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1. Context of the thesis

+ Detection Technology company:

2

Medical X-ray imaging Security X-ray imaging Industrial X-ray imaging
Computed tomography g Baggage and parcel scan Food industry
Dental imaging Cargo and vehicle scan = Recycling and sorting

Surgical imaging People scan Mining industry

— One axis of the strategy: develop Spectral Photon Counting solutions
— Build an X-ray chain simulator as an internal research and development tool for the company

* Thesis:

— Detection Technology (DT) leverage the simulation expertise of imXgam team (CPPM)
— Focus on the simulation of X-ray Photon Counting Spectral Detectors

+ Motivation for a simulation of hybrid pixel detectors

/
/
CENTRE DE PHYSIOUE DES D
PARTICULES DE MARSEILLE

— Early stage of development: detector design optimization
— Detector operation optimization

— Create a database for Machine Learning methods

— Development of correction algorithms
— Fundamental physics insight of the detector behavior and limitation factors
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1. Context of the thesis

+ Detectors used for the study
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. Mono-pixel detector

. . . 3 mm pitch
Characteristics . Cagmium Teluride

. 1 mm thickness

Im paCt .on Reference for understanding
simulation physical processes occurring in

development cdre
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2D Matrix

130 um pitch
Cadmium Telluride
750 pm thickness

Validation of the simulation on
experimental measurements
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X-ray

H Carrier generation H

Charge carrier Charge carrier

LR

2' SI m u Iatl on fra mEWO rk interactions dynamics collection
a. X-ray interactions
Material Total | Photoelectric | Compton | Rayleigh
Si (50 mm) 0.94 0.28 0.56 0.1
Incident photon
CdZnTe (1.6 mm) | 0.94 0.87 0.04 0.04
CdTe(1.6mm) | 0.94 0.89 0.03 0.02 S ieond i ctor
X-ra
Material Z | K.[keV] | K.[keV] | d.[pm] | d. [pum] inter};ctions deEpn:sri§i>;n
Si 14 1.74 1.74 11.86 | 11.86
Fluorescence
Ge 32| 989 9.86 | 50.85 | 50.40 . hoton
aps | G34820% | 31 9.25 9.22 40.62 | 40.28
aAs
As, 51.80% | 33 | 10.54 10.50 | 15.62 | 15.47
cqre | C4684% | 48| 2317 | 2298 | 11320 | 11075 Cathode _ _
e
Te, 53.16% | 52 | 27.47 27.20 | 59.32 | 57.85

Courtesy: A. Brambilla, talk presented at I[EEE NSS/MIC/RTSD, Yokohama, 2025
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Number of incidents photons

2. Simulation framework

X-ray interactions

_ X-ray Carrier generation Charge carrier Charge carrier
interactions dynamics collection

Tracking of particles in the sensor, their position and energy loss
Photoelectric effect, Compton scattering
CdTe: fluorescence escape photon

Americium 241 source
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Energy of incidents photons (keV)
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Americium 241

Amptek : XR-100T-CdTe

'sz DIGITAL PULSE PROCESSOR

cdTe ‘/3mm
6" Geant4

N 100
@“ AP POWER

. Mono-pixel detector
. CdTe

c 3 mm pitch

. 1 mm thickness

CONFIDENTIAL |[CPPM - DT 2025 | LEROY Mélissa



Number of incidents photons

H H X-ra . . Charge carrier Charge carrier
2' SImUIatlon framework { interact%ons H G EAEen H dygamics H coﬁection »

a. X-ray interactions

« Tracking of particles in the sensor, their position and energy loss
* Photoelectric effect, Compton scattering
« (CdTe: fluorescence escape photon

Tmm
Americium 241 source —>
Spectral response in a bulk of Cadmium Telluride
®*»=3.0mm,y = 3.0mm and z = 1.0 mm source : Am 241
i 5000 T
5000 3mm
e —
4000 | S N P
4000 : ici
Americium 241 CdTe ‘/3 o Escaped peaks due to
2 fluorescence photons in
3000 g 30007 Cadmium and Telluride
: =
H (=9
6 Geantd - e A
2000 4 é 2000 4
H = H : : i
I = i E
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Energy of incidents photons (keV) 0 10 20 30 40 50 60

Energy (keV)
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H H X-ra . . Charge carrier Charge carrier
2' SImUIatlon fra mework i interact»i/ons H (ERET GEmEE B H dy?lamics H coﬁection h

b. Carrier generation and recombination

*  Number of e-h generated depends on the material of the sensor
»  This number fluctuates (gaussian distribution)

=N

Semiconductor
o =+/(FN)

