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A B S T R A C T

This paper reports on the performance of the inorganic scintillator caesium hafnium chloride (CHC) under
exposure to the mixed radiation field of an AmBe neutron source and coupled to a silicon photomultiplier
(SiPM). The neutron response is determined using the pulse shape discrimination charge comparison technique
which can clearly identify both the (𝑛,𝛼) and (c) reactions in the material. Figures of merit for the pulse shape
discrimination are presented and the quenching of the different channels is assessed through comparison to
Monte Carlo simulations.
1. Introduction

Dual-mode neutron-𝛾 detectors are those capable of the simultane-
us measurement of both neutron and 𝛾-ray radiation. Such detectors
(typically scintillators) have come to prominence in recent years with
the development of Cs2LiYCl6 (CLYC) [1–4] and a number of related
materials (e.g. Refs. [5,6]). In CLYC, two isotopes provide the primary
neutron-detection capability, 6Li and 35Cl. In a previous work [7], we
demonstrated that the widely-used lanthanum-halide scintillator LaCl3
exhibited a fast neutron response due to the presence of 35Cl. Here,
we investigate the novel scintillator Cs2HfCl6 and demonstrate that it
too exhibits fast-neutron detection capabilities and makes an intriguing
candidate for fast-neutron measurements.

Cs2HfCl6 (henceforth CHC) [8,9] has a number of properties that
make it a potentially promising dual-mode scintillation material. Firstly,
its effective 𝑍 and density (𝑍𝑒𝑓𝑓 = 58, 𝜌 = 3.86 g/cm3) make it
well suited for detecting 𝛾 rays, even at high energies. From the
erspective of neutron detection it only has one significant neutron-
nteracting isotope (35Cl). By comparison as previously mentioned,
LYC contains both 35Cl and 6Li, resulting in a more complicated
esponse. This is especially problematic for the 35Cl(𝑛, 𝛼) channel which
ecomes significant for higher energy neutrons as seen in Fig. 1 and is
typically contaminated by the 6Li(𝑛,𝑡) reaction which also produces 𝛼-
particles. This can be overcome in CLYC by depleting the 6Li content
(e.g. Ref. [10]), although even a small 6Li remnant can prove problem-
atic due to the large cross section for the 6Li(𝑛,𝑡) reaction, especially
with thermal neutrons. In comparison with LaCl3 (which might seem
the most directly comparable material), CHC contains no significant
naturally occurring radioactive contaminants whereas, in common with
all lanthanum halides, actinium contamination in LaCl3 is presently
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unavoidable. As seen in our previous work [7], this naturally occurring
contamination directly interferes with the 35Cl(𝑛, 𝛼) channel. In the
absence of this contamination, CHC might give full access to both the
35Cl(𝑛,𝑝) and 35Cl(𝑛, 𝛼) channels, important for disentangling the full
incident neutron spectrum.

2. Experimental technique

A sample of CHC was produced at Fisk University using the Bridg-
man technique [8,11]. The crystal was grown to a size of 17 × 19
× 9 mm and polished under mineral oil to produce an optical finish.
Further details of CHC material processing and growth can be found in
Ref. [12].

2.1. Internal radiation

The intrinsic background of the CHC scintillator was assessed
through the use of a low-background hyper-pure germanium (HPGe)
detector. The detector was surrounded by a 5 cm thick lead shield with
an additional layer of copper to reduce the characteristic 74 keV Pb X-
ray. The data acquisition chain comprises a Canberra 3106D PSU, an
Ortec 570 shaping amplifier, and an Ortec EasyMCA, processed by the
Ortec Maestro software.

Measurements were taken of both the room and scintillator intrinsic
backgrounds for a duration of 7 days (604 800 s live time) and are
shown as Fig. 2. There is no internal 𝛾 radioactivity detected by the
HPGe, with the strong lines shown in Fig. 2 present in both datasets
and indicative of room background.
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Fig. 1. Proton and 𝛼-particle producing cross sections for the most abundant chlorine,
hafnium and caesium isotopes. Clearly the 35Cl(𝑛,𝑝) and 35Cl(𝑛,𝛼) cross sections are the
most relevant for incident neutron energies between about 1 MeV and 20 MeV. Cross
sections taken from the ENDF VIII evaluation [13].

