ISSN 0020-4412, Instruments and Experimental Techniques, 2021, Vol. 64, No. 5, pp. 657—662. © Pleiades Publishing, Ltd., 2021.
Russian Text © The Author(s), 2021, published in Pribory i Tekhnika Eksperimenta, 2021, No. 5, pp. 22—27.

NUCLEAR EXPERIMENTAL

TECHNIQUE

Optimization of the Structure of a Heterogeneous Scintillator
for Registration of Thermal Neutrons

E. S. Kuzmin** and I. Yu. Zimin“

¢ Dzhelepov Laboratory of Nuclear Problems, Joint Institute for Nuclear Research,
Dubna, Moscow oblast, 141950 Russia

* e-mail: e_kuzmin@jinr.ru, e_kuzmin@mail.ru
Received April 16, 2021; revised April 25, 2021; accepted May 5, 2021

Abstract—The results of modeling and optimization of a composite scintillator for recording thermal neutrons
are presented. The interaction of thermal neutrons and y-quanta with composites consisting of fragments of
a glass scintillator containing °Li was observed. The aim of the research was to determine the structure of a
composite with high sensitivity to thermal neutrons and to provide effective suppression of signals from
Y-quanta. During the simulation, the optimal structural parameters of the composite were determined, such
as the size of the fragments and the concentration of glass. According to the presented simulation results, opti-
mized composites under thermal neutron irradiation can provide a neutron detection efficiency of at least
50% with a sensitivity to y-quanta at the level 1 < 107°.
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INTRODUCTION

The general requirements for neutron detectors are
a high efficiency of neutron registration, low sensitiv-
ity to y-radiation, as well as the ability to maintain high
count rates and ensure stability in long exposures.
Lithium-containing glass scintillators are particularly
attractive for this purpose. The cross-section of the
(n, o)-reaction on the °Li nucleus for thermal neu-
trons is 940 b at a neutron energy of 0.025 eV, which
provides a detection efficiency of 91% at a scintillator
thickness of 2 mm. The speed of such scintillators is
determined by the short decay time of the main com-
ponent, which as a rule, does not exceed 60 ns.

A significant drawback of such scintillators is their
inherent y-sensitivity, which can distort the results of
neutron flux measurements in the presence of back-
ground V- radiation. The y-radiation interacts with the
scintillator material mainly through Compton scatter-
ing with the formation of recoil electrons, while as a
result of the capture of a neutron by a °Li nucleus,
heavy charged particles with a short range arise:

°Li+n — H(2.75 MeV) + ‘“He (2.05 MeV). (1)

The energy yield of reaction (1) significantly
exceeds the possible energy losses of electrons that
occur from the interaction of y-quanta with the scintil-
lator material. However, due to the high specific
energy losses of heavy charged particles, the scintilla-
tor flash is “quenched” by a factor of approximately

0.32 [1], which corresponds to the electron equivalent
of the released energy T,, = 1.53 MeV. In this case, the
number of scintillation photons generated in the event
of neutron capture in lithium glass can be compared
with the number of scintillation photons produced by
electrons during y-interaction. As a result, pulses from
some 7Yy-quanta may exceed the preset detection
threshold in amplitude and will be incorrectly identi-
fied as neutron capture in the detector. A Pulse Shape
Discrimination (PSD) can reduce this effect; how-
ever, it complicates the detector system and the effec-
tiveness of the method is limited for high count rates
and in a wide dynamic range of signal amplitudes [2].

One approach to reducing this unwanted y-sensi-
tivity is to embed fragments of a glass scintillator con-
taining °Li, into an organic matrix. In such a structure,
the short-range products of the neutron capture reac-
tion (R, =6 um, R,= 36 um [3]) completely leave their
energy in the scintillator, while the energy release of
electrons with large ranges will largely occur on the
neutral matrix material. In this way, one can separate
the amplitude distributions from y-quanta and neu-
trons. The size and distance between the grains of the
glass scintillator can be chosen so that the properties of
the detector will correspond to the conditions of a par-
ticular experiment. Scintillators of this kind are com-
monly referred to as heterogeneous or composite scin-
tillators (composites).

