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A glass phosphor is an attractive material for applications in radiation detection because of its
high workability and availability with a wide range of chemical compositions. Recently, the
X-ray-induced luminescence of glasses containing various luminescent activators has been
actively investigated worldwide. Among them, glass that exhibits the radio-photoluminescence
(RPL) phenomenon is a promising material for not only dosimetry but also X-ray imaging
applications. However, there are only a few materials that exhibit the RPL phenomenon, and thus
there is room for material exploration. In this study, we found that Ag,0—-R,0-BaO—-Al,05—
P,O5 (R =K, Rb, Cs) glass, in which some of the constituents of the commercial RPL glass were
replaced with heavy elements, shows RPL properties worthy of practical application. Our glass
specimens have a spatial resolution of at least 8 LP/mm; furthermore, the fading of the emission
from RPL centers was much lesser than that from commercial imaging plates.

1. Introduction

Phosphors have a very wide scope of applications in not only lighting, displays, and sensors
that use stress luminescence but also radiation detection applications such as nuclear
medicine,("® environmental dose monitoring,®) personal dose monitoring,©® high-energy
astronomy,® 1D security,!%!3 and oil logging.*~1) In these applications, radiation is measured
by utilizing the monotonic change in the emission intensity of a phosphor with the energy of the
irradiated ionizing radiation. Passive detectors, such as personal dosimeters, accumulate
radiation energy once as carriers and read it out later as photoluminescence (PL). There are two
types of dosimeter classified by different ways (energies) to stimulate carriers; the thermally
stimulated luminescence (TSL) dosimeter uses thermal stimulation(!’2!) and the optically
stimulated luminescence (OSL) dosimeter utilizes light stimulation.??2% In contrast, some
dosimeters use a phenomenon called radio-photoluminescence (RPL), in which luminescent
centers corresponding to irradiation doses are newly generated, and RPL can be easily read out
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by a PL technique. The most prominent RPL material is Ag-doped phosphate glass
(RPL glass).2%27) When RPL glass is irradiated by ionizing radiation, electron—hole pairs are
generated, and Ag" ions are changed to Ag’ by capturing electrons (Ag*" + ¢~ — Ag). On the
other hand, some of the generated holes are once trapped in the PO,>~ tetrahedral, and moving
along the PO,>~ network, the holes finally shift to Ag* with thermal treatments that are called
build-up processes and form a more stable Ag?" (Ag" + h* — Ag?"). Both Ag® and Ag?" thus
formed serve as the RPL centers in glass. One of the characteristics of RPL glass is that the
luminescent center, once generated, does not fade. This property is useful for not only dosimetry
applications but also X-ray imaging. In the case of X-ray imaging using an RPL material, there is
no risk of blurring of the image due to the excitation light inducing emission other than the
readout area, and thus a resolution higher than that with an OSL material can be expected.
However, the RPL glass composed of light elements has a low probability of interaction with
X-rays and requires a longer irradiation time for imaging; thus, the situation requires the
development of an RPL material composed of heavy elements for the practical use of RPL
imaging. In this study, we investigated the luminescence properties of FD-7, a commercial RPL
glass (Na: 11.0 wt%, P: 31.6 wt%, O: 51.2 wt%, Al: 6.1 wt%, and Ag: 0.17 wt%),?® by
replacing alkali metal species with another and adding Ba to the composition. Ba was selected
with the intention of increasing the effective atomic number (Z,) of the glass. In addition, Ba
can also be expected to improve the water resistance of the glass. The alkali metals in the glass
combine with the oxygen in the structure to form non-bridging oxygen. They also readily react
with water and elute, resulting in low water resistance and fading. Among them, Rb and Cs are
particularly reactive owing to their weak bonding;®” thus, it is expected that the reactivity with
water and the hygroscopicity of glasses will also increase. On the other hand, Ba is present in the
middle of the network structure of phosphate and is effective in improving the water resistance
of glass by strengthening the bonds.**32 Furthermore, Ba is effective in increasing the density
of glass.(?

