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A B S T R A C T

A method for gamma/neutron event classification based on frequency-domain analysis for mixed radiation
environments is proposed. In contrast to the traditional charge comparison method for pulse-shape discrim-
ination, which requires baseline removal and pulse alignment, our method does not need any preprocessing
of the digitized data, apart from removing saturated traces in sporadic pile-up scenarios. It also features the
identification of neutron events in the detector’s full energy range with a single device, from thermal neutrons
to fast neutrons, including low-energy pulses, and still provides a superior figure-of-merit for classification.

The proposed frequency-domain analysis consists of computing the fast Fourier transform of a triggered
trace and integrating it through a simplified version of the transform magnitude components that distinguish
the neutron features from those of the gamma photons. Owing to this simplification, the proposed method may
be easily ported to a real-time embedded deployment based on Field-Programmable Gate Arrays or Digital
Signal Processors. We target an off-the-shelf detector based on a small CLYC (Cs2LiYCl6:Ce) crystal coupled
to a silicon photomultiplier with an integrated bias and preamplifier, aiming at lightweight embedded mixed
radiation monitors and dosimeter applications.
1. Introduction

One of the most efficient options for thermal neutron (𝑛𝑡ℎ) detectors
today relies on the 3He isotope, taking advantage of its large neutron
capture cross section and low sensitivity to gamma (𝛾) events. However,
because of the shortage of such material, alternatives have been devel-
oped to overcome this problem [1–3]. The CLYC (Cs2LiYCl6:Ce) crystal
is an excellent example of a substitute 𝑛𝑡ℎ detector [4–9]. This crystal
also exhibits similar 𝛾 efficiency and exceeds the energy resolution
compared to conventional NaI(Tl) scintillators [10,11]. More recently,
the CLYC capability for fast neutron (𝑛𝑓 ) detection and spectroscopy
was discovered, turning the crystal into a triple-purpose material:
thermal neutron detection, gamma spectroscopy, and fast neutron
spectroscopy [11–13].

In this paper, we propose a method to exploit the 𝛾∕𝑛 classification
features of a small CLYC crystal coupled to a silicon photomulti-
plier (SiPM) sensor array with an integrated preamplifier and bias
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Italy.
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power supply. These types of integrated detectors require less complex
electronics, weigh less, and occupy less volume than traditional pho-
tomultiplier (PMT) solutions [14,15]. Integrated detection systems like
these are useful in applications such as remote mixed radiation moni-
toring [16], including fusion reactor diagnostics [17], space exploration
field dosimetry [18], among others.

Using a simplified computation of the spectral density magnitude
of each captured pulse, our method exhibits better 𝛾∕𝑛 separation than
the traditional charge-comparison method (CCM) with pulse-shape dis-
crimination (PSD). Our method also outperforms other methods based
on frequency-domain analysis in terms of classification performance for
both CLYC and liquid scintillators. These advantages, combined with
the ability to use the full detector energy range, make our proposal a
good alternative to CCM with PSD for CLYC crystals coupled with SiPM
arrays. Moreover, our method was devised for efficient implementation
in real-time embedded applications based on Field-Programmable Gate
Arrays (FPGA) or Digital Signal Processors (DSP).
Please cite this article as: Iván René Morales et al., Nuclear Engineering and T

1738-5733/Copyright © 2023 Korean Nuclear Society, Published by Elsevier K
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.net.2023.11.013
Received 3 July 2023; Received in revised form 26 September 2023; Accepted 7 N
echnology, https://doi.org/10.1016/j.net.2023.11.013

orea LLC This is an open access article under the CC BY-NC-ND license
ovember 2023

https://www.elsevier.com/locate/net
http://www.elsevier.com/locate/net
mailto:ivanrene.moralesargueta@phd.units.it
mailto:imorales@ictp.it
https://doi.org/10.1016/j.net.2023.11.013
https://doi.org/10.1016/j.net.2023.11.013
http://creativecommons.org/licenses/by-nc-nd/4.0/


Nuclear Engineering and Technology xxx (xxxx) xxxI.R. Morales et al.

t
T
a
e
p

2

a
e
3
g
w
D
i
z
w
e
F
t
t

t
t
M
g
p
i
u
(
n
d
l
b

a
c
a
w
c
(
f
s
w
a
e
(

c
t
e
o
a
e

3

u
i
f

4

a
e
u

4

f
C
a
c
a
s
b
r

(
t
t
a
e
t
f
t
c
p

A tagged dataset of 𝛾 and 𝑛 events was created as a sub-product of
he data analysis performed to demonstrate the features of our method.
his dataset includes raw pulse traces sampled at 100 MHz with an
mplitude resolution of 10 bits. The calibrated energy in gamma-
quivalent units and the proposed 𝛾∕𝑛 classification index are also
rovided for each event in the dataset.