Fig. 2. Intrinsic radiation of the Cs2HfCl6 crystal as measured with a seven day
exposure to a HPGe detector and compared to a background measurement. No excess
events are seen above background, indicating no significant sources of intrinsic 𝛾-ray
producing radiation.

2.2. Detector fabrication and data acquisition

The CHC scintillator was attached to a 2 × 2 array of SensL 6 mm
J-series silicon photomultipliers (SiPM) with the 17 mm × 19 mm face
coupled via a thin layer of Dow Corning silicon high vacuum grease.
This setup has had previous good results for neutron-𝛾 discrimination
measurements which have been published [7,14] and takes advantage
of the SiPM’s low power consumption and small form-factor. The
scintillator was wrapped with 8 layers of 0.075 mm thick PTFE tape to
improve light collection. We have previously established that beyond
this level of wrapping diminishing returns begin to set in. The entire
detector is housed within a light-tight aluminium enclosure.

The SiPMs are powered via a CAEN N1419 PSU with an overvoltage
of 2.5 V (27.3 V operating voltage) with a summed output of all four
SiPMs fed into a fast digitiser. The digitiser selected was the Caen
V1730C, which has an ADC resolution of 14-bits, a dynamic range set
to 0.5 V, a sampling rate of 500 MS/s, and a bandwidth of 250 MHz.
The full waveform of each pulse was captured for offline processing
2

using an analysis code written in the ROOT [15] framework that has
previously been used for similar studies.

2.3. Pulse shape discrimination

The technique of pulse shape discrimination is widely known and
has seen extensive use in many fields. It can, however, take a vari-
ety of forms so we shall briefly describe the method used here. The
charge comparison method is a simple technique whereby two gates
are applied over the pulse and a PSD parameter is calculated as:

𝑃𝑆𝐷 = 1 −
𝑄𝑠
𝑄𝑙

. (1)

where, 𝑄𝑠, is the charge integrated within the short gate, and, 𝑄𝑙, the
harge within the long gate, in this case the entire duration of the pulse.
uring this work the optimal short gate setting was established to be
μs encompassing the peak and early part of the pulse.

.4. Neutron measurement

This work follows the methodology used in Ref. [7]. The CHC
rystal was exposed to an AmBe source without (‘‘fast’’) and with
‘‘thermal’’) water moderation. The exposures were of the same dura-
ion, and a background measurement of the same duration was also
erformed. Fig. 3 shows the PSD parameter plotted against the 𝛾-ray
alibrated energy for the three measurements.
Fig. 3 shows the difference in detector response to high- (fast)

nd low-energy (thermal) neutrons compared to the background. Two
dditional reaction channels emerge with exposure to fast neutrons as
lower-PSD shoulder to the 𝛾 ray distribution and a new low-PSD

ocus, corresponding (as in Ref. [7]) to the 35Cl(𝑛,𝑝) and 35Cl(𝑛,𝛼) reac-
ions respectively. As seen in Fig. 1 these reactions have approximate
neutron-energy thresholds of 1 MeV and 3 MeV, respectively. Also
shown in Fig. 3 are projections along the PSD axis. We note a low level
of 𝛼-like events in the background spectrum, perhaps indicative of 𝛼-
emitting radioactive contaminants at a very low level. This background
is many orders of magnitude weaker than was seen in lanthanum
halide detectors [7] however, and does not significantly interfere with
a fast-neutron analysis.

By projecting along the PSD axis and fitting the resultant histogram
with three normal distributions one can determine the contributions
arising from 𝛾-ray, proton, and 𝛼-particle like events. An example of
the fitting procedure is shown in Fig. 4, which is performed across
the full energy range of Fig. 3 in bands of 128 keVee. The respective
contributions are then extracted for each energy band and spectra can
be constructed for each species. We identify in Fig. 4 the contributions
of 𝛾-ray, proton, and 𝛼-particle like events as those distributions with
centroids at ∼0.69, 0.67, and 0.64 respectively. Fig. 5 shows the resul-
tant spectra for both fast and thermal exposures where in each separate
case the contributions attributed to 𝛾-ray, proton, and 𝛼-particle like
events are plotted as a function of energy. This further clarifies the
difference in response resulting from exposure to fast neutrons. The
level of separation of the resulting loci is determined via a Figure of
Merit (FoM) [16] which will be fully discussed in a later section.

