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The results obtained by applying the theory developed for the SEICXRF method and applying a Monte
Carlo simulation code (MCS) are compared with the experimental data in order to validate this theory.
Specifically, an assay is made with the spectra corresponding to a brass sample and a soil sample. The
experimental data were corrected considering the chamber efficiency and the dead time of the detection
system. The considerations taken into account in order to obtain a correct comparison between theory and
experiment are discussed in detail. Good agreement between specira is observed, taking as reference the
given values of the elemental composition. The experimental intensity jumps are in agreement with those
predicted by the theory and by the MCS. Copyright © 2003 John Wiley & Sons, Ltd.

INTRODUCTION

One way to validate the developed algorithms of the
fundamental parameters to determine the intensity jump
in the selective excitation and integral counting of x-ray
fluorescence (SEICXRF) method is through a comparison
of a spectrum obtained directly from the theory with that
obtained by Monte Carlo simulation (MCS), contrasting the
latter with those obtained from experiment.

In order to validate these comparisons, it is fundamental
that each condition must be very similar in every stage;
otherwise, it is necessary to know the corrections to be
introduced to compensate for the differences that could exist.
The main objective of this study was to prove the agreement
between the theory, the MCS and the experiment.

The elemental compositions of the analyzed samples,
measured through other analytical techniques, were as fol-
lows: standard brass sample, C26000 = Cu(0.7) + Zn{(0.3)
and reference soil sample, R14 (measured by conventional
wet chemical analysis) = ALO; (0.1501) + SiO- (0.6955) +
Fe;O; (0.0482) + MnO (0.00067) + MgO (0.0096) + CaO
(0.0106) + Na,O (0.0233) + K,O (0.0224) + TiO, (0.0074).
The R14 values were transformed to elemental concentra-
tions.

THEORY

This stage implies the calculation of the emitted radiation by
the source for each material sample when this is excited by
a quasi-monochromatic flux. The algorithm to calculate the
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spectrum due to the primary fluorescence I (1)'? is given by
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I(x) = flux intensity of the incident beam to the energy
E=EQX);
C; = concentration of element i;
ws (A1) = mass absorption coefficient at the energy of the
characteristic line, u;
is(A) = mass absorption coefficient at the incident energy,
E(A);
7} (L) = net photoelectric absorption coefficient of edge g
of element i for each X;
f" = line fraction of the characteristic line, u, at edge g
of element i;
w! = fluorescence yield at edge 7 of element i.

As the algorithm considers the contribution of all the
generated fluorescent intensity starting from an excitation
energy, E(1), then, the fluorescence background fall on each
edge is considered for Eqn (1). For the secondary fluorescence
spectrum, the following expression was used:!
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The numerical calculation considers a constant intensity
for each exciting energy and includes the factors that take
into account the absorption by the air and by the detector
window for each of them. Then, the Eqns (1) and (2) become
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ua( ") = air absorption coefficient at the characteristic
energy of element 7;

na(A;") = air absorption coefficient at the characteristic
energy of element j;

pa = air density;
dsp = sample-detector distance;

;LBF(A?‘“) = beryllium absorption coefficient at the character-
istic energy of element i;

MBE(A;‘”) = beryllium absorption coefficient at the character-
istic energy of element j;

pe. = beryllium density;

Swa. = thickness of the beryllium window.

A 45° geometry is considered for the characteristic
photons without angular dispersion. This means that all
photons arrive parallel to the detector. A 100% detection
efficiency is also assumed, so that the detector counts all
photons.

MONTE CARLO SIMULATION (MCS)

The MCS code used in this work is called PENELOPE
(Penetration Energy Loss of Positrons and Electrons), which
has been specially adapted for photons, showing a good
behavior in characteristic x-ray simulations.> The MCS
process requires the creation of a virtual sample whose
elemental composition is equal to that considered by the
theory and the most similar to the real one.

PENELOPE does not consider either the molecular
composition or the crystalline structure of the sample, so
this is considered as an amorphous and homogeneous
material. The molecular composition could cause oscillations
in the absorption edge top.! However, this effect could
be adequately compensated in order to determine the
jump intensity that happens at an edge.! A block scheme
is presented in Fig. 1, which describes the whole MCS
process.

