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Abstract: The spectroscopic and imaging performance of energy-resolved photon counting detectors,
based on new sub-millimetre boron oxide encapsulated vertical Bridgman cadmium zinc telluride
linear arrays, are presented in this work. The activities are in the framework of the AVATAR X
project, planning the development of X-ray scanners for contaminant detection in food industry.
The detectors, characterized by high spatial (250 µm) and energy (<3 keV) resolution, allow spectral
X-ray imaging with interesting image quality improvements. The effects of charge sharing and
energy-resolved techniques on contrast-to-noise ratio (CNR) enhancements are investigated. The
benefits of a new energy-resolved X-ray imaging approach, termed window-based energy selecting,
in the detection of low- and high-density contaminants are also shown.

Keywords: CZT detectors; charge sharing; semiconductor pixel detectors; X-ray detectors; energy-
resolved X-ray imaging; contaminant detection

1. Introduction

The importance of energy-resolved photon counting (ERPC) systems for quality en-
hancements in X-ray images is now widely recognized [1–8]. Due to the energy-dependence
of the X-ray attenuation processes, spectral X-ray imaging represents a key tool for high
resolution material detection and quantitative analysis, especially for medical diagno-
sis [4,5,9,10] and non-destructive testing (NDT) in security and food industry [6–8]. Once
the spectral images are acquired, different techniques and algorithms can be easily applied
to combine and weight the energy-binned images. While the advantages of the energy-
resolved approach have been well demonstrated in several studies [9–12], the development
of ERPC systems with high spatial and energy resolution is still currently under research
and development. ERPC prototypes based on room temperature compound semiconductor
detectors have given the best results, ensuring direct photon counting detection and good
room temperature energy/spatial resolution [1–8]. Among these materials, cadmium zinc
telluride (CdZnTe or CZT) has reached an excellent maturity level in room temperature X-
ray and gamma-ray detection from photon energies of few keV up to 1 MeV [1–8]. Recently,
in the framework of the AVATAR X project (funded by the Italian Ministry for University
and Research), we developed ERPC systems based on sub-millimetre CZT linear array
detectors for contaminant detection in food industry. In this work, we will present the main
results obtained from the developed ERPC prototypes, in terms of both detector and X-ray
imaging performance. The first part focused on the characterization of the spectroscopic
performance of the new CZT detectors, with particular attention to the charge sharing
effects. In the second part, the results from contrast-to-noise ratio (CNR) enhancements
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in X-ray images will be shown. A new energy-resolved X-ray imaging approach, termed
window-based energy selecting, was developed and comparisons with other energy weighting
approaches will be presented. The results will show important improvements in low/high
density contaminant detection, due to the reduced charge sharing effects from the linear
array layout together with the new energy-resolved X-ray imaging technique.

2. The CZT-Based ERPC Prototype
2.1. The CZT Linear Array Detector

A CZT linear array was fabricated by IMEM-CNR of Parma (Italy, http://www.
imem.cnr.it, accessed on 14 March 2023) and due2lab s.r.l. (Reggio Emilia, Italy; http:
//www.due2lab.com, accessed on 14 March 2023). The detector was based on a CZT crys-
tal (3.0 × 10.4 × 1.1 mm3) grown by the boron oxide encapsulated vertical Bridgman (B-
VB) growth technique [13–18]. Recently, B-VB CZT detectors with pixel and planar elec-
trode geometries have been successfully realized at IMEM-CNR of Parma, Italy [13–18].
Generally, the detectors, equipped with quasi-ohmic gold electroless contacts, are char-
acterized by very low leakage current (<100 pA at high bias voltage of 1000 V) and
no bias-induced polarization effects [19–22]. Interesting room temperature energy res-
olutions were obtained, ranging from 0.6 keV [18] to 2.4 keV [15] FWHM at 59.5 keV,
depending on the noise-characteristics of the front-end electronics used. The good charge
transport properties (mobility-lifetime products of electrons µτe > 10−3 cm2/V) beside
the high-bias voltage operation (>7000 V/cm) allowed the minimization of the effects of
high-flux radiation induced polarization in the detectors, with no spectral degradations
up to 1 Mcps at 60 keV [15]. Figure 1 shows the anode layout of the detector which
consisted in a linear array of 32 pixels with a pixel pitch of 250 µm, surrounded by two
guard-rings (external and internal guard-rings), while the cathode side was a simple
planar electrode.
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Figure 1. (a) The anode layout of the CZT linear array detector (3.0 × 10.4 × 1.1 mm3). The linear 

array is characterized by 32 pixels (225 µm) with a pitch of 250 µm. The width of the inter-pixel gaps 
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(b) A picture of the detector from the cathode side. 

To minimize the effects of charge sharing between the pixels, great efforts were made 

to reduce the inter-pixel gaps (<50 µm). In our case, an inter-pixel gap of 25 µm was 

Figure 1. (a) The anode layout of the CZT linear array detector (3.0 × 10.4 × 1.1 mm3). The linear
array is characterized by 32 pixels (225 µm) with a pitch of 250 µm. The width of the inter-pixel gaps
is equal to 25 µm for all pixels. The pixel array is surrounded by internal and external guard-rings.
(b) A picture of the detector from the cathode side.

To minimize the effects of charge sharing between the pixels, great efforts were made
to reduce the inter-pixel gaps (<50 µm). In our case, an inter-pixel gap of 25 µm was
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realized. The external guard-ring was designed to minimize the surface leakage currents,
while the internal guard-ring was realized to reduce the effects of charge sharing on the
pixels. The internal guard-ring was coupled to the read-out electronics for coincidence
measurements with the pixels. The rejection of the pixel events in temporal coincidence
with the internal guard-ring emulated the effects of a slit collimator on the detector. The
presence of a slit collimator should allow only the irradiation of the linear array, giving
lower charge sharing than the pixel layout one. With this set-up, each pixel of the linear
array should be influenced by the charge sharing from the 2 adjacent pixels, while for a
standard pixel detector by the 8 neighbouring pixels. Concerning the leakage current of the
pixels, very low leakage current values (<30 pA at −1000 V) were measured, as reported in
Figure 2.
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Figure 2. The current-voltage characteristics of a tested pixel of the CZT linear array detector. Low
leakage current < 30 pA at −1000 V (9000 V/cm) was measured; the symmetry of the curve confirms
the quasi-ohmic nature of the gold-electroless contacts.

