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In this study, we prepared CaYAl;0; single crystals doped with 0.1, 0.5, and 1.0% Dy by
the floating zone method, and investigated their photoluminescence (PL) and thermally
stimulated luminescence (TSL) properties. All samples showed the luminescence of Dy>" at
approximately 480, 570, 660, 750, and 830 nm in PL, and PL quantum yields (QYs) were 3.9—
45%. TSL glow curve measurements showed peaks at about 70 and 250 °C for the 0.1 and 0.5%
Dy-doped samples, while the 1.0% Dy-doped sample had a peak only at around 70 °C. The 0.5%
Dy-doped sample indicated the highest TSL intensity among all samples and linearity in the
1-1000 mGy range. The lower detection limit of the 0.5% Dy-doped sample was 1 mGy.

1. Introduction

Some passive-type dosimeters are composed of phosphors that can store energy from
ionizing radiation and release it when externally stimulated. The luminescence mechanism is
described as follows. When the dosimetric material is exposed to ionizing radiation, electron and
hole pairs are generated inside it. These carriers are trapped in trap centers after moving through
the material. Upon the application of thermal or optical stimulation, the trapped carriers are re-
excited to the conduction band and recombined at luminescence centers, releasing energy as
light. The luminescence obtained by thermal stimulation is called thermally stimulated
luminescence (TSL) while that obtained by optical simulation is called optically stimulated
luminescence (OSL). The intensities of TSL and OSL are proportional to dose irradiation.
Hence, dosimetric materials with TSL and OSL can measure integrated doses. These dosimetric
materials require a wide detectable dose range, low fading, and high chemical stability.() Fading
refers to the phenomenon where trapped carriers are re-excited at room temperature, which
reduces TSL or OSL intensity at the time of readout. Furthermore, human-body equivalency is
specifically required for measuring personal dosage.®) The TSL and OSL materials are mainly
composed of inorganic materials. Various materials, including CaF,:Dy, Al,05:C, NaMgF;:Eu,
and LiF:Mg, Ti, have been reported as typical dosimeters.(->) These materials play an important
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role in medical fields and dating applications.#~%) In addition, new TSL and OSL materials are
still being developed and studied to clarify mechanisms of processes in more detail such as
trapping or detrapping for charge carriers.(10-15)

Single crystals of the melilite structure doped with rare-earth elements have been studied and
considered for phosphor, laser, and scintillator applications.(16-20 A previous study revealed that
Dy-doped CaYAIl;0O- single crystals, because of their melilite structure, have the potential for
use as yellow light-emitting devices.?)) The emission wavelength of Dy is suitable for the
wavelength sensitivity of common photodetectors such as photomultiplier tubes and photodiodes.
In addition, TSL materials doped with Dy as the luminescence center have also been used in
practice. Therefore, a Dy-doped CaYAI;O5 single crystal can be expected as a dosimeter using
TSL. However, there are no reports about the TSL properties of the Dy-doped CaYAl;O5 single
crystal. Against the above background, we synthesized CaYAl;0; single crystals doped with 0.1,
0.5, and 1.0% Dy, and investigated their TSL glow curves and dose-response function to evaluate
dosimetric performance. Furthermore, we examined the effect of Dy concentration on the TSL
properties.

2. Materials and Methods
2.1 Sample preparation

Dy-doped CaYAIl;O; single crystals were made by the floating zone (FZ) method. The
starting materials used were CaO (4N, Furuuchi Chemical Corporation), Y,05; (4N, Furuuchi
Chemical Corporation), Al,O; (4N, Kojundo Chemical Laboratory Corporation), and Dy,0;
(4N, Furuuchi Chemical) powders. The concentrations of Y as Dy ions were 0.1, 0.5, and 1.0%.
The powders were mixed in an agate mortar. The mixed powders were formed into a rod by
hydrostatic pressing, then sintered for 8 h in air at 1200 °C. An optical FZ furnace (Canon
Machinery, FZD0192) with two halogen lamps was used to grow crystals. The obtained samples
were mechanically polished.

2.2 Measurement method

To confirm the phase of the obtained samples, powder X-ray diffraction (XRD) patterns were
measured using MiniFlex 600 (Rigaku). As for photoluminescence (PL) properties, Quantaurus-
QY (C11347, Hamamatsu Photonics) and Quantaurus-Tau (C11367, Hamamatsu Photonics) were
used to measure PL quantum yields (QYs), a PL excitation/emission map, and PL lifetimes. TSL
glow curves were obtained with our original setup consisting of an electric heater (SCR-SHQ-A,
Sakaguchi E.H Voc) and a photomultiplier tube (H11890-01, Hamamatsu Photonics). The TSL
glow curves were measured after all samples were irradiated with 1 Gy by an X-ray generator
(XRB8ON100/CB, Spellman), and the heating rate was 1 °C/s. The dose-response function was
obtained using the same setup as that for the TSL glow curves.
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3. Results and Discussion

