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a b s t r a c t

Composite scintillation screens on a base of Gd1.2Y1.8Ga2.5Al2.5O12:Ce (GYAGG) scintillator have been
evaluated for neutron detection. Besides the powdered scintillator, the composite includes 6LiF particles;
both are merged with a binder and deposited onto the light-reflecting aluminum substrate. Results
obtained demonstrates that screens are suitable for use with a silicon photomultiplier readout to create a
prospective solution for a compact and low-cost thermal neutron sensor. Composite GYAGG/6LiF scin-
tillation screen shows a pretty matched sensitivity and g-background rejection with a widely used
ZnS/6LiF screens however, possesses forty times faster response.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the field of thermal neutron detection, ZnS:Ag polycrystalline
phosphor is widely used due to high ZnS light yield under a-par-
ticles. It is utilized for the construction of large-area neutron de-
tector screens, which may be read out with the assistance of high
aperture optics by relatively small photodetectors, e.g. photo-
multiplier tubes PMTs or charge coupled device CCD camera [1].
Such detector screen normally consists of mixture of ZnS:Ag and
6LiF particles [2], or sole Gd2O2S:Tb (GOS) [3] bonded with a binder
and deposited onto a substrate. Detection of neutrons is based on
neutron reactions with 6Li nuclei 6Li(n, a)T: 6Liþn-> aþ3

1H, where
an a-particle and a nucleus of tritium (Triton) have energy 2.05 and
2.73 MeV correspondingly. To date, the scintillation yield of ZnS:Ag
has been estimated over a wide range. According to Ref. [4], a
number of scintillation photons emitted per an absorbed neutron
from ZnS:Ag in the compositewith 6LiF reach 160000 and 55000 ph
ems of Belarus State Univer-

k).

by Elsevier Korea LLC. This is an
per one Mev of the a-particle. Authors [5] declared the typical Light
Yield (LY) was 50000 ph/MeV, whereas ZnS:Ag LY under a-particles
was 130% of NaI:Tl [6], which has light yield of 38000 ph/MeV
under g -excitation [7], or 49400 ph/MeV. No information on the LY
of the scintillator under irradiationwith tritons was announced yet.
The scintillation kinetics of ZnS:Ag is still under debates since the
first application of the material for neutron detection [8]. A recent
study demonstrated domination of the relatively slow decay time
components in a range of a fewmicroseconds [9]. Nevertheless, the
material was found to be capable to operate with fast silicon pho-
tomultipliers (SiPMs) [10].

Among a variety of scintillation materials [11], garnets type
crystalline compounds, which found a great application in solid-
state lighting [12] as well, can be the prospective candidates to
creating composite neutron sensitive screens. The basic
Y3Al5O12:Ce scintillator has a relatively low light yield in a com-
parison with novel alkali halide scintillators like LaBr3:Ce [13,14] or
SrI2:Eu [15,16], which, however demonstrate a strong hygroscop-
icity and are useless to manufacture scintillation screens. Mixed Al/
Ga garnets manifest better light yield in a crystalline form [17,18].
Recently we demonstrated that a transfer from ternary to quater-
nary garnets, inwhich a part of Gd ions is substitutedwith Y, results
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Fig. 1. Simulated a-particle and Triton pathlength distributions in 6LiF.
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in an increase of the LY [19,20] both under g-quanta and a-particles
excitation. This finding put forward an application of these mate-
rials to construct scintillation screens. Quaternary garnets in a
crystalline form with the optimized ratio between the Y, Gd, Al, Ga
cations in the composition can be obtained by a variety of methods,
from crystal growth [21,22] to coprecipitation and a typical route
for ceramics [23].

Scintillation properties of some of the garnet type crystals
doped with Ce are summarized in Table 1.

Incorporation of Gd into the scintillator results in a larger
sensitivity to g-quanta, however, a gadolinium natural isotopic
composition has the thermal neutron's absorption cross-section of
49000 barns, mainly due to radiation capture (n,g) reaction. This
feature was exploited recently to show a good potential of the
GAGG scintillator to detect neutrons in a wide energy range
[25e27]. It was shown that ~40% of counts in the amplitude spec-
trum at the radiation capture of slow neutrons may be under the
77 keV peak in g-spectrum, which, in turn, is a sum of the energy
deposit of Gd Ka photon and an internal conversion electron. In our
study we evaluated an advantage of the combining of the Gd high
light yield scintillator and 6LiF absorber. Both species generate
under neutrons the secondaries, which have short trajectories after
being emitted. This might promote a better sensitivity of the
composite to the neutrons in a thinner layer.
Fig. 2. Simulated a-particle and Triton pathlength distributions in GYAGG.
2. Material and methods

To optimize parameters of the particles to be included into the
composite, the GEANT 4 simulation has been performed. It included
consideration within the spherical model the pathlengths of the a-
particles (Ea ¼ 2,05 MeV) and tritons (ET ¼ 2,73 MeV) in the
different components of the composite and an optimization of the
energy losses of the secondaries in the scintillator particles. At the
modelling, a hypothetic source emitting 106 particles of the sec-
ondaries was placed in the middle of the sphere consisted of 6LiF
(r ¼ 2,64 g/cm3), or GYAGG (r ¼ 6,0 g/cm3). Fig. 1 and Fig. 2 show
simulated distributions of a-particle and Triton pathlengths (dis-
tances between the center of sphere and stop-point) in 6LiF and
GYAGG.