2.2. The Readout Electronics

The pixels (12 pixels), the internal guard-ring and the cathode electrodes were coupled
to hybrid charge-sensitive preamplifiers (CSPs) and processed by a 16-channel digital pulse
processing (DPP) electronics. Both the CSPs and the digital electronics were developed at
DiFC of the University of Palermo (Italy). The CSPs were characterized by an equivalent
noise charge (ENC) of about 100 electrons and equipped with a resistive-feedback circuit
with a decay time constant of 20 µs. The pixels and the internal guard-ring were DC coupled
to the CSPs, while the cathode was AC-coupled. Figure 3 shows the board with the CZT
detector (cathode electrode view) and the hybrid CSPs. The digital electronics consisted in
four digitizers (DT5724, 16 bit, 100 MS/s, CAEN S.p.A., Italy http://www.caen.it, accessed
on 14 March 2023) driven by an original firmware developed by our group [23–25]. The
digital pulse processing was based on a fast shaping (single delay line), for pulse timing
and counting analysis, and a slow processing (trapezoidal shaping) optimized for pulse
height and shape analysis.

http://www.caen.it


Sensors 2023, 23, 3196 4 of 20Sensors 2023, 23, x FOR PEER REVIEW 4 of 21 
 

 

 

Figure 3. The B-VB CZT linear array detector coupled to the charge sensitive preamplifiers (CSPs). 

3. The Spectroscopic Response of the CZT-Based ERPC Prototype 

The spectroscopic performance of the system was investigated at room temperature 

(T = 20 °C) by using uncollimated radiation sources (109Cd, 241Am, 57Co). Figure 4 shows 

the measured energy spectra (241Am source) for a tested pixel (pixel no. 6) at different 

cathode bias voltages (negative bias voltage). The best energy resolution, equal to 4.5% 

(2.7 keV) FWHM at 59.5 keV, was obtained at −700 V. 

  

(a) (b) 

Figure 4. (a) 241Am energy spectra of a tested pixel at different bias voltages; the low-energy back-

ground, due to the charge sharing effects, is reduced by increasing the voltage. (b) The energy res-

olution FWHM at 59.5 keV vs. the bias voltage: the best energy resolution is obtained at −700 V. 

Figure 5 shows the energy spectra under different radiation sources: the energy lines 

of 22.1 and 24.9 keV of the 109Cd source, the 59.5 keV line of 241Am source and 122.1 and 

136.5 keV of the 57Co source. The background at low energies was due to the charge shar-

ing, while the energy peaks at 23.2 and 27.5 keV represent the fluorescent X rays (Cd-Kα 

and Te- Kα X-rays) from the adjacent pixels and internal-guard-ring. 

Figure 3. The B-VB CZT linear array detector coupled to the charge sensitive preamplifiers (CSPs).

3. The Spectroscopic Response of the CZT-Based ERPC Prototype

The spectroscopic performance of the system was investigated at room temperature
(T = 20 ◦C) by using uncollimated radiation sources (109Cd, 241Am, 57Co). Figure 4 shows
the measured energy spectra (241Am source) for a tested pixel (pixel no. 6) at different
cathode bias voltages (negative bias voltage). The best energy resolution, equal to 4.5%
(2.7 keV) FWHM at 59.5 keV, was obtained at −700 V.
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Figure 4. (a) 241Am energy spectra of a tested pixel at different bias voltages; the low-energy
background, due to the charge sharing effects, is reduced by increasing the voltage. (b) The energy
resolution FWHM at 59.5 keV vs. the bias voltage: the best energy resolution is obtained at −700 V.

Figure 5 shows the energy spectra under different radiation sources: the energy lines
of 22.1 and 24.9 keV of the 109Cd source, the 59.5 keV line of 241Am source and 122.1 and
136.5 keV of the 57Co source. The background at low energies was due to the charge sharing,
while the energy peaks at 23.2 and 27.5 keV represent the fluorescent X rays (Cd-Kα and
Te- Kα X-rays) from the adjacent pixels and internal-guard-ring.
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Figure 5. (a) 109Cd, (b) 241Am, (c) 57Co energy spectra of a tested pixel at room temperature; the
low-energy background and the peaks at 23.2 and 27.5 keV are due to the charge sharing effects and
fluorescence crosstalk.

The system was also able to provide the energy spectra from the internal guard-
ring and the planar cathode (Figures 6 and 7). The energy resolution was degraded, if
compared to the pixel one, mainly due to the increased leakage current/capacitance and
the reduction in the benefits in charge collection from the small pixel effect [5]. As will
be discussed in the following section, the signals from the internal guard-ring and the
planar cathode can be very helpful to compensate the spectral and counting distortions
from charge sharing and incomplete charge collection.
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4. Charge Sharing and Incomplete Charge Collection Effects
4.1. Charge Sharing Measurements

Charge sharing investigations were performed by detecting the events of each pixel
in temporal coincidence with the two adjacent pixels and the internal guard-ring. The
coincidence events were measured within a coincidence time window (CTW) of 300 ns,
ensuring the full detection of all events. The charge sharing results for a tested pixel
under 109Cd, 241Am, and 57Co sources are shown in Figure 8. Three energy spectra
are presented: the raw spectrum containing all events (black line), the spectrum of the
coincidence events of the pixel with the two adjacent pixels and the internal guard-
ring (red line) and the spectrum of the single events (i.e., the events with multiplicity
m = 1). The single-event spectrum (blue line) was obtained after the rejection of the
coincidence events, i.e., after the application of the charge sharing discrimination (CSD)
technique [17,23]. As is well known, this technique simply consists in rejecting, from the
energy spectrum of a selected pixel, the events that are in temporal coincidence with the
neighbouring pixels (in our case with the two adjacent pixels and the internal guard-
ring). Concerning the energy spectra of Figure 8, the spectra after CSD (blue lines) were
obtained by subtracting the red spectra from the black ones. The shape of the energy
spectrum was strongly improved after CSD. The coincidence events (red line) were
mainly due to charge sharing and fluorescence crosstalk effects: the fluorescent peaks
were at 23.2 and 27.5 keV, the escape peaks were at 36.3, and 32 keV (241Am), the low-
energy background and tailing. At energies greater than the K-shell absorption energy
of the CZT material (26.7 keV, 9.7 keV and 31.8 keV for Cd, Zn and Te, respectively), the
presence of fluorescent X rays created an increase in the coincidence percentages.

