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Abstract

Doping with Ga effectively enhances the crystal quality and optical detection efficiency of zinc oxide (ZnO) single crystals,
which has attracted considerable research interest in radiation detection. The application of ZnO:Ga (GZO) in nuclear energy
is particularly significant and fascinating at the fundamental level, enabling neutron/gamma discrimination while preserving
the response time properties of the single crystal in sub-nanoseconds, maximizing the effective counting rate of the pulsed
radiation field. In this study, the single-particle waveform discrimination characteristics of GZO were evaluated for five
charged particles (a, #, HF,Li*, and O*" and two prevalent uncharged particles (neutrons and gamma rays). Based on the time-
correlation single-photon counting (TCSPC) method, the luminescence decay time constants of the charged particles in the
GZO crystal were determined as follows: 1.21 ns for H*, 1.50 ns for Li*, 1.70 ns for 08+, 1.56 ns for a particles, and 1.09 ns
for g particles. Visible differences in the excitation time spectra curves were observed. Using the conventional time-domain
or frequency-domain waveform discrimination techniques, waveform discrimination of 14.9 MeV neutrons and secondary
gamma rays generated by the CPNG-6 device based on GZO scintillation was successfully implemented. The neutron signal
constituted 77.93% of the total, indicating that GZO exhibited superior neutron/gamma discrimination sensitivity compared
with that of a commercial stilbene crystal. Using the neutron/gamma screening outcomes, we reconstructed the voltage
pulse height, charge height, and neutron multiplication time spectra of the pulsed neutron radiation field. The reconstructed
neutron multiplication time spectrum exhibited a deviation of less than 3% relative to the result obtained using a commercial
stilbene scintillator. This is the first report in the open literature on the neutron/gamma discrimination and reconstruction of
ZnO pulsed radiation-field information.
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fluorescence decay lifetime of only a few hundred picosec-
onds [29-31] endows ZnO with an ultrafast response to
high-energy rays and particles (such as X/y rays [32-37]
and a-particles [37-42]), which has been the focus of sig-
nificant research.

Appropriate doping can mitigate the inherent defects
in ZnO materials to a certain extent, enhancing the crys-
tal quality and photoelectric performance [43-46]. Gal-
lium (Ga), as a donor, generates surface donor levels in the
lowest region of the conduction band associated with the
Fermi surface, resulting in a decrease in the energy gap and
enhancement of optical detection efficiency [47-50]. Con-
sequently, ZnO exhibits an ultrafast response time [51-53]
and excellent spatial resolution [54, 55] for X-ray detection.
Huang et al. [56] employed a raw polycrystalline ZnO mate-
rial with Ga,0; polycrystalline powder (ratio of 99:1) to
synthesize bulk samples via hydrothermal growth. Subse-
quent cutting and chemical and mechanical polishing treat-
ments produced bulk ZnO:Ga (GZO) single-crystal flakes.
Based on the characterization of the fundamental optical
properties, we developed an X-ray pinhole imaging system
incorporating a GZO single-crystal image converter with
nanosecond resolution, thus achieving a spatial resolution
of 2.1 — 2.3 1p/mm [57]. This method has also been applied
in a transient imaging study of the pulsed X-ray radiation
field produced by electron emissions from an accelerator
diode target [54], and integrated images of the orders of ns
and ps were obtained, which laid the foundation for an accu-
rate measurement of weak luminescence and a fast response
scintillator in radiation imaging.

