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Abstract: The 3He gas is commonly used for the detection of thermal neutrons. However, with
the depletion of 3He gas, there is a need to develop new solid scintillators for thermal neutron
detection. Solid scintillators containing 6Li, which have large neutron capture cross-sections and
a large amount of energy released by transmutation reactions, are commonly used as alternative
candidates. However, only single-crystal scintillators are currently used, and their 6Li concentration
is limited by their chemical composition. In this study, we designed, grew, and evaluated a new
eutectic scintillator, Rb2CeCl5/LiCl, which can improve the 6Li concentration compared with single-
crystal scintillators. Rb2CeCl5, which was selected as the scintillator phase, has excellent scintillator
properties (light yield: 36,000 photons/MeV, decay time: mostly 24 ns, slightly 153 ns), and is less
deliquescent than other halide scintillators. The crystal grown using the vertical Bridgman method
exhibited a eutectic phase composed of Rb2CeCl5 and LiCl. The eutectic crystals exhibited Ce3+

5d-4f emissions, with a peak between 360 and 370 nm. The Rb2CeCl5 phase was identified as the
luminescent phase via cathodoluminescence mapping, and 16,000 photons/neutron of the light yield
and 56.1 ns of the decay time were observed. This study indicates that the Rb2CeCl5/LiCl eutectic
scintillator is a promising candidate for use in thermal neutron detectors.

Keywords: halide; scintillator; eutectic; vertical Bridgman (VB) method; thermal neutron; 6Li

1. Introduction

The demand for thermal neutron detectors is rapidly increasing for various applica-
tions, such as stargazing, safety security, neutron capture therapy, resource exploration,
time-resolved structural observation, and single-crystal structure analysis. Furthermore,
they are used to observe structures inside materials that contain large amounts of light
elements, such as Li-ion batteries and plastics [1–3]. In recent years, there has been growing
interest in decommissioning nuclear reactors, and the decommissioning of aging nuclear
facilities has progressed worldwide, with 19 units decommissioned and 193 units under
decommissioning. In addition, the removal of fuel debris from the primary containment
vessels (PCV) of the nuclear power plants in Fukushima Daiichi is planned (to start in
FY2023), and its scale will gradually expand. Therefore, the demand for thermal neutron
detectors will continue to increase in the future.

To date, thermal neutron detectors have been used, starting with 3He gas detectors [4–6]
and followed by BF3 gas detectors [7,8], Ce:Cs2LiYCl6 [9,10], Tl,Li:NaI(NaIL) [11,12], and
Ce,Eu:LiCaAlF6 [13,14] single-crystal scintillator detectors. The current mainstream is
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Ce:Cs2LiYCl6, a single-crystal scintillator. Its features include a low density of 3.31 g/cm3

and low sensitivity to gamma rays, high discrimination between gamma and neutron
radiation, and a high light yield of 70,000 photons/neutron. However, because it is a
single-crystal scintillator, the 6Li concentration is limited by the chemical composition, and
there is a weakness in that the 6Li concentration cannot be increased further. Another issue
with Ce:Cs2LiYCl6 is its long decay time of 6500 ns. 6Li concentration is one of the most
important properties in thermal neutron detection. Therefore, our laboratory has focused on
eutectic crystals and has developed eutectic scintillators for neutron detection to increase 6Li
concentration. Eutectic scintillators are composed of two phases: a 6Li phase that captures
thermal neutrons via the following transmutation reaction (Equation (1)) between 6Li and
neutrons, and a scintillator phase that emits scintillation light due to α-rays generated by
the transmutation reaction [15]. And 3H also contributes to luminescence because of its
higher energy and longer path range than α-rays [16].