A key result concerns the global reduction of the coincidence/charge sharing per-
centages, if compared with similar CZT pixel arrays with wider inter-pixel gap of 50 µm
(charge sharing percentages > 70% at 60 keV) [23]. We obtained coincidence percentages
of 8%, 49%, and 52% under 109Cd, 241Am and 57Co, respectively. This reduction was due
to smaller ratio between the inter-pixel gap area and the pixel area. As discussed before,
we can also read the signals from the internal guard-ring and evaluate the charge sharing
with the pixels. Figure 9 shows the effects of rejecting only the coincidence events with
the internal guard-ring (i.e., after G-CSD). In this case, the coincidence detection with the
internal guard-ring could be used to emulate the effects of the presence of a slit collima-
tor, allowing only the charge sharing events between adjacent pixels. This represents the
desired working set-up for the linear X-ray scanner, where the only charge sharing events
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between adjacent pixels will influence the acquired images. Charge sharing effects were
also investigated on poly-energetic X-ray spectra. We measured X-ray spectra from an
X-ray tube (Mini-X, Amptek, Bedford, MA, USA) with a silver (Ag) target and a focal
spot size of 2 mm, working at a voltage of 50 kV and tube current of 5 µA. The shape of
the X-ray spectrum was also influenced by the 100 µm thick Al window of the detector.
The results, after G-CSD and CSD, are shown in Figure 10. It is clearly visible that charge
sharing strongly influenced the low-energy region of the X-ray spectra. The effects of
these different charge sharing conditions on the image quality will be analysed and
discussed in Section 5.
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sources. The blue lines represent the uncollimated energy spectra after charge sharing discrimination
(CSD). The raw spectra (black line) of all events and the spectra of the coincidence events with the
two adjacent pixels and the internal guard-ring (red line) are also shown.
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sources. The blue lines represent the uncollimated energy spectra after charge sharing discrimination
with the internal-guard ring (G-CSD). The raw spectra (black line) of all events and the spectra of the
coincidence events with the internal guard-ring (red line) are also shown.

4.2. Incomplete Charge Collection in Single Events

As shown in Figures 8 and 9, a tailing in the main energy peaks was clearly visible,
and more pronounced at high energies. The tailing, due to incomplete charge collection
effects, was more severe in signals with a high hole contribute (hole trapping); this
occurred for photon interactions near the anode (pixel), due to the shape of the weighting
potential of the pixels [23]. We performed a correction of these incomplete charge
collection effects by exploiting the coincidence events with the cathode electrode. We
used the traditional cathode to anode ratio (C/A) [26–29] and its relationship with the
energy of the photons from the pixels (anodes), as shown in Figure 11 for the 57Co
events. The analysis was applied to single events (m = 1). The curvature of Figure 11a
clearly highlights that photons interacting near the pixel, i.e., characterized by low C/A
values, presented more incomplete charge collection effects. By modelling the curve of
Figure 11a [26], it was possible to recovery the energy as shown in Figure 11b,c. This
technique is also called depth of interaction (DOI) correction. Improvements in the
energy resolution are clearly visible.
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Figure 10. Charge sharing measurements of a tested pixel under Ag-target X-ray tube source. The
red and blue lines represent the uncollimated energy spectra after G-CSD and CSD, respectively. The
raw spectrum (black line) is also shown.
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Figure 11. (a) Scatter plot of the cathode to anode (C/A) ratio vs. the energy of the anode (pixel).
(b) The scatter plot after depth of interaction (DOI) correction. (c) The raw (red line) and corrected
(blue line) energy spectra of the events of the scatter plots. Interesting energy resolution improvements
are obtained after the DOI correction.
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4.3. Incomplete Charge Collection in Charge Sharing Events

As is well documented in the literature [30–34], the charge sharing events, rejected by
CSD, can be recovered in counting and energy through the application of the charge sharing
addition (CSA) technique. This technique consists in a simple addition of the energy of
the charge sharing events. Unfortunately, the summed energy is often characterized by
deficits due to incomplete charge collection effects at the inter-pixel gap [30–34]. These
energy deficits were also observed in our measurements, as shown in Figure 12. The energy
spectra after CSA were characterized by energy deficits of 2 keV at 59.5 keV and 3 keV at
122.1 keV. Generally, the deficit was lower than that of detectors with 50 µm inter-pixel gap
(5 keV at 59.5 keV), demonstrating the benefits in reducing this gap (25 µm inter-pixel gap
in our detector). Concerning the origin of these charge losses, several interpretations have
been given; some researchers attributed these effects to the hole trapping [33], others to the
presence of distortions of the electric field lines near the inter-pixel gap [30,31,34]. To better
clarify this issue, we measured the shared events after CSA in temporal coincidence with
the cathode signals. Figure 13 shows the energy of the cathode pulses vs. the energy of the
charge sharing events after CSA.
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Figure 12. Measured (a) 241Am and (b) 57Co energy spectra after the application of the charge
sharing addition (CSA) technique. The energy spectra of the single events (blue lines) and the
spectra of the coincidence events with the two adjacent pixels (multiplicity m = 2) after CSA (brown
lines). The energy spectra after CSA are characterized by energy deficits (2 keV at 59.5 keV and
3 keV at 122.1 keV), due to the presence of charge losses near the inter-pixel gaps.

The curvature of the scatter plot, related to the 122 keV photopeak, highlights that
the summed energy changes with the interaction depth (represented by the energy of
the cathode). In particular, an energy deficit of about 2 keV at 122 keV was present even
for photon interactions near the cathode, i.e., characterized by a full cathode energy of
122 keV. Because photon interactions near the cathode gave pulses with a small hole
contribute, the hole trapping cannot justify the charge losses. This confirms that the
presence of the energy deficit could be only due to distortions of the electric field lines
near the inter-pixel gap.
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Figure 13. Scatter plot of the energy of the cathode events vs. the energy of the shared events after
CSA. The presence of energy deficits (about 2 keV at 122 keV), even for event interacting near the
cathode (i.e., characterized by the full cathode energy of 122 keV and very low hole contribute to the
signal), clearly demonstrates that these losses are not related to the hole trapping, but to electric field
line distortions at the inter-pixel gap. The dashed red line represents the correct energy after CSA
(i.e., 122.1 keV).

