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Abstract
45SrO–5Al2O3–50SiO2 glasses doped with various concentrations of Ce (0, 0.01, 0.05, 0.1, and 0.5 mol%) were synthesized 
by the conventional melt-quenching methods, and the basic optical, scintillation, and thermally stimulated luminescence 
(TSL) properties were investigated. Regarding the optical properties, under 340 nm excitation, the emission peak around 420 
nm of the Ce-doped glasses was confirmed. The emission would be due to the 5d → 4f transitions of Ce3+. In contrast, the 
scintillation spectra of all the glasses showed two emission peaks around 350 and 400 nm, and the origins would be some 
defects or impurity ions included in the host glass. By 241Am 5.5 MeV α-ray irradiation, the non-doped glass showed the 
highest light yield, which was 69 photons/MeV with a typical error of ± 10%. As the TSL properties, the TSL intensity of 
0.01% Ce-doped glass was the highest among the prepared glasses, and a linear response to the irradiation dose was confirmed 
in the dose range of 0.01–1000 mGy.

1  Introduction

Ionizing radiation detectors using luminescent materials 
have been utilized in industrial and scientific fields such 
as medical imaging [1–3], security system [4], individual 
radiation monitoring [5], well logging [6], and astrophysics 
[7]. Such materials are mainly classified into two types of 
scintillators and storage phosphors. Scintillators convert the 
absorbed energy of ionizing radiation such as X-rays and 
γ-rays into many low-energy photons immediately. In con-
trast, storage phosphors store a part of the absorbed energy, 
and the stored energy is released by the stimulation of heat 
(Thermally stimulated luminescence, TSL) or light (Opti-
cally stimulated luminescence, OSL) to emit photons. These 
photons are converted to electrons by photodetectors such as 
photo-multiplier tube (PMT) and Si photodiode. Formerly, 
scintillators and storage phosphors were studied in different 
field, while they share common physical processes. In recent 

years, it is pointed out that the light yield of scintillators and 
the emission (e.g., TSL or OSL) intensity of storage phos-
phors are complementarily related in some materials [8–12]. 
Therefore, it is important to investigate both the properties 
inclusively in one material.

So far, most of scintillation materials are designed as a 
combination of host matrix materials and emission center 
[13, 14]. The former absorbs the radiation energy, and the 
latter converts the absorbed energy to low-energy photons. 
The host matrix materials are required to have the suitable 
chemical composition for the radiation types such as high-
energy photons, charged particles, and neutrons. When the 
target of detection is high-energy photons (e.g., γ-rays), 
the heavy materials are selected. In contrast, in the case of 
charged particles, the host matrix materials with medium 
effective atomic number (Zeff) are preferred because the 
heavy materials have a high cross-section to background X- 
and γ-rays. If the target of detection is neutrons, the light 
material containing 6Li, 10B, or 157Gd are selected since they 
have a high cross-section against thermal neutron. The emis-
sion center is required to have a function to efficiently emit 
photons, and rare earth ions are generally selected.

Conventionally, the forms of common scintillation mate-
rials have been used mainly bulk single crystals because they 
have high optical qualities. From the viewpoint of industry, 
the single crystals have some disadvantages including low 
mechanical strength and high cost, while the glasses resolve 
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these disadvantages [15–19]. Additionally, the glasses can 
be selected due to a flexibility of chemical composition in 
material designs. However, the practical scintillator in the 
form of glasses is only Li-glass (GS20, Saint-Gobain) for 
neutron detectors [20]. Therefore, there is room for research-
ing glass materials in radiation detectors.

