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ABSTRACT: Radiation detectors are crucial in a wide variety of C(Cu, L) s(T10.5%) || (Cs,,Li)sCusls(TI0.5%)
research and commercial applications, such as oil and gas
exploration, medical imaging, nuclear nonproliferation, and home-
land security. Neutron and p-ray detectors are fundamental
components in portal monitors at ports and border crossings,
bolstering national security against radiological threats. This study
presents a dual-mode scintillator, undoped and Tl-doped °Li—
Cs;Cu,l;, and demonstrates its potential as a promising material for
simultaneous thermal neutron and y-ray detection. We explore the
Bridgman growth of both undoped and thallium-doped Li — Cu
and Li — Cs substitutional systems with various Li doping levels
and assess their impact on scintillation properties. Under 662 keV
y-ray excitation, the undoped crystals had light yields up to 35,900
ph/MeV, with energy resolutions down to 4.5%. The Tl-doped crystals performed better than the undoped crystals, with light yields
peaking at 65,900 ph/MeV and energy resolutions as low as 3.5%. When exposed to a moderated ***Cf excitation source, our crystals
had light yields between 102,900 and 167,200 photons per thermal neutron capture, with a full energy thermal neutron peak
reaching 3 MeV in y equivalent energy. Pulse shape discrimination studies reveal well-separated y and neutron events, resulting in a
figure-of-merit (FOM) as high as 3.7. These findings highlight the potential of Li-doped Cs;Cu,]; as a viable candidate for next-
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generation dual-mode scintillators.
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1. INTRODUCTION

Single crystal scintillators are essential radiation sensors in
various y-ray and X-ray applications, including medical
imaging, oil and gas exploration, high-energy physics, nuclear
nonproliferation, and homeland security.' ® Neutron detec-
tors, in particular, are critical for national security applications,
as they are employed in radiation portal monitors at ports and
border crossings to safeguard against smuggled nuclear
materials and other radiological threats.” Traditional device
designs consist of two independent detectors with scintillators
like NaI(Tl) or PVT for y-ray detection and *He-gas-filled
proportional counters for thermal neutron detection. The
global shortage of *He in the late 2000s highlighted a
concerning dependence on this resource and sparked the
pursuit of innovative neutron detection materials and methods
as alternatives to traditional *He-based systems.”” Conse-
quently, dual-mode inorganic scintillators emerged as a
promising alternative for neutron detection, leveraging
neutron-sensitive materials capable of producing distinguish-
able y and neutron responses that can be separated using pulse

© XXXX American Chemical Society

7 ACS Publications A

shape discrimination (PSD).'”"* To explore scintillators with
PSD capability, researchers have utilized two main strategies:
(1) discover new scintillator compounds in which the neutron
absorber isotope (°B or °Li) is a constituent element such as
Cs,LiYCl4(Ce), Cs,LiLaBrs_,Cl,(Ce), TLLi(RE)Cl,, and
LiSr,I(Eu); >~ and (2) engineer existing compounds by
partially replacing one of the constituent elements with the
neutron absorber to form solid solutions, i.e., Na;_Li I and
Cs,_.Li,L.”** Both approaches have demonstrated encourag-
ing y/neutron discrimination with the figure-of-merit (FOM)
exceeding 2.

Cs;Cu,l (CCI) is a versatile material with the potential to

be used as a photodetector,30 light-emitting diode,*' % and as a
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Table 1. Compositions of the Li = Cu and Li — Cs Substitutional Systems Investigated in this Work

substitutional system composition

Li - Cu Cs;(Cu,_’Li,), I,
(CSO.995T10,()5)3(Cul—xéLix)ZIS
Li » Cs (Cs,_8Li,);Cuyls

(Cso.ggsfx 6LixT10.05)3 Cuyly

Li (x) concentration Tl-doping concentration (mol %)

0.05,0.10 0
0.05, 0.10, 0.15, 0.20 0.05
0.05, 0.10 0

0.05, 0.10, 0.15, 0.20 0.05

scintillator material for radiation detection applications.” "'

As a scintillator for y-ray spectroscopy, CCI has light yields
reaching 90,000 ph/MeV and energy resolution as low as 3.3%
at 662 keV when doped with thallium.*® The incorporation of
°Li into the CCI matrix enabled this material to eficiently
detect thermal neutrons via the °Li(n, a)t reaction. Thallium-
doped °Li-CCI was introduced as a dual-mode scintillator by
Glodo et al. in 2021.** Additional work by Wang et al. and
Xiang et al. showed that undoped °Li (1 atom %)—CCI was
sensitive to thermal neutrons and provided y/neutron
discrimination with an FOM of 2.25.*%*

