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Abstract: Kaonic atom X-ray spectroscopy is a consolidated technique for investigations on the
physics of strong kaon-nucleus/nucleon interaction. Several experiments have been conducted
regarding the measurement of soft X-ray emission (<20 keV) from light kaonic atoms (hydrogen, deu-
terium, and helium). Currently, there have been new research activities within the framework of the
SIDDHARTA-2 experiment and EXCALIBUR proposal focusing on performing precise and accurate
measurements of hard X-rays (>20 keV) from intermediate kaonic atoms (carbon, aluminum, and
sulfur). In this context, we investigated cadmium-zinc—telluride (CdZnTe or CZT) detectors, which
have recently demonstrated high-resolution capabilities for hard X-ray and gamma-ray detection. A
demonstrator prototype based on a new cadmium-zinc—telluride quasi-hemispherical detector and
custom digital pulse processing electronics was developed. The detector covered a detection area
of 1 cm? with a single readout channel and interesting room-temperature performance with energy
resolution of 4.4% (2.6 keV), 3% (3.7 keV), and 1.4% (9.3 keV) FWHM at 59.5, 122.1, and 662 keV,
respectively. The results from X-ray measurements at the DAPNE collider at the INFN National
Laboratories of Frascati (Italy) are also presented with particular attention to the effects and rejection
of electromagnetic and hadronic background.
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1. Introduction

Kaonic atoms are formed when K~ mesons are stopped and captured by atoms.
The K™ replaces an electron in an excited atomic level, producing an electromagnetic
cascade process. In this case, the strong interaction between the kaon and the atomic
nucleus/nucleons induces an energy level shift and broadening with respect to the purely
electromagnetic values [1-3]. Kaonic atoms represent an interesting tool to study the low-
energy regime of quantum chromodynamics (QCD). Due to the much heavier mass of K™~
compared to e~, the lower levels are close enough to the nucleus to be influenced by the
strong short-range interaction between K~ and the nucleus/nucleons [1-3].

X-ray spectroscopy is a powerful technique to investigate the energy shift and width
of the levels resulting from the strong kaon-nucleus/nucleon interaction. Despite intense
research activities on kaonic atom X-ray measurements in the 1970s and 1980s [4-6], more
accurate and precise measurements are necessary to better study kaon-nucleus/nucleon
interactions. From the 2000s, key results have been obtained within DEAR (DA®NE Exotic
Atoms Research) [7], SIDDHARTA (Silicon Drift Detectors for Hadronic Atom Research
by Timing Application), [8] and SIDDHARTA-2 [9] experiments at the DAPNE (Double
Annular @ Factory for Nice Experiments) collider at the INFN National Laboratories of
Frascati (Italy). The DA®NE electron—positron collider is an ideal facility for kaonic atom
physics that is able to produce low-momentum (~127 MeV/c) and quasi-monoenergetic
kaons through the decay of the ¢ resonance from electron—positron annihilation. It allows
investigations on the strong interaction in the strangeness sector at low energies. These
experiments mainly focus on precise measurements of low-energy X-ray emission (<20 KeV)
from light kaonic atoms (hydrogen, deuterium, and helium). In this case, silicon drift
detectors (SDD), invented in 1984 by Gatti and Rehak [10,11], are used, representing the
best solution for up to 20 keV [12,13].

Recently, within the framework of the SIDDHARTA-2 experiment and EXCALIBUR
proposal (EXtensive Kaonic Atoms research: from LIthium and Beryllium to URanium) [14],
there have been new research activities aimed at measuring high-energy X-ray transitions
from intermediate kaonic atoms, such as carbon, aluminum, and sulfur, with expected X-ray
energies between 20 and 300 keV. Concerning the X-ray detection process, new detection
systems should be used with higher detection efficiency than the silicon ones. Cadmium
zinc telluride (CdZnTe or CZT) detectors represent a valid solution for high-resolution
measurements of hard X-rays from intermediate kaonic atoms (>20 keV). The combination
of high atomic number (Zmax = 52) and wide bandgap (~1.6 eV), together with the continu-
ous progress in crystal growth and device technology, potentially allows high detection
efficiency within a few millimeters and excellent room-temperature performance [15-24].
CZT detectors with complex pixel and strip electrode layouts have been widely proposed
and developed for X-ray and gamma-ray spectroscopy and imaging, mainly focusing on
medical applications [25], nuclear security [18], and food /pharma inspections [26-29]. Few
experiments have proposed their use in nuclear and particle physics [30]. In the context of
kaonic atom X-ray spectroscopy, the nonimaging requirements of these measurements open
up the possibility of using simple detector layouts with a moderate number of readout
channels. CZT coplanar-grid [31-33] and quasi-hemispherical [34-38] detectors repre-
sent interesting detector layouts for these applications, allowing a large detection area
(>10 x 10 mm? for each detector) with a moderate number of readout channels. Moreover,
the electron-sensing properties of these detectors [38,39] are also able to minimize the
effects of poor hole transport properties in the spectroscopic performance (incomplete
charge collection). The electron-sensing properties are due to the shape of the weighting
field/potential, which results in the signals mainly being characterized by electron mo-
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tion [35,39]. In comparison with coplanar-grid detectors, the quasi-hemispherical layout
also allows lower electronic noise (due to the low electrode capacitance), does not require
analytical operations between the pulses and the electrodes, and therefore achieves better
energy resolution at low energies (<100 keV) [38]. Besides the detector, the electronics also
play a key role, strongly influencing the detector response and temporal coincidence with
external signals for background reduction. Nowadays, digital pulse processing (DPP) elec-
tronics have been shown to have better performance than the analog ones, allowing flexible
and dedicated analysis for performance improvements [40-45]. The digital approach, based
on the direct digitization of the output pulses from the detector/preamplifier, gives high
timing resolution and the possibility to implement new processing procedures, which are
challenging to realize through the analog approach.

In this work, we present the performance of a new quasi-hemispherical CZT-based
detection system for hard X-ray spectroscopy of kaonic atoms. The prototype, as a demon-
strator module of a more complex system, is based on a new CZT quasi-hemispherical
detector developed at IMEM-CNR of Parma and digital electronics developed at DiFC of the
University of Palermo (Palermo, Italy). It is able to perform pulse shape and height analysis
of the detector channels and temporal coincidences with external triggers for background
reduction. Firstly, we present the results from spectroscopic and timing characterization of
the detection system with laboratory calibration sources. Then, hard X-ray spectra mea-
surements under the DA®NE collider environment are presented with particular attention
to reduction of the electromagnetic and hadronic background.

