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The response of LaBr;(Ce) and LaCl;(Ce) scintillators to fast neutrons is investigated. Neutron-induced charged-
particle reactions are observed in both materials when exposed to the fast neutrons produced by an AmBe
source, with pulse-shape discrimination used to separate channels. LaBr;(Ce) is found to have the best
separation between reaction channels, while LaCl;(Ce) has a significantly higher efficiency.

1. Introduction

Lanthanum-halide scintillation detectors, such as LaCl;(Ce) and
LaBr;(Ce), have been employed for many years in both fundamental
and applied physics due to their excellent y-ray resolution and fast re-
sponse (see, e.g. Refs. [1-5]). Here, we identify a previously unreported
feature of both of these detectors, namely a response to fast neutrons
that can be distinguished using standard pulse-shape discrimination
(PSD) techniques. Such a response, coupled with their well-known y-ray
detection capabilities, opens the possibility of using these scintillators
for the extraction of spectroscopic neutron and y-ray data within a
single detection medium.

Neutron-induced charged-particle reactions, such as (», p) and (1, a),
result in the creation of a charged particle with kinetic energy
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where Q is the Q-value of the reaction, E, is the energy of the incident
neutron, m, is the mass of the emitted particle and my the mass of
the residual nucleus following emission. In general m, < my and the
denominator is therefore approximately unity. The energy deposited
in a scintillator following such a reaction on one of its constituent
nuclei can thus readily be corrected for a known Q value in order
to provide neutron-energy information. Given sufficient resolution for
the detection of the produced charged-particle, this can then be used
to determine an incident neutron spectrum, without, for example,
requiring time-of-flight information as used in e.g. Ref [6].

Relevant neutron-induced charged-particle reaction cross-sections
for isotopes of La, Cl and Br are summarised in Fig. 1, as determined
in the ENDF-VIII reaction cross-section evaluation [7]. Of the cross-
sections relevant to the present work, 35Cl(n,p) and 35Cl(n, «) are
clearly largest, and further enhanced in practice by the relatively
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large (~76%) natural abundance of 3°Cl. The 7°Br(n,p) channel is
also relatively strong, albeit an order-of-magnitude reduced from the
aforementioned 3°Cl reactions. All other reactions are significantly
less influential due to their lower cross-sections or limited natural
abundance (e.g. 3’ Cl(n, a) and 3’ Cl(n,p)).

Based on the above cross-section information, one would expect
LaCl;(Ce) to have a superior efficiency for the detection of fast neutrons
(E 2 1 MeV), with LaBr;(Ce) having an efficiency about an order of
magnitude lower. On the other hand, the energy resolution of LaBr3(Ce)
is notably superior to that of LaCl3(Ce).

2. Methods

A scintillator-SiPM (silicon photomultiplier) device was constructed
and exposed to various radiation sources. y-ray calibrations were per-
formed using 22Na, °°Co, 137Cs, and 1°2Eu sources whereas the mixed
radiation field was provided by an 18.5 GBq 24! AmBe neutron source.
Measurements with the AmBe source were performed overnight for
17 hours, whereas calibration data was taken until sufficient statistics
were acquired.

2.1. Scintillators

Scintillators of identical geometry were purchased (Shalom EO,
China), a sample of lanthanum chloride (LaCl;) to investigate the
chlorine content of the material, and a piece of lanthanum bromide
(LaBr3) to act as a comparison. Both materials were doped with cerium
at a concentration of 5% mol as specified by the manufacturer. Each
scintillator crystal was 1 cm? and fully encapsulated in an aluminium
casing due to the hygroscopy of the material (see Fig. 2). The scintilla-
tor was coupled to the photodetector using Dow Corning high vacuum
silicone grease to maximise optical transmission.
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Fig. 1. Neutron-induced charged particle reactions for relevant nuclides within
LaCl3(Ce) and LaBr;(Ce) according to the ENDF-VIII evaluation [7] (Colour online).
Reactions on 3°Cl dominate all others by approximately an order of magnitude or
more. The 7°Br(n,p) is the next most important to consider.

Fig. 2. The encapsulated LaBr; (left) and LaCl; (right) scintillators.

2.2. Silicon photomultiplier

A 2 x 2 array of SensL 6 mm? J-series SiPMs was selected as the
photodetector to fully capture the emission from the scintillator. Previ-
ous investigations had established 27.3 V as an appropriate operating
voltage [8], equivalent to an overvoltage of 2.5 V, which was supplied
using a CAEN N1419 PSU.

2.3. Data acquisition

The output of the detector was immediately digitised using a CAEN
V1730C. The digitiser has an ADC resolution of 14-bits, covering a
selectable analogue dynamic range of 0.5 V or 2 V, a sample rate of
500 MS/s, and a bandwidth of 250 MHz. All data were processed offline
using a ROOT [9] analysis code.

