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The X-ray-induced power generation characteristics of Eu’"-doped Y;Al;0;, (YAG),
Gd;Al,Ga30, (GAGG), and Lu;AlsO;, (LuAG) single crystal scintillators with different Eu
concentrations were evaluated. The generated electrical power densities were then compared
with the scintillation light yields and the integrated intensities of scintillation spectra in the
550—-690 nm range. Although the LuAG:Eu samples exhibited lower light yields than the
YAG:Eu and GAGG:Eu samples, they showed comparable or higher generated power densities
owing to their higher effective atomic number (Z,; = 64), which enhances photoelectric
absorption efficiency. A good correlation was observed between the power densities and the
integrated intensities of scintillation spectra, whereas the relationship between the light yields
and integrated intensities was less significant owing to the influence of afterglow and variations
in photoelectric absorption.

1. Introduction

Radiation detectors are widely used in various fields such as medical,(!=® industrial, well-
logging,(”) environmental monitoring,® and security®~!2 applications. Some of these radiation
detectors utilize scintillators, which are a type of phosphor material that instantly converts high-
energy ionizing radiation into numerous low-energy visible or near-visible photons.(!'3 The
essential characteristics required for scintillators include a high light yield, chemical stability, a
suitable effective atomic number (Z,4), and high density. Because these properties must be
optimized for different purposes, scintillators have been developed in various material forms
such as nanoparticles,14-19) crystals,(17-23) ceramics,?1:24-2% and glasses.(>732)

In recent years, scintillator-based devices have attracted considerably increasing attention for
potential applications beyond conventional radiation detection. One emerging concept is the use
of scintillators as energy converters in nuclear photovoltaic batteries,>33-39) where the radiative
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energy emitted by radioisotopes is transformed into electrical energy through the combination of
a scintillator and a photovoltaic device such as a silicon photodiode (Si-PD). This scintillator—
photodiode approach is considered promising for large-scale applications, including auxiliary
power generation in nuclear power facilities. In such systems, the performance strongly depends
on the light yield and emission spectra of the scintillators, as well as its spectral matching with
the photodiode’s sensitivity range. To optimize this interaction, the selection of activator ions
with suitable emission characteristics is essential.

Among various luminescent ions, Eu®" ions have been considered a promising activator
because they exhibit 4f—4f emission peaks in the long-wavelength red region, which better
overlaps with the higher sensitivity range of Si-PD than the luminescence from other dopants
such as Ce3' ions. Therefore, Eu®" ions are advantageous for enhancing photovoltaic conversion
efficiency in scintillator—photodiode systems. Furthermore, Eu’'-activated oxide-based
scintillators such as Y;Als0;, (YAG),®? Gd;Al,Ga;0;, (GAGG),®® and Lu;AlsO;, (LuAG)©®?)
exhibit high light yields and excellent chemical stability, mechanical strength, and optical
transparency, making them potential candidates for durable nuclear battery materials. Regarding
the spectral characteristics, although slight differences in the relative peak intensities of 4f—4f
transitions of Eu®" ions exist among garnet hosts, the overall spectral shapes are similar.373%
Thus, the effects of spectral variations are reduced, allowing a fair comparison of other
properties among the samples under identical spectral conditions.

In this study, the performances of YAG:Eu?", GAGG:Eu?*, and LuAG:Eu?" single crystals
were evaluated in combination with a Si-PD under X-ray excitation. The relationships among the
generated electrical power densities, scintillation light yields, and the integrated intensities of the
scintillation spectra were investigated.

2. Materials and Methods

Eu-doped Y3(1Als0;5, Gds(1Al,Ga30;,, and LusyAlsO;, single crystals with different
Eu concentrations (x = 0.005, 0.01, 0.05, 0.1, and 0.15 corresponding to 0.5, 1.0, 5.0, 10.0, and
15.0%) reported in previous studies were used in this work.373 These single crystals were
grown by the floating zone method, followed by mechanical processing and optical polishing.

