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ARTICLE INFO ABSTRACT
Keywords: X-ray imaging using photon-counting detectors (PCDs) allows for the calculation of quantitative images such as
X-ray non-destructive testing the effective atomic number (Z.). However, physical phenomena such as characteristic X-ray emission and

Photon-counting detector
Coincidence summing
CdTe detector

X-ray imaging

charge sharing can cause incomplete total absorption events during signal generation, which reduces the ac-
curacy of X-ray penetration analysis. To solve the problem, an anti-coincidence mode (ACM) has been developed,
but complete correction has not been established. We aimed to investigate the accuracy of Z.; image when the
proposed software-based corrections, namely beam hardening and response function corrections, are added to
the hardware-based correction of the ACM. The response function was calculated using the Monte-Carlo simu-
lation code. In a simulation study, we analyzed a phantom composed of virtual materials with Z. values of 4-16.
While sufficient accuracy cannot be achieved by applying only the ACM, it was demonstrated that low-noise Z
images can be obtained by applying our correction. Furthermore, it was demonstrated that Z.; images of food
samples can be generated by using actual non-destructive testing equipment with a 10 m/min transportation
speed. In conclusion, our correction procedure can maximize the performance of PCDs, and our findings are
essential for promoting imaging techniques concerning quantitative images.

imaging. Furthermore, owing to its high detection efficiency, attempts
are being made to acquire images with low X-ray exposure (low expo-
sure dose), which is very important for medical applications [6-9].
However, the advantages of using semiconductor detectors are not
limited to them. Because semiconductor detectors operate as
energy-resolving photon-counting detectors (PCDs) that can measure
each individual X-ray photon and analyze its energy information
[10-12], attenuation values of X-ray photons of different energies can be
acquired even when a single irradiation of polychromatic X-rays is used.

By analyzing data on differential X-ray attenuation, it is possible to

1. Introduction

Non-destructive imaging using polychromatic X-rays is an important
diagnostic technique in medicine and industry [1]. The traditional
method is to visualize the shadow image of the X-rays penetrating the
objects. For achieving this objective, scintillation detectors (indirect
conversion detectors) have been used, which is usually operated as an
energy integrating detector (EID) [2]. However, this type of detector has
limitations in terms of pixel size downsizing, and to obtain attenuation & mene ) ;
information for different energy X-rays requires measurements using generate quantitative images that reflect the physical properties of the

multi-layered detectors or multiple exposures with different tube volt- object. I?hoton-c.ounting cT enablfxs the generati9n of virtual.mOTlo-
ages [3,4] chromatic X-ray images (VMIs), which can perform image analysis using

information by means of different X-ray energies. For example, algo-
rithms for calculating effective atomic number (Zq¢) images [13,14] and
effective physical density (p.) images [15-17] have been proposed.
While the VMI used in clinical equipment consists of data that has

In recent years, technological advancements in detectors have led to
the practical application of imaging detectors using direct conversion
semiconductor detectors [5]. Semiconductor detectors have been re-
ported to enable downsizing of pixels and improve spatial resolution for
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Abbreviations:

PCD Photon-counting detector

ACM Anti-coincidence mode

Zest Effective atomic number

RM Response function that reflects radiation transportation
and absorptions in the pixel of interest

R® Response function that reflects charge collecting
process (charge sharing effect)

FEP Full energy peak

p A parameter for peak efficiency in R?)

R A parameter for energy resolution in R

SD Standard deviation

CG Course gain

C@) Counts value with course gain i

already undergone the various corrections discussed in this paper,
commercially available PCD line sensors typically provide only raw
count data, requiring the user to perform these corrections.

In order to analyze X-ray images with different energies based on
physical theory and calculate novel quantitative images, it is necessary
to correct imperfections in the obtained image data. As for PCDs,
CdZnTe and CdTe are highly feasible as practical semiconductor mate-
rials. They have an Z.; of approximately 50, and therefore, the char-
acteristic X-rays generated during the radiation detection (absorption)
process also have high energy (approximately 20-30 keV). Therefore,
these detector materials are causing problems in which the response
functions of the detector become complex [10,11]. Furthermore, a
problem with multi-pixel detectors has been reported that there is the
charge sharing effect, in which the charge generated within the detector
pixel is dispersed to adjacent pixels when reading out the signals
[18-20]. As a countermeasure against the charge sharing effect, a pro-
cedure has been proposed that uses hardware to add up the charges
scattered in the surrounding pixels [21,22]. In the photon-counting line
sensor used in this study (provided by Varex Imaging Corporation), this
mode is called the “anti-coincidence mode (ACM)” and has been used in
various imaging experiments [23,24].