In advanced nuclear energy, neutrons emitted by pulsed
fusion and fission devices can offer insights into nuclear
reactions that occur within the pulse source. Consequently,
pulsed neutron detection technology serves as the primary
method to investigate the physical dynamics and underlying
models associated with the pulsed source [58—63]. Pulsed
neutron radiation fields have short durations and signifi-
cant intensity variations and are frequently accompanied by
gamma rays [21, 64, 65]. To accurately reconstruct the origi-
nal information associated with the radiation field from the
measurement results, the detection system must possess both
a rapid response time and the ability to discriminate between
the waveforms of mixed-field radiation particles [66, 67].
The term pulse shape discrimination (PSD) [68—72] refers to
the technique employed to differentiate between the different
types of radiation particles based on the premise that distinct
radiation particles interact with media according to distinct
reaction principles, resulting in a unique time characteristics
of the electrical signals generated by the detection system.
For instance, at the ISIS Neutron and Muon Source in the
UK, approximately half of the neutron instruments employ
neutron detectors constructed from ZnS:Ag /°LiF owing to
their robust neutron/gamma PSD capabilities [73]. Sykora
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et al. [74] used ZnO:Zn/°LiF as a substitute for the com-
mercial ZnS:Ag/®LiF to facilitate shorter neutron afterglow.
However, the multi-component luminescence process failed
to exhibit the sub-nanosecond response time characteristics
of ZnO scintillating single crystals. In addition, the fastest
response times of existing discrimination detectors, primar-
ily organic scintillators, for neutron/gamma are between 3 ns
and 8 ns [69], limiting the neutron count rate within the
pulsed radiation field.

Optimizing the pulse radiation-field counting rate while
preserving the GZO single-crystal nanosecond response time
and achieving neutron/gamma discrimination is challeng-
ing. There are few reports on the discrimination of different
waveforms using GZO single crystals [75], and the possi-
bility of distinguishing neutron/gamma waveforms remains
uncertain. In this study, the single-particle PSD capability
of GZO was investigated by addressing the charged-particle
waveform discrimination proficiency of GZO and the pos-
sibility of mixed-field neutron/gamma discrimination. The
potential application of GZO in high-energy nuclear physics
and pulse measurement was further explored by processing
the neutron/gamma waveform obtained from GZO single-
crystal measurements using the classical waveform discrimi-
nation algorithm.

2 Pulse shape discrimination of charged
particles using a GZO scintillation crystal

2.1 Experimental setup

Neutron production and transport are typically accompa-
nied by gamma rays resulting from the radiation capture
effect [21, 46]. Neutrons and gamma rays typically coexist
in the form of complex radiation fields. In contrast, isotope
radiation sources or heavy-ion accelerators can provide
relatively pure charged particles with well-defined energy
distributions. We examined the waveform discrimination
capabilities of GZO single crystals with respect to various
charged particles by analyzing the excitation luminescence
response time generated when different types of charged par-
ticles irradiate a GZO single crystal.

The dimensions of the GZO single crystal were
30mm X 30mm X 2mm, fabricated using a hydro-
thermal technique with a carrier concentration of
1.07 x 10" cm™3 [56]. The luminescence response time was
evaluated using the time-correlation single-photon count-
ing (TCSPC) technique [76, 77]. The experimental setup
is illustrated in Fig. 1 [78]. The particle emission source
was housed in a dark box with the GZO single crystal and a
two-way photomultiplier tube (PMT) to prevent the interfer-
ence of external photons during the single-photon counting
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Fig. 1 (Color online) Schematic representation of the experimental
layout for the measurement of charged-particle excitation lumines-
cence decay time

method. PMT1#, as shown in Fig. 1, was strategically posi-
tioned near the crystal to maximize collection photons as a
zero-time signal. Subsequently, PMT2# was moved away
from the sample to capture a random single-photon signal.
The temporal correlation between the two PMTs signals was
then recorded using an electronic acquisition system located
behind the PMT. When the energy of the irradiated particle
was insufficient, the zero-time signal generated by PMT1#
exhibited instability, which could compromise the accu-
racy of the zero-time signal measurement. Consequently,
the TCSPC system was reconfigured into a dual-channel
single-photon counting (DCSPC) system to measure the
lower-energy charged particles by moving the PMT away
from the sample. In this system, an autocorrelation func-
tion for the fluorescence time spectrum is represented by
the agreement between the signals of the two PMTs, which
are both far from the sample. The decay time constant of the
sample can be fitted from one branch of the autocorrelation
function as a simple exponential function [75]. In the case of
the DCSPC, the temporal resolution of the system exceeded
80 ps following calibration using a picosecond light source
(EPL-375, Edinburgh; typical pulse width 60 ps).

