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CsCl transparent ceramics were prepared by the spark plasma sintering (SPS) method, and
their optical, scintillation, and dosimetric properties were investigated. To evaluate the potential
of the transparent ceramics, a CsCl single crystal was prepared by the vertical Bridgman—
Stockbarger method. Regarding the luminescence properties, the vacuum UV (VUV)-excited
photoluminescence (PL) and scintillation spectral features of the transparent ceramics were
similar to those of the single crystal. Concerning the thermally stimulated luminescence (TSL)
properties, the minimum detection limit of the transparent ceramics was 0.01 mGy.

1. Introduction

Ionizing radiation detectors often utilize phosphor materials, and such detectors are
mainly classified into two types: scintillation detectors and dosimeters. The former type uses
scintillators, which convert absorbed energy of ionizing radiation immediately into visible
photons, and then the photons are detected by a photodetector [e.g., photomultiplier tube
(PMT) and photodiode]. They have been widely used in various fields, such as medicine” and
security,?) and particularly in the presence of hidden special nuclear materials (in the case of
SNM environmental monitoring® and high-energy physics).(4) To improve the performance of
scintillation detectors, scintillators require high effective atomic number, high light yield, short
decay time, and low afterglow. In contrast, the latter type uses storage phosphors, which store
the energy of ionizing radiation in the form of trapped electrons and holes at localized trapping
centers. The trapped charges can be released by heat (thermally stimulated luminescence: TSL)
or light (optically stimulated luminescence: OSL) to emit photons. The TSL or OSL intensities
are proportional to the radiation dose and have been used in individual radiation monitoring(5 il
and imaging plates (IPs)®? as dosimetry applications. Although these two fields, that is,
scintillators and ionizing-radiation-induced storage phosphors, developed independently, the
complementary relationship between these two phenomena has been pointed out, and it is
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important to evaluate both properties in each material to gain a deeper understanding of the
ionizing-radiation-induced luminescent phenomena.(lo’lz)
Thus far, most scintillators have been used mainly in the form of bulk single crystals because

of the high transparency(n’w)

and density, although single crystals have some disadvantages
for mass production (e.g., high cost and low mechanical strength). In recent years, transparent
ceramics have emerged as an alternative to single crystals along with the progress of synthesis
technologies.!”!” The advantages of transparent ceramics are high mechanical strength and
low cost in comparison with those of single crystals. Moreover, it has been reported that some
transparent ceramics such as GAGG:Ce®? and LuAG:Ce®) show higher scintillation light
yields than single crystal counterparts. Thus, transparent ceramics have a high potential as
radiation detectors.

CsClI can be applied in ionizing radiation detectors and IPs as scintillators and storage
phosphors because it has a high effective atomic number (Z, = 51.9) comparable to those of
conventional scintillators such as CsI (Z. = 54.1) and Nal (Z.;r = 50.8). Moreover, it is known
that CsCl shows Auger-free luminescence (AFL), the decay time of which is very short (a

(22,23)

few nanoseconds) Up to now, photoluminescence (PL),(24) scintillation,®® and TSL

(26) of CsCl have been reported in the literature. However, almost all the studies were

properties
performed on the bulk single crystals, and there has been no report on transparent ceramics. In
this study, CsCl transparent ceramics were formed by the spark plasma sintering (SPS) method,
and their optical, scintillation, and dosimetric properties were studied. To evaluate the potential

of the transparent ceramics, a CsCl single crystal was also investigated for comparison.
2. Experiment

CsCl transparent ceramics were synthesized by the SPS method using Sinter Land LabX-
100 in vacuum. High-purity CsCl (>99.999%, Mitsuwa Chemical) was loaded to a cylindrical
graphite die and held between two graphite punches. SPS was performed by applying a high-
current DC pulse while applying uniaxial pressure along the axis of graphite punches. During
the sintering, the temperature was increased from 20 to 500 °C at a rate of 48 °C/min and then
held for 10 min while applying a pressure of 6 MPa. After the synthesis, the synthesized sample
was polished by sandpaper (3000 grit). On the other hand, a CsCl single crystal was grown by
the vertical Bridgman-Stockbarger method, which is conventionally used for preparing halide
scintillators.?” 2 The raw powder of CsCl was loaded into a quartz ampule and dried in two
steps, namely, heating at ~150 °C for 1 h and that of ~400 °C for 2 h in vacuum. Next, the
dried powder was enclosed in a vacuum-sealed quartz ampule, and the sealed ampule was set
in a Bridgman furnace (VFK-1800, Crystal Systems Corp.). During the crystal growth, the
temperature was 695 °C and the pulling-down rate was 10 mm/h. The obtained single crystal
rod was cut and mechanically polished with sandpaper (3000 grit). The size of the single crystal
is the same as that of the transparent ceramics after the polishing process, and the processed
samples were used for the following measurements.

