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Confocal micro-X-ray fluorescence analysis (CMXRF), using polycapillary optics, is a powerful technique
for the non-destructive investigation of the three-dimensional elemental distribution of samples from
many different research areas, including biology, cultural heritage and material science. To solve
the problem of the quantitative interpretation of CMXRF measurements, voxTrace introduces a new
fundamental Monte-Carlo ray-tracing approach, to simulate the measured spectra. This enables the
consideration of effects such as secondary excitation, elastic and inelastic scattering. Furthermore,
measurements with step sizes between measurement points smaller than the average confocal volume
can be interpreted without complicated sample reconstruction algorithms. Solving this problem of
high computational effort, in reasonable timescales, is made feasible by the effective use of graphics
processing units (GPU) with CUDA.
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1. Motivation and significance

Confocal micro-X-ray fluorescence analysis (CMXRF) is a wid-
ely used technique for the non-destructive investigation of the
three-dimensional elemental distribution (“imaging”) of various
samples [1-3]. At present, the quantitative interpretation of such
measurements still poses a problem in research, as there are
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many parameters which must be included. Solutions must be
found iteratively, as no closed-form solution for this complex
problem is possible. The energy dependent attenuation of X-
rays in the sample, which is often of inhomogeneous composi-
tion, must be considered, as well as the, also energy dependent,
transmission properties of the X-ray optics (for example, poly-
capillary optics) used in the setup [4]. While other approaches
use analytical estimations for the transmission properties of the
polycapillary optics and the energy-dependent confocal volume
investigated [5], voxTrace introduces a fundamental ray-tracing
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Fig. 1. Schematic drawing of a modelled experimental setup, showing the
different software packages used for modelling the different components of the
setup. Primary X-rays (blue) interact with material in the sample (absorption and
scattering), producing secondary X-rays (red), which can again interact with the
sample. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

approach to address the problem. This approach poses many ad-
vantages, such as an energy-independent voxel size, instead of a
voxel size determined by the energy dependent confocal volume,
and the simulation of higher order effects (such as secondary
excitation).

The commonly used and freely available software packages
shadow3 [6] and polycap [7] can be used to simulate the prop-
erties of an X-ray beam generated by synchrotron sources and
manipulated with X-ray optics routinely available on beamlines,
including polycapillary optics. The rays generated in these sim-
ulations are then traced through a sample with a voxel-size
independent of the confocal volume and further through a second
polycapillary optic in collecting mode. The energies of the rays,
reaching the detector can be displayed as an energy dispersive
spectrum and compared with measured spectra, without the
intermediate step of peak deconvolution (see Fig. 1).

2. Software description
2.1. Software architecture

Initial implementation attempts with C++ and OpenMP proved
to be inadequate in terms of computational speed, when tack-
ling this computationally demanding, but pleasingly parallel ray-
tracing problem. Graphics processing units (GPUs) are a natural
candidate as a hardware setup in this context. Therefore, the
software was implemented using NVIDIA’s CUDA C++ toolkit.

To obtain a flexible, expandable, comprehensible and easily
maintainable code an object-oriented approach was chosen. The
objects are as follows: ChemElementGPU, MaterialGPU, Voxel-
GPU, SampleGPU, RayGPU and TracerGPU.

ChemElementGPU discretizes fundamental parameters for the
interaction of X-rays with matter, taken from xraylib [8,9]. For
memory efficiency only one ChemElementGPU is instantiated
for each chemical element contained in the sample. To separate
geometrical and X-ray-matter interactions, the class Material GPU,
holds pointers to the above-mentioned ChemElementGPUs and
their respective weights. VoxelGPU holds all geometrical infor-
mation about the voxel, including its nearest neighbours and a
pointer to its MaterialGPU. SampleGPU holds all voxels and a
specified Out-Of-Bounds-Voxel. RayGPU has the member vari-
ables for starting coordinates, direction and energy. TracerGPU is
used to instantiate all classes and allocate the according memory
on the graphics unit. A class-diagram of the structure which aims
to find a balance between memory efficiency and performance is
shown in Fig. 2.
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2.2. Software functionalities

