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Abstract

®

CrossMark

A neutron sensitive scintillator employing nanoparticles of ZnS:Ag has been developed for the
first time. Pulse shape differences between neutron and gamma signals were observed in this
material and neutron-gamma discrimination was applied. With initial signal processing
parameters, gamma sensitivities of 8.5 x 107 to °Co gammas were achieved. The average
primary decay of neutron scintillation in nanoparticle ZnS:Ag/’LiF was measured to be 18ns,
and afterglow was significantly suppressed in comparison to standard ZnS:Ag/°LiF scintillators
that employ micron sized ZnS:Ag. Fast decay times and minimal afterglow indicate potential
for use in high count rate capability applications. Prospective count rate capabilities were
investigated here as proof of concept, with rates of 1.12Mcps measured for a single readout
channel with less than 3.5% count loss. This is approximately 70 times greater than the count
rate capability of the current standard ZnS:Ag/SLiF scintillation detectors. With improvements
to signal processing and scintillator composition, nanoparticle ZnS:Ag/°LiF could be a
promising candidate for future high rate capability neutron detectors.

Keywords: nanoparticle scintillator, neutron detection, pulse shape discrimination, ZnS:Ag,

high count rate capability, neutron scattering

1. Introduction

Effective neutron detectors are essential in a wide range
of industries including nuclear energy, nuclear security/non-
proliferation, radiation monitoring, and neutron scattering
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the title of the work, journal citation and DOI.

for materials science research [1, 2]. At neutron scattering
facilities a range of neutron techniques including diffrac-
tion, reflectometry, spectroscopy, and imaging are employed
across different instruments in order to study the struc-
ture and dynamics of materials [3]. Current major neut-
ron scattering facilities include ISIS Neutron and Muon
Source in the UK, Institut Laue-Langevin in France, National
Institute of Standards and Technology and Spallation Neutron
Source (SNS) in the USA, Japan Proton Accelerator Research
Complex, and the China SNS [4-9]. The coming decade will
see the beginning of operation at the European Spallation
Source in Sweden, which promises to be the world’s most
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powerful neutron source [10]. Looking further ahead, a second
target station will be constructed at the SNS and designs are
underway for the UK’s next generation neutron and muon
source, ISIS-II [11-13].

The demands for detectors at neutron scattering facilities
are particularly rigorous as detector properties have a dir-
ect impact on the achievable science output. Specific require-
ments vary depending on technique and instrument, therefore
the flexibility to tailor detector design to unique instrument
requirements is critical. In general, most detectors at scattering
facilities are required to have high neutron detection efficiency
(up to 80% at thermal wavelengths), high count rate capability
(up to 1 M counts per second (cps) cm™2), low gamma sensit-
ivity (fewer than 1 in 103 gammas counted), low background
rate (down to 0.1 counts hr~'cm—2) and fine (sub-millimetre)
position resolution [2, 14—17]. Large area and solid angle cov-
erage (up to tens of m?, close to 4) is also often required
[18-20].

Scintillation detectors are increasingly being used at scat-
tering facilities as the global shortage, and correlated expense,
of 3He limits the development of new large area *He gas
detectors [21, 22]. Scintillation detectors offer an affordable
alternative to gas detectors; they can be designed to cover com-
plex geometries or large areas. Most scintillation detectors at
scattering facilities employ either cerium doped lithium glass
scintillators (e.g. GS20) or ZnS:Ag/°LiF, which both possess
notable limitations [23-30].

Detectors employing lithium glass scintillators are disad-
vantaged by the inherent lack of pulse shape discrimination
(PSD) capabilities. PSD is a fundamental property of some
scintillators that allows for the separation of signals based on
the ionisation density of different types of radiation. Different
scintillators exhibit PSD to different extents. For example,
neutron and gamma signals have characteristically different
decay times in ZnS:Ag/°LiF therefore effective rejection of
gamma signals can be carried out in signal processing. As lith-
ium glass scintillators have no fundamental pulse shape dif-
ferences, gamma rejection must be done entirely using signal
amplitude which limits gamma sensitivities to ~1073 when
high neutron detection efficiency is required [30]. As a res-
ult, lithium glass scintillators are not appropriate for various
neutron techniques. Instead, they are predominately used for
applications where low gamma sensitivities are not as critical,
such as beamline monitors, as well as in cases where gamma
rejection is sacrificed to meet other specifications [15].

The main drawback of traditional ZnS: Ag/°LiF scintillation
detectors is that their count rate capability is inherently limited
by the scintillation timing properties [31]. While absolute val-
ues vary with signal processing techniques, in ZnS:Ag/SLiF
detectors at ISIS, rate limitations of 10% deadtiming at 16 kcps
and saturation at 35 kcps per readout channel are typically seen
[32].

With continual upgrades to existing neutron scattering
facilities and the development of new ones, the requirements
on neutron detectors are increasing. New facilities may offer
neutron fluxes orders of magnitude higher than at present and
the current standard of neutron detectors will not be able to
cope. Therefore, the development of affordable, large area

neutron detectors with excellent gamma rejection and high
count rate capability is a growing priority.