Five charged-particle sources were used in this experi-
ment: a, §, HY, Lit, and O%. Monoenergetic a particles
with energies of 5.48 MeV were generated using an a >*' Am
radioactive source, whereas f particles with energies ranging
from 0 MeV to 1.173 MeV were emitted by a !3’Cs radioac-
tive source. Protons (H*) with energies of 15 MeV, lithium
nuclei (Li*) with energies of 42 MeV, and oxygen nuclei
(0%) with energies of 100 MeV were obtained using the
HI-13 tandem accelerator at Chinese Institute of Atomic
Energy (CIAE). The ions were guided from the vacuum tube
through a 10 pm-thick titanium window in the accelerator
tube and impinged on the GZO sample to generate excited
luminescence after traversing 5 mm of air. The optical sig-
nals were acquired using two microchannel plate PMTs
(MCP-PMT, Hamamatsu R3809U).
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Fig.2 (Color online) a Excitation time spectrum for H*, Li*, and
03", b Excitation time spectrum for @ and §, where the insert curve
is the a particle excited temporal profile obtained using the TCSPC
method

2.2 Pulse shape characteristic result

The time-resolved radioluminescence spectra of GZO
excited with high-energy H*, Li* and O%*, ions, as measured
using the TCSPC method, are presented in Fig. 2a. The cor-
responding radioluminescence spectra for low-energy a and
p particles, obtained using the DCSPC method, are shown in
Fig. 2b. A statistical approach to the two channels resulted
in the temporal distribution shown in Fig. 2b, which was
closer to a Gaussian distribution. The time constants were
determined by fitting the data to a single exponential decay
function, and the resulting radioluminescence response time
constants for the five charged particles are given in Table 1.
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Table 1 Decay time constants (r) obtained from fitting to a single
exponential function

Types Energy (MeV) 7 (ns)

H* 15 1.21 £0.02
Li* 42 1.50 + 0.03
o8+ 100 1.70 £ 0.04
a 5.48 1.56 +£0.03
p 0-1.173 1.09 +0.02

2.3 Analysis of results

As shown in Fig. 2a, the three types of charged particles gen-
erated by the HI-13 tandem accelerator exhibited distinct dif-
ferences at the trailing edge of the excitation time spectrum,
as measured using the TCSPC method. The excitation time
spectra of the charged particles generated by the two isotope
sources, obtained using the DCSPC method, exhibited an
approximately Gaussian distribution. The f-particle time
spectrum was characterized by a narrower (or sharper) peak,
which significantly contrasted with the broader distribution
observed for a particles. The data in Table 1 demonstrated
significant differences in the GZO scintillation crystal decay
time constants due to the excitation of the five charged parti-
cles. The results suggest that the response time of the GZO
charged particles to irradiation is contingent on the dE/dx
values of the irradiated charged particles. The variation in
dE/dx indicates the energy dissipation of charged particles
within the unit interval, which corresponds to the ionization
potentials of the particles. The f particles exhibited the low-
est dE/dx values, whereas the O®" ions exhibited the highest
dE/dx values. Although the mass of Li* is greater than that
of a particles, the energy of Li* ions was significantly ele-
vated compared with that of « particles in this experiment,
resulting in a lower dE /dx for Li* ions relative to a particles.
Therefore, the smaller the dE/dx value, the lower the ioniza-
tion power of charged particles and more rapid the response
of the excited GZO scintillation crystal. These findings sug-
gest that GZO can discriminate between different charged
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particles, and this experimental approach offers a promising
method for discriminating between charged particles.

3 Pulse shape discrimination in neutron/
gamma mixed field using the GZO
scintillation crystal

3.1 Experimental setup

The 600 kV nanosecond-pulse neutron generator (CPNG-6)
at the CIAE can operate in the pulsed mode by implement-
ing deuterium ion source cutting [79]. When the deuterium
ion beam is accelerated and used to bombard a deuterium/
tritium target, neutrons are generated via D-D or D-T nuclear
fusion reactions, with a simultaneous neutron/gamma
mixed-pulse radiation field. The ion beam cutting device
has demonstrated excellent stability in emitting a half-width
5 ps deuterium ion beam at a working frequency of 1 Hz and
generating a 5 us wide pulsed neutron beam according to the
principle of nuclear reactions. The radiation field can pro-
duce a composite neutron/gamma signal featuring a distinct
neutron multiplication time spectrum. Initially, a sequence of
mixed neutron/gamma signals was obtained using a scintil-
lator detector, followed by waveform discrimination. Subse-
quently, based on the post-discrimination neutron signal, the
neutron time spectrum of the pulsed neutron radiation field
was reconstituted to validate the efficacy of the waveform
discrimination.