2. Materials and Methods
2.1 Specimen preparation

Ag,0-R,0-BaO-Al,05—P,05 (R = K, Rb, Cs) glasses were prepared by the conventional
melt-quenching method using an electric furnace. The starting materials of K,CO;z; (4N),
Rb,CO; (3N), Cs,CO; (4N), BaCO5 (4N), and Al(PO3); (4N) were uniformly mixed at the molar
ratio of 20:50:30 to R,CO;, BaCOs, and Al(POs)s, respectively. Thus, the obtained chemical
composition of glass was 6.25R,0-18.75Ba0-18.75A1,0,—56.25P,05 (mol.%). We added Ag,O
(4N) to the host glass so that the Ag content would be 1.00 mol.% relative to the host glass
compositions (0.50Ag,0—-6.25R,0-18.75Ba0-18.75A1,03—56.25P,05). These powders were
weighed in a total amount of 10.0 g and mixed homogeneously using an agate mortar. The mixed
powder was put into an alumina crucible and then melted at 1300 °C for 30 min in air atmosphere.
After the melting, the alumina crucible was quickly taken out from the furnace using a tongue to
quench the glass melt on a stainless-steel plate preheated to 300 °C. Following the annealing
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procedure, the glass specimens were cut into dimensions of 10.0 x 10.0 x ~1.0 mm? and then the
surfaces were mechanically polished. In this study, each glass specimen containing K, Rb, and
Cs will be described as Ag—K, Ag—Rb, and Ag—Cs, respectively.

2.2 Measurement method

The densities of the glass specimens were determined by the Archimedes method using
analytical balances (GR-120, A&D Co., Ltd.). The glass transition temperatures (75) of the glass
specimens were determined using a TG-DTA system (STA7200, Hitachi High-Tech Corporation)
operating at a heating rate of 10 °C/min. X-ray diffraction (XRD) patterns were measured with
MiniFlex 600 (RIGAKU) in order to verify the precipitation in the glass specimens.

Transmission spectra of the glass specimens were determined using a spectrophotometer
(V670, JASCO) across a spectral range from 190 to 2700 nm with 1 nm intervals. To investigate
the number of RPL centers produced by X-rays, the absorbance of UV light at 340 nm for the
glass specimens was also measured using the spectrophotometer.

PL and RPL spectra were obtained using our lab-constructed setup. A xenon lamp
(LAX-C100, Asahi Spectra) and an optical band-pass filter (RR0340, Asahi Spectra) were used
to obtain a 340 + 20 nm excitation light. The PL and RPL emission spectra were obtained with
an optical short-cut filter (LU0400, Asahi Spectra) and a fiber-coupled lens, which guided the
light to a CCD-based spectrometer (QEPro, Ocean Optics). The RPL spectrum was obtained by
measuring the emission of the specimen after X-ray irradiation using an X-ray generator
(XRBOP&N200X4550, Spellman). The resolution of the X-ray image was determined using the
same optical system as that used in the PL measurement and a commercially available test chart
(CN56284, Moriyama X-Ray Equipments Co., Ltd.). A glass specimen was irradiated with
X-rays through a test chart, and then the specimen was excited with 340 nm UV light while the
emission was read by a CCD camera (BU-54UV, Bitran) to obtain X-ray images. To determine
the origin of luminescence, PL lifetime measurements were performed using Quantaurus-Tau
(C11367, Hamamatsu Photonics).

3. Results and Discussion

The density, T, and Z, of all the glass specimens and FD-7 are shown in Table 1. Among the
glass specimens, the density of FD-7 was the lowest, and the glass with the heavy alkali metals
has a higher density. Similarly, the Ag-Cs specimen has the highest Z 4 and furthermore, the
Zyr values of the glass specimens prepared in this study are much higher than that of FD-7. On

Table 1
Density, Ty, and Z. of all glass specimens and FD-7.