It is known that data obtained via PCD does not perfectly reflect the
true X-ray attenuation data, even when hardware-based corrections are
applied. For example, Bushe et al. addressed the issue of zero counts in a
computed tomography (CT) study [23]. In their study, by correcting
zero-count data with statistical modelling, it was possible to align the CT
values of low-dose and high-spatial-resolution PCD-CT images with
those of standard-dose and standard-resolution PCD-CT images.
Although the quantifiability of CT values has been investigated, there is
no mention of generating quantitative images based on CT values. The
statistical method proposed by Bushe et al. and the physical correction
procedure presented in this study are complementary; therefore,
combining them is expected to improve accuracy in ultra-low-dose im-
aging. Marupudi et al. have conducted research on Breast CT using
PCDs, and reported on the effectiveness of using ACM [24]. Their
research evaluates visibility, specifically in terms of improved spatial
resolution and reduced image noise, but does not address quantitative
material identification performance.

It has also been reported that the values measured with PCDs do not
indicate the correct amount of X-ray attenuation by analyzing X-ray
spectra. Ding et al. have reported that measured X-ray spectra differ
from theoretically estimated X-ray spectra [25]. Therefore, they
demonstrated that by formulating a semi-empirical correction equation,
and they could recover spectral information that can improve material
decomposition performance for three types of materials. While Ding
et al. [25] developed an empirical, image-based polynomial calibration
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to mitigate spectral distortion in single-pixel PCDs, our approach adopts
a physics-based framework specifically tailored for a PCD operating in
ACM. Unlike their empirical count restoration, our study systematically
quantifies the combined hardware-software contribution to
high-precision Ze¢ estimation for substance identification. Table 1
summarizes the differences between this study and previous studies.

The purpose of this study is to demonstrate that software correction
is required for Varex Imaging sensors used in non-destructive testing,
even when PCDs are operated in ACM. Fig. 1 shows a conceptual dia-
gram of the study. The software processing corrects for the beam-
hardening effect and for detector response functions. Although the
basic calculation procedure of software processing was proposed by
Kimoto et al. [26,27], their system was designed for single-pixel mode
(SPM). In other words, the data used in their paper relates to SPM and
cannot be directly applied to ACM. In this study, we newly calculated the
response functions for ACM. If accurate attenuation data can be obtained
as a result of the present study, it is expected that the accuracy of various
quantitative images derived using PCDs [28,29] can also be improved.

Using Fig. 2, we will explain the reason why the detector response
function must be considered in addition to ACM. Case A illustrates a
scenario where the incident X-ray's total energy is fully absorbed within
a single pixel; this ideal case yields undistorted energy signal. Case B
depicts a situation where characteristic X-rays are generated during the
absorption process. The energy signal distributes across neighboring
pixels. Although the signal from the pixel of interest alone does not
correspond to the total energy, the ACM allows these signals to be
summed. Case C represents a scenario where characteristic X-rays
escape the detector. Even when the ACM is used, we cannot identify the
true energy value. Therefore, software-based correction is required.
Similarly, events involving X-ray penetration shown in Case D cannot be
corrected without employing software-based correction.

2. Materials and methods
2.1. Z.g image generation procedure

This section describes an algorithm for calculating effective atomic
number images that can be calculated using a non-destructive X-ray
imaging system equipped with a PCD, and explains the importance of
considering the response function in constructing the algorithm.

Fig. 3 shows a schematic of the algorithm used to analyze experi-
mentally obtained image data and calculate the Z.¢ value of the object.
The photon counting system used in this paper is capable of simulta-
neously acquiring image data of low-energy bin (30-40 keV) and high-
energy bin (40-60 keV), and polychromatic X-rays with a tube voltage of
60 kV were used. The measured data represents the count value of X-rays
penetrating the object for each energy bin. The attenuation factor (put) of
X-rays, in which p indicates linear attenuation factor [30] and t is
thickness, is calculated using the Lambert-Beer law:

pt=In G") e))

where Iy and I are the number of X-ray photons incident on the object
and the number of X-ray photons penetrating the object, respectively.

By obtaining the X-ray attenuation factors for both the low-energy
(ptiow) and high-energy (pthign) bins, and calculating the ratio of them,
we can derive a physical quantity that correlates with Z. Using a
theoretical calculation database [30], a reference curve f(pthigh/Ptiow)
that can be derived from a correlation relationship between the
(1/PInigh/ (1/p1ow ratio and atomic number Z was generated in advance.
Then, Z. can be determined by the following equation [26]:

