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	 In this paper, we evaluated the Ag concentration dependence of the build-up effect of radio-
photoluminescence (RPL) in Ag-doped P2O5–Al2O3–Na2O–SiO2 (PANS) glasses. After X-ray 
irradiation, the Ag-doped PANS glasses showed two emission peaks at around 460 and 630 nm, 
assigned to blue and orange RPL components, respectively. The build-up curves of the orange 
RPL component had two components corresponding to the formation of the +

2Ag  dimer and Ag2+ 
ions. The intensity of the component due to the +

2Ag  dimer increased with increasing Ag 
concentration, whereas that of the component due to Ag2+ ions decreased. It is assumed that at a 
high Ag concentration, the Ag+ ions have a higher probability of diffusing to Ag0 sites to form 
the +

2Ag  dimer because the average distance between neighboring Ag atoms in the glass structure 
decreases with increasing Ag concentration. Therefore, the intensity of the component due to the 

+
2Ag  dimer was dominant at a high concentration of Ag in the glass structure.

1.	 Introduction

	 Radio-photoluminescence (RPL) is a luminescence phenomenon in which photoluminescence 
(PL) centers are newly generated by the irradiation of phosphors.(1–3) Since the PL intensity is 
proportional to the absorbed radiation dose, RPL can be applied to dosimetry. PL centers in RPL 
do not disappear after the dose information is read out because the readout obtained with RPL 
does not depend on the recombination of electrons and holes stored at trapping centers, unlike in 
the case of thermally stimulated luminescence (TSL) and optically stimulated luminescence 
(OSL). Thus, the RPL intensity can be repeatably read out, making it advantageous over TSL 
and OSL.(4) Phosphors exhibiting RPL include Ag-doped phosphate glasses,(5) Cu-doped 
glass,(6,7) Al2O3:C,Mg,(8) Eu-doped materials,(9,10) Sm-doped materials,(11,12) Yb-doped NaCl,(13) 
and LiF,(14,15) MgF2,(16) CaF2,(17,18) Mg2SiO4,(19) CaSO4,(20) K2CO3,(21) and Na2CO3.(22)

	 The phosphors exhibiting RPL of greatest interest are currently Ag-doped phosphate glasses. 
Since the first report on RPL by Schulman et al. in 1951,(23) Ag-doped phosphate glasses have 
been studied and were commercialized by Chiyoda Technol Corporation as an RPL dosimeter 
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called Glass Badge. The Ag doped in the phosphate glass exists stably and uniformly in the form 
of Ag+ ions. After irradiation, Ag+ ions in the phosphate glass capture electrons or holes 
generated by the radiation, and part of the Ag+ ions change to Ag0 by capturing an electron 
(Ag+ + e−→ Ag0). On the other hand, part of the generated holes are captured at 3

4PO −  tetrahedra 
and are transferred to Ag+ ions upon thermal treatment, and part of the Ag+ ions become Ag2+ 
ions by capturing a hole (Ag+ + h → Ag2+). The RPL intensity continues to increase following 
the cessation of irradiation owing to the transfer of holes, and the increase saturates after some 
hours at room temperature. This well-known phenomenon is termed the build-up effect.
	 The chemical composition of Ag-doped phosphate glass has become standardized since Glass 
Badge was widely applied for personal dosimetry because of its high reliability. However, 
abnormal luminescent signals caused by the degraded surface of the glass have been 
reported.(24–26) This phenomenon is considered to occur when the surface degradation of the 
glass is accelerated by a humid environment. From the perspective of glass structure science, the 
network structure of the phosphate glass has poor weathering resistance because the P–O–P 
bond (phosphate–oxygen bond) is disconnected by the attack of OH− ions in the atmosphere.(27) 
To achieve a strong network structure of the phosphate glass, Al2O3 and SiO2 are generally 
added.(28,29)

	 Therefore, we have developed Ag-doped phosphate glasses containing SiO2 and more Al2O3 
than those in the conventional RPL dosimeter.(30) As a result of examining their RPL properties, 
we found that the RPL properties of the developed glasses were equivalent to those of the 
existing RPL dosimeter and had superior weathering resistance to the conventional phosphate 
glass. In this study, we evaluated the Ag concentration dependence of the build-up effect in 
P2O5‒Al2O3‒Na2O‒SiO2 (PANS) glasses. It has already been reported that the main factors 
affecting the rate of build-up are the temperature, chemical composition of the glass, and Ag 
concentration.(31–36) However, the reason why the rate of build-up depends on the Ag 
concentration has not yet been investigated. 