Composite materials, which include scintillator
grains surrounded by organic material, can provide
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Table 1. The characteristics of materials used in manufacture of composite

Substance Atomic composition Density, g/cm?
Silicone compound C,H(SiO 1.02
Acrylic C;sH0, 1.16
Epoxy resin C;9H5,04 1.2
Lithium glass (NE912) Si0,(74.7%) + Li0,(20.7%) + Ce,03(4.6%) 4
Content of lithium metal 7.7%, enrichment °Li 95% '

good separation of the neutron and y-distribution in
pulse amplitude, while the detector has a higher count
rate than detectors based on 3He. The need for neu-
tron detectors with low sensitivity to y-quanta has led
to the appearance of a number of works in the field of
research on composite scintillators [4—10].

Despite the conceptual simplicity of the approach,
the actual response characteristics of the composite
material can strongly depend on the composition of
the organic matrix, the size of the scintillator grains
and the distances between them, as well as on the opti-
cal properties of various components. Therefore, using
simulation, it is necessary to study and limit the range
of admissible parameters of the heterogeneous scintil-
lator and determine the possible configurations of the
composite. With an optimal configuration, the ranges
of neutron capture products should fit into a separate
fragment of the scintillator, and the distance between
glass grains in the composite and their concentration
should provide a high efficiency of neutron detection
and low sensitivity to Y quanta. The refractive indices
of organic and inorganic materials should be similar in
order to ensure the minimum amount of reflections
due to differences in refractive index.

In earlier works [6, 11, 12], the optimization of com-
posite scintillators was carried out for detectors used to
control the movement of fissile materials. In this case,
it was assumed that the detector was irradiated with fast
neutrons. In this work, a composite consisting of lith-
ium glass fragments fixed in an organic matrix was
investigated as a thermal neutron detector. Various
organic polymers have been considered as matrix
materials. The article presents a study by the Monte
Carlo method of the characteristics of the response of
a composite scintillator depending on the size of the
scintillator grains and their concentration in a mixture
with various organic polymers under irradiation with
thermal neutrons and y-quanta.

DESCRIPTION
OF THE COMPOSITE MODEL

The 40 X 2 mm composite scintillator was disk
shaped and was a neutral matrix with randomly placed
scintillator grains. In calculations performed for a
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homogeneous glass scintillator, the dimensions of the
latter were equal to those of the composite. NE 912 lith-
ium glass (Nuclear Enterprises) was used as a scintilla-
tor. The scintillator grains had a cubic shape; the
dimensions of the cube edge varied from 200 to 800 wm.
It was assumed that thermal neutrons fall normally to
the end of the scintillator and have an energy distribu-
tion corresponding to the Maxwell—Boltzmann distri-
bution with a temperature of 25 meV. In studies of
v-sensitivity, a ®°Co point source was located along the
axis of the disk at a distance of 16 mm from the end of
the scintillator. The passage of scintillation photons
and the response of the photodetector were not con-
sidered in the work; only the value of the transferred
energy in the scintillator material was recorded.

Various organic polymers with a refractive index
close to lithium glass can be considered as a matrix
material. In our case, the calculations were made for a
silicone compound, epoxy resin, and an acrylic. When
modeling the composite, the characteristics of the
materials listed in Table 1 were used.

To calculate the spectra of the energy transferred to
the scintillator upon exposure to thermal neutrons and
Y-quanta, a computer program for simulating the Monte
Carlo method was developed. The program used Geant4
version 10.06.p01 [13] and a number of standard pack-
ages of physical processes: the package of electromag-
netic processes G4EmStandardPhysics_option4 and the
package of inelastic processes (including for neutrons up
to 20 MeV (Low Energy Nuclear Data)) G4Hadron-
PhysicsQGSP_BERT_HP.