The count rate limitation in ZnS:Ag/’LiF detectors is
the result of the material’s inherent scintillation properties.
ZnS:Ag has broadband luminescence centred at 450 nm
and is one of the brightest known inorganic scintillators.
ZnS:Ag/SLiF has an approximate light yield of 160000
photons per neutron and 75 000 photons per MeV for gamma
interactions [33]. Prompt scintillation in ZnS:Ag occurs when
excited electrons and holes recombine at the silver lumin-
escence centre directly after ionisation. This takes place on
relatively fast timescales, giving ZnS:Ag a primary decay of
180ns [31]. However, ZnS:Ag has a large number of defects
in the lattice structure which act as electron and hole traps and
can result in long lifetime luminescence (afterglow). Electrons
or holes that become trapped after ionisation can radiatively
recombine when they overcome potential barriers by thermal
excitation or quantum tunnelling [34]. These processes extend
emission for milliseconds after excitation. In combination
with the intrinsic large dynamic range in light output from
ZnS:Ag/SLiF scintillator, this afterglow results in unavoidable
count rate limitations. To facilitate the development of the next
generation of high rate capability neutron detectors, there is an
ongoing search for low afterglow alternatives to ZnS:Ag scin-
tillator that possess excellent PSD capabilities. Various fast
scintillators are under development and investigation, how-
ever there are currently no commercially available scintillat-
ors that meet all the requirements for use in neutron scattering
detectors [32, 35, 36].

In previous work, nanoparticles of ZnS:Ag were demon-
strated to have fast scintillation properties that indicated the
material may have promise as a low afterglow alternative to
commercial bulk ZnS:Ag [37]. When excited by alpha radi-
ation, the average decay to 1% was measured to be approx-
imately 20 times faster in nanoparticle ZnS:Ag than in the
bulk counterpart. While other researchers have explored the
use of ZnS:Ag nanoparticles as alpha particle detectors [38,
39], the neutron response has not been previously investig-
ated. The present work demonstrates the first thermal neutron
sensitive nanoparticle ZnS:Ag/°LiF scintillator. The potential
of this nanoparticle scintillator for use in neutron scattering
detectors is explored; pulse shape differences between neut-
ron and gamma and the prospective count rate capabilities are
shown here for the first time.

2. Materials and methods

2.1. Synthesis and scintillator screen composition

Nanoparticles of ZnS:Ag were produced using a hydrothermal
synthesis method, as described by several researches [39-
41]. Reagents of thiourea (>99%), anhydrous zinc acetate
(>99.99%) and silver nitrate (>99%) from Sigma Aldrich
were used without further purification. The reagents were
mixed in a molar ratio of Zn:S:Ag = 1:1:5x 10~* and
heated in a Teflon lined autoclave at 220 °C for 12 h. The res-
ulting precipitate was extracted and washed four times, altern-
ating between solvents of de-ionised water and ethanol. Each
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time the precipitate was separated from solution by centrifu-
ging for 10 min at 6000 rpm. Finally, the powder was dried in
a vacuum oven at 30 °C.

®Li has a thermal neutron absorption cross section of
940 barns [42] and decays following a process described in
equation (1) to produce an alpha and triton. These charged
particles excite ZnS:Ag causing the emission of light which
is detected, indicating the interaction of ionising radiation in
the scintillator

n+°Li —* He +> H+44.79 MeV. (1)

A scintillator screen was fabricated by mixing °Li enriched
LiF powder (95% enrichment) with the synthesised ZnS:Ag
nanoparticles and transparent epoxy binder (Loctite EA 9483)
and casting the mixture in a silicon mould. SLiF powder,
ZnS:Ag nanoparticles, and binder were used in a ratio of
1:3:3 by mass. A similar scintillator screen was produced
using commercially available ZnS:Ag powder (NC2) with
median grain size of 8 pm from Phosphor Technology. Both
scintillator screens had dimensions of 2 cmx2 cm and were
sanded to have a uniform thickness of 0.85 mm. For sim-
plicity, the scintillator screens made using ZnS:Ag nano-
particle and micrometer sized commercial particles will be
referred to henceforth as the ‘nanoscintillator’ and ‘microscin-
tillator’ respectively. The ZnS:Ag/°LiF nanoscintillator and
microscintillator screens are shown in figures 1(a) and (b)
respectively. Figures 1(c) and (d) shows the same screens
illuminated by 340 nm light. While standard ZnS:Ag has
bright blue emission, the nanoscintillator exhibits photolumin-
escence peaked at yellow wavelengths.

2.2. Experimental methods

The phase and size of the synthesised nanopowder were
verified using x-ray diffraction (XRD) measurements on a
Rigaku Miniflex diffractometer. X-ray diffraction was also
performed on Phosphor Technologies’ ZnS:Ag powder (NC2)
for comparison.

Excitation-Emission spectra were acquired using an
Edinburgh Instruments FLS1000 Spectrometer. A 400 nm
high pass filter was positioned in the emission path to reduce
the effect of second order excitation features. Measurements
without this filter verified no emission features were excluded
as a consequence.