It was found that in both media the pathlength of tritons is
about 6 times higher. Another finding is that 10e15 mm size of
GYAGG particle is enough to absorb all products in 6Li(n, a)T reac-
tion. A significant part of the low energy secondaries to be pro-
duced at the neutron Gd radiation capture will be absorbed in the
particles of a such size as well.

The secondaries lose kinetic energy in 6Li particles and binder as
well. The residual kinetic energy causes the energy deposition in
the particles of the scintillator. The energy losses of a-particle and
Triton after passing layers with different thicknesses of 6LiF and a
binder are in Fig. 3. A binder at the modelling was Huntsman TDR
1100 epoxy resin [28].

As seen, an optimal lithium fluoride grain size providing the
minimal energy losses of secondaries should not exceed 1e2 mm. At
such conditions a significant part of their energy may be delivered
to the scintillator particles. Apparently, a smaller 6LiF particles size
is even better, however, their optimal size is a result of the trade-in
Table 1
Properties of cerium activated garnet scintillators in a crystalline form.

Scintillator Density, g/cm3 Light yield under g(a) excitation, ph/MeV

Y3Al5O12:Ce 4.55 30000 (6000)
Gd3Al2Ga3O12:Ce 6.67 41000 (8000)
Gd1.5Y1.5Ga3Al2O12:Ce 5.86 52000 (12500)
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between minimal energy losses of the secondaries and growing
light scattering effects by particles close in dimension to the light
wavelength. Energy losses in the binder are smaller to 6LiF. Thus, an
average distance between 6LiF and GYGG grains, which will be filled
with the binder, might be in a range of 3e4 mm. Based on simula-
tions we engineered composites at the thickness of 200e300 mm,
which provide stopping power to thermal neutrons at the level of
50%. In the composite developed we expected that tritons will play
a primary role in the exciting of the scintillator particles.

To produce composites a GYAGG scintillation pigment in a
powdered formwas prepared. A first step, Gd1.2Y1.8Al2.5Ga2.5O12:Ce
powder was prepared by precipitation of mixed metals nitrate so-
lution by ammonia hydrocarbonate. Carbonate precipitate was
calcined at 850�С during 2 h and milled in Retsch PM100 planetary
mill in isopropanol media. For preparing the Gd1.2Y1.8Al2.5-
Ga2.5O12:Ce ceramics, calcined at 850�С powder was compacted in
tablets by uniaxial pressing under 64 MPa and sintered at 1700�С
during 4 h in an oxygen atmosphere. After sintering ceramics
tablets had ~94% of theoretical density. Then, tablets were grinded
in a Retsch BB50 jaw crusher to a particle size of ~100 mm. The
fraction was further milled in the planetary mill with a citrate
mixture as a dispersant. The required fraction of the scintillation
Scintillation decay time, ns Scintillation wavelength maximum, nm Ref.

~100 550 [24]
80 520 [19]
48 510 [19]



Fig. 3. Residual energy spectra of a-particles (a,c) and tritons (b,d) after passing through 6LiF (first raw) and a binder (second raw) layers of different thick (indicated in the inset).
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pigment was obtained by decanting a fine fraction of an aqueous
suspension and sieving the dry residue through a sievewith a mesh
size of 40 mm. The same procedure was applied to a single crystal
Gd1.5Y1.5Al2Ga3O12:Ce, which was cut from the same ingot as
described in Ref. [19]. Particle size distribution of scintillation
powders was evaluated on MALVERN MASTERSIZER 2000 using
laser diffraction method and is shown in Fig. 4(a). Powder micro-
structure was characterized using Scanning Electron Microscope
(SEM) Hitachi SU5100. SEM images of the typical particles of milled
single crystal and ceramics are in Fig. 4(b,c).
Fig. 4. Particle size distribution (a) and SEM image (b) for the scintilla
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LiF or 6LiF absorber particles were prepared by dissolving
6Li2CO3 in diluted sulfuric acid and then obtained 6Li2SO4 solution
was added by droplets into HFþNH4F mixture. Lithium fluoride
precipitate was washed, dried, and calcined at 500�С. The required
fraction of 6LiF was obtained by the similar procedure described
above for milled ceramics powder.

We used aluminum substrates for composite layer and prepared
them before coating as follows: 12x12 substrates were etched by 5%
phosphoric acid solution for 24 h to form a thin hydrophilic AlPO4
layer on the surface. Aluminum substrates were rigorous washed
tion pigment produced from a single crystal (b) and ceramics (c).
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after acid treatment by deionized water with specific resistivity
�18 MOhm and dried under dust-free conditions. Fig. 5 shows a
SEM image of the Z-cut of the composite layer.