6Li+ n→ α-ray (2.05 MeV) + 3H (2.73 MeV) (1)

The characteristics of eutectic scintillators include the ability to select a scintilla-
tor phase with characteristics suited to the application and high concentration of 6Li.
Tl:CsI/LiBr [17] and Ce:LaBr/LiBr [18] are examples of eutectic scintillators with satisfac-
tory properties. CeCl3/LiCl/SrCl2 [19] ternary eutectic crystals have been reported recently.
In this study, we focused on eutectic scintillators, with Rb2CeCl5 as the scintillator phase
and LiCl as the neutron-capture phase. The scintillator phase, Rb2CeCl5, has excellent scin-
tillator properties (light yield: 36,000 photons/MeV (γ-ray irradiation), decay times: mostly
24 ns, slightly 153 ns (X-ray irradiation), low density: 3.33 g/cm3, and slight hygroscopic
nature [20]. Because a binary phase diagram did not exist for the system designed in this
study, crystals were grown at the assumed eutectic point by referring to the binary system
of state of K2CeCl5-LiCl, which is a similar system [21]. A eutectic structure consisting of
the target phase was confirmed, and the scintillator’s properties were evaluated.

2. Materials and Methods
2.1. Crystal Growth

CeCl3, RbCl, and 95% 6Li-enriched LiCl powders (99.99% purity) were used as raw
materials. First, the raw materials were sealed in a quartz ampoule with an inner diameter
of 6.0 mm in a glovebox filled with Ar gas. The weighed composition of Rb2CeCl5/6LiCl
eutectic was 26.7 mol% RbCl: 13.3 mol% CeCl3: 60.0 mol% 6LiCl. For this eutectic composi-
tion, the volume ratio of Rb2CeCl5: LiCl was 82.7:17.3, and the density was 2.57 g/cm3. The
quartz ampoule was taken out of the glove box, and raw materials in the quartz ampoule
were baked at 180 ◦C under a vacuum of ~10−1 Pa for 3 h to remove moisture and air. The
ampoules were sealed using an oxyhydrogen burner. After sealing, the raw material was
heated until it melted and then fabricated using the Vertical Bridgman–Stockbarger (VB)
method in the apparatus shown in Figure 1, at a pull-down rate of 0.20 mm/min.

2.2. Evaluation of Microstructure and Scintillation Properties

The fabricated samples were cut using a wire saw to obtain wafers in the cross-sectional
direction. Subsequently, the thick samples were polished to 1.0 mm in a dry room. The
microstructure in the transverse section was observed using backscattered electron image
analysis (BEI) with a Hitachi (Tokyo, Japan) S3400N scanning electron microscope (SEM),
and powder X-ray diffraction (XRD) was performed using a Bruker (Billerica, MA, USA) D8
Discover diffractometer with a CuKα X-ray source in the 2θ range of 10–90◦, with a 40 mA
tube current and 40 kV acceleration voltage for phase identification of the microstructure.

Radioluminescence spectra were measured under X-ray excitation in a dry room to
determine the emission wavelengths of the grown samples. An Andor Technology (Belfast,
UK) iDus420-OE charge-coupled device (CCD) detector and an Andor Technology SR-163
spectrometer were used to collect data. The quantum efficiency (QE) of the measurement
device was used to correct the measured data. Furthermore, the cathodoluminescence
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(CL) spectra of each crystalline phase were obtained using a JEOL (Tokyo, Japan) JSM-
7800F-PRIME field-emission scanning electron microscope (FE-SEM) equipped with a
Horiba (Japan) MP-32M CL detector and a Horiba (Japan) Synapse Plus BIUV CCD. To
confirm the thermal neutron detection properties, the decay time and light yield were
measured in a dry room. The light yield was calculated by comparing the pulse height
spectra of the GS20 Li-glass standard with a light output of 4,000 photons/neutron. The
grown sample was irradiated using thermal neutrons (252Cf) and gamma rays (60Co) at
room temperature, and the signals were obtained using a Hamamatsu Photonics (Japan)
R7600U-200 photomultiplier tube (PMT). Shinetsu (Tokyo, Japan) KF-96H-60000CS optical
grease was applied to the grown sample to prevent signal attenuation and set in the PMT.
The radioisotope, 252Cf, was placed 15 cm from the sample across a moderator, a 10 cm
thick polyethylene plate. The obtained data were then corrected for the QE of the detector,
as in RL. The same setup used to measure the light yield was also used to measure the
decay time, and the signals were digitized using a digital oscilloscope (TD5032B, Tektronix).
The decay time was calculated using the average of 128 waveforms as the decay curve.
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Figure 1. Schematic diagram of crystal growth apparatus.