5. Energy-Resolved Images and Contrast Enhancements in a Food Sample

In this section we will present the results from different energy-resolved approaches on
the image quality enhancements. The effects of charge sharing in both image segmentation
and quality will be also shown. The images from a simple example of a food product were
acquired and analyzed.

5.1. Experimental Set-Up and Data Acquisition

X-ray images were acquired from the phantom of Figure 14 under the Ag-target
X rays (50 kV), representing an example of a simple food product. We used a plastic
(ABS: acrylonitrile butadiene styrene) container (22 × 5 × 5 mm3) with coffee powder
and the presence of a steel pseudo-cylinder (φ = 1 mm; 10 mm length), as example of
high-density contaminant. The plastic edge of the container was also imaged and used as
example of low-density contaminant. The scanning area (2.5 × 7.75 mm2) is highlighted
in Figure 14b by the red rectangular line. The phantom was positioned at a distance
of 7 cm from both the detector and the X-ray tube. Each X-ray image, constituted by
310 pixels, was obtained from 31 acquisitions of the 10 pixels of the linear array. Each
acquisition, performed at different positions with steps of 225 µm, was done in stationary
conditions, i.e., by stopping the system (X-ray tube and detector) at each acquisition.
Each image was characterized by three key materials: the coffee powder considered as
background and the steel/plastics as contaminants. To quantify the effects of charge
sharing on the image quality, we analysed three different image types, characterized by
different presence-levels of charge sharing:

1. images with the presence of charge sharing in each pixel (Raw images);
2. images including only the charge sharing between adjacent pixels and rejecting the

charge sharing with the internal guard-ring (G-CSD images);
3. images after full charge sharing discrimination (CSD), i.e., after rejecting all charge

sharing events in each pixel (CSD images).



Sensors 2023, 23, 3196 13 of 20

Sensors 2023, 23, x FOR PEER REVIEW 13 of 21 
 

 

5. Energy-Resolved Images and Contrast Enhancements in a Food Sample 

In this section we will present the results from different energy-resolved approaches 

on the image quality enhancements. The effects of charge sharing in both image segmen-

tation and quality will be also shown. The images from a simple example of a food product 

were acquired and analyzed. 

5.1. Experimental Set-Up and Data Acquisition 

X-ray images were acquired from the phantom of Figure 14 under the Ag-target X 

rays (50 kV), representing an example of a simple food product. We used a plastic (ABS: 

acrylonitrile butadiene styrene) container (22 × 5 × 5 mm3) with coffee powder and the 

presence of a steel pseudo-cylinder (ϕ = 1 mm; 10 mm length), as example of high-density 

contaminant. The plastic edge of the container was also imaged and used as example of 

low-density contaminant. The scanning area (2.5 × 7.75 mm2) is highlighted in Figure 14b 

by the red rectangular line. The phantom was positioned at a distance of 7 cm from both 

the detector and the X-ray tube. Each X-ray image, constituted by 310 pixels, was obtained 

from 31 acquisitions of the 10 pixels of the linear array. Each acquisition, performed at 

different positions with steps of 225 µm, was done in stationary conditions, i.e., by stop-

ping the system (X-ray tube and detector) at each acquisition. Each image was character-

ized by three key materials: the coffee powder considered as background and the 

steel/plastics as contaminants. To quantify the effects of charge sharing on the image qual-

ity, we analysed three different image types, characterized by different presence-levels of 

charge sharing: 

1. images with the presence of charge sharing in each pixel (Raw images); 

2. images including only the charge sharing between adjacent pixels and rejecting the 

charge sharing with the internal guard-ring (G-CSD images); 

3. images after full charge sharing discrimination (CSD), i.e., after rejecting all charge 

sharing events in each pixel (CSD images). 

 
(a) 

 
(b) 

Figure 14. (a) Visible image of the phantom used for X-ray imaging measurements: a plastic con-

tainer with coffee powder and a steel sample. (b) The red rectangular line highlights the scanning 

area. 

Figure 14. (a) Visible image of the phantom used for X-ray imaging measurements: a plastic container
with coffee powder and a steel sample. (b) The red rectangular line highlights the scanning area.

5.2. Image Processing and Figure of Merit for Image Quality

A key processing step concerned the material segmentation of the images, i.e., the
selection of the regions of interest (ROIs) for each investigated material (coffee, steel and
plastics). This was performed by using an unsupervised learning method, implemented
using the k-means++ algorithm [35–38]. The k-means algorithm is an unsupervised
machine learning approach, capable of working without training data. By selecting the
number of clusters k, the method assigned each data point to the k-th cluster minimizing
the distance metric between k-centroids. Compared to k-means, the k-means++ algo-
rithm allows the choice of initial seeds in order to make the clustering process more
robust. In our case, we applied the squared Euclidean distance metric for k = 3 (coffee,
steel, plastics) and a very simple randomized seeding technique was used [38]. Figure 15
shows the three image types (Raw, G-CSD and CSD images) and the results after material
segmentation. The grayscale images on the left side of Figure 15 were obtained through
the photon counting (PC) mode, i.e., by using for each pixel the total counts over the
entire energy spectrum (5–50 keV), normalized to the total counts without the phantom.
On the right side, the material segmentation (black area for steel, gray for coffee and
white for plastics) performed on low charge sharing images (G-CSD and CSD images)
was in agreement with the ground-truth segmentation; meanwhile, poor segmentation was
obtained in the raw images. To quantify the image quality enhancements, we used the
well-known contrast-to-noise ratio (CNR) [6–8] as figure of merit, calculated for each ROI
selected by the segmentation, as follows:

CNRC =
|IC − IB |

σB
=

Cc

σB
(1)
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where, IC and IB are the average normalized intensities of the selected contaminant (steel or
plastics) and background (coffee), respectively, while σB is the standard deviation of the
background and CC the contrast. The CNR gave a good quantification of the contributes of
both contrast and noise in the images. Typically, a CNR ranging between 3–5 is required for
an object to be considered detectable [6–8].
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Figure 15. On the left side, the grayscale raw, the G-CSD and the CSD images from the tested
phantom, presented in photon counting (PC) mode. On the right side, the results of the material
segmentation (k-means clustering): the gray zone for coffee, white for plastics and black for steel.
The segmentation is well done after partial (G-CSD) and total rejection (CSD) of the charge sharing
events, while a poor segmentation is obtained with the raw image (on the first row of the right-side
column). The CNR values are also reported.