2. Materials and Methods
2.1. The CZT Quasi-Hemispherical Detector

Figure 1 shows the anode layout of the CZT quasi-hemispherical detector and a picture
of the detector (cathode side view) wire-bonded on the readout board. The detector was
fabricated at IMEM-CNR of Parma (Parma, Italy) in collaboration with due2lab company
(Reggio Emilia, Italy). It is based on a LF (low-flux) THM (traveling heater method)-CZT
crystal (10 x 10 x 5 mm?) provided by Redlen Technologies (Saanichton, BC, Canada).

(a) (b)

Figure 1. (a) The electrode layout of the CZT quasi-hemispherical detector (10 x 10 x 5 mm?). The
circular pixel in the anode side is characterized by a diameter of 750 um. (b) A picture of the detector
from the cathode side.

THM-CZT crystals with high electron mobility-lifetime (e Te > 1072 cm?/V), termed
LF-CZT, are routinely produced by Redlen Technologies for the development of thick
electron-sensing detectors for low-flux gamma-ray measurements [15,46-49]. Gold elec-
troless contacts have been realized for both cathode and anode electrodes. Recently, very-
low-noise gold contacts were developed on CZT detectors at IMEM-CNR of Parma [49-52],
ensuring low leakage currents at room temperature (<5 nA cm~2 at 1000 V cm™!). Re-
garding the anode layout, a circular pixel is present with a diameter of 750 um, properly
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selected after simulations and experimental measurements [35]. This pixel size represents
the best compromise between the reduction of electronic noise and enhancements in the
charge collection properties. This electrode layout confers electron-sensing properties to the
detector, in agreement with the behavior of the weighting field. It is calculated and reported
in Figure 2. The calculus of the weighting field is based on the finite elements method
(FEM) through COMSOL Multiphysics [39]. Following the Shockley—Ramo theorem [53],
the induced current and charge on the electrodes are related to the weighting field and
weighting potential, respectively. The weighting field is more concentrated near the anode
pixel, and the induced current therefore has more contribution from the electrons. The hole
contribution is only present in the signals related to photon interactions near the anode
pixel. The results from electrical measurements (Figure 3) showed low leakage current
values at room temperature, less than 1 nA at —1000 V. The current—voltage (I-V) curve
was measured with a Keithley 2635B instrument (Keithley Instruments LLC, Solon, OH,
USA) configured as an electrometer and CAEN NDT1471 (CAEN S.p.A., Viareggio, Italy)
as a bias voltage supplier. This result demonstrates the high quality of our gold electroless
contact process for these detectors.

=
EE 42T

(=]

0.2 0.4 0.6 0.8 1

Figure 2. Calculated weighting field [39]. The weighting field is more concentrated near the anode
pixel, confirming the electron-sensing properties of the detector.
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Figure 3. Measured I-V curve of the anode pixel of the CZT quasi-hemispherical detector.

As shown in Figure 4, the thickness of 5 mm ensured good detection efficiency at the
expected X-ray energies (20-300 keV).
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Figure 4. Calculated detection efficiency of 5 mm CZT material thickness at various X-ray energies.

2.2. Readout Electronics and Pulse Processing

Read-out electronics are based on analog charge-sensitive preamplifiers (CSPs) and
digital pulse processing (DPP) electronics. The two channels of the detector (anode and
cathode electrodes) were AC coupled to hybrid CSPs and processed by an 8-channel DPP
electronic device. The CSPs and the digital electronics were developed at DiFC of the
University of Palermo (Italy). The preamplifiers are characterized by an equivalent noise
charge (ENC) of about 100 electrons (equivalent to about 1 keV FWHM for CZT detectors)
and equipped with a resistive-feedback circuit with exponential decay and time constant
of 100 ps. The digital electronic device consists of 2 commercial digitizers with 8 channels
(DT5724, 16 bit, 100 MS/s, CAEN S.p.A., Italy), driven by an original firmware developed
by our group [54,55]. A picture of the digital electronic device installed in the SIDDHARTA-
2 control room (outside the DA®NE collider) is shown in Figure 5. An external clock
was used to synchronize the digitizers. The digitizers are driven by a PC, where both
the acquisition and the analysis can be controlled. Digital electronics are able to do both
on-line and off-line pulse processing. In our case, the digital system performed on-line
pulse detection and off-line pulse shape and height analysis (PSHA). The off-line PSHA
was applied on a sequence of selected CSP pulses (snapshot waveform) with the related
on-line measured arrival times.

Figure 5. The 8-channel digital pulse processing (DPP) electronic device. The digital system is based
on two digitizers and an external clock. Pulse processing was performed by a custom firmware [54,55].
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The details of on-line pulse processing are described below:

(i)  Pulse detection: The output waveforms from each detector—preamplifier are shaped
using the classical single delay line (SDL) shaping technique [56], i.e., using a differen-
tiation operation in the time domain; the time width of the SDL pulses (equal to the
sum of the peaking time and the delay time) represents the dead time of the detection
process (paralyzable dead time) [56]. Typically, the delay of the SDL shaping is se-
lected with values less than the peaking time of the CSP pulses in order to reduce the
dead time. The arrival time of each event is calculated through the ARC (amplitude
and rise time compensation) timing marker (at the leading edge of the SDL pulses),
necessary to reduce the effects of time jitters and amplitude/rise time walks [56]. The
timing resolution is less than 10 ns.

(ii)  Smapshot waveforms (SWs): They consist of waveforms of CSP output pulses with the
related arrival times produced for off-line PSHA. Each CSP pulse is centered on a time
window, the duration of which is termed snapshot time (ST). A pulse is accepted if it is
not preceded and not followed by another pulse in the ST/2 time windows. The ST
parameter can be selected by the user.