In this work, we investigate the impact of incorporating
higher °Li concentrations on the crystal growth and
scintillation properties of Cs;Cu,l; and Cs;Cu,ls:TL. The
crystal structure of CCI has four unique crystallographic sites
where Li* can possibly be incorporated: (1) [CsIg]”~
(coordination number (CN) 8 = 1.74 A), (2) [Csly]®
(Cscn, = 1.78 A),™ (3) [CuL,]*™ (Licy,: 0.60 A),* and (4)
[Cu,;]™ (Licy,). Given the similar ionic radii of Li* (CN4:

0.59 A)* and Cu* (CN4: 0.60 A), Li* is more likely to replace
Cu*. However, Li* (CN8: 0.92 A)* could also be substituted
into the Cs* site (CN8: 1.74 A). Therefore, we investigated
undoped and Tl-doped crystals of both Li = Cu and Li — Cs
substitutional systems with Li concentrations of 0.0, 0.10,
0.15, and 0.20 by growing single crystals using the vertical
Bridgman method and characterizing phase formation and
scintillation properties.

Our findings reveal excellent scintillation performance under
y and thermal neutron irradiation, including y/neutron
discrimination, with the best FOM of 3.7. These results
highlight Li-CCI as a practical candidate for next-generation
dual-mode scintillator detectors in national security applica-
tions.

2. EXPERIMENTAL METHODS

2.1. Crystal Growth. Single crystals of Li-CCI and Li-CCLTI
were grown by using the Vertical Bridgman method in a two-zone
transparent furnace. The compositions of the Li = Cu and Li — Cs
systems are listed in Table 1. Note that in both systems, T1" replaced
Cs". Anhydrous 99.99% pure beads of CsI, °Lil, Cul, and TII were
mixed and loaded into 13 mm diameter quartz ampules. The loaded
ampules were vacuum-dried at 100 °C for 12 h to remove any residual
moisture and then sealed using an H,—O, torch under a dynamic
vacuum of at least 1077 Torr. Before growth, several charge
homogenization steps were performed by melting the raw materials
at 720 °C for 24 h. The ampule was pulled at 0.2 mm/h through a
thermal gradient of 18 °C/cm and then cooled to room temperature
at 5 °C/h.

2.2. Sample Preparation. Samples of various sizes were cut and
polished inside a N, glovebox and then placed inside a quartz
container filled with mineral oil to protect them from moisture during
the luminescence and scintillation measurements.

2.3. Phase Verification. Powder X-ray diffraction (PXRD)
patterns were obtained with a PANalytical Empyrean 2-0 diffrac-
tometer. The powdered samples were loaded onto a zero-background
silicon sample stage and then covered with a Kapton film to protect

the powders from moisture during the measurement. Scans were
collected from 10 to 70° 2-0 with a step size of 0.0131°. The
measured PXRD pattern was matched to a reference using GSAS-II
software to investigate the structure and phase purity.*
Cs3(Cu;_,°Li,),I5:T1 0.5%, x = 0.15 was not measured.

2.4. Scintillation Characterization. Radioluminescence (RL)
measurements were conducted at room temperature under con-
tinuous (3S keV, 0.1 mA) X-ray irradiation using a CMX003 X-ray
generator. Emission spectra were collected over a wavelength range of
200—800 nm using a 150 mm focal length Acton SpectraPro-2150i
monochromator.

The pulse height spectra with excitation from y-ray-sealed sources
were collected using a photomultiplier tube (PMT) connected to
standard NIM electronic components consisting of a Canberra 2005
preamplifier, an Ortec 672 spectroscopy amplifier, and a Tukan 8K
multichannel analyzer. The oil-filled quartz sample container was
wrapped in Teflon and coupled to the PMT. Absolute light yield in
photons per MeV (ph/MeV) was measured by the single photo-
electron technique using a factory-measured quantum efficiency
Hamamatsu R2059 PMT."” The pulse height spectra to determine the
energy resolution (R) and scintillation nonproportionality (nPR)
were collected using a Hamamatsu R6231—100 super bialkali PMT.
The energy resolution was calculated from the ratio of the full width
at half-maximum (FWHM) of the photopeak to its centroid (E): R =
AE(FWHM)/E. Nonproportionality was measured with a library of y-
ray sources, including 137Cs, 133Ba, S’Co, and *'Am. The light yield
measured with 662 keV 7 rays from the '*’Cs source was assigned to a
value of 1.00, and the light yields measured at other energies were
plotted relative to the 662 keV y rays to illustrate deviations from
proportionality.