In this paper, to develop the new charged particle detectors 
in the form of glasses, we focus on 45SrO–5Al2O3–50SiO2 
glass. The Zeff of the glass (Zeff ~ 31.7) is close to that of the 
practical scintillator for the charged particle detectors such as 
Eu-doped CaF2 (Zeff ~ 17.1) and Ag-doped ZnS (Zeff ~ 27.4). 
In previous reports, Sm- or Mn-doped SrO–Al2O3–SiO2 
glasses have been studied as phosphors for white light emit-
ting diode application [21, 22]. In addition, the SiO2-based 
glasses such as Ce-doped Li2O–MgO–Al2O3–SiO2 [23], Ce-
doped SiO2 [24], and Ce-doped Gd2O3–B2O3–Al2O3–SiO2 
[25] showed high light yields in the past reports. How-
ever, there are no reports on the radiation properties of 
45SrO–5Al2O3–50SiO2 glasses. For these reasons, we have 
synthesized 45SrO–5Al2O3–50SiO2 glasses doped with vari-
ous concentrations of Ce (0, 0.01, 0.05, 0.1, and 0.5 mol%) 
by the conventional melt-quenching method and examined 
the optical, scintillation, and TSL properties.

2 � Experiment

45SrO–5Al2O3–50SiO2 glasses doped with the different con-
centrations of Ce (0, 0.01, 0.05, 0.1, and 0.5 mol%) were 
synthesized by the conventional melt-quenching method. 
Raw powders of SrCO3 (≥ 99.9%, Kojundo Chemical Lab-
oratory Co., Ltd.), Al2O3 (≥ 99.99%, Kojundo Chemical 
Laboratory Co., Ltd.), SiO2 (≥ 99.999%, Kojundo Chemi-
cal Laboratory Co., Ltd.), and Ce(CH3COO)3·H2O (≥ 99.9%, 
Junsei Chemical Co., Ltd.) were mixed using a mortar and 
pestle. The mixtures were melted in the platinum crucible 
using an electric furnace at 1620 °C for 30 min, and then 
the melts were quenched onto a stainless plate at 200 °C. 
The obtained glasses were eventually cooled to room tem-
perature. In order to obtain thermal and structure stability, 
the glasses were annealed for 1 h at 750 °C. The obtained 
glasses were cut and polished to a mirror finish with CeO2 
powder. To evaluate the basic optical, scintillation, and TSL 
properties, the following measurements were carried out for 
all the obtained glasses.

The glass transition temperature (Tg) was determined by 
differential thermal analysis (DTA) operated at a heating 
rate of 10 °C /min using TG8121 (Rigaku). Raman scat-
tering spectra at room temperature were obtained using a 
laser Raman spectroscopy (JASCO Co., RMP-510; LD laser 
λ = 532.172 nm). In the optical properties, in-line transmit-
tance spectra were obtained in the spectral range of 1902700 
nm with 1 nm interval using a spectrophotometer (V670, 

JASCO). Using Quantaurus-QY (C11347, Hamamatsu Pho-
tonics), the photoluminescence (PL) excitation/emission 
spectra and Quantum yield (QY) were measured. To obtain 
the PL decay curves, a Quantaurus-τ (C11367, Hamamatsu 
Photonics) was used. As the scintillation property, the X-ray-
induced scintillation spectra were measured by our original 
setup [26]. During the measurement, the X-ray generator 
was operated with a supplied bias voltage and tube current of 
40 kV and 1.2 mA, respectively. The X-ray-induced scintilla-
tion decay curves were measured by an X-ray-induced after-
glow characterization system [27]. The excitation source was 
a pulse X-ray tube supplied with 30 kV bias voltage. To 
calculate the scintillation light yields, a pulse height spectra 
was measured using a laboratory-constructed setup which 
is explained elsewhere in detail [28]. Regarding the TSL 
properties, we evaluated TSL glow curves and TSL dose 
response function using a TSL reader (TL-2000, Nanog-
ray Inc.) and an X-ray generator (XRB80P &N200 × 4550, 
Spellman) [29, 30]. Series of TSL glow curves were meas-
ured with varying irradiation doses from 0.1 to 1000 mGy. 
During the measurements of TSL glow curve, the tempera-
ture range was 50 to 400 °C and the heating rate was 1 °C/s.

