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Csl transparent ceramics were sintered by the spark plasma sintering method, and their
optical and scintillation properties were evaluated. The transmittance was the highest for the Csl
transparent ceramic sintered at 200 °C, which was 75% over the 300-800 nm range. The
scintillation peaks were mainly observed at 310 nm owing to self-trapped excitons with the
decay time constants of 0.03 and ~0.14 ps. The Csl transparent ceramic sintered at 200 °C
showed an afterglow level of 150 ppm and light yield of 1700 ph/MeV.

1. Introduction

Scintillation detectors utilize a phosphor material known as a scintillator.(? Scintillators
have the ability to promptly convert ionizing radiation into low-energy photons, spanning
wavelengths from ultraviolet to visible light. When exposed to ionizing radiation, these
scintillators generate electrons and holes and subsequently emit low-energy photons as electrons
transition back to their ground states. The emitted photons are then transformed into electrical
signals via photoelectric conversion devices, such as photomultiplier tubes or photodiodes,
where the signals are amplified for further processing. Scintillation detectors find application in
a variety of fields, including medical (e.g., X-ray CT and PET),® environmental monitoring,®
security,®) and astronomy(® fields.

The scintillation properties significantly affect detector performance. Generally, a high
scintillation light yield (LY), a short decay time constant, and high detection efficiency are
essential factors.(”) The LY and decay time constant, which are luminescence properties of the
material, are mainly determined by doping with emission center elements such as rare-earth and
transition-metal elements. Enhancing detection efficiency requires materials with high
transmittance and a large effective atomic number (Z,4). Owing to the critical importance of
translucency in bulk forms, single crystals have traditionally been the most commonly used
material for scintillators.®-19 Single crystal scintillators offer superior translucency and LY
compared with ceramic counterparts. However, some transparent ceramics exhibit scintillation
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properties that surpass those of single crystals, prompting us to pursue the development of new
transparent ceramic scintillators.(11-13)

Tl- and Na-doped Csl have been widely used for security and nuclear radiation detection
because they have attractive properties such as high LY (Tl-doped Csl: 50000 photons/MeV),
adequate density (4.53 g/cm?), and high Zyy (54).04-16) The current material forms of Tl-doped
Csl scintillators are basically single crystal or thin film with a needle-like structure, and Csl
transparent ceramics can become candidates for next-generation materials. To date, only one
study has shown the scintillation properties of transparent ceramics of pure Csl, and there are no
results regarding the LYs, afterglow levels (4Ls), and sintering temperature dependence.(!”)
Therefore, in this study, we present detailed scintillation properties of Csl transparent ceramics.

2. Materials and Methods

Sintering equipment (Sinter Land LabX-100) was used to prepare Csl transparent ceramics by
the spark plasma sintering method. In the sintering process, a raw powder of CsI (99.999%,
Albemarle) was heated at each temperature (100, 200, 300, and 400 °C) for 3 h while applying a
pressure of 45 MPa (Fig. 1). After sintering ended, the temperature was naturally cooled to room
temperature. The single crystal (SC) sample of Csl was also used for comparison, the size of
which was 5 X 5 x 5 mm? (Saint-Gobain).

Following the synthesis, each ceramic sample was polished to a thickness of 1 mm with
sandpaper, and their transmittance spectra were evaluated using a spectrophotometer
(SolidSpec-3700, Shimadzu). X-ray-induced scintillation spectra were measured using our
original setup(!® with the tube voltage and current of 40 kV and 1.2 mA, respectively. X-ray-
induced scintillation decay curves and afterglow curves were also recorded using our original
system,!”) and X-rays were generated at the applied voltage of 30 kV. To estimate the scintillation
LYs, the pulse height spectra under irradiation with 662 keV y-rays from 3’Cs were measured
using our original setup(!® with a shaping time of 10 ps. Here, the LYs of the samples were
calculated by comparing the photoabsorption peak with the Pr-doped Lu;Al;O;, (Pr:LuAG)
scintillator (Furukawa), which has an absolute LY of 8500 ph/MeV.

