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	 Eu-doped Ca2P2O7 was synthesized by a solid-state reaction method, and its 
radiophotoluminescence (RPL) properties were evaluated. Upon X-ray irradiation, an emission 
from Eu2+, which is not present before irradiation, is observed. The latter photoluminescence 
(PL) intensity around 375–475 nm increases with dose, and the estimated lower detection limit 
of radiation dose using this signal is approximately 1 Gy. The dose response relationship follows 
the following equation: Response = 6519.5 Dose0.6. The signal is stable with only about 0.7% of 
deviation over 20 min after irradiation, indicating high stability. Furthermore, the signal is 
strongly affected by  thermal treatment at high temperatures, which allows the Eu2+ signal to be 
partially eliminated.

1.	 Introduction

	 Radiation is widely utilized in various fields such as medicine and energy.(1) However, 
excessive exposure to radiation can have severe effects on the human body.(2) Therefore, the 
development of accurate and reliable dosimetry techniques is of critical importance. 
Traditionally, thermally stimulated luminescence (TSL)(3,4) and optically stimulated 
luminescence (OSL)(5,6) have been commonly used for radiation dosimetry.
	 Radiophotoluminescence (RPL) is a phenomenon in which luminescent centers generated by 
radiation exposure emit light upon optical excitation. RPL offers the advantage of nondestructive 
and repeatable readout, making it a promising technique for high-precision dosimetry.(7–9) 
	 Among the reported RPL materials, Ag-doped phosphate glass(10–12) is the most 
representative and has already been put into practical use. Other common materials include 
LiF(13) and Al2O3:C,Mg.(14) Furthermore, recent studies have expanded the range of RPL 
materials, such as Sm-doped,(15,16) Eu-doped,(17,18) Bi-doped,(19) as well as undoped materials,(20) 
being reported as new options. Despite its potential, the development of RPL materials remains 
in its early stages, with significantly fewer studies compared with TSL and OSL,(9,21) indicating 
considerable room for the exploration of new materials.

mailto:c6501884@st.kanazawa-it.ac.jp
https://doi.org/10.18494/SAM6001
https://myukk.org/


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

	 In this study, calcium phosphates were selected as the base materials,(22) and a screening 
investigation was conducted on 54 samples. These samples were prepared by doping various 
impurities into matrices containing two or three crystalline phases to evaluate the presence or 
absence of RPL. As a result, a pronounced RPL response was observed in Eu-doped Ca2P2O7. In 
this paper, we report on the synthesis of Ca2P2O7:Eu and its RPL characteristics.

2.	 Materials and Methods

	 Eu-doped Ca2P2O7 was synthesized via a conventional solid-state reaction. CaCO3 (99.99%, 
Kojundo Chemical Laboratory), NH4H2PO4 (99.999%, Sigma-Aldrich), and Eu2O3 (99.9%, 
Kojundo Chemical Laboratory) were used as the starting materials. These were mixed in 
stoichiometric ratios corresponding to (Ca1-xEux)2P2O7 (x = 0.0002, 0.0005, 0.001, 0.002, 0.005, 
and 0.01). Moreover, the raw materials were weighed on an electronic balance to make a total 
weight of 3 g, mixed with a mortar and pestle for 20 min. The thoroughly mixed powder was 
placed in an alumina crucible. The crucible was next placed in an electric furnace (FT-101FMW, 
FULL-TECH) and then sintered at 900 °C for 4 h in air. The obtained material was reground, 
and the following characterizations were conducted in powder form. To evaluate various 
properties of RPL, the TSL/OSL/RPL Automated and Integrated Measurement System 
(TORAIMS) was used.(23) While detailed specifications are available elsewhere, a brief 
overview is provided here. TORAIMS comprises an X-ray generator (XP0758R0, JOB), a Xe 
lamp (LAX-C100, Asahi Spectra), a multichannel spectrometer (QEPro, Ocean Optics), and an 
AlN ceramic heater (WALN-3H, Sakaguchi). For PL measurement, the sample was excited 
through a 310 nm band-pass filter (HMX0310, Asahi Spectra), while the emission spectrum was 
detected through a 350 nm short-cut filter (LUX350, Asahi Spectra). Moreover, the sample 
holder used during measurements is circular, with an area of approximately 0.25π cm2 and a 
depth of 0.8 mm. The holder is filled with the sample, and the amount employed for a single 
measurement is about 40 mg. The use of the TORAIMS enables the streamlined and consistent 
acquisition of luminescence data. RPL signals can be measured sequentially under controlled 
conditions, allowing for the comprehensive and reproducible characterization of the sample 
response.