. Related work

Safari et al. [19] proposed a method based on frequency-domain
nalysis for pulse identification in mixed-gamma/neutron radiation
nvironments. The experimental setup consisted of a cylindrical (D =
", h = 3") BC501 liquid scintillator coupled to a fast PMT. Their main
oal was to obtain a new classification metric based on a nonlinear
eighting method. It was also demonstrated that a special case of the
iscrete Fourier Transform (DFT) defines a new PSD parameter used

n their method, described by a piecewise function that includes the
ero-frequency (DC) component. The dataset was recorded at 5 GHz
ith an 8-bit amplitude resolution. They set a lower energy boundary to
valuate the figure-of-merit (FoM), discarding low-energy events. Their
oM, as defined in Section 6.2, was computed using only events higher
han 200 keVee (kiloelectronvolt energy-equivalent) and was reported
o be (1.48 ± 1.28 × 10−2).

Dutta et al. [3] proposed analyzing the pulse decay times and
he energy spectral density (ESD) of long trace windows that span
hrough multiple events, recorded from a CLYC-based detector at 250
Hz with 12-bits resolution ADC. Their method aims at distinguishing

amma and neutron events in high-count-rate scenarios with a fast
hotomultiplier tube (PMT) coupled to the crystal. Pulse alignment
s mandatory to achieve a precise pulse-decay time estimation. By
sing Parseval’s theorem, they demonstrated how the ESD analysis
computed with DFT) correlates with the deposited energy of gamma or
eutron (equivalent) events in the crystal. Their method uses a pulse-
etector algorithm that executes an offline search for each recorded
ong trace (sample-by-sample) after a low-pass FIR filter is applied. The
est FoM value at the lowest measured event rate was 1.35.

Nakhosti [20] used a similar detector setup as Safari et al. in [19]:
fast PMT coupled to a 2" BC501 A liquid scintillator. The author

arried out an individual pulse analysis of triggered traces recorded
t 4 GHz, aiming at considerably reducing the required sampling rate
hile still providing an acceptable FoM for gamma/neutron classifi-

ation. The proposed method is based on the Fast Fourier Transform
FFT), in which the individual pulse shape information containing the
eatures is preserved for signals recorded from liquid scintillators. After
ubsampling the raw data from 4 GHz down to 32 MHz, two energy cuts
ere analyzed individually: the first one for events between 50 keVee
nd 200 keVee, while the other accounted for the remaining pulses with
nergies higher than 200 keVee. The FoMs for the energy ranges were
0.62 ± 0.06) and (1.31 ± 0.04), respectively.

Polack et al. [21] stated that dealing with gamma/neutron classifi-
ation with energies lower than 1 MeV is challenging. In addition, all
he authors in [3,19,20,22,23] applied energy cuts to disregard low-
nergy events when computing the FoM, even with different types
f scintillators (liquid, plastic, and CLYC) and light sensors (PMT
nd SiPM). Consequently, performing classification in the full detector
nergy range is still an issue to overcome.

. Contributions

Based on existing developments and methods for 𝛾∕𝑛 classification
sing frequency-related analysis as well as the current requirements
n the field with SiPM detectors, our contributions are described as
ollows:

• An improved classification FoM compared to PSD with CCM for
SiPM-based CLYC detectors, featuring a less complex setup with
superior immunity to strong magnetic fields.
2

• A method for gamma/neutron classification in the full detector
energy range: from the thermal neutron region and tested up to
4.5 MeV fast neutrons without time-of-flight (ToF) calibration.

• A gamma/neutron classification method with a straightforward
deployment capability to a real-time hardware platform using
FPGA or DSP targets, taking advantage of the proven city-block-
like simplification for approximate spectral density magnitude
computation.