3 � Results and discussion

3.1 � Samples

Figure  1 shows a photograph of non- and Ce-doped 
SrO–Al2O3–SiO2 glasses under room light. The prepared 
glasses are placed in the ascending order of concentrations 
of Ce (0, 0.01, 0.05, 0.1, and 0.5 mol%) from left to right. In 
all the glasses, the area and thickness were fixed to approxi-
mately 1 cm2 and 1.3 mm, respectively. Figure 2 indicates 
DTA curve of the non- and Ce-doped SrO–Al2O3–SiO2 
glasses. The Tg values of (0, 0.01, 0.05, 0.1, and 0.5%) 
Ce-doped glasses were 746, 752, 756, 762, and 765 °C, 

Fig. 1   Photographs of non- and Ce-doped SrO–Al2O3–SiO2 glasses 
under room light. From left to right, the concentrations of Ce are 0, 
0.01, 0.05, 0.1, and 0.5 mol%
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respectively, and the Tg values were increased with increas-
ing concentrations of Ce. The Raman scattering spectra of 
the non- and Ce-doped SrO–Al2O3–SiO2 glass is shown 
Fig. 3. In all samples, multiple peaks appeared around 50, 
350, 600, and 1000 cm− 1, and the obtained spectrum feature 
was similar to the past reports about SiO2 glasses [31, 32]. 
The origin of low-frequency bands around 50 cm− 1 was the 
boson beak which was an universal phenomenon in amor-
phous materials [31, 33]. At the mid-frequency band, the 
peak around 600 cm− 1 arose from the symmetric stretching 
vibrations of some [AlO]x species [32]. The high-frequency 
band around 1000 cm− 1 was due to the optic-like Si–O–Si 
stretching vibrations of the tetrahedral SiO4 unit [34].

3.2 � Optical properties

Figure 4 shows the in-line transmittance spectra of non- and 
Ce-doped SrO–Al2O3–SiO2 glasses. The transmittance of 
the glasses was ~ 90% in the spectral range of 400–2700 nm. 
In the non-doped glass, the calculated optical bandgap was 
~ 5.59 eV [35]. In the Ce-doped glasses, an absorption band 
around 340 nm was observed, and it was a typical absorption 

by the 4f→5d transitions of Ce3+. The inset of Fig. 4 shows 
an enlarged view in the spectral range 200–600 nm. The 
optical absorption bands shifted to longer wavelengths as 
the Ce concentrations increased. PL excitation and emission 
spectra of the Ce-doped glasses are shown in Fig. 5. The 
non-doped glass did not show any measurable emission. The 
excitation spectra of the Ce-doped glasses were consistent 
with the absorptions due to the 4f → 5d transitions of Ce3+ 
(shown in Fig. 4). Under an excitation of 340 nm ± 20 nm, 
a broad emission band around 420 nm was observed. With 
increasing concentrations of Ce, the excitation and emission 
peak position shifted to longer wavelength side. The QYs 
of the glasses doped with the concentrations of Ce 0.01, 
0.05, 0.1, and 0.5% were 13.4, 16.6, 15.9, and 8.3% with a 
typical error of ± 2%, respectively. Figure 6 indicates the 
PL decay curves of the Ce-doped glasses monitoring at 420 
nm under an excitation (340 nm). The decay curves of the 
Ce-doped glasses were approximated by a single exponen-
tial decay function, and the decay constants of the glasses 
doped with concentrations of Ce 0.01, 0.05, 0.1, and 0.5% 
were 46.3, 46.7, 46.4, and 43.5 ns, respectively. From the 
excitation and emission spectra and PL decay constants, the 

Fig. 2   DTA curve of the non- and Ce-doped SrO–Al2O3–SiO2 glasses

Fig. 3   Raman scattering spectra of the non- and Ce-doped SrO–
Al2O3–SiO2 glasses

Fig. 4   In-line transmittance spectra of non- and Ce-doped SrO–
Al2O3–SiO2 glasses. The inset shows an enlarged view in the spectral 
range 200–600 nm

Fig. 5   PL excitation (dotted line) and emission (solid line) spectra of 
Ce-doped SrO–Al2O3–SiO2 glasses
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origin of the emission around 420 nm was due to 5d → 4f 
transitions of Ce3+ [36–38]. The QY and PL decay time 
constant decreased when the concentration of Ce exceeds 
0.1%. These behaviors were considered as typical concentra-
tion quenching.