A schematic of the CPNG-6 experiment based on a pulse
mode is presented in Fig. 3. Upon the activation of the ion
source chopper, a square wave signal was transmitted to the
oscilloscope as an external trigger signal, thus synchroniz-
ing with the time base of the oscilloscope. The oscilloscope
captured the voltage signals generated in channels 1 and 2
within the —1 to 9 ps time window. The cylindrical scintil-
lation crystal was directly coupled to the PMT and housed
within a stainless-steel shielding shell to protect against light
and electromagnetic interference. To acquire precise signal
details, a HDO8108A oscilloscope (Teledyne LeCroy) with
a maximum sampling rate of 10 GHz and a 12-bit bandwidth

Coaxial-cable
High voltage powe @
/' I ! LN | Oscilloscope

Fig.3 (Color online) Schematic representation of the layout of the neutron/gamma mixed-field experiment based on the pulsed mode CPNG-6
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was employed. The neutron detector and beam channel were
situated on the same horizontal plane. To prevent high-flux
neutrons in the straight channel from saturating the detec-
tor and forfeiting the single-particle waveform signal, the
detector was offset from the central axis and target by spe-
cific distances, which were strictly recorded. In this experi-
ment, a deuterium ion beam was used to impact a tritium
target, generating 14.9 MeV monoenergetic neutrons. A
second set of scintillation detectors was constructed on the
opposite side of the detector relative to the beam, using a
PMT (model ETL-9815) and commercial stilbene crystal
(®50mm X Smm). A comparative experiment was con-
ducted, and the results of neutron/gamma discrimination and
the neutron pulse-time spectra were obtained. To optimize
the measurement efficiency, a larger section of the GZO
scintillator from the same batch with a diameter of ®40 mm
and thickness of 0.3 mm was employed.

The experimental process and data treatment employed
in this study were based on the current-mode counting
method [79]. Each neutron/gamma pulse generated a current
or voltage signal that was fully captured by a digital oscil-
loscope. Numerous single-particle signal waveforms were
extracted from continuous signals using digital processing
methods. The signal analysis extracted critical information,
such as the amplitude, the charge value generated by the
PMT, type of pulse, and the signal arrival time. The wave-
forms of typical pulses recorded by the oscilloscope during
the experiment after exposing the two types of scintillators
to a pulsed radiation field are shown in Fig. 4. The ordi-
nate system was calibrated based on the impedance of the
oscilloscope (50€2), and the voltage values were converted
into current values, facilitating the subsequent calculation
of the charge values corresponding to the individual signal
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Fig.4 (Color online) Original waveform generated in a the stilbene
detector and b the GZO crystal

waveforms. The initial signals generated by the commercial
stilbene scintillator (@50 mm X 5 mm) and GZO scintilla-
tor (@40 mm X 0.3 mm) are shown in Fig. 4a and b, respec-
tively. The dashed black line represents the ion source open
signal as the external trigger signal recorded by the pulsed
mode oscilloscope. The neutron/gamma signal obtained by
the GZO scintillator was faster, but smaller in amplitude.
This was owing to the faster response time characteristics
and lower irradiated light yield of GZO and the MCP tube.

