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The optical properties of phosphate glass (PG) with two different impurities, namely,
aluminum and tin, were investigated. Broad white luminescence was observed from PGs with
tin and aluminum impurities under deep ultraviolet exposure. Through emission and excitation
spectroscopy and decay curve measurement, it is assumed that the origin of the broadband
luminescence differs depending on the impurities introduced. In addition, time-resolved
emission spectral analysis revealed the difference in decay constant at each wavelength. The
results obtained in this study might give important information about two potential impurities of
PG for a better understanding of background noise and the functions of widely used radio-
photoluminescence (RPL) dosimeters.

1. Introduction

Phosphate glass with a silver activator is well recognized as an accurate personal dosimeter
and is utilized at various nuclear facilities worldwide.(!~% Phosphate glass with a silver activator
responds to radiation exposure by generating electron—hole pairs in the glass substrate.>%)
Electrons and holes diffuse in the glass, and Ag" ions in the phosphate capture electrons and Ag*
is reduced to Ag’. Holes form Ag?" after trapping by PO, tetrahedra in a slow migration
process.(7-®) Ultraviolet photons are often utilized to excite two energy states of Ag?" and Ag”,
and excitation is relaxed by emitting radio-photoluminescence (RPL) photons, the intensity of
which corresponds to the amount of radiation exposure.®~!) RPL is stable and will not quickly
disappear unless the dosimeter is annealed. A silver activator is excellent in covering a wide
range of radiation, including high-energy photons and ionized particles with high efficiency.
Unfortunately, the energy response of RPL phosphate glass (PG) is not tissue-equivalent. To
obtain a better energy response curve, PG is combined with a thin film made of different
elements, including copper, tin, and aluminum.
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Like silver, other elements can also be captured in the phosphate crystal structure. Previously,
we reported copper activators in PG,(12 and those impurities might work as activators for
different fluorescence functions.1314) Although different energy levels are often expected to be
demonstrated for other activators, they might cause a fluorescence competition if the phosphates
capture the impurities that act as activators in the glass substrate.

In this study, we investigated the optical properties of PG with two metal impurities, namely,
tin (Sn) and aluminum (Al), that are utilized in the filter built into the RPL dosimeter.
Unexpectedly, broadband luminescence was observed in both cases, which was not confirmed
so far in the PG substrate. We evaluated the fluorescence and decay characteristics of the PG
that exhibited an unknown fluorescence with Sn and Al impurities, which should be investigated
further.

2. Materials and Methods
2.1 Fabrication of PG with tin and aluminum

Phosphate glasses with different impurities were manufactured by the procedure illustrated
in Fig. 1.02:15.16) On the basis of the composition ratio of the host material of the widely available
RPL phosphate dosimeter, which is Na: 11.0, P: 31.5, O: 51.2, Al: 6.1, sodium metaphosphate
powder [NaPO;; Taihei Chemical Industrial Co., Ltd., >65%(7)] and aluminum metaphosphate
powder [Al(PO5);; Taihei Chemical Industrial Co., Ltd. >96.1%7] were mixed at a weight ratio
of 1:1 (NaPO;:Al(PO3); = 1:2.59 in molar ratio). The required amount of elemental powder,
according to the purpose, was added thereto, and the mixture was sufficiently stirred. For
example, 0.2 mol% AgCl was previously added to reproduce an RPL dosimeter (Ag: PG). By the
same procedure, tin (Sn) impurities were introduced in powder form (New Met Ltd., 99.999%)
with different molar ratios to form PG with tin impurities (Sn: PG). Also, aluminum was
introduced in a similar powder form (Niraco Co., Ltd. 99.8%) to form PG with aluminum
impurities (Al: PG). The agitated mixed powder was transferred to a porcelain crucible (Nikkato
Corporation, B-2, 50 ml, Al,05:44%, Si0,:46%, maximum temperature: 1100°C), heated, and
then melted at a maximum temperature of 1000 °C using a tabletop muffle furnace (Denken
Hydental Co., Ltd., KDF-S70) in air atmosphere. The uniform heating conditions are 60 min for
temperature rise and 60 min for temperature retention. After heating, the crucible was removed
from the furnace, and the PG in the crucible was poured on an aluminum plate that was pre-

NaPOs + Al(PO3)s
Molar ratio  1:1

Sn, Al
0.01-0.5 mol%

Fig. 1. (Color online) Fabrication of PG with different impurities.
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heated to 400 °C in parallel with the crucible and naturally cooled in air atmosphere. The
produced PG was cut into a shape according to its purpose using a band saw (K-100 manufactured
by Hozan Co., Ltd.).