• The creation of a classified dataset of gamma/neutron mixed
radiation events using an integrated SiPM-based CLYC detector
as an added value to the existent PMT-based CLYC datasets. The
resulting data were sampled at a sufficiently low rate, which is
suitable for real-time applications targeting embedded systems.
The dataset has been made publicly available at a data sharing
platform.

. Materials and methods

The development of our gamma/neutron classification method for
SiPM detector coupled with a CLYC (Cs2LiYCl6:Ce) crystal relies on

xperimental data. The detector, experimental setup, and data analysis
sed to validate the proposed method are described next.

.1. SiPM-coupled integrated CLYC detector

The detector system is based on an off-the-shelf device manu-
actured by Scionix B.V., model V12.7B30/SIP-E3-CLYC-X. The small
LYC crystal with dimensions (D = 1/2", h = 1") is optically coupled to
n OnSemi 2 × 2 SiPM array model ArrayC-60035-4P. A temperature-
ompensated bias power supply is integrated within the detector casing,
long with a 50 Ω-coupled input and output preamplifier [24]. This
etup allows for easy deployment without any external circuitry for a
ias power supply, temperature compensation, or impedance matching,
endering it a good alternative for volume-constrained applications.

The crystal is sensitive to 𝑛𝑡ℎ events through the [𝑛 + 6Li → 𝑇 + 𝛼
𝑄 = 4.78 MeV)] neutron capture reaction, producing scintillation in
he Ce3+ ions. The Q-value (𝑄) represents the energy released during
he nuclear reaction and further manifests in the released tritium (𝑇 )
nd 𝛼 particles. In the other hand, gamma photons interact by direct
lectron–hole capture by creating trapped hole centers, and by core-
o-valence luminescence (CVL) [25]. The CVL process is responsible
or the differences in the rise and fall times of 𝛾 and 𝑛 events in
he produced light, enabling the 𝛾∕𝑛 classification capabilities of the
rystal [26]. The detection and spectroscopy of 𝑛𝑓 was further re-
orted [12], and is mostly caused by the [𝑛 + 35Cl → 35S+𝑝 (𝑄 = 616

keV)] reaction, with a linear energy response up to 13 MeV [25]. These
features render the CLYC crystal a viable alternative to 𝑛𝑡ℎ detectors
based on He-3 [4] with an added value of 𝑛𝑓 spectroscopy.

Neutron interactions within the crystal provoke scintillation events
with a Q-value inherent to the reaction, observed as pulses on the 𝛾
energy-equivalent scale (keVee or MeVee). Quenching also occurs when
the 𝛼 and 𝑝 (charged particles) products of the 𝑛𝑡ℎ and 𝑛𝑓 events travel
through the crystalline network, being this effect more significant for
heavier particles [25]. Thus, the 𝛼 particles generated by 𝑛𝑡ℎ capture in
the 6Li will suffer a larger degradation in the total energy deposition
observed as the scintillation light, compared to that of the protons
caused by the 𝑛𝑓 reaction [10]. The indirect effect of 𝑛𝑡ℎ detection
yields scintillation photons with an energy-equivalent magnitude of the
Q-value (4.78 MeV) of the reaction multiplied by the 0.67 quenching
factor for 𝛼, leading to pulses around 3200 keVee in the spectrum. In
the case of 𝑛𝑓 , the events are detected as the incoming neutron energy
plus the Q-value of the reaction proton (Q = 616 keV) multiplied by
the quenching factor of 0.84 [27]. This mechanism also allows the
computation of the minimum energy at which 𝑛𝑓 can be detected as
a product of scintillation, around 616 keV× 0.84 = 517 keVee.
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Using the CLYC detector coupled to a SiPM provides advantages for
applications where coexistence with strong magnetic fields is manda-
tory [17,28] and linearity comparable to NaI(Tl) crystals for both 𝛾
nd 𝑛𝑓 spectroscopy is required [29,30]. Moreover, the integrated bias
upply and preamplifier within the casing allow for a lightweight,
maller [17] and less complex setup (compared to the PMT counter-
arts) capable for applications such as remote mixed radiation mon-
toring with unmanned aerial vehicles (UAV) [16] and space explo-
ation dosimetry [18,23]. The drawback of such integration level is
he effect of pulse-shape degradation caused by the SiPM inherent
apacitance [29,31,32], requiring a study of the derivatives of the raw
ulse traces to set the parameters for pulse-shape discrimination [23],
s described in Section 4.3.