Neutron detector prototypes were assembled by grease
coupling the nanoscintillator or microscintillator screen to a
photomultiplier tube (PMT). In either case, the scintillator was
covered by a reflective Teflon cap to increase light collection.
A 16-channel bi-alkali PMT produced by Hamamatsu (Type
H8711-300 mod) was adopted for the measurements where
the PMT was effectively used as a single anode PMT with an
active area of 16 mmx 16 mm as the signal from all 16 chan-
nels was combined into one readout channel. The analogue
signal from the PMT was collected using a picoscope 5444d
series in 12-bit mode and using a sample period of 4 ns. Signals
were post-processed using LabView software.

Figure 1. Photographs of ZnS:Ag/°LiF scintillator screens made
from synthesised nanoparticles (referred to as ‘nanoscintillator’)
shown in (a), (c), and standard commercial ZnS:Ag phosphor with
micro-size particles (referred to as ‘microscintillator’) shown in (b),
(d). Images (a) and (b) were acquired with ambient lighting, while
(c) and (d) show the screens illuminated by 340 nm UV excitation.

The timing properties of scintillation and neutron-gamma
discrimination capability were investigated using low rate
sources. Gamma measurements were performed by exposing
the detector to a °Co source with activity of 4.4 x 10° Bq
(3000y s~'em™?). A moderated **' Am-Be neutron/gamma
source with rate ~100n s~'cm~2 was used to study the neut-
ron response. This source emits neutrons over a broad spec-
trum with a mean effective wavelength of 1.2 A (57 meV). For
the source tests the incident rate was relatively low, so indi-
vidual traces were saved when the analogue signal surpassed
a trigger threshold of approximately 6 single photons.

Performance at high neutron flux was studied on the
EMMA and CRISP beamlines on Target Station 1 at ISIS [43,
44]. EMMA was used to study neutron gamma discrimination
in neutron scattering, while CRISP was used to investigate the
count rate capability of the detector. ISIS is a short pulse neut-
ron source which operates at a frequency of 50 Hz (period of
20 ms) [45]. Both EMMA and CRISP employ Inconel alloy
choppers which operate at 50 Hz to remove the prompt ty (the
time at which the proton beam hits the target) gammas and fast
neutrons from the respective spectra.

EMMA views a room temperature water moderator which
produces a neutron spectrum with a Maxwellian peak located
at 1 A. The neutron flux in this peak is approximately 1x 10° n
s~!'em™2. Gamma rejection capabilities in a neutron scattering
setting were studied on EMMA by shielding the detector from
incident neutrons with B4C and using a Cd sheet to create a
large gamma flood on the detector. Details of this experimental
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set up are described in section 3.2.2, together with the results
of the measurements.

CRISP is a neutron reflectometer that views a liquid hydro-
gen moderator which has a nominal temperature of 22 K. It
was chosen for rate capability measurements as the peak flux
(at A = 2.6 A) is notably higher than on EMMA: approxim-
ately 6x10% n s~'cm~2 depending on the beam current and
moderator temperature. The detector was placed in the sample
position at a distance of 10.23 m from the moderator. Incident
rate on the detector was controlled using the instrument’s neut-
ron attenuating slits, which are made of Cd and B4C.

For these beamline measurements, 10—-16 ms traces
were recorded when triggered by the synchrotron ty pulse.
Individual neutron events in each frame were identified in post
processing. Details of the signal processing techniques used
are described in section 3.2.

3. Results and discussion

3.1. Nanopatrticle scintillator properties

The XRD spectra of both types of powder, i.e. the synthes-
ized ZnS:Ag nanoparticles used to create the nanoscintillator
(black), and commercially available micron sized ZnS:Ag
powder used in the fabrication of the microscintillator (blue),
are shown in figure 2. Peak positions confirm that cubic ZnS
was formed in both cases, and the (hkl) planes correspond-
ing to the dominant peaks are labelled. The width of the
XRD peaks was used to determine the size of the nanocrys-
tals through the Scherrer equation [46], assuming broaden-
ing is dominated by particle size. Curve fitting to the data in
figure 2 indicates the synthesised nanoparticles have an aver-
age crystallite size of 5.2 & 0.9 nm. A shift in peak positions
with increasing angle is observed indicating a small contrac-
tion (~1.0%) of the cubic ZnS lattice parameter in the syn-
thesised nanoparticles.