3.2 Pulse shape discrimination results for a single
particle

Based on the composite neutron/gamma radiation field gen-
erated under the stated experimental conditions, 1800 pulse
arrays, each with a duration of 10 ps, were collected. From
these, 961 single-particle waveform signals for GZO were
extracted, and the lower threshold was set to 5 mV. The
most prominent and widely employed time-domain PSD
algorithm in the field of neutron/gamma waveform discrimi-
nation, referred to as the charge integration method [69, 80],
was initially employed to discriminate the pulses associated
with the GZO single crystal. In this method, two distinct
time intervals were selected to integrate the single-particle
signal. Q. Was derived by integrating from a fixed time
before the peak (denoted by ¢.., where ‘re’ signifies the ‘rise
edge’) to a specific time following the peak (f.,4). Q0w Was
obtained by integrating from ¢, to a fixed time near the
peak (denoted as #;., where ‘fe’ signifies the ‘falling edge’).
Because the neutron pulse drop time was slower than that
of gamma, and Qg constituted a larger portion of Q..
Oiotal Q10w Was used for neutron/gamma discrimination. The
integration intervals of the GZO waveforms in this study
were established as —1 to 1 ns (Qy,,,) and —1 to 12 ns (Q,qa1)s
respectively, with the peak position designated as the O time
point. In the case of the commercial stilbene crystal, the
integration intervals varied from —10 to 60 ns (Q,y,), 10 to
60 ns (the difference between (Q,,), and 10 to 60 ns and
Ogow)- The PSD results are shown in Fig. 5.
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Fig.5 (Color online) Neutron/gamma discrimination obtained using
the charge integration method. a GZO (40 mm X 0.3 mm). b Com-
mercial stilbene (50 mm X 5 mm)
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GZO scintillation demonstrated the ability to distinguish
between neutron/gamma single-particle waveforms, which
are discernible to the naked eye. Compared with the com-
mercial organic scintillator, the response time for the GZO
scintillation single crystals was notably faster, and almost
no pulse stacking was observed. However, the detection effi-
ciency was relatively low, resulting in fewer neutron/gamma
single-particle signals. After discrimination, the single neu-
tron particle pulses captured by GZO accounted for 77.93%
of the total single particles. For the organic scintillator, the
neutron contribution was 59.85%, excluding the stacking
pulse waveform. The disparate ratios of the neutrons can
be attributed to two factors: (i) the disparity in the neutron/
gamma detection efficiency of the two types of scintillators
and (ii) the varying crystal thickness, where that of the GZO
scintillator was thinner than that of stilbene. Consequently,
the detection efficiency of gamma rays with a superior pen-
etrating ability was comparatively lower for GZO.

We also applied an established frequency-domain dis-
crimination algorithm [81, 82], the fast Fourier transform
(FFT) [83], for pulse discrimination. Typical results derived
from the GZO experimental data are shown in Fig. 6. Fol-
lowing normalization, application of FFT, and ordinal sum-
mation of the low-frequency components associated with
the single-particle pulse, the discrimination coefficient was
derived corresponding to the ordinate in Fig. 6a and the
abscissa in Fig. 6b. The data presented in Fig. 6a represent
961 individual particle signal pulses, individually plotted as
the coordinate coefficients, where neutron/gamma discrimi-
nation was executed through the use of the discrimination
coefficient size. In Fig. 6b, the discrimination coefficients of
the 961 single-particle signals were partitioned into inter-
vals using the operating principle of the multichannel ana-
lyzer [46, 84, 85], with the interval counts provided; two
near-Gaussian peaks were observed. Utilizing FFT to dis-
criminate the single-particle pulse acquired by GZO enabled
an effective neutron/gamma discrimination outcome.

However, the PSD results for the GZO scintillator
revealed certain drawbacks compared to the commercial

(@) (b)

® Gamma|
® Neutron

B Gora

I Neutron

Discrimination coefficient
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Fig.6 (Color online) Neutron/gamma discrimination results for GZO
obtained via FFT. a FFT discriminating coefficients for neutron/
gamma distribution. b Statistical plot of the neutron/gamma FFT res-
olution coefficient
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organic scintillator. The edges of the two types of peaks
shown in Fig. 6b lacked smoothness, the peaks were asym-
metrical, and the relative distance between the peak posi-
tions was insufficient. The single-particle neutron waveform
utilizing the frequency-domain discrimination algorithm
based on FFT accounted for 82.21% of all single particles.
This result corresponds to less than a 5% deviation from
the classical time-domain algorithm, indicating that the pro-
cessing outcomes of both algorithms were reliable. These
findings suggest that the classical frequency-domain meth-
odology exhibits a degree of applicability in discriminating
neutrons/gamma for the GZO scintillation crystal. However,
owing to the constraints imposed by the performance of the
scintillation crystals, achieving the same level of discrimina-
tion as commercial organic scintillators remains a challenge.

