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In this study, Eu-doped (0.1, 0.3, 1.0, and 3.0%) Ga,05;—-SiO, glasses were synthesized by the
melt-quenching method using a floating zone furnace. The 0.1-1.0% Eu samples were partially
crystallized glasses, which included the cristobalite phase, whereas the 3.0% Eu sample
indicated only a halo pattern. All the samples showed the emission originating from divalent Eu
ions at around 450 nm in photoluminescence and scintillation. Therefore, it was found that self-
reduction occurred in all the samples. The full-energy peak under irradiation with a-rays of
241 Am was observed in all the samples, and the 1.0% Eu sample showed the highest light yield of
100 photons/5.5 MeV.

1. Introduction

The divalent Eu ion shows luminescence in the range of UV to NIR, depending on the host
material, and the lifetime is from several hundred ns to several ps.(? The trivalent Eu ion
exhibits orange-red luminescence, with a lifetime of several ms.># Thus, divalent and trivalent
Eu ions have been utilized as luminescence centers in phosphors for various applications,
including LED,9 long-afterglow phosphors,’-% optical thermometry,(1%!D and
scintillators.12~14) Scintillators are one type of phosphor that can emit lower-energy photons
when irradiated with ionizing radiation. New scintillators have been actively developed, and the
scintillation properties of various materials have been reported.1>2% Srl,:Eu and CaF,:Eu are
typical commercial scintillators, which are used for the detection of y-rays. In addition, LiF:Eu is
a commercial scintillator, which is used for the detection of thermal neutrons. The divalent Eu
ion serves as the luminescence center in those scintillators. Eu-doped glasses have been studied
actively for LED and X-ray imaging applications. There are many studies on trivalent Eu-
activated glasses;"22) in contrast, studies on divalent Eu-activated glasses are relatively few,
since trivalent Eu ions are generally more stable than the divalent state in oxide glasses.
Controlling the reduction reaction (Eu3* to Eu?") in glass is challenging, and many researchers
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have studied it by incorporating halide elements and gas flow to create a reduction
atmosphere.(2324 In addition, the self-reduction reaction of Eu ions in glass under an air
atmosphere has been reported.(>26) Several self-reduction mechanisms have been proposed,
including electron donation by electron trap vacancies and non-bridging oxygen, as well as the
evaporation of certain elements.>%-27) The photoluminescence (PL) and scintillation properties
of the Eu-doped Al,0,—SiO, glasses were investigated in our previous study,?® and the glasses
exhibited luminescence originating from divalent Eu ions resulting from self-reduction.
Consequently, it was found that the glasses had a capacity of detecting a-rays. In this study, we
focused on Ga,05;—-SiO, glasses. Ga is of the same group element as Al, and Ga,0O; is an
intermediate oxide, which is the same as Al,05.2%30 Thus, it is expected that the glasses will
show the luminescence of divalent Eu ions resulting from self-reduction. Therefore, the PL and
scintillation properties of Eu-doped Ga,0;—SiO, glasses were investigated to develop a new
optical glass material.

2. Materials and Methods
2.1 Sample preparation

Eu-doped 10Ga,05;-908Si0, glass ceramics were made by the melt-quenching method using
an optical floating zone (FZ) furnace. The starting materials of the host glass, namely, Ga,05
(4N) and SiO, (4N) powders, were uniformly mixed. The Eu,O; (4N) powder was added to the
host glass at concentrations of 0.1, 0.3, 1.0, and 3.0 mol%. A total of 4 g of these powders was
mixed in an agate mortar. The mixed powders were formed into a cylindrical rod using
hydrostatic pressure, and this rod was sintered at 1200 °C for 8 h in air. The optical FZ furnace
(FZ-T-12000-X-VPO-PC-Y, Crystal Systems) melted the obtained ceramic rod with four Xe
lamps. In addition, the molten part was dropped into the water and was rapidly quenched.

2.2 Measurement method

Powder X-ray diffraction patterns were measured using MiniFlex 600 (Rigaku). Diffuse
transmittance spectra were measured with a spectrophotometer (SolidSpec-3700, Shimadzu). PL
excitation/emission maps and PL quantum yields (QYs) were measured using Quantaurus-QY
(C11347, Hamamatsu Photonics). Quantaurus-Tau (C11367, Hamamatsu Photonics) was used to
measure PL lifetimes. Scintillation spectra were obtained with our laboratory-made setup.)