A photoluminescence (PL) excitation-emission map of the
nanoscintillator is shown in figure 3. PL is broadband and
peaked at excitation and emission wavelengths of 356 nm
and 568 nm respectively. The PL of commercial ZnS:Ag is
reported in previous works; excitation and emission spectra of
ZnS:Ag (NC2) powder are shown in [37], and a full excitation-
emission map of ZnS:Ag/°LiF scintillator is presented in [31].
The nanoscintillator emission is shifted to significantly longer
wavelengths with respect to the microscintillator, which has
PL peaked at 450 nm. The peak emission shift corresponds to a
median energy transition of 2.18 eV, which is 0.575 eV smaller
than the standard microscintillator. Excitation is also peaked at
a slightly longer wavelength in the nanoscintillator than in the
microscintillator, 356 nm compared to 340 nm. The excitation
spectrum suggests a bandgap of approximately 3.18 eV, which
is 0.2 eV smaller than the microscintillator [31]. Differences
in the PL spectra between the nanoscintillator and microscin-
tillator indicate different luminescence mechanisms are occur-
ring in the two materials. The emission shift seen in the nan-
oparticles is not due to quantum confinement as this would
result in emission at shorter wavelengths. Instead the lumines-
cence behaviour is likely dominated by surface defects, which
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Figure 2. X-ray diffraction spectra measured for synthesised
nanopowder (black) and commercial micron sized ZnS:Ag powder
(blue). Labels indicate (hkl) planes corresponding to main peaks.
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Figure 3. Excitation-emission spectra for nanoparticle
ZnS:Ag/°LiF scintillator.

become more significant with a larger surface-to-volume
ratio.

Figure 4 shows the quantum efficiency of the PMT (black
dashed line) alongside the normalised PL emission from the
nanoscintillator at 356 nm excitation (red solid line). Poor
overlap between the emission and collection wavelengths is
evident. The convolution of the two spectra in figure 4 indic-
ates that approximately 11% of the emitted light can be col-
lected by the PMT. This is in contrast to approximately 33%
of emitted light that can be collected from the blue emit-
ting microscintillator. To try and overcome this issue, a PMT
with a multi-alkali cathode designed for enhanced efficiency
at longer wavelengths was tested, however the data quality
suffered due to increased sensitivity to thermal noise.
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Figure 4. Quantum efficiency of the PMT used (black dashed line)
and normalised PL emission from the nanoscintillator (red solid
line), as a function of wavelength.
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Figure 5. Typical analogue PMT signals recorded for gamma (blue
and green) and neutron (red and black) events in the
nanoscintillator. Signals are offset vertically for better visualisation.

3.2. Neutron-gamma discrimination

3.2.1. Pulse shape discrimination.  Typical analogue PMT
signals recorded for gamma and neutron interactions in the
nanoparticle scintillator system are depicted in figure 5. The
large dynamic range of light output from neutron interactions
can be seen by comparing the signals shown in red and black
lines (Neutron 1 and Neutron 2 in figure 5). Dynamic range
in light output arises as the total energy produced from the
neutron absorption reaction (equation (1)) can be deposited
in binder, lithium or scintillator particles. The brightest sig-
nals are produced when the triton and alpha particles deposit
the majority of their energy in scintillator grains. The opacity
of the scintillator also limits the total light output, therefore
a neutron absorbed closest to the surface of the scintillator
coupled to the PMT will produce a larger signal. As illustrated
in figure 5, neutron and gamma signals cannot be distinguished

by simply comparing pulse height. However, differences in
the signal shape between neutron and gamma interactions are
present which can be exploited to achieve PSD.

A PSD metric based on the integrated charge of a given
signal, normalised to its maximum intensity was used to sep-
arate signals. This was calculated by integrating over the first
320 ns of signal and dividing by peak intensity as described in
equation (2):

320 ns
PSD — / 1) 4. ?)
0

max

where [ is the intensity of the analogue PMT signal, and [«
the maximum intensity (pulse height).

Figure 6 shows PSD histograms produced using
equation (2) when the nanoparticle scintillator detector was
exposed to: (a) neutrons and gammas from the 2*' Am-Be
source, and (b) gammas from the ®°Co source described in
section 2.2. In total, 1 x 10° events are included in figure 6(a).
Traces were collected on the gamma source for a total expos-
ure of 1 h, resulting in approximately 2 x 10° total events
recorded in figure 6(b). Two distinct regions, with some over-
lap, are visible in the mixed radiation field. As the scintillator
was directly coupled to the PMT, figures 6(a) and (b) both
include direct interactions of gammas in the PMT. A set of
measurements were carried out without the scintillator and
these verified that the direct interactions have the time profile
of the PMT’s impulse response. These interactions generally
have low pulse height (<0.1 V) and low PSD values (<2.5)
so are therefore confined to the lower left corner of the PSD
plots in figure 6. Separating PMT interactions from dimmer
gamma scintillation events was not possible due to the fast
decay within the impulse response time of the PMT. For the
purpose of this work gamma interactions both in the PMT and
scintillator are simply referred to as gamma events.

Figure 6(b) illustrates the detector response in a pure
gamma field, confirming that events with large PSD, visible
in figure 6(a), correspond to neutron signals. While neutron
signals generally have a higher PSD value, a simple PSD cut
does not provide the optimum separation between neutron and
gamma signals due to significant overlap of the two regions.
Depending on the PSD value used to separate neutrons from
gammas, either a large number of neutrons would be rejected,
or a large proportion of gammas erroneously counted as neut-
ron events. The difficulty in separation is partially due to the
large dynamic range of light output in ZnS:Ag/SLiF scintilla-
tion signals, which is not sufficiently compensated for using
this PSD technique.