2.	 Materials and Methods

	 A commercially available GD-450 dosimeter (AGC Techno Glass Co. Ltd.) was used as the 
reference sample of the conventional Ag-doped phosphate glass. This sample has a composition 
of 59P2O5‒13.2Al2O3‒27.7Na2O‒0.1Ag2O. In this work, PANS glasses with different 
concentrations (0.05, 0.1, 0.2, and 0.4 mol%) of Ag2O as an activator were prepared from the 
starting materials of Na3PO4 (98.6%), AlPO4 (99.4%), SiO2 (99.9%), and Ag2O (99.9%). The 
concentrations of SiO2 and Al2O3 in the PANS glasses were set to 5 and 19 mol%, respectively.
	 The Ag-doped PANS glass samples were synthesized by the following method. Raw powders 
of Na3PO4, AlPO4, SiO2, and Ag2O were homogeneously mixed and melted at 1200 °C in an 
electric furnace for 3 h. The melted mixture was cooled rapidly in a carbon mold, and the 
obtained glass ingots were annealed at approximately 500 °C for 1 h in a furnace. After 
annealing, the glass samples were cut into 30 × 7 × 1 mm3 pieces and polished using grinding 
equipment. All glass samples were washed and cleaned using deionized water and ethanol 
solution before every evaluation.
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	 To observe the build-up effect of RPL in each sample, PL emission spectra were obtained by 
a spectrofluorometer (FP8600, JASCO) at room temperature after X-ray irradiation. The 
excitation wavelength was fixed to 310 nm, and the emission spectra were obtained in the 
wavelength range from 400 to 800 nm until 14 h after X-ray irradiation. To separate the 
excitation light and the PL, a band-pass filter (BPF340, ASAHI SPECTRA) and short-cut filter 
(SCF400, ASAHI SPECTRA) were also used to obtain the PL emission spectrum. An X-ray 
generator (XRB80N100/CB, Spellman), which was equipped with an X-ray tube having a W 
anode target and a Be window, was used as the radiation source. The X-ray tube was operated 
with a bias voltage of 40 kV and a tube current of 5.2 mA. The irradiation dose was calibrated 
using an air-filled ionization chamber (TN30013, PTW). 

3.	 Results and Discussion

	 Figure 1 shows the PL emission spectra after X-ray irradiation of the (a) 0.05, (b) 0.1, (c) 0.2, 
and (d) 0.4 mol% Ag-doped PANS samples and (e) Glass Badge. The irradiation dose was 10 Gy 
in all the measurements. In each figure, “0 h” indicates the spectrum measured soon after X-ray 
irradiation. The spectral features of the Ag-doped PANS samples were consistent with those of 
the reference sample (Glass Badge), and two emission peaks were detected at around 460 and 
630 nm in all the samples. These are assigned to blue and orange RPL components, which are 
due to Ag0 and mainly Ag2+ ions, respectively.(3,37,38) In addition, it has recently been suggested 
that the orange RPL component also includes an emission peak due to the +

2Ag  dimer.(5,31,39)

	 Figure 2 shows the build-up curves of RPL for each sample. In this figure, the horizontal axis 
indicates integrated values in the PL emission spectra (Fig. 1) from 500 to 800 nm. An increase 
in the PL intensity of the orange RPL component with increasing elapsed time was clearly 

Fig. 1.	 (Color online) PL emission spectra after X-ray irradiation of the (a) 0.05, (b) 0.1, (c) 0.2, and (d) 0.4 mol% 
Ag-doped PANS samples and (e) Glass Badge.
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observed for all the samples. The RPL intensity of the 0.05 mol% Ag-doped PANS sample 
increased immediately after the irradiation and continued to increase even after 14 h, whereas 
that of the 0.4 mol% Ag-doped PANS sample showed a constant value after 1–2 h. As a result, 
the time required for the build-up to saturate decreased with increasing Ag concentration. In 
addition, the build-up curve of the PANS sample doped with the largest Ag concentration (0.4 
mol%) showed similar behavior to that of Glass Badge. 
	 To analyze the experimentally obtained build-up curves in more detail, we performed a 
fitting analysis. However, as pointed out in a previous report,(31) it is difficult to obtain an 
analytical equation to describe the shape of these curves without a clear physical model to 
explain the build-up process. Thus, we performed the fitting analysis using the empirical 
equation 