Given the spatial distribution of the composition of a sample
material and the modelling parameter of the experimental setup
(X-ray source, polycapillary optics and distances), voxTrace can be
used to simulate the measured signal in reasonable time. The sim-
ulation process follows the path of primary and secondary X-rays,
produced in the follow-up process of interactions of the primary
X-rays with matter, through a sample. It begins with an X-ray
exiting the primary polycapillary exit window. The parameters
for the primary X-rays, including starting coordinates, direction
and energy, can be taken from a list previously generated and
traced with shadow3 [6], to model various sources and optics,
and polycap [7], to model the path through the primary polycapil-
lary optic. Alternatively, voxTrace offers the option of generating
beams coming from the polycapillary optic. Using shadow3 [6]
and polycap [7] allows the exact modelling of complex systems,
such as synchrotron sources, mirrors and monochromator op-
tics. However, the process of reading large files can significantly
decrease the performance of the program, for example in our
case a primary beam of roughly 7 TB was necessary to simulate
a statistically relevant signal. Therefore, the option to gener-
ate 2D-Gaussian distributed rays, as a primary beam, provides
a considerable speed advantage. Previous research has shown
that a 2D normal distribution accurately approximates the spa-
tial distribution of X-rays focussed by a polycapillary half-lens
optic [4].

The fundamentals for Monte-Carlo ray-tracing of X-rays in a
sample have been expertly discussed by Vincze et al. and Schoon-
jans et al. in a series of papers [ 10-14]. An overview of the process
and its implementation in this voxel-based setup, with secondary
optics is given below. For the fundamental parameters, such as
attenuation coefficients, densities, and radiative rates, data is
taken from xraylib [8,9] and discretized in the ChemElementGPU
class.

The first step involves searching the first voxel of the sample
model with an intersection with the given ray. If none is found a
new ray is generated or taken from the list. Once the voxel has
been identified, the intersection length between voxel and ray
and the total linear attenuation coefficient can be calculated. The
decision whether an interaction takes place in the voxel or not is
made using Beer’s law, describing the attenuation of radiation in
matter.

x = IO . e—u,-Ax

where I, is the intensity of the attenuated beam, I the intensity of
the primary beam, u the linear attenuation coefficient and Ax the
intersection length of the ray and the voxel. Thus, the probability
of an interaction in this voxel as a number between 0 and 1
can be written as e”*4*, Whether an interaction takes place is
then calculated by comparing this value with a random number
R between 0 and 1. In the following steps a new random number
R is generated for each step.

true — Interaction

— - Ax _
€ <R= { false — go to next Voxel

Which of the chemical elements interacts with the given ray is
calculated by the comparison of a random number R between 0
and 1 with the ratio of the attenuation coefficient of the mass pro-
portion of each element in the material to the total attenuation
coefficient of the material w;_rin_«.

k k+1
E Mi—tin—x <R < E Wi-Lin—%
i i

where pi_in_s = % [iin—i is the linear absorption coef-
mn—lota

I
ficient of the element i with a given weight fraction w; of the
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Fig. 2. Class-diagram of voxTrace main classes. The architecture, minimizing the amount of redundantly stored information about the fundamental parameters of
chemical elements aims to find a balance between memory efficiency and performance.

element in the material of the voxel, a total linear attenuation co-
efficient pyjn_1ot and k being a number smaller than the number
of elements in the material.

The type of interaction is established by a comparing a ran-
dom number R between 0 and 1 with the ratios of the sum of
the cross-sections for photo absorption t (E), Rayleigh scattering
or (E) and Compton scattering oc (E) with the total attenuation
cross-section u (E).

T (E)

w (E)
E)) <R< i (E);;EC;R ) —> Rayleigh scattering
_ TE) +or(E) +oc ()
u(E)

0<R<

— Photo — absorption

w(E)
= 1 — Compton Scattering

In case of photo-absorption, the interacting shell is established
using the photo-absorption cross-section t; (E) for a single shell
ionization i of the element.

k1
7 (E)

k
7i (E)
7 <R 7
) SEIGRRRP ) et

with Zj 7; (E) being the total photo absorption cross-section of
the element.