Zesi =f (pthigh) . 2)

l«ltlow

It should be noted that equations (1)&(2) are valid only for
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Table 1
Differences between this study and previous studies.
Authors Purpose Procedure PCD Subject of evaluation
Bushe et al. Correction of statistical bias in logarithmic Mathematical estimation Single-pixel HU(Hounsfield unit) value bias,
(2023) [23] calculations caused by data deficiency (zero mode image noise (SD/NPS), spatial
counts) at low dose levels resolution (MTF)
Ding et al. Image-based correction via polynomial fitting to Empirical procedure Single-pixel Count value and attenuation factor
(2012) [25] measured data mode (D)
Present study  Accurate substance identification via quantitative ~ Correction modeling of detector response Anti- Quantitative accuracy of effective
Zsr imaging functions and beam hardening based on coincidence atomic number (Zeg)
physical mechanisms mode

be applied. The first correction element is the beam hardening correc-

& B 'd . . . .
M d sianal M d slanal tion, which corrects for the change in effective energy caused by the
SRSRIER SIORSS easiired signals hardening of X-ray quality when penetrating the object. The second
' Hardware i -
E processing Anti-coincidence Anti-coincidence ! Low High
! Mode (ACM) Mode (ACM) 1 energy energy
p 30-40 keV || | 40-60 keV pmmm e .
[ S S B l l '« Beam hardening i
Y PO RN . E Physics theory 1
| Software i ‘ X-ray attenuation factors ( i B !
| 1 ! @ H
| processin Corrections of i (80w (H)rign i 8 Semi-empirical |
P . beam hardening & | ! 1 : = ity |
i i : / istribution 1
i detector response | ! - ' i
: P : Corrections of i i Energy :
N N W Present study beam hardening &
detector response
( Zeff image ’ ( Zeff image Analysis algorithm
Kimoto et al., 2021
Fig. 1. The concept of this study. In addition to a hardware-based anti-coin- -
cidence mode, we propose a software-based correction procedure.
monochromatic X-rays, and therefore, in order to perform the analysis of Fig. 3. The relationship between the effective atomic number calculation al-
the measured data, the correction shown on the right side of Fig. 3 must gorithm and corrections for beam hardening & detector response.

Case A Case B Case C Case D
; X-ray E
FEP is not FEP is not
" FEP - - observed. observed.
c c c I c
3 3 3 i 3
(&} o o ﬁ i o
Charge Charge Cﬁarge
«Energy
aom O O X X
ACM with
correction of O O O O
detector
response

Fig. 2. Diagram explaining the reason why corrections for detector response functions must be performed in addition to ACM.
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correction element is related to the response functions of the detector. In
practice, both of the above effects can be corrected simultaneously with
a single correction calculation [26]. The specific procedure for creating
the correction curve is summarized in the Appendix.

2.2. Calculation of response function

Response functions were calculated by Electron Gamma Shower ver.
5 (EGS5) [31]. The EGS5 code is a computational code particularly
well-suited for low-energy photon transport calculations and has been
used in shielding calculations etc. [32]. Table 2 compares the conditions
for calculating response functions. The response functions of ACM were
newly calculated in this study.

Upper panel in Fig. 4 shows the arrangement used for the simulation.
The detector part consists of cadmium telluride (p = 5.85 g/cmg) with a
thickness of 0.75 mm [33]. The detector's planar size was set to be
10 mm x 10 mm. A summing up calculation is mimicked when the
energy information is divided into the surrounding pixels. Since this
process is performed on 2 x 2 pixels, in calculating the response func-
tion, the detector size was virtually set to 200 pm x 200 pm, and the
central 100 pm x 100 pm area was set as the irradiation field. In the
calculations, the generation of characteristic X-rays caused by the pho-
toelectric effect were precisely reproduced. The intense K X-rays of Cd
are 23 keV and 26 keV, and those of Te are 27 keV and 31 keV [34,35].

The bottom panel of Fig. 4 shows a conceptual diagram of the ACM.
In this mode, the distribution of charge among four adjacent pixels is
assumed. In the illustrated example, the charge is split into portions of
75%, 10%, 10%, and 5%. The ACM algorithm identifies the “winner”
pixel and assigns the total summed energy to that pixel. The ACM is
designed to correct for charge spreading within a cluster of 2x2 pixels.

The response function was calculated by irradiating 10’ X-ray pho-
tons into the pixel of interest. The energy of incident X-rays was varied
from 0.2 keV to 140 keV, in increments of 0.2 keV. The parallel calcu-
lations were performed using a workstation (Ryzen Threadripper pro,
5995WX, 64 cores, 2.70 GHz), and the typical time taken for the cal-
culations was 0.2 days.

2.3. Simulation of virtual X-ray image

By performing simulations study, we quantified the usefulness of
ACM and the impact of correcting for the effects of beam hardening and

Table 2
Comparison of differences in response functions between this study and previous
studies.

Previous studies Present study

Reference [26,27] -
Operating mode  Single pixel mode Anti-coincidence mode (ACM)
(SPM)
Detector CdZnTe CdTe
material (p = 5.8 g/cm®) (p = 5.85 g/ecm®)
Detector 1.5 mm 0.75 mm
thickness
Pixel size 200 pm x 200 pm 100 pm x 100 pm
(The obtained image is binned using
software processing to make it
200 pm x 200 pm)
Response EGS5 EGS5
function
calculation
Charge sharing Full energy peak and No need to take into consideration
modeling step function
Energy Low energy (20- Low energy (30-40 keV)
threshold 32 keV) High energy (40-60 keV)

Tube voltage

Middle energy (32-
40 keV)

High energy (40
-50 keV)

50 kv

60 kV
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X-rays
107 photons Detector
CdTe / 200200 pm
5.85 g/cm? f
0.75 mm I Irradiation field:
Center pixel
* 10 mm g 100100 pm
X-ray
. . 100%
4S|de View / (Wizner pixel)
10%
0,
75% ) 100100 pm
o 10% 5%
Top view ° Anti-coincidence processing:

The sum signal of the adjacent pixels is
obtained.

