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LiF/(K75Rbg 5),CuCl; composites were developed and their scintillation properties were
investigated. Samples with mass ratios of LiF to (K 75Rbg »5),CuCl; of 1:3, 1:2, 1:1, 2:1, and 3:1
were prepared, and the 1:3 and 1:2 samples showed the highest signal intensity in the pulse
height spectra under thermal neutron irradiation using 2>2Cf. The signal intensities corresponded
to light yields below 9000 photons/neutron. The estimated a/f ratio of the 1:3 sample was high
(0.62), and the high a/f ratio characteristic was also observed in the commercial LiF/ZnS:Ag
composite. The temperature dependence of X-ray-induced scintillation spectra from room
temperature to 200 °C showed that the emission intensity of (K 75Rb »5),CuCl; decreased more
significantly at high temperatures than that of the lithium glass GS20.

1. Introduction

Radiation detectors equipped with scintillators are widely used in medical, industrial, and
scientific applications. Scintillators are materials that emit light when excited by ionizing
radiation, and their properties affect the performance of radiation detectors; therefore, research
on various inorganic and organic scintillators has been conducted over the past couple of
decades.!"® Novel materials have also been intensively studied, and various types of material
such as single crystals,0-22 crystalline films, >3 crystalline particles,*¥ ceramics,>>-2%
glasses,?*3% and organic—inorganic hybrid materials“%4) have been reported over the last few
years. Single crystalline scintillators including Nal:TI and Lu,SiOs5:Ce are the most widely used
among the reported scintillators, and they are grown by the melt growth method. On the other
hand, research on single crystalline scintillators grown by the solution growth method has been
attracting much attention. (C¢HsC,H,NH;),PbBr,“? has a high light yield and a short decay
time, and is obtained by the antisolvent crystallization method, which is one of the solution
growth methods. Cs;Cu,ls-based scintillators®3) can be obtained by the melt growth method, as
well as solution growth methods.“#%)

Our group has also been studying single crystalline scintillators grown by a solution growth
method, and we showed that (K, Rb),CuClj single crystals,*>) which have a one-dimensional
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quantum confinement structure, showed high light yields from 12000 to 16000 photons/MeV
under y-ray irradiation and fast decay times of approximately 11-13 ps under X-ray irradiation.
In addition, the (K,-5Rb,5),CuCl; single crystal showed the highest light yield among (K,
Rb),CuClj single crystals. We have been focusing on (K, Rb),CuCl; single crystals as an
attractive candidate for novel scintillators; however, there has been a disadvantage that needle-
like crystals are also naturally grown, making it difficult to produce the large single crystals
required for y-ray detection. Therefore, we investigated the use of (K, 75Rb( ,5),CuCl; as neutron
scintillators.#®47) The LiF/ZnS:Ag composite,*® which is a combination of LiF and ZnS:Ag
particles, and Ce-doped lithium silicate glass (Li-glass)® are widely used as neutron
scintillators. Although the opaque LiF/ZnS:Ag composite has a lower neutron detection
efficiency than transparent neutron scintillators including Li-glass owing to its small thickness,
it is used in many applications because its low y-ray detection efficiency leads to low
measurement noise in neutron detection. Since composite neutron scintillators can be prepared
without using large single crystals, we predicted that (K, -5Rbj »5),CuCl; particles can be used
as an alternative to ZnS:Ag particles. In this study, we prepared LiF/(K;-5Rbg5),CuCl;
composites and investigated their properties.

2. Materials and Methods

A (Kg75Rbg »5),CuCl; crystal was prepared by the solution growth method described in
Ref. 45 by our group. The obtained crystal was ground with an alumina mortar and pestle,
and mixed with LiF particles (99.9%, 95 mol% °Li; Sigma-Aldrich, USA) at mass ratios of
LiF to (Kq75Rb »5),CuCl; of 1:3, 1:2, 1:1, 2:1, and 3:1, and then ground and mixed further
with the alumina mortar and pestle. The mass ratio was used to express the mixture ratios
because it is often used in research on the LiF/ZnS:Ag composite. Each obtained powder
was filled into a metal mold (LD-1025; Labonect, Japan) with a diameter of 10 mm and
pressed at 20 kN for 1 min using a hydraulic hand press machine (MP-100; Labonect).
The obtained pressed samples had a strength sufficient to withstand handling with
tweezers. It is possible that the robust pressed samples were obtained because halides are
often plastically deformed.

