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1 Introduction

In this work, we develop simulation software for X-ray detectors. We also suggest an alternative
solution for the commonly used charge sharing correction algorithm C8P1 [1] that is required
for photon counting detectors with several energy bins and small pixels, to maintain good energy
resolution [1, 2]. The simulation software has two main components: (i) simulation of physics pro-
cesses, including X-ray propagation and absorption, as well as secondary emission and fluorescence
in the sensitive material and other materials of the detector setup; (ii) simulation of the detector
response, including the conversion of the absorbed energy into electron-hole pairs, charge sharing,
ASIC non-linearity, electronic noise, and energy resolution. The first component is implemented
in the framework of GEANT4 toolkit version 4.11.0.0 [3-5]. The second one is implemented as
a custom in-house code, written in Python.! In addition to the simulation software, a new approach
to replace the charge sharing correction in the X-ray detectors is studied and optimized based on
the developed simulation software.

This work is structured as follows. In section 2, the developed X-ray simulation setup in the
framework of the GEANT4 toolkit is briefly described. The simulation of the detector response
and comparisons with real photon counting detector data are presented in section 3. The spectrum
restoration procedure is described and tested with both monochromatic and X-ray tube spectra in
section 4. Discussion and conclusions are then provided in section 5.

Thttps://docs.python.org/3/library/.
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2 Simulation of X-ray propagation

The simulation of X-ray propagation in the detector is implemented as a C++ code within the
GEANT4 framework. A typical workflow of this code consists of the following steps. First, the
detector geometry is implemented in the GDML format,? as illustrated in figure 1. While not seen in
the figure, both ASIC- and CdTe-side metallization parts include multiple layers of metals (e.g. Cu,
Ni, Au, and so forth) and some aluminium nitride (AIN) coating on top. An opening of 50 pm for
bump bond is implemented in the AIN coating on both sides. Then, the particle source is placed at
some distance in front of the detector, emitting X-rays in the direction perpendicular to the detector.
A single X-ray photon emitted by the source is called hereafter an “event”. The position of the
source at each event is generated randomly within a plane parallel to the detector surface, to ensure
uniform irradiation of the detector at different points, (figure 2). The source energy spectrum, e.g.
the X-ray component of the >*! Am decay spectrum shown in figure 3, is chosen depending on the
exact task, and implemented through the G4GeneralParticleSource class.

The detector The detector

Pixels

Pixel

This face to ASIC

(Cu + Ni +
< AIN, etc)

SOLDER BUMP

"\ (Au + Ni +
) il AIN, etc)
a pixel This face to CdTe

Figure 1. The detector geometry including sensitive material (CdTe), pixels, and ASIC. An expanded view
of a pixel with metallization layers and bump bonds is shown on the bottom right plot.

The physical models describing particle interactions in GEANT4 (hereafter referred to as
physics lists) are versatile and are usually chosen based on the characteristic energy range and type
of considered physics (electromagnetic, hadronic, thermal nuclear, etc.). We started with either
emstandard_opt4 or emlivermore physics lists which are suggested in the GEANT4 examples
for low-energy electromagnetic simulations.> However, we found that these physics lists suffer

2Geometry Description Markup Language: http://gdml.web.cern.ch/GDML/doc/GDMLmanual.pdf.
3https://geant4.web.cern.ch/collaboration/working_groups/electromagnetic/.
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The setup

x-ray direction
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Event2 Event 3

Figure 2. Sketch of typical X-ray events as displayed by the GEANT4 OpenGL visualization. The detector
is shown in gray, including sensitive material (CdTe), pixels, and ASIC. X-ray direction is indicated with a
green line ending with a “cloud” corresponding to a photon interaction/absorption.
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Figure 3. Example of source energy spectrum used in the simulation for the >4! Am.



from over-simplified simulation of fluorescence photons and Auger electrons. Namely, the range
cut-off for secondary particle production by electrons and photons is set by default to 1 mm, which
is then internally converted to energy for individual materials.4 Below this threshold, an interaction
is treated as a point-like energy release. As a result, escape photons and sharing of signal between
multiple pixels are not simulated to a sufficient level of accuracy in this case. In particular, the
number of events triggering more than one pixel is about 4%, which is much lower than the
approximately 36% as measured with comparable real detectors [6].