Fig. 4. Monte-Carlo calculation system for radiation transport calculations in
detectors. The response function of the ACM was reproduced using the Monte
Carlo simulation code EGS5. The upper figure shows the simulation geometry,
and the lower figure is a conceptual diagram of the ACM.

response functions when calculating Z.¢ images.

The X-ray image simulations were performed using the simulator
developed by our research group [36], in which response functions
calculated newly in this study were incorporated. The simulator is an
in-house program written in Mathematica programming software
(Wolfram Research, Inc., U.S.A.) that can calculate X-ray projection
images based on the phantom design. This simulator can calculate the
effects of X-ray attenuation in the object and the response function of the
detector using the Monte-Carlo method. Image noise associated with
Poisson statistics was taken into consideration, and other noise sources,
such as electrical noise, were ignored.

In this study, we evaluated the image quality of a simple virtual
phantom. The phantom's cross-section shape is 100 x 100 pixels
(10 x 10 mm?). The atomic number Z values for these materials were set
to 4, 7,10, 13, and 16. The phantom thickness (mass thickness: pt) was
assumed tobe 0.1,0.2, 0.5, 1, 2, 5, 10, 20, and 50 g/cm2 in terms of mass
thickness. The dose conditions were adjusted so that the surface dose
was 0.07 mGy, which was 5.7 times smaller than that used in general
medical X-ray examinations [37]. The obtained images (count images of
30-40 keV and 40-60 keV) were converted into Z.¢ images using the Z.g
calculation algorithm, and the mean and standard deviation of each
measurement region set as a phantom were calculated.

2.4. Experiments using non-destructive testing equipment

In this study, two types of experiments were conducted. The first
experiment was to estimate the parameters of the detector, in which the
X-ray spectrum without an object was measured with an image detector.
The second experiment was an imaging experiment, aimed at demon-
strating the Z ¢ image.

The folded spectrum, taking into account the effect of the response
function, was calculated as follows. The energy distribution of the X-ray
spectrum emitted from the X-ray target was calculated using a semi-
experimental formula under conditions of a tube voltage of 60 kV and
total filtration of 2.4 mm aluminum [38]. The predicted theoretical
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X-ray spectrum was folded by the response function R'? = RMR®),
and the folded spectrum was compared with the experimental data. The
detector's response function is composed of elements R!) related to the
calculation of radiation transport within the detector and elements R®
related to charge sharing. Various parameter combinations for P (Peak
efficiency) and R (Resolution) were examined, and a parameter set was
adopted that yielded the highest reproducibility. The parameter search
range was 10% < P < 100% with increments of 5% and 20% < R < 50%
with increments of 5%. In this study, a common parameter set was
applied to all pixels.

X-ray spectra were measured using an in-line-type non-destructive
testing system. Fig. 5 shows a schematic diagram of the experiment. The
distance between the X-ray focal spot and the detector surface was
514.6 mm, and the line sensor (TDI350.1.60.075.N, Varex Imaging
Corporation, U.S.A.) [23,24] was positioned in a direction that does not
affect the X-ray heel effect [39]. The line sensor consisting of 14 sensor
units has dimensions of 3584 x 60 pixels, in which the size of one pixel is
100 pm x 100 pm. The sensor is a CdTe-CMOS (p = 5.85 g/cm>) with a
sensor thickness of 0.75 mm. To reduce the data size of the obtained
images, binning was performed on 2 x 2 pixels, and an image data
(frame data) of 1792 x 30 pixels was taken, in which the central sensor
unit with 128 x 30 pixels (=3840 pixels) was analyzed. This sensor
allows setting only two different threshold energies at once. Then, sig-
nals related to threshold values (the course gain (CG) variable (i = 0 to
63)) were recorded. To measure the differential energy spectrum of
polychromatic X-rays as shown in Fig. 5 (b-1), two images were acquired
under values of i and i+1, and the difference in the count values of these
images (C(i + 1) — C(i)) was calculated. This value was averaged over

3840 pixels, and the average of the difference value C(i + 1)— C(i) was
measured. This procedure was performed for all CG settings to obtain
X-ray spectrum. The energy calibration of the CG was performed using
the endpoints of the X-ray spectra of 30 kV to 60 kV.