For y-neutron discrimination measurements, several thousands of
scintillation traces under *’Cs and **’Cf irradiation were collected
using an R6231—100 PMT. The crystal was surrounded by paraffin
wax blocks to moderate the fast neutrons to thermal energy. A lead
brick was placed between the **Cf source and the crystals for
additional ¥ shielding. The PMT anode signal was digitized using a
CAEN DTS5720 desktop digitizer (sampling rate: 250 MS/s; ADC
resolution: 14 bits). The digitized pulses were processed by using a
custom Python code. The y- and neutron-decay time constants were
determined by fitting a two-component exponential function to the
averaged traces. The y-ray energy equivalent (GEE) and thermal
neutron light yields were calculated by using 662 keV as the reference.
For pulse shape discrimination (PSD) measurements, the traditional
charge comparison method was used.** The PSD gate parameters
were optimized (see the Supporting Information for details).

MCNP6.2" models were developed to evaluate the thermal
neutron detection efficiency of @2.5 X 2.5 cm and @5 X 5 cm of Li-
CCI(T1), Na, ,°LiI(TI), Cs,°LiLaBrs(Ce) and Cs,°LiYCl4(Ce)
detector-size crystals. In these models, the planar source of thermal
neutrons impinged on the cylindrical side of the scintillator. The
thermal neutron detection efficiency was defined as the ratio of
thermal neutrons undergoing the (n,t) reaction with °Li to the total
number of simulated source particles. The thermal detection
efficiencies for both Li — Cu and Li — Cs substitutional systems
were plotted as a function of °Li (atom %) concentration and
compared to the detection efficiency of Na,_;°Li,I(Tl),
Cs,’LiLaBrg(Ce), and Cs,’LiYCl4(Ce).

3. RESULTS AND DISCUSSION

3.1. Crystal Growth. Single crystals of undoped and TI-
doped Li = Cu and Li = Cs substitutional systems were
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Figure 1. @12—13 mm single crystals of (a) undoped Cs;(Cu,_,5Li,),Is and (Cs,_,’Li,);Cu,l; inside the ampules under 254 nm excitation and

(b)Tl-doped crystals inside the ampules under natural white light.
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Figure 2. Polished samples of (a) undoped and (b) Tl-doped Cs;(Cu,_,°Li,),I5 and (Cs,_,’Li,);Cu,] under natural white light.
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Figure 3. (a) Room temperature XRD patterns for selected Tl-doped Cs;(Cu,_,°Li,),I5 and (Csl_x6L§x)3Cu215 crystals (blue markers) compared to

the calculated XRD pattern based on the Cs;Cu,]; structural model (red) from Hull and Berastegui.

%> (b) Rietveld refined lattice parameters for a,

b, and ¢ crystallographic directions as a function of Li (x) concentration for (Cs,_,°Li,);Cu,ls: (Tl 0.5%).

successfully grown by the Vertical Bridgman technique. Figures
1 and 2 depict these crystals under UV excitation and natural
light. All samples were transparent. The undoped crystals were
predominantly pink, whereas the Tl-doped crystals had a
yellow tint. It is important to note that the incorporation of Li
did not influence the color of the crystals since similar color
variations were observed in Li-free CCI crystals (Figure S1).
The color inconsistencies are potentially related to variations
in the quality of commercially available Cul precursor

materials, such as purity, hydration level, trace oxygen
impurity, and stoichiometry control of the Cu to I ratio.
Most boules had small surface cracks penetrating less than a
millimeter into the bulk of the crystals. These stress-induced
cracks occured during the cooling phase as the crystal detached
from the ampule wall.***"

Li-CCI exhibits a peritectic behavior similar to pure
CCL>*™* Consequently, the crystals, grown from stoichio-
metric melts, consisted of three visually distinct sections with
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Table 2. Lattice Parameters for Tl-Doped Cs;(Cu,_,Li,),I5 and (Cs,_,°Li,);Cu,l; Crystals Determined by Rietveld

Refinement with GSAS-I1I*

Li conc. (x) a (A)
ref 0 10.1743(1)
Li = Cu 0.05 10.1731(3)
0.10 10.1718(3)
020 10.1716(4)
Li — Cs 0.05 10.1718(2)
0.10 10.1712(3)
0.15 10.1715(1)
0.20 10.1713(2)

“Samples were cleaved from the middle section of the boules.

b (A) c (A) volume (A%)
11.6532(2) 14.3621(2) 1702.8(1)
11.6520(1) 14.3684(5) 1703.1(2)
11.6515(3) 14.3784(4) 1704.1(1)
11.6513(2) 14.3881(3) 1705.2(3)
11.6501(3) 14.3696(4) 1702.8(1)
11.6515(4) 14.3849(4) 1704.8(1)
11.6510(3) 14.3873(2) 1705.1(1)
11.6516(1) 14.3894(3) 1705.4(2)