N: Number of charges created
F: Fano factor

Electrons
+ holes

Charge carriers
generation and
recombination

Material Eon Fano factor

Cadmium Telluride CdTe 443 eV 0.24
Silicon Si 3.64 eV 0.115 athOde

« Itis theintrinsic limitation in energy resolution of the detector
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H H X-ra . . Charge carrier Charge carrier
2' SImUIatlon fra mework i interact»i/ons H ESET GEmEE e H dy?lamics H coﬁection »

c. Charge carrier dynamics

« Charges drift toward the electrodes under the influence of electric field

An Ode Drift time according to z-position in the detector
— U=600V

A 201 — u=800V
tO —— U=1000V
Z T °g ®® 15 -
90
E dz B
vdrift(z) = = wWE(2) £ 10-
5_

1 E
tmﬂﬂ=ﬁm(gv

0
Cath Ode - - O.IO Ojl 0.I2 O.l3 0:4 015 Dj6 Of'}‘

z-position (mm)
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2. Simulation framework

. X—raY Carrier generation
interactions

Charge carrier Charge carrier
dynamics collection

c. Charge carrier dynamics

« Diffusion and repulsion cause a spontaneous spread of charge
carriers
« If size of the electronic cloud increase it may induce charge sharing

Charge continuity equation
+ Concentration of charge carrier evolution with respect to space and

time
* Neglecting generation and recombination at t> O:

p: Density of charges

ap e o

2 D: Diffusion coefficient
3t .Dv 'O; /JV (pE) w: Mobility of charge carriers

Diffusion  Electrostatic repulSlon E: Electric field induced by charge carriers
E . lvi

+ Complex + time consuming in simulation: approximation of the
solution using models

12/8/2025
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2. Simulation framework Xray

. . Charge carrier Charge carrier
: 4 Carrier generation
interactions

dynamics collection
c. Charge carrier dynamics

 The 2 models studied :

- Repulsion and diffusion are independents

E. Gatti etal., NIMA, 253 (1987) 393-399, DOI: 10.1016/0168-9002(87)90522-5.
- Repulsion and diffusion are dependents

M.Benoit et al., NIMA, 606 (2009) 508-516, DOI: 10.1016/j.nima.2009.04.019.

Projection org 1(¥ electrodes plan
. . = Ldrift
Spheric ele__ctt%omc cloud

Charge density
t= tl

Ansuap abieyd
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2. Simulation framework
c. Charge carrier collection

« Electronic noise approximated by a convolution
with a gaussian

Simulation parameters

Holes mobility 100 cm?/(V.s)
holes lifetime 2 s
Fano factor 0.24
Incident beam energy 52 keV

- Fluorescence escape peaks are visible on
the spectrum

- The full energy peak is shifted due to an
incomplete collection of charges

- Activation of diffusion and repulsion
increase the size of the electronic cloud
and so the charge sharing

11 12/8/2025

X-ray . . Charge carrier Charge carrier
. 4 Carrier generation . i
interactions 9 dynamics collection
Simple charge drift
£~ Drift, diffusion
[ Drift, diffusion, repulsion [3]
I Drift, diffusion, repulsion [3] + noise 100e-RMS
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3. Experimental validation . @T

c. Comparison of simulation and experimental measurements
« Model [3]: 4000F
: [ —— Model [3]
« Model [4]: 3500 Model [4]
I —— XPAD3-5/CdTe measurement

3000
- Reasonable agreement is observed i
between the simulations and the 2500F
mean experimental spectrum i

' _ ' 2000
- A higher electronic noise was set to -
match experimental measurements 1500

(close to 170 e - RMS)

Counts

1000f

- Discrepancies sources can be
caused by a non uniform i
distribution of the threshold steps 500;_
and some phenomenon are not _ T
simulated (pile-up) e S R B I I

| L | L L L
20 25 30 35 40 45 50
Energy (keV)
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4. Conclusion
a. Summary

Goals of the study:
« Development of a simulator capable to reproduce the radiographic chain
» Focus on the simulation of photon counting pixel detector
* Reproduction of the causes of spectral distortion:
» Fluorescence escape
» Charge sharing

Method:

« Development of a simulator integrating charge carrier generation, trapping, dynamics
« Study of 2 charge transport models, essential to reproduce charge sharing

« Processing of XPAD3.2-S/CdTe measurement performed in synchrotron

« Reasonable agreement found between simulation and experimental measurements

Prospects:

« Application of the simulator to other detectors to test its robustness and refine the
comparison with experimental data