2.4. Analysis

The charge comparison method of pulse shape discrimination is a
widely known technique [10,11], whereby two time gates are applied
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over a pulse, and the charge contained within each is integrated. For
this work, best results were found with a short gate duration of 150 ns,
with the total pulse recorded with a 760 ns window. The ratio of
these two integrals (referred to henceforth as the PSD parameter) can
be plotted against the total charge in the pulse to identify different
interactions with sensitivity to the ionisation density of the interacting
particle.

To elucidate the fast neutron response of the materials we acquired
data with the LaBr3(Ce) and LaCl;(Ce) scintillation detectors in three
irradiation configurations, with the same exposure time (17 hours). In
the first (“thermal”) configuration, the AmBe source was shielded from
the detector by 30 cm of water, allowing the neutrons to thermalise
before interacting with the detector. In the second (“fast”), the setup re-
mained identical, but the water was displaced with a hollow “‘air tube”,
dramatically reducing thermalisation of neutrons. In both cases, the
detector was additionally shielded by a lead brick to reduce exposure
to y rays. Data were also acquired (“background”) without exposure to
a source, providing a measure of the internal and room backgrounds.

Fig. 3 shows the PSD parameter plotted against the calibrated
energy for the three configurations for LaCl;(Ce) and LaBr3(Ce), with
a some features immediately apparent. Note that the PSD response
is inverted between the two materials, with higher ionisation density
resulting in a larger PSD value for LaCl;(Ce) and a smaller value
in LaBrs(Ce). Average 1/e decay times, convoluted with the acqui-
sition electronics and the SiPM readout circuitry, were recorded as:
427.6(6.2), 450.2(5.3), and 483.5(7.8) ns for LaCl;, and 285(3.4),
272.2(2.5), and 259.4(2.2) ns for LaBr; (times for y ray, proton, and
a pulses respectively). As is clear from the background measurements,
both detectors contain an a-decaying contamination. This is a well-
known property of lanthanum-halides and originates from long-lived
actinium contamination [12]. Comparison of the fast and thermal
spectra shows some clear excess counts in the PSD dimension. In the
LaBr;(Ce) spectra (Fig. 3, right), three loci are clearly distinguished,
with the new locus lying between y rays and « particles. This indi-
cates energy deposition by an interacting particle with an intermediate
ionisation density to y rays and a particles: protons. A similar feature
is seen in the LaCl;(Ce) data (Fig. 3, left), albeit with an inferior
separation. Indeed, the proton events here appear as a shoulder on the
y-ray distribution. No indication of events in these regions is found
in the background data, with a greatly reduced number of counts in
the thermal data as compared to the fast. We can therefore identify
these events as originating from (n, p) reactions induced by fast neu-
trons. Some additional events also appear in the region of the a-locus,
indicating that an (n, @) channel is also active.

3. Discussion

In order to extract a spectrum of the proton and a energies in
LaCl;(Ce) the proton shoulder needed to be extracted. This was done by
projecting the data shown in Fig. 3 along the PSD axis and performing
a triple-Gaussian fit. An example fit is shown in Fig. 4, where the
individual contributions (dashed lines) can be extracted by integrating
each distribution to determine the number of y-ray, proton and a-
particle events at that energy. The areas of the respective y-ray, proton
and a-particle peaks are shown in Fig. 5 plotted against the calibrated
energy for both the thermal and fast data. The y-ray spectrum is
similar for both, albeit slightly attenuated in the thermal data as
compared to the fast. In the a-particle spectrum the contaminant peaks
dominate both fast and thermal data, however there is a clear excess
in the fast spectrum at energies lower than the contaminant, with
some small excess at higher energies as well. The proton spectrum is
almost completely suppressed in the thermal data, whereas in the fast
data significant contributions are observed. Within the 1000 keVee to
5000 keVee range 2090(80) proton counts are observed in the fast data,
as compared to 212(65) events in the thermal data.

In the LaBrs(Ce), the PSD separation is excellent. Protons, « parti-
cles, and y rays are well separated with the respective loci discernible
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Fig. 3. Pulse-shape discrimination parameter, PSD, plotted against the energy measured in the LaCl;(Ce) (left) and LaBry(Ce) (right) detectors for (top) internal and room
backgrounds, (middle) exposure to thermal neutrons and (bottom) exposure to fast neutrons. See text for details. Regions of counts are clearly visible in the fast neutron data
between the y and a particle loci that is not strongly present in either the thermal or background data. The inset figures are projections on the PSD axis performed in the region

indicated by the dashed lines, demonstrating the additional response to fast neutrons.

by eye in Fig. 3. No significant excess was observed for « particles,
as expected from the cross-sections shown in Fig. 1. Fig. 6 shows the
resultant spectra, following the same analysis as performed for the
LaCl;(Ce). Between 1000 keVee and 5000 keVee, 404(23) protons were
observed in the fast spectrum, as compared to 28(7) in the thermal
data. Note that the ratio of thermal to fast neutrons is consistent in
both LaBr;(Ce) and LaCl3(Ce), within 1o uncertainties.