The CSP output pulses of the SWs are off-line processed with dedicated PSHA. The
height (i.e., the photon energy) and the peaking time (i.e., the pulse shape) of the pulses are
calculated after SDL and trapezoidal shaping, as shown in Figure 6. In this case, the delay
of the SDL shaping (acting as the shaping time constant of a shaping amplifier) is always
selected to be longer than the peaking time of the CSP pulses, thus avoiding ballistic deficit
effects [57]. To minimize the degradation of the spectroscopic response at different input
counting rates (ICRs), a baseline recovery was implemented using the running average
of a fixed number of samples preceding each pulse. We used two custom software for
acquisition and analysis. A C++ based program was developed to set the parameters of
the digitizer (acquisition time, channels, etc.) for the acquisition of the SWs. We used a
snapshot time (ST) of 10 us. Another program (MATLAB) was developed to analyze the
pulses of the SWs and generate the energy spectra. The energy resolution was estimated
using a dedicated best-fitting function that also considers the asymmetry of the energy
peaks [17].

4000 — 7T * T * T T T * 1T * T "~ T * T " 1
——CSP Pulse
I —— SDL Shaped Pulse
Trapezoidal Shaped Pulse
3000 - -
3
®
:; pulse shape ==
S 2000 | (peaking time) D —
S .
£ pulse height
< (energy)
1000 E
O L 1 L 1 L 1 L 1 L | L 1 L 1 1 1 L 1

5 6 7 8 9 07 M 12 13 14 15
Time (us)
Figure 6. Measured output anode pulse from the charge sensitive preamplifier (CSP) after digitization

(black line), after SDL shaping (red line) with a delay line of 1000 ns, and after trapezoidal filtering
(blue line). The CSP output pulse is within a snapshot time (ST) of 10 ps.
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2.3. Experimental Set-Up

The spectroscopic response of the detector was measured at the laboratory of ionizing
radiation detectors at the DiFC of University of Palermo (Italy). The detector was irradiated
through the cathode electrode with uncollimated radiation sources (main X-ray and gamma
lines: 1°Cd, 22.1, 24.9, and 88.05 keV; 2! Am, 59.5 keV; 'Co, 122.1 and 136.5 keV; '¥Cs,
661.7 keV). We used two different 2! Am sources: one emitting the Np L X-ray lines
(13-21 keV) and the 26.3 keV gamma line, and the other one with these lines shielded by
the source capsule. We used encapsulated radiation sources with a small active part inside
a cylindrical steel capsule (diameter: 8 mm; height: 5 mm). To obtain the same ICR (input
counting rate) of the impinging photons on the detector (through the cathode surface), we
changed the solid angle subtended by the detector, i.e., the distance from each source to
the detector. All measurements were performed at room temperature (T = 20 °C). During
measurements at the DA®NE collider, the detector was installed near the interaction point
(IP) of the collider, vertically aligned with the SIDDHARTA-2 luminosity monitor (LM) [58],
at a distance of 43 cm (Figure 7). The digital electronic device was installed outside the
DAO®NE collider in the SIDDHARTA-2 control room (Figure 5).

Figure 7. The experimental set-up at the DA®NE collider at the INFN National Laboratories of
Frascati (Italy). The gray box on the right side represents the detector box with the preamplifiers. The
PMTs of the SIDDHARTA-2 luminosity monitor are clearly visible.

We performed off-line reduction of the background by also acquiring signals from
the LM as detector channels. The LM signals were processed by a time-to-amplitude
converter (TAC) module (ORTEC mod. 566). The LM, through the time-of-flight technique
(TOF), allows the discrimination between kaons and the minimum ionizing particles (MIPs)
produced during the e+ e— collisions [58]. The measurements at the DA®NE collider were
performed within a total acquisition time of 72 h, during which the accelerator delivered
e— and e+ beams with average currents of 500 and 270 mA, respectively.

3. Measurements and Results
3.1. Spectroscopic Response of the Detector

Figure 8a shows the typical shapes of the detector—preamplifier output pulses (CSP
output pulses) from both the anode (black line) and cathode (red line) electrodes of the
detector. The pulses were characterized by fast leading edges with average peaking time
of about 250 ns at —1000 V (negative bias voltage at the cathode). This was due to the
behavior of the weighting field (Figure 2), which allowed the formation of pulses near
the anode. In this case, the peaking time (proportional to the collection time of electrons)
was lower than the expected one considering the thickness of the detector. The difference
between the pulse amplitudes (or pulse heights) was due to the different gains of the
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two preamplifiers. The distribution of the peaking time values (**! Am source), shown in
Figure 8b, was characterized by a good time resolution of 18 ns FWHM. The coincidence
events between the anode and cathode electrodes were fully detected within 50 ns, as
shown in Figure 8c.
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Figure 8. (a) The CSP output pulses from the detector-preamplifier at 122 keV (>’Co source): anode
(black line) and cathode (red line) electrodes. (b) Peaking time distribution of the pulses from H1Am
source. (c) Coincidence events between the anode and cathode at different coincidence time windows.
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The spectroscopic performance of the detector was investigated at room tempera-
ture (T = 20 °C) using uncollimated radiation sources (19Cd, %' Am, 5’Co, and ¥"Cs).
Figure 9a shows the energy resolution (FWHM) vs. the cathode bias voltage measured at
various photon energies. The energy spectra of 24! Am (Figure 9b), > Co (Figure 9¢), and
137Cs (Figure 9d) sources at different cathode voltages are also presented, highlighting the
improvements in charge collection efficiency. At low energies (>*! Am and *’Co sources),
the best energy resolution was obtained at —1050 V as the best compromise between the
collection and electronic noise contribution. At 662 keV, the energy resolution continued
to improve up to —1800 V. This was related to the increased collection noise (incomplete
charge collection) at high energies due to photon interaction near the pixel anode, which
therefore produced pulses with high hole contribution [16,53]. In this work, we preferred
to use the voltage of —1050 V in order to optimize the low energy range (<200 keV).
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Figure 9. (a) Measured energy resolution (FWHM) vs. the cathode voltage. The energy spectra of
(b) 2L Am, (c) 57Co, and (d) 137Cs sources at different cathode voltages.

Figure 10 shows the energy spectra from the anode and the cathode electrodes, respec-
tively.