3.3 � Scintillation and thermally stimulated 
luminescence (TSL) properties

Figure 7 indicates the X-ray-induced scintillation spectra 
of Ce-doped SrO–Al2O3–SiO2 glasses. In the non-doped 
glass, the emission peaks appeared around 350 and 400 
nm, while the Ce-doped glasses showed an emission peak 
around 400 nm. Regarding the Ce-doped glasses, the emis-
sion peak around 350 nm was not detected because of the 
absorptions due to the 4f → 5d transitions of Ce3+ (as shown 
in Fig. 4). The origins of the emission were unclear because 
the emission of non- and Ce-doped glasses overlapped. 
The X-ray-induced scintillation decay curves of Ce-doped 
SrO–Al2O3–SiO2 glasses are shown in Fig. 8. The scintilla-
tion decay curves of all the glasses were approximated by a 
sum of two exponential decay functions. The obtained decay 
time constants were around 0.14–0.24 µs (τ1) and 1.96–2.24 

µs (τ2), as summarized in Table 1. In the non-doped glasses, 
from the results of emission peak and decay time constants, 
the emission peak around 350 and 400 nm would be due 
to some defects or impurity ions included in the host glass 
[39]. The scintillation decay time constants of the Ce-doped 
glasses were similar to that of non-doped glasses. In general, 
the decay time constant of the emission due to 5d → 4f 
transitions of Ce3+ was several ten nanoseconds [36–38]. 
Therefore, we assign that the emission band of Ce-doped 
glasses are due to some defects or impurity ions included 
in the host glass.

Figure 9 shows the pulse height spectra of 241Am α-ray 
(5.5 MeV) irradiation measured using non- and Ce-doped 
glasses. The commercial Li-glass scintillator (GS20, Saint-
Gobain) was used as a reference (the inset of Fig. 9), which 
had the light yield of about 1255 photons/MeV under α-ray 
according to the previous report [40]. In all the glasses, the 
full energy peak of the glasses was confirmed, and the light 
yield of the glasses was calculated as listed in Table 2. Here, 
quantum efficiencies of the PMT for the spectral position 
were taken into consideration. Among the prepared glasses, 
the light yield of non-doped glass was the highest, which 

Fig. 6   PL decay curves of Ce-doped SrO–Al2O3–SiO2 glassesmoni-
toring at 420 nm under 340 nm excitation
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Fig. 7   X-ray-induced scintillation spectra of non- and Ce-doped SrO–
Al2O3–SiO2 glasses

Fig. 8   X-ray-induced scintillation decay curves of non- and Ce-doped 
SrO–Al2O3–SiO2 glasses

Fig. 9   Pulse height spectra of 241Am α-ray measured using non- and 
Ce-doped SrO–Al2O3–SiO2 glasses. The inset shows pulse height 
spectra of 252Cf neutron measured using Li-glass scintillator (GS20) 
as a reference
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was 69 photons/MeV with a typical error of ± 10%. When 
the concentrations of Ce were increasing, the light yield of 
the glasses was decreasing. This is the first report on the 
light yield of non- and Ce-doped SrO–Al2O3–SiO2 glasses 
although the light yield of the non-doped glasses was 10 
times as low as GS20.