To address the issue of large dynamic range, a signal pro-
cessing and discrimination method that uses a filtered binary
mask (FBM) technique was employed. This FBM method was
based on the analogue signal processing techniques used in tra-
ditional ZnS:Ag/°LiF detectors at ISIS and adjusted for the dif-
ferent signal types produced by the nanoparticle scintillators
[31]. The FBM technique is illustrated in figure 7 and oper-
ates as follows: (1) discrete digital pulses were output when
a threshold of approximately four photoelectrons was sur-
passed; (2) this digital signal was filtered by low and high
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Figure 6. PSD histograms measured with ZnS:Ag/(’LiF nanoscintillator on (a) >*' Am-Be neutron/gamma source and (b) 0co gamma
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Figure 7. Illustration of the FBM technique used to identify
neutrons. Analogue PMT signal (top, black) is converted into digital
pulses (middle, purple) when a minimum binary mask threshold is
surpassed. The digital signal is filtered by integrating and
differentiating filters to produce the blue trace. Peaks above a given
threshold with a minimum width are classified as neutrons,
indicated by the red crosses.

pass infinite impulse response (IIR) Bessel filters consecut-
ively; (3) peaks with a minimum width above a chosen accept-
ance threshold were identified and classified as neutron events.
In figure 7 analogue PMT signal, binary pulses and filtered
traces are shown by black, purple and blue traces respectively.
Detected neutrons are indicated by red crosses.

There are a number of variables in the FBM technique,
including binary mask threshold, filtration settings (number
and type of filters, order, cut-off frequencies), discrimina-
tion threshold and peak width of the filtered signal. These
factors are inter-dependent and cannot be optimised indi-
vidually. Small changes to any of these properties can cause
significant changes in detector performance. As such, the
optimisation of the parameters can be tailored to perform-
ance requirements and will need further research. In order

to determine reasonable signal processing parameters, the
analogue and filtered signals of individual traces that could
be clearly identified as neutrons or gammas were inspec-
ted. Bessel filters were chosen due to their smooth impulse
response which does not introduce additional ringing to sig-
nals. The frequency of the high pass filter dictates the width of
the filtered signal and therefore sets an upper limit on rate cap-
ability. A high pass frequency of 2 MHz was selected as this
was suitably high to avoid introducing filtration dependent rate
limitations in the current tests. The processing parameters that
resulted in the best combination of low gamma sensitivity and
high rate capability were selected, and are given in table 1. As
these filtration parameters have not yet undergone full optim-
isation, the following results are intended as a first investiga-
tion to demonstrate the potential of nanoparticle ZnS:Ag/®LiF,
rather than the absolute limitations.

Figures 8(a) and (b) show the data from figure 6 with the
FBM technique applied. This technique is reasonably effect-
ive at extracting the neutron signals from the gamma back-
ground, even without applying a PSD threshold. In compar-
ison to figure 6(a), figure 8(a) shows predominantly the neut-
ron region (high PSD values), with only a small tail of gamma
events remaining. Figure 8(b) shows the events on the ®*Co
gamma source that were identified as neutrons using this tech-
nique. The majority of these are gamma interactions, incor-
rectly classified as neutrons. By inspecting figures 8(a) and
(b), it can be seen that improved gamma rejection capabilities
without significant loss of neutron detection efficiency can be
obtained by applying a minimum PSD threshold. Figures 8(c)
and (d) shows the events counted as neutrons when the SPC
technique is combined with the normalised integrated charge
discrimination technique. In this case the threshold was set at

PSD = [ ™ 10 gt > 4.0.

Gamma sensitivity was determined using the events that
were identified as neutrons by this signal processing when the
detector was exposed to the ®°Co gamma source. These are
shown in figure 8(d). A small proportion of these events will
be real neutron interactions, the primary source of these is

scattering from the 2! Am-Be source at the opposite end of the
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Table 1. Signal processing parameters used to process measured signals and identify neutron events.

IIR Bessel Filter Cut-Oftf Frequencies (MHz)

Discrimination Parameters

Binary Mask Threshold (mV) Low Pass High Pass Threshold (mV)  Width (ns)
20 2.5 (2nd order) 2.0 (1st order) 15 60
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Figure 8. PSD histograms measured on (a) *! Am-Be neutron/gamma source and (b) °Co gamma source, as in figure 6, displaying only
events classified as neutrons using the FBM technique illustrated in figure 7. (c) and (d) show the same data with an additional PSD cut

applied at 4.

detector characterisation facility. To correct for this, a back-
ground measurement was performed by removing the gamma
source. The fraction of incident gammas that were accepted,
C,,, after background counts, Cg, were subtracted was used to
calculate the gamma sensitivity, 7, of the detector:

(C, —Cp) 4 d?

A 2 3)

Ny =

where A is the activity of the gamma source, d the distance
from source to scintillator, and /2 the detector active area,
16 mmx 16 mm. The factor of two is included in the denom-
inator as the most frequent %°Co decay (99.88%) emits two
gammas:

0Co = Ni+ 3(0.31MeV) + v (1.173MeV)

+7(1.333MeV). 4

With the filtration settings shown in table 1, the gamma
sensitivity of this detector is calculated to be 8.5x107°.
This is highly promising, as gamma sensitivity levels < 1 X

1077 are typically required for neutron detectors in scattering
applications [22].