.2. Experimental setup

The experiment to record the data used in this work was con-
ucted at the Neutron Science Facility (NSF) of the Nuclear Science
nd Instrumentation Laboratory (NSIL), International Atomic Energy
gency (IAEA), in Seibersdorf, Austria [33]. The resulting datasets were
ampled with the detector described in Section 4.1 under the conditions
etailed next.

.2.1. Detector settings
Taking advantage of the integrated preamplifier in the detector, no

xternal signal conditioning was required at its output, which allowed
s to directly match it with the digitizer’s 50 Ω input impedance. The
ias voltage of the SiPM array was set to 28.7 V, as reported in the
anufacturer’s calibration sheet. Since shaping and gain parameters are
ot configurable, the detector is expected to behave as detailed in the
alibration report.

.2.2. Mixed radiation sources
One gamma-only dataset and two mixed neutron and gamma

atasets were recorded. The gamma source used is a Caesium-137 (Cs-
37) with a registered activity of 0.25 𝜇Ci in June 2015. Deuterium–
ritium (DT) and deuterium–deuterium (DD) were used as neutron
enerators.

The DD emits a pulsed beam of monochromatic neutrons of
.45 MeV with an estimated 4𝜋 neutron flux in the range of 106 neu-
rons/s, whereas the DT generates pulses of monochromatic neutrons of
4.1 MeV at an average rate set to 1.12 × 108 neutrons/s. The scattered
eutrons in the surrounding matter reduce their energy, causing a
ontinuum in the neutron spectrum up to the peak energy. Moreover,
eutron activation of the surrounding matter and shielding lead to
amma radiation in both cases, generating a mixed-radiation field [34].

The events were digitized from the CLYC detector using a CAEN
T5761 digitizer, sampling at 4 Gsps (giga samples per second) with 10
its of amplitude resolution. A cross-level trigger was used to capture
ndividual traces containing single events with a threshold set at four
tandard deviations of the baseline Gaussian noise. The CLYC detector
escribed in Section 4.1 was used throughout the experiment, subject
o a stable temperature of 21 ◦C.

.2.3. Data curation
The data were subsampled from the original 4 Gsps sampling rate

own to 100 Msps (mega samples per second), aiming at using a rea-
onable execution frequency for embedded real-time deployments [35–
8].

Three datasets were originally used, each featuring specific condi-
ions, as described below.

• Gamma dataset: 20,000 events recorded from a Caesium-137
(Cs-137) gamma source

• DD neutrons dataset: 20,000 events recorded in a mixed radiation
3

environment with the DD generator
Fig. 1. Raw pulse traces after PU and saturated event removal, captured with a CLYC
detector and downsampled to 100 Msps.

Table 1
Energy calibration points.

Source Peak amplitude Expected energy peak

Baseline 0.0 ADC bins 0.00 keVee
Cs-137 photopeak 74 ADC bins 662 keV
6Li neutron capture 350 ADC bins 3160 keVee

• DT neutrons dataset: 20,000 events recorded in a mixed radiation
environment with the DT generator

The data were processed using the Pandas Framework version 1.5.2
and the NumPy numerical library version 1.23.5, running over Python
version 3.10. Pile-up (PU) events and saturated traces were further re-
moved as described in [39]. This process yielded three datasets contain-
ing the most representative pulse shapes under diverse experimental
conditions.

Subsequently, after filtering out the undesired events, a joint dataset
was created by adding the recorded traces from the gamma events to all
the mixed neutron+gamma data (DD and DT). Hereafter, this dataset
is referred to as DDTg, or simply the combined dataset, which is the
basis of our study. Because the maximum energy range of our detector
is about 4.5 MeVee, only fast neutrons and gamma pulses up to that
limit are included. The energy for each event was estimated as the
peak amplitude of the trace, referenced to the baseline average over 20
samples. Fig. 1 shows a subset containing some captured pulse shapes.