The relaxation process of the excited atom is established by
the comparison of the fluorescence yield w; of an excited shell i
with a new random number R between 0 and 1.

true — Fluorescence Photon

wi > R= { false — Auger Electron

In the case of relaxation via Auger electron emission, a new
ray is generated. In the case of a fluorescence photon emission, its
characteristic energy is established, with the use of the radiative
rates r; of a transition i.

k k+1
E n<R= E T
i i

The direction of the secondary ray (scattered or fluorescence) can
be calculated using random numbers and the differential Rayleigh
scattering and Compton scattering. Fig. 3 shows the rotational
angles ¢ and ¢ necessary for calculation of the direction of the
secondary ray.

For fluorescence photons, ¢ and ¥ can be calculated using
random numbers R between 0 and 1.

¢ =2nR

Fig. 3. Coordinate transformation of a ray during an interaction process (scat-
tering or fluorescence). The angles ¢ and ¥ are established using the differential
scattering cross-sections for Rayleigh scattering and Compton scattering and
random numbers.

¥ = acos(2R — 1)

While the calculation of ¢ is the same for scattered photons,
the ¥ of an elastic or inelastic scattered ray is calculated using
the differential scattering cross-sections for Rayleigh scattering or
Compton scattering, respectively.

2w L do
R — — (E,Z,09) - AY
o(E,2) < a2

2 - do
<SR ——— —(E,Z,9) - AV
o (E,2) ~ a2

with g—;’) (E,Z, v) being the differential scattering cross-section,

either for elastic scattering 9 or for inelastic scattering
P ds2 Rayleigh
o

9 Compton and R is a random number between 0 and 1.

After an interaction, the resulting ray is traced further using
the same process described above, with the current voxel serving
as the first voxel potentially interacting with the X-ray. As soon
as a ray hits a voxel which is out of bounds of the sample, it is
checked whether it hits the entrance window of the second poly-
capillary optic. Only rays reaching the secondary polycapillary
and the detector are currently of interest to the calculation and
a new ray is generated or taken from the list and traced through
the sample if the entrance window of the secondary polycapillary
optic is not reached. The number of times a new ray is generated
or taken is logged for each given ray in a predefined number
of rays reaching the secondary polycapillary entrance window.
This number is called respawns in the following discussion. A
flowchart of this process is shown in Fig. 4.
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Fig. 4. Flowchart depicting the workflow of voxTrace. X-rays are traced through a sample of given elemental distribution. New primary X-rays are generated or
taken from a list of rays until enough scattered and fluorescence photons reach the entrance window of the secondary polycapillary optic.

3. Illustrative examples

To confirm the accuracy of the simulation process, simulated
depth scans were compared with empirical results of heavy-
matrix and light-matrix samples. All measurements were con-
ducted with the CMXRF setup described in [ 15]. The heavy-matrix
sample NIST 1107 was measured in the lab, using a Mo-anode as
the excitation source, with a monochromatic excitation energy
of Mo-Ka at 17.4 keV. The light-matrix sample was a 3D-Printed
Triple-Cross (Cr-Co-Zn) and was measured with the same setup
at the B16 Test Beamline at the Diamond Light Source, using a
monochromatic excitation energy of 10 keV [16].

3.1. Naval Brass (NIST 1107)

The NIST 1107 naval brass sample is a well-classified standard
reference material. It is a homogeneous material with a certified
composition as shown in Table 1.