The photoluminescence (PL) quantum yield of a part of the (K;-5Rbj,5),CuCl; crystal,
which was left uncrushed, was measured using a PL spectrometer (Quantaurus-QY; Hamamatsu
Photonics, Japan) at 10 nm steps for comparison with that in the previous literature. In addition,
the photoluminescence map of the obtained composite sample was measured using the same PL
spectrometer to investigate whether any emissions other than that originating from the
(Ko 75Rbg 55),CuCl; crystal were observed when it was composited with LiF. To examine the
neutron detection capabilities of the composite samples, the pulse height spectra were measured
under thermal neutron irradiation performed using a 252Cf sealed source and a polyethylene
moderator, and the emissions of the sample were detected by a photomultiplier tube (PMT;
R7600U-200, Hamamatsu Photonics). The signals from the PMT were amplified and shaped
using a preamplifier (Model 113; ORTEC, USA) and a shaping amplifier (Model 572; ORTEC),
and analyzed using a multichannel analyzer (MCA8000A; Amptek, UK). To evaluate the
discrimination performance between neutrons and y-rays, the pulse height spectra under y-ray
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irradiation using *’Cs and %°Co sealed sources were also measured. The same measurements
were performed on commercial LiF/ZnS:Ag (Ohyo Koken Kogyo, Japan) and Li-glass (GS20;
Scintacor, UK) neutron scintillators for comparison.

Furthermore, to investigate whether the LiF/(K-5Rby »5),CuCl; composite can be used as a
neutron scintillator for well-logging applications, the temperature dependence of the scintillation
intensity of the (K, 7sRbg,5),CuCl; crystal was investigated. Since it is generally required that
the light yield is sufficiently high up to approximately 200 °C,°%>! the scintillation intensities
were measured from room temperature to 200 °C. In practical applications, the light yield under
neutron irradiation is important; however, we evaluated it using X-ray-excited scintillation
spectra because the measurements were easily conducted. Figure 1 shows a schematic of these
measurements. An AIN ceramic heater (WALN-3H; Sakaguchi Electric Heaters, Japan) was
placed in an X-ray-shielding box (SBX001-NKK; ANSeeN, Japan), and samples were placed on
it. X-ray irradiation was carried out using an X-ray generator (XMS-803 Type B; Kinki
Roentgen Industrial) placed on top of the box while controlling the temperature with a power
controller (SCR-SHQ-A2E; Sakaguchi Electric Heaters). The tube voltage and tube current
during X-ray irradiation were set to 40 kV and 6 mA, respectively. The emission from the
sample was transmitted through an optical fiber (F600-UV VIS-SR; StellarNet, USA) equipped
with a fused silica collimating lens (74-UV, Ocean Insight, USA) at the tip facing the sample,
and the spectrum was measured using a CCD spectrometer (SILVER-Nova; StellarNet). The
spectrum was measured after the temperature was sufficiently stabilized, and the samples were
irradiated with X-ray only during the spectrum measurement. The X-ray-excited scintillation
spectra were measured from room temperature to 200 °C, and the integrated intensity was
plotted against temperature. The integrated intensities were calculated as relative ratios, with the
value at room temperature set to 1.

3. Results and Discussion

Figure 2(a) shows the PL quantum yield and absorption rate of the (K;5Rbg,5),CuCly
crystal. In Fig. 2(a), relatively strong optical absorption and emission of PL from the
(K 75Rbg »5),CuCly crystal were observed at wavelengths from 250 to 320 nm. High PL
quantum yields from 80 to 90% were obtained at excitation wavelengths from 300 to 320 nm,

X-ray-shielding box X-ray generator

N

X-ray

Ceramic heater Optical fiber

controller :

CCD spectrometer

Fig. 1.  (Color online) Experimental setup used in measurements to determine temperature dependences of X-ray-
induced scintillation intensities.
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Fig. 2. (Color online) (a) PL quantum yield and absorption rate of (K;75Rby,5),CuCl; and (b) PL excitation and
emission map of the 1:2 sample. Insets show the appearances of the measured samples under 302 nm UV excitation.

which is consistent with the previous report.*>) Figure 2(b) shows the PL excitation and emission
map of the 1:2 sample, which means LiF:(K,;5Rbg,5),CuCly is 1:2. Although the emission
attributable to the (K 75Rbg 55),CuCly crystal was observed, no other emissions (for example,
emissions attributable to LiF) were observed. This result indicates that the scintillation
properties of the composite samples may mainly depend on those of (K, 75Rbg 55),CuCl;.