Table 3. Lattice Parameters for TI-Doped (Cs°Liy,);Cu,l from the Seed, Bulk, and the Last-to-Freeze Regions Determined

by Rietveld Refinement with GSAS-II

Li —» Cs (x = 0.2) a (A)
Cs;Cu,I:TI (No Li) 10.1743(1)
Seed 10.1728(3)
Cone 10.1730(2)
middle 10.1713(2)
TLTF (Li—Cs,;Cu,l;) 10.1749(7)
“LTF (Li-CsCu,l;) 10.608 (7)
CsCu,l; ref 10.505 (1)

b (A) c(A) volume (A3)
11.6532(2) 14.3621(2) 1702.8(1)
11.6518(1) 14.3839(2) 1704.9(1)
11.6515(3) 14.3857(1) 1705.1(1)
11.6516(1) 14.3894(3) 1705.4(2)
11.6504(5) 14.4155(9) 1708.8(10)
13.190 (5) 6.129(8) 857.7 (9)
13.147(3) 6.072(2) 838.6(1)

“LTF (Cs;Cu,l5)—0.40 phase fraction. bLTF (CsCu,l;)—0.60 phase fraction.

different phases. In our crystals, the CsI-rich phase was present
at the bottom of the capillary. The bulk section of the crystal
consisted of the desired orthorhombic-CCI phase. The
remaining section was the last-to-freeze (LTF) and consisted
of a mixture of Li—Cs;Cu,ls:Tl and Li-CsCu,l;:Tl that
solidified below the melting point of the desired compound.
The size of the LTF did not change (~2 mm) as the nominal
lithium concentration increased from 0.05 to 0.15. This
suggests that a significant amount of Li was incorporated into
the bulk section with the desired orthorhombic-CCI phase.
However, for x = 0.2, the LTF accounted for ~40—50% of the
crystal volume. The drastic increase in the LTF size indicates
that the Li solubility in the CCI system was reached, and
excess Li was rejected. Similar compositional stability was
observed regardless of the assumed crystallographic site being
substituted by Li*.

Throughout our investigation into CCI and its variants, we
found significant differences in crystal quality and scintillation
performance due to phase inhomogeneities caused by
unoptimized growth parameters. These secondary phase
defects are either distributed uniformly throughout the crystal
volume or segregated toward the outer edge of the crystal
(Figures S2 and S3). The incongruent melting behavior of CCI
makes the solid—liquid interface sensitive to small changes in
growth parameters. For example, slowing down the pulling rate
from 0.8 to 0.2 mm/h improved the optical quality, phase
purity, and scintillation performance of CCLTI (Figures S4
and SS). Most reports of Bridgman-grown CCI, CCL:T], and
Li-CCI show transparent boules but characterize the perform-
ance of only millimeter-thick pieces. This suggests that most
crystals are not homogeneous. This is also evident by the
significant differences in light yield, energy resolution, and
decay times among published work. Some of these perform-
ance differences will be addressed in later sections of this work.

3.2. Phase Formation Investigation. The bulk of the
crystals was phase pure, maintaining the orthorhombic Pnma

(62) crystal structure of Cs;Cu,l.>* Figure 3a illustrates
powder X-ray diffraction patterns of selected Tl-doped
compositions from the Li - Cu and Li — Cs substitutional
systems, matched to the calculated pattern based on the
crystallographic structural model of Cs;Cu,ls from Hull and
Berastegui.”> The lattice parameters from Rietveld refinement
are given in Tables 2 and 3. A slight increase in unit cell
volume was observed in both substitutional systems as we
increased the nominal Li concentration from x = 0.05 to x =
0.20. This increase is attributed to the larger expansion of the
“c” axis (~0.027 A) compared to the contractions of “a”
(~0.003 A) and “b” (~0.002 A). However, if we consider ionic
radii as the only determining factor, these results are
unexpected. In the Li — Cu system, we expected the unit
cell volume to remain nearly constant across all Li
concentrations due to the nearly identical ionic radii of Li*
and Cu" in the 4-fold coordinated site (0.59 A for Licy, vs 0.60

A for Cucy,™). In contrast, in the Li — Cs substitutional

system, we expected the unit cell volume to decrease with
increasing Li concentration due to the ionic radii Li" in the 8-
fold coordinated site being half of the size of Cs* (1.74 A for

Cscy, vs 0.92 A for LiCNA45). Given our observations, it is very

likely that Li* concentrations less than 5% incorporate into the
energetically favorable Cu® site.*’ However, at higher Li
concentrations, the peritectic behavior of CCI could allow Li*
atoms to occupy both crystallographic sites to maintain
compositional equilibrium, while some excess Li* occupies
the interstitial site in the 8-coordinated Cs” site.

