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The response function of 2 Si(L1) detector has been measured in the photon energy range

0.9-5 keV using monochromatized synchrotron radiation at a double crystal monochromator.
The response is described by a HYPERMET function and the spectral dependence of its parameters
is presented. The guantum detection efficiency of the detector is determined from measurements
in the undispersed synchrotron radiation of the electron storage ring BESSY, which is a primary

radiometric standard.

INTRODUCTION

Energy dispersive photon counting systems are used in the
x-ray and y-ray region for various applications in material
research, radiometry, nuclear physics, and environmental
studies. Also, in the spectral region below 5 keV, there are
several extremely useful applications of Si(Li) detectors,
particularly for applications at synchrotron radiation {(SR)
facilities:

(iy Though the energy resolution of energy dispersive
Si(Li) detectors is only of the order of AE = 100 eV, this is
sufficient for the separation of higher order contributions of
monochromators for photon energies Av > 200 eV. There-
fore, Si(Li) detectors can be used for the characterization of
grazing incidence grating monochromators and crystal
monochromators.

(ii) Si(Li) detectors can be used for the detection and
identification of characteristic x rays for all elements with
Z> 4, i.e., also for the very important elements; carbon, ni-
trogen, and oxygen. Therefore, SR induced x-ray fiuores-
cence identified with a suitable Si(Li) detector is a powerful
tool in material research. Also, for the application of
EXAFS technigues to surface physics, the measurement of
fluorescence emission of surface atoms instead of transmit-
tance measurements offers several advantages.

We see two central reasons why Si(Li) detectors are up
to now not widely used at SR centers in the region below 5
keV:

(1) Due to the demands of their main customers, the
manufacturers of Si{Li) detectors have optimized their sys-
tems for nuclear physics and material research. Akthough
there are no principal technical difficulties, ultrahigh vacu-
um compatible systems are not offered, and due to bad vacu-
um conditions an increasing layer of ice on: the permanently
cooled detector is observed. ' This problem can be solved by
the manufacturers if there is a growing market for adequate
detector systems.

(ii) The unigue potential of Si(Li} detectors can only be
utilized if the detector is completely characterized, i.e., if the
response function p(4v,E) and the quantum detection effi-
ciency €(Av) are known. Here, Av is the energy of the inci-
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dent photons and £ refers to the energy axes of the multi-
channel analyzer (MCA) used for data acquisition. The
conventional methods for the characterization of Si{Li) de-
tectors are mainly based on calibrated radicactive sources®
which are not available in the soft x-ray region.

The measurement of p{siv,E) has to be performed with
monochromatic radiation of different photon energies Av,
while, for the determination of €(&v), radiation of known
spectral photon flux is required. At the electron storage ring
BESSY, both requirements can be fulfilled: Monochromatic
radiation is available at various monochromators, and a pre-
cisely known photon flux is emitted from the storage ring
which is a primary radiation standard.* Although for the
complete characterization of a Si(Li) detector we used a
detector with a 7.6-um Be window, the spectral range can
easily be extended to lower photon energies if a detector
without or with an ultrathin window is used.

. RESPONSE FUNCTION

For the determination of the response function, the
Si(Li) detector was irradiated with monochromatic radi-
ation between 0.9 and 5 keV at the BESSY double crystal
monochromator.” At normal operation conditions of
BESSY (electron energy 756 MeV, electron current 300
mA), the monochromatic photon flux behind the mono-
chromator is of the order of some 16'° photons/s, while the
count rate of the Si(Li) detector is limited to a few thousand
counts per second. Therefore, the measurements for the de-
termination of the response function were performed with
BESSY operated at an clectron current of a few microamps
or less.

The response of the Si(Li) detector to monochroma-
tized radiation of photon energy /v as registered with the
MCA can be seen for four different photon energies from
Fig. 1. As discussed in the Introduction, this measurement is
not cnly a characterization of the energy dispersive detector,
but also of the monochromator: For the measurements at
photon energies below 1.8 keV, where beryl crystals have
been used as dispersive elements, the higher order contribu-
tions are not negligible. At photon energies above 1.8 keV
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FIG. 1. Measured response of the Si{Li) detector system to “monochroma-
tized” radiation behind a double crystal monochromator at the storage ring
BESSY. For the measurement at 1100 eV a Beryl crystal was used, for the
other measurements an InSb crystal was used. The count rate was of the
order to 1000 cps.

where an EnSb crystal was utilized, no significant higher or-
der contributions are present. A drastic change is observed
in the response function at the Si K absorption edge: Above
the absorption edge a very pronounced low-energy tail is
observed, as can be seen from the spectrum obtained at
hv = 1840 eV. Additionally, for higher photon energies, the
well-known escape peak shows up.