In the following simulations, we have modified the emlivermore physics list, reducing the
range cut-off for secondary production, as will be shown in the example below. In that case, the
fluorescence photons and Auger electrons are simulated more accurately. Figure 4 shows a typical
spectrum of energy per pixel induced by a tungsten X-ray tube at 100 kVp, featuring characteristic
peaks between 20 and 30 keV similar to other dedicated simulations elsewhere [7]. Note that such
emission lines are not present if the unmodified parameters of physics lists are used. The number
of events triggering more than one pixel can be up to 50% with the modified physics list, which is
more realistic for this type of detector and pixel size [8]. We, therefore, use the modified physics
list as a baseline in our studies. As a result of the GEANT4-based simulation described here, a
per-event 3D map of energy releases in the detector can be produced.
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Figure 4. An example distribution of released energy per pixel in the simulation, for a tungsten X-ray tube
spectrum at 100 kVp. A 10keV threshold filter is applied to the simulated detector signal to reduce the noise.

The latter simulation can be reproduced by following the GEANT4 example TestEm5, using
the physics list from pixe.mac macro file of the example. A standard GEANT4 installation is
required (version 4.10.04.p02 or higher) with no additional modules needed. The following
commands have to be present in the macro:

/testem/phys/addPhysics emlivermore
/run/setCut 0.01 mm

4nttps://geant4-userdoc.web.cern.ch/UsersGuides/ForApplicationDeveloper/fo/BookForApplicationDevelopers.pdf
5Located in $G4INSTALL/. ./examples/extended/electromagnetic/TestEm5.
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/run/setCutForAGivenParticle gamma 0.5 um
/process/em/deexcitationIgnoreCut true
/process/em/fluo true

/process/em/pixe true

/process/em/auger true
/process/em/augerCascade true

3 Simulation of detector response

In this section, we describe the procedure for converting the released energy into the detector signal,
hereafter referred to as the detector response simulation. To validate our approach, we compare the
simulation results with data from the real detector described in [9] (1 mm thickness CdTe, 150 pm
pixel pitch). The detector response simulation consists of the following components:

ASIC signal non-linearity
* Charge sharing

* Energy resolution effects
* Electronic noise

3.1 ASIC signal non-linearity

In order to check the detector’s signal linearity, the developers of [9] measured the X-ray fluorescence
(XRF) spectra for five different materials: Mo, Ag, Gd, W, and Pb. The location of XRF spectral
lines is well known for these materials and may be found e.g. in the NIST database.® The most
important are K, and Kg lines. Figure 15 in [9] shows the relevant parts of these spectra as measured
by the authors. Figure 16 in [9] establishes the connection between the least sensitive bits (LSBs)
and photon energies for all the observed peaks. As it can be seen from the same figure, the detector’s
energy response is extremely close to linear for the photon flux used in their measurements. This
fact removes the necessity to use any non-linear expression to convert the detector’s scale to the
true one, and determine its parameters. A simple relation may be used instead (equation (6) in [9]).
Note, that this holds true only for the low flux used by the authors of [9]:

E [keV] = 0.386 - threshold [LSB] — 7.236, 3.1)

where the threshold is expressed in units of a least significant bit (LSB).

3.2 Energy resolution and electronic noise

To model the electronic noise and energy resolution of the detector, we “smear” the energy response
of ASIC in each X-ray event, so that the observed energy is determined as follows:

Eqps = Edep (1 +O0E - Randl) + Onoise * Ral’ldz, (32)

®National Institute of Standards and Technology (NIST), X-ray transition energies by element(s), transition(s), and/or
energy/wavelength range: https://physics.nist.gov/PhysRefData/XrayTrans/Html/search.html.


https://physics.nist.gov/PhysRefData/XrayTrans/Html/search.html

where Rand; and Rand; are two independent random variables generated according to a Gaussian
distribution with mean = 0 and o = 1. Note that o is dimensionless, and oyise has the units of
energy. Their values will be determined later in section 3.4.

The 59.5keV peak of ! Am decay radiation is useful for determining the detector’s energy
resolution. According to [9], the full width at half maximum (FWHM?7) of this line is 9 LSB, which
corresponds to the value of AE ~ 3.48 keV, or the energy resolution:

AE 3.48 keV
n= " 100% = °

This value of AE includes both the actual energy resolution of the crystal itself and the ASIC
noise level. While the absolute value of the energy resolution of the crystal is proportional to the
photon energy, the ASIC noise level is supposed to be constant for all energies. So the values of
og and opejse May be determined by fitting the 2#lAm peak in the simulated detector response to
the experimentally measured one (see figure 17 in [9]), as will be shown further in this section.