Specimen code  Density (g/cm®) T, (°C) Zey

FD-7 2.61 450 165
Ag-K 3.27 546 473
Ag—Rb 3.54 530 492

Ag—Cs 3.65 477 51.8
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the other hand, the 7, of each specimen tends to decrease as the alkali metal species in the
composition become heavier elements. The XRD patterns of all the glass specimens are shown
in Fig. 1. The glass specimens showed only a halo structure, which suggests that no
crystallization had occurred during quenching. In other words, we have obtained glassy
specimens.

Figures 2(a) and 2(b) show the linear transmission spectra of each glass specimen in the UV—
VIS and UV-NIR regions, respectively. There is almost no difference in the spectra due to the
difference in alkali metal species, and the absorption wavelengths of the glass specimens are
almost the same. Compared with that of FD-7, the optical absorption edges of our glass
specimens significantly shifted to the longer wavelength side. Furthermore, our specimens did
not show the absorption due to hydroxy groups in the NIR region observed in FD-7, which
indicates that Ba in the glass improved the water resistance. The difference in the transmittance

Intensity [arb. unit]
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Fig. 1. XRD patterns of all glass specimens and FD-7.
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Fig. 2. (Color online) (a) UV-VIS and (b) UV-NIR region transmission spectra of the glass specimens and FD-7.
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of each glass specimen is considered to be caused by the surface condition and thickness error of
the glass specimen.

Figure 3 shows the PL spectra of all the glass specimens measured before and after X-ray
irradiation (10 Gy). The excitation wavelength of each emission was 340 = 20 nm. The pink
dashed line in each figure shows the excitation spectrum after 10 Gy of X-ray irradiation. The
PL spectra of each glass specimen showed differences before and after X-ray irradiation, but no
significant change in the spectral shape due to the difference in the type of alkali metal was
observed. All the glass specimens before X-ray irradiation showed emission peaking at around
440 and 530 nm. On the other hand, a broad emission at around 600 nm was newly observed in
the spectrum after X-ray irradiation. The emissions at around 400 and 600 nm are assigned to
Ag® or Ag," (monovalent Ag dimer) and Ag>" on the basis of previous reports on FD-7
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Fig. 3. (Color online) PL excitation and emission spectra of (a) Ag—K, (b) Ag—Rb, and (c) Ag—Cs specimens
measured before and after X-ray irradiation (10 Gy). The excitation wavelength was 340 + 20 nm.
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luminescence, respectively.3#37) On the other hand, the emission at around 530 nm is reasonable
as the luminescence originating from the host glass, since the undoped specimen shows a similar
emission band. These results demonstrate that R,0-BaO—-Al,0;—P,05 glass exhibits RPL, and
that the RPL phenomenon is not inhibited by alkali metal species.

Figure 4 shows the PL decay curves of the emission at around 650 nm when each specimen
was excited by 340 + 20 nm light. The decay curves can be approximated by a two-component
exponential function, and the decay constants calculated from these curves are around 1.5 and
0.9 ps. These decay constants are generally consistent with the results of the lifetimes of FD-7
and Ag-doped Li,O-Al,05—P,05 glass, as reported previously;?%273%) thus, the emission at
around 650 nm is attributed to Ag>".

Table 2 shows the difference in the absorbance A4, of light at 340 nm for all the glass
specimens before and after X-ray irradiation, and the value of Z,4 to the fourth power. This
variation in absorption at 340 nm represents the number of RPL centers (Ag>") formed. The
formation of Ag?" was highest for the Ag—Cs glass specimen, and the values for the other
specimens were very much the same. Here, A4, is presumed to depend on the absorption
efficiency of X-rays (Zeff“) and the efficiency of Ag?" formation. As for the efficiency of Ag?*
formation, it is reported that the larger the ionic radius of the alkali metal species in phosphate
glass, the more the average molar volume increases and the more the distance between the PO,>~
tetrahedron and Ag" increases, which decreases the activation energy of Ag?" formation.%)

Counts

Elapsed time [us]

Fig. 4. (Color online) PL decay curves of all glass specimens and FD-7. The excitation and emission wavelengths
of the glass specimens were 340 and 540 nm, respectively.