3.3 Reconstruction of pulsed neutron
radiation-field information based on PSD

C.1. Radiation-field information reconstruction method

The theoretical basis underlying information reconstruc-
tion using pulsed radiation-field measurement outcomes
has been discussed in detail in a previous publication [79].
The radiation-field reconstruction approach predicated on
pulsed-radiation-field measurement results is termed the
current-mode counting method. Following neutron/gamma
pulse PSD, the digital neutron single-particle waveform was
carefully selected from the mixed field. The extraction of
multi-dimensional radiation information was performed on
each single-particle waveform. Finally, the radiation-field
information was reconstructed based on comprehensive
multi-particle data. The energy spectrum [86—88] and neu-
tron multiplication time spectrum are the most crucial fac-
tors within the radiation-field information associated with
pulsed neutrons [89-91].

For radiation fields with long neutron flight distances,
the neutron time-of-flight method [92-94] offers an accu-
rate treatment of the energy spectrum. Once a correlation is
established between the detector output signal amplitude (or
deposited charge) and the neutron energy, the spectrum can
be reconstructed using either the neutron pulse-height spec-
trum (PHS) [40, 47] or charge height spectrum (QHS) [79].
Based on the neutron/gamma discrimination results, the
amplitude data of the selected single-particle pulse were
systematically enumerated from the minimum to maximum
values in accordance with the operational principle of the
multichannel analyzer [84, 85]. The number of single par-
ticles was determined according to a pre-defined interval of
change, enabling the derivation of the neutron PHS. Simi-
larly, the pulse of a single particle (inset of Fig. 4), when
integrated along the abscissa, can be used to determine the
charge value deposited on the particle detector. A subsequent
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application of the multichannel analysis method enabled the
derivation of the neutron QHS.

The neutron multiplication time spectrum, also known as
the neutron time spectrum, describes the neutron multiplica-
tion process as a function of time and can be employed to
characterize the nuclear reaction process and total reaction
quantity in fusion and fission research [95, 96]. The continu-
ous signal derived from each reaction pulse, as illustrated
in Fig. 4, can be used to determine the appearance time of
a neutron signal after neutron/gamma discrimination. This
information facilitates the extraction of time-related details
related to the emergence of a sequence of neutrons during
the time spectrum analysis. The window-by-window statisti-
cal algorithm (WWS) or time statistics algorithm based on
the wavelet packet transform (WPT) [79] can be employed
to identify the time at which the neutron signal appears. The
neutron time spectrum can then be reconstructed.

C.2. Neutron amplitude spectrum reconstruction results

Employing the discrimination outcomes of the charge
integration method illustrated in Fig. 5, 740 neutron sig-
nals were extracted from the 961 single-particle pulses.
The amplitude of the pulse was directly extracted from the
digitally recorded signal using the oscilloscope, followed by
an amplitude statistical analysis of the 740 neutron signals.
Based on the voltage amplitude of the neutron pulse signal,
the PHS was segregated into 50 lanes ranging from low to
high, the result of which is shown in Fig. 7a. The solid red
squares represent the number of neutrons corresponding to a
specific pulse height, as measured by the GZO crystal, after
normalization for each reaction pulse. The error bars indi-
cate the uncertainty (68% confidence level) associated with
the neutron count in the channel address at this height. The
height spectrum resulting from the conversion of the normal-
ized count to logarithmic coordinates is shown in the inset of
Fig. 7a. The neutron PHS shown in Fig. 7b was derived from
a total of 6453 neutron signals using the commercial stilbene
crystal, where the blue data points represent the number of
neutrons corresponding to the specific pulse-height chan-
nel address normalized for each reaction pulse. The neutron
PHS obtained using stilbene was analogously partitioned

b
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Fig.7 (Color online) Neutron PHS obtained using GZO and com-
mercial stilbene crystals. a PHS obtained with GZO. b PHS obtained
with stilbene

into 50 channels; the error bars indicate the measurement
uncertainty (68% confidence level).

The total deposited charge in the detector correspond-
ing to each neutron single-particle signal was determined by
integrating the neutron single-particle pulse signals obtained
using GZO and commercial stilbene crystals with respect
to time. This process was repeated for 50 channels, generat-
ing a neutron QHS for both GZO and commercial stilbene
crystals, as illustrated in Fig. 8.