4.2.4. Energy calibration
Evidence exists on the linearity of detectors with a CLYC crystal

coupled to a SiPM (based on SensL J-60035 arrays) when sensing
events of up to 8 MeVee [23,29]. Consequently, calibration was carried
out using only three points (including the baseline), as shown in
Table 1. Fig. 2 shows the obtained linear regression curve, yielding a
determination coefficient 𝑟2 = 0.999998 and the equation defined as:
𝐸 = (9.024 ± 0.015)𝑥 + (−2.54 ± 3.29) [keVee], where 𝑥 is the pulse
peak amplitude in ADC units. The 3160 keVee neutron capture reaction
peak was set according to the manufacturer’s calibration report for the
detector used in the experiment.

Both the Cs-137 gamma and 6Li neutron capture reaction calibra-
tion peaks (in ADC units) were obtained using Gaussian distribution
regressions of the energy histogram. The full-width at half-maximum

(FWHM) energy resolutions were 8% and 7%, respectively.
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Fig. 2. Energy calibration curve of the CLYC detector with three reference points:
baseline (0 keVee), Cs-137 photopeak (662 keV), and thermal neutron peak (3160
keVee).

4.3. Pulse-shape discrimination

The pulse-shape discrimination (PSD) index was computed with the
CCM, similar to [40,41] and was used only as a reference for the
traditional techniques applied to our detection system. The baseline
was removed for each trace and the pulses were inverted on the 𝑥-
xis to make them positive. Horizontal alignment was also performed
sing constant fraction discrimination (CFD) to ensure precise charge
stimation for the CCM [42].

The intrinsic capacitance of the SiPM acts as an integrator, deform-
ng the original pulse shape of the crystal response. By comparing
he pulse decay times of a standard CLYC crystal coupled to a fast
MT [11] with our detector output in Fig. 3a (about 5 𝜇𝑠), it is apparent
hat some shaping is carried out in our case [23], presumably by the
ontribution of the SiPM capacitance and of the built-in preamplifier.
o deal with the pulse shape deformation without requiring external
ardware or pulse shape pre-processing during classification, a single
amma trace and neutron event were selected to further analyze the
ey points in their discrete derivatives. As usual [8,28,43], two discrete
ntegration window ranges were defined to compute the PSD factor:
hort or prompt (𝑊𝑠) and long or delayed (𝑊𝑙). The short and long
reas of each pulse in these ranges are computed as 𝐴𝑠 =

∑

𝑊𝑠
𝑥𝑛 and

𝑙 =
∑

𝑊𝑙
𝑥𝑛, being 𝑥𝑛 each discrete value of the pulse under analysis.

he PSD factor is computed as a ratio of the difference of the areas, as
hown in Eq. (1):

𝑆𝐷 =
𝐴𝑙 − 𝐴𝑠

𝐴𝑙
(1)

The limits of such integration windows, expressed in sampling
periods, were chosen according to the derivative plots shown in Fig. 3b,
featuring the inflection points and slope values of both types of pulses.
The window ranges were initially set as [55–100] for 𝑊𝑠 and [55–150]
or 𝑊𝑙. The highest FoM was achieved using the window ranges 𝑊𝑠 =
50–105] and 𝑊𝑙 = [50–170], after iteratively tuning these limits. Details
f how the FoM is computed are provided in Section 6.2.

The derivatives were used as a reference to set the window ranges,
ith the pulse-shape discrimination analysis directly applied to the
ligned data without amplitude normalization, as shown in Fig. 3a.
lso, the derivative amplitudes of the normalized events indicate higher
bundance of low-frequency components in the neutron pulse shape,
iving a hint to how frequency analysis may be beneficial for discrim-
nation.
4

. Fourier-based classification

Contrary to the DFT-based method presented by Safari et al. [19],
e disregard the zero-frequency component, providing the proposed

lassification index with substantial immunity to the baseline offset.
n addition, no lower-energy neutron data are discarded, allowing
he inclusion of all the recorded events regardless of their energy.
oreover, our method does not require either any further time-of-flight

ToF) calibration (as carried out in [44]) to achieve 𝛾∕𝑛 separation,
ven at the lowest energy range of fast neutrons. We also use a more
omputationally efficient method to obtain the DFT magnitude based
n the FFT, as detailed in Section 5.1. The limitation of using the FFT
s the requirement of using a power of two number of samples [45]: in
ur work 211 (2048) samples were used for each triggered event.