Lower values for gamma sensitivity can be achieved by
increasing the neutron acceptance threshold, or the integrated
charge cut, however this results in a lower neutron detection
efficiency as true neutron events are also rejected. In practice,
signal processing settings are often optimised for maximum
neutron detection efficiency at the highest acceptable level of
gamma sensitivity.

3.2.2. Gamma rejection—beamline performance.
Acceptable levels of gamma sensitivity in neutron scatter-
ing applications are dependent on the specific experimental
conditions. The most stringent requirements arise when meas-
uring small, weakly scattering samples, as in these cases the
gamma flux on the detector can exceed the neutron flux by
several orders of magnitude.

To investigate the suitability of the nanoscintillator for use
in neutron scattering applications, the detector was studied in
an experimental configuration designed to generate an incident
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Figure 9. Illustration of the experimental set up used to verify the
gamma rejection capabilities of the detector in a realistic setting.

gamma flux higher than most typical neutron scattering exper-
iments. A sketch of the experimental set up is illustrated in
figure 9. Firstly, the detector was surrounded with '°B4C to
remove incident neutrons, and the background spectra meas-
ured. 480 keV gammas are generated by the '°B neutron
absorption, however as these are over 2 times lower energy
than ®°Co gammas, they can be easily rejected in the signal
processing. A 1 mm thick layer of Cd was then placed in front
of the detector, in the direct neutron beam, to produce a large
gamma flux and test the practical gamma rejection capabilities
of the detector and the signal processing methods employed.
At wavelengths >0.56 A, over 99.99% of the incident neut-
rons are absorbed by 1 mm of Cd. The absorption of neutrons
causes the emission of a range of high energy gammas on the
order of several MeV [47]. 10 ms frames, triggered on the syn-
chrotron ty pulse, were recorded and post processed to extract
the time of arrival of events and reconstruct the time of flight
spectra.

The background neutron spectrum that was measured with
the detector shielded by '°B4C, without the Cd plate, is shown
by the black curve in figure 10. A portion of fast neutrons
with wavelengths <0.5 A are transmitted through the '°B,C
and measured. At wavelengths > 0.5 A, a very small num-
ber of events are measured. The green, red, and blue curves in
figure 10 show the spectra measured with the gamma gener-
ating Cd in place, for different PSD techniques. For the green
curve, discrimination is based solely on the pulse height of
the analogue signal. This is the equivalent of counting all the
events shown in figure 6(a), and results in the detection of
1.8x10* events per second at 1 A, of which the vast majority
are Cd generated gammas.

Introducing the FBM discrimination technique (as in
figure 8(a)) reduces the number of events measured by a
factor of 90 (for A >0.5A), as shown by the red curve in
figure 10. This technique alone is successful in eliminating a
large portion of the gamma signals, however the number detec-
ted is significantly above background levels. When including
the normalised integrated charge cut (as in figure 8(c)), gamma

—— Cd, Pulse Height Discrimination
—— (Cd, Filtered Binary Mask (FBM)
Cd, FBM + Integrated Charge Cut| 3
Background (No Cd)

100000

10000

Counts/s

1000

100 4

0.0 0.5 170 1 75 2.0
Wavelength (A)

Figure 10. Wavelength spectra measured using different signal
processing for the experimental set-up illustrated in figure 9.

sensitivity is further reduced by a factor of 5, as shown by the
blue curve in figure 10. In this case the gamma sensitivity is
within statistical error of the background spectra measured as
the data is limited by low counting statistics. While this exper-
iment is not designed to give quantitative values, the level of
gamma sensitivity shown is in agreement with the value meas-
ured in section 3.2.1. This confirms the signal processing tech-
niques shown are appropriate for use in many neutron scatter-
ing experiments.

3.3. Neutron scintillation decay time

Figure 11 shows the average neutron signal measured at
low rates on the *! Am-Be source for both the ZnS:Ag/SLiF
nanoscintillator (blue), and the microscintillator (red). Peak
intensity is normalised to one in order to compare the decay
profiles. Neutron signals were separated from gammas and
PMT noise using the PSD method described in section 3.2,
with the filtration settings and thresholds adjusted accordingly
for the microscintillator. The average gamma signals are not
shown because dim gamma scintillation events could not be
separated from the response to gammas interacting directly in
the PMT.

The average signals in figure 11 were fitted to two expo-
nentials and one hyperbolic decay, given in equation (5):

T T C
y = aexp <_l1> +bexp (_f2> + xrjn ®)

where a, b and ¢ are the amplitudes of the two exponential and
hyperbolic decays respectively. n is a fitting constant usually
close to one that accounts for the presence of multiple traps in
realistic phosphors; for the decays shown, n = 1.15. The expo-
nential decay time constants (¢, ;) describe prompt excitonic
recombination while the hyperbolic decay time 73 is associ-
ated with afterglow [34, 48, 49]. Fitted values of decay time
constants and time to decay to certain percentages of the max-
imum signal are shown in table 2.
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Figure 11. Normalised average neutron signal from ZnS:Ag/°LiF
nanoscintillator (blue) and microscintillator (red). Dashed curves
show fitted decay profile. Fitting parameters and time to decay to
different proportions of peak signal (37%, 10%, 1%, 0.1%) are given
in table 2. Insert shows the first 500 ns of decay with linear axes.