Figure 1 shows the appearance and XRD patterns of all samples. All samples were colorless
and transparent. The obtained XRD patterns were consistent with the CaYAIl;O; melilite
structure with the space group P42,m according to reference data of ICSD: 039891. No clear
peaks originating from impurity phases were observed in any of the samples. We concluded that
all samples were CaYAl;05 single crystals successfully doped with Dy. However, peak intensity
ratio showed some change with Dy concentration. This might be partly because the sample was
not uniformly ground before the XRD measurement. The CaYAl;O; single crystal has a three-
dimensional structure in which Ca®* and Y** ions connect (Al;04)> layers, and Ca®* and Y>*
ions are located randomly in a 1:1 ratio.(!8:21:22) It has been reported that when Dy is doped, the
positions of Ca?" and Y3" ions would likely be replaced by Dy3*.(17:21)

Figure 2(a) shows the PL emission/excitation map of the 0.5% Dy-doped sample. The results
for only the 0.5% Dy-doped sample are presented in Fig. 2(a) because all samples exhibited
similar behaviors. The luminescence was observed at around 480, 570, 660, 750, and 830 nm.
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Fig. 1. (Color online) Appearance and XRD patterns of all samples.

P00 0 UL A | E 1 ' I T T T
=l 0.5% Dy 1‘|I JH Ex. 340 nm/ Em. 570 nn3
= 500 EA I | JII
= ud' o 1.0% Dy
B ;
= :
= z F
2 400 5
2 O ]
g
2 3009 r 3 0.1% Dy
Z 1

T DTN 00T 00T O IIL ol HP\’I\‘\IH L E 1 | | | |

200 300 400 500 600 700 800 900 0 2 4 6 8 10
Emission wavelength [nm] Elapsed Time [ms]
(@) (b)

Fig.2. (Color online) (a) PL emission/excitation map of the 0.5% Dy-doped sample. (b) PL decay curves of all
samples.
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The QYs monitored with an excitation wavelength of 350 nm are listed in Table 1. The QYs
increased from 3.9 to 45% with Dy concentration. Figure 2(b) shows the PL decay curves of all
samples. The decay curves were consistent with a single exponential component. The lifetimes
calculated from the decay curves are also shown in Table 1, with values of around 800 ps. The
luminescences observed at approximately 480, 570, 660, 750, and 830 nm correspond to the
transitions of Dy, specifically, 4Fg, — ®Hys)p, °Hy3/2, °Hy1 /2, °Hg), and °Hs, respectively.(23-26)
The measured lifetimes were consistent with those typically observed for Dy3*.2739 Thus, we
confirmed the presence of Dy>" luminescence in the CaYAl;0; single crystals.

Figure 3(a) shows the TSL glow curves of all samples. All samples exhibited a peak at
approximately 70 °C, while the 0.1 and 0.5% Dy-doped samples also displayed a broad peak at
around 250 °C. The peak intensity at 250 °C increased with Dy concentration up to 0.5%, but the
peak disappeared in the 1.0% Dy-doped sample. This suggested that adding up to 0.5% Dy
might promote the formation of certain defects, whereas adding 1% Dy or more might work to
compensate these defects. Among all the samples, the 0.5% Dy-doped sample showed the
highest TSL intensity. The sharp increase in TSL intensity at around 350—400 °C was attributed
to black-body radiation. We measured the dose-response function of the 0.5% Dy-doped sample,
which had the highest TSL intensity. The integrated TSL intensity from 0 to 350 °C was used to
determine the dose-response function. Additionally, the integrated TSL intensity from 150 to
350 °C, excluding the glow peak at around 0—150 °C, was also used for dose-response analysis.
This exclusion is due to the possibility that the glow peak near 0—150 °C is strongly affected by
fading. In both dose-response functions, the 0.5% Dy-doped sample demonstrated linearity in
the 1-1000 mGy range, with a lower detection limit of 1 mGy.

Table 1

QYs and lifetimes of all samples.

Dy concentration (%) QY (%) Lifetime (ps)
0.1 3.9 800

0.5 16 783

1.0 45 753
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Fig. 3.  (Color online) (a) TSL glow curves of all samples. (b) Dose-response function of the 0.5% Dy-doped
sample.
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4. Conclusions

We successfully synthesized CaYAI;0; single crystals doped with 0.1, 0.5, and 1.0% Dy. All
samples exhibited luminescence derived from the 4f-4f transitions of Dy*" in PL. In the TSL
glow curves, the 0.1 and 0.5% Dy-doped samples showed peaks at approximately 70 and 250 °C,
while the 1.0% Dy-doped sample only exhibited a peak at around 70 °C. The 0.5% Dy-doped
sample demonstrated the highest TSL intensity among all samples. To assess dosimetric
performance, we measured the dose-response function. The 0.5% Dy-doped sample displayed
good linearity in the 1-1000 mGy range, with a lower detection limit of 1 mGy. Therefore, the
0.5% Dy-doped CaYAIl;O5 single crystal showed potential for use as a TSL dosimeter.
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