A sample with a material of the given composition (see Ta-
ble 1) and a voxel-size of 5 um x5 pm x5 pm was defined, and
a depth scan with a step size of 10 wm simulated. A sufficient
signal for the comparison of the main elements Cu and Zn was
calculated on a regular workstation PC with an AMD Ryzen 7
5800X, 8C/16T, 3.80-4.70 GHz CPU and a ZOTAC Gaming GeForce
RTX 3060 Ti Twin Edge OC LHR, 8 GB GPU in approximately 5 h
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Fig. 5. Comparison of empirical results with simulated data for the standard reference material sample NIST 1107. (a): Plot of the Ku-lines of the main elements Cu
and Zn as a function of depth. (b): Signal ratio of the Ke-lines of the main elements Cu and Zn as a function of depth. (c): Measured spectrum for the measurement
point in depth 20 wm below sample surface compared to the scaled simulated spectrum in the same measurement point.

Table 1
Elemental Composition of the standard reference material NIST 1107 naval brass
as given by the producer.

Table 2
Mass fractions of the doping materials of the resin of the layers of a 3D printed
reference material.

Element Mass fraction % Layer Element Mass fraction %
Cu 61.183 £+ 0.074 1 Cr 0.0348

Fe 0.0389 =+ 0.0032 2 Co 0.0456

Pb 0.1850 + 0.0024 3 Zn 0.0621

Ni 0.0946 + 0.0037

Sn 1.066 £ 0.015

Zn 37.396 + 0.095

for 20 measurement points. The same results were calculated
in approximately 5 min on a single node of the Vienna Scien-
tific Cluster with 2 NVIDIA A40 GPUs and a dual socket with 8
cores AMD EPYC 7252. As a normalization factor representing
the primary intensity, the number of respawns necessary for
each ray reaching the secondary polycapillary window was used.
As shown in Fig. 5, the simulated and empirical results are in
good agreement with each other, resulting in a similar ratio of
the intensities of the investigated elements, Cu and Zn, in each
measurement and simulation position (see Fig. 5). For a perfectly
aligned setup the simulated curves seen in Fig. 5 (a), show a much
more pointed peak. To obtain the more gaussian shape of the
depth curves a small misalignment of the setup was introduced
to the simulation. The curves in Fig. 5(a) were calculated with
the secondary polycapillary optical axis being tilted 0.1° with
respect to a 90° angle between polycapillary optics. Furthermore,
the focal point of the secondary polycapillary optic was set at
a distance of 10 wm along its own optical axis from the focal
point of the primary polycapillary optic. Such a misalignment

can be considered small and is difficult to fully eliminate during
adjustment of the setup. While such a misalignment might not be
perfectly accurate, it shows that manufacturing and adjustment
imperfections of the polycapillary can have an influence on the
shape of the depth curve.

3.2. 3D-Printed Triple-Cross (Cr-Co-Zn)

An ongoing challenge in the field of CMXRF is the lack of
adequate standard materials with a three-dimensional structure.
To tackle this problem, we developed and investigated samples
created with a stereo lithography 3D-printer. The base material
is a liquid photopolymer resin that cures when exposed to ul-
traviolet light. Resins doped with different metals were used to
print a three-dimensional structure with well-defined elemental
distribution. Table 2 shows the mass fractions of the added metal
in the different layers. Fig. 6 shows a microscope image of the
printed structure and the comparison of simulated and measure-
ment signal curve for the added materials for a depth scan of the
sample.

For the simulation of a depth scan for this sample, the materi-
als in each layer were modelled using the mass fractions given in



Michael Iro, Dieter Ingerle, Sven Hampel et al.

ca. 200 ym

Signal [cps]

(@)

25004 ® Co-Ka ROI Measured
® Zn-Ka ROl Measured
—— Cr-Ka Simulated

2000 { —— Co-Ka Simulated / T~
— Zn-Ka Simulated [

1500 4

1000 4

500 -

SoftwareX 23 (2023) 101481

Triple-Cross- Measturement Data

® Cr-Ka ROI Measured

T T T T T T
=50 —-25 0 25 50 75 100 125
Depth [um]

(b)

Fig. 6. 3D-printed triple-cross structure (Cr-Co-Zn). Each layer was printed using resins doped with different metals to print a three-dimensional structure with
well-defined elemental distribution (a): Microscope image. (b): Plot of the Ka-lines of the elements Cr, Co and Zn as a function of depth.