The MCS conditions are very similar to those con-
sidered by the theory, but these are also closer to the
experimental conditions, because a quasi-monochromatic
incident beam is considered and the characteristic pho-
tons have an angular dispersion defined by the detection
cone. The number of simulated incident photons was 10°

DATA INPUT
Energy, band width,
incident photons PEA,{/I,:_CLSO PE
number and
geometry

DATA OUTPUT

All emitted photons for an
energy incident

(fluorescence primary and

secondary fluorescence;

MAIN SOFTWARE Rayleigh and Compton
(JUMP ) scattering).
Instructions for
MATERIAL PENELOPE
Data base for attenuation
coefficients of the sample,
Compton profile energy,
bonding, etc.
SOFTWARE
GRAPHER
Spectra building
SAMPLE DATA

Atoms by molecule,
Atomic Number,
density, etc.

Figure 1. Scheme of the Monte Carlo simulation (MCS) process.
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for every incident energy. The number of emitted pho-
tons in each fluorescent jump is considerably reduced by
the physical phenomena involved in a determined sam-
ple and by the detection geometry used. In addition, the
MCS allows us to include all radiation emitted by the
sample (primary and secondary fluorescence, single and
multiple dispersion).

THEORY AND MCS COMPARISON

In this stage, the results obtained by theory [Eqns (1) and
(2)] and by MCS were compared, without considering the
attenuation (air path and Be window). The intensities are
normalized to the values given by MCS. Figures 2 and 3
present the spectra corresponding to a binary sample C26000
and a multielemental sample R14. Figure 2 presents the
superposition of the spectra associated with the C26000
sample, where the copper jump intensity is the same (there
is no fluorescent background) with no contribution of the
dispersion, which was almost the same all over the spectrum.
In this case, the ratios of jumps, hc, /hz,, are equal to 6.18 and
6.38 for theory and MCS, respectively, showing a relative
difference between theory and MCS of 3.2%.

Analogously, Figure 3 shows the superposition of the
spectra associated with the R14 sample. In this case, the
total intensity is normalized to the intensity at the Ti
edge (jump + fluorescent background). Table 1 presents the
results of the comparison between the jumps associated with
the C26000 sample, comparing the sum of the fluorescent
contributions with the MCS results. Table 2 presents the
results for the R14 sample.

Lomparison between Intensity jumps
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Figure 2. Superposition of theoretical and MCS spectra
associated with the C26000 sample, in vacuum.

EXPERIMENTAL

A basic experimental setup of an SEICXRF spectrometer in a
synchrotron light line” is presented in Fig. 4. It has the same
geometry of the preceding stages with a monochromator, an
ionization chamber, a sample and a detector. The associated
electronics for each of these devices are not shown. It is
necessary to introduce some correction factors, which are
not considered either in the theory or in the MCS; these
factors are related to the efficiency of the ionization chamber,
the chamber-sample path attenuation and the dead time
associated with the detection system. Once that the chamber
efficiency correction and the attenuation correction by the air
path have been copied out, the incident beam is obtained.
Subsequently, the dead time corrections are carried out to
obtain the measured spectrum.

Table 1. Comparison between the jumps determined by theory (A + B) and Monte Carlo simulation MCS (M) for the binary sample

C260002
Total difference Statistical
Theory (A) Theory (B) Theory (T) MCS (M) MCS (M) MCS — theory error MCS
Element primary secondary (A+B) (normalized) [counts] M-T)/M M/M
Cu 1 0 1 1 3452 0 0.0171
Zn 0.149 0.013 0.162 0.157 541 —0.0318 0.0415

2 Columns A and B show the jumps due to the primary and the secondary fluorescences obtained by theory, respectively. The
differences between theory (T) and normalized MCS (M) and their comparison with the statistical error are presented in the last two

columns. The intensity jumps were normalized with respect to the Cu jump.

Table 2. As Table 1 but for the R14 multielemental sample (the intensity jumps were normalized respect to the Fe jump obtained

from MCS)
Total difference Statistical

Theory (A) Theory (B) Theory (T) MCS (M) MCS (M) MCS — theory error MCS
Element primary secondary (A+B) (normalized) [counts] M-T)/M M/M
Al 0.1256 0.0000 0.1256 0.1318 346 0.0462 0.0530
Si 0.4589 0.0019 0.4608 0.4707 1236 0.0251 0.0284
K 0.1157 0.0015 0.1173 0.1074 282 —0.0922 0.0595
Ca 0.0541 0.0004 0.0545 0.0548 144 0.0069 0.0833
Ti 0.0545 0.0003 0.0548 0.0559 147 0.0204 0.0824
Mn 0.0129 0.0004 0.0133 0.0101 27 -0.297 0.190
Fe 0.9885 0.0046 0.9931 1.0000 2626 0.0068 0.0195
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Fe Table 3. Comparison between the intensity jumps of the
binary sample, C26000, determined by theory (T), by MCS (M)
L and by experiment (E), with the relative differences between
theory and experiment and between MCS and experiment
S
3, Relative  Relative
2 0.1 4 Theory MCS Experiment difference difference
e Flement (T) (M) (E) (E-T)/E (E—M)/E
= Cu 1 1 1 — 0
Zn 0172 0.181 0.178 0.032 0.018
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Figure 3. Superposition of theoretical and MCS spectra
associated with the R14 sample, in vacuum.

