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non-proliferation, nuclear energy development, industrial nondestructive testing, and nuclear physics research.
However, existing commercially available thermal neutron detection materials currently still face many developmental
challenges in terms of detection performance and manufacturing costs. In this study, a series of organic—inorganic
composite scintillators sensitive to thermal neutrons was prepared via solid-state reaction by uniformly dispersing
0-20% (in mass) of LiF-CaF,:Eu eutectic powder in organic polystyrene matrixes. X-ray diffraction patterns, scanning
electron microscope morphologies, and elemental distributions of the synthesized LiF-CaF,:Eu eutectic powder were
analyzed. The radioluminescence and optical transmittance of the prepared composite scintillators were evaluated, and
comparisons were made between LiF-CaF,:Eu eutectic powder and LiF-CaF,:Eu mixed powder as inorganic additives.
Using cadmium difference method and pulse shape discrimination technologies, the thermal neutron detection
performance of composite scintillators loaded with LiF-CaF,:Eu (natural Li abundance) and °LiF-CaF,:Eu (95%
enriched °Li) eutectic powder was systematically investigated. Compared to composites filled with LiF-CaF,:Eu mixed
powder, those filled with LiF-CaF,:Eu eutectic powder exhibited better optical transmittance and higher
radioluminescence intensity, which increased with the addition of more eutectic powder. Increasing the abundance of
SLi can effectively improve thermal neutron detection efficiency, and figure of merit for thermal neutron/gamma
discrimination in composite scintillators can reach 2.64. As a promising novel scintillator for thermal neutron detection,

the composite scintillators loaded with LiF-CaF,:Eu eutectic powder show excellent thermal neutron detection and

W

thermal neutron/gamma discrimination.
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Fig.2 (a) XRD patterns of LiF-CaF,:Eu and °LiF-CaF,:Eu eutectic powders; (b) Raman spectra of LiF-CaF, composite scintillators
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Fig. 3 SEM images and elemental mappings of the synthesized LiF/CaF,:Eu mixed powder and LiF-CaF,:Eu eutectic powder
(a) SEM image and (b-d) EDS analyses of LiF/CaF,:Eu mixed powder; (¢) Schematic diagram of neutron detection
using LiF/CaF,:Eu mixed powder; (f) SEM image and (g-i) EDS analyses of LiF-CaF,:Eu eutectic powder;
(j) Schematic diagram of neutron detection using LiF-CaF,:Eu eutectic powder. Colorful figures are available on website
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Fig. 6 Thermal neutron response and thermal neutron/gamma discrimination properties of composite
scintillator loaded with LiF-CaF,:Eu eutectic powder
(a) Schematic diagram of neutron detection process in LiF-CaF,:Eu eutectic powder; (b) Pulse height spectra under irradiation of
21 Am-Be source; (¢, d) 1D PSD histograms with and without Cd shielding; (e, f) 2D PSD scatter plots



ER

iy, &5 TS LiF-CaF,:Eu 3t Sop & HG HL-To WL & DN R A 1 46 5 3R AE 207

2B 6(c, d)FTaR. M PSD P A a] DL 82 2 P
ANEZE 4 JFI PSD U, WEAE 2350 0.16 A1 0.740
AL T 0.74 ) PSD 15 5 78 0 N\ 8 AR W i e
FIEHR, R IHE TR F, 1 PSD AN T
0.16 1) PSD G5 0] A T vy 44k A 17— PR A
A EL R ERE, THE T ASRIRE S5 R
(FOM), 5 AW
S

FOM=——M——— 1
0. + 0, )

neutron gamma

XA, S Ay Al n W2 18]I TETBE, Sneutron T Ogamma 7391
4 n Fly IR 206 4 55 (FWHM) o 1 B 58 °LiF-CaF,
F LiF-CaF, & & INMRAA ) FOM 43514 2.50 F12.64.
Li BRI TR TR L B,
BE— 2B OLi R R B SR IR E 2 R T
A T UG (AR T EUR W AIK, W BE LiF-CaF,:Eu #H
FEAE, S LGNS EAR, Iz CaFyEu
I B RAR, 115 OLi B4 o LT e B A e A AL
HiuA% 33 3] 6ty CaFa:Eue & 6(e, £ AR K
S PR 25 IR AR 1) 4 PR S 45 B R # b 7  A FE,
AN AS R ik A5 5 K, AR R g E) °Li
RGP TES TR TR Li . DR
BRW], HFE LiF-CaFy:Eu 3t 50 K 10 5 & N R
REAE RS BRI RN B /400 2 T )