	 ( )BU
1

exp / Const.( )
n

i i i
i

I A tt Aτ
=

 = − − + + ∑ ,	 (1)

where IBU(t) is the intensity of the RPL during build-up, t is the elapsed time after irradiation, 
and Ai and τi are the intensity and build-up time constants for each component, respectively.
	 Figure 3 shows the build-up curves of each sample with the fitting functions. The build-up 
curve of the 0.05 mol% Ag-doped sample was best fitted by a single component, whereas those 
of the other samples were best fitted by the sum of two components. The fitting parameters are 
summarized in Table 1. According to a recent study,(31) the build-up curve of Ag-doped 
phosphate glass includes two components corresponding to the formation of the +

2Ag  dimer and 
Ag2+ ions. The fitting results for the 0.1, 0.2, and 0.4 mol% Ag-doped PANS samples and Glass 
Badge in this study are consistent with those in Ref. 31, in which it was clarified that the first 
(fast) and second (slow) components are caused by the +

2Ag  dimer and Ag2+ ions, respectively. 
Thus, the first (slow) component of the 0.05 mol% Ag-doped PANS sample was considered to be 
due to Ag2+ ions. 

Fig. 2.	 (Color online) Build-up curves of RPL of all the samples.
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	 A clear difference was observed between the build-up curves of the 0.1 mol% Ag-doped 
sample and Glass Badge, even though the Ag concentrations of the two samples were the same. 
This is because the presence of Si and Al in the phosphate glass not only strengthened the 
network of the phosphate glass but also increased the activation energy for the diffusion of Ag+ 
ions.(30) Another possibility is that the activation energy for the thermal release of holes from 

2
4PO − in the glass structure changes with the introduction of Si and Al. 

	 Figure 4 presents ratios of the intensities of the fast and slow components as a function of the 
Ag concentration. For the 0.05 mol% Ag-doped PANS sample, the ratio is 100% for the slow 
component because only the slow component was obtained. The intensity of the fast component 
due to the +

2Ag  dimer increased with increasing Ag concentration. The average distance between 
neighboring Ag atoms, in the glass structure decreases with increasing Ag concentration, 
increasing the probability of the +

2Ag  dimer being formed.(35) Hence, the intensity of the fast 
component due to the +

2Ag  dimer was dominant for a high Ag concentration in the glass 
structure. It was previously reported that the Ag concentration dependence of the build-up effect 
is only associated with the amount of Ag2+ ions generated.(36) However, the present results 

Fig. 3.	 (Color online) Build-up curves with fitting functions of each sample: (a) 0.05, (b) 0.1, (c) 0.2, and (d) 0.4 
mol% Ag-doped PANS samples and (e) Glass Badge.

Table 1
Fitting parameters of each build-up curve. 

τ1 (h) τ2 (h) A1 A2
0.05 mol% Ag 6.6 — 1108.4 —
0.1 mol% Ag 1.0 6.5 199.9 697.9
0.2 mol% Ag 1.0 7.0 170.0 239.8
0.4 mol% Ag 0.3 5.2 79.0 41.0
Glass Badge 0.4 5.0 98.5 40.0
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suggest that the Ag concentration dependence of the build-up effect is related to not only Ag2+ 
ions but also the +

2Ag  dimer.

4.	 Conclusions

	 We investigated the Ag concentration dependence of the build-up effect in Ag-doped P2O5–
Al2O3–Na2O–SiO2 glasses. The build-up curves of the orange RPL component included fast and 
slow components, which were attributable to the formation of the +

2Ag  dimer and Ag2+ ions, 
respectively. The intensity of the component due to the +

2Ag  dimer increased with increasing Ag 
concentration. In other words, the component due to the +

2Ag  dimer becomes dominant when the 
glass contains more Ag+ ions. Because the component due to the +

2Ag  dimer was faster than the 
component due to Ag2+ ions, the present results show that increasing the Ag+ ion concentration 
in the glass structure could shorten the time before build-up saturates.
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