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We fabricated Pr3*-activated glasses having a composition of 10SrO-5A1,05-85TeO, (PSAT)
for potential use as radiation detectors, and their photoluminescence (PL) and X-ray-induced
scintillation properties were then characterized. The PSAT glasses showed several emission
peaks in their PL spectra owing to the 4f-4f transitions of Pr3*. Furthermore, they exhibited
typical PL decay times (0.09-0.86 ms), where the decay originated from the 4f—4f transitions of
Pr3*. In the scintillation spectra of the PSAT glasses, three peaks at approximately 480, 618, and
636 nm were observed. The scintillation decay times were 0.747—0.840 ms, corresponding to the
4f-4f transitions of Pr>*. Furthermore, the PSAT glasses showed afterglow levels of 352-521
ppm, and the lowest afterglow level (352 ppm) was comparable to that of Tl-activated Csl single
crystal.

1. Introduction

Scintillators have been used as luminescence materials for radiation detection, and they have
the function of changing high-energy ionizing radiation into a large number of low-energy
photons.() They have been used in a wide variety of fields such as high-energy physics and
nuclear medicine.>3 Single-crystal scintillators have often been used in these fields because
they tend to show high light yields. Glass scintillators have recently attracted research attention
because of their industrial merits such as low cost, excellent moldability, flexible glass
composition, and the possibility of large-volume production.*~19) The scintillation properties of
many glasses doped with a rare-earth (RE) ion, such as Dy3'-activated B,0;-Al,0;—SrO
glasses and Eu**-activated K,0-Bi,0;—Ga,0; glasses, have been evaluated.(!1:12)

Tellurite glasses are also potential glass scintillators. Tellurite glasses can exhibit high
detection efficiency under X- and y-ray exposure because of their high effective atomic number.
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In addition, it might be possible to suppress their non-radiative decay since their phonon energy
is lower than that of other glasses (e.g., phosphate glasses, borate glasses, and silicate glasses);
therefore, they might exhibit higher PL and scintillation intensity.(1318) So far, several tellurite
glasses such as Nd3"-activated 15WO;-5A1,0;-80TeO, glasses, Eu3*-activated
15Ba0—5A1,05-80TcO, glasses, Dy3*-activated 15BaO—5A1,05-80TeO, glasses, and
Eu’*-activated 10SrO-5A1,0,—85TeO, glasses have been studied as possible radiation
detectors.1571®) In this paper, we focus on Pri*-activated tellurite glasses. Pr3" ions have been
widely used as luminescence centers because Pr3*-activated materials such as Pr¥*-activated
Gd,0,S can exhibit efficient luminescence originating from the 4f-4f transitions of Pr3*.(19-2
In this work, glasses having compositions of xPr,O;—(10—x)SrO-5A1,05;—85TeO, (x = 0.1, 0.5,
and 1.0) (PSAT) (Z,; = 44.5-44.7) were fabricated by the melt-quenching technique and we
investigated their PL and scintillation properties.

2. Experimental Methods

The PSAT glasses listed in Table 1 were prepared as follows. As precursors, Pr,0Os3, SrCOs,
Al,O3, and TeO, were obtained from Kojundo Chemical Lab. Co., Ltd. They were mixed in the
above glass composition, and the mixture was heated in an aluminum crucible in air for 1 h
inside an electric furnace whose temperature was 950 °C. The heated mixture was poured on a
plate that had been preheated at approximately 300 °C to fabricate the PSAT glasses. PSAT
glasses with a thickness of approximately 1.5 mm and a mass of approximately 0.41 g, which
were used for characterization, were obtained by polishing the glasses.

The glass transition temperature (7,) was measured by using an analyzer (TG-DTA2000SA,
Bruker). The crystalline phase in the PSAT glasses was investigated using an X-ray
diffractometer (RINT-2200 V, RIGAKU). As optical characteristics, optical in-line
transmittance spectra were measured using a spectrometer (V670, JASCO) with the aim of
investigating the absorption properties of the PSAT glasses. In addition, PL quantum yield (QY)
values and PL excitation and emission maps were recorded using a spectrometer (Quantaurus-
QY, Hamamatsu). Moreover, PL spectra and PL excitation spectra were recorded using a
spectrometer (RF-6000, Shimadzu). PL decay curves were also measured using a PL
spectrometer (Quantaurus-t, Hamamatsu) with the aim of determining the PL decay times. As
scintillation characteristics, scintillation spectra were recorded using our original setup, details
of which are given in Ref. 22. The voltage and current of the X-ray tube in the setup used to
generate X-rays were set to 80 kV and 1.2 mA, respectively. Furthermore, our original evaluation

Table 1

Compositions of PSAT glasses.

Sample code Glass composition
0.IPSAT 0.1Pr,03-9.9Sr0-5A1,03-85Te O,
0.5PSAT 0.5P1,03-9.58r0-5A1,03-85Te O,

1.0PSAT 1Pr;03-9SrO-5A1,03—-85TeO,
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system, details of which are given in Ref. 23, was used for the measurement of pulse-X-ray-
induced decay curves and afterglow curves.

