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	 0.5, 1.0, 5.0, and 10.0 mol% Dy-doped 50NaPO3–50Al(PO3)3 glasses were synthesized by the 
melt-quenching method. All the samples had a high transmittance of up to 90% at visible 
wavelengths, and some intense emission lines were observed in their photoluminescence and 
scintillation spectra. When the glasses were irradiated with X-rays with various doses, a linear 
relationship between the irradiation dose and the thermally stimulated luminescence intensity 
was confirmed from 10 to 10000 mGy. 

1.	 Introduction

	 Ionizing radiation has been utilized for many applications owing to its high penetration 
power for all materials. To use such ionizing radiation as a useful probe, radiation detectors must 
be used. Historically, most radiation detectors have been solid-state materials because a high 
interaction probability with ionizing radiation can be achieved by such materials. Solid-state 
detectors are mainly classified into two types, semiconductor- and luminescence-type detectors. 
The former, of which CdTe and TlBr are representatives, can convert the absorbed energy of 
ionizing radiation to electrons.(1–4) The latter are based on luminescent materials combined with 
photodetectors, which are used to convert the luminescence to electrons via photoelectric 
conversion. Luminescent materials for ionizing radiation detectors are mainly divided into 
scintillators(5) and dosimeter materials.(6) Scintillators can immediately convert the absorbed 
energy of ionizing radiation to low-energy photons, and dosimeter materials can store the 
absorbed energy by a form of carrier trapping. Although these two kinds of luminescent 
materials have been separately discussed in different communities until recently, we proposed 
an inversely proportional relationship between scintillation intensity and storage luminescence 
in dosimeter materials based on simple energy conservation.(7,8) Since our proposal, an empirical 
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law that materials with low scintillation intensity are suitable for dosimeters and materials with 
high scintillation intensity are suitable for scintillators has been confirmed by various 
experiments. 
	 To detect ionizing radiation efficiently, the use of bulk materials is essential since the 
probability of an interaction between ionizing radiation and a detector material simply depends 
on the volume of the material. To satisfy this requirement, bulk single crystals,(9–19) 
ceramics,(20–31) and glasses(32–38) have been applied for scintillators and dosimeters. Among 
these material forms, glasses have some advantages such as high chemical durability and high 
light transmittance, which are preferable for scintillator and dosimeter uses. Although Li-glass 
scintillators(39–41) and Ag-doped phosphate glasses for radiophotoluminescence dosimeters(42–44) 
are now commercially available, there remains room for the further study of glass materials. 
	 In the present work, we focus on Dy-doped 50NaPO3–50Al(PO3)3 (hereafter, NAP) glasses in 
terms of their optical, scintillation, and thermally stimulated luminescence (TSL) dosimetric 
properties. Previously, our group reported the scintillation and dosimetric properties of NAP 
glasses doped with all the rare earths except for Pm-doped NAP(45) glasses. Among these 
glasses, the Tb- and Dy-doped glasses exhibited the highest emission intensity, especially for 
TSL. Although the Tb concentration dependence of NAP glasses has already been investigated 
in detail,(46) the Dy concentration dependence of NAP glasses has not yet been examined. 

2.	 Materials and Methods

	 Sample glasses were prepared by the conventional melt-quenching method. The starting 
materials were mixed and melted in an alumina crucible inside an electric furnace at 1200 °C for 
30 min under ambient atmosphere. The experimental conditions followed those in our previous 
work.(45) Dy with concentrations of 0.5, 1.0, 5.0, and 10.0 mol% was added to the NAP host. 
After the synthesis, all the samples were polished to ~ 1 mm thickness, and their transmittance 
was evaluated using a JASCO V670 spectrometer. Photoluminescence (PL) excitation, an 
emission contour map, and the PL quantum yield (QY) were measured using a Quantaurus-QY 
spectrometer (Hamamatsu). PL decay times were evaluated using a Quantaurus-τ instrument, 
where the excitation and monitoring wavelengths were selected from the contour graph. 
Following optical characterizations, scintillation spectra and decay times were observed under 
X-ray irradiation using our original setups.(47,48) TSL glow curves and dose responses were 
evaluated by using a TL2000 (Nanogray) measuring system with a heating rate of 1 °C/s.(49)