As optical properties, diffuse transmittance spectra were measured using a
spectrophotometer (SolidSpec-3700, Shimadzu) across the spectral range from 200 to 850 nm
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with 1 nm intervals. The PL quantum yields (QYs) were obtained using a Quantaurus-QY
spectrometer (C11347, Hamamatsu Photonics). The PL spectra and decay curves were evaluated
using a Quantaurus-t spectrometer (C11367, Hamamatsu Photonics). Moreover, the excitation
spectra were measured at room temperature under synchrotron irradiation at the UVSOR
synchrotron facility (BL-7B). The measurement spectral range for excitation in the vacuum UV
(VUV) region was from 50 to 200 nm.

To investigate scintillation properties, X-ray-induced scintillation spectra were measured
using our original setup.(zo) An X-ray generator (XRB8OP&N200X4550, Spellman) equipped
with a conventional X-ray tube was used. The X-ray tube had a W anode target and was
operated with the tube voltage and current of 40 kV and 1.2 mA, respectively. X-ray-induced
scintillation decay curves were evaluated using an afterglow characterization system.C?

As dosimetric properties, TSL glow curves were measured using a TSL reader (TL-
2000, Nanogray Inc.) after irradiation with X-rays (10 mGy).®? During the measurement,
the temperature range was from 50 to 350 °C, and the heating rate was 1 °C/s. To obtain dose
response functions, a series of TSL glow curves were measured by varying the irradiation dose
from 0.01 to 1000 mGy.

3. Results and Discussion

3.1 Sample

Figure 1 shows photographs of the CsCl single crystal and transparent ceramics. The
thickness of both samples is fixed to ~0.5 mm, and the prepared samples are visually
transparent. Diffuse transmittance spectra are shown in Fig. 2. The transmittances of the
crystal and ceramics in the near-UV and visible regions are ~80 and ~70%, respectively. After
X-ray irradiation (~10 Gy), we noted that an absorption band at around 600 nm appears; it is
typical for alkali halide.®? The origin is F-centers formed by Cl vacancies.®® The other X-ray-
induced properties will be described later.
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Fig. 1. (Color online) Synthesized CsCl single- Fig. 2. (Color online) Diffuse transmittance spectra
crystal and transparent ceramics under room light. of CsCl single crystal and transparent ceramics before

and after X-ray irradiation (~10 Gy).



1268 Sensors and Materials, Vol. 31, No. 4 (2019)

3.2 PL properties

The PL excitation and emission spectra of the CsCl single crystal and transparent ceramics
are illustrated in Fig. 3. The PL spectral features of the transparent ceramics are similar to
those of the single crystal. The excitation spectra show two bands peaking at around 240 and
270 nm, and the intense and weak emission bands at around 340 and 400 nm are observed upon

270 nm excitation. According to the previous study,(24)

a pure CsCl single crystal exhibits a
broad band between 300 and 500 nm with the peak top of 335 nm under excitation with two
bands peaking at 214 and 269 nm. The origins of the emission peaks at around 340 and 400 nm
are some impurity defects.***> The PL QYs of the crystal and ceramic samples are 7.6 and 2.4%,
respectively.

Figure 4 shows the PL decay profiles of the single crystal and transparent ceramics
monitored at 340 nm under 280 nm excitation. The decay curves of both samples were well
approximated by the sum of two exponential decay functions. The faster and slower decay time
constants of the two samples are ~2 and ~88 ns, respectively, and the faster decay time constant
is consistent with the past report.*® However, the origin of the slow component is unclear. As
a possible interpretation, the origin of the slower component may be some impurity defects
because the emission at around 400 nm seems broad.

