-4) [488] 3.404(-5) 14.90 [423]
11712.00 [104]

Lˇ15 L3N4 11904.1± 1.2 [50] 2.687(-2) [488] 4.825(-3) 13.68 [423]
11904.00 [104]

Lˇ2 L3N5 11924.2± 1.2 [50] 0.2425 [488] 4.355(-2) 12.81 [423]
11925.00 [104] 10.40 [473]

Lu′ L3N6 12182.7± 1.2 [50] 1.90(-4) [488] 3.404(-5) 5.87 [423]
12183.00 [104]

Lu L3N7 12194.1± 1.2 [50] 1.06(-3) [488] 1.904(-4) 5.85 [423]
12194.00 [104]

Lˇ7 L3O1 12162.50± 0.80 [50] 3.69(-3) [488] 6.859(-4) 26.30 [423]
12163.00 ]

L3O2 12207.90± 0.80 [50] 3.37(-5) [488] 7.026(-6) 14.46 [423]
12208.00 [104]

L3O3 12226.40± 0.80 [50] 3.36(-5) [488] 7.111(-6) 15.37 [423]
12227.00 [104]

Lˇ5 L3O4,5 12276.90± 0.90 [50] 2.675(-2) [488]



Mercury Z=80 491

line transition E/eV I/eV/� TPIV 
 /eV
12277.00 [104]

L3O4 4.900(-4)

L3O5 4.285(-3)

M series
M3N1 2036.00± 7.00 [50] 4.30(-3) [335] 1.295(-3) 25.26 [423]

M�2 M3N4 2458.69 [423] 6.327(-4) 18.26 [423]

M� 1 M3N5 2487.50± 1.00 [50] 4.045(-2) [335] 4.904(-3) 17.38 [423]
2496.00 [263]

M�2 M4N2 1721.63 [423] 2.034(-3) 15.97 [423]

Mı M4N3 1805.00± 5.00 [50] 1.80(-3) [335] 2.027(-4) 11.67 [423]

Mˇ M4N6 2282.50± 0.40 [50] 6.595(-2) [335] 2.915(-2) 2.64 [423]
2283.00 [104]
2288.00 [263]

M� M4O2 2307.46 [423] 4.979(-4) 11.23 [423]

M4O3 5.111(-5) 12.13 [423]

M�1 M5N3 1722.50 [263] 1.588(-3) 11.64 [423]

M˛2 M5N6 2187.30 [423] 1.445(-3) 2.61 [423]

M˛1 M5N7 2195.30± 0.35 [50] 6.595(-2) [335] 2.822(-2) 2.59 [423]
2196.00 [104]
2201.00 [263]

M5O3 3.998(-4) 12.11 [423]

N series
N4N6 274.00± 1.80 [50] 2.026(-4) 8.48 [423]

N5N6,7 259.00± 1.60 [50]

N5N6 8.963(-6) 7.60 [423]

N5N7 1.919(-4) 7.58 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 83103.00 [503] 0.965 [301] 54.60 [301] 83102.3 [51]
83102.30± 0.80 [493] 0.952 [372] 53.68 [423] 83109.2± 8.2 [50]

0.966 [38] 54.8 [94] 83111.3± 2.1 [145]
0.9615 [39]
0.970 [414]
0.9598 [423]
0.962 [112]
0.9615 [39]

L1 14839.00 [503] 0.107 [301] 11.30 [301] 14839.3 [51]
14839.30± 1.00 [493] 8.63(-2) [423] 13.78 [423] 14842.8± 2.6 [50]

9.80(-2) [107] 10.5 [94] 14850.8± 1.5 [145]
8.20(-2) [436]
8.20(-2) [244]



492 5 X-Ray Emission Lines and Atomic Level Characteristics

level EB/eV !nlj 
 /eV AE/eV

0.098 [107]

L2 14209.00 [503] 0.347 [301] 6.17 [301] 14208.7 [51]
14208.70± 0.70 [493] 0.39 [548] 5.56 [423] 14214.92± 0.24 [50]

0.352 [107] 5.69 [94] 14216.92± 0.53 [145]
0.319 [413]
0.3764 [423]
0.368 [244]
0.372 [578]

L3 12284.00 [503] 0.333 [301] 5.50 [301] 12283.9 [51]
12289.90± 0.40 [493] 0.32 [269] 5.54 [423] 12286.4± 1.8 [50]

0.40 [548] 5.71 [94] 12292.28± 0.39 [145]
0.367 [435]
0.30 [413]
0.321 [107]
0.3297 [423]
0.31 [578]

M1 3562.00 [503] 2.75(-3) [512] 23.00 [74] 3561.6 [51]
3561.60± 1.10 [493] 3.59(-3) [423] 18.88 [423]

2.47(-3) [245] 15.1 [94]

M2 3279.00 [503] 2.108-2) [512] 10.00 [74] 3278.5 [51]
3278.50± 1.30 [493] 6.16(-3) [423] 12.93 [423]

3.68(-3) [245] 9.8 [94]

M3 2847.00 [503] 4.6(-3) [512] 15.00 [74] 2847.1 [51]
2847.10± 0.40 [493] 8.01(-3) [423] 10.11 [423]

5.27(-3) [245] 8.6 [94]

M4 2385.00 [503] 3.00(-2) [512] 2.30 [74] 2384.9 [51]
2384.90± 0.30 [493] 3.19(-2) [423] 2.30 [423]

2.28 [94]

M5 2295.00 [503] 3.00(-2) [512] 2.70 [74] 2294.9 [51]
2294.90± 0.30 [493] 3.17(-2) [423] 2.28 [423]

2.28 [94]

N1 800.00 [503] 5.5(-4) [423] 16.00 [74]
800.30± 1.00 [493] 15.14 [423]

8.8 [94]

N2 677.00 [503] 1.12(-3) [423] 13.00 [74]
676.90± 2.40 [493] 13.67 [423]

6.55 [94]

N3 571.00 [503] 4.5(-4) [423] 13.00 [74]
571.00± 1.40 [493] 9.36 [423]

5.3 [94]

N4 379.00 [503] 2.6(-4) [423] 8.00 [74]
378.30± 1.00 [493] 8.15 [423]

4 [94]

N5 360.00 [503] 2.4(-4) [423] 8.00 [74]



Mercury Z=80 493

level EB/eV !nlj 
 /eV AE/eV

359.80± 1.20 [493] 7.27 [423]
3.85 [94]

N6 103.00 [503] 2.0(-6) [423]
102.20± 0.50 [51] 0.20 [74]
103.30± 0.70 [493] 0.33 [423]

0.33 [94]

N7 99.00 [503] 2.0(-6) [423]
98.30 ± 0.50 [51] 0.20 [74]
99.40 ± 0.60 [493] 0.31 [423]

0.31 [94]

O1 120.00 [503] 1.0(-5) [423] 20.76 [423]
120.30± 1.30 [493]

O2 81.00 [503] 3.0(-6) [423] 8.92 [423]
80.50 ± 1.30 [493]

O3 58.00 [503] 1.0(-6) [423] 9.83 [423]
57.60 ± 1.30 [51]
61.80 ± 1.40 [493]

O4 7.00 [503]
6.40 ± 1.40 [51]
7.50 ± 1.40 [493]

O5 7.00 [503]
6.40 ± 1.40 [51]
5.70 ± 1.40 [493]

IP 10.43750 [222]



494 5 X-Ray Emission Lines and Atomic Level Characteristics

Tl Z=81 [Xe] 4f14 5d10 6s2 6p1

Thallium A = 204.3833(2) [222] % = 11.83 g/cm3 [547]
% = 11.86 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 70185.1± 2.5 [145] 70.35 [423]

K˛2 KL2 70832.5± 1.2 [50] 15.96 [488] 2.815(-1) 63.80 [301]
70831.90 [104] 16.09 [487] 62.18 [423]

K˛1 KL3 72872.5± 1.3 [50] 26.93 [488] 4.748(-1) 63.10 [301]
72870.90 [104] 27.16 [487] 62.15 [423]

KM1 81827.0± 3.9 [145] 75.5 [423]

Kˇ3 KM2 82118.4± 4.8 [50] 2.988 [488] 5.268(-2) 69.58 [423]
82118.90 [104] 3.11 [487]

Kˇ1 KM3 82576.7± 4.1 [50] 5.79 [488] 1.020(-1) 66.78 [423]
82576.90 [104] 6.01 [487]

Kˇ5 KM4,5 83114.8± 8.2 [50]

KˇII
5

KM4 83045.6± 3.1 [145] 7.92(-2) [488] 1.398(-3) 58.86 [423]

KˇI
5

KM5 83141.7± 3.0 [145] 58.83 [423]

KN1 84685.5± 5.0 [145]

KˇII
2

KN2 84838.0± 8.6 [50] 0.709 [488] 1.249(-2) 70.19 [423]
0.759 [487]

KˇI
2

KN3 84948.5± 8.6 [50] 1.390 [488] 2.450(-2) 65.68 [423]
1.490 [487]

Kˇ4 KN4,5 85194± 17 [50] 4.61(-3) [488]

KˇII
4

KN4 85125.4± 4.4 [145] 3.674(-4) 64.54 [423]

KˇI
4

KN5 85145.9± 4.3 [145] 4.462(-4) 63.69 [423]

KO2,3 85451.00± 6.00 [50] 5.41(-3) [488]

KO2 2.895(-3) 65.62 [423]

KO3 5.647(-3) 68.00 [423]

KP2,3 6.00(-3) [488]

KP2 2.457(-5)

KP3 3.497(-5)



Thallium Z=81 495

line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M1 11648.1± 3.2 [50] 9.66(-6) [488] 32.95 [423]

11648.00 [104]

Lˇ4 L1M2 11930.78± 0.51 [50] 0.426 [488] 3.064(-2) 21.60 [473]
11929.80 [104] 27.04 [423]

Lˇ3 L1M3 12390.55± 0.55 [50] 0.474 [488] 3.410(-2) 19.70 [473]
12390.00 [104] 24.23 [423]

Lˇ10 L1M4 12862.7± 1.4 [50] 1.499(-2) [488] 1.078(-3) 16.31 [423]
12861.00 [104]

Lˇ9 L1M5 12958.7± 1.4 [50] 2.243(-2) [488] 1.613(-3) 16.28 [423]
12957.40 [104]

L1N1 14502.6± 2.5 [50] 4.20(-6) [488] 29.06 [423]
14501.80 [104]

L� 2 L1N2 14625.2± 1.3 [50] 0.1090 [488] 7.840(-3) 19.30 [473]
14623.50 [104] 27.65 [423]

L� 3 L1N3 14737.0± 1.0 [50] 0.1318 [488] 9.478(-3) 17.80 [473]
14735.40 [104] 23.13 [423]

L1N4 14937.4± 1.9 [50] 2.28(-3) [488] 1.639(-4) 22.00 [423]
13937.30 [104]

L� 11 L1N5 14959.4± 1.3 [50] 3.60(-3) [488] 2.588(-4) 21.14 [423]
14958.40 [104]

L1N6 15222.7± 2.6 [145] 14.20 [423]

L1N7 15227.1± 2.5 [145] 14.18 [423]

L1O1 15198.00± 2.00 [50] 9.98(-7) [488] 37.31 [423]
15196.70 [104]

L� 4′ L1O2 15248.20± 0.90 [50] 2.075(-2) [488] 1.492(-3) 23.07 [423]
15247.00 [104]

L� 4 L1O3 15271.60± 0.90 [50] 2.452(-2) [488] 1.763(-3) 25.45 [423]
15271.00 [104]

L1O4,5 15332.70± 1.00 [50] 6.26(-4) [488] 0.13
15332.00 [104]

L1O4 1.792(-5)

L1O5 2.785(-5)

L� L2M1 10994.36± 0.43 [50] 4.80(-2) [488] 8.384(-3) 24.77 [423]
10994.00 [104]

L2M2 11274.2± 1.5 [50] 2.67(-6) [488] 18.86 [423]
10274.00 [104]

Lˇ17 L2M3 11739.7± 1.2 [50] 1.92(-3) [488] 3.355(-4) 16.06 [423]
11738.40 [104]

Lˇ1 L2M4 12213.44± 0.71 [50] 1.767 [488] 3.088(-1) 9.00 [473]
12212.00 [104] 8.14 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L2M5 12309.36± 0.90 [50] 1.08(-4) [488] 8.11 [423]
12309.00 [104]

L� 5 L2N1 13852.77± 0.92 [50] 1.231(-2) [488] 2.152(-3) 20.88 [423]
13852.00 [104]

L2N2 14057± 47 [50] 1.03(-6) [488] 19.47 [423]
13958.00 [104]
13979.1± 3.7 [145]

L2N3 14089.5± 1.2 [50] 5.28(-4) [488] 9.232(-5) 14.96 [423]
14089.00 [104]

L� 1 L2N4 14291.58± 0.73 [50] 0.357 [488] 6.236(-2) 11.70 [473]
14290.00 [104] 13.83 [423]

L2N5 14313.2± 2.6 [145] 12.97 [423]

L2N6,7 14577.9± 1.3 [50] 1.43(-3) [488]
14577.00 [104]

Lv L2N6 14575.0± 1.6 [145] 2.505(-4) 6.02 [423]

L2N7 14579.4± 1.6 6.00 [423]

L� 8 L2O1 14564.00± 3.40 [50] 2.61(-3) [488] 4.508(-4) 29.14 [423]
14561.00 [104]

L2O2 14604.00± 1.70 [50] 2.14(-7) [488] 14.90 [423]
14603.00 [104]

L� 6 L2O4 14685.00± 3.50 [50] 4.07(-2) [488] 7.115(-3)
14682.00 [104]

Ll L3M1 8953.28± 0.29 [50] 7.91(-2) [488] 1.545(-2) 24.75 [423]
8952.70 [104]

Lt L3M2 9241.79± 0.51 [50] 9.02(-4) [488] 1.577(-4) 18.84 [423]
9241.20 [104]

Ls L3M3 9700.75± 0.56 [50] 8.16(-4) [488] 1.426(-4) 16.03 [423]
9700.10 [104]

L˛2 L3M4 10172.91± 0.37 [50] 0.1344 [488] 2.701(-2) 8.12 [423]
10172.00 [104]

L˛1 L3M5 10268.62± 0.50 [50] 1.360 [488] 2.378(-1) 9.40 [473]
10268.00 [104] 8.09 [423]

Lˇ6 L3N1 11812.00± 0.83 [50] 1.934(-2) [488] 3.382(-3) 20.86 [423]
11812.00 [104]

L3N2 11938.0± 3.5 [145] 3.556(-5) 19.45 [423]

L3N3 12053.5± 1.7 [50] 2.08(-4) [488] 3.633(-5) 14.93 [423]
12052.00 [104]

Lˇ15 L3N4 12251.10± 0.54 [50] 2.869(-2) [488] 5.017(-3) 13.80 [423]
12250.00 [104]

Lˇ2 L3N5 12271.71± 0.54 [50] 0.2591 [488] 4.531(-2) 11.50 [473]
12271.00 [104] 12.94 [423]



Thallium Z=81 497

line transition E/eV I/eV/� TPIV 
 /eV

Lu L3N6,7 12538.7± 1.9 [50] 1.20(-3) [488]
12537.00 [104]

Lu′ L3N6 12533.9± 1.5 [145] 3.754(-5) 6.00 [423]

Lu L3N7 12538.3± 1.4 [145] 2.097(-4) 5.97 [423]

Lˇ7 L3O1 12521.20± 0.60 [50] 4.07(-3) [488] 7.277(-4) 29.12 [423]
12520.00 [104]

L3O2 12556.00± 0.60 [50] 3.78(-5) [488] 7.455(-6) 14.88 [423]
12556.00 [104]

L3O3 12582.00± 0.60 [50] 3.80(-5) [488] 7.631(-6) 17.26 [423]
12581.00 [104]

Lˇ5 L3O4,5 12643.60± 0.40 [50] 3.16(-2) [488]
12643.00 [104]

L3O4 5.644(-4)

L3O5 4.969(-3)

L3P1 12660.00 [104] 4.66(-4) [488] 8.150(-5)

L3P2,3 12660.70±0.60 [50] 6.95(-7) [488]

L3P2 6.919(-8)

L3P3 5.237(-8)

M series

M1N3 3089.00± 7.00 [50] 4.069(-2) [335] 1.178(-3) 28.27 [423]
3089.00 [104]
3096.00 [263]

M2N4 3013.00± 3.00 [50] 4.374(-2) [335] 3.934(-3) 21.23 [423]
3010.00 [104]
3019.00 [263]

M2O4 2941.00± 3.00 [50] 5.225(-4)

M3N1 2107.00± 3.00 [50] 4.58(-3) [335] 1.348(-3) 25.48 [423]
2108.00 [104]
2111.00 [104]

M� 2 M3N4 2548.00± 2.60 [50] 4.374(-2) [335] 6.582(-4) 18.42 [423]
2548.00 [104]
2554.00 [263]

M� 1 M3N5 2571.00± 2.10 [50] 4.374(-2) [335] 5.087(-3) 17.57 [423]
2570.00 [104]
2576.00 [263]

M3O4,5 2941.00± 4.00 [50]

M3O4 8.174(-5)

M3O5 6.266(-4)
2947.00 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

M3O5 2941.00 [104]

M�2 M4N2 1763.00± 1.30 [50] 1.11(-5) [335] 2.019(-3) 16.16 [423]
1763.00 [104]
1767.00 [263]

Mı M4N3 1893.38 [423] 2.023(-4) 11.64 [423]

Mˇ M4N6 2362.10± 0.50 [50] 7.282(-2) [335] 3.099(-2) 2.70 [423]
2362.00 [104]
2367.00 [263]

M� M4O2 2386.00± 4.10 [50] 4.983(-4) 11.58 [423]
2386.00 [104]
2391.00 [263]

M�1 M5N3 1778.00± 1.00 [50] 1.11(-5) [335] 1.562(-3) 11.61 [423]
1778.00 [104]
1781.40 [263]

M˛2 M5N6 2265.60± 0.80 [50] 7.219(-2) [335] 1.538(-3) 2.67 [423]
2266.00 [104]
2270.00 [263]

M˛1 M5N7 2270.60± 0.40 [50] 7.219(-2) [335] 3.004(-2) 2.65 [423]
2270.00 [104]
2275.00 [263]

N series
N5N6,7 267.00± 1.20 [50]

N5N6 9.795(-6) 7.53 [423]

N5N7 2.106(-4) 7.51 [423]

N6O4 107.50± 0.20 [50] 3.202(-6)

N6O5 109.68± 0.10 [50] 2.129(-7)

N7O5 105.30± 0.10 [50] 3.084(-6)



Thallium Z=81 499

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 85531.00 [503] 0.9225 [39] 56.45 [423] 85530.4 [51]
85530.40± 0.60 [493] 0.966 [301] 57.40 [301] 85534.5± 8.7 [50]

0.9606 [423] 57.6 [94] 85538.2± 2.2 [145]

L1 14347.00 [503] 0.107 [301] 12.00 [301] 15346.7 [51]
14346.70± 0.40 [493] 7.00(-2) [574] 13.90 [423] 15342.4± 2.8 [50]

9.12(-2) [423] 11.1 [94] 15353.1± 1.5 [145]
8.80(-2) [436]
0.127 [578]

L2 14698.00 [503] 0.360 [301] 6.32 [301] 14697.9 [51]
14697.90± 0.30 [493] 0.319 [574] 5.73 [423] 14700.3± 2.6 [50]

0.390 [423] 5.87 [94] 14705.47± 0.56 [145]
0.384 [436]
0.389 [578]

L3 12657.00 [503] 0.347 [301] 5.65 [301] 12657.5 [51]
12657.50± 0.30 [493] 0.386 [435] 5.71 [423] 12660.3± 1.9 [50]

0.37 [269] 5.89 [94] 12664.38± 0.40 [145]
0.306 [574]
0.3410 [423]
0.332 [436]
0.324 [578]

M1 3704.00 [503] 2.97(-3) [512] 15.1 [94] 3704.1 [51]
3704.10± 0.40 [493] 3.74(-3) [423] 19.04 [423]

M2 3416.00 [503] 2.20(-2) [512] 10.1 [94] 3415.7 [51]
3415.70± 0.30 [493] 6.39(-3) [423] 13.13 [423]

M3 2957.00 [503] 4.94(-3) [512] 8.7 [94] 2956.6 [51]
2956.60± 0.30 [493] 8.39(-3) [423] 10.33 [423]

M4 2485.00 [503] 3.30(-2) [512] 2.38 [94] 2485.1 [51]
2485.10± 0.30 [493] 3.38(-2) [423] 2.41 [423]

M5 2390.00 [503] 3.10(-2) [512] 2.38 [94] 2389.3 [51]
2389.30± 0.30 [493] 3.35(-2) [423] 2.38 [423]

N1 846.00 [503] 5.8(-4) [423] 9.1 [94]
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level EB/eV !nlj 
 /eV AE/eV

845.50± 0.50 [493] 15.15 [423]

N2 722.00 [503] 1.16(-3) [423] 6.7 [94]
721.30± 0.80 [493] 13.75 [423]

N3 609.00 [503] 4.7(-4) [423] 5.6 [94]
609.00± 0.50 [493] 9.23 [423]

N4 407.00 [503] 2.8(-4) [423] 3.9 [94]
406.60± 0.40 [493] 8.10 [423]

N5 386.00 [503] 2.7(-4) [423] 3.8 [94]
386.20± 0.50 [493] 7.24 [423]

N6 122.00 [503] 3.0(-6) [423] 0.29 [94]
] 122.80± 0.40 [51] 0.29 [423]

123.00± 0.30 [493]

N7 118.00 [503] 3.0(-6) [423] 0.27 [94]
118.50± 0.40 [51] 0.27 [423]
118.70± 0.30 [493]

O1 137.00 [503] 1.0(-5) [423] 23.41 [423]
136.30± 0.70 [493]

O2 100.00 [503] 4.0(-6) [423] 9.17 [423]
99.60± 0.60 [493]

O3 76.00 [503] 1.0(-6) [423] 11.55 [423]
75.40± 0.60 [51]
74.50± 1.30 [493]

O4 16.00 [503]
15.30± 0.40 [493]

O5 13.00 [503]
13.10± 0.40 [493]

IP 6.1082 [222]



Lead Z=82 501

Pb Z=82 [Xe] 4f14 5d10 6s2 6p2

Lead A = 207.2(1) [222] % = 11.33 g/cm3 [547]
% = 11.34 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 72145.0± 2.6 [145] 73.18 [423]

K˛2 KL2 72804.20± 0.90 [50] 16.82 [488] 2.822(-1) 66.80 [301]
72804.40 [104] 16.95 [487] 69.00 [473]
72805.90± 0.24 [277] 65.23 [423]
72805.42± 0.24 [144]

K˛1 KL3 74969.40± 0.90 [50] 28.25 [488] 4.739(-1) 66.20 [301]
74970.90 [104] 28.49 [487] 68.30 [473]
74970.60± 0.17 [277] 65.21 [423]
74970.11± 0.17 [144]

KM1 84156.2± 4.0 [145]

Kˇ3 KM2 84450.00± 2.30 [50] 3.147 [488] 5.279(-2) 74.90 [473]
84450.60 [104] 3.27 [487] 72.65 [423]
84451.00± 0.60 [277]
84450.45± 0.60 [145]

Kˇ1 KM3 84936.00± 3.50 [50] 6.10 [488] 1.023(-1) 42.20 [473]
84936.94 [104] 6.34 [487] 69.91 [423]
84939.63± 0.34 [277]
84939.08± 0.34 [144]

KˇII
5

KM4 85434± 17 [50] 8.58(-2) [488] 1.439(-3) 61.84 [423]
85430.00 [104]

KˇI
5

KM5 85535± 26 [50] 0.1038 [488] 1.742(-3) 61.81 [423]
85530.00 [104]

KN1 87114.5± 5.1 [145] 74.64 [423]

KˇII
2

KN2 87238± 18 [50] 0.750 [488] 1.259(-2) 73.29 [423]
87230.00 [104] 0.803 [487]

KˇI
2

KN3 87366.9± 9.1 [50] 1.475 [488] 2.474(-2) 68.47 [423]
87364.00 [104] 1.591 [487]

Kˇ4 KN4,5 87589± 27 [50] 5.04(-2) [488]
87590.00 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

KˇII
4

KN4 87571.0± 4.4 [145] 3.826(-4) 67.16 [423]

KˇI
4

KN5 87593.2± 4.4 [145] 4.623(-4) 66.47 [423]

KO2,3 87922.00± 5.00 [50] 0.421 [488]
87923.00 [104] 0.457 [487]

KO2 2.927(-3) 67.33 [423]

KO3 5.672(-3) 72.70 [423]

KP2,3 88060.00± 60.00 [50] 9.93(-3) [488]
1.51(-2) [487]

KP2 6.575(-5)

KP3 1.008(-4)

L series
L1M1 12010.3± 3.4 [50] 1.13(-5) [488] 33.06 [423]

12010.00 [104]

Lˇ4 L1M2 12305.9± 1.8 [50] 0.455 [488] 3.309(-2) 22.20 [279]
12306.30 [104] 21.30 [473]

27.18 [423]

Lˇ3 L1M3 12793.4± 1.4 [50] 0.479 [488] 3.614(-2) 18.30 [279]
12793.00 [104] 18.65 [473]

24.44 [423]

Lˇ10 L1M4 13275.8± 4.2 [50] 1.643(-2) [488] 1.195(-3) 16.37 [423]
13276.00 [104]

Lˇ9 L1M5 13377.5± 2.1 [50] 2.459(-2) [488] 1.788(-3) 16.33 [423]
13377.20 [104]

L1N1 14963.0± 1.9 [50] 4.93(-6) [488] 29.16 [423]
14962.00 [104]

L� 2 L1N2 15101.4± 5.4 [50] 0.1171 [488] 8.516(-3) 19.90 [473]
15095.60 [104] 27.81 [423]
15118.00 [543]

L� 3 L1N3 15218.2± 2.8 [50] 0.1394 [488] 1.014(-2) 19.40 [473]
15214.60 [104] 22.99 [423]
15238.00 [543]

L1N4 15427.6± 2.0 [50] 2.52(-3) [488] 1.836(-4) 21.66 [423]
15426.50 [104]

L� 11 L1N5 15452.8± 2.6 [50] 3.99(-3) [488] 2.905(-4) 21.00 [423]
15452.30 [104]

L1N6,7 15725.8± 3.0 [50] 7.55(-5) [488]
15725.00 [104]

L1N6 15717.7± 2.6 [145] 14.11 [423]

L1N7 15722.6± 2.6 [145] 14.09 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L1O1 15699.00± 2.00 [50] 1.20(-6) [488] 40.05 [423]
15698.80 [104]

L� 4′ L1O2 15752.00± 1.40 [50] 2.294(-2) [488] 1.668(-3) 21.86 [423]
15751.00 [104]
15779.00 [543]

L� 4 L1O3 15777.00± 2.00 [50] 2.683(-2) [488] 1.951(-3) 27.22 [423]
15775.00 [104]
15802.00 [543]

L1O4,5 15843.00± 1.40 [50] 7.54(-4) [488]
15842.00 [104]

L1O4 2.141(-5)

L1O5 3.345(-5)

L� L2M1 11349.4± 1.1 [50] 5.10(-2) [488] 8.663(-3) 25.10 [423]
11348.00 [104]
11329.00 [543]

L2M2 11648.1± 3.2 [50] 3.11(-6) [488] 19.22 [423]
11648.00 [104]

Lˇ17 L2M3 12127.8± 1.8 [50] 2.09(-3) [488] 3.555(-4) 16.49 [423]
12127.00 [104]

Lˇ1 L2M4 12613.80± 0.57 [50] 1.875 [488] 3.184(-1) 8.40 [279]
12612.00 [104] 9.357 [473]
12607.00 [543] 8.41 [423]

L2M5 12720.0± 1.9 [50] 1.25(-4) [488] 8.38 [423]
12718.00 [104]

L� 5 L2N1 14307.6± 1.2 [50] 1.317(-2) [488] 2.236(-3) 21.21 [423]
14308.00 [104]

L2N2 14441.7± 7.5 [50] 1.22(-6) [488] 19.86 [423]
14409.00 [104]

L2N3 14553.3± 1.8 [50] 5.82(-4) [488] 9.871(-5) 15.04 [423]
14552.00

L� 1 L2N4 14764.55± 0.78 [50] 0.383 [488] 6.502(-2) 11.40 [279]
14764.00 [104] 12.30 [473]
14753.00 [543] 13.70 [423]

L2N5 14791.5± 5.2 [50] 2.86(-5) [488] 13.05 [423]
14791.00 [104]

Lv L2N6 15060± 19 [50] 1.61(-3) [488] 2.741(-4) 6.16 [423]
15059.00 [104]
15056.1± 1.6 [145]

L2N7 15061.0± 1.6 [145] 6.13 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L� 8 L2O1 15052.70± 0.90 [50] 2.58(-3) [488] 4.770(-4) 32.10 [423]
15051.00 [104]

L2O3 15120.00± 1.80 [50] 1.12(-4) [488] 1.989(-5) 19.27 [423]
15119.00 [104]

L� 6 L2O4 15178.30± 0.90 [50] 4.74(-2) [488] 8.046(-3)
15177.00 [104]

L2P1 15196.90± 0.90 [50] 3.65(-4) [488] 6.190(-5)
15196.00 [104]

Ll L3M1 9184.56± 0.70 [50] 8.55(-2) [488] 1.590(-2) 25.08 [423]
9184.50 [104]
9168.00 [543]

Lt L3M2 9481.16± 0.75 [50] 9.81(-4) [488] 1.671(-4) 19.20 [423]
9480.60 [104]

Ls L3M3 9967.63± 0.83 [50] 8.87(-4) [488] 1.510(-4) 16.47 [423]
9967.00 [104]

L˛2 L3M4 10449.59± 0.65 [50] 0.1633 [488] 2.782(-2) 9.35 [473]
10449.00 [104] 8.39 [423]
10446.00 [543]

L˛1 L3M5 10551.60± 0.27 [50] 1.438 [488] 2.449(-1) 9.50 [279]
10551.00 [104] 8.36 [423]
10547.00 [543]

Lˇ6 L3N1 12143.2± 1.8 [50] 2.085(-2) [488] 3.552(-3) 21.19 [423]
12143.00 [104]

L3N2 12270.6± 1.3 [50] 2.22(-4) [488] 3.778(-5) 19.84 [423]
12269.00 [104]

L3N3 12392.0± 1.8 [50] 2.27(-4) [488] 3.871(-5) 15.02 [423]
12391.00 [104]

Lˇ15 L3N4 12601.2± 1.3 [50] 3.06(-2) [488] 5.210(-3) 13.68 [423]
12601.00 [104]

Lˇ2 L3N5 12622.8± 1.3 [50] 0.2767 [488] 4.713(-2) 11.80 [279]
12622.00 [104] 10.75 [473]

13.03 [423]

Lu L3N6,7 12897.0± 1.4 [50] 2.42(-4) [488]
12896.00 [104]

Lu′ L3N6 12892.6± 1.5 [145] 4.127(-5) 6.14 [423]

Lu L3N7 12897.5± 1.5 [145] 2.304(-4) 6.11 [423]

Lˇ7 L3O1 12888.00± 1.30 [50] 1.35(-3) [488] 7.715(-4) 32.08 [423]
12888.00 [104]

L3O2 12934.00± 1.30 [50] 4.23(-5) [488] 7.905(-6) 13.89 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

12934.00 [104]

L3O3 12945.00± 1.40 [50] 4.33(-5) [488] 8.184(-6) 19.25 [423]
12934.00 [104]

Lˇ5 L3O4,5 13015.00± 1.40 [50] 3.68(-2) [488]
13016.00 [104]

L3O4 6.355(-4)

L3O5 5.631(-3)

L3P1 13034.00 [104] 5.72(-4) [488] 9.743(-5)

L3P2,3 13034.40± 1.00 [50] 2.08(-6) [488]

L3P2 1.943(-7)

L3P3 1.594(-7)

M series
M1N3 3202.00± 7.40 [50] 1.858(-2) [116] 1.213(-3) 28.34 [423]

3202.00 [104] 4.366(-2) [335]
3209.00 [263]

M2N1 2664.00± 4.60 [50] 7.67(-3) [116] 7.584(-4) 28.63 [423]
2663.00 [104] 4.88(-3) [335]

2669.00 [263]
M2N4 3124.00± 3.90 [50] 4.000(-2) [116] 4.034(-3) 21.13 [423]

3121.00 [104] 4.723(-2) [335]
3131.00 [263]

M2O4 3017.00± 4.00 [50] 6.12(-3) [116] 5.876(-4)

M3N1 2174.00± 3.00 [50] 1.105(-2) [116] 1.405(-3) 25.89 [423]
2173.00 [104] 1.35(-4) [335]
2178.00 [263]

M� 2 M3N4 2630.00± 1.70 [50] 5.44(-3) [116] 6.848(-4) 18.39 [423]
2630.00 [104] 4.723(-2) [335]
2635.00 [263]

M� 1 M3N5 2652.70± 0.60 [50] 4.218(-2) [116] 5.279(-3) 17.73 [423]
2652.00 [104] 4.723(-2) [335]
2658.00 [263]

M3O1 2921.00± 6.20 [50] 2.15(-3) [116] 2.984(-4) 36.78 [423]
2921.00 [104]
2928.00 [263]

M3O4,5 3047.00± 4.50 [50]
3053.00 [263]

M3O4 9.270(-5)

M3O5 3045.00 [104] 6.04(-3) [116] 7.100(-4)
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line transition E/eV I/eV/� TPIV 
 /eV

M�2 M4N2 1823.00± 1.30 [50] 3.86(-3) [116] 2.020(-3) 16.47 [423]
1823.00 [104] 3.40(-5) [335]
1826.50 [263]

Mı M4N3 1942.00± 2.10 [50] 4.46(-4) [116] 2.020(-4) 11.65 [423]
1942.00 [104] 3.40(-5) [335]
1946.10 [263]

Mˇ M4N6 2442.70± 0.50 [50] 8.245(-2) [116] 3.290(-2) 2.77 [423]
2443.00 [104] 7.881(-2) [335]
2448.00 [263]

M� M4O2 2477.00± 4.50 [50] 5.98(-4) [116] 4.984(-4) 10.52 [423]
2477.00 [104]
2483.00 [263]

M�1 M5N3 1839.50± 0.80 [50] 2.99(-3) [116] 1.537(-3) 11.62 [423]
1840.00 [104] 3.40(-4) [335]
1843.00 [263]

M˛2 M5N6 2339.70± 0.90 [50] 3.84(-3) [116] 1.630(-3) 2.74 [423]
2340.00 [104] 7.88(-2) [335]
2345.00 [263]

M˛1 M5N7 2345.50± 0.40 [50] 7.51(-2) [116] 3.187(-2) 2.71 [423]
2346.00 [104] 7.88(-2) [335]
2350.00 [263]

M5O3 2399.00± 4.20 [50] 4.73(-4) [116] 3.758(-4) 15.85 [423]
2399.00 [104]
2404.00 [263]

N series
N4N6 293.00± 1.40 [50] 2.542(-4) 8.06 [423]

N5N6,7 275.60± 0.60 [50]

N5N6 1.063(-5) 7.40 [423]

N5N7 2.295(-4) 7.38 [423]

N6O4 121.10± 0.10 [50] 4.880(-6)

N6O5 123.70± 0.25 [50] 3.242(-7)

N7O5 118.90± 0.10 [50] 4.700(-6)



Lead Z=82 507

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 88005.00 [503] 0.967 [301] 60.40 [301] 88004.5 [51]
88004.50± 0.70 [493] 0.972 [225] 59.33 [423] 88005.6± 4.6 [50]

0.968 [38] 60.6 [94] 88012.8± 2.3 [145]
0.9634 [39]
0.9613 [423]
0.967 [310]
0.9658 [309]
0.961 [33]
0.956 [242]

L1 15861.00 [503] 0.112 [301] 12.20 [301] 15860.8 [51]
15860.80± 0.50 [493] 0.09 [550] 13.85 [423] 15857.99± 0.10 [50]

7.00(-2) [549] 11.8 [94] 15867.7± 1.5 [145]
9.81(-2) [423]
9.30(-2) [436]
0.135 [579]

L2 15200.00 [503] 0.376 [301] 6.43 [301] 15200.0 [51]
15200.00± 0.40 [493] 0.363 [549] 5.90 [423] 15198.993± 0.030[294]

0.4037 [423] 5.04 [94] 15206.12± 0.56 [145]
0.405 [578]
0.408 [567]

L3 13035.00 [503] 0.360 [301] 5.81 [301] 13035.2 [51]
13035.20± 0.30 [493] 0.32 [523] 5.88 [423] 13035.064± 0.030[294]

0.35(5) [269] 6,03 [94] 13042.60± 0.40 [145]
0.354 [435]
0.315 [549]
0.3523 [423]
0.326 [579]
0.346 [567]

M1 3851.00 [503] 3.19(-3) [512] 23.00 [74] 3850.7 [51]
3850.70± 0.50 [493] 3.95(-3) [423] 19.20 [423]

15.2 [94]

M2 3554.00 [503] 2.308-29 [512] 10.00 [74] 3554.2 [51]
3554.20± 0.30 [493] 6.64(-3) [423] 13.32 [423]

10.4 [94]
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level EB/eV !nlj 
 /eV AE/eV

M3 3067.00 [503] 5.28(-3) [512] 15.00 [74] 3066.4 [51]
3066.40± 0.40 [493] 8.79(-3) [423] 10.58 [423]

8.7 [94]

M4 2586.00 [503] 3.60(-2) [512] 2.50 [74] 2585.6 [51]
2585.60± 0.30 [493] 3.57(-2) [423] 2.51 [423]

2.48 [94]
M5 2484.00 [503] 3.30(-2) [512] 2.80 [74] 2484.0 [51]

2484.00± 0.30 [493] 3.54(-2) [423] 2.48 [423]
2.48 [94]

N1 894.00 [503] 6.1(-4) [423] 16.00 [74]
893.60± 0.70 [493] 15.31 [423]

9.35 [94]

N2 764.00 [503] 1.19(-3) [423] 13.00 [74]
763.90± 0.80 [493] 13.96 [423]

6.9 [94]

N3 645.00 [503] 5.0(-4) [423] 13.00 [74]
644.50± 0.60 [493] 9.14 [423]

5.8 [94]

N4 435.00 [503] 3.2(-4) [423] 7.80 [74]
435.20± 0.50 [493] 7.80 [423]

3.8 [94]

N5 413.00 [503] 2.9(-4) [423] 7.80 [74]
412.90± 0.60 [493] 7.14 [423]

3.8 [94]

N6 143.00 [503] 1.0(-5) [423] 0.16 [74]
142.90± 0.40 [51] 0.26 [423]
141.80± 0.80 [493] 0.26 [94]

N7 138.00 [503] 1.0(-5) [739 0.16 [74]
138.10± 0.40 [51] 0.23 [423]
136.90± 0.80 [493] 0.23 [94]

O1 148.00 [503]
147.30± 0.80 [493] 1.0(-5) [423] 26.19 [423]

O2 105.00 [503] 1.0(-5) [423] 8.00 [423]
104.80± 1.00 [493]



Lead Z=82 509

level EB/eV !nlj 
 /eV AE/eV

O3 86.00 [503] 1.0(-6) [423] 13.73 [423]
86.00 ± 1.00 [51]
84.50 ± 1.80 [493]

O4 22.00 [503]
21.80 ± 0.40 [493]

O5 20.00 [503]
19.20 ± 0.40 [493]

P1 3.00 [503]
3.10 ± 1.00 [493]

P2 1.00 [503]
0.70 ± 1.00 [51]

7.417 [126]

IP 7.41666 [222]



510 5 X-Ray Emission Lines and Atomic Level Characteristics

Bi Z=83 [Xe] 4f14 5d10 6s2 6p3

Bismuth A = 208.98038(2) [222] % = 9.78 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 74141.0± 2.7 [145] 76.36 [423]

K˛2 KL2 77814.80± 0.90 [50] 17.91 [488] 2.828(-1) 70.10 [301]
74817.20 [104] 68.41 [423]
74816.21± 0.92 [80]

K˛1 KL3 77107.90± 1.00 [50] 29.61 [488] 4.729(-1) 69.40 [301]
77110.00 [104] 68.39 [423]
77109.2± 2.2 [80]

KM1 86529.6± 4.1 [145] 81.68 [423]

Kˇ3 KM2 86834.00± 4.30 [50] 3.311 [488] 5.288(-2) 75.83 [423]
86834.50 [104]
86835.7± 6.7 [80]

Kˇ1 KM3 87343.00± 1.80 [50] 6.42 [488] 1.025(-1) 73.15 [423]
87342.94 [104]
87344.1± 3.3 [80]

Kˇ5 KM4,5 87862.2± 9.2 [50] 0.1116 [488]
KˇII

5
KM4 87839.7± 3.3 [145] 1.480(-3) 64.94 [423]

KˇI
5

KM5 87947.6± 3.2 [145] 1.782(-3) 64.91 [423]

KN1 89590.3± 5.2 [145] 77.76 [423]

KˇII
2

KN2 89731.7± 9.6 [50] 0.794 [488] 1.268(-2) 76.47 [423]
89727.00 [104]

KˇI
2

KN3 89861.8± 9.6 [50] 1.564 [488] 2.498(-2) 71.41 [423]
89858.00 [104]

Kˇ4 KN4,5 90110± 19 [50] 5.49(-2) [488]

KˇII
4

KN4 90064.5± 4.7 [145] 3.980(-4) 70.02 [423]

KˇI
4

KN5 90088.0± 4.5 [145] 4.786(-4) 69.33 [423]

KO2,3 90435.00± 7.00 [50] 0.460 [488]

KO2 2.959(-3) 70.50 [423]

KO3 5.696(-3) 77.39 [423]



Bismuth Z=83 511

line transition E/eV I/eV/� TPIV 
 /eV

L series
L1M1 12392± 16 [50] 1.31(-5) [488] 33.38 [423]

12392.00 [104]

Lˇ4 L1M2 12691.40± 0.77 [50] 0.486 [488] 3.461(-2) 27.54 [423]
12691.00 [104]

Lˇ3 L1M3 13209.99± 0.62 [50] 0.5204 [488] 3.706(-2) 24.86 [423]
13210.00 [104]

Lˇ10 L1M4 13700.0± 0.6 [50] 1.80(-2) [488] 1.282(-3) 16.65 [423]
13700.00 [104]
13698.87± 0.32 [440]

Lˇ9 L1M5 13808.00± 0.50 [50] 2.693(-2) [488] 1.918(-3) 16.62 [423]
13807.70 [104]
13806.82± 0.20 [440]

L1N1 15455.3± 2.9 [50] 5.79(-6) [488] 31.74 [423]
15453.70 [104]

L� 2 L1N2 15582.52± 0.87 [50] 0.1257 [488] 8.957(-3) 28.19 [423]
15581.60 [104]

L� 3 L1N3 15710.5± 1.5 [50] 0.1474 [488] 1.050(-2) 23.12 [423]
15708.00 [104]

L1N4 15905± 15 [50] 2.79(-3) [488] 1.991(-4) 21.73 [423]
15924.30 [104]

L� 11 L1N5 15950.8± 1.5 [50] 4.43(-3) [488] 3.155(-4) 21.05 [423]
15949.30 [104]

L1N6,7 16226± 16 [50] 8.67(-5) [488]

L1N6 16224.1± 2.7 [145] 14.26 [423]

L1N7 16229.3± 2.6 [145] 14.24 [423]
16224.99 [104]

L1O1 16180.00 [104] 1.44(-6) [488] 42.19 [423]

L� 4′ L1O2 16270.90± 0.60 [50] 2.532(-2) [488] 1.804(-3) 22.21 [423]
16270.00 [104]

L� 4 L1O3 16294.70± 0.60 [50] 2.928(-2) [488] 2.086(-3) 29.11 [423]
16294.00 [104]

L1O4,5 16358.00± 1.10 [50] 8.99(-4) [488]
16358.00 [104]

L1O4 2.490(-5)

L1O5 3.912(-5)

L1P2,3 16380.20± 0.60 [50] 2.38(-3) [488]
16379.00 [104]

L1P2 8.601(-5)

L1P3 8.343(-5)
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line transition E/eV I/eV/� TPIV 
 /eV

L� L2M1 11712.36± 0.49 [50] 5.43(-2) [488] 8.942(-3) 25.42 [423]
11712.00 [104]

L2M2 11984± 15 [50] 3.63(-6) [488] 3.762(-4) 19.58 [423]
11987.00 [104]

Lˇ17 L2M3 12534.48± 0.94 [50] 2.83(-3) [488] 16.90 [423]
12535.00 [104]

Lˇ1 L2M4 13023.65± 0.18 [50] 1.989 [488] 3.278(-1) 9.60 [473]
13024.00 [104] 8.69 [423]

L2M5 13131.1± 1.0 [50] 1.42(-4) [488] 8.66 [423]
13131.00 [104]

L� 5 L2N1 14773.3± 1.3 [50] 1.408(-2) [488] 2.320(-3) 23.78 [423]
14773.00 [104]

L2N2 14859± 24 [50] 1.43(-6) [488] 20.23 [423]
14858.00 [104]

L2N3 15031.80± 2.7 [50] 6.93(-4) [488] 1.054(-4) 15.17 [423]
15029.00 [104]

L� 1 L2N4 15247.92± 0.56 [50] 0.411 [488] 6.769(-2) 12.50 [473]
15247.00 [104] 13.78 [423]

L2N5 15271.2± 2.7 [145] 13.09 [423]

Lv L2N6 15552.0± 2.6 [50] 1.81(-3) [488] 2.991(-4) 6.30 [423]

L2N7 15553.5± 1.6 [145] 6.28 [423]

L� 8 L2O1 15551.00± 2.00 [50] 3.11(-3) [488] 5.044(-4) 34.24 [423]
15551.00 [104]

L2O3 15617.80± 1.00 [50] 1.27(-4) [488] 2.138(-5) 21.15 [423]
15618.00 [104]

L� 6 L2O4 15685.30± 0.60 [50] 5.46(-2) [488] 8.994(-3)
15684.00 [104]

Ll L3M1 9420.43± 0.74 [50] 9.005(-2) [488] 1.635(-2) 25.40 [423]
9419.90 [104]

Lt L3M2 9725.6± 1.1 [50] 1.007(-3) [488] 1.767(-4) 19.57 [423]
9725.10 [104]

Ls L3M3 10242.2± 1.3 [50] 9.46(-4) [488] 1.597(-4) 16.88 [423]
10241.00 [104]

L˛2 L3M4 10731.06± 0.14 [50] 0.1726 [488] 2.860(-2) 8.67 [423]
10731.00 [104]

L˛1 L3M5 10838.94± 0.28 [50] 1.519 [488] 2.519(-1) 9.80 [473]
10839.00 [104] 8.64 [423]

Lˇ6 L3N1 12481.74± 0.56 [50] 2.247(-2) [488] 3.725(-3) 23.76 [423]
12481.00 [104]

L3N2 12615.21± 0.95 [50] 2.41(-4) [488] 3.993(-5) 20.21 [423]



Bismuth Z=83 513

line transition E/eV I/eV/� TPIV 
 /eV

12615.00 [104]

L3N3 12739.52± 0.97 [50] 2.48(-4) [488] 4.118(-5) 15.15 [423]
12738.00 [104]

Lˇ15 L3N4 12955.0± 1.0 [50] 3.26(-2) [488] 5.403(-3) 13.76 [423]
12955.00 [104]

Lˇ2 L3N5 12980.00± 0.80 [50] 0.2951 [488] 4.891(-2) 12.10 [473]
12980.00 [104] 13.07 [423]

L3N6,7 13259.4± 1.0 [50] 2.72(-4) [488]
13259.00 [104]

Lu′ L3N6 13256.2± 1.5 [145] 4.521(-5) 6.28 [423]

Lu L3N7 13261.5± 1.5 [145] 2.522(-4) 6.26 [423]

Lˇ7 L3O1 13259.30± 0.70 [50] 4.009(-3) [488] 8.173(-4) 34.22 [423]
13259.00 [104]

L3O2 13298.00± 3.00 [50] 4.72(-5) [488] 8.377(-6) 14.24 [423]
13304.00 [104]

L3O3 13328.00± 3.00 [50] 4.005(-5) [488] 8.768(-6) 21.13 [423]
13325.00 [104]

Lˇ5 L3O4,5 13395.30± 0.70 [50] 4.23(-2) [488]
L3O4 13395.00 [104] 7.068(-4)

L3O5 6.298(-3)

L3P2,3 13415.90± 0.60 [50] 4.17(-7) [488]
L3P2 3.711(-7)

L3P3 3.203(-7)

M series
M1N2 3185.00± 7.40 [50] 4.681(-2) [335] 1.672(-3) 33.49 [423]

3186.00 [104]
3192.00 [263]

M1N3 3315.00± 8.00 [50] 4.681(-2) [335] 1.244(-3) 28.43 [423]
3315.00 [104]
3322.00 [263]

M2N4 3234.00± 3.40 [50] 5.0094(-2) [335] 4.137(-3) 33.49 [423]
3231.00 [104]
3241.00 [263]

M3N1 2239.00± 3.20 [50] 5.20(-3) [335] 1.464(-3) 28.43 [423]
2239.00 [104]
2244.00 [263]

M� 2 M3N4 2712.00± 3.00 [50] 5.0094(-2) [335] 7.124(-4) 18.52 [423]
2713.00 [104]
2718.00 [263]

M� 1 M3N5 2735.00± 1.20 [50] 5.0094(-2) [335] 5.477(-3) 17.83 [423]
2736.00 [104]
2741.00 [263]
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line transition E/eV I/eV/� TPIV 
 /eV

M3O1 3021.00± 6.60 [50] 3.172(-4) 38.98 [423]
3021.00 [104]
3027.00 [263]

M3O4,5 3153.00± 4.80 [50]
M3O4 3160.00 [104] 1.036(-4)

M3O5 3153.00± 5.00 [50] 7.950(-4)
3151.00 [104]

M�2 M4N2 1883.00± 1.40 [50] 6.97(-5) [335] 2.030(-3) 16.76 [423]
1883.00 [104]
1886.00 [263]

Mı M4N3 2012.00± 2.60 [50] 6.97(-5) [335] 2.015(-4) 11.70 [423]
2012.00 [104]
2016.00 [263]

Mˇ M4N6 2525.50± 0.50 [50] 3.584(-2) [335] 3.487(-2) 2.83 [423]
2526.00 [104]
2531.00 [263]

M� M4O2 2571.00± 1.60 [50] 4.982(-4) 10.79 [423]
2571.00 [104]
2676.00 [263]

M4P2,3 2700.00± 12.00 [50]

M4P2 1.396(-5)

M4P3 1.183(-6)

M�1 M5N3 1901.00± 1.20 [50] 6.97(-5) [335] 1.524(-3) 11.66 [423]
1901.00 [104]
1905.40 [263]

M˛2 M5N6 2417.00± 1.00 [50] 8.58(-2) [488] 1.724(-3) 2.80 [423]
2417.00 [104]
2422.00 [263]

M˛1 M5N7 2422.60± 0.50 [50] 8.58(-2) [488] 3.370(-2) 2.78 [423]
2422.00 [104]
2428.00 [263]

N series
N1P2,3 932.00± 4.20 [50]

N1P2 1.130(-5)

N1P3 3.976(-6)

N6O4 135.40± 0.15 [50] 7.140(-6)

N7O5 133.00± 0.15 [50] 6.882(-6)



Bismuth Z=83 515

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 90526.00 [503] 0.9643 [39] 62.32 [423] 90525.9 [51]
90525.90± 0.70 [493] 0.968 [301] 63.40 [301] 90537.7± 9.8 [50]

0.968 [310] 63.6 [94] 90536.5± 2.4 [145]
0.9620 [423]
0.966 [242]

L1 16388.00 [503] 0.117 [301] 12.40 [301] 16387.5 [51]
16387.50± 0.40 [493] 0.120(1) [461] 14.04 [423] 16376.0± 3.2 [50]

0.120 [348] 12.3 [94] 16395.4± 1.6 [145]
0.095(5) [182]
0.1023 [423]
0.0.132 [578]
0.138 [579]
9.80(-2) [436]

L2 15709.00 [503] 0.387 [301] 6.67 [301] 15711.1 [51]
15711.10± 0.30 [493] 0.320 [461] 6.08 [423] 15719.8± 2.9 [50]

0.417 [348] 6.22 [94] 15719.65± 0.57 [145]
0.0.4172 [423]
0.418 [578]
0.428 [579]

L3 13418.00 [503] 0.373 [301] 5.98 [301] 13418.6 [51]
13418.60± 0.30 [493] 0.362(29) [435] 6.06 [423] 13426.7± 2.2 [50]

0.389 [348] 6.27 [94] 13427.59± 0.41 [145]
0.3636 [423]
0.354 [253]
0.354 [244]

0.370(5) [269]
0.400(5) [461]
0.340(18) [182]

M1 3999.00 [503] 2.890(-3) [38] 21.70 [350] 3999.1 [51]
3999.10± 0.30 [493] 3.41(-3) [512] 19.34 [423]

4.17(-3) [423] 15.2 [94]

M2 3697.00 [503] 6.52(-3) [38] 14.60 [350] 3696.3 [51]
3696.30± 0.30 [493] 2.48-2) [512] 13.50 [423]

6.89(-3) [423] 10.7 [94]

M3 3177.00 [503] 5.33(-3) [38] 10.70 [350] 3176.9 [51]
3176.90± 0.30 [493] 5.62(-3) [512] 10.82 [423]

9.2(-4) [423] 8.6 [94]

M4 2688.00 [503] 3.30(-2) [38] 2.88 [350] 2687.6 [51]
2687.60± 0.30 [493] 3.80(-2) [512] 2.61 [423]

3.67(-2) [423] 2.58 [94]
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level EB/eV !nlj 
 /eV AE/eV

M5 2580.00 [503] 3.25(-2) [38] 2.74 [350] 2579.6 [51]
2579.60± 0.30 [493] 3.40(-2) [512] 2.58 [423]

3.73(-2) [423] 2.58 [94]

N1 939.00 [503] 6.5(-4) [423] 9.6 [94]
938.20± 0.30 [493] 15.43 [423]

N2 806.00 [503] 1.22(-3) [423] 7.2 [94]
805.30± 0.30 [493] 14.15 [423]

N3 679.00 [503] 5.2(-4) [423] 5.95 [94]
678.90± 0.30 [493] 9.08 [423]

N4 464.00 [503] 3.5(-4) [423] 3.8 [94]
463.60± 0.30 [493] 7.69 [423]

N5 440.00 [503] 3.2(-5) [423] 3.8 [94]
440.00± 0.30 [493] 7.01 [423]

N6 163.00 [503] 1.0(-5) [423] 0.22 [94]
161.90± 0.50 [51] 0.22 [423]
162.30± 0.30 [493]

N7 158.00 [503] 1.0(-5) [423] 0.20 [94]
157.40± 0.60 [51] 0.20 [423]
157.20± 0.30 [493]

O1 160.00 [503] 1.0(-5) [423] 28.16 [423]
159.30± 0.70 [493]

O2 117.00 [503] 1.0(-5) [423] 8.17 [423]
116.80± 0.70 [493]

O3 93.00 [503] 1.0(-6) [423] 15.07 [423]
92.80± 0.60 [51]
92.90± 0.70 [493]

O4 27.00 [503]
26.50± 0.50 [493]

O5 25.00 [503]
24.40± 0.60 [493]

P1 8.00 [503]

P2 3.00 [503]
2.70± 0.70 [51]
7.50± 7.50 [493]

IP 7.2856 [222]



Polonium Z=84 517

Po Z=84 [Xe] 4f14 5d10 6s2 6p4

Polonium A = [208.9824] [222] % = 9.34 g/cm3 [547]

% = 9.32 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 76173.9± 2.7 [145] 79.62 [423]

K˛2 KL2 76864.4± 7.1 [50] 18.63 [488] 2.834(-1) 73.40 [301]
77087.00 [104] 76.30 [473]

71.69 [423]

K˛1 KL3 79292.9± 7.5 [50] 31.01 [488] 4.718(-1) 72.70 [301]
79306.00 [104] 73.20 [473]

71.67 [423]

KM1 88948.8± 4.1 [145] 84.88 [423]

Kˇ3 KM2 89247± 19 [50] 3.481 [488] 5.296(-2) 82.25 [473]
79.12 [423]

Kˇ1 KM3 89797± 19 [50] 6.75 [488] 1.028(-1) 78.60 [473]
89701.00 [104] 76.41 [423]

KˇII
5

KM4 90307.3± 3.4 [145] 1.522(-3) 68.14 [423]

KˇI
5

KM5 90421.5± 3.3 [145] 1.822(-3) 68.11 [423]

KN1 92115.1± 5.3 [145] 80.54 [423]

KˇII
2

KN2 92262± 20 [50] 0.839 [488] 1.277(-2) 79.76 [423]

KˇI
2

KN3 92400± 20 [50] 1.657 [488] 2.521(-2) 74.51 [423]

Kˇ1
4 II KN4 92607.3± 4.8 [145] 4.139(-4) 73.00 [423]

KˇI
4

KN5 92632.5± 4.6 [145] 4.950(-4) 72.28 [423]

L series
L1M1 12774.9± 3.2 [145] 33.65 [423]

Lˇ4 L1M2 13085.2± 6.1 [50] 0.518 [488] 3.651(-2) 22.70 [473]
13085.20 [104] 27.89 [423]

Lˇ3 L1M3 13637.9± 6.7 [50] 0.544 [488] 3.831(-2) 19.90 [473]
13638.00 [104] 25.18 [423]

Lˇ10 L1M4 14133.3± 2.5 [145] 1.388(-3) 16.91 [423]

Lˇ9 L1M5 14247.6± 2.4 [145] 2.076(-3) 16.88 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L1N1 15941.2± 4.3 [145] 29.31 [423]

L� 2 L1N2 16060± 31 [50] 0.1349 [488] 9.498(-3) 28.53 [423]
16070.00 [104]

L� 3 L1N3 16218.00 [104] 0.1556 [488] 1.096(-2) 23.28 [423]
16212.9± 3.8 [145]

L1N4 16433.4± 3.8 [145] 2.178(-4) 21.77 [423]

L1N5 16458.6± 3.7 [145] 3.456(-4) 21.05 [423]

L1N6 16743.3± 2.7 [145] 14.39 [423]

L1N7 16749.0± 2.6 [145] 14.38 [423]

L� L2M1 12084.7± 2.5 [145] 9.224(-3) 26.45 [423]

L2M2 12393.8± 2.1 [145] 19.97 [423]

Lˇ17 L2M3 12945.7± 2.3 [145] 3.977(-4) 17.25 [423]

Lˇ1 L2M4 13447.1± 4.3 [50] 2.107 [488] 3.372(-1) 10.10 [473]
13444.00 [104] 8.98 [423]

L2M5 13557.4± 1.4 [145] 8.95 [423]

L�5 L2N1 15251.0± 3.4 [145] 2.406(-3) 21.38 [423]

L2N2 15388.3± 3.9 [145] 20.60 [423]

L2N3 15522.7± 2.8 [145] 1.123(-4) 15.35 [423]

L� 1 L2N4 15744.2± 2.7 [50] 0.440 [488] 7.039(-2) 13.05 [473]
15743.00 [104] 13.84 [423]

L2N5 15768.4± 2.7 [145] 13.12 [423]

Lv L2N6 16053.1± 1.7 [145] 3.252(-4) 6.46 [423]

L2N7 16058.8± 1.7 [145] 6.45 [423]

L� 6 L2O4 16218.00± 4.00 [50] 6.22(-2) [488] 9.959(-3)
16217.98 [104]

Ll L3M1 9664.2± 5.6 [50] 9.71(-2) [488] 1.681(-2) 25.70 [423]
9665.00 [104]

Lt L3M2 9966.7± 2.0 [145] 1.865(-4) 19.95 [423]

Ls L3M3 10518.6± 2.1 [145] 1.687(-4) 17.23 [423]

L˛2 L3M4 11015.95± 0.72 [50] 0.1822 [488] 2.940(-2) 9.95 [473]
11015.00 [104] 8.97 [423]

L˛1 L3M5 11130.87± 0.59 [50] 1.604 [488] 2.587(-1) 9.50 [473]
11131.00 [104] 8.93 [423]

Lˇ6 L3N1 12818.7± 3.9 [50] 2.419(-2) [488] 3.902(-3) 21.36 [423]
12819.00 [104]

L3N2 12961.3± 3.7 [145] 4.215(-5) 20.58 [423]



Polonium Z=84 519

line transition E/eV I/eV/� TPIV 
 /eV

L3N3 13095.6± 2.7 [145] 4.376(-5) 15.33 [423]

Lˇ15 L3N4 13314.3± 4.2 [50] 3.47(-3) [488] 5.597(-3) 13.82 [423]
13314.00 [104]

Lˇ2 L3N5 13340.5± 1.1 [50] 0.314 [488] 5.073(-2) 13.10 [423]
13341.00 [104]

Lu′ L3N6 13626.0± 1.5 [145] 4.939(-5) 6.44 [423]

Lu L3N7 13631.7± 1.5 [145] 2.752(-4) 6.43 [423]

Lˇ5 L3O4,5 13782.00± 3.00 [50] 4.80(-2) [488]
13783.00 [104]

L3O4 7.791(-4)

L3O5 6.973(-3)

M series
M�2 M3N4 2785.94 [423] 7.409(-4) 18.56 [423]

M�1 M3N5 2824.00 [263] 5.681(-3) 17.83 [423]

M�2 M4N2 1959.20 [423] 2.038(-3) 17.05 [423]

Mı M4N3 2098.54 [423] 2.010(-4) 11.80 [423]

Mˇ M4N6 2605.00 [263] 3.683(-2) 2.91 [423]

M� M4O2 2667.77 [423] 5.008(-4) 11.25 [423]

M�1 M5N3 1968.00 [263] 1.522(-3) 11.77 [423]

M˛1.2 M5N6,7 2500.00 [263]

M˛2 M5N6 2489.60 [423] 1.817(-3) 2.87 [423]

M˛1 M5N7 2495.80 [423] 3.552(-2) 2.86 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 93105.00 [503] 0.968 [301] 68.60 [301] 93105.0 [51]
93105.00± 3.80 [51] 0.9652 [39] 65.42 [423] 93109.9± 2.5 [145]
93099.90± 1.20 [493] 0.9626 [423] 66.8 [94]

L1 16939.00 [503] 0.122 [301] 12.60 [301] 16939.3 [51]
16939.30± 9.80 [51] 0.1076 [423] 14.19 [423] 16936.0± 1.6 [145]
16927.90± 1.60 [493] 0.103 [436] 12.7 [94]

L2 16244.00 [503] 0.401 [301] 6.83 [301] 16244.3 [51]
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level EB/eV !nlj 
 /eV AE/eV

16244.30± 2.40 [51] 0.4306 [423] 6.27 [423] 16245.83± 0.59 [145]
16238.00± 1.20 [493] 0.424 [436] 6.41 [94]

L3 13814.00 [503] 0.386 [301] 6.13 [301] 13813.8 [51]
13813.80± 1.00 [51] 0.3747 [423] 6.25 [423] 13818.74± 0.42 [145]
13810.60± 1.20 [493] 0.363 [436] 6.46 [94]

M1 4149.00 [503] 3.63(-3) [512] 19.45 [423] 4149.4 [51]
4149.40± 3.90 [51] 4.4(-3) [423] 23.00 [74]
4153.50± 1.50 [493] 15.3 [94]

M2 3854.00 [503] 2.50(-2) [512] 13.70 [423] 3854.1 [51]
3854.00± 9.80 [51] 7.15(-3) [423] 11.00 [74]
3844.30± 1.50 [493] 11.1 [94]

M3 3302.00 [503] 5.96(-3) [512] 10.99 [423] 3301.9 [51]
3301.90± 9.90 [51] 9.62(-3) [423] 15.00 [74]
3293.40± 1.20 [493] 8.5 [94]

M4 2798.00 [503] 4.10(-2) [512] 2.72 [423] 2798.0 [51]
2798.00± 1.20 [51] 3.97(-2) [423] 2.70 [74]
2793.60± 1.20 [493] 2.68 [94]

M5 2683.00 [503] 3.60(-2) [512] 2.68 [423] 2683.0 [51]
2683.00± 1.10 [51] 3.92(-2) [423] 3.00 [74]
2679.20± 1.00 [493] 2.68 [94]

N1 995.00 [503] 6.8(-4) [423] 15.11 [423]
995.30± 2.90 [51] 15.00 [74]
987.50± 1.20 [493] 9.9 [94]

N2 851.00 [503] 1.25(-3) [423] 14.34 [423]
851.00± 1.20 [51] 13.00 [74]
850.90± 1.90 [493] 7.35 [94]

N3 705.00 [503] 5.5(-4) [423] 9.09 [423]
705.00± 1.40 [51] 13.00 [74]
715.20± 1.00 [493] 6.2 [94]

N4 500.00 [503] 3.9(-4) [423] 7.58 [423]
500.20± 2.40 [51] 7.30 [74]
495.70± 1.20 [493] 3.9 [94]

N5 473.00 [503] 3.5(-4) [423] 6.85 [423]
473.40± 1.30 [51] 7.30 [74]
469.90± 1.00 [493] 3.8 [94]



Polonium Z=84 521

level EB/eV !nlj 
 /eV AE/eV

N6 184.00 [503] 1.0(-5) [423] 0.19 [423]
184.60± 1.00 [493] 0.13 [74]

0.19 [94]

N7 178.90± 1.00 [493] 1.0(-5) [423] 0.18 [423]
0.130 [74]
0.18 [94]

O1 177.00 [503] 1.0(-5) [423] 29.51 [423]
177.50± 1.70 [493]

O2 132.00 [503] 1.0(-5) [423] 8.53 [423]
131.80± 3.20 [493]

O3 104.00 [503] 2.0(-6) [423] 16.74 [423]
103.70± 2.30 [493]

O4 31.00 [503]
31.40 ± 3.20 [51]
33.80 ± 1.10 [493]

O5 31.00 [503]
31.40 ± 3.20 [51]
30.60 ± 1.40 [493]

P1 12.00 [503]
11.00 ± 6.50 [493]

P2 5.00 [503]
3.20 ± 6.50 [493]

P3 5.00 [503]
1.40 ± 9.00 [493]
8.42 [126]

IP 8.41671 [222]



522 5 X-Ray Emission Lines and Atomic Level Characteristics

At Z=85 [Xe] 4f14 5d10 6s2 6p5

Astatine A = [209.9871] [222] % = 8.75 g/m3 [246]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 78243.8± 2.8 [145] 82.99 [423]

K˛2 KL2 78944± 15 [50] 19.59 [488] 2.841(-1) 76.80 [301]
78948.5± 2.8 [145] 19.74 [487] 75.10 [423]

K˛1 KL3 81514± 16 [50] 32.46 [488] 4.708(-1) 76.10 [301]
81517.4± 2.7 [145] 32.72 [487] 75.08 [423]

KM1 91413.9± 4.3 [145] 88.20 [423]

Kˇ3 KM2 91723± 40 [50] 3.658 [488] 5.305(-2) 82.51 [423]
91729.9± 4.2 [145] 3.80 [487]

Kˇ1 KM3 92304± 41 [50] 7.10 [488] 1.029(-1) 79.76 [423]
92315.8± 4.4 [145] 7.36 [487]

KˇII
5

KM4 92822.6± 3.5 [145] 1.534(-3) 71.46 [423]

KˇI
5

KM5 92943.4± 3.5 [145] 1.862(-3) 71.42 [423]

KN1 94687.9± 5.4 [145] 83.61 [423]

KˇII
2

KN2 94846± 43 [50] 0.886 [488] 1.285(-2) 70.09 [423]
94829.1± 6.0 [145] 0.946 [487]

KˇI
2

KN3 94991± 43 [50] 1.754 [488] 2.544(-2) 77.84 [423]
94972.8± 4.9 [145] 1.883 [487]

KˇII
4

KN4 95198.7± 4.9 [145] 4.299(-4) 76.03 [423]

KˇI
4

KN5 95225.8± 4.8 [145] 5.116(-4) 75.31 [423]

KO2,3 0.590 [487]

KO2 3.023(-3) 77.40 [423]

KO3 5.810(-3) 86.98 [423]

KP2,3 6.36(-2) [487]

KP2 2.632(-4)

KP3 4.419(-4)

L series
L1M1 13170.1± 3.2 [145] 33.91 [423]



Astatine Z=85 523

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ4 L1M2 13486.1± 3.2 [145] 3.821(-2) 28.21 [423]

Lˇ3 L1M3 14067.3± 2.1 [50] 0.568 [488] 3.927(-2) 25.48 [423]

Lˇ10 L1M4 13876.00± 1.50 [50] 2.231 [488] 3.463(-1) 9.28 [423]

Lˇ9 L1M5 14699.7± 2.4 [145] 2.228(-3) 17.13 [423]

L1N1 16444.1± 4.3 [145] 29.32 [423]

L�2 L1N2 16585.4± 4.9 [145] 9.996(-3) 28.85 [423]

L�3 L1N3 16729.1± 3.8 [145] 1.135(-2) 23.55 [423]

L1N4 16955.0± 3.8 [145] 2.362(-4) 21.74 [423]

L1N5 16982.0± 3.7 [145] 3.754(-4) 21.02 [423]

L1N6 17274.3± 2.7 [145] 14.52 [423]

L1N7 17280.6± 2.7 [145] 14.51 [423]

L� L2M1 12465.3± 2.5 [145] 9.501(-3) 26.02 [423]

L2M2 12781.4± 2.2 [145] 20.32 [423]

Lˇ17 L2M3 13367.3± 2.3 [145] 4.194(-4) 17.58 [423]

Lˇ1 L2M4 13876.2± 2.1 [50] 3.463(-1) 9.28 [423]
13874.1± 1.5 [145]

L2M5 13994.9± 1.4 [145] 9.24 [423]

L�5 L2N1 15739.4± 3.3 [145] 2.491(-3) 21.43 [423]

L2N2 15880.6± 4.0 [145] 20.96 [423]

L2N3 16024.3± 2.8 [145] 1.195(-4) 15.66 [423]

L� 1 L2N4 16251.7± 2.8 [50] 0.471 [488] 7.308(-2) 13.86 [423]
16250.2± 2.8 [145]

L2N5 16277.3± 2.7 [145] 13.13 [423]

Lv L2N6 16569.6± 1.7 [145] 3.523(-4) 6.63 [423]

L2N7 16575.9± 1.7 [145] 6.62 [423]

Ll L3M1 9896.4± 2.0 [145] 1.728(-2) 26.00 [423]

Lt L3M2 10212.4± 2.0 [145] 1.965(-4) 20.30 [423]

Ls L3M3 10798.4± 2.1 [145] 1.778(-4) 17.56 [423]

L˛2 L3M4 11304.93± 0.76 [50] 0.1923 [488] 3.017(-2) 9.26 [423]
11305.2± 1.3 [145]

L˛1 L3M5 11426.94± 0.78 [50] 1.692 [488] 2.655(-1) 9.22 [423]
11426.0± 1.3 [145]

Lˇ6 L3N1 13170.4± 3.2 [145] 4.084(-3) 21.41 [423]

L3N2 13311.7± 3.8 [145] 4.438(-5) 20.94 [423]

L3N3 13455.4± 2.6 [145] 4.642(-5) 15.64 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ15 L3N4 13681.3± 2.7 [145] 5.788(-3) 13.84 [423]

Lˇ2 L3N5 13708.4± 2.6 [145] 5.252(-2) 13.12 [423]

Lu′ L3N6 14000.7± 1.6 [145] 5.377(-5) 6.61 [423]

Lu L3N7 14007.0± 1.6 [145] 2.992(-4) 6.59 [423]

M series
M�2 M3N4 2871.42 [423] 7.701(-4) 18.52 [423]

M�1 M3N5 2912.00 [263] 5.890(-3) 17.80 [423]

M�2 M4N2 2020.75 [423] 2.057(-3) 4.28 [423]

Mˇ M4N6 2695.00 [263] 3.876(-2) 2.99 [423]

M�1 M5N3 2032.00 [263] 1.520(-3) 11.98 [423]

M˛1.2 M5N6,7 2583.00 [263]

M5N6 1.909(-3) 2.95 [423]

M5N7 3.734(-2) 2.94 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 95730.00 [503] 0.969 [301] 69.80 [301] 95729.9 [51]
95729.90± 7.70 [51] 0.9659 [39] 68.64 [423] 95733.5± 2.7 [145]
95724.00± 1.30 [493] 0.9632 [423] 70 [94]

L1 17493.00 [503] 0.128 [301] 12.80 [301] 17493.0 [51]
17493.00± 2.90 [51] 0.129 [107] 14.35 [423] 17489.7± 1.6 [145]
17481.50± 1.60 [493] 0.1123 [423] 13 [94]

0.109 [436] 6.6

L2 16785.00 [503] 0.415 [301] 7.01 [301] 16484.7 [51]
16784.70± 2.50 [51] 0.422 [107] 6.46 [423] 16784.96± 0.60 [145]
16777.30± 1.20 [493] 0.4439 [423] 6.6 [94]

0.438 [436]

L3 14214.00 [503] 0.399 [301] 6.29 [301] 14213.4 [51]
14213.50± 2.00 [51] 0.380 [107] 6.44 [423] 14216.04± 0.45 [145]
14208.00± 1.20 [493] 0.3858 [423] 6.66 [94]

0.374 [436]

M1 4317.00 [503] 3.85(-3) [512] 19.56 [423] 4317.0 [51]



Astatine Z=85 525

level EB/eV !nlj 
 /eV AE/eV

4317.00± 2.00 [51] 4.64(-3) [423] 15.3 [94]
4311.70± 1.50 [493] 3.46(-3) [245]

M2 4008.00 [503] 2.60(-2) [512] 13.87 [423] 4008.0 [51]
4008.00± 2.80 [51] 7.41(-3) [423] 11.4 [94]
3995.80± 1.50 [493] 5.34(-3) [245]

M3 3426.00 [503] 6.3(-3) [512] 11.12 [423] 3426.0 [51]
3426.00± 2.90 [51] 1.01(-2) [423] 8.4 [94]
3410.50± 1.20 [493] 7.39(-3) [245]

M4 2909.00 [503] 4.40(-2) [512] 2.82 [423] 2908.7 [51]
2906.70± 2.10 [51] 4.16(-2) [423] 2.78 [94]
2901.80± 1.10 [493]

M5 2787.00 [503] 3.70(-2) [512] 2.78 [423] 2786.7 [51]
2786.70± 2.10 [51] 4.16(-2) [423] 2.78 [94]
2780.70± 1.10 [493]

N1 1042.00 [503] 7.2(-4) [423] 14.97 [423] 1042.0 [51]
1042.00± 2.00 [51] 10.1 [94]
1038.20± 1.20 [493]

N2 886.00 [503] 1.28(-3) [423] 14.51 [423]
886.00± 3.00 [51] 7.6 [94]
897.70± 1.80 [493]

N3 740.00 [503] 5.8(-4) [423] 9.20 [423]
740.00± 3.00 [51] 6.4 [94]
753.70± 1.00 [493]

N4 533.00 [503] 4.2(-4) [739 7.40 [423]
533.20± 3.20 [51] 3.9 [94]
527.60± 1.20 [493]

N5 507.00 [503] 3.8(-4) 6.68 [423]
500.10± 1.00 [493] 3.85 [94]

N6 210.00 [503] 2.0(-5) [423] 0.17 [423]
207.00± 1.00 [493] 0.17 [94]

N7 200.80± 1.50 [493] 1.0(-5) [423] 0.16 [423]
0.16 [94]

O1 195.00 [503] 1.0(-5) [739 26.23 [423]
193.40± 2.00 [493]
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level EB/eV !nlj 
 /eV AE/eV

O2 148.00 [503] 1.0(-5) [423] 8.76 [423]
145.60± 3.00 [493]

O3 115.00 [503] 2.0(-6) [423] 18.34 [423]
113.60± 2.40 [493]

O4 40.00 [503]
40.90± 1.00 [493]

O5 40.00 [503]
37.40± 1.20 [493]

P1 18.00 [503]
15.00± 5.30 [493]

P2 8.00 [503]
5.70± 6.00 [493]

P3 8.00 [503]
2.80± 5.80 [493]
9.00 [126]

IP 9.65 [247]



Radon Z=86 527

Rn Z=86 [Xe] 4f14 5d10 6s2 6p6

Radon A = [222.0176] [222] % = 9.23(-4) g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 80351.3± 2.9 [145] 86.47 [423]

K˛2 KL2 81066± 24 [50] 20.59 [488] 2.848(-1) 80.50 [301]
81070.7± 3.0 [145] 89.50 [473]

78.64 [423]

K˛1 KL3 83783± 25 [50] 33.95 [488] 4.696(-1) 79.70 [301]
83788.6± 2.8 [145] 80.00 [473]

78.61 [423]

KM1 93925.8± 4.4 [145] 91.64 [423]

Kˇ3 KM2 94247± 53 [50] 3.480 [488] 5.310(-2) 91.20 [473]
94248.8± 4.4 [145] 86.02 [423]

Kˇ1 KM3 94867± 54 [50] 7.46 [488] 1.032(-1) 85.50 [473]
94870.2± 4.4 [145] 83.15 [423]

KˇII
5

KM4 95386.7± 3.6 [145] 1.606(-3) 74.89 [423]

KˇI
5

KM5 95514.5± 3.6 [145] 1.901(-3) 74.84 [423]

KN1 97310.5± 5.5 [145] 87.04 [423]

KˇII
2

KN2 97478± 57 [50] 0.935 [488] 1.293(-2) 86.65 [423]
97455.1± 6.1 [145]

KˇI
2

KN3 97639± 57 [50] 1.856 [488] 2.567(-2) 81.37 [423]
97609.1± 5.0 [145]

KˇII
4

KN4 97840.1± 4.9 [145] 4.462(-4) 79.17 [423]

KˇI
4

KN5 97868.9± 4.7 [145] 5.284(-4) 78.45 [423]

L series
L1M1 13574.5± 3.2 [145] 34.16 [423]

Lˇ4 L1M2 13897.5± 3.2 [145] 4.004(-2) 28.84 [423]

Lˇ3 L1M3 14512.7± 2.3 [50] 0.592 [488] 4.027(-2) 21.00 [473]
14518.9± 3.3 [145] 25.68 [423]

Lˇ10 L1M4 15035.4± 2.5 [145] 1.601(-3) 17.41 [423]

Lˇ9 L1M5 15163.1± 2.4 [145] 2.393(-3) 17.36 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L1N1 16959.2± 4.3 [145] 29.56 [423]

L�2 L1N2 17103.8± 4.9 [423] 1.053(-2) 29.17 [423]

L�3 L1N3 17257.8± 3.9 [145] 1.175(-2) 23.88 [423]

L1N4 17488.8± 3.7 [145] 2.565(-4) 21.69 [423]

L1N5 17517.5± 3.6 [145] 4.082(-4) 20.97 [423]

L1N6 17817.9± 2.7 [145] 14.65 [423]

L1N7 17824.8± 2.7 [145] 14.64 [423]

L� L2M1 12855.1± 2.6 [145] 9.779(-3) 26.34 [423]

L2M2 13178.1± 2.2 [145] 20.72 [423]

Lˇ17 L2M3 13799.5± 2.3 [145] 4.419(-4) 17.85 [423]

Lˇ1 L2M4 14315.8± 2.2 [50] 2.361 [488] 3.553(-1) 10.65 [473]
14316.0± 1.5 [145] 9.59 [423]

L1M5 14443.7± 1.4 [145] 9.54 [423]

L�5 L2N1 16239.8± 3.4 [145] 2.578(-3) 21.74 [423]

L2N2 16384.4± 3.9 [145] 21.34 [423]

L2N3 16538.4± 2.9 [145] 1.270(-4) 16.06 [423]

L� 1 L2N4 16770.7± 3.0 [50] 0.504 [488] 7.578(-2) 13.55 [473]
16769.4± 2.7 [145] 13.87 [423]

L2N5 16798.1± 2.6 [145] 13.15 [423]

Lv L2N6 17098.5± 1.7 [145] 3.807(-4) 6.83 [423]

L2N7 17105.4± 1.7 [145] 6.82 [423]

Ll L3M1 10137.2± 2.0 [145] 1.785(-2) 26.31 [423]

Lt L3M2 10460.2± 2.0 [145] 2.068(-4) 20.69 [423]

Ls L3M3 11081.6± 2.1 [145] 1.871(-4) 17.82 [423]

L˛2 L3M4 11598.08± 0.80 [50] 0.2027 [488] 3.092(-2) 10.50 [473]
11598.1± 1.3 [145] 9.56 [423]

L˛1 L3M5 11727.09± 0.82 [50] 1.783 [488] 2.721(-1) 10.03 [473]

11725.9± 1.2 [145] 9.52 [423]

Lˇ6 L3N1 13521.9± 3.2 [145] 4.267(-3) 21.71 [423]

L3N2 13666.6± 3.7 [145] 4.665(-5) 21.31 [423]

L3N3 13820.6± 2.7 [145] 4.915(-5) 16.03 [423]

Lˇ15 L3N4 14051.5± 2.6 [145] 5.977(-3) 13.84 [423]

Lˇ2 L3N5 14080.3 [145] 5.430(-2) 13.12 [423]
Lu′ L3N6 14380.7± 1.6 [145] 5.836(-5) 6.80 [423]

Lu L3N7 14387.6± 1.6 [145] 3.238(-4) 6.79 [423]



Radon Z=86 529

line transition E/eV I/eV/� TPIV 
 /eV

M series
M�2 M3N4 2958.40 [423] 7.997(-4) 18.38 [423]

M�1 M3N5 3001.00 [263] 6.101(-3) 17.66 [423]

M�2 M4N2 2083.09 [423] 2.090(-3) [423]

Mı M4N3 2242.21 [423] 2.008(-4) [423]

Mˇ M4N6 2780.00 [263] 4.070(-2) 3.08 [423]

M� M4O2 2859.31 [423] 5.088(-4) 11.79 [423]

M�1 M5N3 2097.00 [263] 1.518(-3) 12.27 [423]

M˛1.2 M5N6,7 2661.00 [263]

M5N6 2.002(-3) 3.04 [423]

M5N7 3.915(-2) 3.03 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 98404.00 [503] 0.969 [301] 73.30 [301] 98404.0 [51]
98404.00± 1.20 [51] 0.9667 [39] 71.97 [423] 98408.1± 2.8 [145]
98397.20± 1.50 [493] 0.9638 [423] 73.4 [94]

L1 18049.00 [503] 0.134 [301] 13.10 [301] 18049.0 [51]
18049.00± 3.80 [51] 0.1173 [423] 14.50 [423] 18056.8± 1.6 [145]
18048.70± 1.50 [493] 0.114 [436] 13.2 [94]

L2 17337.00 [503] 0.429 [301] 7.20 [301] 17337.1 [51]
17337.10± 3.40 [51] 0.4571 [423] 6.66 [423] 17337.38± 0.62 [145]
17329.70± 1.10 [493] 0.451 [436] 6.81 [94]

L3 14619.00 [503] 0.411 [301] 6.41 [301] 14619.4 [51]
14619.40± 3.00 [51] 0.3967 [423] 6.64 [423] 14619.53± 0.43 [145]
14611.40± 1.20 [493] 0.384 [436] 6.87 [94]

M1 4482.00 [503] 3.95(-3) [38] 20.20 [350] 4482.0 [51]
4474.30± 1.50 [493] 4.07(-3) [512] 19.67 [423]

4.89(-3) [423] 15.3 [94]

M2 4159.00 [503] 9.75(-3) [38] 14.05 [423] 4159.0 [51]
4159.00± 3.80 [51] 2.7(-2) [512] 13.90 [350]



530 5 X-Ray Emission Lines and Atomic Level Characteristics

level EB/eV !nlj 
 /eV AE/eV

4151.50± 1.50 [493] 7.68(-3) [423] 11.7 [94]

M3 3538.00 [503] 6.30(-3) [38] 11.18 [423] 3538.0 [51]
3538.00± 3.80 [51] 6.64(-3) [512] 11.90 [350]
3530.50± 1.50 [493] 1.05(-2) [423] 8.3 [94]

M4 3022.00 [503] 3.55(-2) [38] 2.92 [423] 3021.5 [51]
3021.50± 3.10 [51] 4.80(-2) [512] 3.04 [350]
3012.30± 1.10 [493] 4.36(-2) [423] 2.88 [94]

M5 2892.00 [503] 3.62(-2) [38] 2.88 [423] 2892.4 [51]
2892.40± 3.10 [51] 3.90(-29 [512] 2.81 [350]
2884.20± 1.10 [493] 4.31(-2) [423] 2.88 [94]

N1 1097.00 [503] 7.5(-4) [423] 15.08 [423] 1097.0 [51]
1090.50± 1.20 [493] 14.00 [74]

10.4 [94]

N2 929.00 [503] 1.30(-3) [423] 14.68 [423]
929.00± 4.00 [51] 14.00 [74]
946.20± 1.70 [493] 7.8 [94]

N3 768.00 [503] 6.0(-4) [423] 9.40 [423]
768.00± 4.00 [51] 14.00 [74]
791.20± 1.00 [493] 6.6 [94]

N4 567.00 [503] 4.6(-4) [423] 7.21 [423]
566.60± 4.00 [51] 6.90 [74]
560.40± 1.20 [493] 4 [94]

N5 541.00 [503] 4.1(-4) [423] 6.48 [423]
531.10± 1.00 [493] 6.90 [74]

3.9 [94]

N6 238.00 [503] 2.0(-5) [423] 0.16 [423]
230.10± 1.10 [493] 0.10 [74]

N7 223.60± 1.10 [493] 2.0(-5) [423] 0.15 [423]
0.10 [74]
0.16 [94]

O1 214.00 [503] 2.0(-5) [423] 23.93 [423]
209.60± 2.20 [493]

O2 166.00 [503] 1.0(-5) [423] 8.87 [423]
159.50± 2.80 [493]



Radon Z=86 531

level EB/eV !nlj 
 /eV AE/eV

O3 127.00 [503] 3.0(-6) [423] 19.89 [423]
123.90± 2.50 [493]

O4 48.00 [503]
48.00 ± 1.00 [493]

O5 48.00 [503]
44.20 ± 1.10 [493]

P1 26.00 [503]
18.70 ± 5.00 [493]

P2 11.00 [503]
7.60 ± 5.00 [493]

P3 11.00 [503]
4.10 ± 7.50 [493]
10.749 [126]

IP 10.74850 [222]



532 5 X-Ray Emission Lines and Atomic Level Characteristics

Fr Z=87 [Rn] 7s1

Francium A = [223.0197] [222] % = 2.50 g/cm−3 [342]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 82498.8± 2.9 [145] 90.06 [423]

K˛2 KL2 83232± 25 [50] 21.63 [488] 2.855(-1) 84.20 [301]
82233.3± 3.1 [145] 82.29 [423]

K˛1 KL3 86105± 27 [50] 35.49 [488] 4.685(-1) 83.40 [301]
86107.4± 3.0 [145] 82.26 [423]

KM1 96487.3± 4.5 [145] 95.15 [423]

Kˇ3 KM2 96808± 56 [50] 4.028 [488] 5.317(-2) 89.64 [423]
96817.3± 4.6 [145]

Kˇ1 KM3 97478± 57 [50] 7.83 [488] 1.033(-1) 86.82 [423]
97476.7± 4.7 [145]

KˇII
5

KM4 98002.4± 3.8 [145] 1.649(-3) 78.43 [423]

KˇI
5

KM5 98137.4± 3.8 [145] 1.941(-3) 78.39 [423]

KN1 99984.7± 5.4 [145] 90.65 [423]

KˇII
2

KN2 100155± 60 [50] 0.986 [488] 1.301(-2) 90.10 [423]
100134.0± 6.4 [145]

KˇI
2

KN3 100326± 60 [50] 1.062 [488] 2.590(-2) 85.04 [423]
100298.1± 5.2 [145]

KˇII
4

KN4 100535.0± 5.1 [145] 4.628(-4) 82.37 [423]

KˇI
4

KN5 100566.1± 5.1 [145] 5.448(-4) 81.71 [423]

L series
L1M1 13988.5± 3.3 [145] 34.38 [423]

Lˇ4 L1M2 14318.5± 3.3 [145] 4.221(-2) 28.87 [423]

Lˇ3 L1M3 14975.7± 2.4 [50] 0.617 [488] 4.151(-2) 26.04 [423]
14977.9± 3.4 [145]

Lˇ10 L1M4 15503.6± 2.6 [145] 1.730(-3) 17.66 [423]

Lˇ9 L1M5 15638.6± 2.5 [145] 2.584(-3) 17.62 [423]

L1N1 17485.9± 4.2 [145] 29.88 [423]



Francium Z=87 533

line transition E/eV I/eV/� TPIV 
 /eV

L�2 L1N2 17635.2± 5.1 [145] 1.115(-2) 29.31 [423]

L�3 L1N3 17799.3± 3.9 [145] 1.223(-2) 24.26 [423]

L1N4 18036.2± 3.9 [145] 2.800(-4) 21.60 [423]

L1N5 18067.3± 3.8 [145] 4.465(-4) 20.94 [423]

L1N6 18375.3± 3.0 [145] 16.29 [423]

L1N7 18382.3± 2.8 [145] 16.29 [423]

L� L2M1 13254.0± 2.6 [145] 1.005(-2) 26.61 [423]

L2M2 13584.0± 2.2 [145] 21.10 [423]

Lˇ17 L2M3 14243.4± 2.4 [145] 4.646(-4) 18.18 [423]

Lˇ1 L2M4 14770.4± 2.3 [50] 2.496 [488] 3.640(-1) 9.89 [423]
14764.00 [104]
14769.1± 1.5 [145]

L2M5 14904.1± 1.5 [145] 9.85 [423]

L�5 L2N1 16751.5± 3.3 [145] 2.663(-3) 22.11 [423]

L2N2 16900.7± 4.0 [145] 21.55 [423]

L2N3 17064.8± 2.8 [145] 1.347(-4) 16.49 [423]

L� 1 L2N4 17303.4± 3.2 [50] 0.538 [488] 7.846(-2) 13.84 [423]
17304.00 [104]
17301.7± 2.l8 [145]

L2N5 17332.8± 2.8 [145] 13.17 [423]

Lv L2N6 17640.8± 1.9 [145] 4.099(-4) 7.02 [423]

L2N7 17647.8± 1.8 [145] 7.02 [423]

Ll L3M1 10379.8± 2.0 [145] 1.843(-2) 26.58 [423]

Lt L3M2 10709.9± 2.0 [145] 2.173(-4) 21.07 [423]

Ls L3M3 11369.3± 2.2. [145] 1.967(-4) 18.15 [423]

L˛2 L3M4 11895.07± 0.84 [50] 0.2135 [488] 3.166(-2) 9.86 [423]

L˛1 L3M5 12031.40± 0.86 [50] 1.878 [488] 2.785(-1) 9.82 [423]
12035.50 [104]

Lˇ6 L3N1 13877.3± 3.1 [145] 4.454(-3) 22.08 [423]

L3N2 14026.6± 3.8 [145] 4.894(-5) 21.52 [423]

L3N3 14190.6± 2.6 [145] 5.196(-5) 16.46 [423]

Lˇ15 L3N4 14427.5± 2.6 [145] 6.165(-3) 13.81 [423]

Lˇ2 L3N5 14450± 50 [50] 0.378 [488] 5.608(-2) 13.14 [423]
14454.00 [104]
14458.6± 2.6 [145]

Lu′ L3N6 14766.6± 1.7 [145] 6.318(-5) 6.99 [423]



534 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

Lu L3N7 14773.6± 1.6 [145] 3.508(-4) 6.99 [423]

M series
M�2 M3N4 3046.90 [423] 8.305(-4) 18.36 [423]

M�1 M3N5 3092.00 [263] 6.315(-3) 17.70 [423]

M�2 M4N2 2146.21 [423] 2.122(-3) 17.70 [423]

Mı M4N3 2316.10 [423] 2.022(-4) 12.64 [423]

Mˇ M4N6 2877.00 [263] 4.280(-2) 3.17 [423]

M� M4O2 2957.90 [423] 5.135(-4) 11.98 [423]

M�1 M5N3 2164.00 [263] 1.515(-3) 12.60 [423]

M˛1.2 M5N6,7 2743.00 [263] 3.13 [423]

M5N6 2.092(-3)

M5N7 4.094(-2)

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 101137.00 [503] 0.970 [301] 76.80 [301] 101137.0 [51]
101137.00± 1.30 [51] 0.9674 [39] 75.42 [423] 101141.2± 3.0 [145]
101129.90± 1.60 [493] 0.9644 [423] 76.9 [94]

L1 18639.00 [503] 0.139 [301] 13.30 [301] 18639.0 [51]
18639.00± 4.00 [51] 0.1232 [423] 14.64 [423] 18642.4± 1.7 [145]
18634.10± 1.40 [493] 0.12 [436] 13.5 [94]

L2 17906.00 [503] 0.443 [301] 7.47 [301] 17906.5 [51]
17906.50± 3.50 [51] 0.4700 [423] 6.87 [423] 17907.94± 0.64 [145]
17900.50± 1.10 [493] 0.464 [436] 7.02 [94]

L3 15031.00 [503] 0.424 [301] 8.65 [301] 15031.2 [51]
15031.20± 3.00 [51] 0.4075 [423] 6.85 [423] 15033.78± 0.44 [145]
15025.60± 1.20 [493] 0.394 [423] 7.08 [94]

M1 4652.00 [503] 4.29(-3) [512] 19.74 [423] 4652.0 [51]
4645.70± 1.50 [493] 5.15(-3) [423] 15.4 [94]

M2 4327.00 [503] 2.8(-29 [512] 14.22 [423] 4327.0 [51]
4327.00± 4.00 [51] 7.96(-3) [423] 12.1 [94]



Francium Z=87 535

level EB/eV !nlj 
 /eV AE/eV

4316.00± 1.50 [493]

M3 3663.00 [503] 6.98(-3) [512] 11.40 [423] 3663.0 [51]
3663.00± 4.00 [51] 1.10(-2) [423] 8.2 [94]
3657.30± 1.50 [493]

M4 3136.00 [503] 5.1(-2) [512] 3.02 [423] 3136.2 [51]
3136.20± 3.10 [51] 4.58(-2) [423] 2.98 [94]
3129.70± 1.00 [493]

M5 3000.00 [503] 4.00(-2) [512] 2.98 [423] 2999.7 [51]
2999.90± 3.10 [51] 4.49(-2) [423] 2.98 [94]
2994.90± 1.20 [493]

N1 1153.00 [503] 7.9(-4) [423] 15.24 [423] 1153.0 [51]

1149.00± 1.20 [493] 10.7 [94]
N2 980.00 [503] 1.33(-3) [423] 14.68 [423]

980.00± 4.20 [51] 8.1 [94]
1000.90± 1.60 [493]

N3 810.00 [503] 6.3(-4) [423] 9.62 [423]
810.00± 4.30 [51] 6.8 [94]
835.10± 1.00 [493]

N4 603.00 [503] 4.9(-4) [423] 6.96 [423]
603.30± 4.10 [51] 4.1 [94]
598.70± 1.20 [493]

N5 577.00 [503] 4.4(-4) [423] 6.30 [423]
577.00± 3.40 [51] 3.95 [94]
567.50± 1.00 [493]

N6 268.00 [503] 3.0(-5) [423] 0.15 [423]
258.60± 1.10 [493] 0.15 [94]

N7 268.00 [503] 2.0(-5) [739 0.15 [423]
251.60± 1.20 [493] 0.15 [94]

O1 234.00 [503] 2.0(-5) [423] 23.23 [423]
230.90± 2.40 [493]

O2 182.00 [503] 2.0(-5) [423] 8.96 [423]
176.70± 2.60 [493]

O3 140.00 [503] 4.0(-6) [423] 21.16 [423]
138.70± 2.60 [493]



536 5 X-Ray Emission Lines and Atomic Level Characteristics

level EB/eV !nlj 
 /eV AE/eV

O4 58.00 [503]
60.00± 1.00 [493]

O5 58.00 [503]
55.60± 1.10 [493]

P1 34.00 [503]
26.30± 4.50 [493]

P2 15.00 [503]
13.20± 4.50 [493]

P3 15.00 [503]
8.80± 6.50 [493]

Q1 4.00 [126]

IP 4.0727 [222]



Radium Z=88 537

Ra Z=88 [Rn] 7s2

Radium A = 226.0254 [260] % = 4.00 g/cm3 [547]
% = 5.00 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 84685.4± 3.0 [145] 94.40 [423]

K˛2 KL2 85430.00± 12.00 [50] 22.70 [488] 2.861(-1) 88.10 [301]
85436± 12 [43] 91.20 [473]

86.47 [423]

K˛1 KL3 88470.00± 13.00 [50] 37.07 [488] 4.673(-1) 87.20 [301]
88476± 12 [43] 87.00 [473]

86.07 [423]

KM1 99097.5± 4.6 [145] 97.78 [423]

Kˇ3 KM2 99430.00± 25.00 [50] 4.222 [488] 5.322(-2) 98.95 [473]
99434± 12 [43] 93.38 [423]

Kˇ1 KM3 100130.00± 12.00 [50] 8.21 [488] 1.036(-1) 94.20 [473]
100136± 12 [43] 90.65 [423]

KˇII
5

KM4 100669.1± 3.9 [145] 1.692(-3) 82.11 [423]

KˇI
5

KM5 100811.5± 3.8 [145] 1.979(-3) 82.09 [423]

KN1 102710.7± 5.4 [145] 92.87 [423]

KˇII
2

KN2 100890.00± 25.00 [50] 1.038 [488] 1.309(-2) 93.85 [423]
102861± 12 [43]

KˇI
2

KN3 101070.00± 25.00 [50] 2.072 [488] 2.612(-2) 88.54 [423]
103045± 12 [43]

KˇII
4

KN4 103282.7± 5.4 [145] 4.797(-4) 85.95 [423]

KˇI
4

KN5 103316.0± 5.4 [145] 5.616(-4) 85.44 [423]

L series
L1M1 14412.1± 3.3 [145] 34.13 [423]

Lˇ4 L1M2 14747.3± 1.3 [50] 0.668 [488] 4.339(-2) 25.00 [473]
14747.30 [104] 29.76 [423]

Lˇ3 L1M3 15445.1± 1.4 [50] 0.642 [488] 4.169(-2) 22.00 [473]
15445.00 [104] 27.03 [423]



538 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ10 L1M4 15988.2± 1.5 [50] 2.806(-2) [488] 1.822(-3) 18.49 [423]
15988.00 [104]

Lˇ9 L1M5 16131.6± 1.6 [50] 4.19(-2) [488] 2.721(-3) 18.47 [423]
16132.00 [104]

L1N1 18036.4± 3.9 [50] 1.26(-5) [488] 29.25 [423]
18040.00 [104]

L� 2 L1N2 18179.5± 2.0 [50] 0.1773 [488] 1.152(-2) 30.23 [423]
18179.00 [104]

L� 3 L1N3 18357.4± 2.0 [50] 0.1910 [488] 1.241(-2) 24.92 [423]
18357.00 [104]

L1N4 18599.2± 4.1 [50] 4.59(-3) [488] 2.979(-4) 22.06 [423]
18600.00 [104]

L� 11 L1N5 18632.8± 4.1 [50] 7.32(-3) [488] 4.754(-4) 21.61 [423]
18630.00 [104]

L1N6 18945.9± 3.0 [145] 15.54 [423]

L1N7 18953.1± 2.8 [145] 15.55 [423]

L� 4′ L1O2 19036.00± 1.50 [50] 4.02(-2) [488] 2.610(-3) 24.23 [423]
19036.00 [104]

L� 4 L1O3 19084.00± 1.50 [50] 4.35(-3) [488] 2.828(-3) 35.76 [423]
19085.00 [104]

L1O4,5 19167.00± 3.00 [50] 1.93(-3) [488]
19170.00 [104]

L1O4 4.805(-5)

L1O5 7.721(-5)

L1P2,3 19218.00± 1.50 [50] 1.298(-2) [488]
19218.00 [104]

L1P2 4.457(-4)

L1P3 4.331(-4)

L� L2M1 13663.2± 1.1 [50] 7.31(-2) [488] 9.935(-3) 26.23 [423]
13663.00 [104]

L2M2 13999.7± 2.3 [145] 21.84 [423]

Lˇ17 L2M3 14693.3± 2.6 [50] 3.45(-3) [488] 4.697(-4) 19.10 [423]
14692.00 [104]

Lˇ1 L2M4 15235.9± 1.40 [50] 2.638 [488] 3.586(-1) 11.60 [473]
15236.00 [104] 10.56 [423]

L2M5 15376.4± 1.5 [145] 10.55 [423]

L� 5 L2N1 17274.0± 1.8 [50] 1.946(-2) [488] 2.646(-3) 21.32 [423]
17274.00 [104]



Radium Z=88 539

line transition E/eV I/eV/� TPIV 
 /eV

L2N2 17429.7± 4.2 [145]

L2N3 17603.6± 3.7 [50] 1.01(-3) [488] 1.373(-4) 16.99 [423]
17600.00 [104]

L� 1 L2N4 17848.7± 1.9 [50] 0.574 [488] 7.810(-2) 14.30 [473]
17849.00 [104] 14.13 [423]

L2N5 17885.5± 3.8 [50] 6.25(-5) [488] 13.68 [423]
17880.00 [104]

Lv L2N6 18230.00± 3.00 [50] 3.12(-3) [488] 4.238(-4) 7.61 [423]
18196.2± 2.1 [145]

L2N7 18203.5± 1.8 [145]

L� 8 L2O1 18230.00 [104] 4.73(-3) [488] 6.424(-4) 29.80 [423]
L2O2 18286.00± 2.70 [50] 7.78(-7) [488] 16.30 [423]

18290.00 [104]

L2O3 18330.00± 2.70 [50] 2.29(-4) [488] 3.119(-5) 27.83 [423]
18330.00 [104]

L� 6 L2O4 18414.00± 1.60 [50] 9.91(-2) [488] 1.348(-2)
18415.00 [104]

L2P1 18439.00± 2.70 [50] 9.00(-4) [488] 1.224(-4)
18440.00 [104]

L2P2,3 18466.00± 2.80 [50] 3.46(-5) [488]
18470.00 [104]

L2P3 4.686(-6)

Ll L3M1 10622.29± 0.67 [50] 0.1277 [488] 1.902(-2) 25.83 [423]
10622.00 [104]

Lt L3M2 110948.00 [104] 1.58(-3) [488] 2.278(-4) 21.43 [423]
10961.4± 2.1 [145]

Ls L3M3 11660.4± 2.2 [145] 2.064(-4) 18.70 [423]

L˛2 L3M4 12196.26± 0.89 [50] 0.2248 [488] 3.237(-2) 11.20 [473]
12196.00 [104] 10.16 [423]

L˛1 L3M5 12339.86± 0.91 [50] 1.977 [488] 2.847(-1) 11.00 [473]
12340.00 [104] 10.14 [423]

L� 6 L3N1 14236.4± 1.2 [50] 3.23(-2) [488] 4.644(-3) 20.92 [423]
14236.00 [104]

L3N2 14386.4± 2.5 [50] 2.56(-4) [488] 5.124(-5) 21.90 [423]
14387.00 [104]

L3N3 14565.6± 2.5 [50] 3.81(-4) [488] 5.486(-5) 16.59 [423]
14566.00 [104]

Lˇ15 L3N4 14808.8± 1.3 [50] 4.41(-2) [488] 6.349(-3) 13.73 [423]
14809.00 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ2 L3N5 14841.6± 1.3 [50] 0.402 [488] 5.782(-2) 12.20 [473]
14842.00 [104] 13.27 [423]

L3N6,7 15145.7± 2.7 [50] 2.62(-3) [488]
15146.00 [104]

Lu′ L3N6 15157.7± 2.7 [145] 6.820(-5) 7.21 [423]

Lu L3N7 15165.2± 1.6 [145] 3.781(-4) 7.22 [423]

Lˇ7 L3O1 15190.00± 2.00 [50] 7.75(-3) [488] 1.117(-3) 29.39 [423]
15190.00 [104]

Lˇ5 L3O4,5 15377.10± 1.00 [50] 7.52(-2) [488]
15377.00 [104]

L3O4 1.074(-3)

L3O5 9.754(-3)

L3P1 15402.00± 2.00 [50] 1.47(-3) [488] 2.122(-4)
15402.00 [104]

L3P2,3 15425.00± 2.00 [50] 2.51(-5) [488]
15425.00 [104]

L3P2 1.780(-6)

L3P3 1.828(-6)

M series
M�2 M3N4 3136.93 [423] 8.611(-4) 18.31 [423]

M�1 M3N5 3185.00 [263] 6.534(-3) 17.85 [423]

M�2 M4N2 2210.10 [423] 2.155(-3) 17.93 [423]

Mı M4N3 2391.39 [423] 2.036(-4) 12.62 [423]

Mˇ M4N6 2966.00 [263] 4.503(-2) 3.24 [423]

M� M4O2 3058.38 [423] 5.222(-4) 11.93 [423]

M�1 M5N3 2231.00 [263] 1.5524(-3) 12.60 [423]

M˛2,1 M5N6,7 2824.00 [263]

M˛2 M5N6 2.182(-3) 3.22 [423]

M˛1 M5N7 4.270(-2) 3.23 [423]



Radium Z=88 541

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 103922.00 [503] 0.970 [301] 80.40 [301] 103921.9 [51]
103921.90± 7.20 [51] 0.9680 [39] 79.01 [423] 103927.7± 3.0 [145]
103916.20± 1.70 [493] 0.9645 [423] 80.6 [94]

0.968 [112]

L1 19237.00 [503] 0.146 [301] 13.40 [301] 19236.7 [51]
19236.70± 1.50 [493] 0.1262 [423] 15.39 [423] 19237.0± 4.4 [50]

0.126 [436] 13.7 [94] 19242.3± 1.7

L2 18484.00 [503] 0.456 [301] 7.68 [301] 18484.3 [51]
18484.30± 1.50 [493] 0.4647 [423] 7.46 [423] 18485.5± 4.1 [50]

0.472 [244] 7.5 [94] 18492.61± 0.67 [145]

L3 15444.00 [503] 0.437 [301] 6.82 [301] 15444.4 [51]
15444.40± 1.50 [493] 0.4181 [423] 7.06 [423] 15443.7± 2.8 [50]

0.404 [436] 7.29 [94] 15454.32± 0.45

M1 4822.00 [503] 4.51(-3) [512] 18.77 [423] 4822.0 [51]
4822.00± 1.50 [493] 5.42(-3) [423] 22.00 [74]

4.43(-3) [245] 15.4 [94]

M2 4490.00 [503] 2.9(-2) [512] 14.37 [423] 4489.5 [51]
4489.50± 1.80 [51] 8.24(-3) [423] 12.00 [74]
4485.00± 1.50 [493] 6.38(-3) [245] 12.5 [94]

M3 3792.00 [503] 7.32(-3) [512] 11.64 [423] 3791.8 [51]
3791.80± 1.70 [51] 1.14(-2) [423] 14.00 [74]
3786.60± 1.50 [493] 9.56(-3) [245] 8.2 [94]

M4 3248.00 [503] 5.5(-2) [512] 3.10 [423] 3248.4 [51]
3248.40± 1.60 [493] 4.808-2) [423] 3.00 [74]

3.08 [94]

M5 3105.00 [503] 4.20(-2) [512] 3.08 [423] 3104.9 [51]
3104.90± 1.60 [493] 4.68(-2) [423] 3.20 [74]

3.08 [94]

N1 1208.00 [503] 8.2(-4) [423] 13.86 [423] 1208.4 [51]
1208.40± 1.60 [493] 12.00 [74]

10.95 [94]

N2 1058.00 [503] 1.35(-3) [423] 14.84 [423] 1057.6 [51]
1057.60± 1.80 [493] 10.00 [74]

8.3 [94]

N3 879.00 [503] 6.6(-4) [423] 9.53 [423]
879.10± 1.80 [493] 10.00 [74]

7 [94]
N4 636.00 [503] 5.3(-4) [423] 6.67 [423]

635.90± 1.60 [493] 6.30 [74]
4.15 [94]

N5 603.00 [503] 4.7(-4) [423] 6.21 [423]
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level EB/eV !nlj 
 /eV AE/eV

602.70± 1.70 [493] 6.30 [74]
4 [94]

N6 299.00 [503] 3.0(-5) [423] 0.15 [423]
298.90± 2.40 [51] 0.13 [74]
287.90± 1.10 [493] 0.15 [94]

N7 299.00 [503] 3.0(-5) [423] 0.16 [423]
298.90± 2.40 [51] 0.13 [74]
280.40± 1.20 [493] 0.16 [94]

O1 254.00 [503] 2.0(-5) [423] 22.33 [423]
254.40± 2.10 [493]

O2 200.00 [503] 2.0(-5) [423] 8.84 [423]
200.40± 2.00 [493]

O3 153.00 [503] 1.0(-5) [423] 20.37 [423]
152.80± 2.00 [493]

O4 68.00 [503]
67.20± 1.70 [51]
69.40± 1.70 [493]

O5 68.00 [503]
67.20± 1.70 [51]
63.80± 1.70 [493]

P1 44.00 [503]
43.50± 2.20 [51]
35.50± 4.00 [493]

P2 44.00 [503]
43.50± 1.80 [51]
35.50± 4.00 [493]

P3 19.00 [503]
18.80± 1.80 [51]
13.70± 5.20 [493]

Q1 5.279 [126]

IP 5.2784 [222]



Actinium Z=89 543

Ac Z=89 [Rn] 6d1 7s2

Actinium A = 227.028 [260] % = 10.09 g/cm3 [547]

% = 10.10 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 86913.0± 3.1 [145] 98.24 [423]

K˛2 KL2 87676± 18 [50] 23.82 [488] 2.869(-1) 92.00 [301]
87678.2± 3.3 [145] 90.39 [423]

K˛1 KL3 90884.8± 7.9 [50] 38.70 [488] 4.662(-1) 91.10 [301]
90895± 12 [43] 89.98 [423]
90880.00± 11.00 [298]

KM1 101758.9± 4.8 [145] 101.57 [423]

Kˇ3 KM2 102102± 25 [50] 4.422 [488] 5.326(-2) 97.23 [423]
102103.3± 4.8 [145]

Kˇ1 KM3 102847± 25 [50] 8.61 [488] 1.037(-1) 94.54 [423]
102844.2± 4.9 [145]

KˇII
5

KM4 103389.0± 4.0 [145] 1.736(-3) 85.9 [423]

KˇI
5

KM5 103539.3± 4.0 [145] 2.017(-3) 85.87 [423]

KN1 105491.2± 5.5 [145] 96.49 [423]

KˇII
2

KN2 105679± 27 [50] 1.092 [488] 1.316(-2) 97.71 [423]
105648.6± 6.6 [145]

KˇI
2

KN3 105868± 27 [50] 2.187 [488] 2.634(-2) 92.51 [423]
105835.8± 5.3 [145]

KˇII
4

KN4 106083.6± 5.3 [145] 4.968(-4) 89.09 [423]

KˇI
4

KN5 106119.2± 5.3 [145] 5.784(-4) 88.99 [423]

L series
L1M1 14845.8± 3.3 [145] 34.41 [423]

Lˇ4 L1M2 15190.3± 3.3 [145] 4.568(-2) 30.07 [423]

Lˇ3 L1M3 15931.5± 2.7 [50] 0.667 [488] 4.285(-2) 15.24 [423]
15931.1± 3.4 [145]

Lˇ10 L1M4 16476.0± 2.6 [145] 1.966(-3) 18.74 [423]

Lˇ9 L1M5 16626.3± 2.5 [145] 2.934(-3) 18.72 [423]

L1N1 18578.2± 2.4 [145] 29.33 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L�2 L1N2 18735.6± 5.1 [145] 1.218(-2) 30.55 [423]

L�3 L1N3 18922.8± 3.8 [145] 1.288(-2) 25.34 [423]

L1N4 19170.6± 3.8 [145] 3.247(-4) 21.93 [423]

L1N5 19206.2± 3.8 [145] 5.190(-4) 21.83 [423]

L1N6 19530.3± 3.2 [145] 15.69 [423]

L1N7 19537.8± 2.9 [145] 15.71 [423]

L� L2M1 14080.7± 2.6 [145] 1.021(-2) 27.36 [423]

L2M2 14425.2± 2.3 [145] 22.22 [423]

Lˇ17 L2M3 15166.0± 2.5 [145] 4.933(-4) 19.53 [423]

Lˇ1 L2M4 15713.3± 2.7 [50] 2.785 [488] 3.671(-1) 10.89 [423]
15710.8± 1.6 [145]

L2M5 15861.1± 1.5 [145] 10.87 [423]

L�5 L2N1 17813.0± 3.1 [145] 2.731(-3) 21.48 [423]

L2N2 17970.5± 4.1 [145] 21.07 [423]

L2N3 18157.6± 2.9 [145] 1.454(-4) 17.49 [423]

L� 1 L2N4 18408.4± 3.6 [50] 0.613 [488] 8.077(-2) 14.08 [423]
18405.5± 2.8 [145]

L2N5 18441.0± 2.8 [145] 13.98 [423]

Lv L2N6 18765.1± 2.2 [145] 4.545(-4) 7.84 [423]

L2N7 18772.7± 1.9 [145] 7.86 [423]

Ll L3M1 10870.1± 2.1 [145] 1.963(-2) 26.95 [423]

Lt L3M2 11214.6± 2.1 [145] 2.386(-4) 21.81 [423]

Ls L3M3 11955.4± 2.2 [145] 2.163(-4) 19.11 [423]

L˛2 L3M4 12500.99± 0.93 [50] 0.2365 [488] 3.307(-2) 10.48 [423]
12500.2± 1.3 [145]

L˛1 L3M5 12652.16± 0.96± 0.65 [50] 2.079 [488] 2.907(-1) 10.46 [423]
12650.5± 1.3 [145]

Lˇ6 L3N1 14602.4± 2.9 [145] 4.837(-3) 21.07 [423]

L3N2 14759.9± 3.9 [145] 5.354(-5) 20.66 [423]

L3N3 14947.0± 2.6 [145] 5.783(-5) 17.08 [423]

Lˇ15 L3N4 15194.9± 2.6 [145] 6.530(-3)

Lˇ2 L3N5 15230.4± 2.6 [145] 5.956(-2) 13.57 [423]

Lu′ L3N6 15554.5± 2.0 [145] 7.343(-5) 7.43 [423]

Lu L3N7 15562.1± 1.6 [145] 4.066(-4) 7.45 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

M series
M�2 M3N4 3228.39 [423] 8.935(-4) 18.23 [423]

M�1 M3N5 3279.00 [263] 6.757(-3) 18.13 [423]

M�2 M4N2 2274.80 [423] 2.187(-3) 18.22 [423]

Mı M4N3 2468.16 [423] 2.049(-4) 13.01 [423]

Mˇ M4N6 3061.00 [263] 4.706(-2) 3.35 [423]

M� M4O2 3160.81 [423] 5.307(-4) 11.92 [423]

M�1 M5N3 2299.00 [263] 1.540(-3) 12.99 [423]

M˛1.2 M5N6,7 2910.00 [263]

M5N6 2.270(-3) 3.33 [423]

M5N7 4.442(-2) 3.34 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 106755.00 [503] 0.971 [301] 84.10 [301] 106755.3 [51]
106755.30± 5.50 [51] 0.9686 [39] 82.70 [423] 106768.2± 3.2 [145]
106756.30± 1.40 [493] 0.9654 [423] 84.4 [94]

L1 19840.00 [503] 0.153 [301] 13.60 [301] 19840.0 [51]
19840.00± 1.80 [51] 0.1324 [423] 15.54 [423] 19855.2± 1.7 [145]
19845.90± 1.30 [493] 0.133 [436] 14 [94]

L2 19083.00 [503] 0.468 [301] 7.95 [301] 19083.2 [51]
19083.20± 2.80 [51] 0.4773 [423] 7.69 [423] 19090.04± 0.69 [145]
19083.00± 1.10 [493] 0.49 [436] 8 [94]

L3 15871.00 [503] 0.450 [301] 6.98 [301] 15871.0 [51]
15871.00± 2.00 [51] 0.4284 [423] 7.28 [423] 15879.45± 0.46 [145]
15871.20± 1.20 [493] 0.414 [436] 7.51 [94]

5 M1 5002.00 [503] 4.73(-3) [512] 18.87 [423] 5002.0 [51]
5000.60± 2.20 [493] 5.7(-3) [423] 15.4 [94]

M2 4656.00 [503] 3.1(-2) [512] 14.53 [423] 4656.0 [51]
4656.00± 1.80 [51] 8.53(-3) [423] 12.9 [94]
4656.80± 1.50 [493]

M3 3909.00 [503] 7.66(-3) [512] 11.84 [423] 3909.0 [51]
3909.00± 1.80 [51] 1.19(-2) [423] 8 [94]
3916.70± 1.60 [493]

M4 3370.00 [503] 5.8(-2) [512] 3.20 [423] 3370.2 [51]
3370.20± 2.10 [51] 5.01(-2) [423] 3.18 [94]
3370.10± 1.00 [493]
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level EB/eV !nlj 
 /eV AE/eV

M5 3219.00 [503] 4.3(-2) [512] 3.18 [423] 3219.0 [51]
3219.20± 2.10 [51] 4.86(-2) [423] 3.18 [94]
3219.70± 1.40 [493]

N1 1269.00 [503] 8.7(-4) [423] 13.79 [423] 1269.0 [51]
1269.40± 1.20 [493] 11.2 [94]

N2 1080.00 [503] 1.37(-3) [423] 15.02 [423] 1080.0 [51]
1080.00± 1.90 [51] 8.5 [94]

N3 890.00 [503] 6.8(-4) [423] 9.81 [423]
890.00± 1.90 [51] 7.25 [94]

N4 675.00 [503] 5.7(-4) [423] 6.39 [423]
674.90± 3.70 [51] 4.2 [94]
673.90± 1.50 [493]

N5 639.00 [503] 5.0(-4) [423] 6.29 [423]
641.10± 1.20 [493] 4.05 [94]

N6 319.00 [503] 4.0(-5) [423] 0.15 [423]
316.40± 1.50 [493] 0.15 [94]

N7 319.00 [503] 4.0(-5) [423] 0.17 [423]
308.40± 1.30 [493] 0.17 [94]

O1 272.00 [503] 2.0(-5) [423] 21.18 [423]
273.50± 2.50 [493]

O2 215.00 [503] 3.0(-5) [739 8.72 [423]
216.90± 2.30 [493]

O3 167.00 [503] 1.0(-5) [423] 12.63 [423]
167.80± 2.50 [493]

O4 80.00 [503]
83.30± 0.70 [493]

O5 80.00 [503]
77.70± 1.00 [493]

P1 39.80± 3.50 [493]

P2 24.10± 3.40 [493]

P3 17.00± 4.50 [493]

Q1 5.17 [126]

IP 5.17 [222]



Thorium Z=90 547

Th Z=90 [Rn] 6d2 7s2

Thorium A = 232.0381(1) [222] % = 11.00 g/cm3 [547]

% = 11.70 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 89176.6± 3.2 [145] 102.19 [423]

K˛2 KL2 89953.0± 1.0 [50] 24.98 [488] 2.877(-1) 96.20 [301]
89954.94 [104] 25.15 [487] 97.00 [473]
89957.47± 0.50 [143] 94.42 [423]
89957.62± 0.20 [277]
89957.00± 2.00 [43]
89957.04± 0.20 [144]

K˛1 KL3 93350.00± 1.40 [50] 40.38 [488] 4.650(-1) 95.20 [301]
93350.94 [104] 40.68 [487] 94.70 [473]
93348.26± 0.42 [143] 94.01 [423]
93347.98± 0.25 [277]
93348.00± 2.00 [43]
93347.38± 0.25 [144]

KM1 104465.6± 4.9 [145] 105.31 [423]

Kˇ3 KM2 104831.00± 3.00 [50] 4.628 [488] 5.330(-2) 105.00 [473]
104829.94 [104] 4.79 [487] 101.19 [423]
104817.21± 0.69 [277]
104822.00± 2.00 [43]
104816.53± 0.69 [144]

Kˇ1 KM3 105609.00± 1.00 [50] 9.03 [488] 1.040(-1) 99.70 [473]
105609.94 [104] 9.34 [487] 98.49 [423]
105602.19± 0.53 [277]
105606.00± 2.00 [43]
105601.51± 0.53 [144]

Kˇ5 KM4,5 106270± 12 [50] 0.1545 [488]

KˇII
5

KM4 106161.00± 10.00 [43] 1.779(-3) 89.81 [423]
106275.00 [104]
106156.4± 4.2 [145]

KˇI
5

KM5 106318.00± 9.00 [43] 2.055(-3) 89.79 [423]
106314.9± 4.1 [145]

KN1 108320.0± 5.7 [145] 100.30 [423]

KˇII
2

KN2 108509± 14 [50] 1.148 [488] 1.322(-2) 101.71 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

108483.00 [104] 1.221 [487]
108471.00± 4.00 [43]
108481.2± 6.7 [145]

KˇI
2

KN3 108718± 13 [50] 2.307 [488] 2.657(-2) 95.69 [423]
108712.00 [104] 2.469 [487]
108692.00± 3.00 [43]
108680.9± 5.5 [145]

Kˇ4 KN4,5 109082± 28 [50] 9.63(-2) [488]

KˇII
4

KN4 108934.2± 5.4 [145] 5.142(-4) 92.71 [423]

KˇI
4

KN5 108972.2± 5.4 [145] 5.953(-4) 92.89 [423]

KO2,3 109500.00± 10.00 [50] 0.799 [488]
109510.00 [104] 0.852 [487]

KO2 3.196(-3) 95.07 [423]

KO3 6.260(-3) 90.70 [423]

KP2,3 0.1652 [488]

KP2 5.588(-4)

KP3 1.029(-3)

L series
L1M1 15275.70 [104] 3.72(-5) [488] 34.49 [423]

15289.0± 3.3 [145]

Lˇ4 L1M2 15643.90± 0.80 [50] 0.765 [488] 4.783(-2) 26.35 [473]
15642.00 [104] 30.37 [423]
15639.54± 0.35 [439]

Lˇ3 L1M3 16425.80± 0.70 [50] 0.692 [488] 4.383(-2) 22.85 [473]
16424.98 [104] 27.66 [423]
16423.855± 0.070 [439]

Lˇ10 L1M4 16981.00± 2.30 [50] 3.33(-2) [488] 2.109(-3) 18.98 [423]
16976.00 [104]
16980.26± 0.21 [439]

Lˇ9 L1M5 17139.00± 2.00 [50] 4.97(-2) [488] 3.147(-3) 18.96 [423]
17133.00 [104]
17138.89± 0.12 [439]

L1N1 19146.4± 2.2 [50] 1.71(-5) [488] 29.49 [423]

L� 2 L1N2 19305.00± 1.20 [50] 0.2026 [488] 1.282(-2) 30.88 [423]
19304.00 [104]
19331.00 [543]
19302.987± 0.050 [439]

L� 3 L1N3 19507.00± 1.20 [50] 0.2101 [488] 1.330(-2) 24.86 [423]
19505.00 [104]
19535.00 [543]
19503.445± 0.060 [439]
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line transition E/eV I/eV/� TPIV 
 /eV

L1N4 19755.00± 3.10 [50] 5.56(-3) [488] 3.521(-4) 21.88 [423]
19750.00 [104]
19756.75± 0.83 [439]

L� 11 L1N5 19794.00± 2.80 [50] 8.90(-3) [488] 5.633(-4) 22.07 [423]
19791.00 [104]
19793.91± 0.50 [439]

L1N6,7 20127.0± 4.8 [50] 2.29(-4) [488]
20129.99 [104]

L1N6 20138.2± 3.3 [145] 15.83 [423]

L1N7 20146.2± 2.9 [145] 15.86 [423]

L1O1 20174.00± 3.30 [50] 4.86(-6) [488] 34.44 [423]
20170.00 [104]

L� 4′ L1O2 20242.00± 1.30 [50] 4.78(-2) [488] 3.023(-3) 24.24 [423]
20240.00 [104]
20273.00 [543]

L� 4 L1O3 20292.00± 1.30 [50] 5.02(-2) [488] 3.176(-3) 19.88 [423]
20290.98 [104]
20319.00 [543]

L1O4,5 20383.00± 3.40 [50] 2.53(-3) [488] 0.37
20379.99 [104]

L1O4 6.125(-5)

L1O5 9.907(-5)

L1P2,3 20424.00± 2.70 [50] 1.74(-2) [488] 2.51
20422.00 [104]

L1P2 5.516(-4)

L1P3 5.500(-4)

L� L2M1 14509.90± 0.70 [50] 8.21(-2) [488] 1.048(-2) 26.73 [423]
14509.00 [104]
14486.00 [543]
14510.327± 0.080 [439]

L2M2 14869.6± 2.6 [50] 1.03(-5) [488] 22.60 [423]
14867.00 [104]

Lˇ17 L2M3 15643.1± 1.2 [50] 4.05(-3) [488] 5.177(-4) 19.90 [423]

Lˇ1 L2M4 16202.20± 0.20 [50] 2.939 [488] 3.756(-1) 12.40 [473]
16201.99 [104] 11.22 [423]
16194.00 [543]
16201.556± 0.030 [439]

L2M5 16359.00± 2.20 [50] 3.22(-4) [488] 11.20 [423]
16359.98 [104]
16358.1± 1.0 [439]

L� 5 L2N1 18370.00± 1.10 [50] 2.21(-2) [488] 2.819(-3) 21.72 [423]
18368.98 [104]



550 5 X-Ray Emission Lines and Atomic Level Characteristics

line transition E/eV I/eV/� TPIV 
 /eV

18364.35± 0.11 [439]

L2N2 18524.5± 4.1 [145] 23.11 [423]

L2N3 18728.4± 4.2 [50] 4.24(-6) [488] 1.539(-4) 17.10 [423]
18729.99 [104]

L� 1 L2N4 18982.50± 0.90 [50] 0.659 [488] 8.348(-2) 15.00 [473]
18980.98 [104] 14.12 [423]
18966.00 [543]
18978.259± 0.020 [439]

L2N5 19012.8± 4.3 [50] 8.03(-5) [488] 14.30 [423]
19010.0 [104]

L2N6,7 19014.0± 3.00 [50] 3.81(-3) [488]
Lv L2N6 19348.00± 0.15 [439] 4.864(-4) 8.07 [423]

19358.2± 2.3 [145]

L2N7 19366.2± 1.9 8.10 [423]

L� 8 L2O1 19403.00± 1.50 [50] 5.33(-3) [488] 7.070(-4) 26.68 [423]
19400.98 [104]

L2O2 19466.00± 3.10 [50] 1.10(-6) [488] 16.48 [423]
19469.98 [104]

L2O3 19506.00± 3.10 [50] 2.86(-4) [488] 3.661(-5) 12.11 [423]

L� 6 L2O4 19599.00± 1.20 [50] 0.1218 [488] 1.557(-2)
19596.98 [104]

L2P1 19629.00± 3.10 [50] 1.16(-3) [488] 1.482(-4)
19630.00 [104]

L2P2,3 19642.00± 3.10 [50] 4.98(-5) [488]
19640.00 [104]

L2P3 5.783(-6)

L2P4 19682.00± 2.80 [50] 2.25(-3) [488]

Ll L3M1 11118.60± 0.40 [50] 0.1460 [488] 2.025(-2) 26.32 [423]
11118.00 [104]
11096.00 [543]
11118.06± 0.18 [439]

Lt L3M2 11478.80± 1.00 [50] 1.84(-3) [488] 2.494(-4) 22.19 [423]
11479.00 [104]
11469.5± 1.1 [398]

Ls L3M3 12261.00± 1.20 [50] 1.67(-3) [488] 2.263(-4) 19.49 [423]
12259.00 [104]
12255.98± 0.96 [398]

L˛2 L3M4 12809.60± 0.30 [50] 0.2487 [488] 3.373(-2) 11.80 [473]
12809.00 [104] 10.81 [423]
12804.00 [543]
12809.498± 0.030 [439]
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line transition E/eV I/eV/� TPIV 
 /eV

L˛1 L3M5 12968.70± 0.40 [50] 2.186 [488] 2.965(-1) 11.90 [473]
12968.00 [104] 10.79 [423]
12961.00 [543]
12967.937± 0.020 [439]

Lˇ6 L3N1 14975.00± 1.40 [50] 3.71(-2) [488] 5.031(-3) 21.31 [423]
14976.00 [104]
14973.424± 0.050 [439]

L3N2 15138.00± 3.70 [50] 4.12(-4) [488] 5.583(-5) 22.71 [423]
15140.00 [104]
15132.2± 1.3 [398]

L3N3 15341.00± 1.90 [50] 4.49(-4) [488] 6.086(-5) 18.36 [423]
15339.00 [104]
15334.0± 1.2 [398]

Lˇ15 L3N4 15587.50± 1.00 [50] 4.94(-2) [488] 6.708(-3) 13.71 [423]
15587.00 [104]
15586.910± 0.070 [439]

Lˇ2 L3N5 15623.70± 0.60 [50] 0.451 [488] 6.125(-2) 12.80 [473]
15624.00 [104] 13.89 [423]
15623.960± 0.030 [439]

Lu L3N6,7 15964.00± 1.00 [50] 5.81(-4) [488]
15964.00 [104]
15955.85± 0.58 [439]

Lu′ L3N6 15966.9± 2.1 [145] 7.886(-5) 7.66 [423]

Lu L3N7 15974.8± 1.7 [145] 4.362(-4) 7.69 [423]

Lˇ7 L3O1 16010.50± 0.80 [50] 9.20(-3) [488] 1.248(-3) 26.26 [423]
16009.99 [104]

L3O2 16074.00± 2.10 [50] 9.32(-5) [488] 1.264(-5) 16.07 [423]
16073.99 [104]

L3O3 16123.00± 2.10 [50] 1.24(-4) [488] 1.417(-5) 11.70 [423]
16120.00 [104]

Lˇ5 L3O4,5 16213.00± 1.10 [50] 9.15(-2) [488]
16212.00 [104]

L3O4 1.224(-3)

L3O5 1.119(-2)

L3P1 16241.00± 1.10 [50] 1.92(-3) [488] 2.539(-4)
16239.99 [104]

L3P2,3 16260.00± 4.30 [50] 3.48(-5) [488]
16260.00 [104]

L3P2 2.249(-6)

L3P3 2.375(-6)

L3P4,5 16295.00± 1.90 [50] 1.60(-3) [488]
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line transition E/eV I/eV/� TPIV 
 /eV

M series
M1N2 3957.00 [104] 7.43(-2) [335] 2.400(-3) 34.01 [423]

M1N3 4230.00± 12.00 [50] 7.43(-2) [335] 1.391(-3) 27.99 [423]
4211.00 [104]

M1O3 5080.00± 20.00 [50] 4.078(-4) 23.01 [423]
5077.00 [104]

M2N1 3505.00± 9.00 [50] 7.89(-3) [335] 9.542(-4) 28.49 [423]
3505.00 [104]

M2N4 4117.00± 2.70 [50] 8.37(-2) [335] 4.829(-3) 20.89 [423]
4116.00 [104]

M2O4 4735.00± 9.00 [50] 1.097(-3)
4735.00 [104]

M3N1 2714.00± 3.00 [50] 7.89(-3) [335] 1.955(-3) 25.79 [423]
2717.00 [104]
2720.00 [263]

M� 2 M3N4 3335.00± 2.70 [50] 8.37(-2) [335] 9.272(-4) 18.18 [423]
3335.00 [104]
3342.00 [263]

M� 1 M3N5 3370.00± 1.80 [50] 8.37(-2) [335] 6.988(-3) 18.37 [423]
3369.00 [104]
3377.00 [104]

M3O1 3780.00± 10.00 [50] 4.745(-4) 30.74 [423]
3777.70 [104]
3785.00 [263]

M3O4,5 3959.00± 4.00 [50]
3967.00 [263]

M3O4 1.890(-4)

M3O5 3959.00± 4.00 [50] 1.456(-3)
3960.00 [104]

M�2 M4N2 2322.00± 2.20 [50] 6.35(-4) [335] 2.229(-3) 18.50 [423]
2322.00 [104]
2327.00 [263]

Mı M4N3 2524.00± 2.60 [50] 6.35(-4) [335] 2.062(-4) 12.48 [423]
2524.00 [104]
2530.00 [263]

Mˇ M4N6 3145.80± 0.80 [50] 0.1479 [335] 4.904(-2) 3.45 [423]
[3145.00 [104]
3152.00 [263]
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line transition E/eV I/eV/� TPIV 
 /eV

M� M4O2 3256.00± 3.40 [50] 5.391(-4) 11.87 [423]
3253.00 [104]
3263.00 [263]

M5N2 2322.0± 2.00 [50] 6.35(-4) [335] 18.48 [423]

M�1 M5N3 2364.00± 2.30 [50] 6.35(-4) [335] 1.555(-3) 12.46 [423]
2366.00 [104]
2369.00 [263]

M˛2 M5N6 2987.00± 1.40 [50] 0.1479 [335] 2.355(-3) 3.43 [423]
2986.00 [104]
2993.00 [263]
2996.00 [104]
3003.00 [263]

M5P3 3298.00± 8.00 [50] 5.433(-5)

N series
N1P2 1313.00± 10.00 [50] 6.129(-5)

N1P3 1131.90± 7.20 [50] 1.845(-5)

N2O4 1072.00± 4.60 [50] 6.896(-5)

N2P1 1120.00± 7.10 [50] 4.742(-5)

N3O5 897.00± 6.50 [50] 1.591(-4)

N4N6 369.30± 1.00 [50] 4.377(-4) 6.35 [423]

N5N6,7 341.40± 0.80 [50]

N5N6 1.707(-5) 6.54 [423]

N5N7 3.826(-4) 6.57 [423]

N6O4 250.50± 0.50 [50] 5.053(-5)

N6O5 257.20± 0.50 [50] 3.269(-6)

N7O5 247.90± 0.50 [50] 4.934(-5)

O series
O3P4,5 181.70± 0.80 [50]

O4,5Q2,3 68.00± 2.00 [50]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 109651.00 [503] 0.971 [301] 88.00 [301] 109650.9 [51]
109650.90± 0.90 [51] 0.9691 [39] 86.51 [423] 109649.0± 1.0 [50]
109649.10± 1.50 [493] 0.969 [112] 88.2 [94] 109658.2± 3.3 [145]

0.974 [33]
0.9660 [423]
0.971 [310]

L1 20472.00 [503] 0.161 [301] 13.70 [301] 20472.1 [51]
20472.10± 0.50 [493] 0.1382 [423] 15.68 [423] 20462.5± 5.0 [50]

0.139 [436] 14.3 [94] 20481.6± 1.7 [145]
0.153 [51]

L2 19693.00 [503] 0.479 [301] 8.18 [301] 19693.2 [51]
19693.20± 0.40 [493] 0.4900 [423] 7.92 [423] 19682.9± 4.6 [50]

0.503 [436] 8.5 [94] 19701.59± 0.72 [145]
0.498 [244]
0.50 [51]

L3 16300.00 [503] 0.463 [301] 7.13 [301] 16300.3 [51]
16300.30± 0.30 [493] 0.4386 [423] 7.51 [423] 16298.5± 3.2 [50]

0.424 [436] 7.74 [94] 16310.27± 0.47 [145]
0.423 [244]
0.43 [304]

M1 5182.00 [503] 5.99(-3) [423] 18.81 [423] 5182.3 [51]
5182.30± 0.30 [493] 4.97(-3) [245] 22.70 [487]

15.5 [94]

M2 4831.00 [503] 4.53(-3) [38] 14.68 [423] 4830.4 [51]
4830.40± 0.40 [493] 8.83(-3) [423] 15.50 [487]

13.2 [94]

M3 4046.00 [503] 1.40(-2) [38] 11.98 [423] 4046.1 [51]
4046.10± 0.40 [493] 1.24(-2) [423] 12.90 [487]

1.16(-2) [245] 8 [94]

M4 3491.00 [503] 5.22(-2) [423] 3.30 [423] 3490.8 [51]
3490.80± 0.30 [493] 5.82(-2) [38] 3.22 [487]

3.28 [94]

M5 3332.00 [503] 4.97(-2) [38] 3.28 [423] 3332.0 [51]
3332.00± 0.30 [493] 0.044 [512] 2.92 [487]

5.04(-2) [423] 3.28 [94]

N1 1330.00 [503] 9.1(-4) [423] 13.81 [423] 1329.5 [51]
1329.50± 0.40 [493] 11.00 [74]

11.5 [94]

N2 1168.00 [503] 1.39(-3) [423] 15.20 [423] 1168.2 [51]
1168.20± 0.40 [493] 8.00 [74]

8.75 [94]
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level EB/eV !nlj 
 /eV AE/eV

N3 968.00 [503] 7.1(-4) [423] 9.18 [423]
967.30± 0.40 [51] 8.00 [74]
967.20± 0.50 [493] 7.5

N4 714.00 [503] 6.1(-4) [423] 6.20 [423]
714.10± 0.40 [51] 5.30 [74]
713.70± 0.70 [493] 4.3 [94]

N5 677.00 [503] 5.3(-4) [423] 6.39 [423]
676.40± 0.40 [51] 5.30 [74]
676.60± 0.90 [493] 4.1 [94]

N6 344.00 [503] 5.0(-5) [423] 0.15 [423]
344.40± 0.40 [493] 0.14 [74]

0.15 [94]

N7 335.00 [503] 5.0(-5) [423] 0.18 [423]
335.00± 0.70 [493] 0.14 [74]

0.18 [94]

O1 290.00 [503] 2.0(-5) [423] 18.76 [423]
290.20± 0.80 [493]

O2 229.00 [503] 3.0(-5) [423] 8.56 [423]
229.40± 1.10 [51]
232.00± 2.70 [493]

O3 182.00 [503] 1.0(-5) [423] 4.20 [423]
181.80± 0.40 [51]
180.80± 1.30 [493]

O4 95.00 [503]
94.30 ± 0.40 [51]
94.10 ± 0.30 [493]

O5 88.00 [503]
87.90 ± 0.30 [51]
87.30 ± 0.50 [493]

P1 60.00 [503]
59.50 ± 1.10 [51]
41.40 ± 0.50 [493]

P2 49.00 [503]
49.00 ± 2.50 [51]
25.80 ± 0.40 [493]

P3 43.00 [503]
43.00 ± 2.50 [51]
17.30 ± 0.40 [493]

P4 2.00 [503]

Q1 6.08 [126]

IP 6.3067 [222]
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Pa Z=91 [Rn] 5f2 6d1 7s2

Protactinium A = 231.03588(2) [222] % = 15.40 g/cm3 [547]

% = 15.37 g/cm3 [483]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 91488.0± 3.3 [145] 106.24 [423]

K˛2 KL2 92287.00± 6.00 [50] 26.18 [488] 2.884(-1) 100.70 [301]
92286.00± 3.00 [277] 99.67 [423]
92283.4± 2.0 [43]

K˛1 KL3 95868.00± 2.20 [50] 42.10 [488] 4.639(-1) 99.30 [301]
95863.00± 3.00 [277] 98.15 [423]
95866.4± 2.0 [43]
95865.00± 3.00 [298]

KM1 107232.3± 5.0 [145] 109.16 [423]

Kˇ3 KM2 107600.00± 20.00 [50] 4.841 [488] 5.334(-2) 105.28 [423]
107585.3± 2.0 [43]

Kˇ1 KM3 108427.00± 8.00 [50] 9.45 [488] 1.042(-1) 101.99 [423]
108417.3± 2.0 [43]

KˇII
5

KM4 108986.2± 4.3 [145] 1.823(-3) 93.84 [423]

KˇI
5

KM5 109153.5± 4.3 [145] 2.093(-3) 93.81 [423]

KN1 111223.1± 5.8 [145] 104.31 [423]

KˇII
2

KN2 111405± 30 [50] 1.206 [488] 1.329(-2) 105.67 [423]
111387.6± 6.9 [145]

KˇI
2

KN3 111625± 30 [50] 2.431 [488] 2.678(-2) 99.73 [423]
111600.5± 5.6 [145]

KˇII
4

KN4 111859.4± 5.5 [145] 5.318(-4) 96.63 [423]

KˇI
4

KN5 111899.8± 5.6 [145] 6.121(-4) 96.81 [423]

L series
L1M1 15744.4± 3.3 [145] 34.56 [423]

Lˇ4 L1M2 16104.1 [104] 0.804 [488] 5.040(-2) 30.69 [423]
16103.7± 3.1 [50]

Lˇ3 L1M3 16930.5± 1.7 [50] 0.718 [488] 4.499(-2) 27.39 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

16929.99 [104]

Lˇ10 L1M4 17491.9± 7.3 [50] 3.63(-2) [488] 2.276(-3) 19.25 [423]
17489.99 [104]

Lˇ9 L1M5 17666.3± 3.7 [50] 5.41(-2) [488] 3.394(-3) 19.21 [423]
17665.00 [104]

L1N1 19735.1± 4.1 [145] 29.71 [423]

L� 2 L1N2 19872.1± 4.7 [50] 0.2164 [488] 1.357(-2) 31.08 [423]
19870.00 [104]

L� 3 L1N3 20097.6± 4.8 [50] 0.2199 [488] 1.379(-2) 25.14 [423]
20100.00 [104]

L1N4 20371.5± 3.8 [145] 3.836(-4) 22.03 [423]

L1N5 20411.9± 3.8 [145] 6.146(-4) 22.21 [423]

L1N6 20751.5± 3.4 [145] 16.11 [423]

L1N7 20760.4± 2.9 [145] 16.07 [423]

L�4 L1O2,3 20882.00± 3.50 [50] 5.32(-2) [488] 7.41
20879.99 [104]

L1O2 3.241(-3) 25.06 [423]

L1O3 3.336(-3) 22.50 [423]

L� L2M1 14946.6± 2.7 [50] 8.69(-2) [488] 9.843(-3) 28.00 [423]
14946.00 [104]

L2M2 15307.6± 2.4 [145] 24.12 [423]

Lˇ17 L2M3 16138.8± 2.5 [145] 4.962(-4) 20.83

Lˇ1 L2M4 16702.0± 1.7 [50] 3.10 [488] 3.511(-1) 12.68 [423]
16700.00 [104]

L2M5 16869.9± 1.5 [145] 12.65 [423]

L� 5 L2N1 18928.6± 4.3 [50] 2.35(-2) [488] 2.658(-3) 23.16 [423]
18929.99 [104]

L2N2 19104.1± 4.2 [145] 24.52 [423]

L2N3 19317.0± 2.9 [145] 1.487(-4) 18.57 [423]

L� 1 L2N4 19568.5± 4.1 [50] 0.696 [488] 7.882(-2) 15.47 [423]
19561.00 [104]

L2N5 19616.3± 2.9 [145] 15.65 [423]

Lv L2N6 19955.9± 2.4 [145] 4.745(-4) 9.55 [423]

L2N7 19964.8± 2.0 [145] 9.51 [423]

L� 6 L2O4 20216.00± 3.30 [50] 0.1318 [488] 1.492(-2)
20219.98 [104]

Ll L3M1 11366.2± 1.5 [50] 0.1560 [488] 2.087(-2) 26.48 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

11367.00 [104]

Lt L3M2 11726.4± 2.1 [145] 2.606(-4) 22.29 [423]

Ls L3M3 12557.6± 2.3 [145] 2.367(-4) 19.00 [423]

L˛2 L3M4 13122.3± 1.0 [50] 0.2613 [488] 3.441(-2) 11.16 [423]
13125.00 [104]

L˛1 L3M5 13290.8± 1.1 [50] 2.296 [488] 3.024(-1) 11.12 [423]
13291.00 [104]

Lˇ6 L3N1 15346.2± 2.8 [50] 3.97(-2) [488] 5.229(-3) 21.63 [423]
15347.00 [104]

L3N2 15522.8± 3.9 [145] 5.815(-5) 22.69 [423]

L3N3 15735.8± 2.6 [145] 6.400(-5) 16.74 [423]

Lˇ15 L3N4 15994.7± 2.5 [145] 6.883(-3) 13.64 [423]

Lˇ2 L3N5 16024.6± 3.1 [50] 0.478 [488] 6.294(-2) 14.13 [423]
16024.99 [104]

Lu′ L3N6 16374.7± 2.2 [145] 8.447(-5) 7.72 [423]

Lu L3N7 16383.6± 1.7 [145] 4.665(-4) 7.68 [423]

Lˇ7 L3O1 16431.00± 4.40 [50] 9.96(-3) [488] 1.312(-3) 29.52 [423]
16429.99 [104]

Lˇ5 L3O4,5 16636.00± 4.50 [50] 9.82(-2) [488]
16636.0 [104]

L3O4 1.274(-3)

L3O5 1.166(-2)

M series
M2N1 3603.00± 5.00 [50] 8.34(-3) [335] 9.853(-4) 28.76 [423]

3603.00 [104]
3610.00 [263]

M2N4 4260.00± 3.00 [50] 8.94(-2) [335] 4.934(-3) 21.07 [423]
4261.00 [104]
4269.00 [263]

M2O4 4906.00± 7.80 [50] 1.143(-3)
4906.00 [104]
4916.00 [263]

M3N1 2786.00± 2.50 [50] 8.34(-3) [335] 2.044(-3) 25.47 [423]
2786.00 [104]
2792.00 [263]

M� 2 M3N4 3430.00± 2.00 [50] 8.94(-2) [335] 9.639(-4) 17.78 [423]
3430.00 [104]
3437.00 [263]

M� 1 M3N5 3465.70± 1.00 [50] 8.94(-2) [335] 7.251(-3) 17.96 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

3466.00 [104]
3473.00 [263]

M3O1 3820.00± 11.00 [50] 5.010(-4) 33.35 [423]
3821.00 [104]
3829.00 [263]

M3O4,5 4081.00± 2.70 [50]
4081.00 [104]
4089.00 [263]

M3O4 1.995(-4)

M3O5 1.531(-3)

M�2 M4N2 2387.60± 0.90 [50] 6.51(-4) [335] 2.286(-3) 18.68 [423]
2388.00 [104]
2393.00 [263]

Mı M4N3 2625.53 [423] 2.071(-4) 12.74 [423]

Mˇ M4N6 3239.70± 0.80 [50] 0.1586 [335] 5.018(-2) 3.72 [423]
3240.00 [104]
3247.00 [263]

M� M4O2 3559.00± 1.80 [50] 5.468(-4) 12.67 [423]
3359.00 [104]
3366.00 [263]

M�1 M5N3 2435.00± 1.00 [50] 6.51(-4) [335] 1.569(-3) 12.71 [423]
2435.00 [104]
2440.00 [263]

M˛2 M5N6 3072.00± 2.30 [50] 0.1586 [335] 2.411(-3) 3.68 [423]
3072.00 [104]
3079.00 [263]

M˛1 M5N7 3082.30± 0.80 [50] 0.1586 [335] 4.723(-2) 3.64 [423]
3082.00 [104]
3089.00 [263]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 112601.00 [503] 0.972 [301] 91.90 [301] 112601.4 [51]
112601.40± 2.40 [51] 0.9696 [39] 90.42 [423] 112601.7± 3.5 [145]
112596.10± 2.10 [493] 0.9665 [423] 92.1 [94]

L1 21105.00 [503] 0.162 [301] 14.30 [301] 21104.6 [51]
21104.60± 1.80 [51] 0.147 [436] 15.82 [423] 21113.7± 1.7 [145]
21111.40± 1.20 [493] 0.1449 [423] 14.7 [94]

L2 20314.00 [503] 0.472 [301] 8.75 [301] 20313.7 [51]
20313.70± 1.50 [493] 0.495 [436] 9.26 [423] 20318.12± 0.73 [145]

0.494 [244] 9.1 [94]
0.4594 [423]

L3 16733.00 [503] 0.476 [301] 7.33 [301] 16733.1 [51]
16733.10± 1.40 [51] 0.46 [81] 7.73 [423] 16736.90± 0.48 [145]
16729.10± 1.20 [493] 0.434 [436] 7.97 [94]

0.4485 [423]

M1 5357.00 [503] 6.3(-3) [423] 18.74 [423] 5366.9 [51]
5366.90± 1.60 [493] 15.5 [94]

M2 5001.00 [503] 9.13(-3) [423] 14.86 [423] 5000.9 [51]
5000.90± 2.30 [51] 13.6 [94]
5002.70± 1.70 [493]

M3 4174.00 [503] 1.29(-2) [423] 11.57 [423] 4173.8 [51]
4173.80± 1.80 [493] 7.9 [94]

M4 3611.00 [503] 5.39(-2) [423] 3.43 [423] 3611.2 [51]
3611.20± 1.40 [51] 3.39 [94]
3606.40± 1.10 [493]

M5 3442.00 [503] 5.22(-2) [423] 3.39 [423] 3441.8 [51]
3441.80± 1.40 [51] 3.39 [94]
3439.40± 1.00 [493]

N1 1387.00 [503] 9.4(-4) [423] 13.90 [423] 1387.1 [51]
1387.10± 1.90 [493] 11.6 [94]

N2 1224.00 [503] 1.4(-3) [423] 15.26 [423] 1224.3 [51]
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level EB/eV !nlj 
 /eV AE/eV

1224.30± 1.60 [493] 9.2 [94]

N3 1007.00 [503] 7.3(-4) [423] 9.32 [423] 1006.7 [51]
1006.70± 1.70 [493] 7.75 [94]

N4 743.00 [503] 6.5(-4) [423] 6.21 [423]
743.40± 2.10 [493] 4,4 [94]

N5 708.00 [503] 5.6(-4) [423] 6.39 [423]
708.20± 1.80 [493] 4.2 [94]

N6 371.00 [503] 7.0(-5) [423] 0.29 [423]
371.20± 1.60 [493] 0.29 [94]

N7 360.00 [503] 6.0(-5) [423] 0.25 [423]
359.50± 1.60 [493] 0.25 [94]

O1 310.00 [503] 2.0(-5) [423] 21.79 [423]
309.60± 4.30 [493]

O2 223.00 [503] 9.24 [423]
222.90± 3.90 [51]
244.60± 2.00 [493]

O3 226.00 [503] 6.68 [423]
223.90± 3.90 [51]
186.30± 2.50 [493]

O4 94.00 [503]
94.10 ± 2.80 [51]
97.30 ± 0.60 [493]

O5 94.00 [503]
94.10 ± 2.80 [51]
89.20 ± 1.10 [493]

P1 46.70 ± 3.20 [493]

P2 28.10 ± 3.40 [493]

P3 18.90 ± 3.50 [493]

Q1 5.89 [126]

IP 5.89 [222]
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U Z=92 [Rn] 5f3 6d1 7s2

Uranium A = 238.0289(1) [260] % = 19.00 g/cm3 [547]
% = 17.3 g/cm3 [222]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 93842.0± 3.4 [145] 110.35 [423]

K˛2 KL2 94665.00± 3.00 [50] 27.42 [488] 2.893(-1) 105.40 [301]
94664.94 [43] 27.61 [104] 106.00 [473]
94653.00± 0.53 [143] 104.30 [222]
94651.45± 0.56 [277] 103.97 [423]
94656.00± 2.00 [43]
94650.84± 0.56 [144]

K˛1 KL3 98439.0± 2.30 [50] 43.87 [488] 4.628(-1) 103.50 [301]
98435.00± 2.00 [43] 44.19 [487] 103.00 [473]
98439.94 [104] 102.44 [423]
98.434.14± 0.48 [143]
98432.21± 0.28 [277]
98431.58± 0.28 [144]

KM1 110052.1± 5.1 [145] 113.39 [423]

Kˇ3 KM2 110406.0± 4.0 [50] 5.059 [488] 5.337(-2) 120.00 [473]
110416.00± 3.00 [43] 5.23 [487] 107.30 [222]
110409.94 [104] 109.49 [423]
110416.38± 0.65 [277]
110415.67± 0.65 [144]

Kˇ1 KM3 111300.0± 5.0 [50] 9.89 [488] 1.044(-1) 115.00 [473]
111299.94 [104] 10.22 [487] 105.00 [222]
111300± 2.00 [43] 106.22 [423]
111295.80± 0.65 [277]
111295.08± 0.65 [144]

KˇII
5

KM4 111868.00± 5.00 [43] 1.867(-3) 98.01 [423]
111871.8± 4.5 [145]

KˇI
5

KM5 112043.00± 5.00 [43] 2.130(-3) 97.97 [423]
112048.1± 4.4 [145]

Kˇ5 KM4,5 120009± 15 [50] 0.177 [488] 0.46

KN1 114160.4± 6.0 [145] 108.54 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

KˇII
2

KN2 114407± 16 [50] 1.265 [488] 1.335(-2) 109.80 [423]
114329.2± 7.1 [145]

Kˇ2 KN2,3 114117.00 [104] 1.343 [487]

KˇI
2

KN3 114607± 16 [50] 2.559 [488] 2.700(-2) 103.97 [423]
114120.00 [104] 2.736 [487]
114556.2± 5.8 [145]

Kˇ4 KN4,5 115011± 32 [50] 0.117 [488]

KˇII
4

KN4 114820.7± 5.7 [145] 5.495(-4) 100.68 [423]

KˇI
5

KN5 114863.6± 5.7 [145] 6.288(-4) 101.02 [423]

KO2,3 115390.0± 11.0 [50] 0.909 [488]

KO2 3.266(-3) 104.06 [423]

KO3 6.478(-3) 101.47 [423]

KP2,3 0.1779 [488]

KP2 5.823(-4)

KP3 1.097(-3)

L series
L1M1 16575.30± 0.20 [50] 4.97(-5) [488] 34.80 [423]

16210.1± 2.2 [145]

Lˇ4 L1M2 16574.8 [104] 0.855 [488] 5.376(-2) 32.30 [279]
16575.51± 0.30 [50] 27.50 [473]
16576.2± 3.4 [145] 30.91 [423]

Lˇ3 L1M3 17455.17± 0.73 [50] 0.743 [488] 4.676(-2) 18.80 [279]
17454.98 [104] 23.70 [473]
17456.5± 3.6 27.64 [423]

Lˇ10 L1M4 18031.2± 1.9 [50] 3.95(-2) [488] 2.485(-3) 19.43 [423]
18032.00 [104]

Lˇ−9 L1M5 18205.55± 0.32 [50] 5.89(-2) [488] 3.704(-3) 19.38 [423]
18205.50 [104]

L1N1 20318.3± 4.2 [145] 29.96 [423]

L�2 L1N2 20484.92± 0.45 [50] 0.2310 [488] 1.453(-2) 39.40 [473]
20484.80 [104] 31.22 [423]

L�3 L1N3 20712.95± 0.46 [50] 0.2299 [488] 1.447(-2) 32.40 [473]
20712.80 [104] 25.39 [423]

L1N4 20979.8± 2.6 [1.2] 6.73(-3) [488] 4.233(-4) 22.10 [423]

L�11 L1N5 21018.9± 2.6 [50] 1.08(-2) [488] 6.784(-4) 22.43 [423]
21018.00 [104]

L1N6 21368.9± 3.5 [145] 16.26 [423]

L1N7 21378.7± 3.0 [145] 16.20 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

L�4′ L1O2 21498.40± 0.30 [50] 5.60(-2) [488] 3.521(-3) 25.48 [423]
21497.98 [104]

L�4 L1O3 21562.00± 3.40 [50] 5.65(-2) [488] 3.555(-3) 22.89 [423]
21562.99 [104]

L1O4,5 21657.00± 3.80 [50] 3.18(-3) [488]
21659.99 [104]

L1O4 7.628(-5)

L1O5 1.237(-4)

L�13 L1P2,3 21729.00± 3.80 [50] 1.92(-2) [488]
21728.99 [104]

L1P2 6.366(-4)

L1P3 6.173(-4)

L� L2M1 15399.81± 0.57 [50] 9.20(-2) [488] 1.010(-2) 28.42 [423]
15400.00 [104]

L2M2 15765.1± 2.4 [145] 24.53 [423]

Lˇ17 L2M3 16641.00± 1.10 [50] 4.73(-3) [488] 5.200(-4) 21.26 [423]
16642.00 [104]

16645.3± 2.6 [145]

Lˇ1 L2M4 17220.15± 0.28 [50] 3.267 [488] 3.589(-1) 14.30 [279]
17219.98 [104] 13.50 [473]

13.05 [423]

L2M5 17395.0± 1.6 [145] 13.01 [423]

L�5 L2N1 19507.27± 0.91 [50] 2.50(-2) [488] 2.742(-3) 23.57 [423]
19506.99 [104]

L2N2 19676.1± 4.2 [145] 24.85 [423]

L2N3 19907.2± 4.7 [50] 1.43(-3) [488] 1.571(-4) 19.01 [423]
19905.99 [104]

L�1 L2N4 20167.27± 0.44 [50] 0.740 [488] 8.129(-2) 15.90 [279]
20168.00 [104] 15.70 [473]

15.72 [423]

L2N5 20210.5± 2.9 [145] 16.06 [423]

Lv L2N6 20557.5± 5.0 [50] 4.60(-3) [488] 5.055(-4) 9.87 [423]
20554.99 [104]

L2N7 20567.5± 2.0 [145] 9.81 [423]

L�8 L2O1 20621.00± 1.70 [50] 4.41(-3) [488] 7.041(-4) 32.02 [423]
20620.98 [104]

L2O3 20758.00± 1.70 [50] 3.50(-4) [488] 3.843(-5) 16.51 [423]
20757.99 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

L�6 L2O4 20842.60± 0.30 [50] 0.1433 [488] 1.574(-2) 16.40 [473]
20842.98 [104]

L2P2,3 20906.00± 7.10 [50] 5.77(-5) [488]
20899.99 [104]

L2P3 6.591(-6)

L2P4 20942.00± 1.80 [50]

L2P4,5 20941.98 [104] 1.43(-4) [488]

Ll L3M1 11618.41± 0.32 [50] 0.1665 [488] 2.151(-2) 26.89 [423]
11618.00 [104]

Lt L3M2 11983.5± 1.5 [50] 2.13(-3) [488] 2.718(-4) 22.99 [423]
11983.00 [104]

Ls L3M3 12865.45± 0.81 [50] 1.94(-3) [488] 2.472(-4) 19.73 [423]
12864.0 [104]

L˛2 L3M4 13438.97± 0.19 [50] 0.2744 [488] 3.505(-2) 14.40 [279]
13439.00 [104] 12.40 [473]

11.52 [423]

L˛1 L3M5 13614.87± 0.20 [50] 2.411 [488] 3.079(-1) 13.10 [279]
13615.00 [104] 12.40 [473]

11.47 [423]

Lˇ6 L3N1 15726.21± 0.59 [1.2] 4.25(-2) [488] 5.429(-3) 19.40 [473]

L3N2 15895.63± 0.99 [50] 4.73(-4) [488] 6.043(-5) 22.03 [423]
15893.00 [104]

L3N3 16123.56± 0.90 [50] 5.26(-4) [488] 6.720(-5) 17.48 [423]
16122.98 [104]

Lˇ15 L3N4 16385.86± 0.29 [50] 5.52(-2) [488] 7.053(-3) 14.19 [423]
16385.98 [104]

Lˇ2 L3N5 16428.44± 0.29 [50] 0.506 [488] 6.458(-2) 16.10 [279]
16427.99 [104] 13.30 [473]

14.52 [423]

Lu L3N6,7 16786.06± 0.30 [50] 3.90(-3) [488]
16427.99 [104]

Lu′ L3N6 16777.3± 3.2 [145] 9.023(-5) 8.34 [423]

Lu L3N7 16787.1± 1.7 [145] 4.979(-4) 8.28 [423]

Lˇ7 L3O1 16845.00± 1.40 [50] 1.08(-2) [488] 1.377(-3) 30.48 [423]
16844.98 [104]

L3O2 16907.00± 2.30 [50] 1.10(-4) [488] 1.401(-5) 17.57 [423]
16907.99 [104]

L3O3 16962.00± 2.30 [50] 1.26(-4) [488] 1.606(-5) 14.98 [423]
16963.99 [104]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ5 L3O4 17070.10± 0.20 [50] 0.1061 [488] 1.334(-3) 11.90 [279]
17069.99 [104]

L3P1 17096.00± 1.20 [50] 2.21(-3) [488] 2.872(-4)
17095.99 [104]

L3P2,3 17118.00± 1.20 [50] 3.98(-5) [488]
17118.98 [104]

L3P2 2.568(-6)

L3P3 2.772(-6)

L3P4,5 17162.00± 1.20 [50] 7.49(-4) [488]
17162.99 [104]

M series
M1N2 4250.00± 30.00 [50] 4.49(-2) [116] 2.663(-3) 34.25 [423]

4274.40 [104] 8.40(-2) [335]
4262.00 [263]

M1N3 4500.00± 13.0 [50] 2.40(-2) [279] 1.418(-3) 28.42 [423]
4506.20 [104] 8.40(-2) [335]
4513.00 [263]

M1O3 5380.00± 16.0 [50] 7.02(-3) [116] 4.329(-4) 25.92 [423]
5382.00 [104]
5393.00 [263]

M1P3 5500.00± 15.00 [50] 7.733(-5)
5515.00 [263]

M2N1 3724.00± 4.50 [1.2] 1.34(-2) [279] 1.017(-3) 29.09 [423]
3732.00 [263] 8.82(-3) [335]

M2N4 4401.00± 3.10 [50] 6.48(-2) [116] 5.032(-3) 18.1± 0.2 [438]
4400.50 [104] 9.55(-2) [335] 21.24 [423]
4411.00 [263]
4400.84± 0.04 [438]

M2O1 4844.00 [104] 3.29(-3) [116] 2.644(-4) 37.54 [423]

M2O4 5075.00± 8.30 [1.2] 1.47(-2) [116] 1.197(-3) 18.7± 0.3 [438]
5085.00 [263]
5075.95± 0.07 [438]

M2P1 5119.00 [104] 9.99(-4) [116] 5.526(-5)

M3N1 2863.00± 1.30 [50] 2.18(-2) [116] 2.136(-3) 20.2± 0.8 [438]
2859.00 [104] 8.82(-3) [335] 25.82 [423]
2869.00 [263]
2863.01± 0.14 [438]

M�2 M3N4 3521.00± 2.00 [50] 1.02(-2) [116] 1.001(-3) 13.4± 0.3 [438]
3522.40 [104] 9.55(-2) [335] 17.97 [423]
3528.00 [263]
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line transition E/eV I/eV/� TPIV 
 /eV

3521.03± 0.07 [438]

M�1 M3N5 3563.00± 1.00 [50] 7.67(-2) [116] 7.507(-3) 18.31 [423]
3564.10 [104] 9.55(-2) [335]
3571.00 [263]
3565.10± 0.30 [275]

M3N7 3920.00 [104] 1.11(-3) [116] 12.06 [423]

M3O1 3980.00± 9.00 [50] 5.12(-3) [116] 5.288(-4) 38.4± 3.2 [438]
3978.00 [104] 34.27 [423]
3988.00 [263]
3979.94± 0.33 [438]

M3O4 4200.00 [104] 2.05(-3) [116] 2.118(-4) 8.1 ±1.0 [438]
4195.84± 0.37 [438]

M3O4,5 4205.00± 2.90 [104]
4214.00 [263]

M3O5 4205.60 [104] 1.57(-2) [116] 1.622(-3) 8.2 ± 0.1
4204.16± 0.03 [438]

M3P1 4231.10 [104] 9.99(-4) [116] 1.025(-4)

M�2 M4N2 2454.80± 1.00 [50] 9.99(-3) [116] 2.345(-3) 15.3± 1.0 [438]
2455.00 [104] 7.04(-4) [335] 13 ± 2 [275]
2460.00 [263] 18.88 [423]
2455.70± 0.30 [275]
2455.64± 0.19 [438]

Mı M4N3 2681.00± 2.90 [1.2] 6.83(-4) [116] 2.081(-4) 13.05 [423]
2687.00 [263] 7.08(-4) [335]

Mˇ M4N6 3336.70± 0.90 [50] 0.1657 [116] 5.159(-2) 3.6 ± 0.1 [438]
3336.20 [104] 0.1700 [335] 4.3 ± 0.1 [275]
3344.00 [263] 3.91 [423]
3336.70± 0.10 [275]
3336.70± 0.20 [401]
3336.73± 0.01 [438]

M� M4O2 3466.60± 1.00 [50] 1.53(-3) [116] 5.547(-4) 13.14 [423]
3468.20 [104]
3474.00 [263]

M4O3 3531.30 [104] 1.40(-4) [116] 4.887(-5) 10.55 [423]

M4P2,3 3698.10 [104] 2.80(-4) [116]

M4P2 9.488(-5)

M4P3 7.909(-6)

M�1 M5N3 2507.00 ± 1.00 [1.2] 4.89(-3) [116] 1.583(-3) 12.8± 0.3 [438]
2512.00 [263] 7.08(-4) [335] 15 ± 2 [275]
2506.80± 0.20 [275] 13.01 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

2506.98± 0.06 [438]

M˛2 M5N6 3159.50± 0.80 [50] 7.62(-3) [116] 2.476(-3) 3.6 ± 0.1 [438]
3162.00 [104] 0.1699 [335] 4.1 ± 0.6 [275]
3166.00 [263] 3.87 [423]
3160.00± 0.50 [275]
3161.00± 0.30 [401]
3160.91±"s,0.04 [438]

M˛1 M5N7 3170.80± 0.80 [50] 0.1494 [116] 4.848(-2) 3.5 ± 0.1 [438]
3172.00 [104] 0.1699 [335] 4.1 ± 0.6 [275]
3177.00 [263] 3.81 [423]
3171.40± 0.10 [275]
3171.60± 0.20 [401]
3171.76± 0.01 [438]

N series
N1O3 1229.00± 8.50 [50] 7.383(-5) 2.11 [423]

N1P2 1410.00± 11.00 [50] 6.873(-5)

N1P3 1420.00± 11.40 [50] 1.839(-5)

N1P4,5 1440.00± 12.00 [50]

N2P1 1192.00± 8.00 [50] 4.942(-5)

N3O5 961.00± 6.70 [50] 1.791(-4)

N4N6 390.00± 1.20 [50] 4.651(-4) 6.59 [423]

N4O4 286.00± 1.30 [50]

N5N6,7 357.00± 1.00 [50]

N5N6 1.755(-5) 6.92 [423]

N5N7 3.977(-4) 6.86 [423]

N6O5 295.00± 1.40 [50] 4.730(-6)
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 115600.60 [503] 0.972 [301] 96.10 [301] 115606.1 [51]
115600.00± 2.40 [493] 0.9701 [39] 94.46 [423] 115601.1± 1.0 [433]

0.970 [38] 96.3 [94]
0.9670 [423]
0.970 [225]

L1 21758.00 [503] 0.176 [301] 14.00 [301] 21757.4 [51]
21757.40± 0.30 [493] 0.149 [436] 15.88 [423] 21770.4± 5.7 [50]

0.1538 [423] 16 [94] 21766.1± 1.8
0.173 [304]

L2 20948.00 [503] 0.467 [301] 9.32 [301] 20947.6 [51]
20947.60± 0.30 [493] 0.506 [436] 9.50 [423] 20946.5± 5.2 [50]

0.4710 [423] 10 [94] 20954.95± 0.77 [145]
0.49 [304]

L3 17168.00 [503] 0.489 [301] 7.43 [301] 17166.3 [51]
0.500 [435] 7.97 [423] 17171.37± 0.50 [50]

17166.30± 0.30 [493] 0.44 [240] 8.2 [94] 17174.51± 0.50 [145]
0.4581 [423]
0.44 [304]

M1 5548.00 [503] 5.73(-3) [245] 23.00 [74] 5548.0 [51]
5548.00± 0.40 [493] 6.61(-3) [423] 18.92 [423]

0.15.5 [94]

M2 5181.00 [503] 8.38(-3) [245] 12.00 [74] 5182.2 [51]
5182.20± 0.40 [493] 9.44(-3) [423] 15.02 [423]

14.1 [94]

M3 4304.00 [503] 1.3(-2) [245] 17.00 [74] 4303.4 [51]
4303.40± 0.30 [493] 1.35(-2) [423] 11.76 [423]

7.9 [94]

M4 3728.00 [503] 5.58(-2) [423] 3.60 [74] 3727.6 [51]
3727.60± 0.30 [493] 3.55 [423]

3.5 [94]

M5 3552.00 [503] 5.39(-2) [423] 4.10 [74] 3551.7 [51]
3551.70± 0.30 [493] 3.50 [423]

3.5 [94]
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level EB/eV !nlj 
 /eV AE/eV

N1 1442.00 [503] 9.8(-4) [423] 12.00 [74] 1440.8 [51]
1440.80± 0.40 [493] 14.06 [423]

12.2 [94]

N2 1273.00 [503] 1.42(-3) [423] 9.6 [94] 1272.6 [51]
1272.60± 0.30 [51] 7.80 [74]
1271.80± 1.10 [493] 9.6 [94]

N3 1045.00 [503] 7.6(-4) [423] 7.80 [74] 1944.9 [51]
1044.90± 1.20 [493] 9.51 [423]

8 [94]

N4 780.00 [503] 6.9(-4) [423] 6.22 [423]
780.40± 0.30 [51] 4.40 [74]
780.20± 1.10 [493] 4.5 [94]

N5 738.00 [503] 5.9(-4) [423] 4.40 [74]
737.70± 1.10 [493] 6.55 [423]

4.25 [94]

N6 392.00 [503] 8.0(-5) [423] 0.37 [423]
391.30± 0.60 [51] 0.19 [74]
390.70± 1.30 [493] 0.37 [94]

N7 381.00 [503] 7.0(-5) [423] 0.31 [423]
380.90± 0.90 [51] 0.19 [74]
379.90± 1.20 [493] 0.31 [94]

O1 324.00 [503] 3.0(-5) [423] 22.51 [423]
323.70± 1.10 [51]
323.30± 1.40 [493]

O2 260.00 [503] 5.08-5) [423] 9.60 [423]
259.20± 0.50 [51]
259.30± 1.60 [493]

O3 195.00 [503] 1.0(-5) [423] 7.01 [423]
159.10± 1.30 [51]
195.90± 3.10 [493]

O4 105.00 [503]
105.00± 0.50 [51]
104.40± 0.90 [493]

O5 96.00 [503]
96.30± 1.40 [51]



Uranium Z=92 571

level EB/eV !nlj 
 /eV AE/eV

95.20 ± 2.10 [493]

P1 71.00 [503]
70.70 ± 1.20 [51]
49.50 ± 2.00 [493]

P2 43.00 [503]
42.30 ± 0.90 [51]
30.80 ± 0.80 [493]

P3 33.00 [503]
32.30 ± 0.90 [51]

P4 4.00 [503]

Q1 6.194 [126]

IP 6.19405 [222]

: Note: Transition energies from Refs. [50,144,145] are tabulated for 238U.
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Np Z=93 [Rn] 5f4 6d1 7s2

Neptunium A = 237.0482 [260] % = 19.50 g/cm3 [547]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 96240.6± 3.5 [145] 1114.66 [423]

96232± 34 [580]
K˛2 KL2 97077.50± 33.40 28.71 [488] 2.902(-1) 103.90 [74]

97088.10 [104] 108.38 [423]
97095.00± 4.00 [374]
97068.4± 3.0 [43]

K˛1 KL3 101068.00±33.40 [51] 45.69 [488] 4.617(-1) 98.50 [74]
101077.70 [104] 106.85 [423]
101085.00± 4.00 [374]
101056.00± 3.00 [298]
101056.3± 3.0 [43]

KM1 112928.1± 5.3 [145] 117.70 [423]

Kˇ3 KM2 113311.80±33.70 [51] 5.284 [488] 5.340(-2) 113.80 [423]
113295.20 [104]
113308.00± 4.00 [43]

Kˇ1 KM3 114243.30±33.50 [51] 10.35 [488] 1.045(-1) 110.53 [423]
114248.30 [104]
114243.3± 3.0 [43]

KˇII
5

KM4 114827.70±33.40 [51] 0.1892 [488] 1.912(-3) 102.30 [423]
114814.5± 4.6 [145]

KˇI
5

KM5 115012.20±33.40 [51] 0.2144 [488] 2.167(-3) 102.24 [423]
115000.2± 4.6 [145]
114989± 39 [580]

KN1 117167.4± 6.2 [145] 112.90 [423]

KˇII
2

KN2 117350.30±33.80 [51] 1.326 [488] 1.341(-2) 114.04 [423]
117340.3± 7.3 [145]
117332± 35 [580]

KˇI
2

KN3 117591.20±33.70 [51] 2.693 [488] 2.722(-2) 108.15 [423]
117581.9± 5.9 [145]
117569± 35 [580]
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line transition E/eV I/eV/� TPIV 
 /eV

KˇII
4

KN4 117862.10±33.50 [51] 0.1200 [488] 5.676(-4) 104.81 [423]
117852.1± 5.8 [145]

KˇI
4

KN5 117907.70±33.40 [51] 0.1200 [488] 6.456(-4) 105.32 [423]
117897.6± 5.9 [145]

L series
L1L2 827.00 [122] 1.293(-5) 25.77 [423]

4818.00 [122]

L1M1 16703.60±4.50 [51] 5.73(-5) [488] 35.10 [423]
16683± 20 [580]

Lˇ4 L1M2 17060.77± 0.69 [50] 0.908 [488] 5.666(-2) 31.20 [423]
17060.70 [104]
17061.00 [122]
17066.00± 6.00 [336]

Lˇ3 L1M3 17989.3± 3.5 [50] 0.768 [488] 4.791(-2) 27.93 [423]
18001.40 [104]
179995.00 [122]
17995.00± 6.00 [336]

Lˇ10 L1M4 18576.50±1.30 [51] 4.30(-2) [488] 2.680(-3) 19.70 [423]
18578.00 [122]
18578.00± 8.00 [336]
18573.9± 2.7 [145]

Lˇ9 L1M5 18761.00± 1.30 [51] 6.40(-2) [488] 3.991(-3) 19.64 [423]
18763.00 [122]
18761.00± 8.00 [336]

L1N1 20926.10± 1.70 [51] 2.67(-5) [488] 30.29 [423]
20922± 21 [580]
20926.8± 4.2 [145]

L� 2 L1N2 21104±16 [50] 0.2464 [488] 32.08 31.44 [423]
21108.50 [104]
21100.00 [122]
21109.00± 8.00 [336]

L� 3 L1N3 21338± 16 [50] 0.2401 [488] 1.497(-2) 25.55 [423]
21340.40 [104]
21342.00 [122]
21344.00± 8.00 [336]

L1N4 21610.90± 1.40 [51] 7.39(-3) [488] 4.607(-4) 22.21 [423]
21611.4± 3.9 [145]

L� 11 L1N5 21656.5±1.30 [51] 1.19(-2) [488] 7.394(-4) 22.72 [423]
21657.00 [122]
21690.00± 20.00 [336]
21657.0± 3.9 [145]
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line transition E/eV I/eV/� TPIV 
 /eV

L1N6 22011.80± 1.70 [51] 3.33(-4) [488] 16.47 [423]
22012.0± 3.6 [145]

L1N7 22022.40± 1.40 [51] 3.33(-4) [488] 16.39 [423]
22022.7± 3.1 [145]

L�4′ L1O2 22143.80± 1.70 [51] 6.05(-2) [488] 3.773(-3) 25.98 [423]
22145.00 [122]

L�4′ ,4 L1O2,3 22200.00± 20.00 [50]
22170.00± 8.00 [336]

L� 4 L1O3 22200.0±19.90 [50] 5.98(-2) [488] 3.732(-3) 23.59 [423]

L1O4 22318.00±1.60 [51] 3.56(-3) [488] 8.470(-5)
22222.00 [122]

L1O5 22325.5±1.40 [51] 3.56(-3) [488] 1.374(-4)

L�13 L1P2 22399.00 [122] 6.742(-4)

L1P2,3 22375.00± 10.00 [336]

L2L3 3981.00 [122] 6.348(-4) 17.96 [423]

L� L2M1 15876.00± 4.10 [50] 9.73(-2) [488] 1.037(-2) 28.81 [423]
15876.40 [104]
15862.00 [122]
15870.00± 8.00 [336]
15864± 21 [580]
15860.5± 2.6 [145]

L2M2 16234.30± 1.10 [51] 1.58(-5) [488] 24.91 [423]
16242± 21 [580]
16232.6± 2.4 [145]

Lˇ17 L2M3 17165.8± 0.90 [51] 5.11(-3) [488] 5.448(-4) 21.64 [423]
17168.00 [122]
17168± 21 [580]
17163.8± 2.6 [145]

Lˇ1 L2M4 17750.36± 0.34 [50] 3.441 [488] 3.670(-1) 13.41 [423]
17750.30 [104]
17752.00 [122]
17751.00± 2.00 [336]

L2M5 17938± 28 [580] 13.37 [423]
17932.7± 1.6 [145]

L� 5 L2N1 20107± 19 [50] 2.65(-2) [488] 2.827(-3) 24.01 [423]
20124.50 [41]
20101.00 [122]
20099.00± 6.00 [336]
20099.9± 3.2 [145]

L2N2 20272.80± 1.90 [51] 6.64(-6) [488] 25.16 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

20281± 21 [580]
20272.7± 4.3 [145]

L2N3 20513.70± 1.10 [51] 1.56(-3) [488] 1.659(-4) 19.26 [423]
20518± 21 [580]
20514.3± 2.9 [145]

L�1 L2N4 20785.04± 0.46 [50] 0.787 [488] 8.388(-2) 15.93 [423]
20784.5± 2.8 [145]
20783.00± 3.00 [336]

L2N5 20830.0± 2.9 [145] 16.43 [423]

Lv L2N6 21187.00 [122] 5.379(-4) 10.19 [423]
21185.0± 2.6 [145]

L2N7 21195.7± 2.0 [145] 9.98 [423]

L�8 L2O1 21262.00 [122] 7.342(-4) 33.16 [423]

L2O2 21326.40± 1.20 [51] 1.80(-6) [488] 19.70 [423]

L2O3 21394.00± 1.10 [51] 3.86(-4) [488] 4.115(-5) 17.31 [423]

L� 6 L2O4 21488.00± 2.00 [50] 0.1554 [488] 1.657(-2)
21487.90 [104]
21492.00 [122]
21487.00± 6.00 [336]

L2P1 21551.00 [122] 1.518(-4)

L2P4 21590.00 [336]

Ll L3M1 11888.6± 9.1 [50] 0.1777 [488] 2.216(-2) 27.28 [423]
11889.80 [104]
11871.00 [122]
11888.00 [336]

Lt L3M2 12243.80± 1.10 [51] 2.29(-3) [488] 2.830(-4) 23.39 [423]
12244.00 [122]
12263.00± 2.00 [336]
12247± 22 [580]

Ls L3M3 13175.30± 0.90 [51] 2.08(-3) [488] 2.579(-4) 20.11 [423]
13177.00 [122]
13161.00± 20.00 [336]
13173± 21 [580]

L˛2 L3M4 13759.84± 0.20 [50] 0.288 [488] 3.566(-2) 11.88 [423]
13759.80 [104]
13761.00 [122]
13760.00± 6.00 [336]

L˛1 L3M5 13944.26± 0.21 [50] 2.529 [488] 3.132(-1) 11.83 [423]
13940.40 [104]
13945.00 [122]
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line transition E/eV I/eV/� TPIV 
 /eV

13952.00 [336]

Lˇ6 L3N1 16113± 18 [50] 4.55(-2) [488] 5.629(-3) 22.48 [423]
16111.00 [122]
16128.00± 8.00 [336]

L3N2 16282.30± 1.20 [51] 5.06(-4) [488] 6.269(-5) 23.63 [423]
16286± 22 [580]

L3N3 16523.20± 1.10 [51] 5.69(-4) [488] 7.044(-5) 17.73 [423]
Lˇ15 L3N4 16794.10± 0.90 [51] 5.83(-2) [488] 7.218(-3) 14.40 [423]

16794.8± 2.6 [145]
16795.00 [122]

Lˇ15,2 L3N4,5 16862.00± 6.00 [336]

Lˇ2 L3N5 16840.16± 0.30 [50] 0.534 [488] 6.618(-2) 14.90 [423]
16840.10 [104]
16840.00 [122]

Lu′ L3N6 17195.00± 1.20 [51] 7.77(-4) [488] 9.621(-5) 8.66 [423]
17196.00 [122]
17195.3± 2.3 [145]

Lu L3N7 17205.60± 0.90 [51] 4.28(-3) [488] 5.301(-4) 8.58 [423]
17207.00 [122]
17206.1± 1.7 [145]

Lˇ7 L3O1 17271.00 [122] 1.444(-3) 31.61 [423]

L3O2 17326.60± 1.20 [51] 1.19(-4) [488] 1.470(-5) [423]

L3O3 17403.90± 1.10 [51] 1.38(-4) [488] 1.706(-5) [423]

Lˇ5 L3O4 17501.00 [122] 1.391(-3)

L3O4,5 17508.10± 0.50 [50]
17454.00± 24.00 [336]

L3O5 17508.20 [104] 1.276(-2)
17509.00 [122]

M series
M1M3 1306.00 [122] 1.285(-3) 30.97 [423]

M1N2 4412.00 [122] 2.813(-3) 34.48 [423]

M1N3 4654.00 [122] 1.430(-3) 28.59 [423]

M1O2 5456.00 [122] 7.552(-4) 29.02 [423]

M1O3 5533.00 [122] 4.455(-4) 26.63 [423]

M1P2 5710.00 [122] 1.384(-4)

M1P3 5722.00 [122] 7.750(-5)

M2N1 3867.00 [122] 1.050(-3) 29.43 [423]
3849.30± 3.60 [358]



Neptunium Z=93 577

line transition E/eV I/eV/� TPIV 
 /eV

M2N4 4551.00 [122] 5.127(-3) 21.35 [423]
4548.20± 5.00 [358]

M2O1 5027.00 [122] 2.760(-4) 38.59 [423]

M2O4 5257.00 [122] 1.249(-3)

M2P1 5317.00 [122] 5.732(-5)

M2Q1 5360.00 [122] 5.838(-6)

M3M4 583.00 [122] 1.368(-5) 15.57 [423]

M3M5 768.00 [121] 3.191(-4) 15.51 [423]

M3N1 2933.00 [122] 2.231(-3) 26.16 [423]

M�2 M3N4 3618.80± 1.00 [51] 1.040(-3) 18.08 [423]
3617.00 [122]

M�1 M3N5 3664.40± 0.90 [51] 7.773(-3) 18.59 [423]
3663.00 [122]
3662.80± 3.25 [358]

M3O1 4094.00 [122] 5.576(-4) 35.32 [423]
4096.00± 4.10 [358]

M3O4 4324.00 [122] 2.242(-4)

M3O5 4332.00 [122] 1.714(-3)
4330.00± 4.50 [358]

M3P1 4383.00 [122] 1.096(-4)

M3Q1 4430.00 [122] 1.261(-5)

M4N1 2350.00 [122] 17.93 [423]

M�2 M4N2 2522.60± 1.20 [51] 2.403(-3) 19.08 [423]
2522.00 [122]

Mı M4N3 2764.00 [122] 2.090(-4) 13.19 [423]

Mˇ M4N6 3435.30± 1.20 [51] 5.293(-2) 4.11 [423]
3436.00 [122]
3434.20± 0.22 [358]

M� M4O2 3566.00 [122] 5.666(-4) 13.62 [423]
3595.90± [358]

M4O3 3644.00 [122] 4.904(-5) 11.23 [423]

M4O6 3750.00 [122] 1.406(-3)

M4P2 3821.00 [122] 9.704(-5)

M4P3 3832.00 [122] 7.931(-6)

M�1 M5N3 2579.00± 1.10 [51] 1.596(-3) 13.13 [423]
2579.00 [122]

Mxi1.2 M5,4N3,2 2551.00 [122]
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line transition E/eV I/eV/� TPIV 
 /eV

M5N2 19.03 [423]

M˛2 M5N6 3250.80± 1.20 [51] 2.531(-3) 4.06 [423]
3251.00 [122]

M˛1 M5N7 3261.40± 0.90 [51] 4.958(-2) 3.98 [423]
3262.00 [122]
3260.50± 0.20 [358]

M5O3 3459.00 [122] 3.740(-4) 11.18 [423]

M5O6 3570.00 [122] 6.604(-5)

M5P3 3648.00 [122] 6.014(-5)

M5Q7 3570.00 [122]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 118678.00± 33.00 [51] 0.9706 [39] 100.00 [301] 118678 [51]
118668.60± 3.10 [493] 0.973 [301] 98.63 [423] 118688.7± 6.8 [580]

0.969 [253] 118674.2± 3.8 [145]

L1 22426.80± 0.90 [51] 0.187 [301] 14.00 [301] 22426.8 [51]
22428.10± 1.60 [493] 0.157 [436] 16.03 [423] 22437.5± 9.5 [580]

22433.6± 1.8 [145]

L2 21600.50± 0.40 [51] 0.466 [301] 9.91 [301] 21600.5 [51]
21601.30± 0.70 [493] 0.519 [436] 9.75 [423] 21615.0± 9.9 [580]

21606.62± 0.79 [145]

L3 17610.00± 0.40 [51] 0.502 [301] 7.59 [301] 17610.0 [51]
17610.60± 0.70 [493] 0.454 [436] 8.22 [423] 17608.04± 0.50 [580]

17616.94± 0.50 [145]

M1 5723.20± 3.60 [51] 6.96(-3) [423] 19.07 [423]
5739.60± 3.10 [493]

M2 5366.20± 0.70 [51] 9.76(-3) [423] 15.17 [423]
5366.70± 0.90 [493]

M3 4434.70± 0.50 [51] 1.40(-2) [423] 11.90 [423]
4433.40± 0.90 [493]

M4 3850.30± 0.40 [51] 5.77(-2) [423] 3.67 [423]
3849.80± 0.50 [493]

M5 3665.80± 0.40 [51] 6.0(-2) [38] 3.61 [423]
3665.20± 0.70 [493] 5.55(-2) [423]

N1 1500.70± 0.80 [51] 1.02(-3) [423] 14.26 [423]
1500.10± 1.50 [493]

N2 1327.70± 0.80 [51] 1.43(-3) [423] 15.41 [423]



Neptunium Z=93 579

level EB/eV !nlj 
 /eV AE/eV

1327.70± 1.40 [493]

N3 1086.80± 0.70 [51] 7.8(-4) [423] 9.52 [423]
1086.00± 1.80 [493]

N4 815.90± 0.50 [51] 7.3(-4) [423] 6.18 [423]
816.10± 0.70 [493]

N5 770.30± 0.40 [51] 6.2(-4) [423] 6.69 [423]
770.80± 0.70 [493]

N6 415.00± 0.80 [51] 9.0(-5) [423] 0.44 [423]
414.30± 0.90 [493]

N7 404.40± 0.50 [51] 9.0(-5) [423] 0.36 [423]
403.40± 0.90 [493]

O1 339.80± 3.50 [493] 3.0(-5) [423] 23.42 [423]

O2 283.40± 0.80 [51] 5.0(-5) [423] 9.96 [423]

O3 206.10± 0.70 [51] 1.0(-5) [423] 7.57 [423]
206.20± 0.90 [493]

O4 109.30± 0.70 [51]

O5 101.30± 0.50 [51]
101.20± 0.60 [493]

P1 50.00 ± 3.50 [493]

P2 29.30 ± 1.50 [493]

P3 15.50 ± 1.00 [493]

Q1 6.266 [126]

IP 6.2657 [222]

: Note: Transition energies and edge energies from Refs. [43,50,580] are tabulated for 237Np.
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Pu Z=94 [Rn] 5f6 7s2

Plutonium A = 244.0642 [222] % = 19.78 g/cm3 [547]
% = 16.63 g/cm3 [222]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 98682.4± 3.6 [145] 119.07 [423]

K˛2 KL2 99529.60 [104] 30.04 [488] 2.910(-1) 103.90 [74]
99523.80± 1.20 [143] 112.90 [423]
99523.80± 1.20 [277]
99529.4± 2.0 [43]

K˛1 KL3 103745.00 [104] 47.55 [488] 4.606(-1) 98.50 [74]
103734.70± 0.60 [143] 111.38 [423]
103740.3± 2.0 [43]
103735.00± 3.00 [298]

KM1 115858.7± 5.4 [145] 123.25 [423]

Kˇ3 KM2 116261.20 [104] 5.514 [488] 5.342(-2) 118.24 [423]
116241.3± 2.0 [43]

Kˇ1 KM3 117252.80 [104] 10.81 [488] 1.048(-1) 114.88 [423]
117232.2± 2.0 [43]

KˇII
5

KM4 117845.40± 44.60 [51] 0.2020 [488] 1.957(-3) 106.72 [423]
117817.5± 4.8 [145]

KˇI
5

KM5 118039.90± 44.60 [51] 0.2274 [488] 2.203(-3) 106.65 [423]
118013.2± 4.8 [145]

KN1 120232.8± 6.4 [145] 117.35 [423]

KˇII
2

KN2 120405.2± 3.0 [43] 2.095 [488] 1.346(-2) 118.35 [423]
120409.5± 7.5 [145]

KˇI
2

KN3 120674.2± 3.0 [43] 4.503 [488] 2.743(-2) 112.57 [423]
120666.5± 6.1 [145]

KˇII
4

KN4 120969.10± 44.60 [51] 0.2442 [488] 5.858(-4) 109.19 [423]
120942.4± 6.0 [145]

KˇI
4

KN5 121016.60± 44.60 [51] 0.2442 [488] 6.620(-4) 109.70 [423]
120990.6± 6.0 [145]

L series
L1M1 17164.30± 3.00 [51] 6.61(-5) [488] 36.48 [423]

17176.4± 3.3 [145]



Plutonium Z=94 581

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ4 L1M2 17556.00± 0.50 [50] 0.965 [488] 5.972(-2) 31.48 [423]
17556.20 [104]
17557.1± 3.5 [145]

Lˇ3 L1M3 18540.50± 0.60 [50] 0.793 [488] 4.908(-2) 28.11 [423]
18540.70 [104]
18542.5± 3.7 [145]

Lˇ10 L1M4 19126.00± 3.00 [50] 4.67(-2) [488] 2.890(-3) 19.95 [423]
19133.30 [104]
19135.1± 2.7 [145]

Lˇ9 L1M5 19323.00± 3.00 [50] 6.95(-2) [488] 4.302(-3) 19.88 [423]
19328.40 [104]
19330.8± 2.6 [145]

L1N1 20926.10± 1.70 [51] 2.67(-5) [488] 30.58 [423]
21550.4± 4.3 [145]

L� 2 L1N2 21725.10± 0.80 [50] 0.2627 [488] 1.625(-2) 31.59 [423]
21725.30 [104]
21727.1± 5.4 [145]

L� 3 L1N3 21982.40± 0.35 [50] 0.2503 [488] 1.549(-2) 25.81 [423]
21982.60 [104]
21984.2± 3.9 [145]

L1N4 21610.90± 1.40 [51] 7.39(-3) [488] 5.019(-4) 22.43 [423]
22260.0± 3.9 [145]

L� 11 L1N5 22295.80± 2.20 [51] 1.30(-2) [488] 8.061(-4) 22.93 [423]
22308.2± 3.9 [145]

L1N6 22670.7± 3.7 [145] 16.79 [423]

L1N7 22682.8± 3.1 [145] 16.59 [423]

L� 4′ L1O2 22823.00± 4.20 [50] 6.52(-2) [488] 4.035(-3) 26.72 [423]
22821.20 [104]

L� 4 L1O3 22891.00± 4.20 [50] 6.31(-2) [488] 3.901(-3) 26.90 [423]
22890.90 [104]

L� L2M1 16333.00± 2.20 [50] 0.1029 [488] 1.063(-2) 30.32 [423]
16334.1± 2.5 [145]

L2M2 16725.00± 2.40 [51] 1.82(-5) [488] 25.31 [423]
16714.8± 2.4 [145]

Lˇ17 L2M3 17709.60± 2.20 [51] 5.51(-3) [488] 5.690(-4) 21.95 [423]
17700.2± 2.6 [145]

Lˇ1 L2M4 18293.70± 0.54 [50] 3.623 [488] 3.740(-1) 13.79 [423]
18294.30 [104]
18292.8± 1.6 [145]

L2M5 18488.10± 1.30 [51] 5.05(-4) [51] 13.72 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

18488.5± 1.6 [145]

L� 5 L2N1 20704.00± 3.50 [50] 2.82(-2) [488] 2.908(-3) 24.42 [423]
20705.40 [104]
20708.1± 3.3 [145]

L2N2 20894.10± 2.50 [51] 7.69(-6) [488] 25.42 [423]
20884.8± 4.3 [145]

L2N3 21151.40± 2.30 [51] 1.69(-3) [488] 1.747(-4) 19.64 [423]
21141.9± 2.9 [145]

L� 1 L2N4 21417.30± 0.33 [50] 0.836 [488] 8.631(-2) 16.26 [423]
21417.50 [104]
21417.7± 2.8 [145]

L2N5 21646.80± 1.30 [51] 1.31(-4) [488] 16.77 [423]
21465.9± 2.8 [145]

Lv L2N6 21820.40± 2.40 [51] 5.52(-3) [488] 5.697(-4) 10.63 [423]
21828.4± 2.6 [145]

L2N7 21840.5± 2.0 [145] 10.43 [423]

L� 8 L2O1 21914.30± 3.10 [51] 7.39(-3) [488] 7.626(-4) 35.78 [423]
21916.90 [104]

L2O2 21992.10± 5.40 [51] 2.11(-6) [488] 20.55 [423]

L2O3 22059.70± 5.40 [51] 4.24(-4) [488] 4.376(-5) 20.74 [423]

L� 6 L2O4 22150.50± 0.80 [50] 0.1671 [488] 1.725(-2)
22150.50 [104]

Ll L3M1 12124.00± 1.20 [50] 0.1895 [488] 2.281(-2) 28.79 [423]
12124.50 [104]
12124.7± 2.1 [145]

Lt L3M2 12515.60± 2.30 [51] 2.45(-3) [488] 2.943(-4) 23.79 [423]
12505.4± 2.1 [145]

Ls L3M3 13500.20± 2.10 [51] 2.24(-3) [488] 2.687(-4) 20.43 [423]
13490.8± 2.3 [145]

L˛2 L3M4 14084.20± 0.30 [50] 0.302 [488] 3.626(-2) 12.27 [423]
14084.40 [104]
14083.4± 1.4 [145]

L˛1 L3M5 14278.60± 0.30 [50] 2.652 [488] 3.184(-1) 12.20 [423]
14279.20 [104]
14279.1± 1.3 [145]

Lˇ6 L3N1 16498.30± 0.44 [50] 4,55(-2) [488] 5.830(-3) 22.89 [423]
16498.50 [104]
16498.7± 3.0 [145]

L3N2 16675.5± 4.1 [145] 6.492(-5) 23.91 [423]

L3N3 16932.5± 2.6 [145] 7.376(-5) 18.13 [423]



Plutonium Z=94 583

line transition E/eV I/eV/� TPIV 
 /eV

Lˇ15 L3N4 17208.00± 2.40 [50] 6.15(-2) [488] 7.378(-3) 14.74 [423]
17207.50 [104]
17208.3± 2.5 [145]

Lˇ2 L3N5 17255.30± 0.50 [50] 0.564 [488] 6.774(-2) 15.25 [423]
17255.60 [104]
17256.6± 2.5 [145]

Lu′ L3N6 17611.00± 2.30 [51] 8.53(-4) [488] 1.023(-4) 9.11 [423]
17619.1± 2.4 [145]

Lu L3N7 17624.40± 2.70 [51] 4.69(-3) [488] 5.631(-4) 8.90 [423]
17631.1± 1.8 [145]

L3N6,7 17635.00± 2.50 [50]
17633.50 [104]

Lˇ7 L3O1 17705.00± 2.50 [50] 1.26(-2) [488] 1.510(-3) 34.26 [423]
17707.70 [104]

Lˇ5 L3O4,5 17950.60± 0.50 [50] 0.1218 [488]
17950.80 [104]

L3O4 1.437(-3)

L3O5 1.319(-2)

M series
M2N1 3970.10± 3.80 [358] 1.085(-3) 29.75 [423]

M� 2 M3N4 3707.70± 2.10 [51] 1.081(-3) 18.23 [423]
4697.80± 5.30 [358]

M� 1 M3N5 3755.20± 2.10 [51] 8.053(-3) 18.74 [423]
3765.10± 3.40 [358]

M3O1 4212.90± 4.30 [358] 5.877(-4) 37.75 [423]

M3O5 4457.00± 4.80 [358] 1.795(-3)

M�2 M4N2 2600.50± 2.40 [51] 2.468(-3) 19.24 [423]

Mı M4N3 2871.80 [423] 2.107(-4) 13.46 [423]

Mˇ M4N6 3526.80± 2.30 [51] 5.397(-2) 4.45 [423]
3533.25± 0.23 [358]

M� M4O2 3707.70± 3.30 [358] 5.815(-4) 14.37 [423]

M�1 M5N3 2663.30± 2.20 [51] 1.613(-3) 13.39 [423]

M˛2 M5N6 3332.30± 2.30 [51] 2.581(-3) 4.37 [423]

M˛1 M5N7 3345.70± 2.70 [51]
3350.80± 0.20 [358]



584 5 X-Ray Emission Lines and Atomic Level Characteristics

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 121818.00± 40.00 [51] 0.9710 [39] 96.00 [74] 121818 [51]
121791.10± 2.10 [493] 0.973 [301] 105.00 [301] 121794.1± 4.0 [145]

0.969 [253] 102.92 [423]

L1 23097.20± 1.60 [51] 0.205 [301] 17.50 [74] 23097.2 [51]
23097.80± 1.80 [493] 0.165 [436] 13.50 [301] 23109.5± 6.4 [50]

0.1691 [423] 16.15 [423] 23111.8± 1.8

L2 22266.20± 0.70 [51] 0.464 [301] 10.00 [74] 22266.2 [51]
22266.80± 0.90 [493] 0.473 [436] 10.50 [301] 22251.0± 5.9 [50]

0.473 [244] 9.99 [423] 22269.47± 0.59 [145]

L3 18056.80± 0.60 [51] 0.514 [301] 8.40 [74] 18056.8 [51]
18057.00± 0.70 [493] 0.463 [436] 7.82 [301] 18055.99± 0.35 [50]

0.4764 [423] 8.47 [423] 18060.10± 0.51 [145]

M1 5932.90± 1.40 [51] 7.1(-3) [423] 22.00 [74]
20.33 [423]

M2 5541.20± 1.70 [51] 1.01(-2) [423] 12.00 [74]
15.33 [423]

M3 4556.60± 1.50 [51] 1.46(-2) [423] 16.00 [74]
11.96 [423]

M4 3972.60± 0.60 [51] 5.94(-2) [423] 4.00 [74]
11.96 [423]

M5 3778.10± 0.60 [51] 5.708-2) [423] 4.30 [74]
3.73 [423]

N1 1558.60± 0.80 [51] 1.07(-3) [423] 12.00 [74]
1559.30± 1.50 [493] 14.43 [423]

N2 1372.10± 1.80 [51] 1.44(-3) [423] 8.00 [74]
1377.40± 4.10 [493] 15.44 [423]

N3 1114.80± 1.60 [51] 8.1(-4) [423] 8.00 [74]
1120.90± 2.80 [493] 9.66 [423]

N4 848.90± 0.60 [51] 7.7(-4) [423] 5.00 [74]



Plutonium Z=94 585

level EB/eV !nlj 
 /eV AE/eV

848.90± 1.00 [493] 6.27 [423]

N5 801.40± 0.60 [51] 6.5(-4) [423] 5.00 [74]
801.50± 2.10 [493] 6.78 [423]

N6 445.80± 1.70 [51] 1.1(-4) [423] 0.40 [74]
437.40± 2.10 [493] 0.64 [423]

N7 432.40± 2.10 [51] 1.1(-4) [423] 0.40 [74]
425.20± 2.20 [493] 0.44 [423]

O1 351.90± 2.40 [51] 3.0(-5) [423] 25.79 [423]

O2 274.10± 4.70 [51] 6.0(-5) [423] 10.57 [423]
282.50± 4.60 [493]

O3 206.50± 4.70 [51] 1.0(-5) [423] 10.75 [423]
215.30± 4.90 [493]

O4 116.00± 1.20 [51]

O5 105.40± 1.00 [51]
105.20± 1.00 [493]

P1 48.60 ± 4.00 [493]

P2 30.60 ± 1.00 [493]

P3 18.40 ± 1.00 [493]

Q1 6.06 [126]

IP 6.0262 [222]

: Note: Transition energies and edge energies from Refs. [43, 50, 145] are tabulated for 244Pu (isotope with the longest
life-time).
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Am Z=95
Americium A = 243.0614 [222] % = 11.70 g/cm3 [547] [Rn] 5f7 7s2

% = 13.67 g/cm3 [248]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 101172.2± 3.7 [145] 123.57 [423]

101174.9± 2.7 [432]

K˛2 KL2 102044.00 [104] 31.42 [488] 2.919(-1) 129.50 [74]
102032.00± 3.00 [43] 117.59 [423]
102030.3± 3.8 [257]

K˛1 KL3 106481.60 [104] 49.46 [488] 4.595(-1) 115.00 [74]
106474.00± 3.00 [43] 116.07 [423]
106472.00± 3.00 [298]
106471.3± 4.2 [257]

KM1 118849.4± 5.5 [145] 127.81 [423]

Kˇ3 KM2 119254.40 [104] 5.751 [488] 5.343(-2) 122.81 [423]
119240.00± 2.00 [43]
119237.7± 2.4 [432]

Kˇ1 KM3 120315.50 [104] 11.30 [488] 1.050(-1) 118.83 [423]
120280.00± 2.00 [43]
120280.5± 3.5 [432]

KˇII
5

KM4 120834.90± 56.00 [51] 0.2155 [488] 2.003(-3) 111.27 [423]
120882.3± 4.9 [145]

KˇI
5

KM5 121140.10± 56.00 [51] 0.2410 [488] 2.239(-3) 111.19 [423]
121087.9± 4.9 [145]

KN1 123361.6± 6.6 [145] 121.82 [423]

KˇII
2

KN2 123548.00± 3.00 [43] 1.453 [488] 1.351(-2) 122.91 [423]
123542.7± 7.8 [145]
123541.5± 2.8 [432]

KˇI
2

KN3 123817.00± 3.00 [43] 2.975 [488] 2.764(-2) 117.16 [423]
123815.9± 6.3 [145]
123817.5± 2.9 [432]

KˇII
4

KN4 124148.30± 56.00 [51] 0.1381 [488] 6.043(-4) 113.72 [423]
124097.7± 6.3 [145]



Americium Z=95 587

line transition E/eV I/eV/� TPIV 
 /eV

Kˇ4 KN5 124199.40± 56.00 [51] 0.1381 [488] 6.790(-4) 114.21 [423]
124148.6± 6.2 [145]

L series
L1M1 17652.40± 3.00 [51] 7.61(-5) [488] 36.70 [423]

17674.5± 1.2 [432]
17677.2± 3.3 [145]

Lˇ4 L1M2 18062.96± 0.78 [50] 1.025 [488] 6.309(-2) 31.69 [423]
18062.90 [104]
18065.7± 3.5 [145]

Lˇ3 L1M3 19106.24± 0.87 [50] 0.818 [488] 5.036(-2) 27.72 [423]
19106.00 [104]

Lˇ10 L1M4 19680.80± 2.20 [51] 5.07(-2) [488] 3.125(-3) 20.16 [423]
19710.1± 2.7 [145]

Lˇ9 L1M5 19886.00± 2.60 [51] 7.55(-2) [488] 4.647(-3) 20.08 [423]
19915.7± 2.7 [145]

L1N1 22155.80± 2.70 [51] 3.58(-5) [488] 30.70 [423]
22187.5± 2.0 [432]
22189.4± 4.4 [145]

L� 2 L1N2 22365.3± 2.9 [50] 0.2799 [488] 1.724(-2) 31.80 [423]
22359.70 [104]
22370.4± 5.6 [145]

L� 3 L1N3 22637.20 [51] 0.2606 [488] 1.605(-2) 26.05 [423]
22642.2± 3.1 [432]
22643.6± 4.0 [145]

L1N4 22925.5± 3.9 [145] 8.90(-3) [488] 5.478(-4) 22.61 [423]
L� 11 L1N5 22945.30± 2.60 [51] 1.43(-2) [488] 8.811(-4) 23.10 [423]

22976.4± 3.9 [145]

L1N6 23346.5± 3.8 [145] 16.94 [423]

L1N7 23359.4± 3.1 [145] 16.73 [423]

L1O4 23657.10± 2.90 [51] 4.41(-3) [488] 1.035(-4)

L1O5 23669.60± 2.70 [51] 4.41(-3) [488] 1.681(-4)

L� L2M1 16823.00± 8.50 [51] 0.1088 [488] 1.092(-2) 30.71 [423]
16819.2± 1.3 [432]
16818.6± 2.6 [145]

L2M2 17206.5± 2.1 [432] 2.10(-5) [488] 25.71 [423]
17207.2± 2.4 [145]

Lˇ17 L2M3 18250.0± 4.1 [432] 5.94(-3) [488] 5.959(-4) 21.73 [423]
18248.9± 2.6 [145]

Lˇ1 L2M4 18852.18± 0.38 [50] 3.812 [488] 3.824(-1) 14.17 [423]
18851.6± 1.7 [145]
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line transition E/eV I/eV/� TPIV 
 /eV

L2M5 18852.10 [104] 5.64(-4) [488] 14.09 [423]
19057.2± 1.6 [145]

L� 5 L2N1 21332.0± 2.0 [432] 2.99(-2) [488] 3.000(-3) 24.72 [423]
21330.9± 3.3 [145]

L2N2 21510.1± 3.0 [432] 8.91(-6) [488] 25.81 [423]
21511.9± 4.5 [145]

L2N3 21787.0± 3.1 [432] 1.84(-3) [488] 1.843(-4) 20.06 [423]
21785.1± 2.9 [145]

L� 1 L2N4 22065.39± 0.52 [50] 0.887 [488] 8.902(-2) 16.62 [423]
22065.30 [104]

L2N5 22117.9± 2.9 [145] 17.11 [423]

Lv L2N6 22488.0± 2.7 [145] 6.045(-4) 10.96 [423]

L2N7 22500.9± 2.1 [145] 10.74 [423]

L� 6 L2O4 22828.20± 0.80 [50] 0.1803 [488] 1.809(-2)
22828.20 [104]

Ll L3M1 12378.2± 1.4 [50] 0.2020 [488] 2.349(-2) 29.19 [423]
12383.30 [104]

Lt L3M2 12765.3± 2.2 [432] 2.63(-3) [488] 3.056(-4) 24.19 [423]
12767.5± 2.1 [145]

Ls L3M3 13809.2± 4.1 [432] 2.40(-3) [488] 2.795(-4) 20.21 [423]
13809.2± 2.3 [145]

L˛2 L3M4 14412.09± 0.22 [50] 0.317 [488] 3.682(-2) 12.65 [423]
14412.10 [104]

L˛1 L3M5 14617.33± 0.23 [50] 2.780 [488] 3.232(-1) 12.57 [423]
14617.30 [104]

Lˇ6 L3N1 16887.52± 0.65 [50] 5.19(-2) [488] 6.031(-3) 23.20 [423]
16887.20 [104]

L3N2 17068.7± 3.1 [51] 5.77(-4) [488] 6.707(-5) 24.29 [423]
17072.3± 4.2 [145]

L3N3 17346.2± 3.2 [432] 6.63(-4) [488] 7.710(-5) 18.54 [423]
17345.5± 2.6 [145]

Lˇ15 L3N4 17625.90± 0.74 [50] 6.48(-2) [488] 7.531(-3) 15.10 [423]
16625.90 [104]

Lˇ2 L3N5 17676.66± 0.34 [50] 0.595 [488] 6.925(-2) 15.59 [423]
17676.60 [104]

Lu′ L3N6 18048.4± 2.4 [145] 1.086(-4) 9.45 [423]

Lu L3N7 18061.3± 1.8 [145] 5.967(-4) 9.23 [423]

Lˇ5 L3O4,5 18399.60± 0.50 [50] 0.1306 [488] 64.70



Americium Z=95 589

line transition E/eV I/eV/� TPIV 
 /eV

18399.70 [104]

L3O4 1.490(-3)

L3O5 1.370(-2)

M series
M2N1 4090.60± 4.00 [358] 1.120(-3) 29.94 [423]

M2N4 4847.00± 5.70 [358] 5.309(-3) 21.84 [423]

M� 2 M3N4 3788.30± 3.10 [51] 1.122(-3) 17.87 [423]

M� 1 M3N5 3867.30± 3.60 [358] 8.334(-3) 18.36 [423]

M3O1 4332.10± 4.50 [358] 6.190(-4) 38.45 [423]

M3O5 4586.90± 5.10 [358] 1.889(-3)

M�2 M4N2 2680.30± 9.30 [51] 2.526(-3) 19.50 [423]

Mı M4N3 2956.60 [423] 2.126(-4) 13.75 [423]

Mˇ M4N6 3633.80± 0.25 [358] 5.507(-2) 4.65 [423]

M� M4O2 3812.60± 3.50 [358] 5.949(-4) 14.86 [423]

M�1 M5N3 2751.20 [51] 1.633(-3) 13.67 [423]

M˛2 M5N6 3437.90± 1.70 [51] 2.625(-3) 4.57 [423]

M˛1 M5N7 3442.70± 0.22 [358] 5.142(-2) 4.35 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 125027.00± 55.00 [51] 0.9713 [39] 109.00 [301] 125027 [51]
124980.90± 4.70 [493] 0.974 [301] 124986.1± 4.5 [432]

0.9687 [423] 107.34 [423] 124984.8± 4.2 [145]

L1 23772.90± 2.00 [51] 0.218 [301] 13.30 [301] 23772.9 [51]
23805.10 [493] 0.173 [436] 16.23 [423] 23808.0± 3.0 [432]

23812.5± 1.9 [145]

L2 22944.00± 1.00 [51] 0.471 [301] 10.90 [301] 22944 [51]
22949.40± 2.50 [493] 0.487 [436] 10.24 [423] 22952.0± 3.0 [432]

22954.03± 0.80 [145]

L3 18504.10± 0.90 [51] 0.526 [301] 8.04 [301] 18504.1 [51]
18506.20± 3.00 [493] 0.473 [436] 8.73 [423] 18510.0± 3.0 [432]

18514.38± 0.50 [145]

M1 6120.50± 7.50 [51] 6.94(-3) [245] 20.47 [423]
6132.60± 5.30 [493] 7.40(-3) [423]

M2 5710.20± 2.10 [51] 9.82(-3) [245] 15.47 [423]
5747.00± 2.00 [493] 1.04(-2) [423]

M3 4667.00± 2.10 [51] 1.54(-2) [245] 11.49 [423]
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level EB/eV !nlj 
 /eV AE/eV

4706.00± 3.00 [493] 1.51(-2) [423]

M4 4092.10± 1.00 [51] 6.11(-2) [423] 3.93 [423]
M5 3886.90± 1.00 [51] 5.85(-2) [423] 3.85 [423]

N1 1617.10± 1.10 [51] 1.11(-3) [423] 14.48 [423]
1619.20± 2.90 [493]

N2 1411.80± 8.30 [51] 1.45(-3) [423] 15.57 [423]
1435.10± 5.00 [493]

N3 1135.70 [51] 8.3(-4) [423] 9.82 [423]
1168.00± 3.00 [493]

N4 878.70± 1.00 [51] 8.1(-4) [423] 6.38 [423]
880.40± 1.90 [493]

N5 827.60± 1.00 [51] 6.8(-4) [423] 6.87 [423]
830.00± 2.50 [493]

N6 463.30± 0.70 [493] 1.2(-4) [423] 0.72 [423]

N7 449.00± 0.70 [493] 1.3(-4) [423] 0.50 [423]

O1 373.00± 3.00 [493] 3.0(-5) [423] 26.96 [423]

O2 303.00± 4.00 [493] 7.0(-5) [423] 10.93 [423]

O3 216.40± 1.20 [493] 2.0(-5) [423] 12.09 [423]

O4 115.80± 1.30 [51]
118.00± 1.30 [493]

O5 103.30± 1.10 [51]
107.90± 2.10 [493]

P1 50.40± 0.80 [493]

P2 31.10± 1.00 [493]

P3 18.10± 1.00 [493]

Q1 5.99 [126]

IP 5.9738 [222]

: Note: Transition energies and edge energies from Refs. [50,145,257,432] are tabulated for 241Am.