3.3 Charge sharing

As noted in section 2, the inclusion of fluorescence photons in the simulation increases the number
of events with more than one triggered pixel from about 4% to as high as 50% (the exact fraction
depends on the pixel pitch). Therefore, the absolute majority of signal sharing between different
pixels in the detector is attributed to the fluorescence photons, simulated in the GEANT4 part.
Nonetheless, signal sharing due to charge diffusion is not negligible and must be taken into account
as well. We employ a simple Gaussian model following the prescription [10, 11] to simulate
the charge diffusion. First, the deposited energy in the sensitive detector is logically split into a
sufficiently high number of equal parts. Then, each part is randomly moved within the detector plane
from the initial point according to a 2-dimensional Gaussian distribution with standard deviation
o, which reasonably approximates the effect of charge sharing within the electrical field of the
detector crystal.

A value of 0. = 11 pm was used as a starting value, estimated according to [10] for the detector
of 1 mm thickness and 400 V bias voltage.

3.4 Fitting the model parameters

As noted previously, a very important measurement presented in [9] is the >*! Am X-ray emission
spectrum (figure 17 in [9]). It has a distinct solitary line at 59.5keV and allows to estimate the
detector response parameters, as described below.

Energy shift. As is seen in figure 17 in [9], this peak is located at 178 LSB, which, according
to equation (3.1), corresponds to about 61.5keV, while the true ! Am peak is located at about
59.5 keV. Therefore, it is assumed that the whole measured spectrum is shifted by about 2keV to
higher energies (figure 5). This assumption will be justified below by comparison of the simulated
and measured spectra.

Having set the starting values, we run the simulation using the *! Am decay spectrum of
figure 3 as an input. This way we obtain the simulated detector response and compare it to the

7For a Gaussian distribution FWHM= 2+/2In(2)0 ~ 2.3550.
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Figure 5. The energy shift required to match the location of the major >*! Am peak with the well-known
value [9].

experimentally measured one (figure 17 in [9]). Next, we tune the g and oyjse parameters (energy
resolution and noise level) during the detector simulation in order to match the measured response
to the 2! Am 59.5keV photons. The result is presented in figure 6 where the energy resolution
is chosen to resemble the measured peak width while ignoring the peak-to-valley ratio. It was
achieved with o = 1.5% and oyeise = 1.35keV. In fact, these values correspond to a FWHM of
the observed energy (equation (3.2)) at the >*! Am peak of about 3.81 keV, which is very close to
the experimentally determined effective energy resolution of the 2*! Am peak, 3.48 keV [9].

Model vs. measurements
18000

T T T T T T T
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16000 |f — Measured ) ) ) ) N -
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4000

2000

70

Energy, keV

Figure 6. Simulated response to >*! Am decay spectrum (violet line) compared to the actually measured data
(red line) ignoring the peak-to-valley ratio. The data points for the red plot were obtained directly from the
authors of [9].

Peak-to-valley ratio. Despite a very good correspondence between the simulated and measured
data around the >*! Am peak in figure 6, an evident discrepancy between the curves can be seen in



the peak-to-valley ratio. According to [9], the peak-to-valley ratio of the real detector is about 4,
while our current model shows a value of about 6. Tuning the o, parameter for our detector
model allowed to obtain a correct peak-to-valley ratio and achieve a better match between the
simulated detector response and the measured one. The result is presented in figure 7. Note that
the adjustment of the charge cloud size also influences the other parameters describing the energy
resolution. For the purpose of this study, the best results are achieved with o = 16 pm, o = 0.6%
and oyeise = 1.25 keV, which will be considered as a baseline further in the paper.

Model vs. measurements
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Figure 7. Simulated response to >*! Am decay spectrum (violet line) compared to the actually measured data
(red line). A much better correspondence of the peak-to-valley ratio is achieved here. Note that this also
required a certain correction of the energy resolution.

4 Spectrum restoration

Once a good correspondence between the model and the data measured by a real detector is achieved,
we aim to use our model to reconstruct the initial radiation spectrum given the detector response.