Since both systems experienced similar structural changes
with the incorporation of Li, we decided to focus our structural
studies on the Li — Cs system as it could possibly incorporate
more Li compared to the Li — Cu system. Figure 3b illustrates
the lattice parameter trends for the Li — Cs substitutional
system. Samples were cleaved from the middle section of the
boules. The unit cell volume increased from 1702.8 to 1705.4
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Figure 5. X-ray excited emission spectra of (a) undoped and (b) Tl-doped Cs;(Cu,_,’Li,),I5 and (Cs,_,’Li,);Cu,ls.

A (2.6 A) as the nominal Li* concentration increased from x =
0.5 to x» = 0.20. Within this system, the largest change in
volume (1.8 A) occurred between x = 0.5 and 0.10, then it
only increased by 0.6 A as the Li" concentration increased
from x = 0.10 to x = 0.20. Thus, it is likely that the unit cell
volume plateaus around 0.10 < x < 0.15, indicating that the Li*
solubility limit may have been reached. This is supported by
our growth observation, in which there was a significant
increase in LTF size as the Li" concentration increased from x
= 0.10 to x = 0.20.

We also investigated the phase uniformity of the crystal with
the highest nominal concentration above the suggested
solubility limit, x = 0.20, (Cs;_,Li,);Cu,I:T1 0.5%. The lattice
parameters from the Rietveld refinement are listed in Table 3.
As shown in Figure 4a,b, the seed, cone, and middle sections
were single phases. The unit cell increased in volume from
1704.9 A to 1705.4 A due to Li* segregating along the growth
direction. In this crystal, the average unit cell volume from the
phase-pure section of the boule (1705.1 A) is much closer to
the unit cell volume of x = 0.10 (1704.8 A) and x = 0.15
(1705.1 A) than that of the Li—Cs;Cu,l; phase from the LTF
section (1708.8 A) (Figure 4b), confirming our expected

solubility range. Similar trends were observed in the Li = Cu
system; thus, we expect the nominal Li* concentration in the
melt to be close to that in the Li — Cs system.

3.3. Scintillation Characterization. The incorporation of
Li" did not significantly influence the X-ray excited emission of
the undoped and Tl-doped crystals. Figure Sab depicts the
radioluminescence emission spectra of Li-CCI and Li-CCLTL
Regardless of the substitutional system, the Tl-free crystals had
a broad self-trapped exciton (STE) band centered at 452
nm,"** and the Tl-doped crystals had a broad Tl-related band
centered at 505 nm.””

The incorporation of Li* into undoped CCI did not
significantly influence the scintillation light yield or energy
resolution compared to that of the pure crystal. Figure 6ab
shows the '¥’Cs spectra of ~0.7 cm® (7 X 7 X 13 mm?®) crystals
from the Li — Cu and the Li — Cs substitutional systems.
Regardless of the Li concentration and its intended substitu-
tional site, the light yields ranged between 34,300 and 35,900
ph/MeV, with energy resolutions between 4.5 and 4.7% at 662
keV.

The performance of the crystals was also consistent across
different volumes. To demonstrate this, we measured the
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Figure 6. '¥’Cs spectra of 7 X 7 X 13 mm?® (0.7 cm®) crystals: (a) Cs;(Cu,_,°Li,),Is and (b) (Cs,_,°Li,);Cu,l;. Light yield and energy resolution at

662 keV are included in the legend.

energy resolution of 0.05, 0.25, and 0.7 cm?® samples from the
crystal with a high nominal Li concentration,
(Cs5°Lig 10)3Cu,ls. As shown in Figure 7, this crystal had
excellent volumetric performance with energy resolutions
between 4.6 and 4.7% at 662 keV as the sample volume
increased.
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Figure 7. '’Cs spectra highlighting the energy resolution at 662 keV
of (Csgg0°Lig10)3Cu,l; crystals with different volumes.

Our results indicate that Li* incorporation into CCI had a
different effect on scintillation properties compared with
previous work. For small CCI crystals doped with Li 1 atom
%, Wang et al. observed deterioration of the scintillation
properties compared to Li-free CCI, i.e., light yield decreased
by ~10% to 30,000 ph/MeV and the energy resolution at 662
keV worsened from 4.4 to 4.8%." In contrast, Xijang et al.
reported an increase of light yield by ~17% to 28,000 ph/MeV

and an improvement of energy resolution at 662 keV from 7.2
to 5.25%."* In our work, the incorporation of Li" into CCI had
no impact on the light yield and energy resolution in
comparison to the Li-free CCI, and the best performance
was 35,900 ph/MeV and energy resolutions of 4.5% at 662 keV
measured for a 0.7 cm® (Csgos®Liggs);Cu,ls crystal. This is a
significant improvement compared to the performance of
much smaller crystals reported previously.