Curium Z=96 591

Cm Z=96 [Rn] 5f7 6d1 7s2

Curium A = 247.0704 [222] % = 13.67 g/cm−3 [342]
% = 13.51 g/cm−3 [248]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 103707.4± 3.8 [145] 128.19 [423]

K˛2 KL2 104591.0± 2.0 [43] 2.929(-1) 122.33 [423]
104589.0± 5.0 [117]
104589.0± 5.0 [150]
104591.0± 2.0 [277]
104589.0± 5.0 [257]
104590.0± 2.0 [43]

K˛1 KL3 109273.0± 2.0 [43] 4.584(-1) 120.74 [423]
109273.0± 2.0 [277]
109268.0± 3.0 [298]
109272.9± 5.0 [257]
109272.3± 2.0 [43]

KM1 121897.0± 5.7 [145] 132.27 [423]

Kˇ3 KM2 122303.0± 2.0 [43] 5.343(-2) 127.28 [423]
122303.0± 2.0 [277]
122288.9± 5.0 [117]
122302.2± 2.0 [43]

Kˇ1 KM3 123404.0± 2.0 [43] 1.052(-1) 123.30 [423]
123404.0± 2.0 [277]
123406.9± 5.0 [117]
123393.2± 6.1 [43]

KˇII
5

KM4 124001.00± 5.00 [43] 2.048(-3) 115.75 [423]
124007.0± 5.1 [145]

KˇI
5

KM5 124215.0± 2.0 [43] 2.274(-3) 115.67 [423]
124223.0± 5.1 [145]

KN1 126550.9± 6.8 [145] 126.28 [423]

KˇII
2

KN2 126727.2± 3.0 [43] 1.355(-2) 127.37 [423]
126736.1± 8.1 [145]

KˇI
2

KN3 1227039.2± 2.0 [43] 2.785(-2) 121.62 [423]
127026.4± 6.5 [43]
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line transition E/eV I/eV/� TPIV 
 /eV

KN2,3 126982± 15 [117]

KˇII
4

KN4 127314.2± 6.4 [145] 6.228(-4) 118.18 [423]

Kˇ4 KN5 127367.9± 6.3 [145] 6.956(-4) 118.67 [423]

KO,KP 112804 [117]

L series
L1M1 18189.6± 3.3 [145] 36.87 [423]

Lˇ4 L1M2 18568.0± 25.0 [117] 6.635(-2) 31.87 [423]
18585.7± 3.3 [145]

Lˇ3 L1M3 19680.0± 25.0 [117] 5.133(-2) 27.89 [423]
19686.9± 3.8 [145]

Lˇ10 L1M4 20287.0± 22.0 [117] 3.361(-3) 20.34 [423]

20299.7± 2.8 [145]

Lˇ9 L1M5 20500.0± 24.0 [117] 4.996(-3) 20.25 [423]
20515.7± 2.8 [145]

L1N1 22843.5± 4.5 [145] 30.87 [423]

L� 2 L1N2 23018.0± 25.0 [117] 1.819(-2) 31.96 [423]
23028.8± 5.7 [145]

L� 3 L1N3 23318.0± 25.0 [117] 1.653(-2) 26.21 [423]

23319.10± 4.0 [145]

L1N4 23606.8± 4.1 [145] 5.952(-4) 22.76 [423]

L� 11 L1N5 23606.8± 4.1 [145] 9.575(-4) 23.26 [423]

L1N6 24038.4± 3.8 [145] 17.11 [423]

L1N7 24052.4± 3.2 [145] 16.89 [423]

L� 4′ L1O2 24219.00± 26.0 [117] 4.623(-3) 27.32 [423]
L� 4 L1O3 24286.00± 24.00 [117] 4.277(-3) 28.48 [423]

L� L2M1 17331.0± 16.0 [117] 1.118(-2) 31.00 [423]
17315.1± 2.5 [145]

L2M2 17711.3± 2.4 [145] 26.00 [423]

Lˇ17 L2M3 18812.5± 2.6 [145] 6.216(-4) 22.02 [423]

Lˇ1 L2M4 19426.0± 2.0 [117] 3.894(-1) 14.47 [423]
19425.2± 1.7 [145]

L2M5 19641.2± 1.7 [145] 14.38 [423]

L� 5 L2N1 21980.0± 8.0 [117] 3.084(-3) 25.00 [423]
21969.1± 3.4 [145]

L2N2 22154.3± 4.6 [145] 26.09 [423]

L2N3 22444.6± 2.9 [145] 1.938(-4) 20.34 [423]

L� 1 L2N4 22730.0± 2.0 [117] 9.147(-2) 16.90 [423]



Curium Z=96 593

line transition E/eV I/eV/� TPIV 
 /eV

22732.4± 3.0 [145]

L2N5 22786.1± 2.9 [145] 17.39 [423]

Lv L2N6 23163.9± 2.7 [145] 6.383(-4) 11.24 [423]

L2N7 23177.9± 2.1 [145] 11.02 [423]

L� 6 L2O4 23519.00± 2.00 [117] 1.899(-2)

Ll L3M1 12650.0± 2.0 [117] 2.423(-2) 29.42 [423]
12633.8± 2.1 [145]

Lt L3M2 13030.0± 2.1 [145] 3.167(-4) 24.41 [423]

Ls L3M3 14131.2± 2.4 [145] 2.903(-4) 20.44 [423]

L˛2 L3M4 14745.0± 14.0 [117] 3.733(-2) 12.88 [423]
14743.9± 1.4 [145]

L˛1 L3M5 14959.0± 2.0 [117] 3.277(-1) 12.80 [423]
14959.5± 1.4 [145]

Lˇ6 L3N1 17299.0± 16.0 [117] 6.229(-3) 23.41 [423]
17287.8± 3.1 [145]

L3N2 17473.0± 4.3 [145] 6.915(-5) 24.51 [423]

L3N3 17763.3± 2.6 [145] 8.048(-5) 18.76 [423]

Lˇ15 L3N4 18049.0± 16.0 [117] 7.677(-3) 15.31 [423]
18051.1± 2.7 [145]

Lˇ2 L3N5 18113.0± 2.0 [117] 7.069(-2) 15.81 [423]
18104.8± 2.6 [145]

Lu′ L3N6 18482.6± 2.4 [145] 1.151(-4) 9.66 [423]

Lu L3N7 18496.6± 1.8 [145] 6.310(-4) 9.42 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 128220 [51] 0.9693 [423] 111.80 [423] 128242.8± 4.4 [145]
128241.3± 2.5 [433]

0.974 [301] 128200 [463]
0.971 [253] 128200 [51]

L1 24460 [51] 0.181 [436] 16.39 [423] 24515± 21 [145]
0.1860 [423] 24460 [463]

24460 [51]
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level EB/eV !nlj 
 /eV AE/eV

L2 23779 [51] 0.501 [436] 10.52 [423] 23651± 11 [433]
23660.98± 0.80 [145]

0.497 [244] 23779 [463]
0.5168 [423] 23779 [51]

L3 18930 [51] 0.477 [244] 8.94 [423] 1897.0± 11 [433]
0.482 [436] 18979.68± 0.50 [145]

18930 [463]
0.0.4933 [423] 18930 [51]

M1 6288 [51] 7.77(-3) [423] 20.48 [423]

M2 5895 [51] 1.08(-2) [423] 15.48 [423]

M3 4797 [51] 1.57(-2) [423] 11.50 [423]

M4 4227 [51] 6.28(-2) [423] 3.94 [423]

M5 3971 [51] 5.99(-2) [423] 3.86 [423]

N1 1643 [51] 1.16(-3) [423] 14.48 [423]

N2 1440 [139 1.47(-3) [423] 15.56 [423]

N3 1154 [51] 8.5(-4) [423] 9.82 [423]

N4 8.5(-4) [423] 6.38 [423]

N5 7.1(-4) [423] 6.87 [423]

N6 1.4(-4) [423] 0.72 [423]

N7 1.6(-4) [423] 0.50 [423]
O1 385 [51] 3(-5) [423] 26.96 [423]

O2 8(-5) [423] 10.93 [423]

O3 2(-5) [423] 12.09 [423]

O4

O5

IP 6.02 [222]

Note: Transition energies and edge energies from [117,145,257] are given for 245Cm.



Berkelium Z=97 595

Bk Z=97 [Rn] 5f9 7s2

Berkelium A = 247.0703 [239] % = 14.79 g/cm−3 [547]
% = 13.25 g/cm−3 [248]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 106318± 65 [239] 133.21 [423]

106290.5± 4.0 [145]

K˛2 KL2 107194.3± 5.0 [43] 2.941(-1) 127.72 [423]
107165.0± 6.0 [149]
107181.0± 6.0 [277]
107164.4± 6.0 [257]
107194.3± 5.0 [43]

K˛1 KL3 112127.3± 5.0 [43] 4.577(-1) 126.03 [423]
112112.0± 6.0 [149]
112130.0± 3.0 [277]
112126.0± 5.0 [257]
112126.0± 5.0 [298]
112111.4± 6.0 [257]
112127.3± 5.0 [43]

KM1 125005.5± 5.8 [145] 137.12 [423]

Kˇ3 KM2 125414.2± 7.0 [43] 5.347(-2) 132.55 [423]
125478.0± 10.0 [150]
125409.4± 7.0 [43]

Kˇ1 KM3 126577.2± 7.0 [43] 1.054(-1) 128.70 [423]
126582.0± 10.0 [150]
126577.2± 7.0 [43]

KˇII
5

KM4 127220.0 [98] 2.094(-3) 121.01 [423]
127196.0± 5.3 [145]

KˇI
5

KM5 127453.0 [98] 2.310(-3) 120.89 [423]
127422.6± 5.3 [145]

KN1 129810.4± 7.1 [145] 131.69 [423]

KˇII
2

KN2 130032.0 [98] 1.360(-2) 132.94 [423]
130000.0± 8.3 [145]

KˇI
2

KN3 130350.0 [98] 2.808(-2) 127.11 [423]
130308.10± 6.7 [145]
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line transition E/eV I/eV/� TPIV 
 /eV

KˇII
4

KN4 130601.5± 6.7 [145] 6.42(-4) 123.413 [423]

KˇI
4

KN5 130658.4± 6.5 [145] 7.124(-4) 123.07 [423]

L series
L1M1 18719.00± 40.00 [239] 36.93 [423]

18715.10± 3.40 [145]

Lˇ4 L1M2 19128.00± 53.00 [239] 6.992(-2) 32.36 [423]
19118.90± 3.60 [145]

Lˇ3 L1M3 20298± 53 [239] 5.241(-2) 28.51 [423]
20282.6± 3.8 [145]

Lˇ10 L1M4 20905.5± 2.8 [145] 3.622(-3) 20.82 [423]

Lˇ9 L1M5 21132.1± 2.7 [145] 5.377(-3) 20.70 [423]

L1N1 23521± 42 [239] 31.502 [423]
23520.0± 4.6 [145]

L� 2 L1N2 23709.6± 5.9 [145] 1.924(-2) 32.75 [423]

L� 3 L1N3 24017.7± 4.1 [145] 1.705(-2) 26.92 [423]

L1N4 24311.6± 4.2 [145] 23.23 [423]

L� 11 L1N5 24368.0± 4.1 [145] 1.043(-3) 22.88 [423]

L1N6 24753.9± 3.8 [145] 17.56 [423]

L1N7 24768.5± 3.3 [145] 17.22 [423]

L� L2M1 17829± 40 [239] 1.123(-2) 31.45 [423]
17824.8± 2.5 [145]

L2M2 18128± 53 [239] 26.873 [423]
18228.6± 2.6 [145]

Lˇ17 L2M3 19408± 53 [239] 6.361(-4) 23.03 [423]
19392.3± 3.7 [145]

Lˇ1 L2M4 20015.2± 1.7 [145] 3.891(-1) 15.33 [423]

L2M5 20241.9± 1.6 [145] 15.22 [423]

L� 5 L2N1 22631± 42 [239] 3.109(-3) 26.02 [423]
22629.7± 3.5 [145]

L2N2 22819.3± 4.8 [145] 27.27 [423]

L2N3 23127.4± 3.0 [145] 1.997(-4) 21.44 [423]

L� 1 L2N4 23421.3± 3.0 [145] 9.218(-2) 17.74 [423]

L2N5 23477.7± 2.9 [145] 17.39 [423]

Lv L2N6 23863.7± 2.7 [145] 6.603(-4) 12.08 [423]

L2N7 23878.2± 2.1 [145] 11.74 [423]

Ll L3M1 12896± 43 [239] 2.496(-2) 29.75 [423]
12889.9± 2.1 [145]



Berkelium Z=97 597

line transition E/eV I/eV/� TPIV 
 /eV

Lt L3M2 13305± 55 [239] 3.278(-4) 25.18 [423]
13293.7± 2.1 [145]

Ls L3M3 14475± 55 [239] 3.012(-4) 21.34 [423]
14457.4± 2.4 [145]

L˛2 L3M4 15080.3± 1.4 [145] 3.782(-2) 13.64 [423]

L˛1 L3M5 15306.9± 1.3 [145] 3.320(-1) 13.52 [423]

Lˇ6 L3N1 17697± 45 [239] 6.427(-3) 24.32 [423]
17694.8± 3.2 [145]

L3N2 17884.4± 4.4 [145] 7.116(-5) 25.57 [423]

L3N3 18192.5± 2.7 [145] 8.391(-5) 19.74 [423]

Lˇ15 L3N4 18486.4± 2.7 [145] 7.817(-3) 16.04 [423]

Lˇ2 L3N5 18542.8± 2.6 [145] 7.207(-2) 15.70 [423]
Lu′ L3N6 18928.7± 2.4 [145] 1.215(-4) 10.38 [423]

Lu L3N7 18943.3± 1.8 [145] 6.668(-4) 10.04 [423]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 131590± 40 [239] 0.975 [301] 117.06 [423] 131561.4± 4.5 [145]
0.9705 [423] 131590 [51]

131555.6± 4.7 [433]

L1 25275± 17 [239] 0.236 [301] 16.51 [423] 25.272± 25 [239]
0.1950 [423] 25271.0± 2.2 [145]

L2 24385± 17 [239] 0.485 [301] 11.02 [423] 24382± 25 [239]
0.5177 [423] 24380.68± 0.90 [145]

L3 19452± 20 [239] 0.55 [301] 9.33 [423] 19449± 30 [239]
0.5012 [423] 19445.76± 0.50 [145]

M1 6556 ± 21 [239] 8.15(-3) [423] 20.42 [423]

M2 6147 ± 31 [239] 1.11(-2) [423] 15.85 [423]

M3 4977 ± 31 [239] 1.63(-2) [423] 12.01 [423]

M4 4366 [51] 6.43(-2) [423] 4.31 [423]
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level EB/eV !nlj 
 /eV AE/eV

M5 4132 [51] 6.12(-2) [423] 4.31 [423]

N1 1755± 22 [239] 1.2(-3) [423] 15.22 [423]

N2 1554 [51] 1.48(-3) [423] 16.24 [423]

N3 1235 [51] 8.7(-4) [423] 10.41 [423]

N4 8.9(-4) [423] 6.71 [423]

N5 7.3(-4) [423] 6.37 [423]

N6 1.6(-4) [423] 1.05 [423]

N7 1.8(-4) [423] 0.71 [423]

O1 398± 22 [239] 3.0(-5) [423] 30.28 [423]

O2 1.0(-4) [423] 11.98 [423]

O3 2.0(-5) [423] 17.88 [423]

IP 6.23 [222]

Note: Transition energies and edge energies from [43,145,239,433]are given for 249Bk.



Californium Z=98 599

Cf Z=98 [Rn] 5f10 7s2

Californium A = 251.0796 [239] % = 15.10 g/cm3 [342]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 108947.0± 17.0 [180] 138.08 [423]

108922.8± 4.1 [145]

K˛2 KL2 109837.3± 8.0 [43] 2.949(-1) 132.71 [423]
109818.0± 5.0 [149]
109829.0± 4.7 [145]

K˛1 KL3 115035.3± 8.0 [43] 4.563(-1) 130.94 [423]
115031.0± 5.0 [149]
115045.0± 6.0 [298]
115030.0± 4.6 [145]

KM1 128184.1± 6.0 [145] 141.82 [423]

Kˇ3 KM2 128599.0± 7.0 [150] 5.342(-2) 137.25 [423]
128595.6± 6.3 [145]

Kˇ1 KM3 129816.0± 7.0 [150] 1.056(-1) 133.41 [423]
129845.0± 12.0 [180]
129825.1± 6.5 [145]

KˇII
5

KM4 130475.0 [98] 2.139(-3) 125.719 [423]
130458.3± 5.5 [145]

KˇI
5

KM5 130720.0 [98] 2.343(-3) 125.60 [423]
130695.8± 5.5 [145]

KN1 133140.1± 7.4 [145] 136.38 [423]

KˇII
2

KN2 133375.0 [98] 1.362(-2) 137.63 [423]
133334.1± 8.7 [145]

KˇI
2

KN3 133694.0 [98] 2.827(-2) 131.80 [423]
133661.0± 6.9 [145]

KˇII
4

KN4 133961.0± 6.9 [145] 6.607(-4) 128.10 [423]

KˇI
4

KN5 134020.4± 6.7 [145] 7.279(-4) 127.76 [423]

L series
L1M1 19259± 14 [5] 37.12 [423]

19257.6± 8.6 [180]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ4 L1M2 19678± 51 [5] 7.340(-2) 32.55 [423]
19676.20± 6.30 [180]

Lˇ3 L1M3 20902± 58 [5] 5.321(-2) 28.70 [423]
20892.0± 9.4 [180]

Lˇ10 L1M4 21556± 70 [5] 3.886(-3) 21.02 [423]
21535.5± 2.9 [145]

Lˇ9 L1M5 21776± 70 [5] 5.763(-3) 20.89 [423]
21773.1± 2.8 [145]

L1N1 24201.9± 6.3 [180] 31.68 [423]
24237± 61 [5]
24217.3± 4.7 [145]

L� 2 L1N2 24411± 72 [5] 2.025(-2) 32.93 [423]
24404.8± 8.2 [180]
24411.3± 6.0 [145]

L� 3 L1N3 24745± 72 [5] 1.748(-2) 27.10 [423]
24721.2± 9.2 [180]
24738.3± 4.2 [145]

L1N4 25038.3± 4.2 [145] 7.013(-4) 23.41 [423]

L� 11 L1N5 25097.6± 4.1 [145] 1.130(-3) 23.06 [423]

L1N6 25491.5± 3.8 [145] 17.74 [423]

L1N7 25507.0± 3.3 [145] 17.35 [423]

L� L2M1 18366± 12 [5] 1.151(-2) 31.75 [423]
118347.1± 8.7 [180]
18355.1± 2.4 [145]

L2M2 18772± 19 [5] 27.18 [423]
18767.3± 6.1 [180]
18766.6± 2.5 [145]

Lˇ17 L2M3 20001± 16 [5] 6.636(-4) 23.33 [423]
19990.0± 8.5 [180]
19996.1± 1.7 [145]

Lˇ1 L2M4 20656± 70 [5] 3.967(-1) 15.65 [423]
20629.3± 1.7 [145]

L2M5 20876± 70 [5] 15.524 [423]
20866.8± 1.6 [145]

L� 5 L2N1 23345± 62 [5] 3.200(-3) 26.31 [423]
23311.1± 3.5 [145]

L2N2 23485± 23 [5] 27.56 [423]
23501.1± 7.6 [180]
23505.1± 4.9 [145]



Californium Z=98 601

line transition E/eV I/eV/� TPIV 
 /eV

L2N3 23822± 24 [5] 2.101(-4) 21.73 [423]
23819.1± 8.4 [180]
23832.1± 3.0 [145]

L� 1 L2N4 24132.0± 3.2 [145] 9.481(-2) 18.03 [423]

L2N5 24191.4± 3.0 [145] 17.68 [423]

Lv L2N6 24585.2± 2.7 [145] 6.960(-4) 12.36 [423]

L2N7 24600.7± 2.2 [145] 12.02 [423]

Ll L3M1 13145.0± 14.0 [180] 2.570(-2) 29.99 [423]
13141± 14 [5]
13154.1± 2.1 [145]

Lt L3M2 13568± 15 [5] 3.389(-4) 25.42 [423]
13557.0± 8.2 [180]
13565.6± 2.1 [145]

Ls L3M3 14797± 12 [5] 3.122(-4) 21.57 [423]
14785.0± 8.5 [180]
14795.1± 2.4 [145]

L˛2 L3M4 15434± 69 [5] 3.829(-2) 13.89 [423]
15428.3± 1.4 [145]

L˛1 L3M5 15654± 69 [5] 3.360(-1) 13.77 [423]
15665.8± 1.3 [145]

Lˇ6 L3N1 18128± 37 [5] 6.625(-3) 24.55 [423]
18090.8± 8.5 [180]
18110.1± 3.2 [145]

L3N2 18278± 18 [5] 7.313(-5) 25.80 [423]
18304.1± 4.5 [145]

L3N3 18610± 18 [5] 8.736(-5) 19.97 [423]
18613.9± 8.4 [180]
18631.1± 2.7 [145]

Lˇ15 L3N4 18931.0± 2.8 [145] 7.95(-3) 16.269 [423]

Lˇ2 L3N5 18990.4± 2.6 [145] 7.341(-2) 15.92 [423]
Lu′ L3N6 19384.2± 2.3 [145] 1.282(-4) 10.60 [423]

Lu L3N7 19399.7± 1.9 [145] 7.008(-4) 10.26 [423]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 135960 [51] 0.975 [301] 121.39 [423] 134956.9± 4.7 [145]
0.9705 [423] 135960.0 [51]
0.974 [253]

L1 26110 [51] 0.244 [301] 16.69 [423] 26002.4± 0.9 [451]
0.2037 [423] 26016± [180]
0.197 [244] 26110.0 [51]

26032.9± 2.0 [145]

L2 25250 [51] 0.49 [301] 11.32 [423] 25097.8± 4.5 [451]
0.5292 [423] 25108± [180]
0.524 [244] 25250.0 [51]

25126.63± 0.90 [145]

L3 19930 [51] 056 [301] 9.55 [423] 19901± [180]
0.5087 [423] 19901.5± 0.5 [451]
0.494 [244] 19930.0 [51]

19925.62± 0.50 [145]

M1 6754 [51] 8.5(-3) [423] 20.43 [423]

M2 6359 [51] 1.15(-2) [423] 15.86 [423]

M3 5109 [51] 1.17(-2) [423] 12.02 [423]

M4 4497 [51] 6.57(-2) [423] 4.33 [423]

M5 4253 [51] 6.24(-2) [423] 4.21 [423]

N1 1799 [51] 1.25(-3) [423] 15.00 [423]

N2 1616 [51] 1.50(-3) [423] 16.24 [423]

N3 1279 [51] 8.8(-4) [423] 10.41 [423]

N4 9.3(-4) [423] 6.72 [423]

N5 7.6(-4) [423] 6.37 [423]

N6 1.7(-4) [423] 1.05 [423]

N7 2.1(-4) [423] 0.71 [423]

O1 419 [51] 3.0(-5) [423] 30.28 [423]

O2 1.1(-4) [423] 11.98 [423]

O3 2.0(-5) [423] 17.88 [423]

IP 6.30 [222]

Note: Transition energies and edge energies from [5,51,145,180,301] are given for 251Cf.



Einsteinium Z=99 603

Es Z=99 [Rn] 5f11 7s2

Einsteinium A = 252.0830 [239] % = 13.5 g/cm−3 [342]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 111607.8± 4.3 [145] 143.21 [423]

K˛2 KL2 112581.0 [98] 2.961(-1) 137.97 [423]
112501.0± 10.0 [149]
112500.9± 10.0 [257]
112530.0± 4.8 [145]

K˛1 KL3 118057.0 [98] 4.555(-1) 136.21 [423]
118018.0± 10.0 [149]
118026.0± 6.0 [298]

KM1 131422.2± 6.2 [145] 146.89 [423]

Kˇ3 KM2 131874.0 [98] 5.344(-2) 142.44 [423]
131848.0± 20.0 [150]
131841.6± 6.4 [145]

Kˇ1 KM3 133193.0 [98] 1.058(-1) 138.52 [423]
133188.0± 20.0 [150]
133140.1± 6.7 [145]

KˇII
5

KM4 133815.0 [98] 2.186(-3) 130.84 [423]
133783.7± 5.7 [145]

KˇI
5

KM5 134071.0 [98] 2.377(-3) 130.69 [423]
134032.5± 5.7 [145]

KN1 136523.0± 7.7 [145] 141.66 [423]

KˇII
2

KN2 136766.0 [98] 1.366(-2) 142.79 [423]
136721.4± 9.0 [145]

KˇI
2

KN3 137124.0 [98] 2.849(-2) 136.97 [423]
137068.3± 7.1 [145]

KˇII
4

KN4 137374.4± 7.1 [145] 6.803(-4) 133.19 [423]

KˇI
4

KN5 137436.8± 6.9 [145] 7.444(-4) 132.86 [423]

L series
L1M1 19814.4± 3.3 [145] 37.38 [423]

Lˇ4 L1M2 20233.8± 3.7 [145] 7.711(-2) 32.93 [423]

Lˇ3 L1M3 21532.3± 3.9 [145] 5.403(-2) 29.01 [423]

Lˇ10 L1M4 22175.9± 3.0 [145] 4.172(-3) 21.33 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

Lˇ9 L1M5 22424.7± 2.8 [145] 6.184(-3) 21.18 [423]

L1N1 24915.2± 4.8 [145] 32.15 [423]

L� 2 L1N2 25113.6± 6.2 [145] 2.133(-2) 33.28 [423]

L� 3 L1N3 25460.5± 4.2 [145] 1.792(-2) 27.46 [423]

L1N4 25766.6± 4.4 [145] 7.602(-4) 23.69 [423]

L� 11 L1N5 25829.0± 4.1 [145] 1.225(-3) 23.35 [423]

L1N6 26230.8± 3.8 [145] 18.01 [423]

L1N7 26247.3± 3.4 [145] 17.63 [423]

L� L2M1 18892.2± 2.4 [145] 1.175(-2) 32.14 [423]

L2M2 19311.6± 2.5 [145] 27.694 [423]

Lˇ17 L2M3 20610.1± 2.8 [145] 6.899(-4) 23.78 [423]

Lˇ1 L2M4 21253.7± 1.8 [145] 4.028(-1) 16.10 [423]

L2M5 21502.5± 1.7 [145] 15.94 [423]

L� 5 L2N1 23993.0± 3.6 [145] 3.280(-3) 26.91 [423]

L2N2 24191.3± 5.0 [145] 28.04 [423]

L2N3 24538.3± 3.0 [145] 2.200(-4) 22.22 [423]

L� 1 L2N4 24844.3± 3.2 [145] 9.710(-2) 18.45 [423]

L2N5 24906.8± 2.9 [145] 18.11 [423]

Lv L2N6 25308.5± 2.7 [145] 7.299(-4) 12.77 [423]

L2N7 25325.1± 2.3 [145] 12.39 [423]

Ll L3M1 13411.7± 2.1 [145] 2.643(-2) 30.38 [423]

Lt L3M2 13831.1± 2.1 [145] 3.497(-4) 25.93 [423]

Ls L3M3 15129.6± 2.4 [145] 3.232(-4) 22.01 [423]

L˛2 L3M4 15773.2± 1.4 [145] 3.872(-2) 14.33 [423]

L˛1 L3M5 16022.0± 1.3 [145] 3.397(-1) 14.18 [423]

Lˇ6 L3N1 18512.5± 3.3 [145] 6.816(-3) 25.15 [423]

18710.8± 4.6 [145]

L3N2 18710.8± 4.6 [145] 7.494(-5) 26.28 [423]

L3N3 19057.8± 2.7 [145] 9.084(-5) 20.46 [423]

Lˇ15 L3N4 19363.8± 2.8 [145] 8.071(-3) 16.68 [423]

Lˇ2 L3N5 19426.3± 2.5 [145] 7.467(-2) 16.35 [423]

Lu′ L3N6 19828.1± 2.4 [145] 1.350(-4) 11.01 [423]

Lu L3N7 19844.6± 1.9 [145] 7.366(-4) 10.63 [423]
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level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 139490 [51] 0.975 [301] 126.36 [423] 138399.9± 5.0 [145]
0.976 [253] 138.391.5± 6.3 [180]

138490.0 [51]

L1 26900 [51] 0.253 [301] 16.85 [423] 26792.1± 2.1 [145]
26900.0 [51]

L2 26020 [51] 0.497 [301] 11.61 [423] 25869.90± 0.90 [145]
26.0200 [51]

L3 20410 [51] 0.570 [301] 9.85 [423] 20389.42± 0.60 [145]
20410.0 [51]

M1 6977 [51] 8.57(-3) [423] 20.53 [423]

M2 6574 [51] 1.16(-2) [423] 16.08 [423]

M3 5252 [51] 1.74(-2) [423] 12.16 [423]

M4 4630 [51] 6.58(-2) [423] 4.48 [423]

M5 4374 [51] 6.19(-2) [423] 4.33 [423]

N1 1868 [51] 1.3(-3) [423] 15.30 [423]

N2 1680 [51] 1.5(-3) [423] 16.46 [423]

N3 1321 [51] 9.0(-4) [423] 10.61 [423]

N4 9.6(-4) [423] 6.83 [423]

N5 7.8(-4) [423] 6.50 [423]

N6 1.9(-4) [423] 1.16 [423]

N7 2.5(-4) [423] 0.78 [423]

O1 435 [51] 3.0(-5) [423] 31.25 [423]

O2 1.3(-4) [423] 12.27 [423]

O3 3.0(-5) [423] 20.15 [423]

IP 6.42 [222]

Note: Transition energies and edge energies from [51,98,145,149,180,257,298] are given for 251Es.
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Fm Z=100 [Rn] 5f12 7s2

Fermium A = 257.0951 [239] % = 13.60 g/cm−3 [342]

X-ray transitions

line transition E/eV I/eV/� TPIV 
 /eV

K series
K˛3 KL1 114390± 15 [431] 148.45 [423]

114343.0± 4.4 [145]

K˛2 KL2 115320.0 [98] 2.971(-1) 143.35 [423]
115280.0± 90.0 [149]
115319± 15 [257]

K˛1 KL3 121090.0 [98] 4.542(-1) 141.59 [423]
121070.0± 90.0 [149]
121070.0± 13.0 [298]
121095± 15 [257]

KM1 134723.3± 6.4 [145] 152.08 [423]

Kˇ3 KM2 135171.0 [98] 5.338(-2) 147.64 [423]
135184± 15 [431]

Kˇ1 KM3 136563.0 [98] 1.060(-1) 143.74 [423]
116555± 15 [431]

KˇII
5

KM4 137195.0 [98] 2.231(-3) 136.07 [423]
137217± 17 [431]

KˇI
5

KM5 137464.0 [98] 2.408(-3) 135.89 [423]
137479± 17 [431]

KN1 139980.7± 7.9 [145] 146.88 [423]

KˇII
2

KN2 140216.0 [98] 1.368(-2) 148.22 [423]
140220± 16 [431]

KˇI
2

KN3 140596.0 [98] 2.868(-2) 142.29 [423]
140592± 16 [431]

KˇII
4

KN4 140863.5± 7.4 [145] 6.991(-4) 138.34 [423]

KˇI
4

KN5 140929.3± 7.2 [145] 7.602(-4) 138.02 [423]

L series
L1M1 20373± 12 [431] 37.65 [423]

20380.3± 3.4 [145]

Lˇ4 L1M2 20794± 11 [431] 8.099(-2) 33.23 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

20807.5± 3.6 [145]

Lˇ3 L1M3 22165± 11 [431] 5.469(-2) 29.32 [423]
22178.7± 4.0 [145]

Lˇ10 L1M4 22827± 14 [431] 4.475(-3) 21.65 [423]
22832.7± 2.9 [145]

Lˇ9 L1M5 23089± 14 [431] 6.626(-3) 21.48 [423]
23093.3± 2.9 [145]

L1N1 25633± 14 [431] 32.46 [423]
25637.7± 5.0 [145]

L� 2 L1N2 25830± 12 [431] 2.246(-2) 33.80 [423]
25840.3± 6.2 [145]

L� 3 L1N3 26202± 12 [431] 1.834(-2) 27.87 [423]
26208.5± 4.3 [145]

L1N4 26520.5± 4.5 [145] 8.239(-4) 23.93 [423]

L� 11 L1N5 26584± 14 [431] 1.328(-3) 23.60 [423]
26586.4± 4.1 [145]

L1N6 26996.0± 3.9 [145] 18.30 [423]

L1N7 27013.6± 3.6 [145] 17.77 [423]

L1N6,7 26934± 17 [431]

L� L2M1 19444± 11 [431] 1.200(-2) 32.38 [423]
19442.4± 2.4 [145]

L2M2 19865.0± 9.9 [431] 28.13 [423]
19869.6± 2.5 [145]

Lˇ17 L2M3 21236.0± 9.9 [431] 7.163(-4) 24.22 [423]
21240.8± 2.8 [145]

Lˇ1 L2M4 21898± 13 [431] 4.087(-1) 16.55 [423]
21894.8± 1.8 [145]

L2M5 22160± 13 [431] 16.38 [423]
22155.4± 1.7 [145]

L� 5 L2N1 24704± 13 [431] 3.360(-3) 27.36 [423]
24699.8± 3.7 [145]

L2N2 24901± 11 [431] 28.71 [423]
24902.4± 5.1 [145]

L2N3 25273± 11 [431] 2.301(-4) 22.77 [423]
25270.6± 3.1 [145]

L� 1 L2N4 25585± 13 [431] 9.931(-2) 18.82 [423]
25582.6± 3.2 [145]

L2N5 25655± 13 [431] 18.51 [423]
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line transition E/eV I/eV/� TPIV 
 /eV

25648.5± 2.9 [145]

Lv L2N6 26058.1± 2.7 [145] 7.644(-4) 13.20 [423]

L2N7 26075.7± 2.3 [145] 12.67 [423]

L2N6,7 26005± 17 [431]

Ll L3M1 13668± 11 [431] 2.715(-2) 30.79 [423]
13668.8± 2.1 [145]

Lt L3M2 14089.0± 9.9 [431] 3.604(-4) 26.36 [423]
14095.9± 2.1 [145]

Ls L3M3 15460.0± 9.9 [431] 3.342(-4) 22.45 [423]
15467.1± 2.4 [145]

L˛2 L3M4 16122± 13 [431] 3.912(-2) 14.78 [423]
16121.2± 1.4 [145]

L˛1 L3M5 16384± 13 [431] 3.431(-1) 14.61 [423]
16381.8± 1.3 [145]

Lˇ6 L3N1 18928± 13 [431] 7.009(-3) 25.60 [423]
18926.2± 3.4 [145]

L3N2 19125± 11 [431] 7.671(-5) 27.08 [423]
19128.8± 4.8 [145]

L3N3 19125± 11 [431] 9.428(-5) 21.00 [423]
19128.8± 4.8 [145]

Lˇ15 L3N4 19809± 13 [431] 8.189(-3) 17.06 [423]
19809.0± 2.9 [145]

Lˇ2 L3N5 19879± 13 [431] 7.586(-2) 16.74 [423]
19874.8± 2.6 [145]

Lu′ L3N6 20284.4± 2.3 [145] 1.418(-4) 11.44 [423]

Lu L3N7 20302.1± 2.0 [145] 7.729(-4) 10.91 [423]

L3N6,7 20229± 17 [431]

level characteristics

level EB/eV !nlj 
 /eV AE/eV

K 143090 [51] 0.976 [301] 131.44 [423] 141930.4± 7.1 [431]
0.972 [423] 141927.3± 5.2 [145]

143090.0 [51]

L1 27700 [51] 0.263 [301] 17.02 [423] 27573± 8 [431]
0.216 [244] 27584.4± 2.2 [145]
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level EB/eV !nlj 
 /eV AE/eV

0.2225 [423] 27700.0 [51]

L2 26810 [51] 0.506 [301] 11.92 [423] 26644± 7 [431]
0.539 [244] 26646.5± 1.0 [145]
0.5481 [423] 26810.0 [51]

L3 20900 [51] 0.579 [301] 10.15 [423] 20868± 7 [431]
0.512 [244] 20872.81± 0.60 [145]
0.5224 [423] 20900.0 [51]

M1 7205 [51] 9.13(-3) [423] 20.63 [423]

M2 6793 [51] 1.22(-2) [423] 16.21 [423]

M3 5397 [51] 1.83(-2) [423] 12.30 [423]

M4 4766 [51] 6.83(-2) [423] 4.63 [423]

M5 4498 [51] 6.35(-2) [423] 4.46 [423]

N1 1937 [51] 1.35(-3) [423] 15.45 [423]

N2 1747 [51] 1.54(-3) [423] 16.79 [423]

N3 1366 [51] 9.1(-4) [423] 10.85 [423]

N4 1.0(-3) [423] 6.91 [423]

N5 8.0(-4) [423] 6.59 [423]

N6 2.2(-4) [423] 1.28 [423]

N7 2.9(-4) [423] 0.85 [423]

O1 454 [51] 3.0(-5) [423] 32.13 [423]

O2 1.4(-4) [423] 12.55 [423]

O3 3.0(-5) [423] 22.60 [423]

IP 6.50 [222]

Note: Transition energies and edge energies from [51,98,145,149,180,257,298] are given for 254Fm.



6 X-Ray Transition Energies: Ordered by Energy/Wavelength

In the following we give ordered by the wavelength and transition energy emission lines and absorption
edges for all elements up to americium (Z=95). To restrict the volume of the table we give for each quantity
only one selected value what in a first step is sufficient to indentify lines or edges in a spectrum of interest.

Tabulated are

� – wavelength of the tabulated transition or absorption edge;
E – energy of the tabulated transition or absorption edge;
Z – atomic number.

� [pm] E [keV] Z element transition notation reference

10.0299 123.6152 95 Am KN2 Kˇ21 [51]
10.2719 120.7032 94 Pu KN3 Kˇ22 [51]
10.2939 120.4459 94 Pu KN2 Kˇ21 [51]
10.3012 120.3600 95 Am KM3 Kˇ1 [51]
10.3913 119.3168 95 Am KM2 Kˇ3 [51]
10.5438 117.5912 93 Np KN3 Kˇ21 [51]
10.5654 117.3503 93 Np KN2 Kˇ22 [51]
10.5734 117.2614 94 Pu KM3 Kˇ1 [51]
10.6629 116.2768 94 Pu KM2 Kˇ3 [51]
10.7235 115.606 92 U abs. edge K [50]
10.8190 114.6 92 U KN3 Kˇ21 [50]
10.8379 114.4 92 U KN2 Kˇ22 [50]
10.8527 114.2433 93 Np KM3 Kˇ1 [51]
10.9420 113.3118 93 Np KM2 Kˇ3 [51]
11.0110 112.601 91 Pa abs. edge K [51]
11.1078 111.62 91 Pa KN3 Kˇ21 [50]
11.1297 111.4 91 Pa KN2 Kˇ22 [50]
11.1397 111.3 92 U KM3 Kˇ1 [50]
11.2295 110.41 92 U KM2 Kˇ3 [50]
11.3078 109.646 90 Th abs. edge K [50]
11.3228 109.5 90 Th KO2,3 [50]
11.4044 108.717 90 Th KN3 Kˇ21 [50]
11.4260 108.511 90 Th KN2 Kˇ22 [50]
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� [pm] E [keV] Z element transition notation reference

11.4349 108.427 91 Pa KM3 Kˇ1 [50]
11.5228 107.6 91 Pa KM2 Kˇ3 [50]
11.6140 106.755 89 Ac abs. edge K [51]
11.6393 106.5229 95 Am KL3 K˛1 [51]
11.7122 105.86 89 Ac KN3 Kˇ21 [50]
11.7310 105.69 90 Th KM3 Kˇ1 [50]
11.7332 105.67 89 Ac KN2 Kˇ22 [50]
11.8272 104.831 90 Th KM2 Kˇ3 [50]
11.9306 103.922 88 Ra abs. edge K [51]
11.9491 103.7612 94 Pu KL3 K˛1 [51]
12.0292 103.07 88 Ra KN3 Kˇ21 [50]
12.0503 102.89 88 Ra KN2 Kˇ22 [50]
12.0550 102.85 89 Ac KM3 Kˇ1 [50]
12.1435 102.1 89 Ac KM2 Kˇ3 [50]
12.1455 102.083 95 Am KL2 K˛2 [51]
12.2591 101.137 87 Fr abs. edge K [51]
12.2675 101.068 93 Np KL2 K˛2 [51]
12.2891 100.89 88 Ra KN2 Kˇ22 [50]
12.3577 100.33 87 Fr KN3 Kˇ21 [50]
12.3787 100.16 87 Fr KN2 Kˇ22 [50]
12.3824 100.13 88 Ra KM3 Kˇ1 [50]
12.4543 99.5518 94 Pu KL2 K˛2 [51]
12.4696 99.43 88 Ra KM2 Kˇ3 [50]
12.5951 98.439 92 U KL3 K˛1 [50]
12.5996 98.404 86 Ra abs. edge K [51]
12.6982 97.646 86 Ra KN3 Kˇ21 [50]
12.7203 97.47 86 Ra KN2 Kˇ22 [50]
12.7203 97.47 87 Fr KM3 Kˇ1 [50]
12.7718 97.0775 93 Np KL2 K˛2 [51]
12.8071 96.81 87 Fr KM2 Kˇ3 [50]
12.9329 95.868 91 Pa KL3 K˛1 [50]
12.9516 95.7299 85 At abs. edge K [51]
13.0524 94.99 85 At KN3 Kˇ21 [50]
13.0690 94.97 86 Ra KM3 Kˇ1 [50]
13.0731 94.84 85 At KN2 Kˇ22 [50]
13.0973 94.665 92 U KL2 K˛2 [50]
13.1563 94.24 86 Ra KM2 Kˇ3 [50]
13.2818 93.35 90 Th KL3 K˛1 [50]
13.3167 93.105 84 Po abs. edge K [51]
13.4183 92.4 84 Po KN3 Kˇ21 [50]
13.4328 92.3 85 At KM3 Kˇ1 [50]
13.4347 92.287 91 Pa KL2 K˛2 [50]
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� [pm] E [keV] Z element transition notation reference

13.4387 92.26 84 Po KN2 Kˇ22 [50]
13.5178 91.72 85 At KM2 Kˇ3 [50]
13.6421 90.884 89 Ac KL3 K˛1 [50]
13.6949 90.534 83 Bi abs. edge K [51]
13.7099 90.435 83 Bi KO2,3 [50]
13.7593 90.11 83 Bi KN4,5 Kˇ4 [50]
13.7833 89.953 90 Th KL2 K˛2 [50]
13.7970 89.864 83 Bi KN3 Kˇ21 [50]
13.8068 89.80 84 Po KM3 Kˇ1 [50]
13.8171 89.733 83 Bi KN2 Kˇ22 [50]
13.8919 89.25 84 Po KM2 Kˇ3 [50]
14.0144 88.47 88 Ra KL3 K˛1 [50]
14.0884 88.005 82 Pb abs. edge K [51]
14.0796 88.06 82 Pb KP2,3 [50]
14.1017 87.922 82 Pb KO2,3 [50]
14.1117 87.860 83 Bi KM4,5 Kˇ5 [50]
14.1423 87.67 89 Ac KL2 K˛2 [50]
14.1552 87.59 82 Pb KN4,5 Kˇ4 [50]
14.1947 87.346 82 Pb KN3 Kˇ21 [50]
14.1952 87.343 83 Bi KM3 Kˇ1 [50]
14.2136 87.23 82 Pb KN2 Kˇ22 [50]
14.2784 86.834 83 Bi KM2 Kˇ3 [50]
14.4001 86.10 87 Fr KL3 K˛1 [50]
14.4956 85.533 81 Tl abs. edge K [51]
14.4961 85.53 82 Pb KM5 Kˇ51 [50]
14.5095 85.451 81 Tl KO2,3 [50]
14.5131 85.43 88 Ra KL2 K˛2 [50]
14.5131 85.43 82 Pb KM4 Kˇ52 [50]
14.5540 85.19 81 Tl KN4,5 Kˇ4 [50]
14.5958 84.946 81 Tl KN3 Kˇ21 [50]
14.5975 84.936 82 Pb KM3 Kˇ1 [50]
14.6147 84.836 81 Tl KN2 Kˇ22 [50]
14.6815 84.450 82 Pb KM2 Kˇ3 [50]
14.7989 83.78 88 Ra KL3 K˛1 [50]
14.8967 83.23 87 Fr KL2 K˛2 [50]
14.9175 83.114 81 Tl KM4 Kˇ52 [50]
14.9184 83.109 80 Hg abs. edge K [51]
14.9308 83.04 80 Hg KO2,3 [50]
14.9777 82.78 80 Hg KN4,5 Kˇ4 [50]
15.0147 82.576 81 Tl KM3 Kˇ1 [50]
15.0212 82.54 80 Hg KN3 Kˇ21 [50]
15.0413 82.43 80 Hg KN2 Kˇ22 [50]
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� [pm] E [keV] Z element transition notation reference

15.0984 82.118 81 Tl KM2 Kˇ3 [50]
15.2092 81.52 85 At KL3 K˛1 [50]
15.2936 81.07 86 Rn KL2 K˛2 [50]
15.3542 80.75 80 Hg KM4,5 Kˇ5 [50]
15.3599 80.720 79 Au abs. edge K [51]
15.3700 80.667 79 Au KO2,3 [50]
15.4228 80.391 79 Au KN4,5 Kˇ4 [50]
15.4493 80.253 80 Hg KM3 Kˇ1 [50]
15.4624 80.185 79 Au KN3 Kˇ21 [50]
15.4827 80.08 79 Au KN2 Kˇ22 [50]
15.5327 79.822 80 Hg KM2 Kˇ3 [50]
15.6369 79.290 84 Po KL3 K˛1 [50]
15.7043 78.95 85 At KL2 K˛2 [50]
15.7885 78.529 79 Au KM5 Kˇ51 [50]
15.8068 78.438 79 Au KM4 Kˇ52 [50]
15.8183 78.381 78 Pt abs. edge K [51]
15.8263 78.341 78 Pt KO2,3 [50]
15.8815 78.069 78 Pt KN4,5 Kˇ4 [50]
15.8988 77.984 79 Au KM3 Kˇ1 [50]
15.9204 77.878 78 Pt KN3 Kˇ21 [50]
15.9395 77.785 78 Pt KN2 Kˇ22 [50]
15.9816 77.580 79 Au KM2 Kˇ3 [50]
16.0794 77.1079 83 Bi KL3 K˛1 [50]
16.1309 76.862 84 Po KL2 K˛2 [50]
16.2561 76.27 78 Pt KM5 Kˇ51 [50]
16.2712 76.199 78 Pt KM4 Kˇ52 [50]
16.2922 76.101 77 Ir abs. edge K [51]
16.3025 76.053 77 Ir KO2,3 [50]
16.3524 75.821 77 Ir KN4,5 Kˇ4 [50]
16.3681 75.748 78 Pt KM3 Kˇ1 [50]
16.3960 75.619 77 Ir KN3 Kˇ21 [50]
16.4156 75.529 77 Ir KN2 Kˇ22 [50]
16.4506 75.368 78 Pt KM3 K˛1 [50]
16.5723 74.8148 83 Bi KL2 K˛2 [50]
16.7378 74.075 77 Ir KM5 Kˇ51 [50]
16.7593 73.980 77 Ir KM4 Kˇ52 [50]
16.7874 73.856 76 Os abs. edge K [51]
16.7983 73.808 76 Os KO2,3 [50]
16.8424 73.615 76 Os KN4,5 Kˇ4 [50]
16.8548 73.5608 77 Ir KM3 Kˇ1 [50]
16.8913 73.402 76 Os KN3 Kˇ21 [50]
16.9106 73.318 76 Os KN2 Kˇ22 [50]
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16.9372 73.2027 77 Ir KM2 Kˇ3 [50]
17.0142 72.8715 81 Tl KL3 K˛1 [50]
17.0300 72.8042 82 Pb KL2 K˛2 [50]
17.2453 71.895 76 Os KM5 Kˇ51 [50]
17.2624 71.824 76 Os KM4 Kˇ52 [50]
17.3024 71.658 75 Re abs. edge K [51]
17.3084 71.633 75 Re KO2,3 [50]
17.3617 71.413 76 Os KM3 Kˇ1 [50]
17.3624 71.410 75 Re KN4,5 Kˇ4 [50]
17.4058 71.232 75 Re KN3 Kˇ21 [50]
17.4256 71.151 75 Re KN2 Kˇ22 [50]
17.4438 71.077 76 Os KM2 Kˇ3 [50]
17.5042 70.8319 81 Tl KL2 K˛2 [50]
17.5073 70.819 80 Hg KL3 K˛1 [50]
17.7665 69.786 75 Re KM5 Kˇ51 [50]
17.7836 69.719 75 Re KM4 Kˇ52 [50]
17.8375 69.508 74 W abs. edge K [51]
17.8450 69.479 74 W KO2,3 [50]
17.8885 69.310 75 Re KM3 Kˇ1 [50]
17.8926 69.294 74 W KN4,5 Kˇ4 [50]
17.9426 69.101 74 W KN3 Kˇ21 [50]
17.9608 69.031 74 W KN2 Kˇ22 [50]
17.9704 68.994 75 Re KM2 Kˇ3 [50]
17.9963 68.895 80 Hg KL2 K˛2 [50]
18.0201 68.8037 79 Au KL3 K˛1 [50]
18.3098 67.7153 74 W KM5 Kˇ51 [50]
18.3268 67.6523 74 W KM4 Kˇ52 [50]
18.3946 67.403 73 Ta abs. edge K [51]
18.4036 67.370 73 Ta KO2,3 [50]
18.4380 67.2443 74 W KM3 Kˇ1 [50]
18.4518 67.194 73 Ta KN4,5 Kˇ4 [50]
18.5017 67.013 73 Ta KN3 Kˇ21 [50]
18.5082 66.9895 79 Au KL2 K˛2 [50]
18.5187 66.9514 74 W KM2 Kˇ22 [50]
18.5518 66.832 78 Pt KL3 K˛1 [50]
18.6725 66.40 79 Au KL1 K˛3 [50]
18.8763 65.683 73 Ta KM5 Kˇ51 [50]
18.8927 65.626 73 Ta KM4 Kˇ52 [50]
18.9841 65.31 72 Hf abs. edge K [51]
19.0094 65.223 73 Ta KM3 Kˇ1 [50]
19.0389 65.122 78 Pt KL2 K˛2 [50]
19.0805 64.98 72 Hf KN2,3 Kˇ2 [50]
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19.0897 64.9488 73 Ta KM2 Kˇ3 [50]
19.1053 64.8956 77 Ir KL3 K˛1 [50]
19.5838 63.31 71 Lu abs. edge K [51]
19.5891 63.293 71 Lu KO2,3 [50]
19.5910 63.2867 77 Ir KL2 K˛2 [50]
19.6074 63.234 72 Hf KM3 Kˇ1 [50]
19.6800 63.0005 76 Os KL3 K˛1 [50]
19.6864 62.98 72 Hf KM2 Kˇ3 [50]
19.6896 62.97 71 Lu KN2,3 Kˇ2 [50]
20.0844 61.732 71 Lu KM4,5 Kˇ5 [50]
20.1646 61.4867 76 Os KL2 K˛2 [50]
20.2260 61.30 70 Yb abs. edge K [51]
20.2266 61.298 70 Yb KO2,3 [50]
20.2316 61.283 71 Lu KM3 Kˇ1 [50]
20.2788 61.1403 75 Re KL3 K˛1 [50]
20.3088 61.05 71 Lu KM3 Kˇ3 [50]
20.3648 60.882 70 Yb KN2,3 Kˇ2 [50]
20.7396 59.782 70 Yb KM4,5 Kˇ5 [50]
20.7618 59.7179 75 Re KL2 K˛2 [50]
20.8800 59.38 69 Tm abs. edge K [51]
20.8835 59.37 70 Yb KM3 Kˇ1 [50]
20.8919 59.346 69 Tm KO2,3 [50]
20.9017 59.31824 74 W KL3 K˛1 [50]
20.9641 59.14 70 Yb KM2 Kˇ3 [50]
20.9824 59.09 69 Tm KN2,3 Kˇ2 [50]
21.3835 57.9817 74 W KL2 K˛2 [50]
21.4052 57.923 69 Tm KM4,5 Kˇ5 [50]
21.5507 57.532 73 Ta KL3 K˛1 [50]
21.5563 57.517 69 Tm KM3 Kˇ1 [50]
21.5681 57.4855 68 Er abs. edge K [51]
21.5814 57.450 68 Er KO2,3 [50]
21.5923 57.421 74 W KL1 K˛3 [50]
21.6364 57.304 69 Tm KM2 Kˇ3 [50]
21.6719 57.21 68 Er KN2,3 Kˇ2 [50]
22.0312 56.277 73 Ta KL2 K˛2 [50]
22.1244 56.04 68 Er KM4,5 Kˇ5 [50]
22.2235 55.7902 72 Hf KL3 K˛1 [50]
22.2671 55.681 68 Er KM3 Kˇ1 [50]
22.2919 55.619 67 Ho abs. edge K [51]
22.3059 55.584 67 Ho KO2,3 [50]
22.3421 55.494 68 Er KM2 Kˇ3 [50]
22.4124 55.32 67 Ho KN2,3 Kˇ2 [50]
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22.7032 54.6114 72 Hf KL2 K˛2 [50]
22.8561 54.246 67 Ho KM4,5 Kˇ5 [50]
22.9263 54.08 72 Hf KL1 K˛3 [104]
22.9306 54.0698 71 Lu KL3 K˛1 [50]
23.0126 53.877 67 Ho KM3 Kˇ1 [50]
23.0486 53.793 66 Dy abs. edge K [51]
23.0567 53.774 66 Dy KO2,3 [50]
23.0838 53.711 67 Ho KM2 Kˇ3 [50]
23.1765 53.496 66 Dy KN2,3 Kˇ2 [50]
23.4089 52.965 71 Lu KL2 K˛2 [50]
23.6189 52.494 66 Dy KM4,5 Kˇ5 [50]
23.6663 52.3889 70 Yb KL3 K˛1 [50]
23.7889 52.119 66 Dy KM3 Kˇ1 [50]
23.8424 52.002 65 Tb abs. edge K [51]
23.8594 51.965 65 Tb KO2,3 [50]
23.8630 51.957 66 Dy KM2 Kˇ3 [50]
23.9622 51.742 65 Tb KN2,3 Kˇ2 [104]
24.1432 51.3540 70 Yb KL2 K˛2 [50]
24.4346 50.7416 69 Tm KL3 K˛1 [50]
24.6090 50.382 65 Tb KM3 Kˇ1 [50]
24.6820 50.233 64 Gd abs. edge K [51]
24.6840 50.229 65 Tb KM2 Kˇ3 [50]
24.6879 50.221 64 Gd KO2,3 [50]
24.8174 49.959 64 Gd KM2,3 Kˇ2 [50]
24.9103 49.7726 69 Tm KL2 K˛2 [50]
25.1629 49.273 69 Tm KL1 K˛3 [104]
25.2373 49.1217 68 Er KL3 K˛1 [50]
25.2763 49.052 64 Gd KM4,5 Kˇ5 [50]
25.4605 48.697 64 Gd KM3 Kˇ1 [50]
25.5350 48.555 64 Gd KM2 Kˇ3 [50]
25.5539 48.519 63 Eu abs. edge K [51]
25.5655 48.497 63 Eu KO2,3 [50]
25.6932 48.256 63 Eu KN2,3 Kˇ2 [50]
25.7118 48.2211 68 Er KL2 K˛2 [50]
26.0765 47.5467 67 Ho KL3 K˛1 [50]
26.3586 47.0379 63 Eu KM3 Kˇ1 [50]
26.4340 46.9036 63 Eu KM2 Kˇ3 [50]
26.4649 46.849 62 Sm abs. edge K [51]
26.4929 46.801 62 Sm KO2,3 [50]
26.5495 46.6997 67 Ho KL2 K˛2 [50]
26.6177 46.580 62 Sm KN2,3 Kˇ2 [50]
26.9542 45.9984 66 Dy KL3 K˛1 [50]
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27.1118 45.731 62 Sm KM4,5 Kˇ5 [50]
27.3017 45.413 62 Sm KM3 Kˇ1 [50]
27.3764 45.289 62 Sm KM2 Kˇ3 [50]
27.4256 45.2078 66 Dy KL2 K˛2 [50]
27.4316 45.198 61 Pm abs. edge K [51]
27.5891 44.940 61 Pm KN2,3 Kˇ2 [50]
27.8734 44.4816 65 Tb KL3 K˛1 [50]
28.2903 43.826 61 Pm KM3 Kˇ1 [50]
28.3433 43.7441 65 Tb KL2 K˛2 [50]
28.3641 43.713 61 Pm KM2 Kˇ3 [50]
28.4539 43.574 60 Nd abs. edge K [51]
28.6142 43.33 60 Nd KN2,3 Kˇ2 [50]
28.8363 42.9962 64 Gd KL3 K˛1 [50]
29.3048 42.3089 64 Gd KL2 K˛2 [50]
29.3308 42.2713 60 Nd KM3 Kˇ1 [50]
29.4037 42.1665 60 Nd KM2 Kˇ3 [50]
29.5189 42.002 59 Pr abs. edge K [51]
29.6807 41.773 59 Pr KN2,3 Kˇ2 [50]
29.8456 41.5422 63 Eu KL3 K˛1 [50]
30.3128 40.9019 63 Eu KL2 K˛2 [50]
30.4772 40.7482 59 Pr KM3 Kˇ1 [50]
30.4985 40.6529 59 Pr KM2 Kˇ3 [50]
30.6492 40.453 58 Ce abs. edge K [51]
30.6689 40.427 58 Ce KO2,3 [50]
30.7373 40.337 58 Ce KN4,5 Kˇ4 [50]
30.8168 40.233 58 Ce KN2,3 Kˇ2 [50]
30.9051 40.1l81 62 Sm KL3 K˛1 [50]
31.3426 39.558 58 Ce KM5 Kˇ51 [50]
31.3577 39.539 58 Ce KM4 Kˇ52 [50]
31.3709 39.5224 62 Sm KL2 K˛2 [50]
31.5827 39.2573 58 Ce KM3 Kˇ1 [50]
31.6530 39.1701 58 Ce KM2 Kˇ3 [50]
31.8450 38.934 57 La abs. edge K [51]
31.8654 38.909 57 La KO2,3 [50]
31.9319 38.828 57 La KN4,5 Kˇ4 [50]
32.0128 38.7299 57 La KN2,3 Kˇ2 [50]
32.0171 38.7247 61 Pm KL3 K˛1 [50]
32.4813 38.1712 61 Pm KL2 K˛2 [50]
32.5472 38.094 57 La KM5 Kˇ51 [50]
32.5643 38.074 57 La KM4 Kˇ52 [50]
32.7994 37.8010 57 La KM3 Kˇ1 [50]
32.8697 37.7202 57 La KM2 Kˇ3 [50]
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33.1051 37.452 56 Ba abs. edge K [51]
33.1281 37.426 56 Ba KO2,3 [50]
33.1857 37.3610 60 Nd KL3 K˛1 [50]
33.2302 37.311 56 Ba KN4,5 Kˇ4 [50]
33.2784 37.257 56 Ba KN2,3 Kˇ2 [50]
33.6483 36.8474 60 Nd KL2 K˛2 [50]
33.8148 36.666 56 Ba KM5 Kˇ51 [50]
33.8360 36.643 56 Ba KM4 Kˇ52 [50]
34.0823 36.3782 56 Ba KM3 Kˇ1 [50]
34.1519 36.3040 56 Ba KM2 Kˇ3 [50]
34.4152 36.0263 59 Pr KL3 K˛1 [50]
34.4528 35.987 55 Cs abs. edge K [51]
34.6115 35.822 55 Cs KN2,3 Kˇ2 [50]
34.8761 35.5502 59 Pr KL3 K˛2 [50]
35.4376 34.9869 55 Cs KM3 Kˇ1 [50]
35.5061 34.9194 55 Cs KM2 Kˇ3 [50]
35.7103 34.7197 55 Ce KL3 K˛1 [50]
35.844 34.59 54 Xe abs. edge K [51]
36.0265 34.415 54 Xe KN2,3 Kˇ2 [50]
36.1695 34.2789 55 Ce KL2 K˛2 [50]
36.8740 33.624 54 Xe KM3 Kˇ1 [50]
36.9421 33.562 54 Xe KM2 Kˇ3 [50]
37.0749 33.4418 57 La KL3 K˛1 [50]
37.3827 33.1665 53 I abs. edge K [51]
37.5235 33.042 53 I KN2,3 Kˇ2 [50]
37.5325 33.0341 57 La KL2 K˛2 [50]
38.3918 32.2947 53 I KM3 Kˇ1 [50]
38.4577 32.2394 53 I KM2 Kˇ3 [50]
38.5124 32.1936 56 Ba KL3 K˛1 [50]
38.9681 31.8171 56 Ba KL2 K˛2 [50]
38.9754 31.8114 52 Te abs. edge K [51]
38.9751 31.8l14 52 Te KO2,3 [50]
39.l116 31.7004 52 Te KN2,3 Kˇ2 [50]
40.0008 30.9957 52 Te KM3 Kˇ1 [50]
40.0303 30.9728 55 Cs KL3 K˛1 [50]
40.0672 30.9443 52 Te KM2 Kˇ3 [50]
40.4848 30.6251 55 Cs KL2 K˛2 [50]
40.6696 30.4860 51 Sb abs. edge K [51]
40.6676 30.4875 51 Sb KO2,3 [50]
40.7029 30.461 51 Sb KN5 Kˇ4 [50]
40.7471 30.428 51 Sb KN4 Kˇ4′ [50]
40.7987 30.3895 51 Sb KN2,3 Kˇ2 [50]
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41.3793 29.9632 51 Sb KM5 Kˇ51 [50]
41.3891 29.956 51 Sb KM4 Kˇ52 [50]
41.6351 29.779 54 Xe KL3 K˛1 [50]
41.7099 29.7256 51 Sb KM3 Kˇ1 [50]
41.7751 29.6792 51 Sb KM2 Kˇ3 [50]
42.0888 29.458 54 Xe KL2 K˛1 [50]
42.4684 29.1947 50 Sn abs. edge K [51]
42.4680 29.195 50 Sn KO2,3 [50]
42.4971 29.175 50 Sn KN4,5 Kˇ4 [50]
42.5930 29.1093 50 Sn KN2,3 Kˇ2 [50]
43.1763 28.716 50 Sn KM5 Kˇ51 [50]
43.1854 28.710 50 Sn KM4 Kˇ52 [50]
43.3333 28.6120 53 I KL3 K˛1 [50]
43.5240 28.4860 50 Sn KM3 Kˇ1 [50]
43.5892 28.4440 50 Sn KM2 Kˇ3 [50]
43.7844 28.3172 53 I KL2 K˛2 [50]
44.3723 27.9420 49 In abs. edge K [51]
44.3755 27.940 49 In KO2,3 [50]
44.3946 27.928 49 In KN4,5 Kˇ4 [50]
44.5017 27.8608 49 In KN2,3 Kˇ2 [50]
45.0872 27.499 49 In KM5 Kˇ51 [50]
45.1003 27.491 49 In KM4 Kˇ52 [50]
45.1310 27.4723 52 Te KL3 K˛1 [50]
45.4560 27.2759 49 In KM3 Kˇ1 [50]
45.5264 27.2337 49 In KM2 Kˇ3 [50]
45.5799 27.2017 52 Te KL2 K˛2 [50]
46.4088 26.7159 48 Cd abs. edge K [51]
46.5344 26.6438 48 Cd KN2,3 Kˇ2 [50]
47.0370 26.3591 51 Sb KL3 K˛1 [50]
47.4843 26.1108 51 Sb KL2 K˛2 [50]
47.5121 26.0955 48 Cd KM3 Kˇ1 [50]
47.5746 26.0612 48 Cd KM2 Kˇ3 [50]
48.5902 25.5165 47 Ag abs. edge K [51]
48.5988 25.5l2 47 Ag KN4,5 Kˇ4 [50]
48.7049 25.4564 47 Ag KN2,3 Kˇ2 [50]
49.0617 25.2713 50 Sn KL3 K˛1 [50]
49.3081 25.145 47 Ag KM4,5 Kˇ5 [50]
49.5069 25.0440 50 Sn KL2 K˛2 [50]
49.7086 24.9424 47 Ag KM3 Kˇ1 [50]
49.7703 24.9115 47 Ag KM2 Kˇ3 [50]
50.9221 24.348 46 Pd abs. edge K [51]
50.9263 24.346 46 Pd KN4,5 Kˇ4 [50]
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51.0246 24.2991 46 Pd KN2,3 Kˇ2 [50]
51.2130 24.2097 49 In KL3 K˛1 [50]
51.6562 24.0020 49 In KL2 K˛2 [50]
51.6713 23.995 46 Pd KM4,5 Kˇ5 [50]
52.0537 23.8187 46 Pd KM3 Kˇ1 [50]
52.1141 23.7911 46 Pd KM2 Kˇ3 [50]
53.3963 23.2198 45 Rh abs. edge K [51]
53.3961 23.217 45 Rh KN4,5 Kˇ4 [50]
53.5028 23.1736 48 Cd KL3 K˛1 [50]
53.5046 23.1728 45 Rh KN3 Kˇ21 [50]
53.5157 23.168 45 Rh KN2 Kˇ21 [50]
53.6523 23.109 94 Pu abs. edge L1 [51]
53.9439 22.9841 48 Cd KL2 K˛2 [50]
54.0351 22.9453 95 Am L1N5 L�11 [51]
54.1018 22.917 45 Rh KM5 Kˇ51 [50]
54.1207 22.909 45 Rh KM4 Kˇ52 [50]
54.1633 22.891 94 Pu L1O3 L�4 [50]
54.3123 22.8282 95 Am L2O4 L�6 [50]
54.3247 22.823 94 Pu L1O2 L�4′ [50]
54.5623 22.7236 45 Rh KM3 Kˇ1 [50]
54.6217 22.6989 45 Rh KM2 Kˇ3 [50]
54.7706 22.6372 95 Am L1N3 L�3 [51]
55.4468 22.3611 95 Am L1N2 L�2 [51]
55.6092 22.2958 94 Pu L1N5 L�11 [51]
55.7162 22.253 94 Pu abs. edge L2 [51]
55.8492 22.20 93 Np L1O2,3 L�4 [50]
55.9426 22.16292 47 Ag KL3 K˛1 [50]
55.9748 22.1502 94 Pu L2O4 L�6 [50]
56.0529 22.1193 44 Ru abs. edge K [51]
56.0603 22.1164 95 Am L2N5 [51]
56.0917 22.104 44 Ru KN4,5 Kˇ4 [50]
56.1680 22.074 44 Ru KN2,3 Kˇ2 [50]
56.1904 22.0652 95 Am L2N4 L�1 [50]
56.3818 21.9903 47 Ag KL2 K˛2 [50]
56.4020 21.9824 94 Pu L1N3 L�3 [50]
56.5781 21.914 94 Pu L2O1 L�8 [50]
56.7854 21.834 44 Ru KM5 Kˇ51 [50]
56.7984 21.829 44 Ru KM4 Kˇ52 [50]
56.8208 21.8204 94 Pu L2N4 Lv [51]
56.8523 21.8033 95 Am L2N3 [51]
56.9497 21.771 92 U abs. edge L1 [51]
57.0598 21.729 92 U L1P2,3 L�13 [50]
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57.0700 21.7231 94 Pu L1N2 L�2 [50]
57.2495 21.657 92 U L1O4,5 [50]
57.2500 21.6568 44 Ru KM3 Kˇ1 [50]
57.2508 21.6565 93 Np L1N5 L�11 [51]
57.3088 21.6346 44 Ru KM2 Kˇ3 [50]
57.5017 21.562 92 U L1O3 L�4 [50]
57.5813 21.5322 95 Am L2N2 [51]
57.6718 21.4984 92 U L1O2 L�4′ [50]
57.6997 21.488 93 Np L2O4 L�6 [50]
57.7621 21.4648 94 Pu L2N5 [51]
57.8902 21.4173 94 Pu L2N4 L�1 [50]
58.0999 21.34 93 Np L1N3 L�3 [50]
58.5468 21.1771 46 Pd KL3 K˛1 [50]
58.6088 21.1547 93 Np L2N6 Lv [51]
58.7329 21.11 93 Np L1N2 L�2 [50]
58.7480 21.1046 91 Pa abs. edge L1 [51]
58.9079 21.0473 43 Tc abs. edge K [51]
58.9841 21.0201 46 Pd KL2 K˛2 [50]
58.9872 21.019 92 U L1N5 L�11 [50]
59.0265 21.005 43 Tc KN2 Kˇ22 [50]
59.0996 20.979 92 U L1N4 [50]
59.1956 20.945 92 U abs. edge L2 [51]
59.2040 20.942 92 U L2P4,5 [50]
59.3060 20.906 92 U L2P2,3 [50]
59.3741 20.882 91 Pa L1O2,3 L�4 [50]
59.4864 20.8426 92 U L2O4 L�6 [50]
59.6519 20.7848 93 Np L2N4 L�1 [50]
59.7288 20.758 92 U L2O3 [50]
59.8595 20.7l27 92 U L1N3 L�3 [50]
59.8847 20.704 94 Pu L2N1 L�5 [50]
60.1256 20.621 92 U L2O1 L�8 [50]
60.1315 20.619 43 Tc KM2,3 Kˇ1,3 [50]
60.0190 20.599 43 Tc KM2 Kˇ3 [50]
60.3158 20.556 92 U L2N6 Lv [50]
60.5257 20.4847 92 U L1N2 L�2 [50]
60.5870 20.464 90 Th abs. edge L1 [51]
60.7056 20.424 90 Th L1P2,3 L�13 [50]
60.8277 20.383 90 Th L1O4,5 [50]
61.0352 20.3137 91 Pa abs. edge L2 [51]
61.1005 20.292 90 Th L1O3 L�4 [50]
61.2514 20.242 90 Th L1O2 L�4′ [50]
61.3299 20.2161 45 Rh KL3 K˛1 [50]
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61.3302 20.216 91 Pa L2O4 L�6 [50]
61.4579 20.174 90 Th L1O1 [50]
61.4789 20.1671 92 U L2N4 L�1 [50]
61.5983 20.128 90 Th L1N6,7 [50]
61.6229 20.12 93 Np L2N1 L�5 [50]
61.6903 20.098 91 Pa L1N3 L�3 [50]
61.7650 20.0737 45 Rh KL2 K˛2 [50]
61.9941 19.9995 42 Mo abs. edge K [51]
62.0050 19.996 42 Mo KN4,5 Kˇ4 [50]
62.1006 19.9652 42 Mo KN3 Kˇ21 [50]
62.1074 19.963 42 Mo KN2 Kˇ22 [50]
62.2822 19.907 92 U L2N3 [50]
62.3480 19.886 95 Am L1M5 Lˇ9 [51]
62.3919 19.872 91 Pa L1N2 L�2 [50]
62.4925 19.84 89 Ac abs. edge L1 [51]
62.6377 19.794 90 Th L1N5 [50]
62.6947 19.776 42 Mo KM5 Kˇ51 [50]
62.7106 19.771 42 Mo KM4 Kˇ52 [50]
62.7614 19.755 90 Th L1N4 [50]
62.9910 19.683 90 Th abs. edge L2 [51]
62.9942 19.682 90 Th L2P4 [50]
62.9981 19.6808 95 Am L1M4 Lˇ10 [51]
63.1224 19.642 90 Th L2P2,3 [50]
63.1642 19.629 90 Th L2P1 [50]
63.2309 19.6083 42 Mo KM3 Kˇ1 [50]
63.2609 19.599 90 Th L2O4 L�6 [50]
63.2890 19.5903 42 Mo KM2 Kˇ3 [50]
63.3612 19.568 91 Pa L2N4 L�1 [50]
63.5586 19.5072 92 U L2N1 L�5 [50]
63.5593 19.507 90 Th L1N3 L�3 [50]
63.5626 19.506 90 Th L2O3 [50]
63.6932 19.466 90 Th L2O2 [50]
63.9000 19.403 90 Th L2O1 L�8 [50]
64.0651 19.353 90 Th L2N6 Lv [50]
64.1646 19.323 94 Pu L1M5 Lˇ9 [50]
64.2243 19.305 90 Th L1N2 L�2 [50]
64.3103 19.2792 44 Ru KL3 K˛1 [50]
64.4548 19.236 88 Ra abs. edge L1 [51]
64.5151 19.218 88 Ra L1P2,3 L�13 [50]
64.6868 19.167 88 Ra L1O4,5 [50]
64.7428 19.1504 44 Ru KL2 K˛2 [50]
64.7577 19.146 90 Th L1N1 [50]
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64.8255 19.126 94 Pu L1M4 Lˇ10 [50]
64.8937 19.1059 95 Am L1M3 Lˇ3 [50]
64.9681 19.084 88 Ra L1O3 L�4 [50]
64.9708 19.0832 89 Ac abs. edge L2 [51]
65.1319 19.036 88 Ra L1O2 L�4′ [50]
65.2073 19.014 90 Th L2N6,7 Lv [50]
65.3004 18.9869 41 Nb abs. edge K [51]
65.3155 18.9825 90 Th L2N4 L�1 [50]
65.3172 18.981 41 Nb KN4,5 Kˇ4 [50]
65.4171 18.953 41 Nb KN2,3 Kˇ2 [50]
65.4966 18.930 91 Pa L2N1 L�5 [50]
65.7677 18.8520 95 Am L2M4 Lˇ1 [50]
66.0057 18.784 41 Nb KM4,5 Kˇ5 [50]
66.0761 18.764 93 Np L1M5 Lˇ9 [51]
66.1995 18.729 90 Th L2,3 [50]
66.5192 18.639 87 Fr abs. edge L1 [51]
66.5406 18.633 88 Ra L1N5 [50]
66.5781 18.6225 41 Nb KM3 Kˇ1 [50]
66.6361 18.6063 41 Nb KM2 Kˇ3 [50]
66.6587 18.600 88 Ra L1N4 [50]
66.7430 18.5765 93 Np L1M4 Lˇ10 [51]
66.8726 18.5405 94 Pu L1M3 Lˇ3 [50]
67.0698 18.486 88 Ra abs. edge L2 [51]
67.0886 18.4808 89 Ac L2N4 L�1 [50]
67.1424 18.466 88 Ra L2P2,3 [50]
67.2407 18.439 88 Ra L2P1 [50]
67.3320 18.414 88 Ra L2O4 L�6 [50]
67.3540 18.408 89 Ac L2N4 L�1 [50]
67.3847 18.3996 95 Am L3O4,5 Lˇ3 [50]
67.4933 18.370 90 Th L2N1 L�5 [50]
67.5039 18.3671 43 Tc KL3 K˛1 [50]
67.5411 18.357 88 Ra L1N3 L�3 [50]
67.6405 18.330 88 Ra L2O3 [50]
67.7748 18.2937 94 Pu L2M4 Lˇ1 [50]
67.8033 18.286 88 Ra L2O2 [50]
67.8367 18.277 95 Am L2M3 Lˇ17 [51]
67.9341 18.2508 43 Tc KL2 K˛2 [50]
68.0116 18.230 88 Ra L2N6 Lv [50]
68.1035 18.2054 92 U L1M5 Lˇ9 [50]
68.2025 18.179 88 Ra L1N2 L�2 [50]
68.6416 18.0627 95 Am L1M2 Lˇ4 [50]
68.6936 18.049 86 Rn abs. edge L1 [51]
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68.7431 18.036 88 Ra L1N1 [50]
68.7622 18.031 92 U L1M4 Lˇ10 [50]
68.8849 17.9989 40 Zr abs. edge K [51]
68.9036 17.994 40 Zr KN4,5 Kˇ4 [50]
68.9109 17.9921 93 Np L1M3 Lˇ3 [51]
68.9956 17.970 40 Zr KN2,3 Kˇ2 [50]
69.2403 17.9065 87 Fr abs. edge L2 [51]
69.3274 17.884 88 Ra L2N5 [50]
69.4633 17.849 88 Ra L2N4 L�1 [50]
69.5959 17.815 40 Zr KM4,5 Kˇ5 [50]
69.8500 17.7502 93 Np L2M4 Lˇ1 [50]
70.0102 17.7096 94 Pu L2M3 Lˇ17 [51]
70.0284 17.705 94 Pu L3O1 Lˇ7 [50]
70.1413 17.6765 95 Am L3N5 Lˇ2 [50]
70.1758 17.6678 40 Zr KM3 Kˇ1 [50]
70.1789 17.667 91 Pa L1M5 Lˇ9 [50]
70.2306 17.654 40 Zr KM2 Kˇ3 [50]
70.3063 17.635 94 Pu L3N4,5 Lu [50]
70.3430 17.6258 95 Am L3N4 Lˇ15 [50]
70.4301 17.604 88 Ra L2N3 [50]
70.6227 17.5560 94 Pu L1M2 Lˇ4 [50]
70.8159 17.5081 93 Np L3O4,5 Lˇ5 [50]
70.8770 17.493 85 At abs. edge L1 [51]
70.8810 17.492 91 Pa L1M4 Lˇ10 [50]
70.9324 17.47934 42 Mo KL3 K˛1 [50]
71.0313 17.4550 92 U L1M3 Lˇ3 [50]
71.3612 17.3743 42 Mo KL2 K˛2 [50]
71.5143 17.3371 86 Rn abs. edge L2 [51]
71.6553 17.303 87 Fr L2N4 L�1 [50]
71.7756 17.274 88 Ra L2N1 L�5 [50]
71.8534 17.2553 94 Pu L3N5 Lˇ2 [50]
72.0006 17.2200 92 U L2M4 Lˇ1 [50]
72.0509 17.208 94 Pu L3N4 Lˇ15 [50]
72.0610 17.2056 93 Np L3N7 Lu [51]
72.2314 17.165 92 U abs. edge L3 [51]
72.2280 17.1658 93 Np L2M3 Lˇ17 [51]
72.2440 17.162 92 U L3P4,5 [50]
72.3409 17.139 90 Th L1M5 Lˇ9 [50]
72.4297 17.118 92 U L3P2,3 [50]
72.5229 17.096 92 U L3P1 [50]
72.6329 17.0701 92 U L3O4,5 Lˇ5 [50]
72.6734 17.0606 93 Np L1M2 Lˇ4 [51]
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72.7698 17.038 39 Y abs. edge K [51]
72.7783 17.036 39 Y KN4,5 Kˇ4 [50]
72.8664 17.0154 39 Y KN2,3 Kˇ2 [50]
73.0140 16.981 90 Th L1M4 Lˇ10 [50]
73.0958 16.962 92 U L3O3 [50]
73.1938 16.9393 84 Po abs. edge L1 [51]
73.2340 16.930 91 Pa L1M3 Lˇ3 [50]
73.3336 16.907 92 U L3O2 [50]
73.4205 16.8870 95 Am L3N1 Lˇ6 [50]
73.4552 16.879 39 Y KM4,5 Kˇ5 [50]
73.6035 16.845 92 U L3O1 Lˇ7 [50]
73.6259 16.8400 93 Np L3N5 Lˇ2 [50]
73.8266 16.7941 93 Np L3N4 Lˇ15 [51]
73.8627 16.7859 92 U L3O6,7 Lu [50]
73.8710 16.784 85 At abs. edge L2 [51]
73.9327 16.770 86 Rn L2N4 L�1 [50]
74.0749 16.7378 39 Y KM3 Kˇ1 [50]
74.0957 16.7331 91 Pa abs. edge L3 [51]
74.1281 16.7258 39 Y KM2 Kˇ3 [50]
74.2337 16.702 91 Pa L2M4 Lˇ1 [50]
74.5058 16.641 92 U L2M3 Lˇ17 [50]
74.5282 16.636 91 Pa L3O4,5 Lˇ5 [50]
74.6220 16.6151 41 Nb KL3 K˛1 [50]
74.8012 16.5753 92 U L1M2 Lˇ4 [50]
75.0470 16.5210 41 Nb KL2 K˛2 [50]
75.1503 16.4983 94 Pu L3N1 Lˇ6 [50]
75.4580 16.431 91 Pa L3O1 Lˇ7 [50]
75.4704 16.4283 92 U L3N5 Lˇ2 [50]
75.4819 16.4258 90 Th L1M3 Lˇ3 [50]
75.7115 16.376 83 Bi abs. edge L1 [51]
75.6667 16.3857 92 U L3N4 Lˇ15 [50]
75.6921 16.3802 83 Bi L1P2,3 L�13 [50]
75.7902 16.359 90 Th L2M5 [50]
75.7948 16.358 83 Bi L1O4,5 [50]
75.9109 16.333 94 Pu L2M1 L� [50]
76.0692 16.299 90 Th abs. edge L3 [51]
76.0878 16.295 90 Th L3P4 [50]
76.0893 16.2947 83 Bi L1O3 L�4 [50]
76.2005 16.2709 83 Bi L1O2 L�4′ [50]
76.2516 16.260 90 Th L3P2,3 [50]
76.2938 16.251 85 At L2N4 L�1 [50]
76.3267 16.244 84 Po abs. edge L2 [51]
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76.3408 16.241 90 Th L2P1 [50]
76.3926 16.23 83 Bi L1N6,7 [50]
76.4491 16.218 84 Po L1N3 L�3 [50]
76.4727 16.213 90 Th L3O4,5 Lˇ5 [50]
76.5237 16.2022 90 Th L2M4 Lˇ1 [50]
76.6286 16.18 83 Bi L1O1 [104]
76.8614 16.131 88 Ra L1M5 Lˇ9 [50]
76.8662 16.13 93 Np L3N1 Lˇ6 [50]
76.9138 16.123 90 Th L3O3 [50]
76.9139 16.120 92 U L3N3 [50]
76.9760 16.107 38 Sr abs. edge K [51]
76.9903 16.104 91 Pa L1M2 Lˇ4 [50]
76.9903 16.104 38 Sr KN4,5 Kˇ4 [50]
77.0831 16.0846 38 Sr KN2,3 Kˇ2 [50]
77.1340 16.074 90 Th L3O2 [50]
77.1532 16.07 84 Po L1N2 L�2 [50]
77.3746 16.024 91 Pa L3N5 Lˇ2 [50]
77.4399 16.0105 90 Th L3O1 Lˇ7 [50]
77.5489 15.988 88 Ra L1M4 Lˇ10 [50]
77.6411 15.969 38 Sr KM4,5 Kˇ5 [50]
77.6654 15.964 90 Th L3N6,7 Lu [50]
77.6800 15.961 83 Bi L1N5 [50]
77.8263 15.931 89 Ac L1M3 Lˇ3 [50]
77.9585 15.904 83 Bi L1N4 [50]
78.0173 15.892 92 U L3N2 [50]
78.0960 15.876 93 Np L2M1 L� [50]
78.1205 15.871 89 Ac abs. edge L3 [51]
78.1353 15.855 82 Pb abs. edge L1 [51]
78.3586 15.843 82 Pb L1O4,5 [50]
78.2947 15.8357 38 Sr KM3 Kˇ1 [50]
78.3481 15.8249 38 Sr KM2 Kˇ3 [50]
78.5860 15.777 82 Pb L1O3 L�4 [50]
78.5955 15.7751 40 Zr KL3 K˛1 [50]
78.7107 15.752 82 Pb L1O2 L�4′ [50]
78.7507 15.744 84 Po L2N4 L�1 [50]
78.8409 15.7260 92 U L3N1 Lˇ6 [50]
78.8459 15.725 82 Pb L1N6,7 [50]
78.9061 15.713 89 Ac L2M4 Lˇ1 [50]
78.8760 15.719 83 Bi abs. edge L2 [51]
78.9201 15.7102 83 Bi L1N3 L�3 [50]
78.9764 15.699 82 Pb L1O1 [50]
79.0172 15.6909 40 Zr KL2 K˛2 [50]
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79.0454 15.6853 83 Bi L2O4 L�6 [50]
79.2597 15.6429 90 Th L1M2 Lˇ4 [50]
79.2597 15.6429 90 Th L2M3 Lˇ17 [50]
79.3571 15.6237 90 Th L3N5 Lˇ2 [50]
79.3871 15.6178 83 Bi L2O3 [50]
79.5414 15.5875 90 Th L3N4 Lˇ15 [50]
79.5674 15.5824 83 Bi L1N2 L�2 [50]
79.7229 15.552 83 Bi L2N6 Lv [50]
79.7281 15.551 83 Bi L2O1 L�8 [50]
80.2026 15.456 83 Bi L1N1 [50]
80.2357 15.453 82 Pb L1N5 [50]
80.2758 15.4449 88 Ra L1M3 Lˇ3 [50]
80.2805 15.444 88 Ra abs. edge L3 [51]
80.3689 15.427 82 Pb L1N4 [50]
80.3793 15.425 88 Ra L3P2,3 [50]
80.4994 15.402 88 Ra L3P1 [50]
80.5144 15.3997 92 U L3M1 L� [50]
80.6297 15.3771 88 Ra L3O4,5 Lˇ5 [50]
80.7879 15.347 91 Pa L3N1 Lˇ6 [50]
80.8195 15.341 90 Th L3N3 [50]
80.8632 15.3327 81 Tl L1O4,5 [50]
81.1649 15.2757 90 Th L1M1 [50]
81.1867 15.27l6 81 Tl L1O3 L�4 [50]
81.3113 15.2482 81 Tl L1O2 L�4′ [50]
81.3140 15.2477 83 Bi L2N4 L�1 [50]
81.3775 15.2358 88 Ra L2M4 Lˇ1 [50]
81.4727 15.218 82 Pb L1N3 L�3 [50]
81.5423 15.205 37 Rb KN4,5 Lˇ4 [50]
81.5408 15.2053 82 Pb abs. edge L2

81.5569 15.2023 37 Rb abs. edge K
81.5799 15.198 81 Tl L1O1 [50]
81.5858 15.1969 82 Pb L2P1 [50]
81.6229 15.190 88 Ra L3O1 Lˇ7 [50]
81.6476 15.1854 37 Rb KN2,3 Lˇ2 [50]
81.6858 15.1783 82 Rb L2O4 L�6 [50]
81.8600 15.146 88 Ra L3N6,7 Lu [50]
81.9032 15.138 90 Th L3N2 [50]
82.0007 15.120 82 Pb L2O3 [50]
82.1039 15.101 82 Pb L1N2 L�2 [50]
82.2191 15.085 37 Rb KM4,5 Lˇ5 [50]
82.3274 15.060 82 Pb L2N6 Lv [50]
82.3674 15.0527 82 Pb L2O1 L�8 [50]
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82.4852 15.0312 87 Fr abs. edge L3 [51]
82.4863 15.031 83 Bi L2N3 [50]
82.7892 14.976 87 Fr L1M3 Lˇ3 [50]
82.7947 14.975 90 Th L3N1 Lˇ6 [50]
82.8611 14.963 82 Pb L1N1 [50]
82.8706 14.9613 37 Rb KM3 Lˇ1 [50]
82.8816 14.9593 81 Th L1N5 [50]
82.8866 14.9584 39 Y KL3 L˛1 [50]
82.9238 14.9517 37 Rb KM2 Lˇ3 [50]
82.9554 14.946 91 Pa L2M1 L� [50]
83.0054 14.937 81 Tl L1N4 [50]
83.3071 14.8829 39 Y KL2 L˛2 [50]
83.3800 14.8699 90 Th L2M2 [50]
83.4355 14.86 83 Bi L2N2 [50]
83.5367 14.842 80 Hg abs. edge L1 [51]
83.5085 14.847 80 Hg L1O4,5 [50]
83.5400 14.8414 88 Ra L3N5 Lˇ3 [50]
83.7251 14.8086 88 Ra L3N4 Lˇ15 [50]
83.8247 14.791 82 Pb L2N5 [50]
83.8984 14.778 80 Hg L1O3 L�4 [50]
83.9257 14.7732 83 Bi L2N1 L�5 [50]
83.9439 14.7704 87 Fr L2M4 Lˇ1 [50]
83.9757 14.7644 82 Pb L2N4 L�1 [50]
84.0178 14.757 80 Hg L1O2 L�4′ [50]
84.0737 14.7472 88 Ra L1M2 Lˇ4 [50]
84.1130 14.7368 81 Tl L1N3 L�3 [50]
84.3494 14.699 81 Tl abs. edge L2 [50]
84.3896 14.692 88 Ra L2M3 Lˇ17 [50]
84.4298 14.685 81 Tl L2O4 L�6 [50]
84.5161 14.670 80 Hg L1O1 [50]
84.7756 14.6251 81 Tl L1N2 L�2 [50]
84.8086 14.6194 86 Rn abs. edge L3 [51]
84.8614 14.6172 95 Am L3M5 L˛1 [50]
84.8981 14.604 81 Tl L2O2 [50]
85.0512 14.5777 81 Tl L2N6,7 Lv [50]
85.1195 14.566 88 Ra L3N3 [50]
85.1312 14.564 81 Tl L2O1 L�8 [50]
85.1956 14.553 82 Po L2N3 [50]
85.4363 14.5l2 86 Rn L1M3 Lˇ3 [50]
85.4486 14.5099 90 Th L2M1 L� [50]
85.4893 14.503 81 Tl L1N1 [50]
85.6606 14.474 80 Hg L1N1 [50]
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85.8029 14.450 87 Fr L3N5 Lˇ2 [50]
85.8504 14.442 82 Pb L2N2 [50]
86.0297 14.4119 95 Am L3M4 L˛2 [50]
86.1786 14.387 88 Ra L3N2 [50]
86.3526 14.358 79 Au L1O5 [50]
86.3786 14.3537 79 Au abs. edge L1 [51]
86.4026 14.3497 79 Au L1O4 [50]
86.5335 14.328 36 Kr KN4,5 Kˇ4 [50]
86.5552 14.3244 36 Kr abs. edge K [51]
86.6060 14.316 86 Rn L2M4 Lˇ1 [50]
86.6120 14.315 36 Kr KN2,3 Kˇ2 [50]
86.6574 14.3075 82 Pb L2N1 L�5 [50]
86.7054 14.2956 79 Au L1O3 L�4 [50]
86.7545 14.2915 81 Tl L2N4 L�1 [50]
86.8188 14.2809 79 Au L1O2 L�4′ [50]
86.8329 14.2786 94 Pu L3M5 L˛1 [50]
86.9156 14.265 80 Hg L1N3 L�3 [50]
87.0774 14.2385 79 Au L1O1 [50]
87.0804 14.238 36 Kr KM4,5 Kˇ5 [50]
87.0914 14.2362 88 Ra L3N1 Lˇ6 [50]
87.2306 14.2135 85 At abs. edge L3 [51]
87.2214 14.215 80 Hg abs. edge L2 [51]
87.3196 14.199 80 Hg L2O4 L�6 [50]
87.5292 14.1650 38 Sr KL3 K˛1 [50]
87.5478 14.162 80 Hg L1N2 L�2 [50]
87.5849 14.156 80 Hg L2O3 [50]
87.8455 14.114 80 Hg L2O2 [50]
87.8579 14.1123 36 Kr KM3 Kˇ1 [50]
87.8891 14.107 80 Hg L2N6 Lv [50]
87.9078 14.104 36 Kr KM2 Kˇ3 [50]
87.9458 14.0979 38 Sr KL2 K˛2 [50]
87.9951 14.090 80 Hg L2O1 L�8 [50]
87.9995 14.0893 81 Tl L2N3 [50]
88.0314 14.0842 94 Pu L3M4 L˛2 [50]
88.0314 14.0842 94 Pu L2N3 [50]
88.1390 14.067 85 At L1M3 Lˇ3 [50]
88.2771 14.045 80 Hg L1N1 [50]
88.4345 14.020 79 Au L1N5 L�11 [50]
88.5672 13.999 79 Au L1N4 [50]
88.8110 13.959 81 Tl L2N2 [50]
88.9159 13.9441 93 Np L3M5 L˛1 [50]
89.3072 13.883 78 Pt abs. edge L1 [51]
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89.3393 13.878 78 Pt L1O5 [50]
89.3522 13.876 85 At L2M4 Lˇ1 [50]
89.4296 13.864 78 Pt L1O4 [50]
89.5032 13.8526 81 Tl L2N1 L�5 [50]
89.6035 13.8371 95 Am L3M3 Ls [51]
89.6488 13.8301 80 Hg L2N4 L�1 [50]
89.6617 13.8281 78 Pt L1O3 L�4 [50]
89.7500 13.8145 78 Pt L1O2 L�4′ [50]
89.7597 13.813 84 Po abs. edge L3 [51]
89.7857 13.8090 79 Au L1N3 L�3 [50]
89.7942 13.8077 83 Bi L1M2 Lˇ9 [50]
89.9486 13.784 78 Pt L1O1 [50]
89.9617 13.782 84 Po L3O4,5 Lˇ5 [50]
90.1075 13.7597 92 Np L3M4 L˛2 [51]
90.2623 13.7361 79 Au abs. edge L2 [51]
90.2997 13.7304 79 Au L2O4 L�6 [50]
90.4374 13.7095 79 Au L1O2 L�2 [50]
90.4988 13.7002 83 Bi L1M4 Lˇ10 [50]
90.6384 13.6791 79 Au L2O3 [50]
90.7452 13.6630 88 Ra L2M1 L� [50]
90.7518 13.662 79 Au L2O2 [50]
90.8403 13.6487 79 Au L2O6 Lv [50]
90.8982 13.640 80 Hg L2N3 [50]
90.9115 13.638 84 Po L1M3 Lˇ3 [50]
90.9916 13.6260 79 Au L2O1 L�8 [50]
91.0671 13.6147 92 U L3M5 L˛1 [50]
91.3133 13.578 79 Au L1N1 [50]
91.4345 13.560 78 Pt L1N1 L�11 [50]
91.8395 13.5002 94 Pu L3M3 LS [51]
92.0454 13.470 35 Br abs. edge K [51]
92.0488 13.4695 35 Br KN2,3 Kˇ2 [50]
92.2028 13.447 84 Po L2M4 Lˇ1 [50]
92.2591 13.4388 92 U L3M4 L˛2 [50]
92.3471 13.426 83 Bi abs. edge L3 [51]
92.3677 13.423 77 Ir abs. edge L1 [51]
92.4166 13.4159 83 Bi L3P2,3 [50]
92.4365 13.413 77 Ir L1O4,5 [50]
92.4572 13.410 80 Hg L2N1 L�5 [50]
92.5538 13.396 35 Br KM4,5 Kˇ5 [50]
92.5587 13.3953 37 Rb KL3 K˛1 [50]
92.5587 13.3953 83 Bi L3O4,5 Lˇ5 [50]
92.6528 13.3817 79 Au L2N4 L�1 [50]
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92.6853 13.377 82 Pb L1M5 Lˇ3 [50]
92.7470 13.3681 77 Ir L1O3 L�4 [50]
92.7942 13.3613 78 Pt L1N3 L�3 [50]
92.8345 13.3555 77 Ir L1O2 L�4′ [50]
92.9396 13.3404 84 Po L3N5 Lˇ2 [50]
92.9717 13.3358 37 Rb KL2 K˛2 [50]
93.0261 13.328 83 Bi L3O3 [50]
93.1239 13.314 84 Po L3N4 Lˇ15 [50]
93.2359 13.298 83 Bi L3O2 [50]
93.2822 13.2914 35 Br KM3 Kˇ1 [50]
93.2871 13.2907 91 Pa L3M5 L˛1 [50]
93.3307 13.2845 35 Br KM2 Kˇ3 [50]
93.3975 13.275 82 Pb L1M4 Lˇ10 [50]
93.4165 13.2723 78 Pt abs. edge L2 [51]
93.4257 13.271 77 Ir L1O1 [104]
93.4257 13.271 78 Pt L2O4 L�6 [50]
93.4299 13.2704 78 Pt L1N2 L�2 [50]
93.5081 13.2593 83 Bi L3O1 Lˇ7 [50]
93.8584 13.2098 83 Bi L1M3 Lˇ3 [50]
93.9338 13.1992 78 Pt L2N6 Lv [50]
94.0279 13.186 79 Au L2N3 [50]
94.1043 13.1753 93 Np L3M3 Ls [50]
94.1207 13.173 78 Pt L2O1 L�8 [50]
94.4217 13.1310 83 Bi L2M5 [50]
94.4577 13.126 77 Ir L1N5 L�11 [50]
94.4850 13.1222 91 Pa L3M4 L˛2 [50]
94.5531 13.113 78 Pt L1N1 [50]
94.5874 13.108 77 Ir L1N4 [50]
94.7964 13.086 84 Po L1M2 Lˇ4 [50]
94.7899 13.08 79 Au L2N2 [50]
95.0763 13.0406 82 Pb abs. edge L3 [51]
95.1215 13.0344 82 Pb L3P2,3 [50]
95.1266 13.0337 82 Pb L3P1 [50]
95.2011 13.0235 83 Bi L2M4 Lˇ1 [50]
95.2633 13.015 82 Pb L3O4,5 Lˇ5 [50]
95.5209 12.9799 83 Bi L3N5 Lˇ2 [50]
95.5621 12.9743 79 Au L2N1 L�5 [50]
95.6034 12.9687 90 Th L3M5 L˛1 [50]
95.6063 12.9683 76 0s L1O4,5 [50]
95.5791 12.972 76 0s abs. edge L1 [50]
95.6786 12.9585 81 Tl L1M5 Lˇ9 [50]
95.7052 12.9549 83 Bi L2N4 Lˇ15 [50]
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95.7784 12.945 82 Pb L3O3 [50]
95.8006 12.9420 78 Pt L2N4 L�1 [50]
95.8599 12.934 82 Pb L3O2 [50]
95.9340 12.9240 77 Ir L1N3 L�3 [50]
95.9415 12.923 76 0s L1O3 L�4 [50]
96.0381 12.910 76 0s L1O2 L�4′ [50]
96.1364 12.8968 82 Pb L3N6,7 Lu [50]
96.2021 12.888 82 Pb L3O1 Lˇ7 [50]
96.3208 12.8721 76 0s L1O1 [50]
96.3665 12.866 92 U L3M3 Ls [50]
96.3920 12.8626 81 Tl L1M4 Lˇ10 [50]
96.5481 12.8418 77 Ir L1N2 L�2 [50]
96.7123 12.820 77 Ir abs. edge L2 [51]
96.7115 12.8201 77 Ir L2O4 L�6 [50]
96.7198 12.819 84 Po L3N1 Lˇ6 [50]
96.7908 12.8096 90 Th L3M4 L˛2 [50]
96.9096 12.7939 95 Am L3M2 Lt [51]
96.9141 12.7933 82 Pb L1M3 Lˇ3 [50]
96.9823 12.7843 77 Ir L2O2,3 [50]
96.7167 12.7603 77 Ir L2N6 Lv [50]
97.1762 12.7588 78 Pt L2N3 [50]
97.3242 12.7394 83 Bi L3N3 [50]
97.4121 12.7279 77 Ir L2O1 L�8 [50]
97.4726 12.720 82 Pb L2M5 [50]
97.6569 12.696 76 0s L1N5 L�11 [50]
97.6645 12.695 77 Ir L1N1 [50]
97.6938 12.6912 83 Bi L1M2 Lˇ4 [50]
97.7261 12.689 76 0s L1N4 [50]
97.9268 12.661 78 Pt L2N2 [50]
97.9291 12.6607 81 Tl L3P2,3 [50]
97.9346 12.660 81 Tl L3P1 [50]
97.9346 12.660 81 Tl abs. edge L3 [51]
97.9772 12.6545 34 Se abs. edge K [51]
97.9949 12.6522 34 Se KN2,3 Kˇ2 [50]
97.9965 12.6520 89 Ac L3M5 L˛1 [50]
98.0197 12.649 36 Kr KL3 K˛1 [50]
98.0616 12.6436 81 Tl L3O4,5 Lˇ5 [50]
98.2247 12.6226 82 Pb L3N5 Lˇ2 [50]
98.2831 12.6151 83 Bi L3N2 [50]
98.2940 12.6137 82 Pb L2M4 Lˇ1 [50]
98.4001 12.6011 82 Pb L3N4 Lˇ15 [50]
98.4165 12.598 36 Kr KL2 K˛2 [50]
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98.4400 12.595 34 Se KM4,5 Kˇ5 [50]
98.5417 12.5820 81 Tl L3O3 [50]
98.7143 12.560 80 Hg L1M5 Lˇ9 [50]
98.7457 12.556 81 Tl L3O2 [50]
98.7772 12.552 78 Pt L2N1 L�5 [50]
98.8875 12.538 81 Tl L3N6,7 Lu [50]
98.9159 12.5344 83 Bi L2M3 Lˇ17 [50]
98.9507 12.530 75 Re abs. edge L1 [50]
98.9980 12.524 75 Re L1O4,5 [50]
99.0202 12.5212 81 Tl L3O1 Lˇ7 [50]
99.0645 12.5156 94 Pu L3M2 Lt [51]
99.0882 12.5126 77 Ir L2N4 L�1 [50]
99.1818 12.5008 89 Ac L3M4 L˛2 [50]
99.1897 12.4998 76 0s L1N3 L�3 [50]
99.2207 12.4959 34 Se KM3 Kˇ1 [50]
99.2516 12.492 75 Re L1O3 L�4 [50]
99.2707 12.4896 34 Se KM2 Kˇ3 [50]
99.3343 12.4816 83 Bi L3N1 Lˇ6 [50]
99.3383 12.4811 75 Re L1O2 L�4′ [104]
99.6185 12.446 80 Hg L1M4 Lˇ10 [50]
99.6505 12.442 75 Re L1O1 [50]
99.8077 12.4224 76 0s L1N2 L�2 [50]
100.0526 12.392 82 Pb L3N3 [50]
100.0655 12.3904 81 Tl L1M3 Lˇ3 [50]
100.0687 12.39 83 Bi L1M1 [50]
100.1415 12.381 76 0s abs. edge L2 [51]
100.1107 12.3848 76 0s L2O4 L�6 [50]
100.1205 12.3836 95 Am L3M1 L1 [51]
100.4742 12.340 76 0s L2O3 [50]
100.4766 12.3397 88 Ra L3M5 L˛1 [50]
100.4986 12.337 76 0s L2N6 Lv [50]
100.5394 12.332 77 Ir L2N3 [50]
100.7248 12.3093 81 Tl L2M5 [50]
100.7518 12.306 82 Pb L1M2 Lˇ4 [50]
100.7911 12.3012 76 0s L2O1 L�8 [50]
100.9158 12.286 80 Hg abs. edge L3 [51]
100.9906 12.2769 80 Hg L3O4,5 Lˇ5 [50]
101.0350 12.2715 81 Tl L3N5 Lˇ2 [50]
101.0433 12.2705 82 Pb L3N2 [50]
101.0803 12.266 75 Re L1N5 L�11 [50]
101.1216 12.261 90 Th L3M3 Ls [50]
101.1958 12.252 75 Re L1N4 [50]
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101.2041 12.251 77 Ir L2N2 [50]
101.2041 12.2510 81 Tl L3N4 Lˇ15 [50]
101.2637 12.2438 93 Np L3M2 Lt [51]
101.4677 12.2264 80 Hg L3O3 [50]
101.5165 l2.2133 81 Tl L2M4 Lˇ1 [50]
101.5614 12.2079 80 Hg L3O2 [50]
101.6588 12.1962 88 Ra L3M4 L˛2 [50]
101.6772 12.1940 80 Hg L3N7 Lu [50]
101.7723 12.1826 80 Hg L3N6 Lu [50]
101.9405 12.1625 80 Hg L3O1 Lˇ7 [50]
102.0672 12.1474 79 Au L1M5 Lˇ9 [50]
102.1042 12.143 81 Pb L3N1 Lˇ6 [50]
102.1783 12.1342 77 Ir L2N1 L�5 [50]
102.2389 12.127 81 Pb L2M3 Lˇ17 [50]
102.2643 12.124 94 Pu L3M1 Ll [50]
102.4705 12.0996 74 W abs. edge L1 [51]
102.5069 12.0953 79 0s L2N4 L�1 [50]
102.5094 12.095 74 W L1O4,5 [50]
102.6163 12.0824 75 Re L1N3 L�3 [50]
102.7779 12.0634 74 W L1O3 L�4 [50]
102.7924 12.0617 79 Au L1M4 Lˇ10 [50]
102.8666 12.0530 74 W L1O2 L�4′ [50]
102.8666 12.053 81 Tl L3N3 [50]
103.0522 12.0313 87 Fr L3M5 L˛1 [50]
103.1748 12.017 74 W L1O1 [50]
103.2349 12.010 82 Pb L1M1 [50]
103.2366 12.0098 75 Re L1N2 L�2 [50]
103.3614 11.9953 80 Hg L1M3 Lˇ3 [50]
103.4762 11.982 92 U L3M2 Lt [50]
103.4934 11.98 83 Bi L2M2 [50]
103.7186 11.954 75 Re abs. edge L2 [51]
103.7012 11.956 75 Re L2O4 L�6 [50]
103.8793 11.9355 79 Au L3P2,3 [50]
103.8854 11.9348 79 Au L3P1 [50]
103.9220 11.9306 81 Tl L1M2 Lˇ4 [50]
103.9708 11.925 75 Re L2O3 [50]
103.9769 11.9243 76 0s L2N3 [50]
103.9777 11.9242 35 Br KL3 K˛1 [50]
103.9786 11.9241 80 Hg L3N5 Lˇ2 [50]
104.0040 11.9212 79 Au abs. edge L3 [50]
104.0406 11.917 75 Re L2N6 Lv [50]
104.0467 11.9163 79 Au L3O4,5 Lˇ5 [50]
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104.1542 11.9040 80 Hg L3N4 Lˇ15 [50]
104.1980 11.899 75 Re L1N1 [50]
104.2330 11.8950 87 Fr L3M4 L˛2 [50]
104.2J69 11.890 93 Np L3M1 Ll [50]
104.3857 11.8776 35 Br KL2 K˛2 [50]
104.4015 11.8758 75 Re L2O1 L�8 [50]
104.4966 11.865 33 As abs. edge K [51]
104.4965 11.865 79 Au L3O2,3 [50]
104.5036 11.8642 33 As KN2,3 K [50]
104.5759 11.856 74 W L1N5 L�11 [50]
104.6818 11.844 74 W L1N4 [50]
104.7552 11.8357 79 Au L3N6,7 Lu [50]
104.8713 11.8226 80 Hg L2M4 Lˇ1 [50]
104.8766 11.822 33 As KM4,5 Kˇ5 [50]
104.9762 11.8118 81 Tl L3N1 Lˇ6 [50]
104.9779 11.8106 79 Au L3O1 Lˇ7 [50]
105.4502 11.7577 78 Pt L1M5 Lˇ9 [50]
105.6119 11.7397 81 Tl L2M3 Lˇ17 [50]
105.6965 11.7303 76 0s L2N1 L�5 [50]
105.7262 11.7270 86 Rn L3M5 L˛1 [50]
105.7334 11.7262 33 As KM3 Kˇ1 [50]
105.7867 11.7203 33 As KM2 Kˇ3 [50]
105.8526 11.713 80 Hg L3N3 [50]
105.8598 11.7122 83 Bi L2M1 L� [50]
106.1026 11.6854 75 Re L2N4 L�1 [50]
106.1335 11.682 73 Ta abs. edge L1 [51]
106.1862 11.6762 78 Pt L1M4 Lˇ10 [50]
106.1953 11.6752 73 Ta L1O4,5 [50]
106.2035 11.6743 74 W L1N3 L�3 [50]
106.3611 11.6570 73 Ta L1N6, 7 [50]
106.4433 11.648 81 Tl L1M1 [50]
106.4433 11.648 82 Pb L2M2 [50]
106.4698 11.6451 73 Ta L1O3 L�4 [50]
106.4982 11.642 80 Hg L3N2 [50]
106.5476 11.6366 73 Ta L1O2 L�4′ [50]
106.7154 11.6183 92 U L3M1 Ll [50]
106.7751 11.6118 73 Ta L1O1 [50]
106.7889 11.6103 79 Au L1M3 Lˇ3 [50]
106.8101 11.6080 74 W L1N2 L�2 [50]
106.9031 11.5979 86 Rn L3M4 L˛2 [50]
107.0249 11.5847 79 Au L3N5 Lˇ2 [50]
107.1915 11.5667 79 Au L3N4 Lˇ15 [50]
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107.2351 11.562 78 Pt abs. edge L3 [51]
107.2258 11.5630 80 Hg L1M2 Lˇ4 [50]
107.2443 11.561 78 Pt L3O4,5 Lˇ5 [50]
107.4581 11.538 74 W abs. edge L2 [51]
107.4516 11.5387 74 W L2O4 L�6 [50]
107.5700 11.526 79 Au L2M5 [50]
107.6167 11.521 78 Pt L3O2,3 [50]
107.6727 11.515 75 Re L2N3 [50]
107.7195 11.510 74 W L2N6,7 Lv [50]
107.8995 11.4908 78 Pt L3N6,7 Lu [50]
107.9258 11.488 74 W L2O3 [50]
107.9784 11.4824 80 Hg L3N1 Lˇ6 [50]
108.0123 11.4788 90 Th L3M2 Lt [50]
108.1168 11.4677 74 W L2O1 L�8 [50]
108.1715 11.4619 78 Pt K3O1 Lˇ7 [50]
108.2084 11.4580 73 Ta L1N5 L�11 [50]
108.3568 11.4423 79 Au L2M4 Lˇ1 [50]
108.3805 11.4398 73 Ta L1N4 L�1 [50]
108.3976 11.438 75 Re L2N2 [50]
108.5038 11.4268 85 At L3M5 L˛1 [50]
108.9022 11.385 80 Hg L2M3 Lˇ17 [50]
108.9788 11.3770 77 Ir L1M5 Lˇ9 [50]
109.0296 11.3717 79 Au L3N3 [50]
109.0842 11.366 91 Pa L3N1 Ll [50]
109.1611 11.358 80 Hg L2M3 Lˇ17 [50]
109.2448 11.3493 82 Pb L2M1 [50]
109.3913 11.3341 75 Re L2N1 L�5 [50]
109.6748 11.3048 85 At L3M4 L˛2 [50]
109.7058 11.3016 77 Ir L1M4 Lˇ10 [50]
109.9885 11.2859 74 W L2N4 L�1 [50]
109.9393 11.2776 73 Ta L1N3 L�3 [50]
109.9715 11.2743 79 Au L3N2 [50]
109.9744 11.274 81 Tl L2M2 [50]
109.9939 11.272 80 Hg L1M1 [50]
109.9745 11.274 72 Hf abs. edge L1 [51]
110.0896 11.2622 72 Hf L1O4,5 [50]
110.2042 11.2505 78 Pt L3N5 Lˇ2 [50]
110.3061 11.2401 72 Hf L1O3 L�4 [50]
110.3797 11.2326 72 Hf L1O2 L�4′ [50]
110.3974 11.2308 78 Pt L1M3 Lˇ3 [50]
110.4801 11.2224 34 Se KL3 K˛1 [50]
110.5333 11.217 73 Ta L1N2 L�2 [50]
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110.5826 11.212 77 Ir abs. edge L3 [51]
110.5885 11.2114 77 Ir L3O4,5 Lˇ5 [50]
110.6546 11.2047 79 Au L1M2 Lˇ4 [50]
110.6674 11.2034 72 Hf L1O1 [50]
110.8852 11.1814 34 Se KL2 K˛2 [50]
110.9268 11.1772 77 Ir L3O2,3 [50]
111.0958 11.1602 79 Au L3N1 Lˇ6 [50]
111.1486 11.1549 77 Ir L3N6,7 Lu [50]
111.2973 11.140 78 Pt L2M5 [50]
111.3773 11.132 73 Ta abs. edge L2 [51]
111.3893 11.1308 84 Po L3M5 L˛1 [50]
111.3913 11.1306 73 Ta L2O4 L�6 [50]
111.4942 11.1205 77 Ir L3O1 Lˇ7 [50]
111.4974 11.120 74 W L2N3 [50]
111.5115 11.1186 90 Th L3M1 Ll [50]
111.5245 11.1173 73 Ta L1N1 [50]
111.5847 11.1113 73 Ta L2N6 Lv [50]
111.6622 11.1036 32 Ge abs. edge K [51]
111.6903 11.1008 32 Ge KN2,3 Kˇ2 [50]
111.6973 11.1001 73 Ta L2O3 [50]
111.7920 11.0907 73 Ta L2O2 [50]
111.9555 11.0745 32 Ge KM4,5 Kˇ5 [50]
111.9940 11.0707 78 Pt L2M4 Lˇ1 [50]
112.0557 11.0646 73 Ta L2O1 L�8 [50]
112.1500 11.0553 72 Hf L1N5 L�11 [50]
112.1853 11.052 74 W L2N2 [50]
112.2535 11.0451 72 Hf L1N4 [50]
112.2647 11.044 78 Pt L3N3 [50]
112.5521 11.0158 84 Po L3M4 L˛2 [50]
112.6411 11.0071 76 0s L1M5 Lˇ9 [50]
112.6800 11.0033 72 Hf L1N1 [104]
112.7722 10.9943 81 Tl L2M1 L� [50]
112.8009 10.9915 79 Au L2M3 Lˇ17 [50]
112.8975 10.9821 32 Ge KM3 Kˇ1 [50]
112.9397 10.9780 32 Ge KM2 Kˇ3 [50]
113.1045 10.962 78 Pt L3N2 [50]
113.2388 10.9490 74 W L2N1 L�5 [50]
113.2460 10.9483 88 Ra L3M2 Lt [50]
113.3568 10.9376 76 0s L1M4 Lˇ10 [50]
113.5291 10.9210 79 Au L1M1 [50]
113.5364 10.9203 77 Ir L3N5 Lˇ2 [50]
113.6905 10.9055 73 Ta L2N5 [50]
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113.7103 10.9036 77 Ir L3N4 Lˇ15 [50]
113.7980 10.8952 73 Ta L2N4 L�1 [50]
113.8450 10.8907 72 Hf L1N3 L�3 [50]
113.8732 10.888 80 Hg L2M2 [50]
114.0199 10.8740 71 Lu abs. edge L1 [51]
114.0502 10.8711 76 0s L3O4,5 Lˇ5 [50]
114.0797 10.8683 76 0s abs. edge L3 [51]
114.0891 10.8674 77 Ir L1M3 Lˇ3 [50]
114.1342 10.8631 71 Lu L1O4,5 [104]
114.2268 10.8543 78 Pt L1M2 Lˇ4 [50]
114.3511 10.8423 71 Lu L1O2,3 L�4 �4′ [50]
114.3585 10.8418 78 Pt L3N1 Lˇ6 [50]
114.3901 10.8388 83 Bi L3M5 L˛1 [50]
114.4461 10.8335 72 Hf L1N2 L�2 [50]
114.5412 10.8245 76 0s L3N6,7 Lu [50]
114.6376 10.8154 71 Lu L1O1 [104]
114.8968 10.191 77 Ir L2M5 [50]
114.9313 10.1812 76 0s L3O1 Lˇ7 [50]
115.4833 10.7362 72 Hf abs. edge L2 [51]
115.5231 10.1325 72 Hf L2O4,5 L�6 [50]
115.5328 10.1316 73 Ta L2N3 [50]
115.5403 10.13091 83 Bi L3M4 L˛2 [50]
115.6039 10.725 77 Ir L3N3 [50]
115.1166 10.109 72 Hf L2O3 [50]
115.1842 10.1083 77 Ir L2M4 Lˇ1 [50]
115.8339 10.1031 72 Hf L2N6 L�8 [50]
115.8151 10.6999 72 Hf L2O2 [50]
116.0041 10.688 73 Ta L2N2 [50]
116.1105 10.6182 71 Lu L1N5 L�11 [50]
116.1410 10.6154 72 Hf L2O1 L�8 [50]
116.2303 10.6612 71 Lu L1N4 [50]
116.4016 10.6512 80 Hg L2M1 L� [50]
116.4913 10.6433 75 Re L1M5 Lˇ9 [50]
116.5493 10.6380 77 Ir L3N2 [50]
116.6154 10.626S 78 Pt L2M3 Lˇ17 [50]
116.7221 10.6222 88 Ra L3M1 Ll [50]
116.9660 10.6001 78 Pt L1M1 [50]
116.9831 10.5985 76 0s L3N5 Lˇ2 [50]
117.0864 10.5892 79 Au L2M2 [50]
117.1705 10.5816 76 0s L3N4 Lˇ15 [50]
117.2215 10.5110 75 Re L1M4 Lˇ10 [50]
117.2969 10.5102 73 Ta L2N1 L�5 [50]
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117.5048 10.5515 82 Pb L3M5 L˛1 [50]
117.5915 10.54372 33 As KL3 K˛1 [50]
117.7380 10.5306 75 Re abs. edge L3 [51]
117.7246 10.5318 75 Re L3O4,5 Lˇ5 [50]
117.7911 10.5258 72 Hf L2N5 [50]
117.1995 10.5251 77 Ir L3N1 Lˇ6 [50]
117.9031 10.5158 72 Hf L2N4 L�1 [50]
117.9515 10.5110 71 Lu L1N3 L�3 [50]
117.9598 10.5108 76 0s L1M3 Lˇ3 [50]
117.9620 10.5106 77 Ir L1M2 Lˇ4 [50]
117.9914 10.50199 33 As KL2 K˛2 [50]
118.1587 10.4931 75 Re L3N6,7 Lu [50]
118.1892 10.4904 70 Yb abs. edge L1 [51]
118.2693 10.4833 70 Yb L1O4,5 [50]
118.5293 10.4603 70 Yb L1O2,3 L�4 �4′ [50]
118.5321 10.460 71 Lu L1N2 L�2 [50]
118.6132 10.4529 75 Re L3O1 Lˇ7 [104]
118.6518 10.4495 82 Pb L3M4 L˛2 [50]
118.8599 10.4312 70 Yb L1O1 [50]
118.9820 10.4205 76 0s L2M5 [50]
119.2119 10.4004 76 0s L3N3 [104]
119.5822 10.3682 31 Ga abs. edge K [51]
119.6041 10.3663 31 Ga KN2,3 Kˇ2 [50]
119.6456 10.3621 71 Lu L1N1 [104]
119.7311 10.3553 76 0s L2M4 Lˇ1 [50]
119.8527 10.3448 71 Lu abs. edge L2 [51]
119.8156 10.348 31 Ga KM4,5 Kˇ5 [50]
119.8723 10.3431 71 Lu L2O4 L�6 [50]
120.0895 10.3244 76 0s L3N2 [50]
120.1430 10.3198 71 Lu L2O2,3 [50]
120.2770 10.3083 79 Au L2M1 L� [50]
120.4734 10.2915 71 Lu L2O1 L�8 [50]
120.4828 10.2907 74 W L1M5 Lˇ9 [50]
120.5026 10.289 70 Yb L1M4,5 [104]
120.6645 10.2752 75 Re L3N5 Lˇ2 [50]
120.6903 10.273 77 Ir L2M3 Lˇ17 [50]
120.7432 10.2685 81 Tl L3M5 L˛1 [50]
120.7938 10.2642 31 Ga KM3 Kˇ1 [50]
120.8232 10.2617 75 Re L3N4 Lˇ15 [50]
120.8397 10.2603 31 Ga KM2 Kˇ3 [50]
121.0202 10.245 77 Ir L1M1 [50]
121.0544 10.2421 83 Bi L3M3 Ls [50]
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121.2225 10.2279 74 W L1M4 Lˇ10 [50]
121.2569 10.225 78 Pt L2M2 [50]
121.3530 10.2169 76 0s L3N1 Lˇ6 [50]
121.5553 10.1999 74 W abs. edge L3 [51]
121.5410 10.2011 72 Hf L2N1 L�5 [50]
121.5493 10.2004 74 W L3O4,5 Lˇ5 [50]
121.8479 10.1754 76 0s L1M2 Lˇ4 [50]
121.8731 10.1733 74 W L3N6,7 Lu [50]
121.8791 10.1728 81 Tl L3M4 L˛2 [50]
122.0350 10.1598 75 Re L1M3 Lˇ3 [50]
122.1144 10.1532 74 W L3O2,3 [50]
122.2323 10.1434 71 Lu L2N4 L�1 [50]
122.2360 10.1431 70 Yb L1N3 L�3 [50]
122.4037 10.1292 74 W L3O1 Lˇ7 [50]
122.5078 10.1206 69 Tm abs. edge L1 [51]
122.6362 10.110 69 Tm L1O4,5 [50]
122.8391 10.0933 75 Re L3N3 [50]
122.8829 10.0897 70 Yb L1N2 L�2 [50]
122.9524 10.084 69 Tm L1O2,3 L�4 �4′ [50]
123.0585 10.0753 75 Re L2M5 [50]
123.3168 10.0542 69 Tm L1O1 [104]
123.3364 10.0526 69 Tm L2O1 [104]
123.8613 10.0100 75 Re L2M4 Lˇ1 [50]
123.9393 10.0037 70 Yb L1N1 [104]
124.1248 9.9888 80 Hg L3M5 L˛1 [50]
124.2461 9.979 71 Lu L2N3 [104]
124.2822 9.9761 70 Yb abs. edge L2 [51]
124.2760 9.9766 70 Yb L2O4 L�6 [50]
124.2959 9.975 78 Pt L2M1 L� [50]
124.3233 9.9728 70 Yb L2N6 Lv [50]
124.3894 9.9675 82 Pb L3M3 Ls [50]
124.4643 9.9615 74 W L3N5 Lˇ2 [50]
124.5319 9.9561 70 Yb L2O2,3 [50]
124.6358 9.9478 74 W L3N4 Lˇ15 [50]
124.6583 9.946 73 Ta L1M5 Lˇ9 [50]
124.8089 9.934 76 0s L2M3 Lˇ17 [50]
124.8969 9.927 69 Tm L1N4,5 [104]
124.9271 9.9246 70 Yb L2O1 L�8 [50]
124.9850 9.92 71 Lu L2N2 [104]
125.0228 9.917 77 Ir L2M2 [50]
125.1048 9.9105 75 Re L3N1 Lˇ6 [50]
125.2679 9.8976 80 Hg L3M4 L˛2 [50]
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125.3768 9.889 73 Ta L1M4 Lˇ10 [50]
125.4096 9.88642 32 Ge KL3 K˛1 [50]
125.5343 9.8766 73 Ta abs. edge L3 [51]
125.5546 9.8750 73 Ta L3O4,5 Lˇ5 [50]
125.7813 9.8572 73 Ta L3N6,7 Lu [50]
125.8054 9.85532 32 Ge KL2 K˛2 [50]
125.9206 9.8463 75 Re L1M2 Lˇ4 [50]
125.9653 9.8428 71 Lu L2N1 L�5 [50]
126.0140 9.839 73 Ta L3O2,3 [50]
126.2732 9.8188 74 W L1M3 Lˇ3 [50]
126.3891 9.8098 73 Ta L3O1 Lˇ7 [50]
126.7224 9.784 74 W L3N3 [50]
126.7729 9.7801 70 Yb L2N4 L�1 [50]
126.7872 9.779 69 Tm L1N3 L�3 [50]
127.1343 9.7523 68 Er L1O4,5 [104]
127.0679 9.7574 68 Er abs. edge L1 [51]
127.2818 9.741 74 W L2M5 L�2 [50]
127.4256 9.730 69 Tm L1N2 [50]
127.4885 9.7252 83 Bi L3M2 Lt [50]
127.5305 9.722 68 Er L1O2,3 L�4�4′ [50]
127.6447 9.7133 79 Au L3M5 L˛1 [50]
127.6618 9.712 74 W L3N2 [50]
127.8105 9.7007 81 Tl L3M3 Ls [50]
127.9490 9.6902 88 Er L1O1 [104]
128.1852 9.67235 74 W L2M4 Lˇ1 [50]
128.2959 9.664 84 Po L3M1 Ll [50]
128.3398 9.6607 30 Zn abs. edge K [51]
128.3756 9.6580 30 Zn KN2,3 Kˇ2 [50]
128.4527 9.6522 77 Ir L2M1 L� [50]
128.4581 9.6518 73 Ta L3N5 Lˇ2 [50]
128.4807 9.6501 30 Zn KM4,5 Kˇ5 [50]
128.5753 9.643 69 Tm L1N1 [104]
128.6233 9.6394 73 Ta L3N4 Lˇ15 [50]
128.7128 9.6327 70 Yb L2N3 [104]
128.7756 9.6280 79 Au L3M4 L˛2 [50]
128.9216 9.6171 69 Tm abs. edge L2 [51]
128.9940 9.6117 74 W L3N1 Lˇ6 [50]
129.0289 9.6091 72 Hf L1M5 Lˇ9 [104]
129.0571 9.607 69 Tm L2O4 L�6 [50]
129.2724 9.5910 75 Re L2M3 Lˇ17 [50]
129.3398 9.586 76 Os L2M2 [50]
129.5290 9.5720 30 Zn KM2,3 Kˇ1,3 [50]
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129.7228 9.5577 72 Hf abs. edge L3 [51]
129.7649 9.5546 72 Hf L3O4,5 Lˇ5 [50]
129.8220 9.5504 72 Hf L1M4 Lˇ10 [104]
130.0889 9.5308 72 Hf L3O3 [104]
130.1654 9.5252 74 W L1M2 Lˇ4 [50]
130.1695 9.5249 72 Hf L3N6,7 Lu [50]
130.2064 9.5222 72 Hf L3O2 [50]
130.5684 9.4958 72 Hf L3O1 Lˇ7 [50]
130.6345 9.4910 70 Yb L2N1 L�5 [50]
130.6826 9.4875 73 Ta L1M3 Lˇ3 [50]
130.7709 9.4811 82 Pb L3M2 Lt [50]
130.8633 9.4744 73 Ta L3N3 [104]
131.1318 9.455 80 Hg L3M3 Ls [50]
131.3082 9.4423 78 Pt L3M5 L˛1 [50]
131.4669 9.4309 68 Er L1N3 L�3 [50]
131.5353 9.426 69 Tm L2N4 L�1 [50]
131.6135 9.4204 83 Bi L3M1 Ll [50]
131.6806 9.4156 73 Ta L3N2 [104]
131.9019 9.3998 73 Ta L2M5 [50]
131.9076 9.3994 67 Ho abs. edge L1 [51]
132.0818 9.387 67 Ho L1O4,5 [50]
132.1099 9.385 68 Er L1N2 L�2 [50]
132.2649 9.374 67 Ho L1O2,3 L�4�4′ [50]
132.4373 9.3618 78 Pt L3M4 L˛2 [50]
132.6428 9.3473 72 Hf L3N5 Lˇ2 [50]
132.6740 9.3451 67 Ho L1O1 [104]
132.7024 9.3431 73 Ta L2M4 Lˇ1 [50]
132.7877 9.3371 72 Hf L3N4 Lˇ15 [50]
132.7891 9.3370 76 Os L2O1 L� [50]
133.0984 9.3153 73 Ta L3N1 Lˇ6 [50]
133.4322 9.292 68 Er L1N1 [104]
133.4322 9.292 69 Tm L2N3 [104]
133.5817 9.2816 71 Lu L1M5 Lˇ9 [50]
133.6479 9.277 74 W L1M1 [50]
133.6609 9.2761 75 Re L1M2 [50]
133.8615 9.2622 68 Er abs. edge L2 [51]
133.8788 9.261 74 W L2M3 Lˇ17 [50]
133.9743 9.2544 68 Er L2O4 L�6 [50]
134.0134 9.25174 31 Ga KL3 K˛1 [50]
134.0525 9.2490 71 Lu abs. edge L3 [51]
134.1584 2.2417 81 Tl L3M2 Lt [50]
134.1874 9.2397 71 Lu L3O4,5 Lˇ5 [50]
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134.2630 9.2345 68 Er L2O2,3 [104]
134.2979 9.2321 67 Ho L1N4,5 [104]
134.2993 9.232 71 Lu L1M4 Lˇ10 [50]
134.3969 9.2253 69 Tm L2N2 [104]
134.4042 9.22482 31 Ga KL2 K˛2 [50]
134.5281 9.2163 71 Lu L3O2,3 [50]
134.5851 9.2124 73 Ta L1M2 Lˇ4 [50]
134.6933 9.205 68 Er L2O1 L�8 [50]
134.9528 9.1873 71 Lu L3O1 Lˇ7 [50]
134.9939 9.1845 82 Pb L3M1 L1 [50]
135.0571 9.1802 72 Hf L3N3 [50]
135.1322 9.1751 77 Ir L2M5 L˛1 [50]
135.1352 9.1749 79 Au L3M3 Ls [50]
135.3048 9.1634 72 Hf L1M3 Lˇ3 [50]
135.5918 9.144 69 Tm L2N1 L�5 [50]
135.8905 9.1239 72 Hf L3N2 [50]
136.2549 9.0995 77 Ir L3M4 L˛2 [50]
136.4123 9.089 68 Er L2N4 L�1 [50]
136.4423 9.087 67 Ho L1N3 L�3 [50]
136.6985 9.051 67 Ho L1N2 L�2 [50]
136.9276 9.0548 66 Dy abs. edge L1 [51]
137.0168 9.0489 71 Lu L3N5 Lˇ2 [50]
137.1608 9.0394 71 Lu L3N4 Lˇ15 [104]
137.3462 9.0272 75 Re L2M1 L� [50]
137.4147 9.0227 72 Hf L2M4 Lˇ1 [50]
137.4147 9.0227 72 Hf L3N1 Lˇ6 [50]
137.4635 9.0195 66 Dy L1O2,3 L�4�4′ [50]
137.4711 9.019 80 Hg L3M2 Lt [50]
138.0635 8.9803 29 Cu abs. edge K [51]
138.1127 8.9771 29 Cu KN2,3 Kˇ2 [50]
138.1142 8.997 29 Cu KM4,5 Kˇ5 [50]
138.3809 8.9597 70 Yb L1M5 Lˇ9 [50]
138.4814 8.9532 81 Tl L3M1 L1 [50]
138.4860 8.9529 74 W L2M2 [104]
138.5805 8.9468 68 Er L2N3 [104]
138.6223 8.9441 70 Yb abs. edge L3 [51]
138.6424 8.9428 73 Ta L2M3 Lˇ17 [50]
138.7014 8.939 70 Yb L3O5,6 [50]
138.7712 8.9345 70 Yb L3N6,7 Lu [104]
138.9501 8.923 78 Pt L3M3 Ls [50]
138.9828 8.9209 70 Yb L3O2,3 [50]
139.0530 8.9164 67 Ho abs. edge L2 [51]
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139.1236 8.9117 76 0s L3M5 L˛1 [50]
139.1528 8.91 70 Yb L1M4 Lˇ10 [50]
139.2247 8.90454 72 Hf L1M2 Lˇ4 [50]
139.2263 8.90529 29 Cu KM3 Kˇ1 [50]
139.2309 8.905 67 Ho L2O4 L�6 [50]
139.2638 8.9029 29 Cu KM2 Kˇ3 [50]
139.4800 8.8891 66 Dy L1N5 L�11 [104]
139.4831 8.8889 70 Yb L3O1 Lˇ7 [50]
139.5978 8.8816 71 Lu L3N3 [104]
139.8276 8.867 67 Ho L2O1 L�8 [50]
140.1453 8.8469 71 Lu L1M3 Lˇ3 [50]
140.2388 8.841 76 0s L3M4 L˛2 [50]
140.6684 8.814 68 Er L2N1 L�5 [50]
141.3710 8.7702 79 Au L3M2 Lt [50]
141.5550 8.7588 70 Yb L2N4 Lˇ15 [50]
141.5550 8.7588 70 Yb L2N5 Lˇ2 [50]
141.6455 8.7532 66 Dy L1N3 L�3 [50]
141.7459 8.747 67 Ho L2N4 L�1 [50]
141.8984 8.7376 71 Lu L3N1 Lˇ6 [50]
142.1147 8.7243 74 W L2M1 L� [50]
142.1687 8.721 80 Hg L3M1 L1 [50]
142.2827 8.714 66 Dy L1N2 L�2 [50]
142.2827 8.714 65 Tb L1N4,5 [50]
142.3497 8.7099 71 Lu L2M4 Lˇ1 [50]
142.2387 8.7167 65 Tb abs. edge L1

142.7578 8.685 65 Tb L1O2,3 L�4�4′ [50]
143.0114 8.6696 65 Tb L1O1

143.0295 8.6685 72 Hf L1M1 [50]
143.0526 8.6671 75 Ta L2M2 [50]
143.1865 8.659 77 Ir L3M3 Ls [50]
143.2940 8.6525 75 Re L3M5 L˛1 [50]
143.3421 8.6496 69 Tm abs. edge L3 [51]
143.3686 8.648 69 Tm L3M5 Lˇ9 [50]
143.4847 8.641 69 Tm L3O4,5 Lˇ5 [50]
143.5196 8.63886 30 Zn KL3 K˛1 [50]
143.6477 8.6312 72 Hf L2M3 Lˇ17 [50]
143.9044 8.61578 30 Zn KL2 K˛2 [50]
144.0616 8.6064 71 Lu L1M2 Lˇ4 [50]
144.1018 8.604 66 Dy L1N5 [104]
144.1018 8.604 69 Tm L1M4 Lˇ10 [50]
144.1772 8.5995 70 Yb L3N3 [104]
144.4005 8.5862 75 Re L3M4 L˛2 [50]
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144.4224 8.5849 69 Tm L3O1 Lˇ7 [50]
144.4544 8.5830 66 Dy abs. edge L2 [51]
144.5841 8.5753 66 Dy L2O5 L�6 [50]
144.5841 8.5753 66 Dy L2O1 L�8 [50]
144.8594 8.559 65 Tb L1N4,5 [104]
145.2378 8.5367 70 Yb L1M3 Lˇ3 [50]
145.3008 8.533 78 Pt L3M2 Lt [50]
145.9697 8.4939 79 Au L3M1 L1 [50]
146.1917 8.481 67 Ho L2N1 L�5 [50]
146.4161 8.468 69 Tm L3N5 Lˇ2 [50]
146.4161 8.468 69 Tm L3N4 Lˇ15 [50]
146.6187 8.4563 70 Yb L3N1 Lˇ6 [50]
147.1110 8.428 73 Ta L2M1 L� [50]
147.1983 8.423 65 Tb L1N3 L�3 [50]
147.2718 8.4188 66 Dy L2N4 L�1 [50]
147.3558 8.414 76 0s L3M3 Ls [50]
147.5698 8.4018 70 Yb L2M4 Lˇ1 [50]
147.6365 8.398 65 Tb L1N2 L�2 [50]
147.6436 8.3976 74 W L3M4 L˛1 [50]
147.9748 8.3788 71 Lu L1M1 [50]
147.8408 8.3864 64 Gd abs. edge L1 [51]
148.0685 8.3735 72 Hf L2M2 [50]
148.0773 8.373 64 Gd L1O4,5 L3 [50]
148.3520 8.3575 68 Er abs. edge L3 [51]
148.3964 8.355 64 Gd L1O2,3 L�4�4′ [50]
148.4852 8.35 68 Er L2O4,5 Lˇ5 [50]
148.5564 8.346 68 Er L1M5 Lˇ9 [50]
148.7489 8.3352 74 W L3M4 L˛2 [50]
148.8123 8.33165 28 Ni abs. edge K [51]
148.8668 8.3286 28 Ni KM4,5 Kˇ5 [50]
149.1282 8.314 65 Tb L1N1 [104]
149.1425 8.3132 70 Yb L1M2 Lˇ4 [50]
149.2538 8.307 69 Tm L3N3 [104]
149.3078 8.304 77 Ir L3M2 Lt [50]
149.4157 8.298 68 Er L1M4 Lˇ10 [50]
149.4157 8.298 68 Er L3O1 Lˇ7 [50]
149.6231 8.2865 66 Dy L2N3 [104]
149.9579 8.268 78 Pt L3M1 L1 [50]
150.0177 8.26466 28 Ni KM2,3 Kˇ1,3 [50]
150.0468 8.2631 69 Tm L2N2 [104]
150.2359 8.2527 65 Tb abs. edge L2 [51]
150.3579 8.246 65 Tb L2O5 L�6 [50]
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150.5168 8.2373 64 Gd L1N4,5 [104]
150.6320 8.231 69 Tm L1M3 Lˇ3 [50]
150.9805 8.212 65 Tb L2O1 L�8 [50]
151.4045 8.189 68 Er L3N5 Lˇ2 [50]
151.4045 8.189 68 Er L3N4 Lˇ15 [50]
151.6267 8.177 69 Tm L3N1 Lˇ6 [50]
151.7901 8.1682 75 Re L3M3 Ls [50]
151.8291 8.1661 66 Dy L2N1 L�5 [50]
152.2019 8.1461 73 Ta L3M5 L˛1 [50]
152.2037 8.146 69 Tm L2M5 [104]
152.3290 8.1393 72 Hf L2M1 L� [50]
152.9737 8.105 64 Gd L1N3 L�3 [50]
153.0303 8.102 65 Tb L2N4 L�1 [50]
153.0492 8.101 69 Tm L2M4 Lˇ1 [50]
153.2971 8.0879 73 Ta L3M4 L˛2 [50]
153.3142 8.087 64 Gd L1N2 L�2 [50]
153.3369 8.0858 71 Lu L2M2 [50]
153.4660 8.079 76 Os L3M2 Lt [50]
153.6829 8.0676 67 Ho abs. edge L3 [51]
153.7896 8.062 67 Ho L3O4,5 Lˇ5 [50]
153.8144 8.0607 63 Eu abs. edge L1 [51]
154.0609 8.04778 29 Cu KL3 K˛1 [50]
154.0992 8.0458 77 Ir L3M1 Ll [50]
154.3948 8.0304 63 Eu L1O2,3 L�4�4′ [50]
154.4448 8.02783 29 Cu KL2 K˛2 [50]
154.4794 8.026 69 Tm L1M2 Lˇ4 [50]
154.8653 8.006 67 Ho L1M4 Lˇ10 [50]
155.6136 7.9675 65 Tb L2N3 [104]
156.1683 7.9392 68 Er L1M3 Lˇ3 [50]
156.2313 7.936 65 Tb L2N2 [104]
156.3298 7.9310 64 Gd abs. edge L2 [51]
156.4284 7.926 74 W L2M3 Ls [50]
156.4482 7.925 64 Gd L2O4 L�6 [50]
156.7052 7.912 63 Eu L1N4,5 [50]
156.7250 7.911 67 Ho L3N5 Lˇ2 [50]
156.7250 7.911 67 Ho L3N4 Lˇ15 [50]
156.7647 7.909 68 Er L3N1 Lˇ6 [50]
156.9631 7.899 72 Hf L3M5 L˛1 [50]
157.0625 7.894 64 Gd L2O1 L�8 [50]
157.7921 7.8575 71 Lu L2M1 L� [50]
157.8725 7.8535 65 Tb L2N1 L�5 [50]
157.9027 7.852 75 Re L3M2 Lt [50]
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158.0516 7.8446 72 Hf L2M4 L˛2 [50]
158.5042 7.8222 76 Os L3M1 Ll [50]
158.6705 7.814 69 Tm L1M1 [104]
158.7335 7.8109 68 Er L2M4 Lˇ1 [50]
158.8433 7.8055 66 Dy L3O4,5 Lˇ5 [50]
158.8494 7.8052 70 Yb L2M2 [50]
159.0349 7.7961 63 Eu L1N3 L�3 [50]
159.1656 7.7897 66 Dy abs. edge L3 [51]
159.2452 7.7858 64 Gd L2N4 L�1 [50]
159.6163 7.7677 63 Eu L1N2 L�2 [50]
159.6800 7.7646 66 Dy L3O2,3 [104]
159.7130 7.763 67 Ho L3N3 [104]
159.9788 7.7501 66 Dy L1M5 Lˇ9 [50]
160.0779 7.7453 68 Er L1M2 Lˇ4 [50]
160.0263 7.7478 62 Sm abs. edge L1 [104]
160.3326 7.733 62 Sm L1N6 [104]
160.4363 7.728 69 Tm L2M3 Lˇ17 [104]
160.4529 7.7272 66 Dy L3O1 Lˇ7 [50]
160.4571 7.727 67 Ho L2N2 [104]
160.7337 7.7137 62 Sm L1O2,3 L�4�4′ [50]
160.7483 7.713 66 Dy L1M4 Lˇ10 [50]
160.8205 7.70954 27 Co abs. edge K [51]
160.8967 7.7059 27 Co KM4,5 Kˇ5 [50]
161.2689 7.6881 73 Ta L3M3 Ls [50]
161.9557 7.6555 71 Lu L3M5 L˛1 [50]
161.9620 7.6552 64 Gd L2N3 [104]
162.0319 7.6519 67 Ho L1M3 Lˇ3 [50]
162.0848 7.64943 27 Co KM2,3 Kˇ1,3 [50]
162.2290 7.6426 64 Gd L2M2 [104]
162.3714 7.6359 67 Ho L3N1 Lˇ6 [50]
162.3756 7.6357 66 Dy L3N5 Lˇ2 [50]
162.3156 7.6357 66 Dy L3N4 Lˇ15 [50]
162.4544 7.632 74 W L3M2 Lt [50]
162.7124 7.6199 63 Eu abs. edge L2 [51]
162.8234 7.6147 63 Eu L2O2 L�6 [50]
163.0118 7.6059 62 Sm L1N4,5 [50]
163.0333 7.6049 71 Lu L2M4 L˛2 [50]
163.0611 7.6036 75 Re L3M1 Ll [50]
163.4632 7.5849 63 Eu L2O1 L�8 [50]
163.5645 7.5802 70 Yb L2M1 L� [50]
164.1253 7.5543 64 Gd L2N1 L�5 [50]
164.3058 7.546 68 Er L1M1 [104]
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164.7578 7.5253 67 Ho L2M4 Lˇ1 [50]
164.9770 7.5153 65 Tb abs. edge L3 [51]
165.1066 7.5094 65 Tb L3O4,5 Lˇ5 [50]
165.4283 7.4948 66 Dy L3N3 [104]
165.6072 7.4867 62 Sm L1N3 L�3 [50]
165.7489 7.4803 63 Eu L2N4 L�1 [50]
165.7955 7.47825 21 Ni KL3 K˛1 [50]
165.8598 7.4753 65 Tb L3O1 Lˇ7 [50]
165.9591 7.4708 67 Ho L1M2 Lˇ4 [50]
165.9886 7.4695 65 Tb L1M5 Lˇ9 [104]
166.0486 7.4668 62 Sm L1N2 L�2 [50]
166.1799 7.46089 28 Ni KL2 K˛2 [50]
166.3516 7.4532 72 Hf L3M3 Ls [50]
166.6691 7.439 66 Dy L3N2 [104]
166.7364 7.436 65 Tb L1M4 Lˇ10 [50]
166.7364 7.436 61 Pm abs. edge L1 [51]
166.9782 7.4252 68 Er L2M3 Lˇ17 [104]
167.1951 7.4156 70 Yb L3M5 L˛1 [50]
167.2695 7.4123 73 Ta L3M2 Lt [50]
167.8242 7.3878 74 W L3M1 Ll [50]
168.2181 7.3705 66 Dy L3N1 Lˇ6 [50]
168.2250 7.3702 66 Dy L1M3 Lˇ3 [50]
168.2912 7.3673 70 Yb L3M4 L˛2 [50]
168.3049 7.3667 65 Tb L3N5 Lˇ2 [50]
168.3049 7.3667 65 Tb L3N4 Lˇ15 [50]
169.5362 7.3132 62 Sm abs. edge L2 [51]
169.6382 7.3088 69 Tm L2M1 L� [50]
169.6661 7.3076 62 Sm L2O4 L�6 [50]
170.1223 7.288 62 Sm L2O2 [104]
170.3725 7.2773 66 Dy L2M5 [104]
170.6421 7.2658 62 Sm L2O1 L�8 [104]
170.8585 7.2566 63 Eu L2N1 L�5 [50]
171.0683 7.2477 66 Dy L2M4 Lˇ1 [50]
171.1793 7.2430 64 Gd abs. edge L3 [51]
171.3118 7.2374 64 Gd L3O4,5 Lˇ5 [50]
171.5583 7.227 65 Tb L3N3 [104]
171.8913 7.213 71 Lu L3M3 Ls [104]
172.0320 7.2071 64 Gd L3O1 Lˇ7 [50]
172.1084 7.2039 66 Dy L1M2 Lˇ4 [50]
172.2399 7.1984 65 Tb L3N2 [50]
172.3117 7.1954 72 Hf L3M2 Lt [50]
172.3932 7.192 64 Gd L1M5 Lˇ9 [50]
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172.6834 7.1799 69 Tm L3M5 L˛1 [50]
172.7294 7.178 62 Sm L2N4 L�1 [50]
172.8474 7.1731 73 Ta L3M1 Ll [50]
173.1636 7.16 64 Gd L1M4 Lˇ10 [50]
173.8164 7.1331 69 Tm L3M4 L˛2 [50]
173.9069 7.1294 60 Nd abs. edge L1 [51]
174.2270 7.1163 65 Tb L3N1 Lˇ6 [50]
174.3520 7.1112 26 Fe abs. edge K [51]
174.3740 7.1103 64 Gd L3N5 Lˇ2 [50]
174.3740 7.1103 64 Gd L3N4 Lˇ15 [50]
174.4280 7.1081 26 Fe KM4,5 Kˇ5 [50]
174.4550 7.107 60 Nd L1O2 L�4 [50]
174.7279 7.0959 65 Tb L1M3 Lˇ3 [50]
174.9177 7.0882 60 Nd L1O1 [104]
175.5005 7.0643 62 Sm L2N3 [104]
175.6661 7.05798 26 Fe KM2,3 Kˇ1,3 [50]
175.6686 7.0579 68 Er L2M1 L� [50]
176.7682 7.014 61 Pm abs. edge L2 [51]
176.8841 7.0094 65 Tb L2M5 [104]
176.9296 7.0076 60 Nd L1N4,5 [104]
177.3522 6.9909 70 Yb L3M3 Ls [104]
177.6037 6.981 71 Lu L3M2 Lt [50]
177.6801 6.978 65 Tb L2M4 Lˇ1 [50]
177.6140 6.9806 63 Eu abs. edge L3 [51]
177.7234 6.9763 63 Eu L3O4,5 Lˇ5 [50]
177.9402 6.9678 62 Sm L2N1 L�5 [50]
178.1498 6.9596 72 Hf L3M1 Ll [50]
178.4293 6.9487 68 Er L3M5 L˛1 [50]
178.5166 6.9453 63 Eu L3O1 Lˇ7 [50]
178.6453 6.9403 65 Tb L1M2 Lˇ4 [50]
178.9030 6.9303 27 Co KL3 K˛1 [50]
179.1694 6.920 63 Eu L1M5 Lˇ9 [50]
179.2911 6.91530 27 Co KL2 K˛2 [50]
179.5403 6.9057 66 Dy L2M3 Lˇ17 [104]
179.5582 6.9050 68 Er L3M4 L˛2 [50]
179.6366 6.902 60 Nd L1N3 L�3 [50]
179.8972 6.892 61 Pm L2N4 L�1 [50]
179.9494 6.89 63 Eu L1M4 Lˇ10 [50]
180.1325 6.883 60 Nd L1N2 L�2 [50]
180.5495 6.8671 64 Gd L3N1 Lˇ6 [50]
181.1801 6.8432 63 Eu L3N5 Lˇ2 [50]
181.1801 6.8432 63 Eu L3N4 Lˇ15 [50]
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181.4241 6.834 59 Pr abs. edge L1 [51]
181.5010 6.8311 64 Gd L1M3 Lˇ3 [50]
181.9298 6.815 59 Pr L1O2,3 L�4�4′ [50]
182.6454 6.7883 67 Ho L2M1 L� [50]
183.0904 6.7718 70 Yb L3M2 Lt [50]
183.6056 6.7528 71 Lu L3M1 Ll [50]
183.8615 6.7434 64 Gd L2M5 [104]
184.4085 6.7234 60 Nd abs. edge L2 [51]
184.5072 6.7198 67 Ho L3M5 L˛1 [50]
184.5072 6.7198 60 Nd L2N6,7 L5 [104]
184.5374 6.7187 59 Pr L1N4,5 [104]
184.5787 6.7172 62 Sm abs. edge L3 [51]
184.6886 6.7132 64 Gd L2M4 Lˇ1 [50]
184.7051 6.7126 62 Sm L3O4,5 Lˇ5 [50]
185.4095 6.6871 64 Gd L1M2 Lˇ4 [50]
185.5232 6.683 60 Nd L2O1 L�8 [50]
185.6204 6.6795 67 Ho L3M4 L˛2 [50]
185.6316 6.6791 62 Sm L3O1 Lˇ7 [50]
186.1751 6.6596 62 Sm L1M5 Lˇ9 [104]
186.9978 6.6303 62 Sm L1M4 Lˇ10 [104]
187.3737 6.617 63 Eu L3N1 Lˇ6 [50]
187.4020 6.616 59 Pr L1N3 L�3 [50]
187.7966 6.6021 60 Nd L2N4 L�1 [50]
187.9133 6.598 59 Pr L1N2 L�2 [50]
188.2271 6.587 62 Sm L3N5 Lˇ2 [50]
188.2271 6.587 62 Sm L3N4 Lˇ15 [50]
188.6768 6.5713 63 Eu L1M3 Lˇ3 [50]
189.0767 6.5574 69 Tm L3M2 Lt [50]
189.3482 6.548 58 Ce abs. edge L1 [51]
189.4205 6.545 70 Yb L3M1 Ll [50]
189.6494 6.5376 25 Mn abs. edge K [51]
189.7190 6.5352 25 Mn KM4,5 Kˇ5 [50]
189.7480 6.5342 66 Dy L2M1 L� [50]
189.9283 6.528 58 Ce L1O2,3 L�4�4′ [50]
190.3686 6.5129 58 Ce L1O1 [104]
190.8874 6.4952 66 Dy L3M5 L˛1 [50]
191.0256 6.49045 25 Mn KM2,3 Kˇ1,3 [50]
191.6368 6.4698 62 Sm L3N3 L3 [104]
191.9127 6.4605 61 Pm abs. edge L3 [51]
191.9959 6.4577 66 Dy L3M4 L˛2 [50]
192.0345 6.4564 63 Eu L2M4 Lˇ1 [50]
192.5535 6.439 59 Pr abs. edge L2 [51]
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192.5236 6.44 58 Ce L1N4,5 [104]
192.5564 6.4389 63 Eu L1M2 Lˇ4 [50]
192.6223 6.4367 59 Pr L2N6,7 L5 [104]
193.5454 6.406 60 Nd L2N1 L�5 [50]
193.6119 6.40384 26 Fe KL3 K˛1 [50]
193.6361 6.403 59 Pr L2O1 L�8 [50]
194.0057 6.39084 26 Fe KL2 K˛2 [50]
194.6484 6.3697 62 Sm L2N1 Lˇ6 [50]
195.5016 6.3419 69 Tm L3M1 Ll [50]
195.5325 6.3409 58 Ce L1N3 L�3 [50]
195.5911 6.339 61 Pm L3N5 Lˇ2 [50]
195.5911 6.339 61 Pm L3N4 Lˇ15 [50]
195.7609 6.3335 67 Ho L3M3 Ls [104]
196.0240 6.325 58 Ce L1N2 L�2 [50]
196.1139 6.3321 59 Pr L2N4 L�1 [50]
196.2412 6.318 62 Sm L1M3 Lˇ3 [50]
197.3061 6.2839 65 Tb L2M1 L� [50]
197.6552 6.2728 65 Tb L3M5 L˛1 [50]
197.8066 6.268 57 La abs. edge L1 [51]
198.3128 6.252 57 La L1O2,3 L�4�4′ [50]
199.0770 6.228 65 Tb L3M4 L˛2 [50]
199.6798 6.2092 60 Nd abs. edge L3 [51]
199.8117 6.2051 62 Sm L2M4 Lˇ1 [50]
199.8182 6.2049 60 Nd L3N6,7 Lu [104]
200.0955 6.1963 62 Sm L1M2 Lˇ4 [50]
200.9224 6.1708 60 Nd L3O1 Lˇ7 [50]
201.2420 6.161 58 Ce abs. edge L2 [51]
201.2224 6.1616 58 Ce L2N6,7 L5 [50]
201.5364 6.152 68 Er L3M1 Ll [50]
201.5626 6.1512 67 Ho L3M2 Lt [104]
201.6544 6.1484 60 Nd L1M5 Lˇ9 [50]
202.0619 6.136 59 Pr L2N1 L�5 [50]
202.3752 6.1265 60 Nd L1M4 Lˇ10 [50]
202.3917 6.126 58 Ce L2O1 L�8 [50]
202.7657 6.1147 66 Dy L3M3 Ls [104]
203.6082 6.0894 60 Nd L3N4 Lˇ2 [50]
203.6082 6.0894 60 Nd L3N5 Lˇ15 [50]
204.1244 6.074 57 La L1N3 L�3 [50]
204.2253 6.071 61 Pm L1M3 Lˇ3 [50]
204.5960 6.06 57 La L1N2 L�2 [50]
204.6906 6.052 64 Gd L3M5 L˛1 [50]
204.8664 6.052 58 Ce L2N4 L�1 [50]
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204.9511 6.0495 64 Gd L2M1 L� [50]
205.7854 6.025 64 Gd L3M4 L˛2 [50]
206.7799 5.996 56 Ba abs. edge L1 [51]
207.0285 5.9888 24 Cr abs. edge K [51]
207.0941 5.9869 24 Cr KM4,5 Kˇ5 [50]
207.5656 5.9733 56 Ba L1O2,3 L�4�4′ [50]
207.9242 5.963 59 Pr abs. edge L3 [51]
207.9939 5.961 61 Pm L2M4 Lˇ1 [50]
208.0463 5.9595 59 Pr L3N6,7 Lu [104]
208.4941 5.94671 24 Cr KM2,3 Kˇ1,3 [50]
208.6098 5.9434 67 Ho L3M1 Ll [50]
209.1553 5.9279 59 Pr L3O1 Lˇ7 [50]
209.9202 5.9063 65 Tb L3M3 Ls [104]
210.0376 5.903 59 Pr L1M5 Lˇ9 [50]
210.1871 5.89875 25 Mn KL3 K˛1 [50]
210.3940 5.8930 60 Nd L3N1 Lˇ6 [50]
210.4404 5.8917 62 Sm L2M3 Lˇ17 [50]
210.5369 5.889 57 La abs. edge L2 [51]
210.5726 5.888 57 La L2O2 [50]
210.5834 5.88705 25 Mn KL2 K˛2 [50]
210.7158 5.884 59 Pr L1M4 Lˇ10 [50]
211.0350 5.8751 58 Ce L2N1 L�5 [50]
211.9405 5.85 59 Pr L3N4 Lˇ15 [50]
212.0964 5.8457 63 Eu L3M5 L˛1 [50]
212.6894 5.8294 60 Nd L1M3 Lˇ3 [50]
213.1575 5.8166 63 Eu L2M1 L� [50]
213.1575 5.8166 63 Eu L3M4 L˛2 [50]
213.4290 5.8092 56 Ba L1N3 L�3 [50]
213.8819 5.7969 56 Ba L1N2 L�2 [50]
214.1922 5.7885 57 La L2N4 L�1 [50]
215.8855 5.7431 66 Dy L3M1 Ll [50]
216.6437 5.723 58 Ce abs. edge L3 [51]
216.6967 5.7216 60 Nd L1M2 Lˇ4 [50]
216.6967 5.7216 60 Nd L2M4 Lˇ1 [50]
216.7156 5.7211 58 Ce L3N6,7 Lu [104]
216.7195 5.721 55 Cs abs. edge L1 [51]
217.0153 5.7132 58 Ce L3O1 Lˇ7 [50]
217.4187 5.7026 55 Cs L1O2,3 L�4�4′ [50]
217.5866 5.6982 64 Gd L3M3 Ls [104]
218.8611 5.665 58 Ce L1M5 Lˇ9 [50]
219.0551 5.66 59 Pr L3N1 Lˇ6 [50]
219.5983 5.646 58 Ce L1M4 Lˇ10 [50]
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219.9840 5.6361 62 Sm L3M5 L˛1 [50]
220.4848 5.6233 56 Ba abs. edge L2 [51]
220.5749 5.621 57 La L2N1 L�5 [50]
220.8736 5.6134 58 Ce L3N4 Lˇ2 [50]
220.8736 5.6134 58 Ce L3N5 Lˇ15 [50]
221.0705 5.6084 62 Sm L3M4 L˛2 [50]
221.7268 5.5918 59 Pr L1M3 Lˇ3 [50]
221.8299 5.5892 62 Sm L2M1 L� [50]
222.2753 5.578 56 Ba L3O1 L�8 [104]
223.2881 5.5527 55 Cs L1N3 L�3 [50]
223.4772 5.548 92 U abs. edge M1 [51]
223.5296 5.5467 65 Tb L3M1 Ll [50]
223.7192 5.542 55 Cs L1N2 L�2 [50]
224.2601 5.5311 56 Ba L2N4 L�1 [50]
225.5055 5.4981 59 Pr L1M2 Lˇ9 [50]
225.8835 5.4889 59 Pr L2M4 Lˇ1 [50]
226.0853 5.484 57 La abs. edge L3 [51]
226.3329 5.478 57 La L3O4,5 Lˇ5 [51]
226.9170 5.4639 23 V abs. edge K [51]
226.9585 5.4629 23 V KM4,5 Kˇ5 [50]
227.3790 5.4528 54 Xe abs. edge L1 [51]
227.4957 5.45 57 La L3O1 Lˇ7 [50]
228.1656 5.434 57 La L1M5 Lˇ9 [50]
228.1908 5.4334 58 Ce L3N1 Lˇ6 [50]
228.2286 5.4325 61 Pm L3M5 L˛1 [50]
228.4472 5.42729 23 V KM2,3 Kˇ1,3 [50]
228.9662 5.415 57 La L1M4 Lˇ10 [50]
228.9788 5.41472 24 Cr KL3 K˛1 [50]
229.2710 5.4078 61 Pm L3M4 L˛2 [50]
229.3686 5.405509 24 Cr KL2 K˛2 [50]
230.3059 5.3835 57 La L3N4 Lˇ2 [50]
230.3059 5.3835 57 La L3N5 Lˇ15 [50]
230.4557 5.38 92 U M1O3 [50]
230.8548 5.3707 56 Ba L2N1 L�5 [50]
231.0182 5.3669 91 Pa abs. edge M1 [51]
231.0957 5.3651 58 Ce L1M3 Lˇ3 [50]
231.1225 5.3621 64 Gd L3M1 Ll [50]
231.3977 5.3581 55 Cs abs. edge L2 [51]
234.0889 5.2965 62 Sm L3M3 Ls [104]
234.8026 5.2804 55 Cs L2N4 L�1 [50]
234.9762 5.2765 58 Ce L1M2 Lˇ4 [50]
235.6147 5.2622 58 Ce L2M4 Lˇ1 [50]
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236.2973 5.2470 56 Ba abs. edge L3 [51]
237.0472 5.2304 60 Nd L3M5 L˛1 [50]
237.6515 5.2171 56 Ba L1M5 Lˇ9 [50]
237.9115 5.1114 57 La L3N1 Lˇ6 [50]
238.0713 5.2079 56 Ba L3O1 Lˇ7 [50]
238.0805 5.2077 60 Nd L3M4 L˛2 [50]
238.7037 5.1941 56 Ba L1M4 Lˇ10 [50]
238.8005 5.192 53 I abs. edge L1 [51]
239.1320 5.1848 53 I L1O2,3 L�4�4′ [50]
239.2474 5.1823 90 Th abs. edge M1 [51]
239.2520 5.1822 92 U abs. edge M2 [51]
239.4831 5.1772 63 Eu L3M1 Ll [50]
240.4444 5.1565 56 Ba L2N4 Lˇ2 [50]
240.4444 5.1565 56 Ba L2N5 Lˇ15 [50]
240.9491 5.1457 60 Nd L2M1 L� [50]
241.0568 5.1434 57 La L1M3 Lˇ3 [50]
241.7478 5.1287 55 Cs L2N1 L�5 [50]
242.2059 5.119 92 U M2P1 [50]
242.9320 5.1037 54 Xe abs. edge L2 [51]
244.0653 5.08 90 Th M1O3 [50]
244.3058 5.075 92 U M2O4 [50]
244.7543 5.0657 53 I L1N2,3 L�2,3 [50]
244.9332 5.062 57 La L1M2 Lˇ4′ [50]
245.8999 5.0421 57 La L2M4 Lˇ1 [50]
246.3102 5.0337 59 Pr L3M5 L˛1 [50]
247.3026 5.0135 59 Pr L3M4 L˛2 [50]
247.4113 5.0113 55 Cs abs. edge L3 [51]
247.8415 5.0026 55 Cs L1M5 Lˇ9 [50]
247.8712 5.002 89 Ac abs. edge M1 [51]
247.9257 5.0009 91 Pa abs. edge M2 [51]
248.2434 4.9945 62 Sm L3M1 Ll [50]
248.2732 4.9939 56 Ba L3N1 Lˇ6 [50]
248.5021 4.9893 55 Cs L3O1 Lˇ7 [50]
249.2064 4.9752 55 Cs L1M4 Lˇ10 [50]
249.7426 4.96452 22 Ti abs. edge K [51]
249.8543 4.9623 22 Ti KM4,5 Kˇ5 [50]
250.3638 4.95220 23 V K3 K˛1 [50]
250.7484 4.94464 23 V K2 K˛2 [50]
250.9974 4.9397 52 Te abs. edge L1 [51]
251.1397 4.9369 52 Te L1O2,3 L�4�4′ [50]
251.1906 4.9359 55 Cs L3N5 Lˇ2 [50]
251.1906 4.9359 55 Cs L3N4 Lˇ15 [50]