The commercially available stilbene crystal exhibited
superior neutron detection efficiency in both the voltage
height spectrum and QHS. The neutron detection effi-
ciency of commercial organic scintillators is approximately
8.44x1072 n/pulse, whereas that of the GZO crystal is one
order of magnitude lower (8.06x1073 n/pulse). Absolute or
relative counts obtained from the statistical analysis reflected
the probability distribution of various energy signals gener-
ated by the reaction between neutrons and scintillators. The
amplitude spectra presented in Figs. 7b and 8b revealed a
rectangular distribution for the commercial stilbene system,
which became particularly evident as the voltage or charge
varied. In addition, a distinct shoulder peak was observed.
The experiment employed monoenergetic neutrons with
energies of 14.9 MeV generated by D-T fusion, and the
amplitude spectrum distribution was in line with the char-
acteristics of the elastic scattering between monoenergetic
neutrons and H atoms and the rectangular distribution of
the recoil proton energy [96]. The neutron PHS and QHS
measured using the GZO crystal exhibited an asymmetric
Gaussian distribution characterized by a peak followed by
a decline in the e-index without evidence of a flat interval.
Transient peaks were observed at 38 mV and 53 mV in the
PHS for GZO (Fig. 7a) and at 1.9 pC and 2.2 pC in the QHS
(Fig. 8a). We propose that the collisions between 14.9 MeV
fast neutrons and '°0 nuclei in GZO can result in various
responses, including elastic scattering, (n, a), (n, p), (n, d),
(n, na), and (n, np) [95, 97]. The two peaks observed can be
attributed to the reactions of (n,a) and (n, na), whereas the
predominant peak in the low-energy region may result from
a combination of several factors, including the contribution
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Fig.8 (Color online) Neutron QHS obtained using GZO and com-
mercial stilbene crystals. a QHS obtained using GZO. b QHS
obtained using stilbene
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of low-energy neutrons interacting with material atoms fol-
lowing elastic scattering, inelastic scattering, and reactions
involving 14.9 MeV neutrons, as well as the influence of
system noise.

The results show that, following neutron/gamma discrimi-
nation, the neutron QHS or PHS can be obtained using GZO.
The interaction cross section between fast neutrons and '°0
is significantly intricate. If the objective is to achieve a com-
prehensive resolution of the charge amplitude spectrum, or
even a reconstruction of the neutron energy spectrum, con-
siderable additional effort will be required. The application
of the amplitude spectrum is not further discussed in this
paper because the neutron energy spectrum could not be
directly obtained from Fig. 7b or Fig. 8b, even for the com-
mercial stilbene crystals.

C.3. Pulsed neutron time spectrum reconstruction results

In this experiment, the distance between the front end
of the detector and the target head of the accelerator was
L = 50cm (projected length in the north—south direction)
and d = 10 cm (projected length in the east—west direction).
Owing to the short flight distance of neutrons, any broaden-
ing of the neutrons in the detector time spectrum caused
by the flight time could be ignored and the arrival time of
the neutron signal after neutron/gamma discrimination was
directly used for neutron time spectrum reconstruction.
The WPT [79] was employed to extract the neutron time
structure with the CPNG-6 device in pulsed mode, which
was recorded using both GZO and the commercial stilbene
crystal. For comparison, the results obtained using GZO and
the commercial stilbene crystal are shown in Fig. 9. The
abscissa represents absolute time. The red time spectrum
refers to GZO (with the associated ordinate in red), and the
commercial stilbene spectrum is indicated by the dashed
blue line (with the associated ordinate in blue). The criti-
cal spectral parameters are listed in Table 1. The relative
discrepancy between the obtained results and the theoretical

1.2

[ — Time sprctrum obtained from GZO
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S N
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0.050t

0.025

0.000
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Fig.9 (Color online) Neutron time spectra obtained using GZO and
commercial stilbene crystals
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Table 2 Neutron temporal structure parameters obtained from experi-
mental measurements

Scintillator Base width (us) Half width (ps) Start time (ps)
GZO 5.33(4+6.60%) 4.98(—0.40%) 1.43

Stilbene 5.27(4+5.40%) 5.05(+1.00%) 1.46

Rel. error 1.14% 1.39% 2.05%

value (5 ps) is indicated in parentheses. Moreover, the com-
parative errors between the measured outcomes for the two
crystals can be assessed using the values in Table 2.

