A photon counting detector model based on increment
matrices to simulate statistically correct CT detector signals
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Introduction

Energy-selective photon counting (PC)
detectors based on CdTe semiconductor
sensors are of increasing interest in the
medical community amongst others due
to their promising CNR enhancing and
material decomposition capabilities. While
ideal PC detectors would offer dose
saving potential compared to today's dual
energy CT, in practice they perform
worse. Different processes in the sensor
lead to energy dispersion and incomplete
charge collection (Fig. 1). These effects
do not only affect the spectral response,
but also lead to correlations between
neighboring pixels and their different
energy bins. During image reconstruction
the correlations between the energy bins
of neighboring pixels can cause
correlations between the energy bin
images. Correlations between energy bin
images can improve the material
decomposition performance compared to
uncorrelated images. To realistically
assess the performance of PC detectors,
it is necessary to consider the correct
statistical properties of the counting data.
The aim of this work is to set up a PC
detector model that is easy and fast to
use and able to provide statistically
correct data. There are many different
approaches to model a PC detector, e.g.
Monte Carlo simulations or cascaded
system models. We introduce in this work
a novel increment matrix concept
representing the correlations between
neighboring pixels and their energy bins.
Materials and Methods

Increment matrices describe the energy
bin counter increases resulting from a
particular single photon event in all
energy bins of a KxK neighborhood using
binary matrices, containing either 0 or 1.
Since every energy bin b requires its own
increment matrix /(u,v), this stack of
matrices is referred to as increment
matrix set /°(u,v). An example for these

increment matrix sets for K=3 for a two | |
energy bin system can be found in Figs 2 || “f\_

and 3. The calculation of the detector
signal based on the increment matrix sets
is explained in Fig. 4. The difficult part is
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Fig. 1: lllustration of a CdTe photon counting
detector showing incident x-ray photons and the
resulting electron-hole-pairs. The x-ray photon on
the left creates a secondary event (fluorescence
photon or Compton scattering). These effects
together with the charge cloud drift lead to energy
dispersion and a reduced detector performance.

Fig. 2: Example increment matrix set for a two
energy bin system in an ideal (left) and a realistic
case (right). It illustrates the detector response and
the correct correlations resulting from a single
photon incident off-center on the central pixel

(black=0, white=1). The green and red lines
separate the detector pixels only visually.

Average increment matrix of all occurring
events like shown abeve. This kind of matrix
i not able to correctly describe the resulting
comelations since this would incorrectly
correlate the whole 3x3 nei

The number of photons N(n,u,v) interacting
with the detector via increment matrix set n
is given by the probability P(nE) for
increment matrix set n to occur with an
incident photon of energy E, the detector
absorption efficiency n(E) and the photon
spectrum N(E,u,v):

Z P(n, E)j(E)N(E,u,v)
The photon numher N(n,u,v) is the expected

value of a Polsson distribution and its nalsy
ion is indi by ~. The i

N(n,u,v)

correct detector signal Sy(u,v) in energy bin b
is obtained by a convolution of N(n,u,v) with
the increment matrix sets P,,(u V)
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Fig. 3: All occurring increment matrices for the low
energy bin. A maximum of four simultaneous
counter increases is observed. Matrices that can
be generated by symmetry operations from the
ones above are not explicitly shown.

Fig. 4: Description of the noisy detector signal
generation employing the novel increment matrix
concept.
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Fig. 5: Overview of the simulated physical processes in the semiconductor sensor. For simplicity multiple
scattering is neglected and all secondary photons are assumed to be completely absorbed at their second
point of interaction, which is defined by the mean free path in CdTe corresponding to the photon energy.
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Fig. 6: The upper row shows a comparison of the spectral response obtained by Yun et al. [1] for a 0.5 mm
thick CdTe sensor with 100 um pixel size for 100 keV incident photons with the one from our model. The

results are based only on the photoelectric effect and Compton scattering

multiple scattering).

The differences between the two models result from the fact that Yun et al. denved the spectral response
analytically, whereas our model uses a discrete sampling of secondary photon emission.