656 6 X-Ray Transition Energies: Ordered by Energy/Wavelength

� [pm] E [keV] Z element transition notation reference

251.2364 4.935 59 Pr L2M1 L� [50]
251.3994 4.93181 22 Ti KM2,3 Kˇ1,3 [50]
251.6495 4.9269 56 Ba L1M3 Lˇ3 [50]
252.7215 4.906 91 Pa M2O4 [50]
255.4290 4.8540 53 I abs. edge L2 [51]
255.5394 4.8519 56 Ba L1M2 Lˇ4 [50]
255.9562 4.844 92 U M2O1 [104]
256.1571 4.8402 58 Ce L2M5 L˛1 [50]
256.6768 4.8304 90 Th abs. edge M2 [51]
256.7512 4.829 52 Te L1N2,3 L�2,3 [50]
256.6829 4.82753 56 Ba L2M4 Lˇ1 [50]
257.0707 4.823 58 Ce L3M4 L˛2 [50]
257.1240 4.822 88 Ra abs. edge M1 [51]
258.2540 4.8009 53 I L2N4 L�1 [50]
259.2639 4.7822 54 Xe abs. edge L3 [51]
259.3235 4.7811 55 Cs L3N1 Lˇ6 [50]
261.8483 4.735 90 Th M2O4 [50]
262.0420 4.7315 58 Ce L2M1 L� [50]
262.8642 4.7167 55 Cs L1M3 Lˇ3 [50]
263.8881 4.6984 51 Sb abs. edge L1 [51]
263.9836 4.6967 51 Sb L1O2,3 L�4�4′ [50]
265.7205 4.666 53 I L2N1 L�5 [50]
266.2912 4.656 89 Ac abs. edge M2 [51]
266.5202 4.652 87 Fr abs. edge M1 [51]
266.5775 4.65097 57 La L3M5 L˛1 [50]
266.6692 4.6494 55 Cs L1M2 Lˇ4 [50]
267.5439 4.63423 57 La L3M4 L˛2 [50]
267.6132 4.633 60 Nd L3M1 Ll [50]
268.3778 4.6198 55 Cs L2M4 Lˇ1 [50]
268.7968 4.6126 52 Te abs. edge L2 [51]
269.5389 4.5999 51 Sb L1N2,3 L�2,3 [50]
271.2489 4.5709 52 Te L2N4 L�1 [50]
271.2617 4.569 53 I L1M5 Lˇ9 [50]
271.9749 4.5587 53 I abs. edge L3 [51]
272.1221 4.5564 53 I L1M4 Lˇ10 [50]
272.8847 4.5435 53 I L3O1 Lˇ7 [50]
274.0004 4.525 57 La L2M1 L� [50]
274.8630 4.51084 22 Ti KL3 K˛1 [50]
275.0642 4.5075 53 I L3N5 Lˇ2 [50]
275.0642 4.5075 53 I L3N4 Lˇ15 [50]
275.2229 4.50486 22 Ti KL3 K˛2 [50]
275.5226 4.50 92 U M1N3 [50]
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276.1978 4.489 21 Sc abs. edge K [51]
276.1670 4.4865 88 Ra abs. edge M2 [51]
276.3517 4.4865 21 Sc KM4,5 Kˇ5 [50]
276.6291 4.482 86 Rn abs. edge M1 [51]
277.6015 4.46626 56 Ba L3M5 L˛1 [50]
277.6949 4.4648 50 Sn abs. edge L1 [51]
277.7570 4.4638 50 Sn L1O2,3 L�4�4′ [50]
277.9625 4.4605 21 Sc KM3 Kˇ1 [50]
278.4182 4.4532 59 Pr L3M1 Ll [50]
278.5620 4.45090 56 Ba L3M4 L˛2 [50]
279.0134 4.4437 52 Te L2N1 L�5 [50]
281.7205 4.401 92 U M2N4 [50]
282.9485 4.3819 51 Sb abs. edge L2 [51]
283.2781 4.3768 50 Sn L1N2,3 L�2,3 [50]
283.6800 4.3706 53 I L3N1 Lˇ6 [50]
283.9074 4.3671 52 Te L1M5 Lˇ9 [50]
284.6896 4.3551 52 Te L1M4 Lˇ10 [50]
285.1676 4.34779 51 Sb L2N4 L�1 [50]
285.5617 4.3418 52 Te abs. edge L3 [51]
286.2804 4.3309 56 Ba L2M1 L� [50]
286.3531 4.3298 52 Te L3O1 Lˇ7 [50]
286.5384 4.327 87 Fr abs. edge M2 [51]
287.2022 4.317 85 At abs. edge M1 [51]
287.4419 4.3134 53 I L1M3 Lˇ3 [50]
288.4047 4.299 92 U abs. edge M3 [51]
288.2237 4.3017 52 Te L3N5 Lˇ2 [50]
288.2237 4.3017 52 Te L3N4 Lˇ15 [50]
289.1783 4.2875 58 Ce L3M1 Ll [50]
289.2457 4.2865 55 Cs L3M5 L˛1 [50]
290.2139 4.2722 55 Cs L3M4 L˛2 [50]
291.0450 4.26 91 Pa M2N4 [50]
291.2159 4.2575 53 I L1M2 Lˇ4 [50]
291.7298 4.25 92 U M1N2 [50]
292.6043 4.2373 49 In abs. edge L1 [51]
292.6456 4.2367 49 In L1O2,3 L�4�4′ [50]
293.0330 4.2311 92 U M3P1 [104]
293.1092 4.23 90 Th M1N3 [50]
293.1993 4.2287 51 Sb L2N1 L�5 [50]
293.7550 4.22072 53 J L2M4 Lˇ1 [50]
294.8518 4.205 92 U M3O5 [50]
294.8518 4.205 92 U M3O4 [50]
297.0559 4.1738 91 Pa abs. edge M3 [51]
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297.0986 4.1732 52 Te L3N1 Lˇ6 [50]
297.2695 4.1708 51 Sb L1M5 Lˇ9 [50]
297.9267 4.1616 51 Sb L1M4 Lˇ10 [50]
298.0055 4.1605 49 In L1N2,3 L�2,3 [50]
298.1130 4.159 87 Fr abs. edge M2 [51]
298.2349 4.1573 50 Sn abs. edge L2 [51]
298.8315 4.149 84 Po abs. edge M1 [51]
299.3293 4.1421 55 Cs L2M1 L� [50]
300.0392 4.1323 51 Sb abs. edge L3 [51]
300.1263 4.13112 50 Sn L2N4 L�1 [50]
300.5337 4.1255 51 Sb L3O1 Lˇ7 [50]
300.6430 4.124 57 La L3M1 Ll [50]
300.9057 4.1204 52 Te L1M3 Lˇ3 [50]
301.1542 4.117 90 Th M2N4 [50]
301.6744 4.1099 54 Xe L3M5 L˛2 [50]
302.3439 4.1008 51 Sb L3N4 Lˇ15 [50]
302.3454 4.10078 51 Sb L3N5 Lˇ2 [50]
303.0978 4.0906 21 Sc KL3 K˛1 [50]
303.4316 4.0861 21 Sc KL2 K˛1 [50]
303.8108 4.081 91 Pa M2O4,5 [50]
304.6693 4.0695 52 Te L1M3 Lˇ4 [50]
306.8181 4.041 90 Th abs. edge M3 [51]
307.0385 4.0381 20 Ca abs. edge K [51]
307.4648 4.0325 20 Ca KM4,5 Kˇ5 [50]
307.6877 4.02958 52 Te L2M4 Lˇ1 [50]
308.4822 4.0192 50 Sn L2N1 L�5 [50]
308.4976 4.0190 48 Cd abs. edge L1 [51]
308.9819 4.0127 20 Ca KM2,3 Kˇ1,3 [50]
309.3443 4.008 85 At abs. edge M2 [51]
309.4215 4.007 83 Bi abs. edge M1 [51]
311.5206 3.9800 51 Sb L3N1 Lˇ6 [50]
311.5206 3.980 92 U M3O1 [50]
312.1794 3.9716 50 Sn L1M4 Lˇ10 [50]
313.1730 3.959 90 Th M3O5 [50]
313.1730 3.959 90 Th M3O4 [50]
313.3313 3.957 90 Th M1N2 [104]
313.5611 3.9541 56 Ba L2M1 Ll [50]
313.7833 3.9513 48 Cd L1N2,3 L�2,3 [50]
314.7392 3.9393 49 In abs. edge L2 [51]
314.8711 3.93765 53 I L2M5 L˛1 [50]
315.2673 3.9327 51 Sb L1M3 Lˇ3 [50]
315.5803 3.9288 50 Sn abs. edge L2 [51]
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315.6526 3.9279 50 Sn L3O1 Lˇ7 [50]
315.8022 3.92604 53 I L3M4 L˛2 [50]
316.2234 3.92081 49 In L2N4 L�1 [50]
316.2888 3.92 92 U M3N7 [104]
317.1788 3.909 89 Ac abs. edge M3 [51]
317.5151 3.90486 50 Sn L2N5 Lˇ2 [50]
317.5151 3.90486 50 Sn L2N4 Lˇ15 [50]
319.0232 3.8864 51 Sb L1M2 Lˇ4 [50]
321.7052 3.854 84 Po abs. edge M2 [51]
321.7052 3.854 82 Pb abs. edge M1 [51]
322.5782 3.8457 51 Sb L2M4 Lˇ1 [50]
322.8286 3.8394 95 Am M3N5 M�1 [51]
324.5685 3.82 91 Pa M3O1 [50]
324.9173 3.8159 49 In L2N1 L�5 [50]
325.6598 3.8072 47 Ag abs. edge L1 [51]
326.7076 3.795 55 Cs L3M1 Ll [50]
326.7756 3.7942 49 In L1M5 Lˇ9 [50]
326.9134 3.7926 50 Sn L3N1 Lˇ6 [50]
326.9824 3.7918 88 Ra abs. edge M3 [51]
327.2845 3.7883 95 Am M3N4 M�2 [51]
327.4141 3.7868 49 In L1M4 Lˇ10 [50]
327.9945 3.7801 53 I L2M1 L� [50]
328.0031 3.78 90 Th M3O1 [50]
328.9342 3.16933 52 Te L3M5 L˛1 [50]
329.8531 3.7588 52 Te L3M4 L˛2 [50]
330.1694 3.7552 94 Pu M3N5 M�1 [51]
330.6272 3.75 50 Sn L1M2 Lˇ3 [50]
330.6448 3.7498 47 Ag L1N3 L�3 [50]
331.2278 3.7432 47 Ag L1N2 L�2 [50]
332.3822 3.7302 49 In abs. edge L3 [51]
332.4000 3.73 49 In L3O1 Lˇ7 [50]
332.5783 3.7280 48 Cd abs. edge L2 [51]
332.9355 3.724 92 U M2N1 [50]
333.2935 3.720 92 U abs. edge M4 [51]
333.5751 3.71686 48 Cd L2N4 L�1 [50]
333.8491 3.7181 49 In L3N5 Lˇ2 [50]
333.8491 3.7181 49 In L3N4 Lˇ15 [50]
334.3451 3.7083 50 Sn L1M2 Lˇ4 [50]
334.3992 3.7077 94 Pu M3N4 M�2 [51]
334.6429 3.705 81 Tl abs. edge M1 [51]
335.2673 3.6981 92 U M4P2,3 [50]
335.8503 3.69168 20 Ca KL3 K˛1 [50]
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335.9122 3.691 83 Bi abs. edge M2 [51]
336.1773 3.68809 20 Ca KL2 K˛2 [50]
338.3506 3.6644 93 Np M2N5 M�1 [51]
338.4799 3.663 87 Fr abs. edge M3 [51]
338.4984 3.66280 50 Sn L2M4 Lˇ1 [50]
340.0302 3.6463 95 Am M4N6 Mˇ [51]
342.5621 3.6135 48 Cd L2N1 L�5 [50]
342.6141 3.6188 93 Np M3N4 M�2 [51]
343.0264 3.61445 48 Cd L1M5 Lˇ9 [50]
343.3351 3.6112 91 Pa abs. edge M4 [51]
343.6206 3.60823 49 In L3N1 Lˇ6 [50]
343.6873 3.6075 48 Cd L1M4 Lˇ10 [50]
343.6587 3.6078 19 K abs. edge K [51]
343.7350 3.607 46 Pd abs. edge L1 [51]
343.8436 3.60586 52 Te L2M1 L� [50]
343.9524 3.60472 51 Sb L2M5 L˛1 [50]
344.1165 3.603 91 Pa M2N1 [50]
344.1452 3.6027 19 K KM4 Kˇ5 [50]
344.8516 3.59532 51 Sb L3M4 L˛2 [50]
345.4011 3.5896 19 K KM3 Kˇ1 [50]
346.9952 3.57311 49 In L1M3 Lˇ3 [50]
347.7846 3.565 80 Hg abs. edge M1 [51]
347.9797 3.563 92 U M3N5 M� [50]
348.9297 3.5533 46 Pd L1N2,3 L�2,3 [50]
349.2541 3.550 82 Pb abs. edge M2 [51]
349.7467 3.545 92 U abs. edge M5 [51]
350.4386 3.538 86 Rn abs. edge M3 [51]
350.4783 3.5376 48 Cd abs. edge L3 [51]
350.7083 3.53528 49 In L1M2 Lˇ4 [50]
351.1035 3.5313 92 U M4O3 M� [104]
351.4200 3.52812 48 Cd L3N5 Lˇ2 [50]
351.4200 3.52812 48 Cd L3N4 Lˇ15 [50]
351.5516 3.5268 94 Pu M4N6 Mˇ [51]
351.6513 3.5258 47 Ag abs. edge L2 [51]
352.1306 3.521 92 U M3N4 [50]
352.2717 3.51959 47 Ag L2N4 L�1 [50]
353.7380 3.505 90 Th M2N1 [50]
355.5427 3.48721 49 In L2M4 Lˇ1 [50]
355.7611 3.48502 53 I L3M1 Ll [50]
355.7681 3.485 90 Th abs. edge M4 [51]
357.6564 3.4666 92 U M4O2 [50]
357.7493 3.4657 91 Pa M3N5 M�1 [50]
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360.0056 3.44398 50 Sn L3M5 L˛1 [50]
360.2336 3.4418 91 Pa abs. edge M5 [51]
360.5091 3.43917 47 Ag L1M5 Lˇ9 [50]
360.7776 3.43661 51 Sb L2M1 L� [50]
360.9026 3.43542 50 Sn L3M4 L˛2 [50]
360.9152 3.4353 93 Np M4N6 Mˇ [51]
361.1707 3.43287 47 Ag L1M4 Lˇ10 [50]
361.4728 3.430 91 Pa M3N4 M�2 [50]
361.4792 3.42994 48 Cd L3N1 Lˇ6 [50]
361.6500 3.42832 47 Ag L2N1 L�5 [50]
361.6838 3.428 79 Au abs. edge M1 [51]
361.8949 3.426 85 At abs. edge M3 [51]
362.8481 3.417 45 Rh abs. edge L1 [51]
363.3798 3.412 81 Tl abs. edge M2 [51]
364.5069 3.40145 48 Cd L1M3 Lˇ3 [50]
367.8867 3.3702 89 Ac abs. edge M4 [51]
367.9086 3.37 90 Th M3N5 M�1 [50]
368.2156 3.36719 48 Cd L1M2 Lˇ4 [50]
368.5648 3.364 45 Rh L1N2,3 L�2,3 [50]
369.1134 3.359 91 Pa M4O2 [50]
369.4433 3.356 92 U M4N4 Mˇ [50]
369.9990 3.35096 47 Ag abs. edge L3 [51]
370.3472 3.34781 47 Ag L3N5 Lˇ2 [50]
370.3472 3.34781 47 Ag L3N4 Lˇ15 [50]
370.5808 3.3457 94 Pu M5N7 M˛1 [51]
371.7084 3.33555 52 Te L3M1 Ll [50]
371.7697 3.335 90 Th M3N4 M�2 [50]
371.9816 3.33031 46 Pd abs. edge L2 [51]
372.0709 3.3323 94 Pu M5N6 M˛2 [51]
372.4733 3.3287 46 Pd L2N4 L�1 [50]
372.8878 3.325 90 Th abs. edge M5 [51]
373.8356 3.31657 48 Cd L2M4 Lˇ1 [50]
374.0126 3.315 83 Bi M1N3 [50]
374.1481 3.3138 19 K KL3 K˛1 [50]
374.4532 3.3111 19 K KL2 K˛2 [50]
375.4965 3.3019 84 Po abs. edge M3 [51]
376.1687 3.296 78 Pt abs. edge M1 [51]
377.2101 3.2869 49 In L3M5 L˛1 [50]
378.0843 3.2793 49 In L3M4 L˛2 [50]
378.3497 3.277 80 Hg abs. edge M2 [51]
378.8931 3.2723 50 Sn L2M1 L� [50]
379.2060 3.2696 46 Pd L1M5 Lˇ9 [50]
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379.8915 3.2637 46 Pd L1M4 Lˇ10 [50]
380.1594 3.2614 93 Np M5N7 M˛1 [51]
380.7864 3.25603 47 Ag L3N1 Lˇ6 [50]
380.7899 3.256 90 Th M4O2 M� [50]
381.3990 3.2508 93 Np M5N6 M˛2 [51]
381.7278 3.248 88 Ra abs. edge M4 [51]
382.2338 3.2437 46 Pd L2N1 L�5 [50]
382.7058 3.2397 91 Pa M4N6 Mˇ [50]
383.3210 3.2345 47 Ag L1M3 Lˇ3 [50]
383.3803 3.234 83 Bi M2N4 [50]
383.4989 3.233 44 Ru abs. edge L1 [51]
385.1668 3.219 89 Ac abs. edge M5 [51]
387.0304 3.2035 47 Ag L1M2 Lˇ4 [50]
387.1029 3.20290 18 Ar abs. edge K [51]
387.2117 3.202 82 Pb M1N3 [50]
388.6074 3.1905 18 Ar KM2,3 Kˇ1,3 [50]
388.8389 3.1886 51 Sb L3M1 Ll [50]
389.2784 3.185 83 Bi M1N2 [50]
389.7802 3.1809 44 Ru L1N2,3 L�2,3 [50]
390.3816 3.176 83 Bi abs. edge M3 [51]
390.7137 3.1733 46 Pd abs. edge L3 [51]
390.8985 3.1718 46 Pd L3N5 Lˇ2 [50]
390.8985 3.1718 46 Pd L3N4 Lˇ15 [50]
391.0218 3.1708 92 U M5N7 M˛1 [50]
391.4910 3.167 77 Ir abs. edge M1 [51]
392.4203 3.1595 92 U M5N6 M˛2 [50]
393.2293 3.153 83 Bi M3O5 [50]
393.2293 3.153 83 Bi M3N4 [50]
393.4913 3.1509 47 Ag L2M4 Lˇ1 [50]
393.6038 3.150 79 Au abs. edge M2 [51]
394.1293 3.1458 90 Th M4N6 Mˇ [50]
394.2546 3.1448 45 Re abs. edge L2 [51]
394.3800 3.1438 45 Rh L2N4 L�1 [50]
395.3357 3.1362 87 Fr abs. edge M4 [51]
395.6511 3.1337 48 Cd L3M5 L˛1 [50]
396.5115 3.1269 48 Cd L3M4 L˛2 [50]
396.8796 3.124 82 Pb M2N4 [50]
398.3460 3.1125 49 In L2M1 L� [50]
399.3210 3.1049 88 Ra abs. edge M5 [51]
401.3765 3.089 81 Tl M1N3 [50]
401.6365 3.087 46 Pd L3N1 Lˇ6 [50]
402.2489 3.0823 91 Pa M5N7 M˛1 [50]
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403.4663 3.073 46 Pd L1M3 Lˇ3 [50]
403.5976 3.072 91 Pa M5N6 M˛2 [50]
404.5194 3.065 45 Rh L2N1 L�5 [50]
404.7571 3.0632 82 Pb abs. edge M3 [51]
405.8435 3.055 43 Tc abs. edge L1 [51]
406.9091 3.047 82 Pb M3O5 [50]
407.1228 3.0454 46 Pd L1M2 Lˇ4 [50]
407.1763 3.045 76 0s abs. edge M1 [51]
407.1897 3.0449 50 Sn L3M1 Ll [50]
409.3272 3.029 78 Pt abs. edge M2 [51]
410.3432 3.0215 86 Rn abs. edge M4 [51]
410.4111 3.021 83 Bi M3O1 [50]
410.9552 3.017 82 Pb M2O4 [50]
411.5008 3.013 81 Tl M2N4 [50]
412.9949 3.0021 45 Rh abs. edge L3 [51]
413.1049 3.0013 45 Rh L3N5 Lˇ2 [50]
413.1049 3.0013 45 Rh L3N4 Lˇ15 [50]
413.2977 2.9999 87 Fr abs. edge M5 [51]
413.8219 2.9961 90 Th M5N7 M˛1 [50]
414.6371 2.99021 46 Pd L2M4 Lˇ1 [50]
415.0826 2.987 90 Th M5N6 M˛2 [50]
415.4568 2.98431 47 Ag L3M5 L˛1 [50]
416.3078 2.97821 47 Ag L3M4 L˛2 [50]
417.9793 2.9663 44 Ru abs. edge L2 [51]
418.2330 2.9645 44 Ru L2N4 L�1 [50]
419.1946 2.95770 18 Ar KL3 K˛1 [50]
419.3293 2.95675 48 Cd L2M1 L� [50]
419.4822 2.95563 18 Ar KL2 K˛2 [50]
419.7908 2.9535 81 Tl abs. edge M3 [51]
421.5749 2.941 81 Tl M3O5 [50]
423.5914 2.927 75 Re abs. edge M1 [51]
424.1855 2.9229 45 Rh L3N1 Lˇ6 [50]
424.4614 2.921 82 Pb M3O1 [50]
425.2330 2.9157 45 Rh L1M3 Lˇ9 [50]
426.0660 2.910 77 Ir abs. edge M2 [51]
426.2564 2.9087 85 At abs. edge M4 [51]
426.8874 2.90440 49 In L3M1 Ll [50]
428.6585 2.8924 86 Rn abs. edge M5 [51]
428.8216 2.8913 44 Ru L2N1 L�5 [50]
428.8958 2.8908 45 Rh L1M2 Lˇ4 [50]
430.3547 2.881 42 Mo abs. edge L1 [51]
430.0561 2.883 79 Au M1N3 [50]
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433.0604 2.863 92 U M3N1 [50]
435.5095 2.8469 80 Hg abs. edge M3 [51]
436.7814 2.83861 46 Pd L3M5 L˛1 [50]
436.9214 2.8377 44 Ru abs. edge L3 [51]
437.1833 2.836 44 Ru L3N4 Lˇ15 [50]
437.4286 2.83441 45 Rh L2M4 Lˇ1 [50]
437.6015 2.83329 46 Pd L3M4 L˛2 [50]
438.0173 2.8306 42 Mo L1N2,3 L�2,3 [50]
439.7262 2.81960 17 Cl abs. edge K [51]
440.3509 2.8156 17 Cl KM2,3 Kˇ1,3 [50]
440.7579 2.813 74 W abs. edge M1 [51]
441.8417 2.8061 47 Ag L2M1 L� [50]
443.1208 2.798 84 Po abs. edge M4 [51]
443.2792 2.797 79 Au M2N4 [50]
443.2792 2.797 76 Os abs. edge M2 [51]
443.6282 2.7948 43 Tc abs. edge L2 [51]
444.3914 2.79 74 W M1O2,3 [50]
444.9176 2.7867 85 At abs. edge M5 [51]
445.0294 2.786 91 Pa M3N1 [50]
445.9899 2.78 78 Pt M1N3 [50]
448.0286 2.76735 48 Cd L3N1 Ll [50]
448.6690 2.7634 44 Ru L1M3 Lˇ3 [50]
448.6690 2.7634 44 Ru L3N1 Lˇ6 [50]
450.6586 2.7512 95 Am M5N3 M�1 [51]
451.8576 2.7439 79 Au abs. edge M3 [51]
452.1706 2.742 79 Au M3O5 [50]
452.1706 2.742 79 Au M3O4 [50]
452.3191 2.7411 44 Ru L1M2 Lˇ4 [50]
453.3279 2.735 83 Bi M3N5 M�1 [50]
456.8356 2.714 90 Th M3N1 [50]
457.1725 2.712 83 Bi M3N4 M�2 [50]
457.3412 2.711 83 Bi abs. edge M4 [51]
457.5100 2.710 41 Nb abs. edge L1 [51]
458.5251 2.704 73 Ta abs. edge M1 [51]
459.2044 2.7 83 Bi M4P2,3 [50]
459.7596 2.69674 45 Rh L3M5 L˛1 [50]
460.0564 2.695 78 Pt M2N4 [50]
460.5519 2.6921 45 Rh L3M4 L˛2 [50]
461.9419 2.684 75 Re abs. edge M2 [51]
462.0744 2.68323 44 Ru L2M4 Lˇ1 [50]
462.1140 2.683 84 Po abs. edge M5 [51]
462.4587 2.681 92 U M4N3 Mı [50]
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462.5796 2.6803 95 Am M4N2 M�2 [51]
462.9768 2.6780 43 Tc abs. edge L3 [51]
463.1497 2.677 77 Ir M1N3 [50]
465.4099 2.664 82 Pb M2N1 [50]
465.4448 2.6638 41 Nb L1N2,3 L�2,3 [50]
465.5322 2.6633 94 Pu M5N3 M�1 [51]
466.0572 2.6603 46 Pd L2N1 L� [50]
467.3924 2.6527 82 Pb M3N5 M�1 [50]
468.5937 2.6459 78 Pt abs. edge M3 [51]
469.4630 2.641 78 Pt M3O5 [50]
469.4630 2.641 78 Pt M3O4 [50]
470.3535 2.636 79 Au M3O1 [50]
470.7643 2.6337 47 Ag L3M1 Ll [50]
471.4266 2.63 82 Pb M3N4 M�1 [50]
471.8931 2.6274 42 Mo abs. edge L2 [51]
472.5946 2.6235 42 Mo L2N4 L�1 [50]
472.7947 2.62239 17 Cl KL3 K˛1 [50]
473.0851 2.62078 17 Cl KL2 K˛2 [50]
475.7682 2.606 82 Pb abs. edge M4 [51]
476.3166 2.603 83 Bi abs. edge M5 [51]
476.7011 2.6009 72 Hf abs. edge M1 [51]
476.7745 2.6005 94 Pu M4N2 M�2 [51]
477.9691 2.594 77 Ir M2N4 [50]
478.7073 2.59 76 0s M1N3 [50]
480.7491 2.579 93 Np M5N3 M�1 [51]
481.4959 2.575 74 W abs. edge M2 [51]
482.2450 2.571 83 Bi M4O2 [50]
482.2450 2.571 81 Tl M3N5 M�1 [50]
483.7125 2.5632 42 Mo L2N1 L�5 [50]
484.5917 2.55855 44 Ru L3N5 L˛1 [50]
485.3961 2.55431 44 Ru L3N4 L˛2 [50]
486.1211 2.5505 77 Ir abs. edge M3 [51]
486.5981 2.548 81 Tl M3N4 M�2 [50]
486.9803 2.546 77 Ir M3O4,5 [50]
487.5548 2.543 78 Pt M3O1 [50]
488.7464 2.5368 43 Tc L2M4 Lˇ1 [50]
487.9386 2.541 40 Zr abs. edge L1 [51]
491.0305 2.525 83 Bi M4N6 Mˇ [50]
491.2250 2.524 90 Th M4N3 Mı [50]
491.4977 2.5226 93 Np M4N2 M�2 [51]
491.3418 2.5234 42 Mo abs. edge L3 [51]
492.1805 2.5191 45 Rh L2M1 L� [50]
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492.3368 2.5183 42 Mo L3N5 Lˇ2 [50]
492.3368 2.5183 42 Mo L3N4 Lˇ15 [50]
494.5560 2.507 92 U M5N3 M�1 [50]
495.2672 2.5034 46 Pd L3M1 Ll [50]
495.3661 2.5029 40 Zr L1N2,3 L�2,3 [50]
495.5443 2.502 76 0s M2N4 [50]
495.5444 2.502 82 Pb abs. edge M5 [51]
497.5329 2.492 41 Nb L1M5 Lˇ9 [50]
497.6926 2.4912 71 Lu abs. edge M1 [51]
498.4329 2.4875 80 Hg M3N5 M�1 [50]
498.5331 2.487 41 Nb L1M4 Lˇ10 [50]
498.9143 2.4851 81 Tl abs. edge M4 [51]
500.5458 2.477 82 Pb M4O2 [50]
501.3554 2.473 42 Mo L1M3 Lˇ3 [50]
501.8668 2.47048 16 S abs. edge K [51]
501.9644 2.470 73 Ta abs. edge M2 [51]
503.1663 2.4641 41 Nb abs. edge L2 [51]
503.1785 2.46404 16 S KM3 Kˇ1 [50]
503.6363 2.4618 41 Nb L2N4 L�1 [50]
504.4150 2.458 76 0s abs. edge M3 [51]
504.8874 2.4557 42 Mo L1M2 Lˇ4 [50]
504.8874 2.4557 42 Mo L3N1 Lˇ6 [50]
505.0725 2.4548 92 U M4N2 [50]
507.7199 2.442 82 Pb M4N6 Mˇ [50]
509.1794 2.435 91 Pa M5N3 M�1 [50]
510.5212 2.4286 83 Bi M3N6 M˛1 [50]
511.4901 2.424 43 Tc L3M5 L˛1 [50]
512.9714 2.4170 83 Bi M5N6 M˛2 [50]
514.4614 2.410 79 Au M3N5 M�1 [50]
515.3167 2.406 41 Nb L2N1 L�5 [50]
515.3167 2.406 81 Tl abs. edge M5 [51]
515.7454 2.404 80 Hg abs. edge M4 [51]
516.8203 2.399 82 Pb M5O3 [50]
517.0143 2.3981 70 Yb abs. edge M1 [51]
517.2515 2.397 74 W M1N3 [50]
517.7246 2.39481 42 Mo L2M4 Lˇ1 [50]
518.5495 2.391 79 Au M3N4 M�2 [50]
519.2879 2.3876 91 Pa M4N2 [50]
519.6362 2.386 81 Tl M4O2 M� [50]
520.5154 2.38197 44 Ru L2M1 L� [50]
521.6037 2.377 39 Y abs. edge L1 [51]
521.7134 2.3765 45 Rh L3M1 Ll [50]
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523.0119 2.3706 41 Nb abs. edge L3 [51]
523.3651 2.369 75 Re abs. edge M3 [51]
523.8073 2.3670 41 Nb L3N5 Lˇ2 [50]
523.8073 2.3670 41 Nb L3N4 Lˇ15 [50]
524.1616 2.3654 72 Hf abs. edge M2 [51]
524.4720 2.364 90 Th M5N3 M�1 [50]
524.8939 2.3621 81 Tl M4N6 Mˇ [50]
528.3160 2.3468 39 Y L1N2,3 L�2,3 [50]
528.5637 2.3457 82 Pb M5N7 M˛1 [50]
529.9192 2.3397 82 Pb M5N6 M˛2 [50]
531.0313 2.3348 41 Nb L1M3 Lˇ3 [50]
531.8970 2.331 78 Pt M3N5 M�1 [50]
533.9586 2.322 90 Th M4N2 [104]
533.9586 2.322 90 Th M5N2 M�1 [50]
534.5572 2.3194 41 Nb L1M2 Lˇ4 [50]
535.8046 2.314 74 W M2N4 [50]
535.8046 2.314 78 Pt M3N4 M�2 [50]
536.1522 2.3l25 41 Nb L3N1 Lˇ6 [50]
537.2348 2.30784 16 S KL3 K˛1 [50]
537.4304 2.307 79 Au abs. edge M4 [51]
537.4770 2.3068 69 Tm abs. edge M1 [51]
537.8267 2.3053 40 Zr abs. edge L2 [51]
537.5143 2.30664 16 S KL2 K˛2 [50]
538.4340 2.3027 40 Zr L2N4 L�1 [50]
540.2405 2.295 73 Ta M1N3 [50]
536.0363 2.313 80 Hg abs. edge M5 [51]
540.6740 2.29316 42 Mo L3M5 L˛1 [50]
541.4556 2.28985 42 Mo L3M4 L˛2 [50]
543.1991 2.2825 80 Hg M4N6 Mˇ [50]
543.5325 2.2811 74 W abs. edge M3 [51]
544.9419 2.2752 74 W M3O5 [50]
546.0459 2.2706 81 Tl M5N7 M˛1 [50]
547.2510 2.2656 81 Tl M5N7 M˛2 [50]
547.3235 2.2653 71 Lu abs. edge M2 [51]
549.2389 2.2574 41 Nb L2M4 Lˇ1 [50]
549.7991 2.2551 40 Zr L2N1 L�5 [50]
550.0674 2.254 77 Ir M3N5 M�1 [50]
550.3604 2.2528 44 Ru L3M1 Ll [50]
553.7525 2.239 83 Bi M3N1 [50]
554.0000 2.238 77 Ir M3N4 M�2 [50]
556.9865 2.226 71 Ta M2N4 [50]
557.8637 2.2225 40 Zr abs. edge L3 [51]
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558.4919 2.220 79 Au abs. edge M5 [51]
558.6428 2.2194 40 Zr L3N5 Lˇ2 [50]
558.6428 2.2194 40 Zr L3N4 Lˇ15 [50]
559.2476 2.217 78 Pt abs. edge M4 [51]
559.2476 2.217 38 Sr abs. edge L1 [51]
561.9089 2.2065 68 Er abs. edge M1 [51]
562.3931 2.2046 79 Au M4N6 Mˇ [50]
562.8016 2.203 74 W M3O1 [50]
563.3130 2.2010 40 Zr L1M3 Lˇ3 [50]
564.4671 2.1965 38 Sr L1N2,3 L�2,3 [50]
564.7756 2.1953 50 Hg M5N7 M˛1 [50]
565.1103 2.194 73 Ta abs. edge M3 [51]
566.1424 2.19 71 Ta M3O5 [50]
566.1424 2.19 71 Ta M3O4 [50]
566.8413 2.1873 40 Zr L1M2 Lˇ4 [50]
568.2181 2.182 76 0s M3N5 M�1 [50]
570.3091 2.174 82 Pb M3N1 [50]
570.5715 2.173 70 Yb abs. edge M2 [51]
571.0445 2.17l2 40 Zr L3N1 Lˇ6 [50]
572.4155 2.166 76 0s M3N4 M�2 [50]
572.4446 2.16589 41 Nb L3M5 L˛1 [50]
573.2094 2.1630 41 Nb L3M4 L˛2 [50]
575.6045 2.1540 39 Y abs. edge L2 [51]
578.4241 2.1435 15 P abs. edge K [51]
579.6409 2.139 15 P KM2,3 Kˇ1,3 [50]
581.2714 2.133 76 0s M2N1 [50]
581.2714 2.133 78 Pt abs. edge M5 [51]
582.5550 2.1283 67 Ho abs. edge M1 [51]
582.8289 2.1273 78 Pt M4N6 Mˇ [50]
583.1853 2.126 71 Ta M3O1 [50]
583.1853 2.126 77 Ir abs. edge M4 [51]
583.6245 2.1244 40 Zr L2M4 Lˇ1 [50]
584.0369 2.1229 79 Au M5N7 M˛1 [50]
584.7806 2.1202 42 Mo L2M1 L� [50]
585.3881 2.118 79 Au M5N6 M˛2 [50]
586.2184 2.115 79 Au M5O3 [50]
587.4683 2.1102 39 Y L2N1 L�5 [50]
588.2767 2.1076 72 Hf abs. edge M3 [51]
588.4442 2.107 81 Tl M3N1 [50]
588.7236 2.106 75 Re M3N5 M�1 [104]
593.2306 2.09 75 Re M3N4 M�2 [50]
593.2874 2.0898 69 Tm abs. edge M2 [51]
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596.2547 2.0794 39 Y abs. edge L3 [51]
598.3264 2.0722 39 Y L1M3 Lˇ3 [50]
598.6731 2.071 78 Pt M5O3 [50]
600.9947 2.063 37 Rb abs. edge L1 [51]
601.8699 2.0600 39 Y L1M2 Lˇ4 [50]
603.7750 2.0535 77 Ir M4N6 Mˇ [50]
604.5994 2.0507 37 Rb L1N2,3 L�2,3 [50]
604.6583 2.0505 78 Pt M5N7 M˛1 [50]
605.3965 2.048 77 Ir abs. edge M5 [51]
605.6922 2.047 78 Pt M5N6 M˛2 [50]
605.7514 2.0468 66 Dy abs. edge M1 [51]
607.0683 2.04236 40 Zr L3M5 L˛1 [50]
607.1753 2.042 76 0s abs. edge M4 [51]
607.8003 2.0399 40 Zr L3M4 L˛2 [50]
608.9646 2.036 80 Hg M3N1 [50]
609.2638 2.035 74 W M3N5 M�1 [50]
609.4435 2.0344 39 Y L3N1 Lˇ6 [50]
612.6961 2.0236 71 Lu abs. edge M3 [51]
613.4844 2.021 74 W M3N4 M�2 [50]
615.1036 2.01568 42 Mo L3M1 Ll [50]
615.7084 2.0137 15 P KL3 K˛1 [50]
616.0143 2.0127 15 P KL2 K˛2 [50]
616.2286 2.012 83 Bi M4N3 Mı [50]
617.3025 2.0085 38 Sr abs. edge L2 [51]
618.1334 2.0058 68 Er abs. edge M2 [51]
621.1061 1.99620 41 Nb L2N1 L� [50]
621.2181 1.99584 39 Y L2M4 Lˇ1 [50]
625.8717 1.981 79 Au M3N1 [50]
626.2195 1.9799 77 Ir M5N7 M˛1 [50]
626.7259 1.9783 76 0s M4N6 Mˇ [50]
627.5189 1.9758 77 Ir M5N6 M˛2 [50]
628.4095 1.973 74 W M2N1 [50]
629.6350 1.96916 38 Sr L2N1 L�5 [50]
630.1662 1.9675 65 Tb abs. edge M1 [51]
630.3264 1.967 76 0s abs. edge M5 [51]
631.2892 1.964 73 Ta M3N5 M�1 [50]
633.2237 1.958 75 Re abs. edge M4 [51]
635.4956 1.951 73 Ta M3N4 M�2 [50]
635.8867 1.9498 70 Yb abs. edge M3 [51]
636.7391 1.94719 38 Sr L1M3 Lˇ3 [50]
638.4407 1.942 82 Pb M4N3 Mı [50]
638.7368 1.9411 38 Sr abs. edge L3 [51]
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640.2871 1.93643 38 Sr L1M2 Lˇ4 [50]
644.8158 1.9228 67 Ho abs. edge M2 [51]
644.8964 1.92256 39 Y L3M5 L˛1 [50]
645.4200 1.921 78 Pt M3N1 [50]
645.5881 1.92047 39 Y L3M4 L˛2 [50]
647.4423 1.915 36 Kr abs. edge L1 [51]
649.0692 1.9102 76 0s M5N6,7 M˛1,2 [50]
650.4653 1.9061 75 Re M4N6 Mˇ [104]
651.7818 1.90225 41 Nb L3M1 Ll [50]
651.9326 1.90181 38 Sr L3N1 Lˇ6 [50]
652.2104 1.901 83 Bi M5N3 M�1 [50]
652.8973 1.899 75 Re M5N7 M˛1 [104]
654.2754 1.895 72 Hf M3N5 M�1 [50]
657.9209 1.8845 69 Tm abs. edge M3 [51]
658.4450 1.883 83 Bi M4N2 [50]
658.7949 1.882 75 Re abs. edge M5 [51]
659.2152 1.8808 64 Gd abs. edge M1 [51]
659.4957 1.880 74 W abs. edge M4 [51]
660.7117 1.87654 40 Zr L2M1 L� [50]
662.4132 1.87172 38 Sr L2M4 Lˇ1 [50]
664.4081 1.8661 37 Rb abs. edge L2 [51]
666.9456 1.859 77 Ir M3N1 [50]
672.9183 1.8425 75 Re M5N6 M˛2 [50]
673.1740 1.8418 66 Dy abs. edge M2 [51]
673.8326 1.8400 14 Si abs. edge K [51]
674.0157 1.8395 82 Pb M5N3 M�1 [50]
675.3227 1.83594 14 Si KM Kˇ [50]
675.5509 1.83532 37 Rb L2N1 L�5 [50]
675.7054 1.8349 74 W M4N6 Mˇ [50]
676.7751 1.832 71 Lu M3N5 M�1 [50]
678.7796 1.82659 37 Rb L1M3 Lˇ3 [50]
680.1162 1.823 82 Pb M4N2 [50]
680.4895 1.822 74 W M4O2,3 M� [50]
682.0956 1.81771 37 Rb L1M2 Lˇ4 [50]
683.4906 1.814 74 W abs. edge M5 [51]
684.3205 1.8118 68 Er abs. edge M3 [51]
686.2523 1.8067 37 Rb abs. edge L3 [51]
686.3055 1.80656 38 Sr L3M5 L˛1 [50]
686.9976 1.80474 80 Hg M4N3 Mı [50]
687.0128 1.8047 38 Sr L3M4 L˛2 [50]
687.2794 1.804 73 Ta abs. edge M4 [51]
688.8066 1.80 63 Eu abs. edge M1 [51]
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689.5728 1.798 76 0s M3N1 [50]
691.8778 1.79201 40 Zr L3M1 Ll [50]
696.1550 1.781 35 Br abs. edge L1 [51]
697.3295 1.778 81 Ti M5N3 M�1 [50]
698.3507 1.7754 74 W M5N7 M˛1 [50]
698.4413 1.77517 37 Rb L3N1 Lˇ6 [50]
699.2566 1.7731 74 W M5N6 M˛2 [50]
700.4813 1.77 74 W M5O3 [50]
701.3927 1.7677 65 Tb abs. edge M2 [51]
702.2667 1.7655 73 Ta M4N6 Mˇ [50]
702.4657 1.765 70 Yb M3N5 M�1 [50]
703.2626 1.763 81 Tl M4N2 [50]
704.0813 1.76095 39 Y L2M1 L� [50]
707.6094 1.75217 37 Rb L2M4 Lˇ1 [50]
709.0946 1.7485 73 Ta M4O2 M� [50]
710.1099 1.746 79 Au M4N3 Mı [50]
711.3322 1.743 73 Ta abs. edge M5 [51]
712.0675 1.7412 67 Ho abs. edge M3 [51]
712.5668 1.73998 14 Si KL3 K˛1 [50]
712.8126 1.73938 14 Si KL2 K˛2 [50]
716.8018 1.7297 36 Kr abs. edge L2 [51]
719.6726 1.7228 62 Sm abs. edge M1 [51]
722.5244 1.716 72 Hf abs. edge M4 [51]
725.0596 1.71 36 Kr L2N3 [50]
725.2292 1.7096 73 Ta M5N7 M˛1 [50]
725.2292 1.7096 73 Ta M5N6 M˛2 [50]
726.3339 1.707 36 Kr L1M3 Lˇ3 [50]
728.0399 1.703 36 Kr L2N1 L�5 [50]
729.3247 1.7 73 Ta M5O3 [50]
730.6140 1.697 36 Kr L1M2 Lˇ4 [50]
730.6140 1.697 72 Hf M4N6 Mˇ [50]
731.8518 1.69413 37 Rb L3M5 L˛1 [50]
732.5306 1.69256 37 Rb L3M4 L˛2 [50]
734.3789 1.6883 64 Gd abs. edge M2 [51]
735.6600 1.68536 39 Y L3M1 Ll [50]
736.2541 1.684 74 W M3N1 [50]
737.1296 1.682 78 Pt M4N3 Mı [50]
739.2392 1.6772 36 Kr abs. edge L3 [51]
739.9450 1.6756 66 Dy abs. edge M3 [51]
746.1346 1.6617 72 Hf abs. edge M5 [51]
746.6738 1.6605 79 Au M5N3 M�1 [50]
750.2886 1.6525 34 Se abs. edge L1 [51]
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750.9703 1.651 36 Kr L3N1 Lˇ6 [50]
751.7307 1.64933 38 Sr L2M1 L� [50]
752.0636 1.6486 61 Pm abs. edge M1 [51]
752.3373 1.648 79 Au M4N2 [50]
753.8927 1.6446 72 Hf M5N7 M˛1 [50]
753.8927 1.6446 72 Hf M5N6 M˛2 [50]
754.6269 1.643 68 Er M3N5 M�1 [50]
756.2840 1.6394 71 La abs. edge M4 [51]
757.5779 1.6366 36 Kr L2M4 Lˇ1 [50]
759.7132 1.632 68 Er M2N4 [50]
760.0858 1.6312 71 Lu M4N6 Mˇ [50]
761.1123 1.629 73 Ta M3N1 [104]
764.3970 1.622 77 Ir M4N3 Mı [50]
768.2334 1.6139 63 Eu abs. edge M3 [51]
769.4731 1.6113 65 Tb abs. edge M2 [51]
773.8434 1.6022 78 Pt M5N3 M�1 [50]
775.3921 1.599 35 Br abs. edge L2 [51]
776.8496 1.596 35 Br L1M2 Lˇ4 [50]
778.8015 1.592 78 Pt M4N2 [50]
780.5174 1.5885 71 Lu abs. edge M5 [51]
781.7477 1.586 36 Kr L3M4,5 L˛1,2 [50]
783.6501 1.58215 38 Sr L3M1 Ll [50]
784.0713 1.5813 71 Lu M5N6,7 M˛1,2 [50]
786.5584 1.5763 70 Yb abs. edge M4 [51]
787.0577 1.5753 60 Nd abs. edge M1 [51]
788.7099 1.572 72 Hf M3N1 [50]
790.9741 1.5675 70 Yb M4N6 Mˇ [50]
791.2265 1.567 67 Ho M3N6,7 M� [50]
794.8381 1.55988 13 Al abs. edge K [51]
796.0782 1.55745 13 Al KM Kˇ [50]
798.3593 1.5530 35 Br abs. edge L3 [51]
802.0778 1.5458 77 Ir M5N3 M�1 [50]
803.0129 1.544 64 Gd abs. edge M3 [51]
804.1774 1.54177 37 Rb L2M1 L� [50]
804.4718 1.5412 64 Gd M3O4,5 [104]
804.7329 1.5407 62 Sm abs. edge M2 [51]
806.5127 1.5373 77 Ir M4N2 [50]
811.5276 1.5278 70 Yb abs. edge M5 [51]
810.7317 1.5293 33 As abs. edge L1 [51]
812.5381 1.52590 35 Br L2M4 Lˇ1 [50]
814.6202 1.522 66 Dy M3N4,5 M� [50]
814.9415 1.5214 70 Yb M5N6,7 M˛1,2 [50]
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818.6002 1.5146 69 Tm abs. edge M4 [51]
820.5506 1.511 59 Pr abs. edge M1 [51]
823.8219 1.505 75 Re M4N3 [50]
824.9181 1.503 69 Tm M4N6 Mˇ [50]
831.0557 1.4919 76 Os M5N3 M�1 [50]
832.1154 1.49 34 Se L1M2,3 Lˇ3,4 [50]
833.9624 1.48670 13 Al KL3 K˛1 [50]
834.2037 1.48627 13 Al KL2 K˛2 [50]
835.9867 1.4831 76 0s M4N2 [50]
836.3928 1.48238 37 Rb L3M1 Ll [50]
837.3983 1.4806 63 Eu abs. edge M3 [51]
837.4945 1.48043 35 Br L3M4,5 L˛2 [50]
840.7486 1.4747 34 Se abs. edge L2 [51]
842.1763 1.4722 63 Eu L3O4,5 [104]
842.6342 1.4714 61 Pm abs. edge M2 [51]
848.6905 1.4609 69 Tm abs. edge M5 [51]
846.8934 1.464 70 Yb M3N1 [50]
848.0519 1.462 69 Tm M5N6 M� [50]
848.6324 1.461 65 Tb M3N5 M�1 [50]
857.4356 1.446 74 W M4N3 Mı [50]
859.2183 1.443 68 Er M3N6 Mˇ [50]
859.6949 1.4422 92 U N1P4,5 [104]
860.1124 1.4415 68 Er abs. edge M4 [51]
862.9259 1.4368 75 Re M5N3 M�1 [50]
864.2492 1.4346 58 Ce abs. edge M1 [51]
864.6109 1.4340 34 Se abs. edge L3 [51]
866.4234 1.431 75 Re M4N2 [50]
873.2582 1.4198 62 Sm abs. edge M3 [51]
873.6089 1.41923 34 Se L2M4 Lˇ1 [50]
876.2204 1.415 92 U N1P3 [104]
877.3365 1.4132 32 Ge abs. edge L1 [51]
880.8269 1.4076 92 U N1P2 [50]
881.8293 1.406 68 Er M5N6,7 M˛1,2 [50]
883.8408 1.4028 60 Nd abs. edge M2 [51]
884.3452 1.402 64 Gd M3N5 M�1 [50]
884.3452 1.402 64 Gd M3N4 M�2 [50]
884.7870 1.4013 68 Er abs. edge M5 [51]
890.0588 1.393 73 Ta M4N3 Mı [50]
891.0183 1.3915 67 Ho abs. edge M4 [51]
893.0077 1.3884 33 As L2M2,3 Lˇ3,4 [50]
896.1705 1.3835 74 W M5N3 M�1 [50]
896.4945 1.383 67 Ho M4N6 Mˇ [50]
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899.0298 1.37910 34 Se L3M4,5 L˛1,2 [50]
899.2906 1.3787 74 W M4N2 [50]
910.7852 1.3613 57 La abs. edge M1 [51]
912.5281 1.3587 33 As abs. edge L2 [51]
913.7386 1.3569 61 Pm abs. edge M3 [51]
917.4574 1.3514 67 Ho abs. edge M5 [51]
919.7715 1.3480 67 Ho M5N6,7 M˛1,2 [50]
921.1381 1.346 63 Eu M5N6,7 M�1 [50]
921.1381 1.346 63 Eu M3N5 M�2 [50]
925.5389 1.3396 35 Br L2M1 L� [50]
927.0614 1.3374 59 Pr abs. edge M2 [51]
930.4705 1.3325 66 Dy abs. edge M4 [51]
931.6591 1.3308 13 Ta M5N3 M�1 [50]
933.0614 1.3288 13 Ta M4N2 [50]
935.7373 1.325 66 Dy M4N6 Mˇ [50]
936.7979 1.3235 33 As abs. edge L3 [51]
939.9939 1.319 90 Th N1P3 [50]
941.4214 1.317 33 As L2M4 Lˇ1 [50]
944.2894 1.313 90 Th N1P2 [50]
951.2517 1.30339 12 Mg abs. edge K [51]
951.6825 1.3028 31 Ga abs. edge L1 [51]
952.1212 1.3022 12 Mg KM Kˇ [50]
955.6435 1.2974 60 Nd abs. edge M3 [51]
957.4886 1.2949 66 Dy abs. edge M5 [51]
958.0805 1.2941 32 Ge L1M3 Lˇ3 [50]
958.5249 1.2935 35 Br L3M1 Ll [50]
958.8955 1.2930 66 Dy M5N6,7 M˛1,2 [50]
959.0439 1.2928 56 Ba abs. edge M1 [51]
960.3811 1.291 62 Sm M3N5 M�1 [50]
960.3811 1.291 62 Sm M3N4 M�2 [50]
964.0401 1.2861 32 Ge L1M2 Lˇ4 [50]
967.1232 1.2820 33 As L3M4,5 L˛1,2 [50]
968.6343 1.28 12 Hf M4N2 [50]
968.6343 1.28 12 Hf M5N3 [50]
972.4329 1.275 65 Tb abs. edge M4 [51]
974.1137 1.2728 58 Ce abs. edge M2 [51]
974.6497 1.2721 66 Dy M5O3 [50]
979.2686 1.2661 65 Tb M4N6 Mˇ [50]
989.0331 1.2536 12 Mg KL2,3 K˛1,2 [50]
992.3579 1.2494 32 Ge abs. edge L2 [51]
996.1851 1.2446 34 Se L2M1 L� [50]
998.1098 1.2422 59 Pr abs. edge M3 [51]
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998.9139 1.2412 65 Tb abs. edge M5 [51]
999.8806 1.24 65 Tb M5N6,7 M˛1,2 [50]
1006.7820 1.2315 11 Lu M5N3 M�1 [50]
1012.4547 1.2246 32 Ge L2N1 L�5 [104]
1017.5232 1.2185 32 Ge L2M4 Lˇ1 [50]
1018.6099 1.2172 64 Gd abs. edge M4 [51]
1018.6936 1.2171 55 Cs abs. edge M1 [51]
1018.7773 1.2170 32 Ge abs. edge L3 [51]
1025.4338 1.2091 64 Gd M4N6 Mˇ [50]
1029.4354 1.2044 57 La abs. edge M2 [51]
1029.4354 1.2044 34 Se L3M1 Ll [50]
1035.7995 1.197 31 Ga L1M2,3 Lˇ3,4 [50]
1040.1443 1.192 92 U N2P1 [50]
1043.6465 1.188 32 Ge L3M4,5 L˛1,2 [50]
1045.9345 1.1854 58 Ce abs. edge M3 [51]
1046.1120 1.1852 64 Gd abs. edge M5 [51]
1046.2886 1.185 64 Gd M5N6,7 M˛1,2 [50]
1048.0575 1.183 10 Yb M5N3 M�1 [50]
1050.7220 1.180 60 Nd M3N5 M�1 [50]
1050.7220 1.180 60 Nd M3N4 M�2 [50]
1064.2506 1.165 64 Gd M5O3 [104]
1071.1464 1.1575 63 Eu abs. edge M4 [51]
1073.4649 1.1550 33 As L2M1 L� [50]
1075.0473 1.1533 63 Eu M4N6 Mˇ [50]
1079.6343 1.1484 54 Xe abs. edge M1 [493]
1082.8402 1.1450 31 Ga abs. edge L2 [51]
1090.7469 1.1367 56 Ba abs. edge M2 [51]
1096.2440 1.131 63 Eu M5N6,7 M˛1,2 [50]
1099.8421 1.1273 59 Pr M3N4,5 M� [50]
1101.3075 1.1258 63 Eu abs. edge M5 [51]
1102.2866 1.1248 31 Ga L2M4 Lˇ1 [50]
1103.6603 1.1234 57 La abs. edge M3 [51]
1107.2084 1.1198 33 As L3M1 Ll [50]
1110.0833 1.1169 31 Ga abs. edge L3 [51]
1119.5052 1.1075 63 Eu M5O3 [50]
1120.0108 1.107 30 Zn L1M2,3 Lˇ3,4 [50]
1127.3431 1.0998 62 Sm M4N6 Mˇ [50]
1128.8828 1.0983 62 Sm abs. edge M4 [51]
1129.2941 1.09792 31 Ga L3M4,5 L˛1,2 [50]
1130.6329 1.0966 29 Cu abs. edge L1 [51]
1137.3745 1.0901 68 Er M5N3 M�1 [50]
1146.9491 1.081 62 Sm M5N6,7 M˛1,2 [50]
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1153.4580 1.0749 58 Ce M3N4,5 M� [50]
1155.2851 1.0732 62 Sm abs. edge M5 [51]
1156.9345 1.07167 11 Na abs. edge K [51]
1156.4705 1.0721 53 I abs. edge M1 [51]
1157.5502 1.0711 11 Na KM Kˇ [50]
1160.9101 1.068 32 Ge L2M1 L� [50]
1164.1803 1.065 55 Cs abs. edge M2 [51]
1167.2491 1.0622 56 Ba abs. edge M3 [51]
1179.4635 1.0512 61 Pm abs. edge M4 [51]
1186.4612 1.045 67 Ho M5N3 M�1 [50]
1186.2002 1.04523 30 Zn abs. edge L2 [51]
1191.0202 1.041 11 Na KL2,3 K˛1,2 [50]
1196.5373 1.0362 32 Ge L3M1 Ll [50]
1198.2720 1.0347 30 Zn L2M4 Lˇ1 [50]
1207.2561 1.027 57 La M3N4,5 M� [50]
1207.3736 1.0269 61 Pm abs. edge M5 [51]
1212.2135 1.0228 29 Cu L1M2,3 Lˇ3,4 [50]
1213.1506 1.02201 30 Zn abs. edge L3 [51]
1225.5135 1.0117 30 Zn L3M4,5 L˛1,2 [50]
1229.8899 1.0081 28 Ni abs. edge L1 [51]
1241.0931 0.999 54 Xe abs. edge M2 [51]
1242.3367 0.998 66 Dy M5N3 M�1 [50]
1242.8348 0.9976 55 Cs abs. edge M3 [51]
1243.5827 0.997 60 Nd M4N6 Mˇ [50]
1245.9572 0.9951 60 Nd abs. edge M4 [51]
1259.7561 0.9842 31 Ga L2M1 L� [50]
1267.7423 0.978 60 Nd M5N6,7 M˛1,2 [50]
1273.7333 0.9734 60 Nd abs. edge M5 [51]
1274.2569 0.973 56 Ba M3N5 M�1 [50]
1274.2569 0.973 56 Ba M3N4 M�2 [50]
1295.2904 0.9572 31 Ga L3M1 Ll [50]
1297.5950 0.9555 65 Tb M5N3 M�1 [50]
1301.4359 0.95268 29 Cu abs. edge L2 [51]
1305.1074 0.950 59 Pr M4N6 Mˇ [50]
1305.3822 0.9489 29 Cu L2M4 Lˇ1 [50]
1312.2904 0.9448 59 Pr abs. edge M4 [51]
1313.8201 0.9437 51 Sb abs. edge M1 [51]
1317.5898 0.941 28 Ni L1M2,3 Lˇ3,4 [50]
1323.2145 0.937 54 Xe abs. edge M3 [51]
1328.1757 0.9335 83 Bi N1P2,3 [104]
1328.8020 0.93306 29 Cu abs. edge L3 [51]
1339.3670 0.9257 59 Pr abs. edge M5 [51]
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1332.4578 0.9305 53 I abs. edge M2 [51]
1334.6093 0.929 59 Pr M5N6,7 M˛1,2 [50]
1339.5117 0.9256 27 Co abs. edge L1 [51]
1343.7217 0.9227 29 Cu L3M4,5 L˛1,2 [50]
1356.5120 0.914 64 Gd M5N3 [50]
1368.4901 0.906 30 Zn L2M1 L� [50]
1374.5588 0.902 58 Ce M4N6 Mˇ [50]
1375.6263 0.9013 58 Ce abs. edge M4 [51]
1402.5475 0.884 30 Zn L3M1 Ll [50]
1402.8649 0.8838 50 Sn abs. edge M1 [51]
1403.659 0.8833 58 Ce abs. edge M5 [51]
1404.1359 0.883 58 Ce M5N6,7 M˛1,2 [50]
1417.6218 0.8746 53 I abs. edge M3 [51]
1421.8486 0.872 63 Eu M5N3 L�1 [50]
1424.1351 0.8706 28 Ni abs. edge L2 [51]
1425.1172 0.870 27 Co L1M2,3 Lˇ3,4 [50]
1425.6088 0.8697 52 Te abs. edge M2 [51]
1427.0856 0.8688 28 Ni L2M4 Lˇ1 [50]
1430.2315 0.866889 10 Ne abs. edge K [51]
1438.3434 0.862 58 Ce M5O2,3 [50]
1446.7351 0.857 10 Ne KM Kˇ [50]
1451.8173 0.854 57 La M4N6 Mˇ [50]
1452.4977 0.8536 28 Ni abs. edge L3 [51]
1456.0799 0.8515 28 Ni L3M4,5 L˛1,2 [50]
1461.0559 0.8486 10 Ne KL2,3 K˛1,2 [50]
1461.2280 0.8485 57 La abs. edge M4 [51]
1465.3729 0.8461 26 Fe abs. edge L1 [51]
1488.4178 0.833 57 La M5N6,7 M˛1,2 [50]
1490.2067 0.832 29 Cu L2M1 L� [50]
1490.7443 0.8317 57 La abs. edge M5 [51]
1492.0000 0.831 62 Sm M5N3 M�1 [50]
1501.7587 0.8256 49 In abs. edge M1 [51]
1514.4155 0.8187 52 Te abs. edge M3 [51]
1527.0094 0.8119 51 Sb abs. edge M2 [51]
1528.6056 0.8111 29 Cu L3M1 L1 [50]
1556.2345 0.7967 56 Ba abs. edge M4 [51]
1561.9199 0.7938 27 Co abs. edge L2 [51]
1565.4697 0.792 26 Fe L1M2,3 Lˇ3,4 [50]
1566.6566 0.7914 27 Co L2M4 Lˇ1 [50]
1571.4220 0.789 56 Ba M4O3 M� [50]
1589.3501 0.7801 56 Ba abs. edge M5 [51]
1591.5943 0.779 56 Ba M4O3 M� [50]
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1591.5944 0.7790 27 Co abs. edge L3 [51]
1593.6401 0.778 52 Te M3N5 M�1 [50]
1593.6401 0.778 52 Te M3N4 M�2 [50]
1597.3357 0.7762 27 Co L3M4,5 L˛1,2 [50]
1597.7474 0.776 51 Sb M2N4 [50]
1610.1974 0.770 48 Cd abs. edge M1 [51]
16l2.2913 0.769 25 Mn abs. edge L1 [51]
1619.4514 0.7656 51 Sb abs. edge M3 [51]
1620.7216 0.765 56 Ba M5O3 [50]
1627.1024 0.762 28 Ni L2M1 L� [50]
1639.1486 0.7564 50 Sn abs. edge M2 [51]
1646.5498 0.753 60 Nd M5N3 M�1 [50]
1669.3847 0.7427 28 Ni L3M1 L1 [50]
1676.6085 0.7395 55 Cs abs. edge M4 [51]
1691.4761 0.733 51 Sb M3N5 M�1 [50]
1691.4761 0.733 51 Sb M3N4 M�2 [50]
1691.4761 0.733 50 Sn M2N4 [50]
1708.9621 0.7255 55 Cs abs. edge M5 [51]
1719.6283 0.721 25 Mn L1M2,3 Lˇ3,4 [50]
1720.1054 0.7208 26 Fe abs. edge L2 [51]
1725.6117 0.7185 26 Fe L2M4 Lˇ1 [50]
1728.0167 0.7175 47 Ag abs. edge M1 [51]
1735.5151 0.7144 50 Sn abs. edge M3 [51]
1736.4874 0.714 59 Pr M5N3 M�1 [50]
1752.6887 0.7074 26 Fe abs. edge L3 [51]
1758.6553 0.705 26 Fe L3M4,5 L˛1,2 [50]
1763.6586 0.703 52 Te M2N1 [50]
1765.6679 0.7022 49 In abs. edge M2 [51]
1786.5303 0.694 27 Co L2M1 L� [50]
1794.2865 0.691 24 Cr abs. edge L2 [51]
1794.2865 0.691 50 Sn M3N5 M�1 [50]
1794.2865 0.691 50 Sn M3N4 M�2 [50]
1795.3258 0.6906 54 Xe abs. edge M4 [493]
1808.9466 0.6854 9 F abs. edge K [51]
1829.2299 0.6778 27 Co L3M1 Ll [50]
1831.9326 0.6768 9 F KL2,3 K˛1,2 [50]
1834.1006 0.676 58 Ce M5N3 [50]
1844.1945 0.6723 54 Xe abs. edge M5 [51]
1850.8016 0.6699 46 Pd abs. edge M1 [51]
1866.4037 0.6643 49 In abs. edge M3 [51]
1884.2735 0.658 51 Sb M2N1 [50]
1884.2735 0.658 47 Ag M1N2,3 [50]
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1895.7982 0.654 24 Cr L1M2,3 Lˇ3,4 [50]
1903.3651 0.6514 25 Mn abs. edge L2 [51]
1905.4126 0.6507 48 Cd abs. edge M2 [51]
1910.9926 0.6488 25 Mn L2M4 Lˇ1 [50]
1913.3518 0.648 52 Te M3N1 [50]
1936.3611 0.6403 25 Mn abs. edge L3 [51]
1940.3005 0.639 48 Cd M2N5 [50]
1943.3417 0.638 57 La M5N3 M�1 [50]
1945.1710 0.6374 25 Mn L3M4,5 L˛1,2 [50]
1964.9002 0.631 53 I abs. edge M4,5 [51]
1973.6581 0.6282 23 V abs. edge L1 [51]
1974.2866 0.628 26 Fe L2M1 L� [50]
1977.1201 0.6271 45 Rh abs. edge M1 [51]
2002.9919 0.619 50 Sn M2N1 [50]
2011.1143 0.6165 48 Cd abs. edge M3 [51]
2012.7467 0.616 46 Pd M1N2,3 [50]
2015.3641 0.6152 26 Fe L3M1 Ll [50]
2025.9020 0.612 51 Sb M3N1 [50]
2045.9604 0.606 48 Cd M3N5 M�1 [50]
2045.9604 0.606 48 Cd M3N4 M�2 [50]
2058.1872 0.6024 47 Ag abs. edge M2 [51]
2062.9817 0.601 56 Ba M5N3 [50]
2066.4200 0.6 47 Ag M2N4 [50]
2073.3311 0.598 24 Cr abs. edge L3 [51]
2119.4051 0.585 44 Ru abs. edge M1 [51]
2119.4051 0.585 23 V L1M2,3 Lˇ3,4 [50]
2124.1254 0.5837 24 Cr abs. edge L2 [51]
2127.4056 0.5828 24 Cr L2M4 Lˇ1 [50]
2128.5013 0.5825 52 Te abs. edge M4 [51]
2133.9966 0.581 52 Te M4O2 M� [50]
2156.2643 0.575 50 Sn M3N1 [50]
2164.5461 0.5728 24 Cr L3M4,5 L˛1,2 [50]
2167.1945 0.5721 52 Te abs. edge M5 [51]
2169.8495 0.5714 47 Ag abs. edge M3 [51]
2179.0017 0.569 52 Te M5O3 [50]
2182.8380 0.568 47 Ag M3N5 M�1 [50]
2182.8380 0.568 47 Ag M3N4 M�2 [50]
2191.7129 0.5675 25 Mn L2M1 L� [50]
2199.4891 0.5637 22 Ti abs. edge L1 [51]
2214.0214 0.56 46 Pd M2N4 [50]
2217.5854 0.5591 46 Pd abs. edge M2 [51]
2228.7471 0.5563 25 Mn L3M1 Ll [50]
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2279.1397 0.544 43 Tc abs. edge M1 [493]
2296.0222 0.54 48 Cd M2M1 [50]
2309.2792 0.5369 51 Sb abs. edge M4 [51]
2331.8638 0.5317 8 O abs. edge K [51]
2332.7413 0.5315 46 Pd abs. edge M3 [51]
2334.9378 0.531 46 Pd M3N4,5 M� [50]
2350.4303 0.5275 51 Sb abs. edge M5 [51]
2362.0728 0.5249 8 O KL K˛ [50]
2379.7543 0.521 45 Rh abs. edge M2 [51]
2382.0403 0.5205 23 V abs. edge L2 [51]
2388.0046 0.5192 23 V L2M4 Lˇ1 [50]
2417.3367 0.5l29 23 V abs. edge L3 [51]
2424.9012 0.5113 23 V L3M4,5 L˛1,2 [50]
2426.3249 0.511 50 Sn abs. edge M4,5 [51]
2430.1294 0.5102 24 Cr L2M1 L� [50]
2445.4674 0.507 48 Cd M3N1 [50]
2457.0987 0.5046 42 Mo abs. edge M1 [51]
2477.7218 0.5004 21 Sc abs. edge L1 [51]
2478.2171 0.5003 24 Cr L3M1 Ll [50]
2498.6941 0.4962 45 Rh abs. edge M3 [51]
2499.7016 0.496 45 Rh M3N4,5 M� [50]
2525.1568 0.491 50 Sn M4O2 M� [50]
2551.1358 0.486 44 Ru M4N4 [50]
2562.2071 0.4839 50 Sn M4,5O3 [104]
2568.0447 0.4828 44 Ru abs. edge M2 [51]
2593.8326 0.478 47 Ag M3N1 [50]
2615.7215 0.474 46 Pd M2N1 [50]
2637.9830 0.47 42 Mo M1N2,3 [104]
2646.9940 0.4684 41 Nb abs. edge M1 [51]
2650.3890 0.4678 21 Sc L1M2,3 Lˇ3,4 [104]
2669.7933 0.4644 52 Te M4,5N2,3 M� [104]
2683.6623 0.462 44 Ru M3N4 M�2 [50]
2691.8194 0.4606 44 Ru abs. edge M3 [51]
2704.7382 0.4584 22 Ti L2M4,5 Lˇ1 [50]
2728.5475 0.4544 22 Ti abs. edge L2,3 [51]
2733.9625 0.4535 23 V L2M1 L� [50]
2741.8222 0.4522 22 Ti L3M4,5 L˛ [50]
2750.3372 0.4508 49 In abs. edge M4 [51]
2776.8241 0.4465 23 V L3M1 Ll [50]
2786.1843 0.445 46 Pd M3N1 [50]
2786.8105 0.4449 43 Tc abs. edge M2 [51]
2798.1313 0.4431 49 In abs. edge M5 [51]
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2805.0950 0.442 45 Rh M2N1 [50]
2812.7314 0.4408 48 Cd abs. edge M4,5 [51]
2832.0055 0.4378 20 Ca abs. edge L1 [51]
2837.1899 0.437 41 Nb M1N2,3 [104]
2881.3665 0.4303 40 Zr abs. edge M1 [51]
2890.7717 0.4289 51 Sb M4,5N2,3 M� [104]
2917.2988 0.425 43 Tc abs. edge M3 [51]
2973.2662 0.417 45 Rh M3N1 [50]
3026.2436 0.4097 42 Mo abs. edge M2 [51]
3038.8529 0.408 48 Cd M4O2 M� [50]
3048.5665 0.4067 21 Sc abs. edge L2 [51]
3076.5558 0.403 48 Cd M5O3 [50]
3082.6753 0.4022 21 Sc abs. edge L3 [51]
3082.6753 0.4022 47 Ag abs. edge M4 [51]
3089.5888 0.4013 22 Ti L2M1 L� [50]
3102.7327 0.3996 21 Sc L2M4 Lˇ1 [50]
3114.4235 0.3981 47 Ag abs. edge M5 [51]
3116.7722 0.3978 50 Sn M4,5N2,3 M� [104]
3132.5215 0.3958 22 Ti L3M1 Ll [50]
3135.6904 0.3954 21 Sc L3M4,5 L˛ [50]
3150.0305 0.3936 39 Y abs. edge M1 [51]
3159.6636 0.3924 7 N KL K˛ [50]
3160.4690 0.3923 42 Mo abs. edge M3 [51]
3228.7812 0.384 44 Ru M2N1 [50]
3276.5645 0.3784 41 Nb abs. edge M2 [51]
3287.8600 0.3771 19 K abs. edge L1 [51]
3306.2720 0.375 41 Nb M2N4 [50]
3357.3030 0.3693 90 Th N4N6 [104]
3415.5702 0.363 41 Nb abs. edge M3 [51]
3468.1175 0.3575 38 Sr abs. edge M1 [51]
3482.7303 0.356 41 Nb M3N4,5 M� [50]
3513.3239 0.3529 21 Sc L2M1 L� [50]
3513.3239 0.3529 20 Ca abs. edge L3 [51]
3532.3419 0.351 42 Mo M2N1 [50]
3542.4343 0.35 20 Ca abs. edge L2 [51]
3559.7244 0.3483 21 Sc L3M1 Ll [50]
3594.8159 0.3449 20 Ca L2M4,5 Lˇ [50]
3602.1267 0.3442 40 Zr abs. edge M2 [51]
3631.6696 0.3414 90 Th N5N6,7 [104]
3632.7337 0.3413 20 Ca L3M4,5 L˛1,2 [50]
3646.6235 0.34 46 Pd abs. edge M4 [51]
3666.0319 0.3382 48 Cd M4,5N2,3 M� [104]
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3704.3681 0.3347 46 Pd abs. edge M5 [51]
3745.7764 0.331 42 Mo M3N1 [50]
3751.4433 0.3305 40 Zr abs. edge M3 [51]
3838.5511 0.323 41 Nb M2N1 [50]
3849.2766 0.3221 37 Rb abs. edge M1 [51]
3874.5375 0.32 18 Ar abs. edge L1 [51]
3968.7964 0.3124 39 Y abs. edge M2 [51]
3977.7093 0.3117 45 Rh abs. edge M4 [51]
3982.8204 0.3113 47 Ag M4,5N2,3 M� [104]
4038.6058 0.307 45 Rh abs. edge M5 [51]
4046.5143 0.3064 20 Ca L2M1 L� [50]
4065.0885 0.305 41 Nb M3N1 [50]
4095.9762 0.3027 20 Ca L3M1 Ll [50]
4128.7113 0.3003 39 Y abs. edge M3 [51]
4160.5772 0.298 19 K L3N2,3 [104]
4208.5947 0.2946 19 K abs. edge L2,3 [51]
4224.3680 0.2935 82 Pb N4N6 [104]
4244.6148 0.2921 36 Kr abs. edge M1 [493]
4327.5811 0.2865 92 U N6,7O4,5 [104]
4336.6632 0.2859 46 Pd M4,5N2 [50]
4354.9420 0.2847 19 K L1N3 [104]
4365.6760 0.284 80 Hg N4N6 [104]
4368.1370 0.28384 6 C abs. edge K [51]
4371.8336 0.2836 44 Ru abs. edge M4 [51]
4378.0085 0.2832 46 Pd M4,5N3 [104]
4431.2080 0.2798 38 Sr abs. edge M2 [51]
4437.5519 0.2794 44 Ru abs. edge M5 [51]
4476.0000 0.277 6 C KL K˛ [50]
4495.4750 0.2758 82 Pb N5N6,7 [104]
4518.4111 0.2744 51 Sb M2N4 [104]
4588.6454 0.2702 17 Cl abs. edge L1 [51]
4607.4024 0.2691 38 Sr abs. edge M3 [51]
4634.9607 0.2675 81 Tl N5N6,7 [104]
4643.6404 0.267 80 Hg N5N6,7 [104]
4678.6868 0.265 79 Au N4N6 [104]
4723.2457 0.2625 19 K L2M1 L� [50]
4730.4540 0.2621 50 Sn M2M4 [104]
4761.3364 0.2604 45 Rh M4,5N2,3 M� [104]
4774.1702 0.25971 19 K L3M1 Ll [50]
4805.6279 0.258 78 Pt N4N6 [104]
4818.7019 0.2573 90 Th N4O5 [104]
4833.7310 0.2565 35 Br abs. edge M1 [51]
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4835.6162 0.2564 52 Te abs. edge M4 [51]
4843.1719 0.256 39 Y M2N1 [50]
4843.1719 0.256 39 Y M3N1 [50]
4902.5385 0.2529 52 Te abs. edge M5 [51]
4939.6494 0.251 79 Au N5N6,7 [104]
4953.4638 0.2503 90 Th N6O4 [104]
4999.4032 0.248 90 Th N7O5 [104]
5011.5279 0.2474 37 Rb abs. edge M2 [51]
5013.5544 0.2473 18 Ar abs. edge L2 [51]
5019.6437 0.247 77 Ir N4N6 [104]
5029.8255 0.2465 52 Te M3M5 [104]
5056.4926 0.2452 18 Ar abs. edge L3 [51]
5081.3606 0.244 78 Pt N5N6,7 [104]
5131.8377 0.2416 38 Sr M2N1 [104]
5174.6744 0.2396 48 Cd M2M4 [104]
5187.6653 0.239 76 Os N4N6 [104]
5198.5409 0.2385 37 Rb abs. edge M3 [51]
5222.6285 0.2374 51 Sb M3M5 [104]
5231.4430 0.237 44 Ru M4,5N2,3 M� [104]
5275.9659 0.235 77 Ir N5N6,7 [104]
5355.7322 0.2315 34 Se abs. edge M1 [51]
5360.3631 0.2313 38 Sr M3N1 [50]
5383.6387 0.2303 42 Mo abs. edge M4 [51]
5400.0522 0.2296 47 Ag M2M4 [104]
5407.1173 0.2293 74 W N2N4 [104]
5409.4764 0.2292 16 S abs. edge L1 [51]
5414.2009 0.229 50 Sn M3M5 [104]
5461.9031 0.227 76 Os N5N6,7 [104]
5461.9031 0.227 42 Mo abs. edge M5 [51]
5567.3641 0.2227 36 Kr abs. edge M2 [51]
5584.9189 0.222 74 W N4N6 [104]
5592.4763 0.2217 18 Ar L2M1 L� [50]
5633.1304 0.2201 18 Ar L3M1 L1 [50]
5661.4246 0.219 46 Pd M2M4 [104]
5703.0911 0.2174 37 Rb M2N1 [50]
5780.1958 0.2145 74 W N5N6,7 [104]
5799.1207 0.2138 36 Kr abs. edge M3 [51]
5809.9906 0.2134 73 Ta N4N6 [104]
5845.6011 0.2121 48 Cd M3M5 [104]
5890.0332 0.2105 74 W N5O3 [104]
5952.2419 0.2083 37 Rb M3N1 [50]
5955.1008 0.2082 45 Rh M2M4 [104]
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5978.0713 0.2074 41 Nb abs. edge M4 [51]
6039.2206 0.2053 73 Ta N5N6,7 [104]
6059.8827 0.2046 41 Nb abs. edge M5 [51]
6062.8459 0.2045 47 Ag M3M5 [104]
6092.6388 0.2035 33 As abs. edge M1 [51]
6150.0595 0.2016 17 Cl abs. edge L2 [51]
6199.2600 0.200 17 Cl abs. edge L3 [51]
6230.4120 0.199 44 Ru M2M4 [104]
6284.0953 0.1973 46 Pd M3M5 [104]
6300.0610 0.1968 72 Hf N5N6,7 [104]
6302.2638 0.1967 71 Lu N4N6 [104]
6358.2154 0.195 73 Ta N5O3 [104]
6358.2154 0.195 36 Kr M2N1 [104]
6437.4455 0.1926 42 Mo M4,5N2,3 M� [104]
6450.8428 0.1922 90 Th O2P1 [104]
6546.2091 0.1894 45 Rh M3M5 [104]
6549.6672 0.1893 35 Br abs. edge M2 [51]
6549.6672 0.1893 15 P abs. edge L1 [51]
6584.4503 0.1883 71 Lu N5N7 [50]
6594.9574 0.188 5 B abs. edge K [51]
6630.2246 0.187 36 Kr M3N1 [104]
6734.6659 0.1841 17 Cl L2M1 L� [50]
6764.0589 0.1833 5 B KL K˛ [50]
6789.9890 0.1826 17 Cl L3M1 Ll [50]
6797.4342 0.1824 40 Zr abs. edge M4 [51]
6812.3736 0.182 72 Hf N5O3 [104]
6831.1405 0.1815 35 Br abs. edge M3 [51]
6831.1405 0.1815 90 Th O3P1 [104]
6834.9063 0.1814 44 Ru M3M4,5 [104]
6888.0666 0.18 40 Zr abs. edge M5 [51]
6888.0666 0.18 32 Ge abs. edge M1 [51]
6891.8955 0.1799 42 Mo M2M4 [104]
7221.0367 0.1717 41 Nb M4,5N2,3 M� [104]
7306.1402 0.1697 71 Lu N4,5O2,3 [104]
7371.2961 0.1682 34 Se abs. edge M2 [51]
7491.5528 0.1655 42 Mo M3M4,5 [104]
7523.3738 0.1648 16 S abs. edge L2 [51]
7550.8648 0.1642 16 S abs. edge L3 [51]
7658.1346 0.1619 34 Se abs. edge M3 [51]
7658.1346 0.1619 40 Zr M2M4 [104]
7686.6212 0.1613 35 Br M2N1 [50]
7768.4962 0.1596 39 Y abs. edge M4 [51]
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7797.8113 0.159 70 Yb M4,5O2,3 [50]
7820.9298 0.15853 41 Nb M3N4,5 [104]
7842.2011 0.1581 31 Ga abs. edge M1 [51]
7877.0775 0.1574 39 Y abs. edge M5 [51]
7978.4556 0.1554 35 Br M3N1 [50]
8175.2077 0.15166 40 Zr M4,5N2,3 M� [104]
8249.1816 0.1503 69 Tm N4,5O2,3 [104]
8337.9421 0.1487 16 S L2,3M1 Ll [50]
8349.1717 0.1485 39 Y M2M4 [104]
8468.9344 0.1464 33 As abs. edge M2 [51]
8640.0836 0.1435 38 Sr M2M4 [104]
8670.2937 0.143 68 Er N4,5O2,3 [104]
8731.3521 0.142 39 Y M3M4,5 [104]
8824.5694 0.1405 33 As abs. edge M3 [51]
9123.2671 0.1359 30 Zn abs. edge M1 [51]
9160.3398 0.13535 83 Bi N6O4,5 [104]
9173.8956 0.13515 38 Sr M3M4,5 [104]
9177.2909 0.1351 37 Rb M2M4 [104]
9184.0889 0.135 38 Sr abs. edge M4 [51]
9211.3818 0.1346 67 Ho N4,5O2,3 [104]
9315.1916 0.1331 38 Sr abs. edge M5 [51]
9315.8915 0.13309 83 Bi N7O5 [104]
9358.7862 0.13248 39 Y M4,5N2,3 M� [104]
9392.8182 0.132 15 P abs. edge L2,3 [493]
9686.3437 0.128 66 Dy N4,5O2,3 [104]
9693.9171 0.1279 32 Ge abs. edge M2 [51]
9701.5023 0.1278 37 Rb M3M4,5 [104]
10020.626 0.12373 82 Pb N6O5 [104]
10121.241 0.1225 65 Tb N4,5O2,3 [104]
10229.802 0.1212 82 Pb O1P2 [104]
10238.249 0.1211 82 Pb N6O4 [104]
10263.675 0.1208 32 Ge abs. edge M3 [51]
11060.2319 0.1121 29 Cu abs. edge M1 [51]
10384.020 0.1194 15 P L2,3M [50]
10430.319 0.11887 82 Pb N7O5 [104]
10480.575 0.1183 82 Pb O1P3 [104]
10679.173 0.1161 64 Gd N4,5O2,3 [104]
10800.104 0.1148 38 Sr M4N2,3 M�2 [50]
10875.895 0.114 38 Sr M5N3 M�1 [50]
10941.158 0.11332 35 Br M2M4 [104]
11089.911 0.1118 37 Rb abs. edge M4 [51]
11089.911 0.1118 28 Ni abs. edge M1 [51]
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11109.785 0.1l16 63 Eu N4,5O2,3 [104]
11138.750 0.1l131 34 Se M2M4,5 [104]
11169.8378 0.111 4 Be abs. edge K [51]
11240.725 0.1103 37 Rb abs. edge M5 [51]
11303.236 0.10969 81 Tl N6O5 [104]
11380.009 0.10895 35 Br M3M4,5 [104]
11427.207 0.1085 4 Be KL K˛ [50]
11533.507 0.1075 81 Tl N6O4 [104]
11609.101 0.1068 31 Ga abs. edge M2 [51]
11638.524 0.10653 34 Se M3M4,5 [104]
11729.915 0.1057 62 Sm N4,5O2,3 [104]
11774.473 0.1053 81 Tl N7O5 [104]
11979.246 0.1035 33 As M2M4,5 [104]
12049.096 0.1029 31 Ga abs. edge M3 [51]
12312.334 0.1007 27 Co abs. edge M1 [51]
12485.921 0.0993 33 As M3M4,5 [104]
12324.5726 0.1006 14 Si abs. edge L2,3 [51]
12677.423 0.0978 37 Rb M4N3 Mı [50]
12781.979 0.097 37 Rb M4N2 [50]
12861.535 0.0964 37 Rb M5N3 M�1 [50]
12901.686 0.0961 60 Nd N4,5O2,3 [104]
12928.592 0.0959 32 Ge M2M4,5 [104]
13346.093 0.0929 26 Fe abs. edge M1 [51]
13447.419 0.0922 32 Ge M3M4,5 [104]
13550.295 0.0915 14 Si L2,3M [50]
13609.791 0.0911 59 Pr N4,5O2,3 [104]
13700.0221 0.0905 30 Zn abs. edge M2 [51]
13868.591 0.0894 12 Mg abs. edge L1 [51]
13992.236 0.08861 31 Ga M2M4,5 [104]
14089.227 0.088 36 Kr abs. edge M4 [51]
14089.227 0.088 36 Kr abs. edge M5 [51]
14249.5345 0.08701 13 Al abs. edge L1 [51]
14383.4339 0.0862 30 Zn abs. edge M3 [51]
14433.667 0.0859 58 Ce N4,5O2,3 [104]
14440.391 0.08586 35 Br M1M3 [104]
14509.678 0.08545 31 Ga M3M4,5 [104]
14638.158 0.0847 79 Au N6O5 [104]
14777.735 0.0839 25 Mn abs. edge M1 [51]
15231.597 0.0814 79 Au N7O5 [104]
15269.113 0.0812 57 La N4,5O2,3 [104]
15615.264 0.0794 35 Br M1N2 [104]
15694.329 0.079 30 Zn M2M4,5 [50]
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15905.734 0.07795 56 Ba N4O3 [104]
15956.9112 0.0777 29 Cu abs. edge M2 [51]
16324.582 0.07595 56 Ba N4O2 [104]
16458.941 0.07533 56 Ba N5O3 [104]
16732.146 0.0741 24 Cr abs. edge M1 [51]
16822.958 0.0737 78 Pt N6O5 [104]
17035.6142 0.07278 13 Al abs. edge L2,3 [51]
17125.028 0.0724 13 Al L2,3M [50]
17220.167 0.072 29 Cu M2,3M4,5 [50]
17340.587 0.0715 79 Au O2O4 [50]
17611.535 0.0704 78 Pt N7O5 [50]
17686.904 0.0701 35 Br abs. edge M4 [51]
17968.870 0.069 35 Br abs. edge M5 [51]
18206.344 0.0681 28 Ni abs. edge M2 [51]
18368.178 0.0675 55 Cs N4O3 [50]
18644.391 0.0665 23 V abs. edge M1 [51]
18839.8724 0.06581 28 Ni abs. edge M3 [493]
18859.933 0.06574 55 Cs N4O2 [104]
18900.183 0.0656 78 Pt O2O4 [104]
18957.982 0.0654 35 Br M4N3 Mı [50]
19016.135 0.0652 55 Cs N5O3 [104]
19045.346 0.0651 28 Ni M2,3M4,5 [50]
19104.037 0.0649 35 Br M4N2 [50]
19252.360 0.0644 35 Br M5N3 M�1 [50]
19586.919 0.0633 11 Na abs. edge L1 [51]
19965.411 0.0621 77 Ir N6O5 [104]
20325.4426 0.061 27 Co abs. edge M2,3 [493]
20561.393 0.0603 22 Ti abs. edge M1 [51]
20802.886 0.0596 77 Ir N7O5 [104]
20837.849 0.0595 27 Co abs. edge M2 [51]
21376.759 0.058 27 Co M2,3M4,5 [50]
21866.878 0.0567 34 Se abs. edge M4 [51]
22061.423 0.0562 76 0s O2O4 [104]
22645.6986 0.05475 3 Li abs. edge K [51]
22778.8352 0.05443 34 Se abs. edge M5 [51]
23045.576 0.0538 34 Se M5N3 M�1 [50]
23045.576 0.0538 21 Sc abs. edge M1 [51]
23174.804 0.0535 79 Au O3O4,5 [104]
23526.603 0.0527 76 0s N6O5 [104]
24168.655 0.0513 3 Li KL2,3 K˛1,2 [50]
24931.6710 0.04973 12 Mg abs. edge L2 [51]
24310.823 0.051 26 Fe M2,3M4,5 [50]
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24310.8235 0.051 26 Fe abs. edge M2,3 [51]
24747.545 0.0501 76 0s N7O5 [104]
25072.8413 0.04945 12 Mg abs. edge L3 [51]
25098.219 0.0494 75 Re O2O4 [104]
25149.128 0.0493 12 Mg L2,3M [50]
25303.102 0.049 78 Pt O3O4,5 [104]
25511.358 0.0486 25 Mn abs. edge M2 [51]
2551l.358 0.0486 25 Mn abs. edge M3 [51]
27130.241 0.0457 77 Ir O3O4,5 [104]
27369.801 0.0453 74 W O2O4 [104]
27552.267 0.045 25 Mn M2,3M4,5 [50]
27552.267 0.045 10 Ne abs. edge L1 [51]
28371.899 0.0437 20 Ca abs. edge M1 [51]
28968.508 0.0428 13 Al L1L2,3 [50]
29172.988 0.0425 24 Cr abs. edge M2 [51]
29172.988 0.0425 24 Cr abs. edge M3 [51]
29380.379 0.0422 75 Re N4O5 [50]
29450.166 0.0421 76 0s O3O4,5 [50]
30093.495 0.0412 33 As abs. edge M4 [51]
30240.293 0.041 73 Ta O2O4 [50]
30314.423 0.0409 33 As abs. edge M5 [493]
30996.300 0.04 24 Cr M2,3M4,5 [50]
32627.684 0.038 79 Re O3O4,5 [104]
32800.317 0.0378 23 V abs. edge M2 [51]
33509.513 0.037 72 Hf O2O4 [104]
33509.513 0.037 23 V M2,3M4,5 [50]
35424.343 0.035 23 V abs. edge M3 [493]
35833.873 0.0346 22 Ti abs. edge M2 [51]
36573.805 0.0339 19 K abs. edge M1 [51]
37121.317 0.0334 74 W O3O4,5 [104]
37685.471 0.0329 71 Lu O2O4 [104]
37915.963 0.0327 11 Na L1L3 [104]
38388.511 0.0323 21 Sc abs. edge M2 [51]
38388.511 0.0323 21 Sc abs. edge M3 [51]
38504.720 0.0322 22 Ti abs. edge M3 [493]
39611.885 0.0313 73 Ta O3O4,5 [104]
39995.226 0.031 9 F abs. edge L1 [51]
40518.0392 0.0306 11 Na abs. edge L2,3 [51]
40650.885 0.0305 11 Na L2,3M [104]
40784.605 0.0304 11 Na L1L2,3 [50]
43200.418 0.0287 32 Ge abs. edge M4 [51]
43200.418 0.0287 32 Ge abs. edge M5 [51]
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44280.428 0.028 72 Hf O3O4,5 [50]
48813.071 0.0254 20 Ca abs. edge M2 [51]
48813.071 0.0254 20 Ca abs. edge M3 [51]
49006.008 0.0253 18 Ar abs. edge M1 [51]
49396.494 0.0251 71 Lu O3O4,5 [50]
50400.488 0.0246 2 He abs. edge K [51]
52314.430 0.0237 8 O abs. edge L1 [51]
53212.532 0.0233 73 Ta N6O5 [50]
53906.609 0.023 20 Ca M2,3N1 [50]
59040.571 0.021 73 Ta N7O5 [50]
67751.475 0.0183 10 Ne abs. edge L2 [51]
67751.475 0.0183 10 Ne abs. edge L3 [51]
69265.475 0.0179 19 K M2,3N1 [50]
69654.607 0.0178 19 K abs. edge M2 [51]
69654.607 0.0178 19 K abs. edge M3 [51]
71255.862 0.0174 31 Ga abs. edge M4 [51]
71255.862 0.0174 31 Ga abs. edge M5 [51]
76534.074 0.0162 15 P abs. edge M1 [51]
78471.645 0.0158 16 S abs. edge M1 [51]
91165.588 0.0136 1 H abs. edge K [51]
99988.064 0.0124 18 Ar abs. edge M2 [51]
99988.064 0.0124 18 Ar abs. edge M3 [51]
129151.25 0.0096 15 P abs. edge M2 [51]
134766.52 0.0092 7 N abs. edge L2 [51]
134766.52 0.0092 7 N abs. edge L3 [51]
144168.84 0.0086 9 F abs. edge L2 [51]
144168.84 0.0086 9 F abs. edge L3 [51]
151201.46 0.0082 16 S abs. edge M3 [51]
153068.15 0.0081 30 Zn abs. edge M4 [51]
153068.15 0.0081 30 Zn abs. edge M5 [51]
158955.38 0.0078 16 S abs. edge M2 [51]
163138.42 0.0076 14 Si abs. edge M1 [51]
174627.04 0.0071 8 O abs. edge L2 [51]
174627.04 0.0071 8 O abs. edge L3 [51]
182331.18 0.0068 17 Cl abs. edge M2 [51]
182331.18 0.0068 17 Cl abs. edge M3 [51]
187856.36 0.0066 21 Sc abs. edge M4 [51]
187856.36 0.0066 21 Sc abs. edge M5 [51]
193726.87 0.0064 6 C abs. edge L2 [51]
193726.87 0.0064 6 C abs. edge L3 [51]
263798.30 0.0047 5 B abs. edge L2,3 [51]
335095.13 0.0037 22 Ti abs. edge M4,5 [51]
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344403.33 0.0036 28 Ni abs. edge M4 [51]
344403.33 0.0036 26 Fe abs. edge M4,5 [51]
375712.73 0.0033 27 Co abs. edge M5 [493]
375712.73 0.0033 25 Mn abs. edge M4,5 [51]
375712.73 0.0033 28 Ni abs. edge M5 [493]
413284.00 0.003 14 Si abs. edge M2 [51]
427535.17 0.0029 27 Co abs. edge M4 [51]
539066.09 0.0023 24 Cr abs. edge M4 [51]
563569.09 0.0022 24 Cr abs. edge M5 [493]
563569.09 0.0022 23 V abs. edge M4 [51]
590405.71 0.0021 12 Mg abs. edge M1 [493]
774907.50 0.0016 29 Cu abs. edge M4,5 [51]
1771217.1 0.0007 13 Al abs. edge M1 [493]
1771217.1 0.0007 11 Na abs. edge M1 [493]



7 K-Shell Intensity Ratios and K-Vacancy Decay Rates

In the following total K-vacancy decay rates and intensity ratios for the X-ray K-series as calculated by [489]
are tabulated. The total rates total are given in eV/�.

Z total Kˇ/K˛ K˛2 /K˛1 Kˇ3/Kˇ1 Kˇ1
′K˛1 Kˇ2

′/K˛1

14 0.0238 0.0294 0.5037 0.5052 0.0443
16 0.0461 0.0659 0.5053 0.5047 0.0992
18 0.0799 0.1088 0.5049 0.5041 0.1638
20 0.1312 0.1315 0.5061 0.5043 0.1982

22 0.2020 0.1355 0.5076 0.5054 0.2043
24 0.2970 0.1337 0.5091 0.5070 0.2018
26 0.424 0.1391 0.5107 0.5079 0.2102
28 0.586 0.1401 0.5124 0.5093 0.2119
30 0.790 0.1410 0.5142 0.5108 0.2135

32 1.051 0.1504 0.5149 0.5105 0.2229 0.0049
34 1.375 0.1624 0.5158 0.5116 0.2331 0.0131
36 1.766 0.1727 0.5186 0.5111 0.2381 0.0240
38 2.239 0.1831 0.5205 0.5115 0.2463 0.0320
40 2.800 0.1913 0.5225 0.5120 0.2543 0.0370

42 3.46 0.1981 0.5247 0.5125 0.2617 0.0403
44 4.23 0.2045 0.5269 0.5130 0.2684 0.0439
46 5.12 0.2100 0.5293 0.5135 0.2745 0.0466
48 6.14 0.2161 0.5317 0.5142 0.2802 0.0507
50 7.32 0.2230 0.5343 0.5148 0.2857 0.0564

52 8.67 0.2299 0.5370 0.5153 0.2906 0.0628
54 10.19 0.2368 0.5398 0.5157 0.2951 0.0695
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Z total Kˇ/K˛ K˛2 /K˛1 Kˇ3 /Kˇ1 Kˇ1
′K˛1 Kˇ2

′/K˛1

56 11.91 0.2433 0.5428 0.5160 0.2997 0.0756
58 13.81 0.2470 0.5459 0.5164 0.3042 0.0777
60 15.93 0.2504 0.5491 0.5167 0.3086 0.0792

62 18.29 0.2534 0.5524 0.5169 0.3127 0.0807
64 20.89 0.2570 0.5559 0.5171 0.3166 0.0832
66 23.75 0.2588 0.5596 0.5173 0.3203 0.0832
68 26.88 0.2612 0.5634 0.5174 0.3240 0.0843
70 30.32 0.2634 0.5673 0.5175 0.3274 0.0853

72 34.09 0.2666 0.5714 0.5176 0.3307 0.0883
74 38.20 0.2698 0.5757 0.5176 0.3338 0.0913
76 42.66 0.2728 0.5802 0.5175 0.3369 0.0943
78 47.50 0.2758 0.5850 0.5173 0.3399 0.0972
80 52.72 0.2788 0.5899 0.5170 0.3430 0.1004

82 58.37 0.2821 0.5950 0.5165 0.3459 0.1043
84 64.46 0.2855 0.6004 0.5161 0.3489 0.1084
86 71.00 0.2890 0.6061 0.5154 0.3518 0.1126
88 78.00 0.2923 0.6120 0.5146 0.3547 0.1167
90 85.47 0.2952 0.6182 0.5134 0.3577 0.1205

92 93.41 0.2975 0.6247 0.5122 0.3606 0.1233
94 101.89 0.2996 0.6315 0.5107 0.3636 0.1259
96 110.81 0.3019 0.6387 0.5090 0.3665 0.1290
98 120.29 0.3037 0.6462 0.5070 0.3695 0.1315
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Z K˛3/K˛1 Kˇ1 /K˛1 Kˇ2 /Kˇ1 Kˇ5 /Kˇ1 Kˇ4 /Kˇ1 K-O2,3/K˛1

14 0.0279
16 0,0619
18 0.1025
20 0.1262

22 0.1304 0.0001
24 0.1289 0.0003
26 0.1348 0.0005
28 0.1361 0.0009
30 0.1372 0.0015

32 0.1436 0.0330 0.0020
34 0.1504 0.0834 0.0026
36 0.1537 0.1493 0.0033
38 0.00001 0.1592 0.1938 0.0040
40 0.00001 0.1646 0.2164 0.0047 0.0001

42 0.00001 0.1695 0.2281 0.0055 0.0002
44 0.00001 0.1740 0.2423 0.0064 0.0004
46 0.00002 0.1781 0.2510 0.0072 0.0007
48 0.00002 0.1819 0.2668 0.0082 0.0010
50 0.00003 0.1854 0.2844 0.0092 0.0013 0.0015

52 0.00004 0.1885 0.2991 0.0102 0.0017 0.0041
54 0.00005 0.1914 0.3104 0.0113 0.0021 0.0075
56 0.00007 0.1943 0.3239 0.0124 0.0025 0.0100
58 0.00009 0.1969 0.3305 0.0136 0.0029 0.0100
60 0.00011 0.1994 0.3355 0.0148 0.0032 0.0098

62 0.00014 0.2019 0.3393 0.0161 0.0035 0.0097
64 0.00017 0.2044 0.3440 0.0174 0.0039 0.0104
66 0.00021 0.2066 0.3446 0.0187 0.0042 0.0096
68 0.00026 0.2087 0.3467 0.0201 0.0046 0.0094
70 0.00031 0.2108 0.3485 0.0215 0.0049 0.0094

72 0.00038 0.2130 0.3526 0.0228 0.0054 0.0105
74 0.00046 0.2150 0.3574 0.0242 0.0058 0.0116
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Z K˛3 /K˛1 Kˇ1 /K˛1 Kˇ2 /Kˇ1 Kˇ5 /Kˇ1 Kˇ4 /Kˇ1 K-O2,3/K˛1

76 0.00056 0.2169 0.3624 0.0256 0.0063 0.0127
78 0.00067 0.2188 0.3677 0.0270 0.0069 0.0135
80 0.00081 0.2206 0.3728 0.0285 0.0074 0.0147

82 0.00097 0.2224 0.3779 0.0299 0.0079 0.0160
84 0.00116 0.2241 0.3822 0.0314 0.0085 0.0174
86 0.00139 0.2258 0.3866 0.0328 0.0091 0.0186
88 0.00165 0.2277 0.3908 0.0342 0.0097 0.0198
90 0.00197 0.2295 0.3951 0.0356 0.0103 0.0209

92 0.00234 0.2312 0.3992 0.0370 0.0109 0.0219
94 0.00278 0.2331 0.4029 0.0384 0.0115 0.0229
96 0.00330 0.2349 0.4063 0.0398 0.0121 0.0238
98 0.00391 0.2368 0.4095 0.0411 0.0127 0.0246



8 Atomic Scattering Factors

Given are mean atomic scattering factors (in electrons) for free atoms and chemical significant ions (after
[129])1.

The intervals of sin# /� were were selected in a way that a linear interpolation between the tabulated values
is allowed. For carbon and silicon valence state scattering facors are given additionally (indicated by Cval and
Sival ).

1 With IUCR copyright permission
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sin#/� 1H 1H1−
2He 3Li 3Li1+

4Be 4Be2+
5B

0.00 1.000 2.000 2.000 3.000 2.000 4.000 2.000 5.000
0.01 0.998 1.986 1.998 2.986 1.999 3.987 2.000 4.988
0.02 0.991 1.946 1.993 2.947 1.997 3.950 1.999 4.954
0.03 0.980 1.883 1.984 2.884 1.994 3.889 1.997 4.897
0.04 0.966 1.802 1.972 2.802 1.990 3.807 1.995 4.820
0.05 0.947 1.708 1.957 2.708 1.984 3.707 1.992 4.724

0.06 0.925 1.606 1.939 2.606 1.977 3.592 1.988 4.613
0.07 0.900 1.501 1.917 2.502 1.968 3.468 1.983 4.488
0.08 0.872 1.396 1.893 2.400 1.959 3.336 1.978 4.352
0.09 0.842 1.293 1.866 2.304 1.948 3.201 1.973 4.209
0.10 0.811 1.195 1.837 2.215 1.936 3.065 1.966 4.060

0.11 0.778 1.102 1.806 2.135 1.923 2.932 1.959 3.908
0.12 0.744 1.014 1.772 2.065 1.909 2.804 1.952 3.756
0.13 0.710 0.933 1.737 2.004 1.894 2.683 1.944 3.606
0.14 0.676 0.858 1.701 1.950 1.878 2.569 1.935 3.459
0.15 0.641 0.789 1.663 1.904 1.861 2.463 1.925 3.316

0.16 0.608 0.725 1.624 1.863 1.843 2.365 1.915 3.179
0.17 0.574 0.667 1.584 1.828 1.824 2.277 1.905 3.048
0.18 0.542 0.613 1.543 1.796 1.804 2.197 1.894 2.924
0.19 0.511 0.565 1.502 1.768 1.784 2.125 1.882 2.808
0.20 0.481 0.520 1.460 1.742 1.762 2.060 1.870 2.699

0.22 0.424 0.442 1.377 1.693 1.718 1.951 1.845 2.503
0.24 0.373 0.377 1.295 1.648 1.672 1.864 1.817 2.336
0.25 0.350 0.348 1.254 1.626 1.648 1.828 1.803 2.263
0.26 0.328 0.322 1.214 1.604 1.624 1.795 1.788 2.195
0.28 0.287 0.277 1.136 1.559 1.574 1.739 1.758 2.077
0.30 0.251 0.238 1.060 1.513 1.523 1.692 1.726 1.979

0.32 0.220 0.206 0.988 1.465 1.472 1.652 1.693 1.897
0.34 0.193 0.178 0.920 1.417 1.420 1.616 1.659 1.829
0.35 0.180 0.166 0.887 1.393 1.394 1.600 1.641 1.799
0.36 0.169 0.155 0.856 1.369 1.368 1.583 1.623 1.771
0.38 0.148 0.136 0.795 1.320 1.317 1.551 1.588 1.723
0.40 0.130 0.119 0.738 1.270 1.266 1.520 1.551 1.681

0.42 0.115 0.104 0.686 1.221 1.215 1.489 1.514 1.644
0.44 0.101 0.092 0.636 1.173 1.166 1.458 1.477 1.611
0.45 0.095 0.086 0.613 1.149 1.141 1.443 1.458 1.596
0.46 0.090 0.081 0.591 1.125 1.117 1.427 1.439 1.581
0.48 0.079 0.072 0.548 1.078 1.070 1.395 1.402 1.553
0.50 0.071 0.064 0.509 1.033 1.024 1.362 1.364 1.526

0.55 0.053 0.048 0.423 0.924 0.915 1.279 1.271 1.463
0.60 0.040 0.037 0.353 0.823 0.815 1.195 1.179 1.402
0.65 0.031 0.028 0.295 0.732 0.724 1.112 1.091 1.339
0.70 0.024 0.022 0.248 0.650 0.643 1.030 1.007 1.276
0.80 0.015 0.014 0.177 0.512 0.507 0.876 0.853 1.147
0.90 0.010 0.009 0.129 0.404 0.400 0.740 0.718 1.020
1.00 0.007 0.006 0.095 0.320 0.317 0.622 0.603 0.900

1.10 0.005 0.005 0.072 0.255 0.252 0.522 0.506 0.790
1.20 0.003 0.003 0.055 0.205 0.202 0.439 0.425 0.690
1.30 0.003 0.002 0.042 0.165 0.163 0.369 0.357 0.602
1.40 0.002 0.002 0.033 0.134 0.133 0.311 0.301 0.524
1.50 0.001 0.001 0.026 0.110 0.109 0.263 0.255 0.457

1.60 0.021 0.091 0.090 0.223 0.216 0.398
1.70 0.017 0.075 0.075 0.190 0.184 0.347
1.80 0.014 0.063 0.062 0.163 0.157 0.304
1.90 0.011 0.053 0.052 0.139 0.135 0.266
2.00 0.010 0.044 0.044 0.120 0.116 0.233
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sin #/� 6C 6Cval 7N 8O 8O1−
9F 9F1−

10Ne

0.00 6.000 6.000 7.000 8.000 9.000 9.000 10.000 10.000
0.01 5.990 5.989 6.991 7.992 8.986 8.993 9.988 9.993
0.02 5.958 5.956 6.963 7.967 8.945 8.970 9.953 9.973
0.03 5.907 5.903 6.918 7.926 8.878 8.933 9.895 9.938
0.04 5.837 5.829 6.855 7.869 8.785 8.881 9.816 9.891
0.05 5.749 5.738 6.776 7.798 8.670 8.815 9.716 9.830

0.06 5.645 5.629 6.682 7.712 8.534 8.736 9.597 9.757
0.07 5.526 5.507 6.574 7.612 8.381 8.645 9.461 9.672
0.08 5.396 5.372 6.453 7.501 8.211 8.541 9.309 9.576
0.09 5.255 5.227 6.321 7.378 8.029 8.427 9.144 9.469
0.10 5.107 5.074 6.180 7.245 7.836 8.302 8.967 9.351

0.11 4.952 4.916 6.030 7.103 7.635 8.168 8.781 9.225
0.12 4.794 4.754 5.875 6.954 7.429 8.026 8.586 9.090
0.13 4.633 4.591 5.714 6.798 7.218 7.876 8.386 8.948
0.14 4.472 4.428 5.551 6.637 7.005 7.721 8.181 8.799
0.15 4.311 4.267 5.385 6.472 6.792 7.560 7.973 8.643

0.16 4.153 4.109 5.218 6.304 6.579 7.395 7.762 8.483
0.17 3.998 3.954 5.051 6.134 6.368 7.226 7.551 8.318
0.18 3.847 3.805 4.886 5.964 6.160 7.055 7.341 8.150
0.19 3.701 3.661 4.723 5.793 5.956 6.883 7.131 7.978
0.20 3.560 3.523 4.563 5.623 5.756 6.709 6.924 7.805

0.22 3.297 3.266 4.254 5.289 5.371 6.362 6.517 7.454
0.24 3.058 3.035 3.963 4.965 5.008 6.020 6.126 7.102
0.25 2.949 2.930 3.825 4.808 4.836 5.851 5.937 6.928
0.26 2.846 2.831 3.693 4.655 4.670 5.685 5.753 6.754
0.28 2.658 2.651 3.445 4.363 4.357 5.363 5.399 6.412
0.30 2.494 2.495 3.219 4.089 4.068 5.054 5.067 6.079

0.32 2.351 2.358 3.014 3.834 3.804 4.761 4.756 5.758
0.34 2.227 2.241 2.831 3.599 3.564 4.484 4.467 5.451
0.35 2.171 2.188 2.747 3.489 3.452 4.353 4.330 5.302
0.36 2.120 2.139 2.667 3.383 3.345 4.225 4.199 5.158
0.38 2.028 2.050 2.522 3.186 3.147 3.983 3.951 4.880
0.40 1.948 1.974 2.393 3.006 2.969 3.759 3.724 4.617

0.42 1.880 1.907 2.278 2.844 2.808 3.551 3.514 4.370
0.44 1.821 1.849 2.178 2.697 2.663 3.360 3.322 4.139
0.45 1.794 1.822 2.132 2.629 2.597 3.270 3.233 4.029
0.46 1.770 1.798 2.089 2.564 2.533 3.183 3.147 3.923
0.48 1.725 1.752 2.011 2.445 2.417 3.022 2.987 3.722
0.50 1.685 1.711 1.942 2.338 2.313 2.874 2.841 3.535

0.55 1.603 1.624 1.802 2.115 2.097 2.559 2.531 3.126
0.60 1.537 1.552 1.697 1.946 1.934 2.309 2.288 2.790
0.65 1.479 1.488 1.616 1.816 1.808 2.112 2.096 2.517
0.70 1.426 1.428 1.551 1.714 1.710 1.956 1.945 2.296
0.80 1.322 1.315 1.445 1.568 1.567 1.735 1.729 1.971
0.90 1.219 1.204 1.353 1.463 1.463 1.588 1.585 1.757
1.00 1.114 1.096 1.265 1.377 1.376 1.482 1.481 1.609

1.10 1.012 0.992 1.177 1.298 1.296 1.398 1.397 1.502
1.20 0.914 0.894 1.090 1.221 1.219 1.324 1.322 1.418
1.30 0.822 0.802 1.004 1.145 1.143 1.254 1.252 1.346
1.40 0.736 0.718 0.921 1.070 1.067 1.186 1.184 1.280
1.50 0.659 0.642 0.843 0.997 0.994 1.120 1.117 1.218

1.60 0.588 0.769 0.926 1.055 1.158
1.70 0.525 0.700 0.857 0.990 1.099
1.80 0.468 0.636 0.792 0.928 1.041
1.90 0.418 0.578 0.731 0.868 0.984
2.00 0.373 0.525 0.674 0.810 0.929



698 8 Atomic Scattering Factors

sin #/� 11Na 11Na1+
12Mg 12Mg2+

13Al 13Al3+
14Si 14Sival

0.00 11.000 10.000 12.000 10.000 13.000 10.000 14.000 14.000
0.01 10.980 9.995 11.978 9.997 12.976 9.997 13.976 13.973
0.02 10.922 9.981 11.914 9.986 12.903 9.989 13.904 13.894
0.03 10.830 9.958 11.811 9.969 12.786 9.976 13.787 13.766
0.04 10.709 9.925 11.674 9.945 12.629 9.957 13.628 13.593
0.05 10.568 9.883 11.507 9.914 12.439 9.933 13.434 13.381

0.06 10.412 9.833 11.319 9.876 12.222 9.904 13.209 13.138
0.07 10.249 9.773 11.116 9.832 11.987 9.870 12.961 12.870
0.08 10.084 9.705 10.903 9.782 11.739 9.831 12.695 12.586
0.09 9.920 9.630 10.687 9.725 11.485 9.787 12.417 12.293
0.10 9.760 9.546 10.472 9.662 11.230 9.738 12.134 11.995

0.11 9.605 9.455 10.262 9.594 10.978 9.684 11.849 11.700
0.12 9.455 9.357 10.059 9.519 10.733 9.625 11.567 11.410
0.13 9.309 9.253 9.864 9.440 10.498 9.563 11.292 11.130
0.14 9.166 9.142 9.678 9.355 10.273 9.495 11.025 10.862
0.15 9.027 9.026 9.502 9.265 10.059 9.424 10.769 10.608

0.16 8.888 8.904 9.334 9.171 9.857 9.349 10.525 10.368
0.17 8.751 8.777 9.175 9.072 9.667 9.270 10.293 10.143
0.18 8.613 8.647 9.023 8.969 9.487 9.187 10.074 9.933
0.19 8.475 8.512 8.876 8.862 9.318 9.101 9.868 9.737
0.20 8.335 8.374 8.735 8.751 9.158 9.011 9.673 9.553

0.22 8.052 8.089 8.465 8.521 8.862 8.823 9.319 9.222
0.24 7.764 7.795 8.205 8.280 8.592 8.623 9.004 8.931
0.25 7.618 7.646 8.078 8.156 8.465 8.520 8.859 8.798
0.26 7.471 7.496 7.951 8.030 8.341 8.414 8.722 8.671
0.28 7.176 7.195 7.698 7.774 8.103 8.198 8.467 8.435
0.30 6.881 6.894 7.446 7.513 7.873 7.975 8.231 8.214

0.32 6.588 6.597 7.194 7.251 7.648 7.747 8.011 8.005
0.34 6.298 6.304 6.943 6.987 7.426 7.515 7.800 7.803
0.35 6.156 6.160 6.817 6.856 7.316 7.399 7.698 7.704
0.36 6.015 6.018 6.691 6.725 7.205 7.282 7.597 7.606
0.38 5.739 5.739 6.442 6.465 6.985 7.047 7.398 7.410
0.40 5.471 5.471 6.194 6.210 6.766 6.813 7.202 7.215

0.42 5.214 5.212 5.951 5.959 6.548 6.581 7.008 7.021
0.44 4.967 4.964 5.712 5.715 6.330 6.350 6.815 6.826
0.45 4.848 4.845 5.595 5.595 6.222 6.237 6.719 6.729
0.46 4.731 4.728 5.480 5.477 6.115 6.124 6.622 6.632
0.48 4.506 4.503 5.253 5.247 5.902 5.901 6.431 6.437
0.50 4.293 4.290 5.034 5.025 5.692 5.683 6.240 6.244

0.55 3.811 3.808 4.520 4.508 5.186 5.162 5.769 5.766
0.60 3.398 3.395 4.059 4.046 4.713 4.681 5.312 5.303
0.65 3.048 3.046 3.652 3.641 4.277 4.243 4.878 4.865
0.70 2.754 2.753 3.297 3.288 3.883 3.851 4.470 4.455
0.80 2.305 2.305 2.729 2.724 3.221 3.195 3.750 3.734
0.90 1.997 1.997 2.311 2.315 2.712 2.693 3.164 3.150
1.00 1.784 1.785 2.022 2.023 2.330 2.319 2.702 2.691

1.10 1.634 1.635 1.812 1.813 2.049 2.041 2.346 2.338
1.20 1.524 1.524 1.660 1.662 1.841 1.837 2.076 2.069
1.30 1.438 1.438 1.546 1.548 1.687 1.685 1.872 1.867
1.40 1.367 1.367 1.459 1.460 1.571 1.570 1.717 1.713
1.50 1.304 1.304 1.387 1.388 1.481 1.479 1.598 1.595

1.60 1.247 1.246 1.326 1.326 1.408 1.505
1.70 1.191 1.191 1.270 1.270 1.346 1.430
1.80 1.137 1.137 1.219 1.218 1.292 1.367
1.90 1.084 1.084 1.169 1.168 1.243 1.313
2.00 1.032 1.032 1.120 1.119 1.195 1.264



8 Atomic Scattering Factors 699

sin#/� 14Si4+
15P 16S 17Cl 17Cl1−

18Ar 19K 19K1+

0.00 10.000 15.000 16.000 17.000 18.000 18.000 19.000 18.000
0.01 9.998 14.977 15.979 16.980 17.972 17.981 18.963 17.986
0.02 9.991 14.909 15.915 16.919 17.888 17.924 18.854 17.943
0.03 9.981 14.798 15.809 16.820 17.751 17.830 18.683 17.872
0.04 9.966 14.646 15.665 16.683 17.563 17.700 18.462 17.774
0.05 9.947 14.458 15.484 16.511 17.330 17.536 18.204 17.649

0.06 9.924 14.237 15.271 16.306 17.057 17.340 17.924 17.499
0.07 9.896 13.990 15.030 16.073 16.750 17.116 17.630 17.325
0.08 9.865 13.721 14.764 15.814 16.415 16.865 17.332 17.129
0.09 9.829 13.435 14.478 15.533 16.058 16.591 17.032 16.912
0.10 9.790 13.138 14.177 15.234 15.685 16.298 16.733 16.677

0.11 9.747 12.834 13.865 14.921 15.301 15.988 16.436 16.426
0.12 9.700 12.527 13.546 14.597 14.911 15.665 16.138 16.160
0.13 9.649 12.223 13.224 14.266 14.519 15.331 15.841 15.882
0.14 9.595 11.922 12.902 13.932 14.130 14.991 15.543 15.594
0.15 9.537 11.629 12.583 13.597 13.747 14.647 15.243 15.297

0.16 9.476 11.345 12.270 13.263 13.371 14.301 14.941 14.994
0.17 9.411 11.072 11.964 12.934 13.006 13.957 14.638 14.688
0.18 9.343 10.811 11.668 12.611 12.653 13.615 14.334 14.378
0.19 9.272 10.563 11.382 12.297 12.313 13.279 14.031 14.069
0.20 9.199 10.327 11.109 11.991 11.987 12.949 13.728 13.760

0.22 9.043 9.894 10.598 11.413 11.379 12.315 13.130 13.150
0.24 8.877 9.510 10.138 10.881 10.832 11.721 12.550 12.560
0.25 8.790 9.335 9.927 10.633 10.580 11.441 12.268 12.275
0.26 8.701 9.170 9.727 10.398 10.343 11.172 11.994 11.997
0.28 8.518 8.869 9.363 9.964 9.908 10.671 11.468 11.467
0.30 8.327 8.600 9.039 9.576 9.524 10.216 10.977 10.972

0.32 8.131 8.357 8.752 9.231 9.184 9.807 10.521 10.515
0.34 7.929 8.134 8.494 8.923 8.884 9.441 10.103 10.097
0.35 7.821 8.029 8.376 8.782 8.746 9.272 9.908 9.901
0.36 7.724 7.928 8.262 8.649 8.616 9.113 9.722 9.715
0.38 7.516 7.133 8.051 8.403 8.311 8.820 9.375 9.369
0.40 7.306 7.547 7.856 8.181 8.162 8.558 9.061 9.056

0.42 7.095 7.367 7.673 7.979 7.965 8.322 8.778 8.773
0.44 6.884 7.190 7.501 7.794 7.785 8.110 8.522 8.518
0.45 6.779 7.103 7.417 7.706 7.699 8.011 8.403 8.399
0.46 6.674 7.017 7.335 7.621 7.616 7.917 8.290 8.287
0.48 6.465 6.845 7.174 7.459 7.451 7.739 8.080 8.077
0.50 6.259 6.674 7.017 7.305 7.305 7.575 7.889 7.886

0.55 5.755 6.250 6.633 6.941 6.945 7.207 7.474 7.474
0.60 5.277 5.829 6.254 6.595 6.600 6.815 7.125 7.125
0.65 4.830 5.418 5.877 6.254 6.259 6.560 6.814 6.814
0.70 4.418 5.020 5.505 5.915 5.920 6.252 6.523 6.523
0.80 3.701 4.284 4.790 5.245 5.248 5.639 5.961 5.962
0.90 3.124 3.649 4.138 4.607 4.608 5.036 5.406 5.406
1.00 2.673 3.122 3.570 4.023 4.024 4.460 4.859 4.859

1.10 2.326 2.698 3.092 3.509 3.509 3.931 4.337 4.336
1.20 2.063 2.364 2.699 3.070 3.070 3.462 3.855 3.854
1.30 1.864 2.104 2.384 2.704 2.705 3.056 3.423 3.423
1.40 1.712 1.903 2.133 2.405 2.405 2.713 3.045 3.045
1.50 1.595 1.747 1.935 2.162 2.162 2.421 2.722 2.122

1.60 1.626 1.779 1.967 1.968 2.192 2.450 2.449
1.10 1.530 1.655 1.811 1.811 2.000 2.221 2.221
1.80 1.453 1.557 1.686 1.686 1.844 2.033 2.033
1.90 1.389 1.477 1.585 1.585 1.717 1.876 1.877
2.00 1.333 1.411 1.502 1.502 1.614 1.748 1.749



700 8 Atomic Scattering Factors

sin #/� 20Ca 20Ca2+
21Sc 21Sc3+

22Ti 22Ti2+
22Ti3+

22Ti4+

0.00 20.000 18.000 21.000 18.000 22.000 20.000 19.000 18.000
0.01 19.959 17.989 20.962 17.991 21.964 19.988 18.990 17.992
0.02 19.838 17.955 20.848 17.963 21.856 19.951 18.962 17.969
0.03 19.645 17.899 20.665 17.917 21.682 19.891 18.914 17.930
0.04 19.392 17.821 20.422 17.853 21.451 19.807 18.848 17.877
0.05 19.091 17.121 20.131 17.771 21.171 19.701 18.764 17.808

0.06 18.758 17.601 19.805 17.672 20.854 19.572 18.662 17.725
0.07 18.405 17.462 19.455 17.556 20.511 19.423 18.543 17.628
0.08 18.045 17.303 19.091 17.424 20.150 19.253 18.407 17.516
0.09 17.685 17.127 18.723 17.278 19.781 19.065 18.255 17.392
0.10 17.331 16.935 18.356 17.116 19.410 18.860 18.089 17.255

0.11 16.981 16.727 17.995 16.941 19.041 18.639 17.909 17.106
0.12 16.655 16.506 17.643 16.754 18.678 18.404 17.716 16.946
0.13 16.334 16.272 17.301 16.555 18.322 18.156 17.510 16.775
0.14 16.024 16.028 16.968 16.345 17.974 17.896 17.294 16.593
0.15 15.723 15.774 16.645 16.126 17.635 17.626 17.067 16.403

0.16 15.430 15.512 16.330 15.898 17.304 17.348 16.832 16.205
0.17 15.142 15.244 16.023 15.662 16.980 17.062 16.589 15.998
0.18 14.859 14.970 15.722 15.421 16.663 16.771 16.339 15.785
0.19 14.580 14.692 15.426 15.173 16.351 16.475 16.083 15.566
0.20 14.304 14.412 15.135 14.922 16.044 16.176 15.822 15.342

0.22 13.760 13.850 14.564 14.410 15.444 15.574 15.291 14.881
0.24 13.225 13.292 14.006 13.893 14.859 14.972 14.752 14.408
0.25 12.961 13.017 13.732 13.634 14.572 14.673 14.482 14.170
0.26 12.701 12.745 13.462 13.377 14.289 14.377 14.213 13.930
0.28 12.194 12.217 12.933 12.869 13.735 13.797 13.680 13.452
0.30 11.705 11.713 12.423 12.374 13.198 13.236’ 13.157 12.979

0.32 11.240 11.235 11.934 11.896 12.682 12.697 12.650 12.515
0.34 10.800 10.787 11.467 11.438 12.187 12.184 12.162 12.064
0.35 10.590 10.575 11.244 11.218 11.949 11.938 11.926 11.844
0.36 10.388 10.370 11.027 11.004 11.717 11.698 11.696 11.628
0.38 10.004 9.984 10.613 10.595 11.271 11.242 11.254 11.211
0.40 9.650 9.629 10.226 10.212 10.852 10.815 10.837 10.815

0.42 9.324 9.303 9.866 9.855 10.459 10.417 10.446 10.439
0.44 9.025 9.006 9.534 9.524 10.093 10.047 10.080 10.086
0.45 8.885 8.867 9.377 9.368 9.920 9.873 9.907 9.917
0.46 8.752 8.734 9.227 9.218 9.753 9.706 9.740 9.754
0.48 8.502 8.487 8.946 8.937 9.438 9.391 9.426 9.445
0.50 8.275 8.262 8.687 8.678 9.148 9.102 9.135 9.158

0.55 7.788 7.781 8.132 8.121 8.518 8.477 8.503 8.529
0.60 7.392 7.389 7.682 7.670 8.007 7.972 7.990 8.012
0.65 7.057 7.058 7.312 7.298 7.588 7.560 7.571 7.588
0.70 6.762 6.764 6.996 6.982 7.240 7.216 7.222 7.234
0.80 6.228 6.231 6.460 6.445 6.676 6.656 6.658 6.664
0.90 5.717 5.719 5.975 5.961 6.200 6.179 6.182 6.189
1.00 5.209 5.209 5.501 5.488 5.752 5.728 5.734 5.745

1.10 4.710 4.710 5.030 5.017 5.310 5.282 5.291 5.306
1.20 4.233 4.232 4.570 4.556 4.872 4.840 4.852 4.870
1.30 3.791 3.790 4.131 4.115 4.445 4.411 4.425 4.443
1.40 3.391 3.390 3.722 3.706 4.038 4.004 4.017 4.035
1.50 3.039 3.038 3.352 3.335 3.660 3.626 3.638 3.655

1.60 2.733 2.732 3.023 3.316
1.70 2.470 2.470 2.733 3.006
1.80 2.250 2.250 2.485 2.734
1.90 2.063 2.064 2.271 2.496
2.00 1.908 1.909 2.090 2.290



8 Atomic Scattering Factors 701

sin#/� 23V 23V2+
23V3+

23V5+
24Cr 24Cr2+

24Cr3+
25Mn

0.00 23.000 21.000 20.000 18.000 24.000 22.000 21.000 25.000
0.01 22.966 20.988 19.990 17.993 23.971 21.988 20.990 24.969
0.02 22.864 20.952 19.961 17.974 23.885 21.952 20.961 24.876
0.03 22.698 20.892 19.913 17.941 23.746 21.892 20.913 24.726
0.04 22.477 20.808 19.846 17.895 23.558 21.808 20.845 24.523
0.05 22.208 20.702 19.760 17.837 23.329 21.702 20.759 24.274

0.06 21.902 20.573 19.657 17.766 23.065 21.574 20.655 23.988
0.07 21.567 20.424 19.536 17.682 22.772 21.425 20.534 23.671
0.08 21.212 20.255 19.398 17.587 22.459 21.256 20.395 23.331
0.09 20.846 20.066 19.244 17.480 22.129 21.067 20.240 22.976
0.10 20.474 19.861 19.075 17.362 21.789 20.861 20.069 22.611

0.11 20.102 19.639 18.892 17.234 21.441 20.638 19.884 22.240
0.12 19.733 19.402 18.695 17.095 21.089 20.400 19.685 21.868
0.13 19.369 19.152 18.485 16.946 20.734 20.148 19.474 21.497
0.14 19.011 18.890 18.265 16.789 20.378 19.884 19.250 21.128
0.15 18.661 18.618 18.033 16.622 20.022 19.609 19.016 20.764

0.16 18.317 18.336 17.793 16.448 19.667 19.324 18.772 20.404
0.17 17.980 18.047 17.544 16.266 19.312 19.030 18.519 20.049
0.18 17.649 17.751 17.287 16.078 18.960 18.729 18.258 19.699
0.19 17.323 17.450 17.025 15.883 18.609 18.423 17.991 19.354
0.20 17.003 17.146 16.757 15.683 18.260 18.112 17.718 19.012

0.22 16.376 16.529 16.210 15.268 17.570 17.481 17.157 18.342
0.24 15.765 15.910 15.653 14.839 16.893 16.845 16.585 17.686
0.25 15.465 15.602 15.373 14.620 16.561 16.527 16.297 17.364
0.26 15.169 15.296 15.093 14.399 16.232 16.210 16.008 17.045
0.28 14.589 14.694 14.537 13.955 15.588 15.584 15.431 16.417
0.30 14.026 14.107 13.989 13.509 14.965 14.972 14.862 15.806

0.32 13.482 13.541 13.455 13.067 14.365 14.378 14.303 15.211
0.34 12.959 12.998 12.938 12.631 13.790 13.805 13.759 14.634
0.35 12.705 12.736 12.687 12.417 13.513 13.528 13.494 14.353
0.36 12.458 12.481 12.441 12.205 13.242 13.257 13.234 14.078
0.38 11.982 11.991 11.967 11.792 12.720 12.734 12.730 13.543
0.40 11.530 11.530 11.517 11.392 12.227 12.238 12.248 13.031

0.42 11.105 11.096 11.092 11.010 11.762 11.770 11.790 12.543
0.44 10.705 10.692 10.692 10.644 11.326 11.330 11.357 12.080
0.45 10.515 10.500 10.502 10.469 11.118 11.121 11.150 11.858
0.46 10.332 10.315 10.318 10.298 10.917 10.918 10.950 11.642
0.48 9.984 9.965 9.969 9.970 10.536 10.533 10.567 11.228
0.50 9.660 9.641 9.645 9.662 10.180 10.174 10.210 10.840

0.55 8.952 8.935 8.936 8.973 9.400 9.386 9.419 9.973
0.60 8.373 8.359 8.354 8.396 8.756 8.737 8.764 9.245
0.65 7.898 7.889 7.878 7.915 8.227 8.205 8.224 8.639
0.70 7.506 7.501 7.485 7.515 7.791 7.766 7.779 8.137
0.80 6.892 6.892 6.870 6.888 7.118 7.091 7.095 7.368
0.90 6.406 6.407 6.384 6.399 6.606 6.578 6.580 6.808
1.00 5.972 5.973 5.950 5.968 6.172 6.143 6.145 6.359

1.10 5.553 5.553 5.531 5.556 5.768 5.738 5.742 5.962
1.20 5.139 5.137 5.116 5.147 5.372 5.341 5.348 5.586
1.30 4.730 4.727 4.705 4.741 4.982 4.949 4.958 5.215
1.40 4.333 4.330 4.307 4.344 4.597 4.564 4.573 4.849
1.50 3.956 3.952 3.929 3.965 4.226 4.191 4.202 4.490

1.60 3.604 3.600 3.874 4.144
1.70 3.281 3.278 3.545 3.814
1.80 2.992 2.989 3.244 3.506
1.90 2.733 2.731 2.971 3.221
2.00 2.506 2.505 2.727 2.963



702 8 Atomic Scattering Factors

sin #/� 25Mn2+
25Mn3+

25Mn4+
26Fe 26Fe2+

26Fe3+
27Co 27Co2+

0.00 23.000 22.000 21.000 26.000 24.000 23.000 27.000 25.000
0.01 22.988 21.990 20.992 25.970 23.989 22.991 26.972 24.989
0.02 22.953 21.961 20.968 25.882 23.954 22.962 26.887 24.954
0.03 22.894 21.913 20.927 25.738 23.895 22.914 26.749 24.897
0.04 22.812 21.846 20.871 25.543 23.814 22.848 26.562 24.818
0.05 22.707 21.760 20.799 25.304 23.711 22.763 26.331 24.716

0.06 22.581 21.656 20.712 25.026 23.587 22.660 26.063 24.593
0.07 22.433 21.534 20.610 24.719 23.441 22.539 25.764 24.450
0.08 22.266 21.395 20.493 24.387 23.276 22.401 25.440 24.287
0.09 22.080 21.240 20.363 24.038 23.091 22.247 25.098 24.104
0.10 21.875 21.070 20.218 23.678 22.889 22.078 24.744 23.904

0.11 21.654 20.884 20.061 23.310 22.669 21.893 24.380 23.687
0.12 21.418 20.684 19.891 22.939 22.435 21.695 24.011 23.455
0.13 21.167 20.472 19.710 22.568 22.185 21.483 23.641 23.207
0.14 20.904 20.247 19.517 22.197 21.923 21.258 23.270 22.946
0.15 20.629 20.011 19.315 21.829 21.648 21.023 22.900 22.673

0.16 20.344 19.765 19.102 21.465 21.363 20.776 22.533 22.389
0.17 20.050 19.509 18.881 21.104 21.068 20.521 22.168 22.095
0.18 19.748 19.246 18.652 20.748 20.765 20.256 21.806 21.791
0.19 19.440 18.975 18.415 20.395 20.455 19.984 21.448 21.481
0.20 19.126 18.697 18.172 20.046 20.140 19.705 21.093 21.164

0.22 18.488 18.127 17.669 19.359 19.494 19.130 20.393 20.514
0.24 17.841 17.543 17.149 18.685 18.838 18.538 19.704 19.850
0.25 17.517 17.247 16.884 18.354. 18.508 18.238 19.364 19.516
0.26 17.193 16.951 16.617 18.025 18.178 17.937 19.027 19.180
0.28 16.551 16.357 16.079 17.378 17.520 17.331 18.361 18.510
0.30 15.920 15.768 15.540 16.744 16.871 16.727 17.709 17.845

0.32 15.304 15.187 15.005 16.127 16.234 16.130 17.072 17.191
0.34 14.707 14.619 14.477 15.527 15.614 15.543 16.450 16.550
0.35 14.417 14.341 14.217 15.233 15.312 15.254 16.145 16.236
0.36 14.132 14.068 13.961 14.945 15.014 14.970 15.845 15.927
0.38 13.581 13.536 13.458 14.384 14.436 14.414 15.260 15.324
0.40 13.055 13.024 12.972 13.845 13.881 13.877 14.695 14.743

0.42 12.556 12.536 12.504 13.328 13.352 13.361 14.151 14.186
0.44 12.083 12.072 12.057 12.835 12.848 12.868 13.630 13.653
0.45 11.857 11.848 11.841 12.598 12.606 12.630 13.379 13.396
0.46 11.638 11.632 11.630 12.367 12.370 12.398 13.133 13.146
0.48 11.219 11.216 11.225 11.922 11.919 11.953 12.659 12.664
0.50 10.827 10.826 10.843 11.502 11.494 11.531 12.209 12.207

0.55 9.956 9.954 9.982 10.557 10.542 10.581 11.188 11.176
0.60 9.229 9.223 9.252 9.753 9.737 9.772 10.309 10.293
0.65 8.626 8.615 8.641 9.077 9.063 9.092 9.561 9.546
0.70 8.128 8.111 8.132 8.512 8.501 8.523 8.930 8.917
0.80 7.365 7.341 7.352 7.645 7.640 7.651 7.955 7.948
0.90 6.808 6.779 6.785 7.023 7.023 7.026 7.259 7.257
1.00 6.360 6.330 6.334 6.545 6.546 6.548 6.738 6.739

1.10 5.963 5.933 5.938 6.143 6.144 6.145 6.318 6.320
1.20 5.585 5.555 5.562 5.775 5.775 5.778 5.950 5.951
1.30 5.213 5.183 5.193 5.420 5.419 5.423 5.605 5.605
1.40 4.846 4.815 4.826 5.070 5.068 5.074 5.270 5.268
1.50 4.487 4.454 4.467 4.725 4.722 4.729 4.939 4.936

1.60 4.140 4.388 4.384 4.392 4.613 4.609
1.70 3.810 4.062 4.058 4.066 4.295 4.291
1.80 3.502 3.753 3.749 3.757 3.989 3.985
1.90 3.218 3.463 3.459 3.467 3.697 3.694
2.00 2.960 3.195 3.192 3.199 3.424 3.421



8 Atomic Scattering Factors 703

sin#/� 27Co3+
28Ni 28Ni2+

28Ni3+
29Cu 29Cu1+

29Cu2+
30Zn

0.00 24.000 28.000 26.000 25.000 29.000 28.000 27.000 30.000
0.01 23.990 27.973 25.989 24.991 28.977 27.987 26.989 29.975
0.02 23.962 27.892 25.955 24.962 28.908 27.946 26.956 29.900
0.03 23.914 27.759 25.899 24.915 28.794 27.878 26.901 29.777
0.04 23.848 27.579 25.821 24.850 28.640 27.783 26.824 29.609
0.05 23.764 27.356 25.721 24.766 28.448 27.663 26.726 29.401

0.06 23.661 27.096 25.600 24.665 28.223 27.518 26.608 29.157
0.07 23.541 26.806 25.459 24.546 27.971 27.349 26.469 28.883
0.08 23.404 26.490 25.299 24.410 27.694 27.157 26.311 28.583
0.09 23.250 26.156 25.119 24.258 27.397 26.944 26.134 28.263
0.10 23.081 25.807 24.921 24.090 27.084 26.711 25.939 27.927

0.11 22.896 25.448 24.707 23.907 26.758 26.459 25.728 27.579
0.12 22.698 25.083 24.477 23.709 26.422 26.190 25.500 27.222
0.13 22.486 24.714 24.232 23.498 26.077 25.905 25.258 26.859
0.14 22.261 24.344 23.973 23.275 25.726 25.606 25.001 26.492
0.15 22.024 23.973 23.702 23.039 25.370 25.294 24.732 26.124

0.16 21.777 23.604 23.419 22.792 25.009 24.972 24.451 25.754
0.17 21.520 23.237 23.126 22.535 24.645 24.639 24.159 25.385
0.18 21.253 22.872 22.824 22.268 24.278 24.297 23.857 25.017
0.19 20.978 22.510 22.513 21.993 23.910 23.949 23.547 24.649
0.20 20.696 22.150 22.195 21.710 23.540 23.594 23.229 24.283

0.22 20.114 21.438 21.543 21.125 22.798 22.872 22.574 23.556
0.24 19.513 20.737 20.875 20.518 22.057 22.139 21.900 22.836
0.25 19.207 20.390 20.536 20.209 21.687 21.770 21.558 22.478
0.26 18.899 20.046 20.197 19.897 21.319 21.401 21.214 22.122
0.28 18.280 19.365 19.516 19.268 20.589 20.666 20.523 21.417
0.30 17.659 18.696 18.839 18.636 19.869 19.939 19.832 20.720

0.32 17.043 18.040 18.169 18.005 19.162 19.224 19.146 20.034
0.34 16.435 17.398 17.510 17.380 18.472 18.524 18.469 19.359
0.35 16.135 17.084 17.187 17.071 18.133 18.180 18.135 19.027
0.36 15.838 16.773 16.867 16.765 17.799 17.842 17.805 18.698
0.38 15.258 16.165 16.242 16.164 17.145 17.180 17.157 18.051
0.40 14.694 15.576 15.637 15.578 16.514 16.541 16.528 17.421

0.42 14.151 15.008 15.054 15.010 15.904 15.925 15.919 16.809
0.44 13.629 14.461 14.495 14.463 15.318 15.333 15.332 16.216
0.45 13.376 14.196 14.224 14.197 15.034 15.047 15.046 15.926
0.46 13.129 13.937 13.959 13.936 14.757 14.767 14.767 15.642
0.48 12.652 13.435 13.448 13.432 14.219 14.225 14.227 15.090
0.50 12.200 12.956 12.962 12.950 13.707 13.710 13.711 14.559

0.55 11.171 11.862 11.854 11.847 12.533 12.530 12.526 13.328
0.60 10.286 10.909 10.895 10.887 11.507 11.502 11.491 12.235
0.65 9.534 10.090 10.075 10.062 10.621 10.614 10.597 11.276
0.70 8.900 9.392 9.378 9.360 9.861 9.855 9.831 10.442
0.80 7.921 8.301 8.292 8.265 8.663 8.659 8.625 9.108
0.90 7.224 7.519 7.516 7.482 7.799 7.797 7.757 8.132
1.00 6.703 6.944 6.944 6.906 7.166 7.165 7.123 7.417

1.10 6.283 6.495 6.497 6.457 6.681 6.681 6.637 6.879
1.20 5.913 6.118 6.119 6.078 6.285 6.285 6.240 6.453
1.30 5.566 5.776 5.776 5.734 5.939 5.939 5.892 6.096
1.40 5.228 5.451 5.450 5.407 5.617 5.617 5.568 5.775
1.50 4.895 5.133 5.131 5.086 5.308 5.307 5.256 5.473

1.60 4.819 4.816 5.005 5.003 5.180
1.70 4.511 4.507 4.705 4.704 4.892
1.80 4.211 4.207 4.413 4.411 4.610
1.90 3.922 3.918 4.128 4.127 4.332
2.00 3.647 3.643 3.855 3.853 4.063



704 8 Atomic Scattering Factors

sin#/� 30Zn2+
31Ga 31Ga3+

32Ge 32Ge4+
33As 34Se 35Br

0.00 28.000 31.000 28.000 32.000 28.000 33.000 34.000 35.000
0.01 27.989 30.971 27.991 31.970 27.992 32.970 33.970 34.971
0.02 27.957 30.883 27.964 31.878 27.969 32.879 33.881 34.883
0.03 27.903 30.740 27.919 31.729 27.931 32.730 33.734 34.739
0.04 27.828 30.546 27.856 31.526 27.877 32.527 33.532 34.540
0.05 27.732 30.308 27.776 31.276 27.808 32.274 33.280 34.291

0.06 27.615 30.031 27.678 30.984 27.724 31.977 32.982 33.995
0.07 27.479 29.724 27.564 30.657 27.625 31.642 32.645 33.658
0.08 27.323 29.391 27.433 30.302 27.512 31.276 32.273 33.284
0.09 27.149 29.040 27.286 29.926 27.386 30.884 31.872 32.880
0.10 26.958 28.675 27.123 29.534 27.245 30.473 31.449 32.450

0.11 26.749 28.302 26.946 29.133 27.091 30.049 31.009 32.000
0.12 26.525 27.924 26.754 28.725 26.924 29.616 30.557 31.535
0.13 26.286 27.543 26.548 28.316 26.745 29.179 30.099 31.060
0.14 26.032 27.162 26.330 27.908 26.554 28.742 29.637 30.578
0.15 25.766 26.783 26.099 27.504 26.351 28.307 29.175 30.095

0.16 25.488 26.406 25.856 27.104 26.137 27.877 28.718 29.613
0.17 25.198 26.033 25.603 26.709 25.913 27.454 28.266 29.136
0.18 24.899 25.663 25.339 26.322 25.680 27.039 27.822 28.664
0.19 24.591 25.297 25.066 25.941 25.437 26.633 27.387 28.202
0.20 24.275 24.935 24.784 25.567 25.185 26.235 26.962 27.749

0.22 23.622 24.221 24.197 24.839 24.658 25.469 26.145 26.876
0.24 22.949 23.520 23.585 24.135 24.104 24.739 25.372 26.052
0.25 22.606 23.174 23.270 23.791 23.818 24.386 25.001 25.658
0.26 22.261 22.830 22.952 23.452 23.526 24.041 24.641 25.276
0.28 21.566 22.151 22.305 22.787 22.931 23.370 23.947 24.545
0.30 20.869 21.481 21.649 22.136 22.321 22.724 23.288 23.857

0.32 20.175 20.820 20.988 21.498 21.702 22.097 22.656 23.206
0.34 19.488 20.169 20.327 20.870 21.077 21.486 22.048 22.587
0.35 19.149 19.847 19.997 20.560 20.764 21.185 21.751 22.288
0.36 18.812 19.527 19.669 20.253 20.451 20.888 21.459 21.995
0.38 18.150 18.897 19.019 19.645 19.826 20.301 20.887 21.425
0.40 17.504 18.278 18.379 19.047 19.205 19.725 20.328 20.874

0.42 16.876 17.673 17.751 18.459 18.593 19.159 19.780 20.338
0.44 16.269 17.083 17.139 17.882 17.989 18.602 19.242 19.816
0.45 15.974 16.794 16.839 17.598 17.692 18.326 18.977 19.558
0.46 15.683 16.508 16.544 17.317 17.398 18.054 18.713 19.304
0.48 15.120 15.950 15.967 16.765 16.821 17.516 18.193 18.801
0.50 14.580 15.410 15.409 16.227 16.259 16.989 17.682 18.307

0.55 13.331 14.142 14.106 14.947 14.929 15.721 16.444 17.107
0.60 12.227 12.996 12.937 13.770 13.716 14.535 15.269 15.958
0.65 11.263 11.974 11.902 12.702 12.625 13.440 14.166 14.865
0.70 10.429 11.073 10.995 11.745 11.656 12.442 13.145 13.837
0.80 9.097 9.604 9.526 10.151 10.058 10.741 11.362 12.001
0.90 8.126 8.510 8.441 8.937 8.853 9.411 9.928 10.480
1.00 7.414 7.702 7.642 8.028 7.956 8.396 8.809 9.262

1.10 6.879 7.099 7.045 7.348 7.286 7.631 7.952 8.312
1.20 6.455 6.633 6.582 6.830 6.774 7.050 7.299 7.580
1.30 6.096 6.254 6.203 6.419 6.365 6.597 6.795 7.016
1.40 5.775 5.926 5.872 6.076 6.021 6.231 6.395 6.574
1.50 5.472 5.627 5.569 5.774 5.715 5.917 6.063 6.216

1.60 5.178 5.342 5.493 5.636 5.775 5.913
1.70 4.890 5.065 5.224 5.372 5.511 5.645
1.80 4.606 4.792 4.961 5.117 5.262 5.398
1.90 4.329 4.523 4.702 4.867 5.020 5.162
2.00 4.059 4.260 4.447 4.621 4.782 4.932



8 Atomic Scattering Factors 705

sin #/� 35Br1−
36Kr 37Rb 37Rb1+

38Sr 38Sr2+
39Y 39Y3+

0.00 36.000 36.000 37.000 36.000 38.000 36.000 39.000 36.000
0.01 35.961 35.972 36.952 35.977 37.946 35.981 38.947 35.983
0.02 35.845 35.886 36.809 35.908 37.786 35.923 38.792 35.933
0.03 35.656 35.744 36.583 35.794 37.532 35.827 38.543 35.850
0.04 35.398 35.549 36.291 35.635 37.197 35.694 38.212 35.735
0.05 35.077 35.304 35.948 35.435 36.802 35.524 37.816 35.588

0.06 34.703 35.011 35.571 35.195 36.363 35.320 37.369 35.411
0.07 34.282 34.677 35.171 34.917 35.897 35.084 36.889 35.204
0.08 33.824 34.305 34.758 34.605 35.418 34.816 36.387 34.970
0.09 33.336 33.899 34.336 34.262 34.937 34.520 35.876 34.710
0.10 32.827 33.467 33.907 33.891 34.458 34.198 35.364 34.425

0.11 32.303 33.011 33.473 33.496 33.986 33.851 34.855 34.118
0.12 31.771 32.537 33.034 33.079 33.522 33.484 34.354 33.791
0.13 31.236 32.051 32.588 32.646 33.066 33.098 33.861 33.445
0.14 30.703 31.555 32.137 32.199 32.616 32.696 33.378 33.082
0.15 30.175 31.055 31.681 31.740 32.171 32.281 32.904 32.705

0.16 29.657 30.553 31.220 31.275 31.730 31.854 32.437 32.316
0.17 29.149 30.053 30.757 30.805 31.292 31.420 31.977 31.916
0.18 28.654 29.558 30.293 30.333 30.856 30.979 31.523 31.509
0.19 28.172 29.070 29.830 29.862 30.421 30.535 31.075 31.094
0.20 27.706 28.590 29.368 29.393 29.988 30.089 30.631 30.675

0.22 26.817 27.663 28.459 28.471 29.128 29.198 29.758 29.830
0.24 25.988 26.784 27.576 27.579 28.280 28.322 28.904 28.986
0.25 25.595 26.364 27.148 27.147 27.863 27.892 28.485 28.567
0.26 25.215 25.957 26.729 26.726 27.452 27.469 28.071 28.152
0.28 24.491 25.181 25.922 25.916 26.648 26.647 27.263 27.337
0.30 23.812 24.453 25.158 25.150 25.875 25.861 26.483 26.548

0.32 23.170 23.771 24.437 24.428 25.135 25.113 25.734 25.789
0.34 22.559 23.128 23.758 23.749 24.430 24.404 25.018 25.063
0.35 22.264 22.820 23.432 23.424 24.090 24.064 24.673 24.712
0.36 21.975 22.520 23.116 23.109 23.760 23.734 14.336 24.370
0.38 21.412 21.941 22.510 22.503 23.125 23.100 23.687 23.712
0.40 20.867 21.388 21.934 21.929 22.522 22.500 23.071 23.086

0.42 20.335 20.855 21.386 21.381 21.950 21.931 22.485 22.492
0.44 19.816 20.339 20.860 20.857 21.404 21.389 21.928 21.927
0.45 19.560 20.087 20.605 20.603 21.141 21.128 21.660 21.654
0.46 19.306 19.838 20.354 20.353 20.883 20.872 21.398 21.388
0.48 18.806 19.349 19.866 19.865 20.383 20.376 20.890 20.874
0.50 18.313 18.870 19.391 19.391 19.902 19.898 20.404 20.382

0.55 17.114 17.709 18.252 18.253 18.764 18.765 19.263 19.231
0.60 15.964 16.594 17.167 17.169 17.696 17.700 18.204 18.166
0.65 14.870 15.524 16.125 16.127 16.678 16.684 17.203 17.163
0.70 13.840 14.504 15.126 15.128 15.702 15.707 16.246 16.208
0.80 12.002 12.645 13.272 13.273 13.872 13.875 14.443 14.415
0.90 10.479 11.057 11.645 11.645 12.230 12.231 12.798 12.784
1.00 9.261 9.752 10.270 10.270 10.806 10.805 11.339 11.340

1.10 8.311 8.711 9.147 9.147 9.612 9.611 10.088 10.100
1.20 7.580 7.898 8.252 8.251 8.640 8.638 9.046 9.067
1.30 7.016 7.266 7.548 7.548 7.863 7.862 8.200 8.225
1.40 6.573 6.773 6.996 6.997 7.249 7.249 7.523 7.548
1.50 6.216 6.380 6.562 6.561 6.764 6.764 6.985 7.008

1.60 5.913 6.056 6.210 6.209 6.376 6.375 6.554 6.575
1.70 5.645 5.778 5.913 5.913 6.055 6.056 6.205 6.222
1.80 5.398 5.528 5.656 5.656 5.785 5.785 5.914 5.927
1.90 5.162 5.295 5.420 5.421 5.544 5.545 5.662 5.672
2.00 4.932 5.071 5.200 5.201 5.323 5.324 5.440 5.443



706 8 Atomic Scattering Factors

sin#/� 40Zr 40Zr4+
41Nb 41Nb3+

41Nb5+
42Mo 42Mo3+

42Mo5+

0.00 40.000 36.000 41.000 38.000 36.000 42.000 39.000 37.000
0.01 39.949 35.985 40.956 37.981 35.987 41.958 38.981 36.986
0.02 39.800 35.942 40.824 37.925 35.948 41.831 38.923 36.946
0.03 39.559 35.869 40.610 37.832 35.884 41.625 38.827 36.878
0.04 39.237 35.768 40.323 37.702 35.795 41.346 38.695 36.783
0.05 38.847 35.640 39.970 37.537 35.681 41.003 38.526 36.663

0.06 38.403 35.484 39.565 37.339 35.543 40.606 38.323 36.517
0.07 37.921 35.302 39.116 37.109 35.381 40.164 38.087 36.347
0.08 37.412 35.096 38.634 36.849 35.197 39.686 37.820 36.152
0.09 36.887 34.865 38.128 36.560 34.991 39.181 37.523 35.936
0.10 36.356 34.612 37.606 36.246 34.765 38.656 37.200 35.697

0.11 35.824 34.338 37.073 35.908 34.519 38.117 36.853 35.438
0.12 35.296 34.045 36.535 35.548 34.254 37.569 36.483 35.160
0.13 34.775 33.734 35.994 35.170 33.973 37.016 36.094 34.865
0.14 34.262 33.406 35.454 34.775 33.675 36.461 35.688 34.553
0.15 33.758 33.064 34.916 34.366 33.363 35.907 35.266 34.226

0.16 33.263 32.708 34.382 33.945 33.038 35.335 34.832 33.886
0.17 32.776 32.341 33.854 33.514 32.701 34.806 34.388 33.533
0.18 32.298 31.964 33.331 33.076 32.353 34.263 33.936 33.170
0.19 31.827 31.580 32.814 32.632 31.997 33.725 33.478 32.798
0.20 31.363 31.188 32.305 32.184 31.632 33.195 33.016 32.418

0.22 30.454 30.392 31.310 31.284 30.885 32.157 32.086 31.640
0.24 29.572 29.586 30.348 30.388 30.121 31.153 31.159 30.847
0.25 29.141 29.182 29.881 29.945 29.736 30.665 30.701 30.448
0.26 28.716 28.781 29.424 29.506 29.351 30.188 30.246 30.048
0.28 27.889 27.985 28.538 28.646 28.582 29.263 29.356 29.252
0.30 27.092 27.205 27.692 27.814 27.821 28.382 28.494 28.465

0.32 26.327 26.447 26.888 27.013 27.074 27.543 27.664 27.695
0.34 25.596 25.716 26.126 26.248 26.346 26.749 26.871 26.944
0.35 25.243 25.360 25.760 25.878 25.990 26.368 26.488 26.578
0.36 24.899 25.012 25.404 25.518 25.640 25.998 26.115 26.218
0.38 24.236 24.339 24.721 24.824 24.960 25.289 25.397 25.518
0.40 23.606 23.696 24.077 24.167 24.306 24.620 24.717 24.847

0.42 23.008 23.083 23.468 23.543 23.680 23.989 24.073 24.205
0.44 22.439 22.500 22.892 22.953 23.081 23.394 23.464 23.592
0.45 22.166 22.218 22.615 22.669 22.792 23.109 23.172 23.296
0.46 21.899 21.944 22.346 22.393 22.509 22.832 22.888 23.007
0.48 21.384 21.414 21.829 21.861 21.963 22.300 22.342 22.450
0.50 20.892 20.907 21.336 21.355 21.442 21.796 21.825 21.920

0.55 19.745 19.731 20.195 20.187 20.235 20.638 20.638 20.697
0.60 18.693 18.658 19.156 19.128 19.142 19.595 19.573 19.599
0.65 17.706 17.659 18.187 18.148 18.137 18.635 18.597 18.598
0.70 16.767 16.716 17.268 17.224 17.198 17.732 17.685 17.668
0.80 14.996 14.952 15.533 15.492 15.458 16.036 15.985 15.955
0.90 13.361 13.333 13.915 13.886 13.858 14.448 14.405 14.377
1.00 11.883 11.873 12.427 12.414 12.395 12.968 12.939 12.918

1.10 10.588 10.592 11.098 11.099 11.088 11.621 11.606 11.593
1.20 9.486 9.501 9.945 9.958 9.951 10.430 10.427 10.418
1.30 8.574 8.595 8.972 8.992 8.988 9.404 9.410 9.405
1.40 7.833 7.856 8.169 8.193 8.190 8.542 8.554 8.551
1.50 7.238 7.261 7.516 7.541 7.539 7.831 7.846 7.843

1.60 6.760 6.782 6.989 7.013 7.011 7.251 7.267 7.265
1.70 6.375 6.394 6.564 6.584 6.583 6.780 6.795 6.793
1.80 6.059 6.074 6.216 6.234 6.233 6.397 6.409 6.408
1.90 5.790 5.802 5.927 5.941 5.940 6.080 6.090 6.089
2.00 5.558 5.565 5.680 5.689 5.690 5.813 5.820 5.820



8 Atomic Scattering Factors 707

sin #/� 42Mo6+
43Tc 44Ru 44Ru3+

44Ru4+
45Rh 45Rh3+

45Rh4+

0.00 36.000 43.000 44.000 41.000 40.000 45.000 42.000 41.000
0.01 35.988 42.955 43.960 40.980 39.983 44.961 41.980 40.983
0.02 35.954 42.821 43.842 40.922 39.933 44.847 41.922 40.932
0.03 35.897 42.603 43.649 40.824 39.849 44.660 41.824 40.848
0.04 35.817 42.308 43.386 40.689 39.733 44.405 41.689 40.730
0.05 35.715 41.945 43.061 40.517 39.585 44.088 41.516 40.581

0.06 35.591 41.526 42.681 40.309 39.406 43.717 41.308 40.400
0.07 35.446 41.059 42.254 40.067 39.197 43.299 41.066 40.188
0.08 35.280 40.557 41.789 39.793 38.959 42.842 40.791 39.948
0.09 35.095 40.028 41.292 39.489 38.695 42.351 40.485 39.680
0.10 34.890 39.480 40.770 39.156 38.404 41.834 40.150 39.385

0.11 34.667 38.921 40.229 38.798 38.090 41.296 39.789 39.067
0.12 34.428 38.355 39.674 38.416 37.754 40.741 39.404 38.725
0.13 34.172 37.787 39.108 38.012 37.397 40.173 38.997 38.363
0.14 33.900 37.221 38.536 37.590 37.022 39.597 38.569 37.981
0.15 33.615 36.658 37.959 37.151 36.630 39.015 38.125 37.582

0.16 33.317 36.100 37.381 36.698 36.223 38.429 37.665 37.168
0.17 33.006 35.548 36.803 36.233 35.804 37.841 37.193 36.740
0.18 32.685 35.003 36.228 35.758 35.374 37.254 36.710 36.301
0.19 32.354 34.466 35.655 35.276 34.934 36.668 36.218 35.852
0.20 32.015 33.936 35.088 34.789 34.488 36.086 35.720 35.395

0.22 31.316 32.900 33.971 33.804 33.579 34.937 34.713 34.463
0.24 30.595 31.897 32.886 32.819 32.659 33.815 33.701 33.518
0.25 30.229 31.409 32.356 32.329 32.199 33.267 33.198 33.045
0.26 29.862 30.930 31.837 31.844 31.741 32.728 32.697 32.572
0.28 29.123 29.998 30.829 30.889 30.833 31.680 31.711 31.635
0.30 28.387 29.104 29.866 29.962 29.943 30.675 30.751 30.715

0.32 27.658 28.250 28.949 29.067 29.078 29.717 29.823 29.819
0.34 26.941 27.435 28.079 28.210 28.242 28.807 28.932 28.951
0.35 26.589 27.042 27.662 27.796 27.836 28.370 28.500 28.530
0.36 26.241 26.660 27.257 27.392 27.439 27.944 28.079 28.117
0.38 25.562 25.925 26.480 26.614 26.671 27.130 27.268 27.318
0.40 24.904 25.229 25.749 25.878 25.940 26.363 26.499 26.557

0.42 24.270 24.571 25.062 25.181 25.245 25.642 25.772 25.833
0.44 23.662 23.949 24.415 24.524 24.586 24.964 25.086 25.148
0.45 23.366 23.651 24.106 24.209 24.271 24.640 24.757 24.819
0.46 23.078 23.361 23.807 23.904 23.963 24.327 24.438 24.499
0.48 22.518 22.806 23.235 23.319 23.374 23.729 23.829 23.886
0.50 21.983 22.280 22.696 22.767 22.817 23.167 23.254 23.307

0.55 20.744 21.080 21.476 21.516 21.549 21.900 21.957 21.995
0.60 19.627 20.012 20.403 20.416 20.434 20.798 20.826 20.850
0.65 18.608 19.042 19.438 19.430 19.436 19.820 19.824 19.835
0.70 17.664 18.142 18.551 18.528 18.525 18.932 18.918 18.919
0.80 15.937 16.477 16.922 16.884 16.872 17.326 17.292 17.282
0.90 14.357 14.925 15.405 15.367 15.354 15.845 15.807 15.795
1.00 12.902 13.466 13.968 13.939 13.929 14.440 14.407 14.396

1.10 11.581 12.116 12.620 12.605 12.597 13.107 13.086 13.078
1.20 10.411 10.900 11.385 11.382 11.378 11.866 11.859 11.853
1.30 9.400 9.833 10.282 10.291 10.288 10.740 10.744 10.740
1.40 8.547 8.919 9.323 9.339 9.338 9.743 9.756 9.754
1.50 7.841 8.154 8.506 8.528 8.527 8.880 8.899 8.898

1.60 7.263 7.521 7.823 7.847 7.846 8.148 8.171 8.170
1.70 6.792 7.004 7.258 7.282 7.282 7.535 7.559 7.559
1.80 6.407 6.582 6.794 6.817 6.817 7.028 7.051 7.051
1.90 6.089 6.234 6.412 6.433 6.433 6.608 6.631 6.630
2.00 5.820 5.946 6.097 6.114 6.114 6.262 6.281 6.281



708 8 Atomic Scattering Factors

sin#/� 46Pd 46Pd2+
46Pd4+

47Ag 47Ag1+
47Ag2+

48Cd 48Cd2+

0.00 46.000 44.000 42.000 47.000 46.000 45.000 48.000 46.000
0.01 45.968 43.977 41.983 46.964 45.974 44.978 44.962 45.978
0.02 45.874 43.909 41.932 46.857 45.894 44.911 47.848 45.912
0.03 45.718 43.796 41.847 46.681 45.764 44.799 47.660 45.802
0.04 45.503 43.640 41.729 46.440 45.582 44.645 47.404 45.650
0.05 45.232 43.441 41.579 46.139 45.353 44.448 47.085 45.456

0.06 44.908 43.201 41.396 45.786 45.076 44.211 46.710 45.222
0.07 44.535 42.923 41.184 45.385 44.757 43.936 46.287 44.950
0.08 44.119 42.608 40.942 44.944 44.397 43.624 45.822 44.641
0.09 43.663 42.258 40.671 44;469 43.999 43.277 45.324 44.298
0.10 43.172 41.877 40.375 43.964 43.567 42.898 44.797 43.923

0.11 42.651 41.467 40.053 43.435 43.105 42.490 44.248 43.517
0.12 42.105 41.031 39.708 42.886 42.616 42.056 43.683 43.085
0.13 41.538 40.572 39.341 42.322 42.103 41.597 43.104 42.628
0.14 40.954 40.092 38.955 41.744 41.570 41.117 42.517 42.148
0.15 40.357 39.595 38.551 41.157 41.020 40.618 41.923 41.649

0.16 39.750 39.083 38.131 40.563 40.457 40.103 41.325 41.134
0.17 39.137 38.558 37.696 39.964 39.883 39.575 40.726 40.603
0.18 38.520 38.024 37.249 39.361 39.301 39.036 40.126 40.061
0.19 37.902 37.483 36.792 38.758 38.713 38.489 39.527 39.509
0.20 37.286 36.936 36.326 38.154 38.122 37.935 38.930 38.949

0.22 36.064 35.836 35.374 36.955 36.940 36.817 37.746 37.816
0.24 34.868 34.739 34.406 35.774 35.768 35.697 36.581 36.677
0.25 34.283 34.195 33.921 35.192 35.191 35.141 36.007 36.110
0.26 33.708 33.657 33.435 34.619 34.620 34.589 35.440 35.545
0.28 32.592 32.601 32.471 33.498 33.503 33.502 34.329 34.431
0.30 31.523 31.577 31.521 32.416 32.424 32.445 33.251 33.344

0.32 30.505 30.592 30.594 31.378 31.389 31.425 32.210 32.291
0.34 29.540 29.649 29.695 30.387 30.400 30.446 31.210 31.276
0.35 29.077 29.194 29.257 29.910 29.924 29.973 30.725 30.785
0.36 28.628 28.751 28.828 29.444 29.460 29.511 30.252 30.305
0.38 27.769 27.899 27.998 28.551 28.569 28.622 29.338 29.379
0.40 26.961 27.093 27.204 27.707 27.727 27.780 28.468 28.500

0.42 26.202 26.333 26.450 26.911 26.933 26.984 27.644 27.667
0.44 25.491 25.617 25.735 26.163 26.186 26.233 26.865 26.881
0.45 25.153 25.275 25.391 25.805 25.829 25.874 26.492 26.505
0.46 24.825 24.944 25.057 25.459 25.484 25.527 26.129 26.140
0.48 24.201 24.311 24.418 24.800 24.825 24.863 25.436 25.443
0.50 23.617 23.716 23.814 24.181 24.206 24.239 24.784 24.788

0.55 22.307 22.378 22.450 22.795 22.817 22.839 23.320 23.319
0.60 21.177 21.221 21.267 21.607 21.623 21.635 22.063 22.061
0.65 20.186 20.205 20.228 20.575 20.583 20.588 20.978 20.974
0.70 19.296 19.295 19.300 19.661 19.660 19.660 20.027 20.021
0.80 17.711 17.683 17.668 18.069 18.051 18.046 18.405 18.392
0.90 16.266 16.229 16.208 16.651 16.622 16.616 17.000 16.979
1.00 14.893 14.859 14.840 15.316 15.284 15.278 15.698 15.673

1.10 13.580 13.557 13.542 14.035 14.006 14.002 14.451 14.425
1.20 12.342 12.331 12.321 12.813 12.790 12.788 13.253 13.230
1.30 11.200 11.201 11.194 11.669 11.654 11.653 12.116 12.099
1.40 10.173 10.183 10.180 10.623 10.616 10.616 11.060 11.050
1.50 9.270 9.288 9.286 9.687 9.688 9.688 10.101 10.098

1.60 8.492 8.514 8.513 8.869 8.875 8.876 9.249 9.251
1.70 7.833 7.858 7.857 8.165 8.176 8.176 8.505 8.513
1.80 7.282 7.307 7.306 7.569 7.582 7.582 7.867 7.878
1.90 6.824 6.847 6.847 7.069 7.083 7.083 7.326 7.339
2.00 6.443 6.464 6.464 6.651 6.665 6.665 6.871 6.884



8 Atomic Scattering Factors 709

sin #/� 49In 49In3+
50Sn 50Sn2+

50Sn4+
51Sb 51Sb2+

51Sb5+

0.00 49.000 46.000 50.000 48.000 46.000 51.000 48.000 46.000
0.01 48.957 45.981 49.955 47.975 45.984 50.955 47.978 45.985
0.02 48.828 45.924 49.821 47.898 45.934 50.819 47.911 45.940
0.03 48.618 45.829 49.601 47.771 45.852 50.596 47.801 45.865
0.04 48.332 45.697 49.303 47.596 45.737 50.293 47.647 45.760
0.05 47.980 45.529 48.934 47.373 45.590 49.915 47.452 45.627

0.06 47.570 45.325 48.504 47.106 45.411 49.474 47.218 45.464
0.07 47.112 45.087 48.022 46.797 45.203 48.977 46.945 45.274
0.08 46.614 44.816 47.498 46.449 44.964 48.434 46.636 45.057
0.09 46.086 44.513 46.942 46.066 44.698 47.856 46.293 44.813
0.10 45.534 44.181 46.361 45.650 44.404 47.250 45.920 44.544

0.11 44.964 43.821 45.764 45.206 44.084 46.625 45.517 44.251
0.12 44.383 43.435 45.155 44.736 43.739 45.988 45.089 43.935
0.13 43.793 43.024 44.541 44.244 43.371 45.344 44.638 43.596
0.14 43.199 42.591 43.924 43.733 42.981 44.699 44.167 43.237
0.15 42.603 42.138 43.309 43.206 42.572 44.056 43.677 42.859

0.16 42.006 41.667 42.696 42.667 42.143 43.419 43.172 42.462
0.17 41.410 41.180 42.088 42.117 41.698 42.789 42.655 42.049
0.18 40.817 40.678 41.486 41.560 41.237 42.168 42.127 41.621
0.19 40.226 40.165 40.891 40.998 40.763 41.556 41.590 41.178
0.20 39.639 39.641 40.302 40.431 40.276 40.955 41.047 40.723

0.22 38.478 38.570 39.145 39.296 39.274 39.783 39.950 39.781
0.24 37.337 37.481 38.016 38.164 38.242 38.652 38.847 38.806
0.25 36.774 36.933 37.462 37.604 37.718 38.100 38.298 38.309
0.26 36.218 36.385 36.915 37.047 37.192 37.556 37.750 37.807
0.28 35.125 35.295 35.841 35.950 36.135 36.495 36.668 36.796
0.30 34.059 34.220 34.794 34.878 35.082 35.465 35.605 35.780

0.32 33.025 33.167 33.775 33.836 34.041 34.464 34.569 34.770
0.34 32.025 32.145 32.786 32.826 33.019 33.491 33.561 33.771
0.35 31.538 31.647 32.303 32.333 32.517 33.016 33.069 33.278
0.36 31.060 31.158 31.828 31.850 32.023 32.547 32.585 32.790
0.38 30.134 30.209 30.902 30.910 31.057 31.631 31.643 31.834
0.40 29.247 29.302 30.011 30.008 30.127 30.745 30.737 30.905

0.42 28.401 28.438 29.154 29.144 29.235 29.888 29.866 30.009
0.44 27.596 27.618 28.334 28.318 28.383 29.063 29.031 29.146
0.45 27.209 27.224 27.938 27.920 27.972 28.663 28.628 28.729
0.46 26.832 26.842 27.551 27.532 27.571 28.270 28.234 28.321
0.48 26.108 26.109 26.805 26.785 26.802 27.511 27.472 27.532
0.50 25.425 25.418 26.096 26.075 26.074 26.784 26.747 26.782

0.55 23.881 23.865 24.482 24.464 24.430 25.113 25.088 25.073
0.60 22.552 22.533 23.081 23.067 23.019 23.646 23.634 23.590
0.65 21.405 21.389 21.868 21.859 21.810 22.366 22.367 22.310
0.70 20.408 20.394 20.815 20.810 20.767 21.253 21.261 21.205
0.80 18.736 18.724 19.073 19.074 19.052 19.424 19.433 19.397
0.90 17.329 17.315 17.646 17.649 17.646 17.958 17.957 17.947
1.00 16.053 16.034 16.384 16.386 16.395 16.696 16.684 16.690

1.10 14.840 14.818 15.201 15.203 15.215 15.537 15.516 15.529
1.20 13.670 13.649 14.062 14.063 14.074 14.429 14.403 14.416
1.30 12.548 12.530 12.962 12.962 12.970 13.355 13.329 13.339
1.40 11.492 11.479 11.913 11.913 11.917 12.321 12.300 12.305
1.50 10.518 10.510 10.933 10.932 10.933 11.341 11.326 11.328

1.60 9.639 9.637 10.034 10.033 10.033 10.431 10.422 10.422
1.70 8.860 8.864 9.227 9.227 9.225 9.602 9.599 9.597
1.80 8.184 8.191 8.516 8.515 8.513 8.861 8.863 8.860
1.90 7.603 7.613 7.897 7.897 7.896 8.208 8.215 8.213
2.00 7.110 7.122 7.367 7.367 7.366 7.642 7.652 7.650



710 8 Atomic Scattering Factors

sin#/� 52Te 53I 53I1−
54Xe 55Cs 55Cs1+

56Ba 56Ba2+

0.00 52.000 53.000 54.000 54.000 55.000 54.000 56.000 54.000
0.01 51.954 52.955 53.943 53.956 54.932 53.963 55.925 53.967
0.02 51.818 52.820 53.772 53.821 54.732 53.850 55.703 53.869
0.03 51.594 52.597 53.493 53.601 54.417 53.665 55.350 53.708
0.04 51.288 52.292 52.114 53.297 54.008 53.408 54.888 53.484
0.05 50.906 51.911 52.646 52.917 53.527 53.084 54.345 53.200

0.06 50.458 51.460 52.101 52.467 52.996 52.698 53.743 52.861
0.07 49.951 50.950 51.492 51.954 52.430 52.254 53.106 52.468
0.08 49.395 50.387 50.834 51.388 51.839 51.758 52.450 52.027
0.09 48.800 49.781 50.136 50.775 51.229 51.217 51.786 51.543
0.10 48.174 49.142 49.413 50.125 50.603 50.635 51.122 51.018

0.11 47.526 48.476 48.672 49.447 49.963 50.020 50.460 50.460
0.12 46.863 47.793 47.924 48.747 49.309 49.377 49.802 49.872
0.13 46.193 47.099 47.175 48.033 48.645 48.714 49.146 49.259
0.14 45.519 46.400 46.432 47.311 47.971 48.035 48.492 48.627
0.15 44.848 45.702 45.698 46.588 47.291 47.345 47.839 47.980

0.16 44.182 45.008 44.978 45.868 46.606 46.651 47.186 47.322
0.17 43.526 44.323 44.273 45.155 45.921 45.955 46.533 46.657
0.18 42.879 43.648 43.585 44.453 45.237 45.262 45.882 45.989
0.19 42.245 42.987 42.916 43.763 44.559 44.575 45.232 45.321
0.20 41.623 42.340 42.265 43.088 43.888 43.897 44.586 44.657

0.22 40.419 41.091 41.019 41.788 42.578 42.577 43.309 43.348
0.24 39.267 39.904 39.841 40.557 41.320 41.312 42.064 42.077
0.25 38.709 39.333 39.276 39.967 40.713 40.703 41.456 41.459
0.26 38.163 38.776 38.726 39.393 40.121 40.110 40.859 40.855
0.28 37.102 37.702 37.665 38.294 38.982 38.971 39.702 39.688
0.30 36.079 36.675 36.650 37.251 37.904 37.893 38.598 38.579

0.32 35.090 35.690 35.676 36.259 36.881 36.872 37.546 37.525
0.34 34.131 34.741 34.735 35.310 35.909 35.902 36.545 36.525
0.35 33.663 34.279 34.276 34.850 35.440 35.434 36.063 36.043
0.36 33.202 33.824 33.824 34.399 34.981 34.977 35.593 35.574
0.38 32.299 32.936 32.941 33.520 34.094 34.091 34.685 34.668
0.40 31.424 32.075 32.082 32.671 33.241 33.240 33.818 33.802

0.42 30.575 31.238 31.248 31.847 32.419 32.419 32.986 32.972
0.44 29.753 30.427 30.437 31.047 31.624 31.625 32.187 32.173
0.45 29.352 30.030 30.040 30.656 31.236 31.238 31.798 31.785
0.46 28.959 29.640 29.650 30.271 30.854 30.856 31.415 31.403
0.48 28.194 28.877 28.887 29.517 30.107 30.110 30.670 30.659
0.50 27.458 28.141 28.149 28.785 29.382 29.385 29.948 29.939

0.55 25.748 26.412 26.418 27.054 27.661 27.664 28.238 28.231
0.60 24.226 24.851 24.855 25.470 26.072 26.074 26.652 26.649
0.65 22.885 23.459 23.460 24.038 24.619 24.620 25.189 25.189
0.70 21.711 22.228 22.227 22.758 23.303 23.303 23.851 23.854
0.80 19.783 20.193 20.191 20.618 21.072 21.071 21.547 21.555
0.90 18.262 18.599 18.598 18.943 19.310 19.309 19.701 19.709
1.00 16.986 17.293 17.292 17.591 17.900 17.900 18.224 18.227

1.10 15.841 16.150 16.150 16.438 16.722 16.721 17.008 17.003
1.20 14.759 15.090 15.091 15.390 15.676 15.676 15.953 15.941
1.30 13.712 14.072 14.072 14.396 14.700 14.701 14.988 14.970
1.40 12.698 13.082 13.082 13.432 13.759 13.760 14.067 14.048
1.50 11.726 12.125 12.126 12.494 12.845 12.844 13.175 13.154

1.60 10.811 11.214 11.214 11.592 11.956 11.956 12.305 12.285
1.70 9.966 10.360 10.360 10.736 11.104 11.104 11.461 11.447
1.80 9.201 9.576 9.577 9.940 10.303 10.302 10.661 10.649
1.90 8.518 8.868 8.868 9.212 9.558 9.559 9.907 9.902
2.00 7.921 8.239 8.239 8.556 8.881 8.882 9.213 9.213



8 Atomic Scattering Factors 711

sin #/� 57La 57La3+
58Ce 58Ce3+

58Ce4+
59Pr 59Pr3+

59Pr4+

0.00 57.000 54.000 58.000 55.000 54.000 59.000 56.000 55.000
0.01 56.926 53.971 57.928 54.972 53.974 58.929 55.972 54.975
0.02 56.708 53.885 57.715 54.886 53.897 58.722 55.888 54.898
0.03 56.360 53.742 57.375 54.745 53.769 58.392 55.748 54.772
0.04 55.900 53.544 56.924 54.549 53.592 57.956 55.555 54.597
0.05 55.351 53.293 56.385 54.300 53.366 57.439 55.309 54.373

0.06 54.736 52.991 55.779 54.001 53.094 56.861 55.013 54.104
0.07 54.076 52.640 55.127 53.654 52.778 56.242 54.669 53.791
0.08 53.388 52.245 54.446 53.261 52.420 55.599 54.280 53.436
0.09 52.687 51.808 53.750 52.827 52.022 54.943 53.850 53.042
0.10 51.982 51.332 53.047 52.355 51.589 54.281 53.381 52.612

0.11 51.278 50.823 52.345 51.848 51.122 53.617 52.878 52.148
0.12 50.580 50.284 51.646 51.310 50.625 52.952 52.343 51.654
0.13 49.888 49.718 50.952 50.745 50.102 52.288 51.781 51.133
0.14 49.202 49.130 50.263 50.158 49.555 51.623 51.195 50.588
0.15 48.523 48.524 49.579 49.551 48.988 50.957 50.589 50.022

0.16 47.849 47.903 48.901 48.928 48.404 50.289 49.966 49.439
0.17 47.182 47.272 48.227 48.294 47.807 49.620 49.331 48.841
0.18 46.519 46.633 47.557 47.651 47.199 48.950 48.686 48.231
0.19 45.862 45.989 46.892 47.002 46.583 48.280 48.034 47.613
0.20 45.212 45.344 46.233 46.351 45.963 47.610 47.378 46.989

0.22 43.932 44.061 44.933 45.052 44.718 46.278 46.066 45.733
0.24 42.686 42.801 43.663 43.771 43.481 44.967 44.767 44.481
0.25 42.078 42.183 43.042 43.142 42.871 44.323 44.128 43.861
0.26 41.481 41.576 42.432 42.522 42.268 43.688 43.497 43.248
0.28 40.321 40.396 41.244 41.315 41.088 42.448 42.266 42.046
0.30 39.212 39.267 40.104 40.157 39.950 41.256 41.080 40.882

0.32 38.153 38.190 39.014 39.050 38.859 40.113 39.945 39.763
0.34 37.145 37.166 37.975 37.996 37.817 39.022 38.860 38.692
0.35 36.659 36.673 37.474 37.488 37.314 38.496 38.337 38.174
0.36 36.185 36.192 36.985 36.992 36.823 37.982 37.826 37.669
0.38 35.270 35.266 36.040 36.037 35.877 36.989 36.842 36.693
0.40 34.397 34.384 35.139 35.127 34.977 36.042 35.903 35.763

0.42 33.562 33.541 34.277 34.258 34.118 35.137 35.007 34.876
0.44 32.760 32.734 33.451 33.427 33.298 34.269 34.150 34.028
0.45 32.370 32.342 33.051 33.025 32.901 33.849 33.736 33.619
0.46 31.988 31.959 32.658 32.630 32.513 33.437 33.329 33.218
0.48 31.243 31.212 31.893 31.863 31.759 32.635 32.541 32.440
0.50 30.523 30.492 31.154 31.124 31.034 31.862 31.782 31.693

0.55 28.817 28.789 29.409 29.382 29.329 30.040 29.996 29.939
0.60 27.231 27.211 27.791 27.771 27.753 28.358 28.348 28.323
0.65 25.759 25.748 26.289 26.278 26.290 26.803 26.822 26.826
0.70 24.401 24.398 24.901 24.899 24.933 25.370 25.411 25.437
0.80 22.031 22.039 22.469 22.479 22.532 22.867 22.927 22.976
0.90 20.106 20.117 20.481 20.495 20.543 20.824 20.881 20.927
1.00 18.561 18.568 18.881 18.892 18.926 19.182 19.222 19.256

1.10 17.300 17.299 17.583 17.585 17.605 17.854 17.874 17.895
1.20 16.227 16.218 16.491 16.485 16.495 16.745 16.749 16.760
1.30 15.265 15.249 15.526 15.513 15.519 15.776 15.769 15.775
1.40 14.362 14.341 14.633 14.614 14.620 14.888 14.875 14.880
1.50 13.489 13.467 13.776 13.754 13.763 14.042 14.027 14.034

1.60 12.636 12.616 12.939 12.919 12.931 13.218 13.207 13.217
1.70 11.807 11.791 12.123 12.105 12.120 12.414 12.407 12.419
1.80 11.009 10.997 11.319 11.319 11.335 11.631 11.629 11.644
1.90 10.253 10.246 10.568 10.568 10.585 10.878 10.881 10.897
2.00 9.550 9.545 9.860 9.860 9.877 10.166 10.171 10.187



712 8 Atomic Scattering Factors

sin#/� 60Nd 60Nd3+
61Pm 61Pm3+

62Sm 62Sm3+
63Eu 63Eu2+

0.00 60.000 57.000 61.000 58.000 62.000 59.000 63.000 61.000
0.01 59.931 56.972 60.932 57.973 61.934 58.973 62.036 60.970
0.02 59.728 56.889 60.734 57.891 61.740 58.892 62.746 60.881
0.03 59.404 56.752 60.417 57.755 61.428 58.759 62.441 60.732
0.04 58.977 56.561 59.998 57.567 61.017 58.573 62.036 60.527
0.05 58.468 56.318 59.497 57.328 60.525 58.337 61.552 60.266

0.06 57.899 56.026 58.936 57.039 59.972 58.052 61.007 59.952
0.07 57.288 55.686 58.333 56.704 59.377 57.721 60.419 59.587
0.08 56.651 55.302 57.703 56.324 58.753 57.345 59.801 59.175
0.09 56.000 54.876 57.057 55.902 58.113 56.929 59.166 58.718
0.10 55.342 54.411 56.403 55.442 57.463 56.473 58.521 58.222

0.11 54.680 53.911 55.744 54.947 56.809 55.982 57.869 57.688
0.12 54.017 53.380 55.084 54.420 56.151 55.460 57.214 57.122
0.13 53.354 52.821 54.422 53.864 55.491 54.908 56.555 56.527
0.14 52.689 52.237 53.758 53.284 54.828 54.330 55.893 55.906
0.15 52.022 51.632 53.091 52.681 54.163 53.731 55.228 55.264

0.16 51.353 51.010 52.422 52.061 53.493 53.112 54.559 54.604
0.17 50.682 50.374 51.749 51.425 52.821 52.478 53.886 53.930
0.18 50.009 49.727 51.074 50.178 52.145 51.831 53.210 53.245
0.19 49.334 49.013 50.398 50.122 51.467 51.175 52.530 52.552
0.20 48.660 48.414 49.720 49.461 50.786 50.512 51.847 51.854

0.22 47.317 47.091 48.361 48.130 49.426 49.115 50.480 50.454
0.24 45.989 45.778 47.026 46.804 48.074 41.839 49.119 49.062
0.25 45.336 45.129 46.364 46.148 47.406 47.176 48.444 48.374
0.26 44.690 44.489 45.710 45.499 46.743 46.519 47.775 47.694
0.28 43.428 43.235 44.427 44.226 45.443 45.228 46.458 46.361
0.30 42.210 42.025 43.186 42.993 44.180 43.975 45.176 45.069

0.32 41.040 40.863 41.991 41.805 42.961 42.764 43.935 43.825
0.34 39.920 39.750 40.844 40.666 41.789 41.600 42.740 42.629
0.35 39.379 39.213 40.289 40.115 41.221 41.036 42.160 42.050
0.36 38.851 38.688 39.747 39.576 40.666 40.484 41.591 41.484
0.38 37.830 37.675 38.697 38.534 39.589 39.416 40.489 40.387
0.40 36.854 36.708 37.694 37.540 38.559 38.395 39.433 39.338

0.42 35.922 35.785 36.135 36.590 37.573 37.418 38.421 38.333
0.44 35.029 34.903 35.815 35.681 36.627 36.483 37.451 37.371
0.45 34.596 34.476 35.370 35.241 36.169 36.031 36.980 36.904
0.46 34.171 34.057 34.933 34.810 35.720 35.587 36.519 36.447
0.48 33.347 33.246 34.085 33.975 34.848 34.728 35.623 35.560
0.50 32.553 32.465 33.269 33.172 34.008 33.902 34.761 34.707

0.55 30.683 30.631 31.349 31.287 32.036 31.965 32.137 32.702
0.60 28.960 28.943 29.581 29.555 30.222 30.188 30.871 30.861
0.65 27.367 27.380 27.948 27.955 28.547 28.547 29.161 29.160
0.70 25.899 25.936 26.442 26.475 27.002 27.029 27.576 27.589
0.80 23.325 23.387 23.796 23.858 24.281 24.342 24.781 24.811
0.90 21.214 21.275 21.616 21.681 22.030 22.098 22.459 22.494
1.00 19.513 19.559 19.853 19.905 20.202 20.260 20.565 20.599

1.10 18.139 18.166 18.430 18.464 18.728 18.768 19.035 19.061
1.20 17.003 17.012 11.262 17.277 17.523 17.544 17.789 17.805
1.30 16.024 16.020 16.266 16.267 16.507 16.512 16.747 16.753
1.40 15.138 15.126 15.378 15.370 15.613 15.607 15.841 15.839
1.50 14.303 14.288 14.551 14.538 14.790 14.778 15.020 15.010

1.60 13.493 13.481 13.755 13.743 14.005 13.993 14.245 14.231
1.70 12.704 12.695 12.980 12.970 13.243 13.232 13.494 13.480
1.80 11.932 11.928 12.220 12.215 12.497 12.490 12.763 12.748
1.90 11.185 11.186 11.481 11.481 11.767 11.765 12.044 12.032
2.00 10.473 10.476 10.773 10.774 11.064 11.063 11.345 11.336



8 Atomic Scattering Factors 713

sin #/� 63Eu3+
64Gd 64Gd3+

65Tb 65Tb3+
66Dy 66Dy3+

67Ho

0.00 60.000 64.000 61.000 65.000 62.000 66.000 63.000 67.000
0.01 59.973 63.936 60.974 64.938 61.974 65.939 62.975 66.940
0.02 59.894 63.749 60.895 64.755 61.896 65.760 62.898 66.763
0.03 59.762 63.447 60.765 64.461 61.767 65.471 62.772 66.476
0.04 59.579 63.044 60.585 64.071 61.588 65.088 62.596 66.093
0.05 59.347 62.557 60.355 63.603 61.360 64.627 62.373 65.627

0.06 59.066 62.004 60.077 63.073 61.086 64.105 62.102 65.096
0.07 58.739 61.400 59.754 62.499 60.766 63.538 61.787 64.513
0.08 58.368 60.762 59.387 61.894 60.403 62.940 61.429 63.895
0.09 57.956 60.102 58.980 61.270 60.000 62.321 61.031 63.251
0.10 57.505 59.427 58.534 60.634 59.559 61.689 60.595 62.591

0.11 57.019 58.746 58.053 59.989 59.082 61.049 60.124 61.921
0.12 56.501 58.061 57.539 59.340 58.574 60.403 59.620 61.247
0.13 55.954 57.375 56.996 58.686 58.036 59.752 59.086 60.569
0.14 55.380 56.690 56.427 58.029 57.471 59.097 58.525 59.891
0.15 54.784 56.005 55.834 57.366 56.883 58.437 57.940 59.212

0.16 54.168 55.321 55.222 56.699 56.274 57.771 57.334 58.532
0.17 54.536 54.637 54.592 56.028 55.647 57.101 56.710 57.851
0.18 52.890 53.953 53.948 55.351 55.006 56.425 56.070 57.169
0.19 52.234 53.270 53.292 54.670 54.353 55.744 55.417 56.486
0.20 51.570 52.588 52.628 53.985 53.689 55.059 54.754 55.803

0.22 50.228 51.227 51.283 52.610 52.344 53.681 53.407 54.435
0.24 48.884 49.878 49.933 51.234 50.989 52.300 52.046 53.070
0.25 48.216 49.209 49.260 50.549 50.312 51.611 51.366 52.390
0.26 47.553 48.546 48.591 49.868 49.639 50.926 50.688 51.714
0.28 46.246 47.240 47.270 48.523 48.306 49.570 49.344 50.375
0.30 44.973 45.965 45.980 47.208 47.001 48.240 48.025 49.059

0.32 43.741 44.729 44.728 45.929 45.731 46.944 46.738 47.772
0.34 42.553 43.533 43.519 44.690 44.501 45.686 45.489 46.520
0.35 41.977 42.951 42.931 44.087 43.902 45.073 44.880 45.908
0.36 41.412 42.880 42.354 43.496 43.314 44.471 44.282 45.305
0.38 40.319 41.272 41.236 42.346 42.172 43.299 43.118 44.131
0.40 39.271 40.207 40.163 41.241 41.075 42.171 41.998 42.996

0.42 38.268 39.184 39.135 40.179 40.021 41.086 40.921 41.903
0.44 37.307 38.203 38.149 39.160 39.010 40.042 39.887 40.849
0.45 36.842 37.726 37.671 38.665 38.520 39.536 39.385 40.337
0.46 36.386 37.259 37.203 38.180 38.040 39.039 38.893 39.834
0.48 35.503 36.352 36.295 37.237 37.108 38.073 37.938 38.856
0.50 34.653 35.479 35.423 36.329 36.212 37.143 37.019 37.914

0.55 32.663 33.428 33.379 34.199 34.113 34.958 34.866 35.699
0.60 30.838 31.543 31.506 32.243 32.191 32.953 32.894 33.664
0.65 29.155 29.802 29.779 30.438 30.420 31.103 31.078 31.786
0.70 27.599 28.192 28.183 28.772 28.784 29.394 29.400 30.049
0.80 24.840 35.335 25.351 25.822 25.876 26.366 26.416 26.958
0.90 22.528 22.940 22.969 23.353 23.424 23.821 23.892 24.343
1.00 20.626 20.970 21.003 21.323 21.392 21.721 21.793 22.167

1.10 19.080 19.372 19.400 19.675 19.730 20.011 20.072 20.385
1.20 17.815 18.072 18.092 18.338 18.373 18.623 18.666 18.934
1.30 16.758 16.995 17.004 17.234 17.252 17.483 17.508 17.746
1.40 15.840 16.072 16.071 16.296 16.298 16.522 16.531 16.753
1.50 15.011 15.247 15.237 15.465 15.457 15.680 15.678 15.895

1.60 14.233 14.477 14.463 14.697 14.685 14.913 14.904 15.123
1.70 13.483 13.741 13.724 13.968 13.953 14.190 14.178 14.406
1.80 12.753 13.022 13.005 13.259 13.245 13.491 13.479 13.718
1.90 12.039 12.317 12.302 12.564 12.554 12.808 12.798 13.047
2.00 11.344 11.631 11.616 11.886 11.878 12.141 12.132 12.392



714 8 Atomic Scattering Factors

sin#/� 67Ho3+
68Er 68Er3+

69Tm 69Tm3+
70Yb 70Yb2+

70Yb3+

0.00 64.000 68.000 65.000 69.000 66.000 70.000 68.000 67.000
0.01 63.975 67.941 64.975 68.943 65.976 69.944 67.973 66.976
0.02 63.900 67.769 64.901 68.773 65.903 69.777 67.892 66.904
0.03 63.775 67.491 64.779 68.500 65.782 69.509 67.759 66.785
0.04 63.602 67.120 64.608 68.136 65.613 69.151 67.573 66.619
0.05 63.382 66.673 64.391 67.696 65.399 68.717 67.337 66.407

0.06 63.115 66.166 64.128 67.195 65.139 68.223 67.051 66.151
0.07 62.804 65.613 63.821 66.649 64.836 67.684 66.719 65.851
0.08 62.451 65.028 63.472 66.070 64.491 67.112 66.342 65.511
0.09 62.058 64.420 63.083 65.468 64.107 66.516 65.922 65.131
0.10 61.626 63.798 62.657 64.852 63.685 65.904 65.464 64.714

0.11 61.160 63.167 62.195 64.224 63.228 65.281 64.968 64.262
0.12 60.660 62.528 61.701 63.589 62.739 65.650 64.439 63.777
0.13 60.131 61.884 61.176 62.948 62.219 64.012 63.879 63.262
0.14 59.574 61.234 60.624 62.301 61.671 63.368 63.292 62.719
0.15 58.993 60.578 60.047 61.648 61.099 62.718 62.679 62.151

0.16 58.391 59.917 59.448 60.989 60.504 62.062 62.046 61.561
0.17 57.769 59.249 58.830 60.324 59.889 61.399 61.393 60.950
0.18 57.132 58.576 58.196 59.653 59.258 60.729 60.724 60.321
0.19 56.481 57.897 57.547 58.975 58.611 60.053 60.043 59.678
0.20 55.819 57.213 56.886 58.292 57.953 59.371 59.350 59.022

0.22 54.471 55.833 55.540 56.912 56.608 57.992 57.943 57.679
0.24 53.107 54.445 54.174 55.521 55.241 56.601 56.521 56.312
0.25 52.424 53.750 53.489 54.825 54.554 55.903 55.809 55.624
0.26 51.742 53.058 52.804 54.130 53.866 55.206 55.098 54.935
0.28 50.389 51.683 51.442 52.748 52.498 53.817 53.687 53.560
0.30 49.057 50.329 50.099 51.384 51.145 52.444 52.297 52.198

0.32 47.755 49.004 48.783 50.046 49.817 51.095 50.937 50.858
0.34 46.489 47.712 47.501 48.739 48.520 49.774 49.611 49.548
0.35 45.871 47.081 46.874 48.099 47.884 49.127 48.962 48.904
0.36 45.263 46.459 46.256 47.469 47.258 48.488 48.323 48.270
0.38 44.078 45.246 45.052 46.237 46.035 47.239 47.076 47.030
0.40 42.936 44.075 43.889 45.046 44.853 46.029 45.871 45.828

0.42 41.837 42.945 42.768 43.896 43.711 44.859 44.707 44.667
0.44 40.780 41.857 41.689 42.786 42.611 43.728 43.585 43.545
0.45 40.267 41.327 41.164 42.246 42.075 43.178 43.038 42.999
0.46 39.764 40.808 40.649 41.715 41.550 42.637 42.502 42.463
0.48 38.786 39.797 39.649 40.682 40.527 41.583 41.458 41.419
0.50 37.844 38.822 38.685 39.686 39.542 40.565 40.450 40.412

0.55 35.637 36.531 36.424 37.342 37.228 38.169 38.080 38.046
0.60 33.615 34.425 34.352 35.187 35.106 35.964 35.901 35.874
0.65 31.753 32.483 32.444 33.198 33.151 33.929 33.890 33.873
0.70 30.032 30.688 30.680 31.359 31.344 32.045 32.029 32.022
0.80 26.970 27.497 27.540 28.086 28.123 .28.690 28.709 28.722
0.90 24.374 24.800 24.870 25.311 25.380 25.837 25.880 25.904
1.00 22.207 22.556 22.634 22.995 23.074 23.447 23.501 23.527

1.10 20.424 20.718 20.787 21.089 21.163 21.474 21.528 21.551
1.20 18.966 19.221 19.276 19.535 19.595 19.860 19.908 19.926
1.30 17.768 17.998 18.035 18.266 18.309 18.542 18.580 18.591
1.40 16.764 16.980 17.000 17.215 17.241 17.454 17.480 17.486
1.50 15.896 16.107 16.114 16.321 16.332 16.536 16.550 16.553

1.60 15.118 15.329 15.327 15.533 15.534 15.735 15.740 15.741
1.70 14.394 14.612 14.604 14.815 14.809 15.013 15.009 15.010
1.80 13.703 13.929 13.919 14.137 14.127 14.338 14.330 14.330
1.90 13.032 13.267 13.257 13.483 13.473 13.691 13.681 13.682
2.00 12.376 12.621 12.610 12.847 12.836 13.064 13.051 13.053



8 Atomic Scattering Factors 715

sin #/� 71Lu 71Lu3+
72Hf 72Hf4+

73Ta 73Ta5+
74W 74W6+

0.00 71.000 68.000 72.000 68.000 73.000 68.000 74.000 68.000
0.01 70.944 67.976 71.945 67.979 72.946 67.981 73.948 67.982
0.02 70.778 67.905 71.783 67.915 72.788 67.922 73.793 67.929
0.03 70.509 67.788 71.518 67.809 72.529 67.826 73.539 67.840
0.04 70.148 67.624 71.161 67.661 72.177 67.691 73.194 67.716
0.05 69.707 67.415 70.723 67.472 71.745 67.519 72.767 67.557

0.06 69.202 67.161 70.217 67.243 71.242 67.309 72.269 67.365
0.07 68.646 66.866 69.656 66.976 70.680 67.065 71.711 67.139
0.08 68.051 66.529 69.052 66.670 70.072 66.785 71.103 66.881
0.09 67.429 66.154 68.416 66.329 69.428 66.471 70.455 66.592
0.10 66.789 65.741 67.757 65.953 68.758 66.126 69.778 66.272

0.11 66.137 65.294 67.083 65.544 68.069 65.749 69.078 65.923
0.12 65.477 64.814 66.400 65.103 67.367 65.343 68.363 65.546
0.13 64.813 64.303 65.711 64.634 66.658 64.908 67.637 65.142
0.14 64.146 63.765 65.019 64.138 65.944 64.448 66.906 64.713
0.15 63.478 63.201 64.326 63.616 65.229 63.963 66.172 64.260

0.16 62.807 62.615 63.634 63.071 64.515 63.455 65.437 63.785
0.17 62.134 62.008 62.942 62.505 63.802 62.926 64.703 63.290
0.18 61.460 61.383 62.251 61.921 63.090 62.378 63.972 62.775
0.19 60.783 60.742 61.560 61.319 62.382 61.812 63.243 62.242
0.20 60.103 60.088 60.870 60.703 61.675 61.231 62.519 61.693

0.22 58.739 58.749 59.492 59.433 60.271 60.028 61.082 60.553
0.24 57.369 57.382 58.119 58.127 58.880 58.783 59.663 59.367
0.25 56.683 56.693 57.434 57.465 58.189 58.149 58.961 58.760
0.26 55.998 56.002 56.752 56.799 57.502 57.509 58.265 58.146
0.28 54.634 54.622 55.396 55.460 56.141 56.216 56.888 56.901
0.30 53.282 53.253 54.054 54.123 54.799 54.917 55.536 55.643

0.32 51.950 51.903 52.733 52.796 53.479 53.620 54.210 54.381
0.34 50.642 50.580 51.435 51.487 52.185 52.334 52.912 53.122
0.35 49.998 49.930 50.796 50.842 51.548 51.696 52.274 52.496
0.36 49.363 49.288 50.164 50.203 50.918 51.064 51.644 51.873
0.38 48.117 48.032 48.924 48.947 49.683 49.817 50.408 50.641
0.40 46.906 46.813 47.717 47.723 48.479 48.597 49.205 49.430

0.42 45.731 45.633 46.543 46.534 47.308 47.406 48.036 48.244
0.44 44.593 44.491 45.405 45.381 46.171 46.247 46.900 47.086
0.45 44.038 43.935 44.849 44.818 45.615 45.681 46.344 46.518
0.46 43.492 43.389 44.301 44.265 45.068 45.122 45.797 45.957
0.48 42.427 42.325 43.232 43.184 43.998 44.031 44.728 44.860
0.50 41.398 41.297 42.197 42.140 42.962 42.974 43.691 43.795

0.55 38.970 38.880 39.752 39.680 40.508 40.479 41.236 41.271
0.60 36.733 36.658 37.494 37.419 38.238 38.181 38.960 38.942
0.65 34.666 34.610 35.404 35.335 36.132 36.064 36.846 36.793
0.70 32.752 32.716 33.465 33.409 34.175 34.106 34.878 34.806
0.80 29.334 29.335 29.992 29.970 30.658 30.612 31.327 31.258
0.90 26.413 26.442 27.008 27.018 27.618 27.605 28.238 28.199
1.00 23.950 23.994 24.473 24.506 25.016 25.033 25.576 25.572

1.10 21.902 21.952 22.352 22.396 22.823 22.858 23.313 23.336
1.20 20.219 20.267 20.598 20.645 20.998 21.042 21.418 21.456
1.30 18.842 18.883 19.159 19.202 19.494 19.538 19.847 19.890
1.40 17.709 17.738 17.975 18.009 18.256 18.293 18.552 18.592
1.50 16.759 16.777 16.988 17.011 17.228 17.255 17.478 17.510

1.60 15.939 15.947 16.145 16.158 16.356 16.374 16.575 16.597
1.70 15.208 15.208 15.403 15.406 15.598 15.605 15.796 15.808
1.80 14.534 14.528 14.727 14.722 14.916 14.914 15.104 15.106
1.90 13.894 13.884 14.091 14.081 14.282 14.274 14.469 14.463
2.00 13.277 13.263 13.481 13.467 13.679 13.666 13.871 13.858



716 8 Atomic Scattering Factors

sin#/� 75Re 76Os 76Os4+
77Ir 77Ir3+

77Ir4+
78Pt 78Pt2+

0.00 75.000 76.000 72.000 77.000 74.000 73.000 78.000 76.000
0.01 74.949 75.950 71.976 76.951 73.972 72.975 77.955 75.968
0.02 74.797 75.801 71.904 76.806 73.889 72.902 77.820 75.874
0.03 74.548 75.558 71.784 76.567 73.752 72.780 77.599 75.717
0.04 74.209 75.225 71.617 76.240 73.561 72.611 77.295 75.499

0.05 73.788 74.810 71.404 75.832 73.318 72.395 76.914 75.222
0.06 73.295 74.323 71.147 75.352 73.024 72.133 76.462 74.889
0.07 72.740 73.772 70.847 74.806 72.682 71.828 75.946 74.502
0.08 72.132 73.167 70.506 74.206 72.294 71.481 75.373 74.065
0.09 71.482 72.518 70.125 73.558 71.863 71.094 74.751 73.580
0.10 70.799 71.832 69.707 72.872 71.392 70.669 74.086 73.052

0.11 70.091 71.119 69.254 72.156 70.883 70.208 73.386 72.485
0.12 69.365 70.384 68.769 71.416 70.339 69.715 72.656 71.881
0.13 68.625 69.634 68.253 70.658 69.764 69.190 71.902 71.245
0.14 67.878 68.874 67.711 69.887 69.162 68.638 71.130 70.582
0.15 67.126 68.107 67.143 69.108 68.534 68.060 70.343 69.894

0.16 66.372 67.337 66.552 68.324 67.884 67.460 69.546 69.185
0.17 65.619 66.566 65.942 67.538 67.215 66.839 68.742 68.459
0.18 64.868 65.797 65.313 66.752 66.530 66.200 67.934 67.719
0.19 64.121 65.031 64.670 65.969 65.832 65.546 67.125 66.968
0.20 63.378 64.269 64.014 65.189 65.123 64.879 66.317 66.210

0.22 61.906 62.761 62.671 63.645 63.684 63.515 64.709 64.679
0.24 60.457 61.278 61.302 62.127 62.228 62.124 63.125 63.144
0.25 59.742 60.548 60.612 61.380 61.500 61.423 62.344 62.381
0.26 59.034 59.825 59.920 60.641 60.773 60.721 61.571 61.621
0.28 57.637 58.403 58.537 59.189 59.328 59.319 60.056 60.121
0.30 56.270 57.013 57.164 57.773 57.905 57.927 58.582 58.652

0.32 54.932 55.658 55.809 56.395 56.510 56.555 57.152 57.220
0.34 53.627 54.339 54.478 55.056 55.148 55.209 55.769 55.830
0.35 52.986 53.692 53.823 54.401 54.481 54.548 55.094 55.151
0.36 52.354 53.055 53.175 53.756 53.823 53.894 54.432 54.483
0.38 51.114 51.807 51.906 52.496 52.538 52.613 53.141 53.182
0.40 49.910 50.596 50.671 51.274 51.293 51.369 51.897 51.925

0.42 48.739 49.422 49.473 50.091 50.089 50.163 50.697 50.714
0.44 47.603 48.283 48.312 48.946 48.926 48.995 49.540 49.545
0.45 47.048 47.726 47.745 48.387 48.359 48.425 48.977 48.977
0.46 46.501 47.179 47.187 47.837 47.802 47.865 48.424 48.419
0.48 45.432 46.109 46.099 46.765 46.717 46.773 47.347 47.333
0.50 44.396 45.072 45.046 45.726 45.668 45.717 46.308 46.286

0.55 41.940 42.617 42.562 43.269 43.197 43.227 43.860 43.820
0.60 39.662 40.340 40.270 40.994 40.918 40.932 41.601 41.549
0.65 37.544 38.222 38.147 38.878 38.805 38.807 39.502 39.443
0.70 35.569 36.244 36.172 36.901 36.835 36.830 37.539 37.479
0.80 31.993 32.654 32.602 33.305 33.261 33.249 33.958 33.905
0.90 28.865 29.495 29.471 30.125 30.104 30.094 30.766 30.732
1.00 26.148 26.732 26.734 27.323 27.324 27.317 27.930 27.918

1.10 23.821 24.345 24.368 24.882 24.902 24.898 25.437 25.447
1.20 21.856 22.314 22.350 22.789 22.821 22.820 23.281 23.307
1.30 20.219 20.610 20.652 21.019 21.057 21.058 21.445 21.481
1.40 18.864 19.194 19.234 19.541 19.579 19.581 19.902 19.942
1.50 17.742 18.019 18.054 18.312 18.347 18.348 18.616 18.654

1.60 16.801 17.038 17.066 17.287 17.315 17.317 17.545 17.578
1.70 15.998 16.206 16.225 16.422 16.443 16.444 16.644 16.670
1.80 15.293 15.483 15.493 15.678 15.691 15.691 15.875 15.893
1.90 14.653 14.835 14.838 15.018 15.024 15.024 15.202 15.211
2.00 14.057 14.239 14.234 14.418 14.417 14.416 14.595 14.597



8 Atomic Scattering Factors 717

sin #/� 78Pt4+
79Au 79Au1+

79Au3+
80Hg 80Hg1+

80Hg2+
81Tl

0.00 74.000 79.000 78.000 76.000 80.000 79.000 78.000 81.000
0.01 73.975 78.957 77.964 75.972 79.956 78.962 77.968 80.950
0.02 73.901 78.826 77.855 75.888 79.819 78.850 77.875 80.799
0.03 73.778 78.609 77.676 75.750 79.595 78.664 77.719 80.553
0.04 73.606 78.311 77.428 75.557 79.286 78.406 77.503 80.217
0.05 73.387 77.936 77.113 75.311 78.899 78.080 77.229 79.798

0.06 73.123 77.491 76.736 75.015 78.439 77.689 76.897 79.305
0.07 72.814 76.981 76.299 74.669 77.913 77.238 76.512 78.748
0.08 72.462 76.414 75.807 74.276 77.330 76.731 76.076 78.134
0.09 72.070 75.797 75.264 73.839 76.696 76.173 75.591 77.473
0.10 71.639 75.135 74.676 73.361 76.018 75.570 75.062 76.773

0.11 71.173 74.437 74.046 72.843 75.303 74.925 74.492 76.042
0.12 70.673 73.706 73.380 72.290 74.559 74.245 73.884 75.284
0.13 70.141 72.950 72.683 71.705 73.790 73.535 73.243 74.507
0.14 69.581 72.173 71.958 71.089 73.001 72.798 72.571 73.715
0.15 68.995 71.380 71.211 70.448 72.198 72.041 71.874 72.912

0.16 68.386 70.575 70.446 69.783 71.385 71.266 71.153 72.101
0.17 67.756 69.761 69.665 69.097 70.564 70.477 70.413 71.285
0.18 67.107 68.941 68.874 68.395 69.740 69.679 69.658 70.467
0.19 66.443 68.119 68.075 67.678 68.914 68.874 68.889 69.648
0.20 65.766 67.296 67.271 66.949 68.088 68.065 68.111 68.830

0.22 64.380 65.657 65.658 65.466 66.447 66.445 66.536 67.205
0.24 62.968 64.039 64.054 63.965 64.828 64.836 64.952 65.600
0.25 62.256 63.241 63.260 63.213 64.029 64.040 64.162 64.807
0.26 61.543 62.452 62.472 62.462 63.239 63.251 63.376 64.022
0.28 60.119 60.902 60.923 60.969 61.687 61.698 61.821 62.478
0.30 58.707 59.395 59.413 59.499 60.177 60.184 60.296 60.970

0.32 57.315 57.935 57.947 58.058 58.711 58.714 58.810 59.503
0.34 55.951 56.523 56.529 56.653 57.292 57.290 57.367 58.079
0.35 55.281 55.835 55.839 55.965 56.600 56.596 56.663 57.383
0.36 54.619 55.160 55.161 55.288 55.920 55.914 55.972 56.698
0.38 53.323 53.846 53.841 53.967 54.595 54.586 54.625 55.362
0.40 52.065 52.581 52.571 52.689 53.318 53.306 53.327 54.072

0.42 50.847 51.363 51.348 51.457 52.088 52.073 52.079 52.826
0.44 49.669 50.191 50.172 50.269 50.902 50.885 50.879 51.625
0.45 49.095 49.622 49.600 49.691 50.326 50.308 50.296 51.041
0.46 48.531 49.063 49.040 49.124 49.761 49.742 49.725 50.467
0.48 47.431 47.976 47.950 48.021 48.661 48.640 48.615 49.352
0.50 46.370 46.929 46.899 46.958 47.601 47.578 47.548 48.276

0.55 43.871 44.469 44.432 44.464 45.113 45.085 45.050 45.753
0.60 41.573 42.207 42.163 42.175 42.829 42.795 42.764 43.442
0.65 39.447 40.110 40.062 40.060 40.718 40.679 40.656 41.313
0.70 37.470 38.153 38.103 38.093 38.753 38.709 38.696 39.337
0.80 33.885 34.581 34.534 34.518 35.176 35.131 35.133 35.755
0.90 30.713 31.387 31.352 31.338 31.980 31.944 31.952 32.561
1.00 27.905 28.530 28.513 28.504 29.112 29.090 29.100 29.687

1.10 25.440 25.998 26.000 25.996 26.554 26.549 26.557 27.109
1.20 23.305 23.789 23.807 23.806 24.303 24.315 24.319 24.824
1.30 21.482 21.892 21.921 21.923 22.354 22.378 22.379 22.827
1.40 19.945 20.287 20.322 20.325 20.692 20.723 20.722 21.110
1.50 18.658 18.943 18.978 18.981 19.290 19.324 19.322 19.652

1.60 17.580 17.821 17.853 17.856 18.116 18.148 18.146 18.424
1.70 16.672 16.880 16.907 16.909 17.131 17.160 17.157 17.394
1.80 15.894 16.081 16.101 16.102 16.298 16.320 16.319 16.524
1.90 15.211 15.388 15.401 15.401 15.581 15.597 15.596 15.780
2.00 14.596 14.770 14.777 14.777 14.949 14.958 14.958 15.131



718 8 Atomic Scattering Factors

sin#/� 81Tl1+
81Tl3+

82Pb 82Pb2+
82Pb4+

83Bi 83Bi3+
83Bi5+

0.00 80.000 78.000 82.000 80.000 78.000 83.000 80.000 78.000
0.01 79.961 77.975 81.949 79.966 77.975 82.947 79.969 77.977
0.02 79.845 77.891 81.792 79.864 77.899 82.784 79.878 77.908
0.03 79.653 77.753 81.536 79.695 77.774 82.518 79.727 77.793
0.04 79.388 77.560 81.186 79.461 77.599 82.154 79.516 77.633
0.05 79.052 77.314 80.750 79.164 77.376 81.700 79.249 77.428

0.06 78.650 77.017 80.237 78.807 77.106 81.167 78.926 77.180
0.07 78.186 76.670 79.656 78.392 76.790 80.563 78.550 76.889
0.08 77.665 76.276 79.018 77.924 76.430 79.901 78.124 76.558
0.09 77.093 75.836 78.332 77.406 76.028 79.189 77.651 76.187
0.10 76.474 75.355 77.607 76.843 75.586 78.438 77.134 75.778

0.11 75.814 74.833 76.851 76.238 75.106 77.657 76.577 75.333
0.12 75.119 74.275 76.071 75.597 74.590 76.852 75.983 74.854
0.13 74.394 73.683 75.274 74.922 74.041 76.032 75.355 74.342
0.14 73.644 73.060 74.464 74.220 73.461 75.202 74.698 73.800
0.15 72.873 72.409 73.645 73.493 72.853 74.365 74.014 73.231

0.16 72.085 71.733 72.822 72.745 72.220 73.527 73.308 72.635
0.17 71.286 71.035 71.997 71.981 71.563 72.689 72.581 72.016
0.18 70.477 70.319 71.172 71.204 70.885 71.855 71.839 71.376
0.19 69.663 69.586 70.349 70.417 70.190 71.026 71.083 70.716
0.20 68.847 68.841 69.530 69.623 69.479 70.203 70.317 70.039

0.22 67.214 67.320 67.907 68.023 68.020 68.578 68.764 68.643
0.24 65.597 65.776 66.310 66.425 66.527 66.987 67.199 67.204
0.25 64.797 65.001 65.423 65.631 65.772 66.204 66.416 66.474
0.26 64.005 64.226 64.743 64.841 65.015 65.430 65.636 65.739
0.28 62.448 62.685 63.210 63.284 63.501 63.909 64.090 64.260
0.30 60.931 61.163 61.712 61.759 61.995 62.425 62.569 62.781

0.32 59.458 59.670 60.253 60.275 60.509 60.977 61.081 61.312
0.34 58.031 58.214 58.833 58.833 59.052 59.566 59.631 59.863
0.35 57.335 57.502 58.138 58.128 58.336 58.875 58.922 59.149
0.36 56.651 56.800 57.453 57.436 57.629 58.193 58.223 58.442
0.38 55.318 55.432 56.116 56.085 56.247 56.859 56.858 57.055
0.40 54.032 54.110 54.820 54.781 54.908 55.563 55.538 55.706

0.42 52.792 52.837 53.567 53.523 53.614 54.306 54.263 54.398
0.44 51.596 51.613 52.356 52.309 52.367 53.089 53.033 53.134
0.45 51.015 51.018 51.766 51.719 51.762 52.495 52.435 52.518
0.46 50.444 50.435 51.187 51.140 51.167 51.910 51.847 51.914
0.48 49.332 49.304 50.058 50.013 50.014 50.771 50.704 50.740
0.50 48.261 48.217 48.969 48.927 48.905 49.669 49.602 49.611

0.55 45.742 45.677 46.411 46.377 46.318 47.077 47.018 46.974
0.60 43.429 43.364 44.069 44.040 43.969 44.700 44.653 44.584
0.65 41.294 41.241 41.914 41.888 41.822 42.517 42.481 42.407
0.70 39.311 39.275 39.921 39.895 39.844 40.501 40.473 40.409
0.80 35.718 35.714 36.322 36.293 36.278 36.879 36.857 36.830
0.90 32.523 32.538 33.127 33.096 33.108 33.680 33.657 33.663
1.00 29.659 29.679 30.252 30.227 30.249 30.805 30.784 30.807

1.10 27.097 27.114 27.662 27.648 27.669 28.208 28.194 28.219
1.20 24.828 24.839 25.350 25.349 25.364 25.875 25.871 25.890
1.30 22.846 22.850 23.313 23.325 23.332 23.804 23.811 23.821
1.40 21.139 21.138 21.546 21.568 21.568 21.992 22.009 22.011
1.50 19.686 19.682 20.034 20.062 20.058 20.429 20.453 20.449

1.60 18.460 18.454 18.754 18.784 18.778 19.097 19.124 19.117
1.70 17.426 17.420 17.674 17.705 17.697 17.969 17.997 17.989
1.80 16.550 16.546 16.764 16.790 16.784 17.017 17.043 17.035
1.90 15.800 15.797 15.989 16.010 16.005 16.207 16.229 16.223
2.00 15.143 15.141 15.317 15.332 15.329 15.510 15.527 15.523



8 Atomic Scattering Factors 719

sin #/� 84Po 85At 86Rn 87Fr 88Ra 88Ra2+
89Ac 89Ac3+

0.00 84.000 85.000 86.000 87.000 88.000 86.000 89.000 86.000
0.01 83.944 84.944 85.945 86.922 87.915 85.957 88.915 85.961
0.02 83.778 84.776 85.777 86.694 87.664 85.829 88.664 85.846
0.03 83.506 84.502 85.502 86.332 87.263 85.616 88.260 85.655
0.04 83.134 84.125 85.123 85.854 86.734 85.323 87.723 85.390
0.05 82.669 83.654 84.649 85.286 86.104 84.951 87.077 85.054

0.06 82.121 83.098 84.087 84.647 85.397 84.506 86.346 84.651
0.07 81.501 82.466 83.448 83.955 84.638 83.993 85.553 84.183
0.08 80.819 81.770 82.742 83.222 83.845 83.417 84.719 83.656
0.09 80.086 81.020 81.979 82.457 83.030 82.783 83.859 83.074
0.10 79.312 80.226 81.169 81.666 82.202 82.099 82.985 82.441

0.11 78.500 79.398 80.322 80.852 81.368 81.371 82.105 81.765
0.12 77.677 78.545 79.448 80.018 80.528 80.605 81.225 81.048
0.13 76.831 77.674 78.554 79.167 79.685 79.808 80.348 80.298
0.14 75.976 76.794 77.648 78.303 78.839 78.985 79.474 79.519
0.15 75.117 75.908 76.737 77.430 77.990 78.142 78.605 78.716

0.16 74.257 75.023 75.826 76.550 77.138 77.285 77.739 77.895
0.17 73.400 74.143 74.920 75.667 76.285 76.418 76.879 77.059
0.18 72.549 73.269 74.021 74.785 75.431 75.546 76.023 76.213
0.19 71.706 72.405 73.133 73.907 74.578 74.673 75.172 75.362
0.20 70.871 71.553 72.258 73.035 73.728 73.803 74.326 74.508

0.22 69.232 69.885 70.552 71.320 72.043 72.080 72.654 72.805
0.24 67.634 68.269 68.907 69.653 70.389 70.396 71.014 71.125
0.25 66.852 67.481 68.109 68.841 69.576 69.572 70.208 70.300
0.26 66.080 66.706 67.325 68.043 68.775 68.762 69.412 69.485
0.28 64.567 65.193 65.802 66.491 67.210 67.184 67.855 67.893
0.30 63.093 63.725 64.332 64.996 65.696 65.663 66.345 66.355

0.32 61.658 62.301 62.912 63.556 64.235 64.200 64.884 64.873
0.34 60.260 60.915 61.535 62.167 62.826 62.791 63.473 63.446
0.35 59.575 60.236 60.862 61.489 62.140 62.105 62.785 62.753
0.36 58.899 59.566 60.198 60.823 61.466 61.432 62.110 62.072
0.38 57.573 58.253 58.898 59.520 60.151 60.120 60.792 60.748
0.40 56.283 56.974 57.631 58.256 58.879 58.850 59.517 59.470

0.42 55.029 55.728 56.397 57.026 57.646 57.619 58.282 58.235
0.44 53.811 54.515 55.194 55.829 56.448 56.424 57.084 57.037
0.45 53.215 53.921 54.604 55.242 55.862 55.839 56.497 56.452
0.46 52.629 53.335 54.021 54.663 55.284 55.262 55.919 55.875
0.48 51.483 52.189 52.879 53.527 54.151 54.130 54.787 54.746
0.50 50.373 51.075 51.767 52.420 53.048 53.028 53.684 53.647

0.55 47.752 48.435 49.119 49.777 50.413 50.396 51.050 51.023
0.60 45.343 45.997 46.659 47.310 47.948 47.932 48.580 48.561
0.65 43.127 43.750 44.384 45.017 45.646 45.632 46.268 46.255
0.70 41.085 41.678 42.281 42.891 43.504 43.490 44.110 44.100
0.80 37.430 37.980 38.533 39.095 39.664 39.649 40.229 40.220
0.90 34.220 34.751 35.277 35.804 36.335 36.318 36.863 36.851
1.00 31.344 31.872 32.389 32.900 33.408 33.389 33.912 33.896

1.10 28.744 29.271 29.787 30.292 30.790 30.771 31.283 31.264
1.20 26.397 26.915 27.426 27.926 28.418 28.404 28.906 28.890
1.30 24.298 24.794 25.291 25.779 26.263 26.256 26.744 26.734
1.40 22.446 22.909 23.379 23.845 24.312 24.314 24.779 24.777
1.50 20.836 21.256 21.689 22.123 22.564 22.574 23.008 23.015

1.60 19.453 19.826 20.215 20.608 21.014 21.033 21.427 21.443
1.70 18.277 18.602 18.944 19.295 19.660 19.685 20.036 20.058
1.80 17.281 17.562 17.859 18.165 18.488 18.516 18.823 18.849
1.90 16.435 16.677 16.934 17.199 17.481 17.510 17.776 17.804
2.00 15.711 15.922 16.143 16.377 16.623 16.646 16.880 16.904



720 8 Atomic Scattering Factors

sin#/� 90Th 90Th4+
91Pa 92U 92U3+

92U4+
92U6+

93Np

0.00 90.000 86.000 91.000 92.000 89.000 88.000 86.000 93.000
0.01 89.916 85.965 90.919 91.922 88.961 87.965 85.970 92.922
0.02 89.669 85.860 90.678 91.687 88.846 87.860 85.881 92.691
0.03 89.269 85.686 90.290 91.307 88.654 87.686 85.733 92.318
0.04 88.735 85.444 89.772 90.798 88.389 87.444 85.527 91.817
0.05 88.085 85.137 89.144 90.180 88.051 87.137 85.264 91.208

0.06 87.344 84.767 88.427 89.474 87.646 86.766 84.947 90.510
0.07 86.533 84.337 87.644 88.699 87.175 86.335 84.577 89.742
0.08 85.672 83.851 86.813 87.874 86.643 85.847 84.157 88.923
0.09 84.779 83.313 85.950 87.014 86.054 85.305 83.689 88.067
0.10 83.867 82.725 85.066 86.130 85.414 84.714 83.176 87.186

0.11 82.946 82.094 84.170 85.232 84.727 84.077 82.622 86.288
0.12 82.025 81.423 83.269 84.326 83.998 83.399 82.029 85.380
0.13 81.107 80.717 82.366 83.417 83.233 82.685 81.401 84.467
0.14 80.196 79.981 81.463 82.505 82.436 81.938 80.741 83.550
0.15 79.294 79.218 80.563 81.595 81.612 81.163 80.052 82.632

0.16 78.400 78.433 79.665 80.685 80.766 80.364 79.339 81.715
0.17 77.516 77.631 78.771 79.779 79.903 79.546 78.605 80.799
0.18 76.642 76.815 77.881 78.875 79.027 78.712 77.852 79.885
0.19 75.777 75.990 76.995 77.975 78.142 77.866 77.084 78.973
0.20 74.922 75.158 76.115 77.080 77.253 77.013 76.305 78.066

0.22 73.242 73.488 74.375 75.308 75.471 75.294 74.722 76.267
0.24 71;602 71.827 72.668 73.568 73.705 73.578 73.125 74.496
0.25 70.798 71.006 71.829 72.712 72.834 72.727 72.327 73.624
0.26 70.005 70.193 71.001 71.866 71.972 71.884 71.532 72.763
0.28 68.454 68.598 69.380 70.211 70.286 70.227 69.957 71.074
0.30 66.951 67.050 67.810 68.607 68.654 68.616 68.413 69.436

0.32 65.497 65.554 66.294 67.058 67.081 67.057 66.908 67.853
0.34 64.091 64.112 64.832 65.564 65.569 65.555 65.448 66.326
0.35 63.405 63.410 64.121 64.838 64.835 64.825 64.736 65.584
0.36 62.731 62.722 63.423 64.126 64.117 64.109 64.036 64.857
0.38 61.416 61.384 62.066 62.742 62.723 62.720 62.672 63.443
0.40 60.143 60.094 60.758 61.409 61.383 61.384 61.357 62.083

0.42 58.910 58.850 59.495 60.125 60.095 60.099 60.090 60.775
0.44 57.713 57.646 58.274 58.886 58.854 58.861 58.867 59.514
0.45 57.127 57.059 57.679 58.283 58.251 58.259 58.271 58.901
0.46 56.550 56.481 57.093 57.689 57.657 57.667 57.686 58.298
0.48 55.419 55.350 55.948 56.531 56.501 56.513 56.544 57.124
0.50 54.317 54.252 54.836 55.410 55.381 55.397 55.439 55.989

0.55 51.684 51.633 52.191 52.748 52.725 52.749 52.815 53.303
0.60 49.211 49.176 49.719 50.268 50.251 50.282 50.364 50.808
0.65 46.889 46.869 47.405 47.950 47.938 47.972 48.062 48.483
0.70 44.716 44.706 45.241 45.784 45.774 45.807 45.895 46.312
0.80 40.795 40.794 41.333 41.869 41.860 41.882 41.942 42.390
0.90 37.391 37.387 37.930 38.454 38.443 38.449 38.468 38.966
1.00 34.413 34.402 34.946 35.458 35.443 35.435 35.419 35.961

1.10 31.770 31.753 32.292 32.794 32.776 32.762 32.724 33.289
1.20 29.387 29.370 29.897 30.391 30.373 30.357 30.314 30.879
1.30 27.219 27.206 27.714 28.199 28.184 28.170 28.132 28.680
1.40 25.244 25.238 25.720 26.192 26.183 26.173 26.146 26.662
1.50 23.454 23.456 23.905 24.360 24.357 24.352 24.335 24.813

1.60 21.846 21.858 22.266 22.699 22.703 22.701 22.695 23.128
1.70 20.421 20.439 20.807 21.207 21.219 21.220 21.221 21.609
1.80 19.170 19.194 19.518 19.886 19.902 19.904 19.910 20.253
1.90 18.083 18.111 18.394 18.723 18.745 18.748 18.756 19.055
2.00 17.149 17.174 17.423 17.713 ’17.736 17.740 17.748 18.012
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sin #/� 93Np3+
93Np4+

93Np6+
94Pu 94Pu3+

94Pu4+
94Pu6+

95Am

0.00 90.000 89.000 87.000 94.000 91.000 90.000 88.000 95.000
0.01 89.962 88.965 86.970 93.924 90.962 89:965 87.970 94.926
0.02 89.847 88.860 86.881 93.701 90.848 89.861 87.881 94.706
0.03 89.657 88.687 86.733 93.340 90.660 89.689 81.734 94.352
0.04 89.393 88.446 86.521 92.851 90.398 89.450 81.528 93.817
0.05 89.058 88.140 86.265 92.271 90.066 89.145 87.267 93.299

0.06 88.654 87.770 85.947 91.601 89.665 88.777 86.950 92.638
0.06 88.185 87.340 85.577 90.866 89.199 88.349 86.580 91.910
0.08 87.656 86.853 85.157 90.082 88.673 81.863 86.160 91.131
0.09 87.069 86.312 84.688 89.261 88.089 81.324 85.692 90.315
0.10 86.430 85.721 84.174 88.413 87.453 86.734 85.178 89.470

0.11 85.744 85.084 83.618 81.547 86.169 86.098 84.621 88.605
0.12 85.015 84.405 83.023 86.665 86.041 85.419 84.025 87.723
0.13 84.249 83.688 82.392 85.772 85.275 84.703 83.393 86.829
0.14 83.449 82.939 81.729 84.870 84.475 83.952 82.727 85.924
0.15 82.623 82.160 81.036 83.961 83.646 83.171 82.032 85.011

0.16 81.773 81.357 80.318 83.044 82.794 82.365 81.310 84.090
0.11 80.904 80.533 79.578 82.123 81.921 81.537 80.565 83.163
0.18 80.021 79.693 78.818 81.198 81.033 80.691 79.800 82.231
0.19 79.129 78.840 78.043 80.271 80.134 79.832 79.019 81.296
0.20 78.230 77.977 71.255 79.343 79.227 78.962 78.224 80.360

0.22 76.426 76.237 75.652 77.493 71.403 77.204 76.604 78.490
0.24 74.634 74.497 74.032 75.663 75.587 75.441 74.963 76.636
0.25 73.748 73.634 73.221 74.159 74.688 74.565 74.140 75.119
0.26 72.872 72.776 72.413 73.865 73.797 73.695 73.320 74.811
0.28 71.154 71.089 70.810 72.110 72.048 71.979 71.690 73.027
0.30 69.489 69.447 69.236 70.408 70.351 70.305 70.088 71.293

0.32 61.882 67.856 67.701 68.763 68.711 68.683 68.522 69.615
0.34 66.337 66.322 66.209 61.178 67.133 61.116 66.999 61.997
0.35 65.587 65.576 65.482 66.409 66.367 66.354 66.256 67.212
0.36 64.853 64.845 64.767 65.655 65.616 65.607 65.525 66.441
0.38 63.429 63.426 63.374 64.193 64.161 64.157 64.102 64.947
0.40 62.062 62.063 62.032 62.789 62.765 62.765 62.731 63.513

0.42 60.749 60.753 60.739 61.442 61.425 61.428 61.411 62.137
0.44 59.487 59.492 59.493 60.147 60.138 60.143 60.140 60.816
0.45 58.873 58.880 58.887 59.518 59.513 59.519 59.522 60.175
0.46 58.271 58.279 58.292 58.901 58.900 58.907 58.916 59.546
0.48 57.097 57.108 57.133 57.702 57.708 57.717 57.736 58.325
0.50 55.964 55.978 56.013 56.544 56.551 56.569 56.598 51.148

0.55 53.283 53.305 53.363 53.819 53.845 53.864 53.915 54.385
0.60 50.795 50.823 50.898 51.302 51.337 51.363 51.430 51.842
0.65 48.474 48.507 48.591 48.967 49.004 49.034 49.113 49.490
0.70 46.306 46.338 46.423 46.794 46.828 46.860 46.942 41.307
0.80 42.384 42.408 42.472 42.879 42.898 42.922 42.989 43.380
0.90 38.958 38.966 38.992 39.465 39.463 39.474 39.506 39.958
1.00 35.948 35.943 35.933 36.465 36.445 36.443 36.440 36.952

1.10 33.272 33.259 33.227 33.793 33.763 33.752 33.724 34.276
1.20 30.861 30.846 30.805 31.379 31.346 31.331 31.293 31.858
1.30 28.665 28.651 28.612 29.172 29.142 29.128 29.090 29.648
1.40 26.652 26.642 26.612 27.142 27.121 27.109 27.018 27.611
1.50 24.810 24.803 24.784 25.275 25.264 25.257 25.235 25.133

1.60 23.133 23.130 23.121 23.566 23.567 23.564 23.552 24.006
1.10 21.621 21.621 21.620 22.019 22.030 22.029 22.025 22.435
1.80 20.272 20.274 20.278 20.630 20.650 20.651 20.653 21.018
1.90 19.080 19.083 19.090 19.398 19.424 19.427 19.433 19.754
2.00 18.036 18.039 18.047 18.319 18.346 18.349 18.357 18.640
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sin#/� 96Cm 97Bk 98Cf

0.00 96.000 97.000 98.000
0.01 95.926 96.928 97.929
0.02 95.708 96.713 97.718
0.03 95.354 96.365 97.375
0.04 94.877 95.895 96.912
0.05 94.294 95.320 96.344

0.06 93.623 94.656 95.688
0.07 92.879 93.920 94.961
0.08 92.081 93.129 94.176
0.09 91.241 92.294 93.347
0.10 90.371 91.429 92.486

0.11 89.479 90.540 91.601
0.12 88.573 89.635 90.699
0.13 87.656 88.718 89.783
0.14 86.731 87.793 88.858
0.15 85.802 86.862 87.926

0.16 84.869 85.926 86.989
0.17 83.934 84.988 86.048
0.18 82.998 84.047 85.103
0.19 82.062 83.105 84.157
0.20 81.126 82.163 83.210

0.22 79.263 80.285 81.318
0.24 77.419 78.421 79.437
0.25 76.507 77.498 78.504
0.26 75.603 76.582 77.577
0.28 73.824 74.777 75.749
0.30 72.091 73.016 73.960

0.32 70.409 71.303 72.219
0.34 68.783 69.645 70.531
0.35 67.991 68.838 69.707
0.36 67.214 68.045 68.898
0.38 65.705 66.503 67.325
0.40 64.254 65.020 65.810

0.42 62.859 63.595 64.354
0.44 61.519 62.226 62.954
0.45 60.869 61.562 62.276
0.46 60.231 60.910 61.610
0.48 58.992 59.646 60.319
0.50 57.798 58.430 59.078

0.55 54.998 55.581 56.176
0.60 52.427 52.974 53.528
0.65 50.052 50.574 51.098
0.70 47.850 48.354 48.858
0.80 43.894 44.380 44.859
0.90 40.449 40.926 41.395
1.00 37.426 37.898 38.361

1.10 34.740 35.209 35.671
1.20 32.318 32.786 33.247
1.30 30.106 30.572 31.033
1.40 28.068 28.530 28.989
1.50 26.184 26.639 27.093

1.60 24.446 24.889 25.332
1.70 22.857 23.281 23.708
1.80 21.415 21.815 22.221
1.90 20.121 20.493 20.872
2.00 18.975 19.315 19.665



9 Analytical approximation of Atomic Scattering Factors

In this caption an analytical approximation after
[129] of the atomic scattering factors given in chap-
ter 8 is presented 1.

