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In this study, the luminescence properties of Au-doped CsCl (ACC) translucent ceramics
after irradiation were investigated with the aim of developing new radiation detection materials
using Au nanoparticles. The prepared ACC translucent ceramics showed two main emissions
(520 nm) upon UV-ray (~340 nm) irradiation, and the luminescence intensity after X-ray
irradiation was found to change with time. We concluded that this luminescence behavior may
be attributed to (i) the generation of luminescent Au nanoclusters (AuNCs) by X-ray irradiation
or (ii) the excitation of AuNCs due to F-centers generated by X-ray irradiation, but a detailed
study is needed to elucidate the mechanism. Moreover, as a result of investigating the variation
in luminescence intensity with X-ray dose, it was found that there is a monotonically increasing
dose range of luminescence intensity in the NIR region. This suggests that ACC functions as an
X-ray detector in a specific dose region.

1. Introduction

One of the important applications using phosphors is radiation detection, such as that for
personal dose monitoring!=3 and in the fields of nuclear medicine,*>) security,(®-")
environmental dose monitoring,® oil logging,® and high-energy astronomy.(!”) In these
applications, radiation is measured by utilizing the regular change in the luminescence intensity
of the phosphor relation to the energy of the irradiated ionizing radiation.(''-1%) Passive detectors,
such as personal dosimeters, accumulate radiation energy once as carriers and read it out later as
photoluminescence (PL). There are two types of dosimeter classified by different ways (energies)
to stimulate carriers; the thermally stimulated luminescence dosimeter uses thermal
stimulation,(!>23 and the optically stimulated luminescence (OSL) dosimeter utilizes light

stimulation.(*4=2% In addition, some dosimeters use a phenomenon called radio-
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photoluminescence (RPL),39739) in which new luminescent centers corresponding to irradiation
doses are generated, and RPL can be easily measured by a PL technique. In recent years, RPL
materials have been expected to be used for imaging applications,’? but only a few heavy-
element RPL materials are suitable for radiation imaging such as X- or y-ray imaging.

We propose a new heavy-element material doped with Au for radiation imaging. Au is a
promising luminescent center for dosimeters because of its high atomic number and high
probability of interacting with X- and y-rays. In addition, nanoscale Au has some very interesting
optical properties,“? such as the surface plasmon effect (SPE) of Au nanoparticles (AuNPs).(41-43)
In particular, the luminescence properties of Au nanoclusters (AuNCs) are some of the most
remarkable. The AuNCs are Au particles with sizes smaller than those of AuNPs (approximately
0.3-20 nm), and the luminescence properties depend on different structural parameters such as
particle size, surface ligands, and valence state as well as the AuNPs.#4 Namely, when the
aggregation state of Au particles is changed by radiation, the optical properties of the Au
particles are thereby changed; therefore, the changes can be utilized for radiation detection.

In this study, we focused on CsCl in the form of a translucent ceramic as a host material. The
physical properties of CsCl itself have been investigated in depth previously,*>4® and CsCl
translucent ceramics have been shown to have excellent properties as dosimeter materials.)
Moreover, in Au-doped chloride glasses, the luminescence due to Au particles has been
observed, and the luminescence intensity has been found to vary with irradiation dose.0%
Therefore, CsCl was selected because it is suitable both as a radiation detection material and as a
host material to which Au is doped.

2. Experimental Methods
2.1 Synthesis of ACC ceramic specimen

Au-doped CsCl (ACC) translucent ceramics with different concentrations of Au (0.03 and
1.0%) were synthesized by spark plasma sintering (SPS). Raw powders of CsCl (>99.999%,
Mitsuwa Chemical Co., Ltd.) and AuCl (>99.99%, Strem Chemicals, Inc.) were homogeneously
mixed at a molar ratio of 1:x (x = 0.0003 and 0.01) using an agate mortar and pestle. Then, the
mixture (total mass: 0.5 g) was loaded in a cylindrical graphite die (inner diameter: 10.4 mm), in
which the mixture was held between two graphite punches inserted in the cylinder. Then, the
graphite die with the punches and mixture was placed in the chamber of the SPS furnace (Sinter
Land, LABOX-110) to sinter the powder. The sintering temperature and pressure were set as
follows. First, the temperature was increased from room temperature to 50 °C in 1 min, then to
500 °C at 45 °C/min, and held there for 10 min while applying a pressure of 6 MPa. Then, the
following measurements were carried out to obtain the optical and radiation-induced
luminescence characteristics.
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2.2 Equipment and measurement conditions

The morphologies of the ACC ceramic surfaces were analyzed using a scanning electron
microscope (JCM-6000Plus, JEOL). The diffuse transmission spectra of the ACC translucent
ceramics were measured using a spectrophotometer (SolidSpec-3700, Shimadzu) across a
spectral range from 200 to 800 nm with 1 nm intervals. The X-ray-induced scintillation
spectrum was measured using our laboratory-made setup. We used an X-ray generator
(XRB8ON100/CB, Spellman) and a CCD-based detector (Shamrock 163 monochromator and
DU-420-BU2 CCD, Andor). The PL excitation/emission spectra were obtained using a
spectrofluorometer (FP-8600, JASCO) equipped with a Xe lamp as an excitation source.