The experiments using X-ray images were performed as shown in

(a) Experimental arrangement
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Fig. 5 (b-2). Tube voltage and tube current were set as 60 kV and 2 mA,
respectively. X-ray exposure time per 1 em? surface was approximately
1 s. The objects were placed on a conveyor belt and transported at a
speed of 10 m/min. Under this condition, the radiation dose at the
surface of the conveyor belt was 0.07 mGy. This dose corresponds to
measurement conditions under which the pile-up effect [40] is negli-
gibly small. The energy bin settings were 30-40 keV for low-energy
images and 40-60 keV for high-energy images. Namely, the image
data required for a single Z.s analysis consists of four images:
low-energy and high-energy images, under conditions with and without
samples. Using our algorithm, Z.¢ images were analyzed, in which the
reconstructed image size was 1792 x 1792 pixels.

To validate the methodology with the proposed correction, mea-
surements were performed on phantoms made of poly-
methylmethacrylate (PMMA, Z.s = 6.5) and aluminum (Z = 13.0),
which have known Z. values. The phantom thicknesses were 1, 3, and
5 cm for PMMA, and 1, 1.5, and 2 cm for aluminum. The phantoms have
a stepped structure, with each step having an area of 5 x 5 cm?
Furthermore, a demonstration was conducted using actual food items
with complex structures as targets. Spareribs containing both soft tissue
(Zegs ~ 6.5) and bone (Zgg ~ 13.0) were selected as samples. For the
PMMA and Al samples, Z.¢; images were calculated, and the accuracy of
these quantitative images was evaluated. On the other hand, since the
true Zeg values for the sparerib samples were unknown, the change in
Zge values resulting from the application of correction was quantified.

3. Results and discussions
3.1. Calculation of response function

Fig. 6 shows the calculation results of the response function when
applying ACM. The graphs on the left and right show R and R® for
incident X-rays at 80 keV, respectively. In R(Y, a full-energy peak (FEP)

(b) Measurement conditions
(b-1) X-ray spectrum measurement
30 pixels @)

. _ B 47 ci+1)
» R — 60 pixels 30 pixels g_ i
3 A . s y © / Average of 3840
“3 L S pixels N
) \ ; t=0.02s
w E / \ _Collimator 2 A Ci+1)-ch@
c E / Q g 'l . § } ) (l)
3 © ) v . a a s = °
2 < Al filter < o S| e ®
Qw 4 mm s ~ . 5 e .

e \ [e) -
83 7 ’ i o Course gain (i)
€ c % (i=0-63)
L9 Conveyor sheet | ¢ = :

29 Sl X (b-2) Image measurement
- 10 m/min o 1792 pixels .
= 4 = | Low energy bin
<@ | — @) 3 = a4 AE=30-40 keV
= .
-Earbon 2 o £ High energy bin
7 sheet 1 ] & AE=40-60 keV
[}
Image senser (' 200 pm N
CdTe X2 i
( ) 15 e % Without object
pixel ; ;
=100 pmX100 um : & with object

Fig. 5. (a) Experimental arrangement and (b) measurement conditions. To evaluate the detector response functions, the X-ray spectrum was measured under the
condition without an object (b-1). In the image acquisition experiment, low-energy (30-40 keV) and high-energy (40-60 keV) images were measured under con-

ditions with and without objects (b-2).
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was observed at 80 keV, and intense characteristic X-ray escape peaks
were also observed. Although components other than FEP are effectively
suppressed by applying the ACM, escape peaks are clearly observed. This
is because there are characteristic X-rays emitted towards the detector's
surface direction (see Case C in Fig. 2). In R?), only the effect of energy
resolution was taken into consideration. The graph on the bottom shows
the fraction of each component of the response function. The actual
proportion of FEP of 50 keV was approximately 67%, while scattered X-
rays accounted for 31%. It is noteworthy that while ACM dramatically
increases the proportion of FEP, nearly 30% of the components are
related to scattered X-rays and escapes. This suggests that, since the FEP
is not 100%, it is necessary to take into consideration the effect of the
response function when quantitatively analyzing X-ray attenuation.

3.2. Folded X-ray spectrum

Fig. 7 shows a comparison between the measured X-ray spectrum
and the estimated spectrum. The spectrum shown by the dashed line is
the incident X-ray spectrum at a tube voltage of 60 kV. The red open
circles represent measured data, while the blue lines represent the result
of matching the incident X-ray spectrum folded with the response
function. The X-ray spectrum obtained from the simulation shows good
agreement with the experiments within the 30 keV to 60 keV range that
is actually used for analysis. This indicates that the response function
model we assumed in Fig. 4 accurately reproduces the actual physical
phenomena.

100k RM

FEP |
T —

P A ]
Z10°F

5 Escape
e peaks
©102E %) 1
E ~
310°F &
o 1l

TN
10"
-5 1 L 1
L] 80

40
Energy [keV]

| R
- R® R=0.20
FEP
2107 Ny ;
X § P=1.00 =
€ (100%) ©
£
o
0
1
w
10-30 I 4.0 ‘ 80
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The measured X-ray spectrum looks like a similar distribution to the
incident X-ray spectrum. This is due to the high proportion of FEP in this
system. However, the difference between them, which is indicated by
the shaded area, is not negligible; specifically, it amounts to approxi-
mately 30%. The physical quantity we want to analyze is the informa-
tion regarding X-ray attenuation in the object that is essentially included
in the incident X-ray spectrum. As shown in Fig. 7, the measured spec-
trum differs from the incident X-ray spectrum,; therefore, correction is
required.