Table 2
Change in absorbance at 340 nm and Zeﬁ4 of FD-7 and each glass specimen before and after 1 Gy of X-ray
irradiation.

Specimen code  AAps (arb. unit) Zeﬁ4 (XlOS)

FD-7 0.015 2
Ag—K 0.009 50
Ag—Rb 0.012 58

Ag—Cs 0.041 72
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Therefore, it is expected that the efficiency of Ag?" formation will increase in the order of
K < Rb < Cs. Therefore, it is reasonable to conclude that the Ag—Cs specimen with the highest
Z, f4 and largest ionic radius has the highest number of RPL centers. On the other hand, the
A4, values of the Ag—Rb and Ag—K specimens are lower than that of FD-7, which will be
discussed in detail in the section on TSL glow curves.

Figure 5 shows a comparison of the RPL intensities of the specimens irradiated with 1 and 10
Gy of X-rays. Here, the RPL intensity is defined as the difference between the PL spectrum of
the specimen irradiated with X-rays and the PL spectrum of the glass specimen before X-ray
irradiation as background. In the specimens after 1 Gy of X-ray irradiation, Ag—Cs showed the
highest RPL intensity, which was approximately twice the peak intensity of FD-7. The RPL
intensity of each glass specimen showed a similar trend to the A4, results. On the other hand,
when the specimen was irradiated with 10 Gy of X-rays, the RPL intensity of FD-7 increased
significantly compared with those of the other glass counterparts. This result suggests that FD-7
has a more stable RPL center than our glass specimens (detailed in the section of TSL glow
curves). In addition, we calculated the full widths at half maximum (FWHMs) of the RPL
spectra after 10 Gy of X-ray irradiation, which were about 0.38, 0.61, 0.60, and 0.53 eV for Ag—
K, Ag—Rb, Ag—Cs, and FD-7, respectively.

Figure 6 shows the build-up curves of RPL emissions for each glass specimen and FD-7. The
vertical axis corresponds to the integrated intensity of the 400-900 emissions. The RPL
intensity of the Ag—K specimen saturated immediately after irradiation, whereas those of the
Ag—Rb and Ag—Cs specimens clearly showed the build-up phenomenon. Furthermore, all the
glass specimens reached a steady state within 60 s. The time to saturation of the build-up of this
glass specimen is particularly short among the Ag-doped RPL glasses reported to date. For
example, the RPL intensity of FD-7 stabilizes after 1-2 h,®% and in the case of Na,0-Al,0;—
P,05-SiO, glass, it continues to increase for more than 12 h.#? When RPL materials are used
for radiation measurements, this build-up phenomenon becomes a hindrance during analysis. In
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Fig. 5. (Color online) Comparison of RPL intensities of each glass specimen after irradiation with (a) 1 and
(b) 10 Gy of X-rays.
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Fig. 7. (Color online) Fading characteristics of RPL
emission at 620 nm for each glass specimen. The
excitation wavelength was 340 = 20 nm, and the
monitored emission was the AgZ* emission at around

620 nm.

other words, it would be ideal if the build-up phenomenon does not occur. Therefore, the fast
build-up of this specimen is a noteworthy feature.