The light yield of Tl-doped Li-CCI crystals decreased by
25%, while the energy resolution at 662 keV remained
unaffected compared to Li-free CCL:TL Figure 8a illustrates
the light yield and energy resolution trends for § X § X 2 mm®
(0.05 cm®) and 7 X 7 X 5 mm?® (0.25 cm?) crystals from the Li
— Cu and the Li = Cs substitutional systems. Regardless of
the Li concentration and intended substitutional site, the light
yield decreased from ~82,000 ph/MeV to an average of
~63,000 ph/MeV for equivalent Tl concentrations of 0.5%.
The light yield remained relatively constant across the studied
Li concentrations, ranging between 61,000 and 65,900 ph/
MeV. The underlying cause of the reduced light output is not
well understood. However, it is likely related to the slight
increase in afterglow Li-CCLTI compared to Li-free CCIL:TI
(Figure S6). This will be the subject of future investigation.
The best energy resolution at 662 keV was 3.5% for smaller
samples across all Li* concentrations in both substitutional
systems. For the 0.25 cm? crystals, the energy resolution at 662
keV was between 3.8 and 4.1% at 662 keV. The performance of
Li-CCL:TI under y irradiation surpasses that of CLYC:Ce (up
to 20,000 ph/MeV, 3.6 to 4.4% at 662 keV)'®*"*73%37 and
NalIL:T1 (40,000 ph/MeV and 6.5% at 662 keV),** while it is
comparable to CLLBC:Ce (45,000 ph/MeV and 3.1—4.4% at
662 keV).?"?3¢

Although CCI does not suffer from self-absorption, due to
its large Stokes Shift,>"3%3540595% other well-known factors
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Figure 10. Scintillation decay time curves under y-ray and neutron irradiation of (a) undoped and (b) Tl-doped Cs;(Cu,_,°Li,),Is: Tl and

(CS 1 —x6Lix) 3CU.215.

such as compositional inhomogeneities, impurities, and dopant
segregation are also often responsible for the volumetric
degradation of the energy resolution.'®*"*> To further evaluate
the volumetric performance in the Li — Cs system with the
highest Li" nominal concentration, we compared the energy
resolution of 0.05, 0.25, and 0.7 cm? crystals. The
corresponding '*’Cs spectra are shown in Figure 8b. The
energy resolution deteriorated from 3.5 to 4.4% as the volume
increased from 0.05 cm® (5 X § X 2 mm®) to 0.7 cm® (7 X 7 X
13 mm®). Since no volumetric degradation of the energy

resolution was observed for Tl-free Li-CCI (see Figure 7), we
speculate that the observed degradation is likely caused by TI
inhomogeneities, i.e., inclusions, microinhomogeneities, and
TI-Li clusters. Similar effects have been observed in other TI-
doped crystals, such as CsI and Nal.*>~%

The energy resolution versus energy and the light yield
nonproportionality (nPR) curves are depicted in Figure 9a,b,
respectively. The response to y irradiation of the Li-containing
crystals was similar compared to that of the Li-free crystals.
The energy resolution and the light yield nonproportionality
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Figure 11. Neutron light yield and y-neutron PSD figure-of-merit of (a) undoped and (b) Tl-doped Cs;(Cu,_,5Li,),Is and (Cs,_,°Li,);Cu,ls. PSD,
FOM, and **Cf spectra for all compositions are shown in the Supporting Information.

Table 4. Summary of Select Scintillation Properties of Undoped Cs;(Cu,_,Li,),I; and (Cs,_,°Li,);Cu,;

(x) light yield y (ph/MeV)

Cs;(Cu,_,’Li,), s 0.05 34,900
0.10 35,400
(Cs;_,°Li,);Cu,lg 0.05 35,900
0.10 34,300

“For 7 X 7 X 13 mm® crystals.

energy resolution (662 keV) (%)*

4.7
4.6
4.5
4.7

light yield n° (ph/neutron) GEE n° (MeV) FOM
104,700 3.0 2.7
106,200 3.0 2.7
107,700 3.0 2.8
102,900 3.0 2.5

were not affected by the Li* concentration in either
substitutional system. No double peaks in the pulse height
spectra or sharp increases in energy resolution were observed
across the energy resolution measured, indicating that the
crystals’ performance is uniform.®> The undoped crystals have
a highly nonproportional response with a pronounced “halide
hump” that deviates from unity (ideal response) by 13% at
approximately 30 keV. In contrast, the Tl-activated crystals
have a more proportional response to y-rays, with a much
smaller halide hump deviating from the ideal response by only
4% at 30 keV (Figure 9b).