In actual PCD analysis, the pixel value in the X-ray image is deter-
mined by the integrated count value within an energy bin, which is
indicated by the blue or red regions in the spectrum. This means that the
X-ray spectrum shown in Fig. 7 cannot be directly analyzed; instead,
corrections must be performed using only the count values from the low-
energy and high-energy bins. This correction can be performed using the
algorithm presented in Fig. 3.

3.3. Simulated image

Fig. 8 shows the results of Z. images of materials with Z.¢ values
ranging from 4 to 16. These results were obtained through simulation. In
order to only evaluate the effects of beam hardening and the detector
response function separated from the other error components, we con-
ducted a simulation that excluded statistical uncertainty. Panel (1)
shows the analysis results obtained with correcting for beam hardening
and the response function; exact results were obtained for materials of
all Z.; materials. The procedure proposed in this paper derives a

Energy [keV]

0.5

Fraction

0

10 30 50
Energy [keV]

B Scattered
B Penetrating
W FEP

90 110

Fig. 6. Calculated response functions of CdTe detector when applying ACM. R is the result of spectrum calculated by Monte-Carlo simulation, and R® is a model
of charge sharing. Even when ACM is applied, the full-energy peak (FEP) component does not account for 100% of the total; therefore, these results indicate the
necessity of taking into consideration the influence of the response function during attenuation analysis of X-rays.
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Fig. 7. Comparison of convolved X-ray spectra with experimentally measured one. We examined the shape of the X-ray spectrum and used it to estimate parameters

related to the detector's response function, and also confirmed that no significant pile-up effect was observed.
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Fig. 8. Analysis results of Z.; images for materials with Z.s values ranging from 4 to 16, which were generated by simulation. These results were calculated by
eliminating the effects of statistical fluctuations. Panel (1) shows the analysis results for image data corrected for beam hardening and detector response using the
proposed procedure, while panel (2) shows the analysis results for image data without the proposed corrections.

physically correct solution by mimicking the physical phenomena
occurring within the object and detector. Consequently, the residuals

(AZgs = determined Zg - theoretical

1 Z¢) become zero as shown by the

right figure. Materials with high Z.¢ and high pt could not be analyzed,
because their measurement values are less than 1 count because of high
attenuation of X-rays. In contrast, as shown in panel (2), when
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corrections for beam hardening and the response function were not
applied, the obtained Z.¢ values exhibited a systematic difference as Z.g
increased. This indicates that data failing to account for beam hardening
and the detector response function contain inherent sources of system-
atic uncertainty, making it impossible to calculate the correct solution.
For materials with Z.ss = 4 and 7, the systematic uncertainty is relatively
small; AZ.; values remain below 1. However, when Z.; exceeds 13,
AZg rises above 2, which cannot be acceptable.

Fig. 9 shows the results of calculations with the addition of statistical
noise corresponding to a dose of 0.07 mGy, in which the same objects as
presented in Fig. 8 were revaluated. Fundamentally, the results followed
a similar trend to those in Fig. 8, demonstrating that accurate Z. values
can be obtained by correcting for beam hardening and the detector
response function. In the Z. image, the pixels shown in white are error
pixels; they correspond to pixels for which the Z. calculation algorithm
failed to yield a valid solution. The inclusion of statistical noise resulted
in a failure to calculate the correct Z.¢ when objects have insufficient X-
ray attenuation. This trend was particularly pronounced for objects with
low Z and low pt. As shown in the figure on the right, the variation in
Zegr values (8: fluctuation range of the median of Z.g value) was mini-
mized at pt = 2 g/cmz. Therefore, the range of Z. value fluctuation
(8pt — 2) was examined. The 8, — o was 2.33 for “(1) with correction”,
whereas it was 5.96 for “(2) without correction”. It was demonstrated
that applying the correction proposed in this paper can reduce the
fluctuation in Z. calculations to less than half.

