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We prepared 25Li,0-10MgO-65Si0, glasses doped with various concentrations of Ce by
the melt-quenching method and systematically evaluated their photoluminescence (PL) and
dosimetric properties. X-ray diffraction patterns showed that the prepared samples were in an
amorphous state. The PL spectra and decay curves of the Ce-doped glasses confirmed the PL
emission peak due to the Sd—4f transitions of Ce*" ions. The PL quantum yields of the 0.3, 1, 3, 5,
and 10% Ce-doped glasses were 17.5, 31.0, 36.6, 27.2, and 26.3%, respectively. Regarding
dosimetric properties, the Ce-doped glasses showed thermally stimulated luminescence (TSL) at
100, 300, and 400 °C. Moreover, the 1, 3, 5, and 10% Ce-doped glasses showed the TSL dose
response from 10 mGy to 10 Gy with a proportional relationship.

1. Introduction

Dosimeters using storage phosphors can retain the information of radiation dose and have
been used in various fields such as personal dosimetry(’:? and medical imaging.®* The
luminescence mechanism of storage phosphors is that, first, many carriers generated by radiation
are captured at localized trapping centers. Then, these trapped carriers are released following an
external stimulation, and finally, photons are emitted by the recombination of carriers at
luminescence centers. The types of luminescence caused by light and heat stimulations are
called optically stimulated luminescence (OSL) and thermally stimulated luminescence (TSL),
respectively.(>:%) Furthermore, there is another type of luminescence called
radiophotoluminescence (RPL).(-¥) In this case, localized trapping centers generated by radiation
act as luminescence centers, unlike OSL and TSL. The storage phosphors for personal dosimetry
require a high luminescence intensity, dose linearity, and effective atomic number (Z,) close to
that of human soft tissue (Z ;= 7.29).

To date, there have been many reports on the dosimetric properties of various material forms
such as ceramics, single crystals, and glasses.®!”) Among these material forms, glasses have
attracted considerable attention because of their low cost, large productivities, easy handling,
and multiple chemical compositions. However, reports on the dosimetric properties of glass
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materials are few, and only Ag-doped phosphate glass has been commercially available as an
RPL dosimeter;?? therefore, there still remains room for research on glass dosimeters.

In this study, we focused on SiO,-based glasses in order to develop suitable materials for
personal dosimetry. Thus far, SiO,-based glasses have attracted much attention as phosphors
because they have good thermal stability, chemical stability, and optical properties.?!) In the
radiation measurement fields, SiO,-based glasses, including activator-doped SiO,, Li,0—-MgO—
Al,05-Si0,, SrO-Al,0,-Si0,, and Li glasses (Saint-Gobain), have been reported.*!~2®) Among
the SiO,-based glasses, the 25L1,0-10MgO—-65Si0, glasses have been studied as the scintillator
for neutron detectors;?”) however, no research on their dosimetric properties has been done, to
the best of our knowledge. This glass composition is the suitable storage phosphor for personal
dosimetry because the Z.g of 25Li,0—-10MgO—-658i0, glasses (Z,; = 11.3) is close to that of
human soft tissue. For the above reasons, we synthesized 25Li,0-10MgO—-65Si0, with various
concentrations of Ce by the melt-quenching method, and their photoluminescence (PL) and
dosimetric properties were systematically surveyed.

2. Materials and Methods

Undoped and Ce-doped 25Li,0-10MgO-65Si0, glasses were synthesized by the
conventional melt-quenching method. Li,CO5 (99.99%, Rare Metallic), MgCO; (99.99%, High
Purity Chemicals), and SiO, (99.99%, Rare Metallic) as starting materials were mixed at the
molar ratio of 25:10:65. To study the dopant concentration dependence on PL and dosimetric
properties, CeO, (99.99%, Furuuchi Chemical) was added. The nominal concentrations of CeO,
were 0.3, 1, 3, 5, and 10% with respect to the host. These powders were weighed in a total
amount of 10 g and mixed with agate mortar until homogeneous. The mixtures were transferred
to alumina crucibles, then melted in an electric furnace at 1400 °C for 60 min in air ambient, and
the melt was quenched on a stainless-steel plate preheated to 200 °C. After sufficient cooling, a
polishing machine (Buehler, MetaServ 250) was used to mechanically polish the surface of the
samples. To determine if the obtained samples were amorphous, X-ray diffraction (XRD)
pattern measurements were conducted in the range of 3—60° with a diffractometer (Rigaku,
MiniFlex600). The in-line transmittance spectra were evaluated using a spectrophotometer
(JASCO, V670) in the spectral range from 200 to 700 nm at 1 nm steps.