Finally, with the purpose of obtaining an indepen-
dent spectrum from the incident intensity, the ratio
between the incident and the measured spectra is esti-
mated. Figure 5 shows how the incident original spectrum

Once the ratio between the corrected incident spectrum and
the corrected measured spectrum has been estimated, the
definitive spectrum is obtained which is contrasted with
a similar one obtained by MCS and with the theoretical
spectrum obtained from the sum of Eqns (3) and (4), because
the experiment considers the attenuation between the sample
and the detector.

Figure 6 presents a comparison between the intensity
jumps, normalized to the Cu jump, corresponding to the

and the spectrum measured by the detector are modified
when the correction factors are applied (example, C26000
sample).

C26000 sample. Note the similarity between them; the
results are shown in Table 3. The ratios of jumps, hc,/bzn,
obtained in this case, are 5.63, 5.82 and 5.53 for the measured,

Table 4. As Table 3 but for the R14 multielemental sample, with a new column (differences between

laboratories)
Differences
Relative Relative between
Theory MCS Experiment difference difference laboratories?
Element (T) (M) (E) (E-T)/E (E-M)/E (A —B)/B
Ca 0.0163 0.0161 0.0152 0.0759 0.0612 0.443
Ti 0.0328 0.0329 0.0326 0.0064 0.0110 0.057
Mn 0.0120 0.0119 0.0143 0.1554 0.1606 0.343
Fe 0.9819 1 1 0.0181 - 0.131

2 A, laboratory via conventional wet chemical analysis; B, laboratory via ICP.

lonization
chamber

White X-ray

beam Monochromatic
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Na(Tl)
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Figure 4. Scheme of the experimental setup: a channel cut Si (100) monochromator, a 17 cm long ionizing air chamber and a Nal(Tl)
scintillation detector were used. The sample-chamber distance was 10 cm and the detector—sample distance was 11 cm.
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Figure 5. Original and corrected integral spectra and original and corrected incident spectra for the C26000 sample.

1.2 an

1.0 1

0.8 1

0.6 4

Theory
0.4 1 —e—MCs
—a— Experiment

Intensity [a.u.]

0.2 |

0.0 MAMMMM;

80 85 90 95 100 105 11.0
Incident Energy [keV]

Figure 6. Full spectra superposition associated with the
C26000 sample, in air.
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Figure 7. Full spectra superposition associated with the R14
sample, in air.

theoretical and simulated jumps, respectively. The last two
show differences of —3.3% and 1.8%, respectively, in relation
to the first, showing good agreement. Figure 7 presents a
comparison for the soil sample, whose results are shown in
Table 4. These were normalized to the Fe jump. Note that only
four elements appear, since the characteristic lines associated

Copyright © 2003 John Wiley & Sons, Ltd.

with the elements Al and Si are completely absorbed by the
environment, because of the attenuation of the air and the
detector window.

DISCUSSION AND CONCLUSIONS

Comparing the results obtained by the theory and MCS, there
are agreements in almost all the intensity jumps determined
by each method for the brass and soil samples.

In most of the cases analyzed the differences are
lower than the statistical errors, which are determined
from the counts obtained by the MCS code. Excellent
agreement is obtained for the C26000 brass binary sample.
Nevertheless, the agreement was not so good for the R14 soil
multielemental sample, because two elements (K and Mn)
have slightly larger differences than their corresponding
statistical values. In spite of this, we could conclude that
there is good agreement in general.

The experimental results show a remarkable agreement
with those obtained by the MCS and by the theory. The best
agreement is obtained for the C26000 sample; the R14 sample
presents some differences, but smaller than those obtained
between the laboratories where it was analyzed. Finally,
we could conclude that the algorithms and the MCS code
developed for the SEICXRF method adequately describe the
fluorescence emission phenomenon in the cases anatyzed.
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