The shape of the response p(hv,E) is a Gaussian peak
centered at £ = hv with a low-energy tail. As it has been
discussed by several authors,®’ p(4v,E) can be approximat-
ed by a modified HYPERMET function F{E) with

F(E}Y = G(E) + S(E) + D(E) + Esc(E) + T(£),

(1)
with the full energy Gaussian peak G(F)
G(E) = H,; exp[ — (E — hv)?/207], (1a)
the step function S(F)
S(E) = Hg {1 — erf[(E — hv)/cv/21}, {(1b)

the exponential tail function D(E)
D(EYy =Hp Lexpl(E— hv)/B]

x{1 — erf[ (E — hv)/ov'2 + 0/6v'21},
(1c)

the escape peak centered at the energy Fg,,
Esc(E) = Hg, exp] — (Eg,. — E)*/207],

and the signal correlated noise function T( &)
T(E)=HE '2 (1e)

The exponent — 1.2 of the noise function has been de-
termined in advance by a fitting code, which is based on the
algorithm CURFIT.® We have included the noise function in
the response function, because we found that the noise is
correlated with photons of the energy under consideration
and has nothing to do with high-energy radiation as stated
by other authors.” The counts registered at photon energies
above the full energy peak depend on the count rate and will
not be considered in the following discussion.

The approximation of the measured response function
at Av = 3500 eV by this modified HYPERMET function and
the individual components of the RYPERMET function can be

(id)
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seen from Fig. 2. For the characterization of the detector, the
spectral dependence of the parameters in the HYPERMET
function has to be determined. For all measured responses of
the detector to the “monochromatic” radiation behind the
crystal monochromator, we determined the parameters of
the HYPERMET function with a standard fit procedure.® In
Fig. 3, the spectral dependences of the most important pa-
rameters are shown together with the approximation by sim-
pie mathematical expressions (solid lines}, which have a jus-
tification from the physics of the semiconductor Si(Li)
detector, at least in some cases.”

Since we do not know the absolute photon flux behind
the crystal monochromator, we cannct determine H; which
is correlated to the guantum detection efficiency. For their
presentation in Fig. 3, all intensity factors H are normalized
to H;.

The width of the response function is given by param-
eters o (or Apywpm = 2.355 o) for the full energy Gaussian
peak G(E) and the parameter f in the tail function D(E).
We fitted the spectral dependence of the halfwidth with the
usual approach.'®

twam = A% + (2.355)Fehv, (2)

with ¢ being the average energy for the creation of an elec-
tron hole pair (3.81 eV for Si at 77 K). For our detector
system, we found A, = 121 eV for the electronic part and
F = 0.072 for the Fano factor.

While o is continuously increasing with the photon en-
ergy, we found a change in the ratio 5 /o at the Si K absorp-
tion edge. Since the existence of an exponential tail is caused
by the absorption in Si, H,,/H ; shows an enormous jump at
the Si K absorption edge. The intensity H,/H ; of the signal
correlated noise 7(£) also shows a weak structure at the
Si K absorption edge.

The step function S(&) seems to be correlated with the
absorption of the Au contact at the surface of the detector
crystal, because we found significant contributions only for
photon energies Av > 2206 eV, the onset of the Au M absorp-
tion. The escape peak could only be identified for photon
energies Av> 2300 eV, and the ratio Hy /H; is in good
agreement with the model suggested by Johannsen.'' In
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F1G. 2. Approximation of the measured response of the detector system at
3.5 keV (dots) with the modified HYPERMET function F(E) and the indi-
vidual components of the HYPERMET function: full energy Gaussian peak
G(E), step function S(F), exponential tail D(E), escape peak Esc(£), and
signal correlated noise T(E).
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F16. 3. Speciral dependence of the most important parameters in the com-
ponents of the HYPERMET function. (a) Apwyy of the full energy Gaussian

peak, (b) H,/H; (exponential tail function), (c) Hg/H (step function),
and (d} Hy, /H; (escape fanciion).

agreement with other authors,'” we found the energy shift
Ap, = hv — Ep . = 1749 eV instead of 1740 eV as expected
from the energy of the Si X emission.

If we separate all counts registered with the MCA for
energies £> 600 eV into counts within the Gaussian peak
G(E} (“peak”) and ccunts outside of G(E) (“tail”), we
find a correlation of the tail-to-peak ratio with the absorp-
tion of 8i (see Fig. 4). The tail-to-peak ratio reaches values
up to 0.3 just above the Si K absorption edge. Extreme care,
therefore, has to be taken using a Si{Li) detector for absolute
photon flux measurements in this spectral region.

il. THE QUANTUM DETECTION EFFICIENCY e(fv}

For quantitative measurements, the quantum detection
efficiency e{4v) has to be known. In accordance with the
literature,'® we define € (hv) to be the probability that a pho-
ton of energy Av passing the aperture in front of the detector
leads to a pulse which can be attributed to the full energy
Gaussian peak G(&).

