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Self-assembled natLiCl-CeCl3 directionally solidified eutectics for 
thermal neutron detection
Shuangliang Cheng,a Rachel E. Hunneke,b Mengkun Tian,c Eric Lukosi,b Mariya Zhuravleva,d,e 
Charles L. Melcher,b,d,e Yuntao Wu a,*

The novel natLiCl-CeCl3 eutectic scintillators for thermal neutron 
detection were synthesized by using the vertical Bridgman method. 
The eutectic molar ratio of LiCl and CeCl3 is 0.75/0.25. The effects 
of solidification speed on the microstructure, optical properties, 
and scintillation properties under  and neutron irradiation were 
studied. The grown natLiCl-CeCl3 eutectics have a lamellar structure. 
Excited by X-ray, the scintillation emission of the natLiCl-CeCl3 
eutectics peaks at 365 nm , which relates to Ce3+ 5d-4f emission, 
and a broad and weak emission appears at 526 nm. The scintillation 
decay time of natLiCl-CeCl3 eutectics under  irradiation is about 20 
ns. The energy spectra under Pu/Be source irradiation indicates 
that the synthesized natLiCl-CeCl3 is capable of detecting thermal 
neutron.

Introduction
        Eutectic materials are mixtures of two or more solid phases 
solidified simultaneously from melts corresponding to eutectic 
compositions. In a eutectic consisting of two different phases, 
one solid phase with less molar ratio is generally surrounded by 
the matrix phase. Thus, the typical lamellar and cylindrical 
structures are formed with a periodic arrangement of two 
phases. The solidification speed (v) and the interphase spacing 
(λ) of eutectics follow the Hunt-Jackson law, namely vλ2 

=constant.1 The correlation between microstructure and 
solidification speed provides an effective mean of designing 
self-assembled eutectic materials with unique physical 
properties for structural and functional applications.2 Up to now, 
eutectic materials were synthesized by using the Czochralski,3 
the micro-pulling down,4, 5 and the Bridgman methods.6-9

        Scintillation materials, which can transform high-energy 
photons or particles into visible or ultraviolet lights have played 
an essential role in the field of radiation detection, such as 
medical imaging, homeland security, high-energy physics, and 
industrial inspection. Self-assembled eutectics with tunable 
microstructures were recently proposed to be used as 
scintillation materials for next-generation X-ray and neutron 
imaging, which require both high spatial resolution and high 
detection efficiency. On one hand, halide and oxide eutectics 
with ordered microstructure, such as CsI-NaCl:Tl+ and GdAlO3-
Al2O3:Ce3+,3, 5, 10, 11 were developed for X-ray imaging which have 
remarkable optical guide performance due to the total 
reflection of luminescent light occurring in the fiber or matrix 
phase depending on their refractive indices. On the other hand, 
novel eutectic scintillators have been utilized for neutron 
detection because of the deficit of 3He gas.12 6Li-containing 

scintillators are promising alternatives to 3He gas proportional 
counters due to the high Q-value of 4.8 MeV of 6Li(n,α)3H 
reaction, including Li-glass,13 LiF/ZnS ceramics,14 lithium indium 
diselenide,15,16 Cs2LiYCl6:Ce3+,17 LiCaAlF6:Eu2+,18 and LiF:Eu2+ 

crystals.19 In the past few years, most reported eutectic neutron 
scintillators were fluoride-based eutectics involving 6Li, such as  
LiF-SrF2:Ce3+,8 LiF-SrF2:Eu2+,7 LiF-LiYF4,4 and LiF-CaF2:Eu2+.6 
        In 2015, we developed the first chloride-based LiCl-
BaCl2:Eu2+ eutectic for neutron detection, which has a 
comparable light yield with that of commercial lithium glass.20 
The aim of this work is to develop another chloride eutectic 
scintillator, 75%LiCl-25%CeCl3,21 for the detection of thermal 
neutrons and potentially fast neutrons because of the presence 
of chlorine. The CeCl3 phase, acting as a spectral transformer, 
can emit scintillation light peaking at 365 nm under ionizing 
irradiation and achieve a high light yield of 28,000 
photons/MeV.22 Because the refractive index of CeCl3 (2.2 at 
365 nm) is higher than that of LiCl3 (1.67 at 365 nm),23,24 most 
of the produced light is expected to propagate in the CeCl3 
phase through total internal reflection. The LiCl-CeCl3 eutectics 
were grown by the Bridgman method. To understand the 
effects of solidification speed on the microstructure, optical and 
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scintillation properties of LiCl-CeCl3 eutectics, scanning electron 
microscopy, energy-dispersive spectroscopy, 
photoluminescence excitation and emission, X-ray induced 
radioluminescence, and Pu/Be induced pulse height spectra 
were used.