The detector was characterized by a low detection energy threshold of 6 keV. The low-
energy spectra (?*! Am source) were characterized by symmetric energy peaks with no hole
tailing, highlighting the electron-sensing properties of the hemispherical electrode layout.
Tailing was observed at high energy (*’Co and ¥ Cs sources), i.e., for photon interactions
near the pixel anode. The linearity of the detector response with energy was verified, as
shown in Figure 11, where the 19Cd spectrum is also presented (Figure 11b). Due to the
hemispherical electrode configuration, the cathode energy spectra were also quite good
and similar to the anode ones. Indeed, the cathode-to-anode ratio (C/A), typically used for
spectral improvements in CZT detectors [59-65], was independent from the anode energy
(Figure 12). This demonstrates that a measurement of temporal coincidences between the
anode and the cathode pulses is not necessary for performance improvements.
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Figure 10. Measured (a) 4! Am, (c) Co, (e) '¥Cs energy spectra from the anode electrode and
(b,d,f) from the cathode electrode. (a,b) The expected Np-L lines (Lo =13.9 keV, Lg1 = 17.8 keV,
and L = 20.8 keV) are shielded by the capsule of the 241 Am source. (c,d) The W-K lines and Pb-K
lines emitted by the 5 Co capsule and the shielding set-up are clearly visible.
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Figure 11. (a) Linearity of the detector response (anode pixel) with energy. (b) Measured 109¢qd
energy spectrum: the energy resolution does not allow a clear separation of the 22.1 and 24.5 keV
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Figure 12. Scatter plot of the cathode-to-anode (C/A) ratio vs. the energy of the pulses from the
anode (pixel).

However, a small performance enhancement could be obtained through the pulse
shape analysis of the pixel pulses, i.e., by analyzing the relationship between the peaking
time and the amplitude (energy or height) of the anode pulses. The scatter plot in Figure 13a
points out a reduction of the anode energy within the 662 keV energy peak (13’Cs source)
at long peaking times (relative peaking times > 1). This demonstrates that pulses with
longer peaking times are characterized by an increased hole contribution and trapping. By
applying a classical pulse shape discrimination (PSD) technique (Figure 13b), we obtained
a reduction in the hole tailing in the 662 keV peak without rejecting events in the symmetry
region of the main peak. The reduction of the peak asymmetry (hole tailing) was quantified
by the reduction in the FW.1M [66]. The temporal stability of the detector was verified
up to 1 h, as shown in Figure 14a. Moreover, Figure 14b shows the reproducibility of the
spectroscopic response at different input counting rates (ICRs). This result is mainly due to
the high-rate capabilities of the digital PSHA.
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Figure 14. (a) Temporal stability of the spectroscopic response system up to 1 h. (b) Reproducibility
of the energy spectra at different input counting rates (ICRs).

3.2. Measurements at the DAQNE Collider

Figure 15 shows the energy spectrum measured with the CZT detector at the DAPNE
collider within an acquisition time of 72 h. The measured input counting rates ranged
between 3 and 4 kcps. The Pb-K lines (75 and 85 keV) from SIDDHARTA-2 lead shielding
and the 511 keV annihilation peak were clearly visible. To reduce the background events,
we also acquired the events from the LM-TAC. The TAC signals were used to select only
events related to a K+ K— pair passed through the two scintillators of the LM [9]. Figure 16
shows the TAC spectrum, where the blue and red peaks are related to kaons and MIPs,
respectively. The LM scintillators produced two peaks due to the different arrival times
between kaons and MIPs. The 370 MHz radio frequency (RF) of the DA$NE collider was
used in temporal coincidence with the signals from the LM to obtain a few ps resolution
timestamp for each event. To reduce the frequency, an RF/4 was used at a frequency of
about 90 MHz. Therefore, every coincidence event in the LM discriminators could be
randomly associated in time with one of the four collisions; this is reflected by the four
double structures of Figure 16. The energy spectra after selection for MIPs and kaons, i.e.,
the events in the temporal coincidence with the TAC signals (coincidence time window of
2 ms), are shown in Figure 17. The three energy spectra showed similar shapes, reflecting
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the absence, in this preliminary test, of a target where kaonic atoms could be formed. By
considering the coincidence with K™ events, a rejection factor of 103 was obtained.

We also verified the reproducibility of the performance of the detection system and
the absence of radiation damage by measuring and comparing the energy spectra before
and after the tests at the DAPNE collider, as shown in Figure 18.

1100010005'I'I'I'I'l'l'I'I'I'I'I'I'I

100,000 |  Pb-Klines =

e'e”

annihilation peak
10,000

Counts

1,000

100 k

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
Energy (keV)

10

Figure 15. Energy spectrum measured with the CZT quasi-hemispherical detector at the DAGNE
collider (72 h). The Pb-K lines (75 and 85 keV) from lead shielding and the 511 keV annihilation peak
are clearly visible.
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Figure 16. The spectrum from the TAC luminometers (LMs) of the SIDDHARTA-2 experiment. The
four red peaks represent the arrival times of MIP events, while the blue peaks show the arrival times

of kaons.
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1.45 x 108 events) by selecting events in temporal coincidence with kaons (blue line; 2.3 x 10° events)
or MIPs (red line; 5.5 x 10° events).
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Figure 18. 21 Am energy measured before (red line) and after (blue line) the tests at the DAGNE
collider. In this case, we used a new 2! Am source allowing the emission of the Np-L lines
(L1 =139keV, Lgy =17.8 keV, and L = 20.8 keV) and the 26.3 keV gamma-ray line.