The approximation uses the following expression

f
(

sin#

�

)
=

4∑
i=1

ai exp

(
−bi

sin2 #

�

)
+ c

This expression allows a precise approximation of
atomic scattering factors in the region sin# /� ≤ 2.0.

To characterize the precision of the analytically de-
termined values we give

• fmax as mean deviation from the exact value at
sin# /� and

• fm as mean value of the absolute deviation.

As a rule the maximum deviations were observed at
very small or at very big values of sin# /�, which
often are localized outside the range important for
experiments.

For the determination of the coefficients ai , bi and
c (i = 1, ..., 4) wave functions from Hartree-Fock,
Dirac-Fock- or Dirac-Fock-Slater calculations are
used.

Beside hydrogen for neutral atoms the calculations
are exclusively performed with relativistic Dirac-
Fock wavefunctions. For hydrogen and for ions in
the range to rubidium (Z=37) nonrelativistic wave-
functions and for ions with atomic numbers above
rubidium relativistic Dirac-Fock-Slater wavefunc-
tions were applied.

1 With IUCR copyright permission
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Element a1 b1 a2 b2 a3 b3

H 0.489918 20.6593 0.262003 7.74039 0.196767 49.5519
H1− 0.897661 53.1368 0.565616 15.1870 0.415815 186.576
He 0.873400 9.10370 0.630900 3.35680 0.311200 22.9276
Li 1.12820 3.95460 0.750800 1.05240 0.617500 85.3905

Li1+ 0.696800 4.62370 0.788800 1.95570 0.341400 0.631600
Be 1.59190 43.6427 1.12780 1.86230 0.539100 103.483
Be2+ 6.26030 0.002700 0.884900 0.831300 0.799300 2.27580
B 2.05450 23.2185 1.33260 1.02100 1.09790 60.3498
C 2.31000 20.8439 1.02000 10.2075 1.58860 0.568700

Cval 2.26069 22.6907 1.56165 0.656665 1.05075 9.75618
N 12.2126 0.005700 3.13220 9.89330 2.01250 28.9975
O 3.04850 13.2771 2.28680 5.70110 1.54630 0.323900
O1− 4.19160 12.8573 1.63969 4.17236 1.52673 47.0179
F 3.53920 10.2825 2.64120 4.29440 1.51700 0.261500

F1− 3.63220 5.27756 3.51057 14.7353 1.26064 0.442258
Ne 3.95530 8.40420 3.11250 3.42620 1.45460 0.230600
Na 4.76260 3.28500 3.17360 8.84220 1.26740 0.313600
Na1+ 3.25650 2.66710 3.93620 6.11530 1.39980 0.200100
Mg 5.42040 2.82750 2.17350 79.2611 1.22690 0.380800

Mg2+ 3.49880 2.16760 3.83780 4.75420 1.32840 0.185000
Al 6.42020 3.03870 1.90020 0.742600 1.59360 31.5472
Al3+ 4.17448 1.93816 3.38760 4.14553 1.20296 0.228753
Siv 6.29150 2.43860 3.03530 32.3337 1.98910 0.678500
Sival 5.66269 2.66520 3.07164 38.6634 2.62446 0.916946

Si4+ 4.43918 1.64167 3.20345 3.43757 1.19453 0.214900
P 6.43450 1.90670 4.17910 27.1570 1.78000 0.526000
S 6.90530 1.46790 5.20340 22.2151 1.43790 0.253600
Cl 11.4604 0.010400 7.19640 1.16620 6.25560 18.5194
Cl1− 18.2915 0.006600 7.20840 1.17170 6.53370 19.5424

Ar 7.48450 0.907200 6.77230 14.8407 0.653900 43.8983
K 8.21860 l2.7949 7.43980 0.774800 1.05190 213.187
K1+ 7.95780 12.6331 7.49170 0.767400 6.35900 -0.00200
Ca 8.62660 10.442.1 7.38730 0.659900 1.58990 85.7484
Ca2+ 15.6348 -0.00740 7.95180 0.608900 8.43720 10.3116

Sc 9.18900 9.02130 7.36790 0.572900 1.64090 136.108
Sc3+ 13.4008 0.298540 8.02730 7.96290 1.65943 -0.28604
Ti 9.75950 7.85080 7.35580 0.500000 1.69910 35.6338
Ti2+ 9.11423 7.52430 7.62174 0.457585 2.27930 19.5361
Ti3+ 17.7344 0.220610 8.73816 7.04716 5.25691 -0.15762

Ti4+ 19.5114 0.178847 8.23473 6.67018 2.01341 -0.29263
V 10.2971 6.86570 7.35110 0.438500 2.07030 26.8938
V2+ 10.1060 6.88180 7.35410 0.440900 2.28840 20.3004
V3+ 9.43141 6.39535 7.74190 0.383349 2.15343 15.1908
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a4 b4 c fmax sin # /� fm

0.049879 2.20159 0.001305 0.000 0.17 0.000
0.116973 3.56709 0.002389 0.002 0.09 0.001
0.178000 0.982100 0.006400 0.001 1.01 0.000
0.465300 168.261 0.037700 0.005 2.00 0.001

0.156300 10.0953 0.016700 0.001 1.78 0.000
0.702900 0.542000 0.038500 0.003 0.56 0.001
0.164700 5.11460 -6.1092 0.001 1.97 0.000
0.706800 0.140300 -0.19320 0.002 0.75 0.001
0.865000 51.6512 0.215600 0.006 2.00 0.001

0.839259 55.5949 0.286977 0.001 0.16 0.000
1.16630 0.582600 -11.529 0.007 0.11 0.002
0.867000 32.9089 0.250800 0.001 0.22 0.000
-20.307 -0.01404 21.9412 0.011 1.50 0.004
1.02430 26.1476 0.277600 0.001 0.01 0.000

0.940706 47.3437 0.653369 0.003 0.09 0.001
1.12510 21.7184 0.351500 0.002 0.25 0.001
1.11280 129.424 0.676000 0.009 0.13 0.002
1.00320 14.0390 0.404000 0.001 0.70 0.000
2.30730 7.19370 0.858400 0.015 0.08 0.003

0.846700 10.1411 0.485300 0.001 1.34 0.000
1.96460 85.0886 1.11510 0.018 2.00 0.005
0.528137 8.28524 0.706786 0.000 1.50 0.000
1.54100 81.6937 1.14070 0.009 2.00 0.002
1.39320 93.5458 1.24707 0.001 0.53 0.001

0.416530 6.65365 0.746297 0.000 1.50 0.000
1.49080 68.1645 1.11490 0.003 0.65 0.001
1.58630 56.1720 0.866900 0.005 0.67 0.002
1.64550 47.7784 -9.5574 0.007 0.78 0.003
2.33860 60.4486 -16.378 0.007 0.76 0.003

1.64420 33.3929 1.44450 0.029 2.00 0.006
0.865900 41.6841 1.42280 0.011 0.90 0.005
1.19150 31.9128 -4.9978 0.011 0.91 0.005
1.02110 178.437 1.37510 0.016 0.99 0.006
0.853700 25.9905 -14.875 0.017 2.00 0.004

1.46800 51.3531 1.33290 0.014 1.07 0.006
1.57936 16.0662 -6.6667 0.002 1.50 0.000
1.90210 116.105 1.28070 0.014 2.00 0.006
0.087899 61.6558 0.897155 0.006 1.50 0.001
1.92134 15.9768 -14.652 0.001 0.00 0.000

1.52080 12.9464 -13.280 0.002 1.50 0.000
2.05710 102.478 1.21990 0.014 2.00 0.005
0.022300 115.122 1.22980 0.015 2.00 0.004
0.016865 63.9690 0.656565 0.004 1.50 0.001
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Element a1 b1 a2 b2 a3 b3

V5+ 15.6887 0.679003 8.14208 5.40135 2.03081 9.97278

Cr 10.6406 6.10380 7.35370 0.392000 3.32400 20.2626
Cr2+ 9.54034 5.66078 7.75090 0.344261 3.58274 13.3075
Cr3+ 9.68090 5.59463 7.81136 0.334393 2.87603 12.8288
Mn 11.2819 5.34090 7.35730 0.343200 3.01930 17.8674
Mn2+ 10.8061 5.27960 7.36200 0.343500 3.52680 14.3430

Mn3+ 9.84521 4.91797 7.87194 0.294393 3.56531 10.8171
Mn4+ 9.96253 4.84850 7.97057 0.283303 2.76067 10.4852
Fe 11.7695 4.76110 7.35730 0.307200 3.52220 15.3535
Fe2+ 11.0424 4.65380 7.37400 0.305300 4.13460 12.0546
Fe3+ 11.1764 4.61470 7.38630 0.300500 3.39480 11.6729

Co 12.2841 4.27910 7.34090 0.278400 4.00340 13.5359
Co2+ 11.2296 4.12310 7.38830 0.272600 4.73930 10.2443
Co3+ 10.3380 3.90969 7.88173 0.238668 4.76795 8.35583
Ni 12.8376 3.87850 7.29200 0.256500 4.44380 12.1763
Ni2+ 11.4166 3.6!660 7.40050 0.244900 5.34420 8.87300

Ni3+ 10.7806 3.54770 7.75868 0.223140 5.22746 7.64468
Cu 13.3380 3.58280 7.16760 0.247000 5.61580 11.3966
Cu1+ 11.9475 3.36690 -7.35730 0.227400 6.24550 8.66250
Cu2+ 11.8168 3.37484 7.11181 0.244078 5.78135 7.98760
Zn 14.0743 3.26550 7.03180 0.233300 5.16520 10.3163

Zn2+ 11.9719 2.99460 7.38620 0.203100 6.46680 7.08260
Ga 15.2354 3.06690 6.70060 0.241200 4.35910 10.7805
Ga3+ 12.6920 2.81262 6.69883 0.227890 6.06692 6.36441
Ge 16.0816 2.85090 6.37470 0.251600 3.70680 11.4468
Ge4+ 12.9172 2.53718 6.70003 0.205855 6.06791 5.47913

As 16.6723 2.63450 6.07010 0.264700 3.43130 12.9479
Se 17.0006 2.40980 5.81960 0.272600 3.97310 15.2372
Br 17.1789 2.17230 5.23580 16.5796 5.63770 0.260900
Br1− 17.1718 2.20590 6.33380 19.3345 5.57540 0.287100
Kr 17.3555 1.93840 6.72860 16.5623 5.54930 0.226100

Rb 17.1784 1.78880 9.64350 17.3151 5.13990 0.274800
Rb1+ 17.5816 1.71390 7.65980 14.7957 5.89810 0.160300
Sr 17.5663 1.55640 9.81840 14.0988 5.42200 0.166400
Sr2+ 18.0874 1.49070 8.13730 12.6963 2.56540 24.5651
Y 17.7760 1.40290 10.2946 12.8006 5.72629 0.125599

Y3+ 17.9268 1.35417 9.15310 11.2145 1.76795 22.6599
Zr 17.8765 1.27618 10.9480 11.9160 5.41732 0.117622
Zr4+ 18.1668 1.21480 10.0562 10.1483 1.01118 21.6054
Nb 17.6142 1.18865 12.0144 11.7660 4.04183 0.204785
Nb3+ 19.8812 0.019175 18.0653 1.13305 11.0177 10.1621

Nb5+ 17.9163 1.12446 13.3417 0.028781 10.7990 9.28206
Mo 3.70250 0.277200 17.2356 1.09580 12.8876 11.0040
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a4 b4 c fmax sin # /� fm

-9.5760 0.940464 1.71430 0.000 0.34 0.000

1.49220 98.7399 1.18320 0.011 2.00 0.004
0.509107 32.4224 0.616898 0.002 1.50 0.000
0.113575 32.8761 0.518275 0.002 1.50 0.000
2.24410 83.7543 1.08960 0.009 2.00 0.004
0.218400 41.3235 1.08740 0.009 2.00 0.002

0.323613 24.1281 0.393974 0.001 1.50 0.000
0.054447 27.5730 0.251877 0.001 1.50 0.000
2.30450 76.8805 1.03690 0.011 0.08 0.004
0.439900 31.2809 1.00970 0.008 2.00 0.002
0.072400 38.5566 0.970700 0.008 2.00 0.002

2.34880 71.1692 1.01180 0.013 0.08 0.004
0.710800 25.6466 0.932400 0.006 2.00 0.001
0.725591 18.3491 0.286667 0.000 1.50 0.000
2.38000 66.3421 1.03410 0.014 0.08 0.004
0.977300 22.1626 0.861400 0.003 2.00 0.001

0.847114 16.9673 0.386044 0.000 0.57 0.000
1.67350 64.8126 1.19100 0.015 0.08 0.005
1.55780 25.8487 0.89000 0.003 0.24 0.001
1.14523 19.8970 1.14431 0.001 0.26 0.000
2.41000 58.7097 1.30410 0.016 0.08 0.005

1.39400 18.0995 0.780700 0.001 0.62 0.000
2.96230 61.4135 1.71890 0.025 0.08 0.008
1.00660 14.4122 1.53545 0.008 1.45 0.000
3.68300 54.7625 2.13130 0.024 0.08 0.008
0.859041 11.6030 1.45572 0.000 0.32 0.000

4.27790 47.7972 2.53100 0.019 0.09 0.008
4.35430 43.8163 2.84090 0.016 2.00 0.006
3.98510 41.4328 2.95570 0.012 2.00 0.004
3.72720 58.1535 3.17760 0.016 2.00 0.006
3.53750 39.3972 2.82500 0.008 2.00 0.002

1.52920 164.934 3.48730 0.028 0.12 0.008
2.78170 31.2087 2.07820 0.002 1.99 0.001
2.66940 132.376 2.50640 0.021 0.13 0.005
-34.193 -0.01380 41.4025 0.008 2.00 0.002
3.26588 104.354 1.91213 0.028 0.07 0.006

-33.108 -0.01319 40.2602 0.005 2.00 0.001
3.65721 87.6627 2.06929 0.035 0.07 0.008
-2.6479 -0.10276 9.41454 0.004 2.00 0.001
3.53346 69.7957 3.75591 0.042 0.08 0.011
1.94715 28.3389 -12.912 0.006 2.00 0.002

0.337905 25.7228 -6.3934 0.007 2.00 0.003
3.74290 61.6584 4.38750 0.046 0.08 0.012
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Element a1 b1 a2 b2 a3 b3

Mo3+ 21.1664 0.014734 18.2017 1.03031 11.7423 9.53659
Mo5+ 21.0149 0.014345 18.0992 1.02238 11.4632 8.78809
Mo6+ 17.8871 1.03649 11.1750 8.48061 6.57891 0.058881

Tc 19.1301 0.864132 11.0948 8.14487 4.64901 21.5707
Ru 19.2674 0.808520 12.9182 8.43467 4.86337 24.7997
Ru3+ 18.5638 0.847329 13.2885 8.37164 9.32602 0.017662
Ru4+ 18.5003 0.844582 13.1787 8.12534 4.71304 0.36495
Rh 19.2957 0.751536 14.3501 8.21758 4.73425 25.8749

Rh3+ 18.8785 0.764252 14.1259 7.84438 3.32515 21.2487
Rh4+ 18.8545 0.760825 13.9806 7.62436 2.53464 19.3317
Pd 19.3319 0.698655 15.5017 7.98929 5.29537 25.2052
Pd2+ 19.1701 0.696219 15.2096 7.55573 4.32234 22.5057
Pd4+ 19.2493 0.683839 14.7900 -7.14833 2.89289 17.9144

Ag 19.2808 0.644600 16.6885 7.47260 4.80450 24.6605
Ag1+ 19.1812 0.646179 15.9719 7.19123 5.27475 21.7326
Ag2+ 19.1643 0.645643 16.2456 7.18544 4.37090 21.4072
Cd 19.2214 0.594600 17.6444 6.90890 4.46100 24.7008
Cd2+ 19.1514 0.597922 17.2535 6.80639 4.47128 20.2521

In 19.1624 0.547600 18.5596 6.37760 4.29480 25.8499
In3+ 19.1045 0.551522 18.1108 6.32470 3.78897 17.3595
Sn 19.1889 5.83030 19.1005 0.503100 4.45850 26.8909
Sn2+ 19.1094. 0.503600 19.0548 5.83780 4.56480 23.3752
Sn4+ 19.9333 5.76400 19.7131 0.465500 3.41820 14.0049
Sb 19.6418 5.30340 19.0455 0.460700 5.03710 27.9074
Sb3+ 18.9755 0.467196 18.9330 5.22126 5;10789 19.5902
Sb5+ 19.8685 5.44853 19.0302 0.467973 2.41253 14.1259
Te 19.9644 4.81742 19.0138 0.420885 6.14487 28.5284
I 20.1472 4.34700 18.9949 0.381400 7.51380 27.7660

I1− 20.2332 4.35790 18.9970 0.381500 7.80690 29.5259
Xe 20.2933 3.92820 19.0298 0.344000 8.97670 26.4659
Cs 20.3892 3.56900 19.1062 0.310700 10.6620 24.3879
Cs1+ 20.3524 3.55200 19.1278 0.308600 10.2821 23.7128
Ba 20.3361 3.21600 19.2970 0.275600 10.8880 20.2073

Ba2+ 20.1807 3.21367 19.1136 0.283310 10.9054 20.0558
La 20.5780 2.94817 19.5990 0.244475 11.3727 18.7726
La3+ 20.2489 2.92070 19.3763 0.250698 11.6323 17.8211
Ce 21.1671 2.81219 19.7695 0.226836 11.8513 17.6083
Ce3+ 20.8036 2.77691 19.5590 0.231540 11.9369 16.5408

Ce4+ 20.3235 2.65941 19.8186 0.218850 12.1233 15.7992
Pr 22.0440 2.77393 19.6697 0.222087 12.3856 16.7669
Pr3+ 21.3727 2.64520 19.7491 0.214299 12.1329 15.3230
Pr4+ 20.9413 2.54467 20.0539 0.202481 12.4668 14.8137
Nd 22.6845 2.66248 19.6847 0.210628 12.7740 15.8850



Mo3+ – Nd 729

a4 b4 c fmax sin # /� fm

2.30951 26.6307 -14.421 0.009 2.00 0.003
0.740625 23.3452 -14.316 0.010 2.00 0.003
0.000000 0.000000 0.344941 0.014 0.00 0.006

2.71263 86.8472 5.40428 0.061 2.00 0.011
1.56756 94.2928 5.37874 0.041 2.00 0.006
3.00964 22.8870 -3.1892 0.013 2.00 0.004
2.18535 20.8504 1.42357 0.014 2.00 0.004
1.28918 98.6062 5.32800 0.021 2.00 0.004

-6.1989 -0.01036 11.8678 0.014 2.00 0.004
-5.6526 -0.01020 11.2835 0.014 2.00 0.003
0.605844 76.8986 5.26593 0.012 1.08 0.005
0.000000 0.000000 5.29160 0.011 2.00 0.004
-7.9492 0.005127 13.0174 0.014 2.00 0.003

1.04630 99.8156 5.17900 0.016 1.14 0.007
0.357534 66.1147 5.21572 0.012 1.13 0.005
0.000000 0.000000 5.21404 0.011 1.14 0.005
1.60290 87.4825 5.06940 0.020 2.00 0.008
0.000000 0.000000 5.11937 0.014 1.17 0.007

2.03960 92.8029 4.93910 0.027 2.00 0.009
0.000000 0.000000 4.99635 0.022 2.00 0.007
2.46630 83.9571 4.78210 0.032 2.00 0.009
0.487000 62.2061 4.78610 0.032 2.00 0.009
0.019300 -0.75830 3.91820 0.016 2.00 0.004
2.68270 75.2825 4.59090 0.035 2.00 0.009
0.288753 55.5113 4.69626 0.028 2.00 0.007
0.000000 0.000000 4.69263 0.030 2.00 0.008
2.52390 70.8403 4.35200 0.038 2.00 0.009
2.27350 66.8776 4.07120 0.037 2.00 0.009

2.88680 84.9304 4.07140 0.038 2.00 0.009
1.99000 64.2658 3.71180 0.038 2.00 0.009
1.49530 213.904 3.33520 0.032 2.00 0.010
0.961500 59.4565 3.27910 0.037 2.00 0.009
2.69590 167.202 2.77310 0.032 2.00 0.009

0.77634 51.7460 3.02902 0.029 2.00 0.007
3.28719 133.124 2.14678 0.032 2.00 0.009
0.336048 54.9453 2.40860 0.028 2.00 0.007
3.33049 127.113 1.86264 0.026 2.00 0.008
0.612376 43.1692 2.09013 0.023 2.00 0.005

0.144583 62.2355 1.59180 0.026 2.00 0.007
2.82428 143.644 2.05830 0.021 0.12 0.007
0.975180 36.4065 1.77132 0.019 2.00 0.004
0.296689 45.4643 1.24285 0.021 2.00 0.005
2.85137 137.903 1.98486 0.024 0.13 0.007



730 9 Analytical approximation of Atomic Scattering Factors

Element a1 b1 a2 b2 a3 b3

Nd3+ 21.9610 2.52722 19.9339 0.199237 12.1200 14.1783
Pm 23.3405 2.56270 19.6095 0.202088 13.1235 15.1009
Pm3+ 22.5527 2.41740 20.1108 0.185769 12.0671 13.1275
Sm 24.0042 2.47274 19.4258 0.196451 13.4396 14.3996
Sm3+ 23.1504 2.31641 20.2599 0.174081 11.9202 12.1571

Eu 24.6274 2.38790 19.0886 0.194200 13.7603 13.7546
Eu2+ 24.0063 2.27783 19.9504 0.173530 11.8034 11.6096
Eu3+ 23.7497 2.22258 20.3745 0.163940 11.8509 11.3110
Gd 25.0709 2.25341 19.0798 0.181951 13.8518 12.9331
Gd3+ 24.3466 2.13553 20.4208 0.155525 11.8708 10.5782

Tb 25.8976 2.24256 18.2185 0.196143 14.3167 12.6648
Tb3+ 24.9559 2.05601 20.3271 0.149525 12.2471 10.0499
Dy 26.5070 2.18020 17.6383 0.202172 14.5596 12.1899
Dy3+ 25.5395 1.98040 20.2861 0.143384 11.9812 9.34972
Ho 26.9049 2.07051 17.2940 0.197940 14.5583 11.4407

Ho3+ 26.1296 1.91072 20.0994 0.139358 11.9788 8.80018
Er 27.6563 2.07356 16.4285 0.223545 14.9779 11.3604
Er3+ 26.7220 1.84659 19.7748 0.137290 12.1506 8.36225
Tm 28.1819 2.02859 15.8851 0.238849 15.1542 10.9975
Tm3+ 27.3083 1.78711 19.3320 0.136974 12.3339 7.96778

Yb 28.6641 1.98890 15.4345 0.257119 15.3087 10.6647
Yb2+ 28.1209 1.78503 17.6817 0.159970 13.3335 8.18304
Yb3+ 27.8917 1.73272 18.7614 0.138790 12.6072 7.64412
Lu 28.9476 1.90182 15.2208 9.98519 15.1000 0.261033
Lu3+ 28.4628 1.68216 18.1210 0.142292 12.8429 7.33727

Hf 29.1440 1.83262 15.1726 9.59990 14.7586 0.275116
Hf4+ 28.8131 1.59136 18.4601 0.128903 12.7285 6.76232
Ta 29.2024 1.77333 15.2293 9.37046 14.5135 0.295977
Ta5+ 29.1587 1.50711 18.8407 0.116741 12.8268 6.31524
W 29.0818 1.72029 15.4300 9.22590 14.4327 0.321703

W6+ 29.4936 1.42755 19.3763 0.104621 13.0544 5.93667
Re 28.7621 1.67191 15.7189 9.09227 14.5564 0.350500
Os 28.1894 1.62903 16.1550 8.97948 14.9305 0.382661
Os4+ 30.4190 1.37113 15.2637 6.84706 14.7458 0.165191
Ir 27.3049 1.59279 16.7296 8.86553 15.6115 0.417916

Ir3+ 30.4156 1.34323 15.8620 7.10909 13.6145 0.204633
Ir4+ 30.7058 1.30923 15.5512 6.71983 14.2326 0.167252
Pt 27.0059 1.51293 17.7639 8.81174 15.7131 0.424593
Pt2+ 29.8429 1.32927 16.7224 7.38979 13.2153 0.263297
Pt4+ 30.9612 1.24813 15.9829 6.60834 13.7348 0.168640

Au 16.8819 0.461100 18.5913 8.62160 25.5582 1.48260
Au1+ 28.0109 1.35321 17.8204 7.73950 14.3359 0.356752
Au3+ 30.6886 1.21990 16.9029 6.82872 12.7801 0.212867



Nd3+ – Au3+ 731

a4 b4 c fmax sin # /� fm

1.51031 30.8717 1.47588 0.015 2.00 0.003
2.87516 132.721 2.02876 0.026 0.13 0.008
2.07492 27.4491 1.19499 0.012 2.00 0.002
2.89604 128.007 2.20963 0.029 0.13 0.009
2.71488 24.8242 0.954586 0.009 2.00 0.002

2.92270 123.174 2.57450 0.031 0.14 0.010
3.87243 26.5156 1.36389 0.004 2.00 0.002
3.26503 22.9966 0.759344 0.006 2.00 0.001
3.54545 101.398 2.41960 0.036 0.15 0.011
3.71490 21.7029 0.645089 0.004 2.00 0.001

2.95354 115.362 3.58024 0.035 0.14 0.012
3.77300 21.2773 0.691967 0.005 0.00 0.001
2.96577 111.874 4.29728 0.037 0.15 0.013
4.50073 19.5810 0.689690 0.003 0.00 0.001
3.63837 92.6566 4.56796 0.040 0.15 0.013

4.93676 18.5908 0.852795 0.003 0.00 0.001
2.98233 105.703 5.92046 0.040 0.15 0.015
5.17379 17.8974 1.17613 0.003 0.00 0.001
2.98706 102.961 6.75621 0.041 0.15 0.016
5.38348 17.2922 1.63929 0.003 0.00 0.001

2.98963 100.417 7.56672 0.042 0.15 0.016
5.14657 20.3900 3.70983 0.008 0.00 0.003
5.47647 16.8153 2.26001 0.003 0.00 0.002
3.71601 84.3298 7.97628 0.043 0.16 0.016
5.59415 16.3535 2.97573 0.004 0.14 0.002

4.30013 72.0290 8.58154 0.047 0.08 0.016
5.59927 14.0366 2.39699 0.002 0.00 0.001
4.76492 63.3644 9.24354 0.049 0.08 0.017
5.38695 12.4244 1.78555 0.002 2.00 0.001
5.11982 57.0560 9.88750 0.051 0.09 0.017

5.06412 11.1972 1.01074 0.001 0.00 0.000
5.44174 52.0861 10.4720 0.052 0.09 0.017
5.67589 48.1647 11.0005 0.051 0.09 0.017
5.06795 18.0030 6.49804 0.006 0.29 0.003
5.83377 45.0011 11.4722 0.050 0.09 0.017
5.82008 20.3254 8.27903 0.009 0.28 0.004
5.53672 17.4911 6.96824 0.006 0.29 0.003
5.78370 38.6103 11.6883 0.046 0.10 0.016
6.35234 22.9426 9.85329 0.014 0.00 0.006
5.92034 16.9392 7.39534 0.006 0.14 0.003

5.86000 36.3956 12.0658 0.045 0.10 0.015
6.58077 26.4043 11.2299 0.023 0.12 0.009
6.52354 18.6590 9.09680 0.009 0.14 0.004



732 9 Analytical approximation of Atomic Scattering Factors

Element a1 b1 a2 b2 a3 b3

Hg 20.6809 0.545000 19.0417 8.44840 21.6575 1.57290
Hg1+ 25.0853 1.39507 18.4973 7.65105 16.8883 0.443378

Hg2+ 29.5641 1.21152 18.0600 7.05639 12.8374 0.284738
Tl 27.5446 0.655150 19.1584 8.70751 15.5380 1.96347
Tl1+ 21.3985 1.47110 20.4723 0.517394 18.7478 7.43463
Tl3+ 30.8695 1.10080 18.3841 6.53852 11.9328 0.219074
Pb 31.0617 0.690200 13.0637 2.35760 18.4420 8.61800

Pb2+ 21.7886 1.33660 19.5682 0.488383 19.1406 6.77270
Pb4+ 32.1244 1.00566 18.8003 6.10926 12.0175 0.147041
Bi 33.3689 0.704000 12.9510 2.92380 16.5877 8.79370
Bi3+ 21.8053 1.23560 19.5026 6.24149 19.1053 0.469999
Bi5+ 33.5364 0.916540 25.0946 0.39042 18.2497 5.71414

Po 34.6726 0.700999 15.4733 3.55078 13.1138 9.55642
At 35.3163 0.685870 19.0211 3.97458 9.49887 11.3824
Rn 35.5631 0.663100 21.2816 4.06910 8.00370 14.0422
Fr 35.9299 0.646453 23.0547 4.17619 12.1439 23.1052
Ra 35.7630 0.616341 22.9064 3.87135 12.4739 19.9887

Ra2+ 35.2150 0.604909 21.6700 3.57670 7.91342 12.6010
Ac 35.6597 0.589092 23.1032 3.65155 12.5977 18.5990
Ac2+ 35.1736 0.579689 22.1112 3.41437 8.19216 12.9187
Th 35.5645 0.563359 23.4219 3.46204 12.7473 17.8309
Th4+ 35.1007 0.555054 22.4418 3.24498 9.78554 13.4661

Pa 35.8847 0.547751 23.2948 3.41519 14.1891 16.9235
U 36.0228 0.529300 23.4128 3.32530 14.9491 16.0927
U3+ 35.5747 0.520480 22.5259 3.12293 12.2165 12.7148
U4+ 35.3715 0.516598 22.5326 3.05053 12.0291 12.5723
U6+ 34.8509 0.507079 22.7584 2.89030 14.0099 13.1767

Np 36.1874 0.511929 23.5964 3.25396 15.6402 15.3622
Np3+ 35.7074 0.502322 22.6130 3.03807 12.9898 12.1449
Np4+ 35.5103 0.498626 22.5787 2.96627 12.7766 11.9484
Np6+ 35.0136 0.489810 22.7286 2.81099 14.3884 12.3300
Pu 36.5254 0.499384 23.8083 3.26371 16.7707 14.9455

Pu3+ 35.8400 0.484938 22.7169 2.96118 13.5807 11.5331
Pu4+ 35.6493 0.481422 22.6460 2.89020 13.3595 11.3160
Pu6+ 35.1736 0.473204 22.7181 2.73848 14.7635 11.5530
Am 36.6706 0.483629 24.0992 3.20647 17.3415 14.3136
Cm 36.6488 0.465154 24.4096 3.08997 17.3990 13.4346

Bk 36.7881 0.451018 24.7736 3.04619 17.8919 12.8946
Cf 36.9185 0.437533 25.1995 3.00775 18.3317 12.4044



Hg – Cf 733

a4 b4 c fmax sin # /� fm

5.96760 38.3246 12.6089 0.046 0.10 0.017
6.48216 28.2262 12.0205 0.027 0.12 0.011

6.89912 20.7482 10.6268 0.013 0.00 0.006
5.52593 45.8149 13.1746 0.059 0.09 0.021
6.82847 28.8482 12.5258 0.028 0.12 0.011
7.00574 17.2114 9.80270 0.008 0.01 0.004
5.96960 47.2579 13.4118 0.060 2.00 0.021

7.01107 23.8132 12.4734 0.020 2.00 0.008
6.96886 14.7140 8.08428 0.005 0.31 0.002
6.46220 48.0093 13.5782 0.065 2.00 0.020
7.10295 20.3185 12.4711 0.015 2.00 0.006
6.91555 12.8285 -6.7994 0.003 0.00 0.001

7.02588 47.0045 13.6770 0.066 2.00 0.018
7.42518 45.4715 13.7108 0.062 2.00 0.015
7.44330 44.2473 13.6905 0.054 2.00 0.012
2.11253 150.645 13.7247 0.055 2.00 0.017
3.21097 142.325 13.6211 0.037 2.00 0.012

7.65078 29.8436 13.5431 0.029 2.00 0.006
4.08655 117.020 13.5266 0.030 0.06 0.009
7.05545 25.9443 13.4637 0.021 2.00 0.004
4.80703 99.1722 13.4314 0.031 0.07 0.008
5.29444 23.9533 13.3760 0.014 2.00 0.002

4.17287 105.251 13.4287 0.033 0.06 0.010
4.18800 100.613 13.3966 0.035 0.07 0.010
5.37073 26.3394 13.3092 0.009 2.00 0.002
4.79840 23.4582 13.2671 0.007 2.00 0.001
1.21457 25.2017 13.1665 0.003 2.00 0.001

4.18550 97.4908 13.3573 0.037 0.07 0.011
5.43127 25.4928 13.2544 0.006 2.00 0.002
4.92159 22.7502 13.2116 0.005 2.00 0.001
1.75669 22.6581 13.1130 0.002 2.00 0.001
3.47947 105.980 13.3812 0.038 0.14 0.013

5.66016 24.3992 13.1991 0.005 2.00 0.001
5.18831 21.8301 13.1555 0.003 2.00 0.001
2.28678 20.9303 13.0582 0.001 1.36 0.000
3.49331 102.273 13.3592 0.040 0.07 0.013
4.21665 88.4834 13.2887 0.041 0.07 0.013

4.23284 86.0030 13.2754 0.042 0.07 0.014
4.24391 83.7881 13.2674 0.043 0.07 0.014



10 Mass Attenuation Coefficients for Selected X-Ray Transitions of Elements
up to Plutonium

For X-ray energies below 1 keV photoabsorption cross-sections as given by [234] and for energies above
1 keV experimental photon attenuation coefficients given by [547] were used. All quantitites are given in
cm2/g.

Underlined values indicate the position of absorption edges of the element.

Z transition E [keV] � [pm] 1H 2He 3Li 4Be 5B

4 Be K˛ 0.1085 11427.207 8.95 03 4.22 04 1.12 05 6.50 03 1.12 04
38 Sr M� 0.1140 10875.895 7.68 03 3.37 04 1.02 05 1.69 05 1.02 04
39 Y M� 0.1328 9339.235 4.78 03 2.53 04 7.07 04 1.23 05 7.23 03
16 S Ll 0.1487 8337.942 3.35 03 1.88 04 5.30 04 9.63 04 5.58 03
40 Zr M� 0.1511 8205.506 3.19 03 1.80 04 5.12 04 9.35 04 5.42 03
41 Nb M� 0.1717 7221.037 2.13 03 1.28 04 3.71 04 6.99 04 3.87 03
5 B K˛ 0.1833 6764.059 1.73 03 1.07 04 3.16 04 6.06 04 3.35 03
42 Mo M� 0.1926 6437.445 1.47 03 9.37 03 2.75 04 5.32 04 8.36 04
6 C K˛ 0.2770 4476.000 4.62 02 3.35 03 1.03 04 2.20 04 3.70 04
47 Ag M� 0.3117 3977.709 3.16 02 2.32 03 7.36 03 1.62 04 2.77 04
7 N K˛ 0.3924 3159.664 1.49 02 1.14 03 3.81 03 8.88 03 1.58 04
22 Ti Ll 0.3953 3136.484 1.45 02 1.11 03 3.73 03 8.69 03 1.55 04
22 Ti L˛ 0.4522 2741.822 9.35 01 7.28 02 2.51 03 5.97 03 1.10 04
23 V L˛ 0.5113 2424.901 6.25 01 4.94 02 1.73 03 4.22 03 7.95 03
8 O K˛ 0.5249 2362.072 5.73 01 4.55 02 1.60 03 3.92 03 7.42 03
25 Mn Ll 0.5563 2228.747 4.74 01 3.80 02 1.35 03 3.34 03 6.33 03
24 Cr L˛ 0.5728 2164.549 4.31 01 3.45 02 1.23 03 3.06 03 5.87 03
25 Mn L˛ 0.6374 1945.171 3.03 01 2.46 02 9.83 02 2.26 03 4.39 03
9 F K˛ 0.6768 1831.932 2.48 01 2.01 02 7.35 02 1.88 03 3.68 03
26 Fe L˛ 0.7050 1758.655 2.17 01 1.78 02 6.55 02 1.68 03 3.31 03
27 Co L˛ 0.7762 1597.335 1.57 01 1.31 02 4.88 02 1.27 03 2.35 03
28 Ni L˛ 0.8515 1456.080 1.16 01 9.73 01 3.66 02 9.63 02 1.95 03



736 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 1H 2He 3Li 4Be 5B

29 Cu L˛ 0.9297 1336.044 8.64 00 7.39 01 2.80 02 7.45 02 1.51 03
30 Zn L˛ 1.0117 1225.513 6.98 00 6.02 01 2.27 02 5.99 02 1.22 03
11 Na K˛ 1.0410 1191.020 6.41 00 5.49 01 2.07 02 5.49 02 1.12 03
11 Na Kˇ 1.0711 1157.550 5.88 00 5.00 01 1.89 02 5.04 02 1.03 03
12 Mg K˛ 1.2536 989.033 3.67 00 3.01 01 1.15 02 3.12 02 6.45 02
33 As L˛ 1.2820 967.123 3.43 00 2.80 01 1.07 02 2.92 02 6.03 02
12 Mg Kˇ 1.3022 952.121 3.28 00 2.66 01 1.02 02 2.78 02 5.76 02
33 As Lˇ1 1.3170 941.421 3.17 00 2.57 01 2.85 02 2.69 02 5.57 02
66 Dy Mˇ 1.3250 935.737 3.11 00 2.52 01 9.66 01 2.64 02 5.47 02
67 Ho M˛ 1.3480 919.771 2.95 00 2.38 01 9.15 01 2.51 02 5.19 02
34 Se L˛ 1.3791 899.029 2.76 00 2.21 01 8.51 01 2.34 02 4.85 02
67 Ho Mˇ 1.3830 896.494 2.74 00 2.19 01 8.44 01 2.32 02 4.81 02
68 Er M˛ 1.4060 881.829 2.60 00 2.08 01 8.01 01 2.20 02 4.58 02
34 Se Lˇ1 1.4192 873.627 2.53 00 2.02 01 7.78 01 2.14 02 4.45 02
68 Er Mˇ 1.4430 859.218 2.41 00 1.91 01 7.38 01 2.04 02 4.24 02
69 Tm M˛ 1.4620 848.051 2.32 00 1.83 01 7.08 01 1.96 02 4.08 02
35 Br L˛ 1.4804 837.511 2.23 00 1.76 01 6.80 01 1.88 02 3.93 02
13 Al K˛1 1.4867 833.962 2.20 00 1.73 01 6.71 01 1.86 02 3.88 02
69 Tm Mˇ 1.5030 824.918 2.13 00 1.67 01 6.49 01 1.80 02 3.75 02
70 Yb M˛ 1.5214 814.941 2.07 00 1.61 01 6.24 01 1.73 02 3.62 02
35 Br Lˇ1 1.5259 812.538 2.06 00 1.60 01 6.18 01 1.72 02 3.59 02
13 Al Kˇ 1.5574 796.103 1.96 00 1.50 01 5.79 01 1.61 02 3.37 02
70 Yb Mˇ 1.5675 790.974 1.93 00 1.47 01 5.67 01 1.58 02 3.31 02
71 Lu M˛ 1.5813 784.071 1.88 00 1.43 01 5.52 01 1.54 02 3.22 02
36 Kr L˛ 1.5860 781.747 1.87 00 1.41 01 5.47 01 1.52 02 3.19 02
71 Lu Mˇ 1.6312 760.085 1.75 00 1.29 01 5.00 01 1.40 02 2.93 02
36 Kr Lˇ1 1.6366 757.577 1.73 00 1.28 01 4.95 01 1.38 02 2.90 02
72 Hf M˛1 1.6446 753.892 1.71 00 1.26 01 4.87 01 1.36 02 2.86 02
37 Rb L˛1 1.6941 731.864 1.59 00 1.15 01 4.43 01 1.24 02 2.61 02
72 Hf Mˇ 1.6976 730.355 1.58 00 1.14 01 4.40 01 1.23 02 2.60 02
73 Ta M˛1 1.7096 725.229 1.56 00 1.11 01 4.30 01 1.21 02 2.54 02
14 Si K˛1 1.7400 712.558 1.49 00 1.05 01 4.07 01 1.14 02 2.41 02
37 Rb Lˇ1 1.7522 707.597 1.46 00 1.03 01 3.98 01 1.12 02 2.36 02
73 Ta Mˇ 1.7655 702.266 1.44 00 1.00 01 3.89 01 1.09 02 2.31 02
74 W M˛1 1.7754 698.350 1.42 00 9.87 00 3.82 01 1.07 02 2.27 02
38 Sr L˛1 1.8066 686.290 1.36 00 9.34 00 3.61 01 1.02 02 2.15 02
74 W Mˇ 1.8349 675.705 1.31 00 8.89 00 3.44 01 9.69 01 2.05 02
14 Si Kˇ 1.8359 675.337 1.31 00 8.87 00 3.43 01 9.68 01 2.05 02
75 Re M˛1 1.8420 673.100 1.29 03 8.78 03 3.39 01 9.58 01 2.03 02
38 Sr Lˇ1 1.8717 662.420 1.24 00 8.34 00 3.23 01 9.11 01 1.93 02
75 Re Mˇ 1.9061 650.465 1.19 00 7.87 00 3.04 01 8.61 01 1.83 02
76 Os M˛1 1.9102 649.069 1.18 00 7.82 00 3.02 01 8.55 01 1.82 02
39 Y L˛1 1.9220 644.882 1.17 00 7.66 00 2.96 01 8.38 01 1.78 02
76 Os Mˇ 1.9783 626.725 1.09 00 7.00 00 2.70 01 7.67 01 1.64 02



1H – 5B 737

Z transition E [keV] � [pm] 1H 2He 3Li 4Be 5B

77 Ir M˛1 1.9799 626.219 1.08 00 6.98 00 2.70 01 7.65 01 1.63 02
39 Y Lˇ1 1.9958 621.230 1.06 00 6.80 00 2.63 01 7.47 01 1.59 02
15 P K˛1 2.0137 615.708 1.05 00 6.62 00 2.56 01 7.26 01 1.55 02
40 Zr L˛1 2.0424 607.056 1.02 00 6.35 00 2.44 01 6.95 01 1.48 02
78 Pt M˛1 2.0505 604.658 1.02 00 6.27 00 2.41 01 6.87 01 1.47 02
77 Ir Mˇ 2.0535 603.775 1.01 00 6.24 00 2.40 01 6.83 01 1.46 02
79 Au M˛1 2.1229 584.036 9.63 -1 5.65 00 2.16 01 6.16 01 1.32 02
40 Zr Lˇ1 2.1244 583.624 9.62 -1 5.64 00 2.16 01 6.15 01 1.31 02
78 Pt Mˇ 2.1273 582.828 9.60 -1 5.62 00 2.15 01 6.12 01 1.31 02
15 P Kˇ1,3 2.1390 579.640 9.52 -1 5.52 00 2.11 01 6.02 01 1.29 02
41 Nb L˛1 2.1659 572.441 9.33 -1 5.32 00 2.03 01 5.79 01 1.24 02
80 Hg M˛1 2.1953 564.775 9.14 -1 5.11 00 1.95 01 5.55 01 1.19 02
79 Au Mˇ 2.2046 562.393 9.08 -1 5.04 00 1.92 01 5.48 01 1.17 02
41 Nb Lˇ1 2.2574 549.238 8.75 -1 4.70 00 1.78 01 5.09 01 1.09 02
81 Tl M˛1 2.2706 546.045 8.67 -1 4.62 00 1.75 01 5.00 01 1.07 02
80 Hg Mˇ 2.2825 543.199 8.60 -1 4.55 00 1.72 01 4.92 01 1.05 02
42 Mo L˛1 2.2932 540.664 8.54 -1 4.48 00 1.69 01 4.85 01 1.04 02
16 S K˛1 2.3080 537.197 8.45 -1 4.40 00 1.66 01 4.75 01 1.02 02
82 Pb M˛1 2.3457 528.563 8.24 -1 4.19 00 1.58 01 4.52 01 9.69 01
81 Tl Mˇ 2.3621 524.893 8.15 -1 4.10 00 1.54 01 4.42 01 9.49 01
42 Mo Lˇ1 2.3948 517.726 7.98 -1 3.94 00 1.48 01 4.24 01 9.10 01
83 Bi M˛1 2.4226 511.785 7.83 -1 3.80 00 1.42 01 4.09 01 8.76 01
43 Tc L˛1 2.4240 511.490 7.83 -1 3.80 00 1.42 01 4.08 01 8.76 01
82 Pb Mˇ 2.3327 507.574 7.73 -1 3.71 00 1.39 01 3.99 01 8.56 01
16 S Kˇ 2.4640 503.186 7.63 -1 3.61 00 1.35 01 3.88 01 8.33 01
83 Bi Mˇ1 2.5255 490.933 7.34 -1 3.36 00 1.25 01 3.59 01 7.73 01
43 Tc Lˇ1 2.5368 488.746 7.29 -1 3.31 00 1.23 01 3.54 01 7.62 01
44 Ru L˛1 2.5586 484.582 7.19 -1 3.23 00 1.20 01 3.45 01 7.42 01
17 Cl K˛1 2.6224 472.792 6.92 -1 3.00 00 1.11 01 3.20 01 6.86 01
44 Ru Lˇ1 2.6832 462.079 6.67 -1 2.80 00 1.03 01 2.98 01 6.41 01
45 Rh L˛1 2.6967 459.766 6.62 -1 2.76 00 1.01 01 2.93 01 6.32 01
17 Cl Kˇ 2.8156 440.350 6.19 -1 2.42 00 8.85 00 2.56 01 5.53 01
45 Rh Lˇ1 2.8344 437.430 6.13 -1 2.37 00 8.66 00 2.51 01 5.42 01
46 Pd L˛1 2.8386 436.782 6.11 -1 2.36 00 8.62 00 2.50 01 5.39 01
18 Ar K˛1 2.9577 419.194 5.73 -1 2.09 00 7.57 00 2.20 01 4.75 01
47 Ag L˛1 2.9843 415.458 5.56 -1 2.03 00 7.36 00 2.14 01 4.63 01
46 Pd Lˇ1 2.9902 414.638 5.63 -1 2.02 00 7.31 00 2.13 01 4.60 01
90 Th M˛1 2.9961 413.821 5.62 -1 2.01 00 7.27 00 2.11 01 4.57 01
91 Pa M˛1 3.0823 402.248 5.49 -1 1.86 00 6.66 00 1.93 01 4.19 01
48 Cd L˛1 3.1337 395.651 5.43 -1 1.78 00 6.33 00 1.84 01 3.98 01
90 Th Mˇ 3.1458 394.129 5.41 -1 1.77 00 6.25 00 1.81 01 3.93 01
47 Ag Lˇ1 3.1509 393.491 5.41 -1 1.76 00 6.22 00 1.81 01 3.01 01
92 U M˛1 3.1708 391.021 5.38 -1 1.73 00 6.10 00 1.88 01 3.84 01
18 Ar Kˇ 3.1905 388.607 5.36 -1 1.70 00 5.99 00 1.74 01 3.76 01



738 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 1H 2He 3Li 4Be 5B

91 Pa Mˇ 3.2397 382.705 5.30 -1 1.63 00 5.71 00 1.65 01 3.59 01
49 In L˛1 3.2869 377.210 5.24 -1 1.57 00 5.46 00 1.58 01 3.43 01
19 K K˛1 3.3138 374.148 5.21 -1 1.54 00 5.33 00 1.54 01 3.35 01
48 Cd Lˇ1 3.3160 373.832 5.21 -1 1.54 00 5.32 00 1.54 01 3.34 01
92 U Mˇ 3.3360 371.658 5.19 -1 1.51 00 5.22 00 1.51 01 3.28 01
50 Sn L˛1 3.4440 360.003 5.07 -1 1.39 00 4.73 00 1.37 01 2.97 01
49 In Lˇ1 3.4872 355.543 5.02 -1 1.35 00 4.55 00 1.31 01 2.80 01
19 K Kˇ 3.5896 345.401 4.91 -1 1.25 00 4.17 00 1.20 01 2.62 01
51 Sb L˛1 3.6047 343.954 4.90 -1 1.23 00 4.11 00 1.18 01 2.58 01
50 Sn Lˇ1 3.6628 338.498 4.84 -1 1.18 00 3.92 00 1.13 01 2.40 01
20 Ca K˛1 3.6917 335.848 4.82 -1 1.16 00 3.82 00 1.10 01 2.40 01
52 Te L˛1 3.7693 328.934 4.74 -1 1.10 00 3.58 00 1.03 01 2.25 01
51 Sb Lˇ1 3.8436 322.575 4.68 -1 1.04 00 3.38 00 9.69 00 2.12 01
53 I L˛1 3.9377 314.867 4.59 -1 9.77 -1 3.13 00 8.99 00 1.96 01
20 Ca Kˇ 4.0127 308.981 4.54 -1 9.31 -1 2.96 00 8.47 00 1.85 01
52 Te Lˇ1 4.0296 307.686 4.53 -1 9.23 -1 2.92 00 8.36 00 1.83 01
21 Sc K˛1 4.0906 303.097 4.50 -1 8.93 -1 2.80 00 7.99 00 1.75 01
54 Xe L˛1 4.1099 301.674 4.50 -1 8.84 -1 2.76 00 7.87 00 1.72 01
53 I Lˇ1 4.2207 293.755 4.45 -1 8.35 -1 2.55 00 7.26 00 1.59 01
55 Cs L˛1 4.2865 289.245 4.43 -1 8.08 -1 2.44 00 6.92 00 1.51 01
21 Sc Kˇ 4.4605 277.962 4.37 -1 7.41 -1 2.18 00 6.13 00 1.34 01
56 Ba L˛1 4.4663 277.601 4.36 -1 7.39 -1 2.17 00 6.11 00 1.33 01
22 Ti K˛1 4.5108 274.863 4.35 -1 7.24 -1 2.11 00 5.92 00 1.29 01
55 Cs Lˇ1 4.6198 268.377 4.31 -1 6.87 -1 1.97 00 5.51 00 1.20 01
57 La L˛1 4.6510 266.577 4.30 -1 6.77 -1 1.93 00 5.39 00 1.18 01
56 Ba Lˇ1 4.8275 256.841 4.24 -1 6.25 -1 1.73 00 4.81 00 1.05 01
58 Ce L˛1 4.8402 256.157 4.24 -1 6.21 -1 1.72 00 4.78 00 1.04 01
22 Ti Kˇ1,3 4.9318 251.399 4.21 -1 5.97 -1 1.63 00 4.51 00 9.82 00
23 V K˛1 4.9522 250.363 4.20 -1 5.92 -1 1.61 00 4.45 00 9.70 00
59 Pr L˛1 5.0337 246.310 4.18 -1 5.73 -1 1.53 00 4.24 00 9.22 00
57 La Lˇ1 5.0421 245.899 4.18 -1 5.71 -1 1.53 00 4.22 00 9.18 00
60 Nd L˛1 5.2304 237.047 4.15 -1 5.36 -1 1.38 00 3.78 00 8.20 00
58 Ce Lˇ1 5.2622 235.614 4.15 -1 5.30 -1 1.36 00 3.71 00 8.05 00
24 Cr K˛1 5.4147 228.978 4.12 -1 5.05 -1 1.26 00 3.41 00 7.37 00
23 V Kˇ1,3 5.4273 228.447 4.12 -1 5.03 -1 1.25 00 3.38 00 7.32 00
61 Pm L˛1 5.4325 228.228 4.12 -1 5.02 -1 1.25 00 3.37 00 7.30 00
59 Pr Lˇ1 5.4889 225.883 4.11 -1 4.93 -1 1.21 00 3.27 00 7.07 00
62 Sm L˛1 5.6361 219.984 4.09 -1 4.71 -1 1.13 00 3.02 00 6.52 00
60 Nd Lˇ1 5.7216 216.696 4.08 -1 4.59 -1 1.09 00 2.89 00 6.23 00
63 Eu L˛1 5.8457 212.096 4.06 -1 4.42 -1 1.02 00 2.71 00 5.83 00
25 Mn K˛1 5.8988 210.187 4.05 -1 4.36 -1 1.00 00 2.64 00 5.67 00
24 Cr Kˇ1,3 5.9467 208.494 4.05 -1 4.29 -1 9.78 -1 2.57 00 5.53 00
61 Pm Lˇ1 5.9610 207.993 4.04 -1 4.28 -1 9.72 -1 2.56 00 5.49 00
64 Gd L˛1 6.0572 204.690 4.03 -1 4.18 -1 9.34 -1 2.44 00 5.23 00



1H – 5B 739

Z transition E [keV] � [pm] 1H 2He 3Li 4Be 5B

62 Sm Lˇ1 6.2051 199.811 4.02 -1 4.06 -1 8.84 -1 2.28 00 4.87 00
65 Tb L˛1 6.2726 197.655 4.02 -1 4.01 -1 8.63 -1 2.21 00 4.72 00
26 Fe K˛1 6.4038 193.611 4.01 -1 3.91 -1 8.23 -1 2.09 00 4.43 00
63 Eu Lˇ1 6.4564 192.034 4.01 -1 3.87 -1 8.08 -1 2.04 00 4.33 00
25 Mn Kˇ1,3 6.4905 191.025 4.00 -1 3.84 -1 7.99 -1 2.01 00 4.26 00
66 Dy L˛1 6.4952 190.887 4.00 -1 3.84 -1 7.97 -1 2.01 00 4.25 00
64 Gd Lˇ1 6.7132 184.688 3.99 -1 3.69 -1 7.40 -1 1.83 00 3.85 00
67 Ho L˛1 6.7198 184.507 3.99 -1 3.68 -1 7.38 -1 1.82 00 3.84 00
27 Co K˛1 6.9303 178.903 3.98 -1 3.55 -1 6.88 -1 1.67 00 3.51 00
68 Er L˛1 6.9487 178.429 3.97 -1 3.54 -1 6.84 -1 1.66 00 3.48 00
65 Tb Lˇ1 6.9780 177.680 3.97 -1 3.52 -1 6.77 -1 1.64 00 3.44 00
26 Fe Kˇ1,3 7.0580 175.666 3.97 -1 3.47 -1 6.60 -1 1.59 00 3.32 00
69 Tm L˛1 7.1799 172.583 3.96 -1 3.40 -1 6.35 -1 1.51 00 3.16 00
66 Dy Lˇ1 7.2477 171.068 3.96 -1 3.36 -1 6.21 -1 1.47 00 3.07 00
70 Yb L˛1 7.4156 167.195 3.95 -1 3.27 -1 5.90 -1 1.38 00 2.87 00
28 Ni K˛1 7.4782 165.795 3.94 -1 3.23 -1 5.79 -1 1.35 00 2.80 00
67 Ho Lˇ1 7.5253 164.757 3.94 -1 3.21 -1 5.70 -1 1.33 00 2.75 00
27 Co Kˇ1,3 7.6494 162.084 3.93 -1 3.15 -1 5.50 -1 1.27 00 2.62 00
71 Lu L˛1 7.6555 161.955 3.93 -1 3.14 -1 5.49 -1 1.26 00 2.61 00
68 Er Lˇ1 7.8109 158.733 3.92 -1 3.07 -1 5.24 -1 1.19 00 2.46.00
72 Hf L˛1 7.8990 156.963 3.92 -1 3.03 -1 5.11 -1 1.16 00 2.38 00
29 Cu K˛1 8.0478 154.060 3.91 -1 2.97 -1 4.91 -1 1.10 00 2.25 00
69 Tm Lˇ1 8.1010 153.049 3.91 -1 2.95 -1 4.86 -1 1.08 00 2.21 00
73 Ta L˛1 8.1461 152.201 3.91 -1 2.94 -1 4.81 -1 1.07 00 2.18 00
28 Ni Kˇ1,3 8.2647 150.017 3.90 -1 2.91 -1 4.96 -1 1.03 00 2.09 00
74 W L˛1 8.3976 147.643 3.90 -1 2.87 -1 4.56 -1 9.91 -1 2.00 00
70 Yb Lˇ1 8.4018 147.569 3.90 -1 2.87 -1 4.56 -1 9.90 -1 2.00 00
30 Zn K ˛1 8.6389 143.519 3.89 -1 2.81 -1 4.34 -1 9.92 -1 1.85 00
75 Re L˛1 8.6525 143.294 3.89 -1 2.81 -1 4.33 -1 9.21 -1 1.84 00
71 Lu Lˇ1 8.7090 142.364 3.89 -1 2.79 -1 4.28 -1 9.07 -1 1.81 00
29 Cu Kˇ1 8.9053 139.226 3.88 -1 2.75 -1 4.12 -1 8.58 -1 1.70 00
76 Os L˛1 8.9117 139.126 3.88 -1 2.74 -1 4.11 -1 8.57 -1 1.70 00
72 Hf Lˇ1 9.0227 137.414 3.88 -1 2.72 -1 4.03 -1 8.31 -1 1.64 00
77 Ir L˛1 9.1751 135.132 3.88 -1 2.68 -1 3.91 -1 7.98 -1 1.56 00
31 Ga K˛1 9.2517 134.013 3.87 -1 2.67 -1 3.86 -1 7.82 -1 1.53 00
73 Ta Lˇ1 9.3431 132.702 3.87 -1 2.65 -1 3.79 -1 7.63 -1 1.49 00
78 Pt L˛1 9.4423 131.308 3.87 -1 2.63 -1 3.72 -1 7.44 -1 1.44 00
30 Zn Kˇ1,3 9.5720 129.529 3.87 -1 2.60 -1 3.63 -1 7.19 -1 1.39 00
74 W Lˇ1 9.6724 128.184 3.86 -1 2.58 -1 3.57 -1 7.01 -1 1.35 00
79 Au L˛1 9.7133 127.644 3.86 -1 2.57 -1 3.54 -1 6.94 -1 1.33 00
31 Ge K˛1 9.8864 125.409 3.86 -1 2.54 -1 3.44 -1 6.65 -1 1.27 00
80 Hg L˛1 9.9888 124.124 3.85 -1 2.52 -1 3.37 -1 6.48 -1 1.24 00
75 Re Lˇ1 10.010 123.124 3.85 -1 2.51 -1 3.36 -1 6.45 -1 1.23 00
31 Ga Kˇ1 10.264 120.796 3.85 -1 2.49 -1 3.28 -1 6.16 -1 1.16 00



740 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 1H 2He 3Li 4Be 5B

81 Tl L˛1 10.269 120.737 3.85 -1 2.49 -1 3.27 -1 6.16 -1 1.16 00
76 Os Lˇ1 10.355 119.734 3.85 -1 2.48 -1 3.24 -1 6.06 -1 1.14 00
33 As K˛1 10.544 117.588 3.84 -1 2.46 -1 3.18 -1 5.87 -1 1.09 00
82 Pb L˛1 10.552 117.499 3.84 -1 2.46 -1 3.18 -1 5.86 -1 1.09 00
77 Ir Lˇ1 10.708 115.787 3.84 -1 2.44 -1 3.13 -1 5.71 -1 1.05 00
83 Bi L˛1 10.839 114.388 3.84 -1 2.43 -1 3.09 -1 5.58 -1 1.02 00
32 Ge Kˇ1 10.982 112.898 3.83 -1 2.42 -1 3.05 -1 5.45 -1 9.90 -1
78 Pt Lˇ1 11.071 111.990 3.83 -1 2.41 -1 3.02 -1 5.37 -1 9.72 -1
84 Po L˛1 11.131 111.387 3.83 -1 2.40 -1 3.00 -1 5.32 -1 9.60 -1
34 Se K˛1 11.222 110.484 3.83 -1 2.40 -1 2.98 -1 5.24 -1 9.42 -1
85 At L˛1 11.427 108.501 3.82 -1 2.38 -1 2.92 -1 5.07 -1 9.03 -1
79 Au Lˇ1 11.442 108.359 3.82 -1 2.38 -1 2.92 -1 5.06 -1 9.00 -1
33 As Kˇ1 11.726 105.735 3.82 -1 2.34 -1 2.84 -1 4.84 -1 8.50 -1
86 Rn L˛1 11.727 105.726 3.82 -1 2.34 -1 2.84 -1 4.83 -1 8.50 -1
80 Hg Lˇ1 11.823 104.867 3.82 -1 2.34 -1 2.82 -1 4.76 -1 8.34 -1
35 Br K ˛1 11.924 103.979 3.81 -1 2.34 -1 2.79 -1 4.69 -1 8.18 -1
87 Fr L˛1 12.031 103.054 3.81 -1 2.33 -1 2.77 -1 4.61 -1 8.01 -1
81 Tl Lˇ1 12.213 101.519 3.81 -1 2.31 -1 2.72 -1 4.49 -1 7.74 -1
88 Ra L˛1 12.340 100.474 3.81 -1 2.30 -1 2.69 -1 4.41 -1 7.55 -1
34 Se Kˇ1 12.496 99.219 3.80 -1 2.29 -1 2.66 -1 4.31 -1 7.33 -1
82 Pb Lˇ1 12.614 98.291 3.80 -1 2.28 -1 2.63 -1 4.23 -1 7.18 -1
36 Kr K˛1 12.649 98.019 3.80 -1 2.28 -1 2.62 -1 4.21 -1 7.13 -1
89 Ac L˛1 12.652 97.996 3.80 -1 2.28 -1 2.62 -1 4.21 -1 7.13 -1
90 Th L˛1 12.969 95.601 3.80 -1 2.25 -1 2.55 -1 4.02 -1 6.73 -1
83 Bi Lˇ1 13.024 95.197 3.80 -1 2.25 -1 2.54 -1 3.99 -1 6.66 -1
91 Pa L˛1 13.291 93.285 3.79 -1 2.23 -1 2.49 -1 3.85 -1 6.35 -1
35 Br Kˇ1 13.291 93.285 3.79 -1 2.23 -1 2.49 -1 3.85 -1 6.35 -1
37 Rb K˛1 13.395 92.560 3.79 -1 2.22 -1 2.47 -1 3.79 -1 6.24 -1
84 Po Lˇ1 13.447 92.202 3.79 -1 2.22 -1 2.46 -1 3.77 -1 6.18 -1
92 U L˛1 13.615 91.065 3.79 -1 2.21 -1 2.42 -1 3.68 -1 6.01 -1
85 At Lˇ1 13.876 89.352 3.78 -1 2.19 -1 2.38 -1 3.56 -1 5.75 -1
36 Kr Kˇ1 14.112 87.857 3.78 -1 2.18 -1 2.33 -1 3.45 -1 5.53 -1
38 Sr K˛1 14.165 87.529 3.78 -1 2.17 -1 .2.32 -1 3.43 -1 5.48 -1
86 Rn Lˇ1 14.316 86.606 3.77 -1 2.16 -1 2.30 -1 3.36 -1 5.35 -1
87 Fr Lˇ1 14.770 83.943 3.77 -1 2.14 -1 2.22 -1 3.18 -1 4.97 -1
39 Y K˛1 14.958 82.888 3.76 -1 2.12 -1 2.19 -1 3.10 -1 4.83 -1
37 Rb Kˇ1 14.961 82.872 3.76 -1 2.12 -1 2.19 -1 3.10 -1 4.83 -1
88 Ra Lˇ1 15.236 81.376 3.76 -1 2.11 -1 2.17 -1 3.04 -1 4.68 -1
89 Ac Lˇ1 15.713 78.906 3.75 -1 2.10 -1 2.13 -1 2.94 -1 4.45 -1
40 Zr K˛1 15.775 78.596 3.75 -1 2.09 -1 2.13 -1 2.92 -1 4.42 -1
38 Sr Kˇ1 15.836 78.293 3.75 -1 2.09 -1 2.12 -1 2.91 -1 4.39 -1
90 Th Lˇ1 16.202 76.524 3.74 -1 2.08 -1 2.10 -1 2.84 -1 4.24 -1
41 Nb K˛1 16.615 74.622 3.74 -1 2.07 -1 2.07 -1 2.77 -1 4.07 -1
91 Pa Lˇ1 16.702 74.233 3.74 -1 2.06 -1 2.06 -1 2.75 -1 4.03 -1



1H – 5B 741

Z transition E [keV] � [pm] 1H 2He 3Li 4Be 5B

39 Y Kˇ1 16.738 74.074 3.74 -1 2.06 -1 2.06 -1 2.74 -1 4.02 -1
92 U Lˇ1 17.220 72.000 3.73 -1 2.05 -1 2.03 -1 2.66 -1 3.84 -1
42 Mo K˛1 17.479 70.933 3.73 -1 2.04 -1 2.01 -1 2.62 -1 3.75 -1
40 Zr Kˇ1 17.668 70.175 3.72 -1 2.04 -1 2.00 -1 2.59 -1 3.68 -1
43 Tc K˛1 18.367 67.504 3.71 -1 2.01 -1 1.96 -1 2.48 -1 3.46 -1
41 Nb Kˇ1 18.623 66.576 3.71 -1 2.01 -1 1.94 -1 2.45 -1 3.38 -1
44 Ru K˛1 19.279 64.311 3.70 -1 1.99 -1 1.90 -1 2.36 -1 3.20 -1
42 Mo Kˇ1 19.608 63.231 3.70 -1 1.98 -1 1.89 -1 2.31 -1 3.11 -1
45 Rh K˛1 20.216 61.330 3.69 -1 1.97 -1 1.86 -1 2.25 -1 2.98 -1
43 Tc Kˇ1 20.619 60.131 3.68 -1 1.96 -1 1.85 -1 2.23 -1 2.93 -1
46 Pd K ˛1 21.177 58.547 3.67 -1 1.95 -1 1.83 -1 2.19 -1 2.86 -1
44 Ru Kˇ1 21.657 57.249 3.67 -1 1.95 -1 1.82 -1 2.16 -1 2.80 -1
47 Ag K˛1 22.163 55.942 3.66 -1 1.94 -1 1.81 -1 2.14 -1 2.74 -1
45 Rh Kˇ1 22.724 54.561 3.65 -1 1.93 -1 1.79 -1 2.11 -1 2.68 -1
48 Cd K˛1 23.174 53.501 3.65 -1 1.93 -1 1.78 -1 2.08 -1 2.63 -1
46 Pd Kˇ1 23.819 52.053 3.64 -1 1.92 -1 1.77 -1 2.05 -1 2.56 -1
49 In K˛1 24.210 51.212 3.63 -1 1.91 -1 1.76 -1 2.03 -1 2.52 -1
49 In Kˇ1 27.276 45.455 3.60 -1 1.88 -1 1.70 -1 1.90 -1 2.26 -1
52 Te K˛1 27.472 45.131 3.59 -1 1.88 -1 1.69 -1 1.89 -1 2.24 -1
50 Sn Kˇ1 28.486 43.524 3.58 -1 1.87 -1 1.68 -1 1.85 -1 2.17 -1
53 I K˛1 28.612 43.333 3.58 -1 1.86 -1 1.67 -1 1.85 -1 2.16 -1
51 Sb Kˇ1 29.726 41.709 3.57 -1 1.85 -1 1.65 -1 1.81 -1 2.08 -1
54 Xe K˛1 29.779 41.635 3.57 -1 1.85 -1 1.65 -1 1.81 -1 2.08 -1
55 Cs K˛1 30.973 40.030 3.55 -1 1.84 -1 1.64 -1 1.78 -1 2.04 -1
52 Te Kˇ1 30.996 40.000 3.55 -1 1.84 -1 1.64 -1 1.78 -1 2.03 -1
56 Ba K˛1 32.194 38.511 3.54 -1 1.83 -1 1.63 -1 1.76 -1 2.00 -1
53 I Kˇ1 32.295 38.391 3.54 -1 1.83 -1 1.62 -1 1.76 -1 1.99 -1
57 La K˛1 33.442 37.074 3.53 -1 1.82 -1 1.61 -1 1.74 -1 1.96 -1
54 Xe Kˇ1 33.624 36.874 3.52 -1 1.82 -1 1.61 -1 1.74 -1 1.96 -1
58 Ce K˛1 34.279 36.169 3.52 -1 1.82 -1 1.60 -1 1.72 -1 1.94 -1
55 Cs Kˇ1 34.987 35.437 3.51 -1 1.81 -1 1.60 -1 1.71 -1 1.92 -1
59 Pr K˛1 36.026 34.415 3.50 -1 1.80 -1 1.59 -1 1.70 -1 1.89 -1
56 Ba Kˇ1 36.378 34.082 3.49 -1 1.80 -1 1.58 -1 1.69 -1 1.88 -1
60 Nd K˛1 36.847 33.648 3.49 -1 1.80 -1 1.58 -1 1.69 -1 1.87 -1
57 La Kˇ1 37.801 32.799 3.48 -1 1.79 -1 1.57 -1 1.67 -1 1.85 -1
61 Pm K˛1 38.725 32.016 3.47 -1 1.78 -1 1.56 -1 1.66 -1 1.83 -1
58 Ce Kˇ1 39.257 31.582 3.47 -1 1.78 -1 1.56 -1 1.65 -1 1.82 -1
62 Sm K˛1 40.118 30.905 3.46 -1 1.77 -1 1.55 -1 1.64 -1 1.80 -1
59 Pr Kˇ1 40.748 30.427 3.45 -1 1.77 -1 1.55 -1 1.64 -1 1.79 -1
63 Eu K˛1 41.542 29.845 3.44 -1 1.76 -1 1.54 -1 1.63 -1 1.78 -1
60 Nd Kˇ1 42.271 29.331 3.43 -1 1.76 -1 1.54 -1 1.62 -1 1.77 -1
64 Gd K˛1 42.996 28.836 3.42 -1 1.75 -1 1.53 -1 1.62 -1 1.76 -1
61 Pm Kˇ1 43.826 28.290 3.42 -1 1.74 -1 1.53 -1 1.61 -1 1.74 -1
65 Tb K˛1 44.482 27.873 3.41 -1 1.74 -1 1.52 -1 1.60 -1 1.73 -1



742 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 1H 2He 3Li 4Be 5B

62 Sm Kˇ1 45.413 27.301 3.40 -1 1.73 -1 1.52 -1 1.59 -1 1.72 -1
66 Dy K˛1 45.998 26.954 3.39 -1 1.73 -1 1.52 -1 1.59 -1 1.71 -1
63 Eu Kˇ1 47.038 26.358 3.38 -1 1.72 -1 1.51 -1 1.58 -1 1.70 -1
67 Ho K˛1 47.547 26.076 3.38 -1 1.72 -1 1.51 -1 1.58 -1 1.69 -1
64 Gd Kˇ1 48.697 25.460 3.36 -1 1.71 -1 1.50 -1 1.57 -1 1.68 -1
68 Er K˛1 49.128 25.237 3.36 -1 1.71 -1 1.50 -1 1.56 -1 1.68 -1
65 Tb Kˇ1 50.382 24.609 3.35 -1 1.70 -1 1.49 -1 1.55 -1 1.66 -1
69 Tm K˛1 50.742 24.434 3.34 -1 1.70 -1 1.49 -1 1.55 -1 1.65 -1
66 Dy Kˇ1 52.119 23.788 3.33 -1 1.69 -1 1.48 -1 1.54 -1 1.65 -1
70 Yb K˛1 52.389 23.666 3.33 -1 1.69 -1 1.48 -1 1.54 -1 1.65 -1
67 Ho Kˇ1 53.877 23.012 3.31 -1 1.68 -1 1.47 -1 1.53 -1 1.63 -1
68 Er Kˇ1 55.681 22.167 3.30 -1 1.67 -1 1.46 -1 1.52 -1 1.62 -1
72 Hf K˛1 55.790 22.223 3.30 -1 1.67 -1 1.46 -1 1.52 -1 1.62 -1
69 Tm Kˇ1 57.517 21.556 3.28 -1 1.67 -1 1.45 -1 1.51 -1 1.61 -1
73 Ta K˛1 57.532 21.550 3.28 -1 1.67 -1 1.45 -1 1.51 -1 1.61 -1
74 W K˛1 59.318 20.901 3.27 -1 1.66 -1 1.44 -1 1.50 -1 1.59 -1
70 Yb Kˇ1 59.370 20.883 3.27 -1 1.66 -1 1.44 -1 1.50 -1 1.59 -1
75 Re K˛1 61.140 20.278 3.25 -1 1.65 -1 1.43 -1 1.50 -1 1.58 -1
71 Lu Kˇ1 61.283 20.231 3.25 -1 1.65 -1 1.43 -1 1.50 -1 1.58 -1
76 Os K˛1 63.001 19.679 3.23 -1 1.64 -1 1.43 -1 2.49 -1 1.57 -1
72 Hf Kˇ1 63.234 19.607 3.23 -1 1.64 -1 1.42 -1 1.49 -1 1.57 -1
77 Ir K˛1 64.896 19.105 3.21 -1 1.63 -1 1.42 -1 1.48 -1 1.55 -1
73 Ta Kˇ1 65.223 19.009 3.21 -1 1.63 -1 1.41 -1 1.48 -1 1.55 -1
78 Pt K˛1 66.832 18.551 3.20 -1 1.62 -1 1.41 -1 1.47 -1 1.54 -1
74 W Kˇ1 67.244 18.438 3.19 -1 1.62 -1 1.41 -1 1.47 -1 1.54 -1
79 Au K˛1 68.804 18.020 3.18 -1 1.61 -1 1.40 -1 1.46 -1 1.53 -1
75 Re Kˇ1 69.310 17.888 3.17 -1 1.61 -1 1.40 -1 1.46 -1 1.53 -1
80 Hg K˛1 70.819 17.507 3.16 -1 1.60 -1 1.39 -1 1.45 -1 1.52 -1
76 Os Kˇ1 71.413 17.361 3.16 -1 1.60 -1 1.39 -1 1.45 -1 1.52 -1
91 Tl K˛1 72.872 17.014 3.14 -1 1.59 -1 1.38 -1 1.44 -1 1.51 -1
77 Ir Kˇ1 73.651 16.854 3.14 -1 1.59 -1 1.38 -1 1.44 -1 1.59 -1
82 Pb K˛1 74.969 16.538 3.13 -1 1.59 -1 1.37 -1 1.43 -1 1.50 -1
78 Pt Kˇ1 75.748 16.368 3.12 -1 1.58 -1 1.37 -1 1.43 -1 1.49 -1
83 Bi K˛1 77.108 16.079 3.11 -1 1.58 -1 1.36 -1 1.42 -1 1.49 -1
79 Au Kˇ1 77.948 15.906 3.10 -1 1.57 -1 1.36 -1 1.42 -1 1.48 -1
84 Po K˛1 79.290 15.636 3.09 -1 1.57 -1 1.36 -1 1.41 -1 1.47 -1
80 Hg Kˇ1 80.253 15.449 3.09 -1 1.56 -1 1.35 -1 1.41 -1 1.47 -1
85 At K˛1 81.520 15.209 3.08 -1 1.56 -1 1.35 -1 1.40 -1 1.46 -1
81 Tl Kˇ1 82.576 15.014 3.07 -1 1.55 -1 1.35 -1 1.40 -1 1.46 -1
86 Rn K˛1 83.780 14.798 3.06 -1 1.55 -1 1.34 -1 1.39 -1 1.45 -1
82 Pb Kˇ1 84.936 14.597 3.05 -1 1.54 -1 1.34 -1 1.39 -1 1.45 -1
87 Fr K˛1 86.100 14.400 3.04 -1 1.54 -1 1.33 -1 1.38 -1 1.44 -1
83 Bi Kˇ1 87.343 14.195 3.03 -1 1.53 -1 1.33 -1 1.38 -1 1.44 -1
88 Ra K˛1 88.470 14.014 3.02 -1 1.53 -1 1.33 -1 1.37 -1 1.44 -1



6C – 10Ne 743

Z transition E [keV] � [pm] 1H 2He 3Li 4Be 5B

84 Po Kˇ1 89.800 13.806 3.01 -1 1.52 -1 1.32 -1 1.37 -1 1.43 -1
89 Ac K˛1 90.884 13.642 3.01 -1 1.52 -1 1.32 -1 1.36 -1 1.43 -1
85 At Kˇ1 92.300 13.432 3.00 -1 1.51 -1 1.31 -1 1.36 -1 1.42 -1
90 Tm K˛1 93.350 13.281 2.99 -1 1.51 -1 1.31 -1 1.35 -1 1.42 -1
86 Rn Kˇ1 94.870 13.068 2.98 -1 1.51 -1 1.31 -1 1.35 -1 1.41 -1
91 Pa K˛1 95.868 12.932 2.97 -1 1.50 -1 1.30 -1 1.34 -1 1.41 -1
92 U K˛1 98.439 12.595 2.96 -1 1.49 -1 1.30 -1 1.34 -1 1.40 -1
88 Ra Kˇ1 100.130 12.382 2.94 -1 1.49 -1 1.29 -1 1.33 -1 1.39 -1
89 Ac Kˇ1 102.850 12.054 2.92 -1 1.48 -1 1.28 -1 1.32 -1 1.38 -1
90 Tm Kˇ1 105.610 11.739 2.90 -1 1.47 -1 1.27 -1 1.31 -1 1.37 -1
91 Pa Kˇ1 108.430 11.434 2.88 -1 1.46 -1 1.26 -1 1.30 -1 1.36 -1
92 U Kˇ1 111.300 11.139 2.87 -1 1.45 -1 1.25 -1 1.29 -1 1.35 -1

Z transition E [keV] � [pm] 6C 7N 8O 9F 10Ne

4 Be K˛ 0.1085 11427.207 1.92 04 3.64 04 5.40 04 7.37 04 1.00 05
38 Sr M� 0.1140 10875.895 1.74 04 3.27 04 4.89 04 6.64 04 9.17 04
39 Y M� 0.1228 9339.235 1.31 04 2.34 04 3.47 04 4.82 04 6.88 04
16 S L 0.1487 8337.942 1.02 04 1.81 04 2.68 04 3.75 04 5.49 04
40 Zr M� 0.1511 8205.506 9.84 03 1.75 04 2.60 04 3.62 04 5.33 04
41 Nb M� 0.1717 7221.037 7.37 03 1.30 04 1.82 04 2.71 04 4.08 04
5 B K˛ 0.1833 6764.058 6.35 03 1.12 04 1.65 04 2.33 04 3.54 04
42 Mo M� 0.1926 6473.445 5.67 03 1.00 04 1.46 04 2.08 04 3.18 04
6 C K˛ 0.2770 4476.000 2.35 03 4.22 03 6.04 03 8.75 03 1.36 04
47 Ag M� 0.3117 3977.709 4.50 04 3.18 03 4.49 03 6.55 03 1.01 04
7 N K˛ 0.3924 3159.664 2.55 04 1.81 03 2.53 03 3.70 03 5.62 03
22 Ti L 0.3953 3136.484 2.50 04 1.78 03 2.48 03 3.63 03 5.50 03
22 Ti L˛ 0.4522 2741.822 1.80 04 2.48 04 1.76 03 2.59 03 3.85 03
23 V L˛ 0.5113 2424.901 1.32 04 1.84 04 1.28 03 1.90 03 2.77 03
8 O K˛ 0.5249 2362.072 1.24 04 1.73 04 1.20 03 1.77 03 2.58 03
25 Mn Ll 0.5563 2228.747 1.07 04 1.51 04 2.01 04 1.53 03 2.21 03
24 Cr L˛ 0.5728 2164.546 9.90 03 1.40 04 1.87 04 1.42 03 2.04 03
25 Mn L˛ 0.6374 1945.171 7.50 03 1.07 04 1.45 04 1.08 03 1.54 03
9 F K˛ 0.6768 1831.932 6.37 03 9.16 03 1.24 04 9.22 02 1.30 03
26 Fe L˛ 0.7050 1756.655 5.79 03 8.34 03 1.13 04 1.29 04 1.18 03
27 Co L˛ 0.7762 1597.335 4.45 03 6.50 03 8.88 03 1.06 04 9.18 02
28 Ni L˛ 0.8515 1456.080 3.46 03 5.07 03 6.96 03 8.39 03 7.15 02
29 Cu L˛ 0.9297 1336.044 2.71 03 4.02 03 5.60 03 6.78 03 9.19 03
30 Zn L˛ 1.0117 1225.513 2.16 03 3.35 03 4.59 03 5.90 03 7.70 03
11 Na K˛ 1.0410 1191.020 1.99 03 3.09 03 4.25 03 5.46 03 7.14 03
11 Na Kˇ 1.0711 1157.550 1.83 03 2.85 03 3.93 03 5.06 03 6.63 03
12 Mg K˛ 1.2536 989.033 1.16 03 1.83 03 2.56 03 3.30 03 4.39 03
33 As L˛ 1.2820 967.123 1.09 03 1.72 03 2.41 03 3.11 03 4.14 03
12 Mg Kˇ 1.3022 952.121 1.04 03 1.64 03 2.31 03 2.98 03 3.97 03



744 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 6C 7N 8O 9F 10Ne

33 As Lˇ 1.3170 941.421 1.01 03 1.59 03 2.24 03 2.89 03 3.85 03
66 Dy Mˇ 1.3250 935.737 9.90 02 1.56 03 2.21 03 2.85 03 3.79 03
67 Ho M˛ 1.3480 919.771 9.42 02 1.49 03 2.10 03 2.72 03 3.63 03
34 Se L˛ 1.3791 899.029 8.82 02 1.40 03 1.98 03 2.55 03 3.42 03
67 Ho Mˇ 1.3830 896.494 8.75 02 1.38 03 1.96 03 2.53 03 3.39 03
68 Er M˛ 1.4060 881.829 8.34 02 1.32 03 1.88 03 2.42 03 3.25 03
34 Se Lˇ1 1.4292 873.627 8.12 02 1.29 03 1.83 03 2.36 03 3.17 03
68 Er Mˇ 1.4430 859.218 7.74 02 1.23 03 1.75 03 2.26 03 3.03 03
69 Tm M˛ 1.4620 848.051 7.45 02 1.18 03 1.69 03 2.18 03 2.93 03
35 Br L˛ 1.4804 837.511 7.19 02 1.14 03 1.63 03 2.11 03 2.84 03
13 Al K˛1 1.4867 833.962 7.10 02 1.13 03 1.61 03 2.08 03 2.80 03
69 Tm Mˇ 1.5030 824.918 6.88 02 1.09 03 1.56 03 2.02 03 2.72 03
70 Yb M˛ 1.5214 814.941 6.64 02 1.06 03 1.51 03 1.96 03 2.64 03
35 Br Lˇ1 1.5259 812.538 6.58 02 1.05 03 1.50 03 1.94 03 2.61 03
13 Al Kˇ 1.5574 796.103 6.20 02 9.87 02 1.42 03 1.88 03 2.47 03
70 Yb Mˇ 1.5675 790.974 6.08 02 9.69 02 1.39 03 1.80 03 2.43 03
71 Lu M˛ 1.5813 784.071 5.93 02 9.44 02 1.36 03 1.76 03 2.37 03
36 Kr L˛ 1.5860 781.747 5.87 02 9.36 02 1.34 03 1.74 03 2.35 03
71 Lu Mˇ 1.6312 760.085 5.41 02 8.63 02 1.24 03 1.61 03 2.18 03
36 Kr Lˇ1 1.6366 757.577 5.36 02 8.55 02 1.23 03 1.60 03 2.16 03
72 Hf M˛1 1.6446 753.892 5.28 02 8.43 02 1.21 03 1.57 03 2.13 03
37 Rb L˛1 1.6941 731.864 4.84 02 7.73 02 1.12 03 1.45 03 1.97 03
72 Hf Mˇ 1.6976 730.355 4.81 02 7.68 02 1.11 03 1.44 03 1.96 03
73 Ta M˛1 1.7096 725.229 4.71 02 7.53 02 1.09 03 1.41 03 1.92 03
14 Si K˛1 1.7400 712.558 4.48 02 7.15 02 1.04 03 1.35 03 1.83 03
37 Rb Lˇ1 1.7522 707.597 4.38 02 7.01 02 1.02 03 1.32 03 1.80 03
73 Ta Mˇ 1.7655 702.266 4.29 02 6.86 02 9.95 02 1.29 03 1.76 03
74 W M˛1 1.7754 698.350 4.22 02 6.75 02 9.79 02 1.27 03 1.73 03
38 Sr L˛1 1.8066 686.290 4.01 02 6.41 03 9.32 03 1.21 03 1.65 03
74 W Mˇ 1.8349 675.705 3.83 02 6.13 02 8.92 02 1.16 03 1.58 03
14 Si Kˇ 1.8354 675.337 3.82 02 6.12 02 8.91 02 1.16 03 1.58 03
75 Re M˛1 1.8420 673.100 3.79 02 6.06 02 8.83 02 1.15 03 1.57 03
38 Sr Lˇ1 1.8717 662.420 3.61 02 5.79 02 8.44 02 1.10 03 1.50 03
75 Re Mˇ 1.9061 650.465 3.42 02 5.49 02 8.02 02 1.04 03 1.43 03
76 Os M˛1 1.9102 649.069 3.40 02 3.45 02 7.97 02 1.04 03 1.42 03
39 Y L˛1 1.9226 644.882 3.34 02 5.35 02 7.82 02 1.02 03 1.40 03
76 Os Mˇ 1.9783 626.725 3.07 02 4.93 02 7.22 02 9.41 02 1.29 03
77 Ir M˛1 1.9799 626.219 3.06 02 4.92 02 7.20 02 9.39 02 1.29 03
39 Y Lˇ1 1.9958 621.230 2.99 02 4.80 02 7.04 02 9.18 02 1.26 03
15 P K˛1 2.0137 615.708 2.91 02 4.68 02 6.86 02 8.95 02 1.23 03
40 Zr L˛1 2.0424 607.056 2.79 02 4.49 02 6.59 02 8.60 02 1.18 03
78 Pt M˛1 2.0505 604.658 2.76 02 4.44 02 6.51 02 8.50 02 1.17 03
77 Ir Mˇ 2.0535 603.775 2.75 02 4.42 02 6.49 02 8.47 02 1.16 03
79 Au M˛1 2.1229 584.036 2.49 02 4.01 02 5.89 02 7.70 02 1.06 03



6C – 10Ne 745

Z transition E [keV] � [pm] 6C 7N 8O 9F 10Ne

40 Zr Lˇ1 2.1244 583.624 2.48 02 4.00 02 5.88 02 7.69 02 1.06 03
78 Pt Mˇ 2.1273 582.828 2.47 02 3.98 02 5.86 02 7.66 02 1.05 03
15 P Kˇ1,3 2.1390 579.640 2.43 02 3.92 02 5.77 02 7.54 02 1.04 03
41 Nb L˛1 2.1659 572.441 2.34 02 3.78 02 5.56 02 7.27 02 1.00 03
80 Hg M˛1 2.1953 564.775 2.25 02 3.63 02 5.35 02 7.00 02 9.66 02
79 Au Mˇ 2.2046 562.393 2.22 02 3.58 02 5.29 02 6.92 02 9.54 02
41 Nb Lˇ1 2.2574 549.238 2.07 02 3.34 02 4.94 02 6.47 02 8.93 02
81 Tl M˛1 2.2706 546.045 2.03 02 3.29 02 4.85 02 6.36 02 8.79 02
80 Hg Mˇ 2.2825 543.199 2.00 02 3.24 02 4.78 02 6.27 02 8.66 02
42 Mo L˛1 2.2932 540.664 1.97 02 3.19 02 4.72 02 6.18 02 8.55 02
16 S K˛1 2.3080 537.197 1.94 02 3.13 02 4.63 02 6.07 02 8.39 02
82 Pb M˛1 2.3457 528.563 1.84 02 2.99 02 4.42 02 5.80 02 8.02 02
81 Tl Mˇ 2.3621 524.893 1.81 02 2.93 02 4.33 02 5.68 02 7.87 02
42 Mo Lˇ1 2.3948 517.726 1.73 02 2.81 02 4.16 02 5.46 02 7.57 02
83 Bi M˛1 2.4226 511.785 1.67 02 2.72 02 4.03 02 5.29 02 7.33 02
43 Tc L˛1 2.4240 511.490 1.67 02 2.71 02 4.02 02 5.28 02 7.32 02
82 Pb Mˇ 2.4427 507.574 1.63 02 2.65 02 3.93 02 5.16 02 7.16 02
16 S Kˇ 2.4640 503.186 1.59 02 2.58 02 3.83 02 5.04 02 6.99 02
83 Bi Mˇ1 2.5255 490.933 1.48 02 2.40 02 3.57 02 4.70 02 6.52 02
43 Tc Lˇ1 2.5368 488.746 1.46 02 2.37 02 3.52 02 4.64 02 6.44 02
44 Ru L˛1 2.5586 484.582 1.42 02 2.31 02 3.44 02 4.53 02 6.29 02
17 Cl K˛1 2.6224 472.792 1.32 02 2.15 02 3.20 02 4.22 02 5.87 02
44 Ru Lˇ1 2.6832 462.079 1.23 02 2.01 02 3.00 02 3.95 02 5.51 02
45 Rh L˛1 2.6967 459.766 1.21 02 1.98 02 2.95 02 3.90 02 5.43 02
17 Cl Kˇ 2.8156 440.350 1.07 02 1.75 02 2.61 02 3.44 02 4.81 02
45 Rh Lˇ1 2.8344 437.430 1.05 02 1.71 02 2.56 02 3.38 02 4.72 02
46 Pd L˛1 2.8386 436.782 1.04 02 1.70 02 2.55 02 3.37 02 4.70 02
18 Ar K˛1 2.9577 419.194 9.21 01 1.51 02 2.26 02 2.99 02 4.19 02
47 Ag Lˇ1 2.9843 415.458 8.96 01 1.47 02 2.20 02 2.92 02 4.09 02
46 Pd Lˇ1 2.9902 414.638 8.91 01 1.46 02 2.19 02 2.90 02 4.07 02
90 Th Mˇ 2.9961 413.821 8.86 01 1.45 62 2.18 02 2.89 02 4.04 02
91 Pa M˛1 3.0823 402.248 8.13 01 1.34 02 2.01 02 2.66 02 3.73 02
48 Cd L˛1 3.1337 395.651 7.73 01 1.27 02 1.91 02 2.53 02 3.56 02
90 Th Mˇ 3.1458 394.129 7.64 01 1.26 02 1.89 02 2.50 02 3.52 02
47 Ag Lˇ1 3.1509 393.491 7.60 01 1.23 02 1.88 02 2.49 02 3.50 02
92 U M˛1 3.1708 391.021 7.46 01 1.23 02 1.84 02 2.45 02 3.44 02
18 Ar Kˇ 3.1905 388.607 7.32 01 1.20 02 1.81 02 2.40 02 3.38 02
91 Pa Mˇ 3.2397 382.705 6.98 01 1.15 02 1.73 02 2.30 02 3.23 02
49 In L˛1 3.2869 377.210 6.68 01 1.10 02 1.66 02 2.20 02 3.10 02
19 K K˛1 3.3138 374.148 6.52 01 1.07 02 1.62 02 2.15 02 3.03 02
48 Cd Lˇ1 3.3166 373.832 6.50 01 1.07 02 1.62 02 2.15 02 3.03 02
92 U Mˇ 3.3360 371.659 6.39 01 1.05 02 1.59 02 2.11 02 2.98 02
50 Sn L˛1 3.4440 360.003 5.80 01 9.57 01 1.45 02 1.92 02 2.72 02
49 In Lˇ1 3.4872 355.543 5.58 01 9.22 01 1.39 02 1.85 02 2.62 02



746 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 6C 7N 8O 9F 10Ne

19 K Kˇ 3.5896 345.401 5.11 01 8.45 01 1.28 02 1.70 02 2.41 02
51 Sb L˛1 3.6047 343.954 5.05 01 8.35 01 1.26 02 1.68 02 2.39 02
50 Sn Lˇ1 3.6628 338.498 4.81 01 7.96 01 1.21 02 1.61 02 2.28 02
20 Ca K˛1 3.6917 335.848 4.69 01 7.77 01 1.18 02 1.57 02 2.23 02
52 Te L˛1 3.7693 328.934 4.40 01 7.30 01 1.11 02 1.48 02 2.10 02
51 Sb Lˇ1 3.8436 322.575 4.15 01 6.88 01 1.05 02 1.40 02 1.99 02
53 I L˛1 3.9377 314.867 3.86 01 6.40 01 9.74 01 1.30 02 1.85 02
20 Ca Kˇ 4.0127 308.981 3.64 01 6.05 01 9.21 01 1.23 02 1.76 02
52 Te Lˇ1 4.0296 307.686 3.59 01 5.97 01 9.09 01 1.22 02 1.73 02
21 Sc K˛1 4.0906 303.097 3.43 01 5.71 01 8.70 01 1.16 02 1.66 02
54 Xe L˛1 4.1099 301.674 3.38 01 5.63 01 8.58 01 1.15 02 1.64 02
53 I Lˇ1 4.2207 293.755 3.12 01 5.19 01 7.92 01 1.06 02 1.52 02
55 Cs L˛1 4.2865 289.245 2.97 01 4.95 01 7.56 01 1.01 02 1.45 02
21 Sc Kˇ 4.4605 277.962 2.63 01 4.39 01 6.72 01 9.01 01 1.29 02
56 Ba L˛1 4.4663 277.601 2.62 01 4.37 01 6.69 01 8.98 01 1.29 02
22 Ti K˛1 4.5108 274.863 2.54 01 4.24 01 6.50 01 8.72 01 1.25 02
55 Cs Lˇ1 4.6198 268.377 2.36 01 3.95 01 6.05 01 8.13 01 1.16 02
57 La L˛1 4.6510 266.577 2.32 01 3.87 01 5.93 01 7.97 01 1.14 02
56 Ba Lˇ1 4.8273 256.841 2.07 01 3.46 01 5.31 01 7.14 01 1.02 02
58 Ce L˛1 4.8402 256.157 2.05 01 3.43 01 5.27 01 7.08 01 1.02 02
22 Ti Kˇ1,3 4.9318 251.399 1.93 01 3.24 01 4.98 01 6.70 01 9.63 01
23 V K˛1 4.9522 250.363 1.91 01 3.20 01 4.92 01 6.62 01 9.51 01
59 Pr L˛1 5.0337 246.310 1.82 01 3.05 01 4.68 01 6.31 01 9.07 01
57 La Lˇ1 5.0421 245.899 1.81 01 3.03 01 4.66 01 6.28 01 9.02 01
60 Nd L˛1 5.2304 237.047 1.62 01 2.71 01 4.17 01 5.63 01 8.10 01
58 Ce Lˇ1 5.2622 235.614 1.59 01 2.66 01 4.10 01 5.53 01 7.96 01
24 Cr K˛1 5.4147 228.978 1.45 01 2.44 01 3.76 01 5.08 01 7.31 01
23 V Kˇ1,3 5.4273 228.447 1.44 01 2.42 01 3.74 01 5.04 01 7.26 01
61 Pm L˛1 5.4325 228.228 1.44 01 2.42 01 3.72 01 5.03 01 7.24 01
59 Pr Lˇ1 5.4889 225.883 1.40 01 2.34 01 3.61 01 4.88 01 7.02 01
62 Sm L˛1 5.6361 219.984 1.29 01 2.16 01 3.33 01 4.51 01 6.50 01
60 Nd Lˇ1 5.7210 216.696 1.23 01 2.07 01 3.19 01 4.31 01 6.21 01
63 Eu L˛1 5.8457 212.096 1.15 01 1.94 01 2.99 01 4.04 01 5.83 01
25 Mn K˛1 5.8988 210.187 1.12 01 1.88 01 2.91 01 3.93 01 5.68 01
24 Cr Kˇ1,3 5.9467 208.494 1.09 01 1.84 01 2.84 01 3.84 01 5.55 01
61 Pm Lˇ1 5.9610 207.993 1.08 01 1.82 01 2.82 01 3.81 01 5.51 01
64 Gd L˛1 6.0572 204.690 1.03 01 1.74 01 2.68 01 3.64 01 5.25 01
62 Sm Lˇ1 6.2051 199.811 9.60 00 1.62 01 2.50 01 3.38 01 4.89 01
65 Tb L˛1 6.2728 197.655 9.30 00 1.56 01 2.42 01 3.27 01 4.74 01
26 Fe K˛1 6.4038 193.611 8.73 00 1.47 01 2.27 01 3.08 01 4.43 01
63 Eu Lˇ1 6.4564 192.034 8.52 00 1.43 01 2.21 01 3.00 01 4.35 01
15 Mn Kˇ1,3 6.4905 191.025 8.39 00 1.41 01 2.18 01 2.96 01 4.28 01
66 Dy L˛1 6.4952 190.887 8.37 00 1.41 01 2.17 01 2.95 01 4.27 01
64 Gd Lˇ1 6.7132 184.688 7.57 00 1.27 01 1.97 01 2.67 01 3.87 01



6C – 10Ne 747

Z transition E [keV] � [pm] 6C 7N 8O 9F 10Ne

67 Ho L˛1 6.7198 184.507 7.55 00 1.27 01 1.96 01 2.67 01 3.86 01
27 Co K˛1 6.9303 178.903 6.88 00 1.16 01 1.79 01 2.43 01 3.53 01
68 Er L˛1 6.9487 178.429 6.83 00 1.15 01 1.77 01 2.41 01 3.50 01
65 Tb Lˇ1 6.9780 177.680 6.74 00 1.13 01 1.75 01 2.38 01 3.46 01
26 Fe Kˇ1,3 7.0580 175.666 6.51 00 1.09 01 1.69 01 2.30 01 3.34 01
69 Tm L˛1 7.1799 172.683 6.18 00 1.04 01 1.61 01 2.19 01 3.18 01
66 Dy Lˇ1 7.2477 171.068 6.01 00 1.01 01 1.56 01 2.13 01 2.09 01
70 Yb L˛1 7.4150 167.195 5.61 00 9.42 00 1.46 01 1.98 01 2.89 01
28 Ni K˛1 7.4782 165.795 5.47 00 9.18 00 1.42 01 1.94 01 2.82 01
67 Ho Lˇ1 7.5253 164.757 5.37 00 9.01 00 1.39 01 1.90 01 2.76 01
27 Co Kˇ1,3 7.6494 162.084 5.11 00 8.57 00 1.33 01 1.81 01 2.63 01
71 Lu L˛1 7.6555 161.955 5.10 00 8.55 00 1.32 01 1.80 01 2.63 01
68 Er Lˇ1 7.8109 158.733 4.80 01 8.04 00 1.25 01 1.70 01 2.48 01
72 Hf L˛1 7.8990 156.963 4.64 00 7.78 00 1.20 01 1.64 01 2.39 01
29 Cu K˛1 8.0478 154.060 4.38 00 7.35 00 1.14 01 1.55 01 2.27 01
69 Tm Lˇ1 8.1010 153.049 4.29 00 7.21 00 1.12 01 1.52 01 2.22 01
73 Ta L˛1 8.1461 152.201 4.21 00 7.09 00 1.10 01 1.50 01 2.19 01
28 Ni Kˇ1,3 8.2647 150.017 4.02 00 6.79 00 1.05 01 1.44 01 2.09 01
74 W L˛1 8.3970 147.643 3.82 00 6.47 00 1.00 01 1.37 01 2.00 01
70 Yb Lˇ1 8.4018 147.560 3.82 00 6.46 00 1.00 01 1.37 01 1.99 01
30 Zn K˛1 8.6389 143.519 3.49 00 5.95 00 9.21 00 1.26 01 1.84 01
75 Re L˛1 8.6525 143.294 3.47 00 5.92 00 9.17 00 1.25 01 1.83 01
71 Lu Lˇ1 8.7090 142.364 3.40 00 5.81 00 8.99 00 1.23 01 1.79 01
29 Cu Kˇ1 8.9053 139.226 3.17 00 5.43 00 8.41 00 1.15 01 1.68 01
77 Ir L˛1 9.1751 135.132 2.88 00 4.97 00 7.69 00 1.05 01 1.53 01
31 Ga K˛1 9.2517 134.013 2.80 00 4.85 00 7.50 00 1.02 01 1.50 01
73 Ta Lˇ1 9.3431 132.702 2.72 00 4.71 00 7.29 00 9.94 00 1.45 01
78 Pt L˛1 9.4423 131.308 2.63 00 4.36 00 7.06 00 9.63 00 1.41 01
30 Zn Kˇ1,3 9.5720 129.529 2.51 00 4.38 00 6.78 00 9.25 00 1.35 01
74 W Lˇ1 9.6724 128.184 2.43 00 4.25 00 6.57 00 8.97 00 1.31 01
79 Au L˛1 9.7133 127.644 2.40 00 4.19 00 6.49 00 8.85 00 1.29 01
31 Ge Kˇ1 9.8864 125.409 2.27 00 3.98 00 6.15 00 8.40 00 1.23 01
80 Hg L˛1 9.9888 124.124 2.19 00 3.86 00 5.97 00 8.14 00 1.19 01
75 Re Lˇ1 10.010 123.861 2.18 00 3.83 00 5.93 00 8.09 00 1.18 01
31 Ga Kˇ1 10.264 120.796 2.05 00 3.57 00 5.51 00 7.52 00 1.10 01
81 Tl L˛1 10.269 120.737 2.05 00 3.57 00 3.51 00 7.51 00 1.10 01
76 Os Lˇ1 10.355 119.734 2.00 00 3.49 00 5.38 00 7.33 00 1.07 01
33 As K˛1 10.544 117.588 1.92 00 3.31 00 5.10 00 6.95 00 1.02 01
82 Pb L˛1 10.552 117.499 1.91 00 3.31 00 5.09 00 6.93 00 1.01 01
77 Ir Lˇ1 10.708 115.787 1.84 00 3.17 00 4.88 00 6.64 00 9.71 00
83 Bi L˛1 10.839 114.388 1.79 00 3.07 00 4.71 00 6.41 00 9.37 00
32 Ge Kˇ1 10.982 112.898 1.73 00 2.96 00 4.53 00 6.17 00 9.02 00
78 Pt Lˇ1 11.071 111.990 1.70 00 2.89 00 4.43 00 6.02 00 8.81 00
84 Po L˛1 11.131 111.387 1.67 00 2.85 00 4.36 00 5.93 00 8.67 00



748 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 6C 7N 8O 9F 10Ne

34 Se K˛1 11.222 110.484 1.64 00 2.78 00 4.26 00 5.79 00 8.47 00
85 At L˛1 11.427 108.501 1.57 00 2.65 00 4.04 00 5.49 00 8.03 00
79 Au Lˇ1 11.442 108.359 1.56 00 2.64 00 4.03 00 5.47 00 8.00 00
33 As Kˇ1 11.726 105.735 1.47 00 2.46 00 3.75 00 5.09 00 7.44 00
86 Rn L˛1 11.727 105.726 1.47 00 2.46 00 3.75 00 5.09 00 7.44 00
80 Hg Lˇ1 11.823 104.867 1.44 00 2.40 00 3.66 00 4.97 00 7.26 00
35 Br K˛1 11.924 103.979 1.41 00 2.35 00 3.57 00 4.85 00 7.08 00
87 Fr L˛1 12.031 103.054 1.38 00 2.29 00 3.48 00 4.72 00 6.90 00
81 Tl Lˇ1 12.213 101.519 1.33 00 2.20 00 3.33 00 4.52 00 6.60 00
88 Ra L˛1 12.340 100.474 1.30 00 2.13 00 3.23 00 4.38 00 6.41 00
34 Se Kˇ1 12.496 99.219 1.26 00 2.06 00 3.12 00 4.23 00 6.17 00
82 Pb Lˇ1 12.614 98.291 1.23 00 2.01 00 3.03 00 4.11 00 6.01 00
36 Kr K˛1 12.649 98.019 1.22 00 1.99 00 3.01 00 4.08 00 5.96 00
89 Ac L˛1 12.652 97.996 1.22 00 1.99 00 3.01 00 4.08 00 5.95 00
90 Th L˛1 12.969 95.601 1.14 00 1.86 00 2.80 00 3.79 00 5.54 00
83 Bi Lˇ1 13.024 95.197 1.13 00 1.83 00 2.77 00 3.74 00 5.47 00
91 Pa L˛1 13.291 93.285 1.08 00 1.73 00 2.61 00 3.53 00 5.15 00
35 Br Kˇ1 13.291 93.285 1.08 00 1.73 00 2.61 00 3.53 00 5.15 00
37 Rb K˛1 13.395 92.560 1.06 00 1.69 00 2.55 00 3.43 00 5.03 00
84 Po Lˇ1 13.447 92.202 1.05 00 1.68 00 2.52 00 3.41 00 4.98 00
92 U L˛1 13.615 91.065 1.01 00 1.62 00 2.43 00 3.29 00 4.80 00
85 At Lˇ1 13.876 89.352 9.68 -1 1.34 00 2.30 00 3.11 00 4.54 00
36 Kr Kˇ1 14.112 87.857 9.28 -1 1.46 00 2.19 00 2.96 00 4.32 00
38 Sr K˛1 14.165 87.529 9.19 -1 1.45 00 2.17 00 2.93 00 4.27 00
86 Rn L ˇ1 14.316 86.606 8.95 -1 1.41 00 2.10 00 2.84 00 4.14 00
87 Fr Lˇ1 14.770 83.943 8.28 -1 1.29 00 1.92 00 2.59 00 3.78 00
39 Y K˛1 14.958 82.888 8.03 -1 1.24 00 1.85 00 2.50 00 3.64 00
37 Rb Kˇ1 14.961 82.872 8.02 -1 1.24 00 1.85 00 2.49 00 3.64 00
88 Ra Lˇ1 15.236 81.376 7.72 -1 1.19 00 1.76 00 2.37 00 3.46 00
89 Ac Lˇ1 15.713 78.906 7.24 -1 1.10 00 1.63 00 2.18 00 3.17 00
40 Zr K˛1 15.775 78.596 7.19 -1 1.09 00 1.61 00 2.16 00 3.13 00
38 Sr Kˇ1 15.836 78.293 7.13 -1 1.08 00 1.59 00 2.14 00 3.10 00
90 Th Lˇ1 16.202 76.524 6.80 -1 1.03 00 1.50 00 2.01 00 2.91 00
41 Nb K˛1 16.615 74.622 6.46 -1 9.66 -1 1.41 00 1.87 00 2.71 00
91 Pa Kˇ1 16.702 74.233 6.39 -1 9.54 -1 1.39 00 1.85 00 2.67 00
39 Y Kˇ1 16.738 74.074 6.36 -1 9.49 -1 1.38 00 1.84 00 2.65 00
92 U Lˇ1 17.220 72.000 6.00 -1 8.86 -1 1.28 00 1.70 00 2.45 00
42 Mo K˛1 17.479 70.933 5.82 -1 8.55 -1 1.23 00 1.63 00 2.33 00
40 Zr Kˇ1 17.668 70.175 5.69 -1 8.34 -1 1.20 00 1.59 00 2.28 00
43 Tc K˛1 18.367 67.504 5.25 -1 7.59 -1 1.08 00 1.43 00 2.04 00
41 Nb Kˇ1 18.623 66.576 5.11 -1 7.35 -1 1.04 00 1.37 00 1.96 00
44 Ru K˛1 19.279 64.311 4.75 -1 6.76 -1 9.53 -1 1.25 00 1.78 00
42 Mo Kˇ1 19.608 63.231 4.59 -1 6.49 -1 9.12 -1 1.19 00 1.70 00
45 Rh K˛1 20.216 61.330 4.34 -1 6.08 -1 8.47 -1 1.10 00 1.56 00



6C – 10Ne 749

Z transition E [keV] � [pm] 6C 7N 8O 9F 10Ne

43 Tc Kˇ1 20.619 60.131 4.23 -1 5.88 -1 8.14 -1 1.06 00 1.49 00
46 Pd K˛1 21.177 58.547 4.08 -1 5.61 -1 7.71 -1 9.94 -1 1.40 00
44 Ru Kˇ1 21.657 57.240 3.96 -1 5.40 -1 7.37 -1 9.44 -1 1.32 00
47 Ag K˛1 22.163 55.942 3.84 -1 5.19 -1 7.03 -1 8.96 -1 1.25 00
45 Rh Kˇ1 22.724 54.561 3.72 -1 4.97 -1 6.68 -1 8.47 -1 1.18 00
48 Cd K˛1 23.174 53.501 3.62 -1 4.81 -1 6.42 -1 8.10 -1 1.12 00
46 Pd Kˇ1 23.819 52.053 3.49 -1 4.58 -1 6.07 -1 7.61 -1 1.05 00
49 In K˛1 24.210 51.212 3.42 -1 4.46 -1 5.87 -1 7.33 -1 1.01 00
47 Ag Kˇ1 24.942 49.709 3.28 -1 4.24 -1 5.53 -1 6.85 -1 9.37 -1
50 Sn K˛1 25.271 49.062 3.23 -1 4.14 -1 5.38 -1 6.65 -1 9.07 -1
48 Cd Kˇ1 26.096 47.511 3.09 -1 3.92 -1 5.05 -1 6.18 -1 8.39 -1
51 Sb K˛1 26.359 47.037 3.05 -1 3.85 -1 4.94 -1 6.04 -1 8.18 -1
49 In Kˇ1 27.276 45.455 2.91 -1 3.63 -1 4.61 -1 5.59 -1 7.53 -1
52 Te K˛1 27.472 45.131 2.89 -1 3.59 -1 4.55 -1 5.50 -1 7.40 -1
50 Sn Kˇ1 28.486 43.524 2.75 -1 3.37 -1 4.22 -1 5.06 -1 6.77 -1
53 I K˛1 28.612 43.333 2.73 -1 3.34 -1 4.19 -1 5.01 -1 6.70 -1
51 Sb Kˇ1 29.726 41.709 2.60 -1 3.13 -1 3.87 -1 4.60 -1 6.10 -1
54 Xe K˛1 29.779 41.635 2.59 -1 3.12 -1 3.86 -1 4.58 -1 6.08 -1
55 Cs K˛1 30.973 40.030 2.51 -1 2.98 -1 3.64 -1 4.28 -1 5.62 -1
52 Te Kˇ1 30.996 40.000 2.51 -1 2.98 -1 3.64 -1 4.27 -1 5.62 -1
56 Ba K˛1 32.194 38.511 2.44 -1 2.87 -1 3.46 -1 4.02 -1 5.23 -1
53 I Kˇ1 32.295 38.391 2.43 -1 2.86 -1 3.45 -1 4.00 -1 5.20 -1
57 La K˛1 33.442 37.074 2.37 -1 2.76 -1 3.29 -1 3.79 -1 4.87 -1
54 Xe Kˇ1 33.624 36.874 2.36 -1 2.75 -1 3.27 -1 3.76 -1 4.83 -1
58 Ce K˛1 34.279 36.169 2.33 -1 2.69 -1 3.19 -1 3.64 -1 4.65 -1
55 Cs Kˇ1 34.987 35.437 2.30 -1 2.64 -1 3.10 -1 3.53 -1 4.48 -1
59 Pr K˛1 36.026 34.415 2.25 -1 2.56 -1 2.99 -1 3.37 -1 4.24 -1
56 Ba Kˇ1 36.378 34.082 2.23 -1 2.53 -1 2.95 -1 3.31 -1 4.17 -1
60 Nd K˛1 36.847 33.648 2.21 -1 2.50 -1 2.90 -1 3.25 -1 4.07 -1
57 La Kˇ1 37.801 32.799 2.17 -1 2.44 -1 2.80 -1 3.12 -1 3.88 -1
61 Pm K˛1 38.725 32.016 2.14 -1 2.38 -1 2.71 -1 3.00 -1 3.71 -1
58 Ce Kˇ1 39.257 31.582 2.11 -1 2.34 -1 2.67 -1 2.94 -1 3.62 -1
62 Sm K˛1 40.118 30.905 2.08 -1 2.30 -1 2.59 -1 2.84 -1 3.48 -1
63 Eu K˛1 41.542 29.845 2.05 -1 2.24 -1 2.52 -1 2.73 -1 3.32 -1
60 Nd Kˇ1 42.271 29.331 2.03 -1 2.22 -1 2.48 -1 2.68 -1 3.25 -1
64 Gd K˛1 42.996 28.836 2.02 -1 2.19 -1 2.44 -1 2.63 -1 3.17 -1
61 Pm Kˇ1 43.826 28.290 2.00 -1 2.17 -1 2.40 -1 2.58 -1 3.09 -1
65 Tb K˛1 44.482 27.873 1.98 -1 2.15 -1 2.37 -1 2.54 -1 3.03 -1
62 Sm Kˇ1 45.413 27.301 1.96 -1 2.12 -1 2.33 -1 2.48 -1 2.95 -1
66 Dy K˛1 45.998 26.954 1.95 -1 2.10 -1 2.30 -1 2.44 -1 2.90 -1
63 Eu Kˇ1 47.038 26.358 1.93 -1 2.07 -1 2.26 -1 2.38 -1 2.82 -1
67 Ho K˛1 47.547 26.076 1.92 -1 2.05 -1 2.24 -1 2.36 -1 2.78 -1
64 Gd Kˇ1 48.697 25.460 1.90 -1 2.02 -1 2.19 -1 2.29 -1 2.69 -1
68 Er K˛1 49.128 25.237 1.89 -1 2.01 -1 2.17 -1 2.27 -1 2.66 -1



750 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 6C 7N 8O 9F 10Ne

65 Tb Kˇ1 50.382 24.609 1.87 -1 1.98 -1 2.13 -1 2.22 -1 2.58 -1
69 Tm K˛1 50.742 24.434 1.87 -1 1.97 -1 2.12 -1 2.20 -1 2.56 -1
66 Dy Kˇ1 52.119 23.788 1.85 -1 1.95 -1 2.09 -1 2.16 -1 2.50 -1
70 Yb K˛1 52.389 23.666 1.84 -1 1.94 -1 2.08 -1 2.15 -1 2.48 -1
67 Ho Kˇ1 53.877 23.012 1.82 -1 1.92 -1 2.04 -1 2.10 -1 2.42 -1
71 Lu K˛1 54.070 22.930 1.82 -1 1.91 -1 2.04 -1 2.10 -1 2.41 -1
68 Er K ˇ1 55.681 22.267 1.80 -1 1.89 -1 2.00 -1 2.05 -1 2.34 -1
72 Hf K˛1 55.790 22.223 1.80 -1 1.89 -1 2.00 -1 2.04 -1 2.34 -1
69 Tm Kˇ1 57.517 21.556 1.78 -1 1.86 -1 1.96 -1 2.00 -1 2.27 -1
73 Ta K˛1 57.532 21.550 1.78 -1 1.86 -1 1.96 -1 2.00 -1 2.27 -1
74 W K˛1 59.318 20.901 1.76 -1 1.83 -1 1.93 -1 1.95 -1 2.20 -1
70 Yb Kˇ1 59.370 20.883 1.76 -1 1.83 -1 1.92 -1 1.95 -1 2.20 -1
75 Re K˛1 61.140 20.278 1.74 -1 1.81 -1 1.90 -1 1.91 -1 2.15 -1
71 Lu Kˇ1 61.283 20.231 1.74 -1 1.81 -1 1.89 -1 1.91 -1 2.14 -1
76 Os K˛1 63.001 19.679 1.73 -1 1.79 -1 1.87 -1 1.88 -1 2.10 -1
72 Hf Kˇ1 63.234 19.607 1.73 -1 1.79 -1 1.87 -1 1.88 -1 2.10 -1
77 Ir K˛1 64.896 19.105 1.71 -1 1.77 -1 1.85 -1 1.85 -1 2.06 -1
73 Ta Kˇ1 65.223 19.009 1.71 -1 1.77 -1 1.84 -1 1.84 -1 2.05 -1
78 Pt K˛1 66.832 18.551 1.70 -1 1.75 -1 1.82 -1 1.82 -1 2.02 -1
74 W Kˇ1 67.244 18.438 1.70 -1 1.75 -1 1.82 -1 1.81 -1 2.01 -1
79 Au K˛1 68.804 18.020 1.68 -1 1.73 -1 1.80 -1 1.79 -1 1.98 -1
75 Re Kˇ1 69.310 17.888 1.68 -1 1.73 -1 1.79 -1 1.78 -1 1.97 -1
80 Hg K˛1 70.819 17.507 1.67 -1 1.72 -1 1.78 -1 1.76 -1 1.94 -1
76 Os Kˇ1 71.413 17.361 1.67 -1 1.71 -1 1.77 -1 1.75 -1 1.93 -1
81 Tl K˛1 72.872 17.014 1.66 -1 1.70 -1 1.75 -1 1.73 -1 1.91 -1
77 Ir K ˇ1 73.651 16.854 1.65 -1 1.69 -1 1.75 -1 1.72 -1 1.89 -1
82 Pb K˛1 74.969 16.538 1.64 -1 1.68 -1 1.73 -1 1.71 -1 1.87 -1
78 Pt Kˇ1 75.748 16.368 1.64 -1 1.68 -1 1.72 -1 1.70 -1 1.86 -1
83 Bi K˛1 77.108 16.079 1.63 -1 1.66 -1 1.71 -1 1.68 -1 1.83 -1
79 Au Kˇ1 77.948 15.906 1.62 -1 1.66 -1 1.70 -1 1.67 -1 1.82 -1
84 Po K˛1 79.290 15.636 1.61 -1 1.65 -1 1.69 -1 1.65 -1 1.80 -1
80 Hg Kˇ1 80.253 15.449 1.61 -1 1.64 -1 1.68 -1 1.64 -1 1.78 -1
85 At K˛1 81.520 15.209 1.60 -1 1.63 -1 1.67 -1 1.63 -1 1.77 -1
81 Tl Kˇ1 82.576 15.014 1.66 -1 1.63 -1 1.66 -1 1.62 -1 1.76 -1
86 Rn K˛1 83.780 14.798 1.59 -1 1.62 -1 1.66 -1 1.61 -1 1.75 -1
82 Pb Kˇ1 84.936 14.597 1.58 -1 1.61 -1 1.65 -1 1.60 -1 1.74 -1
87 Fr K˛1 86.100 14.400 1.58 -1 1.60 -1 1.64 -1 1.60 -1 1.73 -1
83 Bi Kˇ1 87.343 14.195 1.57 -1 1.60 -1 1.63 -1 1.59 -1 1.71 -1
88 Ra K˛1 88.470 14.014 1.57 -1 1.59 -1 1.62 -1 1.58 -1 1.70 -1
84 Po Kˇ1 89.800 13.806 1.56 -1 1.58 -1 1.61 -1 1.57 -1 1.69 -1
89 Ac K˛1 90.884 13.642 1.55 -1 1.58 -1 1.61 -1 1.56 -1 1.68 -1
85 At Kˇ1 92.300 13.432 1.55 -1 1.57 -1 1.60 -1 1.55 -1 1.67 -1
90 Th K˛1 93.350 13.281 1.54 -1 1.56 -1 1.59 -1 1.54 -1 1.66 -1
86 Rn Kˇ1 94.870 13.068 1.54 -1 1.56 -1 1.58 -1 1.53 -1 1.65 -1



11Na – 15P 751

Z transition E [keV] � [pm] 6C 7N 8O 9F 10Ne

91 Pa K˛1 95.868 12.932 1.53 -1 1.55 -1 1.58 -1 1.53 -1 1.64 -1
87 Fr Kˇ1 97.470 12.720 1.52 -1 1.54 -1 1.57 -1 1.52 -1 1.63 -1
92 U K˛1 98.439 12.595 1.52 -1 1.54 -1 1.56 -1 1.51 -1 1.62 -1
88 Ra Kˇ1 100.130 12.382 1.51 -1 1.53 -1 1.55 -1 1.50 -1 1.60 -1
89 Ac Kˇ1 102.850 12.054 1.50 -1 1.52 -1 1.54 -1 1.48 -1 1.59 -1
90 Th Kˇ1 105.610 11.739 1.49 -1 1.51 -1 1.53 -1 1.47 -1 1.57 -1
91 Pa Kˇ1 108.430 11.434 1.48 -1 1.49 -1 1.51 -1 1.46 -1 1.56 -1
92 U Kˇ1 111.300 11.139 1.47 -1 1.48 -1 1.50 -1 1.44 -1 1.54 -1

Z transition E [keV] � [pm] 11Na 12Mg 13Al 14Si 15P

4 Be K˛ 0.1085 11421.207 1.22 05 1.21 05 1.01 05 1.15 05 9.05 04
38 Sr M� 0.1140 10815.895 1.11 05 1.25 05 1.14 05 1.13 05 8.91 04
39 Y M� 0.1328 9339.235 8.42 04 9.54 04 9.58 04 1.09 05 8.69 04
16 S Ll 0.1487 8331.942 6.13 04 8.32 04 8.51 04 1.06 05 8.46 04
40 Zr M� 0.1511 8205.506 6.52 04 8.14 04 8.49 04 1.06 05 8.34 04
41 Nb M� 0.1717 7221.037 5.03 04 6.12 04 1.43 04 9.32 04 1.18 04
5 B K˛ 0.1833 6764.059 4.39 04 5.95 04 6.40 04 8.40 04 6.62 04
42 Mo M� 0.1926 6437.445 3.95 04 5.39 04 6.02 04 7.74 04 7.33 04
6 C K˛ 0.2770 4476.000 1.10 04 2.39 04 3.10 04 3.68 04 4.13 04
47 Ag M� 0.3117 3977.709 1.29 04 1.88 04 2.30 04 2.83 04 3.26 04
7 N K˛ 0.3924 3159.664 1.33 03 1.10 04 1.38 04 1.65 04 2.06 04
22 Ti Ll 0.3953 3136.484 1.20 03 1.01 04 1.36 04 1.62 04 2.02 04
22 Ti L˛ 0.4522 2741.822 5.14 03 1.64 03 9.15 03 1.18 04 1.50 04
23 V L˛ 0.5113 2424.901 3.11 03 5.54 03 1.18 03 9.38 03 1.12 04
8 O K˛ 0.5249 2362.072 3.52 03 5.11 03 6.12 03 8.19 03 1.05 04
25 Mn Ll 0.5563 2228.747 3.04 03 4.46 03 5.80 03 1.63 03 9.15 03
24 Cr L˛ 0.5728 2164.546 2.82 03 4.12 03 5.31 03 1.03 03 8.41 03
25 Mn L˛ 0.6374 1945.171 2.11 03 3.11 03 4.04 03 5.38 03 6.53 03
9 F K˛ 0.6768 1831.932 1.82 03 2.62 03 3.41 03 4.54 03 5.53 03
26 Fe L˛ 0.7050 1758.655 1.65 03 2.36 03 3.08 03 4.11 03 5.01 03
21 Co L˛ 0.7762 1597.335 1.21 03 1.82 03 2.38 03 3.19 03 3.90 03
28 Ni L˛ 0.8515 1456.080 9.48 02 1.41 03 1.85 03 2.48 03 3.04 03
29 Cu L˛ 0.9297 1336.044 1.15 02 1.11 03 1.45 03 1.96 03 2.41 03
30 Zn L˛ 1.0011 1225.513 6.09 02 9.25 02 1.15 03 1.54 03 1.81 03
11 Na K˛ 1.0410 1191.020 5.91 02 8.52 02 1.01 03 1.43 03 1.14 03
11 Na Kˇ 1.0711 1157.550 5.86 02 7.85 02 9.86 02 1.32 03 1.61 03
12 Mg K˛ 1.2536 989.033 5.46 03 5.00 02 6.41 02 8.63 02 1.06 03
33 As L˛ 1.2820 967.123 5.14 03 4.69 02 6.03 02 8.12 02 9.96 02
12 Mg Kˇ 1.3022 952.121 4.94 03 4.49 02 5.78 02 7.79 02 9.55 02
33 As Lˇ1 1.3170 941.421 4.79 03 5.95 03 5.55 02 7.57 02 9.27 02
66 Dy Mˇ 1.3250 935.737 4.72 03 5.86 03 5.51 02 7.43 02 9.12 02



752 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 11Na 12Mg 13Al 14Si 15P

67 Ho M˛ 1.3480 919.771 4.51 03 5.61 03 5.26 02 7.09 02 8.71 02
34 Se L˛ 1.3791 899.029 4.25 03 5.29 03 4.94 02 6.67 02 8.20 02
67 Ho Mˇ 1.3830 896.494 4.22 03 5.25 03 4.90 02 6.62 02 8.14 02
68 Er M˛ 1.4060 881.829 4.04 03 5.03 03 4.69 02 6.33 02 7.79 02
34 Se Lˇ1 1.4192 873.627 3.94 03 4.91 03 4.57 02 6.17 02 7.59 02
68 Er Mˇ 1.4430 859.218 3.77 03 4.71 03 4.37 02 5.90 02 7.26 02
69 Tm M˛ 1.4620 848.051 3.64 03 4.55 03 4.21 02 5.70 02 7.02 02
35 Br L˛ 1.4804 837.511 3.53 03 4.41 03 4.07 02 5.51 02 6.79 02
13 Al K˛1 1.4867 833.962 3.49 03 4.36 03 4.03 02 5.45 02 6.71 02
69 Tm Mˇ 1.5030 824.918 3.39 03 4.24 03 3.91 02 5.29 02 6.52 02
70 Yb M˛ 1.5214 814.941 3.28 03 4.10 03 3.78 02 5.12 02 6.31 02
35 Br Lˇ1 1.5259 812.538 3.25 03 4.07 03 3.75 02 5.08 02 6.26 02
13 Al Kˇ 1.5574 796.103 3.08 03 3.86 03 3.54 02 4.81 02 5.93 02
70 Yb Mˇ 1.5675 790.974 3.02 03 3.79 03 4.43 03 4.73 02 5.83 02
71 Lu M˛ 1.5813 784.071 2.95 03 3.71 03 4.33 03 4.62 02 5.69 02
36 Kr L˛ 1.5860 781.747 2.93 03 3.68 03 4.30 03 4.58 02 5.65 02
71 Lu Mˇ 1.6312 760.085 2.72 03 3.42 03 4.00 03 4.25 02 5.24 02
36 Kr Lˇ1 1.6366 757.577 2.69 03 3.39 03 3.97 03 4.21 02 5.20 02
72 Hf M˛1 1.6446 753.892 2.66 03 3.34 03 3.92 03 4.16 02 5.13 02
37 Rb L˛1 1.6941 731.864 2.45 03 3.09 03 3.63 03 3.84 02 4.74 02
72 Hf Mˇ 1.6970 730.355 2.44 03 3.08 03 3.61 03 3.82 02 4.72 02
73 Ta M˛1 1.7096 725.229 2.39 03 3.02 03 3.54 03 3.75 02 4.63 02
14 Si K˛1 1.7400 712.558 2.28 03 2.88 03 3.39 03 3.58 02 4.42 02
57 Rb Lˇ1 1.7522 707.597 2.24 03 2.83 03 3.33 03 3.51 02 4.34 02
73 Ta Mˇ 1.7655 702.266 2.19 03 2.78 03 3.26 03 3.44 02 4.25 02
74 W M˛1 1.7754 698.350 2.16 03 2.73 03 3.22 03 3.39 02 4.19 02
58 Sr L˛1 1.8066 686.290 2.06 03 2.61 03 3.07 03 3.24 02 4.00 02
74 W Mˇ 1.8349 675.705 1.98 03 2.51 03 2.95 03 3.11 02 3.84 02
14 Si Kˇ 1.8359 675.337 1.97 03 2.50 03 2.95 03 3.10 02 3.83 02
75 Re Mˇ 1.8420 673.100 1.96 03 2.48 03 2.92 03 3.71 03 3.80 02
38 Sr Lˇ1 1.8717 662.420 1.87 03 2.38 03 2.81 03 3.56 03 3.64 02
75 Re Mˇ 1.9061 650.465 1.78 03 2.27 03 2.68 03 3.40 03 3.47 02
76 Os M˛1 1.9102 649.069 1.77 03 2.26 03 2.66 03 3.38 03 3.45 02
39 Y L˛1 1.9226 644.882 1.74 03 2.22 03 2.62 03 3.32 03 3.39 02
76 Os Mˇ 1.9783 626.725 1.61 03 2.06 03 2.43 03 3.09 03 3.14 02
77 Ir M˛1 1.9799 626.219 1.61 03 2.05 03 2.43 03 3.08 03 3.14 02
39 Y Lˇ1 1.9958 621.230 1.58 03 2.01 03 2.38 01 3.02 03 3.07 02
15 P K˛1 2.0137 615.708 1.54 03 1.96 03 2.32 03 2.95 03 3.00 02
40 Zr L˛1 2.0424 607.056 1.48 03 1.69 03 2.24 03 2.84 03 2.89 02
78 Pt M˛1 2.0505 604.658 1.46 03 1.87 03 2.21 03 2.81 03 2.85 02
77 Ir Mˇ 2.9535 603.775 1.46 03 1.86 03 2.21 03 2.80 03 2.84 02
79 Au M˛1 2.1229 584.036 1.33 03 1.70 03 2.02 03 2.56 03 2.84 02
40 Zr Lˇ1 2.1244 583.624 1.33 03 1.70 03 2.02 03 2.55 03 2.60 02
78 Pt Mˇ 2.1273 582.828 1.32 03 1.69 03 2.01 03 2.54 03 2.59 02



11Na – 15P 753

Z transition E [keV] � [pm] 11Na 12Mg 13Al 14Si 15P

15 P K ˇ1,3 2.1390 579.640 1.30 03 1.66 03 1.98 03 2.51 03 2.55 02
41 Nb L˛1 2.1659 572.441 1.26 03 1.61 03 1.92 03 2.42 03 2.77 03
80 Hg M˛1 2.1953 564.775 1.21 03 1.55 03 1.85 03 2.34 03 2.67 03
79 Au Mˇ 2.2046 562.393 1.20 03 1.53 03 1.83 03 2.31 03 2.64 03
41 Nb Lˇ1 2.2574 549.238 1.12 03 1.44 03 1.72 03 2.17 03 2.48 03
81 Tl M˛1 2.2706 546.045 1.10 03 1.41 03 1.69 03 2.14 03 2.44 03
80 Hg Mˇ 2.2825 543.199 1.09 03 1.39 03 1.67 03 2.11 03 2.41 03
42 Mo L˛1 2.2932 540.664 1.07 03 1.38 03 1.65 03 2.08 03 2.38 03
16 S K˛1 2.3080 537.197 1.05 03 1.35 03 1.62 03 2.04 03 2.34 03
82 Pb M˛1 2.3457 528.563 1.01 03 1.29 03 1.55 03 1.96 03 2.24 03
81 Tl Mˇ 2.3621 524.893 9.87 02 1.27 03 1.52 03 1.92 03 2.20 03
42 Mo Lˇ1 2.3948 517.726 9.50 02 1.22 03 1.47 03 1.85 03 2.12 03
83 Bi M˛1 2.4226 511.785 9.20 02 1.18 03 1.42 03 1.80 03 2.06 03
43 Tc L˛1 2.4240 511.490 9.19 02 1.18 03 1.42 03 1.79 03 2.02 03
82 Pb Mˇ 2.4427 507.574 8.99 02 1.16 03 1.39 03 1.76 03 2.02 03
16 S Kˇ 2.4640 503.186 8.78 02 1.13 03 1.36 03 1.72 03 1.97 03
83 Bi Mˇ1 2.5255 490.933 8.20 02 1.06 03 1.28 03 1.61 03 1.83 03
43 Tc Lˇ1 2.5368 488.746 8.10 02 1.05 03 1.26 03 1.59 03 1.82 03
44 Ru L˛1 2.5586 484.582 7.91 02 1.02 03 1.23 03 1.55 03 1.78 03
17 Cl K˛1 2.6224 472.792 7.38 02 9.55 02 1.15 03 1.45 03 1.67 03
44 Ru Lˇ1 2.6832 462.079 6.93 02 8.97 02 1.08 03 1.37 03 1.57 03
45 Rh L˛1 2.6967 459.766 6.83 02 8.85 02 1.07 03 1.35 03 1.55 03
17 Cl Kˇ1 2.8156 440.350 6.06 02 7.86 02 9.56 02 1.20 03 1.38 03
45 Rh Lˇ1 2.8344 437.430 5.95 02 7.72 02 9.39 02 1.18 03 1.36 03
46 Pd L˛1 2.8386 436.782 5.93 02 7.69 02 9.35 02 1.11 03 1.35 03
18 Ar K˛1 2.9577 419.194 5.29 02 6.87 02 8.39 02 1.05 03 1.22 03
47 Ag L˛1 2.9843 415.458 5.16 02 6.71 02 8.19 02 1.03 03 1.19 03
46 Pd Lˇ1 2.9902 414.638 5.13 02 6.67 02 8.15 02 1.02 03 1.18 03
90 Th M˛1 2.9961 413.821 5.10 02 6.64 02 8.11 02 1.02 03 1.17 03
91 Pa M˛1 3.0823 402.248 4.71 02 6.13 02 7.50 02 9.39 02 1.09 03
48 Cd L˛1 3.1337 395.651 4.49 02 5.85 02 7.17 02 8.97 02 1.04 03
90 Th Mˇ 3.1458 394.129 4.44 02 5.79 02 7.09 02 8.87 02 1.03 03
47 Ag Lˇ1 3.1509 393.491 4.42 02 5.76 02 7.06 02 8.84 02 1.02 03
92 U M˛1 3.1708 391.021 4.34 02 5.66 02 6.94 02 8.68 02 1.01 03
18 Ar Kˇ 3.1905 388.607 4.27 02 5.56 02 6.82 02 8.54 02 9.90 02
91 Pa Mˇ 3.2397 382.705 4.08 02 5.33 02 6.54 02 8.18 02 9.49 02
49 In L˛1 3.2869 377.210 3.92 02 5.l2 02 6.28 02 7.86 02 9.13 02
19 K K˛1 3.3138 374.148 3.83 02 5.00 02 6.14 02 7.69 02 8.93 02
48 Cd Lˇ1 3.3166 373.832 3.82 02 4.99 02 6.13 02 7.67 02 8.90 02
92 U Mˇ 3.3360 371.658 3.76 02 4.91 02 6.03 02 7.54 02 8.76 02
50 Sn L˛1 3.4440 360.003 3.43 02 4.49 02 5.53 02 6.91 02 8.04 02
49 In Lˇ1 3.4872 355.543 3.31 02 4.33 02 5.34 02 6.67 02 7.77 02
19 K Kˇ 3.5896 345.401 3.05 02 4.00 02 4.93 02 6.16 02 7.18 02
51 Sb L˛1 3.6047 343.954 3.02 02 3.95 02 4.87 02 6.09 02 7.10 02



754 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 11Na 12Mg 13Al 14Si 15P

50 Sn Lˇ1 3.6628 338.498 2.88 02 3.77 02 4.66 02 5.83 02 6.80 02
20 Ca K˛1 3.6917 335.848 2.82 02 3.69 02 4.56 02 5.70 02 6.65 02
52 Te L˛1 3.7693 328.934 2.66 02 3.48 02 4.31 02 5.38 02 6.28 02
51 Sb Lˇ1 3.8436 322.575 2.51 02 3.30 02 4.09 02 5.10 02 5.96 02
53 I L˛1 3.9377 314.867 2.35 02 3.08 02 3.82 02 4.77 02 5.58 02
20 Ca Kˇ 4.0127 308.981 2.22 02 2.92 02 3.63 02 4.53 02 5.30 02
52 Te Lˇ1 4.0296 307.686 2.20 02 2.89 02 3.59 02 4.47 02 5.24 02
21 Sc K˛1 4.0906 303.097 2.10 02 2.77 02 3.44 02 4.29 02 5.02 02
54 Xe L˛1 4.1099 301.674 2.07 02 2.73 02 3.39 02 4.23 02 4.96 02
53 I Lˇ1 4.2207 293.755 1.92 02 2.53 02 3.15 02 3.93 02 4.61 02
55 Cs L˛1 4.2865 289.245 1.84 02 2.42 02 3.01 02 3.76 02 4.41 02
21 Sc Kˇ 4.4605 277.962 1.64 02 2.16 02 2.69 02 3.37 02 3.95 02
56 Ba L˛1 4.4663 277.601 1.63 02 2.15 02 2.68 02 3.35 02 3.94 02
22 Ti K˛1 4.5108 274.863 1.59 02 2.09 02 2.61 02 3.26 02 3.83 02
55 Cs Lˇ1 4.6198 268.377 1.48 02 1.96 02 2.44 02 3.05 02 3.58 02
57 La L˛1 4.6510 266.577 1.45 02 1.92 02 2.39 02 2.99 02 3.52 02
56 Ba Lˇ1 4.8273 256.841 1.30 02 1.73 02 2.16 02 2.70 02 3.17 02
58 Ce L˛1 4.8402 256.157 1.29 02 1.71 02 2.14 02 2.68 02 3.15 02
22 Ti Kˇ1,3 4.9318 251.399 1.23 02 1.63 02 2.03 02 2.54 02 2.99 02
23 V K˛1 4.9522 250.363 1.21 02 1.61 02 2.01 02 2.51 02 2.95 02
59 Pr L˛1 5.0337 246.310 1.16 02 1.53 02 1.92 02 2.40 02 2.82 02
51 La Lˇ1 5.0421 245.899 1.15 02 1.53 02 1.91 02 2.39 02 2.81 02
60 Nd L˛1 5.2304 237.047 1.03 02 1.31 02 1.12 02 2.15 02 2.53 02
58 Ce Lˇ1 5.2622 235.614 1.02 02 1.35 02 1.69 02 2.11 02 2.49 02
24 Cr K˛1 5.4147 228.987 9.34 01 1.24 02 1.56 02 1.94 02 2.30 02
23 V Kˇ1,3 5.4273 228.447 9.28 01 1.23 02 1.55 02 1.93 02 2.28 02
61 Pm L˛1 5.4325 228.228 9.25 01 1.23 02 1.54 02 1.93 02 2.28 02
59 Pr Lˇ1 5.4889 225.883 8.91 01 1.19 02 1.50 02 1.81 02 2.21 02
62 Sm L˛1 5.6361 219.984 8.31 01 1.11 02 1.39 02 1.13 02 2.05 02
60 Nd Lˇ1 5.7210 216.696 1.95 01 1.06 02 1.33 02 1.66 02 1.91 02
63 Eu L˛1 5.8457 212.096 1.46 01 9.96 01 1.25 02 1.56 02 1.85 02
25 Mn K˛1 5.8988 210.187 1.21 01 9.10 01 1.22 02 1.52 02 1.80 02
24 Cr Kˇ1,3 5.9467 208.494 1.10 01 9.48 01 1.19 02 1.48 02 1.16 02
61 Pm Lˇ1 5.9610 207.993 1.05 01 9.41 01 1.18 02 1.41 02 1.15 02
64 Gd L˛1 6.0572 204.690 6.13 01 8.99 01 1.13 02 1.41 02 1.61 02
62 Sm Lˇ1 6.2051 199.811 6.26 01 8.38 01 1.05 02 1.31 02 1.56 02
65 Tb L˛1 6.2728 197.655 6.01 01 8.11 01 1.02 02 1.21 02 1.51 02
26 Fe K˛1 6.4038 193.611 5.11 01 1.64 01 9.61 01 1.20 02 1.43 02
63 Eu Lˇ1 6.4564 192.034 5.51 01 1.46 01 9.39 01 1.11 02 1.39 02
25 Mn Kˇ1,3 6.4905 191.025 5.49 01 1.34 01 9.24 01 1.15 02 1.31 02
66 Dy L˛1 6.4952 190.887 5.41 01 1.33 01 9.22 01 1.15 02 1.31 02
64 Gd Lˇ1 6.7132 184.688 4.91 01 6.66 01 8.38 01 1.05 02 1.25 02
61 Ho L˛1 6.7198 184.507 4.95 01 6.64 01 8.36 01 1.04 02 1.24 02
21 Co K˛1 6.9303 178.903 4.52 01 6.06 01 1.64 01 9.54 01 1.14 02



11Na – 15P 755

Z transition E [keV] � [pm] 11Na 12Mg 13Al 14Si 15P

68 Er L˛1 6.9487 178.429 4.49 01 6.02 01 1.59 01 9.41 01 1.13 02
65 Tb Lˇ1 6.9780 177.680 4.43 01 5.94 01 1.49 01 9.36 01 1.12 02
26 Fe Kˇ1,3 7.0580 175.666 4.28 01 5.15 01 1.25 01 9.05 01 1.08 02
69 Tm L˛1 7.1799 172.683 4.01 01 5.41 01 6.90 01 8.62 01 1.03 02
66 Dy Lˇ1 7.2477 171.068 3.96 01 5.32 01 6.11 01 8.38 01 1.00 02
70 Yb L˛1 7.4156 167.195 3.10 01 4.98 01 6.28 01 1.85 01 9.31 01
28 Ni K˛1 7.4182 165.795 3.61 01 4.86 01 6.13 01 1.66 01 9.15 01
61 Ho Lˇ1 7.5253 164.757 3.55 01 4.11 01 6.02 01 1.52 01 8.99 01
21 Co Kˇ1,3 7.6494 162.084 3.38 01 4.55 01 5.14 01 1.11 01 8.58 01
71 Lu L˛1 7.6555 161.955 3.31 01 4.54 01 5.13 01 1.16 01 8.56 01
68 Er Lˇ1 7.8109 158.773 3.18 01 4.28 01 5.41 01 6.15 01 8.08 01
72 Hf L˛1 7.8990 156.963 3.01 01 4.14 01 5.23 01 6.54 01 1.82 01
29 Cu K˛1 8.0478 154.060 2.91 01 3.92 01 4.96 01 6.19 01 1.41 01
69 Tm Lˇ1 8.1010 153.049 2.85 01 3.84 01 4.86 01 6.08 01 7.21 01
73 Ta L˛1 8.1461 152.201 2.81 01 3.18 01 4.18 01 5.98 01 1.16 01
28 Ni Kˇ1,3 8.2641 150.017 2.69 01 3.62 01 4.58 01 5.13 01 6.86 01
74 W L˛1 8.3916 141.643 2.56 01 3.45 01 4.31 01 5.41 01 6.55 01
70 Yb Lˇ1 8.4018 141.569 2.56 01 3.45 01 4.31 01 5.46 01 6.54 01
30 Zn K˛1 8.6389 143.519 2.36 01 3.18 01 4.02 01 5.03 01 6.03 01
75 Re L˛1 8.6525 143.294 2.35 01 3.16 01 4.00 01 5.01 01 6.01 01
71 Lu Lˇ1 8.7090 142.364 2.30 01 3.20 01 3.93 01 4.92 01 5.89 01
29 Cu Kˇ1 8.9053 139.226 2.16 01 2.90 01 3.68 01 4.61 01 5.53 01
76 Os L˛1 8.9117 138.126 2.15 01 2.90 01 3.61 01 4.60 01 5.51 01
72 Hf Lˇ1 9.0227 137.414 2.01 01 2.79 01 3.54 01 4.43 01 5.32 01
77 Ir L˛1 9.1751 135.132 1.91 01 2.66 01 3.31 01 4.22 01 5.01 01
31 Ga K˛1 9.2517 134.013 1.93 01 2.59 01 3.29 01 4.12 01 4.95 01
13 Ta Lˇ1 9.3431 132.702 1.81 01 2.52 01 3.19 01 4.00 01 4.81 01
18 Pt L˛1 9.4423 131.308 1.81 01 2.44 01 3.09 01 3.88 01 4.66 01
30 Zn Kˇ1,3 9.5720 129.529 1.74 01 2.34 01 2.97 01 3.73 01 4.48 01
74 W Lˇ1 9.6724 128.184 1.69 01 2.27 01 2.88 01 3.62 01 4.35 01
79 Au L˛1 9.7133 127.644 1.67 01 2.24 01 2.85 01 3.57 01 4.29 01
32 Ge K˛1 9.8864 125.409 1.58 01 2.13 01 2.70 01 3.39 01 4.08 01
80 Hg L˛1 9.9888 124.124 1.54 01 2.07 01 2.62 01 3.29 01 3.96 01
75 Re Lˇ1 10.010 123.861 1.53 01 2.05 01 2.60 01 3.27 01 3.93 01
31 Ga Kˇ1 10.264 120.796 1.42 01 1.91 01 2.42 01 3.04 01 3.66 01
81 Tl L˛1 10.269 120.737 1.42 01 1.90 01 2.42 01 3.03 01 3.65 01
76 Os Lˇ1 10.355 119.734 1.38 01 1.86 01 2.36 01 2.96 01 3.56 01
33 As K˛1 10.544 117.588 1.31 01 1.76 01 2.23 01 2.81 01 3.38 01
82 Pb L˛1 10.552 117.499 1.31 01 1.76 01 2.23 01 2.80 01 3.37 01
77 Ir Lˇ1 10.708 115.787 1.25 01 1.68 01 2.14 01 2.68 01 3.23 01
83 Bi L˛1 10.839 114.388 1.21 01 1.62 01 2.06 01 2.59 01 3.12 01
32 Ge Kˇ1 10.982 112.898 1.16 01 1.56 01 1.98 01 2.49 01 3.00 01
78 Pt Lˇ1 11.071 111.990 1.13 01 1.52 01 1.94 01 2.43 01 2.93 01
84 Po L˛1 11.131 111.387 1.12 01 1.50 01 1.91 01 2.39 01 2.89 01



756 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 11Na 12Mg 13Al 14Si 15P

34 Se K˛1 11.222 110.484 1.09 01 1.46 01 1.86 01 2.34 01 2.82 01
85 At L˛1 11.427 108.501 1.03 01 1.39 01 1.76 01 2.21 01 2.67 01
79 Au Lˇ1 11.442 108.359 1.03 01 1.38 01 1.76 01 2.21 01 2.66 01
33 As Kˇ1 11.726 105.735 9.57 00 1.29 01 1.63 01 2.05 01 2.48 01
86 Rn L˛1 11.727 105.726 9.57 00 1.29 01 1.63 01 2.05 01 2.48 01
80 Hg Lˇ1 11.823 104.867 9.35 00 1.26 01 1.60 01 2.00 01 2.42 01
35 Br K˛1 11.924 103.979 9.11 00 1.22 01 1.56 01 1.95 01 2.36 01
87 Fr L˛1 12.031 103.054 8.88 00 1.19 01 1.52 01 1.90 01 2.30 01
81 Tl Lˇ1 12.213 101.519 8.49 00 1.14 01 1.45 01 1.82 01 2.20 01
88 Ra L˛1 12.340 100.474 8.24 00 1.11 01 1.41 01 1.76 01 2.14 01
34 Se Kˇ1 12.496 99.219 7.94 00 1.07 01 1.36 01 1.70 01 2.06 01
82 Pb Lˇ1 12.614 98.291 7.72 00 1.04 01 1.32 01 1.65 01 2.00 01
36 Kr K˛1 12.649 98.019 7.66 00 1.03 01 1.31 01 1.64 01 1.99 01
89 Ac L˛1 12.652 97.996 7.65 00 1.03 01 1.31 01 1.64 01 1.99 01
90 Th L˛1 12.969 95.601 7.12 00 9.55 00 1.22 01 1.52 01 1.85 01
83 Bi Lˇ1 13.024 95.197 7.03 00 9.43 00 1.20 01 1.51 01 1.83 01
91 Pa L˛1 13.291 93.285 6.62 00 8.89 00 1.13 01 1.42 01 1.72 01
35 Br Kˇ1 13.291 93.185 6.62 00 8.89 00 1.13 01 1.42 01 1.72 01
37 Rb K˛1 13.395 92.560 6.47 00 8.68 00 1.11 01 1.39 01 1.68 01
84 Po Lˇ1 13.447 92.202 6.40 00 8.59 00 1.09 01 1.37 01 1.66 01
92 U L˛1 13.615 91.065 6.17 00 8.28 00 1.05 01 1.32 01 1.60 01
85 At Lˇ1 13.876 89.352 5.83 00 7.82 00 9.96 00 1.25 01 1.52 01
36 Kr Kˇ1 14.112 87.857 5.55 00 7.44 00 9.48 00 1.19 01 1.44 01
38 Sr Kˇ1 14.165 87.529 5.49 00 7.36 00 9.38 00 1.18 01 1.43 01
86 Rn L˛1 14.316 86.606 5.32 00 7.14 00 9.09 00 1.14 01 1.39 01
87 Fr Lˇ1 14.770 83.943 4.85 00 6.51 00 8.29 00 1.04 01 1.26 01
39 Y K˛1 14.958 82.888 4.68 00 6.27 00 7.99 00 1.00 01 1.22 01
37 Rb Kˇ1 14.961 82.872 4.67 00 6.27 00 7.98 00 1.00 01 1.22 01
88 Ra Lˇ1 15.236 81.376 4.44 00 5.94 00 7.57 00 9.48 00 1.16 01
89 Ac Lˇ1 15.713 78.906 4.06 00 5.43 00 6.92 00 8.67 00 1.06 01
40 Zr K˛1 15.775 78.596 4.02 00 5.37 00 6.84 00 8.57 00 1.04 01
38 Sr Kˇ1 15.836 78.293 3.97 00 5.31 00 6.76 00 8.47 00 1.03 01
90 Th Lˇ1 16.202 76.524 3.72 00 4.97 00 6.32 00 7.93 00 9.66 00
41 Nb K˛1 16.615 74.622 3.47 00 4.62 00 5.87 00 7.37 00 8.98 00
91 Pa Lˇ1 16.702 74.233 3.41 00 4.55 00 5.79 00 7.25 00 8.84 00
39 Y Kˇ1 16.738 74.074 3.39 00 4.52 00 5.72 00 7.21 00 8.79 00
92 U Lˇ1 17.220 72.000 3.13 00 4.17 00 5.29 00 6.64 00 8.09 00
42 Mo K˛1 17.479 70.933 3.00 00 3.99 00 5.07 00 6.35 00 7.74 00
40 Zr Kˇ1 17.668 70.175 2.91 00 3.87 00 4.91 00 6.16 00 7.50 00
43 Tc K˛1 18.367 67.504 2.60 00 3.46 00 4.38 00 5.50 00 6.70 00
41 Nb Kˇ1 18.623 66.576 2.50 00 3.32 00 4.21 00 5.28 00 6.44 00
44 Ru K˛1 19.279 64.311 2.27 00 3.00 00 3.80 00 4.77 00 5.82 00
42 Mo Kˇ1 19.608 63.231 2.16 00 2.86 00 3.62 00 4.54 00 5.54 00
45 Rh K˛1 20.216 61.330 1.99 00 2.62 00 3.32 00 4.16 00 5.07 00



11Na – 15P 757

Z transition E [keV] � [pm] 11Na 12Mg 13Al 14Si 15P

43 Tc Kˇ1 20.619 60.131 1.89 00 2.49 00 3.14 00 3.94 00 4.80 00
46 Pd K˛1 21.177 58.547 1.76 00 2.32 00 2.92 00 3.66 00 4.45 00
44 Ru Kˇ1 21.657 57.240 1.67 00 2.19 00 2.75 00 3.44 00 4.18 00
47 Ag K˛1 22.163 55.942 1.57 00 2.05 00 2.58 00 3.22 00 3.92 00
45 Rh Kˇ1 22.724 54.561 1.47 00 1.92 00 2.41 00 3.01 00 3.65 00
48 Cd K˛1 23.174 53.501 1.40 00 1.83 00 2.28 00 2.85 00 3.46 00
46 Pd Kˇ1 23.819 52.053 1.30 00 1.70 00 2.11 00 2.64 00 3.20 00
49 In K˛1 24.210 51.212 1.25 00 1.62 00 2.02 00 2.52 00 3.06 00
47 Ag Kˇ1 24.942 49.709 1.16 00 1.50 00 1.86 00 2.32 00 2.81 00
50 Sn K˛1 25.271 49.062 1.12 00 1.45 00 1.80 00 2.24 00 2.71 00
48 Cd Kˇ1 26.096 47.511 1.03 00 1.33 00 1.65 00 2.05 00 2.47 00
51 Sb K˛1 26.359 47.037 1.00 00 1.30 00 1.60 00 1.99 00 2.41 00
49 In Kˇ1 27.276 45.455 9.20 -1 1.18 00 1.46 00 1.81 00 2.19 00
52 Te K˛1 27.472 45.131 9.04 -1 1.16 00 1.43 00 1.77 00 2.14 00
50 Sn Kˇ1 28.486 43.524 8.23 -1 1.05 00 1.29 00 1.60 00 1.93 00
53 I K˛1 28.612 43.333 8.14 -1 1.04 00 1.28 00 1.58 00 1.91 00
51 Sb Kˇ1 29.726 41.709 7.38 -1 9.42 -1 1.15 00 1.43 00 1.72 00
54 Xe K˛1 29.779 41.635 7.34 -1 9.37 -1 1.15 00 1.42 00 1.71 00
55 Cs K˛1 30.973 40.030 6.75 -1 8.56 -1 1.04 00 1.28 00 1.54 00
52 Te Kˇ1 30.996 40.000 6.74 -1 8.55 -1 1.04 00 1.28 00 1.54 00
56 Ba K˛1 32.194 38.511 6.24 -1 7.86 -1 9.49 -1 1.17 00 1.40 00
53 I Kˇ1 32.295 38.391 6.20 -1 7.80 -1 9.42 -1 1.16 00 1.39 00
57 La K˛1 33.442 37.074 5.77 -1 7.22 -1 8.67 -1 1.06 00 1.27 00
54 Xe Kˇ1 33.624 36.874 5.71 -1 7.14 -1 8.56 -1 1.05 00 1.25 00
58 Ce K˛1 34.279 36.169 5.49 -1 6.84 -1 8.18 -1 1.00 00 1.19 00
55 Cs K ˇ1 34.987 35.437 5.27 -1 6.53 -1 7.79 -1 9.51 -1 1.13 00
59 Pr K˛1 36.026 34.415 4.96 -1 6.12 -1 7.27 -1 8.85 -1 1.05 00
56 Ba Kˇ1 36.378 34.082 4.86 -1 5.99 -1 7.10 -1 8.64 -1 1.02 00
60 Nd K˛1 36.847 33.648 4.74 -1 5.82 -1 6.89 -1 8.37 -1 9.90 -1
57 La Kˇ1 37.801 32.799 4.50 -1 5.50 -1 6.48 -1 7.86 -1 9.27 -1
61 Pm K˛1 38.725 32.016 4.28 -1 5.22 -1 6.12 -1 7.41 -1 8.72 -1
58 Ce Kˇ1 39.257 31.582 4.16 -1 5.06 -1 5.93 -1 7.16 -1 8.42 -1
62 Sm K˛1 40.118 30.905 3.99 -1 4.83 -1 5.64 -1 6.80 -1 7.98 -1
59 Pr Kˇ1 40.748 30.427 3.89 -1 4.70 -1 5.47 -1 6.58 -1 7.71 -1
63 Eu K˛1 41.542 29.845 3.78 -1 4.55 -1 5.27 -1 6.33 -1 7.38 -1
60 Nd Kˇ1 42.271 29.331 3.68 -1 4.41 -1 5.10 -1 6.11 -1 7.10 -1
64 Gd K˛1 42.996 28.836 3.58 -1 4.28 -1 4.93 -1 5.90 -1 6.84 -1
61 Pm Kˇ1 43.826 28.290 3.48 -1 4.14 -1 4.75 -1 5.67 -1 6.56 -1
65 Tb K˛1 44.482 27.873 3.40 -1 4.04 -1 4.62 -1 5.50 -1 6.35 -1
62 Sm Kˇ1 45.413 27.301 3.29 -1 3.89 -1 4.44 -1 5.27 -1 6.06 -1
66 Dy K˛1 45.998 26.954 3.22 -1 3.81 -1 4.33 -1 5.14 -1 5.89 -1
63 Eu Kˇ1 47.038 26.358 3.11 -1 3.66 -1 4.14 -1 4.91 -1 5.61 -1
67 Ho K˛1 47.547 26.076 3.06 -1 3.60 -1 4.06 -1 4.80 -1 5.48 -1
64 Gd Kˇ1 48.697 25.460 2.95 -1 3.45 -1 3.88 -1 4.57 -1 5.09 -1



758 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 11Na 12Mg 13Al 14Si 15P

68 Er K˛1 49.128 25.237 2.91 -1 3.40 -1 3.81 -1 4.49 -1 5.09 -1
65 Tb Kˇ1 50.382 24.609 2.80 -1 3.26 -1 3.64 -1 4.28 -1 4.83 -1
69 Tm K˛1 50.742 24.434 2.78 -1 3.23 -1 3.60 -1 4.22 -1 4.77 -1
66 Dy Kˇ1 52.119 23.788 2.70 -1 3.12 -1 3.46 -1 4.03 -1 4.54 -1
70 Yb K˛1 52.389 23.666 2.68 -1 3.09 -1 3.43 -1 4.00 -1 4.49 -1
67 Ho Kˇ1 53.877 23.012 2.59 -1 2.98 -1 3.29 -1 3.81 -1 4.27 -1
71 Lu Ka˛1 54.070 22.930 2.58 -1 2.96 -1 3.27 -1 3.79 -1 4.24 -1
68 Er Kˇ1 55.681 22.267 2.50 -1 2.85 -1 3.13 -1 3.60 -1 4.02 -1
72 Hf Ka˛1 55.790 22.223 2.49 -1 2.84 -1 3.12 -1 3.59 -1 4.00 -1
69 Tm Kˇ1 57.517 21.556 2.40 -1 2.73 -1 2.98 -1 3.41 -1 3.78 -1
73 Ta K˛1 57.532 21.550 2.40 -1 2.73 -1 2.97 -1 3.41 -1 3.78 -1
74 W K˛1 59.318 20.901 2.32 -1 2.62 -1 2.84 -1 3.24 -1 3.57 -1
70 Yb Kˇ1 59.370 20.883 2.32 -1 2.61 -1 2.84 -1 3.23 -1 3.57 -1
75 Re K˛1 61.140 20.278 2.25 -1 2.53 -1 2.73 -1 3.10 -1 3.41 -1
71 Lu Kˇ1 61.283 20.231 2.25 -1 2.52 -1 2.72 -1 3.09 -1 3.40 -1
76 Os K˛1 63.001 19.679 2.20 -1 2.46 -1 2.64 -1 2.99 -1 3.27 -1
72 Hf Kˇ1 63.234 19.607 2.19 -1 2.45 -1 2.63 -1 2.98 -1 3.25 -1
77 Ir K˛1 64.896 19.105 2.15 -1 2.39 -1 2.56 -1 2.88 -1 3.13 -1
73 Ta Kˇ1 65.223 19.009 2.14 -1 2.38 -1 2.54 -1 2.86 -1 3.11 -1
78 Pt K˛1 66.832 18.551 2.09 -1 2.32 -1 2.47 -1 2.78 -1 3.01 -1
74 W Kˇ1 67.244 18.438 2.08 -1 2.31 -1 2.46 -1 2.76 -1 2.98 -1
79 Au K˛1 68.804 18.020 2.04 -1 2.26 -1 2.39 -1 2.68 -1 2.89 -1
75 Re Kˇ1 69.310 17.888 2.03 -1 2.24 -1 2.38 -1 2.66 -1 2.86 -1
80 Hg K˛1 70.819 17.507 2.00 -1 2.20 -1 2.32 -1 2.59 -1 2.77 -1
76 Os Kˇ1 71.413 17.361 1.98 -1 2.18 -1 2.30 -1 2.56 -1 2.74 -1
81 Tl K˛1 72.872 17.014 1.95 -1 2.14 -1 2.25 -1 2.50 -1 2.66 -1
77 Ir Kˇ1 73.561 16.854 1.94 -1 2.l2 -1 2.22 -1 2.47 -1 2.63 -1
82 Pb K˛1 74.969 16.538 1.91 -1 2.08 -1 2.18 -1 2.41 -1 2.56 -1
78 Pt Kˇ1 75.748 16.368 1.89 -1 2.06 -1 2.15 -1 2.38 -1 2.52 -1
83 Bi K˛1 77.108 16.079 1.86 -1 2.03 -1 2.11 -1 2.33 -1 2.46 -1
79 Au Kˇ1 77.948 15.906 1.85 -1 2.01 -1 2.08 -1 2.30 -1 2.42 -1
84 Po K˛1 79.290 15.636 1.82 -1 1.97 -1 2.04 -1 2.25 -1 2.36 -1
80 Hg Kˇ1 80.253 15.449 1.80 -1 1.95 -1 2.02 -1 2.22 -1 2.33 -1
85 At K˛1 81.520 15.209 1.79 -1 1.93 -1 2.00 -1 2.19 -1 2.29 -1
81 Tl Kˇ1 82.576 15.014 1.78 -1 1.92 -1 1.98 -1 2.17 -1 2.26 -1
86 Rn K˛1 83.780 14.798 1.76 -1 1.90 -1 1.95 -1 2.14 -1 2.23 -1
82 Pb Kˇ1 84.936 14.597 1.75 -1 1.88 -1 1.93 -1 2.12 -1 2.20 -1
87 Fr K˛1 86.100 14.400 1.73 -1 1.86 -1 1.91 -1 2.09 -1 2.17 -1
83 Bi Kˇ1 87.343 14.195 1.72 -1 1.85 -1 1.89 -1 2.07 -1 2.14 -1
88 Ra K˛1 88.470 14.014 1.71 -1 1.83 -1 1.87 -1 2.04 -1 2.11 -1
84 Po Kˇ1 89.800 13.806 1.69 -1 1.81 -1 1.85 -1 2.02 -1 2.08 -1
89 Ac K˛1 90.884 13.642 1.68 -1 1.80 -1 1.84 -1 1.99 -1 2.06 -1
85 At Kˇ1 92.300 13.432 1.67 -1 1.78 -1 1.82 -1 1.97 -1 2.03 -1
90 Th K˛1 93.350 13.281 1.65 -1 1.77 -1 1.80 -1 1.95 -1 2.00 -1



16S – 20Ca 759

Z transition E [keV] � [pm] 11Na 12Mg 13Al 14Si 15P

86 Rn Kˇ1 94.870 13.068 1.64 -1 1.75 -1 1.78 -1 1.92 -1 1.97 -1
91 Pa K˛1 95.868 12.932 1.63 -1 1.74 -1 1.76 -1 1.90 -1 1.95 -1
87 Fr Kˇ1 97.470 12.720 1.61 -1 1.72 -1 1.74 -1 1.88 -1 1.92 -1
92 U K˛1 98.439 12.595 1.60 -1 1.71 -1 1.73 -1 1.86 -1 1.90 -1
88 Ra Kˇ1 100.130 12.382 1.59 -1 1.69 -1 1.71 -1 1.83 -1 1.87 -1
89 Ac Kˇ1 102.850 12.054 1.57 -1 1.67 -1 1.68 -1 1.81 -1 1.84 -1
90 Th Kˇ1 105.610 11.739 1.55 -1 1.65 -1 1.66 -1 1.78 -1 1.81 -1
91 Pa Kˇ1 108.430 11.434 1.54 -1 1.63 -1 1.64 -1 1.75 -1 1.78 -1
92 U Kˇ1 111.300 11.139 1.52 -1 1.61 -1 1.61 -1 1.72 -1 1.75 -1

Z transition E [keV] � [pm] 16S 17Cl 18Ar 19K 20Ca

4 Be K˛ 0.1095 11427.207 1.28 04 1.61 04 1.80 04 2.10 04 2.22 04
38 Sr M� 0.1140 10875.895 1.20 04 1.52 04 1.75 04 2.01 04 2.14 04
39 Y M� 0.1328 9339.235 9.6403 1.25 04 1.49 04 1.74 04 1.87 04
16 S Ll 0.1487 8337.942 8.09 03 1.06 04 1.29 04 1.52 04 1.70 04
40 Zr M� 0.1511 8205.506 7.92 03 1.03 04 1.26 04 1.49 04 1.67 04
41 Nb M� 0.1717 7221.037 7.58 04 8.42 03 1.03 04 1.25 04 1.41 04
5 B K˛ 0.1833 6764.059 7.42 04 7.55 03 9.37 03 1.13 04 1.30 04
42 Mo M� 0.1926 6437.445 6.98 04 6.94 03 8.63 03 1.05 04 1.21 04
6 C K˛ 0.2770 4476.000 4.79 04 5.08 04 4.56 04 5.68 03 6.84 03
47 Ag M� 0.3117 3977.709 3.84 04 4.14 04 3.93 04 7.38 04 5.64 03
7 N K˛ 0.3924 3159.664 2.49 04 2.75 04 2.95 04 3.59 04 3.56 04
22 Ti Ll 0.3953 3136.484 2.45 04 2.71 04 2.91 04 3.55 04 3.51 04
22 Ti L˛ 0.4522 2741.822 1.83 04 2.01 04 2.23 04 2.69 04 2.93 04
23 V L˛ 0.5113 2424.901 1.38 04 1.50 04 1.71 04 2.05 04 2.33 04
8 O K˛ 0.5249 2362.072 1.30 04 1.41 04 1.62 04 1.94 04 2.20 04
25 Mn Ll 0.5563 2228.747 1.14 04 1.23 04 1.42 04 1.70 04 1.94 04
24 Cr L˛ 0.5728 2164.546 1.06 04 1.14 04 1.33 04 1.58 04 1.82 04
25 Mn L˛ 0.6374 1945.171 8.20 03 8.81 03 1.04 04 1.24 04 1.43 04
9 F K˛ 0.6768 1831.932 7.01 03 7.59 03 8.92 03 1.06 04 1.24 04
26 Fe L˛ 0.7050 1758.655 6.38 03 6.86 03 8.16 03 9.71 03 1.14 04
27 Co L˛ 0.7762 1597.335 4.95 03 5.39 03 6.45 03 7.68 03 9.01 03
28 Ni L˛ 0.8515 1456.080 3.89 03 4.26 03 5.07 03 6.09 03 7.16 03
29 Cu L˛ 0.9297 1336.044 3.08 03 3.40 03 4.05 03 4.89 03 5.77 03
30 Zn L˛ 1.0117 1225.513 2.38 03 2.78 03 3.19 03 4.03 03 4.90 03
11 Na K˛ 1.0410 1191.020 2.21 03 2.58 03 2.95 03 3.74 03 4.54 03
11 Na Kˇ 1.0711 1157.550 2.05 03 2.39 03 2.74 03 3.47 03 4.21 03
12 Mg K˛ 1.2536 989.033 1.35 03 1.58 03 1.79 03 2.28 03 2.76 03
33 As L˛ 1.2820 967.123 1.27 03 1.49 03 1.69 03 2.15 03 2.60 03
12 Mg Kˇ 1.3022 952.121 1.22 03 1.43 03 1.62 03 2.06 03 2.50 03
33 As Lˇ1 1.3170 941.421 1.18 03 1.38 03 1.57 03 2.00 03 2.42 03
66 Dy Mˇ 1.3250 935.737 1.16 03 1.36 03 1.55 03 1.97 03 2.36 03



760 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 16S 17Cl 18Ar 19K 20Ca

67 Mo M˛ 1.3480 919.771 1.11 03 1.30 03 1.48 03 1.88 03 2.28 03
34 Se L˛ 1.3791 899.029 1.04 03 1.22 03 1.39 03 1.77 03 2.14 03
67 Ho Mˇ 1.3830 896.494 1.04 03 1.22 03 1.38 03 1.76 03 2.13 03
68 Er M˛ 1.4060 881.829 9.91 02 1.16 03 1.32 03 1.68 03 2.04 03
34 Se L˛1 1.4192 873.627 9.67 02 1.14 03 1.29 03 1.64 03 1.99 03
68 Er Mˇ 1.4430 859.218 9.25 02 1.09 03 1.23 03 1.57 03 1.90 03
69 Tm M˛ 1.4620 848.051 8.93 02 1.05 03 1.19 03 1.52 03 1.83 03
35 Br L˛ 1.4804 837.511 8.64 02 1.02 03 1.15 03 1.47 03 1.77 03
13 Al K˛1 1.4867 833.962 8.54 02 1.00 03 1.14 03 1.45 03 1.75 03
69 Tm Mˇ 1.5030 824.918 8.29 02 9.75 02 1.10 03 1.41 03 1.70 03
70 Yb M˛ 1.5214 814.941 8.03 02 9.44 02 1.07 03 1.37 03 1.65 03
35 Br Lˇ1 1.5259 812.538 7.97 02 9.37 02 1.06 03 1.36 03 1.64 03
13 Al Kˇ 1.5574 796.103 7.54 02 8.87 02 1.00 03 1.28 03 1.55 03
70 Yb Mˇ 1.5675 790.974 7.41 02 8.72 02 9.87 02 1.26 03 1.52 03
71 Lu M˛ 1.5813 784.071 7.24 02 8.52 02 9.64 02 1.23 03 1.49 03
36 Kr L˛ 1.5860 781.747 7.19 02 8.46 02 9.56 02 1.22 03 1.48 03
71 Lu Mˇ 1.6312 760.085 6.67 02 7.85 02 8.87 02 1.14 03 1.37 03
36 Kr Lˇ1 1.6366 757.577 6.61 02 7.78 02 8.79 02 1.13 03 1.36 03
72 Hf M˛1 1.6446 753.892 6.52 02 7.68 02 8.68 02 1.11 03 1.34 03
37 Rb L˛1 1.6941 731.864 6.03 02 7.10 02 8.02 02 1.03 03 1.24 03
72 Hf Mˇ 1.6976 730.355 5.99 02 7.06 02 7.97 02 1.02 03 1.23 03
73 Ta M˛1 1.7096 725.229 5.88 02 6.93 02 7.82 02 1.00 03 1.21 03
14 Si K˛1 1.7400 712.558 5.61 02 6.61 02 7.46 02 9.56 02 1.15 03
37 Rb Lˇ1 1.7522 707.597 5.51 02 6.49 02 7.32 02 9.39 02 1.13 03
73 Ta Mˇ 1.7655 702.266 5.40 02 6.36 02 7.18 02 9.20 02 1.11 03
74 W M˛1 1.7754 698.350 5.32 02 6.27 02 7.07 02 9.07 02 1.09 03
38 Sr L˛1 1.8066 686.290 5.08 02 5.99 02 6.75 02 8.66 02 1.04 03
74 W Mˇ 1.8349 675.705 4.87 02 5.74 02 6.47 02 8.31 02 1.00 03
14 Si Kˇ 1.8359 675.337 4.86 02 5.74 02 6.47 02 8.29 02 1.00 03
75 Re M˛1 1.8420 673.100 4.82 02 5.69 02 6.41 02 8.22 02 9.92 02
38 Sr Lˇ1 1.8717 662.420 4.62 02 5.45 02 6.14 02 7.88 02 9.50 02
75 Re Mˇ 1.9061 650.465 4.40 02 5.19 02 5.85 02 7.51 02 9.05 02
76 Os M˛1 1.9192 649.69 4.37 02 5.16 02 5.81 02 7.46 02 9.00 02
39 Y Lˇ1 1.9226 644.882 4.30 02 5.07 02 5.71 02 7.34 02 8.85 02
76 Os Mˇ 1.9783 626.725 3.98 02 4.70 02 5.29 02 6.80 02 8.20 02
77 Ir M˛1 1.9799 626.219 3.97 02 4.69 02 5.28 02 6.79 02 8.18 02
39 Y L˛1 1.9958 621.230 3.89 02 4.60 02 5.17 02 6.64 02 8.01 02
15 P K˛1 2.0137 615.708 3.80 02 4.49 02 5.05 02 6.49 02 7.82 02
40 Zr L˛1 2.0424 607.056 3.66 02 4.33 02 4.86 02 6.25 02 7.54 02
78 Pt M˛1 2.0505 604.658 3.62 02 4.28 02 4.81 02 6.19 02 7.46 02
77 Ir Mˇ 2.0535 603.775 3.61 02 4.26 02 4.79 02 6.16 02 7.43 02
79 Au M˛1 2.1229 584.036 3.31 02 3.91 02 4.39 02 5.64 02 6.80 02
40 Zr Lˇ1 2.1244 583.624 3.30 02 3.90 02 4.38 02 5.63 02 6.79 02
78 Pt Mˇ 2.1273 582.828 3.29 02 3.89 02 4.36 02 5.61 02 6.76 02



16S – 20Ca 761

Z transition E [keV] � [pm] 16S 17Cl 18Ar 19K 20Ca

15 P Kˇ1,3 2.1390 579.640 3.24 02 3.83 02 4.30 02 5.53 02 6.67 02
41 Nb L˛1 2.1659 572.441 3.14 02 3.71 02 4.16 02 5.35 02 6.45 02
80 Hg M˛1 2.1953 564.775 3.03 02 3.58 02 4.01 02 5.17 02 6.22 02
79 Au Mˇ 2.2046 562.393 2.99 02 3.54 02 3.97 02 5.11 02 6.15 02
41 Nb Lˇ1 2.2574 549.238 2.81 02 3.33 02 3.73 02 4.80 02 5.78 02
81 Tl M˛1 2.2706 546.045 2.77 02 3.28 02 3.67 02 4.73 02 5.69 02
80 Hg Mˇ 2.2825 543.199 2.73 02 3.23 02 3.62 02 4.66 02 5.61 02
42 Mo L˛1 2.2932 540.664 2.70 02 3.19 02 3.57 02 4.60 02 5.54 02
16 S K˛1 2.3080 537.197 2.65 02 3.14 02 3.51 02 4.53 02 5.45 02
82 Pb M˛1 2.3457 528.563 2.54 02 3.01 02 3.37 02 4.34 02 5.22 02
81 Tl Mˇ 2.3621 524.893 2.50 02 2.95 02 3.30 02 4.26 02 5.13 02
42 Mo Lˇ1 2.3948 517.726 2.41 02 2.85 02 3.18 02 4.10 02 4.94 02
83 Bi M˛1 2.4226 511.785 2.34 02 2.76 02 3.09 02 3.98 02 4.79 02
43 Tc L˛1 2.4240 511.490 2.33 02 2.76 02 3.08 02 3.98 02 4.79 02
82 Pb Mˇ 2.4427 507.574 2.29 02 2.70 02 3.02 02 3.90 02 4.69 02
16 S Kˇ 2.4640 503.186 2.24 02 2.64 02 2.95 02 3.81 02 4.58 02
83 Bi Kˇ 2.5255 490.933 2.24 03 2.48 02 2.77 02 3.57 02 4.29 02
43 Tc Lˇ1 2.5368 488.746 2.21 03 2.45 02 2.73 02 3.53 02 4.24 02
44 Ru L˛1 2.5586 484.582 2.16 03 2.39 02 2.67 02 3.45 02 4.15 02
17 Cl K˛1 2.6224 472.792 2.02 03 2.24 02 2.50 02 3.23 02 3.89 02
44 Ru Lˇ1 2.6832 462.079 1.90 03 2.11 02 2.35 02 3.04 02 3.66 02
45 Rh L˛1 2.6967 459.766 1.88 03 2.09 02 2.32 02 3.00 02 3.61 02
17 Cl Kˇ 2.8156 440.350 1.68 03 1.86 02 2.07 02 2.68 02 3.22 02
45 Rh Lˇ1 2.8344 437.430 1.65 03 1.83 03 2.03 02 2.63 02 3.16 02
46 Pd L˛1 2.8386 436.782 1.64 03 1.82 03 2.03 02 2.62 02 3.15 02
18 Ar K˛1 2.9577 419.194 1.47 03 1.64 03 1.82 02 2.35 02 2.82 02
47 Ag L˛1 2.9843 415.458 1.44 03 1.60 03 1.77 02 2.30 02 2.76 02
46 Pd Lˇ1 2.9902 414.638 1.43 03 1.59 03 1.76 02 2.28 02 2.74 02
90 Th M˛1 2.9961 413.821 1.42 03 1.59 03 1.76 02 2.27 02 2.73 02
91 Pa M˛1 3.0823 402.248 1.32 03 1.47 03 1.63 02 2.11 02 2.53 02
48 Cd L˛1 3.1337 395.651 1.26 03 1.41 03 1.55 02 2.02 02 2.42 02
90 Th Mˇ 3.1458 394.129 1.25 03 1.39 03 1.54 02 2.00 02 2.40 02
47 Ag Lˇ1 3.1509 393.491 1.24 03 1.39 03 1.53 02 1.99 02 2.39 02
92 U M˛1 3.1708 391.021 1.22 03 1.36 03 1.51 02 1.96 02 2.35 02
18 Ar Kˇ 3.1905 388.607 1.20 03 1.34 03 1.48 02 1.92 02 2.31 02
91 Pa Mˇ 3.2397 382.705 1.15 03 1.29 03 1.44 03 1.85 02 2.22 02
49 In L˛1 3.2869 377.210 1.1103 1.24 03 1.39 03 1.78 02 2.14 02
19 K K˛1 3.3138 374.148 1.08 03 1.21 03 1.36 03 1.74 02 2.09 02
48 Cd L˛1 3.3166 373.832 1.08 03 1.21 03 1.35 03 1.74 02 2.08 02
92 U Mˇ 3.3360 371.658 1.06 03 1.19 03 1.33 03 1.71 02 2.05 02
50 Sn L˛1 3.4440 360.003 9.76 02 1.09 03 1.22 03 1.57 02 1.89 02
49 In Lˇ1 3.4872 355.543 9.44 02 1.06 03 1.18 03 1.52 02 1.83 02
19 K Kˇ 3.5896 345.401 8.73 02 9.78 02 1.09 03 1.41 02 1.69 02
51 Sb L˛1 3.6047 343.954 8.63 02 9.67 02 1.08 03 1.39 02 1.67 02



762 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 16S 17Cl 18Ar 19K 20Ca

50 Sn Lˇ1 3.6628 338.498 8.26 02 9.27 02 1.04 03 1.24 02 1.60 02
20 Ca K˛1 3.6917 335.848 8.09 02 9.07 02 1.02 03 1.22 02 1.57 02
52 Te L˛1 3.7693 328.934 7.65 02 8.58 02 9.60 02 1.15 03 1.48 02
51 Sb Lˇ1 3.8436 322.575 7.26 02 8.15 02 9.l1 02 1.09 03 1.41 02
53 I L˛1 3.9377 314.867 6.80 02 7.64 02 8.54 02 1.02 03 1.32 02
20 Ca Kˇ 4.0127 308.981 6.46 02 7.26 02 8.12 02 9.74 02 1.26 02
52 Te Lˇ1 4.0296 307.686 6.38 02 7.18 02 8.03 02 9.63 02 1.24 02
21 Sc K˛1 4.0906 303.097 6.12 02 6.89 02 7.70 02 9.25 02 1.07 03
54 Xe L˛1 4.1099 301.674 6.05 02 6.80 02 7.60 02 9.13 02 1.06 03
53 I Lˇ1 4.2207 293.755 5.62 02 6.32 02 7.07 02 8.50 02 9.87 02
55 Cs L˛1 4.2865 289.245 5.38 02 6.06 02 6.78 02 8.15 02 9.47 02
21 Sc Kˇ 4.4605 277.962 4.82 02 5.43 02 6.08 02 7.32 02 8.52 02
56 Ba L˛1 4.4663 277.601 4.80 02 5.41 02 6.06 02 7.29 02 8.49 02
22 Ti K˛1 4.5108 274.863 4.67 02 5.27 02 5.90 02 7.10 02 8.27 02
55 Cs Lˇ1 4.6198 268.377 4.37 02 4.94 02 5.52 02 6.66 02 7.76 02
57 La L˛1 4.6510 266.577 4.29 02 4.85 02 5.42 02 6.54 02 7.62 02
56 Ba Lˇ1 4.8273 256.841 3.87 02 4.38 02 4.90 02 5.91 02 6.90 02
58 Ce L˛1 4.8402 256.157 3.84 02 4.35 02 4.86 02 5.87 02 6.85 02
22 Ti Kˇ1,3 4.9318 251.390 3.65 02 4.13 02 4.62 02 5.58 02 6.52 02
23 V K˛1 4.9522 250.363 3.61 02 4.08 02 4.57 02 5.52 02 6.45 02
59 Pr L˛1 5.0337 246.310 3.45 02 3.90 02 4.37 02 5.28 02 6.17 02
57 La Lˇ1 5.0421 245.899 3.43 02 3.88 02 4.35 02 5.25 02 6.14 02
60 Nd L˛1 5.2304 237.047 3.09 02 3.51 02 3.93 02 4.75 02 5.56 02
58 Ce Lˇ1 5.2622 235.614 3.04 02 3.45 02 3.86 02 4.67 02 5.47 02
24 Cr K˛1 5.4147 228.978 2.81 02 3.19 02 3.57 02 4.32 02 5.06 02
23 V Kˇ1,3 5.4273 228.447 2.79 02 3.17 02 3.54 02 4.30 02 5.03 02
61 Pm L˛1 5.4325 228.228 2.78 02 3.16 02 3.53 02 4.28 02 5.02 02
59 Pr Lˇ1 5.4889 225.883 2.70 02 3.07 02 3.44 02 4.16 02 4.88 02
62 Sm L˛1 5.6361 219.984 2.51 02 2.85 02 3.19 02 3.87 02 4.54 02
60 Nd Lˇ1 5.7216 216.696 2.40 02 2.73 02 3.06 02 3.72 02 4.36 02
63 Eu L˛1 5.8457 212.096 2.26 02 2.58 02 2.89 02 3.51 02 4.11 02
25 Mn K˛1 5.8988 210.187 2.21 02 2.51 02 2.81 02 3.42 02 4.01 02
24 Cr Kˇ1,3 5.9467 208.494 2.16 02 2.46 02 2.75 02 3.35 02 3.93 02
61 Pm Lˇ1 5.9610 207.993 2.14 02 2.44 02 2.73 02 3.32 02 3.90 02
64 Gd Lˇ1 6.0572 204.690 2.05 02 2.33 02 2.61 02 3.18 02 3.73 02
62 Sm Lˇ1 6.2051 199.811 1.91 02 2.18 02 2.44 02 2.97 02 3.49 02
65 Tb L˛1 6.2726 197.655 1.85 02 2.11 02 2.37 02 2.88 02 3.39 02
26 Fe K˛1 6.4038 193.611 1.75 02 1.99 02 2.23 02 2.72 02 3.20 02
63 Eu Lˇ1 6.4564 192.034 1.71 02 1.95 02 2.18 02 2.66 02 3.13 02
25 Mn K ˇ1,3 6.4905 191.025 1.68 02 1.92 02 2.15 02 2.62 02 3.08 02
66 Dy L˛1 6.4952 190.887 1.68 02 1.92 02 2.15 02 2.62 02 3.08 02
64 Gd Lˇ1 6.7132 184.688 1.53 02 1.74 02 1.95 02 2.39 02 2.81 02
67 Ho L˛1 6.7198 184.507 1.53 02 1.74 02 1.95 02 2.38 02 2.80 02
27 Co K˛1 6.9303 178.903 1.40 02 1.59 02 1.79 02 2.19 02 2.57 02



16S – 20Ca 763

Z transition E [keV] � [pm] 16S 17Cl 18Ar 19K 20Ca

68 Er L˛1 6.9487 178.429 1.39 02 1.58 02 1.77 02 2.17 02 2.55 02
65 Tb Lˇ1 6.9780 177.680 1.37 02 1.56 02 1.75 02 2.14 02 2.52 02
26 Fe Kˇ1,3 7.0580 175.666 1.33 02 1.51 02 1.70 02 2.08 02 2.44 02
69 Tm L˛1 7.1799 172.683 1.27 02 1.44 02 1.62 02 1.98 02 2.33 02
66 Dy Lˇ1 7.2477 171.068 1.23 02 1.41 02 1.57 02 1.93 02 2.27 02
70 Yb L˛1 7.4156 167.195 1.15 02 1.32 02 1.48 02 1.81 02 2.13 02
28 Ni K˛1 7.4782 165.795 1.13 02 1.29 02 1.44 02 1.77 02 2.08 02
67 Ho Lˇ1 7.5253 164.757 1.11 02 1.26 02 1.42 02 1.74 02 2.05 02
27 Co Kˇ1,3 7.6494 162.084 1.06 02 1.21 02 1.35 02 1.66 02 1.96 02
71 Lu L˛1 7.6555 161.955 1.06 02 1.20 02 1.35 02 1.66 02 1.95 02
68 Er Lˇ1 7.8109 158.733 9.97 01 1.14 02 1.27 02 1.57 02 1.85 02
72 Hf L˛1 7.8990 156.963 9.66 01 1.10 02 1.23 02 1.52 02 1.79 02
29 Cu K˛1 8.0478 154.060 9.16 01 1.05 02 1.17 02 1.44 02 1.70 02
69 Tm Lˇ1 8.1010 153.049 8.98 01 1.03 02 1.15 02 1.41 02 1.67 02
73 Ta L˛1 8.1461 152.201 8.84 01 1.01 02 1.13 02 1.39 02 1.64 02
28 Ni Kˇ1,3 8.2647 150.017 8.48 01 9.69 01 1.09 02 1.34 02 1.58 02
74 W L˛1 8.3976 147.643 8.10 01 9.26 01 1.04 02 1.28 02 1.51 02
70 Yb Lˇ1 8.4018 147.569 8.09 01 9.25 01 1.04 02 1.28 02 1.51 02
30 Zn K˛1 8.6389 143.519 7.47 01 8.54 01 9.56 01 1.18 02 1.39 02
75 Re L˛1 8.6525 143.294 7.43 01 8.50 01 9.52 01 1.17 02 1.39 02
71 Lu Lˇ1 8.7090 142.364 1.30 01 8.35 01 9.34 01 1.15 02 1.36 02
29 Cu Kˇ1 8.9053 139.226 6.84 01 7.83 01 8.76 01 1.08 02 1.28 02
76 Os L˛1 8.9117 139.126 6.83 01 7.81 01 8.75 01 1.08 02 1.28 02
72 Hf Lˇ1 9.0227 137.414 6.59 01 7.54 01 8.44 01 1.04 02 1.23 02
77 Ir L˛1 9.1751 135.132 6.28 01 7.19 01 8.05 01 9.94 01 1.18 02
31 Ga K˛1 9.2517 134.013 6.13 01 7.02 01 7.86 01 9.71 01 1.15 02
73 Ta Lˇ1 9.3431 132.702 5.96 01 6.83 01 7.64 01 9.45 01 1.12 02
78 Pt L˛1 9.4423 131.308 5.78 01 6.63 01 7.41 01 9.17 01 1.09 02
30 Zn Kˇ1,3 9.5720 129.529 5.56 01 6.37 01 7.13 01 8.82 01 1.05 02
74 W Lˇ1 9.6724 128.184 5.39 01 6.18 01 6.92 01 8.56 01 1.02 02
79 Au L˛1 9.7133 127.644 5.53 01 6.11 01 6.83 01 8.46 01 1.00 02
32 Ge K˛1 9.8864 125.409 5.07 01 5.81 01 6.50 01 8.05 01 9.56 01
80 Hg L˛1 9.9888 124.124 4.92 01 5.64 01 6.31 01 7.82 01 9.29 01
75 Re Lˇ1 10.010 123.861 4.89 01 5.61 01 6.27 01 7.77 01 9.23 01
31 Ga Kˇ1 10.264 120.796 4.54 01 5.21 01 5.83 01 7.23 01 8.60 01
81 Tl L˛1 10.269 120.737 4.54 01 5.21 01 5.82 01 7.22 01 8.58 01
76 Os Lˇ1 10.355 119.734 4.43 01 5.08 01 5.68 01 7.05 01 8.38 01
33 As K˛1 10.544 117.588 4.20 01 4.82 01 5.39 01 6.69 01 7.96 01
82 Pb L˛1 10.552 117.499 4.19 01 4.81 01 5.38 01 6.68 01 7.94 01
77 Ir Lˇ1 10.708 115.787 4.02 01 4.61 01 5.16 01 6.40 01 7.62 01
83 Bi L˛1 10.839 114.388 3.88 01 4.45 01 4.98 01 6.18 01 7.36 01
32 Ge Kˇ1 10.982 112.898 3.73 01 4.28 01 4.80 01 5.96 01 7.09 01
78 Pt Lˇ1 11.071 111.990 3.65 01 4.19 01 4.68 01 5.82 01 6.93 01
84 Po L˛1 11.131 111.387 3.59 01 4.12 01 4.61 01 5.73 01 6.82 01



764 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 16S 17Cl 18Ar 19K 20Ca

34 Se K˛1 11.222 110.484 3.50 01 4.02 01 4.50 01 5.60 01 6.67 01
85 At L˛1 11.427 108.501 3.32 01 3.82 01 4.27 01 5.31 01 6.33 01
79 Au Lˇ1 11.442 108.359 3.31 01 3.80 01 4.26 01 5.29 01 6.31 01
33 As Kˇ1 11.726 105.735 3.08 01 3.54 01 3.97 01 4.93 01 5.88 01
86 Rn L˛1 11.727 105.726 3.08 01 3.54 01 3.97 01 4.93 01 5.88 01
80 Hg Lˇ1 11.823 104.867 3.01 01 3.46 01 3.87 01 4.82 01 5.75 01
35 Br K˛1 11.924 103.979 2.94 01 3.37 01 3.78 01 4.70 01 5.61 01
87 Fr L˛1 12.031 103.054 2.86 01 3.29 01 3.68 01 4.58 01 5.47 01
81 Tl Lˇ1 12.213 101.519 2.74 01 3.15 01 3.53 01 4.39 01 5.24 01
88 Ra L˛1 12.340 100.474 2.66 01 3.05 01 3.42 01 4.26 01 5.09 01
34 Se Kˇ1 12.496 99.219 2.56 01 2.94 01 3.30 01 4.11 01 4.91 01
82 Pb Lˇ1 12.614 98.291 2.49 01 2.87 01 3.21 01 4.00 01 4.78 01
36 Kr K˛1 12.649 98.019 2.47 01 2.84 01 3.19 01 3.97 01 4.74 01
89 Ac L˛1 12.652 97.996 2.47 01 2.84 01 3.18 01 3.97 01 4.74 01
90 Th L˛1 12.969 95.601 2.30 01 2.64 01 2.96 01 3.69 01 4.41 01
83 Bi Lˇ1 13.024 95.197 2.27 01 2.61 01 2.93 01 3.65 01 4.36 01
91 Pa L˛1 13.291 93.285 2.14 01 2.46 01 2.76 01 3.44 01 4.12 01
35 Br Kˇ1 13.291 93.285 2.14 01 2.46 01 2.76 01 3.44 01 4.12 01
37 Rb K˛1 13.395 92.560 2.09 01 2.41 01 2.70 01 3.37 01 4.03 01
84 Po Lˇ1 13.447 92.202 2.07 01 2.38 01 2.67 01 3.33 01 3.98 01
92 U L˛1 13.615 91.065 2.00 01 2.30 01 2.57 01 3.21 01 3.84 01
85 At Lˇ1 13.876 89.352 1.89 01 2.17 01 2.44 01 3.04 01 3.64 01
36 Kr Kˇ1 14.112 87.857 1.80 01 2.07 01 2.32 01 2.90 01 3.47 01
38 Sr K˛1 14.165 87.529 1.78 01 2.05 01 2.30 01 2.87 01 3.43 01
86 Rn Lˇ1 14.316 86.606 1.73 01 1.98 01 2.23 01 2.78 01 3.33 01
87 Fr Lˇ1 14.770 63.943 1.58 01 1.81 01 2.03 01 2.54 01 3.05 01
39 Y K˛1 14.958 82.888 1.52 01 1.75 01 1.96 01 2.45 01 2.94 01
37 Rb Kˇ1 14.961 82.872 1.52 01 1.75 01 1.96 01 2.45 01 2.94 01
88 Ra Lˇ1 15.236 81.376 1.44 01 1.66 01 1.86 01 2.33 01 2.79 01
89 Ac Lˇ1 15.713 78.906 1.32 01 1.51 01 1.70 01 2.13 01 2.55 01
40 Zr K˛1 15.775 78.596 1.30 01 1.50 01 1.68 01 2.10 01 2.52 01
38 Sr Kˇ1 15.836 78.293 1.29 01 1.48 01 1.66 01 2.08 01 2.49 01
90 Th Lˇ1 16.202 76.524 1.20 01 1.39 01 1.55 01 1.95 01 2.33 01
41 Nb K˛1 16.615 74.622 1.12 01 1.29 01 1.44 01 1.81 01 2.17 01
91 Pa Lˇ1 16.702 74.233 1.10 01 1.27 01 1.42 01 1.78 01 2.14 01
39 Y Kˇ1 16.738 74.074 1.09 01 1.26 01 1.41 01 1.77 01 2.12 01
92 U Lˇ1 17.220 72.000 1.01 01 1.16 01 1.30 01 1.63 01 1.95 01
42 Mo K˛1 17.479 70.933 9.65 00 1.11 01 1.25 01 1.57 01 1.87 01
40 Zr Kˇ1 17.668 70.175 9.35 00 1.08 01 1.21 01 1.52 01 1.81 01
43 Tc K˛1 18.367 67.504 8.35 00 9.62 00 1.08 01 1.36 01 1.62 01
41 Nb Kˇ1 18.623 66.576 8.02 00 9.24 00 1.04 01 1.30 01 1.56 01
44 Ru K˛1 19.279 64.311 7.25 00 8.36 00 9.36 00 1.18 01 1.41 01
42 Mo Kˇ1 19.608 63.231 6.90 00 7.95 00 8.91 00 1.12 01 1.34 01
45 Rh K˛1 20.216 61.330 6.32 00 7.28 00 8.16 00 1.03 01 1.23 01



16S – 20Ca 765

Z transition E [keV] � [pm] 16S 17Cl 18Ar 19K 20Ca

43 Tc Kˇ1 20.619 60.131 5.98 00 6.88 00 7.71 00 9.72 00 1.16 01
46 Pd K˛1 21.177 58.547 5.54 00 6.38 00 7.14 00 9.01 00 1.06 01
44 Ru Kˇ1 21.657 57.249 5.20 00 5.98 00 6.69 00 8.45 00 1.01 01
47 Ag K˛1 22.163 55.942 4.87 00 5.60 00 6.26 00 7.91 00 9.43 00
45 Rh Kˇ1 22.724 54.561 4.54 00 5.22 00 5.83 00 7.36 00 8.78 00
48 Cd K˛1 23.174 53.501 4.29 00 4.93 00 5.51 00 6.96 00 8.30 00
46 Pd Kˇ1 23.819 52.053 3.97 00 4.56 00 5.09 00 6.44 00 7.67 00
49 In K˛1 24.210 51.212 3.79 00 4.35 00 4.86 00 6.14 00 7.32 00
47 Ag Kˇ1 24.942 49.709 3.49 00 4.00 00 4.46 00 5.64 00 6.72 00
50 Sn K˛1 25.271 49.062 3.36 00 3.85 00 4.30 00 5.43 00 6.47 00
48 Cd Kˇ1 26.096 47.511 3.07 00 3.52 00 3.92 00 4.96 00 5.90 00
51 Sb K˛1 26.359 47.037 2.98 00 3.42 00 3.81 00 4.82 00 5.73 09
49 In Kˇ1 27.276 45.455 2.71 00 3.10 00 3.45 00 4.37 00 5.20 00
52 Te K˛1 27.472 45.131 2.65 00 3.04 00 3.38 00 4.28 00 5.09 00
50 Sn Kˇ1 28.486 43.524 2.39 00 2.74 00 3.04 00 3.86 00 4.59 00
53 I K˛1 28.612 43.333 2.36 00 2.70 00 3.01 00 3.81 00 4.53 00
51 Sb Kˇ1 29.726 41.709 2.12 00 2.42 00 2.69 00 3.41 00 4.06 00
54 Xe K˛1 29.779 41.635 2.11 00 2.41 00 2.68 00 3.40 00 4.04 00
55 Cs K˛1 30.973 40.030 1.90 00 2.17 00 2.41 00 3.05 00 3.62 00
52 Te Kˇ1 30.996 40.000 1.90 00 2.16 00 2.40 00 3.04 00 3.61 00
56 Ba K˛1 32.194 38.511 1.72 00 1.96 00 2.17 00 2.74 00 3.25 00
53 I Kˇ1 32.295 38.391 1.70 00 1.94 00 2.15 00 2.72 00 3.23 00
57 La K˛1 33.442 37.074 1.55 00 1.77 00 1.96 00 2.47 00 2.93 00
54 Xe Kˇ1 33.624 36.874 1.53 00 1.74 00 1.93 00 2.43 00 2.89 00
58 Ce K˛1 34.279 36.169 1.46 00 1.66 00 1.83 00 2.31 00 2.74 00
55 Cs Kˇ1 34.987 35.437 1.38 00 1.57 00 1.73 00 2.18 00 2.59 00
59 Pr K˛1 36.026 34.415 1.28 00 1.45 00 1.60 00 2.01 00 2.39 00
56 Ba Kˇ1 36.378 34.082 1.25 00 1.41 00 1.56 00 1.96 00 2.32 00
60 Nd K˛1 36.847 33.648 1.21 00 1.37 00 1.50 00 1.89 00 2.24 00
57 La Kˇ1 37.801 32.799 1.13 00 1.28 00 1.40 00 1.77 00 2.09 00
61 Pm K˛1 38.725 32.016 1.06 00 1.20 00 1.32 00 1.65 00 1.96 00
58 Ce Kˇ1 39.257 31.582 1.02 00 1.15 00 1.27 00 1.59 00 1.88 00
62 Sm K˛1 40.118 30.905 9.66 -1 1.09 00 1.20 00 1.50 00 1.77 00
59 Pr Kˇ1 40.748 30.427 9.32 -1 1.05 00 1.15 00 1.44 00 1.70 00
63 Eu K˛1 41.542 29.845 8.91 -1 1.00 00 1.10 00 1.37 00 1.62 00
60 Nd Kˇ1 42.271 29.331 8.56 -1 9.61 -1 1.05 00 1.31 00 1.55 00
64 Gd K˛1 42.996 28.836 8.23 -1 9.23 -1 1.01 00 1.26 00 1.48 00
61 Pm Kˇ1 43.826 28.290 7.87 -1 8.81 -1 9.60 -1 1.20 00 1.41 00
65 Tb K˛1 44.482 27.873 7.61 -1 8.50 -1 9.25 -1 1.15 00 1.36 00
62 Sm Kˇ1 45.413 27.301 7.25 -1 8.09 -1 8.79 -1 1.10 00 1.28 00
66 Dy K˛1 45.998 26.954 7.04 -1 7.85 -1 8.52 -1 1.06 00 1.24 00
63 Eu Kˇ1 47.038 26.358 6.68 -1 7.44 -1 8.06 -1 1.00 00 1.17 00
67 Ho K˛1 47.547 26.076 6.52 -1 7.25 -1 7.84 -1 9.75 -1 1.07 00
64 Gd Kˇ1 48.697 25.460 6.17 -1 6.84 -1 7.39 -1 9.17 -1 1.07 00