The incorporation of °Li had no influence on the
scintillation decay time, but it enabled us to detect neutrons
via the °Li(n,)t reaction. Figure 10a,b shows the average y-ray
and thermal neutron scintillation pulses for both substitutional
systems. For Li-CCI, both the average y-ray pulse and neutron
scintillation pulses were fitted with a two-component
exponential function, yielding time constants of 90 + 15 ns
(4%) and 850 =+ 25 ns (96%) for y-rays and 80 + 10 ns (8%)
and 750 + 25 ns (92%) for neutrons. These results are
consistent with decay observation made by Xiang et al.**
However, Wang et al. reported that the y-rays pulses were
faster than neutron pulses.*> For Li-CCL:T], the average y-ray
pulse was fitted with a single-component exponential function
with a time constant of 750 = 25 ns, while the average neutron
pulse was fitted with a two-component exponential function
with time constants of 95 + 10 ns (5%) and 770 + 30 ns
(95%), as shown in Figure 10b.

In both Li-CCI and Li-CCI:Tl systems, the thermal neutron
pulses are considerably faster than the y-ray é)ulses. This is due
to the ionization quenching effect.”*"****% This effect is a
result of the high excitation density produced by a particles
and tritons depositing their energy in a condensed ionization

track, which causes STEs in close proximity to each other to
lose their energy through a nonradiative transition (STE-STE
annihilation).* In this study, the overall scintillation kinetics of
Li-CCI and Li-CCI:Tl crystals were not affected by the
nominal Li" concentration or its intended substitutional site
when compared to the Li-free crystals.

The pulse shape differences between thermal neutron events
and y-ray events described in the previous section allow us to
use the pulse shape discrimination (PSD) technique to
differentiate between both events. In this method, a higher
figure-of-merit (FOM) indicates better discrimination capa-
bility between y and neutron events. Figure 1la shows the
neutron light yield and y-neutron PSD figure-of-merit (FOM)
of undoped Li-CCI crystals from both substitutional systems.
The thermal neutron peaks correspond to a y-ray equivalent
energy of 3 MeVee, resulting in a neutron light yield of
105,000 + 10,000 photons per neutron. The neutron pulses
were well separated from the y-ray pulses, yielding an FOM
ranging from 2.5 to 2.8, as shown in Figure 11a. These results
show an improvement over the FOM of 2.27 shown for Li-CCI
in previous works,"”** and commercially available CLLB:Ce
(1.4) and CLLBC:Ce (2.5).>"°® Table 4 summarizes the
scintillation properties of undoped Li-CCI.

Tl-doping led to an improved neutron response compared to
the undoped Li- CCI crystals. Figure 11b illustrates the
neutron light yield and y-neutron PSD FOM of a Tl-doped
crystal for both substitutional systems. The thermal neutron
peaks correspond to a y-ray equivalent energy of approximately
2.6 MeVee. The neutron light yield of the Li — Cu system
fluctuated around 162,100 + 5000 photons per neutron, while
the light yield of the Li — Cs system was between 165,100 +
3000 photons per neutron. The PSD FOM of the Li — Cu
system was consistently higher, ranging between 2.9 and 3.7,
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compared to that of Li — Cs, which ranged between 2.7 and
3.7. No trend between the Li* concentration and the thermal
neutron response was observed. PSD, FOM, and **Cf pulse
height spectra for all compositions investigated in this work are
shown in the Supporting Information.

Figure 12a,b depicts the PSD scatter plots and FOM of
crystals with the best performance under thermal neutron
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Figure 12. PSD scatter plot, FOM vs energy threshold and FOM in
the thermal neutron range of (a) Cs;(Cuggs®Liggs),I5(T1 0.5%) and
(b) (Csg50°Lig0)3Cu,I5(T1 0.5%) under thermal neutrons excitation
from a **Cf source.

irradiation with the **Cf source, (Csggo’Lig.0)3Cu,I3(T1 0.5%)
and  Cs;(Cuyge5°Ligs),15(T1 0.5%). Both crystals have an
excellent FOM of 3.7 in the thermal neutron, comparable to
CLYC:Ce (3.7) and NalL:Tl (4.0).'*?"**%7 Table §
summarizes the scintillation properties of Li-CCI:TL

Figure 13a,13b shows thermal neutron detection efficiency
MCNP calculations for @2.5 X 2.5 cm® and @5.0 X 5.0 cm®
crystals from Tl-doped Li — Cu and Li — Cs substitutional
systems compared to NaIL(T1), CLLB(Ce), and CLYC(Ce).
These sizes were chosen based on the typical size requirements
for dual-mode hand-held detector systems.”” The thermal
neutron efficiencies of Li-CCI(T1) and NaIL*® increase with Li
concentration due to the substitutional incorporation of Li.
Both Cs,LiLaBr(Ce) and Cs,LiYCl,(Ce) (CLYC(Ce)) have a
fixed thermal neutron efficiency (shown as horizontal lines)
because of the fixed Li* concentration due to their
stoichiometry. In Cs;Cu,l;, the Li — Cs system has a higher
detection efficiency than the Li — Cu system due to the higher
number of Cs atoms (3 vs 2) available for Li* substitution. The
Li — Cs system achieves the detection efficiency of
CLYC(Ce) at Li concentrations around 1S5 atom % for the
small-size crystals and slightly above 12 atom % for the large-
size crystals. The MCNP calculations refer to the actual Li*
concentration in the final crystals rather than the nominal
concentration of Li*. Therefore, to reach the desired amount of
Li* in the crystals, the Li* concentration in the melt should be
adjusted to compensate for segregation and avoid phase
separation during growth. In our case, a high Li* concentration
causes phase instability, leading to phase separation. This is
evidenced by the large multiphase last-to-freeze section and
reduced single-phase Li-CCI(TI) section of the crystal with a
nominal concentration of 20%.

