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	 To explore new radiophotoluminescence (RPL) materials, Eu-doped CaSiO3 was synthesized 
by a solid-state reaction method, and its RPL behavior was evaluated from the viewpoint of 
radiation detection applications. X-ray diffraction (XRD) analysis confirmed that all samples 
were single-phase CaSiO3. After X-ray irradiation, a broad emission band attributed to the 
formation of Eu2+ centers was observed, indicating that the Eu-doped CaSiO3 host material 
exhibits distinct RPL behavior. The RPL sensitivity to radiation was highest at an Eu 
concentration of 0.1 mol%, with a linear dose response range from 0.18 Gy to at least 10 Gy. The 
Eu2+ centers generated by irradiation were highly stable, showing only a 7% signal decrease 
after 20 min. Upon heat treatment, the photoluminescence (PL) spectra exhibited significant 
changes, accompanied by the emergence of a new broad emission band. Analysis revealed a 
decrease in the Eu2+ emission and a corresponding increase in the Eu3+ emission, suggesting a 
possible valence change from Eu2+ to Eu3+. Furthermore, this broad emission becomes 
prominent at around 300 ℃ and above 400 ℃ and is also observed in undoped samples. The 
emission is considered to originate from defect centers formed within the host material during 
heat treatment.

1.	 Introduction

	 Radiophotoluminescence (RPL) is a phenomenon in which new luminescent centers are 
generated in a material through interactions with ionizing radiation.(1) The generated centers can 
be easily detected using conventional photoluminescence (PL) techniques, and the PL intensity 
is known to increase proportionally with the radiation dose delivered to the material.(2) Owing to 
this property, RPL has been widely utilized for precise radiation dosimetry. A notable advantage 
of successful RPL is that the generated luminescent centers are highly stable against external 
factors such as ambient light and temperature, as well as excitation light during readout. This 
stability allows repeated and nondestructive signal readout, which effectively reduces statistical 
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uncertainty. This is a notable advantage compared with other dosimetric approaches such as 
thermally stimulated luminescence (TSL) and optically stimulated luminescence (OSL), which 
require the release of trapped charges upon stimulation to read out the signal.(3,4) Despite its 
advantages, the number of known RPL materials suitable for dosimetric applications remains 
very limited. Representative examples include Ag-doped phosphate glass,(5–7) LiF,(8) and 
Al2O3:C,Mg.(9) Owing to this scarcity, the fundamental mechanisms underlying RPL and the 
material design principles remain insufficiently understood, hindering the exploration of new 
materials and the extension of RPL applications. Therefore, the discovery of new RPL materials 
and the elucidation of their fundamental properties are important.
	 In recent years, RPL phenomena have been reported in several inorganic compounds doped 
with rare-earth ions such as Sm, Eu, and Yb, as well as in some undoped compounds.(10–13) 
Silicate compounds are an interesting class of materials with outstanding optical, thermal, 
mechanical, and chemical properties. Among them, CaSiO3 exhibits high chemical and thermal 
stability, and its polymorphic nature with multiple Ca2+ sites allows for the facile substitution of 
rare-earth ions. In addition, the rigid framework composed of SiO4 tetrahedra can stably 
accommodate luminescent centers, making CaSiO3 an excellent host material in terms of both 
structural and luminescent properties.(14,15) In this paper, we report a new RPL material, Eu-
doped CaSiO3, which exhibits the reduction of Eu3+ to Eu2+ under X-ray irradiation. The Eu-
doped CaSiO3 samples were synthesized by a conventional solid-state reaction method, and their 
phase purity, PL, and RPL characteristics were systematically investigated. Furthermore, the 
effects of heat treatment on the luminescence behavior were examined to clarify the underlying 
mechanisms of defect formation and valence-state changes.
	