The VUV-excited PL excitation and emission spectra of the CsCl single crystal and
transparent ceramics are presented in Fig. 5. The spectral feature of the transparent ceramics
is the same as that of the single crystal. The spectral features of excitation bands at around 140
and 190 nm and an emission band at around 400 nm corresponded to the results of the previous
work,®*37 and the origin was concluded to be some impurity defects. Figure 6 represents the
VUV-excited PL decay profiles of CsCl single-crystal and transparent ceramics, where the
excitation and monitoring wavelengths were 180 and 400 nm, respectively. The decay curves
of both samples are approximated by a single exponential decay function. The decay time
constants of the ceramic and crystal samples are 1.68 and 1.87 ns, respectively, and the origin is
thought to be some impurity defects.
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Fig. 3. (Color online) PL excitation and emission Fig. 4. (Color online) PL decay profiles of CsCl
spectra of CsCl single crystal and transparent transparent ceramic (top) and single crystal (bottom).
ceramics. The monitoring wavelength was 340 nm, while the

excitation wavelength was 280 nm.
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Fig. 5. (Color online) VUV-excited PL excitation Fig. 6. (Color online) VUV-excited PL decay
and emission spectra of CsCl single-crystal and profiles of CsCl transparent ceramic (top) and
transparent ceramic samples. single-crystal (bottom) samples. The excitation
and monitoring wavelengths were 180 and 400 nm,
respectively.

3.3 Scintillation properties

X-ray-induced scintillation spectra of the CsCl single crystal and transparent ceramics are
presented in Fig. 7. The spectrum consists of four bands peaking at around 245, 275, 330, and
400 nm. The emission peaks at around 245 and 275 nm are typically attributed to the AFL.??
The other emission peaks at around 330 and 400 nm have the same origin as those discussed for
PL and VUV-excited PL, and these emission peaks are attributed to some impurity defects.*?
These scintillation spectral shapes are consistent with the previous research,®”) and the emission
wavelength is favorable for a typical PMT. Figure 8 represents X-ray-induced scintillation
decay profiles of the CsCl single crystal and transparent ceramics. Scintillation decay curves
of both samples are well approximated by a single exponential decay function. The decay time
constants of the ceramic and crystal samples are 1.63 and 1.51 ns, respectively, and the decay
components are attributed to the mixture of the AFL and some impurity defects.

3.4 Dosimetric properties

Figure 9 shows TSL glow curves of the CsCl single crystal and transparent ceramics
measured after X-ray irradiation (~10 mGy). Both samples show three glow peaks at around
75, 100, and 160 °C. The peak positions of the glow curves are consistent with the previous
reports.®%3?  In addition, there are TSL signals at around 50 °C, which implies some glow
peaks at temperatures below 50 °C. In the past work, several TSL glow peaks were detected at
room temperature or lower.?®) The TSL dose response functions of the CsCl single crystal and
transparent ceramics are shown in Fig. 10. The TSL intensity represents the integrated signals
between 50 and 250 °C of the measured glow curves. The ceramics show good linearity from 0.01
to 1000 mGy with the detection limit of the crystal being 0.1 mGy. Thus, we confirmed that
the ceramics show a better dosimetric property than the crystal. From the viewpoint of detector
properties, the sensitivities of both samples are comparable to those of commercial dosimeters.
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Fig.9. (Color online) TSL glow curves of CsCl
single crystal and transparent ceramics measured
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Fig. 8. (Color online) X-ray-induced scintillation
decay profiles of CsCl single crystal and transparent
ceramics.
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Fig. 10. (Color online) TSL dose response curves of
CsCl single crystal and transparent ceramics from 0.01
to 1000 mGy.

CsCl transparent ceramics were formed by the SPS method and their optical, VUV-excited
PL, scintillation, and dosimetric properties were compared with those of a CsCl single crystal.
Regarding the optical properties, the diffuse transmittances of the crystal and ceramics in
the near-UV and visible regions were ~80 and ~70%, respectively. Compared with the single
crystal, the synthesized transparent ceramic sample showed similar VUV-excited PL and
scintillation spectral features. We confirmed that both samples show AFL with a very fast
decay time. As the dosimetric properties, the samples were very sensitive to the X-ray dose,

and the detection limit of the transparent ceramics was 0.01 mGy.
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