766 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 16S 17Cl 18Ar 19K 20Ca

68 Er K˛1 49.128 25.237 6.04 -1 6.70 -1 7.23 -1 8.97 -1 1.05 00
65 Tb Kˇ1 50.382 24.609 5.72 -1 6.32 -1 6.81 -1 8.43 -1 9.82 -1
69 Tm K˛1 50.742 24.434 5.64 -1 6.23 -1 6.70 -1 8.29 -1 9.65 -1
66 Dy Kˇ1 52.119 23.788 5.34 -1 5.89 -1 6.32 -1 7.80 -1 9.06 -1
70 Yb K˛1 52.389 23.666 5.29 -1 5.82 -1 6.24 -1 7.71 -1 8.95 -1
67 Ho Kˇ1 53.877 23.012 5.00 -1 5.49 -1 5.87 -1 7.23 -1 8.36 -1
71 Lu K˛1 54.070 22.930 4.97 -1 5.45 -1 5.82 -1 7.17 -1 8.31 -1
68 Er Kˇ1 55.681 22.267 4.68 -1 5.13 -1 5.46 -1 6.71 -1 7.75 -1
72 Hf K˛1 55.790 22.223 4.67 -1 5.11 -1 5.44 -1 6.68 -1 7.71 -1
69 Tm Kˇ1 57.517 21.556 4.39 -1 4.79 -1 5.08 -1 6.23 -1 7.18 -1
73 Ta K˛1 57.532 21.550 4.39 -1 4.79 -1 5.08 -1 6.22 -1 7.17 -1
74 W K˛1 59.318 20.901 4.13 -1 4.49 -1 4.75 -1 5.80 -1 6.67 -1
70 Yb Kˇ1 59.370 20.883 4.12 -1 4.48 -1 4.74 -1 5.79 -1 6.66 -1
75 Re K˛1 61.140 20.278 3.92 -1 4.25 -1 4.48 -1 5.45 -1 6.25 -1
71 Lu Kˇ1 61.283 20.231 3.91 -1 4.23 -1 4.46 -1 5.43 -1 6.22 -1
76 Os K˛1 63.001 19.679 3.75 -1 4.04 -1 4.24 -1 5.15 -1 5.89 -1
72 Hf Kˇ1 63.234 19.607 3.72 -1 4.01 -1 4.21 -1 5.11 -1 5.84 -1
77 Ir K˛1 64.896 19.195 3.58 -1 3.84 -1 4.02 -1 4.87 -1 5.54 -1
73 Ta Kˇ1 65.223 19.009 3.55 -1 3.81 -1 3.98 -1 4.82 -1 5.49 -1
78 Pt K˛1 66.832 18.551 3.42 -1 3.66 -1 3.81 -1 4.60 -1 5.23 -1
74 W Kˇ1 67.244 18.438 3.39 -1 3.62 -1 3.77 -1 4.55 -1 5.16 -1
79 Au K˛1 68.804 18.020 3.27 -1 3.48 -1 3.62 -1 4.35 -1 4.93 -1
75 Re Kˇ1 69.310 17.888 3.23 -1 3.44 -1 3.57 -1 4.29 -1 4.86 -1
80 Hg K˛1 70.819 17.507 3.13 -1 3.32 -1 3.44 -1 4.12 -1 4.65 -1
76 Os Kˇ1 71.413 17.361 3.09 -1 3.27 -1 3.38 -1 4.05 -1 4.57 -1
81 Tl K˛1 72.872 17.014 2.99 -1 3.16 -1 3.26 -1 3.90 -1 4.39 -1
77 Ir Kˇ1 73.561 16.854 2.95 -1 3.11 -1 3.21 -1 3.83 -1 4.31 -1
82 Pb K˛1 74.969 16.538 2.86 -1 3.01 -1 3.10 -1 3.70 -1 4.15 -1
78 Pt Kˇ1 75.748 16.368 2.82 -1 2.96 -1 3.04 -1 3.62 -1 4.06 -1
83 Bi K˛1 77.108 16.079 2.74 -1 2.87 -1 2.95 -1 3.50 -1 3.92 -1
79 Au Kˇ1 77.948 15.906 2.70 -1 2.82 -1 2.89 -1 3.43 -1 3.83 -1
84 Po K˛1 79.290 15.636 2.63 -1 2.74 -1 2.80 -1 3.32 -1 3.70 -1
80 Hg Kˇ1 80.253 15.449 2.58 -1 2.69 -1 2.75 -1 3.25 -1 3.62 -1
85 At K˛1 81.520 15.209 2.54 -1 2.64 -1 2.69 -1 3.18 -1 3.53 -1
81 Tl Kˇ1 82.576 15.014 2.50 -1 2.60 -1 2.65 -1 3.12 -1 3.46 -1
86 Rn K˛1 83.780 14.798 2.46 -1 2.55 -1 2.60 -1 3.05 -1 3.39 -1
82 Pb Kˇ1 84.936 14.597 2.43 -1 2.51 -1 2.55 -1 2.99 -1 3.31 -1
87 Fr K˛1 86.100 14.400 2.39 -1 2.47 -1 2.50 -1 2.93 -1 3.24 -1
83 Bi Kˇ1 87.343 14.195 2.35 -1 2.43 -1 2.46 -1 2.87 -1 3.17 -1
88 Ra K˛1 88.470 14.014 2.32 -1 2.39 -1 2.41 -1 2.82 -1 3.11 -1
84 Po Kˇ1 89.800 13.806 2.28 -1 2.35 -1 2.37 -1 2.76 -1 3.04 -1
89 Ac K˛1 90.884 13.642 2.25 -1 2.31 -1 2.33 -1 2.71 -1 2.98 -1
85 At Kˇ1 92.300 13.432 2.21 -1 2.27 -1 2.28 -1 2.65 -1 2.91 -1
90 Th K˛1 93.350 13.281 2.19 -1 2.24 -1 2.25 -1 2.61 -1 2.86 -1



21Sc – 25Mn 767

Z transition E [keV] � [pm] 16S 17Cl 18Ar 19K 20Ca

86 Rn Kˇ1 94.870 13.068 2.15 -1 2.19 -1 2.20 -1 2.54 -1 2.79 -1
91 Pa K˛1 95.868 12.932 2.12 -1 2.16 -1 2.17 -1 2.51 -1 2.74 -1
87 Fr Kˇ1 97.470 12.720 2.09 -1 2.12 -1 2.12 -1 2.45 -1 2.67 -1
92 U K˛1 98.439 12.595 2.06 -1 2.10 -1 2.09 -1 2.41 -1 2.63 -1
88 Ra Kˇ1 100.130 12.382 2.03 -1 2.05 -1 2.05 -1 2.35 -1 2.57 -1
89 Ac Kˇ1 102.850 12.054 1.99 -1 2.01 -1 2.00 -1 2.29 -1 2.50 -1
90 Th Kˇ1 105.610 11.739 1.95 -1 1.97 -1 1.95 -1 2.23 -1 2.41 -1
91 Pa Kˇ1 108.430 11.434 1.91 -1 1.93 -1 1.91 -1 2.18 -1 2.36 -1
92 U Kˇ1 111.300 11.139 1.88 -1 1.89 -1 1.86 -1 2.12 -1 2.30 -1

Z transition E [keV] � [pm] 21Sc 22Ti 23V 24Cr 25Mn

4 Be K˛ 0.1085 11427.207 2.50 04 2.75 04 3.07 04 4.02 04 4.18 04
38 Sr M� 0.1140 10875.895 2.39 04 2.63 04 2.93 04 3.81 04 3.97 04
39 Y M� 0.1328 9339.235 2.07 04 2.25 04 2.48 04 3.17 04 3.35 04
16 S Ll 0.1487 8337.342 1.86 04 2.00 04 2.20 04 2.77 04 2.95 04
40 Zr M� 0.1511 8205.506 1.83 04 1.97 04 2.16 04 2.73 04 2.90 04
41 Nb M� 0.1717 7221.037 1.54 04 1.66 04 1.82 04 2.26 04 2.42 04
5 B K˛ 0.1833 6764.059 1.42 04 1.53 04 1.67 04 2.07 04 2.22 04
42 Mo M� 0.1926 6437.447 1.32 04 1.43 04 1.56 04 1.92 04 2.06 04
6 C K˛ 0.2770 4476.000 7.46 03 8.09 03 8.84 03 1.06 04 1.15 04
47 Ag M� 0.3117 3977.709 6.03 03 6.57 03 7.18 03 8.54 03 9.29 03
7 N K˛ 0.3924 3159.664 3.99 03 4.36 03 4.79 03 5.63 03 6.16 03
22 Ti Ll 0.3953 3136.484 3.93 03 4.30 03 4.72 03 5.55 03 6.08 03
22 Ti L˛ 0.4522 2741.822 2.84 04 3.32 03 3.65 03 4.26 03 4.67 03
23 V L˛ 0.5113 2424.901 2.44 04 2.34 04 2.88 03 3.32 03 3.66 03
8 O K˛ 0.5249 2362.072 2.36 04 2.21 04 2.43 04 3.14 03 3.47 03
25 Mn Ll 0.5563 2228.747 2.08 04 1.95 04 2.13 04 2.78 03 3.08 03
24 Cr L˛ 0.5728 2164.546 1.95 04 2.12 04 1.99 04 2.61 03 2.90 03
25 Mn L˛ 0.6374 1945.171 1.54 04 1.67 04 1.82 04 1.87 04 2.32 03
9 F K˛ 0.6768 1831.932 1.33 04 1.45 04 1.58 04 1.59 04 1.61 04
26 Fe L˛ 0.7050 1758.655 1.22 04 1.34 04 1.45 04 1.67 04 1.61 04
27 Co L˛ 0.7762 1597.335 9.72 03 1.07 04 1.16 04 1.34 04 1.43 04
28 Ni L˛ 0.8515 1456.080 7.75 03 8.56 03 9.37 03 1.08 04 1.16 04
29 Cu L˛ 0.9297 1336.044 6.25 03 6.93 03 7.62 03 8.84 03 9.47 03
30 Zn L˛ 1.0117 1225.513 5.38 03 6.23 03 6.95 03 8.00 03 9.04 03
11 Na K˛ 1.0410 1191.020 4.98 03 5.77 03 6.44 03 7.41 03 8.37 03
11 Na Kˇ 1.0711 1157.550 4.62 03 5.34 03 5.96 03 6.87 03 7.75 03
12 Mg K˛ 1.2536 989.033 3.03 03 3.50 03 3.90 03 4.50 03 5.07 03
33 As L˛ 1.2820 967.123 2.86 03 3.30 03 3.67 03 4.24 03 4.77 03
12 Mg Kˇ 1.3022 952.121 2.7403 3.16 03 3.52 03 4.06 03 4.57 03
33 As Lˇ1 1.3170 941.421 2.66 03 3.07 03 3.41 03 3.94 03 4.44 03
66 Dy Mˇ 1.3250 935.737 2.61 03 3.02 03 3.35 03 3.88 03 4.37 03



768 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 21Sc 22Ti 23V 24Cr 25Mn

67 Ho M˛ 1.3480 919.771 2.50 03 2.88 03 3.20 03 3.70 03 4.17 03
34 Se L˛ 1.3791 899.029 2.35 03 2.71 03 3.01 03 3.48 03 3.92 03
67 Ho Mˇ 1.3830 896.494 2.33 03 2.69 03 2.99 03 3.46 03 3.89 03
68 Er M˛ 1.4060 881.829 2.23 03 2.57 03 2.86 03 3.31 03 3.72 03
34 Se Lˇ1 1.4192 873.627 2.18 03 2.51 03 2.79 03 3.22 03 3.63 03
68 Er Mˇ 1.4430 859.218 2.08 03 2.40 03 2.66 03 3.08 03 3.47 03
69 Tm M˛ 1.4620 848.051 2.01 03 2.32 03 2.57 03 2.98 03 3.35 03
35 Br L˛ 1.4804 837.511 1.94 03 2.24 03 2.49 03 2.86 03 3.24 03
13 Al K˛1 1.4867 833.962 1.92 03 2.21 03 2.46 03 2.85 03 3.20 03
69 Tm Mˇ 1.5030 824.918 1.87 03 2.15 03 2.39 03 2.76 03 3.11 03
70 Yb M˛ 1.5214 814.941 1.81 03 2.08 03 2.31 03 2.68 03 3.01 03
35 Br Lˇ1 1.5259 812.538 1.79 03 2.06 03 2.29 03 2.65 03 2.98 03
13 Al Kˇ 1.5574 796.103 1.70 03 1.95 03 2.17 03 2.51 03 2.82 03
70 Yb Mˇ 1.5675 790.974 1.67 03 1.92 03 2.13 03 2.47 03 2.77 03
71 Lu M˛ 1.5813 784.071 1.63 03 1.88 03 2.08 03 2.41 03 2.71 03
36 Kr Lˇ1 1.5860 781.747 1.62 03 1.86 03 2.06 03 2.39 03 2.69 03
71 Lu Mˇ 1.6312 760.085 1.50 03 1.73 03 1.91 03 2.22 03 2.49 03
36 Kr Lˇ1 1.6366 757.577 1.49 03 1.71 03 1.90 03 2.20 03 2.47 03
72 Hf M˛1 1.6446 753.892 1.47 03 1.69 03 1.87 03 2.17 03 2.44 03
37 Rb L˛1 1.6941 731.864 1.36 03 1.56 03 1.73 03 2.01 03 2.25 03
72 Hf Mˇ 1.6976 730.355 1.35 03 1.55 03 1.72 03 1.99 03 2.24 03
73 Ta M˛1 1.7096 725.229 1.32 03 1.52 03 1.69 03 1.96 03 2.19 03
14 Si K˛1 1.7400 712.558 1.26 03 1.45 03 1.61 03 1.87 03 2.09 03
37 Rb Lˇ1 1.7522 707.597 1.24 03 1.42 03 1.58 03 1.83 03 2.05 03
73 Ta Mˇ 1.7655 702.266 1.21 03 1.39 03 1.54 03 1.80 03 2.01 03
74 W M˛1 1.7754 698.350 1.20 03 1.37 03 1.52 03 1.77 03 1.98 03
38 Sr L˛1 1.8066 686.290 1.14 03 1.31 03 1.45 03 1.69 03 1.81 03
74 W Mˇ 1.8349 675.705 1.10 03 1.26 03 1.39 03 1.62 03 1.81 03
14 Si Kˇ 1.8359 675.337 1.09 03 1.26 03 1.39 03 1.62 03 1.81 03
75 Re M˛1 1.8420 673.100 1.08 03 1.24 03 1.38 03 1.60 03 1.79 03
38 Sr Lˇ1 1.8717 662.420 1.04 03 1.19 03 1.32 03 1.54 03 1.72 03
75 Re Mˇ 1.9061 650.465 9.90 02 1.13 03 1.26 03 1.46 03 1.63 03
76 0s M˛1 1.9102 649.069 9.85 02 1.13 03 1.25 03 1.45 03 1.63 03
39 Y L˛1 1.9226 644.882 9.68 02 1.11 03 1.23 03 1.43 03 1.60 03
76 0s Mˇ 1.9783 626.725 8.97 02 1.03 03 1.14 03 1.32 03 1.48 03
77 Ir M˛1 1.9799 626.219 8.95 02 1.02 03 1.13 03 1.32 03 1.48 03
39 Y Lˇ1 1.9958 621.230 8.76 02 1.00 03 1.11 03 1.29 03 1.44 03
15 P K˛1 2.0137 615.708 8.55 02 9.79 02 1.08 03 1.26 03 1.41 03
40 Zr L˛1 2.0424 607.056 8.24 02 9.42 02 1.04 03 1.22 03 1.36 03
78 Pt M˛1 2.0505 604.658 8.15 02 9.32 02 1.03 03 1.20 03 1.34 03
77 Ir Mˇ 2.0535 603.775 8.12 02 9.29 02 1.03 03 1.20 03 1.34 03
79 Au M˛1 2.1229 584.036 7.43 02 8.50 02 9.39 02 1.10 03 1.22 03
40 Zr L ˇ1 2.1244 583.624 7.42 02 8.48 02 9.37 02 1.09 03 1.22 03
78 Pt Mˇ 2.1273 582.828 7.39 02 8.45 02 9.34 02 1.09 03 1.22 03



21Sc – 25Mn 769

Z transition E [keV] � [pm] 21Sc 22Ti 23V 24Cr 25Mn

15 P Kˇ1,3 2.1390 579.640 7.28 02 8.33 02 9.20 02 1.07 03 1.20 03
41 Nb L˛1 2.1659 572.441 7.05 02 8.05 02 8.90 02 1.04 03 1.16 03
80 Hg M˛1 2.1953 564.775 6.80 02 7.77 02 8.58 02 1.00 03 1.12 03
79 Au Mˇ 2.2046 562.393 6.72 02 7.68 02 8.48 02 9.90 02 1.11 03
41 Nb Lˇ1 2.2574 549.238 6.31 02 7.21 02 7.96 02 9.29 02 1.04 03
81 Tl M˛1 2.2706 546.045 6.21 02 7.10 02 7.84 02 9.14 02 1.02 03
80 Hg Mˇ 2.2825 543.199 6.13 02 7.00 02 7.73 02 9.02 02 1.01 03
42 Mo L˛1 2.2932 540.664 6.05 02 6.91 02 7.63 02 8.90 02 9.94 02
16 S K˛1 2.3080 537.197 6.95 02 6.79 02 7.50 02 8.75 02 9.77 02
82 Pb M˛1 2.3457 528.563 5.70 02 6.51 02 7.18 02 8.38 02 9.36 02
81 Tl Mˇ 2.3621 524.893 5.59 02 6.39 02 7.04 02 8.23 02 9.18 02
42 Mo Lˇ1 2.3948 517.726 5.39 02 6.16 02 6.79 02 7.93 02 8.85 02
83 Bi M˛1 2.4226 511.785 5.23 02 5.97 02 6.58 02 7.69 02 8.58 02
43 Tc L˛1 2.4240 511.490 5.22 02 5.96 02 6.57 02 7.67 02 8.57 02
82 Pb Mˇ 2.4427 507.574 5.12 02 5.84 02 6.44 02 7.52 02 8.39 02
16 S Kˇ 2.4640 503.186 5.00 02 5.70 02 6.29 02 7.34 02 8.20 02
83 Bi Mˇ1 2.5255 490.933 4.68 02 5.34 02 5.88 02 6.87 02 7.67 02
43 Tc Lˇ1 2.5368 488.746 4.63 02 5.28 02 5.81 02 6.79 02 7.58 02
44 Ru L˛1 2.5586 484.582 4.52 02 5.16 02 5.68 02 6.64 02 7.41 02
17 Cl K˛1 2.6224 472.792 4.24 02 4.83 02 5.32 02 6.21 02 6.94 02
44 Ru Lˇ1 2.6832 462.079 3.99 02 4.54 02 5.00 02 5.84 02 6.52 02
45 Rh L˛1 2.6967 459.766 3.93 02 4.48 02 4.93 02 5.76 02 6.43 02
17 Cl Kˇ 2.8156 440.350 3.51 02 3.99 02 4.39 02 5.13 02 5.73 02
45 Rh Lˇ1 2.8344 437.430 3.44 02 3.92 02 4.31 02 5.04 02 5.63 02
46 Pd L˛1 2.8386 436.782 3.43 02 3.91 02 4.29 02 5.02 02 5.61 02
18 Ar K˛1 2.9577 419.194 3.08 02 3.50 02 3.84 02 4.50 02 5.02 02
47 Ag L˛1 2.9843 415.458 3.00 02 3.42 02 3.75 02 4.39 02 4.90 02
46 Pd Lˇ1 2.9902 414.638 2.99 02 3.40 02 3.73 02 4.37 02 4.88 02
90 Th M˛1 2.9961 413.821 2.97 02 3.38 02 3.71 02 4.35 02 4.85 02
91 Pa M˛1 3.0823 402.248 2.76 02 3.13 02 3.44 02 4.03 02 4.50 02
48 Cd L˛1 3.1337 395.651 2.64 02 3.00 02 3.29 02 3.86 02 4.30 02
90 Th Mˇ 3.1458 394.129 2.61 02 2.97 02 3.26 02 3.82 02 4.26 02
47 Ag Lˇ1 3.1509 393.491 2.60 02 2.95 02 3.24 02 3.80 02 4.24 02
92 U M˛1 3.1708 391.021 2.56 02 2.90 02 3.19 02 3.74 02 4.17 02
18 Ar Kˇ 3.1905 388.607 2.52 02 2.86 02 3.14 02 3.68 02 4.10 02
91 Pa Mˇ 3.2397 382.705 2.41 02 2.74 02 3.01 02 3.53 02 3.93 02
49 In L˛1 3.2869 377.210 2.32 02 2.64 02 2.90 02 3.40 02 3.78 02
19 K K˛1 3.3138 374.148 2.27 02 2.58 02 2.84 02 3.32 02 3.70 02
48 Cd Lˇ1 3.3160 373.832 2.27 02 2.57 02 2.83 02 3.32 02 3.69 02
92 U Mˇ 3.3360 371.658 2.23 02 2.53 02 2.79 02 3.27 02 3.64 02
50 Sn L˛1 3.4440 360.003 2.05 02 2.33 02 2.56 02 3.00 02 3.34 02
49 In L ˇ1 3.4872 355.543 1.99 02 2.25 02 2.47 02 2.90 02 3.23 02
19 K Kˇ 3.5896 345.401 1.84 02 2.08 02 2.29 02 2.69 02 2.99 02
51 Sb L˛1 3.6047 343.954 1.82 02 2.06 02 2.26 02 2.66 02 2.95 02



770 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 21Sc 22Ti 23V 24Cr 25Mn

50 Sn Lˇ1 3.6628 338.498 1.74 02 1.97 02 2.17 02 2.55 02 2.83 02
20 Ca K˛1 3.6917 335.848 1.71 02 1.93 02 2.12 02 2.49 02 2.77 02
52 Te L˛1 3.7693 328.934 1.62 02 1.83 02 2.01 02 2.36 02 2.62 02
51 Sb Lˇ1 3.8436 322.575 1.53 02 1.73 02 1.91 02 2.24 02 2.49 02
53 I L˛1 3.9377 314.867 1.44 02 1.63 02 1.79 02 2.10 02 2.33 02
20 Ca Kˇ 4.0127 308.981 1.37 02 1.55 02 1.70 02 2.00 02 2.22 02
52 Te Lˇ1 4.0296 307.686 1.35 02 1.53 02 1.68 02 1.98 02 2.19 02
21 Sc K˛1 4.0906 303.097 1.30 02 1.47 02 1.61 02 1.90 02 2.11 02
54 Xe L˛1 4.1099 301.674 1.29 02 1.45 02 1.59 02 1.87 02 2.08 02
53 I Lˇ1 4.2207 293.755 1.20 02 1.35 02 1.48 02 1.75 02 1.94 02
55 Cs L˛1 4.2865 289.245 1.15 02 1.30 02 1.42 02 1.68 02 1.86 02
21 Sc Kˇ 4.4605 277.962 1.04 02 1.17 02 1.28 02 1.51 02 1.68 02
56 Ba L˛1 4.4663 277.601 1.03 02 1.16 02 1.28 02 1.50 02 1.67 02
22 Ti K˛1 4.5108 274.863 8.71 02 1.13 02 1.24 02 1.46 02 1.63 02
55 Cs Lˇ1 4.6198 268.377 8.18 02 1.06 02 1.17 02 1.37 02 1.53 02
57 La L˛1 4.6510 266.577 8.03 02 1.04 02 1.14 02 1.35 02 1.50 02
56 Ba Lˇ1 4.8273 256.841 7.28 02 9.46 01 1.04 02 1.22 02 1.36 02
58 Ce L˛1 4.8402 256.157 7.23 02 9.39 01 1.03 02 1.21 02 1.35 02
22 Ti Kˇ1,3 4.9318 251.399 6.88 02 8.94 01 9.79 01 1.15 02 1.28 02
23 V K˛1 4.9522 250.363 6.80 02 8.84 01 9.68 01 1.14 02 1.27 02
59 Pr L˛1 5.0337 246.310 6.51 02 7.05 02 9.27 01 1.09 02 1.22 02
57 La Lˇ1 5.0421 245.899 6.49 02 7.02 02 9.22 01 1.09 02 1.21 02
60 Nd L˛1 5.2304 237.047 5.88 02 6.38 02 8.37 01 9.86 01 1.10 02
58 Ce Lˇ1 5.2622 235.614 5.79 02 6.28 02 8.23 01 9.70 01 1.08 02
24 Cr K˛1 5.4147 228.978 5.36 02 5.83 02 7.63 01 9.00 01 1.00 02
23 V Kˇ1,3 5.4273 228.447 5.33 02 5.80 02 7.58 01 8.94 01 9.94 01
61 Pm L˛1 5.4325 228.228 5.31 02 5.78 02 7.57 01 8.92 01 9.91 01
59 Pr Lˇ1 5.4889 225.883 5.17 02 5.63 02 6.24 02 8.68 01 9.64 01
62 Sm L˛1 5.6361 219.984 4.82 02 5.25 02 5.82 02 8.09 01 8.98 01
60 Nd Lˇ1 5.7216 216.696 4.63 02 5.05 02 5.59 02 7.77 01 8.63 01
63 Eu L˛1 5.8457 212.096 4.37 02 4.78 02 5.28 02 7.35 01 8.14 01
25 Mn K˛1 5.8988 210.187 4.26 02 4.66 02 5.16 02 7.17 01 7.95 01
24 Cr Kˇ1,3 5.9467 208.494 4.17 02 4.57 02 5.05 02 7.02 01 7.78 01
61 Pm Lˇ1 5.9610 207.993 4.15 02 4.54 02 5.01 02 6.98 01 7.73 01
64 Gd L˛1 6.0572 204.690 3.97 02 4.35 02 4.80 02 5.55 02 7.41 01
62 Sm Lˇ1 6.2051 199.811 3.71 02 4.08 02 4.50 02 5.21 02 6.95 01
65 Tb L˛1 6.2128 197.655 3.61 02 3.96 02 4.37 02 5.06 02 6.75 01
26 Fe K˛1 6.4038 193.611 3.41 02 3.75 02 4.14 02 4.79 02 6.39 01
63 Eu Lˇ1 6.4564 192.034 3.33 02 3.67 02 4.04 02 4.68 02 6.26 01
25 Mn Kˇ1,3 6.4905 191.025 3.28 02 3.61 02 3.99 02 4.62 02 6.17 01
66 Gd L˛1 6.4952 190.887 3.28 02 3.61 02 3.98 02 4.61 02 6.16 01
64 Gd Lˇ1 6.7132 184.688 2.99 02 3.30 02 3.64 02 4.22 02 4.56 02
67 Ho L˛1 6.7198 184.507 2.98 02 3.29 02 3.63 02 4.21 02 4.54 02
27 Co K˛1 6.9303 178.903 2.74 02 3.03 02 3.34 02 3.88 02 4.16 02



21Sc – 25Mn 771

Z transition E [keV] � [pm] 21Sc 22Ti 23V 24Cr 25Mn

68 Er L˛1 6.9487 178.429 2.72 02 3.01 02 3.32 02 3.85 02 4.15 02
65 Tb Lˇ1 6.9780 177.680 2.69 02 2.98 02 3.28 02 3.80 02 4.11 02
26 Fe Kˇ1,3 7.0580 175.666 2.61 02 2.89 02 3.18 02 3.69 02 3.98 02
69 Tm L˛1 7.1799 172.683 2.49 02 2.76 02 3.04 02 3.53 02 3.81 02
66 Dy Lˇ1 7.2477 171.068 2.43 02 2.69 02 2.96 02 3.44 02 3.71 02
70 Yb L˛1 7.4156 167.195 2.28 02 2.53 02 2.78 02 3.23 02 3.49 02
28 Ni K˛1 7.4782 165.795 2.23 02 2.47 02 2.72 02 3.16 02 3.41 02
67 Ho Lˇ1 7.5253 164.757 2.10 02 2.43 02 2.66 02 3.11 02 3.36 02
27 Co Kˇ1,3 7.6494 162.084 2.09 02 2.33 02 2.56 02 2.98 02 3.21 02
71 Lu L˛1 7.6555 161.955 2.09 02 2.32 02 2.56 02 2.97 02 3.21 02
68 Er Lˇ1 7.8109 158.733 1.97 02 2.20 02 2.42 02 2.81 02 3.04 02
72 Hf L˛1 7.8990 156.963 1.91 02 2.13 02 2.35 02 2.73 02 2.95 02
29 Cu K˛1 8.0478 154.060 1.82 02 2.03 02 2.23 02 2.60 02 2.80 02
69 Tm Lˇ1 8.1010 153.049 1.79 02 1.99 02 2.19 02 2.55 02 2.75 02
73 Ta L˛1 8.1461 152.201 1.76 02 1.96 02 2.16 02 2.51 02 2.71 02
28 Ni Kˇ1,3 8.2647 150.017 1.69 02 1.89 02 2.08 02 2.42 02 2.61 02
74 W L˛1 8.3976 147.643 1.62 02 1.81 02 1.99 02 2.31 02 2.49 02
70 Yb Lˇ1 8.4018 147.569 1.61 02 1.80 02 1.98 02 2.31 02 2.49 02
30 Zn K˛1 8.6338 143.519 1.49 02 1.67 02 1.84 02 2.14 02 2.31 02
75 Re L˛1 8.6525 143.294 1.49 02 1.66 02 1.83 02 2.13 02 2.30 02
71 Lu Lˇ1 8.7090 142.364 1.46 02 1.63 02 1.80 02 2.09 02 2.26 02
29 Cu Kˇ1 8.9053 139.226 1.37 02 1.54 02 1.69 02 1.97 02 2.12 02
76 0s L˛1 8.9117 139.126 1.37 02 1.53 02 1.69 02 1.97 02 2.12 02
72 Hf Lˇ1 9.0227 137.414 1.32 02 1.48 02 1.63 02 1.90 02 2.05 02
77 Ir L˛1 9.1751 135.132 1.26 02 1.42 02 1.56 02 1.82 02 1.96 02
31 Ga K˛1 9.2517 134.013 1.24 02 1.39 02 1.52 02 1.78 02 1.91 02
73 Ta Lˇ1 9.3431 132.702 1.20 02 1.35 02 1.48 02 1.73 02 1.86 02
78 Pt L˛1 9.4423 131.308 1.17 02 1.31 02 1.44 02 1.68 02 1.81 02
30 Zn Kˇ1,3 9.5720 129.529 1.12 02 1.26 02 1.39 02 1.62 02 1.74 02
74 W Lˇ1 9.6724 128.184 1.09 02 1.23 02 1.35 02 1.57 02 1.69 02
79 Au L˛1 9.7133 127.644 1.08 02 1.21 02 1.33 02 1.55 02 1.67 02
32 Ge K˛1 9.8864 125.409 1.03 02 1.16 02 1.27 02 1.48 02 1.59 02
80 Hg L˛1 9.9888 124.124 9.99 01 1.12 02 1.23 02 1.44 02 1.55 02
75 Re Lˇ1 10.010 123.861 9.93 01 1.12 02 1.23 02 1.43 02 1.54 02
31 Ga Kˇ1 10.264 120.796 9.25 01 1.04 02 1.14 02 1.33 02 1.44 02
81 Tl L˛1 10.269 120.737 9.23 01 1.04 02 1.14 02 1.33 02 1.44 02
76 0s Lˇ1 10.355 119.734 9.02 01 1.02 02 1.11 02 1.30 02 1.40 02
33 As K˛1 10.544 117.588 8.57 01 9.65 01 1.06 02 1.24 02 1.33 02
82 Pb L˛1 10.552 117.499 8.55 01 9.63 01 1.06 02 1.23 02 1.33 02
77 Ir Lˇ1 10.708 115.787 8.20 01 9.24 01 1.01 02 1.18 02 1.28 02
83 Bi L˛1 10.839 114.388 7.92 01 8.93 01 9.81 01 1.15 02 1.23 02
32 Ge Kˇ1 10.982 112.898 7.63 01 8.61 01 9.46 01 1.10 02 1.19 02
78 Pt Lˇ1 11.071 111.990 7.46 01 8.41 01 9.24 01 1.08 02 1.16 02
84 Po L˛1 11.131 111.387 7.34 01 8.29 01 9.11 01 1.06 02 1.15 02



772 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 21Sc 22Ti 23V 24Cr 25Mn

34 Se K˛1 11.222 110.484 7.18 01 8.10 01 8.90 01 1.04 02 1.12 02
85 At L˛1 11.427 108.501 6.82 01 7.70 01 8.46 01 9.87 01 1.07 02
79 Au Lˇ1 11.442 108.359 6.79 01 7.67 01 8.43 01 9.84 01 1.06 02
33 As Kˇ1 11.726 105.735 6.34 01 7.16 01 7.87 01 9.18 01 9.92 01
86 Rn L˛1 11.727 105.726 6.33 01 7.16 01 7.87 01 9.18 01 9.92 01
80 Hg Lˇ1 11.823 104.867 6.19 01 6.99 01 7.69 01 8.97 01 9.70 01
35 Br K˛1 11.924 103.979 6.04 01 6.83 01 7.51 01 8.76 01 9.47 01
87 Fr L˛1 12.031 103.054 5.89 01 6.66 01 7.32 01 8.54 01 9.24 01
81 Tl Lˇ1 12.213 101.519 5.64 01 6.38 01 7.02 01 8.19 01 8.86 01
88 Ra L˛1 12.340 100.474 5.48 01 6.20 01 6.82 01 7.95 01 8.61 01
34 Se K ˇ1 12.496 99.219 5.29 01 5.99 01 6.59 01 7.68 01 8.31 01
82 Pb Lˇ1 12.614 98.291 5.15 01 5.83 01 6.41 01 7.48 01 8.10 01
36 Kr K˛1 12.649 98.019 5.11 01 5.79 01 6.36 01 7.42 01 8.03 01
89 Ac L˛1 12.652 97.996 5.11 01 5.78 01 6.36 01 7.42 01 8.03 01
90 Th L˛1 12.969 95.601 4.76 01 5.39 01 5.93 01 6.92 01 7.49 01
83 Bi Lˇ1 13.024 95.197 4.70 01 5.33 01 5.86 01 6.84 01 7.41 01
91 Pa L˛1 13.291 93.285 4.44 01 5.03 01 5.54 01 6.46 01 7.00 01
35 Br Kˇ1 13.291 93.285 4.44 01 5.03 01 5.54 01 6.46 01 7.00 01
37 Rb K˛1 13.395 92.560 4.34 01 4.92 01 5.42 01 6.32 01 6.85 01
84 Po Lˇ1 13.447 92.202 4.29 01 4.87 01 5.36 01 6.25 01 6.78 01
92 U L˛1 13.615 91.065 4.15 01 4.70 01 5.18 01 6.04 01 6.55 01
85 At Lˇ1 13.876 89.352 3.93 01 4.46 01 4.91 01 5.72 01 6.21 01
36 Kr Kˇ1 14.112 87.857 3.74 01 4.25 01 4.68 01 5.46 01 5.92 01
38 Sr K˛1 14.165 87.529 3.71 01 4.21 01 4.63 01 5.40 01 5.86 01
86 Rn Lˇ1 14.316 86.606 3.60 01 4.08 01 4.50 01 5.24 01 5.69 01
87 Fr Lˇ1 14.770 83.943 3.29 01 3.74 01 4.12 01 4.80 01 5.22 01
39 Y K˛1 14.958 82.888 3.17 01 3.61 01 3.98 01 4.63 01 5.04 01
37 Rb Kˇ1 14.961 82.872 3.17 01 3.61 01 3.98 01 4.63 01 5.03 01
88 Ra Lˇ1 15.236 81.376 3.01 01 3.43 01 3.78 01 4.40 01 4.78 01
89 Ac Lˇ1 15.713 78.906 2.76 01 3.14 01 3.46 01 4.03 01 4.38 01
40 Zr K˛1 15.775 78.596 2.73 01 3.10 01 3.42 01 3.98 01 4.33 01
38 Sr Kˇ1 15.836 78.293 2.70 01 3.07 01 3.38 01 3.94 01 4.29 01
90 Th Lˇ1 16.202 76.524 2.52 01 2.87 01 3.17 01 3.69 01 4.02 01
41 Nb K˛1 16.615 74.622 2.35 01 2.67 01 2.95 01 3.44 01 3.74 01
91 Pa Lˇ1 16.702 74.233 2.31 01 2.63 01 2.91 01 3.39 01 3.69 01
39 Y Kˇ1 16.738 74.074 2.30 01 2.62 01 2.89 01 3.36 01 3.66 01
92 U Lˇ1 17.220 72.000 2.12 01 2.41 01 2.66 01 3.10 01 3.38 01
42 Mo K˛1 17.479 70.933 2.03 01 2.31 01 2.55 01 2.97 01 3.24 01
40 Zr Kˇ1 17.668 70.175 1.97 01 2.24 01 2.47 01 2.88 01 3.14 01
43 Tc K˛1 18.367 67.504 1.76 01 2.01 01 2.22 01 2.58 01 2.82 01
41 Nb Kˇ1 18.623 66.576 1.69 01 1.93 01 2.13 01 2.48 01 2.71 01
44 Ru K˛1 19.279 64.311 1.53 01 1.75 01 1.93 01 2.25 01 2.46 01
42 Mo Kˇ1 19.608 63.231 1.46 01 1.66 01 1.84 01 2.14 01 2.34 01
45 Rh K˛1 20.216 61.330 1.34 01 1.52 01 1.68 01 1.96 01 2.15 01



21Sc – 25Mn 773

Z transition E [keV] � [pm] 21Sc 22Ti 23V 24Cr 25Mn

43 Tc Kˇ1 20.619 60.131 1.26 01 1.44 01 1.59 01 1.86 01 2.03 01
46 Pd K˛1 21.177 58.547 1.17 01 1.33 01 1.47 01 1.72 01 1.88 01
44 Ru Kˇ1 21.657 57.249 1.10 01 1.25 01 1.38 01 1.61 01 1.76 01
47 Ag K˛1 22.163 55.942 1.03 01 1.17 01 1.29 01 1.51 01 1.65 01
45 Rh Kˇ1 22.724 54.561 9.55 00 1.09 01 1.20 01 1.40 01 1.54 01
48 Cd K˛1 23.174 53.501 9.03 00 1.03 01 1.14 01 1.33 01 1.45 01
46 Pd Kˇ1 23.819 52.053 8.34 00 9.50 00 1.05 01 1.23 01 1.34 01
49 In K˛1 24.210 51.212 7.96 00 9.07 00 1.00 01 1.17 01 1.28 01
47 Ag Kˇ1 24.942 49.709 7.30 00 8.32 00 9.21 00 1.07 01 1.18 01
50 Sn K˛1 25.271 49.062 7.03 00 8.01 00 8.87 00 1.03 01 1.13 01
48 Cd Kˇ1 26.096 47.511 6.41 00 7.30 00 8.08 00 9.43 00 1.03 01
51 Sb K˛1 26.359 47.037 6.23 00 7.10 00 7.85 00 9.16 00 1.00 01
49 In Kˇ1 27.276 45.455 5.64 00 6.43 00 7.12 00 8.30 00 9.11 00
52 Te K˛1 27.472 45.131 5.53 00 6.30 00 6.97 00 8.13 00 8.93 00
50 Sn Kˇ1 28.486 43.524 4.98 00 5.68 00 6.28 00 7.33 00 8.05 00
53 I K˛1 28.612 43.333 4.92 00 5.60 00 6.20 00 7.23 00 7.94 00
51 Sb Kˇ1 29.726 41.709 4.40 00 5.02 00 5.56 00 6.48 00 7.12 00
54 Xe K˛1 29.779 41.635 4.38 00 4.99 00 5.53 00 6.45 00 7.09 00
55 Cs K˛1 30.973 40.030 3.92 00 4.47 00 4.95 00 5.77 00 6.34 00
52 Te Kˇ1 30.996 40.000 3.91 00 4.46 00 4.94 00 5.76 00 6.33 00
56 Ba K˛1 32.194 38.511 3.52 00 4.01 00 4.44 00 5.17 00 5.68 00
53 I Kˇ1 32.295 38.391 3.49 00 3.97 00 4.40 00 5.13 00 5.63 00
57 La K˛1 33.442 37.074 3.16 00 3.60 00 3.99 00 4.65 00 5.11 00
54 Xe Kˇ1 33.624 36.874 3.12 00 3.55 00 3.93 00 4.57 00 5.03 00
58 Ce K˛1 34.279 36.169 2.95 00 3.36 00 3.72 00 4.33 00 4.76 00
55 Cs Kˇ1 34.987 35.437 2.79 00 3.17 00 3.51 00 4.09 00 4.49 00
59 Pr K˛1 36.026 34.415 2.57 00 2.92 00 3.24 00 3.77 00 4.14 00
56 Ba Kˇ1 36.378 34.082 2.50 00 2.84 00 3.15 00 3.66 00 4.03 00
60 Nd K˛1 36.847 33.648 2.41 00 2.74 00 3.04 00 3.53 00 3.88 00
57 La Kˇ1 37.801 32.799 2.24 00 2.55 00 2.83 00 3.29 00 3.61 00
61 Pm K˛1 38.725 32.016 2.10 00 2.38 00 2.64 00 3.07 00 3.37 00
58 Ce Kˇ1 39.257 31.582 2.02 00 2.29 00 2.54 00 2.95 00 3.25 00
62 Sm K˛1 40.118 30.905 1.90 00 2.16 00 2.39 00 2.78 00 3.05 00
59 Pr Kˇ1 40.748 30.427 1.83 00 2.07 00 2.29 00 2.66 00 2.93 00
63 Eu K˛1 41.542 29.845 1.73 00 1.96 00 2.17 00 2.53 00 2.78 00
60 Nd Kˇ1 42.271 29.331 1.66 00 1.87 00 2.07 00 2.41 00 2.65 00
64 Gd K˛1 42.996 28.836 1.58 00 1.79 00 1.98 00 2.30 00 2.52 00
61 Pm Kˇ1 43.826 28.290 1.51 00 1.70 00 1.88 00 2.18 00 2.39 00
65 Tb K˛1 44.482 27.873 1.45 00 1.63 00 1.80 00 2.09 00 2.30 00
62 Sm Kˇ1 45.413 27.301 1.37 00 1.55 00 1.71 00 1.98 00 2.17 00
66 Dy K˛1 45.998 26.954 1.33 00 1.49 00 1.65 00 1.91 00 2.10 00
63 Eu Kˇ1 47.038 26.358 1.25 00 1.41 00 1.55 00 1.79 00 1.97 00
67 Ho K˛1 47.547 26.076 1.22 00 1.37 00 1.50 00 1.74 00 1.91 00
64 Gd Kˇ1 48.697 25.460 1.14 00 1.28 00 1.41 00 1.63 00 1.79 00



774 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 21Sc 22Ti 23V 24Cr 25Mn

68 Er K˛1 49.128 25.237 1.12 00 1.25 00 1.38 00 1.59 00 1.75 00
65 Tb Kˇ1 50.382 24.609 1.05 00 1.17 00 1.29 00 1.49 00 1.63 00
69 Tm K˛1 50.742 24.434 9.63 -1 1.08 00 1.18 00 1.36 00 1.50 00
66 Dy Kˇ1 52.119 23.788 9.63 -1 1.08 00 1.18 00 1.36 00 1.50 00
70 Yb K˛1 52.389 23.666 9.51 -1 1.06 00 1.17 00 1.35 00 1.48 00
67 Ho Kˇ1 53.877 23.012 8.88 -1 9.90 -1 1.09 00 1.25 00 1.37 00
71 Lu K˛1 54.070 22.930 8.80 -1 9.81 -1 1.08 00 1.24 00 1.36 00
68 Er Kˇ1 55.681 22.267 8.20 -1 9.11 -1 9.99 -1 1.15 00 1.26 00
72 Hf K˛1 55.790 22.223 8.16 -1 9.07 -1 9.95 -1 1.14 00 1.25 00
69 Tm Kˇ1 57.517 21.556 7.57 -1 8.40 -1 9.21 -1 1.06 00 1.16 00
73 Ta K˛1 57.532 21.550 7.57 -1 8.39 -1 9.20 -1 1.06 00 1.16 00
74 W K˛1 59.318 20.901 7.03 -1 7.77 -1 8.52 -1 9.77 -1 1.07 00
70 Yb Kˇ1 59.370 20.883 7.01 -1 7.76 -1 8.50 -1 9.75 -1 1.06 00
75 Re K˛1 61.140 20.278 6.57 -1 7.25 -1 7.93 -1 9.08 -1 9.90 -1
71 Lu Kˇ1 61.283 20.231 6.54 -1 7.21 -1 7.89 -1 9.03 -1 9.85 -1
76 0s K˛1 63.001 19.679 6.17 -1 6.79 -1 7.41 -1 8.47 -1 9.22 -1
72 Hf Kˇ1 63.234 19.607 6.12 -1 6.73 -1 7.35 -1 8.40 -1 9.14 -1
77 Ir K˛1 64.896 19.105 5.79 -1 6.36 -1 6.93 -1 7.91 -1 8.60 -1
73 Ta Kˇ1 65.223 19.009 5.73 -1 6.29 -1 6.86 -1 7.81 -1 8.49 -1
78 Pt K˛1 66.832 18.551 5.44 -1 5.96 -1 6.49 -1 7.38 -1 8.02 -1
74 W Kˇ1 67.244 18.438 5.37 -1 5.89 -1 6.40 -1 7.28 -1 7.90 -1
79 Au K˛1 68.804 18.020 5.l2 -1 5.60 -1 6.08 -1 6.90 -1 7.48 -1
75 Re Kˇ1 69.310 17.888 5.04 -1 5.51 -1 5.98 -1 6.79 -1 7.35 -1
80 Hg K˛1 70.819 17.507 4.82 -1 5.25 -1 5.69 -1 6.45 -1 6.98 -1
76 0s Kˇ1 71.413 17.361 4.73 -1 5.16 -1 5.59 -1 6.33 -1 6.85 -1
81 Tl K˛1 72.872 17.014 4.54 -1 4.93 -1 5.34 -1 5.04 -1 6.53 -1
77 Ir Kˇ1 73.561 16.854 4.45 -1 4.83 -1 5.23 -1 5.91 -1 6.38 -1
82 Pb K˛1 74.969 16.538 4.27 -1 4.64 -1 5.01 -1 5.66 -1 6.10 -1
78 Pt Kˇ1 75.748 16.368 4.18 -1 4.53 -1 4.89 -1 5.52 -1 5.95 -1
83 Bi K˛1 77.108 16.079 4.03 -1 4.36 -1 4.70 -1 5.30 -1 5.71 -1
79 Au Kˇ1 77.948 15.906 3.94 -1 4.26 -1 4.59 -1 5.17 -1 5.56 -1
84 Po K˛1 79.290 15.636 3.80 -1 4.10 -1 4.41 -1 4.97 -1 5.34 -1
80 Hg Kˇ1 80.253 15.449 3.71 -1 4.00 -1 4.30 -1 4.83 -1 5.19 -1
85 At K˛1 81.520 15.209 3.61 -1 3.89 -1 4.18 -1 4.69 -1 5.03 -1
81 Tl Kˇ1 82.576 15.014 3.53 -1 3.80 -1 4.08 -1 4.57 -1 4.91 -1
86 Rn K˛1 83.780 14.798 3.45 -1 3.71 -1 3.97 -1 4.45 -1 4.77 -1
82 Pb Kˇ1 84.936 14.597 3.37 -1 3.62 -1 3.87 -1 4.33 -1 4.64 -1
87 Fr K˛1 86.100 14.400 3.30 -1 3.53 -1 3.78 -1 4.22 -1 4.51 -1
83 Bi Kˇ1 87.343 14.195 3.22 -1 3.45 -1 3.68 -1 4.10 -1 4.38 -1
88 Ra K˛1 88.470 14.014 3.15 -1 3.37 -1 3.59 -1 4.00 -1 4.27 -1
84 Po Kˇ1 89.800 13.806 3.08 -1 3.28 -1 3.49 -1 3.88 -1 4.15 -1
89 Ac K˛1 90.884 13.642 3.01 -1 3.21 -1 3.42 -1 3.79 -1 4.05 -1
85 At Kˇ1 92.300 13.432 2.94 -1 3.13 -1 3.32 -1 3.68 -1 3.93 -1
90 Th K˛1 93.350 13.281 2.88 -1 3.06 -1 3.25 -1 3.60 -1 3.84 -1



26Fe – 30Zn 775

Z transition E [keV] � [pm] 21Sc 22Ti 23V 24Cr 25Mn

86 Rn Kˇ1 94.870 13.068 2.81 -1 2.98 -1 3.15 -1 3.49 -1 3.71 -1
91 Pa K˛1 95.868 12.932 2.76 -1 2.92 -1 3.09 -1 3.42 -1 3.64 -1
87 Fr Kˇ1 97.470 12.720 2.68 -1 2.84 -1 3.00 -1 3.31 -1 3.52 -1
92 U K˛1 98.439 12.595 2.64 -1 2.79 -1 2.95 -1 3.25 -1 3.45 -1
88 Ra Kˇ1 100.130 12.382 2.57 -1 2.71 -1 2.86 -1 3.14 -1 3.34 -1
89 Ac Kˇ1 102.850 12.054 2.49 -1 2.62 -1 2.76 -1 3.03 -1 3.21 -1
90 Th Kˇ1 105.610 11.739 2.42 -1 2.54 -1 2.66 -1 2.92 -1 3.08 -1
91 Pa Kˇ1 108.430 11.434 2.35 -1 2.46 -1 2.57 -1 2.82 -1 2.97 -1
92 U Kˇ1 111.500 11.139 2.28 -1 2.38 -1 2.48 -1 2.72 -1 2.86 -1

Z transition E [keV] � [pm] 26Fe 27Co 28Ni 29Cu 30Zn

4 Be K˛ 0.1085 11427.207 5.43 04 5.71 04 6.44 04 7.44 04 7.32 04
38 Sr M� 0.1140 10875.895 5.13 04 5.47 04 6.18 04 7.40 04 7.01 04
39 Y M� 0.1328 9339.235 4.30 04 4.76 04 5.41 04 6.30 04 6.13 04
16 S Ll 0.1487 8331.342 3.11 04 4.13 04 4.72 04 5.33 04 5.57 04
40 Zr M� 0.1511 8205.506 3.64 04 4.04 04 4.63 04 5.21 04 5.50 04
41 Nb M� 0.1717 7221.037 3.04 04 3.40 04 3.91 04 4.40 04 4.80 04
5 B K˛ 0.1833 6764.059 2.76 04 3.09 04 3.57 04 4.04 04 4.42 04
42 Mo M� 0.1926 6437.447 2.56 04 2.87 04 3.33 04 3.79 04 4.15 04
6 C K˛ 0.2170 4476.000 1.39 04 1.56 04 1.82 04 1.87 04 2.35 04
41 Ag M� 0.3117 3977.709 1.12 04 1.25 04 1.46 04 1.51 04 1.90 04
7 N K˛ 0.3924 3159.664 7.19 03 8.02 03 9.34 03 9.98 03 1.22 04
22 Ti Ll 0.3953 3136.484 7.09 03 7.90 03 9.20 03 9.84 03 1.20 04
22 Ti L˛ 0.4522 2741.822 5.41 03 6.02 03 7.00 03 1.82 03 9.10 03
23 V L˛ 0.5113 2424.901 4.42 03 4.66 03 5.41 03 6.22 03 6.91 03
8 O K˛ 0.5249 2362.012 4.00 03 4.41 03 5.12 03 5.92 03 6.55 03
25 Mn Ll 0.5563 2228.747 3.55 03 3.91 03 4.52 03 5.21 03 5.77 03
24 Cr L˛ 0.5728 2164.546 3.33 03 3.67 03 4.25 03 4.88 03 5.40 03
25 Mn L˛ 0.6314 1945.171 2.68 03 2.94 03 3.36 03 3.75 03 4.28 03
9 F K˛ 0.6768 1831.932 2.33 03 2.57 03 2.94 03 3.19 03 3.72 03
26 Fe L˛ 0.7050 1758.655 2.15 03 2.37 03 2.69 03 2.69 03 3.42 03
21 Co L˛ 0.7762 1597.335 1.45 04 1.92 03 2.17 03 2.54 03 2.19 03
28 Ni L˛ 0.8515 1456.080 1.32 04 1.27 04 1.80 03 1.97 03 2.24 03
29 Cu L˛ 0.9297 1336.044 1.07 04 1.17 04 1.17 04 1.59 03 1.82 03
30 Zn L˛ 1.0117 1225.513 1.06 04 1.15 04 1.34 04 1.19 04 1.42 03
11 Na K˛ 1.0410 1191.020 9.77 03 1.06 04 1.24 04 1.10 04 8.40 03
11 Na Kˇ 1.0711 1157.550 9.04 03 9.85 03 1.15 04 1.02 04 1.09 04
12 Mg K˛ 1.2536 989.033 5.90 03 6.45 03 7.51 03 8.01 03 8.57 03
33 As L˛ 1.2820 967.123 5.56 03 6.07 03 7.07 03 7.54 03 8.08 03
12 Mg Kˇ 1.3022 952.121 5.33 03 5.82 03 6.78 03 7.23 03 7.74 03
33 As Lˇ1 1.3170 941.421 5.17 03 5.65 03 6.58 03 7.01 03 7.51 03
66 Dy Mˇ 1.3250 935.737 5.08 03 5.55 03 6.47 03 6.90 03 7.39 03
67 Ho M˛ 1.3490 919.771 4.85 03 5.30 03 6.18 03 6.58 03 7.06 03



776 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 26Fe 27Co 28Ni 29Cu 30Zn

34 Se L˛ 1.3791 899.029 4.56 03 4.99 03 5.81 03 6.19 03 6.64 03
67 Ho Mˇ 1.3830 896.494 4.53 03 4.95 03 5.16 03 6.15 03 6.59 03
68 Er M˛ 1.4060 881.829 4.33 03 4.73 03 5.51 03 5.88 03 6.31 03
34 Se Lˇ1 1.4192 813.627 4.22 03 4.62 03 5.37 03 5.73 03 6.15 03
68 Er Mˇ 1.4430 859.218 4.03 03 4.41 03 5.14 03 5.48 03 5.89 03
69 Tm M˛ 1.4620 848.051 3.89 03 4.26 03 4.96 03 5.29 03 5.68 03
35 Br L˛ 1.4804 837.511 3.76 03 4.12 03 4.79 03 5.12 03 5.50 03
13 Al K˛1 1.4867 833.962 3.72 03 4.01 03 4.74 03 5.06 03 5.43 03
69 Tm Mˇ 1.5030 824.918 3.61 03 3.95 03 4.60 03 4.91 03 5.28 03
70 Yb M˛ 1.5214 814.941 3.50 03 3.83 03 4.45 03 4.75 03 5.11 03
35 Br Lˇ1 1.5259 812.538 3.47 03 3.80 03 4.42 03 4.71 03 5.07 03
13 Al Kˇ 1.5574 796.103 3.28 03 3.59 03 4.18 03 4.46 03 4.80 03
70 Yb Mˇ 1.5615 790.974 3.23 03 3.53 03 4.11 03 4.38 03 4.72 03
71 Lu M˛ 1.5813 784.071 3.15 03 3.45 03 4.01 03 4.28 03 4.61 03
36 Kr L˛ 1.5860 781.747 3.13 03 3.42 03 3.98 03 4.25 03 4.57 03
71 Lu Mˇ 1.6312 760.085 2.90 03 3.17 03 3.69 03 3.93 03 4.24 03
36 Kr Lˇ1 1.6369 757.577 2.87 03 3.14 03 3.65 03 3.90 03 4.20 03
72 Hf M˛1 1.6446 753.892 2.83 03 3.10 03 3.61 03 3.85 03 4.15 03
37 Rb L˛1 1.6941 731.864 2.62 03 2.86 03 3.33 03 3.55 03 3.83 03
72 Hf Mˇ 1.6916 730.355 2.60 03 2.85 03 3.31 03 3.53 03 3.81 03
73 Ta M˛1 1.7096 725.229 2.55 03 2.79 03 3.25 03 3.46 03 3.74 03
14 Si K˛1 1.7400 712.558 2.43 03 2.66 03 3.10 03 3.30 03 3.57 03
37 Rb Lˇ1 1.7522 707.597 2.39 03 2.61 03 3.04 03 3.24 03 3.50 03
73 Ta Mˇ 1.7655 702.266 2.34 03 2.56 03 2.98 03 3.18 03 3.43 03
74 W M˛1 1.7754 698.350 2.30 03 2.52 03 2.93 03 3.13 03 3.38 03
38 Sr L˛1 1.8069 686.290 2.20 03 2.41 03 2.80 03 2.98 03 3.23 03
74 W Mˇ 1.8349 675.705 2.11 03 2.31 03 2.68 03 2.86 03 3.10 03
14 Si Kˇ 1.8359 675.337 2.11 03 2.30 03 2.68 03 2.86 03 3.09 03
75 Re M˛1 1.8420 673.100 2.09 03 2.28 03 2.65 03 2.83 03 3.07 03
38 Sr Lˇ1 1.8717 662.420 2.00 03 2.19 03 2.54 03 2.71 03 2.94 03
75 Re Mˇ 1.9061 650.465 1.90 03 2.08 03 2.42 03 2.58 03 2.80 03
76 Os M˛1 1.9102 649.069 1.89 03 2.07 03 2.41 03 2.57 03 2.78 03
39 Y L˛1 1.9226 644.882 1.86 03 2.03 03 2.36 03 2.52 03 2.73 03
76 Os Mˇ 1.9783 626.725 1.72 03 1.88 03 2.19 03 2.33 03 2.53 03
77 Ir M˛1 1.9799 626.219 1.72 03 1.88 03 2.18 03 2.33 03 2.53 03
39 Y Lˇ1 1.9958 621.230 1.68 03 1.84 03 2.14 03 2.28 03 2.47 03
15 P K˛1 2.0137 615.708 1.64 03 1.80 03 2.08 03 2.22 03 2.42 03
40 Zr L˛1 2.0424 607.056 1.58 03 1.73 03 2.01 03 2.14 03 2.33 03
78 Pt M˛1 2.0505 604.658 1.56 03 1.71 03 1.99 03 2.12 03 2.30 03
77 Ir Mˇ 2.0535 603.775 1.56 03 1.70 03 1.98 03 2.11 03 2.29 03
79 Au M˛1 2.1229 584.036 1.42 03 1.56 03 1.81 03 1.93 03 2.10 03
40 Zr Lˇ1 2.1244 583.624 1.42 03 1.56 03 1.80 03 1.93 03 2.09 03
78 Pt Mˇ 2.1273 582.828 1.41 03 1.55 03 1.80 03 1.92 03 2.09 03
15 P Kˇ1,3 2.1390 579.640 1.39 03 1.53 03 1.77 03 1.89 03 2.06 03



26Fe – 30Zn 777

Z transition E [keV] � [pm] 26Fe 27Co 28Ni 29Cu 30Zn

41 Nb L˛1 2.1659 572.441 1.35 03 1.48 03 1.71 03 1.83 03 1.99 03
80 Hg M˛1 2.1953 564.775 1.30 03 1.42 03 1.65 03 1.76 03 1.92 03
79 Au Mˇ 2.2046 562.393 1.28 03 1.41 03 1.63 03 1.74 03 1.90 03
41 Nb Lˇ1 2.2574 549.238 1.20 03 1.32 03 1.53 03 1.63 03 1.78 03
81 Tl M˛1 2.2706 546.045 1.19 03 1.30 03 1.51 03 1.61 03 1.75 03
80 Hg Mˇ 2.2825 543.199 1.17 03 1.28 03 1.49 03 1.59 03 1.73 03
42 Mo L˛1 2.2932 540.664 1.15 03 1.27 03 1.47 03 1.57 03 1.71 03
16 S K˛1 2.3080 537.197 1.13 03 1.24 03 1.44 03 1.54 03 1.68 03
82 Pb M˛1 2.3457 528.563 1.09 03 1.19 03 1.38 03 1.47 03 1.61 03
81 Tl Mˇ 2.3621 524.893 1.07 03 1.17 03 1.35 03 1.45 03 1.58 03
42 Mo Lˇ1 2.3948 517.726 1.03 03 1.13 03 1.30 03 1.39 03 1.52 03
83 Bi M˛1 2.4226 511.785 9.95 02 1.09 03 1.26 03 1.35 03 1.47 03
43 Tc L˛1 2.4240 511.490 9.94 02 1.09 03 1.26 03 1.35 03 1.47 03
82 Pb Mˇ 2.4427 507.574 9.73 02 1.07 03 1.24 03 1.32 03 1.44 03
16 S Kˇ 2.4640 503.186 9.51 02 1.04 03 1.21 03 1.29 03 1.41 03
83 Bi Mˇ1 2.5255 490.933 8.89 02 9.76 02 1.13 03 1.21 03 1.32 03
43 Tc Lˇ1 2.5368 488.746 8.79 02 9.65 02 1.12 03 1.19 03 1.30 03
44 Ru L˛1 2.5586 484.582 8.59 02 9.43 02 1.09 03 1.17 03 1.27 03
17 Cl K˛1 2.6224 472.792 8.03 02 8.82 02 1.02 03 1.09 03 1.19 03
44 Ru Lˇ1 2.6832 462.079 7.55 02 8.29 02 9.59 02 1.03 03 1.12 03
45 Rh L˛1 2.6967 459.766 7.45 02 8.18 02 9.46 02 1.01 03 1.11 03
17 Cl Kˇ 2.8156 440.350 6.63 02 7.29 02 8.42 02 9.02 02 9.86 02
45 Rh Lˇ1 2.8344 437.430 6.51 02 7.16 02 8.27 02 8.86 02 9.68 02
46 Pd L˛1 2.8386 436.782 6.48 02 7.13 02 8.23 02 8.82 02 9.65 02
18 Ar K˛1 2.9577 419.194 5.80 02 6.38 02 7.37 02 7.90 02 8.64 02
47 Ag L˛1 2.9843 415.458 5.66 02 6.23 02 7.19 02 7.71 02 8.44 02
46 Pd Lˇ1 2.9902 414.638 5.63 02 6.20 02 7.15 02 7.67 02 8.39 02
90 Th M˛1 2.9961 413.821 5.60 02 6.16 02 7.11 02 7.63 02 8.35 02
91 Pa M˛1 3.0823 402.248 5.19 02 5.71 02 6.59 02 7.07 02 7.74 02
48 Cd L˛1 3.1337 395.651 4.97 02 5.46 02 6.30 02 6.76 02 7.41 02
90 Th Mˇ 3.1458 394.129 4.92 02 5.41 02 6.24 02 6.69 02 7.33 02
47 Ag Lˇ1 3.1509 393.491 4.89 02 5.39 02 6.21 02 6.66 02 7.30 02
92 U M˛1 3.1708 391.021 4.81 02 5.30 02 6.11 02 6.55 02 7.18 02
18 Ar Kˇ 3.1905 388.607 4.73 02 5.21 02 6.00 02 6.44 02 7.06 02
91 Pa Mˇ 3.2397 382.705 4.54 02 5.00 02 5.76 02 6.18 02 6.78 02
49 In L˛1 3.2869 377.210 4.37 02 4.81 02 5.54 02 5.95 02 6.52 02
19 K K˛1 3.3138 374.148 4.27 02 4.70 02 5.42 02 5.82 02 6.38 02
48 Cd Lˇ1 3.3166 373.832 4.26 02 4.69 02 5.41 02 5.80 02 6.37 02
92 U Mˇ 3.3360 371.658 4.20 02 4.62 02 5.32 02 5.71 02 6.27 02
50 Sn L˛1 3.4440 360.003 3.85 02 4.24 02 4.89 02 5.24 02 5.76 02
49 In Lˇ1 3.4872 355.543 3.73 02 4.10 02 4.72 02 5.07 02 5.57 02
19 K Kˇ 3.5896 345.401 3.45 02 3.80 02 4.37 02 4.69 02 5.16 02
51 Sb L˛1 3.6047 343.954 3.41 02 3.75 02 4.32 02 4.64 02 5.10 02
50 Sn Lˇ1 3.6628 338.498 3.26 02 3.60 02 4.14 02 4.44 02 4.89 02



778 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 26Fe 27Co 28Ni 29Cu 30Zn

20 Ca K˛1 3.6917 335.848 3.20 02 3.52 02 4.05 02 4.35 02 4.79 02
52 Te L˛1 3.7693 328.934 3.02 02 3.33 02 3.83 02 4.11 02 4.53 02
51 Sb Lˇ1 3.8436 322.575 2.87 02 3.16 02 3.63 02 5.90 02 4.30 02
53 I L˛1 3.9377 314.867 2.69 02 2.96 02 3.40 02 3.66 02 4.03 02
20 Ca K 4.0127 308.981 2.55 02 2.82 02 3.24 02 3.48 02 3.84 02
52 Te Lˇ1 4.0296 307.686 2.53 02 2.79 02 3.20 02 3.44 02 3.79 02
21 Sc K˛1 4.0906 303.097 2.43 02 2.68 02 3.07 02 3.30 02 3.65 02
54 Xe L˛1 4.1099 301.674 2.40 02 2.64 02 3.03 02 3.26 02 3.60 02
53 I Lˇ1 4.2207 293.755 2.23 02 2.46 02 2.83 02 3.04 02 3.35 02
55 Cs L˛1 4.2865 289.245 2.14 02 2.36 02 2.71 02 2.91 02 3.22 02
21 Sc Kˇ 4.4605 277.962 1.93 02 2.12 02 2.44 02 2.62 02 2.90 02
56 Ba L˛1 4.4663 277.601 1.92 02 2.12 02 2.43 02 2.61 02 2.89 02
22 Ti K˛1 4.5108 274.863 1.87 02 2.06 02 2.37 02 2.54 02 2.81 02
55 Cs Lˇ1 4.6198 268.377 1.76 02 1.93 02 2.22 02 2.38 02 2.64 02
57 La L˛1 4.6510 266.577 1.73 02 1.90 02 2.18 02 2.34 02 2.59 02
56 Ba Lˇ1 4.8273 256.841 1.56 02 1.72 02 1.97 02 2.11 02 2.35 02
58 Ce L˛1 4.8402 256.157 1.55 02 1.71 02 1.96 02 2.10 02 2.33 02
22 Ti Kˇ1,3 4.9318 251.399 1.48 02 1.62 02 1.86 02 2.00 02 2.22 02
23 V K˛1 4.9522 250.363 1.46 02 1.60 02 1.84 02 1.97 02 2.19 02
59 Pr L˛1 5.0337 246.310 1.40 02 1.54 02 1.76 02 1.89 02 2.10 02
57 La Lˇ1 5.0421 245.899 1.39 02 1.53 02 1.76 02 1.88 02 2.09 02
60 Nd L˛1 5.2304 237.047 1.26 02 1.39 02 1.59 02 1.71 02 1.90 02
58 Ce Lˇ1 5.2622 235.614 1.24 02 1.36 02 1.56 02 1.68 02 1.87 02
24 Cr K˛1 5.4147 228.978 1.15 02 1.26 02 1.45 02 1.56 02 1.73 02
23 V Kˇ1,3 5.4273 228.447 1.14 02 1.26 02 1.44 02 1.55 02 1.72 02
61 Pm L˛1 5.4325 228.228 1.13 02 1.25 02 1.44 02 1.54 02 1.71 02
59 Pr Lˇ1 5.4889 225.883 1.10 02 1.22 02 1.40 02 1.50 02 1.67 02
62 Sm L˛1 5.6361 219.984 1.03 02 1.14 02 1.30 02 1.40 02 1.56 02
60 Nd Lˇ1 5.7216 216.696 9.85 01 1.09 02 1.25 02 1.34 02 1.49 02
63 Eu L˛1 5.8457 212.096 9.29 01 1.03 02 1.18 02 1.27 02 1.41 02
25 Mn K˛1 5.8988 210.187 9.07 01 1.01 02 1.15 02 1.24 02 1.38 02
24 Cr Kˇ1,3 5.9467 208.494 8.87 01 9.85 01 1.12 02 1.21 02 1.35 02
61 Pm Lˇ1 5.9610 207.993 8.81 01 9.79 01 1.12 02 1.21 02 1.34 02
64 Gd L˛1 6.0572 204.690 8.44 01 9.38 01 1.07 02 1.16 02 1.29 02
62 Sm Lˇ1 6.2051 199.811 7.93 01 8.80 01 1.00 02 1.08 02 1.21 02
65 Tb L˛1 6.2728 197.655 7.71 01 8.55 01 9.76 01 1.05 02 1.17 02
26 Fe K˛1 6.4038 193.611 7.30 01 8.09 01 9.24 01 9.96 01 1.11 02
63 Eu Lˇ1 6.4564 192.034 7.15 01 7.92 01 9.04 01 9.75 01 1.09 02
25 Mn Kˇ1,3 6.4905 191.025 7.05 01 7.81 01 8.92 01 9.61 01 1.07 02
66 Gd L˛1 6.4952 190.887 7.04 01 7.79 01 8.90 01 9.60 01 1.07 02
64 Gd Lˇ1 6.7132 184.688 6.46 01 7.14 01 8.16 01 8.79 01 9.81 01
67 Ho L˛1 6.7198 184.507 6.44 01 7.12 01 8.14 01 8.77 01 9.79 01
27 Co K˛1 6.9303 178.903 5.94 01 6.56 01 7.50 01 8.08 01 9.02 01
68 Er L˛1 6.9487 178.429 5.90 01 6.52 01 7.45 01 8.02 01 8.96 01



26Fe – 30Zn 779

Z transition E [keV] � [pm] 26Fe 27Co 28Ni 29Cu 30Zn

65 Tb Lˇ1 6.9780 177.680 5.83 01 6.44 01 7.36 01 7.93 01 8.86 01
26 Fe Kˇ1,3 7.0580 175.666 5.66 01 6.25 01 7.15 01 7.70 01 8.60 01
69 Tm L˛1 7.1799 172.683 4.26 01 5.97 01 6.83 01 7.35 01 8.22 01
66 Dy Lˇ1 7.2477 171.068 4.15 02 5.83 01 6.66 01 7.17 01 8.02 01
70 Yb L˛1 7.4156 167.195 3.91 02 5.48 01 6.27 01 6.75 01 7.56 01
28 Ni K˛1 7.4782 165.795 3.82 02 5.36 01 6.13 01 6.60 01 7.39 01
67 Ho Lˇ1 7.5253 164.757 3.76 02 5.27 01 6.03 01 6.49 01 7.27 01
27 Co Kˇ1,3 7.6494 162.084 3.60 02 5.05 01 5.78 01 6.21 01 6.96 01
71 Lu L˛1 7.6555 161.955 3.60 02 5.04 01 5.76 01 6.20 01 6.95 01
68 Er Lˇ1 7.8109 158.733 3.41 02 3.81 02 5.47 01 5.88 01 6.59 01
72 Hf L˛1 7.8990 156.963 3.31 02 3.70 02 5.31 01 5.71 01 6.40 01
29 Cu K˛1 8.0478 154.060 3.15 02 3.52 02 5.05 01 5.43 01 6.09 01
69 Tm Lˇ1 8.1010 153.049 3.10 02 3.46 02 4.96 01 5.34 01 5.99 01
73 Ta L˛1 8.1461 152.201 3.05 02 3.41 02 4.89 01 5.26 01 5.90 01
28 Ni Kˇ1,3 8.2647 150.017 2.93 02 3.27 02 4.70 01 5.06 01 5.68 01
74 W L˛1 8.3976 147.643 2.81 02 3.14 02 3.36 02 4.85 01 5.45 01
70 Yb Lˇ1 8.4018 147.569 2.81 02 3.13 02 3.35 02 4.85 01 5.44 01
30 Zn K˛1 8.6389 143.519 2.60 02 2.90 02 3.12 02 4.50 01 5.06 01
75 Re L˛1 8.6525 143.294 2.59 02 2.89 02 3.10 02 4.48 01 5.04 01
71 Lu Lˇ1 8.7090 142.364 2.55 02 2.84 02 3.05 02 4.41 01 4.95 01
29 Cu Kˇ1 8.9053 139.226 2.40 02 2.67 02 2.88 02 4.16 01 4.67 01
76 Os L˛1 8.9117 139.126 2.40 02 2.67 02 2.87 02 4.15 01 4.66 01
72 Hf Lˇ1 9.0227 137.414 2.32 02 2.58 02 2.78 02 2.94 02 4.51 01
77 Ir L˛1 9.1751 135.132 2.21 02 2.47 02 2.66 02 2.81 02 4.32 01
31 Ga K˛1 9.2517 134.013 2.17 02 2.41 02 2.60 02 2.75 02 4.23 01
73 Ta Lˇ1 9.3431 132.702 2.11 02 2.35 02 2.54 02 2.68 02 4.12 01
78 Pt L˛1 9.4423 131.308 2.05 02 2.28 02 2.47 02 2.60 02 4.01 01
30 Zn Kˇ1,3 9.5720 129.529 1.98 02 2.20 02 2.38 02 2.51 02 3.87 01
74 W Lˇ1 9.6724 128.184 1.92 02 2.14 02 2.32 02 2.44 02 2.74 02
79 Au L˛1 9.7133 127.644 1.90 02 2.11 02 2.29 02 2.42 02 2.71 02
32 Ge K˛1 9.8864 125.409 1.81 02 2.01 02 2.19 02 2.31 02 2.58 02
80 Hg L˛1 9.9888 124.124 1.76 02 1.96 02 2.13 02 2.24 02 1.51 02
75 Re Lˇ1 10.010 123.861 1.75 02 1.95 02 2.12 02 2.23 02 2.50 02
31 Ga Kˇ1 10.264 120.796 1.64 02 1.82 02 1.98 02 2.09 02 2.34 02
81 Tl L˛1 10.269 120.737 1.63 02 1.81 02 1.98 02 2.08 02 2.33 02
76 Os Lˇ1 10.355 119.734 1.60 02 1.77 02 1.93 02 2.04 02 2.28 02
33 As K˛1 10.544 117.588 1.52 02 1.68 02 1.84 02 1.94 02 2.17 02
82 Pb L˛1 10.552 117.499 1.51 02 1.68 02 1.84 02 1.94 02 2.17 02
77 Ir Lˇ1 10.708 115.787 1.45 02 1.61 02 1.77 02 1.86 02 2.08 02
83 Bi L˛1 10.839 114.388 1.41 02 1.56 02 1.71 02 1.80 02 2.02 02
32 Ge Kˇ1 10.982 112.898 1.36 02 1.50 02 1.65 02 1.74 02 1.95 02
78 Pt Lˇ1 11.071 111.990 1.33 02 1.47 02 1.61 02 1.70 02 1.90 02
84 Po L˛1 11.131 111.387 1.31 02 1.45 02 1.59 02 1.68 02 1.88 02
34 Se K˛1 11.222 110.484 1.28 02 1.42 02 1.56 02 1.64 02 1.84 02



780 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 26Fe 27Co 28Ni 29Cu 30Zn

85 At L˛1 11.427 108.501 1.22 02 1.35 02 1.48 02 1.56 02 1.75 02
79 Au Lˇ1 11.442 108.359 1.21 02 1.34 02 1.48 02 1.56 02 1.74 02
33 As Kˇ1 11.726 105.735 1.13 02 1.25 02 1.38 02 1.46 02 1.63 02
86 Rn L˛1 11.727 105.726 1.13 02 1.25 02 1.38 02 1.46 02 1.63 02
80 Hg Lˇ1 11.823 104.867 1.11 02 1.22 02 1.35 02 1.42 02 1.59 02
35 Br K˛1 11.924 103.979 1.08 02 1.20 02 1.32 02 1.39 02 1.56 02
87 Fr L˛1 12.031 103.054 1.05 02 1.17 02 1.29 02 1.36 02 1.52 02
81 Tl Lˇ1 12.213 101.519 1.01 02 1.12 02 1.24 02 1.31 02 1.46 02
88 Ra L˛1 12.340 100.474 9.83 01 1.09 02 1.20 02 1.27 02 1.42 02
34 Se Kˇ1 12.496 99.219 9.50 01 1.05 02 1.16 02 1.23 02 1.37 02
82 Pb Lˇ1 12.614 98.291 9.25 01 1.02 02 1.13 02 1.20 02 1.34 02
36 Kr K˛1 12.649 98.019 9.18 01 1.02 02 1.13 02 1.19 02 1.33 02
89 Ac L˛1 12.652 97.996 9.18 01 1.01 02 1.13 02 1.19 02 1.33 02
90 Th L˛1 12.969 95.601 8.57 01 9.47 01 1.05 02 1.11 02 1.24 02
83 Bi Lˇ1 13.024 95.197 8.47 01 9.36 01 1.04 02 1.10 02 1.23 02
91 Pa L˛1 13.291 93.285 8.01 01 8.84 01 9.86 01 1.04 02 1.16 02
35 Br Kˇ1 13.291 93.285 8.01 01 8.84 01 9.86 01 1.04 02 1.16 02
37 Rb K˛1 13.395 92.560 7.84 01 8.65 01 9.65 01 1.02 02 1.14 02
84 Po Lˇ1 13.447 92.202 7.76 01 8.56 01 9.55 01 1.01 02 1.13 02
92 U L˛1 13.615 91.065 7.49 01 8.27 01 9.23 01 9.74 01 1.09 02
85 At Lˇ1 13.876 89.352 7.11 01 7.84 01 8.77 01 9.26 01 1.03 02
36 Kr Kˇ1 14.112 87.857 6.79 01 7.49 01 8.38 01 8.85 01 9.89 01
38 Sr K˛1 14.165 87.529 6.72 01 7.41 01 8.30 01 8.76 01 9.79 01
86 Rn Lˇ1 14.316 86.606 6.52 01 7.19 01 8.06 01 8.51 01 9.51 01
87 Fr Lˇ1 14.770 83.943 5.98 01 6.59 01 7.41 01 7.83 01 8.74 01
39 Y K˛1 14.958 82.888 5.78 01 6.37 01 7.16 01 7.56 01 8.45 01
37 Rb Kˇ1 14.961 82.872 5.78 01 6.36 01 7.16 01 7.56 01 8.44 01
88 Ra Lˇ1 15.236 81.376 5.49 01 6.04 01 6.81 01 7.19 01 8.03 01
89 Ac Lˇ1 15.713 78.906 5.03 01 5.54 01 6.25 01 6.60 01 7.37 01
40 Zr K˛1 15.775 78.596 4.97 01 5.47 01 6.18 01 6.53 01 7.29 01
38 Sr Kˇ1 15.836 78.293 4.92 01 5.41 01 6.12 01 6.46 01 7.21 01
90 Th Lˇ1 16.202 76.524 4.61 01 5.07 01 5.74 01 6.06 01 6.77 01
41 Nb K˛1 16.615 74.622 4.30 01 4.72 01 5.35 01 5.66 01 6.31 01
91 Pa Lˇ1 16.702 74.233 4.23 01 4.65 01 5.28 01 5.57 01 6.22 01
39 Y Kˇ1 16.738 74.074 4.21 01 4.63 01 5.25 01 5.54 01 6.18 01
92 U Lˇ1 17.220 72.000 3.88 01 4.27 01 4.85 01 5.12 01 5.71 01
42 Mo K˛1 17.479 70.933 3.72 01 4.09 01 4.65 01 4.91 01 5.48 01
40 Zr Kˇ1 17.668 70.175 3.61 01 3.97 01 4.52 01 4.77 01 5.32 01
43 Tc K˛1 18.367 67.504 3.24 01 3.55 01 4.05 01 4.28 01 4.77 01
41 Nb Kˇ1 18.623 66.576 3.11 01 3.42 01 3.90 01 4.12 01 4.59 01
44 Ru K˛1 19.279 64.311 2.82 01 3.10 01 3.54 01 3.75 01 4.17 01
42 Mo Kˇ1 19.608 63.231 2.69 01 2.95 01 3.38 01 3.57 01 3.98 01
45 Rh K˛1 20.216 61.330 2.47 01 2.71 01 3.11 01 3.28 01 3.66 01
43 Tc Kˇ1 20.619 60.131 2.33 01 2.56 01 2.94 01 3.11 01 3.46 01



26Fe – 30Zn 781

Z transition E [keV] � [pm] 26Fe 27Co 28Ni 29Cu 30Zn

46 Pd K˛1 21.l77 58.547 2.16 01 2.37 01 2.72 01 2.88 01 3.21 01
44 Ru Kˇ1 21.657 57.249 2.03 01 2.22 01 2.56 01 2.70 01 3.01 01
47 Ag K˛1 22.163 55.942 1.90 01 2.08 01 2.39 01 2.53 01 2.82 01
45 Rh Kˇ1 22.724 54.561 1.77 01 1.94 01 2.23 01 2.36 01 2.63 01
48 Cd K˛1 23.174 53.501 1.67 01 1.83 01 2.11 01 2.24 01 2.48 01
46 Pd Kˇ1 23.819 52.053 1.55 01 1.69 01 1.95 01 2.07 01 2.30 01
49 In K˛1 24.210 51.212 1.48 01 1.62 01 1.87 01 1.98 01 2.20 01
47 Ag Kˇ1 24.942 49.709 1.36 01 1.48 01 1.72 01 1.82 01 2.02 01
50 Sn K˛1 25.271 49.062 1.31 01 1.43 01 1.65 01 1.75 01 1.95 01
48 Cd Kˇ1 26.096 47.511 1.19 01 1.30 01 1.51 01 1.60 01 1.78 01
51 Sb K˛1 26.359 47.037 1.16 01 1.27 01 1.47 01 1.56 01 1.73 01
49 In Kˇ1 27.276 45.455 1.05 01 1.15 01 1.33 01 1.41 01 1.57 01
52 Te K˛1 27.472 45.131 1.03 01 1.13 01 1.31 01 1.38 01 1.54 01
50 Sn Kˇ1 28.486 43.524 9.31 00 1.02 01 1.18 01 1.25 01 1.39 01
53 I K˛1 28.612 43.333 9.19 00 1.00 01 1.16 01 1.23 01 1.37 01
51 Sb K ˇ1 29.726 41.709 8.24 00 8.99 00 1.04 01 1.11 01 1.23 01
54 Xe K˛1 29.779 41.635 8.20 00 8.95 00 1.04 01 1.10 01 1.22 01
55 Cs K˛1 30.973 40.030 7.34 00 8.00 00 9.30 00 9.87 00 1.09 01
52 Te Kˇ1 30.996 40.000 7.32 00 7.98 00 9.28 00 9.85 00 1.09 01
56 Ba K˛1 32.194 38.511 6.58 00 7.16 00 8.34 00 8.84 00 9.81 00
53 I Kˇ1 32.295 38.391 6.52 00 7.10 00 8.26 00 8.77 00 9.72 00
57 La L˛1 33.442 37.074 5.91 00 6.43 00 7.49 00 7.94 00 8.81 00
54 Xe Kˇ1 33.624 36.874 5.82 00 6.33 00 7.37 00 7.82 00 8.67 00
58 Ce K˛1 34.279 36.169 5.51 00 5.99 00 6.98 00 7.40 00 8.21 00
55 Cs Kˇ1 34.987 35.437 5.20 00 5.65 00 6.59 00 6.98 00 7.75 00
59 Pr K˛1 36.026 34.415 4.78 00 5.20 00 6.07 00 6.43 00 7.14 00
56 Ba Kˇ1 36.378 34.082 4.65 00 5.06 00 5.90 00 6.25 00 6.94 00
60 Nd K˛1 36.847 33.648 4.49 00 4.88 00 5.69 00 6.03 00 6.69 00
57 La Kˇ1 37.801 32.799 4.17 00 4.54 00 5.30 00 5.61 00 6.23 00
61 Pm K˛1 38.725 32.016 3.90 00 4.24 00 4.95 00 5.24 00 5.82 00
58 Ce Kˇ1 39.257 31.582 3.75 00 4.07 00 4.76 00 5.04 00 5.60 00
62 Sm K˛1 40.118 30.905 3.53 00 3.83 00 4.48 00 4.74 00 5.26 00
59 Pr Kˇ1 40.748 30.427 3.37 00 3.67 00 4.29 00 4.54 00 5.04 00
63 Eu K˛1 41.542 29.845 3.19 00 3.48 00 4.06 00 4.30 00 4.78 00
60 Nd Kˇ1 42.271 29.331 3.03 00 3.32 00 3.87 00 4.09 00 4.55 00
64 Gd K˛1 42.996 28.836 2.89 00 3.16 00 3.69 00 3.90 00 4.34 00
61 Pm Kˇ1 43.826 28.290 2.73 00 3.00 00 3.50 00 3.70 00 4.11 00
65 Tb K˛1 44.482 27.873 2.62 00 2.88 00 3.36 00 3.55 00 3.95 00
62 Sm Kˇ1 45.413 27.301 2.46 00 2.72 00 3.17 00 3.35 00 3.72 00
66 Dy K˛1 45.998 26.954 2.37 00 2.63 00 3.06 00 3.23 00 3.59 00
63 Eu Kˇ1 47.038 26.358 2.23 00 2.47 00 2.87 00 3.04 00 3.38 00
67 Ho K˛1 47.547 26.076 2.16 00 2.40 00 2.79 00 2.95 00 3.28 00
64 Gd Kˇ1 48.697 25.460 2.01 00 2.24 00 2.61 00 2.76 00 3.06 00
68 Er K˛1 49.128 25.237 1.96 00 2.19 00 2.54 00 2.69 00 2.99 00



782 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 26Fe 27Co 28Ni 29Cu 30Zn

65 Tb Kˇ1 50.382 24.609 1.83 00 2.04 00 2.37 00 2.51 00 2.79 00
69 Tm K˛1 50.742 24.434 1.80 00 2.00 00 2.33 00 2.46 00 2.73 00
66 Dy Kˇ1 52.l19 23.788 1.68 00 1.86 00 2.17 00 2.29 00 2.54 00
70 Yb K˛1 52.389 23.666 1.66 00 1.84 00 2.14 00 2.26 00 2.51 00
67 Ho Kˇ1 53.877 23.012 1.55 00 1.71 00 1.98 00 2.09 00 2.32 00
71 Lu K˛1 54.070 22.930 1.54 00 1.69 00 1.96 00 2.07 00 2.30 00
68 Er Kˇ1 55.681 22.267 1.43 00 1.56 00 1.82 00 1.91 00 2.12 00
72 Hf K˛1 55.790 22.223 1.42 00 1.55 00 1.81 00 1.90 00 2.11 00
69 Tm Kˇ1 57.517 21.556 1.32 00 1.43 00 1.67 00 1.75 00 1.94 00
73 Ta K˛1 57.532 21.550 1.32 00 1.43 00 1.66 00 1.75 00 1.94 00
74 W K˛1 59.318 20.901 1.22 00 1.32 00 1.53 00 1.61 00 1.79 00
70 Yb Kˇ1 59.370 20.883 1.22 00 1.31 00 1.53 00 1.61 00 1.78 00
75 Re K˛1 61.140 20.278 1.13 00 1.22 00 1.42 00 1.49 00 1.65 00
71 Lu Kˇ1 61.283 20.231 1.13 00 1.21 00 1.41 00 1.48 00 1.64 00
76 Os K˛1 63.001 19.679 1.05 00 1.13 00 1.32 00 1.38 00 1.53 00
72 Hf Kˇ1 63.234 19.607 1.04 00 1.12 00 1.30 00 1.37 00 1.51 00
77 Ir K˛1 64.896 19.105 9.80 -1 1.05 00 1.22 00 1.28 00 1.41 00
73 Ta Kˇ1 65.223 19.009 9.68 -1 1.04 00 1.21 00 1.26 00 1.40 00
78 Pt K˛1 66.832 18.551 9.12 -1 9.79 -1 1.13 00 1.19 00 1.31 00
74 W Kˇ1 67.244 18.438 8.98 -1 9.65 -1 1.12 00 1.17 00 1.29 00
79 Au K˛1 68.804 18.020 8.50 -1 9.12 -1 1.05 00 1.10 00 1.22 00
75 Re Kˇ1 69.310 17.888 8.35 -1 8.95 -1 1.03 00 1.08 00 1.19 00
80 Hg K˛1 70.819 17.507 7.92 -1 8.49 -1 9.79 -1 1.02 00 1.13 00
76 Os Kˇ1 71.413 17.361 7.76 -1 8.32 -1 9.59 -1 1.00 00 1.11 00
81 Tl K˛1 72.872 17.014 7.39 -1 7.91 -1 9.11 -1 9.52 -1 1.05 00
77 Ir Kˇ1 73.561 16.854 7.22 -1 7.73 -1 8.90 -1 9.30 -1 1.02 00
82 Pb K˛1 74.969 16.538 6.89 -1 7.38 -1 8.48 -1 8.86 -1 9.75 -1
78 Pt Kˇ1 75.748 16.368 6.72 -1 7.19 -1 8.27 -1 8.63 -1 9.49 -1
83 Bi K˛1 77.108 16.079 6.44 -1 6.88 -1 7.90 -1 8.25 -1 9.07 -1
79 Au Kˇ1 77.948 15.906 6.27 -1 6.70 -1 7.69 -1 8.02 -1 8.82 -1
84 Po K˛1 79.290 15.636 6.02 -1 6.42 -1 7.37 -1 7.68 -1 8.44 -1
80 Hg Kˇ1 80.253 15.449 5.85 -1 6.24 -1 7.15 -1 7.45 -1 8.19 -1
85 At K˛1 81.520 15.209 5.66 -1 6.04 -1 6.91 -1 7.19 -1 7.89 -1
81 Tl Kˇ1 82.576 15.014 5.51 -1 5.87 -1 6.72 -1 6.99 -1 7.66 -1
86 Rn K˛1 83.780 14.798 5.35 -1 5.70 -1 6.50 -1 6.76 -1 7.41 -1
82 Pb Kˇ1 84.936 14.597 5.20 -1 5.33 -1 6.31 -1 6.56 -1 7.18 -1
87 Fr K˛1 86.100 14.400 5.05 -1 5.37 -1 6.12 -1 6.36 -1 6.96 -1
83 Bi Kˇ1 87.343 14.195 4.90 -1 5.21 -1 5.93 -1 6.15 -1 6.73 -1
88 Ra K˛1 88.470 14.014 4.77 -1 5.07 -1 5.77 -1 5.98 -1 6.53 -1
84 Po Kˇ1 89.800 13.806 4.63 -1 4.91 -1 5.58 -1 5.78 -1 6.31 -1
89 Ac K˛1 90.884 13.642 4.51 -1 4.79 -1 5.44 -1 5.62 -1 6.14 -1
85 At Kˇ1 92.300 13.432 4.37 -1 4.63 -1 5.25 -1 5.43 -1 5.92 -1
90 Th K˛1 93.350 13.281 4.27 -1 4.52 -1 5.12 -1 5.29 -1 5.77 -1
86 Rn Kˇ1 94.870 13.068 4.13 -1 4.37 -1 4.94 -1 5.10 -1 5.56 -1



31Ga – 35Br 783

Z transition E [keV] � [pm] 26Fe 27Co 28Ni 29Cu 30Zn

91 Pa K˛1 95.868 12.932 4.04 -1 4.27 -1 4.83 -1 4.98 -1 5.42 -1
87 Fr Kˇ1 97.470 12.720 3.90 -1 4.12 -1 4.66 -1 4.80 -1 5.22 -1
92 U K˛1 98.439 12.595 3.82 -1 4.04 -1 4.56 -1 4.69 -1 5.10 -1
88 Ra Kˇ1 100.130 12.382 3.69 -1 3.90 -1 4.39 -1 4.52 -1 4.91 -1
89 Ac Kˇ1 102.850 12.054 3.54 -1 3.73 -1 4.20 -1 4.31 -1 4.67 -1
90 Th Kˇ1 105.610 11.739 3.40 -1 3.57 -1 4.01 -1 4.11 -1 4.45 -1
91 Pa Kˇ1 108.430 11.434 3.26 -1 3.42 -1 3.83 -1 3.93 -1 4.24 -1
92 U Kˇ1 111.500 11.139 3.13 -1 3.28 -1 3.67 -1 3.75 -1 4.04 -1

Z transition E [keV] � [pm] 31Ga 32Ge 33As 34Se 35Br

4 Be K˛ 0.1085 11427.207 6.37 04 5.79 04 4.91 04 4.12 04 3.07 04
38 Sr M� 0.1140 10875.895 6.12 04 5.69 04 5.22 04 4.35 04 3.25 04
39 Y M� 0.1328 9339.235 5.41 04 5.57 04 5.12 04 4.63 04 3.96 04
16 S Ll 0.1487 8337.942 4.94 04 5.15 04 5.27 04 4.85 04 4.57 04
40 Zr M� 0.1511 8205.506 4.89 04 5.10 04 5.23 04 4.84 04 4.60 04
41 Nb M� 0.1717 7221.037 4.51 04 4.53 04 4.68 04 4.75 04 4.37 04
5 B K˛ 0.1833 6764.059 4.20 04 4.51 04 4.45 04 4.56 04 4.27 04
42 Mo M� 0.1926 6437.445 3.96 04 4.24 04 4.25 04 4.40 04 4.49 04
6 C K˛ 0.2770 4476.000 2.33 04 2.55 04 2.79 04 3.02 04 3.26 04
47 Ag M� 0.3117 3977.709 1.90 04 2.08 04 2.29 04 2.49 04 2.70 04
7 N K˛ 0.3924 3159.664 1.27 04 1.40 04 1.56 04 1.70 04 1.88 04
22 Ti Ll 0.3953 3136.484 1.25 04 1.39 04 1.54 04 1.68 04 1.85 04
22 Ti L˛ 0.4522 2741.822 9.62 03 1.06 04 1.19 04 1.30 04 1.44 04
23 V L˛ 0.5113 2424.901 7.48 03 8.30 03 9.28 03 1.01 04 1.13 04
8 O K˛ 0.5249 2362.072 7.09 03 7.87 03 8.81 03 9.63 03 1.07 04
25 Mn Ll 0.5563 2228.747 6.26 03 6.97 03 7.80 03 8.55 03 9.53 03
24 Cr L˛ 0.5728 2164.546 5.86 03 6.55 03 7.33 03 8.04 03 8.96 03
25 Mn L˛ 0.6374 1945.171 4.67 03 5.22 03 5.84 03 6.42 03 7.17 03
9 F K˛ 0.6768 1831.932 4.07 03 4.54 03 5.08 03 5.59 03 6.26 03
26 Fe L˛ 0.7050 1758.655 3.76 03 4.18 03 4.68 03 5.15 03 5.77 03
27 Co L˛ 0.7762 1597.335 3.04 03 3.39 03 3.79 03 4.16 03 4.67 03
28 Ni L˛ 0.8515 1456.080 2.45 03 2.74 03 3.07 03 3.37 03 3.78 03
29 Cu L˛ 0.9297 1336.044 1.99 03 2.23 03 2.51 03 2.76 03 3.10 03
30 Zn L˛ 1.0117 1225.513 1.69 03 1.97 03 2.06 03 2.59 03 2.56 03
11 Na K˛ 1.0410 1191.020 1.57 03 1.82 03 1.93 03 2.17 03 2.39 03
11 Na Kˇ 1.0711 1157.550 1.45 03 1.69 03 1.75 03 2.08 03 2.17 03
12 Mg K˛ 1.2536 989.033 7.93 03 8.77 03 1.51 03 1.60 03 1.77 03
33 As L˛ 1.2820 967.123 7.47 03 8.25 03 1.41 03 1.51 03 1.67 03
12 Mg Kˇ 1.3022 952.121 8.56 03 7.91 03 1.35 03 1.45 03 1.60 03
33 As Lˇ1 1.3170 941.421 8.31 03 7.67 03 1.31 03 1.40 03 1.55 03
66 Dy Mˇ 1.3250 935.737 8.17 03 7.54 03 5.87 03 1.38 03 1.53 03



784 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 31Ga 32Ge 33As 34Se 35Br

67 Ho M˛ 1.3480 919.771 7.80 03 7.19 03 5.60 03 1.32 03 1.46 03
34 Se L˛ 1.3791 899.029 7.34 03 6.76 03 7.37 03 1.24 03 1.37 03
67 Ho Mˇ 1.3830 896.494 7.28 03 6.71 03 7.31 03 1.23 03 1.36 03
68 Er M˛ 1.4060 881.829 6.79 03 6.41 03 6.99 03 1.17 03 1.30 03
34 Se Lˇ1 1.4192 873.627 6.80 03 7.50 03 6.82 03 1.14 03 1.27 03
68 Er Mˇ 1.4430 859.218 6.50 03 7.17 03 6.52 03 4.98 03 1.21 03
69 Tm M˛ 1.4620 848.051 6.27 03 6.91 03 6.29 03 4.81 03 1.17 03
35 Br L˛ 1.4804 837.511 6.07 03 6.68 03 6.08 03 6.51 03 1.13 03
13 Al K˛1 1.4867 833.962 6.00 03 6.61 03 6.01 03 6.43 03 1.12 03
69 Tm Mˇ 1.5030 824.918 5.83 03 6.41 03 5.84 03 6.25 03 1.09 03
70 Yb M˛ 1.5214 814.941 5.64 03 6.20 03 5.65 03 6.05 03 1.05 03
35 Br Lˇ1 1.5259 812.538 5.59 03 6.15 03 5.61 03 6.00 03 1.04 03
13 Al Kˇ 1.5574 796.103 5.29 03 5.82 03 6.36 03 5.68 03 4.53 03
70 Yb Mˇ 1.5675 790.974 5.20 03 5.72 03 6.25 03 5.58 03 4.45 03
71 Lu M˛ 1.5813 784.071 5.08 03 5.59 03 6.11 03 5.45 03 4.35 03
36 Kr L˛ 1.5860 781.747 5.04 03 5.54 03 6.06 03 5.40 03 4.32 03
71 Lu Mˇ 1.6312 760.085 4.67 03 5.14 03 5.61 03 5.01 03 5.59 03
36 Kr Lˇ1 1.6366 757.577 4.63 03 5.09 03 5.56 03 4.96 03 5.54 03
72 Hf M˛1 1.6446 753.982 4.57 03 5.02 03 5.49 03 4.90 03 5.47 03
37 Rb L˛1 1.6941 731.864 4.22 03 4.63 03 5.07 03 5.43 03 5.05 03
72 Hf Mˇ 1.6976 730.355 4.19 03 4.61 03 5.04 03 5.40 03 5.02 03
73 Ta M˛1 1.7096 725.229 4.12 03 4.52 03 4.94 03 5.29 03 4.92 03
14 Si K˛1 1.7400 712.558 3.92 03 4.31 03 4.71 03 5.05 03 4.70 03
37 Rb Lˇ1 1.7522 707.597 3.85 03 4.23 03 4.62 03 4.95 03 4.61 03
73 Ta Mˇ 1.7655 702.266 3.77 03 4.14 03 4.53 03 4.85 03 4.51 03
74 W M˛1 1.7754 698.350 3.72 03 4.08 03 4.46 03 4.78 03 4.45 03
38 Sr L˛1 1.8066 686.290 3.55 03 3.89 03 4.26 03 4.56 03 5.09 03
74 W Mˇ 1.8349 675.705 3.40 03 3.73 03 4.08 03 4.37 03 4.88 03
14 Si Kˇ 1.8359 675.337 3.40 03 3.73 03 4.07 03 4.37 03 4.87 03
75 Re M˛1 1.8420 673.100 3.37 03 3.69 03 4.04 03 4.33 03 4.83 03
38 Sr Lˇ1 1.8717 662.420 3.22 03 3.54 03 3.87 03 4.14 03 4.62 03
75 Re Mˇ 1.9061 650.465 3.07 03 3.37 03 3.68 03 3.94 03 4.40 03
76 Os M˛1 1.9102 649.069 3.05 03 3.35 03 3.66 03 3.92 03 4.37 03
39 Y L˛1 1.9226 644.882 3.00 03 3.29 03 3.60 03 3.85 03 4.30 03
76 Os Mˇ 1.9783 626.725 2.78 03 3.04 03 3.33 03 3.57 03 3.98 03
77 Ir M˛1 1.9799 626.219 2.77 03 3.04 03 3.32 03 3.56 03 3.97 03
39 Y Lˇ1 1.9958 621.230 2.71 03 2.97 03 3.25 03 3.48 03 3.88 03
15 P K˛1 2.0137 615.708 2.65 03 2.90 03 3.17 03 3.40 03 3.79 03
40 Zr L˛1 2.0424 607.056 2.55 03 2.79 03 3.05 03 3.27 03 3.65 03
78 Pt M˛1 2.0505 604.658 2.52 03 2.76 03 3.02 03 3.24 03 3.61 03
77 Ir Mˇ 2.0535 603.775 2.51 03 2.75 03 3.01 03 3.22 03 3.59 03
79 Au M˛1 2.1229 584.036 2.30 03 2.51 03 2.75 03 2.95 03 3.28 03
40 Zr Lˇ1 2.1244 583.624 2.29 03 2.51 03 2.75 03 2.94 03 3.28 03
78 Pt Mˇ 2.1273 582.828 2.28 03 2.50 03 2.74 03 2.93 03 3.27 03



31Ga – 35Br 785

Z transition E [keV] � [pm] 31Ga 32Ge 33As 34Se 35Br

15 P Kˇ1,3 2.1390 579.640 2.25 03 2.46 03 2.70 03 2.89 03 3.22 03
41 Nb L˛1 2.1659 572.441 2.18 03 2.38 03 2.61 03 2.79 03 3.11 03
80 Hg M˛1 2.1953 564.775 2.10 03 2.30 03 2.51 03 2.69 03 3.00 03
79 Au Mˇ 2.2046 562.393 2.07 03 2.27 03 2.49 03 2.66 03 2.97 03
41 Nb Lˇ1 2.2574 549.238 1.95 03 2.13 03 2.33 03 2.50 03 2.78 03
81 Tl M˛1 2.2706 546.045 1.92 03 2.10 03 2.30 03 2.46 03 2.74 03
80 Hg Mˇ 2.2825 543.199 1.89 03 2.07 03 2.26 03 2.42 03 2.70 03
42 Mo L˛1 2.2932 540.664 1.87 03 2.04 03 2.24 03 2.39 03 2.67 03
16 S K˛1 2.3080 537.197 1.83 03 2.01 03 2.20 03 2.35 03 2.62 03
82 Pb M˛1 2.3457 528.563 1.76 03 1.92 03 2.10 03 2.25 03 2.51 03
81 Tl Mˇ 2.3621 524.893 1.72 03 1.88 03 2.06 03 2.21 03 2.46 03
42 Mo Lˇ1 2.3948 517.726 1.66 03 1.82 03 1.99 03 2.13 03 2.37 03
83 Bi M˛1 2.4226 511.785 1.61 03 1.76 03 1.93 03 2.06 03 2.30 03
43 Tc L˛1 2.4240 511.490 1.61 03 1.76 03 1.93 03 2.06 03 2.29 03
82 Pb Mˇ 2.4427 507.574 1.58 03 1.72 03 1.89 03 2.02 03 2.25 03
16 S Kˇ 2.4640 503.186 1.54 03 1.68 03 1.84 03 1.97 03 2.19 03
83 Bi Mˇ1 2.5255 490.933 1.44 03 1.57 03 1.72 03 1.84 03 2.05 03
43 Tc Lˇ1 2.5368 488.746 1.42 03 1.55 03 1.70 03 1.82 03 2.03 03
44 Ru L˛1 2.5586 484.582 1.39 03 1.52 03 1.67 03 1.78 03 1.98 03
17 Cl K˛1 2.6224 472.792 1.30 03 1.42 03 1.56 03 1.67 03 1.83 03
44 Ru Lˇ1 2.6832 462.079 1.22 03 1.33 03 1.47 03 1.57 03 1.74 03
45 Rh L˛1 2.6967 459.766 1.21 03 1.32 03 1.45 03 1.55 03 1.72 03
17 Cl Kˇ 2.8156 440.350 1.08 03 1.17 03 1.29 03 1.38 03 1.53 03
45 Rh Lˇ1 2.8344 437.430 1.06 03 1.15 03 1.26 03 1.35 03 1.50 03
46 Pd L˛1 2.8386 436.782 1.05 03 1.15 03 1.26 03 1.35 03 1.50 03
18 Ar K˛1 2.9577 419.194 9.42 02 1.03 03 1.13 03 1.20 03 1.34 03
47 Ag L˛1 2.9843 415.458 9.20 02 1.00 03 1.10 03 1.18 03 1.31 03
46 Pd Lˇ1 2.9902 414.638 9.15 02 9.96 02 1.09 03 1.17 03 1.30 03
90 Th M˛1 2.9961 413.821 9.10 02 9.91 02 1.09 03 1.16 03 1.29 03
91 Pa M˛1 3.0823 402.248 8.43 02 9.17 02 1.01 03 1.08 03 1.20 03
48 Cd L˛1 3.1337 395.651 8.06 02 8.77 02 9.64 02 1.03 03 1.15 03
90 Th Mˇ 3.1458 394.129 7.98 02 8.68 02 9.54 02 1.02 03 1.13 03
47 Ag Lˇ1 3.1509 393.491 7.94 02 8.64 02 9.50 02 1.02 03 1.13 03
92 U M˛1 3.1708 391.021 7.81 02 8.49 02 9.34 02 9.98 02 1.11 03
18 Ar Kˇ 3.1905 388.607 7.68 02 8.35 02 9.18 02 9.82 02 1.09 03
91 Pa Mˇ 3.2397 382.705 7.37 02 8.01 02 8.81 02 9.42 02 1.05 03
49 In L˛1 3.2869 377.210 7.08 02 7.70 02 8.47 02 9.06 02 1.01 03
19 K K˛1 3.3138 374.148 6.93 02 7.53 02 8.29 02 8.86 02 9.85 02
48 Cd Lˇ1 3.3166 373.832 6.91 02 7.51 02 8.27 02 8.84 02 9.82 02
92 U Mˇ 3.3360 371.658 6.80 02 7.40 02 8.14 02 8.70 02 9.67 02
50 Sn L˛1 3.4440 360.003 6.24 02 6.78 02 7.46 02 7.99 02 8.87 02
49 In Lˇ1 3.4872 355.543 6.04 02 6.56 02 7.22 02 7.72 02 8.58 02
19 K Kˇ 3.5896 345.401 5.58 02 6.06 02 6.67 02 7.14 02 7.93 02
51 Sb L˛1 3.6047 343.954 5.52 02 5.99 02 6.60 02 7.06 02 7.84 02



786 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 31Ga 32Ge 33As 34Se 35Br

50 Sn Lˇ1 3.6628 338.498 5.28 02 5.74 02 6.32 02 6.76 02 7.51 02
20 Ca K˛1 3.6917 335.848 5.17 02 5.61 02 6.18 02 6.62 02 7.35 02
52 Te L˛1 3.7693 328.934 4.89 02 5.31 02 5.84 02 6.26 02 6.95 02
51 Sb Lˇ1 3.8436 322.575 4.64 02 5.03 02 5.54 02 5.94 02 6.59 02
53 I L˛1 3.9377 314.867 4.34 02 4.71 02 5.19 02 5.56 02 6.17 02
20 Ca Kˇ 4.0127 308.981 4.13 02 4.48 02 4.93 02 5.29 02 5.87 02
52 Te Lˇ1 4.0296 307.686 4.08 02 4.42 02 4.88 02 5.23 02 5.80 02
21 Sc K˛1 4.0906 303.097 3.92 02 4.25 02 4.69 02 5.02 02 5.57 02
54 Xe L˛1 4.1099 301.674 3.87 02 4.20 02 4.63 02 4.96 02 5.50 02
53 I Lˇ1 4.2207 293.755 3.61 02 3.90 02 4.31 02 4.62 02 5.12 02
55 Cs L˛1 4.2865 289.245 3.46 02 3.75 02 4.13 02 4.43 02 4.91 02
21 Sc Kˇ 4.4605 277.962 3.11 02 3.36 02 3.71 02 3.98 02 4.41 02
56 Ba L˛1 4.4663 277.601 3.10 02 3.35 02 3.70 02 3.97 02 4.39 02
22 Ti K˛1 4.5108 274.863 3.02 02 3.26 02 3.60 02 3.86 02 4.28 02
55 Cs Lˇ1 4.6198 268.377 2.83 02 3.06 02 3.38 02 3.62 02 4.01 02
57 La L˛1 4.6510 266.577 2.7802 3.01 02 3.32 02 3.56 02 3.94 02
56 Ba Lˇ1 4.8273 256.841 2.52 02 2.72 02 3.00 02 3.22 02 3.56 02
58 Ce L˛1 4.8402 256.157 2.50 02 2.70 02 2.98 02 3.20 02 3.54 02
22 Ti Kˇ1,3 4.9318 251.399 2.37 02 2.57 02 2.84 02 3.04 02 3.36 02
23 V K˛1 4.9522 250.363 2.35 02 2.54 02 2.80 02 3.01 02 3.33 02
59 Pr L˛1 5.0337 246.310 2.25 02 2.43 02 2.68 02 2.88 02 3.18 02
57 La Lˇ1 5.0421 245.899 2.24 02 2.42 02 2.67 02 2.86 02 3.17 02
60 Nd L˛1 5.2304 237.047 2.03 02 2.19 02 2.42 02 2.60 02 2.87 02
58 Ce Lˇ1 5.2622 235.614 2.00 02 2.16 02 2.38 02 2.56 02 2.82 02
24 Cr K˛1 5.4147 228.978 1.85 02 2.00 02 2.21 02 2.37 02 2.61 02
23 V Kˇ1,3 5.4273 228.447 1.84 02 1.99 02 2.20 02 2.35 02 2.60 02
61 Pm L˛1 5.4325 228.228 1.83 02 1.98 02 2.19 02 2.35 02 2.59 02
59 Pr Lˇ1 5.4889 225.883 1.79 02 1.93 02 2.13 02 2.28 02 2.52 02
62 Sm L˛1 5.6361 219.984 1.66 02 1.79 02 1.99 02 2.13 02 2.35 02
60 Nd Lˇ1 5.7216 216.696 1.60 02 1.72 02 1.91 02 2.04 02 2.25 02
63 Eu L˛1 5.8457 212.096 1.51 02 1.63 02 1.80 02 1.93 02 2.13 02
25 Mn K˛1 5.8988 210.187 1.47 02 1.59 02 1.76 02 1.88 02 2.08 02
24 Cr Kˇ1,3 5.9467 208.494 1.44 02 1.56 02 1.72 02 1.84 02 2.03 02
61 Pm Lˇ1 5.9610 207.993 1.43 02 1.55 02 1.71 02 1.83 02 2.02 02
64 Gd L˛1 6.0572 204.690 1.37 02 1.48 02 1.64 02 1.75 02 1.93 02
62 Sm Lˇ1 6.2051 199.811 1.29 02 1.39 02 1.54 02 1.64 02 1.81 02
65 Tb L˛1 6.2728 197.655 1.25 02 1.35 02 1.49 02 1.60 02 1.76 02
26 Fe K˛1 6.4038 193.611 1.18 02 1.27 02 1.41 02 1.51 02 1.67 02
63 Eu Lˇ1 6.4564 192.034 1.16 02 1.25 02 1.38 02 1.48 02 1.63 02
25 Mn Kˇ1 6.4905 191.025 1.14 02 1.23 02 1.36 02 1.46 02 1.61 02
66 Dy L˛1 6.4952 190.887 1.14 02 1.23 02 1.36 02 1.45 02 1.60 02
64 Gd Lˇ1 6.7132 184.688 1.04 02 1.12 02 1.24 02 1.33 02 1.47 02
67 Ho L˛1 6.7198 184.507 1.04 02 1.12 02 1.24 02 1.33 02 1.46 02
27 Co K˛1 6.9303 178.903 9.59 01 1.03 02 1.14 02 1.22 02 1.35 02



31Ga – 35Br 787

Z transition E [keV] � [pm] 31Ga 32Ge 33As 34Se 35Br

68 Er L˛1 6.9487 178.429 9.53 01 1.02 02 1.13 02 1.21 02 1.34 02
65 Tb Lˇ1 6.9780 177.680 9.42 01 1.01 02 1.12 02 1.20 02 1.32 02
26 Fe Kˇ1 7.0580 175.666 9.14 01 9.82 01 1.09 02 1.16 02 1.28 02
69 Tm L˛1 7.1799 172.683 8.73 01 9.38 01 1.04 02 1.11 02 1.23 02
66 Dy Lˇ1 7.2477 171.068 8.52 01 9.15 01 1.01 02 1.08 02 1.20 02
70 Yb L˛1 7.4156 167.195 8.01 01 8.60 01 9.54 01 1.02 02 1.13 02
28 Ni K˛1 7.4782 165.795 7.84 01 8.41 01 9.33 01 9.96 01 1.10 02
67 Ho Lˇ1 7.5253 164.757 7.71 01 8.27 01 9.17 01 9.80 01 1.08 02
27 Co Kˇ1,3 7.6494 162.084 7.38 01 7.92 01 8.87 01 9.38 01 1.04 02
71 Lu L˛1 7.6555 161.955 7.36 01 7.90 01 8.76 01 9.36 01 1.03 02
68 Er Lˇ1 7.8109 158.733 6.98 01 7.48 01 8.30 01 8.86 01 9.80 01
72 Hf L˛1 7.8990 156.963 6.77 01 7.26 01 8.06 01 8.60 01 9.51 01
29 Cu K˛1 8.0478 154.060 6.45 01 6.91 01 7.67 01 8.18 01 9.05 01
69 Tm Lˇ1 8.1010 153.049 6.33 01 6.79 01 7.53 01 8.04 01 8.89 01
73 Ta L˛1 8.1461 152.201 6.24 01 6.69 01 7.42 01 7.93 01 8.76 01
28 Ni Kˇ1 8.2647 150.017 6.01 01 6.44 01 7.14 01 7.63 01 8.43 01
74 W L˛1 8.3976 147.643 5.76 01 6.17 01 6.85 01 7.31 01 8.08 01
70 Yb Lˇ1 8.4018 147.569 5.75 01 6.16 01 6.84 01 7.31 01 8.07 01
30 Zn K˛1 8.6389 143.519 5.35 01 5.73 01 6.35 01 6.79 01 7.50 01
75 Re L˛1 8.6525 143.294 5.32 01 5.70 01 6.33 01 6.76 01 7.46 01
71 Lu Lˇ1 8.7090 142.364 5.23 01 5.60 01 6.22 01 6.64 01 7.34 01
29 Cu Kˇ1 8.9053 139.226 4.93 01 5.28 01 5.86 01 6.27 01 6.91 01
76 Os L˛1 8.9117 139.126 4.92 01 5.27 01 5.85 01 6.25 01 6.90 01
72 Hf Lˇ1 9.0227 137.414 4.77 01 5.10 01 5.66 01 6.05 01 6.68 01
77 Ir L˛1 9.1751 135.132 4.56 01 4.88 01 5.41 01 5.79 01 6.39 01
31 Ga K˛1 9.2517 134.013 4.46 01 4.77 01 5.30 01 5.67 01 6.25 01
73 Ta Lˇ1 9.3431 132.702 4.35 01 4.65 01 5.16 01 5.52 01 6.09 01
78 Pt L˛1 9.4423 131.308 4.23 01 4.52 01 5.02 01 5.37 01 5.92 01
30 Zn Kˇ1,3 9.5720 129.529 4.08 01 4.36 01 4.84 01 5.18 01 5.71 01
74 W Lˇ1 9.6724 128.184 3.97 01 4.24 01 4.71 01 5.04 01 5.55 01
79 Au L˛1 9.7133 127.644 3.93 01 4.20 01 4.65 01 4.98 01 5.49 01
32 Ge K˛1 9.8864 125.409 3.75 01 4.00 01 4.44 01 4.76 01 5.24 01
80 Hg L˛1 9.9888 124.124 3.65 01 3.89 01 4.32 01 4.63 01 5.10 01
75 Re Lˇ1 10.010 123.861 3.63 01 3.87 01 4.30 01 4.60 01 5.07 01
31 Ga Kˇ1 10.264 120.796 3.39 01 3.62 01 4.02 01 4.31 01 4.74 01
81 Tl L˛1 10.269 120.737 3.39 01 3.62 01 4.02 01 4.30 01 4.74 01
76 Os Lˇ1 10.355 119.734 3.31 01 3.54 01 3.93 01 4.21 01 4.63 01
33 As K˛1 10.544 117.588 2.25 02 3.37 01 3.75 01 4.01 01 4.42 01
82 Pb L˛1 10.552 117.499 2.24 02 3.37 01 3.74 01 4.00 01 4.41 01
77 Ir Lˇ1 10.708 115.787 2.16 02 3.24 01 3.60 01 3.85 01 4.24 01
83 Bi L˛1 10.839 114.388 2.09 02 3.14 01 3.49 01 3.73 01 4.11 01
32 Ge Kˇ1 10.982 112.898 2.01 02 3.03 01 3.37 01 3.60 01 3.97 01
78 Pt Lˇ1 11.071 111.990 1.97 02 2.97 01 3.30 01 3.53 01 3.88 01
84 Po L˛1 11.131 111.387 1.94 02 2.03 02 3.25 01 3.48 01 3.83 01



788 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 31Ga 32Ge 33As 34Se 35Br

34 Se K˛1 11.222 110.484 1.90 02 1.99 02 3.18 01 3.40 01 3.75 01
85 At L˛1 11.427 108.501 1.81 02 1.90 02 3.04 01 3.25 01 3.57 01
79 Au L ˇ1 11.442 108.359 1.80 02 1.89 02 3.03 01 3.23 01 3.56 01
33 As Kˇ1 11.726 105.735 1.69 02 1.77 02 2.84 01 3.03 01 3.34 01
86 Rn L˛1 11.727 105.726 1.69 02 1.77 02 2.84 01 3.03 01 3.34 01
80 Hg Lˇ1 11.823 104.867 1.65 02 1.73 02 2.78 01 2.97 01 3.27 01
35 Br K˛1 11.924 103.979 1.62 02 1.69 02 1.88 02 2.90 01 3.19 01
87 Fr L˛1 12.031 103.054 1.58 02 1.65 02 1.84 02 2.83 01 3.12 01
81 Tl Lˇ1 12.213 101.519 1.51 02 1.59 02 1.76 02 2.72 01 3.00 01
88 Ra L˛1 12.340 100.474 1.47 02 1.54 02 1.72 02 2.65 01 2.92 01
34 Se Kˇ1 12.496 99.219 1.42 02 1.49 02 1.66 02 2.57 01 2.82 01
82 Pb Lˇ1 12.614 98.291 1.39 02 1.45 02 1.62 02 2.50 01 2.75 01
36 Kr K˛1 12.649 98.019 1.38 02 1.44 02 1.60 02 2.48 01 2.73 01
89 Ac L˛1 12.652 97.996 1.38 02 1.44 02 1.60 02 2.48 01 2.73 01
90 Th L˛1 12.969 95.601 1.29 02 1.35 02 1.50 02 1.60 02 2.56 01
83 Bi Lˇ1 13.024 95.197 1.27 02 1.33 02 1.48 02 1.58 02 2.53 01
91 Pa L˛1 13.291 93.285 1.21 02 1.26 02 1.40 02 1.49 02 2.40 01
35 Br Kˇ1 13.291 93.285 1.21 01 1.26 02 1.40 02 1.49 02 2.40 01
37 Rb K˛1 13.395 92.560 1.18 02 1.24 02 1.37 02 1.46 02 2.35 01
84 Po Lˇ1 13.447 92.202 1.17 02 1.22 02 1.36 02 1.45 02 2.32 01
92 U L˛1 13.615 91.065 1.13 02 1.18 02 1.32 02 1.40 02 1.52 02
85 At Lˇ1 13.876 89.352 1.08 02 1.13 02 1.25 02 1.33 02 1.45 02
36 Kr Kˇ1 14.112 87.857 1.03 02 1.08 02 1.19 02 1.27 02 1.38 02
38 Sr K˛1 14.165 87.529 1.02 02 1.06 02 1.18 02 1.26 02 1.37 02
86 Rn Lˇ1 14.316 86.606 9.89 01 1.03 02 1.15 02 1.23 02 1.33 02
87 Fr Lˇ1 14.770 83.943 9.09 01 9.51 01 1.06 02 1.13 02 1.23 02
39 Y K˛1 14.958 82.888 8.79 01 9.20 01 1.02 02 1.09 02 1.18 02
37 Rb Kˇ1 14.961 82.872 8.79 01 9.19 01 1.02 02 1.09 02 1.18 02
88 Ra Lˇ1 15.236 81.376 8.35 01 8.75 01 9.70 01 1.04 02 1.13 02
89 Ac Lˇ1 15.713 78.906 7.67 01 8.04 01 8.92 01 9.54 01 1.04 02
40 Zr K˛1 15.775 78.596 7.58 01 7.96 01 8.83 01 9.44 01 1.03 02
38 Sr Kˇ1 15.836 78.293 7.50 01 7.87 01 8.73 01 9.34 01 1.01 02
90 Th Lˇ1 16.202 76.524 7.04 01 7.40 01 8.20 01 8.77 01 9.54 01
41 Nb K˛1 16.615 74.622 6.57 01 6.91 01 7.66 01 8.19 01 8.91 01
91 Pa Lˇ1 16.702 74.233 6.47 01 6.81 01 7.55 01 8.07 01 8.78 01
39 Y Kˇ1 16.738 74.074 6.43 01 6.77 01 7.51 01 8.02 01 8.73 01
92 U Lˇ1 17.220 72.000 5.9401 6.26 01 6.95 01 7.42 01 8.08 01
42 Mo K˛1 17.479 70.933 5.70 01 6.01 01 6.67 01 7.12 01 7.76 01
40 Zr Kˇ1 17.668 70.175 5.5401 5.84 01 6.47 01 6.92 01 7.54 01
43 Tc K˛1 18.367 67.504 4.97 01 5.25 01 5.82 01 6.22 01 6.78 01
41 Nb Kˇ1 18.623 66.576 4.78 01 5.06 01 5.61 01 5.99 01 6.53 01
44 Ru K˛1 19.279 64.311 4.34 01 4.60 01 5.10 01 5.45 01 5.95 01
42 Mo Kˇ1 19.608 63.231 4.14 01 4.40 01 4.87 01 5.20 01 5.68 01
45 Rh K ˛1 20.216 61.330 3.80 01 4.04 01 4.48 01 4.78 01 5.22 01



31Ga – 35Br 789

Z transition E [keV] � [pm] 31Ga 32Ge 33As 34Se 35Br

43 Tc Kˇ1 20.619 60.131 3.60 01 3.83 01 4.24 01 4.52 01 4.95 01
46 Pd K˛1 21.177 58.547 3.34 01 3.55 01 3.93 01 4.20 01 4.59 01
44 Ru Kˇ1 21.657 57.249 3.13 01 3.34 01 3.69 01 3.94 01 4.32 01
47 Ag K˛1 22.163 55.942 2.94 01 3.13 01 3.46 01 3.70 01 4.05 01
45 Rh Kˇ1 22.724 54.561 2.74 01 2.92 01 3.23 01 3.45 01 3.78 01
48 Cd K˛1 23.174 53.501 2.59 01 2.76 01 3.06 01 3.26 01 3.58 01
46 Pd Kˇ1 23.819 52.053 2.40 01 2.56 01 2.83 01 3.02 01 3.31 01
49 In K˛1 24.210 51.212 2.29 01 2.44 01 2.71 01 2.89 01 3.17 01
47 Ag Kˇ1 24.942 49.709 2.11 01 2.25 01 2.49 01 2.66 01 2.92 01
50 Sn K˛1 25.271 39.062 2.03 01 2.17 01 2.40 01 2.56 01 2.81 01
48 Cd Kˇ1 26.096 47.511 1.85 01 1.98 01 2.19 01 2.34 01 2.57 01
51 Sb K˛1 26.359 47.037 1.80 01 1.93 01 2.13 01 2.28 01 2.50 01
49 In Kˇ1 27.276 45.455 1.64 01 1.75 01 1.94 01 2.07 01 2.28 01
52 Te K˛1 27.472 45.131 1.60 01 1.72 01 1.90 01 2.03 01 2.23 01
50 Sn Kˇ1 28.486 43.524 1.45 01 1.55 01 1.72 01 1.83 01 2.02 01
53 I K˛1 28.612 43.333 1.43 01 1.53 01 1.70 01 1.81 01 1.99 01
51 Sb Kˇ1 29.726 41.709 1.29 01 1.38 01 1.53 01 1.63 01 1.79 01
54 Xe K˛1 29.779 41.635 1.28 01 1.37 01 1.52 01 1.62 01 1.78 01
55 Cs K˛1 30.973 40.030 1.15 01 1.23 01 1.36 01 1.45 01 1.60 01
52 Te Kˇ1 30.996 40.000 1.14 01 1.23 01 1.36 01 1.45 01 1.59 01
56 Ba K˛1 32.194 38.511 1.03 01 1.10 01 1.22 01 1.30 01 1.43 01
53 I Kˇ1 32.295 38.391 1.02 01 1.09 01 1.21 01 1.29 01 1.42 01
57 La K˛1 33.442 37.074 9.23 00 9.91 00 1.09 01 1.17 01 1.29 01
54 Xe Kˇ1 33.624 36.874 9.09 00 9.76 00 1.08 01 1.15 01 1.27 01
58 Ce K˛1 34.279 36.169 8.61 00 9.24 00 1.02 01 1.09 01 1.20 01
55 Cs Kˇ1 34.987 35.437 8.13 00 8.73 00 9.64 00 1.03 01 1.13 01
59 Pr K˛1 36.026 34.415 7.49 00 8.04 00 8.87 00 9.49 00 1.04 01
56 Ba Kˇ1 36.378 34.082 7.29 00 7.82 00 8.63 00 9.24 00 1.01 01
60 Nd K˛1 36.847 33.648 7.03 00 7.54 00 8.33 00 8.91 00 9.79 00
57 La Kˇ1 37.801 32.799 6.54 00 7.02 00 7.75 00 8.29 00 9.11 00
61 Pm K˛1 38.725 32.016 6.11 00 6.56 00 7.24 00 7.75 00 8.51 00
58 Ce Kˇ1 39.257 31.582 5.88 00 6.31 00 6.97 00 7.46 00 8.19 00
62 Sm K˛1 40.118 30.905 5.53 00 5.94 00 6.55 00 7.02 00 7.70 00
59 Pr K ˇ1 40.748 30.427 5.30 00 5.69 00 6.27 00 6.72 00 7.37 00
63 Eu K˛1 41.542 29.845 5.02 00 5.39 00 5.94 00 6.36 00 6.99 00
60 Nd Kˇ1 42.271 29.331 4.78 00 5.13 00 5.66 00 6.06 00 6.66 00
64 Gd K˛1 42.996 28.836 4.56 00 4.90 00 5.40 00 5.78 00 6.35 00
61 Pm Kˇ1 43.826 28.290 4.32 00 4.64 00 5.12 00 5.48 00 6.02 00
65 Tb K˛1 44.482 27.873 4.15 00 4.45 00 4.91 00 5.25 00 5.77 00
62 Sm Kˇ1 45.413 27.301 3.91 00 4.20 00 4.63 00 4.96 00 5.45 00
66 Dy K˛1 45.998 26.954 3.77 00 4.05 00 4.47 00 4.78 00 5.26 00
63 Eu Kˇ1 47.038 26.358 3.55 00 3.81 00 4.20 00 4.49 00 4.94 00
67 Ho K˛1 47.547 26.076 3.44 00 3.70 00 4.07 00 4.36 00 4.80 00
64 Gd Kˇ1 48.697 25.460 4.22 00 3.46 00 3.81 00 4.07 00 4.49 00



790 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 31Ga 32Ge 33As 34Se 35Br

68 Er K˛1 49.128 25.237 3.14 00 3.37 00 3.72 00 3.97 00 4.38 00
65 Tb Kˇ1 50.382 24.609 2.93 00 3.14 00 3.46 00 3.70 00 4.08 00
69 Tm K˛1 50.742 24.434 2.87 00 3.08 00 3.40 00 3.63 00 4.00 00
66 Dy Kˇ1 52.119 23.788 2.67 00 2.87 00 3.16 00 3.37 00 3.72 00
70 Yb K˛1 52.389 23.666 2.63 00 2.83 00 3.11 00 3.33 00 3.66 00
67 Ho Kˇ1 53.877 23.012 2.44 00 2.62 00 2.88 00 3.08 00 3.39 00
71 Lu K˛1 54.070 22.930 2.41 00 2.59 00 2.85 00 3.05 00 3.36 00
68 Er Kˇ1 55.681 22.267 2.23 00 2.39 00 2.63 00 2.81 00 3.10 00
72 Hf K˛1 55.790 22.223 2.21 00 2.38 00 2.62 00 2.80 00 3.08 00
69 Tm Kˇ1 57.517 21.556 2.04 00 2.19 00 2.41 00 2.57 00 2.83 00
73 Ta K˛1 57.532 21.550 2.04 00 2.19 00 2.41 00 2.57 00 2.83 00
74 W K˛1 59.318 20.901 1.87 00 2.01 00 2.21 00 2.36 00 2.60 00
70 Yb Kˇ1 59.370 20.883 1.87 00 2.01 00 2.21 00 2.36 00 2.59 00
75 Re K˛1 61.140 20.278 1.73 00 1.86 00 2.04 00 2.18 00 2.39 00
71 Lu Kˇ1 61.283 20.231 1.72 00 1.85 00 2.03 00 2.16 00 2.38 00
76 Os K˛1 63.001 19.679 1.60 00 1.72 00 1.89 00 2.01 00 2.21 00
72 Hf Kˇ1 63.234 19.607 1.58 00 1.70 00 1.87 00 1.99 00 2.19 00
77 Ir K˛1 64.896 19.105 1.48 00 1.59 00 1.74 00 1.86 00 2.04 00
73 Ta Kˇ1 65.223 19.009 1.46 00 1.57 00 1.72 00 1.83 00 2.01 00
78 Pt K˛1 66.832 18.551 1.37 00 1.47 00 1.61 00 1.72 00 1.89 00
74 W Kˇ1 67.244 18.438 1.35 00 1.45 00 1.59 00 1.69 00 1.86 00
79 Au K˛1 68.804 18.020 1.27 00 1.36 00 1.50 00 1.59 00 1.75 00
75 Re Kˇ1 69.310 17.888 1.25 00 1.34 00 1.47 00 1.56 00 1.71 00
80 Hg K˛1 70.819 17.507 1.18 00 1.27 00 1.39 00 1.47 00 1.62 00
76 Os Kˇ1 71.413 17.361 1.16 00 1.24 00 1.36 00 1.44 00 1.58 00
81 Tl K˛1 72.872 17.014 1.10 00 1.17 00 1.29 00 1.37 00 1.50 00
77 Ir Kˇ1 73.561 16.854 1.07 00 1.15 00 1.25 00 1.33 00 1.46 00
82 Pb K˛1 74.696 16.538 1.02 00 1.09 00 1.19 00 1.27 00 1.39 00
78 Pt Kˇ1 75.748 16.368 9.93 -1 1.06 00 1.16 00 1.23 00 1.35 00
83 Bi K˛1 77.108 16.079 9.48 -1 1.01 00 1.11 00 1.18 00 1.29 00
79 Au Kˇ1 77.948 15.906 9.22 -1 9.86 -1 1.08 00 1.14 00 1.25 00
84 Po K˛1 79.290 15.636 8.82 -1 9.43 -1 1.03 00 1.09 00 1.20 00
80 Hg Kˇ1 80.253 15.449 8.56 -1 9.14 -1 9.97 -1 1.06 00 1.16 00
85 At K˛1 81.520 15.209 8.25 -1 8.81 -1 9.60 -1 1.02 00 1.12 00
81 Tl Kˇ1 82.576 15.014 8.00 -1 8.54 -1 9.31 -1 9.88 -1 1.08 00
86 Rn K˛1 83.780 14.798 7.74 -1 8.26 -1 8.99 -1 9.53 -1 1.04 00
82 Pb Kˇ1 84.936 14.597 7.49 -1 7.99 -1 8.69 -1 9.21 -1 1.01 00
87 Fr K˛1 86.100 14.400 7.26 -1 7.74 -1 8.41 -1 8.91 -1 9.74 -1
83 Bi Kˇ1 87.343 14.195 7.02 -1 7.48 -1 8.13 -1 8.60 -1 9.40 -1
88 Ra K˛1 88.470 14.014 6.81 -1 7.26 -1 7.88 -1 8.33 -1 9.11 -1
84 Po Kˇ1 89.800 13.806 6.58 -1 7.01 -1 7.60 -1 8.03 -1 8.78 -1
89 Ac K˛1 90.884 13.642 6.40 -1 6.81 -1 7.38 -1 7.80 -1 8.52 -1
85 At Kˇ1 92.300 13.432 6.17 -1 6.57 -1 7.11 -1 7.51 -1 8.20 -1
90 Th K˛1 93.350 13.281 6.01 -1 6.39 -1 6.92 -1 7.30 -1 7.97 -1



36Kr – 40Zr 791

Z transition E [keV] � [pm] 31Ga 32Ge 33As 34Se 35Br

86 Rn Kˇ1 94.780 13.068 5.78 -1 6.15 -1 6.65 -1 7.02 -1 7.66 -1
91 Pa K˛1 95.868 12.932 5.64 -1 6.00 -1 6.49 -1 6.84 -1 7.46 -1
87 Fr Kˇ1 97.470 12.720 5.43 -1 5.77 -1 6.23 -1 6.56 -1 7.16 -1
92 U K˛1 98.439 12.595 5.31 -1 5.64 -1 6.09 -1 6.41 -1 6.99 -1
88 Ra Kˇ1 100.130 12.382 5.10 -1 5.42 -1 5.84 -1 6.15 -1 6.70 -1
89 Ac Kˇ1 102.850 12.054 4.85 -1 5.15 -1 5.54 -1 5.82 -1 6.34 -1
90 Th Kˇ1 105.610 11.739 4.61 -1 4.89 -1 5.25 -1 5.51 -1 5.99 -1
91 Pa Kˇ1 108.430 11.434 4.39 -1 4.64 -1 4.98 -1 5.22 -1 5.67 -1
92 U Kˇ1 111.300 11.139 4.18 -1 4.41 -1 4.73 -1 4.94 -1 5.37 -1

Z transition E [keV] � [pm] 36Kr 37Rb 38Sr 39Y 40Zr

4 Be K˛ 0.1085 11427.207 1.21 04 5.02 03 5.89 03 1.19 04 1.09 04
38 Sr M� 0.1140 10875.895 1.45 04 7.05 03 6.22 03 1.12 04 1.02 04
39 Y M� 0.1328 9339.235 2.48 04 2.64 04 7.58 03 1.06 04 9.27 03
16 S Ll 0.1487 8337.942 3.82 04 2.94 04 1.40 04 1.22 04 8.61 03
40 Zr M� 0.1511 8205.506 3.92 04 2.98 04 1.51 04 1.25 04 8.52 03
41 Nb M� 0.1717 7221.037 3.99 04 3.38 04 2.26 04 1.78 04 7.96 03
5 B K˛ 0.1833 6764.059 4.02 04 3.59 04 2.73 04 1.92 04 8.27 04
42 Mo M� 0.1926 6337.445 4.05 04 3.78 04 3.22 04 2.04 04 8.53 04
6 C K˛ 0.2770 4476.000 3.33 04 3.55 04 3.53 04 3.14 04 3.16 04
47 Ag M� 0.3117 3977.709 2.83 04 3.02 04 3.07 04 2.86 04 2.25 04
7 N K˛ 0.3924 3159.664 2.07 04 2.20 04 2.33 04 2.38 04 2.04 04
22 Ti Ll 0.3935 3136.484 2.04 04 2.17 04 2.30 04 2.51 04 2.03 04
22 Ti L˛ 0.4522 2741.822 1.59 04 1.70 04 1.81 04 1.98 04 1.71 04
23 V L˛ 0.5113 2424.901 1.25 04 1.35 04 1.44 04 1.59 04 1.52 04
8 O K˛ 0.5249 2362.072 1.19 04 1.28 04 1.38 04 1.51 04 1.48 04
25 Mn Ll 0.5563 2228.747 1.06 04 1.14 04 1.23 04 1.35 04 1.33 04
24 Cr L˛ 0.5728 2164.546 9.97 03 1.07 04 1.16 04 1.28 04 1.27 04
25 Mn L˛ 0.6374 1945.171 7.99 03 8.63 03 9.36 03 1.03 04 1.05 04
9 F K˛ 0.6768 1831.932 6.96 03 7.55 03 8.21 03 9.05 03 9.42 03
26 Fe L˛ 0.7050 1758.655 6.42 03 6.98 03 7.59 03 8.37 03 8.76 03
27 Co L˛ 0.7762 1597.335 5.19 03 5.67 03 6.17 03 6.82 03 7.39 03
28 Ni L˛ 0.8515 1456.080 4.21 03 4.61 03 5.03 03 5.57 03 6.04 03
29 Cu L˛ 0.9297 1336.044 3.45 03 3.78 03 4.13 03 4.58 03 4.97 03
30 Zn L˛ 1.0117 1225.513 3.26 03 3.66 03 3.95 03 4.30 03 4.65 03
11 Na K˛ 1.0410 1191.020 3.00 03 3.38 03 3.66 03 3.99 03 4.32 03
11 Na Kˇ 1.0711 1157.550 2.77 03 3.13 03 3.39 03 3.71 03 4.02 03
l2 Mg K˛ 1.2530 989.033 1.78 03 2.03 03 2.22 03 2.46 03 2.69 03
33 As L˛ 1.2820 967.123 1.68 03 1.91 03 2.09 03 2.32 03 2.54 03
l2 Mg Kˇ 1.3022 952.121 1.60 03 1.83 03 2.01 03 2.23 03 2.44 03
33 As Lˇ1 1.3170 941.421 1.55 03 1.77 03 1.95 03 2.16 03 2.37 03
66 Dy Mˇ 1.3250 935.737 1.53 03 1.74 03 1.92 03 2.13 03 2.33 03



792 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 36Kr 37Rb 38Sr 39Y 40Zr

67 Ho M˛ 1.3480 919.771 1.45 03 1.66 03 1.83 03 2.03 03 2.23 03
34 Se L˛ 1.3791 899.029 1.36 03 1.56 03 1.72 03 1.92 03 2.10 03
67 Ho Mˇ 1.3830 896.494 1.35 03 1.55 03 1.71 03 1.90 03 2.09 03
68 Er M˛ 1.4060 881.829 1.29 03 1.48 03 1.63 03 1.82 03 2.00 03
34 Se Lˇ1 1.4192 873.627 1.26 03 1.44 03 1.59 03 1.78 03 1.96 03
68 Er Mˇ 1.4430 859.218 1.20 03 1.38 03 1.53 03 1.70 03 1.87 03
69 Tm M˛ 1.4620 848.051 1.16 03 1.33 03 1.47 03 1.64 03 1.81 03
35 Br L˛ 1.4804 837.511 1.12 03 1.29 03 1.42 03 1.59 03 1.75 03
13 Al K˛1 1.4867 833.962 1.11 03 1.27 03 1.41 03 1.57 03 1.74 03
69 Tm Mˇ 1.5030 824.918 1.07 03 1.23 03 1.37 03 1.53 03 1.69 03
70 Yb M˛ 1.5214 814.941 1.04 03 1.19 03 1.32 03 1.48 03 1.64 03
35 Br Lˇ1 1.5259 812.538 1.03 03 1.18 03 1.31 03 1.47 03 1.62 03
13 Al Kˇ 1.5574 796.103 9.70 02 1.12 03 1.24 03 1.40 03 1.54 03
70 Yb Mˇ 1.5675 790.974 9.53 02 1.10 03 1.22 03 1.37 03 1.52 03
71 Lu M˛ 1.5813 784.071 9.29 02 1.07 03 1.19 03 1.34 03 1.48 03
36 Kr L˛ 1.5860 781.747 9.22 02 1.06 03 1.19 03 1.33 03 1.47 03
71 Lu Mˇ 1.6312 760.085 8.52 02 9.85 02 1.10 03 1.24 03 1.37 03
36 Kr Lˇ1 1.6366 757.577 8.44 02 9.76 02 1.09 03 1.23 03 1.36 03
72 Hf M˛1 1.6446 753.892 8.32 02 9.63 02 1.08 03 1.21 03 1.34 03
37 Rb L˛1 1.6941 731.864 3.81 03 8.88 02 9.95 02 1.12 03 1.24 03
72 Hf Mˇ 1.6976 730.355 3.79 03 8.83 03 9.90 02 1.12 03 1.24 03
73 Ta M˛1 1.7096 725.229 3.72 03 8.66 02 9.71 02 1.10 03 1.21 03
14 Si K˛1 1.7400 712.558 4.96 03 8.25 02 9.27 02 1.05 03 1.16 03
37 Rb Lˇ1 1.7522 707.597 4.87 03 8.09 02 9.10 02 1.03 03 1.14 03
73 Ta Mˇ 1.7655 702.266 4.77 03 7.92 02 8.92 02 1.01 03 1.12 03
74 W M˛1 1.7754 698.350 4.70 03 7.80 02 8.78 02 9.95 02 1.10 03
38 Sr L˛1 1.8066 686.290 4.48 03 3.61 03 8.39 02 9.51 02 1.05 03
74 W Mˇ 1.8349 675.705 4.30 03 3.46 03 8.05 02 9.14 02 1.01 03
14 Si Kˇ 1.8359 675.337 4.29 03 3.46 03 8.04 02 9.13 02 1.02 03
75 Re M˛1 1.8420 673.100 4.25 03 3.43 03 7.97 02 9.05 02 1.00 03
38 Sr Lˇ1 1.8717 662.420 4.07 03 4.60 03 7.64 02 8.68 02 9.62 02
75 Re Mˇ 1.9061 650.465 3.88 03 4.37 03 7.27 02 8.28 02 9.18 02
76 Os M˛1 1.9102 649.069 3.85 03 4.35 03 7.23 02 8.24 02 9.13 02
39 Y L˛1 1.9226 644.882 4.55 03 4.27 03 7.11 02 8.10 02 8.98 02
76 Os Mˇ 1.9783 626.725 4.21 03 3.95 03 3.07 03 7.52 02 8.35 02
77 Ir M˛1 1.9799 626.219 4.20 03 3.94 03 3.06 03 7.51 02 8.33 02
39 Y Lˇ1 1.9958 621.230 4.11 03 3.86 03 2.99 03 7.36 02 8.16 02
15 P K˛1 2.0137 615.708 4.01 03 3.76 03 4.09 03 7.18 02 7.98 02
40 Zr L˛1 2.0424 607.056 3.86 03 3.62 03 3.94 03 6.92 02 7.70 02
78 Pt M˛1 2.0505 604.658 3.82 03 3.58 03 3.89 03 6.84 02 7.63 02
77 Ir Mˇ 2.0535 603.775 3.80 03 3.57 03 3.88 03 6.82 02 7.60 02
79 Au M˛1 2.1229 584.036 3.47 03 3.91 03 3.54 03 2.77 03 6.99 02
40 Zr Lˇ1 2.1244 583.624 3.47 03 3.90 03 3.53 03 2.77 03 6.98 02
78 Pt Mˇ 2.1273 582.828 3.46 03 3.89 03 3.52 03 2.76 03 6.96 02
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15 P Kˇ1,3 2.1390 579.640 3.40 03 3.83 03 3.47 03 2.71 03 6.86 02
41 Nb L˛1 2.1659 572.441 3.29 03 3.70 03 3.35 03 3.67 03 6.65 02
80 Hg M˛1 2.1953 564.775 3.17 03 3.57 03 3.23 03 3.54 03 6.43 02
79 Au Mˇ 2.2046 562.393 3.14 03 3.53 03 3.19 03 3.50 03 6.36 02
41 Nb Lˇ1 2.2574 549.238 2.94 03 3.30 03 3.59 03 3.28 03 2.57 03
81 Tl M˛1 2.2706 546.045 2.90 03 3.25 03 3.54 03 3.23 03 2.52 03
80 Hg Mˇ 2.2825 543.199 2.86 03 3.21 03 3.49 03 3.18 03 2.49 03
42 Mo L˛1 2.2932 540.664 2.82 03 3.17 03 3.44 03 3.14 03 2.46 03
16 S K˛1 2.3080 537.197 2.77 03 3.11 03 3.38 03 3.08 03 3.38 03
82 Pb M˛1 2.3457 528.563 2.65 03 2.98 03 3.24 03 2.95 03 3.24 03
81 Tl Mˇ 2.3621 524.893 2.60 03 2.92 03 3.17 03 2.89 03 3.17 03
42 Mo Lˇ1 2.3948 517.726 2.51 03 2.81 03 3.06 03 3.35 03 3.06 03
83 Bi M˛1 2.4226 511.785 2.43 03 2.73 03 2.96 03 3.25 03 2.96 03
43 Tc L˛1 2.4240 511.490 2.43 03 2.72 03 2.96 03 3.24 03 2.96 03
82 Pb Mˇ 2.4427 507.574 2.38 03 2.67 03 2.90 03 3.17 03 2.89 03
16 S Kˇ 2.4640 503.186 2.32 03 2.60 03 2.83 03 3.10 03 2.83 03
83 Bi Mˇ1 2.5255 490.933 2.17 03 2.43 03 2.64 03 2.90 03 2.64 03
43 Tc Lˇ1 2.5368 488.746 2.15 03 2.40 03 2.61 03 2.86 03 3.13 03
44 Ru L˛1 2.5586 484.582 2.10 03 2.35 03 2.55 03 2.80 03 3.05 03
17 Cl K˛1 2.6224 472.792 1.96 03 2.20 03 2.38 03 2.61 03 2.85 03
44 Ru Lˇ1 2.6832 462.079 1.85 03 2.06 03 2.24 03 2.45 03 2.66 03
45 Rh L˛1 2.6967 459.766 1.82 03 2.04 03 2.21 03 2.42 03 2.64 03
17 Cl Kˇ 2.8156 440.350 1.62 03 1.81 03 1.96 03 2.15 03 2.35 03
45 Rh Lˇ1 2.8344 437.430 1.59 03 1.78 03 1.93 03 2.11 03 2.31 03
46 Pd L˛1 2.8386 436.782 1.59 03 1.77 03 1.92 03 2.10 03 2.30 03
18 Ar K˛1 2.9577 419.194 1.42 03 1.58 03 1.71 03 1.88 03 2.05 03
47 Ag L˛1 2.9843 415.458 1.39 03 1.54 03 1.67 03 1.83 03 2.00 03
46 Pd Lˇ1 2.9902 414.638 1.38 03 1.54 03 1.66 03 1.82 03 1.99 03
90 Th M˛1 2.9961 413.821 1.37 03 1.53 03 1.66 03 1.82 03 1.98 03
91 Pa M˛1 3.0823 402.248 1.27 03 1.41 03 1.53 03 1.68 03 1.83 03
48 Cd L˛1 3.1337 395.651 1.21 03 1.35 03 1.47 03 1.61 03 1.75 03
90 Th Mˇ 3.1458 394.129 1.20 03 1.34 03 1.45 03 1.59 03 1.73 03
47 Ag Lˇ1 3.1509 393.491 1.20 03 1.33 03 1.44 03 1.58 03 1.73 03
92 U M˛1 3.1708 391.021 1.18 03 1.31 03 1.42 03 1.56 03 1.70 03
18 Ar Kˇ 3.1905 388.607 1.16 03 1.29 03 1.40 03 1.53 03 1.67 03
91 Pa Mˇ 3.2397 382.705 1.11 03 1.23 03 1.34 03 1.47 03 1.60 03
49 In L˛1 3.2869 377.210 1.07 03 1.19 03 1.29 03 1.41 03 1.54 03
19 K K˛1 3.3138 374.148 1.05 03 1.16 03 1.26 03 1.38 03 1.50 03
48 Cd Lˇ1 3.3166 373.832 1.04 03 1.16 03 1.26 03 1.38 03 1.50 03
92 U Mˇ 3.3360 371.658 1.03 03 1.14 03 1.24 03 1.35 03 1.48 03
50 Sn L˛1 3.4440 360.003 9.42 02 1.04 03 1.13 03 1.24 03 1.35 03
49 In Lˇ1 3.4872 355.543 9.11 02 1.01 03 1.10 03 1.20 03 1.31 03
19 K Kˇ 3.5896 345.401 8.43 02 9.33 02 1.01 03 1.11 03 1.21 03
51 Sb L˛1 3.6047 343.954 8.34 02 9.23 02 1.00 03 1.10 03 1.19 03
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50 Sn Lˇ1 3.6628 338.498 7.99 02 8.83 02 9.60 02 1.05 03 1.14 03
20 Ca K˛1 3.6917 335.848 7.82 02 8.65 02 9.40 02 1.03 03 1.12 03
52 Te L˛1 3.7693 328.934 7.39 02 8.17 02 8.88 02 9.72 02 1.06 03
51 Sb Lˇ1 3.8436 322.575 7.02 02 7.75 02 8.42 02 9.21 02 1.00 03
53 I L˛1 3.9377 314.867 6.57 02 7.25 02 7.89 02 8.63 02 9.37 02
20 Ca K ˇ 4.0127 308.981 6.25 02 6.89 02 7.50 02 8.19 02 8.90 02
52 Te Lˇ1 4.0296 307.686 6.18 02 6.81 02 7.41 02 8.10 02 8.80 02
21 Sc K˛1 4.0906 303.097 5.93 02 6.54 02 7.11 02 7.77 02 8.44 02
54 Xe L˛1 4.1099 301.674 5.86 02 6.45 02 7.02 02 7.68 02 8.33 02
53 I Lˇ1 4.2207 293.755 5.45 02 6.00 02 6.53 02 7.14 02 7.75 02
55 Cs L˛1 4.2865 289.245 5.23 02 5.75 02 6.26 02 6.84 02 7.43 02
21 Sc Kˇ 4.4605 277.962 4.70 02 5.16 02 5.61 02 6.14 02 6.66 02
56 Ba L˛1 4.4663 277.601 4.68 02 5.15 02 5.59 02 6.12 02 6.63 02
22 Ti K˛1 4.5108 274.863 4.56 02 5.01 02 5.44 02 5.96 02 6.46 02
55 Cs Lˇ1 4.6198 268.377 4.28 02 4.69 02 5.10 02 5.58 02 6.05 02
57 La L˛1 4.6510 266.577 4.20 02 4.61 02 5.01 02 5.48 02 5.93 02
56 Ba Lˇ1 4.8273 256.841 3.80 02 4.16 02 4.52 02 4.95 02 5.36 02
58 Ce L˛1 4.8402 256.157 3.77 02 4.13 02 4.49 02 4.91 02 5.32 02
22 Ti Kˇ1,3 4.9318 251.399 3.59 02 3.93 02 4.27 02 4.67 02 5.05 02
23 V K˛1 4.9522 250.363 3.55 02 3.88 02 4.22 02 4.62 02 5.00 02
59 Pr L˛1 5.0337 246.310 3.40 02 3.72 02 4.04 02 4.42 02 4.78 02
57 La Lˇ1 5.0421 245.899 3.38 02 3.70 02 4.02 02 4.40 02 4.76 02
60 Nd L˛1 5.2304 237.047 3.06 02 3.35 02 3.64 02 3.98 02 4.30 02
58 Ce Lˇ1 5.2622 235.614 3.01 02 3.30 02 3.58 02 3.92 02 4.23 02
24 Cr K˛1 5.4147 228.978 2.79 02 3.05 02 3.31 02 3.62 02 3.91 02
23 V Kˇ1,3 5.4273 228.447 2.77 02 3.03 02 3.29 02 3.60 02 3.89 02
61 Pm L˛1 5.4325 228.228 2.77 02 3.02 02 3.28 02 3.59 02 3.88 02
59 Pr Lˇ1 5.4889 225.883 2.69 02 2.94 02 3.19 02 3.49 02 3.77 02
62 Sm L˛1 5.6361 219.984 2.51 02 2.74 02 2.97 02 3.25 02 3.51 02
60 Nd Lˇ1 5.7210 216.696 2.41 02 2.63 02 2.85 02 3.12 02 3.37 02
63 Eu L˛1 5.8457 212.096 2.27 02 2.48 02 2.69 02 2.94 02 3.18 02
25 Mn K˛1 5.8988 210.187 2.22 02 2.52 02 2.63 02 2.87 02 3.10 02
24 Cr Kˇ1,3 5.9467 208.494 2.19 02 2.37 02 2.57 02 2.81 02 3.03 02
61 Pm Lˇ1 5.9610 207.993 2.16 02 2.35 02 2.55 02 2.79 02 3.01 02
64 Gd L˛1 6.0572 204.690 2.07 02 2.25 02 2.45 02 2.67 02 2.88 02
62 Sm Lˇ1 6.2051 199.811 1.94 02 2.11 02 2.29 02 2.51 02 2.70 02
65 Tb L˛1 6.2728 197.655 1.88 02 2.05 02 2.23 02 2.43 02 2.62 02
26 Fe K˛1 6.4038 193.611 1.78 02 1.94 02 2.10 02 2.30 02 2.48 02
63 Eu Lˇ1 6.4564 192.034 1.74 02 1.90 02 2.06 02 2.25 02 2.42 02
25 Mn Kˇ1,3 6.4905 191.025 1.72 02 1.87 02 2.03 02 2.22 02 2.39 02
66 Dy L˛1 6.4952 190.887 1.72 02 1.87 02 2.03 02 2.21 02 2.38 02
64 Gd Lˇ1 6.7132 184.688 1.57 02 1.71 02 1.85 02 2.02 02 2.18 02
67 Ho L˛1 6.7198 184.507 1.57 02 1.70 02 1.85 02 2.02 02 2.17 02
27 Co K˛1 6.9303 178.903 1.44 02 1.57 02 1.70 02 1.86 02 2.00 02
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68 Er L˛1 6.9487 178.429 1.43 02 1.56 02 1.69 02 1.84 02 1.98 02
65 Tb Lˇ1 6.9780 177.680 1.42 02 1.54 02 1.67 02 1.82 02 1.96 02
26 Fe Kˇ1,3 7.0580 175.666 1.38 02 1.49 02 1.62 02 1.77 02 1.90 02
69 Tm L˛1 7.1799 172.683 1.31 02 1.42 02 1.55 02 1.69 02 1.82 02
66 Dy Lˇ1 7.2477 171.068 1.28 02 1.39 02 1.51 02 1.65 02 1.77 02
70 Yb L˛1 7.4156 167.195 1.21 02 1.31 02 1.42 02 1.55 02 1.66 02
28 Ni K˛1 7.4782 165.795 1.18 02 1.28 02 1.39 02 1.51 02 1.63 02
67 Ho L ˇ1 7.5253 164.757 1.16 02 1.25 02 1.36 02 1.49 02 1.60 02
27 Co Kˇ1,3 7.6494 162.084 1.11 02 1.20 02 1.30 02 1.42 02 1.53 02
71 Lu L˛1 7.6555 161.955 1.11 02 1.20 02 1.30 02 1.42 02 1.53 02
68 Er Lˇ1 7.8109 158.733 1.05 02 1.13 02 1.23 02 1.34 02 1.44 02
72 Hf L˛1 7.8990 156.963 1.02 02 1.10 02 1.19 02 1.30 02 1.40 02
29 Cu K˛1 8.0478 154.060 9.69 01 1.05 02 1.14 02 1.24 02 1.33 02
69 Tm Lˇ1 8.1010 153.049 9.52 01 1.03 02 1.12 02 1.22 02 1.31 02
73 Ta L˛1 8.1461 152.201 9.38 01 1.01 02 1.10 02 1.20 02 1.29 02
28 Ni Kˇ1,3 8.2647 150.017 9.03 01 9.75 01 1.06 02 1.15 02 1.24 02
74 W L˛1 8.3976 147.643 8.66 01 9.34 01 1.01 02 1.11 02 1.19 02
70 Yb Lˇ1 8.4018 147.569 8.65 01 9.33 01 1.01 02 1.10 02 1.19 02
30 Zn K˛1 8.6389 143.519 8.03 01 8.65 01 9.39 01 1.02 02 1.10 02
75 Re L˛1 8.6525 143.294 8.00 01 8.62 01 9.35 01 1.02 02 1.09 02
71 Lu Lˇ1 8.7090 142.364 7.86 01 8.47 01 9.19 01 1.00 02 1.08 02
29 Cu Kˇ1 8.9053 139.226 7.41 01 7.98 01 8.65 01 9.44 01 1.01 02
76 Os L˛1 8.9117 139.l26 7.40 01 7.96 01 8.63 01 9.42 01 1.01 02
72 Hf Lˇ1 9.0227 137.414 7.16 01 7.70 01 8.35 01 9.11 01 9.77 01
77 Ir L˛1 9.1751 135.132 6.85 01 7.36 01 7.98 01 8.71 01 9.34 01
31 Ga K˛1 9.2517 134.013 6.70 01 7.20 01 7.81 01 8.52 01 9.13 01
73 Ta Lˇ1 9.3431 132.702 6.52 01 7.01 01 7.60 01 8.30 01 8.89 01
78 Pt L˛1 9.4423 131.308 6.34 01 6.82 01 7.39 01 8.06 01 8.64 01
30 Zn Kˇ1,3 9.5720 129.529 6.12 01 6.57 01 7.12 01 7.77 01 8.32 01
74 W Lˇ1 9.6724 128.184 5.95 01 6.39 01 6.92 01 7.56 01 8.09 01
79 Au L˛1 9.7135 127.644 5.88 01 6.32 01 6.85 01 7.47 01 8.00 01
32 Ge K˛1 9.8864 125.409 5.62 01 6.02 01 6.53 01 7.13 01 7.63 01
80 Hg L˛1 9.9888 124.l24 5.46 01 5.86 01 6.35 01 6.93 01 7.42 01
75 Re Lˇ1 10.010 123.861 5.43 01 5.83 01 6.31 01 6.89 01 7.37 01
31 Ga Kˇ1 10.264 120.796 5.09 01 5.45 01 5.91 01 6.45 01 6.90 01
81 Tl L˛1 10.269 120.737 5.08 01 5.44 01 5.90 01 6.44 01 6.89 01
76 Os Lˇ1 10.355 119.734 4.97 01 5.32 01 5.77 01 6.30 01 6.73 01
33 As K˛1 10.544 117.588 4.74 01 5.07 01 5.50 01 6.00 01 6.42 01
82 Pb L˛1 10.552 117.499 4.73 01 5.06 01 5.49 01 5.99 01 6.40 01
77 Ir Lˇ1 10.708 115.787 4.55 01 4.87 01 5.28 01 5.76 01 6.16 01
83 Bi L˛1 10.839 114.388 4.41 01 4.71 01 5.11 01 5.58 01 5.96 01
32 Ge Kˇ1 10.982 112.898 4.26 01 4.55 01 4.93 01 5.38 01 5.75 01
78 Pt Lˇ1 11.071 111.990 4.71 01 4.46 01 4.83 01 5.27 01 5.63 01
84 Po L˛1 11.131 111.387 4.11 01 4.39 01 4.76 01 5.19 01 5.55 01
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34 Se K˛1 11.222 110.484 4.02 01 4.30 01 4.66 01 5.08 01 5.43 01
85 At L˛1 11.427 108.501 3.84 01 4.10 01 4.44 01 4.84 01 5.17 01
79 Au Lˇ1 11.442 108.359 3.82 01 4.08 01 4.42 01 4.83 01 5.15 01
33 As Kˇ1 11.726 105.735 3.58 01 3.82 01 4.14 01 4.52 01 4.83 01
86 Rn L˛1 11.727 105.726 3.58 01 3.82 01 4.14 01 4.52 01 4.83 01
80 Hg Lˇ1 11.823 104.867 3.51 01 3.74 01 4.05 01 4.42 01 4.72 01
35 Br K˛1 11.924 103.979 3.43 01 3.66 01 3.96 01 4.32 01 4.61 01
87 Fr L˛1 12.031 103.054 3.35 01 3.57 01 3.87 01 4.22 01 4.51 01
81 Tl Lˇ1 12.213 101.519 3.22 01 3.43 01 3.72 01 4.06 01 4.33 01
88 Ra L˛1 12.340 100.474 3.13 01 3.34 01 3.62 01 3.95 01 4.21 01
34 Se Kˇ1 12.496 99.219 3.03 01 3.23 01 3.50 01 3.82 01 4.07 01
82 Pb Lˇ1 12.614 98.291 2.96 01 3.15 01 3.41 01 3.72 01 3.97 01
36 Kr K˛1 12.649 98.019 2.94 01 3.13 01 3.39 01 3.70 01 3.94 01
89 Ac L˛1 12.652 97.996 2.93 01 3.13 01 3.39 01 3.69 01 3.94 01
90 Th L˛1 12.969 95.601 2.75 01 2.93 01 3.17 01 3.46 01 3.68 01
83 Bi Lˇ1 13.024 95.197 2.72 01 2.89 01 3.13 01 3.42 01 3.64 01
91 Pa L˛1 13.291 93.285 2.58 01 2.74 01 2.97 01 3.24 01 3.45 01
35 Br Kˇ1 13.291 93.285 2.58 01 2.74 01 2.97 01 3.24 01 3.45 01
37 Rb K˛1 13.395 92.560 2.53 01 2.69 01 2.91 01 3.17 01 3.38 01
84 Po Lˇ1 13.447 92.202 2.50 01 2.66 01 2.88 01 3.14 01 3.34 01
92 U L˛1 13.615 91.065 2.42 01 2.57 01 2.78 01 3.04 01 3.24 01
85 At Lˇ1 13.876 89.352 2.31 01 2.44 01 2.65 01 2.89 01 3.07 01
36 Kr Kˇ1 14.112 87.857 2.21 01 2.34 01 2.53 01 2.76 01 2.94 01
38 Sr K˛1 14.165 87.529 2.19 01 2.31 01 2.51 01 2.73 01 2.91 01
86 Rn Lˇ1 14.316 86.606 2.13 01 2.25 01 2.44 01 2.66 01 2.83 01
87 Fr Lˇ1 14.770 83.943 1.28 02 2.07 01 2.24 01 2.45 01 2.60 01
39 Y K˛1 14.958 82.888 1.24 02 2.00 01 2.17 01 2.36 01 2.51 01
37 Rb Kˇ1 14.961 82.872 1.24 02 2.00 01 2.17 01 2.36 01 2.51 01
88 Ra Lˇ1 15.236 81.376 1.18 02 1.27 02 2.06 01 2.26 01 2.40 01
89 Ac Lˇ1 15.713 78.906 1.08 02 1.17 02 1.90 01 2.08 01 2.21 01
40 Zr K˛1 15.775 78.596 1.07 02 1.15 02 1.89 01 2.06 01 2.19 01
38 Sr Kˇ1 15.836 78.293 1.06 02 1.14 02 1.87 01 2.04 01 2 16 01
90 Th Lˇ1 16.202 76.524 9.99 01 1.07 02 1.16 02 1.92 01 2.04 01
41 Nb K˛1 16.615 74.622 9.33 01 1.00 02 1.08 02 1.80 01 1.90 01
91 Pa Lˇ1 16.702 74.233 9.20 01 9.91 01 1.06 02 1.77 01 1.88 01
39 Y Kˇ1 16.738 74.074 9.15 01 9.85 01 1.06 02 1.76 01 1.87 01
92 U Lˇ1 17.220 72.000 8.47 01 9.13 01 9.81 01 1.06 02 1.73 01
42 Mo K˛1 17.479 70.933 8.14 01 8.77 01 9.43 01 1.02 02 1.66 01
40 Zr Kˇ1 17.668 70.175 7.91 01 8.52 01 9.16 01 9.90 01 1.62 01
43 Tc K˛1 18.367 67.504 7.12 01 1.68 01 8.25 01 8.93 01 9.15 01
41 Nb Kˇ1 18.623 66.576 6.86 01 7.40 01 7.95 01 8.60 01 8.82 01
44 Ru K˛1 19.279 64.311 6.25 01 6.74 01 7.24 01 7.84 01 8.06 01
42 Mo Kˇ1 19.608 63.231 5.97 01 6.44 01 6.92 01 7.50 01 7.72 01
45 Rh K˛1 20.216 61.330 5.50 01 5.93 01 6.37 01 6.91 01 7.12 01
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43 Tc Kˇ1 20.619 60.131 5.21 01 5.62 01 6.04 01 6.54 01 6.76 01
46 Pd K˛1 21.l77 58.547 4.84 01 5.22 01 5.61 01 6.08 01 6.29 01
44 Ru Kˇ1 21.657 57.249 4.55 01 4.91 01 5.28 01 5.72 01 5.93 01
47 Ag K˛1 22.163 55.942 4.26 01 4.60 01 4.95 01 5.37 01 5.57 01
45 Rh Kˇ1 22.724 54.561 3.98 01 4.30 01 4.62 01 5.02 01 5.22 01
48 Cd K˛1 23.174 53.501 3.77 01 4.07 01 4.38 01 4.76 01 4.95 01
46 Pd Kˇ1 23.819 52.053 3.49 01 3.78 01 4.06 01 4.41 01 4.60 01
49 In K˛1 24.210 51.212 3.34 01 3.61 01 3.89 01 4.22 01 4.41 01
47 Ag Kˇ1 24.942 49.709 3.08 01 3.33 01 3.58 01 3.89 01 4.07 01
50 Sn K˛1 25.271 49.062 2.97 01 3.21 01 3.46 01 3.76 01 3.93 01
48 Cd Kˇ1 26.096 47.511 2.72 01 2.94 01 3.16 01 3.44 01 3.61 01
51 Sb K˛1 26.359 47.037 2.64 01 2.86 01 3.08 01 3.35 01 3.51 01
49 In Kˇ1 27.276 45.455 2.40 01 2.60 01 2.80 01 3.05 01 3.21 01
52 Te K˛1 27.472 45.131 2.36 01 2.55 01 2.75 01 2.99 01 3.15 01
50 Sn Kˇ1 28.486 43.524 2.13 01 2.31 01 2.49 01 2.71 01 2.86 01
53 I K˛1 28.612 43.333 2.11 01 2.28 01 2.46 01 2.68 01 2.82 01
51 Sb Kˇ1 29.726 41.709 1.89 01 2.05 01 2.21 01 2.41 01 2.55 01
54 Xe K˛1 29.779 41.635 1.89 01 2.04 01 2.20 01 2.40 01 2.54 01
55 Cs K˛1 30.973 40.030 1.69 01 1.83 01 1.97 01 2.15 01 2.28 01
52 Te Kˇ1 30.996 40.000 1.69 01 1.83 01 1.97 01 2.15 01 2.28 01
56 Ba K˛1 32.194 38.511 1.52 01 1.64 01 1.77 01 1.93 01 2.05 01
53 I Kˇ1 32.295 38.391 1.50 01 1.63 01 1.76 01 1.92 01 2.04 01
57 La K˛1 33.442 37.074 1.36 01 1.48 01 1.60 01 1.74 01 1.85 01
54 Xe Kˇ1 33.624 36.874 1.34 01 1.45 01 1.57 01 1.71 01 1.82 01
58 Ce K˛1 34.279 36.169 1.27 01 1.38 01 1.49 01 1.62 01 1.73 01
55 Cs Kˇ1 34.987 35.437 1.20 01 1.30 01 1.41 01 1.53 01 1.64 01
59 Pr K˛1 36.026 34.415 1.11 01 1.20 01 1.30 01 1.41 01 1.51 01
56 Ba Kˇ1 36.378 34.082 1.08 01 1.17 01 1.26 01 1.38 01 1.47 01
60 Nd K˛1 36.847 33.648 1.04 01 1.13 01 1.22 01 1.33 01 1.42 01
57 La Kˇ1 37.801 32.799 9.68 00 1.05 01 1.13 01 1.24 01 1.32 01
61 Pm K˛1 38.725 32.016 9.05 00 9.80 00 1.06 01 1.16 01 1.24 01
58 Ce Kˇ1 39.257 31.582 8.71 00 9.43 00 1.02 01 1.11 01 1.20 01
62 Sm K˛1 40.118 30.905 8.20 00 8.88 00 9.61 00 1.05 01 1.13 01
59 Pr Kˇ1 40.748 30.427 7.85 00 8.50 00 9.20 00 1.00 01 1.08 01
63 Eu K˛1 41.542 29.845 7.44 00 8.06 00 8.72 00 9.51 00 1.02 01
60 Nd Kˇ1 42.271 29.331 7.08 00 7.68 00 8.31 00 9.06 00 9.74 00
64 Gd K˛1 42.996 28.836 6.75 00 7.32 00 7.92 00 8.64 00 9.29 00
61 Pm Kˇ1 43.826 28.290 6.40 00 6.94 00 7.51 00 8.19 00 8.81 00
65 Tb K˛1 44.482 27.873 6.14 00 6.66 00 7.21 00 7.85 00 8.46 00
62 Sm Kˇ1 45.413 27.301 5.79 00 6.29 00 6.80 00 7.41 00 7.98 00
66 Dy K˛1 45.998 26.854 5.59 00 6.07 00 6.56 00 7.15 00 7.71 00
63 Eu Kˇ1 47.038 26.358 5.25 00 5.70 00 6.17 00 6.72 00 7.24 00
67 Ho K˛1 47.547 26.076 5.10 00 5.53 00 5.99 00 6.52 00 7.03 00
64 Gd Kˇ1 48.697 25.460 4.77 00 5.18 00 5.60 00 6.10 00 6.58 00



798 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 36Kr 37Rb 38Sr 39Y 40Zr

68 Er K˛1 49.128 25.237 4.65 00 5.05 00 5.46 00 5.95 00 6.42 00
65 Tb Kˇ1 50.382 24.609 4.33 00 4.71 00 5.09 00 5.54 00 5.99 00
69 Tm K˛1 50.742 24.434 4.25 00 4.62 00 4.99 00 5.44 00 5.87 00
66 Dy Kˇ1 52.119 23.788 3.95 00 4.29 00 4.64 00 5.05 00 5.45 00
70 Yb K˛1 52.389 23.666 3.89 00 4.23 00 4.57 00 4.97 00 5.37 00
67 Ho Kˇ1 53.877 23.012 3.60 00 3.92 00 4.23 00 4.60 00 4.98 00
71 Lu K˛1 54.070 22.930 3.57 00 3.88 00 4.19 00 4.56 00 4.93 00
68 Er Kˇ1 55.681 22.267 3.29 00 3.58 00 3.86 00 4.20 00 4.54 00
72 Hf K˛1 55.790 22.223 3.27 00 3.56 00 3.84 00 4.18 00 4.52 00
69 Tm Kˇ1 57.517 21.556 3.01 00 3.27 00 3.53 00 3.84 00 4.15 00
73 Ta K˛1 57.532 21.550 3.00 00 3.27 00 3.53 00 3.84 00 4.15 00
74 W K˛1 59.318 20.901 2.76 00 3.00 00 3.24 00 3.52 00 3.82 00
70 Yb Kˇ1 59.370 20.883 2.75 00 3.00 00 3.23 00 3.52 00 3.81 00
75 Re K˛1 61.140 20.278 2.54 00 2.77 00 2.99 00 3.24 00 3.51 00
71 Lu Kˇ1 61.283 20.231 2.53 00 2.75 00 2.97 00 3.22 00 3.49 00
76 Os K˛1 63.001 19.679 2.35 00 2.55 00 2.75 00 2.99 00 3.24 00
72 Hf Kˇ1 63.234 19.607 2.32 00 2.53 00 2.73 00 2.96 00 3.21 00
77 Ir K˛1 64.896 19.105 2.17 00 2.35 00 2.54 00 2.76 00 2.99 00
73 Ta Kˇ1 65.223 19.009 2.14 00 2.32 00 2.51 00 2.72 00 2.95 00
78 Pt K˛1 66.832 18.551 2.00 00 2.18 00 2.35 00 2.55 00 2.76 00
74 W Kˇ1 67.244 18.438 1.97 00 2.14 00 2.31 00 2.51 00 2.72 00
79 Au K˛1 68.804 18.020 1.85 00 2.01 00 2.17 00 2.36 00 2.55 00
75 Re Kˇ1 69.310 17.888 1.82 00 1.97 00 2.13 00 2.31 00 2.50 00
80 Hg K˛1 70.819 17.507 1.71 00 1.86 00 2.01 00 2.18 00 2.36 00
76 Os Kˇ1 71.413 17.361 1.68 00 1.82 00 1.96 00 2.13 00 2.31 00
81 Tl K˛1 72.872 17.014 1.59 00 1.72 00 1.86 00 2.02 00 2.18 00
77 Ir Kˇ1 73.561 16.854 1.55 00 1.68 00 1.81 00 1.96 00 2.13 00
82 Pb K˛1 74.969 16.538 1.47 00 1.60 00 1.72 00 1.87 00 2.02 00
78 Pt Kˇ1 75.748 16.368 1.43 00 1.55 00 1.67 00 1.81 00 1.97 00
83 Bi K˛1 77.108 16.079 1.36 00 1.48 00 1.59 00 1.73 00 1.87 00
79 Au Kˇ1 77.948 15.906 1.33 00 1.44 00 1.55 00 1.68 00 1.82 00
84 Po K˛1 79.290 15.636 1.27 00 1.37 00 1.48 00 1.60 00 1.74 00
80 Hg Kˇ1 80.253 15.449 1.23 00 1.33 00 1.43 00 1.55 00 1.68 00
85 At K˛1 81.520 15.209 1.18 00 1.28 00 1.38 00 1.49 00 1.62 00
81 Tl Kˇ1 82.576 15.014 1.14 00 1.24 00 1.33 00 1.44 00 1.56 00
86 Rn K˛1 83.780 14.798 1.10 00 1.19 00 1.28 00 1.39 00 1.51 00
82 Pb Kˇ1 84.936 14.597 1.06 00 1.15 00 1.24 00 1.34 00 1.45 00
87 Fr K˛1 86.100 14.400 1.03 00 1.11 00 1.20 00 1.30 00 1.40 00
83 Bi Kˇ1 87.343 14.195 9.93 -1 1.07 00 1.15 00 1.25 00 1.35 00
88 Ra K˛1 88.470 14.014 9.61 -1 1.04 00 1.12 00 1.21 00 1.31 00
84 Po Kˇ1 89.800 13.806 9.26 -1 9.99 -1 1.08 00 1.17 00 1.26 00
89 Ac K˛1 90.884 13.642 8.99 -1 9.69 -1 1.04 00 1.13 00 1.22 00
85 At Kˇ1 92.300 13.432 8.65 -1 9.32 -1 1.00 00 1.09 00 1.17 00
90 Th K˛1 93.350 13.281 8.41 -1 9.06 -1 9.74 -1 1.06 00 1.14 00



41Nb – 45Rh 799

Z transition E [keV] � [pm] 36Kr 37Rb 38Sr 39Y 40Zr

86 Rn Kˇ1 94.870 13.068 8.07 -1 8.69 -1 9.35 -1 1.01 00 1.09 00
91 Pa K˛1 95.868 12.932 7.87 -1 8.47 -1 9.11 -1 9.88 -1 1.06 00
87 Fr Kˇ1 97.470 12.720 7.55 -1 8.12 -1 8.73 -1 9.47 -1 1.02 00
92 U K˛1 98.439 12.595 7.36 -1 7.92 -1 8.51 -1 9.24 -1 9.90 -1
88 Ra Kˇ1 100.130 12.382 7.06 -1 7.59 -1 8.16 -1 8.85 -1 9.48 -1
89 Ac Kˇ1 102.850 12.054 6.67 -1 7.16 -1 7.68 -1 8.33 -1 8.91 -1
90 Th Kˇ1 105.610 11.739 6.30 -1 6.76 -1 7.24 -1 7.84 -1 8.38 -1
91 Pa Kˇ1 108.430 11.434 5.95 -1 6.38 -1 6.83 -1 7.39 -1 7.89 -1
92 U Kˇ1 111.300 11.139 5.63 -1 6.03 -1 6.45 -1 6.96 -1 7.43 -1

Z transition E [keV] � [pm] 41Nb 42Mo 43Tc 44Ru 45Rh

4 Be K˛ 0.1085 11427.207 1.06 04 7.97 03 7.30 03 4.43 03 3.91 03
38 Sr M� 0.1140 10875.895 9.69 03 7.50 03 7.08 03 5.54 03 4.11 03
39 Y L� 0.1328 9339.235 8.51 03 6.85 03 6.46 03 4.89 03 5.34 03
16 S Ll 0.1487 8337.942 7.75 03 6.41 03 6.04 03 5.17 03 6.15 03
40 Zr M� 0.1511 8205.506 7.65 03 6.34 03 5.98 03 5.21 03 6.13 03
41 Nb M� 0.1717 7221.037 7.14 03 5.77 03 5.55 03 5.34 03 5.98 03
5 B K˛ 0.1833 6764.059 6.56 03 5.61 03 5.33 03 5.36 03 6.00 03
42 Mo M� 0.1926 6473.445 6.12 03 5.48 03 5.18 03 5.38 03 6.62 03
6 C K˛ 0.2770 4476.000 1.94 04 1.64 04 7.95 03 5.52 03 4.65 03
47 Ag M� 0.3117 3977.709 2.28 04 2.04 04 1.16 04 6.43 03 5.00 03
7 N K˛ 0.3924 3159.664 2.14 04 2.02 04 2.29 04 1.41 04 1.83 04
22 Ti Ll 0.3953 3136.484 2.12 04 2.00 04 2.32 04 1.44 04 1.91 04
22 Ti L˛ 0.4522 2741.822 1.78 04 1.73 04 2.20 04 2.06 04 2.16 04
23 V L˛ 0.5113 2424.901 1.57 04 1.68 04 1.88 04 1.98 04 2.00 04
8 O K˛ 0.5249 2362.072 1.53 04 1.67 04 1.81 04 1.97 04 1.97 04
25 Mn Ll 0.5563 2228.747 1.39 04 1.52 04 1.75 04 1.78 04 1.83 04
24 Cr L˛ 0.5728 2164.549 1.33 04 1.44 04 1.65 04 1.69 04 1.76 04
25 Mn L˛ 0.6374 1945.171 1.12 04 1.21 04 1.34 04 1.47 04 1.57 04
9 F K˛ 0.6768 1831.932 1.02 04 1.09 04 1.19 04 1.30 04 1.39 04
26 Fe L˛ 0.7050 1758.655 9.52 03 1.02 04 1.10 04 1.20 04 1.29 04
27 Co L˛ 0.7762 1597.335 8.17 03 8.66 03 9.05 03 9.90 03 1.07 04
28 Ni L˛ 0.8515 1456.080 6.68 03 7.09 03 7.45 03 8.13 03 8.78 03
29 Cu L˛ 0.9297 1336.044 5.50 03 5.85 03 6.17 03 6.74 03 7.28 03
30 Zn L˛ 1.0117 1225.513 5.10 03 5.44 03 5.86 03 6.37 03 6.94 03
11 Na K˛ 1.0410 1191.020 4.74 03 5.06 03 5.46 03 5.93 03 6.46 03
11 Na Kˇ 1.0711 1157.550 4.41 03 4.71 03 5.08 03 5.53 03 6.02 03
12 Mg K˛ 1.2536 989.033 2.95 03 3.18 03 3.43 03 3.74 03 4.07 03
33 As L˛ 1.2820 967.123 2.78 03 3.00 03 3.25 03 3.54 03 3.85 03
12 Mg Kˇ 1.3022 952.121 2.62 03 2.89 03 3.12 03 3.40 03 3.71 03
33 As Lˇ1 1.3117 941.421 2.60 03 2.81 03 3.04 03 3.31 03 3.60 03
66 Dy Mˇ1 1.3250 935.737 2.56 03 2.77 03 2.99 03 3.26 03 3.55 03
67 Ho M˛ 1.3480 919.771 2.45 03 2.65 03 2.87 03 3.12 03 3.40 03



800 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 41Nb 42Mo 43Tc 44Ru 45Rh

34 Se L˛ 1.3791 899.029 2.31 03 2.50 03 2.71 03 2.95 03 3.22 03
67 Ho Mˇ 1.3830 896.494 2.29 03 2.48 03 2.69 03 2.93 03 3.19 03
68 Er M˛ 1.4060 881.829 2.20 03 2.38 03 2.58 03 2.81 03 3.06 03
34 Se Lˇ1 1.4192 873.627 2.14 03 2.33 03 2.52 03 2.75 03 2.99 03
68 Er Mˇ 1.4430 859.218 2.05 03 2.23 03 2.42 03 2.64 03 2.87 03
69 Tm M˛ 1.4620 848.051 1.99 03 2.16 03 2.34 03 2.55 03 2.78 03
35 Br L˛ 1.4804 837.511 1.92 03 2.10 03 2.27 03 2.48 03 2.70 03
13 Al K˛1 1.4867 833.962 1.90 03 2.07 03 2.25 03 2.45 03 2.67 03
69 Tm Mˇ 1.5030 824.918 1.85 03 2.02 03 2.19 03 2.38 03 2.60 03
70 Yb M˛ 1.5214 814.941 1.79 03 1.96 03 2.12 03 2.31 03 2.52 03
35 Br Lˇ1 1.5259 812.538 1.78 03 1.94 03 2.10 03 2.30 03 2.50 03
13 Al Kˇ 1.5574 796.103 1.69 03 1.85 03 2.00 03 2.18 03 2.38 03
70 Yb Mˇ 1.5675 790.974 1.66 03 1.82 03 1.97 03 2.15 03 2.34 03
71 Lu M˛ 1.5813 784.071 1.62 03 1.78 03 1.92 03 2.10 03 2.29 03
36 Kr L˛ 1.5860 781.747 1.61 03 1.76 03 1.91 03 2.08 03 2.27 03
71 Lu Mˇ 1.6312 760.085 1.50 03 1.64 03 1.78 03 1.94 03 2.12 03
36 Kr Lˇ1 1.6366 757.577 1.49 03 1.63 03 1.77 03 1.93 03 2.10 03
72 Hf Mˇ 1.6446 753.892 1.47 03 1.61 03 1.75 03 1.90 03 2.08 03
37 Rb Lˇ1 1.6941 731.864 1.36 03 1.49 03 1.62 03 1.77 03 1.93 03
72 Hf M˛1 1.6976 730.355 1.35 03 1.49 03 1.61 03 1.76 03 1.92 03
73 Ta Mˇ 1.7096 725.229 1.33 03 1.46 03 1.58 03 1.73 03 1.88 03
14 Si K˛1 1.7400 712.558 1.27 03 1.40 03 1.52 03 1.65 03 1.80 03
37 Rb Lˇ1 1.7522 707.597 1.25 03 1.37 03 1.49 03 1.63 03 1.77 03
73 Ta Mˇ 1.7655 702.266 1.22 03 1.35 03 1.46 03 1.59 03 1.74 03
74 W M˛1 1.7754 698.350 1.21 03 1.33 03 1.44 03 1.57 03 1.72 03
38 Sr L˛1 1.8066 686.290 1.15 03 1.27 03 1.38 03 1.51 03 1.64 03
74 W Mˇ 1.8349 675.705 1.11 03 1.22 03 1.33 03 1.45 03 1.58 03
14 Si Kˇ 1.8359 675.337 1.11 03 1.22 03 1.33 03 1.45 03 1.58 03
75 Re M˛1 1.8420 673.100 1.10 03 1.21 03 1.31 03 1.43 03 1.57 03
38 Sr Lˇ1 1.8717 662.420 1.05 03 1.16 03 1.26 03 1.38 03 1.50 03
75 Re Mˇ 1.9061 650.465 1.00 03 1.11 03 1.21 03 1.32 03 1.44 03
76 Os M˛1 1.9102 649.069 9.99 02 1.11 03 1.20 03 1.31 03 1.43 03
39 Y Lˇ1 1.9226 644.882 9.83 02 1.09 03 1.18 03 1.29 03 1.41 03
76 Os Mˇ 1.9783 626.725 9.13 02 1.01 03 1.10 03 1.20 03 1.31 03
77 Ir M˛1 1.9799 626.219 9.11 02 1.01 03 1.10 03 1.20 03 1.31 03
39 Y Lˇ1 1.9958 621.230 8.93 02 9.91 02 1.08 03 1.17 03 1.28 03
15 P K˛1 2.0137 615.708 8.73 02 9.69 02 1.05 03 1.15 03 1.25 03
40 Zr L˛1 2.0424 607.056 8.42 02 9.36 02 1.02 03 1.11 03 1.21 03
78 Pt M˛1 2.0505 604.658 8.33 02 9.26 02 1.01 03 1.10 03 1.20 03
77 Ir Mˇ 2.0535 603.775 8.30 02 9.23 02 1.00 03 1.09 03 1.20 03
79 Au M˛1 2.1229 584.036 7.63 02 8.50 02 9.23 02 1.01 03 1.10 03
40 Zr Lˇ1 2.1244 583.624 7.61 02 8.48 02 9.22 02 1.01 03 1.10 03
78 Pt Mˇ 2.1273 582.828 7.59 02 8.46 02 9.19 02 1.00 03 1.10 03
15 P Kˇ1,3 2.1390 579.640 7.48 02 8.34 02 9.06 02 9.89 02 1.08 03



41Nb – 45Rh 801

Z transition E [keV] � [pm] 41Nb 42Mo 43Tc 44Ru 45Rh

41 Nb L˛1 2.1659 572.441 7.25 02 8.09 02 8.79 02 9.59 02 1.05 03
80 Hg M˛1 2.1953 564.775 7.00 02 7.82 02 8.50 02 9.28 02 1.01 03
79 Au Mˇ 2.2046 562.393 6.93 02 7.74 02 8.41 02 9.18 02 1.00 03
41 Nb Lˇ1 2.2574 549.238 6.52 02 7.30 02 7.93 02 8.66 02 9.46 02
81 Tl M˛1 2.2706 546.045 6.43 02 7.19 02 7.82 02 8.54 02 9.32 02
80 Hg Mˇ 2.2825 543.199 6.34 02 7.10 02 7.71 02 8.43 02 9.20 02
42 Mo L˛1 2.2932 540.664 6.27 02 7.02 02 7.63 02 8.33 02 9.10 02
16 S K˛1 2.3080 537.197 6.16 02 6.91 02 7.50 02 8.20 02 8.95 02
82 Pb M˛1 2.3457 528.563 5.92 02 6.64 02 7.21 02 7.88 02 8.60 02
81 Tl Mˇ 2.3621 524.893 5.81 02 6.52 02 7.09 02 7.74 02 8.45 02
42 Mo Lˇ1 2.3948 517.726 2.39 03 6.30 02 6.85 02 7.49 02 8.17 02
83 Bi M˛1 2.4226 511.785 2.31 03 6.13 02 6.65 02 7.28 02 7.94 02
43 Tc L˛1 2.4240 511.490 2.31 03 6.12 02 6.65 02 7.27 02 7.93 02
82 Pb Mˇ 2.4427 507.574 2.26 03 6.00 02 6.52 02 7.13 02 7.78 02
16 S Kˇ 2.4640 503.186 2.21 03 5.87 02 6.38 02 6.98 02 7.62 02
83 Bi Mˇ1 2.5255 490.933 2.89 03 2.21 03 6.00 02 6.57 02 7.17 02
43 Tc Lˇ1 2.5368 488.746 2.85 03 2.19 03 5.94 02 6.49 02 7.09 02
44 Ru L˛1 2.5586 484.582 2.78 03 2.14 03 5.81 02 6.36 02 6.94 02
17 Cl K˛1 2.6224 472.792 2.60 03 2.00 03 5.47 02 5.98 02 6.53 02
44 Ru Lˇ1 2.6832 462.079 2.44 03 2.62 03 1.96 03 5.65 02 6.17 02
45 Rh L˛1 2.6967 459.766 2.57 03 2.59 03 1.94 03 5.58 02 5.09 02
17 Cl Kˇ 2.8156 440.350 2.57 03 2.29 03 2.40 03 5.02 02 5.48 02
45 Rh Lˇ1 2.8344 437.430 2.52 03 2.25 03 2.36 03 4.94 02 5.39 02
46 Pd L˛1 2.8386 436.782 2.51 03 2.24 03 2.35 03 1.80 03 5.37 02
18 Ar K˛1 2.9577 419.194 2.24 03 2.40 03 2.10 03 1.62 02 4.85 02
47 Ag L˛1 2.9843 415.458 2.19 03 2.34 03 2.05 03 2.20 03 4.74 02
46 Pd L˛1 2.9902 414.638 2.18 03 2.33 03 2.04 03 2.19 03 4.72 02
90 Th M˛1 2.9961 413.821 2.17 03 2.32 03 2.03 03 2.18 03 4.70 02
91 Pa M˛1 3.0823 402.248 2.00 03 2.14 03 2.25 03 2.01 03 1.52 03
48 Cd L˛1 3.1337 395.651 1.91 03 2.05 03 2.15 03 1.93 03 1.46 03
90 Th Mˇ 3.1458 394.129 1.89 03 2.03 03 2.13 03 1.91 03 1.44 03
47 Ag Lˇ1 3.1509 393.491 1.89 03 2.02 03 2.12 03 1.90 03 2.00 03
92 U M˛1 3.1708 391.021 1.85 03 1.98 03 2.08 03 1.86 03 1.97 03
18 Ar Kˇ 3.1905 388.607 1.82 03 1.95 03 2.05 03 1.83 03 1.94 03
91 Pa Mˇ 3.2397 382.705 1.75 03 1.87 03 1.96 03 2.11 03 1.86 03
49 In L˛1 3.2869 377.210 1.68 03 1.80 03 1.89 03 2.03 03 1.79 03
19 K K˛1 3.3138 374.148 1.64 03 1.76 03 1.84 03 1.98 03 1.75 03
48 Cd Lˇ1 3.3166 373.832 1.64 03 1.75 03 1.84 03 1.98 03 1.74 03
92 U Mˇ 3.3360 371.658 1.61 03 1.73 03 1.81 03 1.95 03 1.72 03
50 Sn L˛1 3.4440 360.003 1.48 03 1.58 03 1.66 03 1.79 03 1.89 03
49 In Lˇ1 3.4872 355.543 1.43 03 1.53 03 1.60 03 1.73 03 1.83 03
19 K Kˇ 3.5896 345.401 1.32 03 1.41 03 1.48 03 1.59 03 1.69 03
51 Sb L˛1 3.6047 343.954 1.30 03 1.40 03 1.46 03 1.58 03 1.67 03
50 Sn Lˇ1 3.6628 338.498 1.25 03 1.34 03 1.40 03 1.51 03 1.60 03



802 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 41Nb 42Mo 43Tc 44Ru 45Rh

20 Ca K˛1 3.6917 335.848 1.22 03 1.31 03 1.37 03 1.48 03 1.56 03
52 Te L˛1 3.7693 328.934 1.15 03 1.23 03 1.30 03 1.40 03 1.48 03
51 Sb Lˇ1 3.8436 322.575 1.09 03 1.17 03 1.23 03 1.32 03 1.40 03
53 I L˛1 3.9377 314.867 1.02 03 1.09 03 1.15 03 1.24 03 1.31 03
20 Ca Kˇ 4.0127 308.981 9.70 02 1.04 03 1.09 03 1.18 03 1.25 03
52 Te Lˇ1 4.0296 307.686 9.59 02 1.03 03 1.08 03 1.16 03 1.23 03
21 Sc K˛1 4.0906 303.097 9.21 02 9.85 02 1.04 03 1.12 03 1.18 03
54 Xe L˛1 4.1099 301.674 9.09 02 9.73 02 1.02 03 1.10 03 1.17 03
53 I Lˇ1 4.2207 293.755 8.45 02 9.04 02 9.51 02 1.02 03 1.09 03
55 Cs L˛1 4.2865 289.245 8.10 02 8.66 02 9.12 02 9.81 02 1.04 03
21 Sc Kˇ 4.4605 277.962 7.27 02 7.76 02 8.18 02 8.80 02 9.35 02
56 Ba L˛1 4.4663 277.601 7.24 02 7.73 02 8.15 02 8.77 02 9.31 02
22 Ti K˛1 4.5108 274.863 7.05 02 7.52 02 7.93 02 8.53 02 9.07 02
55 Cs Lˇ1 4.6198 268.377 6.60 02 7.04 02 7.43 02 7.99 02 8.49 02
57 La L˛1 4.6510 266.577 6.48 02 6.91 02 7.30 02 7.85 02 8.34 02
56 Ba Lˇ1 4.8273 256.841 5.86 02 6.24 02 6.59 02 7.09 02 7.54 02
58 Ce Lˇ1 4.8402 256.157 5.82 02 6.19 02 6.55 02 7.03 02 7.48 02
22 Ti Kˇ1,3 4.9318 251.399 5.53 02 5.88 02 6.22 02 6.68 02 7.11 02
23 V K˛1 4.9522 250.363 5.46 02 5.81 02 6.15 02 6.61 02 7.03 02
59 Pr L˛1 5.0337 246.310 5.22 02 5.56 02 5.88 02 6.32 02 6.72 02
57 La Lˇ1 5.0421 245.899 5.20 02 5.53 02 5.86 02 6.29 02 6.69 02
60 Nd L˛1 5.2304 237.047 4.71 02 5.00 02 5.30 02 5.69 02 6.06 02
58 Ce Lˇ1 5.2622 235.614 4.63 02 4.92 02 5.21 02 5.60 02 5.96 02
24 Cr K˛1 5.4147 228.978 4.28 02 4.55 02 4.82 02 5.18 02 5.52 02
23 V Kˇ1,3 5.4273 228.447 4.25 02 4.52 02 4.79 02 5.15 02 5.48 02
61 Pm L˛1 5.4325 228.228 4.24 02 4.51 02 4.78 02 5.13 02 5.47 02
59 Pr Lˇ1 5.4889 225.883 4.12 02 4.38 02 4.65 02 4.99 02 5.32 02
62 Sm L˛1 5.6361 219.984 3.84 02 4.08 02 4.32 02 4.64 02 4.95 02
60 Nd Lˇ1 5.7216 216.696 3.68 02 3.91 02 4.15 02 4.46 02 4.75 02
63 Eu L˛1 5.8457 212.096 3.47 02 3.69 02 3.91 02 4.20 02 4.48 02
25 Mn K˛1 5.8988 210.187 3.39 02 3.60 02 3.82 02 4.10 02 4.38 02
24 Cr Kˇ1 5.9467 208.494 3.31 02 3.52 02 3.73 02 4.01 02 4.28 02
61 Pm Lˇ1 5.9610 207.993 3.29 02 3.50 02 3.71 02 3.99 02 4.25 02
64 Gd L˛1 6.0572 204.690 3.15 02 3.35 02 3.55 02 3.82 02 4.07 02
62 Sm Lˇ1 6.2051 199.811 2.95 02 3.13 02 3.33 02 3.57 02 3.82 02
65 Tb L˛1 6.2728 197.655 2.87 02 3.04 02 3.23 02 3.47 02 3.71 02
26 Fe K˛1 6.4038 193.611 2.71 02 2.87 02 3.05 02 3.28 02 3.50 02
63 Eu Lˇ1 6.4564 192.034 2.65 02 2.81 02 2.99 02 3.21 02 3.43 02
25 Mn Kˇ1,3 6.4905 191.025 2.61 02 2.77 02 2.94 02 3.16 02 3.38 02
66 Dy L˛1 6.4952 190.887 2.61 02 2.76 02 2.94 02 3.16 02 3.37 02
64 Gd Lˇ1 6.7132 184.688 2.38 02 2.53 02 2.68 02 2.89 02 3.08 02
67 Ho L˛1 6.7198 184.507 2.38 02 2.52 02 2.68 02 2.88 02 3.08 02
27 Co K˛1 6.9303 178.903 2.18 02 2.31 02 2.46 02 2.65 02 2.83 02
68 Er L˛1 6.9487 178.429 2.17 02 2.30 02 2.44 02 2.63 02 2.81 02



41Nb – 45Rh 803

Z transition E [keV] � [pm] 41Nb 42Mo 43Tc 44Ru 45Rh

65 Tb Lˇ1 6.9780 177.680 2.14 02 2.27 02 2.42 02 2.60 02 2.78 02
26 Fe Kˇ1,3 7.0580 175.666 2.08 02 2.20 02 2.34 02 2.52 02 2.69 02
69 Tm L˛1 7.1799 172.683 1.98 02 2.10 02 2.24 02 2.41 02 2.57 02
66 Dy Lˇ1 7.2477 171.068 1.93 02 2.05 02 2.18 02 2.34 02 2.51 02
70 Yb L˛1 7.4156 167.196 1.82 02 1.92 02 2.05 02 2.20 02 2.36 02
28 Ni K˛1 7.4782 165.795 1.78 02 1.88 02 2.00 02 2.15 02 2.30 02
67 Ho Lˇ1 7.5253 164.757 1.75 02 1.85 02 1.97 02 2.12 02 2.26 02
27 Co Kˇ1,3 7.6494 162.084 1.67 02 1.77 02 1.88 02 2.03 02 2.17 02
71 Lu L˛1 7.6555 161.955 1.67 02 1.76 02 1.88 02 2.02 02 2.16 02
68 Er Lˇ1 7.8109 158.733 1.58 02 1.67 02 1.78 02 1.91 02 2.05 02
72 Hf L˛1 7.8990 156.963 1.53 02 1.62 02 1.73 02 1.86 02 1.99 02
29 Cu K˛1 8.0478 154.060 1.45 02 1.54 02 1.64 02 1.76 02 1.89 02
69 Tm Lˇ1 8.1010 153.049 1.43 02 1.51 02 1.61 02 1.73 02 1.86 02
73 Ta L˛1 8.1461 152.201 1.41 02 1.49 02 1.59 02 1.71 02 1.83 02
28 Ni Kˇ1,3 8.2647 150.017 1.35 02 1.43 02 1.53 02 1.64 02 1.76 02
74 W L˛1 8.3976 147.643 1.30 02 1.37 02 1.46 02 1.57 02 1.68 02
70 Yb Lˇ1 8.4018 147.569 1.30 02 1.37 02 1.46 02 1.57 02 1.68 02
30 Zn K˛1 8.6389 143.519 1.20 02 1.27 02 1.35 02 1.46 02 1.56 02
75 Re L˛1 8.6525 143.294 1.20 02 1.26 02 1.35 02 1.45 02 1.55 02
71 Lu Lˇ1 8.7090 142.364 1.18 02 1.24 02 1.33 02 1.42 02 1.53 02
29 Cu Kˇ1 8.9053 139.226 1.11 02 1.17 02 1.25 02 1.34 02 1.44 02
76 Os L˛1 8.9117 139.126 1.11 02 1.17 02 1.25 02 1.34 02 1.44 02
72 Hf Lˇ1 9.0227 137.414 1.07 02 1.13 02 1.20 02 1.29 02 1.39 02
77 Ir L˛1 9.1751 135.132 1.02 02 1.08 02 1.15 02 1.24 02 1.33 02
31 Ga K˛1 9.2517 134.013 9.99 01 1.05 02 1.13 02 1.21 02 1.30 02
73 Ta Lˇ1 9.3431 132.702 9.73 01 1.03 02 1.10 02 1.18 02 1.26 02
78 Pt L˛1 9.4423 131.308 9.46 01 9.97 01 1.07 02 1.14 02 1.25 02
30 Zn Kˇ1,3 9.5720 129.529 9.12 01 9.61 01 1.03 02 1.10 02 1.18 02
74 W Lˇ1 9.6724 128.184 8.86 01 9.34 01 9.98 01 1.07 02 1.15 02
79 Au L˛1 9.7133 127.644 8.76 01 9.24 01 9.87 01 1.06 02 1.14 02
32 Ge K˛1 9.8864 125.409 8.36 01 8.81 01 9.41 01 1.01 02 1.09 02
80 Hg L˛1 9.9888 124.124 8.13 01 8.56 01 9.15 01 9.80 01 1.06 02
75 Re Lˇ1 10.010 123.861 8.08 01 8.51 01 9.10 01 9.75 01 1.05 02
31 Ga Kˇ1 10.264 120.796 7.55 01 7.96 01 8.51 01 9.11 01 9.82 01
81 Tl L˛1 10.269 120.737 7.54 01 7.95 01 8.50 01 9.10 01 9.81 01
76 Os Lˇ1 10.355 119.743 7.38 01 7.77 01 8.31 01 8.90 01 9.59 01
33 As K˛1 10.544 117.588 7.03 01 7.40 01 7.91 01 8.48 01 9.14 01
82 Pb L˛1 10.552 117.499 7.01 01 7.38 01 7.90 01 8.46 01 9.12 01
77 Ir Lˇ1 10.708 115.787 6.74 01 7.09 01 7.59 01 8.14 01 8.77 01
83 Bi L˛1 10.839 114.388 6.52 01 6.86 01 7.35 01 7.88 01 8.49 01
32 Ge Kˇ1 10.982 112.898 6.30 01 6.63 01 7.10 01 7.61 01 8.20 01
78 Pt Lˇ1 11.071 111.990 6.16 01 6.48 01 6.94 01 7.44 01 8.02 01
84 Po L˛1 11.131 111.387 6.07 01 6.39 01 6.84 01 7.34 01 7.91 01
34 Se K˛1 11.222 110.484 5.94 01 6.25 01 6.70 01 7.18 01 7.74 01



804 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 41Nb 42Mo 43Tc 44Ru 45Rh

85 At L˛1 11.427 108.501 5.66 01 5.95 01 6.38 01 6.84 01 7.37 01
79 Au Lˇ1 11.442 108.359 5.64 01 5.93 01 6.36 01 6.81 01 7.34 01
33 As Kˇ1 11.726 105.735 5.28 01 5.55 01 5.95 01 6.38 01 6.88 01
86 Rn L˛1 11.727 105.726 5.28 01 5.55 01 5.95 01 6.38 01 6.88 01
80 Hg Lˇ1 11.823 104.867 5.16 01 5.43 01 5.82 01 6.24 01 6.73 01
35 Br K˛1 11.924 103.979 5.05 01 5.30 01 5.69 01 6.10 01 6.58 01
87 Fr L˛1 12.031 103.054 4.93 01 5.18 01 5.55 01 5.96 01 6.42 01
81 Tl Lˇ1 12.213 101.519 4.73 01 4.97 01 5.33 01 5.72 01 6.17 01
88 Ra L˛1 12.340 100.474 4.60 01 4.83 01 5.19 01 5.57 01 6.00 01
34 Se Kˇ1 12.496 99.219 4.45 01 4.67 01 5.02 01 5.38 01 5.80 01
82 Pb Lˇ1 12.614 98.291 4.34 01 4.55 01 4.89 01 5.25 01 5.66 01
36 Kr K˛1 12.649 98.019 4.31 01 4.52 01 4.86 01 5.21 01 5.62 01
89 Ac L˛1 12.652 97.996 4.30 01 4.52 01 4.85 01 5.21 01 5.61 01
90 Th L˛1 12.969 95.601 4.03 01 4.22 01 4.54 01 4.87 01 5.25 01
83 Bi Lˇ1 13.024 95.197 3.98 01 4.18 01 4.49 01 4.82 01 5.19 01
91 Pa L˛1 13.291 93.285 3.77 01 3.95 01 4.25 01 4.56 01 4.92 01
35 Br Kˇ1 13.291 93.285 3.77 01 3.95 01 4.25 01 4.56 01 4.92 01
37 Rb K˛1 13.395 92.560 3.69 01 3.87 01 4.16 01 4.47 01 4.82 01
84 Po Lˇ1 13.447 92.202 3.65 01 3.83 01 4.12 01 4.42 01 4.77 01
92 U L˛1 13.615 91.065 3.53 01 3.70 01 3.98 01 4.28 01 4.61 01
85 At Lˇ1 13.876 89.352 3.36 01 3.52 01 3.79 01 4.07 01 4.38 01
36 Kr Kˇ1 14.112 87.857 3.21 01 3.36 01 3.62 01 3.89 01 4.19 01
38 Sr K˛1 14.165 87.529 3.18 01 3.33 01 3.58 01 3.85 01 4.15 01
86 Rn Lˇ1 14.316 86.606 3.09 01 3.23 01 3.48 01 3.74 01 4.15 01
87 Fr Lˇ1 14.770 83.943 2.84 01 2.97 01 3.20 01 3.44 01 4.03 01
39 Y K˛1 14.958 82.888 2.74 01 2.87 01 3.10 01 3.33 01 3.58 01
37 Rb Kˇ1 14.961 82.872 2.74 01 2.87 02 3.09 01 3.32 01 3.58 01
88 Ra Lˇ1 15.236 81.376 2.61 01 2.73 01 2.95 01 3.17 01 3.41 01
89 Ac Lˇ1 15.713 78.906 2.41 01 2.52 01 2.72 01 2.92 01 3.15 01
40 Zr K˛1 15.775 78.596 2.36 01 2.49 01 2.69 01 2.89 01 3.11 01
38 Sr Kˇ1 15.836 78.293 2.36 01 2.47 01 2.66 01 2.86 01 3.08 01
90 Th Lˇ1 16.202 76.524 2.22 01 2.32 01 2.50 01 2.69 01 2.90 01
41 Nb K˛1 16.615 74.622 2.08 01 2.17 01 2.34 01 2.51 01 2.71 01
91 Pa Lˇ1 16.702 74.233 2.05 01 2.14 01 2.31 01 2.48 01 2.68 01
39 Y Kˇ1 16.738 74.074 2.04 01 2.13 01 2.30 01 2.47 01 2.66 01
92 U Lˇ1 17.220 72.000 1.89 01 1.97 01 2.13 01 2.29 01 2.47 01
42 Mo K˛1 17.479 70.933 1.82 01 1.90 01 2.05 01 2.20 01 2.37 01
40 Zr Kˇ1 17.668 70.175 1.76 01 1.84 01 1.99 01 2.14 01 2.31 01
43 Tc K˛1 18.367 67.504 1.59 01 1.66 01 1.79 01 1.93 01 2.08 01
41 Nb Kˇ1 18.623 66.576 1.54 01 1.60 01 1.73 01 1.86 01 2.01 01
44 Ru K˛1 19.279 64.311 8.50 01 1.46 01 1.58 01 1.69 01 1.83 01
42 Mo Kˇ1 19.608 63.231 8.16 01 1.40 01 1.51 01 1.62 01 1.75 01
45 Rh K˛1 20.216 61.330 7.56 01 8.05 01 1.39 01 1.49 01 1.62 01
43 Tc Kˇ1 20.619 60.131 7.18 01 7.64 01 1.32 01 1.42 01 1.53 01