Figure 3(a) shows the pulse height spectra of all the obtained samples under thermal neutron
irradiation using a 252Cf sealed source and a polyethylene moderator. No full absorption peaks
were observed. The spectral shapes are typical of an opaque composite scintillator, since the
emitted light is scattered in the material, resulting in an inhomogeneous emission intensity. In
addition, when the mass ratio of LiF and (K, 75Rb,5),CuCl; was different, the shape of the
pulse height spectra under thermal neutron irradiation was also different. The samples with
higher (K, 75Rbg »5),CuCl; content tended to show signals corresponding to higher light yields;
however, the shapes of the pulse height spectra were similar for the 1:2 and 1:3 samples.
Therefore, they are considered to have appropriate mixing ratios for the LiF/(K 75Rb( 55),CuCl;
composites. Figure 3(b) shows the pulse height spectrum of the 1:3 sample that showed the
highest pulse height under thermal neutron irradiation using >>>Cf and the moderator, 0.662 MeV
v- rays from 37Cs, and 1.173 and 1.333 MeV y-rays from ®*Co. The pulse height spectrum under
thermal neutron irradiation partially overlaps with that under y-ray irradiation, but does not
overlap in the high-channel-number region above 150 channels. This result indicates that it is
possible to detect neutrons in the presence of y-rays with energies lower than those of 4°Co using
the 1:3 sample.

The pulse counts shown at the vertical axis in Fig. 3(a) were different depending on the
mixture ratio of LiF and (K, 75Rbg 55),CuCls, although these data were obtained under the same
measurement conditions. The amount of neutron detection signals from the samples with higher
LiF contents tended to be smaller. Since °Li in LiF absorbs neutrons, it is intuitively unnatural
that the pulse count was lower in the samples with higher LiF contents. This is possibly because
when the (K, 75sRb »5),CuCl; content is low, the energy of the particle radiation generated by the
SLi(n, o)t reaction is not sufficiently absorbed by the small number of (Kg75Rb »s5),CuCl;
particles in the sample but is absorbed and lost by the large number LiF particles. In this case,
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Fig. 3.  (Color online) Pulse height spectra of (a) all the obtained samples excited using 2°2Cf and (b) the 1:3 sample
excited using 252Cf, °°Co, and '37Cs.
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the intensity of the emission from (K;75Rb(,5),CuCl; becomes low, and many signals should
overlap with the thermal noise of the PMT. These signal intensities correspond to a significantly
low channel region in the pulse height spectrum (for example, a few channels or less), and
although more nuclear reactions should be occurring when the Li content is higher, the pulse
count is lower because it is outside the range of the graph.

Figure 4(a) shows the pulse height spectra of the 1:3 sample and Li-glass GS20 under thermal
neutron irradiation. The 1:3 sample did not show a full absorption peak because of the
characteristics of the opaque composite. Consequently, the light yield could not be estimated
accurately. GS20 showed a full absorption peak at around 300 channels, whereas the 1:3 sample
had a wide signal intensity distribution from 0 to approximately 450 channels. The emission
peak wavelengths of GS20 and (K 75sRb »5),CuCl; are both approximately 400 nml; therefore,
the wavelength dependence of the quantum efficiency (QE) of the PMT does not affect the
measurement results. If the light yield of GS20 is 6000 photons/neutron, the signal intensities of
the 1:3 sample can be estimated to be equivalent to a light yield of less than 9000 photons/
neutron. This may be an underestimated value because the maximum shaping time of the
shaping amplifier used was 10 ps, and scintillation decay times of the (K, Rb),CuCl; crystals
were 11-13 ps; therefore, scintillation pulses might not have been integrated over the entire
range. However, since the difference between the decay time and the shaping time is not large,
we believe that the obtained value has sufficient accuracy as a rough estimation.