To investigate the effects of X-ray irradiation on the optical properties of ACC translucent
ceramics, the specimen was irradiated with different X-ray irradiation doses using an X-ray
generator (XRB80P&N200X4550, Spellman) equipped with a W target. The X-ray irradiation
dose was controlled by changing the irradiation time (6—60 s) and tube current (0.052-5.2 Ma).
The X-ray tube was operated at a fixed voltage of 40 kV, and the mean energy was 15-20 keV.
The values of dose refer to dose in the air at the entrance of the specimen, and the irradiation
dose was calibrated using an air-filled ionization chamber (Model 30013, PTW).

3. Results and Discussion

Figure 1 shows photographs of the 0.03 and 1.0% Au-doped specimens under white LED
light. The transmittance in the VIS region changed significantly depending on the concentration
of Au doping. The back of the specimen can be clearly observed for the 0.03% Au-doped
specimen, whereas it is barely observable for the 1.0% Au-doped specimen. It is considered that
Au affects the optical properties of CsCl ceramics by changing the particle state and interacting
with Au itself and light.

The effects of Au doping on the morphology and surface roughness of the specimens have
been investigated by SEM. Figure 2 shows the SEM images of the 0.03% and 1.0% Au-doped
specimens. It is observed that the surface morphologies of the specimens consist of several
grains of micrometer size. Figure 3 shows the variation in particle size distribution with different
concentrations of Au in the specimens. The distribution of particles represented by the
histograms revealed that the average grain size increased when the Au concentration was
increased. This result suggests that Au promotes grain growth during sintering. Generally, grain
growth in the sintering process creates some voids, which increase the number of light scattering
sources, and they can reduce transmittance in translucent ceramics. In addition, some of the
doping ions (Au) are present as impurities intervening at the grain boundary and also decrease
the translucency. Then, the transparency of the specimen doped with more AuCl was lower as
shown in Fig. 1.

Figure 4 shows the diffuse transmission spectra of the specimen obtained before and after
X-ray irradiations. Figure 4(a) shows that the transmittance in the UV-to-NIR region of the
specimens was around 60% at most, and especially below 40% in the VIS region. The
transmittance of the 1.0% Au-doped specimen in the VIS region was lower than that of the



550 Sensors and Materials, Vol. 36, No. 2 (2024)

0.03% Au

1.0% Au
A

10 mm

Fig. 1.  Photographs of ACC translucent ceramics doped with 0.03 and 1.0% Au under white LED light.
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Fig. 2. SEM images of ACC translucent ceramics doped with (a) 0.03 and (b) 1.0% Au.
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Fig. 3. (Color online) Particle size distribution of ACC translucent ceramics with different Au concentrations.
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Fig. 4. (Color online) Diffuse transmission spectra of ACC translucent ceramics before and after X-ray
irradiations. (a) Transmission spectra of 0.03% and 1.0% Au-doped specimens. (b) Transmission spectra of 1.0% Au-
doped specimen before and after a certain period of time elapsed after X-ray irradiation.

0.03% counterpart, consistent with the appearance of the specimens shown in Fig. 1. This
absorption can be attributed to defects generated by the doping of AuCl and/or to the precipitation
of metallic Au.®? After irradiating X-rays (~1 Gy) for the specimens, an absorption band at
around 600 nm appeared, which is typical for alkali halides. The origin of this absorption band
is the F-center where electrons entered into Cl defects.1:3) Figure 4(b) shows the transmission
spectra of the 1.0% Au-doped specimen obtained before and after a certain period of time
elapsed after X-ray irradiation. The absorption band due to the F-center disappeared with time
by exposing the specimen under white light. This phenomenon is called bleaching, and it is
known that color centers such as the F-center in halides disappear upon photo or thermal
stimulation;*? the F-center in CsCl is also bleached by heat at about room temperature in
addition to the photochemical bleaching.“’*®) The absorption band reverted to a spectrum
almost equivalent to that before irradiation after 10 min of exposure to white light at room
temperature, and no further spectral change was observed after more time. The decrease in
transmittance from 500 to 700 nm in the spectrum after X-ray irradiation compared with that
before X-ray irradiation is considered to be due to an absorption attributed to the SPR of AuNPs,
which was generated by X-ray irradiation.(0-33:54)