Table 2. Fitted time constants and measured decay times for
averaged neutron signals measured using the ZnS:Ag/’LiF
nanoscintillator, and ZnS:Ag/SLiF microscintillator for comparison.
Relative amplitudes of decay components are given in brackets.

Nano Response Micro Response

Fitted Time 1
Constant t
(Amplitude) 13

7.88 £ 0.03 ns (0.57) 73.0 £ 0.2 ns (0.45)
43.6 £0.4ns (0.27) 314.8 £ 0.9 ns (0.27)
129 £+ 2 ns (0.17) 2164 £ 2 ns (0.29)

1/e 18 £4ns 285 &+ 8 ns
10% 0.114+0008 us  3.15+ 0.5 s
Decay Time to: 15 1 39 402 s 36 + 1 us
0.1% 8.8 = 0.5 s 190 + 40 s

The measured average decay to 10%, 1% and 0.1% was
20-30 times faster in the nanoscintillator, and the primary
decay was measured to be 16 times faster than in the stand-
ard microscintillator. The fitted decay times indicate that all
components of the scintillation are occurring on shorter times-
cales in the nanoscintillator. The effect of afterglow mechan-
isms on the overall luminescence behaviour are significantly
reduced, as shown by the reductions in amplitude (from 29%
to 17%) and decay time (from 2.16 ps to 129 ns) of the hyper-
bolic component. Possible reasons for faster decay in the nan-
oparticle scintillator, including reduced separation of traps and
luminescence centres, and strongly localised excitons, are dis-
cussed in Mann et al [37]. This previous work reports the tim-
ing properties of alpha scintillation of the nanoparticle powder,
as opposed to the neutron response of the scintillator screens
shown here. Absolute values for decay times vary due to differ-
ences in the experimental configuration, penetration depth of
the neutron and ionisation densities of the *H and “He reaction
products. However, the ratio between nanoparticle and micro-
particle scintillation timings are consistent in both works.

Figure 12. Cumulative intensity of measured light output
= jO' I1()dr) for average neutron signals measured with the

ZnS:Ag/ﬁLiF nanoscintillator (blue) and the microscintillator (red).

Figure 12 shows the cumulative intensity of light output as
a function of time for the ZnS:Ag/°LiF nanoscintillator and
microscintillator detectors. Unlike figure 11, the average sig-
nal intensity was not normalised to one, which allows for a
direct comparison of the light output and collection from both
scintillators. Integrating over the first 500 ns, 6.6 times less
light was measured from the nanoscintillator. This difference
increases with time, as the microscintillator emission is dom-
inated by long lifetime components; over 5 us, 14 times less
light was measured from the nanoscintillator. It is worth not-
ing that the quantum efficiency of the PMT used (shown in
figure 4) is a better match to the emission spectrum of the
microscintillator, which is peaked at 450 nm. When correct-
ing for the quantum efficiency of the PMT, the nanoscintil-
lator emits approximately a factor of 2 times less light over
500 ns than the commercial scintillator. Optimising light out-
put and collection is important in scintillation detectors as it
can have a direct impact on detection efficiency. If insuffi-
cient light is measured, neutron events will not be counted.
When constructing position sensitive detectors, the additional
components involved (such as wavelength shifting fibres, light
guides, diffusers etc) typically lead to much further light loss.
Therefore, achieving the maximum light output from the scin-
tillator, ideally at wavelengths with efficient photodetectors,
will be a significant priority for future development.

3.4. Rate capability

To assess the rate capability of the detector, a series of 16 ms
traces were recorded, while an increasingly larger area of the
detector was exposed to the incident neutron flux of the CRISP
beamline. The incident rate was controlled by changing the
neutron beam width using neutron absorbing slits which were
positioned 280 mm in front of the detector. The vertical slits
were set to 10 mm and the horizontal slits were increased
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Figure 13. Neutron wavelength spectra of the CRISP beamline at ISIS measured using the nanoscintillator detector for different incident

neutron rates.
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Figure 14. Measured rate at 2.6 A as a function of expected rate for increasing incident neutron flux. Rate data is taken from figure 13. The

dashed line indicates y = x as a guide to the eye.

in 0.5 mm steps to vary the beam width from 0.5-13 mm.
Neutron wavelength spectra measured with the nanoscintil-
lator detector for different neutron rates are shown in figure 13.
Every other spectra is excluded from this plot for clarity. For
all incident fluxes, the neutron spectra show the characteristic
shape of the liquid hydrogen moderator viewed by the CRISP
beamline. (200) and (111) aluminium Bragg edges are visible
at 4.03 A and 4.68 A respectively, primarily originating from
vacuum windows and neutron beam monitors in the neutron
flight path. There is no visible distortion or saturation in the
neutron spectra with increasing flux.