Fig. 10 presents the results of a re-analysis of the data in Figs. 8 and 9
with a clearer format; regions where AZ.s < 1 are indicated by solid
squares. The upper panel shows the image analysis results obtained
without considering statistical uncertainty, which clearly demonstrated
the effect of systematic uncertainties can be removed by applying our

With statistical uncertainty (0.07 mGy)
2 (1) With correction: Zg(+)
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correction procedure. The lower panel shows the results obtained when
statistical uncertainties were considered, which reflects both the un-
certainty component and statistical uncertainty component in the
designed X-ray system. Result (1) was obtained by applying the pro-
posed correction procedure. Compared to result (2) that was obtained
without applying the correction procedure, the AZ.s < 1 range is dras-
tically expanded. This is particularly evident for Z. = 13. In biological
sample analysis including non-destructive food inspection, soft tissue
has an Z.¢ of approximately 7, while bone is around 13 [28]. This means
that by applying the proposed correction procedure, it is possible to
accurately analyze objects that include not only soft tissue but also bone.
The subject of this paper is to quantitatively demonstrate that non-
negligible changes in Z. values occur when corrections for beam
hardening and detector response functions are applied. Table 3 presents
numerical data showing the impact of these corrections on all samples
with Zeg = 7 and Z.gs = 13, based on data generated through simulation
(see Fig. 9). The Wilcoxon rank test was performed on all data, and all
results showed a significant difference, with a p-value of 0.01 or less.

3.4. Measured images

Fig. 11 shows the evaluation results of the Z.¢ images for PMMA and
Al. The top-left panel of Fig. 11 shows a photograph of the phantoms,
and the bottom-left panel shows the corresponding Z.; image. The Zug
image has been cropped to make the subject appear larger. As shown on
the right, with the exception of the 1 cm thick PMMA sample, the results
showed good agreement within a range of +0.5 in Z.¢ values, which is a
similar level of accuracy with that of previous ERPCD studies [26]. For
the 1 cm thick PMMA sample, however, statistical uncertainties were
significant, and numerous “error pixels” appeared as white spots in the
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Fig. 9. Z image calculation results of analyzing simulated images of materials with Z.¢ values ranging from 4 to 16, in which statistical fluctuations equivalent to
0.07 mGy were taken into consideration. Panel (1) shows the results obtained using the proposed correction procedure, while panel (2) shows the results without

the correction.
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Fig. 10. Re-analysis results of the data shown in Figs. 8 and 9. The range where A Z is less than 1.0 is indicated for (1) with correction and (2) without correction.
The top panel shows the analysis results for simulated images with statistical uncertainties removed, while the bottom panel shows those including statistical

uncertainties.

Table 3

Quantitative analysis results for the Z.s image generated by simulation with
statistical uncertainties (see Fig. 9). It was shown that the Z. values vary
depending on applying the proposed correction procedure.

Object pt Zest
2
lg/cm’] With Without Difference”
correction correction Zett(—) - Zegt(+)
Zegt( +) Zegt( —)
Zeig =7 0.1 9.48 + 3.72 9.40 + 3.97 —0.08
0.2 9.51 + 3.72 9.45 + 3.88 ~0.06
0.5 8.90 + 2.15 8.45 + 3.41 —0.45
1 7.86 + 2.52" 7.13 + 2.32" -0.73
2 7.05 + 1.54° 6.45 + 1.50" —0.60
5 6.97 + 0.85" 6.42 + 0.79" —0.55
10 6.97 + 0.72" 6.36 + 0.64" —0.61
20 7.04 + 1.33° 6.17 + 1.08" -0.87
Zegs = 13 0.1 9.93 + 3.70 9.74 + 3.77 -0.19
0.2 10.52 + 3.54 10.28 + 3.55 —0.24
0.5 12.38 + 2.85" 11.22 + 2.47 ~-1.16
1 13.12 + 2.20" 11.02 + 1.37 -2.10
2 13.23 + 1.62° 10.71 £ 0.75 —2.52
5 13.26 + 1.70" 10.03 + 0.58 -3.23
10 10.95 + 1.81 8.92 + 1.02 -2.03

@ This is the difference between the mean values of Z. calculated with and
without corrections of beam hardening and detector response.
b The difference from the correct value is within AZeg < 1.

Z.ir image; this suggests a possibility of insufficient radiation doses. The
fact that the validation results for the Z.s images demonstrated good
agreement indicates the robustness of the analysis procedure developed
in this study.

Fig. 12 shows an Z.g image of spareribs, which was measured with
actual non-destructive food inspection system. Although these Z.¢ im-
ages were acquired at a transport speed of 10 m/min, no significant
image noise that would hinder analysis was observed, and sufficient-
quality images were obtained. Result (1) shows the Z.s image ob-
tained using our proposed correction, while result (2) shows that
without correction. The figure at the bottom right displays the difference
image between them. It was found that the difference image reveals a
significant discrepancy of —1 to —2 in areas containing bone and soft-
tissue, and a difference of 0 to —1 in areas only containing soft-tissue.
These results are consistent with the simulation results presented in

Table 3. In other words, both simulations and actual measurements have
confirmed the scientific conclusion that an additional software-based
correction should be applied even when using the ACM.

A limitation of this study is that the trade-off between spatial reso-
lution and material identification accuracy was not investigated.
Although 2x2 binning was initially applied to the experimental data to
improve computational speed and reduce statistical fluctuations, this is
considered to have degraded the spatial resolution. Future work must
integrate an analysis of spatial resolution to optimize the system.