3. Results and Discussion
3.1 Samples

A photograph of the PSAT glasses is shown in Fig. 1. All the PSAT glasses were transparent.
In addition, the 0.IPSAT glass was yellow, whereas the 0.5SPSAT and 1.0PSAT glasses were
green.

Table 2 summarizes the 7, values of the PSAT glasses. T, values were obtained in all of the
PSAT glasses, indicating the formation of the glasses.®? The T, values were almost the same for
the fabricated PSAT glasses.

X-ray diffraction (XRD) patterns of the PSAT glasses are shown in Fig. 2. All the PSAT
glasses showed a halo peak, and no sharp peaks derived from a crystalline phase were observed;

therefore, all the PSAT glasses were found to be amorphous.*1%)

Fig. 1. (Color online) Photograph of the PSAT glasses.

Table 2
T, values of the PSAT glasses.

0.IPSAT 0.5PSAT 1.0PSAT
T (°C) 399.4 402.5 403.0

Intensity [arb. unit]

10 20 30 40 50
2theta [deg]

Fig. 2. (Color online) XRD patterns of the PSAT glasses.
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3.2 Absorption and photoluminescence properties

Figure 3 shows in-line transmittance spectra of the PSAT glasses across the wavelength
range of 200—2700 nm. The transmittances of the PSAT glasses were approximately 70—80%.
Furthermore, in all the PSAT glasses, some absorption bands originating from the 4f—4f
transitions of Pr>* appeared at approximately 449 nm (*H,—>P,), 473 nm (*H,—’P,), 486 nm
(CH;4—3Py), 595 nm (*H,—!'D,), 1023 nm (*H;—'G,), 1439 nm (*H;—’F,), 1540 nm (CH,—’F5),
and 1952 nm (*H,—’F,).(1%2%) The absorption intensity of the PSAT glasses increased with the
amount of Pr,O; doping. Moreover, the absorption edges were almost the same in the PSAT
glasses.

Figure 4 presents the PL excitation and emission map of the 0.1PSAT glass. Several emission
peaks were detected under excitation wavelengths of 440—490 nm. Figure 5 shows PL spectra of
the PSAT glasses under an excitation wavelength of 450 nm. Some emission peaks originating
from the 4f-4f transitions of Pr** appeared at 488 nm (°Py;—°H,), 532 nm (°P;—°Hs), 545 nm
(*Py—*Hs), 614 nm (*Py—>Hy), and 646 nm (*P,—>F,) in all the PSAT glasses. In addition, PL
excitation spectra of the PSAT glasses under an emission wavelength of 646 nm are shown in
Fig. 6. All the PSAT glasses showed excitation peaks at 445, 473, and 484 nm due to the 4f—4f

—O0.1PSAT
—0.5PSAT
—1.0PSAT

200 700 1200 1700 2200 2700
Wavelength [nm]

Fig. 3. (Color online) In-line transmittance spectra of the PSAT glasses.
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Fig. 4. (Color online) PL excitation and emission map of the 0.IPSAT glass.
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Fig. 5. (Color online) PL spectra of the PSAT glasses under an excitation wavelength of 450 nm.
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Fig. 6. (Color online) PL excitation spectra of the PSAT glasses under an emission wavelength of 646 nm.

transitions (*Hy—>P,, H,—3P;, and 3H,—?P,, respectively) of Pr3* 2639 Moreover, the QY
values of the PSAT glasses were 26% (0.1PSAT), 17% (0.5PSAT), and 8% (1.0PSAT), as listed in
Table 3, and the QY values decreased with increasing Pr,O; concentration, probably because of
concentration quenching.

PL decay curves of the PSAT glasses under an excitation wavelength of 450 nm are shown in
Fig. 7. The monitoring wavelength was 610 nm. The PL decay times of the PSAT glasses were
calculated by approximating the curves with an exponential decay function. The decay times
were 0.86 ms (0.1PSAT), 0.15 ms (0.5PSAT), and 0.09 ms (1.0PSAT). The decay time of the
0.1PSAT glass was typical for the 4f-4f transition (°*Py—>H) of Pr3*.G!) Moreover, the decrease
in the decay time with increasing Pr,O5 concentration might be due to concentration quenching,
and strong concentration quenching should occur in 1.0PSAT in particular because its decay
time was much shorter than the typical decay time for the 4f-4f transitions of Pr3*.(17)

3.3 Scintillation properties

X-ray-induced scintillation spectra of the PSAT glasses are shown in Fig. 8. All the PSAT
glasses showed three scintillation peaks at approximately 480 nm (3P0,1—>3H4), 618 nm
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Table 3
QY values of the PSAT glasses under an excitation wavelength of 450 nm.
Sample code 0.1PSAT 0.5PSAT 1.0PSAT
QY value (%) 26 17 8
100000 —_ 100000 —_ 100000
10000 0.1PSAT = 10000 0.5PSAT = 10000 1.0PSAT
1000 [=3900exp(-t/0.86 ms) _z 1000 [=6400exp(-t/0.15 ms) ; 1000 [=6500exp(-t/0.09 ms)
100 S 100 E 100
10 E T 2 0
1 5 1 Ll /"‘* PaviN % 1 A ﬂ)\’\ ad e | [
0 5 10 15 E 0 5 10 15 E 0 5 10 15
Time [ms] Time [ms] Time [ms]
(@ (b) (©)

Fig. 7. (Color online) PL decay curves of (a) 0.1PSAT glass, (b) 0.5PSAT glass, and (c) 1.0PSAT glass.
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Fig. 8. (Color online) X-ray-induced scintillation spectra of the PSAT glasses.