The CNRplastics values were mainly influenced by charge sharing, the effects of which
are prevalent at low energies; after CSD, the CNRplastics increased by 500% and by 80% for
steel. Moreover, even the image with moderate charge sharing (G-CSD image) allowed
good CNR enhancements for both contaminants.

5.3. Energy-Resolved Imaging and Contrast Enhancements

Once a photon counting (PC) image was acquired, the system was able to split the
PC image in several energy-binned images. In our case, each PC image was composed by
N = 45 energy-bin images (binned at 1 keV), covering the full energy spectrum (5–50 keV).
In this section, we will present further CNR improvements after the application of
different energy-resolved approaches. A class of energy-resolved methods is represented
by the energy weighting approaches [6–9], which consisted in assigning weights w to the
different energy bins that compose the measured spectrum, before generating a spectrum-
integrated final image. The final image was a linear combination of the energy-bin images
(Equation (2)), with the weights w(E) typically chosen to enhance the CNR. Among these,
the image-based energy weighting [39] allowed interesting CNR improvements, especially
when compared with the projection-based energy weighting [40]. In the projection-based
energy weighting the weights w ∝ E−3 followed the behaviour of the linear attenuation
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coefficients with the energy; this method over-emphasized the low-energy region of the
spectrum, while de-emphasizing the high-energy region significantly. This approach
requires particular attention on the selection of the low energy threshold; in fact, the
similar counting intensities at very low energies (<10 keV), even for different materials,
can often create poor CNR in the images. As already demonstrated in the literature [39],
the optimal weight for the image-based energy weighting approach is proportional to
the contrast-to-noise-variance ratio (CNVR), which emphasises the energy-bins with low
noise and high contrast C. The following equations describe the details of the two energy
weighting approaches:

Imageweighted =
N

∑
i=1

w(Ei)·Image(Ei) (2)

w(Ei) =
E−3

i

∑N
j=1 E−3

j
fortheprojection− based energy weighting (3)

w(Ei) =
C(Ei)· σ−2

i

∑N
j=1 Cj · σ−2

j
=

CNVR (Ei)

∑N
j=1 CNVR

(
Ej
) fortheimage− based energy weighting (4)

Beside these two techniques, we also proposed a new method, termed window-based
energy selecting, consisting of the selection of dedicated energy windows for each material,
properly selected to enhance the CNR values.

The final image was created with the counts of the selected windows for each material
(contaminants and background). Figure 16 shows a general overview of the window-based
energy selecting technique used in this work. A similar approach was used in K-edge X-ray
imaging by selecting appropriate energy windows around the K-edge jump [41] for CNR
enhancements. In this case [41], the optimization concerned the selection of the optimal
width for the energy windows at a fixed position in the energy spectrum, i.e., always
positioned at the left and right sides of K-edge. Our technique was able to optimize both
the width and the position of the energy windows, taking into account CNR enhancements
between the contaminants (plastics and streel) and the background (coffee). The optimal
energy windows were selected through an iterative approach, as follows:

- first, we fixed the same width w of the energy windows for both contaminant and
background; in our case we were able to select 40 different energy-window widths,
with a step of 1 keV, within the energy range R of 45 keV (5–50 keV); the mini-
mum w was fixed to 5 keV, taking into account the energy resolution of the system
(w ≥ 2·FWHM~5 keV within the 50–5 keV energy range); we stress that the use of a
w of 45 keV, for both contaminant and background, was equivalent to the application
of the photon counting (PC) mode;

- second, for each fixed w value, we selected the optimal position of the windows in the
energy range, taking into account the highest CNR value among the values obtained
from all possible positions (step of 1 keV); for example, by using two window widths
ws of 44 keV, the number of possible position values was 4 (two different positions for
the contaminant and two for the background), by using two ws of 43 keV, 9 positions
and by using two generic ws, we could analyze (R-w + 1)2 different positions.

Concerning the selection of the energy-window widths, we observed that the best
CNR values were obtained by using window widths as small as possible. CNR values
improved quasi-monotonically by reducing the widths of the energy windows, as shown
in Figure 17. In our case, the best CNR values were obtained by using energy windows
of 5 keV. Despite narrow windows would result in fewer photons and high noise, these
allowed higher CNR values. Figure 18 shows the results obtained by applying photon
counting and energy-resolved approaches in CSD and G-CSD images.
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This technique, taking into account CNR enhancements between contaminants (steel and plastics) 

Figure 16. General overview of the window-based energy selecting X-ray imaging approach. The energy
spectra of the pixels related to the three material zones (plastics, steel and coffee). The image is
obtained by using the counts within the energy windows (yellow areas), selected to enhance the CNR.
This technique, taking into account CNR enhancements between contaminants (steel and plastics) and
background (coffee), foresees the selection of the optimal width and position of the energy windows.
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Figure 18. The images and the CNR values (steel and plastics contaminants on coffee) presented in
photon counting (PC) mode and after the application of different energy-resolved approaches. The
CSD and G-CSD images on the left and right sides, respectively. Generally, two images are obtained,
one optimized for steel and the other for plastics detection.
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Generally, the energy-resolved approaches gave better CNR values than the photon
counting one. Among these, low improvements were obtained from the projection-based
energy weighting approach (w ∝ E−3), requiring energy threshold greater than 10 keV. For
the other two energy-resolved approaches, two images were obtained, one optimized for
steel and the other for plastics detection.

The window-based energy selecting approach allowed the best results, with energy-
windows of 5 keV. For example, the window-basedplastics approach applied to the G-CSD
images produced the best results with energy-windows of (45–50 keV), (25–30 keV),
(18–23 keV), for steel, plastics and coffee, respectively. The effects of charge sharing be-
tween adjacent pixels (G-CSD images) on CNR values were quite moderate; charge sharing,
with its high contribute at low energies, mainly influenced the CNRplastics, more sensitive to
low energy photons.