3 #it

K A RedhivE, Il & R L S um 2
BHEHSEM LiF-CaFy:Eu Jifib &4, ¥ LiF-CaF,:Eu
R DO R R S HIH AR B R K OIHEE T+, R
il & 7 — RIIA R R & A PL-EHLE & N SR
Ao A7 LiF-CaFy:Eu SL iR 2 & INRAR, BH
B EM THA LiF/CaFy:Eu TR &M KT E & RN AR
() ' 37 ik FH R SR RO YR RE ;B 3L ok A4 7 0
I, A N BRR 6 4 5 R e o FE 3, {H e 253 i
KRB, IS LiF-CaFy:Eu L FHHA R 2 & N R
I AT A b REAREE, A /A TR
FOM Wik 2.64, HIMN °Li FE W LLEEREGES
PN RRAAAE i R R TR %2 JE T LiF-CaF,:Eu 3L i
B R 0 526 TN R M 2L A 0 1) 8 b /40 1 B8R )
AE, RPN R AG 7 T BAG S iR ),
AT B LK LiF 5 CaFy:Eu S HE, 33k
15 #8 b /A T SR A 1 BE SR AT (R A T R

Bigt
WU EHE . A i st e LIS E R

mh 2. I C A MR TAE R4S T I B A48 5.
S 3Hk:

[1] VAN DER ENDE B M, LI L, GODIN D, et al. Stand-off nuclear
reactor monitoring with neutron detectors for safeguards and non-
proliferation applications. Nature Communications, 2019, 10: 1959.

[2] SOLTES J, VIERERBL L, LAHODOVA Z, et al. Thermal neutron
filter design for the neutron radiography facility at the LVR-15
reactor. [EEE Transactions on Nuclear Science, 2016, 63(3): 1640.

[3] CIESLAK M, GAMAGE K, GLOVER R. Critical review of
scintillating crystals for neutron detection. Crystals, 2019, 9(9): 480.

[4] PIETROPAOLO A, ANGELONE M, BEDOGNI R, et al. Neutron
detection techniques from peV to GeV. Physics Reports, 2020, 875: 1.

[5] KOUZES R T. The *He supply problem. Pacific Northwest
National Lab, 2009, 18388: 1.

[6] KAMADA K, CHIBA H, YOSHINO M, et al. Growth and
scintillation properties of Eu doped LiSrly/Lil eutectics. Optical
Materials, 2017, 68: 70.

[7] HOU Y Y, GUI Q, ZHANG C S, et al. Scintillation properties of
Cs,LiYClg:Ce crystal for neutron and gamma dual detection.
Journal of Synthetic Crystals, 2021, 50(10): 1933.

[8] ZHANG X, KANG Z, CAI Z, et al. Study on the segregation
behavior of Ce in CLYC crystals. Journal of Crystal Growth, 2021,
573: 126308.

[9] HE J Y, LI W, WEI Q H, ef al. Growth and properties of 1-inch
Cs,LiLaBrs:Ce scintillation crystal. Journal of Synthetic Crystals,
2021, 50(10): 1879.

[10] WOOLF R S, PHLIPS B F, WULF E A. Characterization of the
internal background for thermal and fast neutron detection with
CLLB. Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, 2016, 838: 147.

[11] WU C, TANG B, SUN Z J, et al. A study of ZnS(Ag)/°LiF with
different mass ratios. Radiation Measurements, 2013, 58: 128.

[12] STAVE S, BLISS M, KOUZES R, et al. LiF/ZnS neutron
multiplicity counter. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, 2015, 784: 208.

[13] BEDOGNI R, LEGA A, MENZIO L, et al. A numerical model to
predict pulse height distribution of alpha particles in thin ZnS(Ag)
scintillators. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, 2021, 990: 164991.

[14] WATANABE K, MITSUBOSHI N, ISHIKAWA A, et al. Basic
study on a LiF-Eu:CaF, mixed powder neutron scintillator. Nuclear
Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment,
2020, 954: 161244.

[15] KAWAGUCHI N, KIMURA H, TAKEBUCHI Y, et al. Dosimetric
properties of non-doped LiF/CaF, eutectic. Radiation Measurements,
2020, 132: 106254.

[16] KAWAGUCHI N, FUKUDA K, YANAGIDA T, et al. Fabrication
and characterization of large size °LiF/CaF,:Eu eutectic composites
with the ordered lamellar structure. Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 2011, 652: 209.

[17] KAWANO N, KAWAGUCHI N, FUKUDA K, et al. Scintillation
and dosimeter properties of °LiF/CaF,:Eu eutectic composites.
Journal of Materials Science: Materials in Electronics, 2018,
29(11): 8964.

[18] LI X, DENG M, SHI Y, et al. Bulk polystyrene-BaF, composite
scintillators for highly efficient radiation detection. Crystals, 2023,
13(9): 13.

[19] LI P, CHENG W, ZHOU Y, et al. Large scale BN - perovskite
nanocomposite aerogel scintillator for thermal neutron detection.
Advanced Materials, 2023, 35(25): 2209452.

[20] TAUDUL B, TIELENS F, CALATAYUD M. Raman characterization
of plastics: a DFT study of polystyrene. The Journal of Physical
Chemistry B, 2024, 128(17): 4243.

[21] TROJAN-PIEGZA J, GLODO J, SARIN V K. CaFy(Eu*"):LiF-structural
and spectroscopic properties of a new system for neutron detection.
Radiation Measurements, 2010, 45(2): 163.