The quantum detection efficiency €(4v) can be deter-
mined by measuring the response of the detector system to a
known spectral photon flux ¥, (Av). As standard radiation
sources like radioactive sources cannot be used for photon
energies below 5 keV, we used the undispersed SR of the
electron storage ring BESSY, which is 2 radiometric stan-
dard with small uncertainties in the soft x-ray range.*'*
Since the count rate of the Si(Li) detector may not exceed
1000 cps to avoid pileup puises, the storage ring has to be
operated with only a few electrons stored, which must be
counted precisely for the calculation of the spectral photon
flux. During our measurements, the energy of the stored
electrons was W = (755.65 4 0.4) MeV, the limiting circu-
lar aperture of the detector had aradius r = (1.239 + 0.005)
mm and was situated in the center of the vertical angular
distribution of the SR at a distance d = (6078 + 10) mm
from the source point of the SR. The resulting uncertainty of
€(hv) in the soft x-ray range between 1-5 keV is of the order
3%, details are discussed elsewhere. ™'

In an energy dispersive photon counting system, a spec-
tral photon flux N, (hv) leads to a spectral count rate
Cp(E). C,(E) and N, (hv) are related by
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F1G. 4. Number of counts in the “tail”” relative to the number of counts in the
fuil energy Gaussian peak.

Crp{E) th’,,v(hv)-e(hv) -plhv,Eydhy, (3}

where p(Av,E) is approximated by the HYPERMET function
F(E)Y.
From the definition of e(Av) we have

j p(hv.EYdE = 1 + tail-to-peak ratio> 1. (4}

Therefore, Eq. (3) is a convolution which does not preserve
the integral count rate.

If the spectral count rate C (E) induced by a known
photon flux &, (Av) is measured, e(Av) can be determined
from Eq. (3). Because the SR is a broadband continuum and
the halfwidth of the response function p{Av, E) is much larg-
er than the spectral width of the structures in €(#v), which
can be measured in monochromatic radiation behind a mon-
ochromator, a deconvolution procedure according to Eq.
{3) does nrot lead to satisfactory results in the vicinity of
structures in €{/4v), especially in the vicinity of the §i K
absorption edge. On the other hand, reliable models for the
calculation of e(hv) are described in the literature.’> We
therefore determine € (Av) according to the following proce-
dure: e(hv) is calculated from a model function with several
free parameters. Using an iterative fit procedure, the free
parameters are chosen in such a way that with a convolution
according to Eq. (3) the experimentai data are described as
accurately as possible.

The physical model for the calculation of e(Av) is rather
simpie: Every photon which is absorbed in the depletion lay-
er of the detector will produce a pulse in the full energy
Gaussian peak, except for escape effects. Therefore, one only
has to take into account absorption in filters, windows, and
dead layers in front of the depletion iayer of the detector
crystal. The quantum detection efficiency € (4v) therefore is
given by

e(hv) = 75, (V)T (Av)Ta, (PV) 1 (BV)fee. (Bv)
X[l«-fpn(hv)}, (5)

where 7 denotes the transmittance of a 7.6-um: Be window, a
1.6-pm layer of water ice which is dominated by the absorp-
tion of oxygen, an Au contact of thickness 21 nm, and a Si
deadlayer of 370 nm. The escape pulses are taken into ac-
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count by f¢.. (4v). In the spectral region investigated in this
paper, the transmittance 7, of the depletion layer can be
neglected. The absorption data for the absorbing layers have
been taken from the literature, "> 1% the thickness of these lay-
ers are the only free parameters. The thicknesses of the var-
ious layers as given above are in the best agreement with our
measurements and, also, in good agreement with the manu-
facturer’s specifications and values that can be derived from
the parameters of the response function presented in the pre-
vious chapter.

The guantum detection efficiency calculated according
to Eq. (5) is shown in the upper part of Fig. 5, whereas the
lower part demonstrates the agreement between the spectral
count rates Cp (£) calculated according to Eq. (3} and the
original data.

The difference between the measured and the calculated
spectral count rate is less than 3% in the entire spectral re-
gion between (.94 keV. The differences show some system-
atical features in their spectral dependence, which may be
caused by uncertainties in the atomic absorption data used
for the calculation of the quantum detection efficiency. In
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F1G. 5. Upper part: Quantum detection efficiency €(£) calculated accord-
ing to Eq. (5). Lower part: Calculation of the spectral counts rate C . { E)
according to Eq. (3): &, (#v) is the number of synchroton radiation pho-
tons entering the aperture in front of the detector, the full line is the convo-
lution of N, (hv)e(hv) according to Eq. (3). Dots are original data taken
with the detector system. All curves refer to an integration time of 1000, a
channel width of the MCA of 9.01 ¢V, BESSY operated with two electrons
stored.
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our calculation, e.g., the x-ray absorption fine structure
which is very pronounced just above the Si K absorption
edge has not been taken into account. In this spectral region
the uncertainty of e{4v) therefore is larger than 3%.

tif. CONCLUSION AND QUTLOOK

We have shown that with the technigues presented in
this paper a 8i{Li) detector can be completely characterized
in the spectral region between 0.9-5 keV. The absolute deter-
mination of photon fluxes with such a completely character-
ized system is possible with an uncertainty of less than 5%,
which is much better than uncertainties achieved with other
technigues in this spectral region.

We will use our completely characterized Si(Li) detec-
tor mostly for radiometric purposes, i.e., the measurements
of the spectral responsivity of detectors like semiconductor
photodiodes!” and of the spectral emission of secondary
standard radiation sources like Al X fluorescence excited by
a radioactive Fe-55 source. It will also be utilized for the
characterization of monochromators operated with syn-
chrotron radiation.
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