41Nb – 45Rh 805

Z transition E [keV] � [pm] 41Nb 42Mo 43Tc 44Ru 45Rh

46 Pd K˛1 21.177 58.547 6.69 01 7.12 01 1.77 01 1.32 01 1.43 01
44 Ru Kˇ1 21.657 57.249 6.31 01 6.71 01 7.31 01 1.25 01 1.35 01
47 Ag K˛1 22.163 55.942 5.93 01 6.32 01 6.87 01 7.35 01 1.27 01
45 Rh Kˇ1 22.724 54.561 5.55 01 5.91 01 6.42 01 6.87 01 1.19 01
48 Cd K˛1 23.174 53.501 5.28 01 5.61 01 6.09 01 6.51 01 1.13 01
46 Pd Kˇ1 23.819 52.053 4.91 01 5.22 01 5.65 01 6.04 01 6.29 01
49 In K˛1 24.210 51.212 4.70 01 5.00 01 5.41 01 5.78 01 6.02 01
47 Ag Kˇ1 24.942 49.709 4.35 01 4.62 01 4.99 01 5.33 01 5.56 01
50 Sn K˛1 25.271 49.062 4.20 01 4.46 01 4.82 01 5.15 01 5.37 01
48 Cd Kˇ1 26.096 47.511 3.86 01 4.10 01 4.41 01 4.72 01 4.93 01
51 Sb K˛1 26.359 47.037 3.76 01 3.99 01 4.30 01 4.59 01 4.80 01
49 In Kˇ1 27.276 45.455 3.43 01 3.65 01 3.92 01 4.18 01 4.38 01
52 Te K˛1 27.472 45.131 3.37 01 3.58 01 3.84 01 4.10 01 4.30 01
50 Sn Kˇ1 28.486 43.524 3.06 01 3.25 01 3.48 01 3.72 01 3.90 01
53 I K˛1 28.612 43.333 3.03 01 3.22 01 3.44 01 3.67 01 3.86 01
51 Sb Kˇ1 29.726 41.709 2.74 01 2.91 01 3.11 01 3.31 01 3.48 01
54 Xe K˛1 29.779 41.635 2.72 01 2.89 01 3.09 01 3.30 01 3.47 01
55 Cs K˛1 30.973 40.030 2.45 01 2.60 01 2.77 01 2.96 01 3.12 01
52 Te Kˇ1 30.996 40.000 2.44 01 2.60 01 2.77 01 2.95 01 3.11 01
56 Ba K˛1 32.194 38.511 2.21 01 2.34 01 2.49 01 2.66 01 2.81 01
53 I Kˇ1 32.295 38.391 2.19 01 2.32 01 2.47 01 2.64 01 2.78 01
57 La K˛1 33.442 37.074 1.99 01 2.11 01 2.24 01 2.40 01 2.53 01
54 Xe Kˇ1 33.624 36.874 1.96 01 2.08 01 2.21 01 2.36 01 2.49 01
58 Ce K˛1 34.279 36.169 1.86 01 1.98 01 2.10 01 2.24 01 2.37 01
55 Cs Kˇ1 34.987 35.437 1.76 01 1.87 01 1.98 01 2.12 01 2.24 01
59 Pr K˛1 36.026 34.415 1.63 01 1.73 01 1.83 01 1.95 01 2.07 01
56 Ba Kˇ1 36.378 34.082 1.58 01 1.68 01 1.78 01 1.90 01 2.01 01
60 Nd K˛1 36.847 33.648 1.53 01 1.62 01 1.72 01 1.84 01 1.95 01
57 La Kˇ1 37.801 32.799 1.43 01 1.51 01 1.60 01 1.71 01 1.81 01
61 Pm K˛1 38.725 32.016 1.34 01 1.42 01 1.50 01 1.60 01 1.70 01
58 Ce Kˇ1 39.257 31.582 1.29 01 1.37 01 1.44 01 1.54 01 1.64 01
62 Sm K˛1 40.118 30.905 1.22 01 1.29 01 1.36 01 1.45 01 1.54 01
59 Pr Kˇ1 40.748 30.427 1.16 01 1.23 01 1.30 01 1.39 01 1.48 01
63 Eu K˛1 41.542 29.845 1.11 01 1.17 01 1.23 01 1.32 01 1.34 01
60 Nd Kˇ1 42.271 29.331 1.05 01 1.12 01 1.17 01 1.26 01 1.34 01
64 Gd K˛1 42.996 28.836 1.01 01 1.07 01 1.12 01 1.20 01 1.28 01
61 Pm Kˇ1 43.826 28.290 9.56 00 1.01 01 1.06 01 1.14 01 1.21 01
65 Tb K˛1 44.482 27.873 9.18 00 9.70 00 1.02 01 1.09 01 1.16 01
62 Sm Kˇ1 45.413 27.301 8.67 00 9.16 00 9.62 00 1.03 01 1.10 01
66 Dy K˛1 45.998 26.954 8.38 00 8.85 00 9.28 00 9.93 00 1.06 01
63 Eu Kˇ1 47.038 26.358 7.88 00 8.32 00 8.72 00 9.33 00 9.97 00
67 Ho K˛1 47.547 26.076 7.66 00 8.07 00 8.47 00 9.05 00 9.68 00
64 Gd Kˇ1 48.697 25.460 7.17 00 7.56 00 7.92 00 8.47 00 9.06 00
68 Er K˛1 49.128 25.237 7.00 00 7.38 00 7.73 00 8.20 00 8.84 00



806 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 41Nb 42Mo 43Tc 44Ru 45Rh

65 Tb Kˇ1 50.382 24.609 6.54 00 6.89 00 7.21 00 7.70 00 8.25 00
69 Tm K˛1 50.742 24.343 6.41 00 6.75 00 7.07 00 7.55 00 8.09 00
66 Dy Kˇ1 52.119 23.788 5.95 00 6.28 00 6.50 00 7.02 00 7.51 00
70 Yb K˛1 52.389 23.666 5.87 00 6.19 00 6.47 00 6.92 00 7.41 00
67 Ho Kˇ1 53.877 23.012 5.43 00 5.73 00 5.99 00 6.40 00 6.86 00
71 Lu K˛1 54.070 22.930 5.38 00 5.68 00 5.93 00 6.34 00 6.79 00
68 Er Kˇ1 55.681 22.267 4.96 00 5.24 00 5.47 00 5.85 00 6.26 00
72 Hf K˛1 55.790 22.223 4.94 00 5.21 00 5.44 00 5.82 00 6.23 00
69 Tm Kˇ1 57.517 21.556 4.54 00 4.80 00 5.00 00 5.35 00 5.72 00
73 Ta K˛1 57.532 21.550 4.53 00 4.79 00 5.00 00 5.35 00 5.72 00
74 W K˛1 59.318 20.901 4.17 00 4.41 00 4.60 00 4.91 00 5.25 00
70 Yb Kˇ1 59.370 20.883 4.16 00 4.40 00 4.58 00 4.90 00 5.24 00
75 Re K˛1 61.140 20.278 3.84 00 4.06 00 4.23 00 4.52 00 4.84 00
71 Lu Kˇ1 61.283 20.231 3.81 00 4.04 00 4.20 00 4.40 00 4.81 00
76 Os K˛1 63.001 19.679 3.54 00 3.75 00 3.90 00 4.17 00 4.40 00
72 Hf Kˇ1 63.234 19.607 3.50 00 3.71 00 3.80 00 4.12 00 4.41 00
77 Ir K˛1 64.896 19.105 3.27 00 3.46 00 3.60 00 3.84 00 4.11 00
73 Ta Kˇ1 65.223 19.009 3.22 00 3.41 00 3.55 00 3.79 00 4.05 00
78 Pt K˛1 66.832 18.551 3.02 00 3.19 00 3.32 00 3.55 00 3.79 00
74 W Kˇ1 67.244 18.438 2.97 00 3.14 00 3.26 00 3.49 00 3.73 00
79 Au K˛1 68.804 18.020 2.79 00 2.95 00 3.07 00 3.28 00 3.50 00
75 Re Kˇ1 69.310 17.888 2.73 00 2.89 00 3.00 00 3.31 00 3.44 00
80 Hg K˛1 70.819 17.507 2.58 00 2.73 00 2.83 00 3.03 00 3.24 00
76 Os Kˇ1 71.413 17.361 2.52 00 2.67 00 2.77 00 2.96 00 3.17 00
81 Tl K˛1 72.872 17.014 2.39 00 2.53 00 2.62 00 2.80 00 3.00 00
77 Ir Kˇ1 73.561 16.854 2.33 00 2.46 00 2.55 00 2.73 00 2.92 00
82 Pb K˛1 74.969 16.538 2.21 00 2.34 00 2.43 00 2.59 00 2.77 00
78 Pt Kˇ1 75.748 16.368 2.15 00 2.28 00 2.36 00 2.52 00 2.70 00
83 Bi K˛1 77.108 16.079 2.05 00 2.17 00 2.25 00 2.40 00 2.57 00
79 Au Kˇ1 77.948 15.906 1.99 00 2.11 00 2.18 00 2.33 00 2.49 00
84 Po K˛1 79.290 15.636 1.90 00 2.01 00 2.08 00 2.22 00 2.38 00
80 Hg Kˇ1 80.253 15.449 1.84 00 1.95 00 2.01 00 2.15 00 2.30 00
85 At K˛1 81.520 15.209 1.77 00 1.87 00 1.93 00 2.06 00 2.21 00
81 Tl Kˇ1 82.576 15.014 1.71 00 1.81 00 1.87 00 2.00 00 2.14 00
86 Rn K˛1 83.780 14.798 1.64 00 1.74 00 1.80 00 1.92 00 2.06 00
82 Pb Kˇ1 84.936 14.597 1.59 00 1.68 00 1.74 00 1.85 00 1.96 00
87 Fr K˛1 86.100 14.400 1.53 00 1.62 00 1.68 00 1.79 00 1.91 00
83 Bi Kˇ1 87.343 14.195 1.48 00 1.56 00 1.61 00 1.72 00 1.84 00
88 Ra K˛1 88.470 14.014 1.43 00 1.51 00 1.56 00 1.66 00 1.78 00
84 Po Kˇ1 89.800 13.806 1.37 00 1.45 00 1.50 00 1.60 00 1.71 00
89 Ac K˛1 90.884 13.642 1.33 00 1.41 00 1.45 00 1.55 00 1.66 00
85 At Kˇ1 92.300 13.432 1.28 00 1.35 00 1.40 00 1.49 00 1.59 00
90 Th K˛1 93.350 13.281 1.24 00 1.31 00 1.36 00 1.44 00 1.54 00
86 Rn Kˇ1 94.870 13.068 1.19 00 1.26 00 1.30 00 1.38 00 1.48 00



46Pd – 50Sn 807

Z transition E [keV] � [pm] 41Nb 42Mo 43Tc 44Ru 45Rh

91 Pa K˛1 95.868 12.932 1.16 00 1.23 00 1.26 00 1.35 00 1.44 00
87 Fr Kˇ1 97.470 12.720 1.11 00 1.17 00 1.21 00 1.29 00 1.38 00
92 U K˛1 98.439 12.595 1.08 00 1.14 00 1.18 00 1.25 00 1.34 00
88 Ra Kˇ1 100.130 12.382 1.03 00 1.10 00 1.13 00 1.20 00 1.28 00
89 Ac Kˇ1 102.850 12.054 9.71 -1 1.03 00 1.06 00 1.13 00 1.20 00
90 Th Kˇ1 105.610 11.739 8.13 -1 9.66 -1 9.94 -1 1.06 00 1.13 00
91 Pa Kˇ1 108.430 11.434 8.59 -1 9.07 -1 9.34 -1 9.92 -1 1.06 00
92 U Kˇ1 111.300 11.139 8.08 -1 8.53 -1 8.77 -1 9.31 -1 9.94 -1

Z transition E [keV] � [pm] 46Pd 47Ag 48Cd 49In 50Sn

4 Be K˛ 0.1085 11427.207 1.47 04 2.04 04 3.19 04 7.99 04 7.47 04
38 Sr M� 0.1140 10875.895 1.14 04 1.25 04 2.58 04 6.41 04 6.19 04
39 Y M� 0.1328 9339.235 7.90 03 4.65 03 1.11 04 2.29 04 3.99 04
16 S Ll 0.1487 8337.942 8.28 03 5.74 03 6.l2 03 7.29 04 1.23 04
40 Zr M� 0.1511 8205.506 8.34 03 5.99 03 6.14 03 6.33 03 1.02 04
41 Nb M� 0.1717 7221.037 9.22 03 6.90 03 6.43 03 4.34 03 6.56 03
5 B K˛ 0.1833 6764.059 8.20 03 7.31 03 6.57 03 5.13 03 6.77 03
42 Mo M� 0.1926 6473.445 7.46 03 7.28 03 6.69 03 5.80 03 6.96 03
6 C K˛ 0.2770 4476.000 7.46 03 8.19 03 5.79 03 6.14 03 6.33 03
47 Ag M� 0.3117 3977.709 9.07 03 8.05 03 5.17 03 5.51 03 5.75 03
7 N K˛ 0.3924 3159.664 1.67 04 7.17 03 4.15 03 4.47 03 4.76 03
22 Ti Ll 0.3953 3136.484 1.68 04 7.55 03 4.12 03 4.44 03 4.73 03
22 Ti L˛ 0.4522 2741.822 1.93 04 1.92 04 2.66 04 3.06 04 3.94 03
23 V L˛ 0.5113 2424.901 1.79 04 1.86 04 2.12 04 2.35 04 2.43 04
8 O K˛ 0.5249 2362.072 1.76 04 1.85 04 2.02 04 2.22 04 2.31 04
25 Mn Ll 0.5563 2228.747 1.78 04 1.80 04 1.82 04 1.96 04 2.06 04
24 Cr L˛ 0.5728 2164.549 1.80 04 1.78 04 1.72 04 1.84 04 1.94 04
25 Mn L˛ 0.6374 1945.171 1.56 04 1.63 04 1.57 04 1.49 04 1.56 04
9 F K˛ 0.6768 1831.932 1.44 04 1.55 04 1.49 04 1.59 04 1.38 04
26 Fe L˛ 0.7050 1758.655 1.36 04 1.49 04 1.43 04 1.49 04 1.28 04
27 Co L˛ 0.7762 1597.335 1.14 04 1.21 04 1.27 04 1.25 04 1.27 04
28 Ni L˛ 0.8515 1456.080 9.40 03 1.00 04 1.04 04 1.11 04 1.09 04
29 Cu L˛ 0.9297 1336.044 7.81 03 8.33 03 8.72 03 9.20 03 9.62 03
30 Zn L˛ 1.0117 1225.513 7.53 03 8.13 03 8.69 03 7.70 03 8.06 03
11 Na K˛ 1.0410 1191.020 7.01 03 7.57 03 8.09 03 7.22 03 7.55 03
11 Na Kˇ 1.0711 1157.550 6.52 03 7.04 03 7.53 03 6.61 03 6.90 03
l2 Mg K˛ 1.2530 989.033 4.39 03 4.74 03 5.08 03 5.48 03 5.86 03
33 As L˛ 1.2820 967.123 4.15 03 4.48 03 4.80 03 5.18 03 5.54 03
l2 Mg Kˇ 1.3022 952.121 3.99 03 4.31 03 4.62 03 4.98 03 5.32 03
33 As Lˇ1 1.3170 941.421 3.87 03 4.18 03 4.49 03 4.84 03 5.17 03
66 Dy Mˇ 1.3250 955.737 3.81 03 4.12 03 4.42 03 4.77 03 5.10 03
67 Ho M˛ 1.3480 919.771 3.65 03 3.95 03 4.24 03 4.57 03 4.88 03
34 Se L˛ 1.3791 899.029 3.45 03 3.73 03 4.00 03 4.31 03 4.61 03



808 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 46Pd 47Ag 48Cd 49In 50Sn

67 Ho Mˇ 1.3830 896.494 3.42 03 3.70 03 3.97 03 4.28 03 4.58 03
68 Er M˛ 1.4060 881.829 3.28 03 3.55 03 3.81 03 4.11 03 4.39 03
34 Se Lˇ1 1.4192 873.627 3.21 03 3.47 03 3.72 03 4.01 03 4.29 03
68 Er Mˇ 1.4430 859.218 3.08 03 3.32 03 3.57 03 3.85 03 4.11 03
69 Tm M˛ 1.4620 848.051 2.98 03 3.22 03 3.46 03 3.73 03 3.98 03
35 Br L˛ 1.4804 837.511 2.88 03 3.12 03 3.35 03 3.61 03 3.85 03
13 Al K˛1 1.4867 833.962 2.85 03 3.08 03 3.31 03 3.57 03 3.81 03
69 Tm Mˇ 1.5030 824.918 2.78 03 3.00 03 3.23 03 3.48 03 3.71 03
70 Yb M˛ 1.5214 814.941 2.69 03 2.91 03 3.13 03 3.37 03 3.60 03
35 Br Lˇ1 1.5259 812.538 2.67 03 2.89 03 3.11 03 3.35 03 3.57 03
13 Al Kˇ 1.5574 796.103 2.54 03 2.74 03 2.95 03 3.18 03 3.40 03
70 Yb Mˇ 1.5675 790.974 2.50 03 2.64 03 2.84 03 3.06 03 3.27 03
71 Lu M˛ 1.5813 784.071 2.44 03 2.64 03 2.84 03 3.06 03 3.27 03
36 Kr L˛ 1.5860 781.747 2.42 03 2.62 03 2.82 03 3.04 03 3.24 03
71 Lu Mˇ 1.6312 760.085 2.26 03 2.44 03 2.63 03 2.83 03 3.02 03
36 Kr Lˇ1 1.6366 757.577 2.24 03 2.42 03 2.61 03 2.81 03 3.00 03
72 Hf M˛1 1.6446 753.892 2.21 03 2.39 03 2.58 03 2.78 03 2.96 03
37 Rb L˛1 1.6941 731.864 2.05 03 2.22 03 2.39 03 2.58 03 2.75 03
72 Hf Mˇ 1.6976 730.355 2.04 03 2.21 03 2.38 03 2.57 03 2.74 03
73 Ta M˛1 1.7096 725.229 2.00 03 2.17 03 2.34 03 2.52 03 2.69 03
14 Si K˛1 1.7400 712.558 1.92 03 2.07 03 2.24 03 2.41 03 2.57 03
37 Rb Lˇ1 1.7522 707.597 1.88 03 2.04 03 2.20 03 2.37 03 2.53 03
73 Ta Mˇ 1.7655 702.266 1.85 03 2.00 03 2.16 03 2.33 03 2.48 03
74 W M˛1 1.7754 698.350 1.82 03 1.97 03 2.13 03 2.29 03 2.45 03
38 Sr L˛1 1.8066 686.290 1.74 03 1.88 03 2.04 03 2.20 03 2.34 03
74 W Mˇ 1.8349 675.705 1.68 03 1.81 03 1.96 03 2.11 03 2.25 03
14 Si Kˇ 1.8359 675.337 1.67 03 1.81 03 1.96 03 2.11 03 2.25 03
75 Re M˛1 1.8420 673.100 1.66 03 1.79 03 1.94 03 2.09 03 2.23 03
38 Sr Lˇ1 1.8717 662.420 1.59 03 1.72 03 1.87 03 2.01 03 2.14 03
75 Re Mˇ 1.9061 650.465 1.52 03 1.65 03 1.78 03 1.92 03 2.05 03
76 Os M˛1 1.9102 649.069 1.51 03 1.64 03 1.77 03 1.91 03 2.04 03
39 Y L˛1 1.9226 644.882 1.49 03 1.61 03 1.74 03 1.88 03 2.00 03
76 Os Mˇ1 1.9783 626.725 1.38 03 1.50 03 1.62 03 1.75 03 1.87 03
77 Ir M˛1 1.9799 626.219 1.38 03 1.49 03 1.62 03 1.75 03 1.86 03
39 Y Lˇ1 1.9958 621.230 1.35 03 1.46 03 1.59 03 1.71 03 1.83 03
15 P K˛1 2.0137 615.708 1.32 03 1.43 03 1.55 03 1.68 03 1.79 03
40 Zr L˛1 2.0424 607.056 1.28 03 1.38 03 1.50 03 1.62 03 1.72 03
78 Pt M˛1 2.0505 604.658 1.27 03 1.37 03 1.49 03 1.60 03 1.71 03
77 Ir Mˇ 2.0535 603.775 1.26 03 1.36 03 1.48 03 1.60 03 1.70 03
79 Au M˛1 2.1229 584.036 1.16 03 1.25 03 1.36 03 1.47 03 1.57 03
40 Zr Lˇ1 2.1244 583.624 1.16 03 1.25 03 1.36 03 1.47 03 1.56 03
78 Pt Mˇ 2.1273 582.828 1.15 03 1.25 03 1.36 03 1.46 03 1.56 03
15 P Kˇ1,3 2.1390 579.640 1.14 03 1.23 03 1.34 03 1.44 03 1.54 03
41 Nb L˛1 2.1659 572.441 1.10 03 1.19 03 1.30 03 1.40 03 1.49 03



46Pd – 50Sn 809

Z transition E [keV] � [pm] 46Pd 47Ag 48Cd 49In 50Sn

80 Hg M˛1 2.1953 564.775 1.07 03 1.15 03 1.25 03 1.35 03 1.44 03
79 Au Mˇ 2.2046 562.393 1.05 03 1.14 03 1.24 03 1.34 03 1.42 03
41 Nb Lˇ1 2.2574 549.238 9.94 02 1.08 03 1.17 03 1.26 03 1.34 03
81 Tl M˛1 2.2706 546.045 9.80 02 1.06 03 1.15 03 1.24 03 1.32 03
80 Hg Mˇ 2.2825 543.199 9.67 02 1.05 03 1.14 03 1.23 03 1.31 03
42 Mo L˛1 2.2932 540.664 9.56 02 1.03 03 1.13 03 1.21 03 1.29 03
16 S K˛1 2.3080 537.197 9.40 02 1.02 03 1.11 03 1.19 03 1.27 03
82 Pb M˛1 2.3457 528.563 9.03 02 9.77 02 1.06 03 1.14 03 1.22 03
81 Tl Mˇ 2.3621 524.893 8.87 02 9.60 02 1.05 03 1.12 03 1.29 03
42 Mo Lˇ1 2.3948 517.726 8.57 02 9.28 02 1.01 03 1.09 03 1.16 03
83 Bi M˛1 2.4226 511.785 8.33 02 9.01 02 9.83 02 1.06 03 1.13 03
43 Tl L˛1 2.4240 511.490 8.31 02 9.00 02 9.81 02 1.05 03 1.12 03
82 Pb Mˇ 2.4427 507.574 8.15 02 8.83 02 9.63 02 1.03 03 1.10 03
16 S Kˇ 2.4640 503.186 7.98 02 8.64 02 9.42 02 1.01 03 1.08 03
83 Bi Mˇ1 2.5255 490.933 7.50 02 8.12 02 8.87 02 9.52 02 1.01 03
43 Tc Lˇ1 2.5368 488.746 7.42 02 8.03 02 8.77 02 9.41 02 1.00 03
44 Ru L˛1 2.5586 484.582 7.26 02 7.86 02 8.58 02 9.21 02 9.82 02
17 Cl K˛1 2.6224 472.792 6.82 02 7.39 02 8.08 02 8.66 02 9.23 02
44 Ru Lˇ1 2.6832 462.079 6.44 02 6.98 02 7.63 02 8.18 02 8.72 02
45 Rh L˛1 2.6967 459.766 6.36 02 6.89 02 7.54 02 8.08 02 8.61 02
17 Cl Kˇ 2.8156 440.350 5.71 02 6.18 02 6.77 02 7.25 02 7.73 02
45 Rh Lˇ1 2.8344 437.430 5.61 02 6.08 02 6.66 02 7.13 02 7.60 02
46 Pd L˛1 2.8386 436.782 5.59 02 6.06 02 6.64 02 7.11 02 7.57 02
18 Ar K˛1 2.9577 419.194 5.04 02 5.47 02 5.99 02 6.41 02 6.83 02
47 Ag L˛1 2.9843 415.458 4.93 02 5.35 02 5.86 02 6.27 02 6.68 02
46 Pd Lˇ1 2.9902 414.638 4.91 02 5.32 02 5.83 02 6.24 02 6.65 02
90 Th M˛1 2.9961 413.821 4.88 02 5.29 02 5.81 02 6.21 02 6.62 02
91 Pa M˛1 3.0823 402.248 4.55 02 4.93 02 5.41 02 5.79 02 6.17 02
48 Cd L˛1 3.1337 395.651 4.36 02 4.73 02 5.19 02 5.56 02 5.92 02
90 Th Mˇ 3.1458 394.129 4.32 02 4.68 02 5.14 02 5.50 02 5.86 02
47 Ag Lˇ1 3.1509 393.491 4.30 02 4.66 02 5.12 02 5.48 02 5.84 02
92 U M˛1 3.1708 391.021 4.24 02 4.59 02 5.04 02 5.40 02 5.74 02
18 Ar Kˇ 3.1905 388.607 1.52 03 4.52 02 4.97 02 5.32 02 5.66 02
91 Pa Mˇ 3.2397 382.705 1.45 03 4.35 02 4.78 02 5.12 02 5.44 02
49 In L˛1 3.2869 377.210 1.40 03 4.20 02 4.61 02 4.94 02 5.25 02
19 K K˛1 3.3138 374.148 1.37 03 4.11 02 4.52 02 4.84 02 5.15 02
48 Cd Lˇ1 3.3166 373.832 1.36 03 4.10 02 4.51 02 4.83 02 5.13 02
92 U Mˇ 3.3360 371.658 1.88 03 4.04 02 4.45 02 4.76 02 5.06 02
50 Sn L˛1 3.4440 360.003 1.72 03 1.31 03 4.11 02 4.40 02 4.67 02
49 In Lˇ1 3.4872 355.543 1.66 03 1.26 03 3.98 02 4.27 02 4.53 02
19 K Kˇ 3.5896 345.401 1.53 03 1.63 03 1.23 03 3.97 02 4.21 02
51 Sb L˛1 3.6047 343.854 1.82 03 1.61 03 1.21 03 3.93 02 4.17 02
50 Sn Lˇ1 3.6628 338.498 1.74 03 1.54 03 1.16 03 3.78 02 4.01 02
20 Ca K˛1 3.6917 335.848 1.70 03 1.51 03 1.14 03 3.71 02 3.93 02



810 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 46Pd 47Ag 48Cd 49In 50Sn

52 Te L˛1 3.7693 328.934 1.61 03 1.43 03 1.50 03 1.13 03 3.73 02
51 Sb Lˇ1 3.8436 322.575 1.52 03 1.62 03 1.43 03 1.07 03 3.55 02
53 I L˛1 3.9377 314.867 1.42 03 1.52 03 1.34 03 1.01 03 1.07 03
20 Ca Kˇ 4.0127 308.981 1.35 03 1.44 03 1.27 03 1.34 03 1.02 03
52 Te Lˇ1 4.0296 307.686 1.34 03 1.42 03 1.50 03 1.32 03 1.01 03
21 Sc K˛1 4.0906 303.097 1.28 03 1.37 03 1.44 03 1.27 03 9.66 02
54 Xe L˛1 4.1099 301.674 1.27 03 1.35 03 1.42 03 1.25 03 9.53 02
53 I Lˇ1 4.2207 293.755 1.18 03 1.25 03 1.32 03 1.16 03 2.02 03
55 Cs L˛1 4.2865 289.245 1.13 03 1.20 03 1.26 03 1.34 03 3.15 03
21 Sc Kˇ1 4.4605 277.962 1.01 03 1.08 03 1.13 03 1.20 03 9.90 03
56 Sc Kˇ1 4.4663 277.601 1.01 03 1.07 03 1.13 03 1.19 03 1.27 03
22 Ti K˛1 4.5108 274.863 9.78 02 1.04 03 1.10 03 1.16 03 1.24 03
55 Cs Lˇ1 4.6198 268.377 9.16 02 9.78 02 1.03 03 1.09 03 1.16 03
57 La L˛1 4.6510 266.577 8.99 02 9.60 02 1.01 03 1.07 03 1.14 03
56 Ba Lˇ1 4.8273 256.841 8.11 02 8.67 02 9.09 02 9.65 02 1.03 03
58 Ce L˛1 4.8402 256.157 8.05 02 8.61 02 9.03 02 9.58 02 1.02 03
22 Ti Kˇ1,3 4.9318 251.399 7.64 02 8.17 02 8.57 02 9.10 02 9.69 02
23 V K˛1 4.9522 250.363 7.56 02 8.08 02 8.47 02 8.99 02 9.59 02
59 Pr L˛1 5.0337 246.310 7.22 02 7.73 02 8.10 02 8.60 02 9.16 02
57 La Lˇ1 5.0421 245.899 7.19 02 7.69 02 8.06 02 8.56 02 9.12 02
60 Nd L˛1 5.2304 237.047 6.51 02 6.96 02 7.29 02 7.74 02 8.24 02
58 Ce Lˇ1 5.2622 235.614 6.40 02 6.85 02 7.17 02 7.61 02 8.10 02
24 Cr K˛1 5.4147 228.978 5.92 02 6.34 02 6.63 02 7.03 02 7.49 02
23 V Kˇ1,3 5.4273 228.447 5.88 02 6.30 02 6.59 02 6.99 02 7.44 02
61 Pm L˛1 5.4325 228.228 5.87 02 6.28 02 6.58 02 6.97 02 7.42 02
59 Pr Lˇ1 5.4889 225.883 5.70 02 6.11 02 6.39 02 6.77 02 7.21 02
62 Sm L˛1 5.6361 219.984 5.30 02 5.68 02 5.95 02 6.30 02 6.70 02
60 Nd Lˇ1 5.7216 216.696 5.09 02 5.45 02 5.71 02 6.04 02 6.42 02
63 Eu L˛1 5.8457 212.096 4.80 02 5.14 02 5.38 02 5.69 02 6.05 02
25 Mn K˛1 5.8988 210.187 4.68 02 5.02 02 5.25 02 5.55 02 5.90 02
24 Cr Kˇ1,3 5.9467 208.494 4.58 02 4.91 02 5.13 02 5.43 02 5.77 02
61 Pm Lˇ1 5.9610 207.993 4.55 02 4.88 02 5.10 02 5.39 02 5.73 02
64 Gd L˛1 6.0572 204.690 4.36 02 4.67 02 4.88 02 5.16 02 5.49 02
62 Sm Lˇ1 6.2051 199.811 4.08 02 4.37 02 4.57 02 4.84 02 5.14 02
65 Tb L˛1 6.2728 197.655 3.96 02 4.24 02 4.43 02 4.70 02 4.99 02
26 Fe K˛1 6.4038 193.611 3.74 02 4.01 02 4.19 02 4.44 02 4.71 02
63 Eu Lˇ1 6.4564 192.034 3.66 02 3.92 02 4.10 02 4.34 02 4.61 02
25 Mn Kˇ1,3 6.4905 191.025 3.61 02 3.86 02 4.04 02 4.28 02 4.54 02
66 Dy L˛1 6.4952 190.887 3.60 02 3.86 02 4.03 02 4.27 02 4.54 02
64 Gd Lˇ1 6.7132 184.688 3.29 02 3.52 02 3.68 02 3.91 02 4.14 02
67 Ho L˛1 6.7198 184.507 3.28 02 3.52 02 3.67 02 3.90 02 4.13 02
27 Co K˛1 6.9303 178.903 3.02 02 3.23 02 3.37 02 3.58 02 3.80 02
68 Er L˛1 6.9487 178.429 2.99 02 3.21 02 3.35 02 3.56 02 3.77 02
65 Tb Lˇ1 6.9780 177.680 2.96 02 3.17 02 3.31 02 3.52 02 3.73 02



46Pd – 50Sn 811

Z transition E [keV] � [pm] 46Pd 47Ag 48Cd 49In 50Sn

26 Fe Kˇ1,3 7.0580 175.666 2.87 02 3.07 02 3.21 02 3.41 02 3.61 02
69 Tm L˛1 7.1799 172.683 2.74 02 2.93 02 3.06 02 3.26 02 3.45 02
66 Dy Lˇ1 7.2477 171.068 2.67 02 2.86 02 2.98 02 3.17 02 3.36 02
70 Yb L˛1 7.4156 167.195 2.51 02 2.69 02 2.80 02 2.98 02 3.16 02
28 Ni K˛1 7.4782 165.795 2.45 02 2.62 02 2.74 02 2.92 02 3.09 02
67 Ho Lˇ1 7.5253 164.757 2.41 02 2.58 02 2.69 02 2.87 02 3.03 02
27 Co Kˇ1,3 7.6494 162.084 2.30 02 2.47 02 2.57 02 2.74 02 2.90 02
71 Lu L˛1 7.6555 161.955 2.30 02 2.46 02 2.57 02 2.74 02 2.90 02
68 Er Lˇ1 7.8109 158.733 2.18 02 2.33 02 2.43 02 2.59 02 2.74 02
72 Hf L˛1 7.8990 156.963 2.11 02 2.26 02 2.36 02 2.51 02 2.66 02
29 Cu K˛1 8.0478 154.060 2.00 02 2.15 02 2.24 02 2.39 02 2.55 02
69 Tm Lˇ1 8.1010 153.049 1.97 02 2.11 02 2.20 02 2.35 02 2.48 02
73 Ta L˛1 8.1461 152.201 1.94 02 2.08 02 2.17 02 2.31 02 2.44 02
28 Ni Kˇ1,3 8.2647 150.017 1.86 02 2.00 02 2.08 02 2.22 02 2.35 02
74 W L˛1 8.3976 147.643 1.79 02 1.91 02 1.99 02 2.13 02 2.25 02
70 Yb Lˇ1 8.4018 147.569 1.78 02 1.91 02 1.99 02 2.13 02 2.25 02
30 Zn K˛1 8.6389 143.519 1.65 02 1.77 02 1.85 02 1.97 02 2.08 02
75 Re L˛1 8.6525 143.294 1.65 02 1.77 02 1.84 02 1.96 02 2.07 02
71 Lu Lˇ1 8.7090 142.364 1.62 02 1.74 02 1.81 02 1.93 02 2.04 02
29 Cu Kˇ1 8.9053 139.226 1.52 02 1.63 02 1.70 02 1.82 02 1.92 02
76 Os L˛1 8.9117 139.126 1.52 02 1.63 02 1.70 02 1.81 02 1.91 02
72 Hf Lˇ1 9.0227 137.414 1.47 02 1.58 02 1.64 02 1.75 02 1.85 02
77 Ir L˛1 9.1751 135.132 1.40 02 1.51 02 1.57 02 1.68 02 1.77 02
31 Ga K˛1 9.2517 134.013 1.37 02 1.47 02 1.53 02 1.64 02 1.73 02
73 Ta Lˇ1 9.3431 132.702 1.33 02 1.44 02 1.49 02 1.60 02 1.68 02
78 Pt L˛1 9.4423 131.308 1.30 02 1.40 02 1.45 02 1.55 02 1.63 02
30 Zn Kˇ1,3 9.5720 129.529 1.25 02 1.34 02 1.39 02 1.49 02 1.57 02
74 W Lˇ1 9.6724 128.184 1.21 02 1.31 02 1.36 02 1.45 02 1.53 02
79 Au L˛1 9.7133 127.644 1.20 02 1.29 02 1.34.02 1.44 02 1.51 02
32 Ge K˛1 9.8864 125.409 1.14 02 1.23 02 1.28 02 1.37 02 1.44 02
80 Hg L˛1 9.9888 124.124 1.11 02 1.20 02 1.24 02 1.33 02 1.40 02
75 Re Lˇ1 10.010 123.861 1.11 02 1.19 02 1.23 02 1.32 02 1.39 02
31 Ga Kˇ1 10.264 120.796 1.03 02 1.11 02 1.15 02 1.24 02 1.30 02
81 Tl L˛1 10.269 120.757 1.03 02 1.11 02 1.15 02 1.24 02 1.30 02
76 Os Lˇ1 10.355 119.734 1.01 02 1.09 02 1.13 02 1.21 02 1.27 02
33 As K˛1 10.544 117.588 9.61 01 1.04 02 1.07 02 1.15 02 1.21 02
82 Pb L˛1 10.552 117.499 9.59 01 1.03 02 1.07 02 1.15 02 1.21 02
77 Ir Lˇ1 10.708 115.787 9.22 01 9.93 01 1.03 02 1.10 02 1.16 02
83 Bi L˛1 10.839 114.388 8.92 01 9.61 01 9.95 01 1.07 02 1.12 02
32 Ge Kˇ1 10.982 112.898 8.61 01 9.28 01 9.61 01 1.03 02 1.08 02
78 Pt Lˇ1 11.071 111.990 8.43 01 9.08 01 9.40 01 1.01 02 1.06 01
84 Po L˛1 11.131 111.387 8.30 01 8.99 01 9.26 01 9.94 01 1.04 02
34 Se K˛1 11.222 110.484 8.12 01 8.75 01 9.06 01 9.71 01 1.02 01
85 At L˛1 11.427 108.501 7.74 01 8.33 01 8.63 01 9.26 01 9.72 01



812 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 46Pd 47Ag 48Cd 49In 50Sn

79 Au Lˇ1 11.442 108.359 7.71 01 8.30 01 8.60 01 9.23 01 9.68 01
33 As Kˇ1 11.726 105.735 7.21.01 7.77 01 8.05 01 8.68 01 9.06 01
86 Rn L˛1 11.727 105.726 7.21 01 7.77 01 8.05 01 8.63 01 9.06 01
80 Hg Lˇ1 11.823 104.867 7.05 01 7.60 01 7.87 01 8.44 01 8.86 01
35 Br K˛1 11.924 103.979 6.89 01 7.43 01 7.69 01 8.25 01 8.66 01
87 Fr L˛1 12.031 103.054 6.73 01 7.25 01 7.51 01 8.06 01 8.45 01
81 Tl Lˇ1 12.213 101.519 6.46 01 6.96 01 7.21 01 7.74 01 8.11 01
88 Ra L˛1 12.340 100.474 6.28 01 6.77 01 7.01 01 7.52 01 7.89 01
34 Se Kˇ1 12.496 99.219 6.07 01 6.55 01 6.78 01 7.27 01 7.63 01
82 Pb Lˇ1 12.614 98.291 5.92 01 6.38 01 6.61 01 7.09 01 7.43 01
36 Kr K˛1 12.649 98.019 5.88 01 6.33 01 6.56 01 7.04 01 7.38 01
89 Ac L˛1 12.652 97.996 5.87 01 6.33 01 6.55 01 7.03 01 7.37 01
90 Th L˛1 12.969 95.601 5.49 01 5.92 01 6.13 01 6.58 01 6.90 01
83 Bi Lˇ1 13.024 95.197 5.43 01 5.85 01 6.06 01 6.50 01 6.82 01
91 Pa L˛1 13.291 93.285 5.14 01 5.54 01 5.74 01 6.16 01 6.45 01
35 Br Kˇ1 13.291 93.285 5.14 01 5.54 01 5.74 01 6.16 01 6.45 01
37 Rb K˛1 13.395 92.560 5.03 01 5.43 01 5.62 01 6.03 01 6.32 01
84 Po Lˇ1 13.447 92.202 4.98 01 5.37 01 5.56 01 5.97 01 6.25 01
92 U L˛1 13.615 91.065 4.82 01 5.19 01 5.37 01 5.77 01 6.04 01
85 At Lˇ1 13.876 89.352 4.58 01 4.93 01 5.11 01 5.48 01 5.74 01
36 Kr Kˇ1 14.112 87.857 4.37 01 4.71 01 4.88 01 5.24 01 5.48 01
38 Sr K˛1 14.165 87.529 4.33 01 4.61 01 4.83 01 5.19 01 5.43 01
86 Rn Lˇ1 14.316 86.606 4.21 01 4.53 01 4.69 01 5.04 01 5.27 01
87 Fr Lˇ1 14.770 83.943 3.87 01 4.17 01 4.31 01 4.63 01 4.85 01
39 Y K˛1 14.958 82.888 3.74 01 4.03 01 4.17 01 4.48 01 4.68 01
37 Rb Kˇ1 14.961 82.872 3.73 01 4.03 01 4.17 01 4.47 01 4.68 01
88 Ra Lˇ1 15.236 81.376 3.56 01 3.83 01 3.97 01 4.26 01 4.46 01
89 Ac Lˇ1 15.713 78.906 3.28 01 3.53 01 3.65 01 3.92 01 4.10 01
40 Zr K˛1 15.775 78.596 3.24 01 3.50 01 3.62 01 3.88 01 4.06 01
38 Sr Kˇ1 15.836 78.293 3.21 01 3.46 01 3.56 01 3.84 01 4.02 01
90 Th Lˇ1 16.202 76.524 3.02 01 3.26 01 3.37 01 3.62 01 3.78 01
41 Nb K˛1 16.615 74.622 2.82 01 3.05 01 3.15 01 3.38 01 3.53 01
91 Pa Lˇ1 16.702 74.233 2.78 01 3.00 01 3.10 01 3.33 01 3.49 01
39 Y Kˇ1 16.738 74.074 2.77 01 2.99 01 3.09 01 3.32 01 3.47 01
92 U Lˇ1 17.220 72.000 2.57 01 2.77 01 2.86 01 3.07 01 3.21 01
42 Mo K˛1 17.479 70.933 2.47 01 2.66 01 2.75 01 2.95 01 3.09 01
40 Zr Kˇ1 17.668 70.175 2.40 01 2.59 01 2.67 01 2.87 01 3.00 01
43 Tc K˛1 18.367 67.504 2.16 01 2.33 01 2.41 01 2.59 01 2.70 01
41 Nb Kˇ1 18.623 66.576 2.08 01 2.25 01 2.32 01 2.49 01 2.60 01
44 Ru K˛1 19.279 64.311 1.90 01 2.05 01 2.12 01 2.27 01 2.37 01
42 Mo Kˇ1 19.608 63.231 1.81 01 1.96 01 2.02 01 2.17 01 2.27 01
45 Rh K˛1 20.216 61.330 1.67 01 1.81 01 1.86 01 2.00 01 2.09 01
43 Tc Kˇ1 20.619 60.131 1.59 01 1.72 01 1.77 01 1.90 01 1.98 01
46 Pd K˛1 21.177 58.547 1.48 01 1.60 01 1.65 01 1.77 01 1.85 01



46Pd – 50Sn 813

Z transition E [keV] � [pm] 46Pd 47Ag 48Cd 49In 50Sn

44 Ru Kˇ1 21.657 57.249 1.39 01 1.51 01 1.55 01 1.67 01 1.74 01
47 Ag K˛1 22.163 55.942 1.31 01 1.42 01 1.46 01 1.57 01 1.64 01
45 Rh Kˇ1 22.724 54.561 1.23 01 1.33 01 1.37 01 1.47 01 1.53 01
48 Cd K˛1 23.174 53.501 1.17 01 1.26 01 1.30 01 1.40 01 1.46 01
46 Pd Kˇ1 23.819 52.053 1.09 01 1.17 01 1.21 01 1.30 01 1.35 01
49 In K˛1 24.210 51.212 1.04 01 1.13 01 1.16 01 1.25 01 1.30 01
47 Ag Kˇ1 24.942 49.709 5.74 01 1.04 01 1.07 01 1.15 01 1.20 01
50 Sn K˛1 25.271 49.062 5.54 01 1.01 01 1.03 01 1.11 01 1.16 01
48 Cd Kˇ1 26.096 47.511 5.10 01 5.36 01 9.51 00 1.02 01 1.06 01
51 Sb K˛1 26.359 47.037 4.96 01 5.22 01 9.26 00 9.97 00 1.04 01
49 In Kˇ1 27.276 45.455 4.54 01 4.78 01 4.97 01 9.11 00 9.47 00
52 Te K˛1 27.472 45.131 4.45 01 4.69 01 4.88 01 8.94 00 9.29 00
50 Sn Kˇ1 28.486 43.524 4.05 01 4.26 01 4.44 01 4.94 01 8.45 00
53 I K˛1 28.612 43.333 4.00 01 4.21 01 4.39 01 4.88 01 8.35 00
51 Sb Kˇ1 29.726 41.709 3.62 01 3.81 01 3.97 01 4.40 01 4.27 01
54 Xe K˛1 29.779 41.635 3.60 01 3.79 01 3.95 01 4.38 01 4.25 01
55 Cs K˛1 30.973 40.030 3.24 01 3.42 01 3.56 01 3.93 01 3.84 01
52 Te Kˇ1 30.996 40.000 3.23 01 3.41 01 3.55 01 3.92 01 3.83 01
56 Ba K˛1 32.194 38.511 2.92 01 3.08 01 3.21 01 3.53 01 3.47 01
53 I Kˇ1 32.295 38.391 2.89 01 3.06 01 3.18 01 3.50 01 3.44 01
57 La K˛1 33.442 37.074 2.63 01 2.79 01 2.90 01 3.18 01 3.14 01
54 Xe Kˇ1 33.624 36.874 2.60 01 2.75 01 2.86 01 3.14 01 3.10 01
58 Ce K˛1 34.279 36.169 2.46 01 2.61 01 2.72 01 2.97 01 2.95 01
55 Cs Kˇ1 34.987 35.437 2.33 01 2.47 01 2.57 01 2.81 01 2.79 01
59 Pr K˛1 36.026 34.415 2.15 01 2.29 01 2.38 01 2.59 01 2.59 01
56 Ba Kˇ1 36.378 34.082 2.10 01 2.23 01 2.32 01 2.53 01 2.52 01
60 Nd K˛1 36.847 33.648 2.03 01 2.15 01 2.24 01 2.44 01 2.44 01
57 La Kˇ1 37.801 32.799 1.89 01 2.01 01 2.09 01 2.27 01 2.28 01
61 Pm K˛1 38.725 32.016 1.77 01 1.89 01 1.96 01 2.13 01 2.14 01
58 Ce Kˇ1 39.257 31.582 1.71 01 1.82 01 1.89 01 2.05 01 2.07 01
62 Sm K˛1 40.118 30.905 1.61 01 1.72 01 1.79 01 1.93 01 1.95 01
59 Pr Kˇ1 40.748 30.427 1.54 01 1.65 01 1.71 01 1.85 01 1.87 01
63 Eu K˛1 41.542 29.845 1.46 01 1.56 01 1.62 01 1.75 01 1.78 01
60 Nd Kˇ1 42.271 29.331 1.40 01 1.49 01 1.55 01 1.67 01 1.70 01
64 Gd K˛1 42.996 28.836 1.33 01 1.42 01 1.48 01 1.59 01 1.62 01
61 Pm Kˇ1 43.826 28.290 1.27 01 1.35 01 1.40 01 1.51 01 1.54 01
65 Tb K˛1 44.482 27.873 1.22 01 1.30 01 1.35 01 1.45 01 1.48 01
62 Sm Kˇ1 45.413 27.301 1.15 01 1.23 01 1.27 01 1.37 01 1.40 01
66 Dy K˛1 45.998 26.954 1.11 01 1.18 01 1.23 01 1.32 01 1.35 01
63 Eu Kˇ1 47.038 26.358 1.04 01 1.11 01 1.16 01 1.24 01 1.27 01
67 Ho K˛1 47.547 26.076 1.01 01 1.08 01 1.12 01 1.21 01 1.24 01
64 Gd Kˇ1 48.697 25.460 9.49 00 1.01 01 1.05 01 1.13 01 1.16 01
68 Er K˛1 49.128 25.237 9.26 00 9.90 00 1.03 01 1.10 01 1.13 01
65 Tb Kˇ1 50.382 24.609 8.65 00 9.24 00 9.60 00 1.03 01 1.06 01



814 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 46Pd 47Ag 48Cd 49In 50Sn

69 Tm K˛1 50.742 24.434 8.48 00 9.07 00 9.42 00 1.01 01 1.04 01
66 Dy Kˇ1 52.119 23.788 7.88 00 8.43 00 8.75 00 9.36 00 9.66 00
70 Yb K˛1 52.389 23.666 7.77 00 8.31 00 8.63 00 9.22 00 9.52 00
67 Ho Kˇ1 53.877 23.012 7.20 00 7.70 00 7.99 00 8.54 00 8.83 00
71 Lu K˛1 54.070 22.930 7.13 00 7.63 00 7.91 00 8.45 00 8.74 00
68 Er Kˇ1 55.681 22.267 6.58 00 7.04 00 7.30 00 7.80 00 8.08 00
72 Hf K˛1 55.790 22.223 6.55 00 7.01 00 7.26 00 7.76 00 8.03 00
69 Tm Kˇ1 57.517 21.556 6.02 00 6.45 00 6.68 00 7.13 00 7.40 00
73 Ta K˛1 57.532 21.550 6.02 00 6.45 00 6.67 00 7.13 00 7.39 00
74 W K˛1 59.318 20.901 5.54 00 5.93 00 6.14 00 6.55 00 6.80 00
70 Yb Kˇ1 59.370 20.883 5.52 00 5.92 00 6.12 00 6.53 00 6.79 00
75 Re K˛1 61.140 20.278 5.10 00 5.46 00 5.65 00 6.03 00 6.27 00
71 Lu Kˇ1 61.283 20.231 5.07 00 5.43 00 5.62 00 5.99 00 6.23 00
76 Os K˛1 63.001 19.679 4.70 00 5.04 00 5.21 00 5.55 00 5.77 00
72 Hf Kˇ1 63.234 19.607 4.65 00 4.99 00 5.16 00 5.49 00 5.71 00
77 Ir K˛1 64.896 19.105 4.33 00 4.65 00 4.81 00 5.11 00 5.32 00
73 Ta Kˇ1 65.223 19.009 4.27 00 4.59 00 4.74 00 5.04 00 5.25 00
78 Pt K˛1 66.832 18.551 4.00 00 4.29 00 4.44 00 4.72 00 4.91 00
74 W Kˇ1 67.244 18.438 3.93 00 4.22 00 4.36 00 4.64 00 4.83 00
79 Au K˛1 68.804 18.020 3.70 00 3.97 00 4.10 00 4.55 00 4.54 00
75 Re Kˇ1 69.310 17.888 3.62 00 3.89 00 4.02 00 4.27 00 4.45 00
80 Hg K˛1 70.819 17.507 3.42 00 3.67 00 3.79 00 4.02 00 4.19 00
76 Os Kˇ1 71.413 17.361 3.34 00 3.59 00 3.71 00 3.93 00 4.10 00
81 Tl K˛1 72.872 17.014 3.16 00 3.39 00 3.51 00 3.72 00 3.88 00
77 Ir Kˇ1 73.561 16.854 3.08 00 3.31 00 3.42 00 3.62 00 3.78 00
82 Pb K˛1 74.969 16.538 2.93 00 3.14 00 3.25 00 3.44 00 3.59 00
78 Pt Kˇ1 75.748 16.368 2.84 00 3.06 00 3.16 00 3.34 00 3.49 00
83 Bi K˛1 77.108 16.079 2.71 00 2.91 00 3.01 00 3.18 00 3.32 00
79 Au Kˇ1 77.948 15.906 2.63 00 2.83 00 2.92 00 3.09 00 3.22 00
84 Po K˛1 79.290 15.636 2.51 00 2.70 00 2.79 00 2.95 00 3.08 00
80 Hg K˛1 80.253 15.449 2.43 00 2.61 00 2.70 00 2.85 00 2.98 00
85 At Kˇ1 81.520 15.209 2.33 00 2.51 00 2.59 00 2.73 00 2.86 00
81 Tl Kˇ1 82.576 15.014 2.25 00 2.42 00 2.50 00 2.64 00 2.76 00
86 Rn K˛1 83.780 14.798 2.17 00 2.33 00 2.41 00 2.54 00 2.65 00
82 Pb Kˇ1 84.936 14.597 2.09 00 2.25 00 2.32 00 2.45 00 2.56 00
87 Fr K˛1 86.100 14.400 2.02 00 2.17 00 2.24 00 2.36 00 2.47 00
83 Bi Kˇ1 87.343 14.195 1.94 00 2.09 00 2.16 00 2.27 00 2.37 00
88 Ra K˛1 88.470 14.014 1.88 00 2.02 00 2.08 00 2.20 00 2.29 00
84 Po Kˇ1 89.800 13.806 1.81 00 1.94 00 2.00 00 2.11 00 2.20 00
89 Ac K˛1 90.884 13.642 1.75 00 1.88 00 1.94 00 2.04 00 2.13 00
85 At Kˇ1 92.300 13.432 1.68 00 1.81 00 1.86 00 1.96 00 2.05 00
90 Th K˛1 93.350 13.281 1.63 00 1.75 00 1.81 00 1.90 00 1.98 00
86 Rn Kˇ1 94.870 13.068 1.56 00 1.68 00 1.73 00 1.82 00 1.90 00
91 Pa K˛1 95.868 12.932 1.52 00 1.63 00 1.68 00 1.77 00 1.85 00



51Sb – 55Cs 815

Z transition E [keV] � [pm] 46Pd 47Ag 48Cd 49In 50Sn

87 Fr Kˇ1 97.470 12.720 1.45 00 1.57 00 1.61 00 1.70 00 1.77 00
92 U K˛1 98.439 12.595 1.42 00 1.52 00 1.57 00 1.65 00 1.72 00
88 Ra Kˇ1 100.130 12.382 1.35 00 1.46 00 1.50 00 1.58 00 1.64 00
89 Ac Kˇ1 102.850 12.054 1.27 00 1.36 00 1.40 00 1.48 00 1.54 00
90 Th Kˇ1 105.610 11.739 1.19 00 1.28 00 1.32 00 1.38 00 1.44 00
91 Pa Kˇ1 108.430 11.434 1.12 00 1.20 00 1.23 00 1.29 00 1.34 00
92 U Kˇ1 111.300 11.139 1.05 00 1.12 00 1.16 00 1.21 00 1.26 00

Z transition E [keV] � [pm] 51Sb 52Te 53I 54Xe 55Cs

4 Be K˛ 0.1085 11427.207 5.14 04 6.79 04 6.97 04 1.08 05 1.24 05
38 Sr M� 0.1140 10875.895 3.63 04 4.83 04 5.79 04 8.95 04 1.17 05
39 Y M� 0.1328 9339.235 7.77 03 1.13 04 1.36 04 2.94 04 5.90 04
16 S Ll 0.1487 8337.942 4.87 03 5.06 03 5.21 03 1.10 04 2.30 04
40 Zr M� 0.1511 8205.506 4.79 03 4.73 03 5.03 03 9.55 03 2.00 04
41 Nb M� 0.1717 7221.037 6.60 03 6.48 03 5.57 03 4.44 03 6.84 03
5 B K˛ 0.1833 6764.059 6.85 03 6.76 03 5.88 03 4.10 03 4.73 03
42 Mo M� 0.1926 6473.445 7.07 03 7.00 03 7.20 03 4.29 03 4.16 03
6 C K˛ 0.2770 4476.000 6.60 03 6.67 03 7.09 03 6.75 03 6.51 03
47 Ag M� 0.3117 3977.709 6.01 03 6.11 03 6.55 03 6.71 03 6.78 03
7 N K˛ 0.3924 3159.664 5.02 03 5.15 03 5.61 03 5.74 03 6.16 03
22 Ti Ll 0.3953 3136.484 4.98 03 5.11 03 5.58 03 5.70 03 6.12 03
22 Ti L˛ 0.4522 2741.822 4.19 03 4.34 03 4.75 03 5.09 03 5.34 03
23 V L˛ 0.5113 2424.901 3.54 03 3.69 03 4.04 03 4.34 03 4.59 03
8 O K˛ 0.5249 2362.072 3.42 03 3.57 03 3.91 03 4.20 03 4.44 03
25 Mn Ll 0.5563 2228.747 2.34 04 3.28 03 3.60 03 3.87 03 4.10 03
24 Cr L˛ 0.5728 2164.549 2.18 04 3.95 03 3.44 03 3.70 03 3.93 03
25 Mn L˛ 0.6374 1945.171 1.70 04 2.25 04 2.04 04 3.15 03 3.35 03
9 F K˛ 0.6768 1831.932 1.47 04 1.64 04 1.72 04 2.73 04 3.03 03
26 Fe L˛ 0.7050 1758.655 1.35 04 1.39 04 1.56 04 2.28 04 2.85 03
27 Co L˛ 0.7162 1597.335 1.10 04 1.14 04 1.24 04 1.34 04 1.54 04
28 Ni L˛ 0.8515 1456.080 1.13 04 1.14 04 1.02 04 1.08 04 1.15 04
29 Cu L˛ 0.9297 1336.044 9.51 03 9.72 03 1.07 04 8.92 03 9.42 03
30 Zn L˛ 1.0117 1215.513 1.08 04 1.13 04 1.12 04 1.08 04 1.16 04
11 Na K˛ 1.0410 1191.020 1.01 04 1.05 04 1.04 04 1.00 04 1.08 04
11 Na Kˇ 1.0711 1157.550 9.35 03 9.78 03 9.70 03 9.36 03 1.11 04
12 Mg K˛ 1.2536 989.033 6.28 03 6.57 03 7.15 03 6.95 03 8.14 03
33 As L˛ 1.2820 967.123 5.93 03 6.20 03 6.76 03 6.58 03 7.68 03
12 Mg Kˇ 1.3022 952.121 5.70 03 5.96 03 6.49 03 6.32 03 7.38 03
33 As Lˇ1 1.3170 941.421 5.54 03 5.80 03 6.31 03 6.15 03 7.17 03
66 Dy Mˇ 1.3250 935.737 5.45 03 5.71 03 6.21 03 6.06 03 7.06 03
67 Ho M˛ 1.3480 919.771 5.22 03 5.46 03 5.95 03 5.80 03 6.75 03
34 Se L˛ 1.3791 899.029 4.93 03 5.16 03 5.61 03 5.48 03 6.36 03
67 Ho Mˇ 1.3830 896.494 4.89 03 5.12 03 5.57 03 5.44 03 6.32 03



816 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 51Sb 52Te 53I 54Xe 55Cs

68 Er M˛ 1.4060 881.829 4.69 03 4.91 03 5.35 03 5.22 03 6.05 03
34 Se Lˇ 1.4192 873.627 4.58 03 4.80 03 5.22 03 5.10 03 5.91 03
68 Er Mˇ 1.4430 859.218 4.39 03 4.60 03 5.01 03 4.90 03 5.66 03
69 Tm M˛ 1.4620 848.051 4.25 03 4.45 03 4.84 03 4.74 03 5.47 03
35 Br L˛ 1.4804 837.511 4.12 03 4.31 03 4.69 03 4.59 03 5.30 03
13 Al K˛1 1.4867 833.962 4.07 03 4.26 03 4.64 03 4.54 03 5.24 03
69 Tm Mˇ 1.5030 824.918 3.96 03 4.15 03 4.51 03 4.42 03 5.09 03
70 Yb M˛ 1.5214 814.941 3.84 03 4.02 03 4.38 03 4.29 03 4.94 03
35 Br Lˇ1 1.5259 812.538 3.81 03 3.99 03 4.34 03 4.26 03 4.90 03
13 Al Kˇ 1.5574 796.103 3.62 03 3.79 03 4.13 03 4.05 03 4.65 03
70 Yb Mˇ 1.5675 790.974 3.56 03 3.73 03 4.06 03 3.98 03 4.58 03
71 Lu M˛ 1.5813 784.071 3.48 03 3.65 03 3.97 03 3.90 03 4.48 03
36 Kr L˛ 1.5860 781.747 3.46 03 3.62 03 3.94 03 3.87 03 4.44 03
71 Lu Mˇ 1.6312 760.085 3.22 03 3.37 03 3.67 03 3.61 03 4.14 03
36 Kr Lˇ1 1.6366 757.577 3.19 03 3.34 03 3.64 03 3.58 03 4.10 03
72 Hf M˛1 1.6446 753.892 3.16 03 3.30 03 3.59 03 3.53 03 4.05 03
37 Rb L˛1 1.6941 731.864 2.93 03 3.06 03 3.33 03 3.28 03 3.76 03
72 Hf Mˇ 1.6976 730.355 2.91 03 3.05 03 3.32 03 3.26 03 3.74 03
73 Ta M˛1 1.8096 725.229 2.86 03 2.99 03 3.26 03 3.21 03 3.67 03
14 Si K˛1 1.7400 712.558 2.74 03 2.86 03 3.11 03 3.07 03 3.51 03
37 Rb Lˇ1 1.7522 707.597 2.69 03 2.81 03 3.06 03 3.02 03 3.45 03
73 Ta Mˇ 1.7655 702.266 2.64 03 2.76 03 3.00 03 2.96 03 3.38 03
74 W M˛1 1.7754 698.350 2.60 03 2.72 03 2.96 03 2.92 03 3.34 03
38 Sr Lˇ1 1.8066 686.290 2.49 03 2.60 03 2.83 03 2.80 03 3.19 03
74 W Mˇ 1.8349 675.705 2.39 03 2.50 03 2.72 03 2.69 03 3.07 03
14 Si Kˇ 1.8359 675.337 2.39 03 2.50 03 2.72 03 2.69 03 3.06 03
75 Re M˛1 1.8420 673.100 2.37 03 2.48 03 2.70 03 2.66 03 3.04 03
38 Sr Lˇ1 1.8717 662.420 2.28 03 2.38 03 2.59 03 2.56 03 2.92 03
75 Re Mˇ 1.9061 650.465 2.17 03 2.27 03 2.47 03 2.45 03 2.79 03
76 Os M˛1 1.9102 649.069 2.16 03 2.26 03 2.46 03 2.43 03 2.77 03
39 Y L˛1 1.9226 644.882 2.13 03 2.22 03 2.42 03 2.39 03 2.72 03
76 Os Mˇ 1.9783 626.725 1.98 03 2.07 03 2.25 03 2.23 03 2.53 03
77 Ir M˛1 1.9799 626.219 1.97 03 2.06 03 2.24 03 2.22 03 2.53 03
39 Y Lˇ 1.9958 621.230 1.93 03 2.02 03 2.20 03 2.18 03 2.48 03
15 P K˛1 2.0137 615.708 1.89 03 1.98 03 2.15 03 2.13 03 2.42 03
40 Zr L˛1 2.0424 607.056 1.83 03 1.91 03 2.07 03 2.06 03 2.34 03
78 Pt M˛1 2.0505 604.658 1.81 03 1.89 03 2.05 03 2.04 03 2.31 03
77 Ir Mˇ 2.0535 603.775 1.80 03 1.88 03 2.05 03 2.03 03 2.30 03
79 Au M˛1 2.1229 584.036 1.66 03 1.73 03 1.88 03 1.87 03 2.12 03
40 Zr Lˇ1,3 2.1244 583.624 1.65 03 1.73 03 1.88 03 1.87 03 2.11 03
78 Pt Mˇ 2.1273 582.828 1.65 03 1.72 03 1.87 03 1.86 03 2.11 03
15 P Kˇ1,3 2.1390 579.640 1.62 03 1.70 03 1.85 03 1.84 03 2.08 03
41 Nb L˛1 2.1659 572.441 1.52 03 1.59 03 1.73 03 1.72 03 1.94 03
80 Hg M˛1 2.1953 564.775 1.52 03 1.59 03 1.73 03 1.72 03 1.94 03



51Sb – 55Cs 817

Z transition E [keV] � [pm] 51Sb 52Te 53I 54Xe 55Cs

79 Au Mˇ 2.2046 562.393 1.51 03 1.57 03 1.71 03 1.70 03 1.92 03
41 Nb Lˇ1 2.2574 549.238 1.42 03 1.48 03 1.61 03 1.61 03 1.81 03
81 Tl M˛1 2.2706 546.045 1.40 03 1.46 03 1.59 03 1.58 03 1.78 03
80 Hg Mˇ 2.2825 543.199 1.38 03 1.44 03 1.57 03 1.56 03 1.76 03
42 Mo L˛1 2.2932 540.664 1.36 03 1.42 03 1.55 03 1.55 03 1.74 03
16 S K˛1 2.3080 537.197 1.34 03 1.40 03 1.52 03 1.52 03 1.71 03
82 Pb M˛1 2.3457 528.563 1.29 03 1.34 03 1.46 03 1.46 03 1.64 03
81 Tl Mˇ 2.3621 524.893 1.27 03 1.32 03 1.44 03 1.44 03 1.61 03
42 Mo Lˇ1 2.3948 517.726 1.22 03 1.28 03 1.39 03 1.39 03 1.56 03
83 Bi M˛1 2.4226 511.785 1.19 03 1.24 03 1.35 03 1.35 03 1.51 03
43 Tc L˛1 2.4240 511.490 1.19 03 1.24 03 1.34 03 1.35 03 1.48 03
82 Pb Mˇ 2.4427 507.574 1.16 03 1.21 03 1.32 03 1.32 03 1.48 03
16 S Kˇ 2.4640 503.186 1.14 03 1.19 03 1.29 03 1.29 03 1.45 03
83 Bi Mˇ1 2.5255 490.933 1.07 03 1.12 03 1.21 03 1.22 03 1.36 03
43 Tc Lˇ1 2.5368 488.746 1.06 03 1.10 03 1.20 03 1.20 03 1.34 03
44 Ru L˛1 2.5586 484.582 1.03 03 1.08 03 1.17 03 1.18 03 1.31 03
17 Cl K˛1 2.6224 472.792 9.72 02 1.01 03 1.10 03 1.11 03 1.23 03
44 Ru Lˇ1 2.6832 462.079 9.18 02 9.57 02 1.04 03 1.05 03 1.16 03
45 Rh L˛1 2.6967 459.766 9.06 02 9.45 02 1.03 03 1.03 03 1.15 03
17 Cl Kˇ 2.8156 440.350 8.13 02 8.48 02 9.20 02 9.29 02 1.03 03
45 Rh Lˇ1 2.8344 437.430 7.99 02 8.34 02 9.04 02 9.14 02 1.01 03
46 Pd L˛1 2.8386 436.782 7.96 02 8.30 02 9.01 02 9.10 02 1.01 03
18 Ar K˛1 2.9577 419.194 7.18 02 7.49 02 8.12 02 8.22 02 9.07 02
47 Ag L˛1 2.9843 415.458 7.02 02 7.32 02 7.94 02 8.04 02 8.86 02
46 Pd Lˇ1 2.9902 414.638 6.98 02 7.28 02 7.90 02 8.00 02 8.82 02
90 Tb M˛1 2.9961 413.821 6.95 02 7.25 02 7.86 02 7.96 02 8.77 02
91 Pa M˛1 3.0823 402.248 6.47 02 6.75 02 7.32 02 7.42 02 8.17 02
48 Cd L˛1 3.1337 395.651 6.21 02 6.47 02 7.02 02 7.13 02 7.83 02
90 Th Mˇ 3.1458 394.129 6.15 02 6.41 02 6.95 02 7.06 02 7.75 02
47 Ag Lˇ1 3.1509 393.491 6.12 02 6.38 02 6.92 02 7.03 02 7.72 02
92 U M˛1 3.1708 391.021 6.02 02 6.28 02 6.81 02 6.92 02 7.60 02
18 Ar Kˇ 3.1905 388.607 5.93 02 6.18 02 6.71 02 6.82 02 7.48 02
91 Pa Mˇ 3.2397 382.705 5.71 02 5.95 02 6.46 02 6.56 02 7.20 02
49 In L˛1 3.2869 377.210 5.50 02 5.74 02 6.23 02 6.33 02 6.94 02
19 K K˛1 3.3138 374.148 5.39 02 5.62 02 6.10 02 6.21 02 6.80 02
48 Cd Lˇ1 3.3166 373.832 5.38 02 5.61 02 6.09 02 6.19 02 6.78 02
92 U Mˇ 3.3360 371.658 5.30 02 5.53 02 6.00 02 6.10 02 6.68 02
50 Sn L˛1 3.4440 360.003 4.89 02 5.10 02 5.54 02 5.64 02 6.16 02
49 In Lˇ1 3.4872 355.543 4.74 02 4.94 02 5.37 02 5.47 02 5.97 02
19 K Kˇ 3.5896 345.401 4.41 02 4.59 02 4.99 02 5.09 02 5.55 02
51 Sb L˛1 3.6047 343.954 4.36 02 4.55 02 4.94 02 5.04 02 5.49 02
50 Sn Lˇ1 3.6628 338.498 4.19 02 4.37 02 4.74 02 4.85 02 5.27 02
20 Ca K˛1 3.6917 335.848 4.11 02 4.28 02 4.65 02 4.75 02 5.17 02
52 Te L˛1 3.7693 328.934 3.90 02 4.06 02 4.41 02 4.52 02 4.90 02



818 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 51Sb 52Te 53I 54Xe 55Cs

51 Sb Lˇ1 3.8436 322.575 3.71 02 3.87 02 4.20 02 4.30 02 4.67 02
53 I L˛1 3.9377 314.867 3.49 02 3.64 02 3.95 02 4.05 02 4.39 02
20 Ca Kˇ 4.0127 308.981 3.33 02 3.47 02 3.77 02 3.87 02 4.18 02
52 Te Lˇ1 4.0296 307.686 3.29 02 3.43 02 3.73 02 3.83 02 4.14 02
21 Sc K˛1 4.0906 303.097 3.17 02 3.31 02 3.59 02 3.69 02 3.99 02
54 Xe L˛1 4.1099 301.674 3.13 02 3.27 02 3.55 02 3.65 02 3.94 02
53 I Lˇ1 4.2207 293.755 8.97 02 3.06 02 3.32 02 3.42 02 3.68 02
55 Cs L˛1 4.2865 289.245 8.60 02 2.94 02 3.20 02 3.29 02 3.54 02
21 Sc Kˇ 4.4605 277.962 1.08 03 8.04 02 2.89 02 2.98 02 3.20 02
56 Ba L˛1 4.4663 277.601 1.08 03 8.01 02 2.88 02 2.97 02 3.19 02
22 Ti K˛1 4.5108 274.863 1.05 03 7.81 02 2.81 02 2.90 02 3.11 02
55 Cs Lˇ1 4.6198 268.377 9.83 02 1.02 03 7.96 02 2.74 02 2.93 02
57 La L˛1 4.6510 266.577 9.65 02 1.01 03 7.82 02 2.69 02 2.88 02
56 Ba Lˇ1 4.8275 256.841 1.04 03 9.09 02 7.07 02 7.19 02 2.62 02
58 Ce L˛1 4.8402 256.157 1.04 03 9.03 02 7.02 02 7.14 02 2.60 02
22 Ti Kˇ1,3 4.9318 251.399 9.86 02 8.58 02 9.31 02 6.77 02 2.48 02
23 V K˛1 4.9522 250.363 9.75 02 1.02 03 9.21 02 6.69 02 2.46 02
59 Pr L˛1 5.0337 246.310 9.33 02 9.73 02 8.81 02 6.41 02 6.99 02
57 La Lˇ1 5.0421 245.899 9.28 02 9.69 02 8.77 02 6.38 02 6.95 02
60 Nd L˛1 5.2304 237.047 8.40 02 8.77 02 9.52 02 8.07 02 6.29 02
58 Ce Lˇ1 5.2622 235.614 8.27 02 8.63 02 9.36 02 7.04 02 6.19 02
24 Cr K˛1 5.4147 228.978 7.65 02 7.98 02 8.66 02 7.34 02 7.97 02
23 V Kˇ1,3 5.4273 228.447 7.60 02 7.93 02 8.61 02 7.29 02 7.92 02
61 Pm L˛1 5.4325 228.228 7.58 02 7.91 02 8.58 02 7.28 02 7.90 02
59 Pr Lˇ1 5.4889 225.883 7.37 02 7.69 02 8.35 02 8.52 02 7.68 02
62 Sm L˛1 5.6361 219.984 6.86 02 7.16 02 7.77 02 7.93 02 7.15 02
60 Nd Lˇ1 5.7216 216.696 6.59 02 6.87 02 7.45 02 7.61 02 8.26 02
63 Eu L˛1 5.8457 212.096 6.21 02 6.48 02 7.03 02 7.19 02 7.79 02
25 Mn K˛1 5.8988 210.187 6.06 02 6.33 02 6.86 02 7.01 02 7.60 02
24 Cr Kˇ1,3 5.9467 208.494 5.93 02 6.19 02 6.71 02 6.86 02 7.43 02
61 Pm Lˇ1 5.9610 207.993 5.89 02 6.15 02 6.67 02 6.82 02 7.38 02
64 Gd L˛1 6.0572 204.690 5.64 02 5.89 02 6.38 02 6.53 02 7.07 02
62 Sm Lˇ1 6.2051 199.811 5.29 02 5.52 02 5.98 02 6.12 02 6.62 02
65 Tb L˛1 6.2728 197.655 5.14 02 5.36 02 5.81 02 5.94 02 6.43 02
26 Fe K˛1 6.4038 193.611 4.86 02 5.07 02 5.49 02 5.62 02 6.08 02
63 Eu Lˇ1 6.4564 192.034 4.76 02 4.96 02 5.37 02 5.49 02 5.95 02
25 Mn Kˇ1,3 6.4905 191.025 4.69 02 4.89 02 5.30 02 5.42 02 5.86 02
66 Dy L˛1 6.4952 190.887 4.68 02 4.88 02 5.29 02 5.41 02 5.85 02
64 Gd Lˇ1 6.7132 184.688 4.28 02 4.47 02 4.83 02 4.94 02 5.35 02
67 Ho L˛1 6.7198 184.507 4.27 02 4.45 02 4.82 02 4.93 02 5.34 02
27 Co K˛1 6.9303 178.903 3.93 02 4.10 02 4.44 02 4.54 02 4.91 02
68 Er L˛1 6.9487 178.429 3.90 02 4.07 02 4.40 02 4.50 02 4.87 02
65 Tb Lˇ1 6.9780 177.680 3.86 02 4.02 02 4.35 02 4.45 02 4.82 02
26 Fe Kˇ1,3 7.0580 175.666 3.74 02 3.90 02 4.22 02 4.32 02 4.67 02



51Sb – 55Cs 819

Z transition E [keV] � [pm] 51Sb 52Te 53I 54Xe 55Cs

69 Tm L˛1 7.1799 172.683 3.58 02 3.73 02 4.03 02 4.12 02 4.46 02
66 Dy Lˇ1 7.2477 171.068 3.49 02 3.63 02 3.93 02 4.02 02 4.33 02
70 Yb L˛1 7.4158 167.195 3.28 02 3.42 02 3.69 02 3.78 02 4.09 02
28 Ni K˛1 7.4782 165.795 3.21 02 3.34 02 3.61 02 3.69 02 4.00 02
67 Ho Lˇ1 7.5253 164.757 3.15 02 3.28 02 3.55 02 3.63 02 3.93 02
27 Co K ˇ1,3 7.6494 162.084 3.02 02 3.14 02 3.40 02 3.47 02 3.76 02
71 Lu L˛1 7.6555 161.955 3.01 02 3.14 02 3.39 02 3.47 02 3.75 02
68 Er Lˇ1 7.8109 158.733 2.85 02 2.97 02 3.21 02 3.28 02 3.55 02
72 Hf L˛1 7.8990 156.963 2.77 02 2.88 02 3.11 02 3.19 02 3.45 02
29 Cu K˛1 8.0478 154.060 2.63 02 2.74 02 2.96 02 3.03 02 3.28 02
69 Tm Lˇ1 8.1010 153.049 2.59 02 2.69 02 2.91 02 2.98 02 3.22 02
73 Ta L˛1 8.1461 152.201 2.55 02 2.65 02 2.87 02 2.93 02 3.17 02
28 Ni Kˇ1,3 8.2647 150.017 2.45 02 2.55 02 2.76 02 2.82 02 3.05 02
74 W L˛1 8.3976 147.643 2.35 02 2.44 02 2.64 02 2.70 02 2.92 02
70 Yb Lˇ1 8.4018 147.569 2.35 02 2.44 02 2.64 02 2.70 02 2.92 02
30 Zn K˛1 8.6389 143.519 2.18 02 2.27 02 2.45 02 2.50 02 2.71 02
75 Re L˛1 8.6525 143.294 2.17 02 1.26 02 2.43 02 2.49 02 2.70 02
71 Lu Lˇ1 8.7090 142.364 2.13 02 2.22 02 2.39 02 2.45 02 2.65 02
29 Cu Kˇ1 8.9053 139.226 2.01 02 2.09 02 2.25 02 2.31 02 2.50 02
76 Os L˛1 8.9117 139.126 2.00 02 2.08 02 2.25 02 2.30 02 2.49 02
72 Hf Lˇ1 9.0227 137.414 1.94 02 2.02 02 2.17 02 2.23 02 2.41 02
77 Ir L˛1 9.1751 135.132 1.85 02 1.93 02 2.08 02 2.13 02 2.30 02
31 Ga K˛1 9.2517 134.013 1.81 02 1.88 02 2.03 02 2.08 02 2.25 02
73 Ta Lˇ1 9.3431 132.702 1.76 02 1.84 02 1.98 02 2.03 02 2.19 02
78 Pt L˛1 9.4423 131.308 1.71 02 1.78 02 1.92 02 1.97 02 2.13 02
30 Zn Kˇ1,3 9.5720 129.529 1.65 02 1.72 02 1.85 02 1.90 02 2.05 02
74 W Lˇ1 9.6724 128.184 1.61 02 1.67 02 1.80 02 1.85 02 2.00 02
79 Au L˛1 9.7133 127.644 1.59 02 1.65 02 1.78 02 1.83 02 1.97 02
32 Ge K˛1 9.8864 125.409 1.52 02 1.58 02 1.70 02 1.74 02 1.88 02
80 Hg L˛1 9.9888 124.124 1.47 02 1.53 02 1.65 02 1.69 02 1.83 02
75 Re Lˇ1 10.010 123.861 1.47 02 1.53 02 1.64 02 1.68 02 1.82 02
31 Ga Kˇ1 10.264 120.796 1.37 02 1.43 02 1.54 02 1.57 02 1.70 02
81 Tl L˛1 10.269 120.737 1.37 02 1.42 02 1.53 02 1.57 02 1.70 02
76 Os Lˇ1 10.355 119.734 1.34 02 1.39 02 1.50 02 1.54 02 1.66 02
33 As K˛1 10.544 117.588 1.28 02 1.33 02 1.43 02 1.47 02 1.58 02
82 Pb L˛1 10.552 117.499 1.27 02 1.33 02 1.43 02 1.46 02 1.58 02
77 Ir Lˇ1 10.708 115.787 1.22 02 1.27 02 1.37 02 1.41 02 1.58 02
83 Bi L˛1 10.839 114.388 1.19 02 1.23 02 1.33 02 1.36 02 1.47 02
32 Ge K ˇ1 10.982 112.898 1.15 02 1.19 02 1.28 02 1.32 02 1.42 02
78 Pt Lˇ1 11.071 111.990 1.12 02 1.17 02 1.25 02 1.29 02 1.39 02
84 Po L˛1 11.131 111.387 1.10 02 1.15 02 1.24 02 1.27 02 1.37 02
34 Se K˛1 11.222 110.484 1.08 02 1.12 02 1.21 02 1.24 02 1.34 02
85 At L˛1 11.427 108.501 1.03 02 1.07 02 1.15 02 1.18 02 1.28 02
79 Au Lˇ1 11.442 108.359 1.03 02 1.07 02 1.15 02 1.18 02 1.27 02



820 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 51Sb 52Te 53I 54Xe 55Cs

33 As Kˇ1 11.726 105.735 9.62 01 1.00 02 1.07 02 1.10 02 1.19 02
86 Rn L˛1 11.727 105.726 9.62 01 1.00 02 1.07 02 1.10 02 1.19 02
80 Hg Lˇ1 11.823 104.867 9.41 01 9.79 01 1.05 02 1.08 02 1.17 02
35 Br K˛1 11.924 103.979 9.20 01 9.57 01 1.03 02 1.06 02 1.14 02
87 Fr L ˛1 12.031 103.054 8.98 01 9.34 01 1.00 02 1.03 02 1.11 02
81 Tl Lˇ1 12.213 101.519 8.63 01 8.98 01 9.64 01 9.91 01 1.07 02
88 Ra L˛1 12.340 100.474 8.40 01 8.73 01 9.37 01 9.64 01 1.04 02
34 Se Kˇ1 12.496 99.219 8.12 01 8.45 01 9.06 01 9.33 01 1.01 02
82 Pb Lˇ1 12.614 98.291 7.92 01 8.24 01 8.84 01 9.09 01 9.80 01
36 Kr K˛1 12.649 98.019 7.86 01 8.18 01 8.77 01 9.03 01 9.73 01
89 Ac L˛1 12.652 97.996 7.86 01 8.17 01 8.76 01 9.02 01 9.72 01
90 Th L˛1 12.969 95.601 7.36 01 7.65 01 8.20 01 8.45 01 9.10 01
83 Bi Lˇ1 13.024 95.197 7.28 01 7.56 01 8.11 01 8.35 01 9.00 01
91 Pa L˛1 13.291 93.285 6.89 01 7.17 01 7.68 01 7.91 01 8.52 01
35 Br Kˇ1 13.291 93.285 6.89 01 7.17 01 7.68 01 7.91 01 8.52 01
37 Rb K˛1 13.395 92.560 6.75 01 7.02 01 7.52 01 7.75 01 8.34 01
84 Po Lˇ1 13.447 92.202 6.68 01 6.95 01 7.44 01 7.67 01 8.26 01
92 U L˛1 13.615 91.065 6.47 01 6.72 01 7.20 01 7.42 01 7.99 01
85 At Lˇ1 13.876 89.352 6.15 01 6.39 01 6.84 01 7.06 01 7.59 01
36 Kr Kˇ1 14.112 87.857 5.88 01 6.11 01 6.54 01 6.75 01 7.26 01
38 Sr K˛1 14.165 87.529 5.82 01 6.05 01 6.47 01 6.68 01 7.18 01
86 Rn Lˇ1 14.316 86.606 5.66 01 5.88 01 6.29 01 6.49 01 6.98 01
87 Fr Lˇ1 14.770 83.943 5.21 01 5.41 01 5.79 01 5.97 01 6.42 01
39 Y K˛1 14.958 82.888 5.03 01 5.23 01 5.59 01 5.78 01 6.21 01
37 Rb Kˇ1 14.961 82.872 5.03 01 5.23 01 5.59 01 5.77 01 6.21 01
88 Ra Lˇ1 15.236 81.376 4.79 01 4.98 01 5.33 01 5.50 01 5.91 01
89 Ac Lˇ1 15.713 78.906 4.42 01 4.59 01 4.91 01 5.07 01 5.45 01
40 Zr K˛1 15.775 78.596 4.37 01 4.54 01 4.86 01 5.01 01 5.39 01
38 Sr Kˇ1 15.836 78.293 4.33 01 4.50 01 4.81 01 4.96 01 5.33 01
90 Th Lˇ1 16.202 76.524 4.08 01 4.23 01 4.53 01 4.67 01 5.02 01
41 Nb K˛1 16.615 74.622 3.81 01 3.96 01 4.24 01 4.37 01 4.69 01
91 Pa Lˇ1 16.702 74.233 3.76 01 3.90 01 4.18 01 4.31 01 4.63 01
39 Y Kˇ1 16.738 74.074 3.74 01 3.88 01 4.15 01 4.28 01 4.60 01
92 U Lˇ1 17.220 72.000 3.47 01 3.60 01 3.85 01 3.97 01 4.27 01
42 Mo K˛1 17.479 70.933 3.33 01 3.46 01 3.70 01 3.82 01 4.10 01
40 Zr Kˇ1 17.668 70.175 3.24 01 3.36 01 3.60 01 3.71 01 3.98 01
43 Tc K˛1 18.367 67.504 2.92 01 3.03 01 3.25 01 3.34 01 3.59 01
41 Nb Kˇ1 18.623 66.576 2.82 01 2.93 01 3.13 01 3.22 01 3.46 01
44 Ru K˛1 19.279 64.311 2.57 01 2.67 01 2.86 01 2.94 01 3.16 01
42 Mo Kˇ1 19.608 63.231 2.46 01 2.55 01 2.73 01 2.81 01 3.02 01
45 Rh K˛1 20.216 61.330 2.27 01 2.35 01 2.52 01 2.59 01 2.78 01
43 Tc Kˇ1 20.619 60.131 2.16 01 2.24 01 2.39 01 2.46 01 2.64 01
46 Pd K˛1 21.177 58.547 2.01 01 2.09 01 2.23 01 2.30 01 2.46 01
44 Ru Kˇ1 21.657 57.249 1.90 01 1.97 01 2.10 01 2.17 01 2.32 01



51Sb – 55Cs 821

Z transition E [keV] � [pm] 51Sb 52Te 53I 54Xe 55Cs

47 Ag K˛1 22.163 55.942 1.79 01 1.85 01 1.98 01 2.04 01 2.19 01
45 Rh Kˇ1 22.724 54.561 1.67 01 1.73 01 1.85 01 1.91 01 2.05 01
48 Cd K˛1 23.174 53.501 1.59 01 1.65 01 1.76 01 1.82 01 1.95 01
46 Pd Kˇ1 23.819 52.053 1.48 01 1.53 01 1.64 01 1.69 01 1.81 01
49 In K˛1 24.210 51.212 1.42 01 1.47 01 1.57 01 1.62 01 1.73 01
47 Ag Kˇ1 24.942 49.709 1.31 01 1.36 01 1.45 01 1.50 01 1.60 01
50 Sn K˛1 25.271 49.062 1.27 01 1.31 01 1.40 01 1.45 01 1.55 01
48 Cd Kˇ1 26.096 47.511 1.17 01 1.21 01 1.29 01 1.33 01 1.42 01
51 Sb K˛1 26.359 47.037 1.14 01 1.18 01 1.25 01 1.30 01 1.39 01
49 In Kˇ1 27.276 45.455 1.04 01 1.08 01 1.15 01 1.19 01 1.27 01
52 Te K˛1 27.472 45.131 1.02 01 1.06 01 1.13 01 1.17 01 1.24 01
50 Sn Kˇ1 28.486 43.524 9.29 00 9.62 00 1.02 01 1.06 01 1.13 01
53 I K˛1 28.612 43.333 9.18 00 9.51 00 1.01 01 1.05 01 1.12 01
51 Sb Kˇ1 29.726 41.709 8.31 00 8.61 00 9.18 00 9.49 00 1.01 01
54 Xe K˛1 29.779 41.635 8.27 00 8.57 00 9.14 00 9.45 00 1.01 01
55 Cs K˛1 30.973 40.030 4.26 01 7.74 00 8.26 00 8.53 00 9.10 00
52 Te Kˇ1 30.996 40.000 4.25 01 7.72 00 8.25 00 8.51 00 9.09 00
56 Ba K˛1 32.194 38.511 3.84 01 3.94 01 7.48 00 7.72 00 8.25 00
53 I Kˇ1 32.295 38.391 3.81 01 3.90 01 7.42 00 7.65 00 8.18 00
57 La K˛1 33.442 37.074 3.46 01 3.55 01 3.83 01 6.99 00 7.48 00
54 Xe Kˇ1 33.624 36.874 3.41 01 3.50 01 3.77 01 6.90 00 7.38 00
58 Ce K˛1 34.279 36.169 3.24 01 3.33 01 3.58 01 6.56 00 7.03 00
55 Cs Kˇ1 34.987 35.437 3.06 01 3.15 01 3.39 01 3.41 01 6.67 00
59 Pr K˛1 36.026 34.415 2.83 01 2.91 01 3.13 01 3.15 01 3.14 01
56 Ba Kˇ1 36.378 34.082 2.76 01 2.84 01 3.04 01 3.07 01 3.35 01
60 Nd K˛1 36.847 33.648 2.66 01 2.74 01 2.94 01 2.97 01 3.23 01
57 La Kˇ1 37.801 32.799 2.48 01 2.56 01 2.74 01 2.77 01 3.02 01
61 Pm K˛1 38.725 32.016 2.33 01 2.40 01 2.57 01 2.60 01 2.82 01
58 Ce Kˇ1 39.257 31.582 2.24 01 2.31 01 2.47 01 2.50 01 2.72 01
62 Sm K˛1 40.118 30.905 2.12 01 2.18 01 2.33 01 2.36 01 2.56 01
59 Pr Kˇ1 40.748 30.427 2.03 01 2.09 01 2.23 01 2.26 01 2.45 01
63 Eu K˛1 41.542 29.845 1.92 01 1.98 01 2.12 01 2.15 01 2.33 01
60 Nd Kˇ1 42.271 29.331 1.83 01 1.89 01 2.02 01 2.05 01 2.22 01
64 Gd K˛1 42.996 28.836 1.75 01 1.81 01 1.93 01 1.96 01 2.12 01
61 Pm Kˇ1 43.826 28.290 1.66 01 1.72 01 1.83 01 1.86 01 2.01 01
65 Tb K˛1 44.482 27.873 1.59 01 1.65 01 1.75 01 1.78 01 1.93 01
62 Sm Kˇ1 45.413 27.301 1.51 01 1.56 01 1.66 01 1.69 01 1.82 01
66 Dy K˛1 45.998 26.954 1.45 01 1.50 01 1.60 01 1.63 01 1.76 01
63 Eu Kˇ1 47.038 26.358 1.37 01 1.42 01 1.50 01 1.53 01 1.65 01
67 Ho K˛1 47.547 26.076 1.33 01 1.37 01 1.46 01 1.49 01 1.60 01
64 Gd Kˇ1 48.697 25.460 1.24 01 1.29 01 1.37 01 1.39 01 1.50 01
68 Er K˛1 49.128 25.237 1.21 01 1.26 01 1.33 01 1.36 01 1.46 01
65 Tb Kˇ1 50.382 24.609 1.13 01 1.17 01 1.25 01 1.27 01 1.37 01
69 Tm K˛1 50.742 24.434 1.11 01 1.15 01 1.22 01 1.25 01 1.34 01



822 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 51Sb 52Te 53I 54Xe 55Cs

66 Dy Kˇ1 52.119 23.788 1.03 01 1.07 01 1.13 01 1.16 01 1.24 01
70 Yb K˛1 52.389 23.666 1.02 01 1.05 01 1.12 01 1.14 01 1.23 01
67 Ho Kˇ1 53.877 23.012 9.41 00 9.77 00 1.03 01 1.06 01 1.14 01
71 Lu K˛1 54.070 22.930 9.31 00 9.67 00 1.02 01 1.05 01 1.12 01
68 Er Kˇ1 55.681 22.167 8.58 00 8.92 00 9.45 00 9.68 00 1.04 01
72 Hf K˛1 55.790 22.223 8.54 00 8.88 00 9.40 00 9.62 00 1.03 01
69 Tm Kˇ1 57.517 21.556 7.84 00 8.16 00 8.64 00 8.85 00 9.47 00
73 Ta K˛1 57.532 21.550 7.84 00 8.16 00 8.63 00 8.85 00 9.47 00
74 W K˛1 59.318 20.901 7.20 00 7.50 00 7.94 00 8.14 00 8.70 00
70 Yb Kˇ1 59.370 20.883 7.18 00 7.48 00 7.92 00 8.12 00 8.68 00
75 Re K˛1 61.140 20.278 6.63 00 6.90 00 7.30 00 7.49 00 8.00 00
71 Lu Kˇ1 61.283 20.231 6.58 00 6.86 00 7.25 00 7.45 00 7.95 00
76 Os K˛1 63.001 19.679 6.10 00 6.36 00 6.72 00 6.90 00 7.37 00
72 Hf Kˇ1 63.234 19.607 6.04 00 6.29 00 6.65 00 6.83 00 7.29 00
77 Ir K˛1 64.896 19.105 5.63 00 5.86 00 6.20 00 6.37 00 6.79 00
73 Ta Kˇ1 65.223 19.009 5.55 00 5.78 00 6.11 00 6.28 00 6.70 00
78 Pt K˛1 66.832 18.551 5.19 00 5.41 00 5.71 00 5.87 00 6.26 00
74 W Kˇ1 67.244 18.438 5.11 00 5.32 00 5.62 00 5.78 00 6.16 00
79 Au K˛1 68.804 18.020 4.80 00 4.99 00 5.27 00 5.42 00 5.78 00
75 Re Kˇ1 69.310 17.888 4.70 00 4.89 00 5.17 00 5.32 00 5.67 00
80 Hg K˛1 70.819 17.507 4.43 00 4.61 00 4.87 00 5.01 00 5.34 00
76 Os Kˇ1 71.413 17.361 4.33 00 4.51 00 4.76 00 4.90 00 5.22 00
81 Tl K˛1 72.872 17.014 4.10 00 4.26 00 4.50 00 4.64 00 4.94 00
77 Ir Kˇ1 73.561 16.854 4.00 00 4.15 00 4.39 00 4.52 00 4.81 00
82 Pb K˛1 74.969 16.538 3.79 00 3.94 00 4.17 00 4.29 00 4.57 00
78 Pt Kˇ1 75.748 16.368 3.69 00 3.83 00 4.05 00 4.17 00 4.44 00
83 Bi K˛1 77.108 16.079 3.51 00 3.65 00 3.86 00 3.97 00 4.23 00
79 Au Kˇ1 77.948 15.906 3.41 00 3.54 00 3.74 00 3.86 00 4.10 00
84 Po K˛1 79.290 15.636 3.25 00 3.38 00 3.57 00 3.68 00 3.91 00
80 Hg Kˇ1 80.253 15.449 3.15 00 3.27 00 3.45 00 3.56 00 3.79 00
85 At K˛1 81.520 15.209 3.02 00 3.14 00 3.31 00 3.41 00 3.63 00
81 Tl Kˇ1 82.576 15.014 2.92 00 3.03 00 3.20 00 3.30 00 3.51 00
86 Rn K˛1 83.780 14.798 2.80 00 2.91 00 3.08 00 3.17 00 3.37 00
82 Pb Kˇ1 84.936 14.597 2.70 00 2.81 00 2.96 00 3.06 00 3.25 00
87 Fr K˛1 86.100 14.400 2.61 00 2.71 00 2.86 00 2.95 00 3.13 00
83 Bi Kˇ1 87.343 14.195 2.51 00 2.60 00 2.75 00 2.84 00 3.01 00
88 Ra K˛1 88.470 14.014 2.42 00 2.52 00 2.66 00 2.74 00 2.91 00
84 Po Kˇ1 89.800 13.806 2.33 00 2.42 00 2.55 00 2.63 00 2.79 00
89 Ac K˛1 90.884 13.642 2.25 00 2.34 00 2.47 00 2.55 00 2.71 00
85 At Kˇ1 92.300 13.432 2.16 00 2.24 00 2.37 00 2.45 00 2.59 00
90 Th K˛1 93.350 13.281 2.10 00 2.18 00 2.30 00 2.37 00 2.52 00
86 Rn Kˇ1 94.870 13.068 2.01 00 2.08 00 2.20 00 2.27 00 2.41 00
91 Pa K˛1 95.868 12.932 1.95 00 2.03 00 2.14 00 2.21 00 2.34 00
87 Fr Kˇ1 97.470 12.720 1.87 00 1.94 00 2.04 00 2.11 00 2.24 00



56Ba – 60Nd 823

Z transition E [keV] � [pm] 51Sb 52Te 53I 54Xe 55Cs

92 U K˛1 98.439 12.595 1.82 00 1.89 00 1.99 00 2.06 00 2.18 00
88 Ra Kˇ1 100.130 12.382 1.74 00 1.80 00 1.90 00 1.97 00 2.08 00
89 Ac Kˇ1 102.850 12.054 1.62 00 1.68 00 1.78 00 1.84 00 1.94 00
90 Th Kˇ1 105.610 11.739 1.51 00 1.57 00 1.66 00 1.72 00 1.82 00
91 Pa Kˇ1 108.430 11.434 1.42 00 1.47 00 1.55 00 1.60 00 1.70 00
92 U Kˇ1 111.300 11.139 1.33 00 1.38 00 1.45 00 1.50 00 1.59 00

Z transition E [keV] � [pm] 56Ba 57La 58Ce 59Pr 60Nd

4 Be K˛ 0.1085 11427.207 1.32 05 3.73 04 1.18 04 1.31 04 1.15 04
38 Sr M� 0.1140 10875.895 1.24 05 6.33 04 1.59 04 1.87 04 1.10 04
39 Y M� 0.1328 9339.235 3.40 04 5.57 04 6.11 04 1.23 05 8.10 04
16 S Ll 0.1487 8337.942 1.26 04 2.24 04 2.51 04 5.45 04 4.99 04
49 Zr M� 0.1511 8205.506 1.13 04 1.96 04 2.22 04 4.99 04 4.58 04
41 Nb M� 0.1717 7221.037 5.89 03 6.02 03 1.09 04 2.04 04 2.18 04
5 B K˛ 0.1833 6764.059 4.94 03 3.73 03 8.25 03 1.44 04 1.51 04
42 Mo M� 0.1926 6473.445 4.33 03 2.99 03 7.23 03 1.13 04 1.15 04
6 C K˛ 0.2776 4476.000 4.45 03 6.63 03 6.48 03 8.07 03 6.37 03
47 Ag M� 0.3117 3977.709 5.35 03 6.75 03 7.42 03 1.11 04 8.35 03
7 N K˛ 0.3924 3159.664 5.73 03 6.72 03 6.86 03 8.69 03 8.03 03
22 Ti Ll 0.3953 3136.484 5.71 03 6.30 03 6.83 03 8.56 03 7.97 03
22 Ti L˛ 0.4522 2741.822 5.22 03 5.56 03 6.11 03 6.77 03 6.84 03
23 V L˛ 0.5113 2424.901 4.63 03 4.83 03 5.38 03 5.66 03 5.88 03
8 O K˛ 0.5249 2362.072 4.56 03 4.69 03 5.21 03 5.50 03 5.69 03
25 Mn Ll 0.5563 2228.747 4.21 03 4.35 03 4.81 03 5.08 03 5.26 03
24 Cr L˛ 0.5728 2164.549 4.05 03 4.18 03 4.62 03 4.88 03 5.04 03
25 Mn L˛ 0.6374 1945.171 3.46 03 3.60 03 3.95 03 4.17 03 4.31 03
9 F K˛ 0.6768 1831.932 3.16 03 3.28 03 3.58 03 3.78 03 3.91 03
26 Fe L˛ 0.7050 1758.655 2.96 03 3.10 03 3.38 03 3.57 03 3.69 03
27 Co L˛ 0.7762 1597.335 2.53 03 2.65 03 2.88 03 3.04 03 3.14 03
28 Ni L˛ 0.8515 1456.080 1.16 04 1.23 04 2.46 03 2.59 03 2.68 03
29 Cu L˛ 0.9297 1336.044 9.74 03 1.02 04 1.15 04 2.22 03 2.29 03
30 Zn L˛ 1.0117 1215.513 8.10 03 8.44 03 9.39 03 1.01 04 8.68 04
11 Na K˛ 1.0410 1191.020 7.62 03 7.93 03 8.80 03 9.41 03 8.28 04
11 Na Kˇ 1.0711 1157.550 1.04 04 7.22 03 7.82 03 8.39 03 7.98 04
12 Mg K˛ 1.2536 989.033 7.64 03 8.18 03 7.92 01 8.59 00 7.42 03
33 As L˛ 1.2820 967.123 7.22 03 7.72 03 8.23 03 8.11 03 7.01 03
12 Mg Kˇ 1.3022 952.121 7.62 03 7.42 03 7.91 03 7.78 03 8.06 03
33 As Lˇ1 1.3170 941.421 7.40 03 7.21 03 7.69 03 7.56 03 7.83 03
66 Dy Mˇ 1.3250 935.737 7.29 03 7.10 03 7.57 03 7.44 03 7.71 03
67 Ho M˛ 1.3480 919.771 6.98 03 6.80 03 7.25 03 7.83 03 7.39 03
34 Se L˛ 1.3791 899.029 6.58 03 7.04 03 6.84 03 7.38 03 6.98 03
67 Ho Mˇ 1.3830 896.494 6.53 03 6.99 03 6.80 03 7.32 03 6.93 03
68 Er M˛ 1.4060 881.829 6.26 03 6.70 03 6.52 03 7.02 03 7.31 03



824 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 56Ba 57La 58Ce 59Pr 60Nd

34 Se Lˇ1 1.4192 873.627 6.11 03 6.54 03 6.37 03 6.85 03 7.13 03
68 Er Mˇ 1.4430 859.218 5.86 03 6.27 03 6.69 03 6.56 03 6.83 03
69 Tm M˛ 1.4620 848.051 5.67 03 6.07 03 6.47 03 6.35 03 6.60 03
35 Br L˛ 1.4804 837.511 5.49 03 5.87 03 6.27 03 6.15 03 6.39 03
13 Al K˛1 1.4867 833.962 5.43 03 5.81 03 6.20 03 6.08 02 6.32 03
69 Tm Mˇ 1.5030 824.918 5.28 03 5.65 03 6.03 03 5.92 03 6.19 03
70 Yb M˛ 1.5214 814.941 5.12 03 5.48 03 5.85 03 6.30 03 5.96 03
35 Br Lˇ1 1.5259 812.538 5.08 03 5.43 03 5.80 03 6.25 03 5.92 03
13 Al Kˇ 1.5574 796.103 4.82 03 5.15 03 5.51 03 5.93 03 5.63 03
70 Yb Mˇ 1.5675 790.974 4.74 03 5.07 03 5.42 03 5.84 03 5.53 03
71 Lu M˛ 1.5813 784.071 4.64 03 4.96 03 5.30 03 5.71 03 5.95 03
36 Kr L˛ 1.5860 781.747 4.61 03 4.92 03 5.26 03 5.66 03 5.91 03
71 Lu Mˇ 1.6312 760.085 4.29 03 4.57 03 4.89 03 5.27 03 5.50 03
36 Kr Lˇ1 1.6366 757.577 4.25 03 4.53 03 4.85 03 5.22 03 5.45 03
72 Hf M˛1 1.6446 753.892 4.20 03 4.48 03 4.79 03 5.16 03 5.38 03
37 Rb L˛1 1.6941 731.864 3.90 03 4.15 03 4.44 03 4.78 03 4.99 03
72 Hf Mˇ 1.6976 730.355 3.88 03 4.13 03 4.42 03 4.76 03 4.96 03
73 Ta M˛1 1.7096 725.229 3.81 03 4.05 03 4.34 03 4.67 03 4.87 03
14 Si K˛1 1.7400 712.558 3.64 03 3.87 03 4.15 03 4.46 03 4.66 03
37 Rb Lˇ1 1.7522 707.597 3.58 03 3.80 03 4.08 03 4.39 03 4.58 03
73 Ta Mˇ 1.7655 702.266 3.51 03 3.73 03 4.00 03 4.30 03 4.49 03
74 W M˛1 1.7754 698.350 3.46 03 3.67 03 3.94 03 4.24 03 4.42 03
38 Sr L˛1 1.8066 686.290 3.31 03 3.51 03 3.77 03 4.05 03 4.23 03
74 W Mˇ 1.8349 675.705 3.18 03 3.37 03 3.62 03 3.90 03 4.07 03
14 Si Kˇ 1.8359 675.337 3.18 03 3.37 03 3.62 03 3.89 03 4.06 03
75 Re M˛1 1.8420 673.100 3.15 03 3.34 03 3.59 03 3.86 03 4.03 03
38 Sr Lˇ1 1.8717 662.420 3.02 03 3.21 03 3.45 03 3.70 03 3.86 03
75 Re Mˇ 1.9061 650.465 2.89 03 3.06 03 3.29 03 3.53 03 5.69 03
76 Os M˛1 1.9102 649.069 2.87 03 3.04 03 3.27 03 3.51 03 3.67 03
39 Y L˛1 1.9226 644.882 2.83 03 2.99 03 3.22 03 3.46 03 3.61 03
76 Os Mˇ 1.9783 626.725 2.63 03 2.78 03 2.99 03 3.21 03 3.35 03
77 Ir M˛1 1.9799 626.219 2.62 03 2.77 03 2.99 03 3.21 03 3.35 03
39 Y Lˇ 1.9958 621.230 2.57 03 2.72 03 2.93 03 3.14 03 3.28 03
15 P K˛1 2.0137 615.708 2.51 03 2.66 03 2.86 03 3.07 03 3.20 03
40 Zr L˛1 2.0424 607.056 2.42 03 2.56 03 2.76 03 2.96 03 3.09 03
78 Pt M˛1 2.0505 604.658 2.40 03 2.54 03 2.73 03 2.93 03 3.06 03
77 Ir Mˇ 2.0535 603.775 2.39 03 2.53 03 2.72 03 2.92 03 3.05 03
79 Au M˛1 2.1229 584.036 2.20 03 2.32 03 2.50 03 2.68 03 2.80 03
40 Zr Lˇ1 2.1244 583.624 2.19 03 2.32 03 2.50 03 2.68 03 2.80 03
78 Pt Mˇ 2.1273 582.828 2.19 03 2.31 03 2.49 03 2.67 03 2.79 03
15 P Kˇ1,3 2.1390 579.640 2.16 03 2.28 03 2.45 03 2.63 03 2.75 03
41 Nb L˛1 2.1659 572.441 2.09 03 2.21 03 2.38 03 2.55 03 2.66 03
80 Hg M˛1 2.1953 564.775 2.02 03 2.14 03 2.29 03 2.46 03 2.57 03
79 Au Mˇ 2.2046 562.393 2.00 03 2.11 03 2.27 03 2.43 03 2.54 03



56Ba – 60Nd 825

Z transition E [keV] � [pm] 56Ba 57La 58Ce 59Pr 60Nd

41 Nb Lˇ1 2.2574 549.238 1.88 03 1.99 03 2.14 03 2.29 03 2.40 03
81 Tl M˛1 2.2706 546.045 1.85 03 1.96 03 2.11 03 2.26 03 2.36 03
80 Hg Mˇ 2.2825 543.199 1.83 03 1.94 03 2.08 03 2.23 03 2.33 03
42 Mo L˛1 2.2932 540.664 1.81 03 1.91 03 2.05 03 2.20 03 2.30 03
16 S K˛1 2.3080 537.197 1.78 03 1.88 03 2.02 03 2.16 03 2.26 03
82 Pb M˛1 2.3457 528.563 1.70 03 1.81 03 1.94 03 2.07 03 2.17 03
81 Tl Mˇ 2.3621 524.893 1.67 03 1.78 03 1.90 03 2.04 03 2.13 03
42 Mo Lˇ1 2.3948 517.726 1.62 03 1.71 03 1.84 03 1.97 03 2.06 03
83 Bi M˛1 2.4226 511.785 1.57 03 1.67 03 1.79 03 1.91 03 2.00 03
43 Tc L˛1 2.4240 511.490 1.57 03 1.66 03 1.78 03 1.91 03 2.00 03
82 Pb Mˇ 2.4427 507.574 1.54 03 1.63 03 1.75 03 1.87 03 1.96 03
16 S Kˇ 2.4640 503.186 1.50 03 1.60 03 1.71 03 1.83 03 1.92 03
83 Bi Mˇ1 2.5255 490.933 1.41 03 1.50 03 1.61 03 1.72 03 1.80 03
43 Tc Lˇ1 2.5368 488.746 1.40 03 1.48 03 1.59 03 1.70 03 1.78 03
44 Ru L˛1 2.5586 484.582 1.37 03 1.45 03 1.55 03 1.66 03 1.74 03
17 Cl K˛1 2.6224 472.792 1.28 03 1.36 03 1.46 03 1.56 03 1.64 03
44 Ru Lˇ1 2.6832 462.079 1.21 03 1.29 03 1.38 03 1.47 03 1.54 03
45 Rh L˛1 2.6967 459.766 1.20 03 1.27 03 1.36 03 1.45 03 1.52 03
17 Cl Kˇ 2.8156 440.350 1.07 03 1.14 03 1.22 03 1.30 03 1.36 03
45 Rh Lˇ1 2.8344 437.430 1.05 03 1.12 03 1.20 03 1.28 03 1.34 03
46 Pd L˛1 2.8386 436.782 1.05 03 1.12 03 1.19 03 1.27 03 1.34 03
18 Ar K˛1 2.9577 419.194 9.46 02 1.01 03 1.07 03 1.14 03 1.20 03
47 Ag L˛1 2.9843 415.458 9.24 02 9.84 02 1.05 03 1.12 03 1.18 03
46 Pd Lˇ1 2.9902 414.638 9.20 02 9.79 02 1.04 03 1.11 03 1.17 03
90 Th M˛1 2.9961 413.821 9.15 02 9.74 02 1.04 03 1.11 03 1.16 03
91 Pa M˛1 3.0823 402.248 8.51 02 9.07 02 9.67 02 1.03 03 1.08 03
48 Cd L˛1 3.1337 395.651 8.16 02 8.70 02 9.27 02 9.87 02 1.04 03
90 Th Mˇ 3.1458 394.129 8.08 02 8.61 02 9.18 02 9.77 02 1.03 03
47 Ag Lˇ1 3.1509 393.491 8.05 02 8.58 02 9.14 02 9.73 02 1.02 03
92 U M˛1 3.1708 391.021 7.92 02 8.44 02 9.00 02 9.58 02 1.01 03
18 Ar Kˇ 3.1905 388.607 7.80 02 8.31 02 8.86 02 9.43 02 9.93 02
91 Pa Mˇ 3.2397 382.705 7.50 02 7.99 02 8.52 02 9.07 02 9.55 02
49 In L˛1 3.2869 377.210 7.23 02 7.70 02 8.21 02 8.74 02 9.21 02
19 K K˛1 3.3138 374.148 7.08 02 7.55 02 8.04 02 8.56 02 9.02 02
48 Cd Lˇ1 3.3166 373.832 7.06 02 7.53 02 8.03 02 8.54 02 9.00 02
92 U Mˇ 3.3360 371.658 6.96 02 7.42 02 7.91 02 8.41 02 8.87 02
50 Sn L˛1 3.4440 360.003 6.42 02 6.84 02 7.29 02 7.76 02 8.18 02
49 In Lˇ1 3.4872 355.543 6.22 02 6.63 02 7.07 02 7.52 02 7.92 02
19 K Kˇ 3.5896 345.401 5.78 02 6.16 02 6.56 02 6.98 02 7.36 02
51 Sb L˛1 3.6047 343.954 4.71 02 6.10 02 6.50 02 6.91 02 7.28 02
50 Sn Lˇ1 3.6628 338.498 5.49 02 5.85 02 6.24 02 6.63 02 6.99 02
20 Ca K˛1 3.6917 335.848 5.38 02 5.74 02 6.11 02 6.50 02 6.86 02
52 Te L˛1 3.7693 328.934 5.10 02 5.44 02 5.80 02 6.17 02 6.50 02
51 Sb Lˇ1 3.8436 322.575 4.85 02 5.18 02 5.52 02 5.87 02 6.19 02



826 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 56Ba 57La 58Ce 59Pr 60Nd

53 I L˛1 3.9377 314.867 4.56 02 4.87 02 5.19 02 5.52 02 5.82 02
20 Ca Kˇ 4.0127 308.981 4.35 02 4.65 02 4.95 02 5.26 02 5.55 02
52 Te Lˇ1 4.0296 307.686 4.31 02 4.60 02 4.89 02 5.20 02 5.49 02
21 Sc K˛1 4.0906 303.097 4.15 02 4.43 02 4.71 02 5.01 02 5.28 02
54 Xe L˛1 4.1099 301.674 4.10 02 4.37 02 4.66 02 4.95 02 5.22 02
53 I Lˇ1 4.2207 293.755 3.83 02 4.09 02 4.35 02 4.62 02 4.88 02
55 Cs L˛1 4.2865 289.245 3.69 02 3.93 02 4.19 02 4.44 02 4.69 02
21 Sc Kˇ 4.4605 277.962 3.34 02 3.56 02 3.79 02 4.01 02 4.24 02
56 Ba L˛1 4.4663 277.601 3.33 02 3.55 02 3.78 02 4.00 02 4.23 02
22 Ti K˛1 4.5108 274.863 3.25 02 3.46 02 3.68 02 3.90 02 4.12 02
55 Cs Lˇ1 4.6198 268.377 3.06 02 3.26 02 3.47 02 3.67 02 3.88 02
57 La L˛1 4.6510 266.577 3.02 02 3.20 02 3.41 02 3.61 02 3.81 02
56 Ba Lˇ1 4.8275 256.841 2.74 02 2.92 02 3.10 02 3.28 02 3.47 02
58 Ce L˛1 4.8402 256.157 2.72 02 2.90 02 3.06 02 3.26 02 3.45 02
22 Ti Kˇ1,3 4.9318 251.399 2.60 02 2.76 02 2.94 02 3.11 02 3.29 02
23 V K˛1 4.9522 250.363 2.57 02 2.74 03 2.91 02 3.07 02 3.25 02
59 Pr L˛1 5.0337 246.310 2.47 02 2.63 02 2.79 02 2.95 02 3.12 02
57 La Lˇ1 5.0421 245.899 2.46 02 2.62 02 2.78 02 2.94 02 3.11 02
60 Nd L˛1 5.2304 237.047 2.24 02 2.38 02 2.54 02 2.68 02 2.83 02
58 Ce Lˇ1 5.2622 235.614 6.44 02 2.35 02 2.50 02 2.64 02 2.79 02
24 Cr K˛1 5.4147 228.978 5.97 02 2.18 02 2.32 02 2.45 02 2.60 02
23 V Kˇ1,3 5.4273 228.447 5.93 02 2.17 02 2.31 02 2.44 02 2.58 02
61 Pm L˛1 5.4325 228.228 5.92 02 2.17 02 2.30 02 2.43 02 2.58 02
59 Pr Lˇ1 5.4889 225.883 5.75 02 6.14 02 2.24 02 2.37 02 2.51 02
62 Sm L˛1 5.6361 219.984 7.45 02 5.72 02 2.10 02 2.21 02 2.35 02
60 Nd Lˇ1 5.7216 216.696 7.15 02 5.49 02 2.02 02 2.13 02 2.26 02
63 Eu L˛1 5.8457 212.096 6.75 02 5.18 02 5.48 02 2.02 02 2.14 02
25 Mn K˛1 5.8988 210.187 6.58 02 7.04 02 5.35 02 1.97 02 2.10 02
24 Cr Kˇ1,3 5.9467 208.494 6.44 02 6.89 02 5.24 02 1.93 02 2.05 02
61 Pm Lˇ1 5.9610 207.993 6.40 02 6.84 02 5.20 02 1.92 02 2.04 02
64 Gd L˛1 6.0572 204.690 7.35 02 6.55 02 4.99 02 5.29 02 1.96 02
62 Sm Lˇ1 6.2051 199.811 6.89 02 6.14 02 6.50 02 4.96 02 1.84 02
65 Tb L˛1 6.2728 197.655 6.69 02 7.18 02 6.32 02 4.82 02 5.08 02
26 Fe K˛1 6.4038 193.611 6.32 02 6.78 02 5.98 02 4.56 02 4.80 02
63 Eu Lˇ1 6.4564 192.034 6.19 02 6.63 02 5.85 02 6.20 02 4.70 02
25 Mn Kˇ1,3 6.4905 191.025 6.10 02 6.54 02 5.77 02 6.11 02 4.63 02
66 Dy L˛1 6.4952 190.887 6.09 02 6.52 02 5.76 02 6.10 02 4.62 02
64 Gd Lˇ1 6.7132 184.688 5.57 02 5.96 02 6.31 02 5.57 02 4.23 02
67 Ho L˛1 6.7198 184.507 5.55 02 5.94 02 6.29 02 5.55 02 4.22 02
27 Co K˛1 6.9303 178.903 5.11 02 5.46 02 5.79 02 6.13 02 5.39 02
68 Er L˛1 6.9487 178.429 5.07 02 5.42 02 5.75 02 6.09 02 5.35 02
65 Tb Lˇ1 6.9780 177.680 5.01 02 5.36 02 5.68 02 6.02 02 5.30 02
26 Fe Kˇ1,3 7.0580 175.666 4.86 02 5.20 02 5.51 02 5.84 02 5.14 02
69 Tm L˛1 7.1799 172.683 4.64 02 4.96 02 5.26 02 5.57 02 5.89 02



56Ba – 60Nd 827

Z transition E [keV] � [pm] 56Ba 57La 58Ce 59Pr 60Nd

66 Dy Lˇ1 7.2477 171.068 4.52 02 4.83 02 5.13 02 5.43 02 5.74 02
70 Yb L˛1 7.4156 167.195 4.25 02 4.54 02 4.82 02 5.11 02 5.39 02
28 Ni K˛1 7.4782 165.795 4.16 02 4.44 02 4.71 02 4.99 02 5.27 02
67 Ho Lˇ1 7.5253 164.757 4.09 02 4.36 02 4.63 02 4.91 02 5.18 02
27 Co Kˇ1,3 7.6494 162.084 3.91 02 4.17 02 4.43 02 4.70 02 4.95 02
71 Lu L˛1 7.6555 161.955 3.90 02 4.16 02 4.42 02 4.68 02 4.94 02
68 Er Lˇ1 7.8109 158.733 3.70 02 3.94 02 4.19 02 4.44 02 4.68 02
72 Hf L˛1 7.8990 156.963 3.59 02 3.82 02 4.06 02 4.30 02 4.54 02
29 Cu K˛1 8.0478 154.060 3.41 02 3.63 02 3.86 02 4.09 02 4.31 02
69 Tm Lˇ1 8.1010 153.049 3.35 02 3.57 02 3.79 02 4.02 02 4.24 02
73 Ta L˛1 8.1461 152.201 3.30 02 3.51 02 3.74 02 3.96 02 4.17 02
28 Ni Kˇ1,3 8.2647 150.017 3.17 02 3.38 02 3.59 02 3.81 02 4.01 02
74 W L˛1 8.3976 147.643 3.04 02 3.23 02 3.44 02 3.65 02 3.84 02
70 Yb Lˇ1 8.4018 147.569 3.04 02 3.23 02 3.44 02 3.64 02 3.84 02
30 Zn K˛1 8.6389 143.519 2.82 02 2.99 02 3.19 02 3.38 02 3.56 02
75 Re L˛1 8.6525 143.294 2.80 02 2.98 02 3.17 02 3.36 02 3.54 02
71 Lu Lˇ1 8.7090 142.364 2.76 02 2.93 02 3.12 02 3.30 02 3.48 02
29 Cu Kˇ1 8.9053 139.226 2.59 02 2.76 02 2.94 02 3.11 02 3.27 02
76 Os L˛1 8.9117 139.126 2.59 02 2.75 02 2.93 02 3.11 02 3.27.02
72 Hf Lˇ1 9.0227 137.414 2.51 02 2.66 02 2.83 02 3.00 02 3.16 02
77 Ir L˛1 9.1751 135.132 2.39 02 2.54 02 2.71 02 2.87 02 3.02 02
31 Ga K˛1 9.2517 134.013 2.34 02 2.49 02 2.65 02 2.81 02 2.95 02
73 Ta Lˇ1 9.3431 132.702 2.28 02 2.42 02 2.58 02 2.73 02 2.87 02
78 Pt L˛1 9.4423 131.308 2.22 02 2.35 02 2.51 02 2.66 02 2.79 02
30 Zn Kˇ1,3 9.5720 129.529 2.14 02 2.27 02 2.41 02 2.56 02 2.69 02
74 W Lˇ1 9.6724 128.184 2.08 02 2.20 02 2.35 02 2.49 02 2.61 02
79 Au L˛1 9.7133 127.644 2.05 02 2.18 02 2.32 02 2.46 02 2.58 02
32 Ge K˛1 9.8864 125.409 1.96 02 2.08 02 2.21 02 2.35 02 2.46 02
80 Hg L˛1 9.9888 124.124 1.90 02 2.02 02 2.15 02 2.28 02 2.40 02
75 Re Lˇ1 10.010 123.861 1.89 02 2.01 02 2.14 02 2.27 02 2.38 02
31 Ga Kˇ1 10.264 120.796 1.77 02 1.88 02 2.00 02 2.12 02 2.23 02
81 Tl L˛1 10.269 120.737 1.77 02 1.87 02 2.00 02 2.12 02 2.22 02
76 Os Lˇ1 10.355 119.734 1.73 02 1.83 02 1.95 02 2.07 02 2.17 02
33 As K˛1 10.544 117.588 1.65 02 1.74 02 1.86 02 1.97 02 2.07 02
82 Pb L˛1 10.552 117.499 1.64 02 1.74 02 1.86 02 1.97 02 2.07 02
77 Ir Lˇ1 10.708 115.787 1.58 02 1.67 02 1.78 02 1.89 02 1.98 02
83 Bi L˛1 10.839 114.388 1.53 02 1.62 02 1.73 02 1.83 02 1.92 02
32 Ge Kˇ1 10.982 112.898 1.47 02 1.56 02 1.67 02 1.77 02 1.85 02
78 Pt Lˇ1 11.071 111.990 1.44 02 1.53 02 1.63 02 1.73 02 1.81 02
84 Po L˛1 11.131 111.387 1.42 02 1.51 02 1.61 02 1.71 02 1.79 02
34 Se K˛1 11.222 110.484 1.39 02 1.47 02 1.57 02 1.67 02 1.75 02
85 At L˛1 11.427 108.501 1.32 02 1.40 02 1.50 02 1.59 02 1.66 02
79 Au Lˇ1 11.442 108.359 1.32 02 1.40 02 1.49 02 1.58 02 1.66 02
33 As Kˇ1 11.726 105.735 1.24 02 1.31 02 1.40 02 1.48 02 1.55 02



828 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 56Ba 57La 58Ce 59Pr 60Nd

86 Rn L˛1 11.727 105.726 1.24 02 1.31 02 1.40 02 1.48 02 1.55 02
80 Hg Lˇ1 11.823 104.867 1.21 02 1.28 02 1.37 02 1.45 02 1.52 02
35 Br K˛1 11.924 103.979 1.18 02 1.25 02 1.34 02 1.42 02 1.48 02
87 Fr L˛1 12.031 103.054 1.15 02 1.22 02 1.31 02 1.38 02 1.45 02
81 Tl Lˇ1 12.213 101.519 1.11 02 1.17 02 1.25 02 1.33 02 1.39 02
88 Ra L˛1 12.340 100.474 1.08 02 1.14 02 1.22 02 1.29 02 1.35 02
34 Se Kˇ1 12.496 99.219 1.04 02 1.10 02 1.18 02 1.25 02 1.31 02
82 Pb Lˇ1 12.614 98.291 1.01 02 1.07 02 1.15 02 1.22 02 1.27 02
36 Kr K˛1 12.649 98.019 1.01 02 1.07 02 1.14 02 1.21 02 1.26 02
89 Ac L˛1 12.652 97.996 1.01 02 1.06 02 1.14 02 1.21 02 1.26 02
90 Th L˛1 12.969 95.601 9.41 01 9.96 01 1.07 02 1.13 02 1.18 02
83 Bi Lˇ1 13.024 95.197 9.31 01 9.85 01 1.06 02 1.12 02 1.17 02
91 Pa L˛1 13.291 93.285 8.81 01 9.32 01 9.99 01 1.06 02 1.11 02
35 Br Kˇ1 13.291 93.285 8.81 01 9.32 01 9.99 01 1.06 02 1.11 02
37 Rb K˛1 13.395 92.560 8.63 01 9.13 01 9.78 01 1.04 02 1.08 02
84 Po Lˇ1 13.447 92.202 8.54 01 9.03 01 9.68 01 1.03 02 1.07 02
92 U L˛1 13.615 91.065 8.26 01 8.73 01 9.37 01 9.92 01 1.04 02
85 At Lˇ1 13.876 89.352 7.85 01 8.30 01 8.90 01 9.43 01 9.84 01
36 Kr Kˇ1 14.112 87.857 7.50 01 7.93 01 8.51 01 9.01 01 9.41 01
38 Sr K˛1 14.165 87.529 7.42 01 7.85 01 8.42 01 8.92 01 9.31 01
86 Rn Lˇ1 14.316 86.606 7.21 01 7.62 01 8.18 01 8.67 01 9.05 01
87 Fr Lˇ1 14.770 83.943 6.63 01 7.01 01 7.53 01 7.97 01 8.31 01
39 Y K˛1 14.958 82.888 6.41 01 6.77 01 7.28 01 7.71 01 8.03 01
37 Rb Kˇ1 14.961 82.872 6.40 01 6.77 01 7.27 01 7.70 01 8.03 01
88 Ra Lˇ1 15.236 81.376 6.10 01 6.45 01 6.93 01 7.34 01 7.65 01
89 Ac Lˇ1 15.713 78.906 5.63 01 5.94 01 6.38 01 6.76 01 7.04 01
40 Zr K˛1 15.775 78.596 5.57 01 5.87 01 6.31 01 6.69 01 6.97 01
38 Sr Kˇ1 15.836 78.293 5.51 01 5.81 01 6.25 01 6.62 01 6.89 01
90 Th Lˇ1 16.202 76.524 5.19 01 5.47 01 5.88 01 6.22 01 6.48 01
41 Nb K˛1 16.615 74.622 4.86 01 5.11 01 5.49 01 5.82 01 6.06 01
91 Pa Lˇ1 16.702 74.233 4.79 01 5.04 01 5.42 01 5.74 01 5.98 01
39 Y Kˇ1 16.738 74.074 4.76 01 5.01 01 5.39 01 5.71 01 5.94 01
92 U Lˇ1 17.220 72.000 4.42 01 4.65 01 4.99 01 5.29 01 5.51 01
42 Mo K˛1 17.479 70.933 4.25 01 4.46 01 4.80 01 5.08 01 5.29 01
40 Zr Kˇ1 17.668 70.175 4.13 01 4.34 01 4.66 01 4.94 01 5.14 01
43 Tc K˛1 18.367 67.504 3.73 01 3.91 01 4.20 01 4.45 01 4.63 01
41 Nb Kˇ1 18.623 66.576 3.59 01 3.77 01 4.05 01 4.29 01 4.46 01
44 Ru K˛1 19.279 64.311 3.28 01 3.43 01 3.69 01 3.91 01 4.07 01
42 Mo Kˇ1 19.608 63.231 3.14 01 3.28 01 3.53 01 3.74 01 3.89 01
45 Rh K˛1 20.216 61.330 2.89 01 3.03 01 3.25 01 3.44 01 3.58 01
43 Tc Kˇ1 20.619 60.131 2.75 01 2.87 01 3.09 01 3.27 01 3.40 01
46 Pd K˛1 21.177 58.547 2.56 01 2.68 01 2.88 01 3.05 01 3.17 01
44 Ru Kˇ1 21.657 57.249 2.42 01 2.52 01 2.72 01 2.87 01 2.99 01
47 Ag K˛1 22.163 55.942 2.27 01 2.37 01 2.56 01 2.70 01 2.81 01



56Ba – 60Nd 829

Z transition E [keV] � [pm] 56Ba 57La 58Ce 59Pr 60Nd

45 Rh Kˇ1 22.724 54.561 2.13 01 2.22 01 2.39 01 2.53 01 2.63 01
48 Cd K˛1 23.174 53.501 2.02 01 2.11 01 2.27 01 2.40 01 2.50 01
46 Pd Kˇ1 23.819 52.053 1.88 01 1.96 01 2.11 01 2.24 01 2.32 01
49 In K˛1 24.210 51.212 1.80 01 1.88 01 2.03 01 2.14 01 2.22 01
47 Ag Kˇ1 24.942 49.709 1.67 01 1.74 01 1.87 01 1.98 01 2.06 01
50 Sn K˛1 25.271 49.062 1.61 01 1.68 01 1.81 01 1.91 01 1.99 01
48 Cd Kˇ1 26.096 47.511 1.48 01 1.54 01 1.66 01 1.76 01 1.82 01
51 Sb K˛1 26.359 47.037 1.44 01 1.50 01 1.62 01 1.71 01 1.78 01
49 In Kˇ1 27.276 45.455 1.32 01 1.37 01 1.48 01 1.57 01 1.62 01
52 Te K˛1 27.472 45.131 1.29 01 1.35 01 1.45 01 1.54 01 1.59 01
50 Sn Kˇ1 28.486 43.524 1.18 01 1.22 01 1.32 01 1.40 01 1.45 01
53 I K˛1 28.612 43.333 1.16 01 1.21 01 1.30 01 1.38 01 1.43 01
51 Sb Kˇ1 29.726 41.709 1.05 01 1.09 01 1.18 01 1.25 01 1.29 01
54 Xe K˛1 29.779 41.635 1.05 01 1.09 01 1.17 01 1.24 01 1.29 01
55 Cs K˛1 30.973 40.030 9.47 00 9.81 00 1.06 01 1.12 01 1.16 01
52 Te Kˇ1 30.996 40.000 9.45 00 9.79 00 1.06 01 1.12 01 1.16 01
56 Ba K˛1 32.194 38.511 8.59 00 8.86 00 9.58 00 1.01 01 1.05 01
53 I Kˇ1 32.295 38.391 8.52 00 8.79 00 9.50 00 1.01 01 1.04 01
57 La K˛1 33.442 37.074 7.78 00 8.02 00 8.67 00 9.18 00 9.49 00
54 Xe Kˇ1 33.624 36.874 7.67 00 7.91 00 8.55 00 9.05 00 9.35 00
58 Ce K˛1 34.279 36.169 7.29 00 7.52 00 8.13 00 8.61 00 8.89 00
55 Cs Kˇ1 34.987 35.437 6.91 00 7.14 00 7.71 00 8.16 00 8.43 00
59 Pr K˛1 36.026 34.415 6.40 00 6.62 00 7.15 00 7.56 00 7.81 00
56 Ba Kˇ1 36.378 34.082 6.24 00 6.45 00 6.97 00 7.38 00 7.61 00
60 Nd K˛1 36.847 33.648 6.04 00 6.24 00 6.75 00 7.14 00 7.36 00
57 La Kˇ1 37.801 32.799 3.11 01 5.84 00 6.32 00 6.68 00 6.89 00
61 Pm K˛1 38.725 32.016 2.91 01 5.49 00 5.93 00 6.27 00 6.48 00
58 Ce Kˇ1 39.257 31.582 2.80 01 2.91 01 5.73 00 6.06 00 6.26 00
62 Sm K˛1 40.118 30.905 2.64 01 2.74 01 5.42 00 5.73 00 5.93 00
59 Pr Kˇ1 40.748 30.427 2.53 01 2.63 01 2.88 01 5.50 00 5.69 00
63 Eu K˛1 41.542 29.845 2.40 01 2.50 01 2.73 01 5.23 00 5.42 00
60 Nd Kˇ1 42.271 29.331 2.29 01 2.38 01 2.60 01 2.75 01 5.19 00
64 Gd K˛1 42.996 28.836 2.18 01 2.27 01 2.48 01 2.63 01 4.97 00
61 Pm Kˇ1 43.826 28.290 2.07 01 2.16 01 2.35 01 2.49 01 2.57 01
65 Tb K˛1 44.482 27.873 1.99 01 2.07 01 2.26 01 2.39 01 2.46 01
62 Sm Kˇ1 45.413 27.301 1.88 01 1.96 01 2.13 01 2.26 01 2.33 01
66 Dy K˛1 45.998 26.954 1.81 01 1.89 01 2.06 01 2.18 01 2.25 01
63 Eu Kˇ1 47.038 26.358 1.70 01 1.78 01 1.93 01 2.05 01 2.1l 01
67 Ho K˛1 47.547 26.076 1.65 01 1.73 01 1.87 01 1.99 01 2.05 01
64 Gd Kˇ1 48.697 25.460 1.55 01 1.62 01 1.75 01 1.86 01 1.92 01
68 Er K˛1 49.128 25.237 1.51 01 1.58 01 1.71 01 1.81 01 1.87 01
65 Tb Kˇ1 50.382 24.609 1.41 01 1.48 01 1.59 01 1.69 01 1.75 01
69 Tm K˛1 50.742 24.434 1.38 01 1.45 01 1.56 01 1.66 01 1.71 01
66 Dy Kˇ1 52.119 23.788 1.28 01 1.35 01 1.45 01 1.54 01 1.59 01



830 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 56Ba 57La 58Ce 59Pr 60Nd

70 Yb K˛1 52.389 23.666 1.26 01 1.33 01 1.43 01 1.52 01 1.57 01
67 Ho Kˇ1 53.877 23.012 1.17 01 1.23 01 1.32 01 1.40 01 1.45 01
71 Lu K˛1 54.070 22.930 1.16 01 1.22 01 1.31 01 1.39 01 1.44 01
68 Er Kˇ1 55.681 22.167 1.07 01 1.13 01 1.21 01 1.28 01 1.32 01
72 Hf K˛1 55.790 22.223 1.06 01 1.12 01 1.20 01 1.27 01 1.32 01
69 Tm Kˇ1 57.517 21.556 9.76 00 1.03 01 1.10 01 1.17 01 1.21 01
73 Ta K˛1 57.532 21.550 9.75 00 1.03 01 1.10 01 1.17 01 1.21 01
74 W K˛1 59.318 20.901 8.96 00 9.48 00 1.01 01 1.07 01 1.11 01
70 Yb Kˇ1 59.370 20.883 8.94 00 9.46 00 1.01 01 1.07 01 1.11 01
75 Re K˛1 61.140 20.278 8.25 00 8.73 00 9.30 00 9.86 00 1.02 01
71 Lu Kˇ1 61.283 20.231 8.19 00 8.68 00 9.24 00 9.80 00 1.02 01
76 Os K˛1 63.001 19.679 7.59 00 8.05 00 8.56 00 9.08 00 9.42 00
72 Hf Kˇ1 63.234 19.607 7.52 00 7.97 00 8.48 00 8.99 00 9.34 00
77 Ir K˛1 64.896 19.105 7.00 00 7.42 00 7.89 00 8.37 00 8.68 00
73 Ta Kˇ1 65.223 19.009 6.90 00 7.32 00 7.78 00 8.25 00 8.56 00
78 Pt K˛1 66.832 18.551 6.46 00 6.85 00 7.28 00 7.72 00 8.01 00
74 W Kˇ1 67.244 18.438 6.35 00 6.74 00 7.15 00 7.59 00 7.87 00
79 Au K˛1 68.804 18.020 5.96 00 6.33 00 6.71 00 7.12 00 7.39 00
75 Re Kˇ1 69.310 17.888 5.84 00 6.20 00 6.58 00 6.98 00 7.25 00
80 Hg K˛1 70.819 17.507 5.51 00 5.85 00 6.20 00 6.58 00 6.83 00
76 Os Kˇ1 71.413 17.361 5.38 00 5.72 00 6.06 00 6.43 00 6.67 00
81 Tl K˛1 72.872 17.014 5.09 00 5.41 00 5.73 00 6.08 00 6.31 00
77 Ir Kˇ1 73.561 16.854 4.96 00 5.28 00 5.58 00 5.92 00 6.15 00
82 Pb K˛1 74.969 16.538 4.71 00 5.01 00 5.30 00 5.62 00 5.84 00
78 Pt Kˇ1 75.748 16.368 4.58 00 4.87 00 5.15 00 5.46 00 5.68 00
83 Bi K˛1 77.108 16.079 4.36 00 4.64 00 4.90 00 5.20 00 5.41 00
79 Au Kˇ1 77.948 15.906 4.23 00 4.51 00 4.76 00 5.05 00 5.25 00
84 Po K˛1 79.290 15.636 4.04 00 4.30 00 4.54 00 4.82 00 5.01 00
80 Hg Kˇ1 80.253 15.449 3.91 00 4.16 00 4.39 00 4.66 00 4.84 00
85 At K˛1 81.520 15.209 3.75 00 3.99 00 4.21 00 4.47 00 4.64 00
81 Tl Kˇ1 82.576 15.014 3.62 00 3.85 00 4.07 00 4.31 00 4.48 00
86 Rn K˛1 83.780 14.798 3.48 00 3.71 00 3.92 00 4.14 00 4.31 00
82 Pb Kˇ1 84.936 14.597 3.35 00 3.57 00 3.78 00 3.99 00 4.15 00
87 Fr K˛1 86.100 14.400 3.23 00 3.44 00 3.65 00 3.85 00 4.00 00
83 Bi Kˇ1 87.343 14.195 3.11 00 3.31 00 3.51 00 3.70 00 3.85 00
88 Ra K˛1 88.470 14.014 3.00 00 3.20 00 3.40 00 3.57 00 3.71 00
84 Po Kˇ1 89.800 13.806 2.89 00 3.08 00 3.27 00 3.43 00 3.57 00
89 Ac K˛1 90.884 13.642 2.79 00 2.98 00 3.16 00 3.32 00 3.45 00
85 At Kˇ1 92.300 13.432 2.68 00 2.86 00 3.04 00 3.18 00 3.31 00
90 Th K˛1 93.350 13.281 2.60 00 2.77 00 2.95 00 3.08 00 3.21 00
86 Rn Kˇ1 94.870 13.068 2.49 00 2.65 00 2.83 00 2.95 00 3.07 00
91 Pa K˛1 95.868 12.932 2.42 00 2.58 00 2.75 00 2.87 00 2.98 00
87 Fr Kˇ1 97.470 12.720 2.31 00 2.47 00 2.63 00 2.74 00 2.85 00
92 U K˛1 98.439 12.595 2.25 00 2.40 00 2.56 00 2.67 00 2.78 00



61Pm – 65Tb 831

Z transition E [keV] � [pm] 56Ba 57La 58Ce 59Pr 60Nd

88 Ra Kˇ1 100.130 12.382 2.15 00 2.29 00 2.45 00 2.55 00 2.65 00
89 Ac K˛1 102.850 12.054 2.01 00 2.14 00 2.29 00 2.38 00 2.47 00
90 Th Kˇ1 105.610 11.739 1.88 00 2.00 00 2.13 00 2.22 00 2.31 00
91 Pa Kˇ1 108.430 11.434 1.75 00 1.87 00 1.99 00 2.07 00 2.16 00
92 U Kˇ1 111.300 11.139 1.64 00 1.75 00 1.86 00 1.94 00 2.02 00

Z transition E [keV] � [pm] 61Pm 62Sm 63Eu 64Gd 65Tb

4 Be K˛ 0.1085 11427.207 1.23 04 1.81 04 1.50 04 1.94 04 2.05 04
38 Sr M� 0.1140 10875.895 1.59 04 1.70 04 1.52 04 1.80 04 2.00 04
39 Y M� 0.1328 9339.235 5.79 04 4.79 04 2.76 04 1.34 04 1.44 04
16 S Ll 0.1487 8337.942 6.70 04 9.84 04 6.06 04 2.29 05 1.47 04
40 Zr M� 0.1511 8205.506 6.17 04 8.81 04 5.49 04 8.54 04 8.11 04
41 Nb M� 0.1717 7221.037 3.10 04 3.68 04 3.74 04 2.91 04 3.34 04
5 B K˛ 0.1833 6764.059 2.35 04 2.74 04 3.13 04 2.30 04 3.11 04
42 Mo M� 0.1926 6473.445 1.91 04 2.33 04 2.59 04 2.37 04 2.69 04
6 C K˛ 0.2770 4476.000 8.78 03 1.11 04 1.24 04 1.20 04 1.60 04
47 Ag M� 0.3117 3977.709 8.73 03 1.05 04 1.11 04 1.11 04 1.40 04
7 N K˛ 0.3924 3159.664 8.49 03 9.41 03 9.58 03 9.55 03 1.02 04
22 Ti Ll 0.3953 3136.484 8.44 03 9.35 03 9.51 03 9.47 03 1.01 04
22 Ti L˛ 0.4522 2741.822 7.22 03 7.67 03 8.06 03 8.04 03 8.23 03
23 V L˛ 0.5113 2424.901 6.17 03 6.53 03 6.86 03 6.87 03 7.01 03
8 O K˛ 0.5249 2362.072 5.96 03 6.31 03 6.63 03 6.64 03 6.82 03
25 Mn Ll 0.5563 2228.747 5.50 03 5.80 03 6.10 03 6.13 03 6.35 03
24 Cr L˛ 0.5728 2164.549 5.27 03 5.55 03 5.84 03 5.88 03 6.13 03
25 Mn L˛ 0.6374 1945.171 4.50 03 4.73 03 4.97 03 5.02 03 5.38 03
9 F K˛ 0.6768 1831.932 4.08 03 4.28 03 4.50 03 4.55 03 5.00 03
26 Fe L˛ 0.7050 1758.655 3.85 03 4.04 03 4.24 03 4.29 03 4.70 03
27 Co L˛ 0.7762 1597.335 3.28 03 3.45 03 3.62 03 3.66 03 4.00 03
28 Ni L˛ 0.8815 1456.080 2.80 03 2.93 03 3.08 03 3.12 03 3.39 03
29 Cu L˛ 0.9297 1336.044 2.39 03 2.51 03 2.63 03 2.67 03 2.90 03
30 Zn L˛ 1.0117 1225.513 2.05 03 2.15 03 2.25 03 2.25 03 2.29 03
11 Na K˛ 1.0410 1191.020 7.92 03 2.03 03 2.13 03 2.13 03 2.17 03
11 Na Kˇ 1.0711 1157.550 9.12 04 1.75 03 1.92 03 1.92 03 1.96 03
12 Mg K˛ 1.2536 989.033 7.83 03 8.16 03 8.69 03 8.98 03 6.32 03
33 As L˛ 1.2820 967.123 7.39 03 7.71 03 8.21 03 8.48 03 8.93 03
12 Mg Kˇ 1.3022 952.121 7.10 03 7.40 03 7.88 03 8.15 03 8.58 03
33 As Lˇ1 1.3170 941.421 6.90 03 7.19 03 7.66 03 7.91 03 8.34 03
66 Dy Mˇ 1.3250 935.737 6.79 03 7.08 03 7.54 03 7.79 03 8.21 03
67 Ho M˛ 1.3480 919.771 6.50 03 6.78 03 7.21 03 7.46 03 7.86 03
34 Se L˛ 1.3791 899.029 7.35 03 6.39 03 6.80 03 7.03 03 7.42 03
67 Ho Mˇ 1.3830 896.494 7.30 03 6.34 03 6.75 03 6.98 03 7.36 03
68 Er M˛ 1.4060 881.829 6.99 03 6.08 03 6.48 03 6.69 03 7.06 03
34 Se Lˇ1 1.4192 873.627 6.83 03 5.94 03 6.32 03 6.53 03 6.90 03



832 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 61Pm 62Sm 63Eu 64Gd 65Tb

68 Er Mˇ 1.4430 859.218 6.54 03 6.85 03 6.06 03 6.26 03 6.61 03
69 Tm M˛ 1.4620 848.051 6.33 03 6.62 03 5.86 03 6.05 03 6.39 03
35 Br L˛ 1.4804 837.511 6.73 03 6.42 03 5.67 03 5.86 03 6.19 03
13 Al K˛1 1.4867 833.962 6.66 03 6.35 03 6.74 03 5.80 03 6.13 03
69 Tm Mˇ 1.5030 824.918 6.48 03 6.18 03 6.55 03 5.64 03 5.96 03
70 Yb M˛ 1.5214 814.941 6.29 03 5.97 03 6.35 03 5.46 03 5.77 03
35 Br Lˇ1 1.5259 812.538 6.24 03 5.93 03 6.30 03 5.42 03 5.73 03
13 Al Kˇ 1.5574 796.103 5.93 03 6.20 03 5.98 03 6.18 03 5.43 03
70 Yb Mˇ 1.5675 790.974 5.83 03 6.09 03 5.89 03 6.08 03 5.33 03
71 Lu M˛ 1.5813 784.071 5.70 03 5.96 03 5.76 03 5.94 03 5.21 03
36 Kr L˛ 1.5860 781.747 5.66 03 5.91 03 5.72 03 5.90 03 5.17 03
71 Lu Mˇ 1.6312 760.085 5.27 03 5.50 03 5.82 03 5.48 03 5.77 03
36 Kr Lˇ1 1.6366 757.577 5.23 03 5.45 03 5.77 03 5.44 03 5.72 03
72 Hf M˛1 1.6446 753.892 5.16 03 5.38 03 5.70 03 5.37 03 5.65 03
37 Rb L˛1 1.6941 731.864 5.25 03 4.98 03 5.28 03 5.46 03 5.24 03
72 Hf Mˇ 1.6976 730.355 5.22 03 4.95 03 5.25 03 5.44 03 5.21 03
73 Ta M˛1 1.7096 725.229 5.13 03 4.86 03 5.16 03 5.34 03 5.12 03
14 Si K˛1 1.7400 712.558 4.90 03 5.12 03 4.93 03 5.10 03 4.89 03
37 Rb Lˇ1 1.7522 707.597 4.81 03 5.03 03 4.84 03 5.01 03 4.81 03
73 Ta Mˇ 1.7655 702.266 4.72 03 4.93 03 4.75 03 4.91 03 4.72 03
74 W M˛1 1.7754 698.350 4.65 03 4.86 03 4.68 03 4.84 03 5.10 03
38 Sr L˛1 1.8069 686.290 4.45 03 4.65 03 4.95 03 4.63 03 4.88 03
74 W Mˇ 1.8349 675.705 4.28 03 4.47 03 4.75 03 4.45 04 4.70 03
14 Si Kˇ 1.8359 675.337 4.27 03 4.46 03 4.75 03 4.44 03 4.69 03
75 Re M˛1 1.8420 673.100 4.23 03 4.43 03 4.71 03 4.41 03 4.65 03
38 Sr Lˇ1 1.8717 662.420 4.06 03 4.25 03 4.52 03 4.23 03 4.47 03
75 Re Mˇ 1.9061 650.465 3.88 03 4.06 03 4.31 03 4.45 03 4.27 03
76 Os M˛1 1.9102 649.069 3.86 03 4.04 03 4.29 03 4.42 03 4.25 03
39 Y L˛1 1.9226 644.882 3.79 03 3.97 03 4.22 03 4.35 03 4.18 03
76 Os Mˇ 1.9783 626.725 3.53 03 3.69 03 3.92 03 4.05 03 4.26 03
77 Ir M˛1 1.9799 626.219 3.52 03 3.68 03 3.91 03 4.05 03 4.25 03
39 Y Lˇ1 1.9958 621.230 3.45 03 3.61 03 3.83 03 3.97 03 4.16 03
15 P K˛1 2.0137 615.708 3.37 03 3.53 03 3.74 03 3.88 03 4.06 03
40 Zr L˛1 2.0424 607.056 3.25 03 3.40 03 3.61 03 3.74 03 3.92 03
78 Pt M˛1 2.0505 604.658 3.22 03 3.37 03 3.57 03 3.70 03 3.88 03
77 Ir Mˇ 2.0535 603.775 3.21 03 3.36 03 3.56 03 3.69 03 3.86 03
79 Au M˛1 2.1229 584.036 2.94 03 3.08 03 3.27 03 3.38 03 3.55 03
40 Zr Lˇ1 2.1244 583.624 2.94 03 3.08 03 3.26 03 3.38 03 3.54 03
78 Pt Mˇ 2.1273 582.828 2.93 03 3.07 03 3.25 03 3.37 03 3.53 03
15 P Kˇ1,3 2.1390 579.640 2.89 03 3.02 03 3.21.03 3.32 03 3.48 03
41 Nb L˛1 2.1659 572.441 2.80 03 2.93 03 3.10 03 3.21 03 3.37 03
80 Hg M˛1 2.1953 564.775 2.70 03 2.83 03 3.00 03 3.10 03 3.26 03
79 Au Mˇ 2.2046 562.393 2.67 03 2.80 03 2.97 03 3.07 03 3.22 03
41 Nb Lˇ1 2.2574 549.238 2.52 03 2.64 03 2.79 03 2.89 03 3.03 03



61Pm – 65Tb 833

Z transition E [keV] � [pm] 61Pm 62Sm 63Eu 64Gd 65Tb

81 Tl M ˛1 2.2706 546.045 2.48 03 2.60 03 2.75 03 2.85 03 2.99 03
80 Hg Mˇ 2.2825 543.199 2.45 03 2.56 03 2.71 03 2.81 03 2.95 03
42 Mo L˛1 2.2932 540.664 2.42 03 2.53 03 2.68 03 2.77 03 2.91 03
16 S K˛1 2.3080 537.197 2.38 03 2.49 03 2.64 03 2.73 03 2.87 03
82 Pb M˛1 2.3457 528.563 2.28 03 2.39 03 2.53 03 2.62 03 2.75 03
81 Tl Mˇ 2.3621 524.893 2.24 03 2.35 03 2.49 03 2.57 03 2.70 03
42 Mo Lˇ1 2.3948 517.726 2.16 03 2.27 03 2.40 03 2.48 03 2.61 03
83 Bi M˛1 2.4226 511.785 2.10 03 2.20 03 2.33 03 2.41 03 2.53 03
43 Tc L˛1 2.4240 511.490 2.10 03 2.20 03 2.33 03 2.41 03 2.53 03
82 Pb Mˇ 2.4427 507.574 2.06 03 2.16 03 2.28 03 2.36 03 2.48 03
16 S Kˇ 2.4640 503.186 2.01 03 2.11 03 2.23 03 2.31 03 2.42 03
83 Bi Mˇ1 2.5255 490.933 1.89 03 1.98 03 2.09 03 2.16 03 2.28 03
43 Tc Lˇ1 2.5368 488.746 1.87 03 1.96 03 2.07 03 2.14 03 2.25 03
44 Ru L˛1 2.5586 484.582 1.83 03 1.92 03 2.03 03 2.09 03 2.20 03
17 Cl Kˇ 2.6224 472.792 1.72 03 1.80 03 1.90 03 1.97 03 2.07 03
44 Ru Lˇ1 2.6332 462.079 1.62 03 1.70 03 1.79 03 1.85 03 1.95 03
45 Rh L˛1 2.6967 459.766 1.60 03 1.68 03 1.77 03 1.83 03 1.93 03
17 Cl Kˇ 2.8156 440.350 1.43 03 1.50 03 1.59 03 1.64 03 1.72 03
45 Rh Lˇ1 2.8344 437.430 1.41 03 1.48 03 1.56 03 1.61 03 1.70 03
46 Pd L˛1 2.8386 436.782 1.40 03 1.47 03 1.55 03 1.60 03 1.69 03
18 Ar K˛1 2.9577 419.194 1.26 03 1.32 03 1.40 03 1.44 03 1.52 03
47 Ag L˛1 2.9843 415.458 1.23 03 1.30 03 1.37 03 1.41 03 1.49 03
46 Pd Lˇ1 2.9902 414.638 1.23 03 1.29 03 1.36 03 1.40 03 1.48 03
90 Th M˛1 2.9961 413.821 1.22 03 1.28 03 1.35 03 1.39 03 1.47 03
91 Pa M˛1 3.0823 402.248 1.14 03 1.19 03 1.26 03 1.30 03 1.37 03
48 Cd L˛1 3.1337 395.651 1.09 03 1.14 03 1.21 03 1.24 03 1.31 03
90 Th Mˇ 3.1458 394.129 1.08 03 1.13 03 1.19 03 1.23 03 1.30 03
47 Ag Lˇ1 3.1509 393.491 1.07 03 1.13 03 1.19 03 1.23 03 1.29 03
92 U M˛1 3.1708 391.021 1.06 03 1.11 03 1.17 03 1.21 03 1.27 03
18 Ar Kˇ 3.1905 388.607 1.04 03 1.09 03 1.15 03 1.19 03 1.25 03
91 Pa Mˇ 3.2397 382.705 1.00 03 1.05 03 1.11 03 1.14 03 1.21 03
49 In L˛1 3.2869 377.210 9.65 02 1.01 03 1.07 03 1.10 03 1.16 03
19 K K˛1 3.3138 374.148 9.45 02 9.91 02 1.04 03 1.08 03 1.14 03
48 Cd Lˇ1 3.3166 373.832 9.43 02 9.89 02 1.04 03 1.08 03 1.14 03
92 U Mˇ 3.3360 371.658 9.29 02 9.74 02 1.03 03 1.06 03 1.12 03
50 Sn L˛1 3.4440 360.003 8.57 02 8.98 02 9.47 02 9.77 02 1.03 03
49 In Lˇ1 3.4872 355.543 8.30 02 8.70 02 9.17 02 9.46 02 1.00 03
19 K Kˇ 3.5896 345.401 7.71 02 8.08 02 8.52 02 8.79 02 9.29 02
51 Sb L˛1 3.6047 343.954 7.63 02 8.00 02 8.43 02 8.69 02 9.19 02
50 Sn Lˇ1 3.6628 338.498 7.33 02 7.68 02 8.09 02 8.35 02 8.82 02
20 Ca K˛1 3.6917 335.848 7.18 02 7.52 02 7.93 02 8.18 02 8.65 02
52 Te L˛1 3.7693 328.934 6.81 02 7.13 02 7.52 02 7.76 02 8.20 02
51 Sb Lˇ1 3.8436 322.575 6.48 02 6.79 02 7.15 02 7.38 02 7.80 02
53 I L˛1 3.9377 314.867 6.10 02 6.38 02 6.72 02 6.94 02 7.34 02



834 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 61Pm 62Sm 63Eu 64Gd 65Tb

20 Ca Kˇ 4.0127 308.981 5.81 02 6.08 02 6.41 02 6.61 02 6.99 02
52 Te Lˇ1 4.0296 307.686 5.75 02 6.02 02 6.34 02 6.54 02 6.92 02
21 Sc K˛1 4.0906 303.097 5.54 02 5.79 02 6.10 02 6.29 02 6.66 02
54 Xe L˛1 4.1099 301.674 5.47 02 5.72 02 6.03 02 6.22 02 6.58 02
53 I Lˇ1 4.2207 293.755 5.11 02 5.35 02 5.64 02 5.81 02 6.14 02
55 Cs L˛1 4.2865 289.245 4.92 02 5.15 02 5.42 02 5.59 02 5.90 02
21 Sc Kˇ 4.4605 277.962 4.45 02 4.66 02 4.90 02 5.05 02 5.33 02
56 Ba L˛1 4.4663 277.601 4.43 02 4.64 02 4.89 02 5.03 02 5.31 02
22 Ti K˛1 4.5108 274.863 4.32 02 4.53 02 4.77 02 4.91 02 5.18 02
55 Cs Lˇ1 4.6198 268.377 4.07 02 4.26 02 4.49 02 4.62 02 4.87 02
57 La L˛1 4.6510 266.577 4.00 02 4.19 02 4.41 02 4.54 02 4.79 02
56 Ba Lˇ1 4.8273 256.841 3.64 02 3.82 02 4.02 02 4.13 02 4.35 02
58 Ce L˛1 4.8402 256.157 3.62 02 3.79 02 3.99 02 4.10 02 4.32 02
22 Ti Kˇ1,3 4.9318 251.399 3.45 02 3.62 02 3.80 02 3.91 02 4.12 02
23 V K˛1 4.9522 250.363 3.41 02 3.58 02 3.76 02 3.87 02 4.08 02
59 Pr L˛1 5.0337 246.310 3.27 02 3.43 02 3.61 02 3.71 02 3.91 02
57 La Lˇ1 5.0421 245.899 3.26 02 3.42 02 3.60 02 3.70 02 3.90 02
60 Nd L˛1 5.2304 237.047 2.97 02 3.12 02 3.28 02 3.37 02 3.55 02
58 Ce Lˇ1 5.2622 235.614 2.93 02 3.07 02 3.23 02 3.32 02 3.50 02
24 Cr K˛1 5.4147 228.978 2.72 02 2.86 02 3.00 02 3.09 02 3.25 02
23 V Kˇ1,3 5.4273 228.447 2.71 02 2.84 02 2.98 02 3.07 02 3.23 02
61 Pm L˛1 5.4325 228.228 2.70 02 2.83 02 2.98 02 3.06 02 3.23 02
59 Pr Lˇ1 5.4889 225.883 2.63 02 2.76 02 2.90 02 2.98 02 3.14 02
62 Sm L˛1 5.6361 219.984 2.46 02 2.58 02 2.71 02 2.79 02 2.94 02
60 Nd Lˇ1 5.7216 216.696 2.37 02 2.49 02 2.61 02 2.68 02 2.83 02
63 Eu L˛1 5.8457 212.096 2.24 02 2.36 02 2.47 02 2.54 02 2.68 02
25 Mn K˛1 5.8988 210.187 2.19 02 2.30 02 2.42 02 2.48 02 2.62 02
24 Cr Kˇ1,3 5.9467 208.494 2.15 02 2.26 02 2.37 02 2.43 02 2.57 02
61 Pm Lˇ1 5.9610 207.993 2.14 02 2.24 02 2.35 02 2.42 02 2.55 02
64 Gd L˛1 6.0572 204.690 2.05 02 2.16 02 2.26 02 2.32 02 2.45 02
62 Sm Lˇ1 6.2051 199.811 1.93 02 2.03 02 2.13 02 2.18 02 2.31 02
65 Tb L˛1 6.2728 197.655 1.88 02 1.97 02 2.07 02 2.13 02 2.24 02
26 Fe K˛1 6.4038 193.611 1.78 02 1.87 02 1.97 02 2.02 02 2.13 02
63 Eu Lˇ1 6.4564 192.034 1.75 02 1.84 02 1.93 02 1.98 02 2.09 02
25 Mn Kˇ1,3 6.4905 191.025 4.81 02 1.81 02 1.90 02 1.95 02 2.06 02
66 Dy L˛1 6.4952 190.887 4.80 02 1.81 02 1.90 02 1.95 02 2.06 02
64 Gd Lˇ1 6.7132 184.688 4.40 02 1.66 02 1.75 02 1.79 02 1.89 02
67 Ho L˛1 6.7198 184.507 4.39 02 4.60 02 1.74 02 1.79 02 1.89 02
27 Co K˛1 6.9303 178.903 4.04 02 4.23 02 1.61 02 1.65 02 1.75 02
68 Er L˛1 6.9487 178.429 4.01 02 4.20 02 1.60 02 1.64 02 1.73 02
65 Tb Lˇ1 6.9780 177.680 3.97 02 4.16 02 4.36 02 1.62 02 1.72 02
26 Fe Kˇ1,3 7.0580 175.666 5.36 02 4.03 02 4.23 02 1.58 02 1.67 02
69 Tm L˛1 7.1799 172.683 5.12 02 3.85 02 4.04 02 1.51 02 1.60 02
66 Dy Lˇ1 7.2477 171.068 4.99 02 3.75 02 3.94 02 4.05 02 1.56 02



61Pm – 65Tb 835

Z transition E [keV] � [pm] 61Pm 62Sm 63Eu 64Gd 65Tb

70 Yb L˛1 7.4156 167.195 4.69 02 4.93 02 3.71 02 3.81 02 1.47 02
28 Ni K˛1 7.4782 165.795 5.51 02 4.81 02 3.62 02 3.73 02 1.44 02
67 Ho Lˇ1 7.5253 164.757 5.42 02 4.73 02 3.56 02 3.67 02 3.89 02
27 Co Kˇ1,3 7.6494 162.084 5.18 02 4.51 02 4.74 02 3.51 02 3.72 02
71 Lu L˛1 7.6555 161.955 5.17 02 4.50 02 4.73 02 3.50 02 3.71 02
68 Er Lˇ1 7.8109 158.733 4.90 02 5.12 02 4.48 02 3.32 02 3.51 02
72 Hf L˛1 7.8990 156.963 4.75 02 4.97 02 4.35 02 3.22 02 3.40 02
29 Cu K˛1 8.0478 154.060 4.51 02 4.73 02 4.13 02 4.26 02 3.23 02
69 Tm Lˇ1 8.1010 153.049 4.43 02 4.65 02 4.87 02 4.19 02 3.17 02
73 Ta L˛1 8.1461 152.201 4.37 02 4.58 02 4.80 02 4.12 02 3.12 02
28 Ni Kˇ1,3 8.2647 150.017 4.20 02 4.40 02 4.62 02 3.97 02 4.19 02
74 W L˛1 8.3976 147.643 4.02 02 4.21 02 4.42 02 4.56 02 4.01 02
70 Yb Lˇ1 8.4018 147.018 4.02 02 4.21 02 4.41 02 4.56 02 4.01 02
30 Zn K˛1 8.6389 143.519 3.72 02 3.90 02 4.09 02 4.22 02 3.71 02
75 Re L˛1 8.6525 143.294 3.71 02 3.88 02 4.08 02 4.21 02 3.70 02
71 Lu L˛1 8.7090 142.364 3.64 02 3.82 02 4.01 02 4.13 02 4.36 02
29 Cu Kˇ1 8.9053 139.226 3.43 02 3.59 02 3.77 02 3.89 02 4.10 02
76 Os L˛1 8.9117 139.126 3.42 02 3.58 02 3.76 02 3.88 02 4.09 02
72 Hf L ˇ1 9.0227 137.414 3.31 02 3.47 02 3.64 02 3.75 02 3.96 02
77 Ir L˛1 9.1751 135.132 3.16 02 3.31 02 3.48 02 3.58 02 3.78 02
31 Ga K˛1 9.2517 134.013 3.09 02 3.24 02 3.40 02 3.50 02 3.70 02
73 Ta Lˇ1 9.3431 132.702 3.01 02 3.15 02 3.31 02 3.41 02 3.60 02
78 Pt L˛1 9.4423 131.308 2.92 02 3.06 02 3.22 02 3.31 02 3.50 02
30 Zn Kˇ1,3 9.5720 129.529 2.82 02 2.95 02 3.10 02 3.19 02 3.37 02
74 W Lˇ1 9.6724 128.184 2.74 02 2.87 02 3.01 02 3.10 02 3.27 02
79 Au L˛1 9.7133 127.644 2.71 02 2.84 02 2.98 02 3.07 02 3.24 02
32 Ge K˛1 9.8864 125.409 2.58 02 2.70 02 2.84 02 2.92 02 3.08 02
80 Hg L˛1 9.9888 124.124 2.51 02 2.63 02 2.76 02 2.84 02 3.00 02
75 Re Lˇ1 10.010 123.861 2.49 02 2.61 02 2.75 02 2.83 02 2.98 02
31 Ga Kˇ1 10.264 120.796 2.33 02 2.44 02 2.57 02 2.64 02 2.79 02
81 Tl L˛1 10.269 120.737 2.33 02 2.44 02 2.56 02 2.64 02 2.78 02
76 Os Lˇ1 10.355 119.734 2.27 02 2.38 02 2.51 02 2.58 02 2.72 02
33 As K˛1 10.544 117.588 2.17 02 2.27 02 2.39 02 2.46 02 2.59 02
82 Pb L˛1 10.552 117.499 2.16 02 2.27 02 2.38 02 2.45 02 2.59 02
77 Ir Lˇ1 10.708 115.787 2.08 02 2.18 02 2.29 02 2.36 02 2.48 02
83 Bi L˛1 10.839 114.388 2.01 02 2.11 02 2.21 02 2.28 02 2.40 02
32 Ge Kˇ1 10.982 112.898 1.94 02 2.03 02 2.14 02 2.20 02 2.32 02
78 Pt Lˇ1 11.071 111.990 1.90 02 1.99 02 2.09 02 2.15 02 2.27 02
84 Po L˛1 11.131 111.387 1.87 02 1.96 02 2.06 02 2.12 02 2.24 02
34 Se K˛1 11.222 110.484 1.83 02 1.92 02 2.02 02 2.07 02 2.19 02
85 At L˛1 11.427 108.501 1.74 02 1.83 02 1.92 02 1.98 02 2.08 02
79 Au Lˇ1 11.442 108.359 1.74 02 1.82 02 1.91 02 1.97 02 2.08 02
33 As Kˇ1 11.726 105.735 1.63 02 1.70 02 1.79 02 1.84 02 1.94 02
86 Rn L˛1 11.727 105.726 1.63 02 1.70 02 1.79 02 1.84 02 1.94 02



836 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 61Pm 62Sm 63Eu 64Gd 65Tb

80 Hg Lˇ1 11.823 104.867 1.59 02 1.67 02 1.75 02 1.80 02 1.90 02
35 Br K˛1 11.924 103.979 1.55 02 1.63 02 1.71 02 1.76 02 1.86 02
87 Fr L˛1 12.031 103.054 1.52 02 1.59 02 1.67 02 1.72 02 1.81 02
81 Tl Lˇ1 12.213 101.519 1.46 02 1.53 02 1.60 02 1.65 02 1.74 02
88 Ra L˛1 12.340 100.474 1.42 02 1.49 02 1.56 02 1.60 02 1.69 02
34 Se Kˇ1 12.496 99.219 1.37 02 1.44 02 1.51 02 1.55 02 1.63 02
82 Pb Lˇ1 12.614 98.291 1.33 02 1.40 02 1.47 02 1.51 02 1.59 02
36 Kr K˛1 12.649 98.019 1.32 02 1.39 02 1.46 02 1.50 02 1.58 02
89 Ac L˛1 12.652 97.996 1.32 02 1.39 02 1.46 02 1.50 02 1.58 02
90 Th L˛1 12.969 95.601 1.24 02 1.30 02 1.36 02 1.40 02 1.48 02
83 Bi Lˇ1 13.024 95.197 1.22 02 1.28 02 1.35 02 1.39 02 1.46 02
91 Pa L˛1 13.291 93.285 1.16 02 1.22 02 1.28 02 1.31 02 1.38 02
35 Br Kˇ1 13.291 93.285 1.16 02 1.22 02 1.28 02 1.31 02 1.38 02
37 Rb K˛1 13.395 92.560 1.13 02 1.19 02 1.25 02 1.28 02 1.35 02
84 Po Lˇ1 13.447 92.202 1.12 02 1.18 02 1.24 02 1.27 02 1.34 02
92 U L˛1 13.615 91.065 1.09 02 1.14 02 1.19 02 1.23 02 1.30 02
85 At Lˇ1 13.876 89.352 1.03 02 1.08 02 1.14 02 1.17 02 1.23 02
36 Kr Kˇ1 14.112 87.857 9.86 01 1.03 02 1.08 02 1.l2 02 1.18 02
38 Sr K˛1 14.165 87.529 9.76 01 1.02 02 1.07 02 1.10 02 1.16 02
86 Rn Lˇ1 14.316 86.606 9.48 01 9.95 01 1.04 02 1.07 02 1.13 02
87 Fr Lˇ1 14.770 83.943 8.71 01 9.15 01 9.59 01 9.86 01 1.04 02
39 Y K˛1 14.958 82.888 8.42 01 8.84 01 9.26 01 9.53 01 1.00 02
31 Rb K˛1 14.961 82.872 8.42 01 8.83 01 9.26 01 9.53 01 1.00 02
88 Ra Lˇ1 15.236 81.376 8.02 01 8.41 01 8.82 01 9.07 01 9.56 01
89 Ac Lˇ1 15.713 78.906 7.38 01 7.74 01 8.11 01 8.35 01 8.81 01
40 Zr K˛1 15.775 78.596 7.31 01 7.66 01 8.03 01 8.26 01 8.71 01
38 Sr Kˇ1 15.836 78.293 7.23 01 7.58 01 7.95 01 8.18 01 8.62 01
90 Th Lˇ1 16.202 76.524 6.80 01 7.13 01 7.47 01 7.69 01 8.11 01
41 Nb K˛1 16.615 74.622 6.36 01 6.66 01 6.98 01 7.19 01 7.59 01
91 Pa Lˇ1 16.702 74.233 6.27 01 6.57 01 6.89 01 7.09 01 7.48 01
39 Y Kˇ1 16.738 74.074 6.24 01 6.53 01 6.85 01 7.05 01 7.44 01
92 U Lˇ1 17.220 72.000 5.78 01 6.05 01 6.34 01 6.53 01 6.90 01
42 Mo K˛1 17.479 70.933 5.55 01 5.81 01 6.09 01 6.27 01 6.63 01
40 Zr Kˇ1 17.668 70.175 5.40 01 5.65 01 5.92 01 6.09 01 6.44 01
43 Tc K˛1 18.367 67.504 4.87 01 5.09 01 5.33 01 5.49 01 5.80 01
41 Nb Kˇ1 18.623 66.576 4.69 01 4.90 01 5.14 01 5.29 01 5.59 01
44 Ru K˛1 19.279 64.311 4.28 01 4.47 01 4.68 01 4.82 01 5.10 01
42 Mo Kˇ1 19.608 63.231 4.09 01 4.27 01 4.47 01 4.60 01 4.87 01
45 Rh K˛1 20.216 61.330 3.77 01 3.93 01 4.12 01 4.24 01 4.49 01
43 Tc Kˇ1 20.619 60.131 3.58 01 3.73 01 3.91 01 4.03 01 4.26 01
46 Pd K˛1 21.l77 58.547 3.33 01 3.48 01 3.65 01 3.75 01 3.97 01
44 Ru Kˇ1 21.657 57.249 3.14 01 3.28 01 3.44 01 3.54 01 3.74 01
47 Ag K˛1 22.163 55.942 2.95 01 3.08 01 3.23 01 3.33 01 3.52 01
45 Rh Kˇ1 22.724 54.561 2.77 01 2.88 01 3.03 01 3.11 01 3.29 01



61Pm – 65Tb 837

Z transition E [keV] � [pm] 61Pm 62Sm 63Eu 64Gd 65Tb

48 Cd K˛1 23.174 53.501 2.63 01 2.74 01 2.87 01 2.95 01 3.12 01
46 Pd Kˇ1 23.819 52.053 2.44 01 2.55 01 2.67 01 2.75 01 2.90 01
49 In K˛1 24.210 51.2l2 2.34 01 2.44 01 2.56 01 2.63 01 2.78 01
47 Ag Kˇ1 24.942 49.709 2.16 01 2.25 01 2.37 01 2.43 01 2.57 01
50 Sn K˛1 25.271 49.062 2.09 01 2.18 01 2.29 01 2.35 01 2.48 01
48 Cd Kˇ1 26.096 47.511 1.92 01 2.00 01 2.10 01 2.16 01 2.28 01
51 Sb K˛1 26.359 47.037 1.87 01 1.95 01 2.05 01 2.10 01 2.22 01
49 In Kˇ1 27.276 45.455 1.71 01 1.78 01 1.87 01 1.92 01 2.02 01
52 Te K˛1 27.472 45.131 1.68 01 1.75 01 1.83 01 1.88 01 1.98 01
50 Sn Kˇ1 28.486 43.524 1.52 01 1.59 01 1.67 01 1.71 01 1.80 01
53 I K˛1 28.6l2 43.333 1.50 01 1.57 01 1.65 01 1.69 01 1.78 01
51 Sb Kˇ1 29.726 41.709 1.36 01 1.42 01 1.49 01 1.53 01 1.61 01
54 Xe K˛1 29.779 41.635 1.35 01 1.41 01 1.48 01 1.52 01 1.60 01
55 Cs K˛1 30.973 40.030 1.22 01 1.27 01 1.34 01 1.37 01 1.44 01
52 Te Kˇ1 30.996 40.000 1.22 01 1.27 01 1.34 01 1.37 01 1.44 01
56 Ba K˛1 32.194 38.511 1.11 01 1.15 01 1.21 01 1.24 01 1.30 01
53 I Kˇ1 32.295 38.391 1.10 01 1.14 01 1.20 01 1.23 01 1.29 01
57 La K˛1 33.442 37.074 1.00 01 1.04 01 1.09 01 1.l2 01 1.18 01
54 Xe Kˇ1 33.624 36.874 9.87 00 1.03 01 1.08 01 1.10 01 1.16 01
58 Ce K˛1 34.279 36.169 9.39 00 9.76 00 1.03 01 1.05 01 1.11 01
55 Cs Kˇ1 34.987 35.437 8.90 00 9.26 00 9.73 00 9.96 00 1.05 01
69 Pr K˛1 36.026 34.415 8.25 00 8.58 00 9.01 00 9.22 00 9.72 00
56 Ba Kˇ1 36.378 34.082 8.05 00 8.36 00 8.79 00 8.99 00 9.47 00
60 Nd K˛1 36.847 33.648 7.78 00 8.09 00 8.50 00 8.69 00 9.16 00
57 La Kˇ1 37.801 32.799 7.28 00 7.57 00 7.95 00 8.13 00 8.57 00
61 Pm Kˇ1 38.725 32.016 6.84 00 7.11 00 7.46 00 7.63 00 8.04 00
58 Ce Kˇ1 39.257 31.582 6.59 00 6.86 00 7.20 00 7.36 00 7.76 00
62 Sm K˛1 40.118 30.905 6.22 00 6.49 00 6.80 00 6.96 00 7.33 00
59 Pr Kˇ1 40.748 30.427 5.98 00 6.23 00 6.54 00 6.68 00 7.04 00
63 Eu K˛1 41.542 29.845 5.69 00 5.93 00 6.22 00 6.36 00 6.70 00
60 Nd Kˇ1 42.271 29.331 5.44 00 5.68 00 5.95 00 6.08 00 6.40 00
64 Gd K˛1 42.996 28.836 5.21 00 5.43 00 5.69 00 5.82 00 6.13 00
61 Pm Kˇ1 43.826 28.290 4.96 00 5.17 00 5.42 00 5.54 00 5.83 00
65 Tb K˛1 44.482 27.873 4.78 00 4.98 00 5.21 00 5.33 00 5.61 00
62 Sm Kˇ1 45.413 27.301 2.45 01 4.72 00 4.94 00 5.06 00 5.32 00
66 Dy K˛1 45.998 26.954 2.36 01 4.57 00 4.78 00 4.89 00 5.15 00
63 Eu Kˇ1 47.038 26.358 2.22 01 2.30 01 4.51 00 4.62 00 4.87 00
67 Ho K˛1 47.547 26.076 2.15 01 2.23 01 4.39 00 4.49 00 4.74 00
64 Gd Kˇ1 48.697 25.460 2.02 01 2.09 01 2.20 01 4.22 00 4.46 00
68 Er K˛1 49.l28 25.237 1.97 01 2.04 01 2.14 01 4.13 00 4.36 00
65 Tb Kˇ1 50.382 24.609 1.83 01 1.90 01 2.00 01 2.00 01 4.09 00
69 Tm K˛1 50.742 24.434 1.80 01 1.86 01 1.96 01 1.96 01 4.01 00
66 Dy Kˇ1 52.119 23.788 1.67 01 1.73 01 1.82 01 1.82 01 1.97 01
70 Yb K˛1 52.389 23.666 1.64 01 1.71 01 1.79 01 1.80 01 1.94 01



838 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 61Pm 62Sm 63Eu 64Gd 65Tb

67 Ho Kˇ1 53.877 23.012 1.52 01 1.58 01 1.66 01 1.66 01 1.79 01
71 Lu K˛1 54.707 22.930 1.51 01 1.56 01 1.64 01 1.65 01 1.77 01
68 Er Kˇ1 55.681 22.267 1.39 01 1.44 01 1.51 01 1.52 01 1.63 01
72 Hf K˛1 55.790 22.223 1.38 01 1.43 01 1.50 01 1.52 01 1.63 01
69 Tm Kˇ1 57.517 21.556 1.27 01 1.32 01 1.38 01 1.40 01 1.49 01
73 Ta K˛1 57.532 21.550 1.27 01 1.31 01 1.38 01 1.39 01 1.49 01
74 W K˛1 59.318 20.901 1.16 01 1.21 01 1.27 01 1.28 01 1.37 01
70 Yb Kˇ1 59.370 20.883 1.16 01 1.20 01 1.27 01 1.28 01 1.37 01
75 Re K˛1 61.140 20.278 1.07 01 1.1l 01 1.17 01 1.18 01 1.26 01
71 Lu Kˇ1 61.283 20.231 1.06 01 1.10 01 1.16 01 1.18 01 1.25 01
76 Os K˛1 63.001 19.679 9.84 00 1.02 01 1.07 01 1.09 01 1.16 01
72 Hf Kˇ1 63.234 19.607 9.74 00 1.01 01 1.06 01 1.08 01 1.15 01
77 Ir K˛1 64.896 19.105 9.07 00 9.42 00 9.89 00 1.01 01 1.07 01
73 Ta Kˇ1 65.223 19.009 8.94 00 9.29 00 9.75 00 9.93 00 1.05 01
78 Pt K˛1 66.632 18.551 8.36 00 8.69 00 9.12 00 9.29 00 9.85 00
74 W Kˇ1 67.244 18.438 8.22 00 8.54 00 8.97 00 9.14 00 9.68 00
79 Au K˛1 68.804 18.020 7.71 00 8.02 00 8.42 00 8.59 00 9.08 00
75 Re Kˇ1 69.310 17.888 7.56 00 7.86 00 8.25 00 8.42 00 8.90 00
80 Hg K˛1 70.819 17.507 7.12 00 7.40 00 7.77 00 7.94 00 8.39 00
76 Os Kˇ1 71.413 17.361 6.96 00 7.23 00 7.59 00 7.76 00 8.20 00
81 Tl K˛1 72.872 17.014 6.58 00 6.84 00 7.18 00 7.35 00 7.75 00
77 Ir Kˇ1 73.561 16.854 6.41 00 6.67 00 7.00 00 7.16 00 7.55 00
82 Pb K˛1 74.969 16.538 6.08 00 6.33 00 6.64 00 6.81 00 7.17 00
78 Pt Kˇ1 75.748 16.368 5.91 00 6.15 00 6.45 00 6.62 00 6.96 00
83 Bi K˛1 77.108 16.079 5.63 00 5.85 00 6.14 00 6.31 00 6.63 00
79 Au Kˇ1 77.948 15.906 5.46 00 5.68 00 5.96 00 6.12 00 6.43 00
84 Po K˛1 79.290 15.636 5.21 00 5.42 00 5.69 00 5.85 00 6.14 00
80 Hg Kˇ1 80.253 15.449 5.04 00 5.24 00 5.50 00 5.66 00 5.94 00
85 At K˛1 81.520 15.209 4.83 00 5.02 00 5.27 00 5.42 00 5.69 00
81 Tl Kˇ1 82.576 15.014 4.66 00 4.85 00 5.09 00 5.24 00 5.49 00
86 Rn K˛1 83.780 14.798 4.48 00 4.66 00 4.89 00 5.04 00 5.28 00
82 Pb Kˇ1 84.936 14.597 4.32 00 4.49 00 4.72 00 4.86 00 5.08 00
87 Fr K˛1 86.100 14.400 4.16 00 4.33 00 4.54 00 4.68 00 4.90 00
83 Bi Kˇ1 87.343 14.195 4.01 00 4.17 00 4.37 00 4.50 00 4.71 00
88 Ra K˛1 88.470 14.014 3.87 00 4.02 00 4.22 00 4.35 00 4.55 00
84 Po Kˇ1 89.800 13.806 3.72 00 3.86 00 4.05 00 4.18 00 4.36 00
89 Ac K˛1 90.884 13.642 3.60 00 3.74 00 3.92 00 4.05 00 4.22 00
85 At Kˇ1 92.300 13.432 3.45 00 3.59 00 3.76 00 3.88 00 4.05 00
90 Th K˛1 93.350 13.281 3.35 00 3.48 00 3.65 00 3.77 00 3.93 00
86 Rn Kˇ1 94.870 13.068 3.20 00 3.33 00 3.49 00 3.61 00 3.76 00
91 Pa K˛1 95.868 12.932 3.11 00 3.23 00 3.40 00 3.51 00 3.65 00
87 Fr Kˇ1 97.470 12.720 2.98 00 3.09 00 3.25 00 3.35 00 3.49 00
92 U K˛1 98.439 12.595 2.90 00 3.01 00 3.16 00 3.26 00 3.39 00
88 Ra Kˇ1 100.130 12.382 2.77 00 2.87 00 3.02 00 3.12 00 3.24 00



66Dy – 70Yb 839

Z transition E [keV] � [pm] 61Pm 62Sm 63Eu 64Gd 65Tb

89 Ac Kˇ1 102.850 12.054 2.58 00 2.68 00 2.81 00 2.91 00 3.02 00
90 Th Kˇ1 105.610 11.739 2.41 00 2.50 00 2.63 00 2.71 00 2.82 00
91 Pa Kˇ1 108.430 11.434 2.25 00 2.34 00 2.45 00 2.53 00 2.63 00
92 U Kˇ1 111.300 11.139 2.10 00 2.18 00 2.29 00 2.37 00 2.46 00

Z transition E [keV] � [pm] 66Dy 67Ho 68Er 69Tm 70Yb

4 Be K˛ 0.1085 11427.207 2.92 04 2.27 04 2.29 04 2.64 04 2.69 04
38 Sr M� 0.1140 10875.895 2.72 04 2.23 04 2.18 04 2.50 04 2.64 04
39 Y M� 0.1328 9339.235 2.12 04 2.06 04 2.06 04 2.19 04 2.37 04
16 S Ll 0.1487 8337.942 2.26 04 1.39 04 1.91 04 2.03 04 2.40 04
40 Zr M� 0.1511 8205.506 3.76 04 1.34 04 1.81 04 2.00 04 2.40 04
41 Nb M� 0.1717 7221.037 4.16 04 5.42 04 4.97 04 2.48 04 2.02 04
5 B K˛ 0.1833 6764.059 3.21 04 3.06 04 2.80 04 2.95 04 2.37 04
42 Mo M� 0.1926 6473.445 2.75 04 2.68 04 2.19 04 2.42 04 2.26 04
6 C K˛ 0.2770 4476.000 1.74 04 1.60 04 1.75 04 1.71 04 1.77 04
47 Ag M� 0.3117 3977.709 1.65 04 1.51 04 1.59 04 1.50 04 1.63 04
7 N K˛ 0.3924 3159.664 1.19 04 1.20 04 1.22 04 1.25 04 1.38 04
22 Ti Ll 0.3953 3136.484 1.18 04 1.19 04 1.21 04 1.24 04 1.37 04
22 Ti L˛ 0.4522 2741.822 9.99 03 1.03 04 1.05 04 1.12 04 1.16 04
23 V L˛ 0.5113 2424.901 8.18 03 8.66 03 9.21 03 9.85 03 1.03 04
8 O K˛ 0.5249 2362.072 7.88 03 8.34 03 8.92 03 9.56 03 1.00 04
25 Mn Ll 0.5563 2228.747 7.24 03 7.65 03 8.19 03 8.77 03 9.18 03
24 Cr L˛ 0.5728 2164.549 6.92 03 7.31 03 7.83 03 8.38 03 8.78 03
25 Mn L˛ 0.6374 1945.171 5.86 03 6.19 03 6.62 03 7.09 03 7.43 03
9 F K˛ 0.6768 1831.932 5.28 03 5.59 03 5.95 03 6.38 03 6.68 03
26 Fe L˛ 0.7050 1758.655 4.97 03 5.26 03 5.59 03 6.00 03 6.28 03
27 Co L˛ 0.7762 1597.335 4.22 03 4.44 03 4.73 03 5.06 03 5.31 03
28 Ni L˛ 0.8515 1456.086 3.57 03 3.76 03 4.00 03 4.27 03 4.48 03
29 Cu L˛ 0.9297 1336.044 3.04 03 3.20 03 3.40 03 3.63 03 3.80 03
30 Zn L˛ 1.0117 1225.513 2.59 03 2.73 03 2.89 03 3.09 03 3.28 03
11 Na K˛ 1.0410 1191.020 2.45 03 2.61 03 2.81 03 2.92 03 2.73 03
11 Na Kˇ 1.0711 1157.550 2.36 03 2.38 03 2.56 03 2.71 03 2.44 03
12 Mg K˛ 1.2536 989.033 2.32 03 2.34 03 2.44 03 2.52 03 2.53 03
33 As L˛ 1.2820 967.123 2.21 03 2.22 03 2.31 03 2.39 03 2.38 03
12 Mg Kˇ 1.3022 952.121 6.03 03 2.14 03 2.23 03 2.29 03 2.29 03
33 As Lˇ1 1.3170 941.421 5.87 03 2.08 03 2.17 03 2.23 03 2.22 03
66 Dy Mˇ 1.3250 935.737 5.97 03 2.05 03 2.14 03 2.20 03 2.18 03
67 Ho M˛ 1.3480 919.771 8.28 03 1.97 03 2.05 03 2.11 03 2.08 03
34 Se L˛ 1.3791 899.029 7.81 03 5.46 03 1.94 03 1.99 03 1.96 03
67 Ho Mˇ 1.3830 896.494 7.76 03 5.42 03 1.93 03 1.98 03 1.95 03
68 Er M˛ 1.4060 881.829 7.44 03 7.79 03 1.86 03 1.90 03 1.86 03
34 Se Lˇ1 1.4192 873.627 7.26 03 7.60 03 5.40 03 1.85 03 1.82 03
68 Er Mˇ 1.4430 859.218 6.96 03 7.28 03 5.17 03 1.78 03 1.74 03



840 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 66Dy 67Ho 68Er 69Tm 70Yb

69 Tm M˛ 1.4620 848.051 6.73 03 7.03 03 7.48 03 1.72 03 1.68 03
35 Br L˛ 1.4804 837.511 6.52 03 6.80 03 7.25 03 5.06 03 1.62 03
13 Al K˛1 1.4867 833.962 6.45 03 6.73 03 7.18 03 5.00 03 1.60 03
69 Tm Mˇ 1.5030 824.918 6.27 03 6.54 03 6.99 03 4.86 03 1.56 03
70 Yb M˛ 1.5214 814.941 6.08 03 6.34 03 6.77 03 7.05 03 1.51 03
35 Br Lˇ1 1.5259 812.538 6.03 03 6.29 03 6.71 03 7.00 03 1.50 03
13 Al Kˇ 1.5574 796.103 5.72 03 5.97 03 6.37 03 6.64 03 4.56 03
70 Yb Mˇ 1.5675 790.974 5.63 03 5.87 03 6.26 03 6.53 03 4.48 03
71 Lu M˛ 1.5813 784.071 5.50 03 5.74 03 6.12 03 6.39 03 6.59 03
36 Kr L˛ 1.5860 781.747 5.46 03 5.70 03 6.07 03 6.34 03 6.54 03
71 Lu Mˇ 1.6312 760.085 5.08 03 5.31 03 5.64 03 5.90 03 6.08 03
36 Kr Lˇ1 1.6366 757.577 5.04 03 5.26 03 5.59 03 5.85 03 6.03 03
72 Hf M˛1 1.6446 753.892 4.98 03 5.20 03 5.52 03 5.77 03 5.95 03
37 Rb L˛1 1.6941 731.864 5.52 03 4.82 03 5.11 03 5.35 03 5.51 03
72 Hf Mˇ 1.6976 730.355 5.49 03 4.79 03 5.08 03 5.32 03 5.48 03
73 Ta M˛1 1.7096 725.229 5.39 03 4.71 03 4.99 03 5.22 03 5.38 03
14 Si K˛1 1.7400 712.558 5.15 03 4.50 03 4.76 03 4.99 03 5.14 03
37 Rb Lˇ1 1.7522 707.597 5.06 03 5.28 03 4.68 03 4.90 03 5.05 03
73 Ta Mˇ 1.7655 702.266 4.96 03 5.18 03 4.59 03 4.81 03 4.59 03
74 W M˛1 1.7754 698.350 4.89 03 5.11 03 4.52 03 4.74 03 4.88 03
38 Sr L˛1 1.8066 686.290 4.67 03 4.88 03 4.32 03 4.53 03 4.67 03
74 W Mˇ 1.8349 675.705 4.49 03 4.69 03 4.99 03 4.36 03 4.48 03
14 Si Kˇ 1.8359 675.337 4.49 03 4.69 03 4.98 03 4.35 03 4.48 03
75 Re M˛1 1.8420 673.100 4.45 03 4.65 03 4.94 03 4.31 03 4.44 03
38 Sr Lˇ1 1.8717 662.420 4.70 03 4.46 03 4.74 03 4.14 03 4.26 03
75 Re Mˇ 1.9061 650.465 4.48 03 4.26 03 4.52 03 4.71 03 4.06 03
76 Os M˛1 1.9102 649.069 4.46 03 4.23 03 4.50 03 4.69 03 4.04 03
39 Y L˛1 1.9226 644.882 4.39 03 4.17 03 4.42 03 4.61 03 3.97 03
76 Os Mˇ 1.9783 626.725 4.08 03 4.24 03 4.11 03 4.29 03 4.43 03
77 Ir M˛1 1.9799 626.219 4.07 03 4.24 03 4.10 03 4.28 03 4.42 03
39 Y Lˇ1 1.9958 621.230 3.99 03 4.15 03 4.02 03 4.19 03 4.34 03
15 P K˛1 2.0137 615.708 3.90 03 4.06 03 4.31 03 4.10 03 4.24 03
40 Zr L˛1 2.0424 607.056 3.76 03 3.91 03 4.16 03 3.94 03 4.09 03
78 Pt M˛1 2.0505 604.658 4.10 03 3.88 03 4.12 03 3.90 03 4.05 03
77 Ir Mˇ 2.0535 603.775 4.08 03 3.86 03 4.10 03 3.89 03 4.03 03
79 Au M˛1 2.1229 584.036 3.74 03 3.55 03 3.76 03 3.94 03 3.70 03
40 Zr Lˇ1 2.1244 583.624 3.74 03 3.55 03 3.75 03 3.93 03 3.69 03
78 Pt Mˇ 2.1273 582.828 3.72 03 3.53 03 3.74 03 3.92 03 3 68 03
15 P Kˇ1,3 2.1390 579.640 3.67 03 3.81 03 3.69 03 3.86 03 3.63 03
41 Nb L˛1 2.1659 572.441 3.56 03 3.69 03 3.57 03 3.74 03 3.51 03
80 Hg M˛1 2.1953 564.775 3.43 03 3.57 03 3.45 03 3.61 03 3.73 03
79 Au Mˇ 2.2046 362.393 3.40 03 3.53 03 3.41 03 3.57 03 3.69 03
41 Nb Lˇ1 2.2574 549.238 3.20 03 3.32 03 3.55 03 3.36 03 3.47 03
81 Tl M˛1 2.2706 546.045 3.15 03 3.27 03 3.48 03 3.31 03 3.42 03



66Dy – 70Yb 841

Z transition E [keV] � [pm] 66Dy 67Ho 68Er 69Tm 70Yb

80 Hg Mˇ 2.2825 543.199 3.11 03 3.23 03 3.43 03 3.26 03 3.37 03
42 Mo L˛1 2.2932 540.664 3.07 03 3.19 03 3.39 03 3.22 03 3.33 03
16 S L˛1 2.3080 537.197 3.02 03 3.14 03 3.33 03 3.48 03 3.28 03
82 Pb M˛1 2.3457 528.563 2.89 03 3.01 03 3.20 03 3.34 03 3.14 03
81 Tl Mˇ 2.3621 524.893 2.84 03 2.96 03 3.14 03 3.28 03 3.09 03
42 Mo Lˇ1 2.3948 517.726 2.74 03 2.85 03 3.03 03 3.17 03 2.98 03
83 Bi M˛1 2.4226 511.785 2.66 03 2.17 03 2.94 03 3.07 03 3.18 03
43 Tc L˛1 2.4240 511.490 2.66 03 2.77 03 2.94 03 3.07 03 3.17 03
82 Pb Mˇ 2.4427 507.574 2.61 03 2.71 03 2.88 03 3.01 03 3.11 03
16 S Kˇ 2.4640 503.186 2.55 03 2.65 03 2.81 03 2.94 03 3.04 03
83 Bi Mˇ1 2.5255 490.933 2.39 03 2.49 03 2.64 03 2.76 03 2.86 03
43 Tc Lˇ1 2.5368 488.746 2.37 03 2.46 03 2.61 03 2.73 03 2.82 03
44 Ru L˛1 2.5586 484.582 2.31 03 2.41 03 2.55 03 2.67 03 2.76 03
17 Cl K˛1 2.6224 472.792 2.17 03 2.26 03 2.39 03 2.51 03 2.59 03
44 Ru Lˇ1 2.6832 462.079 2.05 03 2.13 03 2.26 03 2.36 03 2.44 03
45 Rh L˛1 2.6967 459.766 2.02 03 2.11 03 2.23 03 2.33 03 2.41 03
17 Cl Kˇ 2.8156 440.350 1.81 03 1.89 03 1.99 03 2.09 03 2.16 03
45 Rh Lˇ1 2.8344 437.430 1.78 03 1.85 03 1.96 03 2.05 03 2.12 03
46 Pd L˛1 2.8386 436.782 1.77 03 1.85 03 1.95 03 2.04 03 2.11 03
18 Ar K˛1 2.9577 419.194 1.59 03 1.66 03 1.75 03 1.84 03 1.90 03
47 Ag L ˛1 2.9843 415.458 1.56 03 1.62 03 1.71 03 1.80 03 1.86 03
46 Pd Lˇ1 2.9902 414.638 1.55 03 1.62 03 1.70 03 1.79 03 1.85 03
90 Th M˛1 2.9961 413.821 1.54 03 1.61 03 1.69 03 1.78 03 1.84 03
91 Pa M˛1 3.0823 402.248 1.43 03 1.50 03 1.57 03 1.65 03 1.71 03
48 Cd L˛1 3.1337 395.651 1.37 03 1.43 03 1.51 03 1.58 03 1.64 03
90 Th Mˇ 3.1458 394.129 1.36 03 1.42 03 1.49 03 1.57 03 1.62 03
47 Ag Lˇ1 3.1509 393.491 1.35 03 1.41 03 1.49 03 1.56 03 1.62 03
92 U M˛1 3.1708 391.021 1.33 03 1.39 03 1.46 03 1.54 03 1.59 03
18 Ar Kˇ 3.1905 388.607 1.31 03 1.37 03 1.44 03 1.51 03 1.56 03
91 Pa Mˇ 3.2397 382.705 1.26 03 1.32 03 1.38 03 1.45 03 1.50 03
49 In L˛1 3.2869 377.210 1.21 03 1.27 03 1.33 03 1.40 03 1.45 03
19 K K˛1 3.3138 374.148 1.19 03 1.24 03 1.31 03 1.37 03 1.42 03
48 Cd Lˇ1 3.3166 373.832 1.19 03 1.24 03 1.30 03 1.37 03 1.42 03
92 U Mˇ 3.3360 371.658 1.17 03 1.22 03 1.28 03 1.35 03 1.39 03
50 Sn L˛1 3.4440 360.003 1.08 03 1.13 03 1.18 03 1.24 03 1.28 03
49 In Lˇ1 3.4872 355.543 1.04 03 1.09 03 1.14 03 1.20 03 1.24 03
19 K Kˇ 3.5896 345.401 9.69 02 1.01 03 1.06 03 1.12 03 1.15 03
51 Sb L˛1 3.6047 343.954 9.58 02 1.00 03 1.05 03 1.10 03 1.14 03
50 Sn L ˇ1 3.6628 338.498 9.20 02 9.61 02 1.01 03 1.06 03 1.10 03
20 Ca K˛1 3.6917 335.848 9.01 02 9.42 02 9.88 02 1.04 03 1.07 03
52 Te L˛1 3.7693 328.934 8.55 02 8.93 02 9.36 02 9.85 02 1.02 03
51 Sb Lˇ1 3.8436 322.575 8.13 02 8.49 02 8.90 02 9.36 02 9.68 02
53 I L˛1 3.9377 314.867 7.64 02 7.98 02 8.36 02 8.80 02 9.10 02
20 Ca Kˇ 4.0127 308.981 7.28 02 7.61 02 7.97 02 8.38 02 8.66 02



842 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 66Dy 67Ho 68Er 69Tm 70Yb

52 Te Lˇ1 4.0296 307.686 7.20 02 7.53 02 7.88 02 8.29 02 8.57 02
21 Sc K˛1 4.0906 303.097 6.93 02 7.24 02 7.58 02 7.98 02 8.25 02
54 Xe L˛1 4.1099 301.674 6.85 02 7.16 02 7.49 02 7.88 02 8.15 02
53 I Lˇ1 4.2207 293.755 6.40 02 6.69 02 1.00 02 7.37 02 7.62 02
55 Cs L˛1 4.2865 289.245 6.15 02 6.43 02 6.73 02 7.08 02 7.32 02
21 Sc Kˇ 4.4605 277.962 5.56 02 5.81 02 6.08 02 6.40 02 6.61 02
56 Ba L˛1 4.4663 277.601 5.54 02 5.79 02 6.06 02 6.37 02 6.59 02
22 Ti K˛1 4.5108 274.863 5.40 02 5.65 02 5.90 02 6.21 02 6.43 02
55 Cs Lˇ1 4.6198 268.377 5.08 02 5.32 02 5.55 02 5.85 02 6.05 02
57 La L˛1 4.6510 266.577 4.99 02 5.22 02 5.46 02 5.75 02 5.94 02
56 Ba Lˇ1 4.8273 256.841 4.54 02 4.75 02 4.96 02 5.23 02 5.41 02
58 Ce L˛1 4.8402 256.157 4.51 02 4.72 02 4.93 02 5.19 02 5.31 02
22 Ti Kˇ1,3 4.9318 251.399 4.30 02 4.50 02 4.70 02 4.95 02 5.37 02
23 V K˛1 4.9522 250.363 4.25 02 4.45 02 4.65 02 4.90 02 5.06 02
59 Pr L˛1 5.0337 246.310 4.08 02 4.27 02 4.46 02 4.70 02 4.86 02
57 La Lˇ1 5.0421 245.899 4.06 02 4.25 02 4.44 02 4.68 02 4.84 02
60 Nd L˛1 5.2304 237.047 3.70 02 3.87 02 4.04 02 4.26 02 4.40 02
58 Ce Lˇ1 5.2622 235.614 3.64 02 3.81 02 3.98 02 4.19 02 4.34 02
24 Cr K˛1 5.4147 228.978 3.39 02 3.55 02 3.70 02 3.90 02 4.03 02
23 V Kˇ1,3 5.4273 228.447 3.37 02 3.52 02 3.67 02 3.87 02 4.01 02
61 Pm L˛1 5.4325 228.228 3.36 02 3.52 02 3.66 02 3.86 02 4.00 02
59 Pr Lˇ1 5.4889 225.883 3.27 02 3.42 02 3.57 02 3.76 02 3.89 02
62 Sm L˛1 5.6361 219.984 3.06 02 3.20 02 3.33 02 3.52 02 3.64 02
60 Nd Lˇ1 5.7216 216.696 2.94 02 3.08 02 3.21 02 3.38 02 3.50 02
63 Eu L˛1 5.8457 212.096 2.78 02 2.92 02 3.03 02 3.20 02 3.31 02
25 Mn K˛1 5.8988 210.187 2.72 02 2.85 02 2.96 02 3.13 02 3.24 02
24 Cr Kˇ1,3 5.9467 208.494 2.67 02 2.79 02 2.90 02 3.06 02 3.17 02
61 Pm Lˇ1 5.9610 207.993 2.65 02 2.77 02 2.89 02 3.05 02 3.15 02
64 Gd L˛1 6.0572 204.690 2.54 02 2.66 02 2.77 02 2.92 02 3.03 02
62 Sm Lˇ1 6.2051 199.811 2.39 02 2.51 02 2.61 02 2.75 02 2.85 02
65 Tb L˛1 6.2728 197.655 2.33 02 2.44 02 2.53 02 2.68 02 2.77 02
26 Fe K˛1 6.4038 193.611 2.21 02 2.31 02 2.40 02 2.54 02 2.63 02
63 Eu Lˇ1 6.4564 192.034 2.16 02 2.27 02 2.35 02 2.49 02 2.57 02
25 Mn Kˇ1,3 6.4905 191.025 2.14 02 2.24 02 2.32 02 2.45 02 2.54 02
66 Dy L˛1 6.4952 190.887 2.13 02 2.23 02 2.32 02 2.45 02 2.53 02
64 Gd Lˇ1 6.7132 184.688 1.96 02 2.05 02 2.13 02 2.25 02 2.33 02
67 Ho L˛1 6.7198 184.507 1.96 02 2.05 02 2.13 02 2.25 02 2.33 02
27 Co K˛1 6.9303 178.903 1.81 02 1.90 02 1.97 02 2.08 02 2.15 02
68 Er L˛1 6.9487 178.429 1.80 02 1.88 02 1.95 02 2.06 02 2.14 02
65 Tb Lˇ1 6.9780 177.680 1.78 02 1.86 02 1.93 02 2.04 02 2.11 02
26 Fe Kˇ1,3 7.0580 175.666 1.73 02 1.81 02 1.88 02 1.98 02 2.05 02
69 Tm L˛1 7.1799 172.683 1.65 02 1.73 02 1.80 02 1.90 02 1.97 02
66 Dy Lˇ1 7.2477 171.068 1.61 02 1.69 02 1.75 02 1.85 02 1.92 02
70 Yb L˛1 7.4156 167.195 1.52 02 1.60 02 1.66 02 1.75 02 1.81 02