For comparison, the light yield of a commercial opaque composite, LiF/ZnS:Ag, was also
evaluated. Figure 4(b) shows the pulse height spectra of LiF/ZnS:Ag and GS20 under thermal
neutron irradiation. Because the applied voltage of the PMT is different between Figs. 4(a) and
4(b), the peak position is also different, and the full absorption peak of GS20 is at approximately
28 channels in Fig. 4(b). The pulse height spectrum of LiF/ZnS:Ag shows a wide signal intensity
distribution similar to that of the 1:3 sample, and signals were observed from 0 to approximately
325 channels with the peak at 35 channels. The emission peak wavelength of LiF/ZnS:Ag is 450
nm,*® and according to the spec sheet of the PMT, the QE of the PMT used in this experiment is
34.34 and 41.01% at 450 and 400 nm, respectively. Therefore, if the light yield of GS20 is 6000
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Fig. 4. (Color online) Pulse height spectra of (a) the 1:3 sample and (b) LiF/ZnS:Ag with that of GS20 under
thermal neutron irradiation using 252Cf.

photons/neutron,*®) the signals due to LiF/ZnS:Ag can be estimated to be equivalent to the light
yield of less than 83000 photons/neutron, and the peak channel corresponds to approximately
9000 photons/neutron. Although Eijk et al. reported the light yield of LiF/ZnS:Ag to be 160000
photons/neutron,*®) Wu et al. reported that commercial LiF/ZnS:Ag (Eljen Technology, EJ426)
showed a light yield of approximately 8000 photons/neutron,®? which seems to be similar to the
peak value in our results. Because LiF/ZnS:Ag cannot show a sharp full absorption peak, the
reported light yield values may change depending on the estimation method. Since we estimated
light yields of the 1:3 sample and LiF/ZnS:Ag by the same method, we believe the light yield of
the 1:3 sample to be at least lower than that of LiF/ZnS:Ag.

To investigate the neutron/y-ray discrimination capability of the LiF/(K-5Rb,5),CuCl;
composite, the o/f ratio was estimated from Fig. 3(b). Since no full absorption peak or
photoabsorption peak were obtained, it is impossible to accurately estimate the o/f ratio.
However, the events due to the 4.8 MeV energy of the SLi(n, a)t reaction appeared at less than
450 channels, and the events due to 0.662 MeV y-rays from !3’Cs appeared at less than 100
channels. Using the upper limit values of these signal intensities, we calculated the a/f ratio to be
0.62, which seemed to be high. For comparison, the pulse height spectra of GS20 and LiF/
ZnS:Ag under thermal neutron and y-ray irradiation were measured. Figure 5(a) shows the pulse
height spectra of GS20 excited using 2>>Cf, °Co, and '37Cs. Whereas the full absorption peak
was observed at 300 channels when using 23Cf, no clear photoabsorption peaks were observed
when using both %°Co and '37Cs. However, in the case of using '37Cs, detection events were
observed at approximately 150 channels, which is in the region of higher channel number than
that of the Compton edge. When using these values, the observed a/f ratio was 0.28. Since the
a/p ratio of GS20 has been reported as 0.3,40) the observed a/f ratio of 0.28 is reasonable. Figure
5(a) shows the pulse height spectra of LiF/ZnS:Ag excited using 2>>Cf, °Co, and '3’Cs. In the
case of LiF/ZnS:Ag, no detection peaks were obtained using either 2°2Cf, °*Co, or 3’Cs owing to
the opacity of the composite. Therefore, the a/f ratio cannot be accurately estimated; however,
the thermal neutron events appeared at less than 325 channels and the '3’Cs y-ray events
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Fig. 5. (Color online) Pulse height spectra of (a) GS20 and (b) LiF/ZnS:Ag excited using 252Cf, 9°Co, and 137Cs.

appeared at less than 10 channels. When using these values, the observed a/f ratio was 4.5.
Although the estimation method was not clearly shown, the o/f ratio of LiF/ZnS:Ag was reported
as 0.44,(40) whereas our observed a/f ratio of 4.5 was significantly higher. In addition, the a/f
ratio generally decreases depending on quenching under a-ray excitation, and it should be less
than 1. The observed a/f ratio of 4.5 is an unusual value. The reason why this value was obtained
is unclear; however, there is the possibility that it is because the absorbed y-ray energy was low
in LiF/ZnS:Ag. It has been reported that the observed a/f ratio of a small piece of the
LiCaAlFg:Eu neutron scintillator can be higher than the actual a/f ratio of a large single crystal
of LiCaAlF4:Eu because the size of the LiCaAlFgEu crystal seems to be smaller than the range
of fast electrons induced by y-rays but larger than the range of high-energy particles produced by
®Li(n, a)t reactions.5? In the case of the composite neutron scintillators including LiF/ZnS:Ag
and LiF/(K(75Rby »5),CuCl;, absorbed y-ray energies can be low because the thickness of
composite scintillators is generally smaller than that of single crystalline scintillators. Therefore,
we believe that the observed a/f ratios of the 1:3 sample and LiF/ZnS:Ag were overestimated
compared with the actual a/f ratios. However, in practical use, a high observed o/f ratio is an
advantage for discrimination between y-rays and neutrons.