« Integration of charge induction currently absent from the simulator, to improve the accuracy of

the results
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4. Conclusion .
4 (o7

b. Next steps S
DT : Prototype
2D Matrix

2x 24x36 pixels

350 — 400 pm pitch
Cadmium Zinc Telluride
2 mm thickness

Up to 8 bins

Simulator to be validated against experimental data of CdTe and CZT hybrid pixels
prototypes developed by Detection Technology

« ESRF measurement campaign planned from the 10" to 14t" December 2025
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H H X-ra . . Charge carrier Charge carrier
2. Simulation framework ﬂ H Carrier generation H dynamics H Colection

b. Carrier generation and recombination

* Intheory, the variance in the number of charge carriers should follow a
stochastic behaviour and therefore a Poisson statistics

« Butinreally this is a deterministic problem and in real detectors, the
observed variance in usually smaller than the one predicted by Poisson dM/dH
statistic.

« Fano factor is the ratio between observed variance and Poisson
predicted variance.

Observed variance N

" Poissonvariance (N)

« Resolution limit: the statistical limit of energy resolution is:

R= 2.35%%)
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H H X-ray Carrier generation Charge carrier Charge carrier
2° SI mu Iatl on fra mEWO rk * interactions H and recombination H dynamics H collection h

c. Charge carriers dynamics

Model 2: Coupling repulsion and diffusion

3D gaussian charge density
t= tarie

0
— = DV?p — uV. (pE)

Diffusion Electrostatic repulsion

do?(t) uNge
T =2|D+ 3/ = 2Deff
241 /2¢4€,0(1)
L Y J At t = t0, charges are Charges density follows
D distributed 3D gaussian distribution
eff
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e ° X-ray Carrier generation Charge Charge carrier
2. SI mu |atI0n fra mEWO rk { interactions H and recombination H carrierdynamics H collection b

c. Charge carrier dynamics

« Diffusion and repulsion cause a spontaneous spread of charge carriers

Diffusion O Electrons/Holes Repulsion © Holes

X

f
K
SRS
/V
High concentration 3,
\ <
Low concentration

An inhomogeneous distribution induce a Charges of same sign repel each other due to
spontaneous Brownian motion electrostatic forces
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H H X-ray Carrier generation Charge carrier Charge carrier
2° SI mu Iatl on fra mEWO rk i interactions H and recombination H dynamics H collection h

c. Charge carriers dynamics

Model 1: Decoupling repulsion and diffusion

0
— = DV?p — uV. (pE)

Diffusion Electrostatic repulsion

Diffusion-only equation: Repulsion-only equation:

op 2 dp
— = — = —uV.(pE
5 = DVp 5 = HV-(pE)
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H H X-ray Carrier generation Charge carrier Charge carrier
2' SI mu Iatl on fra mEWO rk i interactions H and recombination H dynamics H collection b

c. Charge carriers dynamics

Charge density

Model 1: Decoupling repulsion and diffusion
* Repulsion-only equation: Z—’; = —uV.(pE)
» For a spherical symmetry, the repulsion cause the electronic cloud to extend and r(t)

. . Charge cloud expansion 3D uniform charge density
Spheric electronic cloud 9 ot P Projection ontX¥Ytelectrodes plan
=0

y

f |

Att = to,
charges are Charges density follows (tarif) =
concentered a uniform distribution

3|3uUNqetarife
4mtegE,
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H H X-ray Carrier generation Charge carrier Charge carrier
2' SI m u Iatl on fra mEWO rk i interactions H and recombination H dynamics H collection h
C.

Charge carriers dynamics

Model 1: Decoupling repulsion and diffusion

« For a cylindric symmetry, the repulsion cause the electronic cloud to extend and r(t) « ¥/t

cylincric electronic cloud 3D uniform density

Projection on XY electrodes plan

Charge density

A
>
Q
o}
®
z &
>
\,
@
X
y
Charges density follows < N
a uniform distribution ) = R A
EepTte
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3. Experimental validation

b. Experimental measurements processing

Calibration for each pixels
Average over 536 pixels

60000
Pixel: (39, 20)
Pixel: (43, 36)
2 40000 ~ Pixel: (46, 47)
c
>
[e]
© 20000 -
O L T T T T T T T
0 10 20 30 40 50 60
Threshold step
60000
0.9 *th + 9.5
0.9 *th + 7.5
» 40000 - 0.9*th + 9.6
€
>
(o]
© 20000 -
0 L T T T T T T T
10 20 30 40 50 60 70
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Averaged experimental threshold scans and spectrum

= 50000
- —— Spectrum

[ —— Mean thresheld scan

- - 40000
- - 30000
- 20000
= - 10000
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