3. Results

First, microstructural observations of the grown eutectics were carried out. Figure 2
shows a photograph of the growth crystal and 1 mm wafer after cutting and polishing
in a dry room. In general, the size requirements for scintillators vary depending on the
application. In this study, we aimed to apply the scintillator to thermal neutron beam
measurement in the high gamma-ray background environment at the Fukushima Daiichi
Nuclear Power Plant. To reduce sensitivity to gamma rays, the scintillator size must be very
thin and small (0.1 to 1 mm). Therefore, it is necessary to ensure sufficient transparency at
a thickness of 1 mm, and photographs of the crystals were taken at a thickness of 1 mm.

The total length of the crystal grown in the quartz tube was approximately 45 mm. In
addition, the photograph of the 1 mm wafer shows that the grown crystal exhibited such
transparency that the lines behind it were dimly visible. Figure 3 shows the powder XRD
results of the grown eutectics. The broad peaks around 15◦~25◦ originated from the glass
cover case to prevent the powder sample from deliquescence during the measurement.
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Figure 3. Powder XRD pattern of grown crystal.

Powder XRD results showed a LiCl phase, a LiCl hydrate phase, an Rb2CeCl5 phase,
and a slight Rb3CeCl6 phase; LiCl·H2O was formed by a reaction with the atmosphere
when the crystal was powdered, and is not directly related to the grown crystal. Figure 4
shows the result of SEM observation. The grown crystals had a two-phase eutectic structure,
and based on the volume ratio, the black matrix areas were considered to be Rb2CeCl5,
while the white rod areas were LiCl. The molecular weight and contrast were reversed,
but this was due to the measurement setup. As in the previous study, the powder XRD
results showed a slight Rb3CeCl6 phase, but it was too small to be confirmed by means of
SEM observations. The powder XRD results and SEM-BEI show that the targeted crystals,
Rb2CeCl5/LiCl eutectic, were obtained.

Next, the scintillator properties are shown. Figure 5 shows the resulting radiolumi-
nescence spectrum measured using X-ray excitation, with a peak between 360 nm and
370 nm.

This is thought to originate from Ce3+ 4f-5d transition and is similar to the radio-
luminescence spectrum of the single crystal [20]. Figure 6 then shows the results of the
cathodoluminescence mapping. Cathodoluminescence spectra were obtained by selectively
irradiating electron beams while looking at the BEI to identify the emitting phase. Com-
pared with the BEI observed at the same time, the eutectic structure and luminescent/non-
luminescent phases were found to correspond to each other. The rod phase of LiCl did not
emit light; only the matrix phase of Rb2CeCl5 emitted light. Therefore, it was confirmed
that the eutectic sample was luminescent due to the Rb2CeCl5 phase.
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Finally, the results of the neutron response are given. Figure 7 shows the luminescence
results for the grown crystals and Li-glass; the light yield of the sample was calculated in
comparison to the Li-glass standard.
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Below 120, it was considered to be affected by Compton scattering and gamma rays
at 252Cf. The pulse height spectra of the eutectics exhibited a broad peak, likely stem-
ming from their growth at a theoretical eutectic point with a relatively moderate growth
rate. This condition led to variations in the grain size of the eutectic composition, atten-
uating certain α-rays before reaching the scintillator phase. However, 3H has a longer
path range than α-rays, so the effect of grain size variation is smaller than that of α-rays.
The details of the relationship between grain size, energy resolution, and light yield is
not clear at this time, but will be clarified in the future through simulations and mea-
surements using samples with different growth rates and composition ratios. Figure 7
illustrates that the peak of the Li-glass standard (4000 photons/neutron, absolute light yield
measured) was at 115.8 ± 0.59 Ch., while that of Rb2CeCl5/LiCl was at 469.0 ± 3.47 Ch.,
approximately 400% higher than that of GS20 Li-glass. Taking into consideration both
the quantum efficiency (QE) in the photomultiplier tube (PMT) of the Li-glass standard
(40%) and the grown crystal (41%), the estimated emission was around 16,000 ± 400 pho-
tons/neutron. The emission of gamma-ray excitation is also shown in Figure 7. It was
detected as higher on the channel side than at the neutron peak. The light yield was esti-
mated to be 13,600 ± 1000 photons/MeV by comparing the γ-ray peak with that of Tl:NaI
(43,000 photons/MeV,QE:39%) [22]. These results show that it is difficult to distinguish
neutrons from gamma rays by the difference in light yields in a grown eutectic crystal.