THE EFFICIENCY OF THE COMPOSITE
TO NEUTRONS

When a composite is irradiated with thermal neu-
trons, the energy release in scintillator fragments
depends on their size and concentration. The shape of
the energy release spectrum upon interaction with neu-
trons was calculated for a homogeneous glass scintilla-
tor and a composite with glass grains that were 400 um
in size at a concentration of 35%. The results of the
experiment are shown in Fig. 1. On the right side of the
graph, one can see a peak with an energy of 4.8 MeV,
which corresponds to the total energy of the products
Vol. 64
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Fig. 1. Energy-release spectra of neutrons in a glass scintil-
lator and a composite with glass grains 400 LLm in size and
a concentration of 35%.

of the reaction of neutron capture by a nucleus °Li.
In the region bounded on one side by the peak of total
absorption and on the other by the energy of 2.05 MeV,
the range of one of the charged particles goes beyond
the scintillator. The left boundary of the region is
determined by the energy of the a-particle and corre-
sponds to the situation where the capture of a neutron
occurs at the interface and the range of the triton lies
entirely in the volume of the neutral matrix.

When calculating the efficiency, a neutron was
considered registered if the paths of secondary parti-
cles fit completely in the scintillator grain. This
approach provided a reliable estimate from below of
the composite efficiency to neutrons and made it pos-
sible to significantly save the time spent on modeling.
The detection efficiency was determined as the ratio of
the number of registered neutrons to the total number
of neutrons that crossed the volume of the composite.
The concentration of the glass scintillator was deter-
mined as the volume fraction of glass in the total volume
of the composite and varied in the calculations from 20
to 35%. The calculation result is shown in Fig. 2.

According to Fig. 2, the detection efficiency first
increases with an increase in the fragments of the glass
scintillator; it reaches a maximum value in the range of
grain sizes from 400 to 500 um and gradually decreases
with their further increase. The decrease in efficiency
in the region of small grain sizes is associated with an
increase in the number of events in which the products
of the neutron capture reaction cross the boundaries
of glass fragments. With an increase in the grain size
above the optimal value at a fixed glass concentration,
the area of the zones where there is no glass and the
neutron flies through the composite without crossing
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Fig. 2. The dependences of the neutron detection effi-
ciency on the grain size of a glass scintillator at different
levels of its concentration (numbers on the curves).

a single fragment of the scintillator increases. The
presence of a pronounced “plateau” on the efficiency
dependences in the grain size range of 400—500 um
makes it possible to use the simplest method of grind-
ing with subsequent sorting on sieves for the manufac-
ture of glass scintillator powder.

THE GAMMA SENSITIVITY
OF THE COMPOSITE

In this work, the y-sensitivity was defined as the
ratio of the number of y-quanta that released energy in
the scintillator in excess of the specified detection
threshold to the total number of y-quanta that crossed
the sensitive volume of the detector. To illustrate the
capabilities of the composite scintillator to suppress
the y-sensitivity of the detector, we calculated the
spectra of energy release from y-quanta of the “Co
source in homogeneous and composite scintillators
with the same dimensions. The calculations were per-
formed for a composite scintillator with a glass con-
centration of 35% and a grain size of 400 um. The cal-
culation result is shown in Fig. 3.

As seen in Fig. 3, the spectrum of gamma quanta is
noticeably shifted towards low energies. The number of
events that exceed the electronic equivalent of the energy
released during neutron capture (7,, = 1.53 MeV), for
glass is approximately 2 orders of magnitude higher
than for a composite.
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Fig. 3. Comparison of the energy release spectra y-quanta

from the °Co source in a glass scintillator and a composite
with glass grains 400 um in size and a concentration of
35%.

The experimental energy spectra for neutron regis-
tration are well described by the normal distribution
with mathematical expectation 7,, and standard devi-
ation 6. The threshold for neutron registration is set at
the level L = T, — ko, where the coefficient £,
depending on the specific conditions of the experi-
ment, may lie within 2 < k < 4. The standard deviation
for a specific detector based on a composite depends
on a number of conditions: the optical characteristics
of the components, the parameters of the photodetec-
tor, signal processing methods, etc. In our case, in the
process of modeling the reaction of the composite to
Y-quanta, the conditional detection threshold was set
at the level R=0.87,, = 1.22 MeV. The results of cal-
culating the y-sensitivity of the composite depending
on the size of the glass grains for different values of the
glass concentration are shown in Fig. 4.