2.2 Optical measurement

Fluorescence from the prepared PG samples was first conveniently observed under a portable
UV lamp with excitation center wavelengths of 254 and 365 nm. Light emission was almost
negligible from both Al: PG and Sn: PG under 365 nm wavelength regardless of the
concentrations of aluminum and tin. On the other hand, the samples showed bluish-white
fluorescence under deep-UV irradiation with a center wavelength of 254 nm. The fluorescence
intensity seems to increase with the aluminum or tin concentration. For Al: PG, the light
intensity increased until the concentration reached 0. mol%, but no significant change in
fluorescence intensity was observed thereafter. For Sn: PG, fluorescence could not be confirmed
up to 0.02 mol%, but in samples with an additional concentration of 0.05 mol% or more, the
fluorescence intensity tended to increase with the Sn concentration.

Then, two PG samples were evaluated using a UV-Vis modular spectrofluorometer
(Fluorolog3, HORIBA Ltd.) and a lifetime fluorometer (DeltaFlex, HORIBA Ltd.). The
spectrofluorometer has a Xe lamp as a light source and a photomultiplier as a detector. Spectra
can be obtained in the range from 250 to 850 nm. The lifetime fluorometer is additionally
utilized as a time-correlated single-photon counting (TCSPC) system for nanosecond-scale
optical attenuation!® and a multichannel scaling (MCS) system for microsecond-scale optical
attenuation decay measurement.'”) Because of the limitation in the system configuration, two
different wavelengths were employed for the measurements. A laser diode with a center
wavelength of 507 nm was utilized for the TCSPC system, whereas another DC-LED with a
center wavelength of 286 nm was employed for the MCS system.

3. Results
3.1 Excitation and emission spectroscopy

Figure 2 shows the results of photoexcitation and emission spectral mapping that were
performed for PG with additional aluminum impurities of 0.1 mol% (Al: PG) and tin impurities
of 0.5 mol% (Sn: PG). The samples of Sn: PG and Al: PG were selected at the impurity
concentration where the brightest photoluminescence was observed in the optical investigation,
as shown in Fig. 3. Figure 4 shows photoluminescence spectra of Al: PG and Sn: PG.
Photoemission spectra were obtained with several excitation wavelengths for both Al: PG and
Sn: PG. The graph’s vertical axis represents the corrected fluorescence intensity, and the
horizontal axis represents the emission wavelength. Broadband white luminescence was
observed under the excitation light of 250-290 nm, and Al: PG and Sn: PG showed several peaks
at around 370, 420, and 470 nm. The fluorescence spectral shapes of Al: PG and Sn: PG were
different from each other.
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Fig. 2. (Color online) Photoexcitation and emission spectral mapping from PG with (a) aluminum and (b) tin
impurities.
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Fig. 3. (Color online) Comparison of optical observations under 365 and 254 nm ultraviolet light of PG samples
with additional (a) aluminum and (b) tin impurities with different molar ratios from 0.01 to 0.5 mol%.
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Fig. 4. (Color online) Photoluminescence spectra from PG with (a) aluminum and (b) tin impurities.
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The comparison of the overall fluorescence intensities of the two showed that Sn:PG has a
higher value than Al:PG. In addition, under the excitation light of 500-540 nm, both Al: PG and
Sn: PG showed emission peaks near 570 nm.