Experimental
Preparation of eutectics
        Anhydrous, high-purity beads of (99.99%) CeCl3 and LiCl 
(Sigma-Aldrich) were used as starting materials. The 
compositions were mixed according to the stoichiometry of 
CeCl3-LiCl. The mixtures were then loaded into a quartz 
ampoule. The ampoule was evacuated to 10-6 mbar and heated 
to 200 °C and kept there for 10 h to remove residual water and 
oxygen impurities. After baking, the ampoule was sealed and 
transferred to the Bridgman growth furnace. It passed through 
a temperature gradient of about 40°C/cm at a pulling rate of 2 
and 8 mm/h. Finally, the furnace was cooled to room 
temperature at 20 °C/h. The diameter of the ingot is 7 mm.

 
Microstructure and composition analysis
        Scanning electron microscopy tests were performed in a 
Zeiss-EVO MA15 SEM machine working at 20 kV using a 
secondary electron detector. This machine is equipped with an 
Energy-dispersive X-ray spectroscopy (EDS) detector. EDS maps 
were acquired at micron-size scale.  The elemental analyses of 
the EDS maps, and quantifications were performed by the 
Bruker-ESPRIT software.

Optical property measurements
        Photoluminescence emission (PL) and excitation (PLE) 
spectra were obtained with a HORIBA Jobin Yvon Fluorolog-3 
spectrofluorometer. The excitation light went through an 
excitation monochromator with a 1 nm bandpass to ensure 
monochromaticity. Similarly, the emission monochromator was 
set at a 1 nm bandpass to select emission light of a specific 
wavelength. In the case of emission and excitation spectra, a 
450 W continuous xenon lamp was used as the excitation source. 
Photoluminescence decay was measured on the same 
spectrofluorometer using a time-correlated-single-photon 
counting module. HORIBA Jobin Yvon NanoLEDs (pulsed light-
emitting diodes) were used as the excitation source. The 
duration of the light pulse was shorter than 2 ns and therefore 
was not deconvoluted from the much longer decay profiles.

Scintillation property measurements
        The scintillation decay time was measured using a time-
correlated single-photon counting setup under a 137Cs gamma-
ray source excitation. An X-ray tube operated at 35 kV and 0.1 
mA was used as the excitation source for X-ray excited 
radioluminescence (RL) measurements.

Thermal neutron measurements
        A Pu/Be neutron source located in the center of a 
254530 in3 polyethylene moderator was used for thermal 

neutron response measurements. Each sample was coupled to 
a photomultiplier with optical grease. The PMT and scintillator 
were covered with tin foil and electrical tape to prevent light 
pollution. The pulse processing chain for the measurement 
consisted of a H6533 Hamamatsu photomultiplier tube 
assembly (PMT), CR-113 Cremat preamplifier, ORTEC 572A 
amplifier with a 6 ms shaping time, and ASPEC927A MCA. 

Results and discussion
        The LiCl-CeCl3 eutectics were grown with two different 
pulling rates of 2 and 8 mm/hr. The as-grown ingots are shown 
in Fig. 1(a). The 1 mm thick slabs shown in Fig. 1(b) were cut 
perpendicular to the growth direction. The SEM images of the 
cross-sections of the LiCl-CeCl3 slabs are shown in Fig. 2(a) and 
(c). Both eutectics show lamellar-like structure. The black and 
gray colored regions are associated with the LiCl and CeCl3 
phases, respectively. As the increase of pulling rate from 2 to 8 
mm/hr, the phase thickness of LiCl and CeCl3 became smaller 
from roughly 10 to 5 mm. The phase thickness might be critical 
to the ionizing energy deposition and detection spatial 
resolution. The variation of phase thickness with pulling rate fits 
the Hunt-Jackson law well. The energy-dispersive spectroscopy 
(EDS) images (Fig. 2(b) and (d)) shows the distribution of Ce and 
Cl elements, confirming the separation between CeCl3 phases 
and LiCl phases.

Figure 1. (a) As-grown ingots of LiCl-CeCl3 eutectics grown with speeds of 2 mm/hr 
and 8 mm/hr, and (b) Φ7mm ×1 mm slabs.

 

Figure 2. SEM images of transaxial cross-sections of LiCl-CeCl3 slabs grown with different 
pulsing rates: (a) 2 mm/hr and (c) 8mm/hr, and EDS images of the same samples: (b) 2 
mm/hr and (d) 8 mm/hr.

The PL excitation and emission spectra of the LiCl-CeCl3 
eutectic samples are shown in Fig. 3(a). As shown in emission 
spectra, the 340 and 365 nm emission peaks upon 265 nm 
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excitation are ascribed to the Ce3+ 5d-4f emissions. Under 310 
nm excitation, the emission peaks are still at the same 
wavelengths but with lower intensity. In excitation spectra, 
when monitoring 340 and 365 nm emissions, two broad 
excitation bands peaking at 265 and 310 nm are observed. The 
PL decay profiles of LiCl-CeCl3 eutectics monitoring ex=265 nm 
and em=365 nm are presented in Fig. 3(b). Both decay profiles 
can be well fit by a single exponential function. The decay time 
of the sample grown with a pulling rate of 2 mm/hr is 19.4 ns, 
slightly longer than the 17.7 ns of the 8 mm/hr sample.