Light yields (LYs) were estimated from pulse height spectra measured using our original setup.
(€]

3. Results and Discussion
Figure 1(a) shows the appearance and XRD patterns of all the samples. The 0.1-1.0 Eu

samples showed a halo pattern and crystalline peaks. The peaks would originate from the
cristobalite phase, based on the reference pattern. However, the ratio of crystalline peak intensity
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Fig. 1.  (Color online) (a) Appearance and XRD patterns, and (b) diffuse transmittance spectra.

was different from the reference pattern, which suggested the possibility of oriented
crystallization.®2-33) On the other hand, the 3.0 Eu sample showed only a halo pattern. Figure
1(b) shows the diffuse transmittance spectra; all the samples showed high transmittance in the
visible region. The peaks at approximately 580, 670, and 800 nm in the 3.0 Eu sample were likely
due to machine artifacts. The broad absorption at around 350 nm was observed in all the samples
and redshifted with increasing Eu concentration. It matched the excitation wavelength of divalent
Eu ions, as mentioned below; thus, the absorption was attributed to the 4f-5d transitions of
divalent Eu ions.

Figure 2(a) shows the PL emission/excitation map of the 0.3 Eu sample. All the samples
indicated the same trend in the PL emission/excitation map. Thus, the result of the 0.3 Eu sample
was displayed as a representative. The broad emission at around 400—550 nm was observed in all
the samples. To confirm the origin of the emission, decay curves monitored at 450 nm were
measured. Figure 2(b) shows the PL decay curves and the lifetimes. Two exponential decay
components approximated all the decay curves, and the lifetimes were attributed to the 5d-4f
transition of divalent Eu ions.3*3%) Therefore, it was found that the Ga,05;-SiO, partially
crystallized glasses and glass had self-reduction (Eu?* to Eu?"). The lifetimes of the 0.3-3.0 Eu
samples decreased with increasing Eu concentration. The QYs of the 0.1-3.0 Eu samples
monitored for the emission of the divalent Eu ions were 8, 9, 5, and 2%, respectively. The QYs
showed the same trend as lifetimes, which would be due to a concentration quenching effect.

Figure 3(a) shows the X-ray-induced scintillation spectra. The broad emission at around 450
nm and the sharp emissions at around 575, 590, 610, and 645 nm were observed in all the
samples. The broad emission would be attributed to the 5d-4f transition of divalent Eu ions,(36-7)
the same as PL, and the sharp emissions would be attributed to the 4f-4f transitions D, — 'F,
’F,, 'F,, and 7F5) of trivalent Eu ions.*3-40) In the PL spectra, the emission of the trivalent Eu
ions was not observed, but the emission was clearly observed in scintillation spectra. The
difference in the excitation source and the sensitivity of the detector might affect the result.
Furthermore, a redshift was observed in the broad emission resulting from self-absorption.
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Fig. 2. (Color online) (a) PL emission/excitation map of the 0.3 Eu sample. (b) PL decay curves.

) I | I |
§ * 3.0Eu
2 | ] - 10Eu |
3, © 03Eu 1§
* 0.1Eu
g i ] 2 © Ce:GSO
: -
g L _ O .
e X
N .-’ K
El - F
g m.._-~- . ..l
Z L I L L 1 L o il |
400 500 600 0 100 200 300 400 500
Wavelength [nm] Channel number [channel]
(@) (b)

Fig. 3. (Color online) (a) X-ray-induced scintillation spectra and (b) pulse height spectra.

Figure 3(b) shows the pulse height spectra under ! Am a-ray irradiation. The photoabsorption
peak under the y-ray irradiation of ¥’Cs of Gd,SiOs: Ce (7000 photons/MeV) was used as a
reference. LY was calculated using the channel number of the full-energy peak and quantum
efficiency (QE). The QE was the emission-weighted quantum efficiency calculated from the
scintillation spectra in the range of 270-550 nm. The QEs of the 0.1-3.0 Eu samples and
reference sample were 29.75, 28.00, 25.58, 24.06, and 29.58, respectively. The shaping time of all
the samples was 2 ps. The calculated LYs of the 0.1-3.0 Eu samples were 15, 40, 100, and 60
photons/5.5MeV, respectively.

4. Conclusion

Eu-doped Ga,0;-SiO, glasses with Eu concentrations of 0.1, 0.3, 1.0, and 3.0% were
prepared by the melt-quenching method using an FZ furnace. From the XRD pattern, the 0.1-1.0
Eu samples had the cristobalite phase, whereas the 3.0 Eu sample did not show the crystalline
phase. In the PL and scintillation, the luminescence of the divalent Eu was observed. Thus, it
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was found that self-reduction occurred in the Ga,0;—SiO, glass and partially crystallized
glasses. The LYs of all the samples were evaluated using a-rays of 2*' Am, and the highest LY

was 100 photons/5.5 MeV. In future work, to apply the scintillator, enhancing LY is necessary.
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