Figure 8 shows the decay curve of the grown crystals. The decay times were estimated
to be τ = 56.1 ± 0.4 ns (thermal neutron) and τ = 60.7 ± 0.2 ns (γ-ray) as a result of fitting
to the function shown in the figure using the following Equation (2):

I = y0 + A1 (exp(−x−x0)/τ1) (2)

where each letter in the above equation is I: intensity, y0: baseline, A1: constant, x andx:
time, and τ1: decay time. The decay time when irradiated by thermal neutrons was slower
than that of the Rb2CeCl5 single crystal irradiated by X-ray (24 ns). This phenomenon
of different decay times for eutectic crystals and single crystals in the scintillator phase
was also observed in previous studies on K2CeCl5/LiCl [19]. This may be due to Li+

substitution into the Rb+ site of the Rb2CeCl5 phase, as in the K2CeCl5/LiCl, resulting in a
different reaction to neutrons and X-rays, but the detailed mechanism is not known. And
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these results show that the grown crystals had difficulty in discriminating neutrons from
γ-rays according to the difference in decay times, like the previous study [23–25].
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The actual 6Li concentration could not be calculated in this study because the crystals
were grown at a hypothetical eutectic point based on the K2CeCl5-LiCl binary system.
However, the volume ratio of Rb2CeCl5: LiCl = 64:36 and the molar ratio = 20:80 were
estimated by analyzing the BEI. From this result, the 6Li concentration was estimated to be
0.039 mol/cm3.

4. Conclusions

In this study, Rb2CeCl5/LiCl was synthesized via the VB method at a theoretical
eutectic point, employing a quartz tube with an inner diameter of 6.0 mm. The purpose was
to validate the microstructure and assess the scintillator properties. SEM-BEI and powder
XRD analyses verified the presence of two phases in Rb2CeCl5/LiCl, with a slight Rb3CeCl6
phase. The eutectic exhibited a Ce3+ 4f-5d emission peak between 360 and 370 nm in the
Rb2CeCl5 phase, as is consistent with previously reported studies on single crystals of
Rb2CeCl5. The light yield measured about 16,000 ± 400 photons/neutron, and the single
decay component was τ = 56.1 ± 0.2 ns. The density calculated by BEI analysis was notably
low at 2.32 g/cm3, and the eutectic contained 0.039 mol/cm−3 of 6Li, surpassing LiCaAlF6
(0.0159 mol/cm−3) and Cs2LiYCl6 (0.0052 mol/cm−3) [26].

As the crystals were grown with a hypothesized eutectic composition based on the
phase diagram of K2CeCl5/LiCl, with a not-so-fast growth rate, there emerged significant
variations in the grain size of the eutectic structure. This phenomenon might be responsible
for the broadening of the thermal neutron peak in the pulse height spectra and/or the
reduction in light yield.

In applications such as fuel debris removal, detecting thermal neutrons amidst a high γ-
ray background is crucial. Consequently, scintillators with low density and short decay time
are imperative. Additionally, to minimize sensitivity to gamma rays, the scintillator crystals
must be exceedingly small (less than 1.0 mm thick). Conversely, they should possess high
6Li content and strong thermal neutron sensitivity. Despite the Rb2CeCl5/LiCl eutectic’s
optical transparency being inferior to single crystals like Cs2LiYCl6, it excelled in terms of
its higher 6Li content, shorter decay time, and lower density. However, Rb2CeCl5/LiCl did
not have the expected performance in discriminating neutrons from gamma rays.

In future research, our objective is to enhance scintillator properties by constructing a
phase diagram of Rb2CeCl5-LiCl and optimizing eutectic fabrication conditions, including
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growth rate and temperature. Subsequently, we plan to conduct more comprehensive
analyses of thermal neutron response characteristics.
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