Figure 14 shows measured peak rates at 2.6 A as a function
of expected rate. The dashed line indicates ideal performance
with no rate limitation, and this is in very close agreement
with the measured values from the nanoscintillator detector. At

rates above 1Mcps slight deviation from linearity is seen which
may be initial signs of some rate limitation due to deadtiming.
The measured count loss at 1.12 Mcps is 3.5%. This repres-
ents an improvement of approximately 70 times over current
ZnS:Ag/CLiF scintillation detector technology, which exhibit
10% deadtiming at 16 kcps.

As only minimal deadtiming is seen at rates of 1.1 Mcps,
and the neutron spectra in figure 13 are not stunted, the sat-
uration point of the detector is likely significantly higher than
it was possible to measure in these tests. Potential count rate
capabilities were investigated by inspecting signals from the
highest rate regions of time of flight spectra. Figure 15 shows
an example of the analogue signal measured at high incident
rates (black) and the filtered signal (blue), with counted neut-
rons indicated by red crosses.
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Figure 15. Examples of the analogue (black) signals measured in high rate regions and the corresponding FBM signal (blue). Crosses

indicate the trigger time of events determined to be neutrons.

Two neutrons arriving 130ns apart are resolved in
figures 15(a), and (b) shows four neutrons that are detected
within 1 us. These traces imply that rate capabilities much
greater than the 1.1 Mcps seen in figure 14 should be achiev-
able with nanoparticle ZnS:Ag/®LiF and this signal processing
technique. Future work will include determining the absolute
rate capabilities of this system by improving the efficiency and
area of the nanoscintillator, or by utilising a higher flux neut-
ron source.

4. Conclusions

The first thermal neutron scintillator using nanoparticle
ZnS:Ag has been developed and shown to have poten-
tial for use in high count rate neutron detection applica-
tions. Pulse shape differences between neutron and gamma
induced scintillation signals were demonstrated in nano-
particle ZnS:Ag/°LiF. These differences can be exploited
to achieve good neutron-gamma discrimination capabilities;
gamma sensitives of 8.5 x 107% to ®Co gammas were
obtained with simple signal processing techniques. This level
of gamma sensitivity would be acceptable for use in many
applications at neutron scattering facilities, and there is oppor-
tunity to improve gamma rejection capabilities with optim-
isation of signal processing parameters. The gamma rejection
capabilities were equally effective when tested at high rates
on the EMMA beamline at ISIS. The spectrum measured with
high incident gamma flux was within statistical errors of back-
ground measurements. The results shown in this work were
obtained by post-processing saved data, however real time
signal processing is currently under development and will be
implemented in the next detector prototype.

Neutron scintillation in nanoparticle ZnS: Ag/°LiF is shown
to occur on fast timescales; the average primary decay time
was measured to be less than 20 ns. The average signal decays
to 0.1% of its peak intensity in less than 10 us, 20 times faster
than micron sized ZnS:Ag/°LiF. This fast decay and reduction

of afterglow allows nanoparticle ZnS:Ag/°LiF to attain much
higher count rate capabilities than standard ZnS:Ag/°LiF
based detectors. Rate capabilities of 1.1Mcps with less than
5% deadtiming were measured for a single readout channel.
These rate capabilities are almost 70 times higher than is
achievable with the current standard of ZnS:Ag/°LiF scintilla-
tion detectors. Inspection of high rate regions in recorded sig-
nals show instances of successive neutrons resolved in within
250 ns. These examples suggest rate capabilities well over 1
Mcps per readout channel may be achievable with nanoparticle
ZnS:Ag/SLiF scintillators.

Although these initial results are highly promising, fur-
ther work is needed to develop nanoparticle ZnS:Ag/°LiF
into a viable replacement for standard ZnS:Ag/SLiF detectors.
Measurements of light output and collection show 6.6 times
less light was detected in the first 500 ns of nanoparticle emis-
sion compared to the standard ZnS:Ag/°LiF scintillator. Over
5 ps, the difference increases to a factor of 14. Low light output
and collection can limit detection efficiency, as dimmer neut-
ron events may not be counted. In future work, the detection
efficiency of the nanoparticle detector will be assessed, and
efforts made to improve the light yield from the nanoparticle
scintillator. This will involve investigating the effects of syn-
thesis parameters, including capping agents and co-dopants on
the optical properties of the nanoparticles. The impact of nan-
oparticle size and morphology on the luminescence behaviour
will also be studied. Improvements to the light output and
collection in the whole detector system will additionally be
pursued by optimising scintillator composition and employing
alternative photodetectors. In addition to benefiting detection
efficiency, increased light detection would improve neutron-
gamma discrimination capabilities, further reducing gamma
sensitivity.

‘While some limitations remain, the demonstration of PSD
is an important step in the advancement of nanoparticle
ZnS:Ag/’LiF neutron detectors for use in high gamma back-
ground environments such as neutron scattering facilities.
With count rate capability on the order of 70 times greater than
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current ZnS:Ag/SLiF scintillators, nanoparticle ZnS:Ag/SLiF
show exciting potential for development into future high rate
capability neutron detectors.
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