6. Discussion and Conclusions

The spectroscopic and imaging performance of new sub-millimetre B-VB CZT linear
array detectors, as ERPC prototypes for spectral X-ray imaging, were presented in this
work. The activities are in the framework of AVATAR X project (funded by the Italian
Ministry for University and Research), planning the development of X-ray scanners
for contaminant detection in food industry. The key results from the investigations
mainly concerned new knowledge about charge sharing effects in the CZT linear array
detectors and interesting CNR enhancements in contaminant detection obtained with a
new energy-resolved X-ray imaging approach. The results are summarized as follows:

• the realization of inter-pixel gap of 25 µm on pixel pitches of 250 µm allowed the
reduction in charge sharing percentages (50% at 60 keV in our case; >70% at 60 keV
with wider inter-pixel gaps) [23,30]; moreover, this also produced a reduction of the
charge losses after CSA (2 keV at 60 keV in our case; >5 keV at 60 keV with wider
inter-pixel gaps);

• the coincidence measurements of the shared events after CSA with the cathode
events clearly highlighted that the charge losses after CSA are not related to the
hole trapping, but they are due to distortions of the electric field lines near the
inter-pixel gap;

• the good energy resolution (<3 keV) of the ERPC prototype allowed interesting image
quality improvements after the application of energy-resolved techniques;

• a new energy-resolved approach, termed window-based energy selecting, was developed
and excellent CNR enhancements in X-ray images were obtained, if compared with
other energy-resolved techniques;

• the presence of charge sharing between adjacent pixels (G-CSD images) produced low
distortions in CNR; CNRsteel deteriorated of 4% and CNRplastics of 30% from images
with no charge sharing (CSD images).

These investigations, despite performed at low photon counting rates (<1 kcps),
gave useful knowledge even for high counting rate measurements (>1 Mcps), necessary
to perform image acquisitions with low acquisition times as possible. In this work,
we used low counting rates in our measurements to perform correct time coincidence
analysis for charge sharing investigations. However, this allowed us to demonstrate
that charge sharing between adjacent pixels produces moderate distortions in X-ray
images and, therefore, the ERPC prototype (equipped with a slit collimator) can operate
at high rates without charge sharing detection. Moreover, we foresee it working at high
rates by coupling the detectors to new front-end electronics, recently developed by our
group [18], allowing excellent energy resolution (<1 keV) even with very fast peaking
times (<50 ns); this would allow us to work with very short-shaped pulses (ballistic deficit
pulse processing approach [42]), ensuring excellent energy resolution and high throughput
at high-rate measurements.



Sensors 2023, 23, 3196 19 of 20

Author Contributions: Conceptualization, L.A. and A.B.; formal analysis, L.A., A.B., G.G., F.P.,
G.R., D.C., V.T. and M.B.; investigation, L.A., A.B., F.P., A.Z., G.G. and M.B.; writing—original draft
preparation, A.B. and L.A.; writing—review and editing, all authors; supervision, L.A.; project
administration, L.A.; funding acquisition, L.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Italian Ministry for University and Research (MUR), under
AVATAR X project No. POC01_00111, by the European Union (EU) under the project—FESR o FSE,
PON Ricerca e Innovazione 2014–2020—DM 1062/2021 and FFR2023 and by BIOMONTANS project
funded by CARIPARMA.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Barber, W.C.; Wessel, J.C.; Nygard, E.; Iwanczyk, J.S. Energy dispersive CdTe and CdZnTe detectors for spectral clinical CT and

NDT applications. Nucl. Instr. Meth. A 2015, 784, 531–537. [CrossRef] [PubMed]
2. Iwanczyk, J.; Nygard, E.; Meirav, O.; Arenson, J.; Barber, W.C.; Hartsough, N.E.; Malakhov, N.; Wessel, J.C. Photon Counting

Energy Dispersive Detector Arrays for X-ray Imaging. IEEE Trans. Nucl. Sci. 2009, 56, 535–542. [CrossRef]
3. Szeles, C.; Soldner, S.A.; Vydrin, S.; Graves, J.; Bale, D.S. CdZnTe Semiconductor Detectors for Spectroscopic X-ray Imaging. IEEE

Trans. Nucl. Sci. 2008, 55, 572–582. [CrossRef]
4. Iniewski, K. CZT detector technology for medical imaging. J. Instrum. 2014, 9, C11001. [CrossRef]
5. Taguchi, K.; Iwanczyk, J.S. Vision 20/20: Single photon counting X-ray detectors in medical imaging. Med. Phys. 2013, 40, 100901.

[CrossRef] [PubMed]
6. Nguyen, J.; Rodesch, P.A.; Richtsmeier, D.; Iniewski, K.; Bazalova-Carter, M. Optimization of a CZT photon counting detector for

contaminant detection. J. Instrum. 2021, 16, P11015. [CrossRef]
7. Richtsmeier, D.; Guliyev, E.; Iniewski, K.; Bazalova-Carter, M. Contaminant detection in non-destructive testing using a CZT

photon-counting detector. J. Instrum. 2021, 16, P01011. [CrossRef]
8. Roque, G.; Schütz, M.K.; Fey, J.; Useche, J.S.; Fiederle, M.; Procz, S. Sub-pixel energy-weighting techniques for metallic contaminant

highlighting in a pharmaceutical hard capsule using a Timepix3 CdZnTe hybrid pixel detector. J. Instrum. 2022, 17, P10030.
[CrossRef]

9. Shikhaliev, P.M. Beam hardening artefacts in computed tomography with photon counting, charge integrating and energy
weighting detectors: A simulation study. Phys. Med. Biol. 2005, 50, 5813–5827. [CrossRef]

10. Wang, X.; Meier, D.; Taguchi, K.; Wagenaar, D.J.; Patt, B.E.; Frey, E.C. Material separation in X-ray CT with energy resolved
photon-counting detectors. Med. Phys. 2011, 38, 1534–1546. [CrossRef]

11. Giersch, J.; Niederlöhner, D.; Anton, G. The influence of energy weighting on X-ray imaging quality. Nucl. Instrum. Methods Phys.
Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2004, 531, 68–74. [CrossRef]

12. Kimoto, N.; Hayashi, H.; Asakawa, T.; Lee, C.; Asahara, T.; Maeda, T.; Goto, S.; Kanazawa, Y.; Katsumata, A.; Yamamoto, S.; et al.
Effective atomic number image determination with an energy-resolving photon-counting detector using polychromatic X-ray
attenuation by correcting for the beam hardening effect and detector response. Appl. Radiat. Isot. 2021, 170, 109617. [CrossRef]
[PubMed]

13. Zappettini, A.; Marchini, L.; Zha, M.; Benassi, G.; Zambelli, N.; Calestani, D.; Zanotti, L.; Gombia, E.; Mosca, R.; Zanichelli, M.;
et al. Growth and Characterization of CZT Crystals by the Vertical Bridgman Method for X-ray Detector Applications. IEEE Trans.
Nucl. Sci. 2011, 58, 2352–2356. [CrossRef]