4. Discussion and Conclusions

The potential of CZT detectors for high-resolution measurements of hard X-rays from
intermediate kaonic atoms are presented in this work. We developed a demonstrator
prototype based on a new CZT quasi-hemispherical detector and custom digital pulse
processing electronics with high timing resolution (<10 ns). Despite the quasi-hemispherical
electrode layout being a consolidated geometry for CZT gamma-ray detectors, the proposed
detector, fabricated using improved electrical contacts over the current state of art of CZT
detectors, allowed us to obtain interesting key results:
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e  Low room temperature leakage currents (<1 nA at 1000 V) were measured, confirming
the high quality of the fabricated detectors for optimal matching with low-noise
charge-sensitive preamplifiers.

e  The pixel size (750 pm diameter), properly selected after simulation, represents the
best compromise between the reduction of electronic noise and the enhancements of
the charge collection efficiency. In this study, it allowed interesting room-temperature
energy resolution: 4.4% FWHM (2.6 keV), 3% (3.7 keV), and 1.4% (9.3 keV) at 59.5,
122.1, and 662 keV, respectively, overcoming the spectroscopic limits of these detectors
on X-ray detection in the low energy range (<100 keV).

e The CZT module ensured a large detection area (10 x 10 mm?) with a single readout
channel; moreover, further spectroscopic improvements could be achieved by digital
pulse processing analysis (pulse shape analysis through the peaking times of the
pulses) without the use of further detector channels.

e  Successful tests within the DA®NE collider environment were obtained, with particu-
lar focus on background reduction and the absence of radiation damage. The obtained
background rejection factors of 10® represent a promising result, which encourages
us to include these detectors in measurements of radiative transitions from several
intermediate and high-mass kaonic atoms.

Ongoing activities are focused on the development of a large area array (40 x 40 mm?)
based on several CZT quasi-hemispherical modules for kaonic atom X-ray detection at the
DA®NE collider. Moreover, research activities will concern the development of low-noise
charge-sensitive preamplifiers able to further improve the energy resolution of detectors at
low energies.

Author Contributions: Conceptualization, L.A., C.C., A.S. (Alessandro Scordo), A.Z. and ].Z.; data
curation, A.B., EP.,, M.B. (Manuele Bettelli), M.B. (Massimiliano Bazzi), M.B. (Mario Bragadireanu),
M.C. (Marco Carminati), A.C., G.D.,R.D.G,, L.D.P. and L.E; formal analysis, L.A., A.B., G.G., EP, AS.
(Antonio Spallone), M.B. (Massimiliano Bazzi), M.B. (Mario Bragadireanu), M.C. (Michael Cargnelli),
SM., MM, D.L.S. and ES. (Francesco Sgaramella); investigation, L.A., A.B., EP, L.F, C.E, C.G,,
M.I. (Mihail Iliescu), ].M., PM., EN., ES. (Florin Sirghi), H.S., M.S. (Michalt Silarski), A.S. (Antonio
Spallone), C.Y. and O.V.D.; methodology, L.A., C.C., C.G., A.S. (Alessandro Scordo), J.Z., ES. (Florin
Sirghi), K.P.,, AK,, S.N.,, HO,, Y.S., M.S. (Magdalena Skurzok), K.T., M.T., C.Y. and M.I. (Misahiko
Iwasaki); resources, M.B. (Mario Bragadireanu), M.C. (Michael Cargnelli), M.C. (Marco Carminati),
AC., GD,RD.G,LD.P,J.Z,KT,CFE,SN.and Y.S,; software, A.B., G.G., M.B. (Manuele Bettelli),
CG., AK,MM, M, PM, EN., M.S. (Michalt Silarski), M.S. (Magdalena Skurzok), S.M., H.S., C.Y.
and A.S. (Alessandro Scordo); writing—original draft preparation, L.A., C.C., AB.,, EP, G.G., AS.
(Alessandro Scordo) and A.Z.; writing—review and editing, L.A., A.Z., A.S. (Antonio Spallone),
C.C., M.B. (Massimiliano Bazzi), M.B. (Mario Bragadireanu), M.C. (Michael Cargnelli), M.C. (Marco
Carminati), A.C.,,G.D.,,R.D.G, L.D.P, LE, C.E, C.G., M.I. (Mihail Iliescu), M.I. (Misahiko Iwasaki),
AK, M., MM, PM,, EP, SN, HO., KP, YS, HS, D.LS., ES. (Francesco Sgaramella), M.S.
(Magdalena Skurzok), A.S., KT.M.T., O.V.D. and C.Y,; supervision, L.A., C.C., A.S. (Alessandro
Scordo), A.Z. and J.Z.; project administration, L.A., C.C., A.S. (Alessandro Scordo), A.Z. and ].Z,;
funding acquisition, L.A., C.C., A.S. (Alessandro Scordo), A.Z. and ].Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the SIDDHARTA-2 experiment funded by the National
Institute for Nuclear Physics (INFN). Part of this work was supported by the EU STRONG-2020
(JRAS8) project within HORIZON 2020, grant agreement ID: 824093. Moreover, this work was
funded by the Italian Ministry for University and Research (MUR) under AVATAR X project No.
POC01_00111, the European Union (EU) under the project—FESR o FSE, PON Ricerca e Innovazione
2014-2020—DM 1062/2021 and FFR2023.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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



Sensors 2023, 23, 7328 16 of 18

References

1.  Curceanu, C.; Guaraldo, C,; Iliescu, M.; Cargnelli, M.; Hayano, R.; Marton, ].; Zmeskal, J.; Ishiwatari, T.; Iwasaki, M.; Okada, S.;
et al. The modern era of light kaonic atom experiments. Rev. Mod. Phys. 2019, 91, 025006. [CrossRef]

2. Gal, A,; Hungerford, E.V,; Millener, D.]. Strangeness in nuclear physics. Rev. Mod. Phys. 2016, 88, 035004. [CrossRef]

3. Horiuchi, W.; Hyodo, T.; Weise, W. Kaonic deuterium from realistic antikaon-nucleon interaction. EP] Web Conf. 2019, 199, 03003.
[CrossRef]

4. Wiegand, C.E; Pehl, R.H. Measurement of Kaonic X rays from He-4. Phys. Rev. Lett. 1971, 27, 1410-1412. [CrossRef]

5. Batty, C,; Biagi, S.; Hoath, S.; Sharman, P.; Davies, J.; Pyle, G.; Squier, G. Measurement of kaonic and pionic X-rays from liquid
helium. Nucl. Phys. A 1979, 326, 455-462. [CrossRef]

6. Barnes, P.; Eisenstein, R.; Lam, W.; Miller, J.; Sutton, R.; Eckhause, M.; Kane, J.; Welsh, R.; Jenkins, D.; Powers, R.; et al.
Measurement of kaonic X-rays from Al, Si, Ni and Cu. Nucl. Phys. A 1974, 231, 477-492. [CrossRef]