In the 0.03% Au-doped specimen, the luminescence that can be related to Au could not be
confirmed almost completely. Thus, only the 1.0% Au-doped specimen will be discussed in the
following sections. Figure 5 shows the X-ray-induced scintillation spectrum of the specimen.
Several characteristic emissions were observed in the spectra; in particular, the luminescence
around ~400 nm was the most prominent. The strong luminescence at ~400 nm is attributed to
the complex band of off-center self-trapped exciton (STE) and defects,53->%) and the shoulder
observed at ~350 nm is also due to extrinsic defects.53->7) The other two weak emissions of ~245
and ~275 nm are attributed to Auger-free luminescence (AFL).40%) Moreover, a very weak
luminescence was observed at around 500 and 600 nm. This luminescence can be attributed to
the Au-related luminescence, since no luminescence was observed in CsCl under ~340 nm
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Fig. 5. X-ray-induced scintillation spectrum of ACC translucent ceramics.

excitation. According to previous reports, Au atoms in solids or liquids aggregate to form
dimers, AuNCs, and AuNPs.®%%2 These Au aggregates emit light in a wide range of
wavelengths from the VIS-to-NIR region, depending on the matrix material and aggregation
state. Thus, the luminescence observed at 500—600 nm is reasonable for luminescence from Au
aggregates. Considering the luminescent wavelength, the AuNP size is considered to be several
tens of nanometers.4

Figure 6 shows the emission spectra obtained before and after the X-ray irradiation of the
specimen under ~340 nm excitation. The spectra were measured after X-ray irradiation and after
the spectral intensity had stabilized (after more than a few tens of minutes). The irradiation dose
to the specimen was 10 Gy. Only a broad luminescence at 600—1000 nm was observed in the
spectrum before X-ray irradiation. On the other hand, after X-irradiation, part of the
luminescence band that had been observed before irradiation disappeared, and new luminescence
bands appeared around 420 and 520 nm. The disappearance of the luminescence at 600—700 nm
can be attributed to the F-center in CsCl and the SPR of AuNPs, as shown in Fig. 4.

Figure 7(a) shows the change over time in the PL spectrum after X-ray irradiation. The
luminescence intensity in the VIS region decreased monotonically with time, while that in the
NIR region increased rapidly for about 10 s and then decreased monotonically. Here, we will
focus on the luminescence in the NIR region, where the variation in response to radiation is
significant. There are two possible factors for the behavior of luminescence in the NIR region:
(1) RPL and (ii) excitation of AuNCs associated with the disappearance of F-centers. (i) In a
previous report on the PL properties of Au in glass, the Au dimer in the complex is fragmented
from the complex by UV light irradiation, resulting in a decrease in luminescence from the
dimer of the complex (~520 nm) and an increase in the luminescence (~720 nm) of the newly
generated pure Au dimer.°? The behavior of PL in our specimen is very similar to the above,
and it is highly plausible that Au dimers or equivalent aggregates in CsCl are involved in a
similar mechanism. (ii) The bleaching of the absorption band attributed to the F-center can occur
at the same time as the change in luminescence intensity. Thus, the electrons released from the
F-center recombined with nearby holes, and the recombination energy excited the AuNCs, which
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6. (Color online) PL spectra obtained before and after X-ray irradiations of ACC translucent ceramics.
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Fig. 7. (Color online) (a) PL spectra of ACC translucent ceramics under ~340 nm excitation after a certain time
interval from X-ray irradiation. (b) Variation with time of the integrated intensity of luminescence in the NIR region
of 800—-1000 nm before and after X-ray irradiation. The excitation wavelength was ~340 nm.

seems to increase the luminescence intensity (a type of OSL). Regarding the decrease in the
luminescence intensity, the decomposition of Au aggregates shortly after their formation is
considered to be responsible, since Au aggregates are often unstable.(©3-65)

Figure 7(b) shows the variation with time of the integrated intensity of luminescence in the
NIR region of 800—1000 nm before and after X-ray irradiation. On the other hand, after X-ray
irradiation, the luminescence intensity increased significantly within a few seconds after
excitation and then decreased exponentially. The luminescence intensity had not completely
returned to the initial state at 600 s, and the baseline had increased. This result supports
hypothesis (i), as new luminescent centers are generated by X-ray irradiation.

Figure 8 shows the plot of time integration over 600 s for 800—1000 nm luminescence versus

the irradiation dose of the specimen. The time integration of the luminescence intensity over 600
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Fig. 8.  Plot of time integration over 600 s for NIR luminescence in the 800-1000 nm range versus irradiation dose
of ACC translucent ceramic specimen.

s increased monotonically in the region above several tens of mGy. These results suggested that
the specimen can function as a dosimeter in the high dose range.

4. Conclusions

The CsCl translucent ceramic containing Au particles was successfully prepared by SPS. The
specimen showed luminescence attributed to Au aggregates under excitation at 340 nm, and the
luminescence intensity was found to vary with X-ray irradiation dose and elapsed time after
irradiation. Moreover, the time-integrated luminescence intensity was monotonically increased
relative to the X-ray irradiation dose, suggesting that it has the potential to be applied to radiation
detectors. On the other hand, the detailed origin and variation behavior of the observed
luminescence have not yet been elucidated; therefore, detailed investigations are needed in the
future.
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