Similar to the goals exposed in the work of Dutta et al. [3], we
se a CLYC crystal to perform 𝛾∕𝑛 event discrimination based on the
eatures extracted from the frequency-domain representation, resulting
nto a binary classification. However, our method does not require
ulse alignment and each individual event is analyzed at a time. The
roposed Frequency Classification Index (FCI) is based on the partial
pectral area (PSA) of the computed FFT for each detected pulse.

In this work, the data were elaborated using frequency transforma-
ion (FFT) carried out by the SciPy library version 1.10.1.

.1. Partial spectral area

Partial spectral area (PSA) has been defined as the discrete sum of
he spectral density magnitude (SDM) components of the DFT of a trace
ithin a defined frequency range. Let a single pulse trace be described
s a discrete signal 𝑥𝑛, which is further transformed into the frequency
omain using FFT for the DFT computation. This operation results in a
omplex expression 𝑋𝑘 containing the frequency and phase components
f the signal [46], as described in Eq. (2):

𝑘 =
𝑁−1
∑

𝑛=0
𝑥𝑛𝑒

− 2𝜋𝑖
𝑁 𝑘𝑛, 𝑘 = 0,… , 𝑁 − 1 (2)

Differences in the rise and decay times of both event types can
be observed in Fig. 3a, where the neutron events contribute to a
higher SDM in the lower frequency components. Consequently, we
expect to observe the same differences in the frequency domain plot
in Fig. 4, where the SDM of the first 2048 samples of the raw pulses
(as in Fig. 1) is shown. It is straightforward to infer that events with
higher low-frequency SDM components are more likely to be related
to neutron events. It is also worth noting that the differences between
the two types of events are apparent within the first 100 discrete
frequency components, providing a hint of the integration limits for
PSA computation.

Aiming at reducing the computational complexity in an embedded
target, the approximate SDM (ASDM) is proposed as the sum of the
absolute values of the real and imaginary parts of the DFT, also known
as the city-block (CB) approach [47]. Instead of using the original
definition involving the computation of a square root and two prod-
ucts, the CB alternative provides similar magnitude results with fewer
computational requirements [48]. The ASDM is used from now on to
compute the area of the PSA.

5.2. Frequency classification index

The FCI is the proposed index used to determine the likelihood
of an event being a gamma or neutron based on its PSA features.
Following the same approach as in Section 4.3, the FCI is defined as
the ratio of the integrated short and long windows of the ASDM. In
this case, the integration comprises the PSA within two ranges: low-
frequency components 𝑃𝑆𝐴𝑙 and wide-frequency components 𝑃𝑆𝐴𝑤.
The integration ranges were optimized as described in Section 4.3 to

achieve the maximum FoM, leading to [1–25] for the low-frequency
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Fig. 3. (a) Normalized 𝛾 and 𝑛 pulse traces with short (𝑊𝑠) and long (𝑊𝑙) integration windows for PSD. The horizontal line indicates the (1∕𝑒)-decay amplitude. (b) Trace
derivatives of 𝛾 and 𝑛 events with short and long integration windows. The integration limits for the PSD are 𝑊𝑠 = [50–105] and 𝑊𝑙 = [50–170].
ntegration window and [1–90] for the wide range in the discrete
requency axis, as highlighted in Fig. 4. It is worth mentioning that the
ero-frequency component is not used to compute the FCI, providing
he proposed method with immunity to baseline variations. Eq. (3)
efines the FCI based on the described integration windows:

𝐶𝐼 =
𝑃𝑆𝐴𝑤 − 𝑃𝑆𝐴𝑙

𝑃𝑆𝐴𝑤
(3)

. Results

The proposed 𝛾∕𝑛 classification method, based on frequency-domain
nalysis, has been evaluated using two quantitative criteria:

• The energy range on which the 𝛾∕𝑛 classification can be achieved
with the proposed index FCI

• The classification performance compared to other methods based
on frequency-domain analysis

The energy range and performance metrics are detailed in Sec-
ions 6.1 and 6.2, respectively.