The X-ray excited RL spectra are plotted in Fig. 3(c). An 
intense emission peak appears at 365 nm in both samples 
related to Ce3+ 5d-4f emission, which is consistent with the PL 
results. For CeCl3 scintillators, its emission peak was reported to 
be at 360 nm when excited by a 20 keV X-ray.22 The weak       
emission peak at 526 nm might be related to defect emission, 
such as oxygen impurities. Scintillation decay profiles under 
137Cs irradiation are shown in Fig. 3(d). The scintillation decay 
constant is 20.0 ns for the 2 mm/hr sample and 18.0 ns for the 
8 mm/hr sample. Less than 1 ns difference between scintillation 
and PL decay constants suggests an efficient energy transfer 
from host to activators.

Figure 3. (a) PL and PLE spectra, (b) PL decay profile under 265 nm excitation (b), (c) X-
ray excited RL spectra (c), and (d) scintillation decay profiles under 137Cs irradiation of 
LiCl-CeCl3 eutectics grown with pulling rates of 2 mm/hr and 8 mm/hr.

Fig. 4 presents pulse height spectra of the LiCl-CeCl3 
eutectic scintillators recorded under a Pu/Be source irradiation. 
A thermal neutron response above background is observed in 
both samples. Using SRIM25, the calculated range of the 2.73 
MeV 3H particle in LiCl (ρ = 2.07 g/cm3) and CeCl3 (ρ = 3.97 g/cm3) 
is 49.8 µm and 38.8 µm, respectively. For the 2.05 MeV 4He 
particle, the respective ranges are 8.41 µm and 6.55 µm. This 
gives a combined range of the secondary charged particles from 
the 6Li neutron absorption in LiCl and CeCl3 of 58.21 µm and 
45.35 µm, respectively. Referring to Figure 2, we can infer that 
the secondary charged particles may deposit its energy in only 
a few adjacent CeCl3 regions in the sample grown at 2 mm/hr, 
pending the angle of emission with respect to the growth 
direction. For the sample grown at 8 mm/hr, the secondary 
charged particles more even distribute their energy loss across 
multiple LiCl and CeCl3 regions. While the structures observed 
in Fig. 2 does not readily allow a full transport simulation of the 
secondary charged particles and the relative energy deposition 
in each material region, it seems reasonable to assume that the 
fractional energy loss in each region is roughly equal for both 
samples. However, the lamellar structure of the sample grown 
at 8 mm/hr appears more uniform, such that its light transport 
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efficiency to the PMT may be higher than the sample grown at 
2 mm/hr. This agrees with the slightly higher mean pulse 
amplitude from thermal neutron exposure observed for the 8 
mm/hr sample in Fig. 4. Still, the pulse amplitude observed in 
both samples is small given the 4.78 MeV of energy released. 
The first obvious reason is that more work must be conducted 
to optimize the growth process to produce a very well-defined, 
columnar lamella structure that maximizes the light transport 
efficiency to the PMT. Second, it has been experimentally 
shown that the pulse height deficit between alpha particles and 
betas in pure CeCl3 scintillators is approximately 0.3,26 and 
noting that a significant fraction of energy is lost outside of the 
CeCl3 region explains the low pulse height amplitude. 
Advantageously, pulse shape discrimination is possible with 
CeCl3, and if contamination in the growth from the actinide 
decay chains can be minimized, then effective thermal neutron 
counting may be possible. Finally, if future investigations find 
that pulse shape discrimination between 1H and 3H is possible, 
then the potential to count both thermal (6Li reaction) and fast 
(35Cl reaction27) neutrons while discriminating gamma 
background exists. 

Figure 4. Cd-covered corrected spectra collected for the LiCl-CeCl3 eutectic scintillators 
under a Pu/Be neutron source irradiation: (a) a sample grown with a pulling rate of 2 
mm/hr, (b) a sample grown with a pulling rate of 8 mm/hr.

Conclusions
A new natLiCl-CeCl3 eutectic was successfully prepared by 

the Bridgman method for the thermal neutron detection 
application for the first time. The LiCl and CeCl3 phases were 
well separated in the as-synthesized eutectics with a lamellar 
structure. With the increase of the pulling rate from 2 to 8 
mm/hr, the phase thickness decreased from about 10 to 5 m. 
The scintillation emission peak at 365 nm originated from Ce3+ 
of 5d-4f de-excitation under X-ray irradiation. There is an 
efficient energy transfer from CeCl3 host lattice to Ce3+ centers. 
It was proven that, even using the naturally enriched lithium as 
starting materials, the natLiCl-CeCl3 eutectics were capable of 
detecting thermal neutrons. To further enhance the neutron 
detection efficiency and energy resolution, we will consider to 

use isotopically enriched lithium as starting materials, and also 
optimize the temperature gradient and pulling rate.
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We developed novel LiCl-CeCl3 eutectic scintillators that are capable of detecting thermal neutron. 
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