7. Beer, G.; Bragadireanu, A.M.; Cargnelli, M.; Curceanu-Petrascu, C.; Egger, ].-P.; Fuhrmann, H.; Guaraldo, C.; Iliescu, M.; Ishiwatari,
T.; Itahashi, K.; et al. Measurement of the Kaonic Hydrogen X-ray Spectrum. Phys. Rev. Lett. 2005, 94, 212302. [CrossRef]
[PubMed]

8.  SIDDHARTA Collaboration; Bazzi, M.; Beer, G.; Bombelli, L.; Bragadireanu, A.M.; Cargnelli, M.; Corradi, G.; Curceanu (Petrascu),
C.; d’uffizi, A.; Fiorini, C.; et al. A new measurement of kaonic hydrogen X-rays. Phys. Lett. B 2011, 704, 113-117. [CrossRef]

9.  Sgaramella, F; Tiichler, M.; Amsler, C.; Bazzi, M.; Bosnar, D.; Bragadireanu, M.; Cargnelli, M.; Carminati, M.; Clozza, A.; Deda, G.;
et al. Measurements of high-n transitions in intermediate mass kaonic atoms by siddharta-2 at da®ne. Eur. Phys. ]. A 2023, 59, 56.
[CrossRef]

10.  Gatti, E.; Rehak, P. Semiconductor drift chamber—An application of a novel charge transport scheme. Nucl. Instrum. Methods
Phys. Res. 1984, 225, 608-614. [CrossRef]

11.  Gatti, E.; Rehak, P.; Walton, J.T. Silicon drift chambers—First results and optimum processing of signals. Nucl. Instrum. Methods
Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 1984, 226, 129-141. [CrossRef]

12.  Fiorini, C.; Gola, A.; Longoni, A.; Zanchi, M.; Restelli, A.; Perotti, F.; Lechner, P.; Soltau, H.; Striider, L. A large-area monolithic
array of silicon drift detectors for medical imaging. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc.
Equip. 2006, 568, 96-100. [CrossRef]

13. Bertuccio, G.; Ahangarianabhari, M.; Graziani, C.; Macera, D.; Shi, Y.; Rachevski, A.; Rashevskaya, I.; Vacchi, A.; Zampa, G.;
Zampa, N.; et al. A Silicon Drift Detector-CMOS front-end system for high resolution X-ray spectroscopy up to room temperature.
J. Instrum. 2015, 10, P01002. [CrossRef]

14. Curceanu, C.; Abbene, L.; Amsler, C.; Bazzi, M.; Bettelli, M.; Borghi, G.; Bosnar, D.; Bragadireanu, M.; Buttacavoli, A.; Cargnelli,
M.; et al. Kaonic atoms at the DA®NE collider: A strangeness adventure. Front. Phys. 2023, submitted.

15. Abbene, L.; Iniewski, K. High-Z Materials for X-ray Detection: Material Properties and Characterization Technigues, 1st ed.; Springer:
Cham, Switzerland, 2023; pp. 1-246.

16. Del Sordo, S.; Abbene, L.; Caroli, E.; Mancini, A.M.; Zappettini, A.; Ubertini, P. Progress in the Development of CdTe and CdZnTe
Semiconductor Radiation Detectors for Astrophysical and Medical Applications. Sensors 2009, 9, 3491-3526. [CrossRef] [PubMed]

17.  Del Sordo, S.; Strazzeri, M.; Agnetta, G.; Biondo, B.; Celi, F,; Giarrusso, S.; Mangano, A.; Russo, F,; Caroli, E.; Donati, A.; et al.
Spectroscopic performances of 16 x 16 pixel CZT imaging hard-X-ray detectors. Nuovo C. B Ser. 2004, 119, 257-270.

18. Johns, PM.; Nino, G.C. Room temperature semiconductor detectors for nuclear security. J. Appl. Phys. 2019, 126, 040902.
[CrossRef]

19. Owens, A. Semiconductor materials and radiation detection. |. Synchrotron Radiat. 2006, 13, 143-150. [CrossRef]

20. Iniewski, K. CZT detector technology for medical imaging. J. Instrum. 2014, 9, C11001. [CrossRef]

21. Barber, W.; Wessel, ].; Nygard, E.; Iwanczyk, J. Energy dispersive CdTe and CdZnTe detectors for spectral clinical CT and NDT
applications. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2015, 784, 531-537. [CrossRef]

22. Iwanczyk, J.S.; Nygard, E.; Meirav, O.; Arenson, J.; Barber, W.C.; Hartsough, N.E.; Malakhov, N.; Wessel, ].C. Photon Counting
Energy Dispersive Detector Arrays for X-ray Imaging. IEEE Trans. Nucl. Sci. 2009, 56, 535-542. [CrossRef] [PubMed]

23.  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]

24. Owens, A.; Peacock, A. Compound semiconductor radiation detectors. Nucl. Instrum. Methods Phys. Res. Sect. A Accel.
Spectrometers Detect. Assoc. Equip. 2004, 531, 18-37. [CrossRef]

25. Taguchi, K.; Iwanczyk, J.S. Vision 20/20: Single photon counting X-ray detectors in medical imaging. Med. Phys. 2013, 40, 100901.
[CrossRef] [PubMed]

26. 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]

27. 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]

28. Roque, G.; Schiitz, M.K; Fey, J.; Useche, ].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]


https://doi.org/10.1103/RevModPhys.91.025006
https://doi.org/10.1103/RevModPhys.88.035004
https://doi.org/10.1051/epjconf/201919903003
https://doi.org/10.1103/PhysRevLett.27.1410
https://doi.org/10.1016/0375-9474(79)90403-2
https://doi.org/10.1016/0375-9474(74)90511-9
https://doi.org/10.1103/PhysRevLett.94.212302
https://www.ncbi.nlm.nih.gov/pubmed/16090312
https://doi.org/10.1016/j.physletb.2011.09.011
https://doi.org/10.1140/epja/s10050-023-00976-y
https://doi.org/10.1016/0167-5087(84)90113-3
https://doi.org/10.1016/0168-9002(84)90181-5
https://doi.org/10.1016/j.nima.2006.07.025
https://doi.org/10.1088/1748-0221/10/01/P01002
https://doi.org/10.3390/s90503491
https://www.ncbi.nlm.nih.gov/pubmed/22412323
https://doi.org/10.1063/1.5091805
https://doi.org/10.1107/S0909049505033339
https://doi.org/10.1088/1748-0221/9/11/C11001
https://doi.org/10.1016/j.nima.2014.10.079
https://doi.org/10.1109/TNS.2009.2013709
https://www.ncbi.nlm.nih.gov/pubmed/19920884
https://doi.org/10.1109/TNS.2007.914034
https://doi.org/10.1016/j.nima.2004.05.071
https://doi.org/10.1118/1.4820371
https://www.ncbi.nlm.nih.gov/pubmed/24089889
https://doi.org/10.1088/1748-0221/16/11/P11015
https://doi.org/10.1088/1748-0221/16/01/P01011
https://doi.org/10.1088/1748-0221/17/10/P10030