In terms of the qualitative results, a two-class dataset with more
han 38,000 gamma and neutron events was created and is publicly
vailable at [49]. Each class contains not only the individual pulse
races sampled at 100 Msps, but also the calibrated energy and the
CI. Moreover, the possibility of making a precise implementation of
he proposed method targeting embedded hardware deployments ren-
ers our solution an attractive alternative for applications that require
eal-time mixed-radiation event classification.

.1. Neutron energy range

Because of CLYC’s 35Cl reaction with fast neutrons, the inherent Q-
5

alue and quenching losses create a scintillation energy equivalent to
Fig. 4. Approximate spectral density magnitude (computed using FFT) of a set of
pulses from the mixed 𝛾∕𝑛 dataset. The integration windows used to compute the
FCI are delimited in the vertical dotted–dashed lines and marked as 𝑃𝑆𝐴𝑙 and 𝑃𝑆𝐴𝑤,
respectively. Events with higher ASDM in the 𝑃𝑆𝐴𝑙 range are more likely to be related
to neutrons.

517 keVee for the lowest-energy fast neutrons [25]. By applying this
lower neutron energy-equivalent limit to the resolution of the detector
( 8%) in this energy range, the lowest detectable neutron energy is
established to be about 476 keVee. Applying such an energy cut is
mandatory in PSD with CCM to achieve an acceptable classification,
leading to FoM = (1.11±0.02). However, our method based on frequency
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Fig. 5. Comparison of 𝛾∕𝑛 separation with PSD (a) and FCI (b). The neutron limit represents the lowest energy-equivalent value at which neutron events can be physically detected
using a CLYC-based setup. The classification limit defines the discrimination between 𝛾 (lower cluster) and neutron (upper cluster) events. The FCI (b) qualitatively shows superior
performance over the entire energy range. More evident is the comparison below the neutron detection energy limit, on which multiple 𝛾 events are misclassified using PSD, but
an almost perfect classification is obtained with FCI.
Fig. 6. The same axes as in Fig. 5 but with a Cs-137 𝛾-only dataset. Neutron-related events are meant to be clustered over the classification limit in both plots (a) and (b). The FCI
method (b) shows a perfect classification for the events in the entire energy range, whereas the PSD with CCM (a) requires a lower energy cut to successfully separate both types
of pulses. The maximum expected energy of the photons is marked as the Cs-137 limit in both plots, based on the known photopeak energy plus the detector FWHM resolution.
analysis does not require any energy cut, and 𝛾∕𝑛 classification is
achieved automatically by a straight separation limit in the FCI. A de-
tailed comparison of both methods is shown in Fig. 5, where the lower
neutron energy limit depicts how well the FCI method distinguishes 𝛾
from 𝑛 events, as expected from the physical behavior of the detector.
Neutron interactions were grouped over the classification line, whereas
gamma events remained below this limit.

As expected, thermal neutrons exhibit a dense cluster close to 3160
keVee because of the 6Li neutron capture reaction in the crystal. Most
of the remaining neutron events are caused by 35Cl neutron scattering,
providing not only counting capabilities, but also valuable spectroscopy
information [25].

Fig. 6 reveals the actual classification power of the FCI method
(Fig. 6b) compared to PSD with CCM (Fig. 6a), providing a better
insight into how none of the events in the Cs-137 𝛾 dataset have been
misclassified as neutron events, even at the lowest energy.

6.2. Classification performance

We use the same FoM defined in [3,19–21] as the classification
performance metric, as shown in Eq. (4). Variable 𝑆 represents the
distance between the gamma and neutron mean values of the distribu-
tions, whereas 𝐹𝑊𝐻𝑀 and 𝐹𝑊𝐻𝑀 are the FWHM of each Gaussian
6

𝛾 𝑛
curve for the 𝛾 and 𝑛 events, respectively.

𝐹𝑜𝑀 = 𝑆
𝐹𝑊𝐻𝑀𝛾 + 𝐹𝑊𝐻𝑀𝑛

(4)

To achieve equal comparison conditions, an energy cut was applied
to the dataset for FoM estimation: events with energies below the
neutron limit (approximately 475 keVee) were disregarded. This action
does not affect the neutron detection capabilities with FCI though, since
no neutron events are present below this energy limit within the gamma
cluster, as shown in Figs. 5b and 6b.