Table 2 and the rest of the mass modelled as pure carbon. While
this model is not perfectly accurate, the measured and simulated
curves show good agreement (Fig. 6).

Both heavy- and light-matrix samples show good agreement
between simulated and measured spectra and depth curves,
showing the validity of the simulation, for this kind of samples.
Effects of secondary excitation are considered in the simulation
process, yet very small for the given sample, due to the low
concentrations of the doping elements in the sample. The de-
velopment of fitting reference materials for further validation of
the software can be facilitated by simulation of layer systems
of different compositions, thus calculating minimal concentration
for which discernible effects are to be expected.

4. Impact

CMXREF is a widely used technique for the investigation of the
three-dimensional elemental distribution of samples using both
laboratory and synchrotron X-ray sources. Quantitative interpre-
tations of such measurements are often of interest but difficult
to obtain. A reason for this is the high effort required in produc-
ing good reference materials, as well as the high computational
demands of solving these problems, which must consider the
energy dependent transmission properties of polycapillary half-
lens optics, and the absorption and scattering effects inside the
sample.

The full ray-tracing approach of voxTrace allows the inves-
tigation of these effects, such as higher order excitation and
scattering. A further benefit of this new approach is the possibility
to skip the peak deconvolution process of the measured spectra,
as simulation results can be used to generate spectra directly,
which can then be fitted to measured spectra. This is especially
important and helpful for materials with overlapping fluores-
cence peaks. Furthermore, absorption effects can lead to deviation
from tabulated line ratios and make the peak deconvolution
process difficult and faulty.

A further improvement of this software is its time efficiency.
Given sufficient resources, exact simulations of all relevant rad-
iation-matter interactions in the sample can be simulated within
reasonable timescales. In combination with global optimization
algorithms, which we aim to implement in the near future, the
exact quantitative evaluation of CMXRF spectra will be possi-
ble, without estimations about the confocal volume and without

computationally expensive reconstruction algorithms. While the
exact computing time depends on the nature of the sample and
the experimental setup, as well as the computing setup, it has
been shown that a feasible simulation time can be achieved for a
statistically relevant signals, for samples with a heavy matrix and
with a light matrix, both on a reasonably priced computer system
and a high-performance cluster.

As voxTrace is brand-new software its user group is cur-
rently small. Hopefully, the use of the software will be spread to
multiple institutions practising CMXRF techniques, including syn-
chrotron beamlines and research groups with lab-based CMXRF
setups.

5. Conclusions

In this paper we demonstrated that voxTrace software is an
adequate tool for the simulation of energy dispersive XRF spectra
obtained in typical CMXRF setups. The use of general-purpose
computing on graphics processing units (GPGPU) proved to be
well-suited for the computationally expensive task of tracing rays
through a sample and simulating the relevant radiation-matter
interactions. Simulated spectra and depth-intensity curves are in
good agreement with measurements of light-matrix and heavy-
matrix samples, showing the validity of the software, for the
investigated samples.

Important features of the voxTrace software are an energy
independent voxel size of the sample allowing the modelling
of surfaces and scans with a step size smaller than the confo-
cal volume. Therefore, an investigation of samples with higher
accuracy is possible. Furthermore, higher order effects, such as
secondary excitation, can be investigated using voxTrace. The de-
velopment of suiting 3D standard reference materials will utilize
this simulation of secondary excitation effects. The process of di-
rectly simulating spectra, instead of peak deconvolution of single
spectra and processing absorption effects independently, can be
advantageous for the investigation of samples with materials with
overlapping line energies. Furthermore, the peak deconvolution
for heavy matrix samples can be difficult, as absorption effects
lead to deviation from tabulated line ratios.

In future development, the implementation of global opti-
mization algorithms will allow an iterative optimization of the
difference between simulated and measured spectra by varying
the elemental distribution of different voxels and, therefore, the
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quantitative interpretation of CMXRF measurements. This is made
feasible by the acceleration of the vast parallelization capabilities
of GPUs.
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