3.5. Impact of the present study

The academic significance of this study lies in demonstrating that it is
necessary to correct for beam hardening and the response functions of
the detector even when quantitatively analyzing X-ray attenuation using
a photon-counting type image detector equipped with an ACM. In
research on photon-counting-type detection technologies using semi-
conductor detectors, basic research has been actively conducted on the
importance of charge sharing correction and development of ACM
[18-20]. However, when characteristic X-rays escape towards the sur-
face of the detector, existing hardware-based correction methods cannot
detect these characteristic X-rays as indicated by Fig. 2. Therefore, we
developed a procedure to correct these effects using software-based
correction, and showed that this effect significantly contributes to the
quantitative analysis of X-ray attenuations.

Fig. 12 demonstrates the practical applicability of our procedure for
analyzing measured X-ray images. This study demonstrated that, using
data acquired in ACM with a transport speed of 10 m/min (commonly
used in non-destructive tests), the proposed algorithm could correct
beam hardening and the detector's response function, resulting in Z
images with analyzable quality. The limitations of this study are as
follows. The image settings used in this paper have not yet been opti-
mized, and it is thought that higher quality images can be generated
with higher tube voltage measurements [36]. In this study, we investi-
gated the experiment, where pulse pile-up does not occur. A key chal-
lenge for obtaining higher-quality X-ray images in the future is to
successfully perform measurements at high dose rates. Recently, our
research group proposed a pulse pile-up correction method for SPM
measurement systems [40] and developed a methodology to correct data
acquired in the high-dose range. As the next step, we want to establish a
robust methodology that incorporates pulse pile-up correction for ACM.
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Fig. 11. Results of verification experiments using phantoms which have known atomic numbers. Measurements were performed on PMMA phantoms with thick-
nesses of 1-5 cm and aluminum phantoms with thicknesses of 1-2 cm. The Zg values obtained in the experiment agreed well with the theoretical values, in which the
correction procedure proposed in this study were applied.
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Fig. 12. Z. image of spareribs that was experimentally measured with ACM. Images without correction show systematically lower Z¢ values compared to those
with correction.

4. Conclusion image detector based on polychromatic X-ray exposure and analyzed
image quality focusing on the reproducibility of Z.g. The simulation

We conducted imaging research using a CdTe photon-counting image using virtual phantoms with 4 < Z.¢ < 16 and 0.1 < pt <50 g/
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Appendix

This chapter provides supplementary explanations regarding a procedure for correcting effects of beam hardening and the response function of the
detector.

Figure A1l shows a conceptual diagram of the correction curve. This correction is used to convert the X-ray attenuation (ut) obtained with poly-
chromatic X-rays to that obtained with monochromatic X-ray. The horizontal axis represents mass thickness (pt [g/cmz]), and the vertical axis
represents the X-ray attenuation coefficient (ut). As penetrating thicker objects, X-rays are more strongly affected by beam hardening and detector
response. This results in a phenomenon in which the actually calculated pt value differs from the pt value estimated from the monochromatic X-ray.
Therefore, the differences are simulated in advance for various thicknesses, and the measured pt is converted to an ideal pt by correcting it along the
path indicated by the arrow in the left diagram of Fig. A1. At this time, to simplify the calculation process, the horizontal axis of the correction curve is
multiplied by p/p. By this way, the correct value always exists on the Y = X line. The correction curve is generally known as the beam hardening
correction function, but it can be used to correct not only the beam hardening effect but also the response function of the detector simultaneously.
Detailed explanations can also be found in our previous paper [26,27].

X Object: Z
= 3<7<20
Monochromatic l l 0.01 < pt <150
X-ray
‘ P z [ pt
< [ N
g \ 1 =l
Beam 1= \
hardening / I
Correction tl Energy © Detector
Corrected | «--=--------- 7 .-~ Beam hardening o}
& detector response @,
Measured f----------; Lo
Polychromatic
X-rays

()

Fig. Al. Schematic diagram of correction curves for correcting beam hardening and detector response. This correction is used to convert the measured pt value based
on polychromatic X-rays into those obtained using monochromatic X-ray. It should be noted that the correction curve varies depending on the atomic number (Z) of
the object material, energy bin settings, tube voltage setting, and whether ACM was applied.
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The specific procedure for creating the correction curves is described below. First, objects with atomic numbers (Z) 3 to 20 were assumed, which
have various mass thicknesses (0.01 < pt < 150 [g/cmz]) as shown in Figure A2, and an 18 x 235-pixel image without statistical fluctuation was
generated. Then, the corresponding X-ray image (count image) for each energy bin was calculated. The calculations were performed using the X-ray
image simulator [36]. The incident polychromatic X-ray spectrum was generated using the semi-experimental formula proposed by Tucker et al. [38].
The leftmost column of the image corresponds to the count of X-rays that did not penetrate the object. Therefore, by using the information in these

images, it is possible to calculate pt = In (IT") value for all mass thicknesses with different Z materials.

of statistical fluctuations, and pt values were calculated by analyzing the image.
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