The FoM was computed by integrating along the energy axis of both
methods (PSD and FCI) down to the neutron energy limit, resulting
in a histogram. The estimation of such a distribution is obtained from
the sum of the two Gaussian functions. Fig. 7 shows the histograms
and corresponding regressions performed to compute the FoM for both
methods.

Superior classification is possible using the FCI (Fig. 7b) compared
to the PSD with CCM (Fig. 7a) after evaluating our experimental data
discrimination metrics. We also achieved the best FoM compared to
other methods that use frequency domain analyses, accounting for the
classification capabilities in the complete detector energy range. As
a means of comparison with other implementations, another test was
carried out to verify the performance of the FCI with an energy cut at
1 MeVee (the limit discussed in [21]), leading to a higher FoM. Table 2
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Fig. 7. FoM comparison of PSD (a) and FCI (b) for the same mixed 𝛾∕𝑛 dataset.
Table 2
Comparison of frequency-based methods for 𝛾∕𝑛 classification. The lowest energy range
refers to the lowest neutron energy-equivalent limit on which classification from gamma
events is possible in each study. ADC bins* units are used due to the absence of
energy calibration in the referenced work. Our method was tested under two conditions:
without any neutron being disregarded and with a low energy cut at 1 MeVee (the
limit discussed in [21]).

Method Best FoM Lowest energy Detection system

[3] 1.35 1930 ADC bins* CLYC + PMT
[19] 1.48 200 keVee BC501A + PMT
[20] 1.51 200 keVee BC501A + PMT
Ours 1.88 No lower limit CLYC + SiPM
Ours 2.13 1 MeVee CLYC + SiPM

summarizes the results of our FCI and previous studies related to 𝛾∕𝑛
classification based on frequency analysis.

7. Discussion

Our method (FCI) achieved better classification performance (FoM)
for gamma and neutron events when compared to other solutions
based on frequency-domain analysis. We have also demonstrated a
superior FoM for FCI compared to PSD with CCM when tested with
the same experimental data. Moreover, reliable confirmation of the
observed 𝛾∕𝑛 clusters with FCI is supported by the expected response
of the CLYC crystal, even at the lowest 𝑛𝑓 energy-equivalent range of
the detector. No ToF calibration is required to achieve such results,
demonstrating the CLYC capabilities as a standalone 𝑛𝑡ℎ detection and
𝑛𝑓 + 𝛾 spectroscopy system when coupled with SiPM sensors.

In contrast to other methods based on frequency-domain analysis for
𝛾∕𝑛 classification [3,20], our proposal was conceived for its deployment
in embedded applications. The city-block simplification used in the
approximate spectral density magnitude (ASDM) computation along
with the 100 Msps sampling rate render our solution attractive for
either FPGA or DSP real-time implementations.

A tagged dataset of gamma and neutrons was obtained after the data
curation process. Such a dataset is valuable because of the low avail-
ability of classified 𝛾∕𝑛 traces sampled using a small integrated detector
based on CLYC coupled to a SiPM array. It is worth mentioning that
all analyzed traces were tagged, including pulses related to low-energy
events. The dataset includes two types of events (classes): gamma
photons and neutrons. The raw pulse traces and their corresponding
calibrated energy are stored for each detected event up to 4.5 MeVee.

8. Future work

A hardware design to validate the proposed method using an em-
7

bedded application is under development, targeting an AMD Artix-7
XC7A35T FPGA. The design prototype operates at 100 MHz with 10
bits amplitude resolution and computes the FFT with a transform length
of 2048 samples, compatible with the data format presented in Sec-
tion 4.2.3. Aiming at real-time operation, the system has been devised
in a pipelined streaming scheme. The highest reported resource utiliza-
tion in the FPGA is in the DSP blocks with a total of 37%, while the
LUT and BRAM usage remain below 17% and 12%, respectively. Both
the timing closure of the design (as reported by the development tool)
and the resource utilization evidence the viability of implementing an
embedded hardware solution to execute this 𝛾∕𝑛 classification method
using a commercial FPGA device. The same design was also tested
in an AMD Zynq 7z020 system-on-chip (SoC), reporting an overall
resource utilization lower than 12%, suggesting the potential to exploit
the parallelization capabilities in multiple detector systems.
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