66Dy – 70Yb 843

Z transition E [keV] � [pm] 66Dy 67Ho 68Er 69Tm 70Yb

28 Ni K˛1 7.4782 165.795 1.49 02 1.56 02 1.62 02 1.71 02 1.77 02
67 Ho Lˇ1 7.5253 164.757 1.47 02 1.54 02 1.59 02 1.69 02 1.74 02
27 Co Kˇ1,3 7.6494 162.084 1.41 02 1.48 02 1.53 02 1.62 02 1.67 02
71 Lu L˛1 7.6555 161.955 1.41 02 1.47 02 1.53 02 1.61 02 1.67 02
68 Er Lˇ1 7.8109 158.733 3.63 02 1.40 02 1.45 02 1.53 02 1.59 02
72 Hf L˛1 7.8990 156.963 3.52 02 1.36 02 1.41 02 1.49 02 1.54 02
29 Cu K˛1 8.0478 154.060 3.35 02 1.30 02 1.34 02 1.42 02 1.47 02
69 Tm Lˇ1 8.1010 153.049 3.29 02 3.42 02 1.32 02 1.40 02 1.45 02
73 Ta L˛1 8.1461 152.201 3.24 02 3.37 02 1.30 02 1.38 02 1.43 02
28 Ni Kˇ1,3 8.2647 150.017 3.11 02 3.24 02 1.26 02 1.33 02 1.38 02
74 W L˛1 8.3976 147.643 2.98 02 3.10 02 3.23 02 1.28 02 1.32 02
70 Yb Lˇ1 8.4018 147.569 2.98 02 3.10 02 3.23 02 1.28 02 1.32 02
30 Zn K˛1 8.6389 143.519 3.86 02 2.87 02 2.99 02 1.19 02 1.23 02
75 Re L˛1 8.6525 143.294 3.84 02 2.86 02 2.98 02 3.14 02 1.23 02
71 Lu Lˇ1 8.7090 142.364 3.77 02 2.81 02 2.93 02 3.09 02 1.21 02
29 Cu Kˇ1 8.9053 139.226 3.55 02 2.65 02 2.76 02 2.90 02 1.14 02
76 Os L˛1 8.9117 139.126 2.64 02 3.54 02 2.75 02 2.90 02 1.14 02
72 Hf Lˇ1 9.0227 137.414 3.42 02 3.57 02 2.66 02 2.80 02 2.91 02
77 Ir L˛1 9.1751 135.132 3.92 02 3.41 02 2.54 02 2.68 02 2.78 02
31 Ga K˛1 9.2517 134.013 3.83 02 3.33 02 2.49 02 2.62 02 2.72 02
73 Ta Lˇ1 9.3431 132.702 3.73 02 3.24 02 3.37 02 2.55 02 2.65 02
78 Pt L˛1 9.4423 131.308 3.63 02 3.78 02 3.28 02 2.48 02 2.57 02
30 Zn Kˇ1,3 9.5720 129.529 3.49 02 3.64 02 3.16 02 3.39 02 2.48 02
74 W Lˇ1 9.6724 128.184 3.40 02 3.54 02 3.07 02 3.24 02 2.41 02
79 Au L˛1 9.7133 127.644 3.36 02 3.50 02 3.04 02 3.20 02 2.38 02
32 Ge K˛1 9.8864 125.409 3.20 02 3.33 02 3.47 02 3.05 02 2.27 02
80 Hg L˛1 9.9888 124.124 3.11 02 3.24 02 3.37 02 2.97 02 3.08 02
75 Re Lˇ1 10.010 123.861 3.09 02 3.22 02 3.35 02 2.95 02 3.06 02
31 Ga Kˇ1 10.264 120.796 2.89 02 3.01 02 3.14 02 3.30 02 2.86 02
81 Tl L˛1 10.269 120.737 2.89 02 3.01 02 3.13 02 3.30 02 2.86 02
76 Os Lˇ1 10.355 119.734 2.82 02 2.94 02 3.06 02 3.22 02 2.79 02
33 As K˛1 10.544 117.588 2.69 02 2.80 02 2.92 02 3.07 02 3.18 02
82 Pb L˛1 10.552 117.499 2.68 02 2.79 02 2.91 02 3.06 02 3.17 02
77 Ir Lˇ1 10.708 115.787 2.58 02 2.68 02 2.80 02 2.94 02 3.05 02
83 Bi L˛1 10.839 114.388 2.49 02 2.60 02 2.71 02 2.85 02 2.95 02
32 Ge Kˇ1 10.982 112.898 2.41 02 2.51 02 2.61 02 2.75 02 2.85 02
78 Pt Lˇ1 11.071 111.990 2.35 02 2.45 02 2.56 02 2.69 02 2.79 02
84 Po L˛1 11.131 111.387 2.32 02 2.42 02 2.52 02 2.65 02 2.75 02
34 Se K˛1 11.222 110.484 2.27 02 2.37 02 2.46 02 2.59 02 2.69 02
85 At L˛1 11.427 108.501 2.16 02 2.25 02 2.35 02 2.47 02 2.56 02
79 Au Lˇ1 11.442 108.359 2.15 02 2.24 02 2.34 02 2.46 02 2.55 02
33 As Kˇ1 11.726 105.735 2.01 02 2.10 02 2.19 02 2.30 02 2.39 02
86 Rn L˛1 11.727 105.726 2.01 02 2.10 02 2.19 02 2.30 02 2.39 02
80 Hg Lˇ1 11.823 104.867 1.97 02 2.05 02 2.14 02 2.25 02 2.33 02



844 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 66Dy 67Ho 68Er 69Tm 70Yb

35 Br K˛1 11.924 103.979 1.93 02 2.01 02 2.09 02 2.20 02 2.28 02
87 Fr L˛1 12.031 103.054 1.88 02 1.96 02 2.04 02 2.15 02 2.23 02
81 Tl Lˇ1 12.213 101.519 1.80 02 1.88 02 1.96 02 2.06 02 2.14 02
88 Ra L˛1 12.340 100.474 1.75 02 1.83 02 1.91 02 2.01 02 2.08 02
34 Se Kˇ1 12.496 99.219 1.70 02 1.77 02 1.84 02 1.94 02 2.01 02
82 Pb Lˇ1 12.614 98.291 1.65 02 1.73 02 1.80 02 1.89 02 1.96 02
36 Kr K˛1 12.649 98.019 1.64 02 1.71 02 1.78 02 1.88 02 1.94 02
89 Ac L˛1 12.652 97.996 1.64 02 1.71 02 1.78 02 1.88 02 1.94 02
90 Th L˛1 12.969 95.601 1.53 02 1.60 02 1.67 02 1.75 02 1.82 02
83 Bi Lˇ1 13.024 95.197 1.52 02 1.58 02 1.65 02 1.73 02 1.80 02
91 Pa L˛1 13.291 93.285 1.43 02 1.50 02 1.56 02 1.64 02 1.70 02
35 Br Kˇ1 13.291 93.285 1.43 02 1.50 02 1.56 02 1.64 02 1.70 02
37 Rb K ˛1 13.395 92.560 1.41 02 1.47 02 1.53 02 1.61 02 1.66 02
84 Po Lˇ1 13.447 92.202 1.39 02 1.45 02 1.51 02 1.59 02 1.65 02
92 U L˛1 13.615 91.065 1.34 02 1.40 02 1.46 02 1.54 02 1.59 02
85 At Lˇ1 13.876 89.352 1.28 02 1.33 02 1.39 02 1.46 02 1.51 02
36 Kr Kˇ1 14.112 87.857 1.22 02 1.27 02 1.33 02 1.40 02 1.45 02
38 Sr K˛1 14.165 87.529 1.21 02 1.26 02 1.32 02 1.38 02 1.43 02
86 Rn Lˇ1 14.316 86.606 1.17 02 1.23 02 1.28 02 1.34 02 1.39 02
87 Fr Lˇ1 14.770 83.943 1.08 02 1.13 02 1.18 02 1.23 02 1.28 02
39 Y K˛1 14.958 82.888 1.04 02 1.09 02 1.14 02 1.19 02 1.23 02
37 Rb Kˇ1 14.961 82.872 1.04 02 1.09 02 1.14 02 1.19 02 1.23 02
88 Ra Lˇ1 15.236 81.376 9.92 01 1.04 02 1.08 02 1.13 02 1.17 02
89 Ac Lˇ1 15.713 78.906 9.13 01 9.55 01 9.95 01 1.04 02 1.08 02
40 Zr K˛1 15.775 78.596 9.03 01 9.45 01 9.85 01 1.03 02 1.07 02
38 Sr Kˇ1 15.836 78.293 8.94 01 9.35 01 9.75 01 1.02 02 1.06 02
90 Th Lˇ1 16.202 76.524 8.41 01 8.79 01 9.17 01 9.62 01 9.95 01
41 Nb K˛1 16.615 74.622 7.86 01 8.22 01 8.57 01 8.99 01 9.30 01
91 Pa Lˇ1 16.702 74.233 7.75 01 8.11 01 8.46 01 8.86 01 9.17 01
39 Y Kˇ1 16.738 74.074 7.71 01 8.06 01 8.41 01 8.81 01 9.11 01
92 U Lˇ1 17.220 72.000 7.14 01 7.47 01 7.79 01 8.16 01 8.44 01
42 Mo K˛1 17.479 70.933 6.86 01 7.18 01 7.49 01 7.84 01 8.11 01
40 Zr Kˇ1 17.668 70.175 6.67 01 6.97 01 7.27 01 7.62 01 7.88 01
43 Tc K˛1 18.367 67.504 6.01 01 6.29 01 6.56 01 6.86 01 7.09 01
41 Nb Kˇ1 18.623 66.576 5.79 01 6.06 01 6.32 01 6.61 01 6.83 01
44 Ru K˛1 19.279 64.311 5.28 01 5.52 01 5.76 01 6.02 01 6.22 01
42 Mo Kˇ1 19.608 63.231 5.04 01 5.28 01 5.51 01 5.75 01 5.95 01
45 Rh K˛1 20.216 61.330 4.65 01 4.86 01 5.07 01 5.30 01 5.48 01
43 Tc Kˇ1 20.619 60.131 4.41 01 4.61 01 4.81 01 5.03 01 5.20 01
46 Pd K˛1 21.177 58.547 4.11 01 4.30 01 4.48 01 4.69 01 4.84 01
44 Ru Kˇ1 21.657 57.249 3.87 01 4.05 01 4.22 01 4.42 01 4.56 01
47 Ag K˛1 22.163 55.942 3.64 01 3.81 01 3.97 01 4.15 01 4.29 01
45 Rh Kˇ1 22.724 54.561 3.40 01 3.56 01 3.72 01 3.89 01 4.02 01
48 Cd K˛1 23.174 53.501 3.23 01 3.38 01 3.53 01 3.69 01 3.81 01



66Dy – 70Yb 845

Z transition E [keV] � [pm] 66Dy 67Ho 68Er 69Tm 70Yb

46 Pd Kˇ1 23.819 52.053 3.00 01 3.15 01 3.28 01 3.43 01 3.54 01
49 In K˛1 24.210 51.212 2.88 01 3.01 01 3.14 01 3.29 01 3.39 01
47 Ag Kˇ1 24.942 49.709 2.66 01 2.78 01 2.90 01 3.04 01 3.14 01
50 Sn K˛1 25.271 49.067 2.57 01 2.69 01 2.80 01 2.93 01 3.03 01
48 Cd Kˇ1 26.096 47.511 2.36 01 2.47 01 2.57 01 2.69 01 2.78 01
51 Sb K˛1 29.359 47.037 2.29 01 2.40 01 2.50 01 2.62 01 2.71 01
49 In Kˇ1 27.276 45.455 2.10 01 2.20 01 2.29 01 2.40 01 2.47 01
52 Te K˛1 27.472 45.131 2.06 01 2.15 01 2.24 01 2.35 01 2.43 01
50 Sn Kˇ1 28.486 43.524 1.87 01 1.96 01 2.04 01 2.13 01 2.20 01
53 I K˛1 28.612 43.333 1.85 01 1.95 01 2.01 01 2.11 01 2.18 01
51 Sb Kˇ1 29.726 41.709 1.67 01 1.75 01 1.82 01 1.91 01 1.97 01
54 Xe K˛1 29.779 41.635 1.66 01 1.74 01 1.81 01 1.90 01 1.96 01
55 Cs K˛1 30.996 40.030 1.50 01 1.57 01 1.63 01 1.71 01 1.77 01
52 Te Kˇ1 30.996 40.000 1.49 01 1.57 01 1.63 01 1.71 01 1.76 01
56 Ba K˛1 32.194 38.511 1.35 01 1.42 01 1.48 01 1.55 01 1.60 01
53 I Kˇ1 32.295 38.391 1.34 01 1.41 01 1.46 01 1.53 01 1.58 01
57 La K˛1 33.442 37.074 1.22 01 1.28 01 1.34 01 1.40 01 1.44 01
54 Xe Kˇ1 33.624 36.874 1.21 01 1.27 01 1.32 01 1.38 01 1.42 01
58 Ce K˛1 34.279 36.169 1.15 01 1.20 01 1.25 01 1.31 01 1.35 01
55 Cs Kˇ1 34.987 35.437 1.09 01 1.14 01 1.19 01 1.24 01 1.28 01
59 Pr K˛1 36.026 34.415 1.01 01 1.06 01 1.10 01 1.15 01 1.19 01
56 Ba Kˇ1 36.378 34.082 9.83 00 1.03 01 1.07 01 1.12 01 1.16 01
60 Nd K˛1 36.847 33.648 9.51 00 9.96 00 1.04 01 1.09 01 1.12 01
57 La Kˇ1 37.801 32.799 8.89 00 9.32 00 9.69 00 1.02 01 1.05 01
61 Pm K˛1 38.725 32.016 8.35 00 8.75 00 9.09 00 9.55 00 9.81 00
58 Ce Kˇ1 39.257 31.582 8.06 00 8.44 00 8.77 00 9.21 00 9.47 00
62 Sm K˛1 40.257 30.905 7.61 00 7.97 00 8.29 00 8.70 00 8.94 00
59 Pr Kˇ1 40.748 30.427 7.31 00 7.66 00 7.97 00 8.36 00 8.59 00
63 Eu K˛1 41.542 29.845 6.95 00 7.29 00 7.58 00 7.95 00 8.17 00
60 Nd Kˇ1 42.271 29.331 6.65 00 6.97 00 7.25 00 7.60 00 7.81 00
64 Gd K˛1 42.996 28.836 6.36 00 6.67 00 6.94 00 7.27 00 7.47 00
61 Pm Kˇ1 43.826 28.290 6.05 00 6.35 00 6.61 00 6.92 00 7.11 00
65 Tb K˛1 44.482 27.873 5.82 00 6.11 00 6.36 00 6.66 00 6.86 00
62 Sm Kˇ1 45.413 27.301 5.52 00 5.80 00 6.04 00 6.31 00 6.48 00
66 Dy K˛1 45.998 26.954 5.34 00 5.61 00 5.84 00 6.11 00 6.27 00
63 Eu Kˇ1 47.038 26.358 5.04 00 5.29 00 5.52 00 5.76 00 5.91 00
67 Ho K˛1 47.547 26.076 4.90 00 5.15 00 5.37 00 5.60 00 5.75 00
64 Gd Kˇ1 48.697 25.460 4.60 00 4.84 00 5.05 00 5.27 00 5.40 00
68 Er K˛1 49.128 25.237 4.50 00 4.74 00 4.93 00 5.15 00 5.28 00
65 Tb Kˇ1 50.382 24.609 4.22 00 4.44 00 4.63 00 4.83 00 4.95 00
69 Tm K˛1 50.742 24.434 4.14 00 4.36 00 4.54 00 4.74 00 4.86 00
66 Dy Kˇ1 52.119 23.788 3.88 00 4.08 00 4.25 00 4.43 00 4.55 00
70 Yb K˛1 52.389 23.666 3.83 00 4.03 00 4.19 00 4.37 00 4.49 00
67 Ho Kˇ1 53.877 23.012 1.86 01 3.75 00 3.90 00 4.07 00 4.18 00



846 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 66Dy 67Ho 68Er 69Tm 70Yb

71 Lu K˛1 54.070 22.930 1.84 01 3.72 00 3.87 00 4.04 00 4.14 00
68 Er Kˇ1 55.681 22.267 1.69 01 1.76 01 3.59 00 3.75 00 3.85 00
72 Hf K˛1 55.790 22.223 1.68 01 1.75 01 3.57 00 3.73 00 3.83 00
69 Tm Kˇ1 57.517 21.556 1.55 01 1.61 01 1.68 00 3.45 00 3.54 00
73 Ta K˛1 57.53Z 21.550 1.55 01 1.61.01 1.68 00 3.45 00 3.54 00
74 W K˛1 59.318 20.901 1.42 01 1.48 01 1.54 01 3.19 00 3.28 00
70 Yb Kˇ1 59.370 20.883 1.42 01 1.47 01 1.54 01 3.19 00 3.27 00
75 Re K˛1 61.140 20.278 1.30 01 1.36 01 1.42 01 1.48 01 3.04 00
71 Lu Kˇ1 61.283 20.231 1.30 01 1.35 01 1.41 01 1.47 01 3.02 00
76 Os K˛1 63.001 19.679 1.20 01 1.25 01 1.30 01 1.36 01 1.38 01
72 Hf Kˇ1 63.234 19.607 1.19 01 1.24 01 1.29 01 1.35 01 1.36 01
77 Ir K˛1 64.896 19.105 1.11 01 1.15 01 1.20 01 1.25 01 1.27 01
73 Ta Kˇ1 65.223 19.009 1.09 01 1.14 01 1.18 01 1.24 01 1.25 01
78 Pt K˛1 66.832 18.551 1.02 01 1.06 01 1.11 01 1.16 01 1.17 01
74 W Kˇ1 67.244 18.438 1.00 01 1.04 01 1.09 01 1.14 01 1.15 01
79 Au K˛1 68.804 18.020 9.40 00 9.81 00 1.02 01 1.07 01 1.08 01
75 Re Kˇ1 69.310 17.888 9.21 00 9.61 00 1.00 01 1.04 01 1.06 01
80 Hg K˛1 70.819 17.507 8.68 00 9.05 00 9.43 00 9.84 00 1.00 01
76 Os Kˇ1 71.413 17.361 8.48 00 8.85 00 9.22 00 9.62 00 9.80 00
81 Tl K˛1 72.872 17.014 8.02 00 8.37 00 8.71 00 9.09 00 9.27 00
77 Ir Kˇ1 73.561 16.854 7.81 00 8.15 00 8.49 00 8.86 00 9.04 00
8Z Pb K˛1 74.969 16.538 7.51 00 7.74 00 8.06 00 8.41 00 8.59 00
78 Pt Kˇ1 75.748 16.368 7.20 00 7.52 00 7.83 00 8.17 00 8.35 00
83 Bi K˛1 77.108 16.079 6.85 00 7.16 00 7.45 00 7.78 00 7.96 00
79 Au Kˇ1 77.948 15.906 6.65 00 6.95 00 7.Z4 00 7.55 00 7.73 00
84 Po K˛1 79.290 15.636 6.34 00 6.63 00 6.90 00 7.20 00 7.38 00
80 Hg Kˇ1 80.253 15.449 6.14 00 6.41 00 6.68 00 6.96 00 7.14 00
85 At K˛1 81.520 15.209 5.88 00 6.14 00 6.40 00 6.67 00 6.85 00
81 Tl Kˇ1 82.576 15.014 5.68 00 5.93 00 6.18 00 6.44 00 6.61 00
86 Rn K˛1 83.780 14.798 5.46 00 5.70 00 5.94 00 6.19 00 6.36 00
82 Pb Kˇ1 84.936 14.597 5.26 00 5.49 00 5.72 00 5.96 00 6.12 00
87 Fr K˛1 86.100 14.400 5.07 00 5.29 00 5.52 00 5.74 00 5.90 00
83 Bi Kˇ1 87.343 14.195 4.87 00 5.09 00 5.30 00 5.52 00 5.68 00
88 Ra K˛1 88.470 14.014 4.70 00 4.91 00 5.12 00 5.33 00 5.48 00
84 Po Kˇ1 89.800 13.806 4.52 00 4.72 00 4.92 00 5.12 00 5.27 00
89 Ac K˛1 90.884 13.642 4.37 00 4.56 00 4.76 00 4.95 00 5.10 00
85 At Kˇ1 92.300 13.432 4.19 00 4.38 00 4.57 00 4.75 00 4.89 00
90 Th K˛1 93.350 13.281 4.06 00 4.24 00 4.43 00 4.60 00 4.74 00
86 Rn Kˇ1 94.870 13.068 3.89 00 4.06 00 4.24 00 4.41 00 4.54 00
91 Pa K˛1 95.868 12.932 3.78 00 3.95 00 4.12 00 4.28 00 4.41 00
87 Fr Kˇ1 97.470 12.720 3.61 00 3.77 00 3.94 00 4.09 00 4.22 00
92 U K˛1 98.439 12.595 3.52 00 3.67 00 3.83 00 3.98 00 4.10 00
88 Ra Kˇ1 100.130 12.382 3.36 00 3.50 00 3.66 00 3.80 00 3.92 00
89 Ac Kˇ1 102.850 12.054 3.13 00 3.27 00 3.41 00 3.54 00 3.65 00



71Lu – 75Re 847

Z transition E [keV] � [pm] 66Dy 67Ho 68Er 69Tm 70Yb

90 Th Kˇ1 105.610 11.739 2.92 00 3.05 00 3.18 00 3.31 00 3.41 00
91 Pa Kˇ1 108.430 11.434 2.72 00 2.84 00 2.97 00 3.08 00 3.18 00
92 U Kˇ1 111.300 11.139 2.54 00 2.65 00 2.77 00 2.88 00 2.97 00

Z transition E [keV] � [pm] 71Lu 72Hf 73Ta 74W 75Re

4 Be K˛ 0.1085 11427.207 2.21 04 2.08 04 2.23 04 2.04 04 1.60 04
38 Sr M� 0.1140 10875.895 2.22 04 2.07 04 2.21 04 2.01 04 1.63 04
39 Y M� 0.1328 9339.235 2.28 04 2.12 04 2.15 04 1.93 04 1.72 04
16 S Ll 0.1487 8337.942 2.32 04 2.22 04 2.13 04 1.83 04 1.75 04
40 Zr M� 0.1511 8205.506 2.32 04 2.23 04 2.13 04 1.85 04 1.75 04
41 Nb M� 0.1717 7221.037 2.23 04 2.18 04 2.08 04 1.93 04 1.73 04
5 B K˛ 0.1833 6764.059 2.19 04 2.16 04 2.08 04 1.97 04 1.80 04
42 Mo M� 0.1926 6473.445 2.16 04 2.15 04 2.09 04 2.00 04 1.86 04
6 C K˛ 0.2770 4476.000 1.74 04 1.80 04 1.84 04 1.88 04 1.87 04
47 Ag M � 0.3117 3977.709 1.61 04 1.61 04 1.65 04 1.69 04 1.70 04
7 N K˛ 0.3924 3159.664 1.39 04 1.29 04 1.34 04 1.39 04 1.41 04
22 Ti Ll 0.3953 3136.484 1.38 04 1.28 04 1.33 04 1.38 04 1.40 04
22 Ti L˛ 0.4522 2741.822 1.17 04 1.22 04 1.26 04 1.30 04 1.21 04
23 V L˛ 0.5113 2424.901 1.05 04 1.05 04 1.09 04 1.13 04 1.14 04
8 O K˛ 0.5249 2362.072 1.03 04 1.01 04 1.06 04 1.10 04 1.13 04
25 Mn Ll 0.5563 2228.747 9.43 03 9.90 03 9.75 03 1.02 04 1.04 04
24 Cr L˛ 0.5728 2164.549 9.02 03 9.46 03 9.93 03 9.74 03 1.00 04
25 Mn L˛ 0.6374 1945.171 7.65 03 8.01 03 8.40 03 8.78 03 9.16 03
9 F K˛ 0.6768 1831.932 6.90 03 7.23 03 7.59 03 7.93 03 8.23 03
26 Fe L˛ 0.7050 1758.655 6.48 03 6.80 03 7.14 03 7.46 03 7.72 03
27 Co L˛ 0.7762 1597.335 5.48 03 5.74 03 6.05 03 6.34 03 6.57 03
28 Ni L˛ 0.8515 1456.080 4.62 03 4.86 03 5.13 03 5.36 03 5.57 03
29 Cu L˛ 0.9297 1336.044 3.93 03 4.14 03 4.37 03 4.56 03 4.75 03
30 Zn L˛ 1.0117 1225.513 3.35 03 3.53 03 3.71 03 3.88 03 4.06 03
11 Na K˛ 1.0410 1191.020 3.16 03 3.33 03 3.51 03 3.67 03 3.84 03
11 Na Kˇ 1.0711 1157.550 2.84 03 2.93 03 3.16 03 3.35 03 3.48 03
12 Mg K˛ 1.2536 989.033 2.66 03 2.75 03 2.87 03 3.00 03 3.13 03
33 As L˛ 1.2820 967.123 2.50 03 2.59 03 2.70 03 2.83 03 2.95 03
12 Mg Kˇ 1.3022 952.121 2.40 03 2.48 03 2.59 03 2.72 03 2.83 03
33 As Lˇ 1.3170 441.421 2.33 03 2.41 03 2.51 03 2.64 03 2.75 03
66 Dy Mˇ 1.3250 935.737 2.29 03 2.37 03 2.47 03 2.60 03 2.71 03
67 Ho M˛ 1.3480 919.771 2.19 03 2.27 03 2.36 03 2.48 03 2.59 03
34 Se L˛ 1.3791 899.029 2.06 03 2.13 03 2.22 03 2.34 03 2.44 03
67 Ho Mˇ 1.3830 896.494 2.04 03 2.12 03 2.21 03 2.32 03 2.42 03
68 Er M˛ 1.4060 881.829 1.96 03 2.03 03 2.11 03 2.23 03 2.32 03
34 Se Lˇ 1.4192 873.627 1.91 03 1.98 03 2.06 03 2.17 03 2.27 03
68 Er Mˇ 1.4430 859.218 1.82 03 1.89 03 1.97 03 2.08 03 2.17 03



848 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 71Lu 72Hf 73Ta 74W 75Re

69 Tm M˛ 1.4620 848.051 1.76 03 1.82 03 1.90 03 2.01 03 2.10 03
35 Br L˛ 1.4804 837.511 1.70 03 1.76 03 1.84 03 1.95 03 2.03 03
13 Al K˛1 1.4867 833.962 1.68 03 1.74 03 1.82 03 1.92 03 2.01 03
69 Tm Mˇ 1.5030 824.918 1.64 03 1.69 03 1.76 03 1.87 03 1.95 03
70 Yb M˛ 1.5214 814.941 1.58 03 1.64 03 1.71 03 1.81 03 1.89 03
35 Br Lˇ1 1.5259 812.538 1.57 03 1.63 03 1.69 03 1.80 03 1.88 03
13 Al Kˇ 1.5574 796.103 1.49 03 1.54 03 1.61 03 1.71 03 1.78 03
70 Yb Mˇ 1.5675 790.974 1.46 03 1.51 03 1.58 03 1.68 03 1.75 03
71 Lu M˛ 1.5813 784.071 1.43 03 1.48 03 1.54 03 1.64 03 1.71 03
36 Kr L˛ 1.5860 781.747 1.42 03 1.47 03 1.53 03 1.63 03 1.70 03
71 Lu Mˇ 1.6312 760.085 4.28 03 1.36 03 1.42 03 1.51 03 1.58 03
36 Kr Lˇ1 1.6366 757.577 4.25 03 1.35 03 1.41 03 1.50 03 1.57 03
72 Hf M˛1 1.6446 753.892 6.28 03 1.33 03 1.39 03 1.48 03 1.55 03
37 Rb L˛1 1.6941 731.864 5.81 03 4.05 03 1.28 03 1.37 03 1.43 03
72 Hf Mˇ 1.6976 730.355 5.78 03 4.02 03 1.28 03 1.36 03 1.43 03
73 Ta M˛1 1.7096 725.229 5.68 03 3.95 03 1.25 03 1.34 03 1.40 03
14 Si K˛1 1.7400 712.558 5.43 03 5.66 03 4.03 03 1.28 03 1.34 03
37 Rb Lˇ1 1.7522 707.597 5.33 03 5.56 03 3.96 03 1.26 03 1.31 03
73 Ta Mˇ 1.7655 702.266 5.23 03 5.45 03 3.88 03 1.23 03 1.29 03
74 W M˛1 1.7754 698.350 5.15 03 5.38 03 3.82 03 1.21 03 1.27 03
38 Sr L˛1 1.8066 686.290 4.92 03 5.14 03 5.48 03 1.16 03 1.21 03
74 W Mˇ 1.8349 675.705 4.73 03 4.94 03 5.26 03 3.59 03 1.17 03
14 Si Kˇ 1.8359 675.337 4.72 03 4.93 03 5.25 03 3.59 03 1.16 03
75 Re M˛1 1.8420 673.100 4.68 03 4.89 03 5.21 03 3.56 03 1.15 03
38 Sr Lˇ1 1.8717 662.420 4.49 03 4.69 03 4.99 03 3.41 03 1.11 03
75 Re Mˇ 1.9061 650.465 4.29 03 4.47 03 4.76 03 4.88 03 3.39 03
76 Os M˛1 1.9102 649.069 4.26 03 4.45 03 4.73 03 4.86 03 3.37 03
39 Y L˛1 1.9226 644.882 4.19 03 4.37 03 4.65 03 4.78 03 3.31 03
76 Os Mˇ 1.9783 626.725 3.89 03 4.06 03 4.32 03 4.45 03 4.62 03
77 Ir M˛1 1.9799 626.219 3.89 03 4.05 03 4.31 03 4.44 03 4.61 03
39 Y Lˇ1 1.9958 621.230 3.81 03 3.97 03 4.22 03 4.35 03 4.52 03
15 P K˛1 2.0137 615.708 3.73 03 3.88 03 4.12 03 4.25 03 4.42 03
40 Zr L˛1 2.0424 607.056 4.30 03 3.74 03 3.97 03 4.09 03 4.26 03
78 Pt M˛1 2.0505 604.658 4.26 03 3.70 03 3.93 03 4.05 03 4.21 03
77 Ir Mˇ 2.0535 603.775 4.24 03 3.68 03 3.91 03 4.04 03 4.20 03
79 Au M˛1 2.1229 584.036 3.89 03 4.07 03 3.59 03 3.70 03 3.85 03
40 Zr Lˇ1 2.1244 583.624 3.89 03 4.07 03 3.58 03 3.69 03 3.84 03
78 Pt Mˇ 2.1273 582.828 3.87 03 4.05 03 3.57 03 3.68 03 3.83 03
15 P Kˇ1,3 2.1390 579.640 3.82 03 3.99 03 3.52 03 3.63 03 3.77 03
41 Nb L˛1 2.1659 572.441 3.70 03 3.87 03 3.40 03 3.51 03 3.65 03
80 Hg M˛1 2.1953 564.775 3.57 03 3.73 03 3.73 03 3.39 03 3.52 03
79 Au Mˇ 2.2046 562.393 3.53 03 3.69 03 3.91 03 3.35 03 3.49 03
41 Nb Lˇ1 2.2574 549.238 3.32 03 3.47 03 3.67 03 3.15 03 3.28 03
81 Tl M˛1 2.2706 546.045 3.59 00 3.42.03 3.62 03 3.10 03 3.23 03



71Lu – 75Re 849

Z transition E [keV] � [pm] 71Lu 72Hf 73Ta 74W 75Re

80 Hg Mˇ 2.2825 543.199 3.54 03 3.37 03 3.57 03 3.66 03 3.18 03
42 Mo L˛1 2.2932 540.664 3.50 03 3.33 03 3.52 03 3.62 03 3.14 03
16 S K˛1 2.3080 537.197 3.44 03 3.27 03 3.46 03 3.56 03 3.09 03
82 Pb M˛1 2.3457 528.563 3.30 03 3.14 03 3.32 03 3.41 03 2.96 03
81 Tl Mˇ 2.3621 524.893 3.24 03 3.08 03 3.26 03 3.35 03 2.91 03
42 Mo Lˇ1 2.3948 517.726 3.13 03 3.27 03 3.14 03 3.24 03 3.36 03
83 Bi M˛1 2.4226 511.785 3.04 03 3.17 03 3.05 03 3.14 03 3.26 03
43 Tc L˛1 2.4240 511.490 3.04 03 3.17 03 3.04 03 3.14 03 3.25 03
82 Pb Mˇ 2.4427 507.574 2.98 03 3.10 03 2.98 03 3.07 03 3.19 03
16 S Kˇ 2.4640 503.186 2.91 03 3.03 03 2.91 03 3.01 03 3.12 03
83 Bi Mˇ1 2.5255 490.933 3.01 03 2.85 03 3.00 03 2.82 03 2.93 03
43 Tc Lˇ1 2.5368 488.746 2.97 03 2.81 03 2.97 03 2.79 03 2.90 03
44 Ru L˛1 2.5586 484.582 2.91 03 2.75 03 2.90 03 2.73 03 2.83 03
17 Cl K˛1 2.6224 472.792 2.73 03 2.84 03 2.72 03 2.81 03 2.66 03
44 Ru Lˇ1 2.6832 462.079 2.57 03 2.68 03 2.56 03 2.65 03 2.76 03
45 Rh L˛1 2.6967 459.766 2.54 03 2.64 03 2.53 03 2.62 03 2.72 03
17 Cl Kˇ 2.8156 440.350 2.27 03 2.36 03 2.49 03 2.34 03 2.43 03
45 Rh Lˇ1 2.8344 437.430 2.23 03 2.32 03 2.44 03 2.53 03 2.39 03
46 Pd L˛1 2.8386 436.782 2.22 03 2.31 03 2.43 03 2.52 03 2.38 03
18 Ar K˛1 2.9577 419.194 2.00 03 2.08 03 2.19 03 2.26 03 2.36 03
47 Ag L˛1 2.9843 415.458 1.95 03 2.03 03 2.14 03 2.21 03 2.30 03
46 Pd Lˇ1 2.9902 414.638 1.94 03 2.02 03 2.12 03 2.20 03 2.29 03
90 Th M˛1 2.9961 413.821 1.93 03 2.01 03 2.11 03 2.19 03 2.28 03
91 Pa M˛1 3.0823 402.248 1.79 03 1.87 03 1.96 03 2.03 03 2.12 03
48 Cd L˛1 3.1337 395.651 1.72 03 1.79 03 1.88 03 1.95 03 2.03 03
90 Th Mˇ 3.1458 394.129 1.70 03 1.77 03 1.86 03 1.93 03 2.01 03
47 Ag Lˇ1 3.1509 393.491 1.70 03 1.76 03 1.85 03 1.92 03 2.00 03
92 U M˛1 3.1708 391.021 1.67 03 1.74 03 1.82 03 1.89 03 1.97 03
18 Ar Kˇ 3.1905 388.607 1.64 03 1.71 03 1.79 03 1.86 03 1.94 03
91 Pa Mˇ 3.2397 382.705 1.58 03 1.64 03 1.72 03 1.79 03 1.86 03
49 In L˛1 3.2869 377.210 1.52 03 1.58 03 1.66 03 1.72 03 1.79 03
19 K K˛1 3.3136 374.148 1.49 03 1.55 03 1.63 03 1.69 03 1.75 03
48 Cd Lˇ1 3.3166 373.832 1.49 03 1.55 03 1.62 03 1.68 03 1.75 03
92 U Mˇ 3.3360 371.658 1.46 03 1.52 03 1.60 03 1.66 03 1.72 03
50 Sn L˛1 3.4440 360.003 1.35 03 1.40 03 1.47 03 1.53 03 1.59 03
49 In Lˇ1 3.4872 355.543 1.30 03 1.36 03 1.42 03 1.48 03 1.54 03
19 K Kˇ 3.5896 345.401 1.21 03 1.26 03 1.32 03 1.37 03 1.43 03
51 Sb L˛1 3.6047 343.954 1.20 03 1.25 03 1.31 03 1.36 03 1.41 03
50 Sn Lˇ1 3.6628 338.498 1.15 03 1.20 03 1.25 03 1.30 03 1.35 03
20 Ca K˛1 3.6917 335.848 1.13 03 1.17 03 1.23 03 1.27 03 1.33 03
52 Te L˛1 3.7693 328.934 1.07 03 1.11 03 1.16 03 1.21 03 1.26 03
51 Sb Lˇ1 3.8436 322.575 1.01 03 1.05 03 1.10 03 1.15 03 1.19 03
53 I L˛1 3.9377 314.867 9.53 02 9.91 02 1.04 03 1.08 03 1.12 03
20 Ca Kˇ 4.0127 308.981 9.08 02 9.44 02 9.87 02 1.03 03 1.07 03



850 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 71Lu 72Hf 73Ta 74W 75Re

52 Te Lˇ1 4.0296 307.686 8.98 02 9.34 02 9.76 02 1.02 03 1.06 03
21 Sc K˛1 4.0906 303.097 8.64 02 8.98 02 9.39 02 9.77 02 1.02 03
54 Xe L˛1 4.1099 301.674 8.54 02 8.87 02 9.27 02 9.65 02 1.00 03
53 I Lˇ1 4.2207 293.755 7.98 02 8.29 02 8.65 02 9.00 02 9.37 02
55 Cs L˛1 4.2865 289.245 7.67 02 7.97 02 8.31 02 8.65 02 9.01 02
21 Sc Kˇ 4.4605 277.962 6.92 02 7.19 02 7.49 02 7.80 02 8.12 02
56 Ba L˛1 4.4663 277.601 6.90 02 7.17 02 7.46 02 7.77 02 8.10 02
22 Ti K˛1 4.5108 274.863 6.73 02 6.99 02 7.27 02 7.58 02 7.89 02
55 Cs Lˇ1 4.6198 268.377 6.33 02 6.57 02 6.83 02 7.12 02 7.42 02
57 La L˛1 4.6510 266.577 6.22 02 6.46 02 6.71 02 7.00 02 7.29 02
56 Ba Lˇ1 4.8273 256.841 5.65 02 5.87 02 6.09 02 6.35 02 6.62 02
58 Ce L˛1 4.8402 256.157 5.61 02 5.83 02 6.05 02 6.31 02 6.58 02
22 Ti Kˇ1,3 4.9318 251.399 5.35 02 5.56 02 5.76 02 6.01 02 6.27 02
23 V K˛1 4.9522 250.363 5.29 02 5.50 02 5.70 02 5.95 02 6.20 02
59 Pr L˛1 5.0337 246.310 5.07 02 5.27 02 5.46 02 5.70 02 5.94 02
57 La Lˇ1 5.0421 245.899 5.05 02 5.25 02 5.44 02 5.68 02 5.92 02
60 Nd L˛1 5.2304 237.047 4.60 02 4.78 02 4.94 02 5.17 02 5.39 02
58 Ce Lˇ1 5.2622 235.614 4.53 02 4.70 02 4.87 02 5.09 02 5.30 02
24 Cr K˛1 5.4147 228.978 4.21 02 4.37 02 4.52 02 4.73 02 4.93 02
23 V Kˇ1,3 5.4273 228.447 4.18 02 4.34 02 4.49 02 4.70 02 4.90 02
61 Pm L˛1 5.4325 228.228 4.17 02 4.33 02 4.48 02 4.69 02 4.89 02
59 Pr Lˇ1 5.4889 225.883 4.06 02 4.22 02 4.36 02 4.57 02 4.76 02
62 Sm L˛1 5.6361 219.984 3.80 02 3.94 02 4.07 02 4.27 02 4.44 02
60 Nd Lˇ1 5.7216 216.696 3.65 02 3.79 02 3.92 02 4.11 02 4.28 02
63 Eu L˛1 5.8457 212.096 3.46 02 3.59 02 3.70 02 3.89 02 4.05 02
25 Mn K˛1 5.8988 210.187 3.38 02 3.51 02 3.62 02 3.80 02 3.95 02
24 Cr Kˇ1,3 5.9467 208.494 3.31 02 3.44 02 3.54 02 3.72 02 3.87 02
61 Pm Lˇ1 5.9610 207.993 3.29 02 3.41 02 3.52 02 3.70 02 3.85 02
64 Gd L˛1 6.0572 204.690 3.16 02 3.28 02 3.38 02 3.55 02 3.69 02
62 Sm Lˇ1 6.2051 199.811 2.97 02 3.08 02 3.18 02 3.34 02 3.47 02
65 Tb L˛1 6.2728 197.655 2.89 02 3.00 02 3.09 02 3.24 02 3.38 02
26 Fe K˛1 6.4038 193.611 2.74 02 2.84 02 2.93 02 3.08 02 3.20 02
63 Eu Lˇ1 6.4564 192.034 2.68 02 2.78 02 2.87 02 3.01 02 3.14 02
25 Mn Kˇ1,3 6.4905 191.025 2.65 02 2.75 02 2.83 02 2.97 02 3.10 02
66 Dy L˛1 6.4952 190.887 2.64 02 2.74 02 2.83 02 2.97 02 3.09 02
64 Gd Lˇ1 6.7132 184.688 2.43 02 2.52 02 2.60 02 2.72 02 2.84 02
67 Ho L˛1 6.7198 184.507 2.42 02 2.51 02 2.59 02 2.72 02 2.83 02
27 Co K˛1 6.9303 178.903 2.24 02 2.32 02 2.39 02 2.51 02 2.62 02
68 Er L˛1 6.9487 178.429 2.23 02 2.31 02 2.38 02 2.49 02 2.60 02
65 Tb Lˇ1 6.9780 177.680 2.20 02 2.28 02 2.35 02 2.47 02 2.57 02
26 Fe Kˇ1,3 7.0580 175.666 2.14 02 2.22 02 2.28 02 2.40 02 2.50 02
69 Tm L˛1 7.1799 172.683 2.05 02 2.12 02 2.19 02 2.29 02 2.39 02
66 Dy Lˇ1 7.2477 171.068 2.00 02 2.07 02 2.13 02 2.24 02 2.34 02
70 Yb L˛1 7.4156 167.195 1.89 02 1.95 02 2.01 02 2.11 02 2.21 02



71Lu – 75Re 851

Z transition E [keV] � [pm] 71Lu 72Hf 73Ta 74W 75Re

28 Ni K˛1 7.4782 165.795 1.85 02 1.91 02 1.97 02 2.06 02 2.16 02
67 Ho Lˇ1 7.5253 164.757 1.82 02 1.88 02 1.94 02 2.03 02 2.12 02
27 Co Kˇ1,3 7.6494 162.084 1.74 02 1.80 02 1.86 02 1.95 02 2.04 02
71 Lu L˛1 7.6555 161.955 1.74 02 1.80 02 1.86 02 1.94 02 2.03 02
68 Er Lˇ1 7.8190 158.733 1.65 02 1.71 02 1.76 02 1.85 02 1.93 02
72 Hf L˛1 7.8990 156.963 1.61 02 1.66 02 1.71 02 1.79 02 1.88 02
29 Cu K˛1 8.0478 154.060 1.53 02 1.59 02 1.63 02 1.71 02 1.79 02
69 Tm Lˇ1 8.1010 153.049 1.51 02 1.56 02 1.60 02 1.68 02 1.76 02
73 Ta L˛1 8.1461 152.201 1.49 02 1.54 02 1.58 02 1.66 02 1.74 02
28 Ni Kˇ1,3 8.2647 150.017 1.43 02 1.48 02 1.52 02 1.60 02 1.67 02
74 W L˛1 8.3976 147.643 1.38 02 1.42 02 1.46 02 1.54 02 1.61 02
70 Yb Lˇ1 8.4018 147.569 1.37 02 1.42 02 1.46 02 1.53 02 1.60 02
30 Zn K˛1 8.6389 143.519 1.28 02 1.33 02 1.36 02 1.43 02 1.50 02
75 Re L˛1 8.6525 143.294 1.27 02 1.32 02 1.36 02 1.42 02 1.49 02
71 Lu Lˇ1 8.7090 142.364 1.25 02 1.30 02 1.33 02 1.40 02 1.47 02
29 Cu Kˇ1 8.9053 139.226 1.18 02 1.23 02 1.26 02 1.32 02 1.38 02
76 Os L˛1 8.9117 139.126 1.18 02 1.23 02 1.26 02 1.32 02 1.38 02
72 Hf Lˇ1 9.0227 137.414 1.15 02 1.19 02 1.22 02 1.28 02 1.34 02
77 Ir L˛1 9.1751 135.132 1.10 02 1.14 02 1.17 02 1.23 02 1.28 02
31 Ga K˛1 9.2517 134.013 2.84 02 1.11 02 1.14 02 1.20 02 1.26 02
73 Ta Lˇ1 9.3431 132.702 2.77 02 1.09 02 1.11 02 1.17 02 1.23 02
78 Pt L˛1 9.4423 131.308 2.69 02 1.06 02 1.08 02 1.14 02 1.19 02
30 Zn Kˇ1,3 9.5720 129.529 2.59 02 2.70 02 1.05 02 1.10 02 1.15 02
74 W Lˇ1 9.6724 128.184 2.52 02 2.63 02 1.02 02 1.07 02 1.12 02
79 Au L˛1 9.7133 127.644 2.49 02 2.60 02 1.01 02 1.06 02 1.11 02
32 Ge K˛1 9.8864 125.409 2.37 02 2.48 02 2.45 02 1.02 02 1.06 02
80 Hg L˛1 9.9888 124.124 2.31 02 2.41 02 2.39 02 9.89 01 1.03 02
75 Re Lˇ1 10.010 123.861 2.30 02 2.40 02 2.37 02 9.83 01 1.03 02
31 Ga Kˇ1 10.264 120.796 2.15 02 2.24 02 2.22 02 2.43 02 9.65 01
81 Tl L˛1 10.269 120.737 2.14 02 2.24 02 2.22 02 2.43 02 9.64 01
76 Os Lˇ1 10.355 119.734 2.92 02 2.19 02 2.17 02 2.37 02 6.44 01
33 As K˛1 10.544 117.588 2.78 02 2.08 02 2.07 02 2.26 02 2.32 02
82 Pb L˛1 10.552 117.499 2.77 02 2.08 02 2.06 02 2.26 02 2.31 02
77 Ir Lˇ1 10.708 115.787 2.66 02 2.00 02 1.98 02 2.17 02 2.22 02
83 Bi L˛1 10.839 114.388 2.58 02 2.69 02 1.92 02 2.10 02 2.15 02
32 Ge Kˇ1 10.982 112.898 2.98 02 2.59 02 1.85 02 2.02 02 2.08 02
78 Pt Lˇ1 11.071 111.990 2.91 02 2.54 02 1.81 02 1.98 02 2.03 02
84 Po L˛1 11.131 111.387 2.87 02 2.50 02 1.79 02 1.95 02 2.00 02
34 Se K˛1 11.222 110.484 2.81 02 2.45 02 2.43 02 1.91 02 1.96 02
85 At L˛1 11.427 108.501 2.67 02 2.79 02 2.32 02 1.82 02 1.86 02
79 Au Lˇ1 11.442 108.359 2.66 02 2.78 02 2.31 02 1.81 02 1.86 02
33 As Kˇ1 11.726 105.735 2.49 02 2.60 02 2.59 02 2.36 02 1.74 02
86 Rn L˛1 11.727 105.726 2.49 02 2.60 02 2.59 02 2.36 02 1.74 02
80 Hg Lˇ1 11.823 104.867 2.44 02 2.54 02 2.53 02 2.31 02 1.70 02



852 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 71Lu 72Hf 73Ta 74W 75Re

35 Br K˛1 11.924 103.979 2.38 02 2.48 02 2.47 02 2.25 02 1.66 02
87 Fr L˛1 12.031 103.054 2.33 02 2.42 02 2.42 02 2.20 02 2.26 02
81 Tl Lˇ1 12.213 101.519 2.23 02 2.33 02 2.32 02 2.53 02 2.17 02
88 Ra L˛1 12.340 100.474 2.17 02 2.26 02 2.26 02 2.46 02 2.11 02
34 Se Kˇ1 12.496 99.219 2.10 02 2.19 02 2.18 02 2.37 02 2.04 02
82 Pb Lˇ1 12.614 98.291 2.05 02 2.13 02 2.13 02 2.32 02 2.38 02
36 Kr K˛1 12.649 98.019 2.03 02 2.12 02 2.11 02 2.30 02 2.36 02
89 Ac L˛1 12.652 97.996 2.03 02 2.12 02 2.11 02 2.30 02 2.36 02
90 Th L˛1 12.969 95.601 1.90 02 1.98 02 1.98 02 2.15 02 2.21 02
83 Bi Lˇ1 13.024 95.197 1.88 02 1.96 02 1.95 02 2.12 02 2.18 02
91 Pa L˛1 13.291 93.285 1.78 02 1.85 02 1.85 02 2.01 02 2.07 02
35 Br Kˇ1 13.291 93.285 1.78 02 1.85 02 1.85 02 2.01 02 2.07 02
37 Rb K˛1 13.395 92.560 1.74 02 1.81 02 1.81 02 1.97 02 2.02 02
84 Po Lˇ1 13.447 92.202 1.72 02 1.79 02 1.79 02 1.95 02 2.00 02
92 U L˛1 13.615 91.065 1.66 02 1.73 02 1.73 02 1.88 02 1.94 02
85 At Lˇ1 13.876 89.352 1.58 02 1.65 02 1.65 02 1.79 02 1.84 02
36 Kr Kˇ1 14.112 87.857 1.51 02 1.5702 1.58 02 1.71 02 1.76 02
38 Sr K˛1 14.165 87.529 1.50 02 1.56 02 1.56 02 1.69 02 1.74 02
86 Rn Lˇ1 14.316 86.606 1.45 02 1.51 02 1.52 02 1.64 02 1.69 02
87 Fr Lˇ1 14.770 83.943 1.34 02 1.39 02 1.39 02 1.51 02 1.55 02
39 Y K˛1 14.958 82.888 1.29 02 1.34 02 1.35 02 1.46 02 1.50 02
37 Rb Kˇ1 14.961 82.872 1.29 02 1.34 02 1.35 02 1.46 02 1.50 02
88 Ra Lˇ1 15.236 81.376 1.23 02 1.28 02 1.28 02 1.42 02 1.43 02
89 Ac L ˇ1 15.713 78.906 1.13 02 1.18 02 1.18 02 1.36 02 1.32 02
40 Zr K˛1 15.775 78.596 1.12 02 1.16 02 1.17 02 1.36 02 1.30 02
38 Sr Kˇ1 15.836 78.293 1.11 02 1.15 02 1.16 02 1.35 02 1.29 02
90 Th Lˇ1 16.202 76.524 1.04 02 1.08 02 1.09 02 1.31 02 1.21 02
41 Nb K˛1 16.615 74.622 9.73 01 1.01 02 1.02 02 1.27 02 1.13 02
91 Pa Lˇ1 16.702 74.233 9.60 01 9.98 01 1.01 02 1.26 02 1.12 02
39 Y Kˇ1 16.738 74.074 9.54 01 9.92 01 9.99 01 1.25 02 1.11 02
92 U Lˇ1 17.220 72.000 8.84 01 9.19 01 9.27 01 1.21 02 1.03 02
42 Mo K˛1 17.479 70.933 8.50 01 8.83 01 8.91 01 1.18 02 9.89 01
40 Zr Kˇ1 17.668 70.175 8.25 01 8.58 01 8.65 01 1.17 02 9.61 01
43 Tc K˛1 18.367 67.504 7.44 01 7.72 01 7.81 01 1.11 02 8.66 01
41 Nb Kˇ1 18.623 66.576 7.17 01 7.44 01 7.52 01 1.09 02 8.34 01
44 Ru K˛1 19.279 64.311 6.53 01 6.78 01 6.86 01 1.04 02 7.60 01
42 Mo Kˇ1 19.608 63.231 6.24 01 6.48 01 6.56 01 1.02 02 7.26 01
45 Rh K˛1 20.216 61.330 5.75 01 5.97 01 6.05 01 9.54 01 6.69 01
43 Tc Kˇ1 20.619 60.131 5.46 01 5.66 01 5.74 01 8.88 01 6.35 01
46 Pd K˛1 21.177 58.547 5.08 01 5.27 01 5.35 01 8.05 01 5.91 01
47 Ag K˛1 22.163 55.942 4.50 01 4.67 01 4.75 01 6.82 01 5.24 01
44 Ru Kˇ1 21.657 57.249 4.79 01 4.79 01 5.04 01 7.42 01 5.57 01
45 Rh Kˇ1 22.724 54.561 4.21 01 4.37 01 4.44 01 6.22 01 4.90 01
48 Cd K˛1 23.174 53.501 4.00 01 4.15 01 4.22 01 5.79 01 4.65 01



71Lu – 75Re 853

Z transition E [keV] � [pm] 71Lu 72Hf 73Ta 74W 75Re

46 Pd Kˇ1 23.819 52.053 3.71 01 3.85 01 3.92 01 5.24 01 4.32 01
49 In K˛1 24.210 51.212 3.56 01 3.69 01 3.76 01 4.93 01 4.14 01
47 Ag Kˇ1 24.942 49.709 3.28 01 3.41 01 3.47 01 4.42 01 3.82 01
50 Sn K˛1 25.271 49.062 3.17 01 3.29 01 3.36 01 4.22 01 3.69 01
48 Cd Kˇ1 26.096 47.511 2.91 01 3.02 01 3.08 01 3.75 01 3.39 01
51 Sb K˛1 26.359 47.037 2.83 01 2.94 01 3.00 01 3.61 01 3.30 01
49 In Kˇ1 27.276 45.455 2.59 01 2.68 01 2.74 01 3.19 01 3.01 01
52 Te K˛1 27.472 45.131 2.54 01 2.63 01 2.69 01 3.11 01 2.95 01
50 Sn Kˇ1 28.486 43.524 2.30 01 2.39 01 2.45 01 2.72 01 2.68 01
53 I K˛1 28.612 43.333 2.28 01 2.36 01 2.42 01 2.68 01 2.65 01
51 Sb Kˇ1 29.726 41.709 2.06 01 2.13 01 2.19 01 2.33 01 2.39 01
54 Xe K˛1 29.779 41.635 2.05 01 2.12 01 2.18 01 2.31 01 2.38 01
55 Cs K˛1 30.973 40.030 1.85 01 1.91 01 1.96 01 2.07 01 2.15 01
52 Te Kˇ1 30.996 40.000 1.84 01 1.91 01 1.96 01 2.06 01 2.14 01
56 Ba K˛1 32.194 38.511 1.67 01 1.73 01 1.78 01 1.87 01 1.94 01
53 I Kˇ1 32.295 38.391 1.65 01 1.71 01 1.76 01 1.85 01 1.92 01
57 La K˛1 33.442 37.074 1.51 01 1.56 01 1.61 01 1.69 01 1.76 01
54 Xe Kˇ1 33.624 36.874 1.49 01 1.54 01 1.59 01 1.66 01 1.73 01
58 Ce K˛1 34.279 36.169 1.41 01 1.46 01 1.51 01 1.58 01 1.64 01
55 Cs Kˇ1 34.987 35.437 1.34 01 1.39 01 1.43 01 1.50 01 1.56 01
59 Pr K˛1 36.026 34.415 1.24 01 1.28 01 1.32 01 1.39 01 1.44 01
56 Ba Kˇ1 36.378 34.082 1.21 01 1.25 01 1.29 01 1.35 01 1.41 01
60 Nd K˛1 36.847 33.648 1.17 01 1.21 01 1.25 01 1.31 01 1.36 01
57 La Kˇ1 37.801 32.799 1.09 01 1.13 01 1.17 01 1.22 01 1.27 01
61 Pm K˛1 38.725 32.016 1.03 01 1.06 01 1.10 01 1.15 01 1.19 01
58 Ce Kˇ1 39.257 31.582 9.91 00 1.02 01 1.06 01 1.11 01 1.15 01
62 Sm K˛1 40.118 30.905 9.36 00 9.68 00 1.00 01 1.04 01 1.09 01
59 Pr Kˇ1 40.748 30.427 8.99 00 9.29 00 9.62 00 1.00 01 1.04 01
63 Eu K˛1 41.542 29.845 8.54 00 8.84 00 9.15 00 9.35 00 9.94 00
60 Nd Kˇ1 42.271 29.331 8.16 00 8.45 00 8.75 00 9.11 00 9.50 00
64 Gd K˛1 42.996 28.836 7.81 00 8.08 00 8.38 00 8.72 00 9.09 00
61 Pm Kˇ1 43.826 28.290 7.43 00 7.69 00 7.98 00 8.30 00 8.65 00
65 Tb K˛1 44.482 27.873 7.15 00 7.40 00 7.68 00 7.98 00 8.32 00
62 Sm Kˇ1 45.413 27.301 6.77 00 7.02 00 7.28 00 7.57 00 7.89 00
66 Dy K˛1 45.998 26.954 6.55 00 6.79 00 7.05 00 7.32 00 7.63 00
63 Eu Kˇ1 47.038 26.358 6.18 00 6.40 00 6.66 00 6.91 00 7.20 00
67 Ho K˛1 47.547 26.076 6.01 00 6.23 00 6.47 00 6.72 00 7.00 00
64 Gd Kˇ1 48.697 25.460 5.64 00 5.85 00 6.09 00 6.31 00 6.58 00
68 Er K˛1 49.128 25.237 5.51 00 5.72 00 5.95 00 6.17 00 6.43 00
65 Tb Kˇ1 50.382 24.609 5.17 00 5.36 00 5.58 00 5.78 00 6.03 00
69 Tm K˛1 50.742 24.434 5.08 00 5.26 00 5.48 00 5.68 00 5.92 00
66 Dy Kˇ1 52.119 23.788 4.75 00 4.91 00 5.13 00 5.30 00 5.52 00
70 Yb K˛1 52.389 23.666 4.69 00 4.84 00 5.06 00 5.23 00 5.45 00
67 Ho Kˇ1 53.877 23.012 4.37 00 4.51 00 4.71 00 4.87 00 5.07 00



854 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 71Lu 72Hf 73Ta 74W 75Re

71 Lu K˛1 54.070 22.930 4.34 00 4.46 00 4.67 00 4.82 00 5.03 00
68 Er Kˇ1 55.681 22.267 4.02 00 4.14 00 4.34 00 4.47 00 4.66 00
72 Hf K˛1 55.790 22.223 4.00 00 4.12 00 4.32 00 4.45 00 4.64 00
69 Tm Kˇ1 57.517 21.556 3.70 00 3.82 00 4.00 00 4.11 00 4.29 00
73 Ta K˛1 57.532 21.550 3.70 00 3.82 00 3.99 00 4.11 00 4.29 00
74 W K˛1 59.318 20.901 3.42 00 3.54 00 3.70 00 3.80 00 3.96 00
70 Yb Kˇ1 59.370 20.883 3.41 00 3.53 00 3.69 00 3.79 00 3.95 00
75 Re K˛1 61.140 20.278 3.17 00 3.28 00 3.43 00 3.53 00 3.69 00
71 Lu Kˇ1 61.283 20.231 3.15 00 3.26 00 3.41 00 3.51 00 3.67 00
76 Os K˛1 63.001 19.679 2.94 00 3.04 00 3.18 00 3.27 00 3.42 00
72 Hf Kˇ1 63.234 19.607 2.91 00 3.01 00 3.15 00 3.24 00 3.39 00
77 Ir K˛1 64.896 19.105 1.35 01 2.82 00 2.95 00 3.03 00 3.17 00
73 Ta Kˇ1 65.223 19.009 1.33 01 2.78 00 2.91 00 2.99 00 3.13 00
78 Pt K˛1 66.832 18.551 1.24 01 1.25 01 2.74 00 2.81 00 2.94 00
74 W Kˇ1 67.244 18.438 1.22 01 1.23 01 2.70 00 2.77 00 2.90 00
79 Au K˛1 68.804 18.020 1.15 01 1.16 01 1.17 01 2.61 00 2.74 00
75 Re Kˇ1 69.310 17.888 1.12 01 1.13 01 1.14 01 2.57 00 2.69 00
80 Hg K˛1 70.819 17.507 1.06 01 1.07 01 1.08 01 1.11 01 2.54 00
76 Os Kˇ1 71.413 17.361 1.03 01 1.05 01 1.06 01 1.09 01 2.49 00
81 Tl K˛1 72.872 17.014 9.76 00 9.89 00 1.00 01 1.03 01 1.12 01
77 Ir Kˇ1 73.561 16.854 9.51 00 9.64 00 9.75 00 1.01 01 1.10 01
82 Pb K˛1 74.969 16.538 9.03 00 9.15 00 9.27 00 9.56 00 1.04 01
78 Pt Kˇ1 75.748 16.368 8.66 00 8.89 00 9.01 00 9.31 00 1.01 01
83 Bi K˛1 77.108 16.079 8.35 00 8.47 00 8.59 00 8.88 00 9.63 00
79 Au Kˇ1 77.948 15.906 8.10 00 8.22 00 8.35 00 8.63 00 9.34 00
84 Po K˛1 79.290 15.636 7.73 00 7.85 00 7.98 00 8.25 00 8.92 00
80 Hg Kˇ1 80.253 15.449 7.47 00 7.59 00 7.72 00 7.99 00 8.62 00
85 At K˛1 81.520 15.209 7.16 00 7.28 00 7.41 00 7.67 00 8.26 00
81 Tl Kˇ1 82.576 15.014 6.91 00 7.03 00 7.16 00 7.42 00 7.98 00
86 Rn K˛1 83.780 14.798 6.64 00 6.76 00 6.88 00 7.14 00 7.67 00
82 Pb Kˇ1 84.936 14.597 6.40 00 6.51 00 6.64 00 6.89 00 7.38 00
87 Fr K˛1 86.100 14.400 6.17 00 6.28 00 6.40 00 6.65 00 7.11 00
83 Bi Kˇ1 87.343 14.195 5.93 00 6.04 00 6.16 00 6.40 00 6.84 00
88 Ra K˛1 88.470 14.014 5.73 00 5.83 00 5.95 00 6.19 00 6.60 00
84 Po Kˇ1 89.800 13.806 5.50 00 5.60 00 5.72 00 5.95 00 6.34 00
89 Ac K˛1 90.884 13.642 5.32 00 5.42 00 5.54 00 5.77 00 6.13 00
85 At Kˇ1 92.300 13.432 5.10 00 4.20 00 5.32 00 5.54 00 5.88 00
90 Th K˛1 93.350 13.281 4.94 00 5.04 00 5.16 00 5.38 00 5.70 00
86 Rn Kˇ1 94.870 13.068 4.73 00 4.83 00 4.94 00 5.15 00 5.45 00
91 Pa K˛1 95.868 12.932 4.60 00 4.69 00 4.80 00 5.01 00 5.30 00
87 Fr Kˇ1 97.470 12.720 4.39 00 4.48 00 4.60 00 4.80 00 5.06 00
92 U K˛1 98.439 12.595 4.28 00 4.37 00 4.48 00 4.68 00 4.93 00
88 Ra Kˇ1 100.130 12.382 4.08 00 4.17 00 4.28 00 4.47 00 4.71 00
89 Ac Kˇ1 102.850 12.054 3.80 00 3.89 00 3.99 00 4.17 00 4.38 00



76Os – 80Hg 855

Z transition E [keV] � [pm] 71Lu 72Hf 73Ta 74W 75Re

90 Rh Kˇ1 105.610 11.739 3.55 00 3.63 00 3.73 00 3.89 00 4.09 00
91 Pa Kˇ1 108.430 11.434 3.31 00 3.39 00 3.48 00 3.64 00 3.82 00
92 U Kˇ1 111.300 11.139 3.09 00 3.16 00 3.25 00 3.40 00 3.56 00

Z transition E [keV] � [pm] 76Os 77Ir 78Pt 79Au 80Hg

4 Be K˛ 0.1085 11427.207 1.67 04 1.71 04 1.54 04 1.71 04 3.63 04
38 Sr M� 0.1140 10875.895 1.71 04 1.70 04 1.38 04 1.40 04 3.03 04
39 Y M� 0.1328 9339.235 1.87 04 1.53 04 1.17 04 8.67 03 1.58 04
16 S Ll 0.1487 8337.942 1.78 04 1.62 04 1.23 04 7.98 03 1.06 04
40 Zr M� 0.1511 8205.506 1.77 04 1.62 04 1.24 04 8.02 03 1.03 04
41 Nb M� 0.1717 7221.037 1.67 04 1.58 04 1.38 04 9.37 03 9.40 03
5 B K˛ 0.1833 6764.059 1.68 04 1.61 04 1.47 04 1.04 04 1.01 04
42 Mo M� 0.1926 6473.445 1.69 04 1.63 04 1.54 04 1.13 04 1.09 04
6 C K˛ 0.2770 4476.000 1.71 04 1.64 04 1.61 04 1.52 04 1.68 04
47 Ag M� 0.3117 3977.709 1.60 04 1.73 04 1.58 04 1.53 04 1.67 04
7 N K˛ 0.3924 3159.664 1.41 04 1.47 04 1.52 04 1.54 04 1.59 04
22 Ti Ll 0.3953 3136.484 1.41 04 1.46 04 1.51 04 1.54 04 1.59 04
22 Ti L˛ 0.4522 2741.822 1.22 04 1.27 04 1.33 04 1.37 04 1.43 04
23 V L˛ 0.5113 2424.901 1.15 04 1.19 04 1.17 04 1.21 04 1.28 04
8 O K˛ 0.5249 2362.072 1.13 04 1.17 04 1.13 04 1.18 04 1.24 04
25 Mn Ll 0.5563 2228.747 1.06 04 1.10 04 1.15 04 1.09 04 1.16 04
24 Cr L˛ 0.5728 2164.549 1.02 04 1.07 04 1.12 04 1.05 04 1.11 04
25 Mn L˛ 0.6374 1945.171 8.79 03 9.27 03 9.77 03 1.02 04 1.05 04
9 F K˛ 0.6768 1831.932 8.44 03 8.43 03 8.89 03 9.29 03 9.77 03
26 Fe L˛ 0.7050 1758.655 7.92 03 8.40 03 8.40 03 8.79 03 9.29 03
27 Co L˛ 0.7762 1597.335 6.76 03 7.16 03 7.59 03 7.95 03 7.94 03
28 Ni L˛ 0.8515 1456.080 5.76 03 6.11 03 6.45 03 6.76 03 7.19 03
29 Cu L˛ 0.9297 1336.044 4.92 03 5.23 03 5.51 03 5.79 03 6.12 03
30 Zn L˛ 1.0117 1225.513 4.19 03 4.46 03 4.71 03 4.97 03 5.23 03
11 Na K˛ 1.0410 1191.020 3.97 03 4.22 03 4.45 03 4.70 03 4.94 03
11 Na Kˇ 1.0711 1157.550 3.72 03 4.01 03 4.12 03 4.18 03 4.32 03
12 Mg K˛ 1.2536 989.033 3.25 03 3.41 03 3.55 03 3.67 03 3.88 03
33 As L˛ 1.2820 967.123 3.06 03 3.22 03 3.36 03 3.47 03 3.67 03
12 Mg Kˇ 1.3022 952.121 2.94 03 3.09 03 3.23 03 3.34 03 3.53 03
33 As Lˇ1 1.3170 941.421 2.86 03 3.01 03 3.14 03 3.25 03 3.43 03
66 Dy Mˇ 1.3250 935.737 2.81 03 2.96 03 3.09 03 3.20 03 3.38 03
67 Ho M˛ 1.3480 919.771 2.69 03 2.83 03 2.96 03 3.07 03 3.24 03
34 Se L˛ 1.3791 899.029 2.54 03 2.68 03 2.79 03 2.90 03 3.07 03
67 Ho Mˇ 1.3830 896.494 2.52 03 2.66 03 2.77 03 2.88 03 3.05 03
68 Er M˛ 1.4060 881.829 2.41 03 2.55 03 2.66 03 2.76 03 2.92 03
34 Se Lˇ1 1.4192 873.627 2.36 03 2.49 03 2.60 03 2.70 03 2.86 03
68 Er Mˇ 1.4430 859.218 2.26 03 2.39 03 2.49 03 2.59 03 2.74 03
69 Tm M˛ 1.4620 848.051 2.18 03 2.31 03 2.41 03 2.51 03 2.66 03



856 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 76Os 77Ir 78Pt 79Au 80Hg

35 Br L˛ 1.4804 837.511 2.11 03 2.24 03 2.34 03 2.44 03 2.58 03
13 Al K˛1 1.4867 833.962 2.09 03 2.21 03 2.31 03 2.41 03 2.55 03
69 Tm Mˇ 1.5030 824.918 2.03 03 2.15 03 2.25 03 2.35 03 2.48 03
70 Yb M˛ 1.5214 814.941 1.97 03 2.09 03 2.18 03 2.28 03 2.41 03
35 Br Lˇ1 1.5259 812.538 1.95 03 2.07 03 2.17 03 2.26 03 2.39 03
13 Al Kˇ 1.5574 796.103 1.85 03 1.97 03 2.06 03 2.15 03 2.27 03
70 Yb Mˇ 1.5675 790.974 1.82 03 1.93 03 2.03 03 2.12 03 2.24 03
71 Lu M˛ 1.5813 784.071 1.78 03 1.89 03 1.98 03 2.07 03 2.19 03
36 Kr L˛ 1.5860 781.747 1.77 03 1.88 03 1.97 03 2.06 03 2.18 03
71 Lu Mˇ 1.6312 760.085 1.65 03 1.75 03 1.83 03 1.92 03 2.03 03
36 Kr Lˇ1 1.6366 757.577 1.63 03 1.73 03 1.82 03 1.90 03 2.01 03
72 Hf Mˇ 1.6446 753.892 1.61 03 1.71 03 1.80 03 1.88 03 1.99 03
37 Rb L˛1 1.6941 731.864 1.49 03 1.59 03 1.67 03 1.75 03 1.85 03
72 Hf Mˇ 1.6976 730.355 1.49 03 1.58 03 1.66 03 1.74 03 1.84 03
73 Ta K˛1 1.7096 725.229 1.46 03 1.55 03 1.63 03 1.71 03 1.81 03
14 Si K˛1 1.7400 712.558 1.39 03 1.48 03 1.56 03 1.64 03 1.73 03
37 Rb Lˇ1 1.7522 707.597 1.37 03 1.46 03 1.53 03 1.61 03 1.70 03
73 Ta Mˇ 1.7655 702.266 1.34 03 1.43 03 1.51 03 1.58 03 1.67 03
74 W M˛1 1.7754 698.350 1.32 03 1.41 03 1.48 03 1.56 03 1.65 03
38 Sr L˛1 1.8066 686.290 1.27 03 1.35 03 1.42 03 1.49 03 1.58 03
74 W Mˇ 1.8349 675.705 1.22 03 1.30 03 1.37 03 1.44 03 1.52 03
14 Si Kˇ 1.8359 675.337 1.21 03 1.30 03 1.37 03 1.44 03 1.52 03
75 Re M˛1 1.8420 673.100 1.20 03 1.29 03 1.35 03 1.43 03 1.51 03
38 Sr Lˇ1 1.8717 662.420 1.16 03 1.23 03 1.30 03 1.37 03 1.45 03
75 Re Mˇ 1.9061 650.465 1.10 03 1.18 03 1.24 03 1.31 03 1.39 03
76 Os M˛1 1.9102 649.069 1.10 03 1.17 03 1.24 03 1.30 03 1.38 03
39 Y L˛1 1.9226 644.882 1.08 03 1.15 03 1.22 03 1.28 03 1.36 03
76 Os Mˇ 1.9783 626.725 3.18 03 1.07 03 1.13 03 1.20 03 1.26 03
77 Ir M˛1 1.9799 626.219 3.17 03 1.07 03 1.13 03 1.19 03 1.26 03
39 Y Lˇ1 1.9958 621.230 3.10 03 1.05 03 1.11 03 1.17 03 1.24 03
15 P K ˛1 2.0137 615.708 3.03 03 1.03 03 1.08 03 1.15 03 1.21 03
40 Zr L˛1 2.0424 607.056 4.37 03 3.05 03 1.05 03 1.11 03 1.17 03
78 Pt M˛1 2.0505 604.658 4.32 03 3.01 03 1.04 03 1.10 03 1.16 03
77 Ir Mˇ 2.0535 603.775 4.31 03 3.00 03 1.03 03 1.09 03 1.15 03
79 Au M˛1 2.1229 584.036 3.95 03 4.13 03 2.93 03 1.01 03 1.06 03
40 Zr Lˇ1 2.1244 583.624 3.95 03 4.12 03 2.92 03 1.01 03 1.06 03
78 Pt Mˇ 2.1273 582.828 3.93 03 4.11 03 2.91 03 1.00 03 1.06 03
15 P Kˇ1,3 2.1390 579.640 3.88 03 4.05 03 2.87 03 9.89 02 1.04 03
41 Nb L˛1 2.1659 572.441 3.76 03 3.92 03 2.78 03 9.59 03 1.01 03
80 Hg M˛1 2.1953 564.775 3.63 03 3.79 03 2.68 03 9.28 02 9.80 02
79 Au Mˇ 2.2046 562.393 3.59 03 3.75 03 3.97 03 9.19 02 9.70 02
41 Nb Lˇ1 2.2574 549.238 3.38 03 3.52 03 3.73 03 2.46 03 9.16 02
81 Tl M˛1 2.2706 546.045 3.33 03 3.47 03 3.68 03 2.43 03 9.03 02
80 Hg Mˇ 2.2825 543.199 3.28 03 3.42 03 3.63 03 2.39 03 8.91 02



76Os – 80Hg 857

Z transition E [keV] � [pm] 76Os 77Ir 78Pt 79Au 80Hg

42 Mo L˛1 2.2932 540.664 3.24 03 3.38 03 3.58 03 3.54 03 8.81 02
16 S K˛1 2.3080 537.197 3.19 03 3.33 03 3.52 03 3.48 03 2.46 03
82 Pb M ˛1 2.3457 528.563 3.06 03 3.19 03 3.38 03 3.34 03 2.36 03
81 Tl Mˇ 2.3621 524.893 3.00 03 3.13 03 3.32 03 3.28 03 2.32 03
42 Mo Lˇ1 2.3948 517.726 2.90 03 3.02 03 3.20 03 3.17 03 3.36 03
83 Bi M˛1 2.4226 511.785 2.81 03 2.93 03 3.10 03 3.08 03 3.26 03
43 Tc L˛1 2.4240 511.490 2.81 03 2.93 03 3.10 03 3.07 03 3.25 03
82 Pb Mˇ 2.4427 507.574 2.75 03 2.87 03 3.04 03 3.01 03 3.19 03
16 S Kˇ 2.4640 503.186 3.24 03 2.81 03 2.97 03 2.94 03 3.12 03
83 Bi Mˇ1 2.5255 490.933 3.04 03 2.63 03 2.79 03 2.76 03 2.92 03
43 Tc Lˇ1 2.5368 488.746 3.00 03 2.60 03 2.75 03 2.73 03 2 89 03
44 Ru L˛1 2.5586 484.582 2.93 03 3.05 03 2.69 03 2.67 03 2.83 03
17 Cl K˛1 2.6224 472.792 2.75 03 2.86 03 2.53 03 2.51 03 2.65 03
44 Ru Lˇ1 2.6832 462.079 2.59 03 2.70 03 2.85 03 2.37 03 2.50 03
45 Rh L˛1 2.6967 459.766 2.56 03 2.66 03 2.81 03 2.34 03 2.47 03
17 Cl Kˇ 2.8156 440.350 2.51 03 2.38 03 2.51 03 2.51 03 2.21 03
45 Rh Lˇ1 2.8344 437.430 2.47 03 2.34 03 2.47 03 2.47 03 2.17 03
46 Pd L˛1 2.8386 436.782 2.46 03 2.33 03 2.46 03 2.46 03 2.16 03
18 Ar K˛1 2.9577 419.194 2.21 03 2.30 03 2.21 03 2.21 03 2.33 03
47 Ag L˛1 2.9843 415.458 2.16 03 2.25 03 2.16 03 2.16 03 2.28 03
46 Pd Lˇ1 2.9902 414.638 2.15 03 2.24 03 2.15 03 2.15 03 2.26 03
90 Th M˛1 2.9961 413.821 2.14 03 2.23 03 2.14 03 2.14 03 2.25 03
91 Pa M˛1 3.0823 402.248 2.19 03 2.07 03 2.18 03 1.99 03 2.09 03
48 Cd L˛1 3.1337 395.651 2.09 03 1.98 03 2.09 03 1.91 03 2.01 03
90 Th Mˇ 3.1458 394.129 2.07 03 1.97 03 2.07 03 1.89 03 1.99 03
47 Ag Lˇ1 3.1509 393.491 2.06 03 1.96 03 2.06 03 2.07 03 1.98 03
92 U M˛1 3.1708 391.021 2.03 03 1.93 03 2.03 03 2.04 03 1.95 03
18 Ar Kˇ 3.1905 388.607 2.00 03 2.08 03 1.99 03 2.01 03 1.92 03
91 Pa Mˇ 3.2397 382.705 1.92 03 2.00 03 1.92 03 1.93 03 1.84 03
49 In L˛1 3.2869 377.69 1.85 03 1.93 03 1.84 03 1.86 03 1.95 03
19 K K˛1 3.3138 374.148 1.81 03 1.89 03 1.98 03 1.82 03 1.91 03
48 Cd Lˇ1 3.3166 373.832 1.81 03 1.89 03 1.98 03 1.82 03 1.91 03
92 U Mˇ 3.3360 371.658 1.78 03 1.86 03 1.95 03 1.79 03 1.88 03
50 Sn L˛1 3.4440 360.003 1.64 03 1.71 03 1.80 03 1.82 03 1.73 03
49 In Lˇ1 3.4872 355.543 1.59 03 1.66 03 1.74 03 1.76 03 1.67 03
19 K Kˇ 3.5896 345.401 1.47 03 1.54 03 1.61 03 1.63 03 1.71 03
51 Sb L˛1 3.6047 343.954 1.46 03 1.52 03 1.59 03 1.62 03 1.69 03
50 Sn Lˇ1 3.6628 338.498 1.40 03 1.46 03 1.53 03 1.55 03 1.62 03
20 Ca K˛1 3.6917 335.848 1.37 03 1.43 03 1.50 03 1.52 03 1.59 03
52 Te L˛1 3.7693 328.934 1.30 03 1.35 03 1.42 03 1.44 03 1.51 03
51 Sb Lˇ1 3.8436 322.575 1.24 03 1.29 03 1.35 03 1.37 03 1.43 03
53 I L˛1 3.9377 314.867 1.16 03 1.21 03 1.27 03 1.29 03 1.35 03
20 Ca Kˇ 4.0127 308.981 1.11 03 1.15 03 1.21 03 1.23 03 1.28 03
52 Te Lˇ1 4.0296 307.686 1.09 03 1.14 03 1.19 03 1.22 03 1.27 03



858 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 76Os 77Ir 78Pt 79Au 80Hg

21 Sc K˛1 4.0906 303.097 1.05 03 1.10 03 1.15 03 1.17 03 1.22 03
34 Xe L˛1 4.1099 301.674 1.04 03 1.08 03 1.13 03 1.16 03 1.21 03
53 I Lˇ1 4.2207 293.755 9.70 02 1.01 03 1.06 03 1.08 03 1.13 03
55 Cs L˛1 4.2865 289.245 9.32 02 9.71 02 1.02 03 1.04 03 1.08 03
21 Sc Kˇ 4.4605 277.962 8.41 02 8.76 02 9.15 02 9.38 02 9.78 02
56 Ba L˛1 4.4663 277.601 8.39 02 8.73 03 9.12 03 9.34 02 9.75 02
22 Ti K˛1 4.5108 274.863 8.17 02 8.51 02 8.89 02 9.11 02 9.50 02
55 Cs Lˇ1 4.6198 268.377 2.69 02 8.00 02 8.35 02 8.57 02 8.94 02
57 La L˛1 4.6510 266.577 7.55 02 7.86 02 8.20 02 8.42 02 8.78 02
56 Ba Lˇ1 4.8273 256.841 6.86 02 7.14 02 7.44 02 7.66 02 7.98 02
58 Ce L˛1 4.8402 256.157 6.82 02 7.09 02 7.39 02 7.61 02 7.93 02
22 Ti Kˇ1,3 4.9318 251.399 6.49 02 6.75 02 7.04 02 7.25 02 7.56 02
23 V K˛1 4.9522 250.363 6.43 02 6.68 02 6.96 02 7.18 02 7.48 02
59 Pr L˛1 5.0337 246.310 6.16 02 6.40 02 6.67 02 6.88 02 7.17 02
57 La Lˇ1 5.0421 245.899 6.14 02 6.38 02 6.65 02 6.86 02 7.14 02
60 Nd L˛1 5.2304 237.047 5.58 02 5.80 02 6.04 02 6.24 02 6.50 02
58 Ce Lˇ1 5.2622 235.614 5.50 02 5.71 02 5.95 02 6.15 02 6.40 02
24 Cr K˛1 5.4147 228.978 5.11 02 5.31 02 5.52 02 5.72 02 5.94 02
23 V Kˇ1,3 5.4273 228.447 5.08 02 5.27 02 5.49 02 5.68 02 5.91 02
61 Pm L˛1 5.4325 228.228 5.07 02 5.26 02 5.47 02 5.67 02 5.89 02
59 Pr Lˇ1 5.4889 225.883 4.93 02 5.12 02 5.33 02 5.52 02 5.74 02
62 Sm L˛1 5.6361 219.984 4.61 02 4.79 02 4.98 02 5.16 02 5.36 02
60 Nd Lˇ1 5.7216 216.696 4.44 02 4.60 02 4.78 02 4.97 02 5.16 02
63 Eu L˛1 5.8457 212.096 4.20 02 4.36 02 4.53 02 4.71 02 4.88 02
25 Mn K˛1 5.8986 210.187 4.10 02 4.26 02 4.42 02 4.60 02 4.77 02
24 Cr Kˇ1,3 5.9467 208.494 4.02 02 4.17 02 4.33 02 4.50 02 4.67 02
61 Pm Lˇ1 5.9610 207.993 3.99 02 4.14 02 4.30 02 4.48 02 4.64 02
64 Gd L˛1 6.0572 204.690 3.83 02 3.98 02 4.13 02 4.30 02 4.45 02
62 Sm Lˇ1 6.2051 199.811 3.60 02 3.74 02 3.88 02 4.05 02 4.19 02
65 Tb L˛1 6.2728 197.655 3.50 02 3.64 02 3.77 02 3.94 02 4.07 02
26 Fe K˛1 6.4038 193.611 3.32 02 3.45 02 3.57 02 3.74 02 3.87 02
63 Eu Lˇ1 6.4564 192.034 3.25 02 3.38 02 3.50 02 3.66 02 3.79 02
25 Mn Kˇ1,3 6.4905 191.025 3.21 02 3.33 02 3.45 02 3.61 02 3.74 02
66 Dy L˛1 6.4952 190.887 3.20 02 3.33 02 3.45 02 3.61 02 3.73 02
64 Gd Lˇ1 6.7132 184.688 2.94 02 3.06 02 3.16 02 3.32 02 3.43 02
67 Ho L˛1 6.7198 184.507 2.94 02 3.05 02 3.16 02 3.31 02 3.42 02
27 Co K˛1 6.9303 178.903 2.71 02 2.82 02 2.92 02 3.06 02 3.16 02
68 Er L˛1 6.9487 178.429 2.69 02 2.80 02 2.90 02 3.04 02 3.14 02
65 Tb Lˇ1 6.9780 177.680 2.67 02 2.77 02 2.86 02 3.01 02 3.11 02
26 Fe Kˇ1,3 7.0580 175.666 2.59 02 2.69 02 2.78 02 2.92 02 3.02 02
69 Tm L˛1 7.1799 172.683 2.48 02 2.58 02 2.66 02 2.80 02 2.89 02
66 Dy Lˇ1 7.2477 171.068 2.42 02 2.52 02 2.60 02 2.73 02 2.82 02
70 Yb L˛1 7.4156 167.195 2.28 02 2.38 02 2.45 02 2.58 02 2.66 02
28 Ni K˛1 7.4782 165.795 2.23 02 2.32 02 2.40 02 2.53 02 2.61 02



76Os – 80Hg 859

Z transition E [keV] � [pm] 76Os 77Ir 78Pt 79Au 80Hg

67 Ho Lˇ1 7.5253 164.757 2.20 02 2.29 02 2.36 02 2.49 02 2.56 02
27 Co Kˇ1,3 7.6494 162.084 2.11 02 2.19 02 2.26 02 2.39 02 2.46 02
71 Lu L˛1 7.6555 161.955 2.10 02 2.19 02 2.25 02 2.38 02 2.45 02
68 Er Lˇ1 7.8109 158.733 2.00 02 2.08 02 2.14 02 2.26 02 2.33 02
72 Hf L˛1 7.8990 156.963 1.94 02 2.02 02 2.08 02 2.20 02 2.27 02
29 Cu K˛1 8.0478 154.060 1.85 02 1.93 02 1.98 02 2.10 02 2.16 02
69 Tm Lˇ1 8.1010 153.049 1.82 02 1.90 02 1.95 02 2.07 02 2.13 02
73 Ta L˛1 8.1461 152.201 1.79 02 1.87 02 1.92 02 2.04 02 2.10 02
28 Ni Kˇ1,3 8.2647 150.017 1.73 02 1.80 02 1.85 02 1.96 02 2.02 02
74 W L˛1 8.3976 147.643 1.66 02 1.73 02 1.78 02 1.89 02 1.94 02
70 Yb Lˇ1 8.4018 147.569 1.66 02 1.73 02 1.78 02 1.88 02 1.94 02
30 Zn K˛1 8.6389 143.519 1.55 02 1.61 02 1.65 02 1.76 02 1.81 02
75 Re L˛1 8.6525 143.294 1.54 02 1.61 02 1.65 02 1.75 02 1.80 02
71 Lu Lˇ1 8.7090 142.364 1.51 02 1.58 02 1.62 02 1.72 02 1.77 02
29 Cu Kˇ1 8.9053 139.226 1.43 02 1.49 02 1.53 02 1.63 02 1.67 02
76 Os L˛1 8.9117 139.126 1.43 02 1.49 02 1.53 02 1.63 02 1.67 02
72 Hf Lˇ1 9.0227 137.414 1.38 02 1.44 02 1.48 02 1.58 02 1.62 02
77 Ir L˛1 9.1751 135.132 1.33 02 1.38 02 1.42 02 1.51 02 1.55 02
31 Ga K˛1 9.2517 134.013 1.30 02 1.35 02 1.39 02 1.48 02 1.52 02
73 Ta Lˇ1 9.3431 132.702 1.27 02 1.32 02 1.35 02 1.44 02 1.48 02
78 Pt L˛1 9.4423 131.308 1.23 02 1.29 02 1.32 02 1.41 02 1.44 02
30 Zn Kˇ1,3 9.5720 129.529 1.19 02 1.24 02 1.27 02 1.36 02 1.39 02
74 W Lˇ1 9.6724 128.184 1.16 02 1.21 02 1.24 02 1.32 02 1.36 02
79 Au L˛1 9.7133 127.644 1.15 02 1.20 02 1.22 02 1.31 02 1.34 02
32 Ge K˛1 9.8864 125.409 1.10 02 1.14 02 1.17 02 1.25 02 1.28 02
80 Hg L˛1 9.9886 124.124 1.07 02 1.12 02 1.14 02 1.22 02 1.25 02
75 Re Lˇ1 10.010 123.861 1.06 02 1.11 02 1.13 02 1.21 02 1.24 02
31 Ga Kˇ1 10.264 120.796 9.99 01 1.04 02 1.06 02 1.14 02 1.17 02
81 Tl L˛1 10.269 120.737 9.98 01 1.04 02 1.06 02 1.14 02 1.17 02
76 Os Lˇ1 10.355 119.734 9.77 01 1.02 02 1.04 02 1.12 02 1.14 02
33 As K˛1 10.544 117.588 9.33 01 9.74 01 9.94 01 1.07 02 1.09 02
82 Pb L˛1 10.552 117.499 9.32 01 9.72 01 9.92 01 1.06 02 1.09 02
77 Ir Lˇ1 10.708 115.787 8.98 01 9.37 01 9.55 01 1.03 02 1.05 02
83 Bi L˛1 10.839 114.388 8.71 01 9.09 01 9.27 01 9.96 01 1.02 02
32 Ge Kˇ1 10.982 112.898 2.13 02 8.79 01 8.96 01 9.64 01 9.85 01
78 Pt Lˇ1 11.071 111.990 2.09 02 8.62 01 8.78 01 9.45 01 9.65 01
84 Po L˛1 11.131 111.387 2.06 02 8.50 01 8.66 01 9.32 01 9.52 01
34 Se K˛1 11.222 110.484 2.01 02 2.09 02 8.49 01 9.13 01 9.33 01
85 At L˛1 11.427 108.501 1.92 02 1.99 02 8.11 01 8.73 01 8.92 01
79 Au Lˇ1 11.442 108.359 1.91 02 1.99 02 8.08 01 8.70 01 8.89 01
33 As Kˇ1 11.726 105.735 1.79 02 1.86 02 1.93 02 8.19 01 8.36 01
86 Rn L˛1 11.727 105.726 1.79 02 1.86 02 1.93 02 8.19 01 8.36 01
80 Hg Lˇ1 11.823 104.867 1.75 02 1.82 02 1.88 02 8.02 01 8.19 01
35 Br K˛1 11.924 103.979 1.71 02 1.78 02 1.84 02 1.86 02 8.01 01



860 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 76Os 77Ir 78Pt 79Au 80Hg

87 Fr K˛1 12.031 103.054 1.67 02 1.74 02 1.80 02 1.82 02 7.84 01
81 Tl Lˇ1 12.213 101.519 1.60 02 1.67 02 1.73 02 1.75 02 7.55 01
88 Ra L˛1 12.340 100.474 1.56 02 1.62 02 1.68 02 1.70 02 1.79 02
34 Se Kˇ1 12.496 99.219 2.10 02 1.57 02 1.62 02 1.64 02 1.73 02
82 Pb Lˇ1 12.614 98.291 2.04 02 1.53 02 1.58 02 1.60 02 1.69 02
36 Kr K˛1 12.649 98.019 2.03 02 1.52 02 1.57 02 1.59 02 1.68 02
89 Ac L˛1 12.652 97.996 2.03 02 1.52 02 1.57 02 1.59 02 1.67 02
90 Th L˛1 12.969 95.601 2.90 02 1.97 02 1.47 02 1.49 02 1.57 02
83 Bi Lˇ1 13.024 95.197 2.24 02 1.95 02 1.45 02 1.47 02 1.55 02
91 Pa L˛1 13.291 93.285 2.12 02 1.85 02 1.92 02 1.40 02 1.47 02
35 Br Kˇ1 13.291 93.285 2.12 02 1.85 02 1.92 02 1.40 02 1.47 02
37 Rb K˛1 13.395 92.560 2.08 02 1.81 02 1.88 02 1.37 02 1.44 02
84 Po Lˇ1 13.447 92.202 2.06 02 2.14 02 1.86 02 1.35 02 1.42 02
92 U L˛1 13.615 91.065 1.99 02 2.07 02 1.79 02 1.31 02 1.38 02
85 At Lˇ1 13.876 89.352 1.89 02 1.97 02 1.71 02 1.73 02 1.31 02
36 Kr Kˇ1 14.112 87.857 1.81 02 1.88 02 1.95 02 1.65 02 1.25 02
38 Sr K˛1 14.165 87.529 1.79 02 1.86 02 1.93 02 1.64 02 1.24 02
86 Rn Lˇ1 14.316 86.606 1.74 02 1.81 02 1.88 02 1.59 02 1.67 02
87 Fr Lˇ1 14.770 83.943 1.60 02 1.66 02 1.72 02 1.75 02 1.54 02
39 Y K˛1 14.958 82.888 1.54 02 1.61 02 1.67 02 1.69 02 1.78 02
37 Rb Kˇ1 14.961 82.872 1.54 02 1.61 02 1.67 02 1.69 02 1.78 02
88 Ra Lˇ1 15.236 81.376 1.47 02 1.53 02 1.59 02 1.61 02 1.69 02
89 Ac Lˇ1 15.713 78.906 1.35 02 1.40 02 1.46 02 1.49 02 1.56 02
40 Zr K˛1 15.775 78.596 1.34 02 1.39 02 1.45 02 1.47 02 1.54 02
38 Sr Kˇ1 15.836 78.293 1.33 02 1.37 02 1.43 02 1.46 02 1.53 02
90 Th Lˇ1 16.202 76.524 1.25 02 1.29 02 1.35 02 1.37 02 1.44 02
41 Nb K˛1 16.615 74.622 1.17 02 1.20 02 1.26 02 1.28 02 1.34 02
91 Pa Lˇ1 16.702 74.233 1.15 02 1.19 02 1.24 02 1.26 02 1.33 02
39 Y Kˇ1 16.738 74.074 1.14 02 1.18 02 1.23 02 1.26 02 1.32 02
92 U Lˇ1 17.220 72.000 1.06 02 1.09 02 1.14 02 1.17 02 1.22 02
42 Mo K˛1 17.479 70.933 1.02 02 1.05 02 1.10 02 1.12 02 1.17 02
40 Zr Kˇ1 17.668 70.175 9.88 01 1.01 02 1.07 02 1.09 02 1.14 02
43 Tc K˛1 18.367 67.504 8.91 01 9.12 01 9.62 01 9.82 01 1.03 02
41 Nb Kˇ1 18.623 66.576 8.58 01 8.77 01 9.27 01 9.46 01 9.91 01
44 Ru K˛1 19.279 64.311 7.82 01 7.97 01 8.45 01 8.63 01 9.04 01
42 Mo Kˇ1 19.608 63.231 7.48 01 7.61 01 8.07 01 8.25 01 8.64 01
45 Rh K˛1 20.216 61.330 6.89 01 7.01 01 7.44 01 7.61 01 7.97 01
43 Tc Kˇ1 20.619 60.131 6.54 01 6.66 01 7.06 01 7.22 01 7.56 01
46 Pd K˛1 21.177 58.547 6.09 01 6.21 01 6.57 01 6.73 01 7.04 01
44 Ru Kˇ1 21.657 57.249 5.74 01 5.86 01 6.19 01 6.35 01 6.64 01
47 Ag K˛1 22.163 55.942 5.40 01 5.52 01 5.82 01 5.97 01 6.25 01
45 Rh Kˇ1 22.724 54.561 5.05 01 5.17 01 5.45 01 5.59 01 5.85 01
48 Cd K˛1 23.174 53.501 4.79 01 4.91 01 5.17 01 5.31 01 5.55 01
46 Pd Kˇ1 23.819 52.053 4.46 01 4.58 01 4.81 01 4.94 01 5.16 01



76Os – 80Hg 861

Z transition E [keV] � [pm] 76Os 77Ir 78Pt 79Au 80Hg

49 In K˛1 24.210 51.212 4.27 01 4.39 01 4.60 01 4.73 01 4.94 01
47 Ag Kˇ1 24.942 49.709 3.94 01 4.06 01 4.25 01 4.73 01 4.57 01
50 Sn K˛1 25.271 49.062 3.81 01 3.92 01 4.11 01 4.22 01 4.41 01
48 Cd Kˇ1 26.096 47.511 3.50 01 3.61 01 3.77 01 3.88 01 4.05 01
51 Sb K˛1 26.359 47.037 3.40 01 3.52 01 3.67 01 3.78 01 3.95 01
49 In Kˇ1 27.276 45.455 3.11 01 3.22 01 3.35 01 3.45 01 3.61 01
52 Te K˛1 27.472 45.131 3.05 01 3.16 01 3.29 01 3.39 01 3.54 01
50 Sn Kˇ1 28.486 43.524 2.77 01 2.87 01 2.98 01 3.08 01 3.22 01
53 I K˛1 28.612 43.333 2.74 01 2.84 01 2.95 01 3.04 01 3.18 01
51 Sb Kˇ1 29.726 41.709 2.47 01 2.57 01 2.66 01 2.75 01 2.87 01
54 Xe K˛1 29.779 41.635 2.46 01 2.56 01 2.65 01 2.74 01 2.86 01
55 Cs K˛1 30.973 40.030 2.22 01 2.31 01 2.39 01 2.47 01 2.58 01
52 Te Kˇ1 30.996 40.000 2.21 01 2.31 01 2.39 01 2.47 01 2.57 01
56 Ba K˛1 32.194 38.511 2.00 01 2.09 01 2.16 01 2.23 01 2.33 01
53 I Kˇ1 32.295 38.391 1.99 01 2.07 01 2.14 01 2.22 01 2.31 01
57 La K˛1 33.442 37.074 1.81 01 1.89 01 1.95 01 2.02 01 2.11 01
54 Xe Kˇ1 33.624 36.874 1.79 01 1.86 01 1.93 01 1.99 01 2.08 01
58 Ce K˛1 34.279 36.169 1.70 01 1.77 01 1.83 01 1.90 01 1.98 01
55 Cs Kˇ1 34.987 35.437 1.61 01 1.68 01 1.73 01 1.80 01 1.88 01
59 Pr Kˇ1 36.026 34.415 1.49 01 1.55 01 1.61 01 1.67 01 1.74 01
56 Ba Kˇ1 36.378 34.082 1.45 01 1.52 01 1.57 01 1.63 01 1.69 01
60 Nd K˛1 36.847 33.648 1.41 01 1.47 01 1.51 01 1.57 01 1.64 01
57 La Kˇ1 37.801 32.799 1.31 01 1.37 01 1.41 01 1.47 01 1.53 01
61 Pm K˛1 38.725 32.016 1.23 01 1.29 01 1.33 01 1.38 01 1.44 01
58 Ce Kˇ1 39.257 31.582 1.19 01 1.24 01 1.28 01 1.33 01 1.39 01
62 Sm K˛1 40.118 30.905 1.12 01 1.17 01 1.21 01 1.26 01 1.31 01
59 Pr Kˇ1 40.748 30.427 1.08 01 1.13 01 1.16 01 1.21 01 1.26 01
63 Eu K˛1 41.542 29.845 1.03 01 1.07 01 1.11 01 1.15 01 1.20 01
60 Nd Kˇ1 42.271 29.331 9.81 00 1.02 01 1.06 01 1.10 01 1.15 01
64 Gd K˛1 42.996 28.836 9.39 00 9.79 00 1.01 01 1.05 01 1.10 01
61 Pm Kˇ1 43.826 28.290 8.93 00 9.31 00 9.61 00 1.00 01 1.04 01
65 Tb K˛1 44.482 27.873 8.59 00 8.96 00 9.25 00 9.64 00 1.00 01
62 Sm Kˇ1 45.413 27.301 8.14 00 8.49 00 8.76 00 9.14 00 9.51 00
66 Dy K˛1 45.998 26.954 7.87 00 8.21 00 8.48 00 8.84 00 9.20 00
63 Eu Kˇ1 47.038 26.358 7.43 00 7.75 00 8.00 00 8.34 00 8.68 00
67 Ho K˛1 47.547 26.076 7.22 00 7.53 00 7.78 00 8.12 00 8.45 00
64 Gd Kˇ1 48.697 25.460 6.78 00 7.08 00 7.31 00 7.63 00 7.94 00
68 Er K˛1 49.128 25.237 6.63 00 6.92 00 7.14 00 7.46 00 7.76 00
65 Tb Kˇ1 50.382 24.609 6.21 00 6.48 00 6.69 00 6.99 00 7.27 00
69 Tm K˛1 50.742 24.434 6.10 00 6.37 00 6.57 00 6.86 00 7.14 00
66 Dy Kˇ1 52.119 23.788 5.70 00 5.95 00 6.14 00 6.42 00 6.67 00
70 Yb K˛1 52.389 23.666 5.63 00 5.87 00 6.06 00 6.33 00 6.58 00
67 Ho Kˇ1 53.877 23.012 5.24 00 5.47 00 5.64 00 5.90 00 6.13 00
71 Lu K˛1 54.070 22.930 5.19 00 5.42 00 5.59 00 5.85 00 6.07 00



862 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 76Os 77Ir 78Pt 79Au 80Hg

68 Er Kˇ1 55.681 22.267 4.82 00 5.03 00 5.19 00 5.43 00 5.63 00
72 Hf K˛1 55.790 22.223 4.80 00 5.01 00 5.16 00 5.40 00 5.60 00
69 Tm Kˇ1 57.517 21.556 4.44 00 4.64 00 4.78 00 5.00 00 5.18 00
73 Ta K˛1 57.532 21.550 4.44 00 4.63 00 4.77 00 5.00 00 5.18 00
74 W K˛1 59.318 20.901 4.11 00 4.29 00 4.42 00 4.63 00 4.79 00
70 Yb Kˇ1 59.370 20.883 4.10 00 4.28 00 4.41 00 4.62 00 4.78 00
75 Re K˛1 61.140 20.278 3.80 00 3.97 00 4.09 00 4.29 00 4.44 00
71 Lu Kˇ1 61.283 20.231 3.78 00 3.95 00 4.07 00 4.26 00 4.41 00
76 Os K˛1 63.001 19.679 3.51 00 3.68 00 3.80 00 3.97 00 4.11 00
72 Hf Kˇ1 63.234 19.607 3.48 00 3.65 00 3.76 00 3.94 00 4.08 00
77 Ir K˛1 64.896 19.105 3.26 00 3.41 00 3.52 00 3.69 00 3.82 00
73 Ta Kˇ1 65.223 19.009 3.22 00 3.37 00 3.48 00 3.64 00 3.77 00
78 Pt K˛1 66.832 18.551 3.03 00 3.17 00 3.27 00 3.42 00 3.54 00
74 W Kˇ1 67.244 18.438 2.99 00 3.12 00 3.22 00 3.37 00 3.49 00
79 Au K˛1 68.804 18.020 2.82 00 2.95 00 3.04 00 3.18 00 3.29 00
75 Re Kˇ1 69.310 17.888 2.77 00 2.90 00 2.99 00 3.12 00 3.23 00
80 Hg K˛1 70.819 17.507 2.63 00 2.74 00 2.83 00 2.96 00 3.06 00
76 Os Kˇ1 71.413 17.361 2.57 00 2.69 00 2.77 00 2.90 00 3.00 00
81 Tl K˛1 72.872 17.014 2.45 00 2.55 00 2.63 00 2.76 00 2.85 00
77 Ir Kˇ1 73.561 16.854 2.39 00 2.49 00 2.57 00 2.70 00 2.79 00
82 Pb K˛1 74.969 16.538 1.07 01 2.38 00 2.45 00 2.58 00 2.66 00
78 Pt Kˇ1 75.748 16.368 1.04 01 2.32 00 2.39 00 2.51 00 2.59 00
83 Bi K˛1 77.108 16.079 9.91 00 1.03 01 2.29 00 2.40 00 2.48 00
79 Au Kˇ1 77.948 15.906 9.62 00 9.98 00 2.23 00 2.34 00 2.42 00
84 Po K˛1 79.290 15.636 9.18 00 9.53 00 9.75 00 2.24 00 2.32 00
80 Hg Kˇ1 80.253 15.449 8.88 00 9.22 00 9.42 00 2.18 00 2.25 00
85 At K˛1 81.520 15.209 8.51 00 8.84 00 9.02 00 8.85 00 2.16 00
81 Tl Kˇ1 82.576 15.014 8.22 00 8.53 00 8.70 00 8.57 00 2.10 00
86 Rn K˛1 83.780 14.798 7.90 00 8.20 00 8.36 00 8.25 00 8.98 00
82 Pb Kˇ1 84.936 14.597 7.61 00 7.90 00 8.04 00 7.97 00 8.65 00
87 Fr K˛1 86.100 14.400 7.33 00 7.61 00 7.74 00 7.69 00 8.33 00
83 Bi Kˇ1 87.343 14.195 7.05 00 7.31 00 7.44 00 7.41 00 8.01 00
88 Ra K˛1 88.470 14.014 6.81 00 7.06 00 7.18 00 7.17 00 7.73 00
84 Po Kˇ1 89.800 13.806 6.54 00 6.78 00 6.88 00 6.90 00 7.42 00
89 Ac K˛1 90.884 13.642 6.33 00 6.56 00 6.65 00 6.69 00 7.18 00
85 At Kˇ1 92.300 13.432 6.07 00 6.28 00 6.37 00 6.43 00 6.88 00
90 Th K˛1 93.350 13.281 5.88 00 6.09 00 6.17 00 6.24 00 6.67 00
86 Rn Kˇ1 94.870 13.068 5.63 00 5.83 00 5.90 00 5.99 00 6.36 00
91 Pa K˛1 95.868 12.932 5.47 00 5.66 00 5.73 00 5.83 00 6.20 00
87 Fr Kˇ1 97.470 12.720 5.23 00 5.41 00 5.47 00 5.59 00 5.93 00
92 U K˛1 98.439 12.595 5.09 00 5.27 00 5.32 00 5.45 00 5.77 00
88 Ra Kˇ1 100.130 12.382 4.86 00 5.03 00 5.08 00 5.21 00 5.50 00
89 Ac Kˇ1 102.850 12.054 4.53 00 4.68 00 4.73 00 4.86 00 5.12 00
90 Th Kˇ1 105.610 11.739 4.22 00 4.37 00 4.41 00 4.54 00 4.77 00



81Tl – 85At 863

Z transition E [keV] � [pm] 76Os 77Ir 78Pt 79Au 80Hg

91 Pa Kˇ1 108.430 11.434 3.94 00 4.08 00 4.11 00 4.25 00 4.45 00
92 U Kˇ1 l11.300 11.139 3.67 00 3.80 00 3.84 00 3.97 00 4.15 00

Z transition E [keV] � [pm] 81Tl 82Pb 83Bi 84Po 85At

4 Be K˛ 0.1085 11427.207 1.84 04 1.77 04 2.99 04 3.94 04 4.91 04
38 Sr M� 0.1140 10875.895 1.60 04 1.52 04 2.53 04 3.43 04 4.25 04
39 Y M� 0.1328 9339.235 1.11 04 8.67 03 1.54 04 2.09 04 2.73 04
16 S Ll 0.1487 8337.942 9.42 03 6.71 03 9.79 03 1.45 04 1.84 04
40 Zr M� 0.1511 8205.506 9.26 03 6.57 03 9.16 03 1.36 04 1.75 04
41 Nb M� 0.1717 7221.037 8.61 03 5.90 03 6.64 03 8.05 03 1.09 04
5 B K˛ 0.1833 6764.059 8.82 03 6.03 03 6.11 03 6.91 03 8.23 03
42 Mo M� 0.1926 6473.445 9.28 03 6.29 03 5.90 03 6.40 03 6.98 03
6 C K˛ 0.2770 4476.000 1.47 04 1.32 04 1.18 04 8.99 03 6.75 03
47 Ag M� 0.3117 3977.709 1.50 04 1.40 04 1.35 04 1.25 04 1.02 04
7 N K˛ 0.3924 3159.664 1.43 04 1.37 04 1.40 04 1.41 04 1.33 04
22 Ti Ll 0.3953 3136.484 1.49 04 1.37 04 1.40 04 1.41 04 1.35 04
22 Ti L˛ 0.4522 2741.822 1.37 04 1.37 04 1.34 04 1.37 04 1.31 04
23 V L˛ 0.5113 2424.901 1.25 04 1.27 04 1.28 04 1.38 04 1.26 04
8 O K˛ 0.5249 2362.072 1.22 04 1.25 04 1.27 04 1.35 04 1.25 04
25 Mn Ll 0.5563 2228.747 1.14 04 1.17 04 1.19 04 1.26 04 1.23 04
24 Cr L˛ 0.5728 2164.549 1.10 04 1.13 04 1.16 04 1.21 04 1.22 04
25 Mn L˛ 0.6374 1945.171 9.62 03 9.87 03 1.01 04 1.06 04 1.12 04
9 F K˛ 0.6768 1831.932 9.69 03 9.08 03 9.33 03 9.75 03 1.03 04
26 Fe L˛ 0.7050 1758.655 9.33 03 9.59 03 8.81 03 9.26 03 9.78 03
27 Co L˛ 0.7762 1597.335 8.01 03 8.29 03 8.53 03 8.95 03 8.44 03
28 Ni L˛ 0.8515 1456.080 7.31 03 7.13 03 7.39 03 7.75 03 8.19 03
29 Cu L˛ 0.9297 1336.044 6.28 03 6.47 03 6.38 03 6.68 03 7.07 03
30 Zn L˛ 1.0117 1225.513 5.46 03 5.56 03 5.77 03 6.06 03 6.10 03
11 Na K˛ 1.0410 1191.020 5.15 03 5.26 03 5.46 03 5.74 03 5.80 03
11 Na Kˇ 1.0711 1157.550 4.72 03 4.83 03 5.01 03 5.29 03 5.32 03
12 Mg K˛ 1.2536 989.033 4.03 03 4.18 03 4.42 03 4.68 03 5.16 03
33 As L˛ 1.2820 967.123 3.82 03 3.96 03 4.19 03 4.44 03 4.89 03
12 Mg Kˇ 1.3022 952.121 3.68 03 3.81 03 4.04 03 4.28 03 4.70 03
33 As Lˇ1 1.3117 941.421 3.58 03 3.71 03 3.95 03 4.17 03 4.57 03
66 Dy Mˇ 1.3225 935.737 3.53 03 3.66 03 3.87 03 4.11 03 4.51 03
67 Ho M˛ 1.3480 919.771 3.38 03 3.51 03 3.72 03 3.95 03 4.32 03
34 Se L˛ 1.3791 899.029 3.20 03 3.32 03 3.52 03 3.74 03 4.09 03
67 Ho Mˇ 1.3830 896.494 3.18 03 3.30 03 3.49 03 5.72 03 4.06 03
68 Er M˛ 1.4060 881.829 3.05 03 3.17 03 3.36 03 3.57 03 3.90 03
34 Se Lˇ1 1.4192 873.627 2.98 03 3.10 03 3.28 03 3.50 03 3.81 03
68 Er Mˇ 1.4430 859.218 2.87 03 2.97 03 3.16 03 3.36 03 3.66 03
69 Tm M˛ 1.4620 848.051 2.78 03 2.88 03 3.06 03 3.26 03 3.54 03



864 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 81Tl 82Pb 83Bi 84Po 85At

35 Br L˛ 1.4804 837.511 2.69 03 2.80 03 2.97 03 3.17 03 3.44.03
13 Al K˛1 1.4867 833.962 2.67 03 2.77 03 2.94 03 3.13 03 3.40 03
69 Tm Mˇ 1.5030 824.918 2.60 03 2.70 03 2.86 03 3.05 03 3.31 03
70 Yb M˛ 1.5214 814.941 2.52 03 2.62 03 2.78 03 2.97 03 3.21 03
35 Br Lˇ1 1.5259 812.538 2.50 03 2.60 03 2.76 03 2.95 03 2.19 03
13 Al Kˇ 1.5574 796.103 2.38 03 2.47 03 2.63 03 2.81 03 3.04 03
70 Yb Mˇ 1.5675 790.974 2.34 03 2.44 03 2.59 03 2.77 03 2.99 03
71 Lu M˛ 1.5813 784.071 2.30 03 2.39 03 2.53 03 2.71 03 2.93 03
36 Kr L˛ 1.5860 781.747 2.28 03 2.37 03 2.52 03 2.69 03 2.91 03
71 Lu Mˇ 1.6312 760.085 2.13 03 2.21 03 2.35 03 2.52 03 2.72 03
36 Kr Lˇ1 1.6366 757.577 2.11 03 2.20 03 2.33 03 2.50 03 2.69 03
72 Hf M˛1 1.6446 753.892 2.09 03 2.17 03 2.31 03 2.47 03 2.66 03
37 Rb L˛1 1.6941 731.864 1.94 03 2.02 03 2.15 03 2.30 03 2.48 03
72 Hf Mˇ 1.6976 730.355 1.93 03 2.01 03 2.14 03 2.29 03 2.47 03
73 Ta M˛1 1.7096 725.229 1.90 03 1.98 03 2.10 03 2.25 03 2.42 03
14 Si K ˛1 1.7400 712.558 1.82 03 1.89 03 2.02 03 2.16 03 2.32 03
37 Rb Lˇ1 1.7522 707.597 1.79 03 1.86 03 1.98 03 2.13 03 2.28 03
73 Ta Mˇ 1.7655 702.266 1.76 03 1.83 03 1.95 03 2.09 03 2.24 03
74 W M˛1 1.7754 698.350 1.73 03 1.81 03 1.92 03 2.06 03 2.21 03
38 Sr L˛1 1.8066 686.290 1.66 03 1.73 03 1.84 03 1.98 03 2.12 03
74 W Mˇ 1.8349 675.705 1.60 03 1.67 03 1.77 03 1.91 03 2.04 03
14 Si Kˇ 1.8359 675.337 1.60 03 1.67 03 1.77 03 1.91 03 2.04 03
75 Re M˛1 1.8420 673.100 1.59 03 1.65 03 1.76 03 1.89 03 2.02 03
38 Sr Lˇ1 1.8717 662.420 1.53 03 1.59 03 1.69 03 1.82 03 1.95 03
75 Re Mˇ 1.9061 650.465 1.46 03 1.52 03 1.62 03 1.74 03 1.86 03
76 Os M˛1 1.9102 649.069 1.45 03 1.51 03 1.61 03 1.74 03 1.85 03
39 Y L˛1 1.9226 644.882 1.43 03 1.49 03 1.59 03 1.71 03 1.82 03
76 Os Mˇ 1.9783 626.725 1.33 03 1.39 03 1.48 03 1.60 03 1.70 03
77 Ir M˛1 1.9799 626.219 1.33 03 1.39 03 1.48 03 1.59 03 1.70 03
39 Y Lˇ1 1.9958 621.230 1.31 03 1.36 03 1.45 03 1.57 03 1.67 03
15 P K˛1 2.0137 615.708 1.28 03 1.33 03 1.42 03 1.53 03 1.63 03
40 Zr L˛1 2.0424 607.056 1.24 03 1.29 03 1.37 03 1.48 03 1.58 03
78 Pt M˛1 2.0505 604.658 1.22 03 1.28 03 1.36 03 1.47 03 1.56 03
77 Ir M˛1 2.0535 603.775 1.22 03 1.27 03 1.36 03 1.46 03 1.56 03
79 Au M˛1 2.1229 584.036 1.13 03 1.17 03 1.25 03 1.35 03 1.43 03
40 Zr Lˇ1 2.1244 584.624 1.12 03 1.17 03 1.25 03 1.35 03 1.43 03
78 Pt Mˇ 2.1273 582.828 1.12 03 1.17 03 1.25 03 1.35 03 1.43 03
15 P Kˇ1,3 2.1390 579.640 1.10 03 1.15 03 1.23 03 1.33 03 1.41 03
41 Nb L˛1 2.1659 572.441 1.07 03 1.12 03 1.19 03 1.29 03 1.37 03
80 Hg M˛1 2.1953 564.775 1.04 03 1.08 03 1.16 03 1.25 03 1.32 03
79 Au Mˇ 2.2046 562.393 1.03 03 1.07 03 1.14 03 1.24 03 1.31 03
41 Nb Lˇ1 2.2574 549.238 9.70 02 1.01 03 1.08 03 1.17 03 1.24 03
81 Tl M˛1 2.2706 546.045 9.56 02 9.99 02 1.07 03 1.16 03 1.22 03
80 Hg Mˇ 2.2825 543.199 9.44 02 9.87 02 1.05 03 1.14 03 1.20 03



81Tl – 85At 865

Z transition E [keV] � [pm] 81Tl 82Pb 83Bi 84Po 85At

42 Mo L˛1 2.2932 540.664 9.34 02 9.76 02 1.04 03 1.13 03 1.19 03
16 S K˛1 2.3080 537.197 9.19 02 9.61 02 1.03 03 1.11 03 1.17 03
82 Pb M˛1 2.3457 528.563 8.84 02 9.24 02 9.87 02 1.07 03 1.13 03
81 Tl Mˇ 2.3621 524.893 8.69 02 9.09 02 9.71 02 1.05 03 1.11 03
42 Mo Lˇ1 2.3948 517.726 2.30 03 8.79 02 9.40 02 1.02 03 1.07 03
83 Bi M ˛1 2.4226 511.785 2.24 03 8.55 02 9.14 02 9.94 02 1.04 03
43 Tc L˛1 2.4240 511.490 2.23 03 8.54 02 9.13 02 9.93 02 1.04 03
82 Pb Mˇ 2.4427 507.574 2.19 03 8.38 02 8.96 02 9.75 02 1.02 03
16 S Kˇ 2.4640 503.186 2.14 03 8.21 02 8.78 02 9.56 02 1.00 03
83 Bi Mˇ1 2.5255 490.933 3.00 03 2.08 03 8.28 02 9.02 02 9.43 02
43 Tc Lˇ1 2.5368 488.746 2.96 03 2.05 03 8.19 02 8.93 02 9.33 02
44 Ru L˛1 2.5586 484.582 2.90 03 2.01 03 8.03 02 8.75 02 9.16 02
17 Cl K˛1 2.6224 472.792 2.72 03 2.83 03 1.95 03 8.26 02 8.61 02
44 Ru Lˇ1 2.6832 462.079 2.57 03 2.67 03 1.84 03 1.92 03 8.14 02
45 Rh L˛1 2.6967 459.766 2.54 03 2.63 03 2.72 03 1.89 03 8.04 02
17 Cl Kˇ 2.8156 440.350 2.27 03 2.35 03 2.44 03 2.54 03 1.78 03
45 Rh Lˇ1 2.8344 437.430 2.23 03 2.31 03 2.40 03 2.49 03 1.75 03
46 Pd L˛1 2.8386 436.782 2.22 03 2.31 03 2.39 03 2.48 03 1.74 03
18 Ar K˛1 2.9577 419.194 2.40 03 2.07 03 2.15 03 2.24 03 2.34 03
47 Ag L˛1 2.9843 415.458 2.35 03 2.02 03 2.10 03 2.19 03 2.29 03
46 Pd L˛1 2.9902 414.638 2.33 03 2.01 03 2.09 03 2.17 03 2.28 03
90 Tb M˛1 2.9961 413.821 2.32 03 2.00 03 2.08 03 2.16 03 2.27 03
91 Pa M˛1 3.0823 402.248 2.16 03 2.23 03 1.93 03 2.01 03 2.11 03
48 Cd L˛1 3.1337 395.651 2.07 03 2.14 03 1.85 03 1.93 03 2.02 03
90 Th Mˇ 3.1458 394.129 2.05 03 2.12 03 1.84 03 1.91 03 2.00 03
47 Ag Lˇ1 3.1509 393.491 2.04 03 2.11 03 1.83 03 1.90 03 1.99 03
92 U M˛1 3.1708 391.021 2.01 03 2.08 03 1.80 03 1.87 03 1.96 03
18 Ar Kˇ 3.1905 388.607 1.97 03 2.04 03 2.12 03 1.84 03 1.93 03
91 Pa Mˇ 3.2397 382.705 1.90 03 1.96 03 2.04 03 1.77 03 1.85 03
49 In L˛1 3.2869 377.210 1.83 03 1.89 03 1.97 03 1.71 03 1.79 03
19 K K˛1 3.3138 374.148 1.79 03 1.85 03 1.92 03 1.89 03 1.75 03
48 Cd Lˇ1 3.3166 373.832 1.79 03 1.85 03 1.92 03 1.88 03 1.75 03
92 U Mˇ 3.3360 371.658 1.76 03 1.82 03 1.89 03 1.86 03 1.72 03
50 Sn L˛1 3.4440 360.003 1.78 03 1.68 03 1.74 03 1.77 03 1.90 03
49 In Lˇ1 3.4872 355.543 1.73 03 1.63 03 1.69 03 1.73 03 1.84 03
19 K Kˇ 3.5896 345.401 1.60 03 1.66 03 1.57 03 1.63 03 1.71 03
51 Sb L˛1 3.6047 343.954 1.59 03 1.64 03 1.55 03 1.62 03 1.69 03
50 Sn Lˇ1 3.6628 338.498 1.52 03 1.58 03 1.49 03 1.56 03 1.62 03
20 Ca K˛1 3.6917 335.848 1.49 03 1.55 03 1.46 03 1.53 03 1.59 03
52 Te L˛1 3.7693 328.934 1.55 03 1.47 03 1.52 03 1.46 03 1.51 03
51 Sb Lˇ1 3.8436 322.575 1.48 03 1.39 03 1.45 03 1.38 03 1.44 03
53 I L˛1 3.9377 314.867 1.39 03 1.44 03 1.36 03 1.41 03 1.35 03
20 Ca Kˇ 4.0127 308.981 1.32 03 1.37 03 1.42 03 1.35 03 1.41 03
52 Te Lˇ1 4.0296 307.686 1.31 03 1.35 03 1.41 03 1.33 03 1.40 03



866 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 81Tl 82Pb 83Bi 84Po 85At

21 Sc K˛1 4.0906 303.097 1.26 03 1.30 03 1.36 03 1.28 03 1.34 03
54 Xe L˛1 4.1099 301.674 1.24 03 1.29 03 1.34 03 1.27 03 1.33 03
53 I Lˇ1 4.2207 293.755 1.16 03 1.20 03 1.25 03 1.30 03 1.24 03
55 Cs L˛1 4.2865 289.245 1.12 03 1.16 03 1.20 03 1.25 03 1.19 03
21 Sc Kˇ 4.4605 277.962 1.01 03 1.04 03 1.09 03 1.13 03 1.18 03
56 Ba L˛1 4.4663 277.601 1.00 03 1.04 03 1.08 03 1.13 03 1.18 03
22 Ti K˛1 4.5108 274.863 9.79 02 1.01 03 1.05 03 1.10 03 1.15 03
55 Cs Lˇ1 4.6198 268.377 9.21 02 9.54 02 9.92 02 1.03 03 1.08 03
57 La L˛1 4.6510 266.577 9.05 02 9.38 02 9.75 02 1.01 03 1.06 03
56 Ba Lˇ1 4.8273 256.841 8.22 02 8.53 02 8.86 02 9.23 02 9.67 02
58 Ce Lˇ1 4.8402 256.157 8.17 02 8.47 02 8.80 02 9.16 02 9.60 02
22 Ti Kˇ1,3 4.9318 251.399 7.78 02 8.07 02 8.39 02 8.73 02 9.15 02
23 V K˛1 4.9522 250.363 7.70 02 7.99 02 8.30 02 8.64 02 9.05 02
59 Pr L˛1 5.0337 246.310 7.39 02 7.66 02 7.96 02 8.29 02 8.68 02
57 La Lˇ1 5.0421 245.899 7.36 02 7.63 02 7.93 02 8.25 02 8.65 02
60 Nd L˛1 5.2304 237.047 6.70 02 6.95 02 7.22 02 7.52 02 7.88 02
58 Ce Lˇ1 5.2622 235.614 6.59 02 6.85 02 7.11 02 7.41 02 7.76 02
24 Cr K˛1 5.4147 228.978 6.13 02 6.37 02 6.62 02 6.89 02 7.22 02
23 V Kˇ1,3 5.4273 228.447 6.09 02 6.33 02 6.58 02 6.85 02 7.18 02
61 Pm L˛1 5.4325 228.228 6.08 02 6.32 02 6.56 02 6.83 02 7.16 02
59 Pr Lˇ1 5.4889 225.883 5.92 02 6.15 02 6.39 02 6.65 02 6.97 02
62 Sm L˛1 5.6361 219.984 5.53 02 5.76 02 5.98 02 6.22 02 6.52 02
60 Nd Lˇ1 5.7216 216.696 5.32 02 5.54 02 5.75 02 5.99 02 6.28 02
63 Eu L˛1 5.8457 212.096 5.04 02 5.25 02 5.45 02 5.67 02 5.94 02
25 Mn K˛1 5.8988 210.187 4.92 02 5.13 02 5.33 02 5.54 02 5.81 02
24 Cr Kˇ1,3 5.9467 208.494 4.82 02 5.02 02 5.22 02 5.43 02 5.69 02
61 Pm Lˇ1 5.9610 207.993 4.79 02 4.99 02 5.19 02 5.39 02 5.66 02
64 Gd L˛1 6.0572 204.690 4.60 02 4.80 02 4.98 02 5.18 02 5.43 02
62 Sm Lˇ1 6.2051 199.811 4.33 02 4.51 02 4.68 02 4.87 02 5.11 02
65 Tb L˛1 6.2728 197.655 4.21 02 4.39 02 4.55 02 4.74 02 4.97 02
26 Fe K˛1 6.4038 193.611 3.99 02 4.16 02 4.32 02 4.49 02 4.71 02
63 Eu Lˇ1 6.4564 192.034 3.91 02 4.07 02 4.23 02 4.40 02 4.62 02
25 Mn Kˇ1,3 6.4905 191.025 3.86 02 4.02 02 4.17 02 4.34 02 4.55 02
66 Dy L˛1 6.4952 190.887 3.85 02 4.01 02 4.17 02 4.34 02 4.55 02
64 Gd Lˇ1 6.7132 184.688 3.54 02 3.69 02 3.83 02 3.99 02 4.18 02
67 Ho L˛1 6.7198 184.507 3.53 02 3.68 02 3.82 02 3.98 02 4.17 02
27 Co K˛1 6.9303 178.903 3.26 02 3.40 02 3.53 02 3.68 02 3.85 02
68 Er L˛1 6.9487 178.429 3.24 02 3.38 02 3.51 02 3.65 02 3.83 02
65 Tb Lˇ1 6.9780 177.680 3.21 02 3.34 02 3.47 02 3.61 02 3.79 02
26 Fe Kˇ1,3 7.0580 175.666 3.12 02 3.25 02 3.37 02 3.51 02 3.68 02
69 Tm L˛1 7.1799 172.683 2.98 02 3.11 02 3.23 02 3.36 02 3.52 02
66 Dy Lˇ1 7.2477 171.068 2.91 02 3.03 02 3.15 02 3.28 02 3.44 02
70 Yb L˛1 7.4156 167.195 2.75 02 2.86 02 2.97 02 3.09 02 3.24 02
28 Ni K˛1 7.4782 165.795 2.69 02 2.80 02 2.91 02 3.03 02 3.17 02
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67 Ho Lˇ1 7.5253 164.157 2.65 02 2.76 02 2.86 02 2.98 02 3.12 02
27 Co Kˇ1,3 7.6494 162.084 2.54 02 2.64 02 2.75 02 2.86 02 3.00 02
71 Lu L˛1 7.6555 161.955 2.53 02 2.64 02 2.74 02 2.85 02 2.99 02
68 Er Lˇ1 7.8109 158.733 2.41 02 2.51 02 2.60 02 2.71 02 2.84 02
72 Hf L˛1 7.8990 156.963 2.34 02 2.44 02 2.53 02 2.63 02 2.76 02
29 Cu K˛1 8.0478 154.060 2.23 02 2.32 02 2.41 02 2.51 02 2.63 02
69 Tm Lˇ1 8.1010 153.049 2.19 02 2.28 02 2.37 02 2.47 02 2.59 02
73 Ta L˛1 8.1461 152.201 2.16 02 2.25 02 2.34 02 2.44 02 2.55 02
28 Ni Kˇ1,3 8.2647 150.017 2.08 02 2.17 02 2.26 02 2.35 02 2.46 02
74 W L˛1 8.3976 147.643 2.00 02 2.09 02 2.17 02 2.26 02 2.36 02
70 Yb Lˇ1 8.4018 147.569 2.00 02 2.08 02 2.16 02 2.25 02 2.36 02
30 Zn K˛1 8.6389 143.519 1.86 02 1.94 02 2.02 02 2.10 02 2.20 02
75 Re L˛1 8.6525 143.294 1.86 02 1.93 02 2.01 02 2.09 02 2.19 02
71 Lu Lˇ1 8.7090 142.364 1.83 02 1.90 02 1.98 02 2.06 02 2.16 02
29 Cu Kˇ1 8.9053 139.226 1.73 02 1.80 02 1.87 02 1.94 02 2.04 02
76 Os L˛1 8.9117 139.126 1.72 02 1.80 02 1.87 02 1.94 02 2.03 02
72 Hf Lˇ1 9.0227 137.414 1.67 02 1.74 02 1.81 02 1.88 02 1.97 02
77 Ir L˛1 9.1751 135.132 1.60 02 1.67 02 1.73 02 1.80 02 1.89 02
31 Ga K˛1 9.2517 134.013 1.57 02 1.63 02 1.70 02 1.77 02 1.85 02
73 Ta Lˇ1 9.3431 132.702 1.53 02 1.59 02 1.66 02 1.72 02 1.81 02
78 Pt L˛1 9.4423 131.308 1.49 02 1.55 02 1.61 02 1.68 02 1.76 02
30 Zb Kˇ1,3 9.5720 129.529 1.44 02 1.50 02 1.56 02 1.62 02 1.70 02
74 W Lˇ1 9.6724 128.184 1.40 02 1.46 02 1.52 02 1.58 02 1.65 02
79 Au L˛1 9.7133 127.644 1.39 02 1.45 02 1.50 02 1.56 02 1.64 02
32 Ge K˛1 9.8864 125.409 1.33 02 1.38 02 1.44 02 1.49 02 1.56 02
80 Hg L˛1 9.9888 124.124 1.29 02 1.35 02 1.40 02 1.46 02 1.52 02
75 Re Lˇ1 10.010 123.861 1.28 02 1.34 02 1.39 02 1.45 02 1.52 02
31 Ga Kˇ1 10.264 120.796 1.21 02 1.26 02 1.31 02 1.36 02 1.42 02
81 Tl L˛1 10.269 120.737 1.20 02 1.26 02 1.31 02 1.36 02 1.42 02
76 Os Lˇ1 10.355 119.743 1.18 02 1.23 02 1.28 02 1.33 02 1.39 02
33 As K˛1 10.544 117.588 1.13 02 1.18 02 1.22 02 1.27 02 1.33 02
82 Pb L˛1 10.552 117.499 1.12 02 1.17 02 1.22 02 1.27 02 1.33 02
77 Ir Lˇ1 10.708 115.787 1.08 02 1.13 02 1.17 02 1.22 02 1.28 02
83 Bi L˛1 10.839 114.388 1.05 02 1.10 02 1.14 02 1.19 02 1.24 02
32 Ge Kˇ1 10.982 112.898 1.02 02 1.06 02 1.10 02 1.15 02 1.20 02
78 Pt Lˇ1 11.071 111.990 9.96 01 1.04 02 1.08 02 1.12 02 1.18 02
84 Po L˛1 11.131 111.387 9.83 01 1.03 02 1.07 02 1.11 02 1.16 02
34 Se K˛1 11.222 110.484 9.63 01 1.01 02 1.04 02 1.09 02 1.14 02
85 At L˛1 11.427 108.501 9.20 01 9.60 01 9.97 01 1.04 02 1.09 02
79 Au Lˇ1 11.442 108.359 9.17 01 9.57 01 9.94 01 1.03 02 1.09 02
33 As Kˇ1 11.726 105.735 8.62 01 9.00 01 9.35 01 9.73 01 1.02 02
86 Rn L˛1 11.727 105.726 8.62 01 9.00 01 9.34 01 9.73 01 1.02 02
80 Hg Lˇ1 11.823 104.867 8.44 01 8.81 01 9.16 01 9.53 01 1.00 02
35 Br K˛1 11.924 103.979 8.26 01 8.63 01 8.96 01 9.33 01 9.79 01
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87 Fr L˛1 12.031 103.054 8.08 01 8.44 01 8.76 01 9.12 01 9.57 01
81 Tl Lˇ1 12.213 101.519 7.78 01 8.12 01 8.44 01 8.79 01 9.22 01
88 Ra L˛1 12.340 100.474 7.58 01 7.92 01 8.22 01 8.56 01 8.98 01
34 Se Kˇ1 12.496 99.219 7.34 01 7.67 01 7.97 01 8.29 01 8.70 01
82 Pb Lˇ1 12.614 98.291 7.17 01 7.49 01 7.78 01 8.10 01 8.50 01
36 Kr K˛1 12.649 98.019 7.12 01 7.44 01 7.73 01 8.04 01 8.44 01
89 Ac L˛1 12.652 97.996 7.11 01 7.43 01 7.72 01 8.04 01 8.44 01
90 Th L˛1 12.969 95.601 1.61 02 6.98 01 7.25 01 7.56 01 7.93 01
83 Bi Lˇ1 13.024 95.197 1.59 02 6.91 01 7.18 01 7.48 01 7.85 01
91 Pa L˛1 13.291 93.285 1.51 02 1.62 02 6.82 01 7.10 01 7.46 01
35 Br Kˇ1 13.291 93.285 1.51 02 1.62 02 6.82 01 7.10 01 7.46 01
37 Rb K˛1 13.395 92.560 1.47 02 1.59 02 6.69 01 6.97 01 7.31 01
84 Po Lˇ1 13.447 92.202 1.46 02 1.57 02 1.54 02 6.90 01 7.24 01
92 U L˛1 13.615 91.065 1.41 02 1.52 02 1.49 02 6.69 01 7.02 01
85 At Lˇ1 13.876 89.352 1.34 02 1.44 02 1.41 02 1.48 02 6.70 01
36 Kr Kˇ1 14.112 87.857 1.28 02 1.38 02 1.35 02 1.41 02 6.42 01
38 Sr K˛1 14.165 87.529 1.27 02 1.37 02 1.34 02 1.40 02 6.36 01
86 Rn Lˇ1 14.316 86.606 1.24 02 1.33 02 1.30 02 1.36 02 1.43 02
87 Fr Lˇ1 14.770 83.943 1.58 02 1.22 02 1.20 02 1.25 02 1.31 02
39 Y K˛1 14.958 82.888 1.53 02 1.18 02 1.16 02 1.21 02 1.27 02
37 Rb Kˇ1 14.961 82.872 1.53 02 1.18 02 1.16 02 1.21 02 1.27 02
88 Ra Lˇ1 15.236 81.376 1.45 02 1.56 02 1.11 02 1.16 02 1.21 02
89 Ac L ˇ1 15.713 78.906 1.60 02 1.44 02 1.42 02 1.07 02 1.12 02
40 Zr K˛1 15.775 78.596 1.58 02 1.42 02 1.40 02 1.06 02 1.11 02
38 Sr Kˇ1 15.836 78.293 1.57 02 1.41 02 1.39 02 1.04 02 1.09 02
90 Th Lˇ1 16.202 76.524 1.48 02 1.58 02 1.31 02 9.84 01 1.03 02
41 Nb K˛1 16.615 74.622 1.38 02 1.48 02 1.46 02 1.28 02 9.65 01
91 Pa Lˇ1 16.702 74.233 1.36 02 1.46 02 1.44 02 1.26 02 9.52 01
39 Y Kˇ1 16.738 74.074 1.35 02 1.45 02 1.43 02 1.25 02 9.47 01
92 U Lˇ1 17.220 72.000 1.25 02 1.34 02 1.33 02 1.39 02 1.22 02
42 Mo K˛1 17.479 70.933 1.21 02 1.29 02 1.28 02 1.34 02 1.17 02
40 Zr Kˇ1 17.668 70.175 1.17 02 1.25 02 1.24 02 1.30 02 1.36 02
43 Tc K˛1 18.367 67.504 1.06 02 1.13 02 1.12 02 1.17 02 1.23 02
41 Nb Kˇ1 18.623 66.576 1.02 02 1.09 02 1.08 02 1.13 02 1.18 02
44 Ru K˛1 19.279 64.311 9.29 01 9.89 01 9.88 01 1.03 02 1.08 02
42 Mo Kˇ1 19.608 63.231 8.88 01 9.44 01 9.44 01 9.88 01 1.03 02
45 Rh K˛1 20.216 61.330 8.19 01 8.70 01 8.72 01 9.12 01 9.54 01
43 Tc Kˇ1 20.619 60.131 7.78 01 8.25 01 8.28 01 8.66 01 9.05 01
46 Pd K˛1 21.177 58.547 7.25 01 7.68 01 7.72 01 8.07 01 8.44 01
44 Ru Kˇ1 21.657 57.249 6.83 01 7.23 01 7.28 01 7.61 01 7.96 01
47 Ag K˛1 22.163 55.942 6.43 01 6.80 01 6.86 01 7.17 01 7.49 01
45 Rh Kˇ1 22.724 54.561 6.02 01 6.36 01 6.42 01 6.71 01 7.02 01
48 Cd K˛1 23.174 53.501 5.71 01 6.04 01 6.10 01 6.38 01 6.66 01
46 Pd Kˇ1 23.819 52.053 5.31 01 5.61 01 5.68 01 5.93 01 6.20 01
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49 In K˛1 24.210 51.212 5.09 01 5.37 01 5.45 01 5.68 01 5.94 01
47 Ag Kˇ1 24.942 49.709 4.70 01 4.96 01 5.04 01 5.26 01 5.49 01
50 Sn K˛1 25.271 49.062 4.54 01 4.79 01 4.87 01 5.08 01 5.31 01
48 Cd Kˇ1 26.096 47.511 4.17 01 4.39 01 4.48 01 4.67 01 4.88 01
51 Sb K˛1 26.359 47.037 4.06 01 4.28 01 4.36 01 4.55 01 4.75 01
49 In Kˇ1 27.276 45.455 3.71 01 3.90 01 3.99 01 4.16 01 4.34 01
52 Te K˛1 27.472 45.131 3.64 01 3.83 01 3.92 01 4.08 01 4.26 01
50 Sn Kˇ1 28.486 43.524 3.31 01 3.47 01 3.56 01 3.71 01 3.88 01
53 I K˛1 28.612 43.333 3.27 01 3.43 01 3.52 01 3.67 01 3.83 01
51 Sb Kˇ1 29.726 41.709 2.96 01 3.10 01 3.19 01 3.32 01 3.47 01
54 Xe K˛1 29.779 41.635 2.95 01 3.08 01 3.17 01 3.30 01 3.45 01
55 Cs K˛1 30.973 40.030 2.66 01 2.78 01 2.86 01 2.98 01 3.12 01
52 Te Kˇ1 30.996 40.000 2.65 01 2.77 01 2.86 01 2.98 01 3.11 01
56 Ba K˛1 32.194 38.511 2.40 01 2.51 01 2.59 01 2.70 01 2.82 01
53 I Kˇ1 32.295 38.391 2.38 01 2.49 01 2.57 01 2.67 01 2.80 01
57 La K˛1 33.442 37.074 2.17 01 2.27 01 2.35 01 2.44 01 2.55 01
54 Xe Kˇ1 33.624 36.874 2.14 01 2.24 01 2.31 01 2.41 01 2.52 01
58 Ce K˛1 34.279 36.169 2.04 01 2.13 01 2.20 01 2.29 01 2.40 01
55 Cs Kˇ1 34.987 35.437 1.93 01 2.02 01 2.09 01 2.17 01 2.27 01
59 Pr K˛1 36.026 34.415 1.79 01 1.87 01 1.93 01 2.01 01 2.11 01
56 Ba Kˇ1 36.378 34.082 1.74 01 1.82 01 1.89 01 1.96 01 2.05 01
60 Nd K˛1 36.847 33.648 1.69 01 1.76 01 1.82 01 1.90 01 1.99 01
57 La Kˇ1 37.801 32.799 1.58 01 1.64 01 1.71 01 1.77 01 1.86 01
61 Pm K˛1 38.725 32.016 1.48 01 1.54 01 1.60 01 1.67 01 1.75 01
58 Ce Kˇ1 39.257 31.582 1.43 01 1.49 01 1.55 01 1.61 01 1.69 01
62 Sm K˛1 40.118 30.905 1.35 01 1.40 01 1.46 01 1.52 01 1.59 01
59 Pr Kˇ1 40.748 30.427 1.30 01 1.35 01 1.40 01 1.46 01 1.53 01
63 Eu K˛1 41.542 29.845 1.24 01 1.28 01 1.34 01 1.39 01 1.46 01
60 Nd Kˇ1 42.271 29.331 1.18 01 1.22 01 1.28 01 1.33 01 1.39 01
64 Gd K˛1 42.996 28.836 1.13 01 1.17 01 1.22 01 1.27 01 1.33 01
61 Pm Kˇ1 43.826 28.290 1.08 01 1.11 01 1.16 01 1.21 01 1.27 01
65 Tb K˛1 44.482 27.873 1.04 01 1.07 01 1.12 01 1.17 01 1.22 01
62 Sm Kˇ1 45.413 27.301 9.82 00 1.01 01 1.06 01 1.11 01 1.16 01
66 Dy K˛1 45.998 26.954 9.50 00 9.81 00 1.03 01 1.07 01 1.12 01
63 Eu Kˇ1 47.038 26.358 8.97 00 9.25 00 9.71 00 1.01 01 1.06 01
67 Ho K˛1 47.547 26.076 8.72 00 8.99 00 9.45 00 9.82 00 1.03 01
64 Gd Kˇ1 48.697 25.460 8.20 00 8.44 00 8.88 00 9.24 00 9.67 00
68 Er K˛1 49.128 25.237 8.02 00 8.25 00 8.68 00 9.03 00 9.45 00
65 Tb Kˇ1 50.382 24.609 7.51 00 7.72 00 8.14 00 8.47 00 8.86 00
69 Tm K˛1 50.742 24.434 7.38 00 7.58 00 7.99 00 8.31 00 8.70 00
66 Dy Kˇ1 52.119 23.788 6.89 00 7.07 00 7.47 00 7.76 00 8.13 00
70 Yb K˛1 52.389 23.666 6.80 00 6.98 00 7.37 00 7.66 00 8.02 00
67 Ho Kˇ1 53.877 23.012 6.33 00 6.49 00 6.86 00 7.13 00 7.47 00
71 Lu K˛1 54.070 22.930 6.27 00 6.43 00 6.80 00 7.07 00 7.40 00
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68 Er Kˇ1 55.681 22.267 5.82 00 5.96 00 6.31 00 6.56 00 6.87 00
72 Hf K˛1 55.790 22.223 5.79 00 5.93 00 6.28 00 6.53 00 6.83 00
69 Tm Kˇ1 57.517 21.556 5.35 00 5.48 00 5.81 00 6.04 00 6.32 00
73 Ta K˛1 57.532 21.550 5.35 00 5.48 00 5.81 00 6.03 00 6.32 00
74 W K˛1 59.318 20.901 4.95 00 5.06 00 5.37 00 5.58 00 5.85 00
70 Yb Kˇ1 59.370 20.883 4.94 00 5.05 00 5.36 00 5.57 00 5.83 00
75 Re K˛1 61.140 20.278 4.58 00 4.68 00 4.98 00 5.17 00 5.42 00
71 Lu Kˇ1 61.283 20.231 4.55 00 4.66 00 4.95 00 5.14 00 5.39 00
76 Os K˛1 63.001 19.679 4.25 00 4.34 00 4.62 00 4.80 00 5.03 00
72 Hf Kˇ1 63.234 19.607 4.21 00 4.30 00 4.58 00 4.76 00 4.98 00
77 Ir K˛1 64.896 19.105 3.94 00 4.03 00 4.29 00 4.46 00 4.67 00
73 Ta Kˇ1 65.223 19.009 3.89 00 3.98 00 4.24 00 4.40 00 4.61 00
78 Pt K˛1 66.832 18.551 3.66 00 3.74 00 3.99 00 4.14 00 4.34 00
74 W Kˇ1 67.244 18.438 3.61 00 3.68 00 3.93 00 4.08 00 4.27 00
79 Au K˛1 68.804 18.020 3.40 00 3.48 00 3.71 00 3.86 00 4.04 00
75 Re Kˇ1 69.210 17.888 3.34 00 3.41 00 3.65 00 3.79 00 3.96 00
80 Hg K˛1 70.819 17.507 3.17 00 3.23 00 3.46 00 3.59 00 3.76 00
76 Os Kˇ1 71.413 17.361 3.10 00 3.16 00 3.39 00 3.51 00 3.68 00
81 Tl K˛1 72.872 17.014 2.95 00 3.01 00 3.22 00 3.34 00 3.50 00
77 Ir Kˇ1 73.561 16.854 2.88 00 2.94 00 3.15 00 3.26 00 3.42 00
82 Pb K˛1 74.969 16.538 2.75 00 2.80 00 3.00 00 3.11 00 3.26 00
78 Pt Kˇ1 75.748 16.368 2.68 00 2.73 00 2.92 00 3.03 00 3.18 00
83 Bi K˛1 77.108 16.079 2.56 00 2.61 00 2.80 00 2.90 00 3.04 00
79 Au Kˇ1 77.948 15.906 2.50 00 2.54 00 2.73 00 2.83 00 2.96 00
84 Po K˛1 79.290 15.636 2.39 00 2.43 00 2.61 00 2.71 00 2.84 00
80 Hg Kˇ1 80.253 15.449 2.32 00 2.36 00 2.54 00 2.63 00 2.75 00
85 At K˛1 81.520 15.209 2.24 00 2.27 00 2.44 00 2.53 00 2.65 00
81 Tl Kˇ1 82.576 15.014 2.17 00 2.20 00 2.37 00 2.45 00 2.57 00
86 Rn K˛1 83.780 14.798 2.09 00 2.12 00 2.29 00 2.37 00 2.48 00
82 Pb Kˇ1 84.936 14.597 2.02 00 2.05 00 2.21 00 2.29 00 2.40 00
87 Fr K˛1 86.100 14.400 8.56 00 1.99 00 2.14 00 2.22 00 2.32 00
83 Bi Kˇ1 87.343 14.195 8.23 00 1.92 00 2.07 00 2.14 00 2.24 00
88 Ra K˛1 88.470 14.014 7.94 00 7.63 00 2.00 00 2.08 00 2.17 00
84 Po Kˇ1 89.800 13.806 7.62 00 7.34 00 1.93 00 2.00 00 2.09 00
89 Ac K˛1 90.884 13.642 7.37 00 7.12 00 8.01 00 1.94 00 2.03 00
85 At Kˇ1 92.300 13.432 7.06 00 6.85 00 7.68 00 1.87 00 1.96 00
90 Th K˛1 93.350 13.281 6.85 00 6.65 00 7.45 00 7.69 00 1.91 00
86 Rn Kˇ1 94.870 13.068 6.55 00 6.38 00 7.12 00 7.36 00 1.83 00
91 Pa K˛1 95.868 12.932 6.36 00 6.22 00 6.92 00 7.16 00 7.49 00
87 Fr Kˇ1 97.470 12.720 6.07 00 5.96 00 6.62 00 6.85 00 7.16 00
92 U K˛1 98.439 12.595 5.91 00 5.81 00 6.44 00 6.67 00 6.97 00
88 Ra Kˇ1 100.130 12.382 5.64 00 5.56 00 6.15 00 6.37 00 6.66 00
89 Ac Kˇ1 102.850 12.054 5.25 00 5.20 00 5.72 00 5.94 00 6.20 00
90 Th Kˇ1 105.610 11.739 4.89 00 4.86 00 5.33 00 5.54 00 5.78 00



86Rn – 90Th 871

Z transition E [keV] � [pm] 81Tl 82Pb 83Bi 84Po 85At

91 Pa Kˇ1 108.430 11.434 4.56 00 4.54 00 4.97 00 5.16 00 5.40 00
92 U Kˇ1 111.300 11.139 4.26 00 4.25 00 4.63 00 4.82 00 5.04 00

Z transition E [keV] � [pm] 86Rn 87Fr 88Ra 89Ac 90Th

4 Be K˛ 0.1085 11427.207 5.61 04 5.61 04 5.94 04 5.91 04 6.84 04
38 Sr M� 0.1140 10875.895 5.03 04 5.10 04 5.40 04 5.40 04 5.46 04
39 Y M� 0.1328 9339.235 3.22 04 3.35 04 3.53 04 3.97 04 3.06 04
16 S Ll 0.1487 8337.942 2.25 04 2.38 04 2.49 04 2.90 04 1.96 04
40 Zr M� 0.1511 8205.506 2.13 04 2.25 04 2.37 04 2.78 04 1.85 04
41 Nb M� 0.1717 7221.037 1.38 04 1.47 04 1.61 04 1.89 04 1.12 04
5 B K˛ 0.1833 6764.059 1.10 04 1.19 04 1.30 04 1.52 04 8.67 03
42 Mo M� 0.1926 6473.445 9.24 03 1.01 04 1.11 04 1.29 04 7.15 03
6 C K˛ 0.2770 4476.000 5.29 03 5.04 03 4.54 03 4.54 03 6.28 03
47 Ag M� 0.3117 3977.709 5.91 03 5.83 03 4.88 03 4.64 03 7.25 03
7 N K˛ 0.3924 3159.664 1.23 04 1.11 04 9.20 03 7.99 03 8.81 03
22 Ti Ll 0.3953 3136.484 1.24 04 1.14 04 9.60 03 8.32 03 8.83 03
22 Ti L˛ 0.4522 2741.822 1.25 04 1.22 04 1.14 04 1.05 04 9.33 03
23 V L˛ 0.5113 2424.901 1.19 04 1.19 04 1.18 04 1.15 04 1.09 04
8 O K˛ 0.5249 2362.072 1.18 04 1.19 04 1.19 04 1.17 04 1.13 04
25 Mn Ll 0.5563 2228.747 1.17 04 1.13 04 1.13 04 1.12 04 1.09 04
24 Cr L˛ 0.5728 2164.549 1.18 04 1.10 04 1.10 04 1.10 04 1.07 04
25 Mn L˛ 0.6374 1945.171 1.11 04 1.16 04 1.08 04 9.89 03 9.64 03
9 F K˛ 0.6768 1831.932 1.02 04 1.06 04 1.06 04 1.03 04 1.04 04
26 Fe L˛ 0.7050 1758.655 9.75 03 1.01 04 1.03 04 1.04 04 9.98 03
27 Co L˛ 0.7762 1597.335 8.45 03 8.79 03 9.00 03 9.12 03 8.98 03
28 Ni L˛ 0.8515 1456.080 8.32 03 7.58 03 7.78 03 7.91 03 7.89 03
29 Cu L˛ 0.9297 1336.044 7.06 03 7.35 03 6.73 03 6.87 03 6.87 03
30 Zn L˛ 1.0117 1225.513 8.07 03 6.36 03 6.57 03 6.67 03 5.96 03
11 Na K˛ 1.0410 1191.020 7.52 03 6.04 03 6.24 03 6.34 03 6.31 03
11 Na Kˇ 1.0711 1157.550 7.02 03 5.38 03 5.92 03 5.94 03 6.12 03
12 Mg K˛ 1.2536 989.033 5.25 03 5.58 03 5.98 03 5.96 03 5.97 03
33 As L˛ 1.2820 967.123 4.97 03 5.29 03 5.66 03 6.18 03 5.63 03
12 Mg Kˇ 1.3022 952.121 4.79 03 5.09 03 5.44 03 5.94 03 5.41 03
33 As Lˇ1 1.3170 941.421 4.66 03 4.96 03 5.29 03 5.78 03 5.26 03
66 Dy Mˇ 1.3250 955.737 4.59 03 4.88 03 5.21 03 5.69 03 5.18 03
67 Ho M˛ 1.3480 919.771 4.40 03 4.69 03 5.00 03 5.45 03 5.46 03
34 Se L˛ 1.3791 899.029 4.16 03 4.43 03 4.72 03 5.14 03 5.15 03
67 Ho Mˇ 1.3830 896.494 4.13 03 4.40 03 4.69 03 5.11 03 5.11 03
68 Er M˛ 1.4060 881.829 3.97 03 4.23 03 4.50 03 4.90 03 4.90 03
34 Se Lˇ1 1.4192 873.627 3.88 03 4.14 03 4.40 03 4.79 03 4.78 03
68 Er Mˇ 1.4430 859.218 3.73 03 3.97 03 4.22 03 4.59 03 4.58 03
69 Tm M˛ 1.4620 848.051 3.61 03 3.85 03 4.09 03 4.44 03 4.43 03
35 Br L˛ 1.4804 837.511 3.50 03 3.74 03 3.96 03 4.31 03 4.29 03



872 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 86Rn 87Fr 88Ra 89Ac 90Th

13 Al K˛1 1.4867 833.962 3.47 03 3.70 03 3.92 03 4.26 03 4.26 03
69 Tm Mˇ 1.5030 824.918 3.37 03 3.60 03 3.82 03 4.14 03 4.13 03
70 Yb M˛ 1.5214 814.941 3.28 03 3.50 03 3.70 03 4.02 03 4.00 03
35 Br Lˇ1 1.5259 812.638 3.25 03 3.47 03 3.68 03 3.99 03 3.97 03
13 Al Kˇ 1.5574 796.103 3.09 03 3.30 03 3.50 03 3.79 03 3.77 03
70 Yb Mˇ 1.5675 790.974 3.04 03 3.25 03 3.44 03 3.73 03 3.71 03
71 Lu M˛ 1.5813 784.071 2.98 03 3.18 03 3.37 03 3.64 03 3.63 03
36 Kr L˛ 1.5860 781.747 2.96 03 3.16 03 3.34 03 3.62 03 3.60 03
71 Lu Mˇ 1.6312 760.085 2.76 03 2.95 03 3.12 03 3.37 03 3.35 03
36 Kr Lˇ1 1.6366 757.577 2.74 03 2.93 03 3.09 03 3.34 03 3.32 03
72 Hf M˛1 1.6446 753.892 2.71 03 2.89 03 3.06 03 3.30 03 3.28 03
37 Rb L˛1 1.6941 731.864 2.52 03 2.69 03 2.84 03 3.06 03 3.04 03
72 Hf Mˇ 1.6976 730.355 2.50 03 2.68 03 2.82 03 3.05 03 3.03 03
73 Ta M˛1 1.7096 725.229 2.46 03 2.63 03 2.78 03 2.99 03 2.97 03
14 Si K˛1 1.7400 712.558 2.36 03 2.52 03 2.66 03 2.86 03 2.84 03
37 Rb Lˇ1 1.7522 707.597 2.32 03 2.48 03 2.61 03 2.81 03 2.79 03
73 Ta Mˇ 1.7655 702.266 2.28 03 2.44 03 2.56 03 2.76 03 2.74 03
74 W M˛1 1.7754 698.350 2.24 03 2.40 03 2.53 03 2.72 03 2.70 03
38 Sr L˛1 1.8066 686.290 2.15 03 2.30 03 2.42 03 2.60 03 2.59 03
74 W Mˇ 1.8349 675.705 2.07 03 2.22 03 2.33 03 2.50 03 2.48 03
14 Si Kˇ 1.8359 675.337 2.07 03 2.21 03 2.33 03 2.50 03 2.48 03
75 Re M˛1 1.8420 673.100 2.05 03 2.20 03 2.31 03 2.48 03 2.46 03
38 Sr Lˇ1 1.8717 662.420 1.97 03 2.11 03 2.22 03 2.38 03 2.36 03
75 Re Mˇ 1.9061 650.465 1.89 03 2.02 03 2.12 03 2.27 03 2.26 03
76 Os M˛1 1.9102 649.069 1.88 03 2.01 03 2.11 03 2.26 03 2.24 03
39 Y L˛1 1.9226 644.882 1.85 03 1.98 03 2.08 03 2.22 03 2.21 03
76 Os Mˇ 1.9783 626.725 1.72 03 1.85 03 1.93 03 2.07 03 2.05 03
77 Ir M˛1 1.9799 626.219 1.72 03 1.84 03 1.93 03 2.06 03 2.05 03
39 Y Lˇ1 1.9958 621.230 1.69 03 1.81 03 1.89 03 2.02 03 2.01 03
15 P K˛1 2.0137 615.708 1.65 03 1.77 03 1.85 03 1.98 03 1.96 03
40 Zr L˛1 2.0424 607.056 1.59 03 1.71 03 1.79 03 1.91 03 1.89 03
78 Pt M˛1 2.0505 604.658 1.58 03 1.69 03 1.77 03 1.89 03 1.87 03
77 Ir Mˇ 2.0535 603.775 1.57 03 1.69 03 1.77 03 1.88 03 1.87 03
79 Au M˛1 2.1229 584.036 1.45 03 1.56 03 1.63 03 1.73 03 1.72 03
40 Zr Lˇ1 2.1244 583.624 1.45 03 1.55 03 1.62 03 1.73 03 1.71 03
78 Pt Mˇ 2.1273 582.828 1.44 03 1.55 03 1.62 03 1.72 03 1.71 03
15 P Kˇ1,3 2.1390 579.640 1.42 03 1.53 03 1.60 03 1.70 03 1.68 03
41 Nb L˛1 2.1659 572.441 1.38 03 1.48 03 1.55 03 1.65 03 1.63 03
80 Hg M˛1 2.1953 564.775 1.34 03 1.44 03 1.50 03 1.59 03 1.58 03
79 Au Mˇ 2.2046 562.393 1.32 03 1.42 03 1.48 03 1.57 03 1.56 03
41 Nb Lˇ1 2.2574 549.238 1.25 03 1.34 03 1.40 03 1.48 03 1.47 03
81 Tl M˛1 2.2706 546.045 1.23 03 1.32 03 1.38 03 1.46 03 1.45 03
80 Hg Mˇ 2.2825 543.199 1.22 03 1.31 03 1.36 03 1.44 03 1.43 03
42 Mo L˛1 2.2932 540.664 1.20 03 1.29 03 1.35 03 1.43 03 1.41 03



86Rn – 90Th 873

Z transition E [keV] � [pm] 86Rn 87Fr 88Ra 89Ac 90Th

16 S K˛1 2.3080 537.197 1.18 03 1.27 03 1.32 03 1.40 03 1.39 03
82 Pb M˛1 2.3457 528.563 1.14 03 1.22 03 1.27 03 1.35 03 1.33 03
81 Tl Mˇ 2.3621 524.893 1.12 03 1.20 03 1.25 03 1.32 03 1.31 03
42 Mo Lˇ1 2.3948 517.726 1.08 03 1.16 03 1.21 03 1.28 03 1.26 03
83 Bi M˛1 2.4226 511.785 1.05 03 1.13 03 1.18 03 1.24 03 1.23 03
43 Tl L˛1 2.4240 511.490 1.05 03 1.13 03 1.17 03 1.24 03 1.23 03
82 Pb Mˇ 2.4427 507.574 1.03 03 1.11 03 1.15 03 1.22 03 1.20 03
16 S Kˇ 2.4640 503.186 1.01 03 1.09 03 1.13 03 1.19 03 1.18 03
83 Bi Mˇ1 2.5255 490.933 9.51 02 1.02 03 1.06 03 1.12 03 1.11 03
43 Tc Lˇ1 2.5368 488.746 9.40 02 1.01 03 1.05 03 1.11 03 1.09 03
44 Ru L˛1 2.5586 484.582 9.21 02 9.92 02 1.03 03 1.08 03 1.07 03
17 Cl K˛1 2.6224 472.792 8.67 02 9.35 02 9.68 02 1.02 03 1.00 03
44 Ru Lˇ1 2.6832 462.079 8.20 02 8.84 02 9.15 02 9.62 02 9.48 02
45 Rh L˛1 2.6967 459.766 8.10 02 8.74 02 9.04 02 9.50 02 9.36 02
17 Cl Kˇ 2.8156 440.350 7.30 02 7.87 02 8.13 02 8.52 02 8.39 02
45 Rh Lˇ1 2.8344 437.430 7.18 02 7.75 02 7.99 02 8.38 02 8.25 02
46 Pd L˛1 2.8386 436.782 7.15 02 7.72 02 7.97 02 8.35 02 8.22 02
18 Ar K˛1 2.9577 419.194 1.55 03 6.99 02 7.20 02 7.53 02 7.41 02
47 Ag L˛1 2.9843 415.458 1.51 03 6.84 02 7.04 02 7.37 02 7.24 02
46 Pd Lˇ1 2.9902 414.638 1.51 03 6.81 02 7.01 02 7.33 02 7.20 02
90 Th M˛1 2.9961 413.821 1.50 03 6.77 02 6.98 02 7.29 02 7.17 02
91 Pa M˛1 3.0823 402.248 2.09 03 1.44 03 6.51 02 6.80 02 6.68 02
48 Cd L˛1 3.1337 395.651 2.00 03 1.38 03 1.42 03 6.52 02 6.41 02
90 Th Mˇ 3.1458 394.129 1.98 03 2.04 03 1.41 03 6.46 02 6.35 02
47 Ag Lˇ1 3.1509 393.491 1.97 03 2.04 03 1.40 03 6.43 02 6.32 02
92 U M˛1 3.1708 391.021 1.94 03 2.00 03 1.38 03 6.33 02 6.22 02
18 Ar Kˇ 3.1905 388.607 1.91 03 1.97 03 1.36 03 6.24 02 6.13 02
91 Pa Mˇ 3.2397 382.705 1.84 03 1.90 03 1.31 03 1.36 03 5.90 02
49 In L˛1 3.2869 377.210 1.77 03 1.83 03 1.88 03 1.31 03 5.69 02
19 K K˛1 3.3138 374.148 1.74 03 1.79 03 1.85 03 1.28 03 5.57 02
48 Cd Lˇ1 3.3166 373.832 1.73 03 1.79 03 1.84 03 1.28 03 5.56 02
92 U Mˇ 3.3360 371.658 1.71 03 1.76 03 1.81 03 1.26 03 1.22 03
50 Sn L˛1 3.4440 360.003 1.57 03 1.62 03 1.67 03 1.74 03 1.13 03
49 In Lˇ1 3.4872 355.543 1.52 03 1.57 03 1.62 03 1.69 03 1.09 03
19 K Kˇ 3.5896 345.401 1.69 01 1.46 03 1.51 03 1.57 03 1.51 03
51 Sb L˛1 3.6047 343.954 1.68 03 1.44 03 1.49 03 1.55 03 1.50 03
50 Sn Lˇ1 3.6628 338.498 1.61 03 1.39 03 1.43 03 1.49 03 1 44 03
20 Ca K˛1 3.6917 335.848 1.58 03 1.63 03 1.40 03 1.46 03 1.41 03
52 Te L˛1 3.7693 328.934 1.49 03 1.54 03 1.33 03 1.38 03 1.34 03
51 Sb Lˇ1 3.8436 322.575 1.42 03 1.47 03 1.52 03 1.32 03 1.27 03
53 I L˛1 3.9377 314.867 1.34 03 1.38 03 1.43 03 1.48 03 1.20 03
20 Ca Kˇ 4.0127 308.981 1.27 03 1.32 03 1.36 03 1.42 03 1.14 03
52 Te Lˇ1 4.0296 307.686 1.26 03 1.30 03 1.34 03 1.40 03 1.13 03
21 Sc K˛1 4.0906 303.097 1.21 03 1.26 03 1.29 03 1.35 03 1.30 03



874 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 86Rn 87Fr 88Ra 89Ac 90Th

54 Xe L˛1 4.1099 301.674 1.20 03 1.24 03 1.28 03 1.33 03 1.29 03
53 I Lˇ1 4.2207 293.755 1.23 03 1.16 03 1.19 03 1.24 03 1.20 03
55 Cs L˛1 4.2865 289.245 1.18 03 1.11 03 1.15 03 1.19 03 1.15 03
21 Sc Kˇ1 4.4605 277.962 1.07 03 1.11 03 1.04 03 1.08 03 1.04 03
56 Ba L˛1 4.4663 277.601 1.06 03 1.10 03 1.03 03 1.08 03 1.04 03
22 Ti K˛1 4.5108 274.863 1.14 03 1.07 03 1.11 03 1.05 03 1.01 03
55 Cs Lˇ1 4.6198 268.377 1.07 03 1.01 03 1.04 03 9.88 02 9.54 02
57 La L˛1 4.6510 266.577 1.05 03 9.95 02 1.03 03 9.71 02 9.38 02
56 Ba Lˇ1 4.8273 256.841 9.59 02 9.94 02 1.03 03 9.71 02 8.53 02
58 Ce L˛1 4.8402 256.157 9.52 02 9.88 02 1.02 03 9.65 02 9.33 02
22 Ti Kˇ1,3 4.9318 251.399 9.08 02 9.42 02 9.71 02 9.20 02 8.90 02
23 V K˛1 4.9522 250.363 8.98 02 9.32 02 9.61 02 9.11 02 8.80 02
59 Pr L˛1 5.0337 246.310 8.61 02 8.95 02 9.22 02 9.58 02 8.44 02
57 La Lˇ1 5.0421 245.899 8.58 02 8.91 02 9.18 02 9.54 02 8.41 02
60 Nd L˛1 5.2304 237.047 7.81 02 8.12 02 8.37 02 8.69 02 8.42 02
58 Ce Lˇ1 5.2622 235.614 7.69 02 7.99 02 8.24 02 8.56 02 8.29 02
24 Cr K˛1 5.4147 228.978 7.15 02 7.43 02 7.67 02 1.96 02 7.71 02
23 V Kˇ1,3 5.4273 228.447 7.11 02 7.39 02 7.62 02 7.91 02 7.66 02
61 Pm L˛1 5.4325 228.228 7.09 02 7.37 02 7.60 02 7.89 02 7.64 02
59 Pr Lˇ1 5.4889 225.883 6.91 02 7.18 02 7.41 02 7.69 02 7.45 02
62 Sm L˛1 5.6361 219.984 6.46 02 6.71 02 6.93 02 7.19 02 6.96 02
60 Nd Lˇ1 5.7216 216.696 6.22 02 6.46 02 6.67 02 6.92 02 6.70 02
63 Eu L˛1 5.8457 212.096 5.89 02 6.12 02 6.32 02 6.55 02 6.35 02
25 Mn K˛1 5.8988 210.187 5.75 02 5.98 02 6.17 02 6.40 02 6.20 02
24 Cr Kˇ1,3 5.9467 208.494 5.63 02 5.86 02 6.05 02 6.27 02 6.08 02
61 Pm Lˇ1 5.9610 207.993 5.60 02 5.82 02 6.01 02 6.23 02 6.04 02
64 Gd L˛1 6.0572 204.690 5.38 02 5.59 02 5.77 02 5.98 02 5.80 02
62 Sm Lˇ1 6.2051 199.811 5.06 02 5.26 02 5.43 02 5.63 02 5.46 02
65 Tb L˛1 6.2728 197.655 4.92 02 5.11 02 5.26 02 5.48 02 5.31 02
26 Fe K˛1 6.4038 193.611 4.67 02 4.85 02 5.01 02 5.20 02 5.04 02
63 Eu Lˇ1 6.4564 192.034 4.57 02 4.75 02 4.91 02 5.10 02 4.94 02
25 Mn Kˇ1,3 6.4905 191.025 4.51 02 4.69 02 4.85 02 5.03 02 4.87 02
66 Dy L˛1 6.4952 190.887 4.50 02 4.68 02 4.84 02 5.02 02 4.86 02
64 Gd Lˇ1 6.7132 184.688 4.14 02 4.30 02 4.45 02 4.62 02 4.47 02
67 Ho L˛1 6.7198 184.507 4.13 02 4.29 02 4.44 02 4.61 02 4.46 02
27 Co K˛1 6.9303 178.903 3.82 02 3.97 02 4.10 02 4.26 02 4.13 02
68 Er L˛1 6.9487 178.429 3.79 02 3.94 02 4.08 02 4.24 02 4.10 02
65 Tb Lˇ1 6.9780 177.680 3.75 02 3.90 02 4.03 02 4.19 02 4.06 02
26 Fe Kˇ1,3 7.0580 175.666 3.64 02 3.79 02 3.92 02 4.07 02 3.94 02
69 Tm L˛1 7.1799 172.683 3.49 02 3.63 02 3.75 02 3.90 02 3.77 02
66 Dy Lˇ1 7.2477 171.068 3.40 02 3.54 02 3.66 02 3.81 02 3.69 02
70 Yb L˛1 7.4156 167.195 3.21 02 3.34 02 3.46 02 3.60 02 3.48 02
28 Ni K˛1 7.4782 165.795 3.14 02 3.27 02 3.38 02 3.52 02 3.41 02
67 Ho Lˇ1 7.5253 164.757 3.09 02 3.22 02 3.33 02 3.47 02 3.35 02



86Rn – 90Th 875

Z transition E [keV] � [pm] 86Rn 87Fr 88Ra 89Ac 90Th

27 Co Kˇ1,3 7.6494 162.084 2.97 02 3.09 02 3.19 02 3.33 02 3.22 02
71 Lu L˛1 7.6555 161.955 2.96 02 3.08 02 3.19 02 3.32 02 3.21 02
68 Er Lˇ1 7.8109 158.733 2.81 02 2.93 02 3.03 02 3.16 02 3.05 02
72 Hf L˛1 7.8990 156.963 2.73 02 2.85 02 2.94 02 3.07 02 2.97 02
29 Cu K˛1 8.0478 154.060 2.61 02 2.71 02 2.81 02 2.93 02 2.83 02
69 Tm Lˇ1 8.1010 153.049 2.57 02 2.67 02 2.76 02 2.86 02 2.78 02
73 Ta L˛1 8.1461 152.201 2.53 02 2.63 02 2.72 02 2.84 02 2.74 02
28 Ni Kˇ1,3 8.2647 150.017 2.44 02 2.54 02 2.63 02 2.74 02 2.65 02
74 W L˛1 8.3976 147.643 2.34 02 2.44 02 2.52 02 2.63 02 2.54 02
70 Yb Lˇ1 8.4018 147.569 2.34 02 2.44 02 2.52 02 2.63 02 2.54 02
30 Zn K˛1 8.6389 143.519 2.18 02 2.27 02 2.35 02 2.45 02 2.37 02
75 Re L˛1 8.6525 143.294 2.17 02 2.26 02 2.34 02 2.44 02 2.36 02
71 Lu Lˇ1 8.7090 142.364 2.14 02 2.23 02 2.30 02 2.40 02 2.32 02
29 Cu Kˇ1 8.9053 139.226 2.02 02 2.11 02 2.18 02 2.27 02 2.19 02
76 Os L˛1 8.9117 139.126 2.02 02 2.10 02 2.17 02 2.26 02 2.19 02
72 Hf Lˇ1 9.0227 137.414 1.95 02 2.04 02 2.11 02 2.19 02 2.12 02
77 Ir L˛1 9.1751 135.132 1.87 02 1.95 02 2.02 02 2.10 02 1.02 02
31 Ga K˛1 9.2517 134.013 1.83 02 1.91 02 1.98 02 2.06 02 1.99 02
73 Ta Lˇ1 9.3431 132.702 1.79 02 1.87 02 1.93 02 2.01 02 1.94 02
78 Pt L˛1 9.4423 131.308 1.74 02 1.82 02 1.88 02 1.96 02 1.89 02
30 Zn Kˇ1,3 9.5720 129.529 1.68 02 1.76 02 1.81 02 1.89 02 1.83 02
74 W Lˇ1 9.6724 128.184 1.64 02 1.71 02 1.77 02 1.84 02 1.78 02
79 Au L˛1 9.7133 127.644 1.62 02 1.69 02 1.75 02 1.82 02 1.76 02
32 Ge K ˛1 9.8864 125.409 1.55 02 1.62 02 1.67 02 1.74 02 1.68 02
80 Hg L˛1 9.9888 124.124 1.51 02 1.58 02 1.63 02 1.70 02 1.64 02
75 Re Lˇ1 10.010 123.861 1.50 02 1.57 02 1.62 02 1.69 02 1.63 02
31 Ga Kˇ1 10.264 120.796 1.41 02 1.48 02 1.52 02 1.59 02 1.53 02
81 Tl L˛1 10.269 120.737 1.41 02 1.47 02 1.52 02 1.58 02 1.53 02
76 Os Lˇ1 10.355 119.734 1.38 02 1.44 02 1.49 02 1.55 02 1.50 02
33 As K˛1 10.544 117.588 1.32 02 1.38 02 1.42 02 1.48 02 1.43 02
82 Pb L˛1 10.552 117.499 1.32 02 1.38 02 1.42 02 1.48 02 1.43 02
77 Ir Lˇ1 10.708 115.787 1.27 02 1.33 02 1.37 02 1.43 02 1.38 02
83 Bi L˛1 10.839 114.388 1.23 02 1.29 02 1.33 02 1.38 02 1.34 02
32 Ge Kˇ1 10.982 112.898 1.19 02 1.25 02 1.29 02 1.34 02 1.29 02
78 Pt Lˇ1 11.071 111.990 1.17 02 1.22 02 1.26 02 1.31 02 1.27 02
84 Po L˛1 11.131 111.387 1.15 02 1.21 02 1.24 02 1.30 02 1.25 02
34 Se K˛1 11.222 110.484 1.13 02 1.18 02 1.22 02 1.27 02 1.23 02
85 At L˛1 11.427 108.501 1.08 02 1.13 02 1.17 02 1.21 02 1.17 02
79 Au Lˇ1 11.442 108.359 1.08 02 1.13 02 1.16 02 1.21 02 1.17 02
33 As Kˇ1 11.726 105.735 1.01 02 1.06 02 1.09 02 1.14 02 1.10 02
86 Rn L˛1 11.727 105.726 1.01 02 1.06 02 1.09 02 1.14 02 1.10 02
80 Hg Lˇ1 11.823 104.867 9.91 01 1.04 02 1.07 02 1.11 02 1.08 02
35 Br K˛1 11.924 103.979 9.70 01 1.02 02 1.05 02 1.09 02 1.05 02
87 Fr L˛1 12.031 103.054 9.49 01 9.95 01 1.02 02 1.07 02 1.03 02



876 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 86Rn 87Fr 88Ra 89Ac 90Th

81 Tl Lˇ1 12.213 101.519 9.14 01 9.58 01 9.87 01 1.03 02 9.93 01
88 Ra L˛1 12.340 100.474 8.91 01 9.34 01 9.62 01 1.00 02 9.67 01
34 Se Kˇ1 12.496 99.219 8.63 01 9.05 01 9.32 01 9.71 01 9.37 01
82 Pb Lˇ1 12.614 98.291 8.43 01 8.85 01 9.11 01 9.48 01 9.16 01
36 Kr K˛1 12.649 98.019 8.37 01 8.79 01 9.05 01 9.42 01 9.09 01
89 Ac L˛1 12.652 97.996 8.37 01 8.78 01 9.04 01 9.41 01 9.09 01
90 Th L˛1 12.969 95.601 7.87 01 8.26 01 8.50 01 8.85 01 8.54 01
83 Bi Lˇ1 13.024 95.197 7.78 01 8.17 01 8.41 01 8.76 01 8.45 01
91 Pa L˛1 13.291 93.285 7.40 01 7.77 01 8.00 01 8.32 01 8.04 01
35 Br Kˇ1 13.291 93.285 7.40 01 7.77 01 8.00 01 8.32 01 8.04 01
37 Rb K˛1 13.395 92.560 7.26 01 7.62 01 7.84 01 8.16 01 7.88 01
84 Po Lˇ1 13.447 92.202 7.19 01 7.55 01 7.77 01 8.08 01 7.81 01
92 U L ˛1 13.615 91.065 6.97 01 7.32 01 7.53 01 7.84 01 7.57 01
85 At Lˇ1 13.876 89.352 6.65 01 6.98 01 7.18 01 7.48 01 7.22 01
36 Kr Kˇ1 14.112 87.857 6.37 01 6.69 01 6.89 01 7.17 01 6.92 01
38 Sr K˛1 14.165 87.529 6.31 01 6.63 01 6.82 01 7.10 01 6.85 01
86 Rn Lˇ1 14.316 86.606 6.15 01 6.46 01 6.64 01 6.92 01 6.68 01
87 Fr Lˇ1 14.770 83.943 1.30 02 5.98 01 6.15 01 6.40 01 6.17 01
39 Y K˛1 14.958 82.888 1.26 02 5.79 01 5.96 01 6.20 01 5.98 01
37 Rb Kˇ1 14.961 82.872 1.26 02 5.79 01 5.95 01 6.20 01 5.98 01
88 Ra Lˇ1 15.236 81.376 1.20 02 1.25 02 5.69 01 5.92 01 5.72 01
89 Ac Lˇ1 15.713 78.906 1.11 02 1.15 02 1.19 02 5.49 01 5.30 01
40 Zr K˛1 15.775 78.596 1.10 02 1.14 02 1.18 02 5.44 01 5.24 01
38 Sr Kˇ1 15.836 78.293 1.08 02 1.13 02 1.16 02 5.39 01 5.19 01
90 Th Lˇ1 16.202 76.524 1.02 02 1.06 02 1.10 02 1.14 02 4.91 01
41 Nb K˛1 16.615 74.622 9.56 01 9.94 01 1.03 02 1.07 02 1.04 02
91 Pa Lˇ1 16.702 74.233 9.43 01 9.80 01 1.01 02 1.06 02 1.03 02
39 Y Kˇ1 16.738 74.074 9.38 01 9.75 01 1.01 02 1.05 02 1.02 02
92 U Lˇ1 17.220 72.002 8.70 01 9.05 01 9.36 01 9.75 01 9.48 01
42 Mo K˛1 17.479 70.933 1.16 02 8.70 01 9.00 01 9.38 01 9.12 01
40 Zr Kˇ1 17.668 70.175 1.13 02 8.45 01 8.75 01 9.12 01 8.87 01
43 Tc K ˛1 18.367 67.504 1.22 02 1.06 02 7.90 01 8.24 01 8.01 01
41 Nb Kˇ1 18.623 66.576 1.17 02 1.02 02 1.06 02 7.94 01 7.73 01
44 Ru K˛1 19.279 64.311 1.07 02 1.12 02 1.15 02 1.00 02 7.06 01
42 Mo Kˇ1 19.608 63.231 1.02 02 1.07 02 1.10 02 9.60 01 6.75 01
45 Rh K˛1 20.216 61.330 9.44 01 9.85 01 1.02 02 1.06 02 8.62 01
43 Tc Kˇ1 20.619 60.131 8.97 01 9.35 01 9.64 01 1.00 02 9.75 01
46 Pd K˛1 21.177 58.547 8.36 01 8.71 01 8.99 01 9.37 01 9.09 01
44 Ru Kˇ1 21.657 57.249 7.89 01 8.21 01 8.47 01 8.83 01 8.57 01
47 Ag K˛1 22.163 55.942 7.43 01 7.73 01 7.97 01 8.32 01 8.07 01
45 Rh Kˇ1 22.724 54.561 6.96 01 7.24 01 7.46 01 7.79 01 7.55 01
48 Cd K˛1 23.174 53.501 6.61 01 6.87 01 7.09 01 7.40 01 7.17 01
46 Pd Kˇ1 23.819 52.053 6.15 01 6.39 01 6.60 01 6.89 01 6.67 01
49 In K˛1 24.210 51.212 5.89 01 6.13 01 6.32 01 6.60 01 6.39 01



86Rn – 90Th 877

Z transition E [keV] � [pm] 86Rn 87Fr 88Ra 89Ac 90Th

47 Ag Kˇ1 24.942 49.709 5.45 01 5.66 01 5.84 01 6.11 01 5.91 01
50 Sn K˛1 25.271 49.062 5.27 01 5.47 01 5.65 01 5.90 01 5.71 01
48 Cd Kˇ1 26.096 47.511 4.84 01 5.03 01 5.19 01 5.42 01 5.25 01
51 Sb K˛1 26.359 47.037 4.72 01 4.90 01 5.05 01 5.28 01 5.11 01
49 In Kˇ1 27.276 45.455 4.31 01 4.48 01 4.62 01 4.83 01 4.67 01
52 Te K˛1 27.472 45.131 4.23 01 4.39 01 4.53 01 4.74 01 4.58 01
50 Sn Kˇ1 28.486 43.524 3.85 01 3.99 01 4.12 01 4.31 01 4.16 01
53 I K˛1 28.612 43.333 3.81 01 3.95 01 4.07 01 4.26 01 4.12 01
51 Sb Kˇ1 29.726 41.709 3.45 01 3.57 01 3.68 01 3.86 01 3.72 01
54 Xe K˛1 29.779 41.635 3.43 01 3.55 01 3.67 01 3.84 01 3.70 01
55 Cs K˛1 30.973 40.030 3.10 01 3.21 01 3.31 01 3.47 01 3.34 01
52 Te Kˇ1 30.996 40.000 3.09 01 3.20 01 3.31 01 3.46 01 3.34 01
56 Ba K˛1 32.194 38.511 2.80 01 2.90 01 3.00 01 3.13 01 3.02 01
53 I Kˇ1 32.295 38.391 2.78 01 2.88 01 2.97 01 3.11 01 3.00 01
57 La K˛1 33.442 37.074 2.53 01 2.63 01 2.72 01 2.84 01 2.74 01
54 Xe Kˇ1 33.624 36.874 2.50 01 2.60 01 2.68 01 2.80 01 2.70 01
58 Ce K˛1 34.279 36.169 2.38 01 2.47 01 2.55 01 2.66 01 2.57 01
55 Cs Kˇ1 34.987 35.437 2.25 01 2.34 01 2.42 01 2.52 01 2.44 01
59 Pr K˛1 36.026 34.415 2.09 01 2.17 01 2.24 01 2.34 01 2.26 01
56 Ba Kˇ1 36.378 34.082 2.04 01 2.12 01 2.19 01 2.28 01 2.20 01
60 Nd K˛1 36.847 33.648 1.97 01 2.05 01 2.11 01 2.20 01 2.13 01
57 La Kˇ1 37.801 32.799 1.84 01 1.92 01 1.98 01 2.06 01 1.99 01
61 Pm K˛1 38.725 32.016 1.73 01 1.80 01 1.86 01 1.94 01 1.87 01
58 Ce Kˇ1 39.257 31.582 1.67 01 1.74 01 1.80 01 1.87 01 1.81 01
62 Sm K˛1 40.118 30.905 1.58 01 1.65 01 1.70 01 1.77 01 1.71 01
59 Pr Kˇ1 40.748 30.427 1.52 01 1.58 01 1.63 01 1.70 01 1.64 01
63 Eu K˛1 41.542 29.845 1.44 01 1.50 01 1.55 01 1.61 01 1.56 01
60 Nd Kˇ1 42.271 29.331 1.38 01 1.44 01 1.48 01 1.54 01 1.49 01
64 Gd K˛1 42.996 28.836 1.32 01 1.38 01 1.42 01 1.48 01 1.43 01
61 Pm Kˇ1 43.826 28.290 1.26 01 1.31 01 1.35 01 1.41 01 1.36 01
65 Tb K˛1 44.482 27.873 1.21 01 1.26 01 1.30 01 1.35 01 1.31 01
62 Sm Kˇ1 45.413 27.301 1.15 01 1.20 01 1.23 01 1.28 01 1.24 01
66 Dy K˛1 45.998 26.954 1.11 01 1.16 01 1.19 01 1.24 01 1.20 01
63 Eu Kˇ1 47.038 26.358 1.05 01 1.09 01 1.13 01 1.17 01 1.13 01
67 Ho K˛1 47.547 26.076 1.02 01 1.06 01 1.09 01 1.14 01 1.10 01
64 Gd Kˇ1 48.697 25.460 9.58 00 1.00 01 1.03 01 1.07 01 1.04 01
68 Er K˛1 49.l28 25.237 9.37 00 9.78 00 1.01 01 1.05 01 1.01 01
65 Tb Kˇ1 50.382 24.609 8.87 00 9.17 00 9.43 00 9.81 00 9.49 00
69 Tm K˛1 50.742 24.434 8.63 00 9.00 00 9.26 00 9.63 00 9.31 00
66 Dy Kˇ1 52.119 23.788 8.06 00 8.40 00 8.65 00 9.00 00 8.70 00
70 Yb K˛1 52.389 23.666 7.96 00 8.29 00 8.54 00 8.88 00 8.58 00
67 Ho Kˇ1 53.877 23.0l2 7.41 00 7.72 00 7.95 00 8.27 00 7.99 00
71 Lu K˛1 54.070 22.930 7.34 00 7.65 00 7.88 00 8.20 00 7.92 00
68 Er Kˇ1 55.681 22.267 6.82 00 7.10 00 7.31 00 7.60 00 7.34 00



878 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 86Rn 87Fr 88Ra 89Ac 90Th

72 Hf K˛1 55.790 22.223 6.78 00 7.06 00 7.28 00 7.57 00 7.31 00
69 Tm Kˇ1 57.517 21.556 6.28 00 6.53 00 6.73 00 7.00 00 6.76 00
73 Ta K˛1 57.532 21.550 6.28 00 6.53 00 6.73 00 7.00 00 6.75 00
74 W K˛1 59.318 20.901 5.81 00 6.04 00 6.23 00 6.47 00 6.24 00
70 Yb Kˇ1 59.370 20.883 5.80 00 6.02 00 6.21 00 6.46 00 6.23 00
75 Re K˛1 61.140 20.278 5.38 00 5.59 00 5.77 00 6.00 00 5.78 00
71 Lu Kˇ1 61.283 20.231 5.35 00 5.56 00 5.73 00 5.96 00 5.75 00
76 Os K˛1 63.001 19.679 4.99 00 5.19 00 5.35 00 5.56 00 5.36 00
72 Hf Kˇ1 63.234 19.607 4.95 00 5.14 00 5.30 00 5.51 00 5.31 00
77 Ir K˛1 64.896 19.105 4.63 00 4.82 00 4.96 00 5.16 00 4.97 00
73 Ta Kˇ1 65.223 19.009 4.58 00 4.76 00 4.90 00 5.10 00 4.91 00
78 Pt K˛1 66.832 18.551 4.30 00 4.48 00 4.61 00 4.79 00 4.61 00
74 W Kˇ1 67.244 18.438 4.24 00 4.41 00 4.54 00 4.72 00 4.54 00
79 Au K˛1 68.804 18.020 4.00 00 4.17 00 4.28 00 4.46 00 4.28 00
75 Re Kˇ1 69.310 17.888 3.93 00 4.09 00 4.21 00 4.38 00 4.20 00
80 Hg K˛1 70.819 17.507 3.72 00 3.88 00 3.98 00 4.14 00 3.98 00
76 Os Kˇ1 71.413 17.361 3.64 00 3.80 00 3.90 00 4.06 00 3.90 00
81 Tl K˛1 72.872 17.014 3.46 00 3.61 00 3.71 00 3.86 00 3.70 00
77 Ir Kˇ1 73.561 16.854 3.38 00 3.53 00 3.62 00 3.77 00 3.61 00
82 Pb K˛1 74.969 16.538 3.23 00 3.37 00 3.45 00 3.59 00 3.45 00
78 Pt Kˇ1 75.748 16.368 3.14 00 3.28 00 3.36 00 3.50 00 3.36 00
83 Bi K˛1 77.108 16.079 3.01 00 3.14 00 3.22 00 3.35 00 3.21 00
79 Au Kˇ1 77.948 15.906 2.92 00 3.05 00 3.13 00 3.26 00 3.12 00
84 Po K˛1 79.290 15.636 2.80 00 2.93 00 3.00 00 3.12 00 2.99 00
80 Hg K˛1 80.253 15.449 2.72 00 2.84 00 2.91 00 3.03 00 2.90 00
85 At Kˇ1 81.520 15.209 2.62 00 2.73 00 2.80 00 2.91 00 2.79 00
81 Tl K ˇ1 82.576 15.014 2.54 00 2.65 00 2.71 00 2.82 00 2.70 00
86 Rn K˛1 83.780 14.798 2.45 00 2.55 00 2.62 00 2.73 00 2.61 00
82 Pb Kˇ1 84.936 14.597 2.37 00 2.47 00 2.53 00 2.64 00 2.52 00
87 Fr K˛1 86.100 14.400 2.29 00 2.39 00 2.45 00 2.55 00 2.44 00
83 Bi Kˇ1 87.343 14.195 2.21 00 2.30 00 2.37 00 2.46 00 2.36 00
88 Ra K˛1 88.470 14.014 2.14 00 2.23 00 2.30 00 2.39 00 2.29 00
84 Po Kˇ1 89.800 13.806 2.07 00 2.15 00 2.21 00 2.30 00 2.20 00
89 Ac K˛1 90.884 13.642 2.01 00 2.09 00 2.15 00 2.23 00 2.14 00
85 At Kˇ1 92.300 13.432 1.94 00 2.02 00 2.07 00 2.15 00 2.06 00
90 Th K˛1 93.350 13.281 1.88 00 1.96 00 2.02 00 2.09 00 2.01 00
86 Rn Kˇ1 94.870 13.068 1.81 00 1.89 00 1.94 00 2.01 00 1.93 00
91 Pa K˛1 95.868 12.932 1.77 00 1.84 00 1.89 00 1.96 00 1.88 00
87 Fr Kˇ1 97.470 12.720 1.70 00 1.77 00 1.82 00 1.89 00 1.81 00
92 U K˛1 98.439 12.595 6.88 00 1.73 00 1.77 00 1.84 00 1.76 00
88 Ra Kˇ1 100.130 12.382 6.57 00 1.66 00 1.70 00 1.77 00 1.69 00
89 Ac Kˇ1 102.850 12.054 6.12 00 6.28 00 1.60 00 1.81 00 1.59 00
90 Th Kˇ1 105.610 11.739 5.71 00 5.86 00 6.02 00 1.86 00 1.49 00
91 Pa Kˇ1 108.430 11.434 5.33 00 5.47 00 5.62 00 6.05 00 1.40 00



91Pa – 94Pu 879

Z transition E [keV] � [pm] 86Rn 87Fr 88Ra 89Ac 90Th

92 U Kˇ1 111.300 11.139 4.97 00 5.10 00 5.25 00 5.87 00 4.85 00

Z transition E [keV] � [pm] 91Pa 92U 93Np 94Pu

4 Be K˛ 0.1085 11427.207 1.16 05 7.64 04 7.87 04 4.55 04
38 Sr M� 0.1140 10875.895 7.17 04 1.01 05 9.04 04 5.39 04
39 Y M� 0.1328 9339.235 3.26 04 3.48 04 5.27 04 6.93 04
16 S Ll 0.1487 8337.942 2.08 04 2.22 04 2.99 04 4.43 04
40 Zr M� 0.1511 8205.506 1.95 04 2.06 04 2.78 04 4.11 04
41 Nb M� 0.1717 7227.037 1.17 04 1.18 04 1.58 04 2.28 04
5 B K˛ 0.1833 6764.059 9.00 03 9.02 03 1.19 04 1.72 04
42 Mo M� 0.1926 6473.445 7.39 03 7.38 03 9.60 03 1.41 04
6 C K˛ 0.2770 4476.000 6.47 03 6.44 03 5.18 03 4.88 03
47 Ag M� 0.3117 3977.709 7.47 03 7.43 03 5.80 03 4.86 03
7 N K˛ 0.3924 3159.664 9.08 03 9.03 03 7.56 03 5.99 03
22 Ti Ll 0.3953 3136.484 9.11 03 9.06 03 7.62 03 6.06 03
22 Ti L˛ 0.4522 2741.822 1.02 04 9.94 03 8.79 03 7.42 03
23 V L˛ 0.5113 2424.901 1.13 04 1.09 04 9.85 03 8.33 03
8 O K˛ 0.5249 2362.072 1.15 04 1.11 04 9.83 03 8.53 03
25 Mn Ll 0.5563 2228.747 1.13 04 1.13 04 1.04 04 8.98 03
24 Cr L˛ 0.5728 2164.549 1.12 04 1.11 04 1.07 04 9.22 03
25 Mn L˛ 0.6374 1945.171 1.03 04 1.02 04 1.05 04 1.08 04
9 F K˛ 0.6768 1831.932 9.53 03 9.49 03 9.87 03 1.03 04
26 Fe L˛ 0.7050 1758.655 9.11 03 9.09 03 9.45 03 9.93 03
27 Co L˛ 0.7762 1597.335 9.22 03 8.90 03 8.28 03 8.70 03
28 Ni L˛ 0.8515 1456.080 8.40 03 8.42 03 8.66 03 8.40 03
29 Cu L˛ 0.9297 1336.044 7.33 03 7.36 03 7.70 03 8.07 03
30 Zn L˛ 1.0117 1225.513 6.35 03 6.40 03 6.73 03 7.04 03
11 Na K˛ 1.0410 1191.020 6.04 03 6.09 03 6.40 03 6.69 03
11 Na Kˇ 1.0711 1157.550 5.38 03 6.52 03 5.82 03 6.71 03
12 Mg K˛ 1.2536 989.033 6.82 03 6.42 03 6.71 03 6.84 03
33 As L˛ 1.2820 967.123 6.44 03 6.68 03 6.35 03 6.49 03
12 Mg Kˇ 1.3022 952.121 6.19 03 6.42 03 6.11 03 6.25 03
33 As Lˇ1 1.3170 941.421 6.01 03 6.24 03 5.94 03 6.09 03
66 Dy Mˇ 1.3250 935.737 5.92 03 6.14 03 5.85 03 6.00 03
67 Ho M˛ 1.3480 919.771 5.66 03 5.88 03 6.17 03 5.76 03
34 Se L˛ 1.3791 899.029 5.34 03 5.55 03 5.84 03 6.00 03
67 Ho Mˇ 1.3830 896.494 5.31 03 5.51 03 5.80 03 5.96 03
68 Er M˛ 1.4060 881.829 5.59 03 5.28 03 5.57 03 5.73 03
34 Se Lˇ1 1.4192 873.627 5.46 03 5.16 03 5.44 03 5.60 03
68 Er Mˇ 1.4430 859.218 5.23 03 5.45 03 5.22 03 5.38 03
69 Tm M˛ 1.4620 848.051 5.06 03 5.27 03 5.06 03 5.21 03
35 Br L˛ 1.4804 837.511 4.91 03 5.10 03 4.91 03 5.06 03



880 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 91Pa 92U 93Np 94Pu

13 Al K ˇ1 1.4867 833.962 4.85 03 5.05 03 4.86 03 5.01 03
69 Tm Mˇ 1.5030 824.918 4.72 03 4.91 03 5.19 03 4.88 03
70 Yb M˛ 1.5214 814.941 4.58 03 4.76 03 5.04 03 4.74 03
35 Br Lˇ1 1.5259 812.538 4.34 03 4.72 03 5.00 03 4.71 03
13 Al Kˇ 1.5574 796.103 4.31 03 4.49 03 4.76 03 4.49 03
70 Yb Mˇ 1.5675 790.974 4.24 03 4.41 03 4.68 03 4.86 03
71 Lu M˛ 1.5813 784.071 4.15 03 4.32 03 4.58 03 4.76 03
36 Kr L˛ 1.5860 781.747 4.12 03 4.28 03 4.55 03 4.73 03
71 Lu Mˇ 1.6312 760.085 3.83 03 3.99 03 4.24 03 4.42 03
36 Kr Lˇ1 1.6366 757.577 3.80 03 3.96 03 4.21 03 4.39 03
72 Hf M˛1 1.6446 753.892 3.75 03 3.91 03 4.16 03 4.34 03
37 Rb L˛1 1.6941 731.864 3.48 03 3.63 03 3.86 03 4.04 03
72 Hf Mˇ 1.6976 730.355 3.46 03 3.61 03 3.85 03 4.02 03
73 Ta M˛1 1.7096 725.229 3.40 03 3.54 03 3.78 03 3.95 03
14 Si K˛1 1.7400 712.558 3.25 03 3.39 03 3.62 03 3.79 03
37 Rb Lˇ1 1.7522 707.597 3.19 03 3.33 03 3.56 03 3.72 03
73 Ta Mˇ 1.7655 702.266 3.13 03 3.27 03 3.49 03 3.66 03
74 W M˛1 1.7754 698.350 3.09 03 3.22 03 3.44 03 3.61 03
38 Sr L˛1 1.8066 686.290 2.95 03 3.08 03 3.30 03 3.46 03
74 W Mˇ 1.8349 675.705 2.84 03 2.96 03 3.17 03 3.34 03
14 Si Kˇ 1.8359 675.337 2.83 03 2.96 03 3.17 03 3.33 03
75 Re M˛1 1.8420 673.100 2.81 03 2.93 03 3.14 03 3.30 03
38 Sr Lˇ1 1.8717 662.420 2.70 03 2.82 03 3.02 03 3.18 03
75 Re Mˇ 1.9061 650.465 2.58 03 2.69 03 2.89 03 3.04 03
76 Os M˛1 1.9102 649.069 2.56 03 2.68 03 2.87 03 3.03 03
39 Y L˛1 1.9226 644.882 2.52 03 2.63 03 2.83 03 2.98 03
76 Os Mˇ 1.9783 626.725 2.34 03 2.45 03 2.64 03 2.78 03
77 Ir M˛1 1.9799 626.219 2.34 03 2.44 03 2.63 03 2.78 03
39 Y Lˇ1 1.9958 621.230 2.29 03 2.40 03 2.58 03 2.73 03
15 P K˛1 2.0137 615.708 2.24 03 2.34 03 2.52 03 2.67 03
40 Zr L˛1 2.0424 607.056 2.16 03 2.26 03 2.44 03 2.58 03
78 Pt M˛1 2.0505 604.658 2.14 03 2.24 03 2.42 03 2.56 03
77 Ir Mˇ 2.0535 603.775 2.13 03 2.23 03 2.41 03 2.55 03
79 Au M˛1 2.1229 584.036 1.96 03 2.05 03 2.22 03 2.36 03
40 Zr Lˇ1 2.1244 583.624 1.96 03 2.05 03 2.22 03 2.35 03
78 Pt Mˇ 2.1275 582.828 1.95 03 2.04 03 2.21 03 2.34 03
15 P Kˇ1,3 2.1390 579.640 1.92 03 2.01 03 2.18 03 2.31 03
41 Nb L˛1 2.1659 572.441 1.86 03 1.95 03 2.11 03 2.25 03
80 Hg M˛1 2.1953 564.775 1.80 03 1.88 03 2.05 03 2.18 03
79 Au Mˇ 2.2046 562.393 1.78 03 1.86 03 2.02 03 2.16 03
41 Nb Lˇ1 2.5274 549.238 1.68 03 1.76 03 1.91 03 2.04 03
81 Tl M˛1 2.2706 546.045 1.65 03 1.73 03 1.88 03 2.01 03
80 Hg Mˇ 2.2825 543.199 1.63 03 1.71 03 1.86 03 1.99 03
42 Mo L˛1 2.2932 540.664 1.61 03 1.69 03 1.84 03 1.96 03



91Pa – 94Pu 881

Z transition E [keV] � [pm] 91Pa 92U 93Np 94Pu

16 S K˛1 2.3080 537.197 1.59 03 1.66 03 1.81 03 1.93 03
82 Pb M˛1 2.3457 528.563 1.52 03 1.59 03 1.74 03 1.86 03
81 Tl Mˇ 2.3621 524.893 1.49 03 1.57 03 1.71 03 1.83 03
42 Mo Lˇ1 2.3948 517.726 1.44 03 1.51 03 1.65 03 1.77 03
83 Bi M˛1 2.4226 511.785 1.40 03 1.47 03 1.61 03 1.72 03
43 Tc L˛1 2.4240 511.490 1.40 03 1.47 03 1.61 03 1.72 03
82 Pb Mˇ 2.4427 507.574 1.37 03 1.44 03 1.56 03 1.69 03
16 S Kˇ 2.4640 503.186 1.34 03 1.41 03 1.54 03 1.66 03
83 Bi Mˇ1 2.5255 490.933 1.26 03 1.32 03 1.45 03 1.56 03
43 Tc Lˇ1 2.5368 488.746 1.25 03 1.31 03 1.44 03 1.55 03
44 Ru L˛1 2.5586 484.582 1.22 03 1.28 03 1.41 03 1.52 03
17 Cl K˛1 2.6224 472.792 1.15 03 1.20 03 1.33 03 1.43 03
44 Ru Lˇ1 2.6832 462.079 1.08 03 1.14 03 1.25 03 1.35 03
45 Rh L˛1 2.6967 459.766 1.07 03 1.12 03 1.24 03 1.34 03
17 Cl Kˇ 2.8156 440.350 9.58 02 1.01 03 1.12 03 1.21 03
45 Rh Lˇ1 2.8344 437.430 9.42 02 9.90 02 1.10 03 1.19 03
46 Pd L˛1 2.8386 436.782 9.39 02 9.86 02 1.09 03 1.19 03
18 Ar K˛1 2.9577 419.194 8.46 02 8.89 02 9.89 02 1.08 03
47 Ag L˛1 2.9843 415.458 8.27 02 8.69 02 9.68 02 1.05 03
46 Pd Lˇ1 2.9902 414.638 8.23 02 8.65 02 9.63 02 1.05 03
90 Th M˛1 2.9961 413.821 8.19 02 8.60 02 9.58 02 1.04 03
91 Pa M˛1 3.0823 402.248 7.62 02 8.01 02 8.95 02 9.76 02
48 Cd L˛1 3.1337 395.651 7.31 02 7.69 02 8.59 02 9.39 02
90 Th Mˇ 3.1458 394.129 7.24 02 7.61 02 8.51 02 9.31 02
47 Ag Lˇ1 3.1509 393.491 7.21 02 7.58 02 8.48 02 9.27 02
92 U M˛1 3.1708 391.021 7.09 02 7.47 02 8.35 02 9.13 02
18 Ar Kˇ 3.1905 388.607 6.98 02 7.35 02 8.23 02 9.00 02
91 Pa Mˇ 3.2397 382.705 6.72 02 7.07 02 7.93 02 8.68 02
49 In L˛1 3.2869 377.210 6.48 02 6.82 02 7.65 02 8.39 02
19 K K˛1 3.3138 374.148 6.34 02 6.68 02 7.50 02 8.23 02
48 Cd Lˇ1 3.3166 373.832 6.33 02 6.67 02 7.49 02 8.22 02
92 U Mˇ 3.3360 371.658 6.24 02 6.57 02 7.38 02 8.10 02
50 Sn L˛1 3.4440 360.003 1.25 03 6.07 02 6.83 02 7.52 02
49 In Lˇ1 3.4872 355.543 1.21 03 5.88 02 6.63 02 7.30 02
19 K Kˇ 3.5896 345.401 1.13 03 1.12 03 6.18 02 6.82 02
51 Sb L˛1 3.6047 343.954 1.11 03 1.11 03 6.12 02 6.75 02
50 Sn Lˇ1 3.6628 338.498 1.60 03 1.06 03 5.88 02 6.51 02
20 Ca K˛1 3.6917 335.848 1.57 03 1.04 03 1.12 03 6.39 02
52 Te Lˇ1 3.7693 328.934 1.49 03 1.88 03 1.06 03 6.08 02
51 Sb Lˇ1 3.8436 322.575 1.41 03 1.65 03 1.01 03 1.04 03
53 I L˛1 3.9377 314.867 1.33 03 1.41 03 1.42 03 9.75 02
20 Ca Kˇ 4.0127 308.981 1.27 03 1.26 03 1.35 03 1.39 03
52 Te Lˇ1 4.0296 307.686 1.25 03 1.25 03 1.34 03 1.37 03
21 Sc K˛1 4.0906 303.097 1.21 03 1.20 03 1.29 03 1.32 03



882 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 91Pa 92U 93Np 94Pu

54 Xe L˛1 4.1099 301.674 1.19 03 1.19 03 1.27 03 1.31 03
53 I Lˇ1 4.2207 293.755 1.34 03 1.11 03 1.19 03 1.22 03
55 Cs L˛1 4.2865 289.245 1.28 03 1.07 03 1.14 03 1.17 03
21 Sc Kˇ 4.4605 277.962 1.16 03 1.16 03 1.24 03 1.06 03
56 Ba L˛1 4.4663 277.601 1.16 03 1.15 03 1.23 03 1.06 03
22 Ti K˛1 4.5108 274.863 1.13 03 1.12 03 1.20 03 1.03 03
55 Cs Lˇ1 4.6198 268.377 1.06 03 1.06 03 1.13 03 1.16 03
57 La L˛1 4.6510 266.577 1.04 03 1.04 03 1.11 03 1.14 03
56 Ba Lˇ1 4.8273 256.841 9.49 02 9.46 02 1.01 03 1.03 03
58 Ce L˛1 4.8402 256.157 9.43 02 9.39 02 1.00 03 1.03 03
22 Ti Kˇ1,3 4.9318 251.399 8.90 02 8.96 02 9.58 02 9.80 02
23 V K˛1 4.9522 250.363 8.90 02 8.87 02 9.48 02 9.69 02
59 Pr L˛1 5.0337 246.310 9.38 02 8.50 02 9.09 02 9.30 02
57 La Lˇ1 5.0421 245.899 9.34 02 8.47 02 9.05 02 9.26 02
60 Nd L˛1 5.2304 237.047 8.50 02 8.48 02 8.25 02 8.43 02
58 Ce Lˇ1 5.2622 235.614 8.37 02 8.35 02 8.12 02 8.30 02
24 Cr K˛1 5.4147 228.978 8.56 02 7.77 02 8.29 02 7.71 02
23 V Kˇ1,3 5.4273 228.447 8.51 02 7.73 02 8.24 02 7.66 02
61 Pm L˛1 5.4325 228.228 8.49 02 7.71 02 8.22 02 7.65 02
59 Pr Lˇ1 5.4889 225.883 8.27 02 7.51 02 8.01 03 7.45 02
62 Sm L˛1 5.6361 219.984 7.73 02 7.71 02 7.48 02 7.65 02
60 Nd Lˇ1 5.7216 216.696 7.44 02 7.42 02 7.20 02 7.37 02
63 Eu L˛1 5.8457 212.096 7.05 02 7.03 02 7.49 02 6.98 02
25 Mn K˛1 5.8988 210.187 6.89 02 6.87 02 7.32 02 6.82 02
24 Cr Kˇ1,3 5.9467 208.494 6.75 02 6.73 02 7.17 02 7.33 02
61 Pm Lˇ1 5.9610 207.993 6.71 02 6.69 02 7.13 02 7.28 02
64 Gd L˛1 6.0572 204.690 6.44 02 6.42 02 6.85 02 7.00 02
62 Sm Lˇ1 6.2051 199.811 6.06 02 6.04 02 6.44 02 6.58 02
65 Tb L˛1 6.2728 197.655 5.89 02 5.88 02 6.26 02 6.40 02
26 Fe K˛1 6.4038 193.611 5.59 02 5.58 02 5.94 02 6.07 02
63 Eu Lˇ1 6.4564 192.034 5.48 02 5.47 02 5.82 02 5.94 02
25 Mn Kˇ1,3 6.4905 191.025 5.40 02 5.40 02 5.75 02 5.86 02
66 Dy L˛1 6.4952 190.887 5.39 02 5.39 02 5.73 02 5.85 02
64 Gd Lˇ1 6.7132 184.688 4.96 02 4.96 02 5.27 02 5.38 02
67 Ho L˛1 6.7198 184.507 4.95 02 4.95 02 5.26 02 5.37 02
27 Co K˛1 6.9303 178.903 4.58 02 4.58 02 4.86 02 4.96 02
68 Er L˛1 6.9487 178.429 4.55 02 4.55 02 4.83 02 4.92 02
65 Tb Lˇ1 6.9780 177.680 4.50 02 4.50 02 4.78 02 4.87 02
26 Fe Kˇ1,3 7.0580 175.666 4.37 02 4.37 02 4.64 02 4.73 02
69 Tm L˛1 7.1799 172.683 4.18 02 4.19 02 4.45 02 4.53 02
66 Dy Lˇ1 7.2477 171.068 4.09 02 4.09 02 4.34 02 4.42 02
70 Yb L˛1 7.4156 167.195 3.85 02 3.86 02 4.10 02 4.17 02
28 Ni K˛1 7.4782 165.795 3.77 02 3.78 02 4.01 02 4.08 02
67 Ho Lˇ1 7.5253 164.757 3.71 02 3.72 02 3.95 02 4.02 02



91Pa – 94Pu 883

Z transition E [keV] � [pm] 91Pa 92U 93Np 94Pu

27 Co Kˇ1,3 7.6494 162.084 3.56 02 3.57 02 3.79 02 3.85 02
71 Lu L˛1 7.6555 161.955 3.56 02 3.56 02 3.78 02 3.84 02
68 Er Lˇ1 7.8109 158.733 3.38 02 3.39 02 3.59 02 3.65 02
72 Hf L˛1 7.8990 156.963 3.28 02 3.29 02 3.49 02 3.55 02
29 Cu K˛1 8.0478 154.060 3.13 02 3.14 02 3.33 02 3.38 02
69 Tm Lˇ1 8.1010 153.049 3.08 02 3.09 02 3.27 02 3.33 02
73 Ta L˛1 8.1461 152.201 3.04 02 3.05 02 3.23 02 3.28 02
28 Ni Kˇ1,3 8.2647 150.017 2.93 02 2.94 02 3.11 02 3.16 02
74 W L˛1 8.3976 147.643 2.81 02 2.82 02 2.99 02 3.04 02
70 Yb Lˇ1 8.4018 147.569 2.81 02 2.82 02 2.98 02 3.03 02
30 Zn K˛1 8.6389 143.519 2.62 02 2.63 02 2.78 02 2.83 02
75 Re L˛1 8.6525 143.294 2.61 02 2.62 02 2.77 02 2.82 02
71 Lu Lˇ1 8.7090 142.364 2.57 02 2.58 02 2.72 02 2.77 02
29 Cu Kˇ1 8.9053 139.226 2.43 02 2.44 02 2.57 02 2.62 02
76 Os L˛1 8.9117 139.126 2.42 02 2.43 02 2.57 02 2.61 02
72 Hf Lˇ1 9.0227 137.414 2.35 02 2.36 02 2.49 02 2.53 02
77 Ir L˛1 9.1751 135.132 2.25 02 2.26 02 2.38 02 2.43 02
31 Ga K˛1 9.2517 134.013 2.20 02 2.21 02 2.34 02 2.38 02
73 Ta Lˇ1 9.3431 132.702 2.15 02 2.16 02 2.28 02 2.32 02
78 Pt L˛1 9.4423 131.308 2.09 02 2.10 02 2.22 02 2.26 02
30 Zn Kˇ1,3 9.5720 129.529 2.02 02 2.03 02 2.14 02 2.18 02
74 W Lˇ1 9.6724 128.184 1.97 02 1.98 02 2.09 02 2.13 02
79 Au L˛1 9.7133 127.644 1.95 02 1.96 02 2.06 02 2.10 02
32 Ge K˛1 9.8864 125.409 1.86 02 1.87 02 1.97 02 2.01 02
80 Hg L˛1 9.9888 124.124 1.82 02 1.83 02 1.92 02 1.96 02
75 Re Lˇ1 10.010 123.861 1.81 02 1.82 02 1.91 02 1.95 02
31 Ga Kˇ1 10.264 120.796 1.70 02 1.71 02 1.79 02 1.83 02
81 Tl L˛1 10.269 120.737 1.70 02 1.71 02 1.79 02 1.83 02
76 Os Lˇ1 10.355 119.734 1.66 02 1.67 02 1.76 02 1.79 02
33 As K˛1 10.544 117.588 1.59 02 1.60 02 1.68 02 1.71 02
82 Pb L˛1 10.552 117.499 1.58 02 1.59 02 1.67 02 1.71 02
77 Ir Lˇ1 10.708 115.787 1.53 02 1.54 02 1.61 02 1.64 02
83 Bi L˛1 10.839 114.388 1.48 02 1.49 02 1.57 02 1.60 02
32 Ge Kˇ1 10.982 112.898 1.43 02 1.44 02 1.52 02 1.54 02
78 Pt Lˇ1 11.071 111.990 1.41 02 1.41 02 1.48 02 1.49 02
84 Po L˛1 11.131 111.387 1.39 02 1.40 02 1.46 02 1.46 02
34 Se K˛1 11.222 110.484 1.36 02 1.37 02 1.44 02 1.46 02
85 At L˛1 11.427 108.501 1.30 02 1.31 02 1.37 02 1.40 02
79 Au Lˇ1 11.442 108.359 1.30 02 1.30 02 1.37 02 1.39 02
33 As Kˇ1 11.726 105.735 1.22 02 1.23 02 1.29 02 1.31 02
86 Rn L˛1 11.727 105.726 1.22 02 1.23 02 1.29 02 1.31 02
80 Hg Lˇ1 11.823 104.867 1.19 02 1.20 02 1.26 02 1.28 02
35 Br K˛1 11.924 103.979 1.17 02 1.18 02 1.23 02 1.25 02
87 Fr L˛1 12.031 103.054 1.14 02 1.15 02 1.21 02 1.23 02



884 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 91Pa 92U 93Np 94Pu

81 Tl Lˇ1 12.213 101.519 1.10 02 1.11 02 1.16 02 1.18 02
88 Ra L˛1 12.340 100.474 1.07 02 1.08 02 1.13 02 1.15 02
34 Se Kˇ1 12.496 99.219 1.04 02 1.05 02 1.10 02 1.12 02
82 Pb Lˇ1 12.614 98.291 1.02 02 1.02 02 1.07 02 1.09 02
36 Kr K˛1 12.649 98.019 1.01 02 1.02 02 1.06 02 1.08 02
89 Ac L˛1 12.652 97.996 1.01 02 1.02 02 1.06 02 1.08 02
90 Th L˛1 12.969 95.601 9.48 01 9.55 01 9.99 01 1.02 02
83 Bi Lˇ1 13.024 95.197 9.38 01 9.45 01 9.88 01 1.01 02
91 Pa L˛1 13.291 93.285 8.92 01 8.99 01 9.39 01 9.55 01
35 Br Kˇ1 13.291 93.285 8.92 01 8.99 01 9.39 01 9.55 01
37 Rb K˛1 13.395 92.560 8.74 01 8.81 01 9.21 01 9.36 01
84 Po Lˇ1 13.447 92.202 8.66 01 8.73 01 9.12 01 9.27 01
92 U L˛1 13.615 91.065 8.40 01 8.46 01 8.84 01 8.99 01
85 At Lˇ1 13.876 89.352 8.01 01 8.07 01 8.43 01 8.57 01
36 Kr Kˇ1 14.112 87.857 7.68 01 7.74 01 8.08 01 8.21 01
38 Sr K˛1 14.165 87.529 7.61 01 7.67 01 8.01 01 8.14 01
86 Rn Lˇ1 14.316 86.606 7.41 01 7.47 01 7.80 01 7.92 01
87 Fr Lˇ1 14.770 83.943 6.85 01 6.91 01 7.21 01 7.32 01
39 Y K˛1 14.958 82.888 6.64 01 6.70 01 6.99 01 7.09 01
37 Rb Kˇ1 14.961 82.872 6.64 01 6.70 01 6.98 01 7.09 01
88 Ra Lˇ1 15.236 81.376 6.35 01 6.40 01 6.67 01 6.78 01
89 Ac Lˇ1 15.713 78.906 5.88 01 5.93 01 6.18 01 6.28 01
40 Zr K˛1 15.775 78.596 5.82 01 5.87 01 6.12 01 6.22 01
38 Sr Kˇ1 15.836 78.293 5.77 01 5.82 01 6.06 01 6.16 01
90 Th Lˇ1 16.202 76.524 5.45 01 5.49 01 5.72 01 5.82 01
41 Nb K˛1 16.615 74.622 5.12 01 5.16 01 5.38 01 5.47 01
91 Pa Lˇ1 16.702 74.233 5.05 01 5.09 01 5.31 01 5.40 01
39 Y Kˇ1 16.738 74.074 1.14 02 5.07 01 5.28 01 5.37 01
92 U Lˇ1 17.220 72.000 1.05 02 1.05 02 4.92 01 5.01 01
42 Mo K˛1 17.479 70.933 1.01 02 1.02 02 4.74 01 4.83 01
40 Zr Kˇ1 17.668 70.175 9.85 01 9.86 01 1.05 02 4.70 01
43 Tc K˛1 18.367 67.504 8.90 01 8.91 01 9.51 01 9.69 01
41 Nb Kˇ1 18.623 66.576 8.58 01 8.60 01 9.17 01 9.34 01
44 Ru K˛1 19.279 64.311 7.84 01 7.85 01 8.37 01 8.53 01
42 Mo Kˇ1 19.608 63.231 7.50 01 7.51 01 8.00 01 8.16 01
45 Rh K˛1 20.216 61.330 6.92 01 6.94 01 7.39 01 7.53 01
43 Tc Kˇ1 20.619 60.131 9.10 01 6.59 01 7.01 01 7.15 01
46 Pd K˛1 21.177 58.547 1.01 02 8.51 01 6.53 01 6.67 01
44 Ru Kˇ1 21.657 57.249 9.54 01 8.02 01 8.53 01 6.29 01
47 Ag K˛1 22.163 55.942 8.98 01 9.02 01 8.02 01 5.92 01
45 Rh Kˇ1 22.724 54.561 8.40 01 8.44 01 8.99 01 7.67 01
48 Cd K˛1 23.274 53.501 7.98 01 8.02 01 8.53 01 8.69 01
46 Pd Kˇ1 23.819 52.053 7.42 01 7.46 01 7.94 01 8.08 01
49 In K˛1 24.210 51.212 7.11 01 7.15 01 7.60 01 7.74 01



91Pa – 94Pu 885

Z transition E [keV] � [pm] 91Pa 92U 93Np 94Pu

47 Ag Kˇ1 24.942 49.709 6.57 01 6.61 01 7.03 01 7.16 01
50 Sn K˛1 25.271 49.062 6.35 01 6.39 01 6.79 01 6.92 01
48 Cd Kˇ1 26.096 47.511 5.84 01 5.87 01 6.24 01 6.36 01
51 Sb K˛1 26.359 47.037 5.68 01 5.72 01 6.08 01 6.19 01
49 In Kˇ1 27.276 45.455 5.19 01 5.23 01 5.55 01 5.66 01
52 Te K˛1 27.472 45.131 5.10 01 5.13 01 5.45 01 5.55 01
50 Sn Kˇ1 28.486 43.524 4.63 01 4.67 01 4.95 01 5.05 01
53 I K˛1 28.612 43.333 4.58 01 4.61 01 4.89 01 4.99 01
51 Sb Kˇ1 29.726 41.709 4.19 01 4.17 01 4.43 01 4.51 01
54 Xe K˛1 29.779 41.635 4.12 01 4.15 01 4.40 01 4.49 01
55 Cs K˛1 30.973 40.030 3.72 01 3.75 01 3.97 01 4.05 01
52 Te Kˇ1 30.996 40.000 3.71 01 3.74 01 3.97 01 4.04 01
56 Ba K˛1 32.194 38.511 3.36 01 3.39 01 3.59 01 3.66 01
53 I Kˇ1 32.295 38.391 3.34 01 3.36 01 3.56 01 3.63 01
57 La K˛1 33.442 37.074 3.05 01 3.07 01 3.25 01 3.31 01
54 Xe K˛1 33.624 36.874 3.00 01 3.03 01 3.21 01 3.27 01
58 Ce K˛1 34.279 36.169 2.86 01 2.88 01 3.05 01 3.11 01
55 Cs Kˇ1 34.987 35.437 2.71 01 2.73 01 2.89 01 2.94 01
59 Pr K˛1 36.026 34.415 2.51 01 2.53 01 2.68 01 2.73 01
56 Ba Kˇ1 36.378 34.082 2.45 01 2.47 01 2.61 01 2.66 01
60 Nd K˛1 36.847 33.648 2.37 01 2.39 01 2.52 01 2.57 01
57 La Kˇ1 37.801 32.799 2.22 01 2.24 01 2.36 01 2.40 01
61 Pm K˛1 38.725 32.016 2.08 01 2.10 01 2.22 01 2.26 01
58 Ce Kˇ1 39.257 31.582 2.01 01 2.03 01 2.14 01 2.18 01
62 Sm K˛1 40.118 30.905 1.90 01 1.92 01 2.02 01 2.06 01
59 Pr Kˇ1 40.748 30.427 1.82 01 1.84 01 1.94 01 1.98 01
63 Eu K˛1 41.542 29.845 1.74 01 1.75 01 1.85 01 1.88 01
60 Nd Kˇ1 42.271 29.331 1.66 01 1.67 01 1.76 01 1.80 01
64 Gd K˛1 42.996 28.836 1.59 01 1.60 01 1.69 01 1.72 01
61 Pm Kˇ1 43.826 28.290 1.51 01 1.53 01 1.61 01 1.64 01
65 Tb K˛1 44.482 27.873 1.45 01 1.47 01 1.55 01 1.57 01
62 Sm Kˇ1 45.413 27.301 1.38 01 1.39 01 1.46 01 1.49 01
66 Dy K˛1 45.998 26.954 1.33 01 1.35 01 1.42 01 1.44 01
63 Eu Kˇ1 47.038 26.358 1.26 01 1.27 01 1.34 01 1.36 01
67 Ho K˛1 47.547 26.076 1.22 01 1.24 01 1.30 01 1.32 01
64 Gd Kˇ1 48.697 25.460 1.15 01 1.16 01 1.22 01 1.24 01
68 Er K˛1 49.128 25.237 1.12 01 1.14 01 1.19 01 1.22 01
65 Tb Kˇ1 50.382 24.609 1.05 01 1.07 01 1.12 01 1.14 01
69 Tm K˛1 50.742 24.434 1.03 01 1.05 01 1.10 01 1.12 01
66 Dy Kˇ1 52.119 23.788 9.66 00 9.79 00 1.03 01 1.04 01
70 Yb K˛1 52.389 23.666 9.53 00 9.66 00 1.01 01 1.03 01
67 Ho Kˇ1 53.877 23.0l2 8.87 00 8.99 00 9.42 00 9.59 00
71 Lu K˛1 54.070 22.930 8.79 00 8.91 00 9.33 00 9.50 00
68 Er Kˇ1 55.681 22.267 8.15 00 8.27 00 8.65 00 8.81 00



886 10 Mass Attenuation Coefficients

Z transition E [keV] � [pm] 91Pa 92U 93Np 94Pu

72 Hf K˛1 55.790 22.223 8.11 00 8.22 00 8.61 00 8.77 00
69 Tm Kˇ1 57.517 21.556 7.50 00 7.61 00 7.96 00 8.10 00
73 Ta K˛1 57.532 21.550 7.49 00 7.60 00 7.95 00 8.10 00
74 W K˛1 59.318 20.901 6.93 00 7.03 00 7.35 00 7.49 00
70 Yb Kˇ1 59.370 20.883 6.91 00 7.02 00 7.34 00 7.47 00
75 Re K˛1 61.140 20.278 6.41 00 6.52 00 6.81 00 6.93 00
71 Lu Kˇ1 61.283 20.231 6.38 00 6.48 00 6.77 00 6.89 00
76 Os K˛1 63.001 19.679 5.95 00 6.04 00 6.31 00 6.42 00
72 Hf Kˇ1 63.234 19.607 5.89 00 5.99 00 6.25 00 6.36 00
77 Ir K˛1 64.896 19.105 5.52 00 5.61 00 5.86 00 5.96 00
73 Ta Kˇ1 65.223 19.009 5.45 00 5.54 00 5.78 00 5.88 00
78 Pt K˛1 66.832 18.551 5.13 00 5.21 00 5.44 00 5.53 00
74 W Kˇ1 67.244 18.438 5.05 00 5.13 00 5.36 00 5.45 00
79 Au K˛1 68.804 18.020 4.76 00 4.84 00 5.05 00 5.14 00
75 Re Kˇ1 69.310 17.888 4.68 00 4.75 00 4.96 00 5.05 00
80 Hg K˛1 70.819 17.507 4.43 00 4.50 00 4.70 00 4.78 00
76 Os Kˇ1 71.413 17.361 4.34 00 4.41 00 4.60 00 4.68 00
81 Tl K˛1 72.872 17.014 4.12 00 4.19 00 4.37 00 4.44 00
77 Ir Kˇ1 73.561 16.854 4.03 00 4.09 00 4.27 00 4.34 00
82 Pb K˛1 74.969 16.538 3.84 00 3.90 00 4.07 00 4.14 00
78 Pt Kˇ1 75.748 16.368 3.74 00 3.80 00 3.97 00 4.03 00
83 Bi K˛1 77.108 16.079 3.58 00 3.64 00 3.79 00 3.85 00
79 Au Kˇ1 77.948 15.906 3.48 00 3.54 00 3.69 00 3.75 00
84 Po K˛1 79.290 15.636 3.33 00 3.39 00 3.53 00 3.59 00
80 Hg Kˇ1 80.253 15.449 3.23 00 3.29 00 3.43 00 3.48 00
85 At K˛1 81.520 15.209 3.11 00 3.16 00 3.30 00 3.35 00
81 Tl Kˇ1 82.576 15.014 3.01 00 3.07 00 3.19 00 3.24 00
86 Rn K˛1 83.780 14.798 2.91 00 2.96 00 3.08 00 3.13 00
82 Pb Kˇ1 84.936 14.597 2.81 00 2.86 00 2.98 00 3.03 00
87 Fr K˛1 86.100 14.400 2.72 00 2.77 00 2.88 00 2.93 00
83 Bi Kˇ1 87.343 14.195 2.63 00 2.67 00 2.78 00 2.82 00
88 Ra K˛1 88.470 14.014 2.54 00 2.59 00 2.69 00 2.74 00
84 Po Kˇ1 89.800 13.806 2.45 00 2.49 00 2.59 00 2.64 00
89 Ac K˛1 90.884 13.642 2.38 00 2.42 00 2.52 00 2.56 00
85 At Kˇ1 92.300 13.432 2.29 00 2.33 00 2.42 00 2.46 00
90 Th K˛1 93.350 13.281 2.23 00 2.27 00 2.36 00 2.40 00
86 Rn Kˇ1 94.870 13.068 2.14 00 2.18 00 2.26 00 2.30 00
91 Pa K˛1 95.868 12.932 2.09 00 2.12 00 2.21 00 2.24 00
87 Fr Kˇ1 97.470 12.720 2.01 00 2.04 00 2.12 00 2.15 00
92 U K˛1 98.439 12.595 1.96 00 1.99 00 2.07 00 2.10 00
88 Ra Kˇ1 100.130 12.382 1.88 00 1.91 00 1.98 00 2.01 00
89 Ac Kˇ1 102.850 12.054 1.76 00 1.79 00 1.86 00 1.89 00
90 Th Kˇ1 105.610 11.739 1.65 00 1.68 00 1.74 00 1.77 00
91 Pa Kˇ1 108.430 11.434 1.55 00 1.58 00 1.63 00 1.66 00



91Pa – 94Pu 887

Z transition E [keV] � [pm] 91Pa 92U 93Np 94Pu

92 U Kˇ1 111.300 11.139 1.46 00 1.48 00 1.54 00 1.56 00



11 Fit Parameters for the Calculation of Mass Attenuation Coefficients

In the following fit parameters for the approximation
of mass attenuation coefficients� for the elementsup
to plutonium (Z=94) are given for the energy region
1 keV ≤ E ≤ 150 keV.