3. Results and Discussion

Figure 2 shows transmittance spectra and sample appearances of Csl ceramic samples. The
ceramic samples were polished to 1.0 mm. The edge part of the 100 °C sample became clouded,
whereas the center part was transparent. The ceramic samples sintered at above 200 °C had
uniform transparency. The ceramic samples contained some cracks that formed during the
sintering process. They can be reduced by controlling the cooling process and applying pressure.
The transmittance spectra were observed at the center part of the ceramic samples. The
transmittance was the highest for the 200 °C sample, which was 75% over the 300—800 nm
range. An absorption band was detected at 240 nm owing to self-trapped excitons (STEs) or

trace impurities.(2%-21
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Fig. 1. (Color online) Sintering conditions. Fig. 2. (Color online) Transmittance spectra and

appearances of Csl ceramic samples.

Figure 3 shows scintillation spectra. Scintillation peaks were found in two regions: 200—400
and 400700 nm. The peak top positions in the 200-400 nm region were consistent with all the
samples whether they were ceramics or single crystals, originating from STE.? The spectral
shapes in the 400-700 nm region were different depending on the samples, and the origins of
luminescence have been suggested to be related to trace impurities.>3-2) For instance, the broad
emission bands were observed at 550 nm in Tl-doped Csl, 420 nm in Na-doped Csl, and 440 nm
in CO;-doped CsL.(19:20) While no intentional doping with impurities was performed in the
present samples, the scintillation peaks in the 400—700 nm region are likely associated with
impurities. Figure 4 indicates scintillation decay time profiles and exponential decay curves
approximated by the sum of three components. The obtained decay time constants are
summarized in Table 1. The first and second constants (z; and 7,) are attributed to STE, whereas
the third (z3) is due to luminescence of the trace impurities.(?:22:27)

Figure 5 depicts afterglow profiles. The ALs were calculated in the same manner as described
in our previous study.?® AL increased as the sintering temperature increased, resulting from
point defects that occurred with surface diffusion, grain-boundary diffusion, and volume
diffusion at high sintering temperatures. The afterglow level of the 400 °C sample reached a
value similar to that of the SC sample. Therefore, the synthesis temperature is considered to
affect the number of defect centers. Single crystals are synthesized at temperatures above the
melting point, whereas ceramics are sintered at temperatures below the melting point. As a
result, it is conceivable that the afterglow level of the single crystal is the highest. Figure 6 shows
pulse height spectra of all the samples and Pr:LuAG using the radioisotope of '3’Cs. The
photoabsorption peaks were observed for all the samples. The LYs of Csl transparent ceramics
estimated from the photoabsorption peak of Pr:LuAG were comparable to that of the single
crystal. The synthesis temperature of the ceramic samples is lower than that of the SC sample,
potentially suppressing the formation of defect centers that reduce the energy transfer efficiency.
A slight decreasing trend was observed in the LYs of the transparent ceramics. This is due to the
decreased energy transfer efficiency with sintering at a high sintering temperature, judging from
the increasing trend in the ALs.
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Fig. 3. (Color online) Scintillation spectra. The  Fig.4. (Color online) Scintillation decay time
scintillation intensity is normalized at 310 nm. profiles.
Table 1

Scintillation decay time constants, afterglow levels, and light yields.

Decay time constant

Sample AL m LY (ph/MeV
P 0 () o (1) o (1) (ppm) (ph/MeV)
100 °C 0.02 0.09 1.37 130 1700
200 °C 0.03 0.13 2.05 150 1700
300 °C 0.03 0.13 1.97 160 1500
400 °C 0.03 0.18 1.82 230 1400
SC 0.03 0.18 1.27 230 1600
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Fig. 5. (Color online) Afterglow profiles. Fig. 6. (Color online) Pulse height spectra under

137Cs y-ray irradiation.
4. Conclusions
In this study, we revealed the scintillation properties of Csl transparent ceramics.

Depending on the sintering temperature, the behavior of luminescence in the 400-700 nm
region differed. In common with all the samples, STE luminescence was observed at 310 nm
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in the scintillation spectra. The lower sintering temperature led to superior ALs and LYs for

Csl transparent ceramics. The LYs of Csl transparent ceramics were comparable to that of

the single crystal. From the viewpoint of uniformity and scintillation performance, the Csl
transparent ceramic sintered at 200 °C was the most promising among all the samples.
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