The PSD properties of a material can be quantified by a figure-of-
merit (FOM) [13], defined as

_ € -Ccy)l
IC(x)+ T
where x and y are the particle types being differentiated (proton, y-ray
or a-particle), C corresponds to the centroid of that particle type and
I is the full-width at half-maximum of the distribution of that particle
type. The FOM values for LaCl;(Ce) and LaBr;(Ce) determined in the
present work are given in Figs. 7 and 8 respectively, plotted against
the electron-equivalent energy. The separation between « particles and
y rays in LaCl;(Ce) is consistently good, with a FOM greater than 1.5
at most energies, while protons and a particles are relatively well-
separated (FOM ~1). Proton-y separation is less pronounced, with a
FOM value of approximately 0.5 at all energies. In LaBr3(Ce) there is no
significant detection of a-like events outside of the contaminant region,
and so a-y and proton-a FOMs are only shown in the contaminant
region. The proton-y differentiation is good, with FOM > 1.26 at low
energies, indicating a separation of better than 3¢. At higher energies
the proton and y like events become less well separated, which can
be seen in the bottom panel of Fig. 3 (right). We note a significantly
improved PSD in LaBr;(Ce) as compared to that given in, for example,
Ref. [14]. This is likely due to the considerably smaller volume used in
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Fig. 4. An example fit to the LaCl3(Ce) PSD values with a triple-Gaussian with the
individual contributions shown. Peaks, from left to right, correspond to y rays, protons
and a particles.

the present work [15]: 1 cm? here, as compared to @1“x1” (12.9 cm?)
in Ref. [14].

The phenomenon of spectrum “quenching”, whereby particles with
larger linear-energy transfer (LET) induce a proportionally lower scin-
tillation signal than those with a lower LET value has previously been
described in, for example, LaBrs(Ce) [16,17]. It can clearly be seen in
the a-particle contamination of Fig. 3, where the highest energy peak
(7386 keV from 215Po a decay) is quenched to an electron-equivalent
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Fig. 5. Fast (black points) and thermal (red line and uncertainty band) energy spectra
for (top) y rays, (middle) « particles and (bottom) protons in LaCl;. Clear excesses are
seen in both the a-particle and proton spectra due to (n,p) and (n,«) reactions. The
peak in the y-ray spectrum corresponds to the double-escape peak originating from the
4.4 MeV decay of the first-excited state in 2C.

energy of approximately 2300 keVee in LaCl;(Ce) and approximately
3400 keVee in LaBrs(Ce). The energy spectra presented in Figs. 5 and
6 are the quenched spectra, with the a-particle spectrum expected to
experience more quenching than the corresponding proton spectrum.

Interpretation of the experimental data was aided by simulations
of the detectors’ response to fast-neutron exposure in GEANT4 [18].
The experimental AmBe neutron spectrum of Ref. [19] was used, with
the experimental setup simulated and repeated for both the LaBr;(Ce)
and LaCl3(Ce) crystals. The simulations incorporated the (n,p) and
(n,a) cross sections shown in Fig. 1. Based on these simulations it
is expected that (n, p) reactions on LaBr;(Ce) will have an efficiency
approximately 6% that of (n, p) reactions in LaCl;(Ce). Due to uncer-
tainties in the quenching of the proton pulse height a direct comparison
of simulation to data is not possible, however the number of proton-like
events detected experimentally in the LaBrs(Ce) between 1000 keVee
and 5000 keVee is found to be approximately 20% that of LaClz(Ce)
within the same range, perhaps indicating some deficiency in the
cross-sections of Fig. 1.

4. Conclusions

We have demonstrated the fast-neutron response of two common
lanthanum-halide detectors: LaCl3(Ce) and LaBrs(Ce). Neutrons in-
teract with the scintillator by (n,p) and (n,«) reactions, resulting in
charged-particles depositing energy in the material and giving direct
access to the incident neutron energy. It is found that both scintillation
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Fig. 6. As Fig. 5 but for LaBr;. No enhancement is seen in the a spectrum, as expected
from the reduced cross section. Note that coarser binning is used than in Fig. 5 due
to the reduced statistics.

Fig. 7. Figure of merit for LaCl;(Ce) showing the separation in PSD between protons
and «a particles, protons and y rays and a particles and y rays.

materials have pulse-shape discrimination (PSD) properties for y-rays,
protons and « particles. LaBr;(Ce) demonstrates exceptional PSD with
y rays, protons and « particles clearly separated. LaCl;(Ce) meanwhile
has reduced separation, requiring a more intensive analysis to extract
a neutron spectrum. Given that LaCl;(Ce) has a considerably higher
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Fig. 8. Figure of merit for LaBr;(Ce) showing the separation in PSD between protons
and « particles, protons and y rays and « particles and y rays. Note that for the a
particle separations only the energy region corresponding to the actinium contamination
is included due to poor statistics elsewhere.

efficiency for the detection of neutrons it would be of great interest to
develop the material’s PSD properties further.
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