2.	 Experimental Procedure

	 Eu-doped CaSiO3 was synthesized by a solid-state reaction method. The starting raw 
materials, CaCO3 (99.99%, Kojundo Chemical), SiO2 (99.9%, Furuuchi Chemical), and Eu2O3 
(99.9%, Kojundo Chemical), were weighed in accordance with the stoichiometric ratio as 
Ca1-xEuxSiO3 (x = 0.02, 0.05, 0.1, 0.2, 0.5 mol%). After weighing, the powders were wet-mixed 
with distilled water using an alumina mortar and pestle for 20 min. The obtained mixture was 
placed in an alumina crucible and calcined using an electric furnace (FT-105FM-ST, FULL-
TECH). The calcination conditions were set at 1250 ℃ for 4 h in air. The sintering temperature 
was determined as 80% of its melting temperature (1540 ℃). The obtained product was 
thoroughly ground into a fine powder for subsequent characterization.
	 The crystal structure of the synthesized samples was analyzed by powder X-ray diffraction 
(XRD). XRD patterns were recorded using a diffractometer (Ultima IV, Rigaku) equipped with 
a micro-focus X-ray tube (CuKα, λ = 1.54056 Å). The X-ray tube was operated at 30 kV and 20 
mA. The obtained diffraction patterns were analyzed by comparison with reference patterns 
from the Powder Diffraction File (PDF) for phase identification.
	 Furthermore, RPL properties were evaluated using a TSL/OSL/RPL automatic integrated 
measurement system (TORAIMS).(16) This system enables automated operations such as PL 
spectrum measurement, X-ray irradiation, and thermal treatments, minimizing errors caused by 
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human factors. The samples were excited by light at 340 ± 40 nm using a xenon lamp 
(LAX-C100, Asahi Spectra), and PL emissions were detected and recorded with a multichannel 
spectrometer (QEPro, Ocean Optics). X-ray irradiation was performed using a tungsten-anode 
X-ray tube (XRB80N100B, Spellman) operated at a fixed voltage of 40 kV, with the tube current 
adjusted between 0.12 and 1.20 mA to control the dose rate. The samples were placed on an AlN 
ceramic heater (WALN-3H, Sakaguchi) capable of heating from 40 to 500 ℃. All measurements 
were conducted at room temperature.

3.	 Results and Discussion

	 Figure 1(a) shows the XRD patterns of Eu-doped CaSiO3 samples with varying Eu 
concentrations (0.02, 0.05, 0.1, 0.2, and 0.5 mol%) and the reference pattern for CaSiO3 (PDF 00-
002-0506). A comparison of the measured and reference patterns revealed a good match, 
confirming that all the synthesized samples were obtained as single-phase CaSiO3. No secondary 
phases or diffraction peaks originating from Eu were observed, even in the sample with the 
highest Eu concentration (0.5%). Given the similar ionic radii of Eu3+ and Ca2+, it is considered 
that the Eu substitutes the Ca sites.
	 Figure 1(b) shows the PL spectra of the 0.1% Eu-doped CaSiO3 sample before and after X-ray 
irradiation, together with the difference spectrum (inset). The latter concentration was selected 
as a representative since it exhibited the highest sensitivity. Although the extent of spectral 
change varies with Eu concentration, the overall trend induced by X-ray irradiation is 
independent of doping concentration. It is illustrated that the emission intensity of Eu3+ 
decreases with increasing X-ray dose whereas a broad emission band peaking at 640 nm appears 
upon X-ray irradiation and the intensity increases with dose. Comparable RPL properties, 
manifested as a broad emission in the same spectral range upon X-ray irradiation, have been 
reported in previous studies on Eu-doped Ca2SiO4.(17) Although the host material in this study is 
different, both show similar behavior in that a broad emission at around 600 nm appears after 

Fig. 1.	 (Color online) (a) XRD patterns of Eu-doped CaSiO3 samples as well as a reference pattern (PDF 00-002-
0506). (b) PL spectra of 0.1% Eu-doped CaSiO3 measured as a function of X-ray irradiation dose. The inset shows 
the difference spectra.