Figure 7 shows the variation in luminescence intensity as a function of the elapsed time after
10 Gy of X-ray irradiation for each glass specimen. The excitation wavelength was 340 + 20 nm,
and the monitored emission was the Ag>" emission at around 620 nm for each glass specimen.
No fading was observed for the Ag—K specimen in the present measurement period. On the
other hand, the RPL intensities of the Ag—Rb and Ag—Cs specimens decreased to approximately
half of the initial value after 20 days. In general, commercially available FD-7 is known to show
minimal fading, and its fading has been reported to be less than 5% per year.?®) Therefore, the
fading of the glass specimens in this study is faster than that of FD-7. However, the commercially
available OSL imaging material, Eu:BaFBr (Fujifilm), fades at around 60% per day. On the other
hand, even the Ag—Cs specimen, which shows the strongest fading among our glass specimens,
attenuates only approximately 25% in one week. Therefore, it can be considered that the fading
characteristics of the glass specimens are sufficient for X-ray imaging applications that do not
necessitate the long-term measurement of radiation exposure.*42)

Figure 8 shows the TSL glow curves of all glass specimens. Among all the glass specimens,
the glow peak area of Ag—K was the largest, and the obtained glow peaks tended to decrease as
the Z g of the specimen increased. On the other hand, FD-7 showed almost no luminescence.
TSL is a phenomenon in which electrons and holes that are accumulated in the trapping centers
by irradiation are re-excited by heat and emit photons. In other words, this result suggests that
the Ag—K, Ag—Rb, and Ag—Cs specimens may contain a higher number of trapping centers than
FD-7. In Table 2, although the Zeff4 of the Ag—Cs specimen was much higher than that of FD-7,
there was no significant difference in A4, and the A4, values of the Ag—Rb and Ag-K
specimens were very much equal to that of FD-7. This is because some of the electron—hole pairs



Sensors and Materials, Vol. 34, No. 2 (2022) 753

— I )f\\‘ After 10 Gy irradiation |
RN |
s | F A

S i | " 1
z [T X

S e x

5 LI7 "% \‘ —— Ag-Cs

g _r/ % ok :;ﬁ—%b

7 B XX

H

100 200 300 400
Temperature [°C]

Fig. 8.  (Color online) TSL glow curves of all glass specimens after X-ray irradiation.
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induced by X-ray irradiation were trapped in trapping centers not associated with Ag and did not
contribute to the formation of Ag?*, resulting in a lower efficiency of Ag?" formation for the
Ag—K, Ag-Rb, and Ag—Cs specimens than for FD-7.

Figure 9 shows the results of the resolution test for X-ray images. Resolution (LP/mm) is
defined as the reciprocal of the width of the line pairs that can be found to be resolved in the
image. The four-line pairs in the figure are 4.0, 5.0, 6.3, and 8.0 LP/mm from the bottom, and
here, we focus on the line patterns of 6.3 and 8.0 LP/mm. From the histogram of the luminance
on the line perpendicular to each line pattern, we concluded that the spatial resolutions of the
specimens were 6.3 LP/mm for Ag-K and 8.0 LP/mm for both Ag—Rb and Ag—Cs. These
resolutions are comparable to those of commercially available imaging plates, and an image with
a higher resolution can be obtained by reading with a laser or other devices. The white dots seen
in the image are voids in the glass, and the number of voids seems to be larger for the specimens
with lighter alkali metal species. On the basis of the 7, of the specimens, it is assumed that this is
because Ag-K, which has a higher T, is more difficult to refine than Ag—Rb and Ag—Cs owing
to the higher viscosity of the melt.

4. Conclusions

In this study, we succeeded in developing heavy-element-based RPL glass for X-ray imaging
applications. RPL was observed in all the glass specimens, among which the Ag—Cs specimen
showed the most prominent RPL emission. The resolution test in X-ray imaging revealed that the
Ag—Rb and Ag—Cs specimens have a spatial resolution of at least 8 LP/mm. Although this
imaging was conducted with a simple setup, we believe that images with a higher resolution can
be obtained with an optical microscope. Furthermore, the fading of the omission from RPL
centers was much lesser than that of commercial imaging plates, and the build-up took around
60 s to complete. We will try to reduce the fading and build-up through further detailed
compositional studies.
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