4. CONCLUSIONS

In this study, we successfully grew phase-pure, transparent
single crystals of undoped and Tl-doped Cs;(Cu,_,°Li,),I; and
(Cs;_, Li,);Cu,l; using the vertical Bridgman technique.

Crystals in Li — Cu and Li — Cs substitutional systems
with nominal Li* concentrations of x = 0.05, 0.10, and 0.15
were single-phase, similar to Li-free crystals. However, x = 0.20
caused phase separation, as evidenced by a large multiphase
last-to-freeze section. Successful Li* incorporation in the
crystals was confirmed by the change in the structural
parameters as a function of the Li* concentration. According
to Rietveld refinement, the “c” axis significantly expanded while
the “a” and “b” axes contracted when the Li* concentration
increased from x = 0.05 to x = 0.15. Due to the fact that only
minimal changes are observed for x = 0.20, we concluded that
the Li* solubility limit is below x = 0.15 regardless of the
substitutional system.

Our results demonstrated that the incorporation of °Li
enables Cs;Cu,ls to effectively detect thermal neutrons
without compromising its y-ray response. For undoped Li-
CCI, the light yields ranged between 34,300 and 35,900 ph/
MeV, with energy resolutions between 4.5 and 4.7% at 662

Table 5. Summary of Select Scintillation Properties of TI-Doped Cs;(Cu,_,°Li,),I5 and (Cs,_,°Li,);Cu,I

(x)  light yield y (ph/MeV)

energy resolution (662 keV)

light yield n° (ph/neutron) ~ GEE n° (MeV) FOM

Cs;(Cu,_,’Li,),15(T1 0.5%) 0.05 62,000 3.5% for 5 X 5 X 2 mm® crystals 167,400 2.7 3.7
0.10 61,000 158,600 2.5 2.9
0.15 64,100 160,300 2.5 3.3
0.20 63,500 161,300 2.5 33
(Cs1_,°Li,);Cu,I5(T1 0.5%) 0.05 65,300 3.5% for 5 X 5 X 2 mm® crystals 163,300 2.5 3.1
0.10 61,000 164,700 2.7 2.7
0.15 65,900 168,700 2.6 32
0.20 62,900 163,500 2.6 3.7
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Figure 13. MCNP Simulated thermal neutron efficiency curves of (a) @2.5 X 2.5 cm and (b) @5.0 X 5.0 cm cylinders of Cs;(Cu;_, Li,),Is(T1)
and (Cs,_,’Li,);Cu,I;(T1) crystals as a function of ®Li concentration compared to other benchmark scintillators.

keV. For Tl-doped crystals, the light yields were significantly
higher, ranging from 61,000 to 65,900 ph/MeV, with energy
resolutions between 3.5 and 4.1% at 662 keV. The Tl-doped
crystals also exhibited superior thermal neutron response, with
neutron light yields up to 168,700 photons per neutron and
PSD FOM as high as 3.7. The enhanced performance of the
Tl-doped crystals under both y-ray and thermal neutron
irradiation highlights their potential for high-performance dual-
mode scintillator applications. These properties are compara-
ble to those of commercially available scintillators such as
Cs,LiYCl4(Ce), Cs,LiLaBrg(Ce), and NaIL(T1). Additionally,
we performed MCNP calculations to guide the compositional
design to grow crystals for practical detector systems. The
calculations recommended incorporating 12 to 15 atom % Li*
to be competitive with state-of-the-art dual-mode scintillators.

Overall, our findings indicate that °Li- Cs;Cu,I5(T1 0.5%) is
a promising dual-mode scintillator for nuclear nonproliferation
applications. Future research will focus on optimizing crystal
growth for detector-sized crystals of TIl-doped
(Cs,_,°Li,);Cu,Is with Li* concentrations between 10 and
15%. These crystals are expected to achieve the required
thermal neutron detection efficiency and excellent discrim-
ination between y-rays and thermal neutrons while maintaining
outstanding performance under y-ray excitation.
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