Power densities generated from the combination of Eu**-doped garnet single crystals and Si-
PD under X-ray irradiation were evaluated for nuclear photovoltaic battery applications using a
custom-made setup. A schematic diagram of the experimental setup is presented in Fig. 1. The
scintillator was optically coupled to an optical fiber (UD0065, Asahi Spectra), which in turn was
connected to a Si-PD (Hamamatsu, S12915-66R). Scintillation photons generated within the
samples were transmitted through the fiber and subsequently detected by the Si-PD. This
configuration ensured a sufficient distance between the photodiode and the X-ray source,
thereby preventing the direct irradiation of the Si-PD. To further reduce unwanted exposure, the
Si-PD was enclosed by a 3-mm-thick lead shielding to suppress scattered X-rays. The electrical
signal from the Si-PD was monitored using a picoammeter (Keysight B2985A) with an
integration time of 0.3 s. The photocurrents from the samples were measured using the
picoammeter, and the power densities were calculated from the measured currents and an open-
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circuit voltage of the Si-PD (0.45 V).49 An X-ray generator operated at 40 kV and 1.2 mA was
used as the radiation source.

After calculating the generated power densities for the samples, the correlations among the
power densities, scintillation light yields, and the integrated intensities of scintillation spectra of
the samples were evaluated. The measurement time was 1 min. The integrated intensities of
scintillation spectra under X-ray irradiation were measured using an original optical
measurement system.*! The excitation source was an X-ray generator (XRB8OP & N200X4550,
Spellman). The scintillation light from the samples was transmitted to a CCD spectrometer (DU-
420-BU2, Andor) through an optical fiber, and the integrated intensities between 550 and 690
nm were recorded. In this measurement, the tube voltage and current of the X-ray generator were
set to 40 kV and 1.2 mA, respectively.

The light yields were estimated on the basis of previously reported pulse height spectra
under y-ray irradiation from 3’Cs (662 keV).(373% To calculate the light yields correctly, the
quantum efficiency (QF) of a photomultiplier tube of the reference scintillator BisGe;O,
(BGO)*?) was assumed to be 16.7%, and the QF of the Eu-doped garnet samples was assumed to
be 13.6 %.

3. Results and Discussion

Figure 2 shows the correlation between the generated power densities and the scintillation
light yields of the samples. LuAG:Eu samples exhibited comparable or even higher power
densities than YAG:Eu and GAGG:Eu samples, despite their lower light yields. This can be
attributed to the relatively high effective atomic number of LuAG (Z,;= 64), which results in a
higher probability of photoelectric absorption of X-rays than those of YAG (Z,;= 32) and GAGG
(Zoy= 54). Additionally, LuAG:Eu (5.0%) exhibited the highest power density (around 190 nW/
cm?) among all the samples.

Figure 3 indicates the relationship between the generated power densities and the integrated
intensities of scintillation spectra under X-ray irradiation. Overall, a better correlation was
observed between the power densities and the integrated intensities than that shown in Fig. 2.
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Fig. 1.  (Color online) Schematic of the experimental Fig.2. (Color online) Relationship between

setup used. generated power densities and light yields.
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Fig.3. (Color online) Relationship between Fig. 4. (Color online) Relationship between light
generated power densities and scintillation intensities. yields and scintillation intensities.

This is likely because the scintillation, afterglow components, and Z,of the samples contributed
in a similar manner in these measurements. Because both the power densities and the integrated
intensities were obtained using integration-based detection methods under X-ray irradiation,
these factors were consistently reflected, resulting in more systematic data. On the other hand,
the integrated intensities were measured with an integration time of 1 min, whereas the
generated power densities were measured with a shorter integration time of 0.3 s. Owing to this
difference, spectral measurements are more susceptible to afterglow contributions, while the
shorter integration time might reduce the influence of afterglow in the power-density evaluation.

The correlation between the light yields and the integrated intensities of the samples is shown
in Fig. 4. In general, the correlation between these two parameters was not particularly strong.
This can be attributed to the fact that the integrated intensities are affected by not only the light
yields but also the afterglow components and the photoelectric absorption efficiencies.
Therefore, multiple parameters are considered to have influenced the overall correlation. These
results demonstrate that the integrated intensities provide a practical parameter for evaluating
the energy conversion performance in scintillator—photodiode systems.

4. Conclusions

The energy conversion characteristics of Eu?*-activated YAG, GAGG, and LuAG single
crystals coupled with a Si-PD were investigated under X-ray excitation. Among the examined
samples, the 5.0% LuAG:Eu?' sample exhibited the highest generated power density
(approximately 190 nW/cm?). This result is mainly attributed to the higher effective atomic
number of LuAG, which enhances X-ray absorption and thereby increases the overall conversion
efficiency. A good correlation was observed between the generated power densities and the
integrated intensities, whereas the relationship with the light yields was weaker, likely because
of the influence of afterglow and variations in photoelectric absorption.
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