Selecting events consistent with the 𝛾-ray, proton and 𝛼-particle
channels, Fig. 6 shows the average waveforms for events between
2 MeVee and 2.2 MeVee. From these events, one can characterise the
difference in pulse decay time. The time for the pulse to decay from
90% to 10% of its maximum is, for the waveforms shown in Fig. 6,
11.34 μs, 10.16 μs and 9.20 μs for 𝛾 rays, protons and 𝛼 particles, respec-
tively. CHC is a slow scintillator, with decay times of ∼2–4 μs having
been reported previously when read out with a fast photomultiplier
tube (PMT) [8], we conclude that the discrepancy between this and
our reported decay time is due to convolution with the slower SiPM.
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Fig. 3. Pulse-shape discrimination parameter (PSD, Eq. (1)) plotted against the 𝛾-
ray calibrated energy for the background (a), thermal (b) and fast (c) experimental
configurations. There are clear excesses with two strongly populated channels in the fast
configuration corresponding to the 35Cl(𝑛,𝑝) and 35Cl(𝑛,𝛼) reactions. The insets show
projections along the PSD axis between the dashed lines for the three configurations,
demonstrating the additional counts in the PSD loci. For an expanded projection along
the PSD axis showing the alpha, proton and gamma ray contributions, see Fig. 4.

3. Results & discussion

The PSD shown in Fig. 3 can be quantified by a figure-of-merit
(FoM) [16], indicating how well separated the different PSD loci are.
The FoM is defined as

𝐹𝑜𝑀 =
𝐶(𝑥) − 𝐶(𝑦)
|𝛤 (𝑥) + 𝛤 (𝑦)|

, (2)

where 𝑥 and 𝑦 correspond to the different loci (i.e. proton and 𝛼), 𝛤
s the full width at half maximum and 𝐶 is the centroid of peaks in
he projection of the PSD axis. Fig. 7 shows the FoM plotted against
the observed energy for CHC as calculated using the fast experimental
configuration. The values for CHC here are rather similar to those
determined in LaCl3 [7]. A nominal limit for complete separation is
an FoM of 1.26, corresponding to a separation of more than 3𝜎 [17].
The values shown in Fig. 7 are somewhat lower, however there are
some potential avenues for improvement. Most importantly, the crystal
employed in the present work exhibited a resolution between 3–4 times
worse than has previously been demonstrated for this material [9],
likely due to imperfections inhibiting light collection. Any improve-
ment in light collection to recover this resolution would be expected to
3

Fig. 4. A demonstration of the fitting technique used to extract spectra for proton-, 𝛼-
and 𝛾-like events. The spectrum corresponds to Fig. 3(c), projected onto the PSD axis
for energies between 2684 keVee and 2812 keVee (electron-equivalent energy scale).
The fit (solid blue line) is made up of three normal distributions (dashed black lines)
corresponding to, from left to right, 𝛼, proton and 𝛾-ray events. The area of each
distribution is then used to determine the number of counts. Also shown (red, filled
histogram) is the thermal distribution.

Fig. 5. Observed spectra for 𝛾-ray (a), proton (b) and 𝛼 (c) like events for the
fast (black points) and thermal (red band) experimental configurations. Each point
corresponds to a 128-keVee bin width. The extent of the red band indicates the ±1𝜎
uncertainties on the thermal measurement. There is a clear and significant excess in
counts for the proton and 𝛼-particle like events in the fast configuration arising from
the 35Cl(𝑛,𝑝) and 35Cl(𝑛,𝛼) reactions, while some excess is seen for the 𝛾-rays due to
the reduction in attenuation arising from the removal of the water moderation.
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Fig. 6. Average pulse shapes from Cs2HfCl6 arising from 𝛾-ray, proton and 𝛼 particle
events. The average pulses are calculated based on all events satisfying the associated
PSD condition between 2 MeVee and 2.2 MeVee. Shown in the legend are the time
taken for the averaged pulses to decay from 90% to 10% of their maximum amplitudes.

Fig. 7. Figure of merit (FoM, Eq. (2)) for Cs2HfCl6 for the proton and 𝛾, and 𝛼 and
proton loci, plotted against the energy deposited in the crystal. Filled bands indicate
the ±1𝜎 uncertainties about the central values (dashed lines).

improve the FoM by reducing variance in the waveform and narrowing
the peaks in the PSD spectrum [18]. A full assay of CHC crystals and
a careful optimisation of the optical setup so as to determine the best
achievable FoM will be the subject of future work.