3.	 Results and Discussion

	 Figure 1(a) shows the excitation and photoluminescence (PL) spectra of a 0.2% Eu-doped 
Ca2P2O7 sample as a function of X-ray irradiation dose. Before X-ray irradiation, sharp emission 
peaks were observed at approximately 590 nm (5D0 → 7F1), 610 nm (5D0 → 7F2), 650 nm (5D0 → 
7F3), and 695 nm (5D0 → 7F4), attributed to the intra-4f transitions of Eu3+.(24) After X-ray 
irradiation, an additional broad emission peak was observed around 375–475 nm. Owing to both 
the PL and excitation spectral features, the emission origin is considered due to the 5d-4f 
transition of Eu2+. In addition, the emission intensities of Eu3+ seem to decrease with increasing 
dose. Therefore, the observation indicates that the X-ray irradiation reduces the valence state of 
the Eu3+ ion into Eu2+. It is considered that some of the X-ray-generated electrons are captured 
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by Eu3+, leading to the formation of Eu2+. Simultaneously, an equivalent number of X-ray-
generated holes are expected to be trapped at hole-trapping centers. The inset compares the 
sensitivity of RPL as a function of the concentration of Eu. Here, the RPL response is defined as 
the integrated PL intensity in the emission region of Eu2+ (375–475 nm). It is shown that the 
sensitivity depends on the concentration of Eu, and the sensitivity is the highest when the 
concentration is 0.2%.
	 Figure 1(b) shows the dose response properties. From the intersection with the 3σ line, the 
lowest detection limit is estimated to be approximately 1 Gy. Even after irradiation up to 100 Gy, 
no saturation behavior is observed. On the basis of these observations, the response curve within 
the effective dynamic range is well approximated as Response = 6519.5 Dose0.6. The inset shows 
the results of the stability evaluation. Compared with Ag-doped phosphate glass, the present 
material exhibits the lowest detection limit that is approximately 300 times higher.(25) However, 
whereas the former is known to saturate at doses above 15 Gy, the present material maintains a 
linear response up to much higher doses, reaching 100 Gy. The evaluation method involved 
measuring the luminescence intensity at regular intervals (60 s) over a period of 20 min to 
determine whether the luminescence centers formed by X-ray irradiation are stably retained. 
The measurements were performed at room temperature. It is shown that the intensity slightly 
changes with time after irradiation. In the first 10 min, it shows a slight increase in response by 
approximately 2%, which is considered to be due to the formation of additional luminescent 
centers. The subsequent decrease in response is attributed to the reduction in the number of 
luminescent centers. Overall, these changes are minimal, indicating that the PL intensity is 
essentially stable at room temperature within the tested timeframe. In contrast, Ag-doped 
phosphate glass has been reported to exhibit a signal increase of approximately 30% at 20 min 
after X-ray irradiation under identical experimental conditions using TORAIMS.(25) 

Fig. 1.	 (Color online) (a) PL emission spectra before and after irradiation at 10 and 100 Gy, and excitation spectra 
of Eu2+ before and after irradiation at 100 and 500 Gy as well as that of Eu3+. The inset compares the sensitivity of 
RPL as a function Eu concentration. (b) Dose response function of RPL in Eu-doped Ca2P2O7. The inset shows a 
relative RPL response as a function of elapsed time after X-ray irradiation.

(a) (b)
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Consequently, the present material offers a distinct advantage for applications requiring real-
time dose measurement.
	 Figure 2(a) shows the relationship between the annealing temperature and the emission 
spectrum. Upon thermal treatment, a new emission band centered around 510 nm appears. The 
intensity of this band increases up to 250 °C, decreases until 400 °C, and then increases again to 
500 °C. Given its broad peak shape and presence in the undoped material (not shown), this 
emission band is considered to originate from defect centers in the host material. The inset 
shows the integrated PL intensity between 375 and 475 nm. It is illustrated that the intensity 
strongly increases with temperature up to 225 °C, and it strongly decreases at higher 
temperatures. The result predominantly reflects the behavior of luminescence by the defect 
center rather than the Eu2+ emission as these two bands strongly overlap each other, although the 
focus here is on how the Eu2+ emission spectrum changes with temperature. To estimate the 
contribution of the Eu2+ emission band at each treatment temperature, the broad defect-related 
emission between 375 and 475 nm was approximated as a straight line. The area corresponding 
to the Eu2+ emission was then numerically extracted, as illustrated in the inset of Fig. 2(b). The 
resulting value as a function of treatment temperature is shown in Fig. 2(b). After treatment at 75 
°C, the signal shows a slight increase compared with that at 40 °C. This behavior is consistent 
with the slight increase observed at room temperature following X-ray irradiation [see the inset 
of Fig. 1(b)].  Therefore, the slight increase at room temperature is attributed to the formation of 
additional Eu2+ centers. As the temperature increases, the emission intensity gradually 
decreases. However, it remains nearly constant above 350 °C, indicating that the luminescent 
centers are not completely eliminated. Note that the RPL of Ag-doped phosphate glass can be 
reversed by treatment at 400 °C for 1 h. In contrast, the present material may require a higher 
temperature for reversal or the signal may remain irreversible.

Fig. 2.	 (Color online) (a) Dependence of PL spectrum after X-ray irradiation (100 Gy) on thermal treatment 
temperature from 75 to 500 °C. The inset shows the variation in PL intensity within the Eu2+ emission band range 
(375–475 nm). (b) Temperature dependence of extracted PL intensity of the Eu emission band. The inset shows an 
example of the extraction process, where the red line represents the measured spectrum and the dashed blue line 
indicates the baseline.
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4.	 Conclusions

	 Eu-doped Ca2P2O7 phosphors were synthesized via a solid-state reaction, forming a stable 
single-phase structure. Radiation-induced Eu3+ → Eu2+ conversion enables a strong RPL 
response with the lowest detection limit of 1 Gy. No saturation is confirmed up to 100 Gy, and 
the signal remains stable over time. The signal is strongly affected by thermal treatment at high 
temperatures, which allows the Eu2+ signal to be partially eliminated.
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