The PL excitation and emission spectra and quantum yield (QY) were obtained using
Quantaurus-QY (Hamamatsu, C11347-01). To identify the origin of PL, the PL decay time
constants were evaluated using Quantaurus-t (Hamamatsu, C11367).

To elucidate the properties of Ce-doped glasses as the TSL dosimeter, TSL glow curves were
measured with a TSL reader (NanoGray Inc., TL-2000)®) within 30 s after X-ray irradiation
using an X-ray generator (Spellman, XRB80N100/CB). The measurements were undertaken at a
heating rate of 1 °C/s and a temperature range from 50 to 490 °C. Moreover, after X-ray
irradiation of the samples at a dose of 10 Gy, TSL spectra were measured using a CCD-based
spectrometer (Ocean Optics, QE Pro) while heating the samples using an electric heater
(Sakaguchi, SCR-SHQ-A).?8-29 To evaluate the TSL dose response functions, we measured the
TSL glow curves with different X-ray irradiation doses of 1 mGy to 10 Gy at 10-fold increments.
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Dose rates for 1-10 mGy, 100 mGy, and 1-10 Gy were 0.6, 6, and 60 Gy/h, respectively. The
dose response was defined as the integrated TSL intensity for each irradiation dose, and the
intensities of the glow curves were corrected using the weight of each glass.

3. Results and Discussion

Figure 1 shows the XRD patterns of the undoped and Ce-doped 25Li,0-10MgO—-65SiO,
glasses. A typical halo peak was shown in all the samples at the range of 15-35°, and the
measured XRD patterns showed no crystalline phases. Therefore, the synthesized samples in
this study were amorphous.

Figure 2 shows the in-line transmittance spectra of the undoped and Ce-doped glasses. The
inset shows photographs of the glass samples after polishing to approximately 1 mm thickness.
The weights of the undoped, 0.3, 1, 3, 5, and 10% Ce-doped glasses were 208.1, 66.6, 164.7, 89.5,
237.2, and 111.2 mg, respectively. All the glasses showed high transparency over the 350-700 nm
range, which was consistent with their appearance as shown in the inset of Fig. 2. The undoped
glass had the absorption edge at around 250 nm, which shifted to a longer wavelength with
increasing Ce concentration. This shift was probably caused by both the 4f~5d absorption of
Ce?" and the charge-transfer absorption of Ce*" because the absorption bands are close.(03%

Figure 3(a) shows the PL excitation and emission spectrum of the 3% Ce-doped glass as a
representative. The 3% Ce-doped glass showed the emission band at around 360 nm under the
excitation at 320 nm. All the other Ce-doped samples showed a similar spectral feature but with
different intensities. In the undoped glass, the emission band was not confirmed within the
present excitation range. The QY values of the 0.3, 1, 3, 5, and 10% Ce-doped glasses were 17.5,
31.0, 36.6, 27.2, and 26.3%, respectively. When we compared with other Ce-doped SiO,-based
glasses, the QY value of the 3% Ce-doped glass was higher than those of some glasses, although
lower than that of the commercially available Ce-doped Li glass (GS20).(24253% In addition, the
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Fig. 1.  (Color online) XRD patterns of undoped and Fig.2. (Color online) In-line transmittance spectra
Ce-doped samples. of undoped and Ce-doped glasses. The inset shows

photographs of the glass samples.
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Fig. 3. (Color online) (a) PL excitation and emission spectra of undoped and 3% Ce-doped glasses. The horizontal
and vertical axes show emission and excitation wavelengths, respectively. (b) PL decay curves of Ce-doped glasses.
The excitation and monitoring wavelengths were 280 and 360 nm, respectively. Each of the dashed lines shows a
fitting curve.

decrease in the QY value of the glasses doped with Ce higher than 3% would be caused by the
concentration quenching.