The experimental values obtained here were also compared to a
Monte Carlo simulation performed using GEANT4 [19]. The simula-
tion addresses the question of the quenching of the energy deposition
spectrum and the relative efficiencies of the proton and 𝛼 channels.
uenching is a well-known effect whereby 𝛼-particle and proton events
esult in a reduced light yield when compared to 𝛾 rays [20].
The incidence of particles with large linear energy transfer on a

cintillator (i.e. 𝛼 particles) causes the change in pulse shape used to
erform PSD, but also results in a quenching of the energy deposition
pectrum as compared to 𝛾-ray irradiation. As the majority of detector
alibrations are performed with 𝛾-ray sources, this quenching must be
orrected for in order to extract any spectroscopic information from
he detection of charged particles. For example, in CLYC the thermal
Li(𝑛,𝑡) capture (𝑄 = 4.8 MeV) is observed at an electron-equivalent
nergy of about 3.3 MeV - a quenching of 0.69 [21].
Here, we quench the simulated proton and 𝛼 deposition spectra

which assume perfect energy collection) so as to best reproduce the
 t

4

Fig. 8. (a) Simulated incident neutron spectrum. (b) Experimental (points), simulated-
quenched (solid line) and simulated-unquenched (dashed line) proton deposition events.
(c) as (b) but for 𝛼 events. Quenchings of 0.76 and 0.39 were found for proton and
-like events, respectively.

xperimentally observed spectra. Note that a single quenching parame-
er is used for each of the proton and 𝛼 spectra, whereas in reality there
may be some additional energy dependence to the quenching. The top
panel of Fig. 8 shows the simulated incident neutron spectrum from
the simulated AmBe source. The middle and bottom panels show the
fit of the simulated spectra for protons and 𝛼 particles, respectively.
Also shown are the unquenched simulated spectra. Quenchings of the
proton and 𝛼 spectra of 0.76 and 0.39 are found, respectively.

A comparison to the simulation of the relative contributions from
proton and 𝛼-like events was also made. Accounting for the thresholds
in observing protons and adjusting for the fitted quenching, p/𝛼(sim.)
= 2.07(2), whereas p/𝛼(expt.) = 1.78(8). This discrepancy might be
xplained by the slight excess in 𝛼-particle events at lower energies in
he bottom panel of Fig. 8. It may also be due to some deficiencies
rising from the simplified geometry employed in the simulation.

. Conclusions

The fast-neutron response of the novel scintillator Cs2HfCl6 has been
emonstrated for the first time. Pulse-shape discrimination was used

35
o identify two neutron-induced reaction channels on Cl: (𝑛,𝑝) and
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(𝑛,𝛼). Importantly, when compared to LaCl3 in which these channels
ere also recently demonstrated [7], there is no sign of significant
contamination, giving full access to the 35Cl(𝑛,𝛼) channel. Through
omparison with Monte Carlo simulations the quenching of the proton
nd 𝛼 particles relative to 𝛾 rays was also assessed and found to be 0.76
nd 0.39, respectively.
There are potential avenues to improve the pulse-shape discrimina-

ion of the material. The selection of the photo detector was driven
y prior work on developing compact, low-power neutron detectors
ith achieving the absolute maximum PSD and energy resolution a
econdary concern. It is widely known that even with the advances in
iPM technology in recent years a traditional PMT still produces su-
erior energy resolution [22]. The combined crystal and photodetector
ystem used here, but parsed through an Ortec EasyMCA (multichannel
nalyser), provided a 𝛾-ray resolution of 6.27(4)% at 661.64 keV com-
ared to that reported previously of ∼4% [8,11]. A study making use
f different light-collection setups and careful selection of high optical-
uality crystals might therefore be expected to provide an improved
oM and a full assay of crystals and photodetection methods will be
he next step.
The FoM presented in this work should therefore be considered a

ower-bound of what is achievable with the material. Cs2HfCl6 is a
ovel material, meaning that it is still very much under development.
ests with alternate dopants might be found to further improve the
oM beyond the 3𝜎 limit, making the reaction channels easily accessible
hrough a simple region-of-interest analysis.
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