For this purpose, we are going to use the so-called “unfolding” approach, in which the spectrum
measured by the detector (data) is converted into the initial (true) spectrum of X-rays impinging
the detector using the detector response operator. This approach relies on the detector simulation
model developed in sections 2 and 3. The spectrum unfolding principle is described below.

The spectrum measured by the detector (data) is related to the primary X-ray spectrum through
the linear transformation:

nf @\ [ My My ... My )\ [nfe
ngata M21 M22 e M2N ntzrue

= . , 4.1)
I’l(li\r;lta MN] MN2 MNN nt]{lue

data
i
in i-th energy bin, N is the number of energy thresholds of the photon counting detector, and M;; is

where n$*® is the number of triggered events in i-th energy bin, n{™ is the number of emitted X-rays



the probability of X-ray with j-th energy to trigger an event in i-th energy bin. This can be written
in matrix equation form:

ﬁdata — M . ﬁtrue‘ (42)

The energy response matrix, M, can be estimated in the simulation. Deriving the initial spectrum
from the reconstructed one is reduced to the following inversion problem:

plue M—l . ﬁdata‘ 4.3)

The inverse of M usually does not have an exact solution, and regularization methods are required.
Iterative Bayesian inference procedures are well known as the right tool for such problems [12, 13].
In our case, we use a custom implementation of the Bayesian unfolding. Note that the “smoothing”
of the solution in case of a large number of energy thresholds (100 or more) is applied, otherwise
the restored spectrum yields non-physical fluctuations.

Having a good enough software detector model with realistic parameters, one can produce a
detector response matrix M to use in the spectrum restoration procedure.

It should be stressed that the response matrix which is at the core of the unfolding method
depends strongly on the detector configuration, in particular material type, thickness, composition,
pixel size/pitch, angular spread of impinging X-rays, etc. Hence, for each particular detector
configuration, a separate matrix has to be generated in the simulation. In other words, no analytic
formula can be used to adopt a model from one detector configuration to another one. However, the
presented approach provides a recipe that allows the preparation of models for other CdTe pixelated
detectors in different configurations.

4.1 Restoration from simulated spectra

In order to verify the self-consistency of our approach, in this subsection, we simulate several test
cases using our tuned model and apply the spectrum restoration algorithm to these simulations.
They include the monochromatic sources from 20 keV to 90 keV and a tungsten X-ray tube spectrum.

Monochromatic source. 'The monochromatic source, as can be produced by synchrotron facilities,
appears to be the easiest task for the spectrum restoration algorithm, as it consists of a solitary sharp
spectral line that usually remains recognizable even after the application of all kinds of radiation
interaction and electronics effects described in section 3. For example, as can be seen in figures 6
and 7, the detector response to the *! Am decay spectrum demonstrates a clearly distinguishable
59.5keV peak.

The results of the detector response simulation together with the restored initial spectra are
presented in figure 8, for monochromatic X-ray spectral lines between 20 and 90 keV, with a step
of 10keV. As can be seen from these plots, the monochromatic spectra are reconstructed from the
simulated detector response very accurately. It is important to note that in spite of the exact shape
of the initial spectrum being known a priori, this information is neither used for evaluating the
detector response matrix M, nor for solving or regularising the equation (4.3). In other words, we
do not imply any prior guess on the solution.
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X-ray tube. The success achieved with monochromatic spectra restoration above does not neces-
sarily guarantee the possibility of solving more complex scenarios. In particular, a tungsten X-ray
tube spectrum contains a series of sharp peaks of the characteristic radiation on top of a smooth
continuous background of bremsstrahlung radiation. Using the X-ray tube test case, we can assess
the efficiency of our spectrum restoration algorithm for more complex spectra encountered in the
real world. We use the same detector response model as before and solve equation (4.3) employing
the same M matrix, but taking the simulated detector response to the tungsten X-ray tube at 100 kVp
as observed data. The true X-ray tube spectrum (grey shaded area), the simulated detector response
(red line), and the restored spectrum (blue line) are shown in figure 9.

X-ray tube spectrum
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Figure 9. Spectrum restoration based on the simulated response of the detector to the radiation of a tungsten
X-ray tube. The grey shaded area shows the initial spectrum used to simulate the detector response (generated
by SpekPy software [14]), the red curve shows the detector response itself, and the blue curve shows the
restored spectrum based on the detector response (red curve).