As basis mass attenuation coefficientsdetermined
by [547] derived from a wide varity of literature val-
ues are used in the approximation.The fit is provided
with a 2-approximation for the function

ln� = x0 + x1 ln E + x2 (ln E)2 + x3 (ln E)3

As criteria for the evaluation of the used parameter
sets the approximation quality is given by a mean
relative error quotient (RFQ)

RFQ =
1

m

m∑
i=1

|�th(i) − �ex(i)|
��ex(i)

Here �th describes the approximation results,�ex the
original values and and ��ex the error of the orig-
inal values. For instance RFQ = 0.1 means that the
deviations of the fit values do not exceed 10% of the
experimental errors, i.e. they are an order of magni-
tude smaller as the the experimental errors.

In the column ”region” intervals between the cor-
responding absorption edges are indicated. A char-
acterizes the start value, E the end value and Z are
intermediate values for reaching a higher approxi-
mation quality.

Z region energy interval x0 x1 x2 x3 RFQ
[keV]

1 H (A-Z) 1.000 - 3.000 1.9782 -3.1810 0.2663 0.4646 0.0001
1 H (Z-Z) 3.000 - 8.000 2.3064 -4.7411 2.3680 -0.4032 0.0098
1 H (Z-Z) 8.000 - 40.000 -1.1768 0.3192 -0.1256 0.9120 0.0540
1 H (Z-E) 40.000 - 150.000 -1.5268 0.3818 -0.0725 0.0009 0.0124

2 He (A-Z) 1.000 - 4.000 4.1342 -0.1842 -0.1900 0.2179 0.0252
2 He (Z-Z) 4.000 - 10.000 6.2952 -7.0916 2.0715 -0.1909 0.0233
2 He (Z-Z) 10.000 - 40.000 2.1555 -2.9261 0.7622 -0.0689 0.0455
2 He (Z-E) 40.000 - 150.000 -1.9594 0.2798 -0.0624 0.0009 0.0412

3 Li (A-Z) 1.000 - 4.000 5.4603 -3.1208 -0.1262 0.0759 0.0115
3 Li (Z-Z) 4.000 - 10.000 4.9815 -1.9013 -1.1537 0.3625 0.0257
3 Li (Z-Z) 10.000 - 40.000 10.6173 -10.1751 2.8249 -0.2666 0.0331
3 Li (Z-E) 40.000 - 150.000 -2.6383 0.6895 -0.1623 0.0087 0.0466

4 Be (A-Z) 1.000 - 5.000 6.4310 -2.9919 -0.1353 0.0474 0.0319



890 11 Fit Parameters for the Calculation of Mass Attenuation Coefficients

Z region energy interval x0 x1 x2 x3 RFQ
[keV]

4 Be (Z-Z) 5.000 - 15.000 6.2244 -2.0962 -0.9718 0.2721 0.0525
4 Be (Z-Z) 15.000 - 50.000 14.0212 -11.8160 2.9831 -0.2557 0.0630
4 Be (Z-E) 50.000 - 150.000 -2.6112 0.7384 -0.1809 0.0105 0.0182

5 B (A-Z) 1.000 - 4.000 7.1423 -2.9402 -0.1013 0.0216 0.0115
5 B (Z-Z) 4.000 - 10.000 6.5962 -1.8275 -0.8584 0.1942 0.0191
5 B (Z-Z) 10.000 - 40.000 15.6224 -11.4874 2.4828 -0.1742 0.0707
5 B (Z-E) 40.000 - 150.000 -1.3145 0.2090 -0.1264 0.0108 0.0926

6 C (A-Z) 1.000 - 4.000 7.7102 -2.8547 -0.0778 0.0003 0.0068
6 C (Z-Z) 4.000 - 10.000 9.0028 -5.1288 1.2123 -0.2324 0.0540
6 C (Z-Z) 10.000 - 40.000 10.0877 -4.8492 0.1742 0.0769 0.1210
6 C (Z-E) 40.000 - 150.000 4.6797 -3.5526 0.6729 -0.0459 0.0833

7 N (A-Z) 1.000 - 4.000 8.1495 -2.7883 -0.1042 0.0107 0.0215
7 N (Z-Z) 4.000 - 10.000 6.4505 0.1488 -1.7796 0.3270 0.0889
7 N (Z-Z) 10.000 - 40.000 8.6328 -2.3069 -0.7958 0.1840 0.0701
7 N (Z-E) 40.000 - 150.000 9.8129 -6.6764 1.3102 -0.0894 0.0996

8 O (A-Z) 1.000 - 5.000 8.4664 -2.6619 -0.1544 0.0220 0.0028
8 O (Z-Z) 5.000 - 15.000 8.1187 -2.0347 -0.5296 0.0948 0.0068
8 O (Z-Z) 15.000 - 50.000 9.9595 -2.9911 -0.5859 0.1532 0.0999
8 O (Z-E) 50.000 - 150.000 6.0915 -3.8800 0.6363 -0.0367 0.0854

9 F (A-Z) 1.000 - 5.000 8.7139 -2.6522 -0.1305 0.0137 0.0069
9 F (Z-Z) 5.000 - 15.000 8.4276 -2.1423 -0.4321 0.0730 0.0089
9 F (Z-Z) 15.000 - 50.000 10.3174 -2.9096 -0.6130 0.1494 0.0781
9 F (Z-E) 50.000 - 150.000 19.7311 -12.6064 2.4979 -0.1695 0.0343

10 Ne (A-Z) 1.000 - 5.000 8.9794 -2.5658 -0.1526 0.0176 0.0126
10 Ne (Z-Z) 5.000 - 15.000 8.9435 -2.4401 -0.2552 0.0413 0.0126
10 Ne (Z-Z) 15.000 - 50.000 8.6594 -1.0223 -1.1564 0.1952 0.0710
10 Ne (Z-E) 50.000 - 150.000 19.8683 -12.0722 2.2690 -0.1457 0.0983

11 Na (A-K) 1.000 - 1.072 6.492 -2.5589 0.2069 -1.9866 0.0002
11 Na (K-Z) 1.072 - 5.000 9.1937 -2.5599 -0.1406 0.0144 0.0043
11 Na (Z-Z) 5.000 - 20.000 8.7473 -1.8442 -0.5181 0.0797 0.0182
11 Na (Z-Z) 20.000 - 60.000 11.5477 -3.2117 -0.5236 0.1297 0.0121
11 Na (Z-E) 60.000 - 150.000 2.3765 -0.0597 -0.4497 0.0572 0.0819

12 Mg (A-K) 1.000 - 1.305 6.8628 -2.8442 -0.2259 0.5522 0.0038
12 Mg (K-Z) 1.305 - 5.000 9.3765 -2.4337 -0.2069 0.0307 0.0079
12 Mg (Z-Z) 5.000 - 20.000 8.9194 -1.7667 -0.5141 0.0736 0.0108
12 Mg (Z-Z) 20.000 - 60.000 12.0705 -3.4060 -0.4459 0.1164 0.0781
12 Mg (Z-E) 60.000 - 150.000 4.9596 -1.1838 -0.3026 0.0525 0.0917

13 Al (A-K) 1.000 - 1.560 7.0813 -2.7215 -0.0598 0.0746 0.0053
13 Al (K-Z) 1.560 - 6.000 9.4955 -2.3690 -0.1814 0.0149 0.0177
13 Al (Z-Z) 6.000 - 20.000 10.1688 -3.1658 0.1124 -0.0174 0.0629
13 Al (Z-Z) 20.000 - 60.000 9.3874 -0.9191 -1.1208 0.1732 0.0885
13 Al (Z-E) 60.000 - 150.000 9.8438 -3.7963 0.1608 0.0251 0.0921
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Z region energy interval x0 x1 x2 x3 RFQ
[keV]

14 Si (A-K) 1.000 - 1.839 7.3707 -2.6915 -0.0623 0.1091 0.0032
14 Si (K-Z) 1.839 - 6.000 9.7569 -2.4209 -0.1610 0.0127 0.0221
14 Si (Z-Z) 6.000 - 20.000 10.1325 -2.8635 -0.0031 -0.0027 0.0596
14 Si (Z-Z) 20.000 - 60.000 9.2002 -0.7004 -1.1267 0.1662 0.0755
14 Si (Z-E) 60.000 - 150.000 11.5491 -4.4530 0.2330 0.0237 0.0694

15 P (A-K) 1.000 - 2.146 7.5666 -2.7296 0.2250 -0.1832 0.0070
15 P (K-Z) 2.146 - 6.000 9.7201 -2.0315 -0.4399 0.0835 0.0379
15 P (Z-Z) 6.000 - 20.000 8.9597 -1.1517 -0.7184 0.0965 0.0475
15 P (Z-Z) 20.000 - 60.000 8.0900 0.2728 -1.3420 0.1783 0.0849
15 P (Z-E) 60.000 - 150.000 14.3809 -5.6628 0.3836 0.0193 0.0941

16 S (A-K) 1.000 - 2.472 7.8080 -2.6465 -0.0884 0.0815 0.0023
16 S (K-Z) 2.472 - 8.000 9.9950 -2.2813 -0.2215 0.0267 0.0175
16 S (Z-Z) 8.000 - 30.000 10.2549 -2.4798 -0.1847 0.0264 0.0629
16 S (Z-Z) 30.000 - 60.000 12.0817 -2.5465 -0.6256 0.1l54 0.0263
16 S (Z-E) 60.000 - 150.000 13.0883 -4.2778 -0.0018 0.0517 0.0891

17 Cl (A-K) 1.000 - 2.822 7.9625 -2.6348 -0.0578 0.0489 0.0007
17 Cl (K-Z) 2.822 - 6.000 10.0532 -2.2392 -0.2124 0.0208 0.0087
17 Cl (Z-Z) 6.000 - 20.000 10.7233 -3.1023 0.1483 -0.0278 0.0642
17 Cl (Z-Z) 20.000 - 60.000 9.8514 -1.1646 -0.8421 0.1195 0.0999
17 Cl (Z-E) 60.000 - 150.000 13.8834 -4.2897 -0.0846 0.0622 0.0780

18 Ar (A-K) 1.000 - 3.203 8.0980 -2.6887 0.0264 -0.0101 0.0191
18 Ar (K-Z) 3.203 - 8.000 10.0898 -2.0921 -0.3072 0.0411 0.0129
18 Ar (Z-Z) 8.000 - 30.000 10.7941 -2.8889 -0.0016 0.0003 0.0579
18 Ar (Z-Z) 30.000 - 60.000 6.7230 1.6632 -1.6418 0.1926 0.0234
18 Ar (Z-E) 60.000 - 150.000 8.4368 -0.3376 -1.0070 0.1319 0.0915

19 K (A-K) 1.000 - 3.607 8.3328 -2.6534 -0.0031 0.0055 0.0101
19 K (K-Z) 3.607 - 8.000 9.3967 -0.5435 -1.2175 0.2209 0.0405
19 K (Z-Z) 8.000 - 30.000 11.0888 -3.0349 0.0677 -0.0089 0.0584
19 K (Z-Z) 30.000 - 60.000 10.7944 -1.5088 -0.7587 0.1097 0.0310
19 K (Z-E) 60.000 - 150.000 10.0274 -0.9735 -0.9134 0.1267 0.0595

20 Ca (A-K) 1.000 - 4.038 8.5272 -2.6739 0.0182 -0.0047 0.0063
20 Ca (K-Z) 4.038 - 10.000 11.3251 -3.7263 0.6452 -0.1344 0.0698
20 Ca (Z-Z) 10.000 - 40.000 8.7788 -0.3549 -0.8821 0.1019 0.0177
20 Ca (Z-E) 40.000 - 150.000 13.8980 -3.0968 -0.5092 0.1003 0.0420

21 Sc (A-K) 1.000 - 4.493 8.6210 -2.6716 -0.0055 0.0083 0.0129
21 Sc (K-Z) 4.493 - 10.000 10.3056 -1.9903 -0.2839 0.0314 0.0146
21 Sc (Z-Z) 10.000 - 40.000 11.0462 -2.7062 -0.0551 0.0066 0.0935
21 Sc (Z-E) 40.000 - 150.000 16.2561 -4.6667 -0.1399 0.0701 0.0917

22 Ti (A-K) 1.000 - 4.966 8.7678 -2.6858 -0.0053 0.0059 0.0133
22 Ti (K-Z) 4.966 - 10.000 11.0905 -3.2374 0.4194 -0.0935 0.0276
22 Ti (Z-Z) 10.000 - 40.000 8.5484 -0.0558 -0.9349 0.1027 0.0300
22 Ti (Z-E) 40.000 - 150.000 14.2169 -3.0953 -0.5048 0.0967 0.0798

23 V (A-K) 1.000 - 5.465 8.8785 -2.7030 -0.0020 0.0058 0.0087
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Z region energy interval x0 x1 x2 x3 RFQ
[keV]

23 V (K-Z) 5.465 - 15.000 10.2481 -1.7272 -0.3719 0.0419 0.0072
23 V (Z-Z) 15.000 - 50.000 7.1580 1.2422 -1.3076 0.1381 0.0251
23 V (Z-E) 50.000 - 150.000 14.5009 -3.1092 -0.5148 0.0971 0.0364

24 Cr (A-K) 1.000 - 5.989 9.0185 -2.6816 -0.0077 0.0067 0.0138
24 Cr (K-Z) 5.989 - 15.000 10.6126 -2.1103 -0.1628 0.0063 0.0068
24 Cr (Z-Z) 15.000 - 50.000 11.1070 -2.2894 -0.2216 0.0276 0.0664
24 Cr (Z-E) 50.000 - 150.000 15.2180 -3.4169 -0.4524 0.0918 0.0633

25 Mn (A-Z) 1.000 - 3.000 9.1407 -2.6878 -0.0360 0.0274 0.0001
25 Mn (Z-K) 3.000 - 6.539 8.5102 -1.3948 -0.8804 0.1990 0.0547
25 Mn (K-Z) 6.539 - 30.000 10.0986 -2.4196 -0.0759 0.0011 0.0395
25 Mn (Z-E) 30.000 - 150.000 2.5203 5.2040 -2.3705 0.2323 0.0288

26 Fe (A-Z) 1.000 - 3.000 9.2954 -2.7152 0.0259 -0.0140 0.0001
26 Fe (Z-K) 3.000 - 7.112 9.0445 -2.1903 -0.3479 0.0803 0.0512
26 Fe (K-Z) 7.112 - 20.000 11.0983 -2.5335 0.0219 -0.0175 0.0274
26 Fe (Z-Z) 20.000 - 60.000 11.9428 -2.7324 -0.1196 0.0206 0.0829
26 Fe (Z-E) 60.000 - 150.000 19.9935 -6.5028 0.2670 0.0338 0.0788

27 Co (A-Z) 1.000 - 3.000 9.3805 -2.6890 -0.0192 0.0130 0.0000
27 Co (Z-K) 3.000 - 7.709 9.7769 -3.4972 0.5196 -0.1059 0.0459
27 Co (K-Z) 7.709 - 30.000 12.1201 -3.4434 0.3086 -0.0460 0.0876
27 Co (Z-E) 30.000 - 150.000 4.5706 3.7659 -1.9835 0.1968 0.0907

28 Ni (A-L1) 1.000 - 1.008 9.3582 -3.3702 -0.6828 1.9903 0.0001
28 Ni (L1-Z) 1.008 - 4.000 9.5351 -2.6954 -0.0188 0.0095 0.0005
28 Ni (Z-K) 4.000 - 8.333 9.5553 -2.7222 -0.0087 0.0088 0.0275
28 Ni (K-Z) 8.333 - 30.000 10.4996 -1.6968 -0.2844 0.0224 0.0048
28 Ni (Z-Z) 30.000 - 60.000 10.3381 -1.0648 -0.6105 0.0678 0.0358
28 Ni (Z-E) 60.000 - 150.000 16.3188 -3.7065 -0.3750 0.0807 0.0304

29 Cu (A-L1) 1.000 - 1.097 9.4191 -2.7178 -0.2751 1.9938 0.0006
29 Cu (L1-Z) 1.097 - 4.000 9.5966 -2.6880 -0.0230 0.0128 0.0134
29 Cu (Z-K) 4.000 - 8.979 9.6409 -2.7600 0.0200 0.0025 0.0103
29 Cu (K-Z) 8.979 - 40.000 11.9847 -3.1930 0.2245 -0.0339 0.0861
29 Cu (Z-E) 40.000 - 150.000 -0.2807 7.2613 -2.7670 0.2532 0.0152

30 Zn (A-L3) 1.000 - 1.020 7.2896 -2.5712 -2.2958 1.7779 0.0005
30 Zn (L3-L2) 1.020 - 1.043 9.1259 -1.4875 -18.7907 1.9493 0.0174
30 Zn (L2-L1) 1.043 - 1.194 9.4789 -2.6315 -0.4980 1.5028 0.0000
30 Zn (L1-Z) 1.194 - 3.000 9.6608 -2.6751 0.0045 -0.0028 0.0001
30 Zn (Z-Z) 3.000 - 6.000 8.2635 0.3119 -2.0894 0.4813 0.0634
30 Zn (Z-K) 6.000 - 9.659 9.6758 -2.7573 0.0630 -0.0099 0.0052
30 Zn (K-Z) 9.659 - 30.000 11.1939 -2.2636 -0.0842 -0.0010 0.0203
30 Zn (Z-Z) 30.000 - 60.000 10.2106 -0.9735 -0.5938 0.0623 0.0084
30 Zn (Z-E) 60.000 - 150.000 15.7552 -3.3403 -0.4139 0.0788 0.0434

31 Ga (A-L3) 1.000 - 1.115 7.4645 -2.6863 0.3120 -1.7796 0.0001
31 Ga (L3-L2) 1.115 - 1.142 9.0885 0.0396 -11.3943 0.3901 0.0117
31 Ga (L2-L1) 1.142 - 1.298 9.5753 -2.5098 -0.9070 1.4514 0.0014
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Z region energy interval x0 x1 x2 x3 RFQ
[keV]

31 Ga (L1-Z) 1.298 - 4.000 9.7686 -2.7069 0.0262 -0.0130 0.0147
31 Ga (Z-Z) 4.000 - 8.000 9.3986 -2.0430 -0.3877 0.0787 0.0143
31 Ga (Z-K) 8.000 - 10.367 11.6092 -5.3305 1.2432 -0.1912 0.0067
31 Ga (K-Z) 10.367 - 30.000 11.8195 -2.9182 0.1527 -0.0288 0.0523
31 Ga (Z-Z) 30.000 - 60.000 11.4986 -2.1214 -0.2470 0.0280 0.0200
31 Ga (Z-E) 60.000 - 150.000 16.3221 -3.8192 -0.2737 0.0656 0.0477

32 Ge (A-L3) 1.000 - 1.217 7.6171 -2.7234 0.2652 -0.9012 0.0001
32 Ge (L3-L2) 1.217 - 1.248 9.0383 0.3633 -7.6143 0.7052 0.0083
32 Ge (L2-L1) 1.248 - 1.414 9.6128 -1.9610 -2.2135 1.9640 0.0145
32 Ge (L1-Z) 1.414 - 4.000 9.8792 -2.7502 0.0544 -0.0220 0.0107
32 Ge (Z-Z) 4.000 - 8.000 9.5619 -2.1781 -0.3110 0.0627 0.0198
32 Ge (Z-K) 8.000 - 11.104 8.7746 -1.3133 -0.6016 0.0900 0.0017
32 Ge (K-Z) 11.104 - 30.000 11.9055 -2.9585 0.1597 -0.0278 0.0022
32 Ge (Z-Z) 30.000 - 60.000 15.5513 -5.3158 0.6044 -0.0474 0.0291
32 Ge (Z-E) 60.000 - 150.000 12.9936 -1.6251 -0.7379 0.0976 0.0287

33 As (A-L3) 1.000 - 1.323 7.9506 -2.7470 -0.5879 1.3641 0.0001
33 As (L3-L2) 1.323 - 1.359 8.9623 0.7495 -6.8013 1.9119 0.0067
33 As (L2-L1) 1.359 - 1.527 9.5021 -0.9888 -3.1732 1.4856 0.0420
33 As (L1-Z) 1.527 - 4.000 9.9611 -2.7329 0.0446 -0.0182 0.0171
33 As (Z-Z) 4.000 - 8.000 9.7538 -2.3614 -0.1972 0.0406 0.0126
33 As (Z-K) 8.000 - 11.867 9.6364 -2.1907 -0.2751 0.0516 0.0015
33 As (K-Z) 11.867 - 30.000 11.5655 -2.4693 -0.0162 -0.0071 0.0049
33 As (Z-Z) 30.000 - 60.000 10.1267 -0.8326 -0.6034 0.0606 0.0139
33 As (Z-E) 60.000 - 150.000 15.3071 -3.1505 -0.3813 0.0692 0.0401

34 Se (A-L3) 1.000 - 1.436 8.0004 -2.8090 0.5305 -0.9489 0.0000
34 Se (L3-L2) 1.436 - 1.476 8.9452 0.5368 -5.3790 1.9360 0.0044
34 Se (L2-L1) 1.476 - 1.654 9.7118 -1.9588 -1.3616 0.7777 0.0039
34 Se (L1-Z) 1.654 - 4.000 10.0350 -2.7447 0.0468 -0.0154 0.0000
34 Se (Z-Z) 4.000 - 8.000 9.5858 -1.9591 -0.4190 0.0801 0.0210
34 Se (Z-K) 8.000 - 12.658 10.5207 -3.4155 0.3258 -0.0452 0.0051
34 Se (K-Z) 12.658 - 30.000 11.8807 -2.8087 0.1256 -0.0259 0.0285
34 Se (Z-Z) 30.000 - 60.000 14.4591 -4.3931 0.3835 -0.0302 0.0289
34 Se (Z-E) 60.000 - 150.000 15.7503 -3.4680 -0.2902 0.0604 0.0625

35 Br (A-L1) 1.000 - 1.550 8.0906 -2.7307 0.2669 -0.4900 0.0037
35 Br (L3-L2) 1.550 - 1.596 8.9866 0.0823 -3.1087 -0.0700 0.0053
35 Br (L2-L1) 1.596 - 1.782 9.6068 -1.1087 -2.2838 0.9600 0.0178
35 Br (L1-Z) 1.782 - 4.000 10.0001 -2.2845 -0.4057 0.1224 0.0586
35 Br (Z-Z) 4.000 - 8.000 9.7457 -1.9876 -0.4435 0.0919 0.0016
35 Br (Z-K) 8.000 - 13.474 10.8304 -3.6154 0.3843 -0.0504 0.0036
35 Br (K-Z) 13.474 - 30.000 12.6008 -3.4185 0.3145 -0.0445 0.0116
35 Br (Z-Z) 30.000 - 60.000 10.9451 -1.4278 -0.4258 0.0432 0.0093
35 Br (Z-E) 60.000 - 150.000 14.6365 -2.7417 -0.4286 0.0684 0.0416

36 Kr (A-L3) 1.000 - 1.675 8.1208 -2.7939 -0.0638 0.0750 0.0016
36 Kr (L3-L2) 1.675 - 1.727 8.9019 0.5459 -3.9760 1.1005 0.0038
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Z region energy interval x0 x1 x2 x3 RFQ
[keV]

36 Kr (L2-L1) 1.727 - 1.921 9.8965 -2.1654 -0.8819 0.4816 0.0004
36 Kr (L1-Z) 1.921 - 4.000 10.2300 -2.8234 0.1054 -0.0272 0.0024
36 Kr (Z-Z) 4.000 - 8.000 11.3386 -4.7284 1.1704 -0.2200 0.0272
36 Kr (Z-K) 8.000 - 14.326 10.4267 -2.9754 0.0936 -0.0061 0.0024
36 Kr (K-Z) 14.326 - 30.000 11.7381 -2.5830 0.0577 -0.0179 0.0042
36 Kr (Z-Z) 30.000 - 60.000 12.9129 -3.1124 0.0629 -0.0035 0.0163
36 Kr (Z-E) 60.000 - 150.000 14.6896 -2.7964 -0.3989 0.0646 0.0400

37 Rb (A-L3) 1.000 - 1.804 8.2365 -2.7404 -0.0266 0.0269 0.0012
37 Rb (L3-L2) 1.804 - 1.864 8.4177 1.7635 -3.4675 -0.2660 0.0077
37 Rb (L2-L1) 1.864 - 2.065 9.1775 0.3407 -2.6778 0.3811 0.0483
37 Rb (L1-Z) 2.065 - 5.000 10.2320 -2.4776 -0.2139 0.0587 0.0210
37 Rb (Z-Z) 5.000 - 10.000 10.3345 -2.7594 0.0164 0.0000 0.0009
37 Rb (Z-K) 10.000 - 15.200 11.3555 -3.9683 0.4856 -0.0594 0.0143
37 Rb (K-Z) 15.200 - 50.000 12.3734 -2.9529 0.1164 -0.0173 0.0662
37 Rb (Z-E) 50.000 - 150.000 -18.0997 19.1559 -5.2626 0.4220 0.0905

38 Sr (A-L3) 1.000 - 1.940 8.3128 -2.6796 -0.0188 0.0479 0.0023
38 Sr (L3-L2) 1.940 - 2.007 8.5191 1.1731 -2.5369 -0.3452 0.0085
38 Sr (L2-L1) 2.007 - 2.216 8.9900 0.4682 -1.8685 -0.2538 0.0531
38 Sr (L1-Z) 2.216 - 6.000 10.2413 -2.3015 -0.3493 0.0922 0.0558
38 Sr (Z-K) 6.000 - 16.105 10.9351 -3.4293 0.2978 -0.0384 0.0273
38 Sr (K-Z) 16.105 - 50.000 13.0020 -3.4546 0.2651 -0.0317 0.0506
38 Sr (Z-E) 50.000 - 150.000 6.1503 2.7472 -1.5623 0.1447 0.0467

39 Y (A-L3) 1.000 - 2.080 8.3976 -2.7023 0.3289 -0.2654 0.0057
39 Y (L3-L2) 2.080 - 2.156 7.9206 1.7188 -0.8111 -1.9381 0.0148
39 Y (L2-L1) 2.156 - 2.373 8.1759 2.4112 -2.9200 -0.1926 0.0693
39 Y (L1-Z) 2.373 - 6.000 10.1608 -1.9038 -0.6467 0.1640 0.0653
39 Y (Z-K) 6.000 - 17.039 11.0502 -3.4428 0.2940 -0.0365 0.0273
39 Y (K-Z) 17.039 - 50.000 12.1706 -2.6753 0.0445 -0.0109 0.0298
39 Y (Z-E) 50.000 - 150.000 6.8944 2.2211 -1.4234 0.1325 0.0284

40 Zr (A-L3) 1.000 - 2.222 8.4748 -2.4989 -0.2381 0.2127 0.0022
40 Zr (L3-L2) 2.222 - 2.307 8.1826 1.1585 -0.9829 -1.1550 0.0119
40 Zr (L2-L1) 2.307 - 2.532 7.5080 2.7469 -1.1922 -1.4523 0.0969
40 Zr (L1-Z) 2.532 - 6.000 10.1378 -1.6694 -0.8045 0.1960 0.0531
40 Zr (Z-K) 6.000 - 17.998 12.4367 -5.1732 1.0461 -0.1448 0.0859
40 Zr (K-Z) 17.998 - 50.000 13.0407 -3.6016 0.3604 -0.0444 0.0253
40 Zr (Z-E) 50.000 - 150.000 13.0798 -2.0389 -0.4339 0.0560 0.0977

41 Nb (A-L3) 1.000 - 2.371 8.5671 -2.5212 -0.1394 0.1073 0.0043
41 Nb (L3-L2) 2.371 - 2.465 7.4570 2.3185 -0.9358 -1.4842 0.0150
41 Nb (L2-L1) 2.465 - 2.698 7.0690 3.2746 -1.1729 -1.4126 0.0878
41 Nb (L1-Z) 2.698 - 6.000 10.8229 -3.0135 0.1762 -0.0365 0.0063
41 Nb (Z-K) 6.000 - 18.986 11.2570 -3.4786 0.3038 -0.0381 0.0440
41 Nb (K-Z) 18.986 - 50.000 11.7544 -2.4658 0.0364 -0.0128 0.0634
41 Nb (Z-E) 50.000 - 150.000 14.1355 -2.7633 -0.2539 0.0411 0.0975

42 Mo (A-L3) 1.000 - 2.520 8.6304 -2.4787 -0.0956 0.0789 0.0027



11 Fit Parameters for the Calculation of Mass Attenuation Coefficients 895

Z region energy interval x0 x1 x2 x3 RFQ
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42 Mo (L3-L2) 2.520 - 2.625 7.0084 2.4378 -0.0571 -1.9058 0.0202
42 Mo (L2-L1) 2.625 - 2.866 6.9328 3.3392 -1.2735 -1.1580 0.0820
42 Mo (L1-Z) 2.688 - 6.000 9.4995 0.0170 -1.9689 0.4575 0.0682
42 Mo (Z - K) 6.000 - 20.000 10.0894 - 1.8523 - 0.3995 0.0606 0.0397
42 Mo (K - Z) 20.000 - 50.000 12.1106 - 2.6805 0.0907 - 0.0178 0.0146
42 Mo (Z - E) 50.000 - 150.000 14.5610 - 3.1598 - 0.1305 0.0293 0.0996

43 Te (A - L3) 1.000 - 2.677 8.7052 - 2.4793 - 0.0488 0.0380 0.0005
43 Te (L3 - L2) 2.677 - 2.793 5.6897 4.4375 - 0.6096 - 1.9693 0.0262
43 Te (L2 - L1) 2.793 - 3.043 6.0985 3.8517 - 0.4652 - 1.6261 0.0900
43 Te (L1 - Z) 3.043 - 8.000 10.7115 - 2.5542 - 0.1263 0.0292 0.0158
43 Te (Z - K) 8.000 - 21.044 11.3508 - 3.4189 0.2491 - 0.0268 0.0247
43 Te (K - Z) 21.044 - 50.000 12.4623 - 2.7472 0.0708 - 0.0134 0.0203
43 Te (Z - E) 50.000 - 150.000 14.6450 - 3.1128 - 0.1547 0.0318 0.0968

44 Ru (A - L3) 1.000 - 2.838 8.7880 - 2.4568 - 0.0887 0.0618 0.0000
44 Ru (L3 - L2) 2.838 - 2.967 5.7471 3.7999 - 0.1450 - 1.8113 0.0261
44 Ru (L2 - L1) 2.967 - 3.224 5.8512 3.5253 0.3099 - 1.8215 0.0840
44 Ru (L1 - Z) 3.244 - 8.000 10.8251 - 2.6269 - 0.0848 0.0215 0.0037
44 Ru (Z - K) 8.000 - 22.117 11.3784 - 3.3006 0.1957 - 0.0191 0.0139
44 Ru (K - Z) 22.117 - 50.000 12.1186 - 2.3774 - 0.0401 - 0.0024 0.0101
44 Ru (Z - E) 50.000 - 150.000 13.9733 - 2.6528 - 0.2470 0.0376 0.0986

45 Rh (A - L3) 1.000 - 3.004 8.8730 - 2.4547 - 0.0794 0.0515 0.0052
45 Rh (L3 - L2) 3.004 - 3.146 5.3732 3.7081 0.4929 - 1.9925 0.0295
45 Rh (L2 - L1) 3.146 - 3.412 5.9269 3.0395 0.5162 - 1.6507 0.0785
45 Rh (L1 - Z) 3.412 - 8.000 10.8270 - 2.5523 - 0.1159 0.0265 0.0087
45 Rh (Z - K) 8.000 - 23.220 10.8729 - 2.6569 - 0.0424 0.0103 0.0070
45 Rh (K - Z) 23.220 - 50.000 13.2033 - 3.3939 0.2756 - 0.0336 0.0146
45 Rh (Z - E) 50.000 - 150.000 14.2128 - 2.8316 - 0.1910 0.0321 0.0844

46 Pd (A - L3) 1.000 - 3.173 8.9560 - 2.5077 - 0.0467 0.0320 0.0037
46 Pd (L3 - L2) 3.173 - 3.330 5.7408 2.8657 0.7919 - 1.7979 0.0289
46 Pd (L2 - L1) 3.330 - 3.604 5.2425 3.2498 1.2778 - 1.9897 0.0853
46 Pd (L1 - Z) 3.604 - 8.000 10.0105 - 0.8353 - 1.1811 0.2393 0.0523
46 Pd (Z - K) 8.000 - 24.350 11.4971 - 3.2507 0.1641 - 0.0144 0.0244
46 Pd (K - Z) 24.350 - 50.000 10.1581 - 0.8806 - 0.4099 0.0290 0.0154
46 Pd (Z - E) 50.000 - 150.000 15.5733 - 3.8277 0.0578 0.0117 0.0996

47 Ag (A - L3) 1.000 - 3.351 9.0326 - 2.5060 - 0.0428 0.0295 0.0068
47 Ag (L3 - L2) 3.351 - 3.524 5.3753 2.8292 1.1597 - 1.8350 0.0317
47 Ag (L2 - L1) 3.524 - 3.806 5.1524 3.0160 1.3542 - 1.8300 0.0760
47 Ag (L1 - Z) 3.806 - 8.000 11.7920 - 4.0185 0.7503 - 0.1440 0.0127
47 Ag (Z - K) 8.000 - 25.514 10.5418 - 2.0832 - 0.2742 0.0402 0.0077
47 Ag (K - Z) 25.514 - 50.000 12.0455 - 2.4762 0.0451 - 0.0134 0.0103
47 Ag (Z - E) 50.000 - 150.000 14.3593 - 3.0833 - 0.0811 0.0199 0.0786

48 Cd (A - L3) 1.000 - 3.538 9.0994 - 2.5181 0.0316 - 0.0083 0.0054
48 Cd (L3 - L2) 3.538 - 3.727 6.0494 2.6346 - 0.1435 - 0.9912 0.0239
48 Cd (L2 - L1) 3.727 - 4.018 5.4120 2.6713 1.0627 - 1.5034 0.0443
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Z region energy interval x0 x1 x2 x3 RFQ
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48 Cd (L1 - Z) 4.018 - 10.000 10.8848 - 2.2773 - 0.2834 0.0558 0.0337
48 Cd (Z - K) 10.000 - 26.711 11.3372 - 2.9255 0.0366 0.0019 0.0164
48 Cd (K - Z) 26.711 - 50.000 12.2756 - 2.6613 0.1046 - 0.0198 0.0024
48 Cd (Z - E) 50.000 - 150.000 13.3383 - 2.3392 - 0.2527 0.0328 0.0647

49 In (A - L3) 1.000 - 3.730 9.1745 - 2.4986 - 0.0155 0.0136 0.0084
49 In (L3 - L2) 3.730 - 3.938 4.6858 3.1672 1.1040 - 1.6264 0.0357
49 In (L2 - L1) 3.938 - 4.238 5.2469 2.6032 1.1355 - 1.4380 0.0442
49 In (L1 - Z) 4.238 - 10.000 11.5516 - 3.2887 0.2619 - 0.0393 0.0183
49 In (Z - Z) 10.000 - 27.940 11.1550 - 2.6686 - 0.0503 0.0118 0.0177
49 In (K - Z) 27.940 - 50.000 12.2142 - 2.1809 - 0.1077 0.0053 0.0072
49 In (Z - E) 50.000 - 150.000 14.8200 - 3.2239 - 0.0672 0.0196 0.0799

50 Sn (A - L3) 1.000 - 3.929 9.2447 - 2.5274 0.0309 - 0.0101 0.0024
50 Sn (L3 - L2) 3.929 - 4.156 4.4550 3.1534 1.2659 - 1.6221 0.0208
50 Sn (L2 - L1) 4.156 - 4.465 - 17.4613 4.5683 10.1212 - 0.8360 0.0738
50 Sn (L1-Z) 4.465 - 10.000 11.7937 -3.5661 0.4096 -0.0669 0.0210
50 Sn (Z-K) 10.000 - 29.200 11.4504 -2.9132 0.0318 0.0022 0.0033
50 Sn (K-Z) 29.200 - 50.000 8.0188 0.6741 -0.7560 0.0550 0.0018
50 Sn (Z-E) 50.000 - 150.000 13.3316 -2.3920 -0.2083 0.0267 0.0945

51 Sb (A-L1) 1.000 - 4.132 9.3174 -2.5407 0.0154 -0.0035 0.0016
51 Sb (L3L2) 4.132 - 4.380 4.6074 2.9941 0.8513 -1.3004 0.0332
51 Sb (L2-L1) 4.380 - 4.698 4.1099 2.6527 1.9840 -1.6528 0.0553
51 Sb (L1-Z) 4.698 - 10.000 11.3479 -2.9036 0.0877 -0.0112 0.0176
51 Sb (Z-K) 10.000 - 30.491 12.0975 -3.6329 0.3083 -0.0308 0.0390
51 Sb (K-E) 30.491 - 150.000 6.6584 2.2150 -1.2520 0.1049 0.0240

52 Te (A-M1) 1.000 - 1.006 9.2660 -2.1697 -14.4403 -0.2082 0.0003
52 Te (M1-L3) 1.006 - 4.341 9.3626 -2.5336 -0.0041 0.0057 0.0026
52 Te (L3-L2) 4.341 - 4.612 4.4479 2.4939 1.4273 -1.3984 0.0324
52 Te (L2-L1) 4.612 - 4.939 4.0017 2.8362 1.6123 -1.4472 0.0442
52 Te (L1-Z) 4.939 - 8.000 10.4272 -1.2645 -0.8336 0.1597 0.0035
52 Te (Z-Z) 8.000 - 20.000 12.3993 -3.9093 0.4055 -0.0423 0.0362
52 Te (Z-K) 20.000 - 31.814 10.2316 -1.8040 -0.2769 0.0314 0.0045
52 Te (K-Z) 31.814 - 60.000 18.4605 -7.3073 1.3022 -0.1222 0.0188
52 Te (Z-E) 60.000 - 150.000 14.1699 -2.7452 -0.1557 0.0243 0.0294

53 I (A-M1) 1.000 - 1.072 9.3530 -2.5140 -0.1l47 1.2114 0.0001
53 I (M1-L3) 1.072 - 4.557 9.4469 -2.5229 -0.0281 0.0168 0.0032
53 I (L3-L2) 4.557 - 4.852 3.9060 2.6347 1.7478 -1.4928 0.0453
53 I (L2-L1) 4.852 - 5.188 4.6273 2.4737 1.1050 -1.1201 0.0419
53 I (L1-Z) 5.188 - 15.000 11.2064 -2.4911 -0.1186 -0.0215 0.0102
53 I (Z-K) 15.000 - 33.170 14.2305 -5.4626 0.8549 -0.0851 0.0448
53 I (K-E) 33.170 - 150.000 9.0371 0.5999 -0.8734 0.0755 0.0703

54 Xe (A-M1) 1.000 - 1.145 9.3148 -2.4859 0.1507 -0.7450 0.0004
54 Xe (M1-L3) 1.145 - 4.782 9.4109 -2.4961 0.0001 0.0057 0.0016
54 Xe (L3-L2) 4.782 - 5.104 3.8948 2.9121 1.1453 -1.2150 0.0811
54 Xe (L2-L1) 5.104 - 5.453 3.9269 2.6069 1.4800 -1.2355 0.0455
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54 Xe (L1-Z) 5.453 - 15.000 10.5553 -1.5455 -0.5579 0.0892 0.0218
54 Xe (Z-K) 15.000 - 34.561 12.6045 -3.8397 0.3272 -0.0281 0.0133
54 Xe (K-E) 34.561 - 150.000 10.6930 -0.6824 -0.5465 0.0484 0.0959

55 Cs (A-M2) 1.000 - 1.065 9.3933 -2.6005 0.1471 -1.8188 0.0001
55 Cs (M2-M1) 1.065 - 1.217 9.4866 -2.5082 -0.5225 1.3419 0.0007
55 Cs (M1-L3) 1.217 - 5.012 9.5850 -2.5738 0.0138 0.0003 0.0112
55 Cs (L3-L2) 5.012 - 5.359 4.2679 1.9321 1.7485 -1.2815 0.0456
55 Cs (L2-L1) 5.359 - 5.714 5.5332 1.5832 0.8578 -0.8244 0.0308
55 Cs (L1-Z) 5.714 - 15.000 12.0792 -3.5662 0.3730 -0.0522 0.0115
55 Cs (Z-K) 15.000 - 35.985 11.7163 -2.8509 -0.0077 0.0092 0.0200
55 Cs (K-E) 35.985 - 150.000 10.9351 -0.6925 -0.5651 0.0510 0.0655

56 Ba (A-M3) 1.000 - 1.062 9.2404 -2.5158 -0.0007 0.0714 0.0000
56 Ba (M3-M2) 1.062 - 1.137 9.4176 -2.3986 -1.2255 1.9731 0.0034
56 Ba (M2-M1) 1.137 - 1.293 9.5221 -2.5663 -0.01l8 0.0203 0.0000
56 Ba (M1-L3) 1.293 - 5.247 9.6028 -2.5075 -0.0541 0.0236 0.0141
56 Ba (L3-L2) 5.247 - 5.624 5.3060 1.4118 1.0368 -0.8829 0.0369
56 Ba (L2-L1) 5.624 - 5.989 3.8759 2.4923 1.2997 -1.0558 0.0375
56 Ba (L1-Z) 5.989 - 15.000 11.3684 -2.5566 -0.0708 0.0114 0.0107
56 Ba (Z-K) 15.000 - 37.441 11.1306 -2.4020 -0.1040 0.0146 0.0308
56 Ba (K-E) 37.441 - 150.000 3.4590 4.6056 -1.8028 0.1467 0.0581

57 La (A-M3) 1.000 - 1.123 9.3069 -2.5538 0.1362 -0.7707 0.0003
57 La (M3-M2) 1.123 - 1.204 9.4253 -1.6200 -3.5397 2.0000 0.0142
57 La (M2-M1) 1.204 - 1.361 9.5593 -2.2921 -0.7937 0.7621 0.0038
57 La (M1-L3) 1.361 - 5.483 9.6959 -2.6205 0.0626 -0.0127 0.0145
57 La (L3-L2) 5.483 - 5.891 3.9366 1.8751 1.7707 -1.1841 0.0504
57 La (L2-L1) 5.891 - 6.266 4.0727 2.2066 1.2597 -0.9664 0.0377
57 La (L1-Z) 6.266 - 15.000 7.3851 3.0259 -2.6009 0.3879 0.0888
57 La (Z-K) 15.000 - 38.925 12.2515 -3.3149 0.1553 -0.0103 0.0182
57 La (K-E) 38.925 - 150.000 10.5652 -0.5177 -0.5764 0.0500 0.0496

58 Ce (A-M3) 1.000 - 1.185 9.3738 -2.5259 -0.2547 0.9791 0.0009
58 Ce (M3-M2) 1.185 - 1.273 9.4866 -1.7818 -2.4306 1.5002 0.0080
58 Ce (M2-M1) 1.273 - 1.435 9.5321 -1.6093 -2.3182 1.7180 0.0116
58 Ce (M1-L3) 1.435 - 5.723 9.7436 -2.5453 -0.0133 0.0086 0.0041
58 Ce (L3-L2) 5.723 - 6.164 5.5252 1.1567 0.8986 -0.7376 0.0454
58 Ce (L2-L1) 6.164 - 6.549 4.5437 1.6777 1.2789 -0.8862 0.0272
58 Ce (L2-Z) 6.549 - 20.000 12.7591 -4.1441 0.5811 -0.0763 0.0548
58 Ce (Z-K) 20.000 - 40.444 10.3546 -1.5028 -0.4002 0.0465 0.0241
58 Ce (K-E) 40.444 - 150.000 14.0724 -2.6825 -0.1224 0.0181 0.0802

59 Pr (A-M3) 1.000 - 1.242 9.4554 -2.5473 -0.3936 1.1832 0.0027
59 Pr (M3-M2) 1.242 - 1.337 9.5537 -1.8634 -1.4255 -0.0866 0.0090
59 Pr (M2-M1) 1.337 - 1.51l 9.6696 -2.1461 -0.9043 0.6072 0.0157
59 Pr (M1-L3) 1.511 - 5.964 9.8217 -2.5508 -0.0222 0.0108 0.0056
59 Pr (L3-L2) 5.964 - 6.440 3.8452 2.0842 1.3231 -0.9616 0.0424
59 Pr (L2-L1) 6.440 - 6.835 4.1439 2.2146 0.9625 -0.8006 0.0282
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59 Pr (L1-Z) 6.835 - 20.000 9.7092 -0.2407 -1.0302 0.1424 0.0949
59 Pr (Z-K) 20.000 - 41.991 11.0929 -2.2057 -0.1618 0.0199 0.0084
59 Pr (K-E) 41.991 - 150.000 14.2005 -2.7592 -0.0977 0.0156 0.0775

60 Nd (A-M3) 1.000 - 1.297 9.4871 -2.4752 -0.7717 1.9691 0.0076
60 Nd (M3-M2) 1.297 - 1.403 9.4802 -1.4780 -0.9006 -1.8336 0.0175
60 Nd (M2-M1) 1.403 - 1.575 9.7399 -2.1427 -1.5789 1.7697 0.0025
60 Nd (M1-L3) 1.575 - 6.208 9.8465 -2.5065 -0.0492 0.0182 0.0122
60 Nd (L3-L2) 6.208 - 6.722 4.0361 2.1000 1.0099 -0.8185 0.0502
60 Nd (L2-L1) 6.722 - 7.126 4.4545 2.0763 0.6939 -0.6592 0.0237
60 Nd (L1-Z) 7.126 - 20.000 11.8737 -2.8396 0.0256 0.0004 0.0034
60 Nd (Z-K) 20.000 - 43.569 12.3547 -3.1421 0.0700 0.0014 0.0235
60 Nd (K-E) 43.569 - 150.000 14.5998 -3.0371 -0.0294 0.0102 0.0765

61 Pm (A-M5) 1.000 - 1.027 7.9456 -2.5779 -0.8929 1.4862 0.0006
61 Pm (M5-M4) 1.027 - 1.052 9.1l21 -1.1433 -19.1893 1.9954 0.0122
61 Pm (M4-M3) 1.052 - 1.357 9.5374 -2.4090 -0.9640 1.7894 0.0064
61 Pm (M3-M2) 1.357 - 1.471 9.4237 -0.9347 -1.7579 -1.1562 0.0214
61 Pm (M2-M1) 1.471 - 1.650 9.6629 -1.9700 -0.3162 -0.4551 0.0106
61 Pm (M1-L3) 1.650 - 6.459 9.8827 -2.4608 -0.0943 0.0308 0.0162
61 Pm (L3-L2) 6.459 - 7.013 3.9098 2.2622 0.8218 -0.7399 0.0513
61 Pm (L2-L1) 7.013 - 7.428 5.1210 2.1069 0.0720 -0.4328 0.0183
61 Pm (L1Z) 7.428 - 20.000 12.3990 -3.4150 0.2513 -0.0285 0.0227
61 Pm (Z-K) 20.000 - 45.185 9.8314 -0.9552 -0.5445 0.0585 0.0207
61 Pm (K-E) 45.185 - 150.000 9.0332 0.8800 -0.9336 0.0792 0.0071

62 Sm (A-M5) 1.000 - 1.080 7.9890 -2.5513 0.1692 -1.4509 0.0001
62 Sm (M5-M4) 1.080 - 1.106 9.1157 -1.0361 -8.8759 -0.2525 0.0053
62 Sm (M4-M3) 1.106 - 1.420 9.5736 -2.3346 -1.1343 1.6798 0.0047
62 Sm (M3-M2) 1.420 - 1.541 9.3232 -0.4697 -1.7818 -1.5837 0.0113
62 Sm (M2-M1) 1.541 - 1.723 9.1099 0.3375 -2.1798 -1.1442 0.0498
62 Sm (M1-L3) 1.723 - 6.716 9.9472 -2.5252 -0.0326 0.0136 0.0073
62 Sm (L3-L2) 6.716 - 7.312 4.1253 1.4228 1.4286 -0.8520 0.0523
62 Sm (L2-L1) 7.312 - 7.737 4.7163 1.4542 1.0376 -0.6955 0.0206
62 Sm (L1-Z) 7.737 - 20.000 13.4511 -4.6790 0.7756 -0.1002 0.0445
62 Sm (Z-K) 20.000 - 46.835 11.7341 -2.5341 -0.1006 0.0171 0.0093
62 Sm (K-E) 46.835 - 150.000 14.5273 -2.8798 -0.0741 0.0140 0.0374

63 Eu (A-M5) 1.000 - 1.131 8.0839 -2.5651 0.1530 -0.8281 0.0002
63 Eu (M5-M4) 1.131 - 1.161 9.1440 -0.8965 -6.9778 1.8816 0.0047
63 Eu (M4-M3) 1.161 - 1.481 9.6221 -2.2148 -1.3673 1.6716 0.0053
63 Eu (M3-M1) 1.481 - 1.614 9.0206 0.8131 -2.6472 -1.8309 0.0427
63 Eu (M2-M1) 1.164 - 1.800 9.0117 0.3294 -1.1522 -1.9549 0.0566
63 Eu (M1-L3) 1.800 - 6.977 10.2478 -3.1928 0.5164 -0.1278 0.0701
63 Eu (L3-L2) 6.977 - 7.617 4.4416 1.7009 0.7827 -0.6308 0.0510
63 Eu (L2-L1) 7.617 - 8.052 5.4785 1.4737 0.3263 -0.4353 0.0096
63 Eu (L1-Z) 8.052 - 20.000 11.6638 -2.4501 -0.1158 0.0172 0.0009
63 Eu (Z-K) 20.000 - 48.519 11.2837 -2.2085 -0.1612 0.0196 0.0068
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63 Eu (K-E) 48.519 - 150.000 15.4859 -3.4938 0.0638 0.0037 0.0355

64 Gd (A-M5) 1.000 - 1.185 8.1194 -2.5972 0.4712 -1.8537 0.0010
64 Gd (M5-M4) 1.185 - 1.217 9.0485 -0.0817 -6.3660 -1.6010 0.0057
64 Gd (M4-M3) 1.217 - 1.544 9.6304 -2.0529 -1.5667 1.5084 0.0111
64 Gd (M3-M2) 1.544 - 1.688 9.2077 -0.1062 -1.6031 -1.3572 0.0314
64 Gd (M2-M1) 1.688 - 1.881 9.1307 0.4928 -3.1382 0.5763 0.0279
64 Gd (M1-L3) 1.881 - 7.243 10.2597 -3.1106 0.4323 -0.1038 0.0579
64 Gd (L3-L2) 7.243 - 7.930 3.7662 1.5979 1.2934 -0.7726 0.0621
64 Gd (L2-L1) 7.930 - 8.376 4.6610 1.4038 0.8733 -0.5877 0.0310
64 Gd (L1-Z) 8.376 - 30.000 12.2557 -3.0499 0.0931 -0.0066 0.0158
64 Gd (Z-K) 30.000 - 50.239 11.1809 -1.9778 -0.2598 0.0318 0.0156
64 Gd (K-E) 50.239 - 150.000 13.4555 -2.3399 -0.1493 0.0161 0.0462

65 Tb (A-M5) 1.000 - 1.241 8.2012 -2.5064 -0.6517 1.9990 0.0022
65 Tb (M5-M4) 1.241 - 1.275 8.9511 0.5583 -5.9453 -1.8341 0.0059
65 Tb (M4-M3) 1.275 - 1.611 9.6340 -1.7657 -1.9755 1.5488 0.0111
65 Tb (M3-M2) 1.611 - 1.768 9.8144 -2.0677 -0.8421 0.5000 0.0005
65 Tb (M2-M1) 1.7680 - 1.968 8.8869 0.3723 -0.8104 -1.5861 0.0483
65 Tb (M1-L3) 1.968 - 7.514 10.0056 -2.2986 -0.2163 0.0574 0.0221
65 Tb (L3-L2) 7.514 - 8.252 3.6506 2.1018 0.8433 -0.6530 0.0337
65 Tb (L2-L1) 8.252 - 8.708 5.6772 1.0655 0.4668 -0.4217 0.0072
65 Tb (L1-Z) 8.708 - 30.000 12.5733 -3.3553 0.2091 -0.0210 0.0071
65 Tb (Z-K) 30.000 - 51.996 6.2395 2.1216 -1.3801 0.1338 0.0059
65 Tb (K-E) 51.996 - 150.000 15.4617 -3.3636 0.0228 0.0075 0.0218

66 Dy (A-M5) 1.000 - 1.295 8.2276 -2.0896 -0.3317 0.8606 0.0016
66 Dy (M5-M4) 1.295 - 1.333 8.8333 1.1469 -5.6479 -1.9994 0.0068
66 Dy (M4-M3) 1.333 - 1.676 9.7548 -2.3080 -0.6523 0.5496 0.0012
66 Dy (M3-M2) 1.676 - 1.842 8.8893 0.8264 -1.8052 -1.4236 0.0418
66 Dy (M2-M1) 1.842 - 2.047 8.4057 1.5546 -1.1074 -1.9903 0.0595
66 Dy (M1-L3) 2.047 - 7.790 9.9387 -2.0059 -0.4408 0.1090 0.0622
66 Dy (L3-L2) 7.790 - 8.581 3.3237 1.9619 1.0809 -0.6946 0.0295
66 Dy (L2-L1) 8.581 - 9.046 5.5669 1.4584 0.1338 -0.3370 0.0064
66 Dy (L1-Z) 9.046 - 30.000 13.9082 -4.7605 0.7091 -0.0796 0.0254
66 Dy (Z-K) 30.000 - 53.788 13.9449 -4.1637 0.3347 -0.0220 0.0160
66 Dy (K-E) 53.788 - 150.000 14.6521 -2.7983 -0.1023 0.0166 0.0139

67 Ho (A-M5) 1.000 - 1.351 8.2890 -2.2810 -0.7035 1.5671 0.0037
67 Ho (M5-M4) 1.351 - 1.392 8.9070 0.9942 -6.4900 1.5211 0.0046
67 Ho (M4-M3) 1.392 - 1.741 9.7230 -1.6583 -2.3720 1.9727 0.0094
67 Ho (M3-M2) 1.741 - 1.923 8.9579 0.4733 -1.3468 -1.2943 0.0376
67 Ho (M2-M1) 1.923 - 2.128 8.9211 0.6522 -1.9830 -0.2737 0.0345
67 Ho (M1-L3) 2.128 - 8.071 10.2257 -2.6222 0.0311 -0.0029 0.0070
67 Ho (L3-L2) 8.071 - 8.918 3.1045 1.5514 1.5317 -0.7887 0.0358
67 Ho (L2- L1) 8.918 - 9.394 5.3639 1.3066 0.3698 -0.3898 0.0061
67 Ho (L1-Z) 9.394 - 30.000 8.9539 0.6763 -1.2373 0.1499 0.0444
67 Ho (Z-K) 30.000 - 55.618 8.4957 0.3220 -0.8845 0.0884 0.0018
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Z region energy interval x0 x1 x2 x3 RFQ
[keV]

67 Ho (K-E) 55.618 - 150.000 14.1838 -2.5410 -0.1412 0.0182 0.0166

68 Er (A-M5) 1.000 - 1.409 8.3371 -2.3386 -0.3364 0.6463 0.0028
68 Er (M5-M4) 1.409 - 1.453 8.9223 0.7120 -4.7027 0.0045 0.0049
68 Er (M4-M3) 1.453 - 1.812 9.8312 -2.1944 -0.6519 0.3152 0.0073
68 Er (M3-M2) 1.812 - 2.006 8.9778 0.0335 -0.1572 -1.9056 0.0377
68 Er (M2-M1) 2.006 - 2.207 8.5170 1.3561 -1.5472 -0.9947 0.0382
68 Er (M3-L3) 2.207 - 8.358 10.4162 -2.9019 0.2122 -0.0427 0.0201
68 Er (L3-L2) 8.358 - 9.264 4.6503 1.1506 0.8233 -0.5241 0.0305
68 Er (L2-L1) 9.264 - 9.751 4.9585 1.1055 0.7027 -0.4585 0.0070
68 Er (L1-Z) 9.751 - 30.000 12.9862 -3.6908 0.3340 -0.0361 0.0058
68 Er (Z-K) 30.000 - 57.486 11.7352 -2.3923 -0.1198 0.0168 0.0101
68 Er (K-E) 57.486 - 150.000 14.8398 -2.9161 -0.0651 0.0130 0.0035

69 Tm (A-M5) 1.000 - 1.468 8.3940 -2.4715 -0.0899 0.1571 0.0009
69 Tm (M5-M4) 1.468 - 1.515 8.6800 2.1825 -7.3185 1.9692 0.0053
69 Tm (M4-M3) 1.515 - 1.885 9.6344 -0.8797 -3.0653 1.8233 0.0101
69 Tm (M3-M2) 1.885 - 1.090 8.5982 1.0734 -0.8795 -1.7430 0.0397
69 Tm (M2-M1) 2.090 - 2.307 7.8412 2.3803 -1.0392 -1.7940 0.0572
69 Tm (M1-L3) 2.307 - 8.648 9.8155 -1.4656 -0.7853 0.1777 0.0845
69 Tm (L3-L2) 8.648 - 9.617 3.8583 1.3547 1.0722 -0.6000 0.0364
69 Tm (L2-L1) 9.617 - 10.120 6.1203 1.0690 0.0262 -0.2482 0.0060
69 Tm (L1-Z) 10.120 - 30.000 11.9036 -2.4258 -0.1293 0.0195 0.0048
69 Tm (Z-K) 30.000 - 59.390 11.4639 -2.0542 -0.2306 0.0283 0.0079
69 Tm (K-E) 59.390 - 150.000 12.7282 -1.3950 -0.4204 0.0405 0.0080

70 Yb (A-M5) 1.000 - 1.528 8.4398 -2.6976 0.1815 -0.2992 0.0019
70 Yb (M5-M4) 1.528 - 1.576 8.7215 1.6965 -6.0510 1.6176 0.0042
70 Yb (M4-M3) 1.576 - 1.950 9.7050 -1.1229 -2.5820 1.4993 0.0041
70 Yb (M3-M2) 1.950 - 2.173 8.3881 1.4467 -0.9697 -1.6628 0.0443
70 Yb (M2-M1) 2.173 - 2.398 7.5542 2.8698 -1.3012 -1.6121 0.0571
70 Yb (M1-L3) 2.398 - 8.944 9.8491 -1.4985 -0.7432 0.1648 0.0795
70 Yb (L3-L2) 8.944 - 9.978 3.7058 1.4098 1.0454 -0.5819 0.0382
70 Yb (L2-L1) 9.978 - 10.490 4.7482 1.2419 0.6036 -0.4163 0.0053
70 Yb (L1-Z) 10.490 - 40.000 12.3349 -2.8377 0.0129 0.0031 0.0071
70 Yb (Z-K) 40.000 - 61.332 13.2287 -4.0627 0.4569 -0.0451 0.0449
70 Yb (K-E) 61.332 - 150.000 13.7249 -2.6206 -0.0294 0.0035 0.0594

71 Lu (A-M5) 1.000 - 1.589 8.4881 -2.7298 0.3525 -0.4864 0.0059
71 Lu (M5-M4) 1.589 - 1.639 8.8323 0.4260 -2.2973 -1.0904 0.0041
71 Lu (M4-M3) 1.639 - 2.024 9.7562 -1.2409 -2.1829 1.1799 0.0111
71 Lu (M3-M2) 2.024 - 2.264 8.2814 1.5665 -0.8791 -1.6121 0.0637
71 Lu (M2-M1) 2.264 - 2.491 7.6775 2.0422 -0.1824 -1.9012 0.0519
71 Lu (M1-L3) 2.491 - 9.244 10.0119 -1.7543 -0.5628 0.1236 0.0610
71 Lu (L3-L2) 9.244 - 10.350 3.0380 1.1678 1.5828 -0.7107 0.0448
71 Lu (L2-L1) 10.350 - 10.870 5.3106 1.2262 0.2752 -0.3136 0.0052
71 Lu (L1-Z) 10.870 - 40.000 12.6201 -3.0974 0.1049 -0.0075 0.0138
71 Lu (Z-K) 40.000 - 63.314 14.1783 -3.7707 0.1303 0.0040 0.0146
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Z region energy interval x0 x1 x2 x3 RFQ
[keV]

71 Lu (K-E) 63.314 - 150.000 8.4190 1.5286 -1.0683 0.0881 0.0007

72 Hf (A-M5) 1.000 - 1.662 8.5213 -2.5843 -0.4152 0.5078 0.0082
72 Hf (M5-M4) 1.662 - 1.716 8.4272 1.9602 -3.7797 -0.7100 0.0056
72 Hf (M4-M3) 1.716 - 2.108 9.4864 -0.0434 -3.5986 1.6631 0.0135
72 Hf (M3-M2) 2.108 - 2.365 9.8785 -1.1825 -1.6893 0.6592 0.0015
72 Hf (M2-M1) 2.365 - 2.601 8.0269 1.2064 0.1113 -1.6122 0.0430
72 Hf (M1-L3) 2.601 - 9.561 9.9367 -1.5376 -0.6916 0.1474 0.0643
72 Hf (L3-L2) 9.561 - 10.740 4.2933 1.2074 0.7685 -0.4639 0.0361
72 Hf (L2-L1) 10.740 - 11.270 5.0249 0.8478 0.6998 -0.4008 0.0056
72 Hf (L1-Z) 11.270 - 40.000 12.5993 -3.0169 0.0735 -0.0039 0.0047
72 Hf (Z-K) 40.000 - 65.351 11.8020 -2.1440 -0.2273 0.0294 0.0139
72 Hf (K-E) 65.351 - 150.000 15.5544 -3.3483 0.0364 0.0054 0.0152

73 Ta (A-M5) 1.000 - 1.735 8.5674 -2.6619 -0.1084 0.1571 0.0008
73 Ta (M5-M4) 1.735 - 1.793 8.5264 2.0445 -5.0430 1.1161 0.0038
73 Ta (M4-M3) 1.793 - 2.194 9.7710 -0.9322 -2.4311 1.1562 0.0055
73 Ta (M3-M2) 2.194 - 2.496 7.6417 2.4174 -0.5288 -1.9378 0.0843
73 Ta (M2-M1) 2.469 - 2.708 6.6767 3.5525 -0.4876 -1.9343 0.0569
73 Ta (M1-L3) 2.708 - 9.881 10.3569 -2.2642 -0.2385 0.0543 0.0180
73 Ta (L3-L2) 9.881 - 11.140 3.5809 1.3024 0.9870 -0.5195 0.0702
73 Ta (L2-L1) 11.140 - 11.680 5.3426 1.3754 0.0276 -0.2359 0.0084
73 Ta (L1-Z) 11.680 - 40.000 13.0324 -3.4986 0.2425 -0.0223 0.0319
73 Ta (Z-K) 40.000 - 67.417 6.8629 1.4261 -1.0822 0.0979 0.0146
73 Ta (K-E) 67.417 - 150.000 13.5053 -2.2047 -0.1743 0.0185 0.0312

74 W (A-M5) 1.000 - 1.809 8.5951 -2.5999 -0.0269 0.0411 0.0002
74 W (M5-M4) 1.809 - 1.872 8.3348 1.9062 -3.0862 -0.7454 0.0053
74 W (M4-M3) 1.872 - 2.281 9.4965 -0.1459 -2.9086 1.1123 0.0062
74 W (M3-M2) 2.281 - 2.575 7.5097 2.5824 -0.7720 -1.6262 0.0767
74 W (M2-M1) 2.575 - 2.820 6.9223 2.6003 0.3149 -1.9823 0.0470
74 W (M1-Z) 2.820 - 5.000 10.2358 -1.9098 -0.5082 0.1240 0.0047
74 W (Z-L3) 5.000 - 10.210 10.7006 -2.8514 0.1242 -0.0167 0.0117
74 W (L3-L2) 10.210 - 11.540 5.1408 1.1859 0.2574 -0.3013 0.0580
74 W (L2-L1) 11.540 - 12.100 4.5680 1.2794 0.4989 -0.3537 0.0097
74 W (L1-Z) 12.100 - 40.000 13.3350 -3.6541 0.2798 -0.0261 0.0299
74 W (Z-K) 40.000 - 69.525 9.5662 -0.5331 -0.5958 0.0570 0.0127
74 W (K-E) 69.525 - 150.000 14.8098 -3.2874 0.1169 -0.0058 0.0010

75 Re (A-M5) 1.000 - 1.883 8.6360 -2.6185 0.0768 -0.0639 0.0027
75 Re (M5-M4) 1.883 - 1.949 8.0899 2.1546 -2.5205 -1.1292 0.0062
75 Re (M4-M3) 1.949 - 2.367 9.4851 -0.1904 -2.5576 0.8547 0.0143
75 Re (M3-M2) 2.367 - 2.682 10.2818 -2.2878 -0.3224 0.1218 0.0003
75 Re (M2-M1) 2.682 - 2.932 5.8305 4.3263 -0.2854 -1.9830 0.0567
75 Re (M1-Z) 2.932 - 5.000 9.9206 -1.1033 -1.1145 0.2750 0.0032
75 Re (Z-L3) 5.000 - 10.540 10.8777 -3.0641 0.2318 -0.0340 0.0016
75 Re (L3-L2) 10.540 - 11.960 3.6130 1.6127 0.6357 -0.4207 0.0857
75 Re (L2-L1) 11.960 - 12.530 5.2877 1.1646 0.1786 -0.2515 0.0087
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Z region energy interval x0 x1 x2 x3 RFQ
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75 Re (L1-Z) 12.530 - 40.000 13.7825 -4.0824 0.4223 -0.0414 0.0510
75 Re (Z-K) 40.000 - 71.677 11.3209 -1.7495 -0.3110 0.0351 0.0198
75 Re (K-E) 71.677 - 150.000 10.9239 -0.0358 -0.7232 0.0628 0.0106

76 Os (A-M5) 1.000 - 1.960 8.6700 -2.5858 -0.0045 0.0177 0.0006
76 Os (M5-M4) 1.960 - 2.031 7.9680 1.9268 -1.2519 -1.9996 0.0118
76 Os (M4-M3) 2.031 - 2.457 9.2255 0.3421 -2.6086 0.6568 0.0413
76 Os (M3-M2) 2.457 - 2.792 7.4311 1.9533 0.3656 -1.8192 0.0906
76 Os (M2-M1) 2.792 - 3.049 6.3238 3.6196 -0.6323 -1.4114 0.0409
76 Os (M1-L3) 3.049 - 10.870 11.4828 -4.2004 0.9403 -0.1740 0.0836
76 Os (L3-L2) 10.870 - 12.390 4.0487 0.9898 0.8705 -0.4403 0.0901
76 Os (L2-L1) 12.390 - 12.970 5.4816 1.1543 0.0633 -0.4146 0.0073
76 Os (L1-Z) 12.970 - 40.000 13.0615 -3.3530 0.1865 -0.0160 0.0212
76 Os (Z-K) 40.000 - 73.871 12.1420 -2.3163 -0.1757 0.0243 0.0251
76 Os (K-E) 73.871 - 150.000 13.1369 -1.5944 -0.3558 0.0342 0.0077

77 Ir (A-M5) 1.000 - 2.040 8.7073 -2.4256 -0.4360 0.4002 0.0011
77 Ir (M5-M4) 2.040 - 2.116 7.4683 3.0388 -1.8972 -1.7542 0.0079
77 Ir (M4-M3) 2.116 - 2.551 9.5520 -0.1421 -2.7316 1.0059 0.0067
77 Ir (M3-M2) 2.551 - 2.909 7.1260 2.1426 0.5753 -1.9626 0.0941
77 Ir (M2-M1) 2.909 - 3.174 6.5227 3.3467 -0.8774 -1.0787 0.0383
77 Ir (M1-L3) 3.174 - 11.220 10.6967 -2.6543 0.0144 0.0042 0.0097
77 Ir (L3-L2) 11.220 - 12.820 3.8819 0.9864 0.9201 -0.4461 0.0871
77 Ir (L2-L1) 12.820 - 13.420 5.2535 1.1189 0.1860 -0.2423 0.0072
77 Ir (L1-Z) 13.420 - 40.000 9.8503 -0.2058 -0.8201 0.0904 0.0440
77 Ir (Z-K) 40.000 - 76.111 9.0606 -0.0513 -0.7218 0.0681 0.0274
77 Ir (K-E) 76.111 - 150.000 14.1877 -2.1002 -0.2791 0.0309 0.0178

78 Pt (A-M5) 1.000 - 2.122 8.7428 -2.4546 -0.2198 0.2033 0.0079
78 Pt (M5-M4) 2.122 - 2.202 7.5064 2.5570 -1.0577 -1.9927 0.0172
78 Pt (M4-M3) 2.202 - 2.645 9.6857 -0.3393 -2.5819 0.9769 0.0027
78 Pt (M3-M2) 2.645 - 3.027 9.9743 -0.9938 -1.5567 0.4979 0.0007
78 Pt (M2-M1) 3.027 - 3.296 5.8218 3.6263 0.0646 -1.6094 0.0884
78 Pt (M1-L3) 3.296 - 11.560 10.9199 -2.9406 0.1688 -0.0253 0.0459
78 Pt (L3-L2) 11.560 - 13.270 7.7858 -1.2287 0.7749 -0.2813 0.0570
78 Pt (L2-L1) 13.270 - 13.880 5.6050 0.8743 0.1828 -0.2215 0.0070
78 Pt (L1-Z) 13.880 - 40.000 12.3408 -2.5866 -0.0561 0.0093 0.0088
78 Pt (Z-K) 40.000 - 78.395 10.1108 -0.7947 -0.5409 0.0534 0.0222
78 Pt (K-E) 78.395 - 150.000 18.6026 -4.2330 0.0340 0.0184 0.0356

79 Au (A-M5) 1.000 - 2.206 8.7627 -2.4581 -0.0132 0.0240 0.0001
79 Au (M5-M4) 2.206 - 2.291 7.3864 2.3266 -0.5924 -1.9979 0.0173
79 Au (M4-M3) 2.291 - 2.743 8.1960 3.6777 -6.0933 1.9549 0.0504
79 Au (M3-M2) 2.743 - 3.148 9.8010 -0.6735 -1.7473 0.5383 0.0006
79 Au (M2-M1) 3.148 - 3.425 6.0567 2.5110 1.0666 -1.7936 0.0843
79 Au (M1-L3) 3.425 - 11.920 10.7303 -2.6474 0.0313 0.0002 0.0101
79 Au (L3-L2) 11.920 - 13.730 7.9872 -1.3658 0.7495 -0.2616 0.0555
79 Au (L2-L1) 13.730 - 14.350 5.5844 1.0368 0.0316 -0.1856 0.0062
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Z region energy interval x0 x1 x2 x3 RFQ
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79 Au (L1-Z) 14.350 - 40.000 13.6639 -3.8695 0.3553 -0.0336 0.0318
79 Au (Z-K) 40.000 - 80.725 13.2048 -3.0630 0.0168 0.0081 0.0166
79 Au (K-E) 80.725 - 150.000 14.4173 -3.1183 0.1017 -0.0070 0.0018

80 Hg (A-M5) 1.000 - 2.295 8.8180 -2.4450 -0.0449 0.0413 0.0004
80 Hg (M5-M4) 2.295 - 2.385 7.5778 1.7129 -0.2039 -1.8122 0.0159
80 Hg (M4-M3) 2.385 - 2.847 8.8752 2.1401 -4.9395 1.7l39 0.0042
80 Hg (M3-M2) 2.847 - 3.279 9.0320 -0.5169 -0.0463 -0.5190 0.0774
80 Hg (M2-M1) 3.279 - 3.562 5.1647 3.3511 1.2501 -1.9880 0.0926
80 Hg (M1-L3) 3.562 - 12.280 10.1549 -1.5785 -0.5602 0.1041 0.0826
80 Hg (L3-L2) 12.280 - 14.210 4.3910 0.9309 0.5922 -0.3331 0.0940
80 Hg (L2-L1) 14.210 - 14.840 5.7522 0.9882 -0.0241 -0.1641 0.0056
80 Hg (L1-Z) 14.840 - 40.000 13.3851 -3.5353 0.2448 -0.0218 0.0135
80 Hg (Z-K) 40.000 - 83.103 14.5749 -4.0551 0.2655 -0.0129 0.0158
80 Hg (K-E) 83.103 - 150.000 10.1597 0.2525 -0.7143 0.0567 0.0292

81 Tl (A-M5) 1.000 - 2.389 8.8514 -2.4356 0.0166 -0.0041 0.0001
81 Tl (M5-M4) 2.389 - 2.485 8.1298 1.3354 -1.7138 -0.3031 0.0089
81 Tl (M4-M3) 2.485 - 2.957 9.2124 0.7781 -3.1143 1.0019 0.0120
81 Tl (M3-M2) 2.957 - 3.416 9.0353 1.4133 -3.4387 0.9872 0.0031
81 Tl (M2-M1) 3.416 - 3.704 5.3967 2.8085 1.3429 -1.8179 0.0812
81 Tl (M1-L3) 3.704 - 12.660 10.7305 -2.5116 -0.0447 0.0120 0.0096
81 Tl (L3-L2) 12.660 - 14.700 7.9422 -1.3945 0.7661 -0.2567 0.0618
81 Tl (L2-L1) 14.700 - 15.350 5.1800 1.0977 0.1062 -0.1969 0.0012
81 Tl (L1-Z) 15.350 - 50.000 13.0091 -3.1289 0.1083 -0.0065 0.0229
81 Tl (Z-K) 50.000 - 85.531 10.8688 -1.1900 -0.4625 0.0485 0.0045
81 Tl (K-E) 85.531 - 150.000 14.1531 -2.0711 -0.2669 0.0285 0.0401

82 Pb (A-M5) 1.000 - 2.484 8.8831 -2.4199 -0.0103 0.0147 0.0002
82 Pb (M5-M4) 2.484 - 2.586 6.5124 3.5770 -1.0610 -1.6053 0.0199
82 Pb (M4-M3) 2.586 - 3.066 8.5834 1.4163 -2.5067 0.3662 0.0692
82 Pb (M3-M2) 3.066 - 3.554 10.1077 -1.6121 -0.5666 0.0946 0.0110
82 Pb (M2-M1) 3.554 - 3.851 4.4274 3.6184 1.5364 -1.9864 0.0896
82 Pb (M1-L3) 3.851 - 13.040 10.8552 -2.6676 0.0428 -0.0033 0.0182
82 Pb (L3-L2) 13.040 - 15.200 4.2254 0.9844 0.5749 -0.3195 0.0863
82 Pb (L2-L1) 15.200 - 15.860 4.7628 1.1163 0.2552 -0.2300 0.0066
82 Pb (L1-Z) 15.860 - 50.000 16.0619 -5.1840 0.8946 -0.0846 0.0613
82 Pb (Z-K) 50.000 - 88.005 11.3867 -1.9259 -0.1904 0.0187 0.0529
82 Pb (K-E) 88.005 - 150.000 17.0377 -5.0123 0.5601 -0.0421 0.0266

83 Bi (A-M5) 1.000 - 2.580 8.9370 -2.3919 -0.0269 0.0261 0.0016
83 Bi (M5-M4) 2.580 - 2.688 6.8200 3.0449 -1.2698 -1.1118 0.0168
83 Bi (M4-M3) 2.688 - 3.177 9.7299 -0.5657 -1.8310 0.5621 0.0042
83 Bi (M3-M2) 3.177 - 3.696 10.5567 -2.3821 -0.1438 0.0385 0.0001
83 Bi (M2-M1) 3.696 - 3.999 5.4331 2.1121 1.8302 -1.7673 0.0733
83 Bi (M1-L3) 3.999 - 13.420 11.2679 -3.2649 0.3513 -0.0550 0.0561
83 Bi (L3-L2) 13.420 - 15.710 6.8805 0.1985 -0.0250 -0.1251 0.0648
83 Bi (L2-L1) 15.710 - 16.390 5.0070 0.8437 0.2997 -0.2226 0.0062



904 11 Fit Parameters for the Calculation of Mass Attenuation Coefficients

Z region energy interval x0 x1 x2 x3 RFQ
[keV]

83 Bi (L1-Z) 16.390 - 50.000 12.7042 -2.8675 0.0476 -0.0016 0.0172
83 Bi (Z-K) 50.000 - 90.526 15.8718 -4.8038 0.4169 -0.0224 0.0036
83 Bi (K-E) 90.526 - 150.000 12.6776 -1.4380 -0.3252 0.0273 0.0227

84 Po (A-M5) 1.000 - 2.683 8.9836 -2.3304 -0.0774 0.0571 0.0021
84 Po (M5-M4) 2.683 - 2.798 6.4388 2.7821 0.1798 -1.8733 0.0050
84 Po (M4-M3) 2.798 - 3.302 6.3298 2.6131 0.8639 -1.9215 0.0842
84 Po (M3-M2) 3.302 - 3.854 18.0493 3.2895 -8.9704 0.4205 0.0904
84 Po (M2-M1) 3.854 - 4.149 5.0547 2.7873 1.2276 -1.5240 0.0133
84 Po (M1-L3) 4.149 - 13.810 11.5715 -3.6496 0.5337 -0.0831 0.0204
84 Po (L3-L2) 13.810 - 16.240 3.2953 1.3728 0.5820 -0.3264 0.0602
84 Po (L2-L1) 16.240 - 16.940 6.1859 0.8442 -0.1633 -0.1090 0.0019
84 Po (L1-Z) 16.940 - 50.000 12.6968 -2.8050 0.0243 0.0009 0.0097
84 Po (Z-K) 50.000 - 93.105 11.6249 -1.7412 -0.3100 0.0348 0.0029
84 Po (K-E) 93.105 - 150.000 17.5452 -4.3004 0.2309 -0.0080 0.0175

85 At (A-N1) 1.000 - 1.042 9.0052 -2.4319 0.0839 0.0536 0.0001
85 At (N1-M5) 1.042 - 2.787 9.1031 -2.4720 0.0696 -0.0278 0.0010
85 At (M5-M4) 2.787 - 2.909 6.1181 2.9948 0.3974 -1.9476 0.0053
85 At (M4-M3) 2.909 - 3.426 5.4753 4.2409 -0.2804 -1.5574 0.0745
85 At (M3-M2) 3.426 - 4.008 5.2814 2.4683 1.8618 -1.9232 0.0681
85 At (M2-M1) 4.008 - 4.317 3.9462 3.6625 1.4370 -1.6991 0.0164
85 At (M1-L3) 4.317 - 14.210 11.2186 -3.0176 0.2095 -0.0290 0.0088
85 At (L3-L2) 14.210 - 16.780 3.1554 0.9114 0.9424 -0.3872 0.0667
85 At (L2-L1) 16.780 - 17.490 4.9529 0.9565 0.2054 -0.1967 0.0026
85 At (L1-Z) 17.490 - 50.000 12.8751 -2.9089 0.0511 -0.0013 0.0043
85 At (Z-K) 50.000 - 95.730 8.3958 0.5414 -0.8388 0.0756 0.0039
85 At (K-E) 95.730 - 150.000 17.6643 -4.0904 0.1335 0.0025 0.0255

86 Rn (A-N1) 1.000 - 1.097 9.0242 -2.4372 -0.2767 2.0000 0.0002
86 Rn (N1-M5) 1.097 - 2.892 9.1150 -2.4068 -0.0812 0.0501 0.0005
86 Rn (M5-M4) 2.892 - 3.022 6.0427 2.6401 0.8134 -1.9719 0.0055
86 Rn (M4-M3) 3.022 - 3.538 5.5959 3.3291 0.6270 -1.7487 0.0771
86 Rn (M3-M2) 3.538 - 4.159 5.5988 2.0205 1.6971 -1.6879 0.0663
86 Rn (M2-M1) 4.159 - 4.482 4.5574 3.2139 0.8626 -1.2919 0.0149
86 Rn (M1-L3) 4.482 - 14.620 11.3462 -3.2083 0.2953 -0.0415 0.0115
86 Rn (L3-L2) 14.620 - 17.340 2.7433 0.9855 0.9933 -0.3961 0.0598
86 Rn (L2-L1) 17.340 - 18.050 5.5441 0.9l24 -0.0160 -0.1396 0.0022
86 Rn (L1-Z) 18.050 - 50.000 12.5728 -2.6768 -0.0087 0.0037 0.0059
86 Rn (Z-K) 50.000 - 98.404 8.9563 0.1030 -0.7255 0.0657 0.0089
86 Rn (K-E) 98.404 - 150.000 17.9733 -4.1920 0.1337 0.0039 0.0306

87 Fr (A-N1) 1.000 - 1.153 9.0830 -2.4278 -0.4277 1.9492 0.0006
87 Fr (N1-M5) 1.153 - 3.000 9.1709 -2.3793 -0.0925 0.0526 0.0019
87 Fr (M5-M4) 3.000 - 3.136 6.0927 2.5681 0.5391 -1.6778 0.0056
87 Fr (M4-M3) 3.136 - 3.663 5.4196 3.0245 1.2201 -1.9123 0.0775
87 Fr (M3-M2) 3.663 - 4.327 4.9705 2.4495 1.8119 -1.7417 0.0824
87 Fr (M2-M1) 4.327 - 4.652 3.9973 2.3753 2.5125 -1.8409 0.0168
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Z region energy interval x0 x1 x2 x3 RFQ
[keV]

87 Fr (M1-L3) 4.652 - 15.030 10.8178 -2.3790 -0.1028 0.0216 0.0072
87 Fr (L3-L2) 15.030 - 17.910 3.2763 0.8609 0.8474 -0.3506 0.0715
87 Fr (L2-L1) 17.910 - 18.640 5.2366 1.1380 -0.0720 -0.1329 0.0022
87 Fr (L1-Z) 18.640 - 50.000 13.2895 -3.2107 0.1280 -0.0076 0.0093
87 Fr (Z-K) 50.000 - 101.137 15.1037 -4.1785 0.2731 -0.0117 0.0049
87 Fr (K-E) 101.137 - 150.000 12.2880 -3.7350 0.6815 -0.0782 0.0773

88 Ra (A-N2) 1.000 - 1.058 9.0632 -2.4649 0.1006 -1.0430 0.0000
88 Ra (N2-N1) 1.058 - 1.208 9.1561 -2.3977 -0.7471 1.9598 0.0005
88 Ra (N1-M5) 1.208 - 3.105 9.2308 -2.2921 -0.3513 0.1919 0.0120
88 Ra (M5-M4) 3.105 - 3.248 5.4458 2.9809 1.0240 -1.9631 0.0065
88 Ra (M4-M2) 3.248 - 3.792 4.9417 3.4502 1.1808 -1.8899 0.0791
88 Ra (M3-M2) 3.792 - 4.490 3.5257 3.7050 1.9703 -1.9566 0.0944
88 Ra (M2-M1) 4.490 - 4.822 3.4963 3.0460 2.0582 -1.6809 0.0161
88 Ra (M1-L3) 4.822 - 15.440 10.6674 -2.1265 -0.2163 0.0382 0.0023
88 Ra (L3-L2) 15.440 - 18.480 4.4475 0.7919 0.4184 -0.2405 0.0582
88 Ra (L2-L1) 18.480 - 19.240 5.8144 0.8504 -0.1101 -0.1080 0.0019
88 Ra (L1-Z) 19.240 - 50.000 14.4841 -4.2441 0.4328 -0.0374 0.0053
88 Ra (Z-K) 50.000 - 103.922 7.0634 1.5549 -1.0813 0.0946 0.0078
88 Ra (K-E) 103.922 - 150.000 13.8481 -3.5601 0.4086 -0.0429 0.0317

89 Ac (A-N2) 1.000 - 1.080 9.1675 -2.5324 -0.1460 1.2882 0.0001
89 Ac (N2-N1) 1.080 - 1.269 9.2557 -2.3762 -0.9460 1.9872 0.0008
89 Ac (N1-M5) 1.269 - 3.219 9.5836 -2.0851 -0.7356 0.3613 0.0215
89 Ac (M5-M4) 3.219 - 3.370 5.1124 3.2877 1.0103 -1.9440 0.0063
89 Ac (M4-M3) 3.370 - 3.909 3.5064 5.2927 0.7410 -1.9651 0.0771
89 Ac (M3-M2) 3.909 - 4.656 3.9707 3.7128 2.1539 -1.9858 0.0898
89 Ac (M2-M1) 4.656 - 5.002 4.5660 1.8007 2.1285 -1.4849 0.0112
89 Ac (M1-L3) 5.002 - 15.870 11.9028 -3.8585 0.6012 -0.0877 0.0296
89 Ac (L3-L2) 15.870 - 19.080 1.6025 1.2623 1.1298 -0.4231 0.0859
89 Ac (L2-L1) 19.080 - 19.840 4.3149 0.8091 0.4361 -0.2284 0.0024
89 Ac (L1-Z) 19.840 - 50.000 12.6134 -2.6429 -0.0090 0.0028 0.0048
89 Ac (Z-K) 50.000 - 106.755 12.3829 -2.2208 -0.1827 0.0234 0.0064
89 Ac (K-E) 106.755 - 150.000 18.7491 -4.0299 -0.0260 0.0240 0.0372

90 Th (A-N2) 1.000 - 1.168 9.1745 -2.5644 0.0412 -0.1713 0.0001
90 Th (N2-N1) 1.168 - 1.330 9.2535 -2.3967 -0.3168 -0.0718 0.0034
90 Th (N1-M5) 1.330 - 3.332 9.1820 -1.5537 -1.5583 0.7260 0.0493
90 Th (M5-M4) 3.332 - 3.491 5.0926 3.7532 -0.1316 -1.3248 0.0121
90 Th (M4-M3) 3.491 - 4.046 8.5703 1.9926 -3.4207 0.8590 0.0028
90 Th (M3-M2) 4.046 - 4.830 8.7286 -1.5768 1.4753 -0.8096 0.0742
90 Th (M2-M1) 4.830 - 5.182 4.7568 2.3052 1.0399 -1.0561 0.0181
90 Th (M1-L3) 5.182 - 16.300 8.8568 0.4149 -1.3780 0.2117 0.0559
90 Th (L3-L2) 16.300 - 19.690 3.3392 0.697 1.0533 -0.3628 0.0827
90 Th (L2-L1) 19.690 - 20.470 4.4448 0.7388 0.3801 -0.2077 0.0034
90 Th (L1-Z) 20.470 - 60.000 14.4006 -4.1120 0.3821 -0.0316 0.0062
90 Th (Z-K) 60.000 - 109.651 14.032 -3.1320 -0.0287 0.0156 0.0076
90 Th (K-E) 109.671 - 150.000 3.2554 0.2486 0.1526 -0.0596 0.0775
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Z region energy interval x0 x1 x2 x3 RFQ
[keV]

91 Pa (A-N3) 1.000 - 1.007 9.2114 -2.6287 -1.6485 1.4556 0.0001
91 Pa (N3-N2) 1.007 - 1.224 9.3063 -2.5049 -0.6161 1.8790 0.0016
91 Pa (N2-N1) 1.224 - 1.387 9.3127 -1.7001 -2.4198 2.0000 0.0072
91 Pa (N1)-M5) 1.387 - 3.442 9.3134 -1.6808 -1.2178 0.5251 0.0422
91 Pa (M5-M4) 3.442 - 3.611 5.7215 2.0966 1.2750 -1.6564 0.0127
91 Pa (M4-M3) 3.611 - 4.174 8.3896 -0.5017 0.7361 -0.7328 0.0512
91 Pa (M3-M2) 4.174 - 5.001 8.7013 1.6679 -2.7375 0.5929 0.0023
91 Pa (M2-M1) 5.001 - 5.367 3.5604 3.4532 0.9311 -1.1205 0.0255
91 Pa (M1-L3) 5.367 - 16.730 11.3747 -2.9608 0.1657 -0.0193 0.0074
91 Pa (L3-L2) 16.730 - 20.310 3.6406 0.4908 0.8603 -0.3187 0.0670
91 Pa (L2-L1) 20.310 - 21.100 5.5294 0.6823 0.0665 -0.1332 0.0018
91 Pa (L1-Z) 21.000 - 60.000 12.9583 -2.7945 0.0119 0.0028 0.0057
91 Pa (Z-K) 60.000 - 112.601 10.1596 -0.5984 -0.5624 0.0528 0.0004
91 Pa (K-E) 112.601 - 150.000 2.2338 0.2668 0.3174 -0.0840 0.0829

92 U (A-N3) 1.000 - 1.045 9.5470 -2.5807 0.1166 -1.8471 0.0000
92 U (N3-N2) 1.045 - 1.273 9.3417 -2.5432 0.0071 -0.0178 0.0000
92 U (N2-N1) 1.273 - 1.441 9.3188 -1.5582 -2.4428 1.7206 0.0069
92 U (N1-M5) 1.441 - 3.552 9.4051 -1.9333 -0.8273 0.3508 0.0259
92 U (M5-M4) 3.552 - 3.728 5.4039 2.3579 1.1532 -1.5713 0.0118
92 U (M4-M3) 3.728 - 4.303 5.7876 6.8471 -5.9127 1.2137 0.0255
92 U (M3-M2) 4.303 - 5.182 9.7225 -0.5194 -1.2004 0.2364 0.0022
92 U (M2-M1) 5.182 - 5.548 3.8366 2.4499 1.6154 -1.2295 0.0217
92 U (M1-L3) 5.548 - 17.170 10.6134 -1.9518 -0.2748 0.0444 0.0139
92 U (L3-L2) 17.170 - 20.950 2.6254 1.0995 0.7710 -0.3186 0.0766
92 U (L2-L1) 20.950 - 21.760 4.9207 0.5395 0.3513 -0.1897 0.0025
92 U (L1-Z) 21.760 - 60.000 12.3788 -2.3008 -0.1282 0.0162 0.0043
92 U (Z-K) 60.000 - 115.606 11.8025 -2.2610 -0.0595 0.0054 0.0510
92 U (K-E) 115.606 - 150.000 1.3964 0.1975 0.4216 -0.0956 0.0671

93 Np (A-N3) 1.000 - 1.087 9.2730 -2.4764 0.2425 -1.9341 0.0001
93 Np (N3-N2) 1.087 - 1.328 9.3640 -2.3908 -0.4263 0.7644 0.0007
93 Np (N2-N1) 1.328 - 1.501 9.2907 -1.3789 -1.9384 0.7984 0.0092
93 Np (N1-M5) 1.501 - 3.666 9.8943 -1.3652 -1.3703 0.5310 0.0562
93 Np (M5-M4) 3.666 - 3.850 5.0613 3.1982 0.3872 -1.2914 0.0063
93 Np (M4-M3) 3.850 - 4.435 4.2490 2.9176 1.9994 -1.8432 0.0584
93 Np (M3-M2) 4.450 - 5.366 4.6045 2.2281 1.5497 -1.2855 0.0888
93 Np (M2-M1) 5.366 - 5.723 3.6366 2.2623 1.9554 -1.3106 0.0l10
93 Np (M1-L3) 5.723 - 17.610 12.2157 -4.0102 0.6311 -0.0876 0.0151
93 Np (L3-L2) 17.610 - 21.600 4.3965 0.8191 0.3394 -0.2068 0.0661
93 Np (L2-L1) 21.600 - 22.430 4.8l15 0.7126 0.2654 -0.1742 0.0021
93 Np (L1) -Z) 22.430 - 60.000 13.6235 -3.2826 0.1455 -0.0096 0.0052
93 Np (Z-K) 60.000 - 118.678 12.7094 -2.3155 -0.1656 0.0220 0.0117
93 Np (K-E) 118.678 - 150.000 2.1165 0.3549 0.2849 -0.0796 0.0537

94 Pu (A-N3) 1.000 - 1.115 9.2737 -2.4060 0.3346 -1.7145 0.0004
94 Pu (N3-N2) 1.l15 - 1.372 9.3648 -2.3354 -0.1797 0.2825 0.0003
94 Pu (N2-N1) 1.372 - 1.559 9.2698 -1.2279 -1.9715 0.7776 0.0122
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Z region energy interval x0 x1 x2 x3 RFQ
[keV]

94 Pu (N1-M5) 1.559 - 3.778 9.3546 -1.5567 -1.0173 0.3923 0.0404
94 Pu (M5-M4) 3.778 - 3.973 4.7611 2.5478 1.6490 -1.7353 0.0076
94 Pu (M4-M3) 3.973 - 4.557 3.0704 3.9887 2.0397 -1.9824 0.0600
94 Pu (M3-M2) 4.557 - 5.541 3.7786 3.1475 1.2162 -1.2289 0.0997
94 Pu (M2-M1) 5.541 - 5.933 4.5288 2.0840 1.0985 -0.9236 0.0097
94 Pu (M1-L3) 5.933 - 18.060 10.8522 -2.1104 -0.2224 0.0377 0.0037
94 Pu (L3-L2) 18.060 - 22.270 3.6184 1.0461 0.4187 -0.2288 0.0855
94 Pu (L2-L1) 22.270 - 23.100 3.8336 1.0191 0.3533 -0.2009 0.0023
94 Pu (L1-Z) 23.100 - 60.000 2.9682 5.6257 -2.3200 0.2167 0.0405
94 Pu (Z-K) 60.000 - 121.818 14.1820 -3.2943 0.0538 0.0056 0.0057
94 Pu (K-E) 121.818 - 150.000 2.4739 0.1807 0.2651 -0.0719 0.0381



12 Atomic Weights and Isotope Masses

The symbols used in the following table have the
meaning:

w Elements for which the variation of the isotopic
abundance in conventional material probes make
worse a precise determinationof the atomic mass,
i.e. the value forA is valid only for arbitrary "nor-
mal" probes.

x Elements for which geological probes with
anomalous isotopic abundance are known.

y Elements for which a variation of the isotopic
abuncances is known for commercial probes

z Elements for which the isotopic abundance can
be spezified for the longest lived isotops.

∗ Characterization of the longest lived isotops

The atomic weights relate to 1
12 m(12C) = 1 amu =

1.660 5.38 86 (28) · 10−27 kg = 931.50 MeV

Used references:

[222]
[441]

Z symbol element A[amu] symbol and isotope
mass number mass [amu]
of the isotope

0 n neutron - - 1.00866

1 H hydrogen 1.0079w 1H hydrogen 1.007825
2H deuterium 2.01410
3H tritium 3.01605

2 He helium 4.00260x 3He helium-3 3.01603
4He helium-4 4.00260

3 Li lithium 6.941w,x,y 6Li 6.01512
7Li 7.01600

4 Be beryllium 9.01218 9Be 9.01218

5 B boron 10.811w,y 10B 10.0129
11B 11.0093

6 C carbon 12.01115w 12C 12
13C 13.00335

7 N nitrogen 14.0067 14N 14.00307
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Z symbol element A[amu] symbol and isotope
mass number mass [amu]
of the isotope

15N 15.00011

8 O oxygen 15.9994w 16O 15.99491
17O 16.99913
18O 17.99916

9 F fluorine 18.998403 19F 18.99840

10 Ne neon 20.179y 20Ne 19.99244
22Ne 21.99138

11 Na sodium 22.98977 23Na 22.98977

12 Mg magnesium 24.305x 24Mg 23.9850
25Mg 24.9858
26Mg 25.9826

13 Al aluminium 26.98154 27Al 26.9815

14 Si silicon 28.0855 28Si 27.9769
29Si 28.9765

15 P phosphorus 30.97376 31P 30.97376

16 S sulphur 32.064w 32S 31.9721
34S 33.9679

17 Cl chlorine 35.453 35Cl 34.9689
37Cl 36.9659

18 Ar argon 39.948w,x 36Ar 35.9675
40Ar 39.9624

19 K potassium 39.0983 39K 38.9637
41K 40.9618

20 Ca calcium 40.08x 40Ca 39.9626
42Ca 41.9586
44Ca 43.9555

21 Sc scandium 44.9559 45Sc 44.95591

22 Ti titanium 47.9 48Ti 47.94795

23 V vanadium 50.9415 51V 50.94396

24 Cr chromium 51.996 52Cr 51.9405
53Cr 52.9407

25 Mn manganese 54.9380 55Mn 54.93805

26 Fe iron 55.847 54Fe 53.9396
56Fe 55.9349
57Fe 56.9354

27 Co cobalt 58.9332 59Co 58.03320

28 Ni nickel 58.70 58Ni 57.9353
60Ni 59.9308

29 Cu copper 63.546w 63Cu 62.9296
65Cu 64.9278

30 Zn zinc 65.37 64Zn 63.9291
66Zn 65.9260
68Zn 67.9248
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Z symbol element A[amu] symbol and isotope
mass number mass [amu]
of the isotope

31 Ga gallium 69.72 69Ga 68.9256
71Ga 70.9247

32 Ge germanium 72.59 70Ge 69.9242
72Ge 71.9221
74Ge 73.9212

33 As arsenic 74.9216 75As 74.92160

34 Se selenium 78.96 78Se 77.9173
80Se 79.9165

35 Br bromine 79.904 79Br 78.9183
81Br 80.9163

36 Kr krypton 83.80x,y 82Kr 81.9135
83Kr 82.9141
84Kr 83.9115
85Kr 84.9125

37 Rb rubidium 85.467x 85Rb 84.9118
87Rb 86.9092

38 Sr strontium 87.62x 86Sr 85.9093
87Sr 86.9089
88Sr 87.9056

39 Y yttrium 88.9059 89Y 88.90586

40 Zr zirconium 91.22x 90Zr 89.9047
91Zr 90.9056
94Zr 93.9063

41 Nb niobium 92.9064 93Nb 92.90638
42 Mo molybdenum 95.94 92Mo 91.9068

95Mo 94.9058
96Mo 95.9047
98Mo 97.9054

43 Tc technetium [97] 97Tc* 96.9064
98Tc* 97.9072
99Tc* 98.9062

44 Ru ruthenium 101.07x 101Ru 100.9056
102Ru 101.9043
104Ru 103.9054

45 Rh rhodium 102.9055 103Rh 102.90550

46 Pd palladium 106.4x 104Pd 103.9040
105Pd 104.9051
106Pd 105.9035
108Pd 107.9039
110Pd 109.9052

47 Ag silver 107.868x 107Ag 106.9051
109Ag 108.9048

48 Cd cadmium 112.41x 112Cd 111.9028
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Z symbol element A[amu] symbol and isotope
mass number mass [amu]
of the isotope

114Cd 113.9034

49 In indium 114.82x 113In 112.9041
115In 114.9039

50 Sn tin 118.69 116Sn 115.9017
118Sn 117.9016
120Sn 119.9022

51 Sb antimony 121.75 121Sb 120.9038
123Sb 122.9042

52 Te tellurium 127.6x 126Te 125.9033
128Te 127.9045
130Te 129.9062

53 I iodine 126.9045 127I 126.90448

54 Xe xenon 131.30x,y 129Xe 128.9048
131Xe 130.9051
132Xe 131.9041

55 Cs caesium 132.9054 133Cs 132.90543

56 Ba barium 137.33x 137Ba 136.9058
138Ba 137.9052

57 La lanthanium 138.9055x 139La 138.90636

58 Ce cerium 140.12x 140Ce 139.9054
142Ce 141.9092

59 Pr praseodymium 140.9077 141Pr 140.90766

60 Nd neodymium 144.24x 142Nd 141.9071
143Nd 142.9098
144Nd 143.9101
146Nd 145.9131

61 Pm promethium [145] 145Pm* 144.9145
146Pm* 145.9175
147Pm* 146.9190

62 Sm samarium 150.4x 147Sm 146.9149
148Sm 147.9148
149Sm 148.9172
152Sm 151.9197
154Sm 153.9222

63 Eu europium 151.96x 151Eu 150.937
153Eu 152.935

64 Gd gadolinium 157.25x 155Gd 154.9226
156Gd 155.9221
157Gd 156.9240
158Gd 157.9241
160Gd 159.9271

65 Tb terbium 158.9254 159Tb 158.92535

66 Dy dysprosium 162.5 161Dy 160.9269
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Z symbol element A[amu] symbol and isotope
mass number mass [amu]
of the isotope

162Dy 161.9268
163Dy 162.9287
164Dy 163.9292

67 Ho holmium 164.9304 165Ho 164.93033

68 Er erbium 167.26 166Er 165.9303
167Er 166.9321
168Er 167.9324
170Er 169.9355

69 Tm thulium 168.9342 169Tm 168.93425

70 Yb ytterbium 173.04 171Yb 170.9363
172Yb 171.9364
173Yb 172.9389
174Yb 173.9389
176Yb 175.9426

71 Lu lutetium 174.967 175Lu 174.9408
176Lu 175.9427

72 Hf hafnium 178.49 177Hf 176.9432
178Hf 177.9437
179Hf 178.9458
180Hf 179.9466

73 Ta tantalum 180.9479 181Ta 180.94801

74 W tungsten 183.85 182W 181.9482
183W 182.9502
184W 183.9510
186W 185.9544

75 Re rhenium 186.2 185Re 184.9530
187Re 186.9558

76 Os osmium 190.2x 188Os 187.9559
189Os 188.9582
190Os 189.9585
192Os 191.9615

77 Ir iridium 192.22 191Ir 190.9606
193Ir 192.9629

78 Pt platinum 195.09 194Pt 193.9627
195Pt 194.9648
196Pt 195.9649
198Pt 197.9679

79 Au gold 196.9665 197Au 196.96656

80 Hg mercury 200.59 198Hg 197.9668
199Hg 198.9683
200Hg 199.9683
201Hg 200.9703
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Z symbol element A[amu] symbol and isotope
mass number mass [amu]
of the isotope

202Hg 201.9706

81 Tl thallium 204.37 203Tl 202.9723
205Tl 204.9744

82 Pb lead 207.2w,x 206Pb 205.9744
207Pb 206.9759
208Pb 207.9766

83 Bi bismuth 208.9804 209Bi 208.98039

84 Po polonium [209] 208Po* 207.9812
209Po* 208.9824

85 At astatine [210] 210At* 209.9871

86 Rn radon [222] 222Rn* 222.0176

87 Fr francium [223] 223Fr* 223.0197

88 Ra radium 226.0254x,z 226Ra* 226.02541
228Ra* 228.0311

89 Ac actinium 227.028z 227Ac* 227.02775

90 Th thorium 232.038x,z 232Th* 232.03805
229Th* 229.0318
230Th* 230.0331

91 Pa protactinium 231.0359z 231Pa* 231.03588

92 U uranium 238.029x,y 232U* 232.03714
233U* 233.03963
234U* 234.04095
235U* 235.04393
236U* 236.04556
238U* 238.05079

93 Np neptunium 237.0482z 235Np* 235.04406
237Np* 237.04817

94 Pu plutonium [244] 238Pu* 238.04956
239Pu* 239.05216
240Pu* 240.05381
241Pu* 241.05685
242Pu* 242.05874
244Pu* 244.06420

95 Am americium [243] 241Am* 241.0568
243Am* 243.0614

96 Cm curium [247] 243Cm* 243.0614
244Cm* 244.0627
245Cm* 245.0655
246Cm* 246.0672
247Cm* 247.0703
248Cm* 248.0723
250Cm* 250.0784

97 Bk berkelium [247] 247Bk* 247.0703
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Z symbol element A[amu] symbol and isotope
mass number mass [amu]
of the isotope

249Bk* 249.0750

98 Cf californium [251] 248Cf* 248.0722
249Cf* 249.0748
250Cf* 250.0748
251Cf* 251.0796
252Cf* 252.0816

99 Es einsteinium [252] 253Es* 253.0848
254Es* 254.0880

100 Fm fermium [257] 252Fm* 252.0825
253Fm* 253.0852
257Fm* 257.0951

101 Md mendelevium [258] - -

102 No nobelium [259] 252No* 252.0880
256No* 256.0943
259No* 259.1009

103 Lr lawrencium [260] - -



13 Parameters of Stable Isotopes

Explanation of the footnotes:

1) T1/2(EE) = 6 · 1015 a 5) T1/2(˛) = 3.25 · 104 a
2) T1/2(ˇ−) = 4.8 · 1010 a 6) T1/2(˛) = 2.6 · 105 a
3) T1/2(ˇ−, EE) = 3.6 · 1010 a 7) T1/2(˛) = 7.04 · 108 a
4) T1/2(˛) = 1.4 · 1010 a 8) T1/2(˛) = 4.5 · 109 a

The minus-sign after the nuclear spin denotes negative parity.

References:

[191] [192]
[222] [238]
[315] [441]

Z isotope frequency nuclear spin magnetic
[%] moment �K

1 1H 99.985 1/2 2.79285
2H 0.015 1 0.85744

2 3He 0.00014 1/2 -2.12762
4He 99.99986 0 0

3 6Li 7.59 1 0.82205
7Li 92.41 3/2- 3.2564

4 9Be 100 3/2- -1.178

5 10B 19.9 3 1.8006
11B 80.1 3/2- 2.6886

6 12C 98.93 0 0
13C 1.07 1/2- 0.7024

7 14N 99.636 1 0.40376
15N 0.364 1/2- -0.2832

8 16O 99.757 0 0
17O 0.038 5/2 -1.8938
18O 0.205 0 0
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Z isotope frequency nuclear spin magnetic
[%] moment �K

9 19F 100 1/2 2.6289

10 20Ne 90.48 0 0
21Ne 0.27 3/2 -0.6618
22Ne 9.25 0 0

11 23Na 100 3/2 2.2175

12 24Mg 78.99 0 0
25Mg 10.00 5/2 -0.8554
26Mg 11.01 0 0

13 27Al 100 5/2 3.6415

14 28Si 92.2 0 0
29Si 4.7 1/2 -0.5553
30Si 3.1 0 0

15 31P 100 1/2 1.1316

16 32S 95.0 0 0
33S 0.75 3/2 0.644
34S 4.21 0 0

17 35Cl 75.78 3/2 0.82187
37Cl 24.22 3/2 0.68412

18 36Ar 0.34 0 0
38Ar 0.06 0 0
40Ar 99.60 0 0

19 39K 93.26 3/2 0.3915
40K 0.01 4- -1.2981
41K 6.73 3/2 0.21487

20 40Ca 96.941 0 0
42Ca 0.647 0 0
43Ca 0.135 7/2- -1.317
44Ca 2.086 0 0
46Ca 0.004 0 0
48Ca 0.187 0 0

21 45Sc 100 7/2- 4.7565

22 46Ti 8.25 0 0
47Ti 7.44 5/2- -0.7885
48Ti 73.72 0 0
49Ti 5.41 7/2- -1.1042
50Ti 5.18 0 0

23 50V1) 0.25 6 3.3475
51V 99.75 7/2- 5.151

24 50Cr 4.345 0 0
52Cr 83.789 0 0
53Cr 9.501 3/2- -0.475
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Z isotope frequency nuclear spin magnetic
[%] moment �K

54Cr 2.365 0 0

25 55Mn 100 5/2- 3.47

26 54Fe 5.845 0 0
56Fe 91.754 0 0
57Fe 2.119 1/2- 0.0907
58Fe 0.282 0 0

27 59Co 100 7/2- 4.6

28 58Ni 68.08 0 0
60Ni 26.22 0 0
61Ni 1.14 3/2- -0.750
62Ni 3.63 0 0
64Ni 0.93 0 0

29 63Cu 69.15 3/2- 2.223
65Cu 30.85 3/2- 2.382

30 64Zn 48.27 0 0
66Zn 27.98 0 0
67Zn 4.10 5/2- 0.876
68Zn 19.02 0 0
70Zn 0.63 0 0

31 69Ga 60.1 3/2- 2.017
71Ga 39.9 3/2- 2.562

32 70Ge 20.37 0 0
72Ge 27.38 0 0
73Ge 7.76 9/2 -0.8795
74Ge 36.66 0 0
76Ge 7.83 0 0

33 75As 100 3/2- 1.439

34 74Se 0.89 0 0
76Se 9.37 0 0
77Se 7.63 1/2- 0.534
78Se 23.77 0 0
80Se 49.61 0 0
82Se 8.73 0 0

35 79Br 50.69 3/2- 2.1064
81Br 49.31 3/2- 2.271

36 78Kr 0.36 0 0
80Kr 2.29 0 0
82Kr 11.59 0 0
83Kr 11.50 9/2 -0.9707
84Kr 56.99 0 0
85Kr 17.27 0 0

37 85Rb 72.17 5/2- 1.353
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Z isotope frequency nuclear spin magnetic
[%] moment �K

87Rb2) 27.83 3/2- 2.751

38 84Sr 0.56 0 0
86Sr 9.86 0 0
87Sr 7.00 9/2 -1.093
88Sr 82.58 0 0

39 89Y 100 1/2- -0.1374

40 90Zr 51.45 0 0
91Zr 11.22 5/2 -1.304
92Zr 17.15 0 0
94Zr 17.38 0 0
96Zr 2.80 0 0

41 93Nb 100 9/2 6.171

42 92Mo 14.77 0 0
94Mo 9.23 0 0
95Mo 15.90 5/2 -0.914
96Mo 16.67 0 0
97Mo 9.56 5/2 -0.933
98Mo 24.20 0 0
100Mo 9.67 0 0

44 96Ru 5.54 0 0
98Ru 1.87 0 0
99Ru 12.76 5/2 -0.641
100Ru 12.60 0 0
101Ru 17.06 5/2 -0.719
102Ru 31.55 0 0
104Ru 18.62 0 0

45 103Rh 100 1/2- -0.088

46 102Pd 1.02 0 0
104Pd 11.14 0 0
105Pd 22.33 5/2 -0.642
106Pd 27.33 0 0
108Pd 26.46 0 0
110Pd 11.72 0 0

47 107Ag 51.84 1/2- -0.1137
109Ag 48.16 1/2- -0.1307

48 106Cd 1.25 0 0
108Cd 0.89 0 0
110Cd 12.49 0 0
111Cd 12.80 1/2 -0.595
112Cd 24.13 0 0
113Cd 12.22 1/2 0.622
114Cd 28.73 0 0
116Cd 7.49 0 0
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Z isotope frequency nuclear spin magnetic
[%] moment �K

49 113In 4.29 9/2 5.529
115In 95.71 9/2 5.541

50 112Sn 0.97 0 0
114Sn 0.66 0 0
115Sn 0.34 1/2 -0.919
116Sn 14.54 0 0
117Sn 7.68 1/2 -1.001
118Sn 24.22 0 0
119Sn 8.59 1/2 -1.047
120Sn 32.58 0 0
122Sn 4.63 0 0
124Sn 5.79 0 0

51 121Sb 57.21 5/2 3.363
123Sb 42.79 7/2 2.550

52 120Te 0.09 0 0
122Te 2.55 0 0
123Te 0.89 1/2 -0.737
124Te 4.74 0 0
125Te 7.07 1/2 -0.888
126Te 18.84 0 0
128Te 31.74 0 0
130Te 34.08 0 0

53 127I 100 5/2 2.813

54 124Xe 0.10 0 0
126Xe 0.09 0 0
128Xe 1.91 0 0
129Xe 26.40 1/2 -0.778
130Xe 4.07 0 0
131Xe 21.23 3/2 0.692
132Xe 26.91 0 0
134Xe 10.44 0 0
136Xe 8.85 0 0

55 133Cs 100 7/2 2.582

56 130Ba 0.11 0 0
132Ba 0.10 0 0
134Ba 2.42 0 0
135Ba 6.59 3/2 0.838
136Ba 7.85 0 0
137Ba 11.23 3/2 0.937
138Ba 71.70 0 0

57 138La 0.09 5 3.714
139La 99.91 7/2 2.783

58 136Ce 0.19 0 0
138Ce 0.25 0 0
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Z isotope frequency nuclear spin magnetic
[%] moment �K

140Ce 88.45 0 0
142Ce 11.11 0 0

59 141Pr 100 5/2 4.275

60 142Nd 27.2 0 0
143Nd 12.2 7/2- -1.07
144Nd 23.8 0 0
145Nd 8.3 7/2- -0.66
146Nd 17.2 0 0
148Nd 5.7 0 0
150Nd 5.6 0 0

62 144Sm 3.07 0 0
147Sm 14.99 7/2- -0.815
148Sm 11.24 0 0
149Sm 13.82 7/2- -0.672
150Sm 7.38 0 0
152Sm 26.75 0 0
154Sm 22.75 0 0

63 151Eu 47.81 5/2 3.472
153Eu 52.19 5/2 1.533

64 152Gd 0.20 0 0
154Gd 2.18 0 0
155Gd 14.80 3/2- -0.259
156Gd 20.47 0 0
157Gd 15.65 3/2- -0.340
158Gd 24.84 0 0
160Gd 21.86 0 0

65 159Tb 100 3/2 2.014

66 156Dy 0.05 0 0
158Dy 0.09 0 0
160Dy 2.38 0 0
161Dy 18.88 5/2 -0.480
162Dy 25.47 0 0
163Dy 24.88 5/2- 0.673
164Dy 28.25 0 0

67 165Ho 100 7/2- 4.17

68 162Er 0.14 0 0
164Er 1.60 0 0
166Er 33.50 0 0
167Er 22.87 7/2 -0.564
168Er 26.98 0 0

68 170Er 14.91 0 0

69 169Tm 100 1/2 -0.232

70 168Yb 0.13 0 0
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Z isotope frequency nuclear spin magnetic
[%] moment �K

170Yb 3.04 0 0
171Yb 14.28 1/2- 0.49
172Yb 21.83 0 0
173Yb 16.13 5/2- -0.68
174Yb 31.83 0 0
176Yb 12.76 0 0

71 175Lu 97.41 7/2 2.233
176Lu3) 2.59 7- 3.169

72 174Hf 0.16 0 0
176Hf 5.26 0 0
177Hf 18.60 7/2- 0.794
178Hf 27.28 0 0
179Hf 13.62 9/2 -0.641
180Hf 35.08 0 0

73 180Ta 0.01 9- 4.82
181Ta 99.99 7/2 2.37

74 180W 0.12 0 0
182W 26.50 0 0
183W 14.31 1/2- 0.118
184W 30.64 0 0
186W 28.43 0 0

75 185Re 37.40 5/2 3.187
187Re 62.60 5/2 3.220

76 184Os 0.02 0
186Os 1.59 0 0
187Os 1.96 1/2- 0.065
188Os 13.24 0 0
189Os 16.15 3/2 0.660
190Os 26.26 0 0
192Os 40.78 0 0

77 191Ir 37.3 3/2 0.151
193Ir 62.7 3/2 0.164

78 190Pt 0.01 0 0
192Pt 0.78 0 0
194Pt 32.97 0 0
195Pt 33.83 1/2- 0.610
196Pt 25.24 0 0
198Pt 7.17 0 0

79 197Au 100 3/2 0.146

80 196Hg 0.15 0 0
198Hg 9.97 0 0
199Hg 16.87 1/2- 0.506
200Hg 23.10 0 0
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Z isotope frequency nuclear spin magnetic
[%] moment �K

201Hg 13.18 3/2- -0.560
202Hg 29.86 0 0
204Hg 6.87 0 0

81 203Tl 29.52 1/2 1.622
205Tl 70.48 1/2 1.638

82 204Pb 1.4 0 0
206Pb 24.1 0 0
207Pb 22.1 1/2- 0.593
208Pb 52.4 0 0

83 209Bi 100 9/2- 4.111

90 232Th4) 100 0 0

91 231Pa5) 100 3/2- 2.01

92 234U6) 0.005 0 0
235U7) 0.720 7/2- -0.38
238U8) 99.274 0 0



14 Parameters of Long-Live Radioactive Isotopes

Meaning of the symbols:

I nuclear spin (”-” if negative parity) T1/2 half-life time
� magnetic nuclear moment EC electron capture
�K nuclear magneton ˛, ˇ± ˛ or ˇ± decay
sf spontaneous fission

References

[441]
[191]
[192]
[222]
[238]
[315]

Z symbol I �/�K T1/2 decay channel

0 1n 1/2 -1.913 10.6 min ˇ−

1 3H 1/2 2.979 12.33 a ˇ−

4 10Be 0 - 2.7·106a ˇ−

6 11C 3/2- 1.0 0.34 h ˇ+ , EC
14C 0 0 5700 a ˇ−

7 13N 1/2- ±0.322 0.17 h ˇ+

9 18F 1 0.8 1.83 h ˇ+, EC

11 22Na 3 1.75 2.6 a ˇ+, EC
24Na 4 1.69 15.0 h ˇ−

12 28Mg 0 - 21.4 h ˇ−

13 26Al 5 2.8 7.4·105a ˇ+, EC

14 31Si 3/2 - 2.6 h ˇ−

32Si 0 - 650 a ˇ+

15 32P 1 -0.252 14.3 d ˇ−

33P 1/2 - 24.8 d ˇ−

16 35S 3/2 1.0 87 d ˇ−
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Z symbol I �/�K T1/2 decay channel

17 36Cl 0 1.285 3.0·105a ˇ−, EC
38Cl 2- 2.0 0.62 h ˇ−

39Cl 3/2 - 1 h ˇ−

18 37Ar 3/2 0.9 35 d EC
39Ar 7/2- -1.3 270 a ˇ−

41Ar 7/2- - 1.83 h ˇ−

19 40K 4- -1.30 1.3·109a ˇ−, EC
42K 2- -1.14 12.4 h ˇ−

43K 3/2 ±0.16 22 h ˇ−

44K 2- - 0.37 h ˇ−

45K 3/2 ±0.17 0.3 h ˇ−

20 41Ca 7/2- -1.595 8·104a EC
45Ca 7/2- - 160 d ˇ−

47Ca 7/2- - 4.5 d ˇ−

21 43Sc 7/2- 4.6 3.9 h ˇ+, EC
44Sc 2 2.6 3.9 h ˇ+, EC
46Sc 4 3.0 84 d ˇ−

47Sc 7/2- 5.3 3.4 d ˇ−

48Sc 6 - 44 h ˇ−

49Sc 7/2- - 0.95 h ˇ−

22 44Ti 0 - 48 a EC
45Ti 7/2- 0.09 3.1 h ˇ+, EC

23 47V 3/2- - 0.52 h ˇ+

48V 4 ±1.6 16 d ˇ+, EC
49V 7/2- ±4.5 1 a EC
50V 6 3.347 6·1015a EC

24 49Cr 5/2- ±0.48 0.70 h ˇ+

51Cr 7/2- ±0.93 27.7 d EC

25 51Mn 5/2- ±3.57 0.75 h ˇ+

52Mn 6 3.06 5.6 d ˇ+, EC
53Mn 7/2- ±5.02 3.7·106a EC
56Mn 3 3.23 2.58 h ˇ−

26 52Fe 0 - 8.5 h ˇ+, EC
55Fe 3/2- - 2.9 a EC
59Fe 3/2- ±1.1 46 d ˇ−

27 55Co 7/2- ±4.5 18 h ˇ+, EC
56Co 4 3.83 77 d EC, ˇ+

57Co 7/2- 4.72 270 d EC
58Co 2 4.04 71 d EC, ˇ+

60Co 5 3.80 5.3 a ˇ−

61Co 7/2- - 1.7 h ˇ−

62Co 2 - 0.23 h ˇ−
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Z symbol I �/�K T1/2 decay channel

28 56Ni 0 - 6.1 d EC
57Ni 3/2- - 1.5 d EC, ˇ+

59Ni 3/2- - 8·104a EC
63Ni 1/2- - 92 a ˇ−

65Ni 5/2- - 2.56 h ˇ−

29 60Cu 2 1.22 0.38 h ˇ+, EC
61Cu 3/2- 2.13 3.3 h ˇ+, EC
64Cu 1 -0.22 12.9 h EC, ˇ−, ˇ+

67Cu 3/2- - 59 h ˇ−

30 62Zn 0 - 9.1 h EC, ˇ+

63Zn 3/2- -0.282 0.64 h ˇ+, EC
65Zn 5/2- 0.77 240 d EC, ˇ+

69Zn 1/2- - 1 h ˇ−

72Zn 0 - 46 h ˇ−

31 66Ga 0 - 9.4 h ˇ+, EC
67Ga 3/2- 1.85 3.3 d EC
68Ga 1 ±0.012 1.1 d ˇ+, EC
70Ga 1 - 0.35 h ˇ−

72Ga 3- -0.132 14.1 h ˇ−

73Ga 3/2- - 5 h ˇ−

32 66Ge 0 - 2.4 h EC, ˇ+

67Ge 1/2- - 0.3 h ˇ+, EC
68Ge 0 - 280 d EC
69Ge 5/2- - 40 h EC, ˇ+

71Ge 1/2- 0.55 11 d EC
77Ge 1/2- - 11 h ˇ−

78Ge 0 - 1.5 h ˇ−

33 70As 4 - 0.9 h EC, ˇ+

71As 5/2- - 2.7 d EC, ˇ+

72As 2- ±2.2 1.1 d EC, ˇ+

73As 3/2- - 80 d EC
74As 2- - 18 d EC, ˇ−, ˇ+

76As 2- -0.91 1.1 d ˇ−

77As 3/2- - 1.6 d ˇ−

78As 2- - 1.5 h ˇ−

34 70Se 0 - 0.7 h ˇ+

72Se 0 - 8.7 d EC
73Se 9/2 - 7 h ˇ+, EC
75Se 5/2 - 120 d EC
79Se 7/2 -1.02 6.5·104a ˇ−

81Se 1/2- - 0.3 h ˇ−

83Se 9/2 - 0.4 h ˇ−

35 75Br 3/2- - 1.7 h ˇ+, EC
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Z symbol I �/�K T1/2 decay channel

76Br 1- ±0.55 16 h ˇ+, EC
77Br 3/2- - 2.4 d ˇ+, EC
80Br 1 ±0.514 0.3 h ˇ−, EC, ˇ+

82Br 5- 1.63 1.47 d ˇ−

83Br 3/2- - 2.4 h ˇ−

84Br 2- - 0.53 h ˇ−

36 74Kr 0 - 0.2 h ˇ+

76Kr 0 - 15 h EC
77Kr 5/2 - 1.2 h ˇ+, EC
79Kr 1/2- - 35 h EC, ˇ+

81Kr 7/2 - 2·105a EC
85Kr 9/2 ±1.00 10.7 a ˇ−

87Kr 5/2 - 1.3 h ˇ−

88Kr 0 - 2.8 h ˇ−

37 81Rb 3/2- 2.4 4.6 h EC, ˇ+

83Rb 5/2- 1.4 86 d EC
84Rb 2- -1.3 33 d EC, ˇ+

86Rb 2- -1.69 18.8 d ˇ−

87Rb 3/2- 2.75 4.8·1010a ˇ−

88Rb 2- ±0.51 0.30 h ˇ−

89Rb 3/2- - 0.25 h ˇ−

38 82Sr - - 1.0 d EC
83Sr 7/2 - 1.4 d EC, ˇ+

85Sr 9/2 - 64 d EC
89Sr 5/2 - 53 d ˇ−

90Sr 0 - 28 a ˇ−

91Sr 5/2 - 9.7 h ˇ−

92Sr 0 - 2.7 h ˇ−

39 84Y 5- - 0.7 h ˇ+

85Y 1/2- - 5 h ˇ+, EC
86Y 4- - 15 h EC, ˇ+

87Y 1/2- - 3.3 d EC
88Y 4- - 110 d EC
90Y 2- -1.63 2.7 d ˇ−

91Y 1/2- ±0.164 59 d ˇ−

92Y 2- - 3.5 h ˇ−

93Y 1/2- - 10 h ˇ−

94Y 2- - 0.3 h ˇ−

95Y 1/2- - 0.2 h ˇ−

40 85Zr 7/2 - 1.4 h ˇ+, EC
86Zr 0 - 16 h EC
87Zr 9/2 - 1.5 h ˇ+, EC
88Zr 0 - 85 d EC
89Zr 9/2 - 3.3 d EC, ˇ+
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Z symbol I �/�K T1/2 decay channel

93Zr 5/2 - 1.5·106a ˇ−

95Zr 5/2 - 65 d ˇ−

41 88Nb 8 - 0.3 h ˇ+

89Nb 1/2- - 2 h ˇ+, EC
90Nb 4- - 14.6 h ˇ+, EC
91Nb 9/2- - 8 a EC
92Nb 7 - 10 d EC
94Nb 6 - 2·104a ˇ−

96Nb 6 - 1 d ˇ−

97Nb 9/2 - 1.2 h ˇ−

98Nb 1 - 0.8 h ˇ−

100Nb - - 0.2 h ˇ−

42 90Mo 0 - 5.7 h EC, ˇ+

91Mo 9/2- - 0.26 h ˇ+

93Mo 5/2 - 3·103a EC
99Mo 1/2 - 2.8 d ˇ−

101Mo 1/2 - 0.24 h ˇ−

102Mo 0 - 0.2 h ˇ−

43 93Tc 9/2 - 2.8 h EC, ˇ+

94Tc 7 - 4.9 h EC, ˇ+

95Tc 9/2 - 20 h EC
96Tc 7 ±5.4 4.3 d EC
97Tc 9/2 - 2.6·106a EC
98Tc 6 - 1.5·106a ˇ−

99Tc 9/2 5.68 2.1·105a ˇ−

101Tc 9/2 - 0.23 h ˇ−

104Tc - - 0.3 h ˇ−

44 94Ru 0 - 1 h EC
95Ru 5/2 - 1.6 h EC, ˇ+

97Ru 5/2 - 2.9 d EC
103Ru 3/2 - 40 d ˇ−

105Ru 3/2 - 4.4 h ˇ−

106Ru 0 - 1.0 a ˇ−

45 97Rh 9/2 - 0.6 h ˇ+

99Rh 1/2- - 4.6 h EC, ˇ+

100Rh 5 - 21 h EC, ˇ+

101Rh 1/2- - 3 a EC
102Rh - 4.1 2.9 a ˇ+, ˇ−

105Rh 7/2 - 1.5 d ˇ−

107Rh 7/2 - 0.36 h ˇ−

109Rh 7/2 - 1 h ˇ−

46 98Pd 0 - 0.3 h EC
99Pd 5/2 - 0.36 h ˇ+

100Pd 0 - 3.7 d EC
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101Pd 5/2 - 8.4 h EC, ˇ+

103Pd 5/2 - 17 d EC
107Pd 5/2 - 7·106a ˇ−

109Pd 5/2 - 13.5 h ˇ−

111Pd 5/2 - 0.37 h ˇ−

112Pd 0 - 21 h ˇ−

47 103Ag 7/2 4.5 1.1 h EC, ˇ+

104Ag 5 4.0 1.1 h ˇ+, EC
105Ag 1/2- ±0.10 41 d EC
106Ag 1 2.9 0.4 h ˇ+, EC
111Ag 1/2- -0.15 7.5 d ˇ−

112Ag 2- ±0.055 3.1 h ˇ−

113Ag 1/2- ±0.16 5.3 h ˇ−

115Ag 1/2- - 0.35 h ˇ−

48 103Cd 5/2 - 0.2 h ˇ+

104Cd 0 - 0.95 h EC
105Cd 5/2 -0.74 0.91 h EC, ˇ+

107Cd 5/2 -0.615 6.5 h EC, ˇ+

109Cd 5/2 -0.83 1.3 a EC
115Cd 1/2 -0.65 2.2 d ˇ−

117Cd 1/2 - 3 h ˇ−

118Cd 0 - 0.8 h ˇ−

49 107In 9/2 - 0.5 h ˇ+, EC
108In 3 - 1 h EC, ˇ+

109In 9/2 5.5 4.2 h EC, ˇ+

110In 2 4.36 1.1 h ˇ+, EC
111In 9/2 5.5 2.8 d EC
112In 1 2.8 0.24 h ˇ−, EC, ˇ+

117In 9/2 - 0.8 h ˇ−

50 109Sn 7/2 - 0.30 h EC, ˇ+

110Sn 0 - 4 h EC
111Sn 7/2 - 0.6 h EC, ˇ+

113Sn 1/2 ±0.88 115 d EC
121Sn 3/2 ±0.70 1.1 d ˇ−

123Sn 11/2- - 0.7 h ˇ−

125Sn 11/2- - 9.6 d ˇ−

126Sn 0 - 105 a ˇ−

128Sn 0 - 1 h ˇ−

51 115Sb 5/2 3.46 0.5 h EC, ˇ+

116Sb 3 - 0.25 h ˇ+, EC
117Sb 5/2 3.4 2.8 h EC, ˇ+

119Sb 5/2 3.45 38 h EC
120Sb 1 ±2.3 0.27 h ˇ+, EC
122Sb 2- 11.90 2.7 d ˇ−, EC
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124Sb 3- ±1.2 60 d ˇ−

125Sb 7/2 ±2.6 2.7 a ˇ−

126Sb 8- ±1.3 12 d ˇ−

127Sb 7/2 ±2.6 2.9 a ˇ−

128Sb 8- ±1.3 9 h ˇ−

129Sb 7/2- - 3.4 h ˇ−

131Sb 7/2 - 0.4 h ˇ−

52 116Te 0 - 2.5 h EC
117Te 1/2 - 1.1 h EC, ˇ+

118Te 0 - 6 d EC, ˇ+

119Te 1/2 ±0.25 16 h EC, ˇ+

121Te 1/2 - 17 d EC
127Te 3/2 ±0.66 9.4 h ˇ−

129Te 3/2 ±0.66 1.1 h ˇ−

131Te 3/2 - 0.4 h ˇ−

132Te 0 - 1.3 h ˇ−

53 118I 2- - 0.2 h ˇ+, EC
120I 2- - 1.4 h EC, ˇ+

121I 5/2 - 2.1 h EC, ˇ+

123I 5/2 - 13 h EC
124I 2- - 4.2 d EC, ˇ+

125I 5/2 3 60 d EC
126I 2- - 13 d EC, ˇ−, ˇ+

128I 1 - 0.42 h ˇ−, EC
129I 7/2 2.62 1.6·107a ˇ−

130I 5 - 12.3 h ˇ−

131I 7/2 2.74 8.0 d ˇ−

132I 4 ±3.09 2.3 h ˇ−

133I 7/2 2.86 21 h ˇ−

134I 4 - 0.87 h ˇ−

135I 7/2 - 6.7 h ˇ−

54 121Xe 5/2 - 0.65 h ˇ+

122Xe 0 - 20 h EC
123Xe 1/2 - 2.1 h EC, ˇ+

125Xe 1/2 - 17 h EC
125Xe 1/2 - 36.4 d EC
133Xe 3/2 - 5.3 d ˇ−

135Xe 3/2 - 9.1 h ˇ−

138Xe 0 - 0.3 h ˇ−

55 125Cs 1/2 1.41 0.8 h ˇ+, EC
127Cs 1/2 1.46 6.2 h EC, ˇ+

129Cs 1/2 1.48 32 h EC
130Cs 1 1.4 0.5 h ˇ+, EC, ˇ−

131Cs 5/2 3.54 9.7 d EC
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132Cs 2- 2.22 6.5 d EC
134Cs 4 2.99 2.06 a ˇ−

135Cs 7/2 2.73 3·106a ˇ−

136Cs 5 3.7 13 d ˇ−

137Cs 7/2 2.84 30 a ˇ−

138Cs 3- 0.5 0.54 h ˇ−

56 126Ba 0 - 1.6 h EC
128Ba 0 - 2.4 d EC
129Ba 1/2 - 2.6 h EC, ˇ+

131Ba 1/2 - 12 d EC
133Ba 1/2 - 10 a EC
139Ba 7/2- - 1.4 h ˇ−

140Ba 0 - 12.8 d ˇ−

141Ba 3/2- - 0.3 h ˇ−

57 131La 3/2 - 1.0 h EC, ˇ+

132La 2- - 5 h ˇ+

133La 5/2 - 4 h EC, ˇ+

135La 5/2 - 19 h EC
137La 7/2 2.69 6·104a EC
140La 3- 0.73 40 h ˇ−

141La 7/2 - 3.9 h ˇ−

142La 2- - 1.5 h ˇ−

143La 7/2- - 0.2 h ˇ−

58 130Ce 0 - 0.5 h EC, ˇ+

132Ce 0 - 4.2 h EC, ˇ+

133Ce 9/2- - 5.4 h EC, ˇ+

134Ce 0 - 72 h EC
135Ce 1/2 - 17 h EC
137Ce 3/2 ±0.9 9 h EC
139Ce 3/2 0.9 137 d EC
141Ce 7/2- 1.0 33 d ˇ−

143Ce 3/2- - 33 h ˇ−

144Ce 0 - 258 d ˇ−

59 134Pr 2 - 0.3 h ˇ+

135Pr 3/2 - 0.4 h EC, ˇ+

136Pr 2 - 0.23 h EC, ˇ+

137Pr 5/2 - 1.3 h EC, ˇ+

138Pr 1 - 2.1 h EC, ˇ+

139Pr 5/2 - 4.5 h EC, ˇ+

142Pr 2- -0.23 19 h ˇ−

143Pr 7/2 - 13.6 h ˇ−

144Pr 0- - 0.29 h ˇ−

145Pr 7/2 - 6.0 h ˇ−

146Pr 2- - 0.4 h ˇ−
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147Pr 3/2 - 0.2 h ˇ−

60 137Nd 1/2 - 0.9 h ˇ+

140Nd 0 - 3.3 d EC, ˇ
141Nd 3/2 - 2.4 h EC, ˇ
147Nd 5/2- ±0.55 11 d ˇ−

149Nd 5/2- ±0.35 1.7 h ˇ−

151Nd - - 0.2 h ˇ−

61 141Pm 5/2 - 0.3 h ˇ+, EC
143Pm 5/2 ±3.8 265 d EC
144Pm 5- ±1.7 350 d EC
145Pm 5/2 - 18 a EC
146Pm 3- - 2 a EC, ˇ−

147Pm 7/2 2.6 2.6 a ˇ−

148Pm 1- 2.1 5.4 d ˇ−

149Pm 7/2 ±3.3 53 h ˇ−

150Pm - - 3.7 h ˇ−

151Pm 5/2 ±1.8 28 h ˇ−

62 142Sm 0 - 1.2 h EC
145Sm 7/2- ±0.9 340 d EC
151Sm 5/2- - 80 a ˇ−

153Sm 3/2 -0.022 47 h ˇ−

155Sm 3/2- - 0.4 h ˇ−

156Sm 0 - 9.4 h ˇ−

63 145Eu 5/2 - 6 d EC, ˇ+

146Eu 4- - 4.6 d EC, ˇ+

147Eu 5/2 - 22 d EC
148Eu 5- - 58 d EC
149Eu 5/2 - 110 d EC
150Eu 5- - 13 h ˇ−

152Eu 3- -1.94 13 a EC, ˇ−

154Eu 3- ±2.0 8.5 a ˇ−

155Eu 5/2 2.0 5 a ˇ−

156Eu 1 1.97 15 d ˇ−

157Eu - - 15 h ˇ−

158Eu - - 0.9 h ˇ−

159Eu - - 0.3 h ˇ−

64 147Gd 7/2- - 1.4 d EC
148Gd 0 - 90 d EC
149Gd 7/2- - 10 d EC
150Gd 0 - 2·106a ˛
151Gd 7/2- - 120 d EC
153Gd 3/2- - 240 d EC
159Gd 3/2 - ±0.4 18 h ˇ−

65 147Tb 5/2 - 0.4 h EC, ˇ+
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148Tb 2- - 1.1 h EC, ˇ+

149Tb 1/2 - 4.1 h EC, ˛
150Tb 2- - 3.1 h ˇ+, ˛, EC
151Tb 1/2 - 18 h EC
152Tb 2- - 17 h EC, ˇ+

153Tb 5/2 - 55 h EC
154Tb 0- - 21 h EC
155Tb 3/2 - 5 d EC
156Tb 3- ±1.4 5 d EC
157Tb 3/2 ±2.0 150 a EC
158Tb 3- ±1.75 150 a EC, ˇ−

160Tb 3- ±1.70 72 d ˇ−

161Tb 3/2 - 7 d ˇ−

162Tb - - 2 h ˇ−

163Tb 3/2 - 7 h ˇ−

66 151Dy 7/2- - 0.3 h EC, ˇ+, ˛
152Dy 0 - 2.4 h EC, ˇ+, ˛
153Dy 7/2- ±0.7 6 h EC, ˛
155Dy 3/2- ±0.3 10 h EC, ˇ+

157Dy 3/2- ±0.3 8.1 h EC
159Dy 3/2- - 140 d EC
165Dy 7/2 ±0.5 2.3 h ˇ−

166Dy 0 0 3.3 d ˇ−

67 155Ho 5/2 - 0.3 h EC, ˇ+

156Ho 5 - 1 h EC, ˇ+

157Ho 7/2- - 0.3 h ˇ+

159Ho 7/2- - 0.6 h EC
160Ho 5 - 0.4 h EC
161Ho 7/2- - 3 h EC
162Ho 1 - 0.2 h EC
166Ho 0- 0 1.1 d ˇ−

167Ho 7/2- - 3 h ˇ−

68 157Er 3/2- - 0.4 h ˇ+

158Er 0 - 2.3 h EC, ˇ+

159Er 3/2- - 0.6 h EC, ˇ+

160Er 0 - 2.2 d EC
161Er 3/2- -0.37 3.2 h EC
163Er 5/2- 0.56 1.4 h EC
165Er 5/2- ±0.66 10 h EC
169Er 1/2- 0.51 9.4 d ˇ−

172Er - - 2 d ˇ−

69 161Tm 7/2 - 0.5 h EC, ˇ+

162Tm 1- - 0.4 h ˇ+, EC
163Tm 1/2 ±0.08 1.8 h ˇ+, EC
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165Tm 1/2 ±0.14 30 h EC
166Tm 2 ±0.09 7.7 h EC, ˇ+

167Tm 1/2 -0.20 9.3 d EC
168Tm 3 - 90 d EC, ˇ+

170Tm 1- ±0.248 130 d ˇ−

171Tm 1/2 ±0.23 1.9 a ˇ−

172Tm 2- - 64 h ˇ−

173Tm 1/2 - 8 h ˇ−

70 164Yb 0 - 1.3 h EC
166Yb 0 - 2.4 d EC
167Yb 5/2- - 0.3 h EC
169Yb 7/2 ±0.6 32 d EC
175Yb 7/2- ±0.6 4 d ˇ−

177Yb 9/2 - 1.9 h ˇ−

71 167Lu 7/2 - 0.9 h EC, ˇ+

169Lu 7/2 - 1.5 d EC, ˇ+

170Lu 0 0 2 d ˇ+, EC
171Lu 7/2 - 8 d EC
172Lu 4- - 6.7 d EC
173Lu 7/2 - 1.4 a EC
174Lu 1- - 4 a EC
176Lu 7- 3.2 3.6·1010a ˇ−, EC
177Lu 7/2 2.24 6.7 d ˇ−

179Lu 7/2 - 4.6 h ˇ−

72 168Hf 0 - 0.4 h EC
169Hf 5/2 - 1.5 h EC, ˇ+

170Hf 0 - 10 h EC
171Hf 7/2 - 12 h EC
172Hf 0 - 5 a EC
173Hf 1/2- - 1.0 d EC
175Hf 5/2- - 70 d EC
181Hf 1/2- - 42 d ˇ−

182Hf 0 - 107 a ˇ−

183Hf 3/2- - 1.0 h ˇ−

73 172Ta 3- - 0.5 h ˇ+, EC
173Ta 5/2- - 3 h EC
174Ta 3 - 1.2 h EC, ˇ+

175Ta 7/2 - 10 h EC
176Ta 1- - 8.0 h EC
177Ta 7/2- - 2.4 d EC
178Ta 1 - 2.1 h EC, ˇ+

179Ta 7/2 - 1.6 a EC
182Ta 3- ±2.6 115 d ˇ−

183Ta 7/2 - 5 d ˇ−
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184Ta 5- - 9 h ˇ−

185Ta 7/2 - 0.8 h ˇ−

74 173W - - 0.3 h EC
174W 0 - 0.5 h EC
175W 1/2- - 0.6 h EC
176W 0 - 2 h EC
178W 0 - 22 d EC, ˇ+

179W 7/2- - 0.6 h EC
181W 9/2 - 130 d EC
185W 3/2- - 75 d ˇ−

187W 3/2- - 1.0 d ˇ−

188W 0 - 2.9 d ˇ−

75 177Re 5/2- - 0.3 h ˇ+

178Re 3- - 0.3 h ˇ+

179Re 5/2 - 0.3 h EC
181Re 1- - 18 h EC
182Re 7 - 2.7 d EC
183Re 5/2 ±3.1 71 d EC
184Re 3- ±2.5 38 d EC, ˇ−

186Re 1- 1.74 3.7 d ˇ−, EC
188Re 1- 1.79 17 h ˇ−

76 180Os 0 - 0.36 h EC
181Os 7/2- - 2 h EC
182Os 0 - 21 h EC
183Os 9/2 - 14 h EC
185Os 1/2- - 95 d EC
191Os 9/2- - 15 d ˇ−

193Os 3/2- - 1.3 d ˇ−

194Os 0- - 6 a ˇ−

77 182Ir - - 0.25 h EC
183Ir - - 0.9 h EC
184Ir 5- - 3.2 h EC, ˇ+

185Ir 5/2- - 15 h EC
186Ir 5 - 15 h EC, ˇ+

187Ir 3/2- - 12 h EC
188Ir 2- - 1.7 d EC
189Ir 3/2 - 12 d EC
190Ir 4 - 11 d EC
192Ir 4- 1.9 74 d ˇ−, EC
194Ir 1- ±0.4 19 h ˇ−

195Ir 3/2 - 3 h ˇ−

196Ir 0- - 2 h ˇ−

78 185Pt 9/2 - 1 h EC
186Pt 0 - 2.6 h EC
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187Pt 3/2 - 2.5 h EC
188Pt 0 - 10 d EC
189Pt 3/2- - 11 h EC
191Pt 3/2- - 3.0 d EC
197Pt 1/2- ±0.5 18 h ˇ−

199Pt 5/2- - 0.5 h ˇ−

79 186Au 3- - 0.2 h EC
189Au 1/2 - 0.5 h EC
190Au 1- ±0.07 0.6 h EC, ˇ+

191Au 3/2 ±0.14 3.2 h EC
192Au 1- ±0.008 5 h EC, ˇ+

193Au 3/2 ±0.14 17 h EC
194Au 1- ±0.07 1.7 d EC, ˇ+

195Au 3/2 ±0.15 183 d EC
196Au 2- ±0.6 6.2 d EC, ˇ+

198Au 2- 0.59 2.7 d ˇ−

199Au 3/2 0.27 3.1 d ˇ−

200Au 1- - 0.8 h ˇ−

201Au 3/2 - 0.4 h ˇ−

80 190Hg 0 - 0.4 h EC
191Hg 3/2- - 0.9 h EC
192Hg 0 - 5 h EC, ˇ+

193Hg 3/2- -0.63 4 h EC
194Hg 0 - 1.2 a EC
195Hg 1/2- 0.54 10 h EC
197Hg 1/2- 0.527 2.7 d EC
203Hg 5/2- 0.85 1.9 d ˇ−

81 193Tl 1/2 - 0.4 h EC
194Tl 2- - 0.5 h EC
195Tl 1/2 1.6 1.2 h EC, ˇ+

196Tl 2- ±0.07 1.8 h EC
197Tl 1/2 1.6 2.8 h EC
198Tl 2- ±0.001 5.3 h EC
199Tl 1/2- 1.6 7.4 h EC
200Tl 2- ±0.04 1.1 d EC
201Tl 1/2 1.6 3.0 d EC
202Tl 2- ±0.06 12 d EC
204Tl 2- ±0.09 3.8 d ˇ−, EC

82 195Pb - - 0.6 h EC
197Pb 3/2- - 1 h EC
198Pb 0 - 2.4 h EC
199Pb 5/2- - 1.5 h EC
200Pb 0 - 20 h EC
201Pb 5/2- - 9 h EC
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202Pb 0 - 3·105a EC
203Pb 5/2- - 52 h EC
205Pb 5/2- - 3·107a EC
209Pb 9/2 - 3.3 h ˇ−

210Pb 0 - 22 a ˇ−

211Pb 9/2 - 0.6 h ˇ−

214Pb 0 - 0.44 h ˇ−

83 199Bi 9/2- - 0.41 h EC
201Bi 9/2- - 1.8 h EC
202Bi 5 - 1.6 h EC
203Bi 9/2- 4.6 11.8 h EC
204Bi 6 4.3 11.2 h EC
205Bi 9/2- 4.2 15 d EC
206Bi 6 4.6 6.2 d EC
207Bi 9/2- - 30 a EC
208Bi 5 - 4·105a EC
210Bi 1- -0.045 5 d ˇ−

212Bi 1- - 1 h ˇ−, ˛
213Bi 9/2- - 0.8 h ˇ−, ˛
214Bi - - 0.3 h ˇ−

84 201Po 3/2- - 0.25 h EC, ˛
202Po 0 0 0.7 h EC, ˛
203Po 5/2- - 0.6 h EC, ˛
204Po 0 0 3.6 h EC, ˛
205Po 5/2- 0.3 1.8 h EC
206Po 0 0 9 d EC, ˛
207Po 5/2- 0.3 6 h EC
208Po 0 - 2.93 a ˛
209Po 1/2- 0.8 102 a ˛
210Po 0 0 138 d ˛

85 205At 9/2- - 0.4 h EC, ˛
206At 5 - 0.5 h ˛, EC
207At 9/2- - 1.8 h EC, ˛
208At 6 - 1.6 h EC, ˛
209At 6 - 5.5 h EC, ˛
210At 5 - 8.3 h EC
211At 9/2- - 7.2 h ˛, EC

86 208Rn 0 - 0.4 h EC, ˛
209Rn 5/2- - 0.5 h EC, ˛
210Rn 0 - 2.4 h ˛, EC
211Rn 1/2- - 16 h EC, ˛
212Rn 0 - 0.4 h ˛
221Rn 7/2 - 0.4 h ˇ−, ˛
222Rn 0 - 3.82 d ˛
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87 212Fr 5 - 0.32 h EC, ˛
222Fr 2- - 0.25 h ˇ−

223Fr 3/2 - 0.35 h ˇ−

88 223Ra 3/2 - 11.4 d ˛
224Ra 0 - 3.65 d ˛
225Ra 3/2 - 15 d ˇ−

226Ra 0 - 1620 a ˛
227Ra 3/2 - 0.7 h ˇ−

228Ra 0 - 6.7 a ˇ−

230Ra 0 - 1 h ˇ−

89 224Ac 0- - 3 h EC, ˛
225Ac 3/2 - 10 d ˛
226Ac 1- - 1 d ˇ−, EC
227Ac 3/2- 1.1 22 a ˇ−, ˛
228Ac 3 - 6.1 h ˇ−

229Ac 3/2 - 1.1 h ˇ−

90 226Th 0 - 0.5 h ˛
227Th 3/2 - 18.7 d ˛
228Th 0 - 1.9 a ˛
229Th 5/2 0.5 7300 a ˛
230Th 0 - 8·104a ˛
231Th 5/2 - 25.5 h ˇ−

232Th 0 0 1.4·1010a ˛
233Th 1/2 - 0.37 h ˇ−

234Th 0 - 24 d ˇ−

91 227Pa 5/2- - 0.64 h ˛, EC
228Pa 3 - 22 h EC, ˛
229Pa 5/2 - 1.5 d EC, ˛
230Pa 2- - 17 d EC, ˇ−

231Pa 3/2- ±2.0 3.3·104a ˛
232Pa 2- - 1.3 d ˇ−

233Pa 3/2- 3.5 27 d ˇ−

234Pa 4 - 6.7 h ˇ−

235Pa 3/2- - 0.4 h ˇ−

236Pa 1- - 0.2 h ˇ−

237Pa 1/2 - 0.65 h ˇ−

92 229U 3/2 - 1 h EC, ˛
230U 0 - 20 d ˛
232U 0 - 70 a ˛
233U 5/2 0.6 1.59·105a ˛
234U 0 0 2.6·105a ˛
235U 7/2- -0.3 7.04·108a ˛
236U 0 - 2.4·107a ˛
237U 1/2 - 6.7 d ˇ−
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238U 0 0 4.5·109a ˛
239U 5/2 - 0.4 h ˇ−

240U 0 - 14 h ˇ−

93 231Np 5/2 - 0.9 h EC, ˛
232Np 4- - 0.2 h EC
233Np 5/2 - 0.6 h EC
234Np 0 - 4.4 d EC
235Np 5/2 - 1.1 a EC
236Np 6- - 20 h EC, ˇ−

237Np 5/2 3.1 2.1·106a ˛
238Np 2 - 2.1 d ˇ−

239Np 5/2 0.3 2.35 d ˇ−

240Np 5 - 1.1 h ˇ−

241Np 5/2 - 0.3 h ˛, ˇ−

94 232Pu 0 - 0.6 h EC, ˛
233Pu - - 0.3 h EC
234Pu 0 - 9 h EC, ˛
235Pu 5/2 - 0.4 h EC
236Pu 0 - 2.8 a ˛
237Pu 7/2- - 46 d EC
238Pu 0 - 89 a ˛
239Pu 1/2 0.20 2.411·104a ˛
240Pu 0 - 6600 a ˛
241Pu 5/2 -0.71 14 a ˇ−

242Pu 0 - 3.8·105a ˛
243Pu 7/2 - 5.0 h ˇ−

244Pu 0 - 8·107a ˛
245Pu 9/2- - 10 h ˇ−

246Pu 0 - 11 d ˇ−

95 237Am 5/2- - 1.4 h EC
238Am 1 - 1.9 h EC
239Am 5/2- - 12 h EC
240Am 3- - 2.1 d EC
241Am 5/2- 1.6 433 a ˛
242Am 1- 0.39 16 h ˇ−, EC
243Am 5/2- 1.6 7.4·103a ˛
244Am - - 10 h ˇ−

245Am 5/2 - 2 h ˇ−

246Am 7- - 0.4 h ˇ−

247Am - - 0.4 h ˇ−

96 238Cm 0 - 2.5 h EC, ˛
239Cm - - 3 h EC
240Cm 0 - 27 d ˛
241Cm 1/2 - 36 d EC, ˛
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242Cm 0 0 162 d ˛
243Cm 5/2 ±0.4 28 a ˛
244Cm 0 - 18 a ˛
245Cm 7/2 ±0.5 8·103a ˛
246Cm 0 - 3·103a ˛
247Cm 9/2- ±0.4 1.6·107a ˛
248Cm 0 - 5·105a ˛, sf
249Cm 1/2 - 1.1 h ˇ−

250Cm 0 - 2·104a sf

97 243Bk 3/2- - 4.5 h EC
244Bk 4- - 4.4 h EC
245Bk 3/2- - 5.0 d EC
246Bk 2- - 1.8 d EC
247Bk 3/2- - 58.3 d ˛
248Bk 1- - 20 h ˇ−, EC
249Bk 7/2 ±2 310 d ˇ−

250Bk 2- - 2 h ˇ−

251Bk 3/2- - 1 h ˇ−

98 244Cf 0 - 0.3 h ˛
245Cf - - 35 h ˛, sf
247Cf 7/2 - 2.5 h EC
248Cf 0 - 1 a ˛
249Cf 9/2- - 400 a ˛
250Cf 0 - 13 a ˛, sf
251Cf 1/2 - 898 a ˛
252Cf 0 - 2.6 a ˛, sf
253Cf 7/2 - 18 d ˇ−

254Cf 0 - 60 d sf

99 248Es - - 0.4 h EC
249Es 7/2 - 2 h EC
250Es 6 - 8 h EC
251Es 3/2- - 1.5 d EC
252Es 5- - 140 d ˛
253Es 7/2 4.1 20.5 d ˛
254Es 7 - 270 d ˛
255Es 7/2 - 40 d ˇ−, ˛

100 250Fm 0 - 0.5 h ˛, EC
251Fm 9/2- - 7 h EC, ˛
252Fm 0 - 1 d ˛, sf
253Fm 1/2 - 3 d EC, ˛
254Fm 0 - 3.2 h ˛
255Fm 7/2 - 20 h ˛, sf
256Fm 0 - 3 h sf, ˛
257Fm 9/2 - 90 d ˛, sf
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Z symbol I �/�K T1/2 decay channel

101 255Md 7/2- - 0.6 h EC, ˛
256Md - - 1.3 h EC, ˛
257Md 7/2- - 3 h ˛
258Md 8- - 50 d ˛



15 Mean X-Ray Transition Energies

The table summarizes mean X-ray transition ener-
gies Ē on the basis of line energies given in [50] by
using X-ray emission rates I calculated in [488].

The calculation uses the relation

Ē =

∑
Ei Ii∑
Ii

.

For the M series, intensities given in [116] and [335]
were used.

Mean X-ray transition energies are given for line
combinations for transitions with identical initial va-
cancy states.

Li Lithium Z = 3

transition Ē [eV]

K˛ 51.3

Be Beryllium Z = 4

transition Ē [eV]

K˛ 108.5

B Boron Z = 5

transition Ē [eV]

K˛ 183.3

C Carbon Z = 6

transition Ē [eV]

K˛ 277.0

N Nitrogen Z = 7

transition Ē [eV]

K˛ 392.4

O Oxygen Z = 8

transition Ē [eV]

K˛ 524.9

F Fluorine Z = 9

transition Ē [eV]

K˛ 676.8

Ne Neon Z = 10

transition Ē [eV]

K˛ 848.6

Na Sodium Z = 11

transition Ē [eV]

K˛1 K˛2 1041.0

Mg Magnesium Z = 12

transition Ē [eV]

K˛1 K˛2 1253.6
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Al Aluminium Z = 13

transition Ē [eV]

K˛1 K˛2 1486.6
Kˇ 1557.4

Si Silicon Z = 14

transition Ē [eV]

K˛1 K˛2 1739.8
Kˇ 1835.9

P Phosphorus Z = 15

transition Ē [eV]

K˛1 K˛2 2013.4
Kˇ1 Kˇ3 2139.0

S Sulfur Z = 16

transition Ē [eV]

K˛1 K˛2 2307.4

CI Chlorine Z = 17

transition Ē [eV]

K˛1 K˛2 2621.6
Kˇ 2815.6

Ar Argon Z = 18

transition Ē [eV]

K˛1 K˛2 2957.0
Kˇ1 Kˇ3 3190.5

K Potassium Z = 19

transition Ē [eV]

K˛1 K˛2 3312.9
Kˇ1 Kˇ3 3589.6

Ca Calcium Z = 20

transition Ē [eV]

K˛1 K˛2 3690.5
Kˇ1 Kˇ3 4012.7

Sc Scandium Z = 21

transition Ē [eV]

K˛1 K˛2 4089.1
Kˇ1 Kˇ3 4460.5
Lˇ3 Kˇ4 467.8
L˛1 L˛2 395.4

Ti Titanium Z = 22

transition Ē [eV]

K˛1 K˛2 4508.8
Kˇ1 Kˇ3 4931.8
L˛1 L˛2 452.2

V Vanadium Z = 23

transition Ē [eV]

K˛1 K˛2 4949.6
Kˇ1 Kˇ3 5427.3
Lˇ3 Kˇ4 585.0
L˛1 L˛2 511.3

Cr Chromium Z = 24

transition Ē [eV]

K˛1 K˛2 5411.6
Kˇ1 Kˇ3 5946.7
Lˇ3 Kˇ4 654.0
L˛1 L˛2 572.8

Mn Manganese Z=25

transition Ē [eV]

K˛1 K˛2 5895.1
Kˇ1 Kˇ3 6490.5
Lˇ3 Kˇ4 721.0
L˛1 L˛2 637.4
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Fe Iron Z=26

transition Ē [eV]

K˛1 K˛2 6399.4
Kˇ1 Kˇ3 7058.0
Lˇ3 Kˇ4 792.0
L˛1 L˛2 705.0

Co Cobalt Z = 27

transition Ē [eV]

K˛1 K˛2 6925.2
Kˇ1 Kˇ3 7649.4
Lˇ3 Kˇ4 870.0
L˛1 L˛2 776.2

Ni Nickel Z = 28

transition Ē [eV]

K˛1 K˛2 7472.3
Kˇ1 Kˇ3 8264.7
Lˇ3 Kˇ4 941.0
L˛1 L˛2 851.5

Cu Copper Z = 29

transition Ē [eV]

K˛1 K˛2 8041.0
Kˇ1 Kˇ3 8904.5
Lˇ3 Kˇ4 1022.8
L˛1 L˛2 922.7

Zn Zinc Z = 30

transition Ē [eV]

K˛1 K˛2 8631.1
Kˇ1 Kˇ3 9572.0
Lˇ3 Kˇ4 1107.0
L˛1 L˛2 1011.7

Ga GalIium Z=31

transition Ē [eV]

K˛1 K˛2 9242.6
Kˇ1 Kˇ3 10262.6
Lˇ3 Kˇ4 1197.0
L˛1 L˛2 1097.9

Ge Germanium Z=32

transition Ē [eV]

K˛1 K˛2 9875.8
Kˇ1 Kˇ3 10980.6
Lˇ3 Kˇ4 1291.3
L˛1 L˛2 1188.0

As Arsenic Z = 33

transition Ē [eV]

K˛1 K˛2 10531.8
Kˇ1 Kˇ3 11724.0
Lˇ3 Kˇ4 1388.4
L˛1 L˛2 1282.0

Se Selenium Z = 34

transition Ē [eV]

K˛1 K˛2 11209.1
Kˇ1 Kˇ3 12494.0
L˛1 L˛2 1379.1

Br Bromine Z = 35

transition Ē [eV]

K˛1 K˛2 11908.3
Kˇ1 Kˇ3 13289.0
L˛1 L˛2 1480.4
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Kr Krypton Z = 36

transition Ē [eV]

K˛1 K˛2 12631.6
Kˇ1 Kˇ3 14109.3
Lˇ3 Lˇ4 11703.4
L˛1 L˛2 1586.0

Rb Rubidium Z = 37

transition Ē [eV]

K˛1 K˛2 13375.0
Kˇ1 Kˇ3 14958.0
Lˇ3 Lˇ4 1823.4
L�2 L�3 2050.7
L˛1 L˛2 1693.9

Sr Strontium Z = 38

transition Ē [eV]

K˛1 K˛2 14142.0
Kˇ1 Kˇ3 15832.0
Lˇ3 Lˇ4 1943.3
L�2 L�3 2196.5
L˛1 L˛2 1806.4

Y Yttrium Z = 39

transition Ē [eV]

K˛1 K˛2 14932.3
Kˇ1 Kˇ3 16733.7
Lˇ3 Lˇ4 2067.8
L�2 L�3 2346.8
L˛1 L˛2 1922.4

Zr Zirconium Z = 40

transition Ē [eV]

K˛1 K˛2 15746.2
Kˇ1 Kˇ3 17663.1
K

′
ˇ2

17970.0
Lˇ3 Lˇ4 2196.0
L�2 L�3 2502.9
L˛1 L˛2 2042.1
Lˇ2 Lˇ15 2219.4

Nb Niobium Z = 41

transition Ē [eV]

K˛1 K˛2 16582.7
Kˇ1 Kˇ3 18617.0
K

′
ˇ2

18953.0
Lˇ3 Lˇ4 2329.2
L�2 L�3 2663.8
L˛1 L˛2 2165.6
Lˇ2 Lˇ15 2367.0

Mo Molybdenum Z = 42

transition Ē [eV]

K˛1 K˛2 17442.9
Kˇ1 Kˇ3 19601.9
K

′
ˇ2

19994.7
Lˇ3 Lˇ4 2466.6
L�2 L�3 2830.6
L˛1 L˛2 2292.9
Lˇ2 Lˇ15 2518.3

Tc Technetium Z = 43

transition Ē [eV]

K˛1 K˛2 18327.0
Kˇ1 Kˇ3 20612.0

Ru Ruthenium Z = 44

transition Ē [eV]

K˛1 K˛2 19234.5
Kˇ1 Kˇ3 21649.5
K

′
ˇ2

22074.1
Lˇ3 Lˇ4 2755.1
L�2 L�3 3180.9
L˛1 L˛2 2558.2
Lˇ2 Lˇ15 2836.0
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Rh Rhodium Z = 45

transition Ē [eV]

K˛1 K˛2 20166.9
Kˇ1 Kˇ3 22715.5
K

′
ˇ2

23171.4
Lˇ3 Lˇ4 2906.4
L�2 L�3 3364.0
L˛1 L˛2 2696.2
Lˇ2 Lˇ15 3001.3

Pd Palladium Z = 46

transition Ē [eV]

K˛1 K˛2 21122.6
Kˇ1 Kˇ3 23809.5
K

′
ˇ2

24299.2
Lˇ3 Lˇ4 3062.7
L�2 L�3 3553.3
L˛1 L˛2 2838.1
Lˇ2 Lˇ15 3171.8

Ag Silver Z = 47

transition Ē [eV]

K˛1 K˛2 22103.1
Kˇ1 Kˇ3 24931.8
K

′
ˇ2

25456.3
Lˇ3 Lˇ4 3222.9
L�2 L�3 3747.3
L˛1 L˛2 2983.7
Lˇ2 Lˇ15 3347.8

Cd Cadmium Z = 48

transition Ē [eV]

K˛1 K˛2 23108.0
Kˇ1 Kˇ3 26084.1
Lˇ3 Lˇ4 3388.6
L�2 L�3 3951.3
L˛1 L˛2 3133.0
Lˇ2 Lˇ15 3528.1

In Indium Z = 49

transition Ē [eV]

Kˇ1 Kˇ3 27263.1
K

′
ˇ2

27861.5
Lˇ3 Lˇ4 3558.8
L�2 L�3 4160.5
L˛1 L˛2 3286.1
Lˇ2 Lˇ15 3713.8

Sn Tin Z = 50

transition Ē [eV]

Kˇ1 Kˇ3 28471.7
K

′
ˇ2

KO2,3 29112.2
Lˇ3 Lˇ4 3734.1
L�2 L�3 4376.8
L˛1 L˛2 3443.1
Lˇ2 Lˇ15 3904.9

Sb Antimony Z = 51

transition Ē [eV]

Kˇ1 Kˇ3 29710.0
K

′
ˇ2

KO2,3 30396.1
Lˇ3 Lˇ4 3915.0
L�2 L�3 4599.9
L˛1 L˛2 3603.7
Lˇ2 Lˇ15 4100.8

Te Tellurium Z = 52

transition Ē [eV]

Kˇ1 Kˇ3 30978.3
Lˇ3 Lˇ4 4100.8
L�2 L�3 4829.0
L�1 L�5 4565.1
L˛1 L˛2 3768.2
Lˇ2 Lˇ15 4301.7
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I Iodine Z = 53

transition Ē [eV]

Kˇ1 Kˇ3 32276.0
Lˇ3 Lˇ4 4291.8
L�2 L�3 5065.7
L˛1 L˛2 3936.5
Lˇ2 Lˇ15 4507.5

Xe Xenon Z = 54

transition Ē [eV]

Kˇ1 Kˇ3 33602.9

Cs Cesium Z = 55

transition Ē [eV]

Kˇ1 Kˇ3 34963.8
Lˇ3 Lˇ4 4690.4
L�2 L�3 5548.6
L˛1 L˛2 4285.0
Lˇ2 Lˇ15 4935.9

Ba Barium Z = 56

transition Ē [eV]

Kˇ1 Kˇ3 36352.8
Lˇ3 Lˇ4 4897.5
L�2 L�3 L�4 5818.4
L˛1 L˛2 4464.7
Lˇ2 Lˇ15 5165.5

La Lanthanum Z = 57

transition Ē [eV]

Kˇ1 Kˇ3 37773.4
K

′
ˇ2

KO2,3 38754.6
Lˇ3 Lˇ4 5111.3
L�2 L�3 6068.6
L˛1 L˛2 4649.3
Lˇ2 Lˇ15 5383.5
M˛1 M˛2 833.0

Ce Cerium Z = 58

transition Ē [eV]

Kˇ1 Kˇ3 39227.4
K

′
ˇ2

KO2,3 40257.9
Lˇ3 Lˇ4 5329.9
L�2 L�3 6339.9
L˛1 L˛2 4838.5
Lˇ2 Lˇ15 5613.4
M˛1 M˛2 883.0

Pr Praseodymium Z = 59

transition Ē [eV]

Kˇ1 Kˇ3 40715.6
Lˇ3 Lˇ4 5554.4
L�2 L�3 6609.0
L˛1 L˛2 5031.6
Lˇ2 Lˇ15 5850.0
M˛1 M˛2 929.2

Nd Neodymium Z = 60

transition Ē [eV]

Kˇ1 Kˇ3 42235.6
Lˇ3 Lˇ4 5786.1
L�2 L�3 6894.5
L˛1 L˛2 5228.1
Lˇ2 Lˇ15 6089.4
M˛1 M˛2 978.0

Pm Promethium Z = 61

transition Ē [eV]

Kˇ1 Kˇ3 43787.5
L˛1 L˛2 5429.9
Lˇ2 Lˇ15 6339.0
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Sm Samarium Z = 62

transition Ē [eV]

Kˇ1 Kˇ3 45370.8
Lˇ3 Lˇ4 6268.5
L�2 L�3 7478.4
L˛1 L˛2 5633.3
Lˇ2 Lˇ15 6587.0
M˛1 M˛2 1081.0

Eu Europium Z = 63

transition Ē [eV]

Kˇ1 Kˇ3 46992.3
Lˇ3 Lˇ4 6399.0
L�2 L�3 7784.7
L˛1 L˛2 5842.7
Lˇ2 Lˇ15 6843.2
M�1 M�2 1346.0
M˛1 M˛2 1131.0

Gd Gadolinium Z = 64

transition Ē [eV]

Kˇ1 Kˇ3 48648.6
Lˇ3 Lˇ4 6771.8
L�2 L�3 8097.8
L˛1 L˛2 6053.9
Lˇ2 Lˇ15 7110.3
M�1 M�2 1402.0
M˛1 M˛2 1185.0

Tb Terbium Z = 65

transition Ē [eV]

Kˇ1 Kˇ3 50329.9
Lˇ3 Lˇ4 7031.3
L�2 L�3 8412.9
L˛1 L˛2 6269.3
Lˇ2 Lˇ15 7366.7
M˛1 M˛2 1240.0

Dy Dysprosium Z = 66

transition Ē [eV]

Kˇ1 Kˇ3 52063.8
Lˇ3 Lˇ4 7300.7
L�2 L�3 8737.2
L˛1 L˛2 6491.4
Lˇ2 Lˇ15 7635.7
M˛1 M˛2 1293.0

Ho Holmium Z = 67

transition Ē [eV]

Kˇ1 Kˇ3 53820.4
Lˇ3 Lˇ4 7575.7
L�2 L�3 9072.2
L˛1 L˛2 6715.7
Lˇ2 Lˇ15 7911.0
M˛1 M˛2 1348.0

Er Erbium Z = 68

transition Ē [eV]

Lˇ3 Lˇ4 7857.0
L�2 L�3 9412.0
L˛1 L˛2 6944.0
Lˇ2 Lˇ15 8189.0
M˛1 M˛2 1406.0

Tm Thulium Z = 69

transition Ē [eV]

L�2 L�3 9758.6
L˛1 L˛2 7175.1
Lˇ2 Lˇ15 8468.0
M˛1 M˛2 1402.0

Yb Ytterbium Z = 70

transition Ē [eV]

L�2 L�3 10120.8
L˛1 L˛2 7410.7
Lˇ2 Lˇ15 8758.8
M˛1 M˛2 1521.4
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Lu Lutetium Z = 71

transition Ē [eV]

L�2 L�3 10489.5
L˛1 L˛2 7650.4
Lˇ2 Lˇ15 9048.0
M˛1 M˛2 1581.3

Hf Hafnium Z = 72

transition Ē [eV]

L�2 L�3 10866.8
L

′
�4

L�4 11237.4
L˛1 L˛2 7893.5
Lˇ2 Lˇ15 9346.3
M˛1 M˛2 1644.6

Ta Tantalum Z = 73

transition Ē [eV]

K
′
ˇ2

66994.5
L�2 L�3 11252.0
L

′
�4

L�4 11641.5
L˛1 L˛2 8140.2
Lˇ2 Lˇ15 9650.6
M�1 M�2 1957.5
M˛1 M˛2 1709.6

W Tungsten Z = 74

transition Ē [eV]

K
′
ˇ2

69080.9
L�2 L�3 11645.6
L

′
�4

L�4 12058.6
L˛1 L˛2 8391.2
Lˇ2 Lˇ15 9960.1
M�1 M�2 2028.0
M˛1 M˛2 1775.3

Re Rhenium Z = 75

transition Ē [eV]

K
′
ˇ2

71208.2
L�2 L�3 12050.8
L˛1 L˛2 8645.8
Lˇ2 Lˇ15 10273.9

Os Osmium Z = 76

transition Ē [eV]

L�2 L�3 12466.0
L

′
�4

L�4 12917.0
L˛1 L˛2 8904.5
Lˇ2 Lˇ15 10597.3
M�1 M�2 2174.0
M˛1 M˛2 1910.2

Ir Iridium Z = 77

transition Ē [eV]

L�2 L�3 12889.0
L

′
�4

L�4 13362.6
L˛1 L˛2 9167.3
Lˇ2 Lˇ15 10918.4
M�1 M�2 2246.0

Pt Platinum Z = 78

transition Ē [eV]

L�2 L�3 13320.7
L

′
�4

L�4 13822.1
L˛1 L˛2 9434.1
M�1 M�2 2322.5

Au Gold Z = 79

transition Ē [eV]

L�2 L�3 13764.9
L

′
�4

L�4 14290.8
L˛1 L˛2 9704.6
Lˇ2 Lˇ15 11583.2
M�1 M�2 2409.8
M˛1 M˛2 2122.7
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Hg Mercury Z = 80

transition Ē [eV]

L�2 L�3 14218.7
L

′
�4

L�4 14768.4
L˛1 L˛2 9979.5
Lˇ2 Lˇ15 11922.0

Tl Thallium Z = 81

transition Ē [eV]

L�2 L�3 14686.3
L

′
�4

L�4 15261.0
L˛1 L˛2 10252.2
Lˇ2 Lˇ15 12269.9
M�1 M�2 2559.5

Pb Lead Z = 82

transition Ē [eV]

L�2 L�3 15164.6
L

′
�4

L�4 15765.5
L˛1 L˛2 10541.6
Lˇ2 Lˇ15 12620.8
M�1 M�2 2650.1
M˛1 M˛2 2345.4

Bi Bismuth Z = 83

transition Ē [eV]

L�2 L�3 15651.1
L

′
�4

L�4 16283.3
L˛1 L˛2 10828.0
Lˇ2 Lˇ15 12977.5
M�1 M�2 2723.5

Po Polonium Z = 84

transition Ē [eV]

L�2 L�3 16149.3
L˛1 L˛2 11119.3
Lˇ2 Lˇ15 13337.4

At Astatine Z = 85

transition Ē [eV]

L˛1 L˛2 11414.5

Rn Radon Z = 86

transition Ē [eV]

L˛1 L˛2 11713.8

Fr Francium Z = 87

transition Ē [eV]

L˛1 L˛2 12017.1

Ra Radium Z = 88

transition Ē [eV]

L�2 L�3 18271.3
L

′
�4

L�4 19060.9
L˛1 L˛2 12325.3
Lˇ2 Lˇ15 14837.8

Ac Actinium Z = 89

transition Ē [eV]

L˛1 L˛2 12636.6

Th Thorium Z = 90

transition Ē [eV]

Lˇ9 Lˇ10 17075.6
L

′
�4

L�4 20267.6
L˛1 L˛2 12952.8
Lˇ2 Lˇ15 15620.4
M�1 M�2 3352.5
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Pa Protactinium Z = 91

transition Ē [eV]

Lˇ9 Lˇ10 17596.7
L

′
�4

L�4 20882.0
L˛1 L˛2 13273.7
M�1 M�2 3447.9
M˛1 M˛2 3081.7

U Uranium Z = 92

transition Ē [eV]

Lˇ9 Lˇ10 18135.2
L

′
�4

L�4 21530.1
L˛1 L˛2 13597.0
Lˇ2 Lˇ15 16423.9
M�1 M�2 3558.1
M˛1 M˛2 3170.3

Np Neptunium Z = 93

transition Ē [eV]

Lˇ9 Lˇ10 18686.9
L

′
�4

L�4 22171.1
L˛1 L˛2 13925.1
Lˇ2 Lˇ15 16835.5

Pu Plutonium Z = 94

transition Ē [eV]

Lˇ9 Lˇ10 19284.0
L

′
�4

L�4 22856.4
L˛1 L˛2 14258.7
Lˇ2 Lˇ15 17250.4

Am Americium Z = 95

transition Ē [eV]

Lˇ2 Lˇ15 17671.5
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356. A. Meisel, G. Leonhard, R. Szargan: Röntgenspektren und chemische Bindung (Geest & Portig, Leipzig 1977)
357. L. Meitner: Z. Phys. 9, 131 (1922)
358. A. G. Miller: Phys. Rev.A 13, 2153 (1976)
359. J. E. Minor, E. C. Lingafelter: J.Amer. Chem. Soc. 71, 1145 (1949)
360. M. Mizushima: Quantum Mechanics of Atomic Spectra and Atomic Structure (Benjamin Press, New York 1970)
361. S. Mohan et al.: Phys. Rev. C 1, 254 (1970)
362. P. J. Mohr, N. B. Taylor: http://physics. nist. gov/constants
363. P. H. Mokler, F. Folkmann: X-Ray Production in Heavy Ion-Atom Collisions, in: Structure and Collisions of Ions and

Atoms (Springer, Berlin Heidelberg New York 1978) p 214
364. E. Monnand,A. Moussa: Nuclear Physics 25, 292 (1961)
365. T. Mooney, E. Kindroth, P. Indelicato, E. G. Kessler Jr, R. D. Deslattes: Phys. Rev.A 45, 1531 (1992)
366. private communication from T. M. Mooney 1996 as cited in [145]
367. C. E. Moore: Ionization Potentials and Ionization Limits Derived from the Analysis of Optical Spectra, NSRDS-NBS

34, U.S. Govt. Printing Off. ,Washington, D.C. (1970)
368. D. L. Moores: Electronic and Atomic Collisions, in: Papers and Progress Reports, ICPEAC XII, ed by S. Datz (North

Holland Publ. Comp. , Gatlinburg 1981)
369. S. Morita: Japanese Journal of Applied Physics 22,1030 (1983)
370. H. G. Moseley: Philos. Mag. 26, 1024 (1913)
371. H. G. Moseley: Philos. Mag. 27, 703 (1914)

N

372. J. C. Nall et al.: Phys. Rev. 118, 1278 (1960)
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(2002)
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Physical constants, units and conversion factors1

Avogadro constant NA 6.022 1415 (10)× 1023 mol−1

Faraday constant F = NA e 96 485.3383(83) C mol−1

Bohr radius a0 0.529 177210 3 (18) × 10−10 m

Bohr magneton �B 927.400 949(80)× 10−26 J T−1

5.788 381 804(39)× 10−5 eV T−1

classical electron radius re = ˛2ao 2.817 940 325(28) × 10−15 m

electron Compton wavelength �C 2.426 310 238(16)× 10−12 m

electron mass me 9.109 3826(16)× 10−31 kg

electron mass energy equivalent mec2 0.510 998 918(44) MeV

elementary charge e 1.602 176 462(63)× 10−19 C
electric constant "0 = 1/�0c2 8.854 187 817... × 10−12 F m−1 (exact)

fine-structure constant˛ = e2/(4�"0 �c −3

inverse fine-structure constant˛−1 137.035 999 11(46)

Hartree energy Eh = 2 R∞hc 27.211 3845(23) eV

magnetic constant�0 4� × 10−7 N A−2

12.566 370 614... × 10−7 N A−2 (exact)

molar gas constant R 8.314 472(15) J mol−1 K−1

nuclear magneton �N = e�/2mp 5.050 783 43(43)× 10−27 J T−1

−8 −1

photonwavelength Å 1 × 10−10m

Planck constant h 6.626 0693(11)× 10−34 J s

4.135 66743(35) × 10−15 eV s

Planck constant� = h/2� 1.054 571 68(18) × 10−34 J s

6.582 119 15(56)× 10−16 eV s

1

eV T3.152 451259(21)× 10

CODATA recommended values based on the 2002 adjustment [357],also extensively summarized in [220].Fundamental
constants were published by the TasK Group on Fundamental Constants of the Committee for Science and Technology
(CODATA) of the International Council of Scientific Unions (CSU).
see also: http://physics.nist.gov/cuu/constants/index.html

) 7.297 352 568(24) × 10



proton mass mp 1.672 621 71(29)× 10−27 kg

938.272 029(80) MeV

proton–electron mass ratio mp/me 1836.152 672 61(85)

Rydberg constant R∞ = ˛2mec/2h 10 973 731.568 525(73) m−1

R∞ c 3.289 841 960 360(22)× 1015 Hz

R∞ h c 2.179 872 09(37)× 10−18 J

R∞ h c in eV 13.605 6923(12) eV

299 792 458 m s−1 (exact)

1.660 538 86(28)× 10−27 kg

1 u =
1
12

m(12C) = 10−3 kg mol−1/NA

electron volt (e/C) J 1.602 176 53 (14)× 10−19 J

(1 eV)/h 2.417 989 40 (21) × 1014 Hz

(1 eV)/hc 8.065 54445 (69) × 105 m−1

(1 eV)/c2 1.782 661 81 (15)× 10−36 kg

(1 eV)/k 1.160 450 05 (20)× 104 K

Atomic units

me = e = � = 1 me = c = � = 1

2R∞hc = mec2˛2 electron mass energy equivalent
= 27.211 3845(23) eV mec2 = 0.510 998 918(44) MeV

∞c = 4.134 137 333 × 1016 Hz mc2/� = 7.763 440 715 × 1020 Hz

˛c = 2.187 691 × 106 m s−1 speed of light in vacuum

c = 299 792 458 m s−1

e = 1.602 176 53(14)× 10−19
�c)1/2 = 1.875 5610 × 10−18 C

Bohr radius Compton wavelength

a0 = 0.529 1772108(18) × 10−10 m �/mec = 386.159 2678(26) × 10−15 m

electron mass electron mass

me = 9.109 3826(16)× 10−31 kg me = 9.109 3826(16) × 10−31 kg

a0/˛c = (4�R∞c)−1
�/mec2 = 1.288 0887 × 10−21 s

= 2.418 884 × 10−17 s

speed of light in vacuum c

unified atomic mass unit u

energy

frequency 4�R

velocity

charge

length

mass

time

C (