14. Auricchio, N.; Marchini, L.; Caroli, E.; Zappettini, A.; Abbene, L.; Honkimaki, V. Charge transport properties in CdZnTe detectors
grown by the vertical Bridgman technique. J. Appl. Phys. 2011, 110, 124502. [CrossRef]

15. Abbene, L.; Gerardi, G.; Turturici, A.; Raso, G.; Benassi, G.; Bettelli, M.; Zambelli, N.; Zappettini, A.; Principato, F. X-ray response
of CdZnTe detectors grown by the vertical Bridgman technique: Energy, temperature and high flux effects. Nucl. Instrum. Methods
Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2016, 835, 1–12. [CrossRef]

16. Turturici, A.; Abbene, L.; Gerardi, G.; Benassi, G.; Bettelli, M.; Calestani, D.; Zambelli, N.; Raso, G.; Zappettini, A.; Principato, F.
Electrical properties of Au/CdZnTe/Au detectors grown by the boron oxide encapsulated Vertical Bridgman technique. Nucl.
Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2016, 830, 243–250. [CrossRef]

17. Abbene, L.; Principato, F.; Gerardi, G.; Buttacavoli, A.; Cascio, D.; Bettelli, M.; Amadè, N.S.; Seller, P.; Veale, M.C.; Fox, O.; et al.
Room-Temperature X-ray response of cadmium-zinc-Telluride pixel detectors grown by the vertical Bridgman technique.
J. Synchrotron Radiat. 2020, 27, 319–328. [CrossRef]

18. Mele, F.; Quercia, J.; Abbene, L.; Benassi, G.; Bettelli, M.; Buttacavoli, A.; Principato, F.; Zappettini, A.; Bertuccio, G. Advances
in High Energy Resolution CdZnTe Linear Array Pixel Detectors with Fast and Low Noise Readout Electronics. Sensors 2023,
23, 2167. [CrossRef] [PubMed]

http://doi.org/10.1016/j.nima.2014.10.079
http://www.ncbi.nlm.nih.gov/pubmed/25937684
http://doi.org/10.1109/TNS.2009.2013709
http://doi.org/10.1109/TNS.2007.914034
http://doi.org/10.1088/1748-0221/9/11/C11001
http://doi.org/10.1118/1.4820371
http://www.ncbi.nlm.nih.gov/pubmed/24089889
http://doi.org/10.1088/1748-0221/16/11/P11015
http://doi.org/10.1088/1748-0221/16/01/P01011
http://doi.org/10.1088/1748-0221/17/10/P10030
http://doi.org/10.1088/0031-9155/50/24/004
http://doi.org/10.1118/1.3553401
http://doi.org/10.1016/j.nima.2004.05.076
http://doi.org/10.1016/j.apradiso.2021.109617
http://www.ncbi.nlm.nih.gov/pubmed/33592487
http://doi.org/10.1109/TNS.2011.2163643
http://doi.org/10.1063/1.3667201
http://doi.org/10.1016/j.nima.2016.08.029
http://doi.org/10.1016/j.nima.2016.05.124
http://doi.org/10.1107/S1600577519015996
http://doi.org/10.3390/s23042167
http://www.ncbi.nlm.nih.gov/pubmed/36850765


Sensors 2023, 23, 3196 20 of 20

19. Abbene, L.; Gerardi, G.; Turturici, A.A.; Del Sordo, S.; Principato, F. Experimental results from Al/p-CdTe/Pt X-ray detectors.
Nucl. Instr. Meth. A 2013, 730, 135–140. [CrossRef]

20. Principato, F.; Turturici, A.A.; Gallo, M.; Abbene, L. Polarization phenomena in Al/p-CdTe/Pt X-ray detectors. Nucl. Instrum.
Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2013, 730, 141–145. [CrossRef]

21. Principato, F.; Gerardi, G.; Abbene, L. Time-dependent current-voltage characteristics of Al/p-CdTe/Pt X-ray detectors. J. Appl.
Phys. 2012, 112, 094506. [CrossRef]

22. Farella, I.; Montagna, G.; Mancini, A.M.; Cola, A. Study on Instability Phenomena in CdTe Diode-Like Detectors. IEEE Trans.
Nucl. Sci. 2009, 56, 1736–1742. [CrossRef]

23. Abbene, L.; Principato, F.; Gerardi, G.; Bettelli, M.; Seller, P.; Veale, M.C.; Zappettini, A. Digital fast pulse shape and height
analysis on cadmium–zinc–telluride arrays for high-flux energy-resolved X-ray imaging. J. Synchrotron Radiat. 2018, 25, 257–271.
[CrossRef]

24. Abbene, L.; Gerardi, G.; Raso, G.; Basile, S.; Brai, M.; Principato, F. Energy resolution and throughput of a new real time digital
pulse processing system for X-ray and gamma ray semiconductor detectors. J. Instrum. 2013, 8, P07019. [CrossRef]

25. Gerardi, G.; Abbene, L. A digital approach for real time high-rate high-resolution radiation measurements. Nucl. Instrum. Methods
Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2014, 768, 46–54. [CrossRef]

26. Abbene, L.; Gerardi, G.; Principato, F.; Buttacavoli, A.; Altieri, S.; Protti, N.; Tomarchio, E.; Del Sordo, S.; Auricchio, N.;
Bettelli, M.; et al. Recent advances in the development of high-resolution 3D cadmium–zinc–telluride drift strip detectors.
J. Synchrotron Radiat. 2020, 27, 1564–1576. [CrossRef]

27. Abbene, L.; Principato, F.; Buttacavoli, A.; Gerardi, G.; Bettelli, M.; Zappettini, A.; Altieri, S.; Auricchio, N.; Caroli, E.;
Zanettini, S.; et al. Potentialities of high-resolution 3-D CZT drift strip detectors for prompt gamma-ray measurements in BNCT.
Sensors 2022, 22, 1502. [CrossRef]

28. Shor, A.; Eisen, Y.; Mardor, I. Optimum spectroscopic performance from CZT γ- and X-ray detectors with pad and strip
segmentation. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 1999, 428, 182–192. [CrossRef]