The lower row illustrates the effect of the charge cloud drift on the spectral response (bias voltage 500 V).
The measured results from Koenig et al. [4] on the left indicate that the charge sharing background is in
reality much more prominent at a significant fraction of the photopeak height and that it extends over the full
energy range below the photopeak. The results from our model including the charge cloud drift simulation are
shown on the right and stress the influence of the charge cloud broadening on the spectral response.

Fig. 7: Spectral response of our correlation model
and the parameterized model of Schlomka et al. [5]
for 50 keV (left) and 100 keV (right) (400 um pixels,
3 mm CdTe, 500 V).

to obtain the probabilities P(n,E). This has |: -

to be done only once for a certain |; -

detector. The idea is to generate this
information and store it for later use. The
probabilities corresponding to the different
increment matrix sets are obtained by

simulating all kinds of photon events in a |; |
single detector pixel and by determining |: |

the resulting counter increases in all
detector pixels in the KxK neighborhood.

Fig. 8: Spectral response for 60 keV at different
pixel sizes (1 mm CdTe, bias voltage 400 V) (left,
compare to results of Koenig et al. in Fig. 6).
Influence of the sensor thickness for the same
scenario at 165 um pixel size (right).

Fig. 9: Bin sensitivity for a two (left) and four (right)
bin system (225 um pixels, 1.6 mm CdTe, 500 V).

Measurement of the covariance matrix of the
reconstructed low and high energy bin image
using the correlation model. The left matrix
shows the results for adding the noise to
Sy(u,v). The right matrix shows the results for
noise added to N(nuv). 50 independent
noise realizations have been used.
Covariance matrix
correlations
| Bin1 | Bin 2 |

Covariance matrix
no correlations

| Bin1 | Bin2

Bin1 | 113.0%

Bin2 | 019

268.8°

If noise is added to Sy(u,v), there are no
correlations and the variance in the energy
bin images is not correct. Adding noise to
N(n,u,v) leads to statistically correct signals
and correlations between the energy bins.

Bin1 [

Fig. 10: The influence of the correlation model on
the covariance matrix of two reconstructed energy
bin images (bin 1: 20-80 keV, bin 2: 80-140 keV).
The detector was simulated using 225 pm pixels,
1.6 mm thick CdTe and a bias voltage of 500 V.
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The signal generation in the sensor
during the simulation of photon events is
divided into two parts. The first part
describes the photon-matter-interaction
based on the photoelectric effect (with
either K -fluorescence photon emission or
Auger effect) and Compton scattering.
This includes sampling the directions of
the emitted or scattered secondary
photons. The probability for a certain type
of event can be derived from tabulated
values and analytical formulas [1]. We
neglect multiple scattering, assuming all
secondary photons to be absorbed at the
second point of interaction given by the
mean free path in CdTe for the photon
energy. Additionally, the CdTe compound
semiconductor is assumed to emit only
fluorescence photons with an average
energy of the one of Cd and Te since the
two K, -energies are only about 4 keV
apart. The second part of the signal
generation is concerning the drift of the
electron charge cloud, simulating charge
sharing. The drift modeling includes cloud
broadening due to diffusion and Coulomb
expansion [2,3]. The charge density is
represented by a Gaussian distribution
with a time-dependent standard deviation.
Integrating the charge density over the
volume of each pixel of the KxK
neighborhood yields the detected energy
in this pixel. The detected energy is then
compared to the thresholds to determine
the resulting counter increases. An
overview of the simulated processes and
the signal generation is shown in Fig. 5.
Results

Results of our correlation model are
presented in Figs 6-10. Fig. 6 emphasizes
the importance of the charge cloud drift
simulation. Figs 7 and 8 show spectral
response functions for different scenarios.
Our model is found to yield a good
agreement to other models and
measurements. In Fig. 9 energy bin
sensitivity functions are plotted for a two
and a four bin system. The results in Fig.
10 show that correlations between energy
bins of neighboring pixels indeed cause
correlations between energy bin images.
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