(a) (b)
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irradiation. Since prior research has attributed this emission to the 5d–4f transition of Eu2+, our 
results suggest that the emission obtained in this study likely has the same origin. The underlying 
mechanism of RPL is thought to be caused by a capture of X-ray-generated electrons by Eu3+, 
reducing the oxidation state to Eu2+. This observation suggests the formation of a new 
luminescence center owing to ionizing radiation, and Eu-doped CaSiO3 exhibits RPL properties.
	 With the RPL properties confirmed, the fundamental evaluations of the material were 
conducted. First, the dependence of RPL sensitivity on Eu doping concentration was investigated. 
By comparing the responses after 5 Gy of irradiation, we found that doping with 0.1% of Eu 
leads to the highest sensitivity (not shown). Next, to explore the dosimetric property, the dose 
response characteristics of the 0.1% Eu-doped sample were investigated. The result is shown in 
Fig. 2(a). Here, the RPL response is defined as an integrated PL signal in the 500–570 nm range 
induced by X-ray irradiation. The latter range was selected to avoid an overlap with the emission 
signal of Eu3+. The PL intensity of Eu2+ increases monotonically with dose at least up to 10 Gy, 
showing an excellent dose response. The lowest detection limit, determined by the intersection 
with the 3σ line, is approximately 0.18 Gy. This suggests that this material can be used for dose 
measurements at least in the range from 0.18 to 10 Gy.
	 Subsequently, the stability of the generated Eu2+ centers was evaluated. Figure 2(b) shows the 
RPL response values measured every minute for 20 min after a 10 Gy irradiation. The response 
value stabilized after about 10 min, with a decay of only about 7% after 20 min. This indicates 
that the generated Eu2+ centers are considerably stable. With the same measurement system, the 
detection limit of a commercial Ag-doped phosphate glass is about 3 mGy,(18) whereas that of the 
present Eu-doped CaSiO3 is about 180 mGy, indicating roughly 60 times lower sensitivity. 
However, the present material exhibits no significant build-up or fading at room temperature, 
which is significant for Ag-doped phosphate glass, suggesting an advantage for applications in 
real-time dosimetry.
	 The RPL response can be affected by heating at high temperatures. Figure 3(a) shows the PL 
spectra of 0.1% Eu-doped CaSiO3 as a function of heat-treatment temperature. The sample was 
first irradiated with 10 Gy of X-rays and then thermally treated for 100 s. The PL spectrum was 

Fig. 2.	 (Color online) (a) Dose response function of 0.1% Eu-doped CaSiO3. (b) Relative RPL response as a 
function of elapsed time after X-ray irradiation (10 Gy).

(a) (b)
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measured at room temperature after every treatment. The results confirm changes in the PL 
spectra affected by thermal treatment. Note that a broad emission band appears in the shorter 
wavelength region. To analyze the effect of treatment in detail, the signal was separated into 
three spectral regions: 400–450, 720–800, and 675–720 nm to represent the signals of the latter 
new broad band, Eu2+, and Eu3+, respectively. The signal of Eu3+ was derived by linear baseline 
correction techniques, as illustrated in the inset of Fig. 3(b). Figure 3(b) shows these three signals 
as a function of treatment temperature. The new broad emission band shows a remarkable 
increase at around 300 ℃ and temperatures higher than 400 ℃. A similar dependence on high-
temperature heat treatment was confirmed even in undoped samples (not shown). This suggests 
that the origin of the new broad emission band is primarily attributed to defects generated in the 
host material. The PL signal of Eu2+ effectively decreases with increasing treatment temperature, 
whereas the Eu3+ signal increases. The observation suggests that the valence state of Eu2+ is 
reversed to Eu3+ during the heat treatment.

4.	 Conclusions

	 In this study, Eu-doped CaSiO3 samples with various Eu concentrations (0.02–0.5 mol%) 
were synthesized by a conventional solid-state reaction method. XRD analysis confirmed that 
all the samples possessed a single-phase CaSiO3 structure. Upon X-ray irradiation, an increase 
in PL intensity was observed, indicating RPL behavior. This luminescence is attributed to the 
formation of Eu2+ ions, which are generated as electrons produced by ionizing radiation captured 
by Eu3+ ions. The PL intensity originating from Eu2+ increases proportionally with the radiation 
dose and exhibits high stability even after irradiation. Furthermore, heat treatment induces 
significant changes in the PL spectra, accompanied by the appearance of a new broad emission 
band in the shorter wavelength region. Detailed spectral analysis revealed a decrease in the 

Fig. 3.	 (Color online) Effects of heat-treatment temperature. (a) PL spectra of 0.1% Eu-doped CaSiO3 after X-ray 
irradiation as a function of treatment temperature. (b) Extracted PL intensities of defect center (400–450 nm), Eu2+ 

(720–800 nm), and Eu3+ (675–720 nm). All the PL measurements were performed at room temperature, the heat 
treatment time was 100 s, and the X-ray irradiation dose was 10 Gy.

(a) (b)



608	 Sensors and Materials, Vol. 38, No. 2 (2026)

Eu2+-related emission and an increase in the Eu3+ emission, suggesting that Eu2+ ions are 
oxidized to Eu3+ during the heat treatment. The broad emission band becomes prominent at 
around 300 ℃ and above 400 ℃ and is also observed in undoped samples, implying that it 
originates from defects generated within the host material.
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