Sensors 2023, 23, 7328 17 of 18

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Buttacavoli, A.; Principato, F.; Gerardi, G.; Cascio, D.; Raso, G.; Bettelli, M.; Zappettini, A.; Taormina, V.; Abbene, L. Window-
Based Energy Selecting X-ray Imaging and Charge Sharing in Cadmium Zinc Telluride Linear Array Detectors for Contaminant
Detection. Sensors 2023, 23, 3196. [CrossRef]

Ebert, J.; GoBling, C.; Gehre, D.; Hagner, C.; Heidrich, N.; Klingenberg, R.; Kroninger, K.; Nitsch, C.; Oldorf, C.; Quante, T.; et al.
Long-term stability of underground operated CZT detectors based on the analysis of intrinsic 113Cd 3 —-decay. Nucl. Instrum.
Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2016, 821, 109-115. [CrossRef]

Luke, P.N. Single-polarity charge sensing in ionization detectors using coplanar electrodes. Appl. Phys. Lett. 1994, 65, 2884-2886.
[CrossRef]

He, Z.; Knoll, G.E; Wehe, D.K.; Rojeski, R.; Mastrangelo, C.H.; Hammig, M.; Barrett, C.; Uritani, A. 1-D position sensitive single
carrier semiconductor detectors. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 1996, 380,
228-231. [CrossRef]

Praus, P; Kung, J.; Belas, E.; Pekarek, J.; Grill, R. Charge transport in CdZnTe coplanar grid detectors examined by laser induced
transient currents. Appl. Phys. Lett. 2016, 109, 133502. [CrossRef]

Arlt, R.; Rundquist, D. Room temperature semiconductor detectors for safeguards measurements. Nucl. Instrum. Methods Phys.
Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 1996, 380, 455—461. [CrossRef]

Vicini, V.; Zanettini, S.; Amade, N.S.; Grill, R.; Zambelli, N.; Calestani, D.; Zappettini, A.; Abbene, L.; Bettelli, M. Optimization of
quasi-hemispherical CdZnTe detectors by means of first principles simulation. Sci. Rep. 2023, 13, 3212. [CrossRef] [PubMed]
Bao, L.; Zha, G,; Lj, J.; Guo, L.; Dong, J.; Jie, W. CdZnTe quasi-hemispherical detector for gamma-neutron detection. J. Nucl. Sci.
Technol. 2019, 56, 454-460. [CrossRef]

Ivanov, V.; Alekseeva, L.; Dorogov, P; Loutchanski, A. Correlation between quality of CZT crystals and spectrometric performance
of hemispherical radiation detectors. In Proceedings of the IEEE Symposium Conference Record Nuclear Science 2004, Rome,
Italy, 16-22 October 2004; Volume 7, pp. 4415-4419.

Li, L.; Huang, G; Xi, S.; Zhang, S.; Zhou, C.; Liu, D.; Wang, Z.; Zeng, G.; Yang, X. y-ray energy spectrum response tailing in
CdZnTe detector. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2022, 1037, 166922. [CrossRef]
Bettelli, M.; Amade, N.S.; Calestani, D.; Garavelli, B.; Pozzi, P.; Macera, D.; Zanotti, L.; Gonano, C.A.; Veale, M.C.; Zappettini, A.
A first principle method to simulate the spectral response of CdZnTe-based X-and gamma-ray detectors. Nucl. Instrum. Methods
Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2020, 960, 163663. [CrossRef]

Jordanov, V.T.; Knoll, G.F,; Huber, A.C.; Pantazis, J.A. Digital techniques for real-time pulse shaping in radiation measurements.
Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 1994, 353, 261-264. [CrossRef]

Boli¢, M.; Drndarevi¢, V. Digital gamma-ray spectroscopy based on FPGA technology. Nucl. Instrum. Methods Phys. Res. Sect. A
Accel. Spectrometers Detect. Assoc. Equip. 2002, 482, 761-766. [CrossRef]

Cardoso, ].M.; Simoes, J.B.; Correia, C.M. Dead-time analysis of digital spectrometers. Nucl. Instrum. Methods Phys. Res. Sect. A
Accel. Spectrometers Detect. Assoc. Equip. 2004, 522, 487—494. [CrossRef]

Arnold, L.; Baumann, R.; Chambit, E.; Filliger, M.; Fuchs, C.; Kieber, C.; Klein, D.; Medina, P; Parisel, C.; Richer, M.; et al. TNT
digital pulse processor. IEEE Trans. Nucl. Sci. 2006, 53, 723-728. [CrossRef]

Papp, T.; Maxwell, ].A. A robust digital signal processor: Determining the true input rate. Nucl. Instrum. Methods Phys. Res. Sect.
A Accel. Spectrometers Detect. Assoc. Equip. 2010, 619, 89-93. [CrossRef]

Dambacher, M.; Zwerger, A.; Fauler, A.; Disch, C.; Stohlker, U.; Fiederle, M. Development of the gamma-ray analysis digital filter
multi-channel analyzer (GMCA). Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2011, 652,
445-449. [CrossRef]

Iniewski, K. CZT sensors for Computed Tomography: From crystal growth to image quality. J. Instrum. 2016, 11, C12034.
[CrossRef]

Chen, H.; Awadalla, S.A.; Iniewski, K.; Lu, PH.; Harris, F.; Mackenzie, J.; Hasanen, T.; Chen, W.; Redden, R.; Bindley, G.; et al.
Characterization of large cadmium zinc telluride crystals grown by traveling heater method. J. Appl. Phys. 2008, 103, 014903.
[CrossRef]