As can be seen from figure 9, the X-ray tube spectrum is also reconstructed with high accuracy.
Both characteristic tungsten peaks are reproduced in the restored spectrum, although not as sharp
as in the input X-ray tube spectrum. The shape of the reconstructed bremsstrahlung continuous
spectrum matches very well the original one. Again, we emphasize that no prior knowledge of
the true spectrum is used at the stage of spectrum restoration. Aside from the detector response
model M, the only input to the spectrum restoration algorithm is the simulated detector response

(red curve in figure 9).

4.2 Restoration from measured spectra

After the simulation-based spectrum restoration was performed successfully, we applied the same
procedure and detector response model to the experimental data measured by a real detector. We
used the XRF spectra for several targets: Mo, Ag, Gd, W, and Pb from [9] as an input (figure 10).
Each spectrum in figure 10 is normalized by equalizing the heights of the respective XRF peaks.

—11 =
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Figure 10. XRF spectra for Mo, Ag, Gd, W, and Pb measured with the detector from [9].

The results of the XRF spectrum restoration based on these measurements are presented
in figures 11-15. As can be seen from the figures, the reconstructed XRF spectra (blue lines)
demonstrate good agreement with the expected locations of the K, and Kg lines. Both lines can
be seen distinctly in Gd, W, and Pb spectra. Noteworthy, the spectrum restoration algorithm also
reconstructs minor artifacts in the input signal like single-bin peaks in Gd and W measurements,
despite not being trained on those.
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Figure 11. XRF spectrum restoration for Mo target. Dashed violet lines mark the K, and Kg fluorescence
lines of molybdenum.

It is also interesting that some high-energy tails can be observed for the measured XRF spectra
of Mo, Ag, and Gd (most visible in figure 11). These can be caused by the hardware signal
processing of the detector and lead to the artifact of a rising baseline of the reconstructed spectrum
at the high energy end (blue graphs in figures 11-15). By construction, the algorithm predicts
what looks like the most probable input spectrum that could produce such a tail, however creating
non-physical results in the process, as the detector model has not been designed to incorporate such
a feature of the high energy tail. Nonetheless, as it was demonstrated above with the monochromatic
spectra tests (figure 8), this does not happen in cases when the measurements do not contain the
high-energy tail. We intend to address this artifact and the correction thereof in a subsequent study.
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Figure 12. XRF spectrum restoration for Ag target. Dashed violet lines mark the K, and Kg fluorescence
lines of silver.
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Figure 13. XRF spectrum restoration for Gd target. Dashed violet lines mark the K, and Kz fluorescence
lines of gadolinium.
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Figure 14. XRF spectrum restoration for W target. Dashed violet lines mark the K, and Kg fluorescence
lines of tungsten.
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Figure 15. XRF spectrum restoration for Pb target. Dashed violet lines mark the K, and Kg fluorescence
lines of lead.

5 Conclusions

A spectrum restoration algorithm has been developed that is based on a simulated model of a
pixelized CdTe photon-counting X-ray detector (CdTe). It includes the simulation of X-ray propa-
gation in the detector material, as well as the production and propagation of secondary particles and
photons. In addition, the modeling of the signal response of the detector is developed, including
the charge correction, electronic noise, energy resolution, gain non-linearity and signal clustering
algorithm. The calibration of the model is performed using the real data of >*! Am source measured
with a photon counting detector developed by Kauppinen et al. [9].

Based on the obtained detector model, we applied the spectrum restoration algorithm to the
simulated detector response for various test signals and obtained a good correspondence between
the ground truth and restored spectra. In particular, a set of monochromatic input spectra as well as
the tungsten X-ray tube spectrum at 100 kVp have been restored with good accuracy.

In the next step, we applied the same detector model together with the same spectrum restoration
procedure to the experimentally measured XRF spectra. This combination of the detector model
and spectrum restoration algorithm produced excellent results revealing the narrow spectral lines
close to the known locations of the characteristic K, and Kz lines for the respective target materials.
The restoration of the XRF spectra also revealed a limitation of the model in its current form by
producing a nonphysical artifact in the restored spectra. We intend to investigate and address this
artifact in future research on this topic.

Finally, the developed model-based spectrum restoration technique is a promising method to
address the charge sharing problem of photon-counting detectors with small pixel sizes, that suffer
from this effect.
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