Figure 10 presents TSL glow curves of non- and Ce-
doped SrO–Al2O3–SiO2 glasses measured after X-ray irra-
diation (100 mGy). The non-doped glass showed a major 
peak around 80 °C, and the glow peak feature was similar 
to the past report about Sr-containing glasses [41, 42]. The 
Ce-doped glasses showed two glow peaks around 80 and 

170 °C, and the TSL intensity of 0.01% Ce-doped glass was 
the highest among the prepared glasses. Since the peak fea-
tures were different between non- and Ce-doped glasses, we 
assume that the TSL glow peaks around 170 °C would be 
related to doped Ce. Figure 11 shows a relationship between 
the TSL intensity and irradiated X-ray dose, namely the TSL 
dose response function. Here, the TSL intensity was defined 
as an integrated signal from 50 to 350 °C. The 0.01% Ce-
doped glass showed a good linearity from 0.01 to 1000 mGy.

In the previous reports, the scintillation light yield and 
TSL intensity were related complementarily in some mate-
rial [8–12]. However, in this material, the relationship 
between scintillation light yield and TSL intensity was 
not observed. As a possible reason, the stored energy was 
released by stimulation at room temperature because the 
TSL glow peak position of the glasses was at relatively low 
temperature. The duration after X-rays irradiation and set-
ting the sample in the TSL reader requires several minutes, 
and carriers at shallow traps would be released within this 
time lag. Thus, in this material, discussing the relation-
ship between scintillation light yields and TSL intensity is 
difficult.

4 � Conclusion

45SrO–5Al2O3–50SiO2 glasses with various concentrations 
of Ce (0, 0.01, 0.05, 0.1, and 0.5 mol%) were synthesized 
by the conventional melt-quenching method, and the basic 
optical, scintillation, and TSL properties were evaluated. In 
the Raman scattering spectra, the obtained spectrum fea-
ture was similar to the previous report about SiO2 glass. 
The transmittance of the glasses was ~ 90% in the spectral 
range 400–2700 nm. Under an excitation (340 nm ± 20 nm), 
a broad emission band around 420 nm was observed in the 
Ce-doped glasses, and the origin of the emission was the 
5d → 4f transitions of Ce3+. In contrast, X-ray-induced 
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Fig. 10   TSL glow curves of non- and Ce-doped SrO–Al2O3–SiO2 
glasses measured after X-ray irradiation (100 mGy)

Table 1   X-ray-induced 
scintillation decay time 
constants of non- and Ce-doped 
SrO–Al2O3–SiO2 glasses

Ce concen-
tration (%)

X-ray induced 
scintillation 
decay time con-
stants

τ1 (µs) τ2 (µs)

0 0.29 2.24
0.01 0.25 2.20
0.05 0.24 2.14
0.1 0.23 2.14
0.5 0.14 1.96

Table 2   The peak position and calculated light yield from pulse 
height spectra of non- and Ce-doped glass under 241Am α-ray (5.5 
MeV)

Samples Full energy peak posi-
tion (ch)

Light yield 
(photons/
MeV)

Non-doped glass 300 69
0.01% Ce-doped glass 207 50
0.05% Ce-doped glass 189 47
0.1% Ce-doped glass 189 47
0.5% Ce-doped glass 106 27

Fig. 11   TSL dose response curves of non- and Ce-doped SrO–Al2O3–
SiO2 glasses from 0.01 to 1000 mGy



3022	 Journal of Materials Science: Materials in Electronics (2020) 31:3017–3022

1 3

scintillation spectra of all the glasses showed a broad emis-
sion peak around 400 nm, and the emission band of Ce-
doped glasses were due to some defects or impurity ions 
included in the host glass. In the pulse height spectra, the 
full energy peak of the non-doped glass was confirmed, and 
the calculated light yield for α-ray was 69 photons/MeV with 
a typical error of ± 10%. As TSL properties, the TSL glow 
curves of Ce-doped glasses showed two glow peaks around 
80 and 170 °C. The TSL intensity of 0.01% Ce-doped glass 
was the highest among the prepared glasses, and the lowest 
detectable sensitivity was 0.01 mGy.
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