Samples, which contained unenriched LiF particles were eval-
uated with 241Am (104Bq) a-particle source as described in
Ref. [29], Fig. 6 shows a comparison of the response of samples
prepared with pigments of milled ceramics and single crystal of
GYAGG scintillator. The compositions were highly filled with pig-
ments ~90% by volume, which results in a density of ~50 mg/cm2.
As a reference, we used a 12� 12mmpiece of Scintacor ND neutron
screen (ND screen) [30]. The measurements were performed
with HAMAMATSU R339 PMT in 45� geometry from the surface
Fig. 5. Cross-section of the screen made with a milled single crystal pigment, observed
by SEM.

Fig. 6. Pulse height spectra of studied samples in a comparison with reference. In s

1027
bombarded by a-particles of the source. Amplitude spectra of the
samples in a comparison with the reference are in Fig. 6.

Both samples based on GYAGG pigments demonstrates distinct
full-absorption peaks of the a-particles. Peak positions were esti-
mated to be ~900 channel for ND screen, and in 111 and 229
channels for GYAGG milled ceramics and crystal correspondingly.
Through ZnS:Ag light yield is 49400 ph/MeV under a-particles, one
can conclude that light output of samples made of GYAGG milled
ceramics and the crystal was found to be 9700 ph/MeV and
12500 ph/MeV respectively. It indicates that light collection effi-
ciency from composites developed is pretty similar to that of
crystalline samples (Table 1). It is Worth noting, a-particle reveal
distinct peaks in pulse height spectra in a comparison with a wide
structureless response of the reference screenmaterial, moreover, a
high energy shoulder is detected due to double coincidences.
3. Results

For the tests with neutrons, samples were prepared with the
utilization of 6LiF(90% enrichment). Following the simulations, the
screen composition consisted of ~10% vol. of scintillator, ~30% vol.
of 6LiF and 60% vol. of binder (GYAGG 10/30/60) has been prepared.
The layer's density was identified to be 20 mg/cm2.

Spectra under neutron and g-quanta excitation were recorded
with GYAGG 10/30/60 and reference sample at ATOMTEX SPE
research facilities based on PueBe source. Source has 1 m distance
to the sample. At such a distance the flux of neutrons was 0.6n/cm2

per second. In addition, source was separated from the samples
mounted on HAMAMATSU R339 PMT window without optical
coupling grease with a 30 mm of polyamide moderator and
10 mm Pb/Cu absorber. Integration time at the registration was
chosen to be 70 ms. Afterwards, the neutron source was replaced by
a137Cs source with activity 105Bq having distance from not shielded
by Pb/Cu absorber screen 20 mm. Acquisition time was 600 s in all
cases. Fig. 7 represents a pulse height spectra of PueBe neutron
source recorded with GYAGG 10/30/60 sample in a comparison
with the reference.

One can conclude that the neutron sensitivity of GYAGG 10/30/
60 and reference screen samples coincide to within the statistical
error: the total number of counts from GYAGG 10/30/60 and
pectra measured with GYAGG one can see weak peaks of double coincidences.



Fig. 7. Pulse height spectra GYAGG 10/30/60 (a,b) and reference sample ND screen(c,d) under PueBe neutron source and 137Cs source respectively.
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reference samples in neutron spectra (Fig.7 (a,c) are 321 and 299
respectively. Fig. 7(b,d) demonstrate that the g-sensitivity is also
rather close in both screens.

4. Discussion

Fig. 6 displays that GYAGG pigment-based screens with rela-
tively high density show light output five times smaller under a-
particle. However, GYAGG 10/30/60 screen, having density two
times less, exhibits a light yield of ~40e50% of that of reference
under neutrons. This result is achieved mainly due to the effective
collection of Triton's energies, since for a single-charged particle a
gamma-triton ratio of responses is expected to be much closer to 1
in GYAGG. Chosen mean distances between small 6LiF particles and
GYAGG grains possesses an effective Triton energy delivery to
scintillation centers, even at the cost of unavoidable decrease of
efficiency of a-particle's energy collection.

5. Conclusion

Neutron-sensitive screens utilizing Gd1.2Y1.8Ga2.5Al2.5O12:Ce
scintillation pigment have been developed. The composition of the
screens includes pigment and 6LiF particles, which are conjucted by
the binder and mounted on the substrate. The developed screen
demonstrates a similar count rate of the neutrons as a reference ND
type screen. Furthermore, it is capable to exhibit g-quanta rejection
close to that of ZnS:Ag screen. Moreover, GYAGG/6LiF possesses a
1028
forty times faster response, which allows operating with high
fluxes of the neutrons. The potential for further improvement of the
GYAGG based screen response is bound to the improvement of the
light extraction from the scintillation pigment particles. Data ob-
tained show that it can be doubled when a milled single crystal is
utilized. Transparency of the ceramic particles can be obtained by a
future increase of the mother ceramics density to the level of 99%,
which will provide its optical transmission to the quality of the
single crystal.
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