Table 1 shows the summary of observed light yields and o/f ratios of the 1:3 sample, GS20,
and LiF/ZnS:Ag. The LiF/(K{75sRb ,5),CuCly composite can be classified as a similar type of
neutron scintillator to LiF/ZnS:Ag. Although its light yield was lower than that of LiF/ZnS:Ag, it
has an advantage in terms of a better discrimination capability between y-rays and neutrons than
GS20. The LiF/(K75Rby »5),CuCl; composite has a longer decay time of approximately 11-13
ps and a lower light yield than LiF/ZnS:Ag. There is a possibility that these properties are
improved by changing the chemical composition of (K 75sRby »5),CuCls.

Figure 6 shows the temperature dependence of scintillation intensities of the
(Ko 75Rbg 55),CuCly crystal and GS20 under X-ray irradiation. In the case of LiF/ZnS:Ag, no
X-ray-induced scintillation spectrum was observed even at room temperature using this setup,
which has a low X-ray detection efficiency. Therefore, only the (K;75Rbg 55),CuCl; crystal and
GS20 were evaluated. The relative emission intensity of (K, 75Rbg,5),CuCl;y decreased more
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Table 1
Summary of observed light yields and a/f ratios of the 1:3 sample, GS20, and LiF/ZnS:Ag.
Light yield Observed a/f ratio @/f ratio from Reference
(photons/neutron) reference

1:3 sample <9000 0.62 N/A N/A
GS20 6000 0.28 0.3 Ref. 46
LiF/ZnS:Ag <83000 4.5 0.44 Ref. 46
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Fig. 6. (Color online) Temperature dependence of scintillation intensities of (K, 75Rbg »5),CuCl; and GS20 under
X-ray irradiation.

significantly than that of GS20 at high temperatures. It is difficult to use the LiF/
(Kg75Rb( »5),CuCl; composites for well-logging applications. In contrast, the emission intensity
of (Kq75Rbg »5),CuCly was stable at around room temperature. The relative emission intensities
of (K¢ 75Rbg 25),CuCl; and GS20 under X-ray irradiation at 40 °C were 94% and 97% of each
intensity at room temperature, respectively. The LiF/(Kg75Rbg5),CuCl; composites are
acceptable for use at around room temperature.

4. Conclusions

As an application of the (K, Rb),CuClj; crystal, we studied composite neutron scintillators by
combining it with LiF at different mixing ratios. We prepared (K 75Rbg »5),CuCl; crystals with
high PL quantum yield, which is consistent with the previous study, and formed them into
composites. In the PL spectrum of the composite sample, only the emission from the
(Ko 75Rbg 25),CuCl; crystal was observed. Thermal neutrons were successfully detected using
the composite samples. Among the samples, those with mass ratios of 1:2 and 1:3 for
LiF:(K75Rbg »5),CuCl; showed the highest light yield (less than 9000 photons/neutron). The
observed a/f ratio of the 1:3 sample was 0.62, which indicates that the sample has a high
capability of neutron/y-ray discrimination for practical use. To confirm the performance of
(Kg75Rbg 25),CuCl; at the high temperatures required for scintillators for well-logging
applications, we investigated the emission intensities of X-ray-induced scintillation spectra from
room temperature to 200 °C and confirmed that the emission intensity of the (K 75Rbg 55),CuCl;
crystal decreased more significantly at high temperatures than that of Li-glass. We concluded
that the LiF/(K, Rb),CuCl; composite can be used as a neutron scintillator at room temperature.
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The light yield of the sample was lower than that of LiF/ZnS:Ag, and it is currently difficult to
use (K, Rb),CuCl; as the alternative to ZnS:Ag; however, we believe that it can be improved by

changing its chemical composition.
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