Figure 3(b) shows the PL decay curves of the Ce-doped glasses monitored at 360 nm under
the excitation of 280 nm. All the decay curves that excluded instrumental response functions
were in agreement with a single exponential function. The decay time constants of the 0.3, 1, 3,
5, and 10% Ce-doped glasses were 32.3, 32.6, 33.0, 33.4, and 33.5 ns, respectively. All the decay
time constants correspond to the typical value of the 5d—4f transitions of Ce**.393% Judging
from both PL emission wavelength and decay time constants, the luminescence origin in the
Ce-doped glasses is the 5d—4f transitions of Ce>*.

Figure 4(a) shows the TSL glow curves of the undoped and Ce-doped glasses after X-ray
irradiation of 1 Gy. Because the TSL intensity is proportional to the sample size, the TSL
intensities in Fig. 4 were corrected using the weight of each glass. In the undoped glass, the TSL
glow peak at around 100 °C was observed, although no emission bands were detected in PL. On
the other hand, similar glow peaks were reported in previous studies of the other SiO,-based
glasses.#9-42) In the Ce-doped glasses, the glow peaks were confirmed at around 100, 300, and
400 °C. The trapping center of the glow peak at 100 °C in the Ce-doped glasses would be the
same as that in the undoped glass. The two glow peaks at around 300 and 400 °C were detected
in only the Ce-doped glasses, and the TSL intensities depended on the Ce concentration; thus,
these glow peaks relate to trapping centers derived from Ce doping.

Figure 4(b) shows the TSL spectrum of the 10% Ce-doped glass as a representative of all the
Ce-doped glasses. After X-ray irradiation of 10 Gy, the 10% Ce-doped glass was heated at 100
°C during the measurement. The TSL spectrum of the undoped glass was not observed because
the TSL intensity was too low to measure with our instrument. The 10% Ce-doped glass showed
the emission peak at 380 nm, which was also observed in the PL spectra. Therefore, Ce’" ions
act as the luminescence center in the TSL process.

Figure 5 shows the TSL dose response functions of the undoped and Ce-doped glasses. To
assess the dose response functions, the TSL intensities of the glow curves were integrated into a
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Fig. 4. (Color online) (a) TSL glow curves of undoped and Ce-doped glasses after X-ray irradiation of 1 Gy and (b)
TSL spectrum of 10% Ce-doped glass heated at 100 °C after X-ray irradiation of 10 Gy. The intensities of the glow
curves were corrected using the weight of each glass.
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Fig. 5. (Color online) TSL dose response functions of undoped and Ce-doped glasses.

temperature range from 50 to 490 °C. As a result, the 1, 3, 5, and 10% Ce-doped glasses showed
a proportional relationship from 10 mGy to 10 Gy. The coefficients of determination of the 0.3,
1, 3, 5, and 10% Ce-doped glasses were 0.996, 0.980, 0.996, 0.998, and 0.998, respectively.
Therefore, the approximate functions were extremely accurate. In addition, the 10% Ce-doped
glass showed the highest intensity among all the samples, which had no dependence on QY. The
X-ray absorption efficiency of the glasses increased with increasing Ce concentration because of
the increase in the Z ¢ caused by Ce doping. Note that the Z ¢ values of the undoped, 0.3, 1, 3, 5,
and 10% Ce-doped samples are 11.3, 15.6, 20.4, 26.9, 30.6, and 36.1, respectively. The Z.g values
of the 0.3 and 1% Ce-doped glasses are closer to that of human soft tissue than those of some of
the commercially available dosimetric materials.#3:#4) However, the lower detection limits were
worse than those of commercially available dosimetric materials, which were 10—-100 uGy. In
future works, doping of different rare-earth ions or changing the glass composition is expected
to improve the TSL intensity and sensitivity.
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4. Conclusion

Undoped and Ce-doped 25Li,O-10MgO—-65Si0, glasses were synthesized by the melt-
quenching method, and their PL and dosimetric properties were investigated. Regarding the PL
properties, a broad emission peak due to the 5d—4f transitions of Ce>" ions was observed in the
Ce-doped glasses. The Ce-doped glasses also showed TSL, which was derived from the 5d-4f
transitions of Ce3*. Moreover, the 1, 3, 5, and 10% Ce-doped glasses showed TSL with a linear
response from 10 mGy to 10 Gy.
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