To select the glass concentration in the composite
in accordance with the experimental conditions (the
level and energy distribution of the y-background, the
requirements for the neutron detection efficiency,
etc.), one can use the data in Fig. 5. This figure shows
the dependences of the neutron detection efficiency
and y-sensitivity for a composite with grains of 400 pm
at various glass concentrations. It can be seen that an
increase in the glass concentration in the composite
leads to a rapid increase in the y-sensitivity. Therefore,
the study of the properties of the composite at glass
concentrations exceeding 35% was considered inap-
propriate. By choosing the working composition of
the composite, it is possible to obtain a scintillator that
meets various requirements for operation in mixed
fields of neutron and y-radiation. To be able to take the
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Fig. 4. The dependences of the sensitivity to y-quanta of a
40 X 2 mm composite scintillator on the size of glass grains
at its different volumetric concentration (numbers on the

curves).

energy resolution of the detectors when choosing the
glass concentration into account, we calculated the
dependence of the y-sensitivity for a composite with

Neutron detection efficiency, % Sensitivity to

y-photons, 107°

sst
{0.4
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s 102
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35 : ' -

20 25 30 35
Glass concentration, %

Fig. 5. The thermal neutron detection efficiency (/) and
Y-sensitivity (2) a composite scintillator with 400 wm glass
grains depending on the concentration of the glass.
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Fig. 6. The dependences of the y-sensitivity on the level of
the detection threshold for a glass scintillator and a com-
posite with a grain size of 400 um and a grain concentra-
tion of 35%.

400 um grains on the detection threshold as a percent-
age of T,,. The calculation result is shown in Fig. 6.

The main function performed by the matrix mate-
rial of a heterogeneous scintillator is to absorb the
energy released by y quanta in the bulk of the compos-
ite. Therefore, it is of interest to compare composites
with matrices of various organic compounds with sim-
ilar optical properties. The calculation results for vari-
ous compositions of the composite in comparison with
a homogeneous glass scintillator of similar geometry are
presented in Table 2.

Analysis of the data presented in the table allows us
to conclude that, in the energy approximation, the
choice of the matrix material from the considered set
of compounds affects the quality of the composite
insignificantly, and the optical characteristics of the
material will determine the properties of the detector.
The final choice of the composition is possible after
experimental studies of composites based on various
organic compounds.

Table 2. The characteristics of composites with matrices of
different materials in comparison with a glass scintillator

. Efficiency to Gamma

Material e
neutrons, % sensitivity
Silicone compound 56 6 x 1077
Acrylic 56 4 % 1077
Epoxy resin 56 4 x 1077
Glass scintillator 91 7 % 107
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CONCLUSIONS

Simulation and optimization of a composite scin-
tillator designed for registration of thermal neutrons
that provide low sensitivity to y-quanta have been car-
ried out. The considered model of the composite con-
sists of cubic fragments of lithium glass placed in a
neutral organic matrix. The characteristics of the
composite at various sizes of fragments and concen-
trations of lithium glass were determined using simu-
lation in the Geant4 environment. The optimal con-
figuration of the composite determined in the calcula-
tions is achieved at a glass volume concentration of
35% and a grain size in the range of 400—500 wm.
Compared to a homogeneous glass scintillator of sim-
ilar dimensions, the neutron detection efficiency of
such a composite decreases from 91 to 56%, and the
sensitivity to y-quanta can be reduced by two orders of
magnitude, to 4 x 10~7. Various materials are consid-
ered for use as a neutral matrix of the composite:
acrylic, epoxy resin, and a silicone compound. It was
found that in the energy approximation both the neu-
tron detection efficiency and the y-sensitivity of the
composite are practically independent of which of the
considered substances was used as the matrix material.
Based on the results of this work, prototypes of various
configurations will be built for experimental verifica-
tion.
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