According to the operational principle of the CPNG-6
pulsed neutron source, the predicted neutron burst time spec-
trum profile for the pulsed radiation field should exhibit a
square waveform with a width of 5 ps. The results obtained
for GZO and commercial stilbene crystals were essentially
in line with the theoretical values. The stilbene measurement
revealed a 5.40% deviation from the theoretical value, with a
smaller base width value relative to the GZO measurement.
The full width at half maximum (FWHM) of the time spec-
trum for GZO was reduced by 0.4% when compared with
the theoretical value, representing an improvement over the
stilbene measurement. Considering the neutron burst time
point, the relative error for the two crystal results was 2.05%.
The detection efficiency of GZO at the neutron burst peak
was ca. 0.074 n/us, which was 11 times smaller than that of
the commercial stilbene crystal (0.847 n/us). The detection
efficiency of the commercial stilbene crystals was higher
during the interval in which the neutron burst-peak plateau
occurred, leading to a smaller statistical uncertainty in the
measurement and a smoother plateau curve. Based on the
detection efficiency, the number of neutrons collected by
GZO was smaller, resulting in a more pronounced waveform
oscillation in the plateau curve. However, pulsed neutron
radiation fields with a relatively straightforward time struc-
ture were detected effectively using a system based on GZO
that obtained a pulsed neutron time spectrum by measur-
ing the bottom width or half maximum width of the time
spectrum.

4 Conclusion

A comprehensive investigation of the single-particle PSD
characteristics of the GZO crystal was conducted for five
charged particles (a, g, H", Li*, and O®") and two preva-
lent uncharged particles (neutrons and gamma rays). The
emission decay time constants of GZO excited by H*,
Li*, and O particles were measured as 1,21 ns, 1.50 ns,
and 1.70 ns, respectively, using the TCSPC method. The
luminescence decay time constants of GZO excited by
a and p particles were measured as 1.56 ns and 1.09 ns,
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respectively, using the DCSPC method. The excitation
luminescence time spectra of the five particles were also
measured. The different excitation time constants enabled
GZO to discriminate between the above five charged-par-
ticle waveforms. The underlying causes of the disparate
responses of the charged particles to GZO require further
investigation.

The CPNG-6 device operated in the pulsed mode was
employed to generate a pulsed neutron/gamma mixed radia-
tion field. The PSD algorithm in either the time or frequency
domains was utilized to distinguish the single-particle signal
generated by 14.9 MeV neutrons and secondary gamma rays
in the GZO scintillator. This study provides the first reported
neutron/gamma discrimination using a ZnO single crystal
in a pulsed radiation field. The neutron signal accounted for
77.93% of all single-particle pulses, demonstrating superior
neutron/gamma discrimination sensitivity compared with
commercial stilbene crystals. The pulsed neutron radiation-
field information was reconstructed by utilizing the dis-
criminated neutron signal. This analysis was limited by the
absolute light yield of GZO, which exhibited inferior pulsed
radiation-field reconstruction effects when compared with
commercial scintillators. However, the GZO neutron/gamma
discrimination capability enabled the acquisition of the volt-
age PHS, QHS, and neutron burst time spectrum for pulsed
neutron radiation fields using the current-mode counting
method. The neutron multiplication time spectrum closely
matched that of the commercial scintillator measurements,
with a discrepancy of less than 3%. In future research, we
plan to use the CSNS [65] to acquire distinct neutron/gamma
signals using the time-of-flight method to reconfirm the PSD
ability of GZO. As a result, GZO exhibits ultrafast response
times and better neutron/gamma discrimination sensitivity
and may replace commercial organic scintillators for pulsed
neutron source diagnosis with very short durations and high
intensities.

The utilization of GZO for the multi-dimensional infor-
mation processing of a pulsed neutron radiation field
reported in this study is the first instance of its application
in this domain. Our findings demonstrate the potential of
GZO for neutron detection, offering a more responsive scin-
tillator detector variant for the diagnosis of pulsed neutron
radiation fields.
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