Chen, H.; Awadalla, S.A.; Mackenzie, J.; Redden, R.; Bindley, G.; Bolotnikov, A.E.; Camarda, G.S.; Carini, G.; James, R.B.
Characterization of Traveling Heater Method (THM) Grown Cdy9Zng Te Crystals. IEEE Trans. Nucl. Sci. 2007, 54, 811-816.
[CrossRef]

Abbene, L.; Gerardi, G.; Raso, G.; Principato, F.; Zambelli, N.; Benassi, G.; Bettelli, M.; Zappettini, A. Development of new CdZnTe
detectors for room-temperature high-flux radiation measurements. J. Synchrotron Radiat. 2017, 24, 429-438. [CrossRef]

Abbene, L.; Gerardi, G.; Principato, F.; Bettelli, M.; Seller, P.; Veale, M.C.; Fox, O.; Sawhney, K.; Zambelli, N.; Benassi, G.; 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]

Abbene, L.; Gerardi, G.; Principato, E.; 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]

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


https://doi.org/10.3390/s23063196
https://doi.org/10.1016/j.nima.2016.03.012
https://doi.org/10.1063/1.112523
https://doi.org/10.1016/S0168-9002(96)00352-X
https://doi.org/10.1063/1.4963353
https://doi.org/10.1016/S0168-9002(96)00475-5
https://doi.org/10.1038/s41598-023-30181-2
https://www.ncbi.nlm.nih.gov/pubmed/36828862
https://doi.org/10.1080/00223131.2019.1592722
https://doi.org/10.1016/j.nima.2022.166922
https://doi.org/10.1016/j.nima.2020.163663
https://doi.org/10.1016/0168-9002(94)91652-7
https://doi.org/10.1016/S0168-9002(01)01925-8
https://doi.org/10.1016/j.nima.2003.11.389
https://doi.org/10.1109/TNS.2006.873712
https://doi.org/10.1016/j.nima.2009.12.002
https://doi.org/10.1016/j.nima.2011.02.020
https://doi.org/10.1088/1748-0221/11/12/C12034
https://doi.org/10.1063/1.2828170
https://doi.org/10.1109/TNS.2007.902369
https://doi.org/10.1107/S1600577517000194
https://doi.org/10.1107/S1600577520010747
https://doi.org/10.1107/S1600577518006422
https://doi.org/10.3390/s21113669

Sensors 2023, 23, 7328 18 of 18

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

He, Z. Review of the Shockley—Ramo theorem and its application in semiconductor gamma-ray detectors. Nucl. Instrum. Methods
Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2001, 463, 250-267. [CrossRef]

Abbene, L.; Principato, F; Gerardi, G.; Bettelli, M.; Seller, P.; Veale, M.C.; Zambelli, N.; Benassi, G.; 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] [PubMed]

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]

Knoll, G.F. Radiation Detection and Measurement, 3rd ed.; John Wiley & Sons, Inc.: New York, NY, USA, 2000; pp. 663-665.
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]

Skurzok, M.; Scordo, A.; Niedzwiecki, S.; Baniahmad, A.; Bazzi, M.; Bosnar, D.; Bragadireanu, M.; Carminati, M.; Cargnelli, M.;
Clozza, A.; et al. Characterization of the SIDDHARTA-2 luminosity monitor. J. Instrum. 2020, 15, P10010. [CrossRef]

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] [PubMed]

Bolotnikov, A.; Camarda, G.; Cui, Y.; De Geronimo, G.; Eger, J.; Emerick, A.; Fried, J.; Hossain, A.; Roy, U.; Salwen, C.; et al. Use of
high-granularity CdZnTe pixelated detectors to correct response non-uniformities caused by defects in crystals. Nucl. Instrum.
Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2015, 805, 41-54. [CrossRef]

Budtz-Jorgensen, C.; Kuwetli, I. New position algorithms for the 3D CZT drift detector. IEEE Trans. Nucl. Sci. 2017, 64, 1611-1618.
[CrossRef]

van Pamelen, M.; Budtz-Jergensen, 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]

Shor, A.; Eisen, Y.; Mardor, I. Optimum spectroscopic performance from CZT y- 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]
Verger, L.; D’aillon, E.G.; Monnet, O.; Montémont, G.; Pelliciari, B. New trends in y-ray imaging with CdZnTe/CdTe at CEA-Leti.
Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2007, 571, 33—43. [CrossRef]

Montemont, G.; Moulin, C.; Isard, J.; Verger, L. A digital pulse processing system dedicated to CdZnTe detectors. IEEE Trans.
Nucl. Sci. 2005, 52, 2017-2022. [CrossRef]

Keyser, R. Characterization of room temperature detectors using the proposed. In Proceedings of the 2001 IEEE Nuclear Science
Symposium Conference Record (Cat. No.01CH37310), San Diego, CA, USA, 4-10 November 2001; Volume 1, pp. 315-318.
[CrossRef]

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.


https://doi.org/10.1016/S0168-9002(01)00223-6
https://doi.org/10.1107/S1600577517015697
https://www.ncbi.nlm.nih.gov/pubmed/29271775
https://doi.org/10.1088/1748-0221/8/07/P07019
https://doi.org/10.3390/s22093409
https://www.ncbi.nlm.nih.gov/pubmed/35591099
https://doi.org/10.1088/1748-0221/15/10/P10010
https://doi.org/10.3390/s22041502
https://www.ncbi.nlm.nih.gov/pubmed/35214414
https://doi.org/10.1016/j.nima.2015.08.051
https://doi.org/10.1109/TNS.2017.2696574
https://doi.org/10.1016/S0168-9002(98)00283-6
https://doi.org/10.1016/S0168-9002(99)00005-4
https://doi.org/10.1016/j.nima.2006.10.023
https://doi.org/10.1109/TNS.2005.856860
https://doi.org/10.1109/nssmic.2001.1008466

	Introduction 
	Materials and Methods 
	The CZT Quasi-Hemispherical Detector 
	Readout Electronics and Pulse Processing 
	Experimental Set-Up 

	Measurements and Results 
	Spectroscopic Response of the Detector 
	Measurements at the DANE Collider 

	Discussion and Conclusions 
	References