3.	 Results

	 Figure 1 shows a photograph of the NAP glasses doped with different quantities of Dy under 
room light. All the glasses were visibly transparent. Figure 2 shows the transmittance spectra of 
the Dy-doped NAP glasses. All the samples showed ~90% transmittance at visible wavelengths, 
and some absorption lines due to Dy3+ 4f–4f transitions were detected. In Fig. 2, typical electron 
transitions of each absorption line are shown.(50) 
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	 Figure 3 shows the PL emission and excitation contour graph of 10.0% Dy-doped NAP glass 
as a representative example. Intense emission lines at 480, 570, 660, and 750 nm due to the 
electron transitions of 4F9/2 -> 3H15/2, 3H13/2, 3H11/2, and 3H9/2, respectively,(50) were detected 
upon 300–500 nm excitation. The PL QY of the Dy-doped NAP glasses as a function of Dy 
concentration is shown in Fig. 4. Here, the PL QYs were calculated by summing the emission 
intensities of the four above-mentioned emission lines upon 390 nm excitation, with previous 
data(45) for a 0.3% Dy-doped NAP glass also shown. The glass doped with 0.5% Dy exhibited 
the highest PL QY . Figure 5 presents PL decay curves of the Dy-doped NAP glasses monitored 
at 570 nm upon 390 nm excitation. All the decay curves revealed faster and slower components. 
The faster component was considered to originate from the excitation pulse, and the slower one 
was considered to originate from the Dy3+ 4F9/2 -> 3H13/2 transition. To deduce the PL decay 
times due to emissions from Dy3+, the tail part of the curves was approximated by a single 
exponential function. The decay times of the NAP glasses doped with 0.5, 1.0, 5.0, and 10.0% Dy 
were found to be 893, 775, 361, and 234 µs, respectively. Concentration quenching was observed 
in the NAP glasses doped with the highest concentrations of Dy (5.0 and 10.0%). 
	 Figure 6 shows the X-ray-induced scintillation spectra of the Dy-doped NAP glasses. Three 
intense emission lines were detected at 480, 570, and 660 nm originating from 4f–4f transitions 

Fig. 1.	 (Color online) Photograph of Dy-doped NAP 
glasses after polishing.

Fig. 2.	 (Color online) Transmittance spectra of Dy-
doped NAP glasses.

Fig. 3.	 (Color online) PL emission (horizontal axis) and excitation (vertical axis) contour graph of 10.0% Dy-doped 
NAP glass.
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of Dy3+. Owing to the limited wavelength sensitivity of our instrument, no emission longer than 
700 nm was observed. In spite of the 5.0% Dy-doped NAP glass being the largest sample, the 
10.0% Dy-doped NAP glass exhibited the highest scintillation intensity. Figure 7 shows 
scintillation decay curves of the Dy-doped NAP glasses under X-ray irradiation. These decay 
curves were analyzed in the same manner as the PL decay curves, and the scintillation decay 
times of the NAP glasses doped with 0.5, 1.0, 5.0, and 10.0% Dy were found to be 448, 329, 156, 
and 92 µs, respectively. The scintillation decay times were shorter than the PL decay times, and 
in such a case, quenching via an interaction among excited electrons (secondary electrons) will 
occur. 

Fig. 4.	 PL QY of Dy-doped NAP glasses as a 
function of Dy concentration.

Fig. 5.	 (Color online) PL decay curves of Dy-doped 
NAP glasses upon 390 nm excitation monitored at 
570 nm.

Fig. 6.	 (Color online) X-ray-induced scintillation 
spectra of Dy-doped NAP glasses.

Fig. 7.	 (Color online) X-ray-induced scintillation 
decay curves of Dy-doped NAP glasses.
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	 Figure 8 shows TSL glow curves of the Dy-doped NAP glasses after 1 Gy X-ray irradiation. 
Here, in order to consider the origin of the TSL, data of the undoped NAP glass is also plotted. 
Broad glow peaks were observed at ~100 and ~400 °C in the Dy-doped samples while the 
undoped sample showed only the ~400 °C peak. From this comparison of Dy-doped and 
undoped NAP, the glow peak at ~100 °C was generated by Dy doping, and the origin of the ~400 
°C peak was attributed to the NAP host. The Dy concentration dependence of the TSL intensity 
was different from those of the transmittance and scintillation intensities. One possible reason is 
fading due to the ~90 °C peak. In the measurements, we moved samples from where they were 
subjected to X-ray irradiation to the setup for TSL measurement as soon as possible after the 
irradiation. However, an equal fading condition for each sample could not be achieved. The main 
discrepancy was between the 5.0- and 10.0%-doped samples, and the complementary 
relationship(8) between scintillation and storage luminescence may have also contributed to the 
different Dy concentration dependences of the TSL intensity. Figure 9 depicts the X-ray dose 
responses of the Dy-doped NAP glasses. Among the present samples, the NAP glasses doped 
with 5.0 and 10.0% Dy showed better performance than the other doped glasses, and a linear 
response from 10 to 10000 mGy was confirmed. 

4.	 Conclusions

	 NAP glasses doped with 0.5, 1.0, 5.0, and 10.0% Dy were fabricated by the melt-quenching 
method. All the samples were visibly transparent, and the maximum PL QY was ~45% for the 
0.5% Dy-doped sample. Intense emission lines at 480, 570, and 660 nm were detected in both the 
PL and scintillation spectra, and their decay times were several hundred ms. Two intense glow 
peaks were detected at ~100 and ~400 °C in the TSL glow curves of the samples. The origins of 
the ~100 and ~400 °C peaks were attributed to the introduction of Dy ions and the NAP host, 
respectively. 

Fig. 8.	 (Color online) TSL glow curves of Dy-doped 
NAP glasses after 1 Gy X-ray irradiation.

Fig. 9.	 (Color online) Dose responses of Dy-doped 
NAP glasses.
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