29. Van Pamelen, M.A.J.; Budtz-Jorgensen, C. CdZnTe drift detector with correction for hole trapping. Nucl. Instrum. Methods Phys.
Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 1998, 411, 197–200. [CrossRef]

30. Abbene, L.; Gerardi, G.; Principato, F.; Bettelli, M.; Seller, P.; Veale, M.C.; Fox, O.; Sawhney, K.; Zambelli, N.; Benassi, G.; et al.
Dual-polarity pulse processing and analysis for charge-loss correction in cadmium–zinc–telluride pixel detectors. J. Synchrotron
Radiat. 2018, 25, 1078–1092. [CrossRef]

31. Buttacavoli, A.; Gerardi, G.; Principato, F.; Mirabello, M.; Cascio, D.; Raso, G.; Bettelli, M.; Zappettini, A.; Seller, P.; Veale, M.; et al.
Energy Recovery of Multiple Charge Sharing Events in Room Temperature Semiconductor Pixel Detectors. Sensors 2021, 21, 3669.
[CrossRef] [PubMed]

32. Buttacavoli, A.; Principato, F.; Gerardi, G.; Bettelli, M.; Amadè, N.S.; Zappettini, A.; Seller, P.; Veale, M.C.; Fox, O.;
Sawhney, K.; et al. Room-temperature performance of 3 mm-thick cadmium zinc telluride pixel detectors with sub-millimetre
pixelization. J. Synchrotron Radiat. 2020, 27, 1180–1189. [CrossRef] [PubMed]

33. Koch-Mehrin, K.A.; Bugby, S.L.; Lees, J.E.; Veale, M.C.; Wilson, M.D. Charge Sharing and Charge Loss in High-Flux Capable
Pixelated CdZnTe Detectors. Sensors 2021, 21, 3260. [CrossRef] [PubMed]

34. Buttacavoli, A.; Principato, F.; Gerardi, G.; Cascio, D.; Raso, G.; Bettelli, M.; Zappettini, A.; Seller, P.; Veale, M.C.; Abbene, L.
Incomplete Charge Collection at Inter-Pixel Gap in Low-and High-Flux Cadmium Zinc Telluride Pixel Detectors. Sensors 2022,
22, 1441. [CrossRef] [PubMed]

35. Lloyd, S.P. Least Squares Quantization in PCM. IEEE Trans. Inf. Theory 2022, 28, 129–137. [CrossRef]
36. O’Connell, J.; Murphy, K.; Robinson, S.; Iniewski, K.; Bazalova-Carter, M. Unsupervised Learning Methods in X-ray Spectral

Imaging Material Segmentation. J. Instrum. 2019, 14, P06022. [CrossRef]
37. Taormina, V.; Cascio, D.; Abbene, L.; Raso, G. Performance of Fine-Tuning Convolutional Neural Networks for HEp-2 Image

Classification. Appl. Sci. 2020, 10, 6940. [CrossRef]
38. Arthur, D.; Vassilvitskii, S. k-means++: The advantages of careful seeding. In Proceedings of the Eighteenth Annual ACM-SIAM

Symposium on Discrete Algorithms, New Orleans, LA, USA, 7–9 January 2007; pp. 1027–1035.
39. Schmidt, T.G. Optimal “image-based” weighting for energy-resolved CT. Med. Phys. 2009, 36, 3018–3027. [CrossRef]
40. Cahn, R.N.; Cederström, B.; Danielsson, M.; Hall, A.; Lundqvist, M.; Nygren, D. Detective quantum efficiency dependence on

X-ray energy weighting in mammography. Med. Phys. 1999, 26, 2680–2683. [CrossRef]
41. Meng, B.; Cong, W.; Xi, Y.; De Man, B.; Wang, G. Energy Window Optimization for X-ray K-edge Tomographic Imaging. IEEE

Trans. Biomed. Eng. 2016, 63, 1623–1630. [CrossRef]
42. Buttacavoli, A.; Principato, F.; Gerardi, G.; Bettelli, M.; Zappettini, A.; Seller, P.; Veale, M.C.; Zanettini, S.; Abbene, L. Ballistic

Deficit Pulse Processing in Cadmium–Zinc–Telluride Pixel Detectors for High-Flux X-ray Measurements. Sensors 2022, 22, 3409.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.nima.2013.03.016
http://doi.org/10.1016/j.nima.2013.05.157
http://doi.org/10.1063/1.4764325
http://doi.org/10.1109/TNS.2009.2017020
http://doi.org/10.1107/S1600577517015697
http://doi.org/10.1088/1748-0221/8/07/P07019
http://doi.org/10.1016/j.nima.2014.09.047
http://doi.org/10.1107/S1600577520010747
http://doi.org/10.3390/s22041502
http://doi.org/10.1016/S0168-9002(99)00005-4
http://doi.org/10.1016/S0168-9002(98)00283-6
http://doi.org/10.1107/S1600577518006422
http://doi.org/10.3390/s21113669
http://www.ncbi.nlm.nih.gov/pubmed/34070426
http://doi.org/10.1107/S1600577520008942
http://www.ncbi.nlm.nih.gov/pubmed/32876592
http://doi.org/10.3390/s21093260
http://www.ncbi.nlm.nih.gov/pubmed/34066764
http://doi.org/10.3390/s22041441
http://www.ncbi.nlm.nih.gov/pubmed/35214342
http://doi.org/10.1109/TIT.1982.1056489
http://doi.org/10.1088/1748-0221/14/06/P06022
http://doi.org/10.3390/app10196940
http://doi.org/10.1118/1.3148535
http://doi.org/10.1118/1.598807
http://doi.org/10.1109/TBME.2015.2413816
http://doi.org/10.3390/s22093409
http://www.ncbi.nlm.nih.gov/pubmed/35591099

	Introduction 
	The CZT-Based ERPC Prototype 
	The CZT Linear Array Detector 
	The Readout Electronics 

	The Spectroscopic Response of the CZT-Based ERPC Prototype 
	Charge Sharing and Incomplete Charge Collection Effects 
	Charge Sharing Measurements 
	Incomplete Charge Collection in Single Events 
	Incomplete Charge Collection in Charge Sharing Events 

	Energy-Resolved Images and Contrast Enhancements in a Food Sample 
	Experimental Set-Up and Data Acquisition 
	Image Processing and Figure of Merit for Image Quality 
	Energy-Resolved Imaging and Contrast Enhancements 

	Discussion and Conclusions 
	References