(*Py—>Hg), and 636 nm (*Py—>F,). These peaks originated from the 4f-4f transitions of Pr3".D
Contrary to the results obtained from the PL spectra in Fig. 5, the integrated scintillation
intensity across the range of 470—670 nm increased with increasing Pr,O5 concentration. On the
basis of theoretical works, the scintillation intensity can be calculated as(32-33)

LY « E, xSxQY. (1)
PE,

Here, LY is the scintillation intensity, E, is the band gap energy of the material, E,. is the energy
of the ionizing radiation, S is the energy transfer efficiency, f is a constant, and QY is the
quantum yield. In this work, the integrated scintillation intensity of the PSAT glasses was found
to be inversely proportional to the QY value as shown in Fig. 9. The almost equal band gap
energies of the fabricated PSAT glasses might have been because the absorption edges of the
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Relative QY value Relative scintillation intensity
12 1.2
1 1
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Fig. 9. (a) Relative QY value and (b) relative scintillation intensity.

PSAT glasses were almost equal; therefore, it is suggested that the energy transfer efficiency was
increased by the Pr,O; doping. It is known that the efficiency is affected by the number of
trapping sites. In the case of glass materials, non-bridging oxygen should be one of the candidate
trapping centers according to past studies,3*35 and the amount of non-bridging oxygen is
reported to increase with increasing amount of glass modifiers such as SrO.3>3%) The number of
trapping sites (e.g., non-bridging oxygen) might be decreased by the replacement of SrO with
Pr,0,,(18:34736) Jeading to enhanced energy transfer efficiency.

Figure 10 presents X-ray-induced scintillation decay curves of the PSAT glasses. The decay
times were calculated as the sum of two exponential functions. The first decay times (0.016—
0.017 ms) should originate from the instrumental response. In addition, the second decay times
of the 0.1PSAT, 0.5PSAT, and 1.0PSAT glasses were 0.840, 0.795, and 0.747 ms, respectively.
The second decay times should originate from the 4f-4f transitions of Pr3*.2!) Moreover, the
second decay times of the PSAT glasses decreased with increasing Pr,O; concentration. This
should be due to concentration quenching because the decay times decreased with increasing
Pr,0; concentration.®”)

Afterglow profiles of the PSAT glasses are shown in Fig. 11. Afterglow levels were calculated
using3038)

1[%]:100xﬂ, )

[20 [B

where [, is the average intensity when the tellurite glasses were excited by X-rays, /,, is the
intensity 20 ms after the end of X-ray exposure, and /5 is the intensity of the background. The
afterglow levels of the 0.1PSAT, 0.5PSAT, and 1.0PSAT glasses were 521, 459, and 352 ppm,
respectively. The 1.0PSAT glass showed a low afterglow level (352 ppm) comparable to that of
Tl-activated Csl single crystal.?® It is known that afterglow is a luminescence phenomenon
associated with complex trapping and detrapping processes of carriers at room temperature. The
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Fig. 10. (Color online) X-ray-induced scintillation decay curves of (a) 0.1PSAT glass, (b) 0.5PSAT glass, and (c)
1.0PSAT glass.
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Fig. 11. (Color online) Afterglow profiles of the PSAT glasses.

complex processes at shallow traps should affect the afterglow levels. In this work, the afterglow
level decreased with increasing amount of Pr,05, suggesting that the number of shallow trapping
centers is decreased by Pr,O; doping. The decrease in the afterglow level upon Pr,O; doping
was found to be consistent with the discussion on the X-ray-induced scintillation spectra shown
in Fig. 8.

4. Conclusion

SrO-Al,0;-TeO, glasses with different Pr,05 concentrations (0.1, 0.5, 1.0%) were fabricated
by the melt-quenching technique and their luminescence characteristics were investigated.
Regarding their PL and scintillation properties, the PSAT glasses showed emissions originating
from the 4f-4f transitions of Pr3* with their typical decay times of the transitions in PL and
scintillation. Furthermore, the afterglow levels of the PSAT glasses were calculated, and the
1.0PSAT glass showed a low afterglow level (352 ppm) comparable to that of the Tl-activated Csl
single crystal. In this study, the 1.0PSAT glass was found to show the highest scintillation
intensity and the lowest afterglow level. To improve the scintillation properties, it is necessary to
optimize the glass composition and the species of the luminescence centers.
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