3.2 Decay curve analysis of PG with tin and aluminum impurities

Fluorescence attenuation curves were obtained for Al: PG and Sn: PG by utilizing an optical
lifetime fluorometer system. Since multiple fluorescence peaks were observed, several
wavelengths were measured. DC light from an LED with a center wavelength of 286 nm was
utilized, and the DC light was turned off at a particular time period. Then, attenuation in the
microsecond scale was observed (MCS mode). Figure 5 shows a comparison of two-lifetime
fluorometer outputs. The results of fitting the obtained decay spectra through the MCS mode
illustrate the difference between the two samples. Attenuation curves using the exponential
functions of the three components are shown in Tables 1 and 2. Clearly, there is a significant
difference in fluorescence lifetime on the order of microseconds between Al: PG and Sn: PG for
emission wavelengths of 360, 420, and 500 nm. Also, the fluorescence lifetime on the order of
nanoseconds was obtained with a TCSPC system with pulsed excitation light at 507 nm
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Fig. 5. (Color online) Comparison of optical attenuation curves of PG in microsecond scale obtained with an
optical lifetime fluorometer with (a) aluminum impurity and (b) its expanded image, and (c) tin impurity and (b) its
expanded image.
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Table 1

Attenuation factors for Al: PG under ultraviolet excitation with 286 nm wavelength.
Emission (nm) 71 (u1s) 72 (us) 73 (us)  Average (us)

360 nm 3.7 9.0 47.8 4.6
(Contribution ratio) (70.0%) (25.2%) (4.8%)

420 nm 5.8 29.3 174.2 10.1

(Contribution ratio) (50.8%) (31.7%) (17.5%)

500 nm 10.2 413 279.5.8 24.6

(Contribution ratio) (30.2%) (41.5%) (28.3%)

Table 2

Attenuation factors for Sn: PG under ultraviolet excitation with 286 nm wavelength.
Emission (nm) 71 (us) 72 (us) 73 (us)  Average (us)

360 nm 3.6 7.1 20.8 44
(Contribution ratio) (65.2%) (30.8%) (4.0%)

420 nm 4.9 9.5 44.6 6.3
(Contribution ratio) (54.7%) (42.3%) (2.9%)

500 nm 9.1 20.0 114.4 11.2
(Contribution ratio) (66.2%) (32.2%) (1.7%)

wavelength. These differences between impurities are also visible in the TCSPC system with an
emission wavelength of 560 nm. Figure 6 shows the difference in decay attenuation curve
obtained for the emission wavelengths of 360 and 560 nm using the MCS and TCSPC systems,
respectively.

3.3 Time-resolved fluorescence analysis

The time-resolved fluorometer enables us to obtain time-resolved emission spectra
(TRES),?" as shown in Figs. 7 and 8. Wavelength-dependent time-resolved decays are obtained
as shown in Figs. 5 and 6. Through the time slice analysis of those multiple decay curves, TRES
can be illustrated for each decay time span. Figure 7 shows the original and normalized TRES
for Al: PG through the analysis of fluorescence attenuation curves in a wavelength range from
330 to 550 nm with an acquisition time of 120 s. The vertical axis of the attenuation curve
corresponds to the spectral intensity for TRES and the horizontal axis represents the emission
wavelength. The shape changes of the spectrum sliced every 6.3 us were acquired from about 0.7
us after the light source was cut off to 47 us. Through TRES, the peak shift was observed on the
long-wavelength side with the passage of time after the light source was cut off. It is considered
that Al: PG has a fluorescent component with a relatively long life on the long-wavelength side.

The same TRES analysis was performed for Sn: PG and is illustrated in Fig. 8. The analysis
targeted attenuation curves in the wavelength range from 330 to 550 nm. The acquisition time
was set as 120 s. The shape changes of the spectrum sliced every 6.3 us were acquired from
about 0.7 us after the light source was cut off to 47 us. Through TRES, a similar peak shift was
observed for Sn: PG as well. The comparison of the results of TRES analysis clearly showed that
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Fig. 6. (Color online) Comparison of optical attenuation curves of PG with tin and aluminum impurities in (a)
microsecond scale with emission wavelength of 360 nm (MCS) and (b) nanosecond scale with emission wavelength
of 560 nm (TCSPC).
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Fig. 7. (Color online) (a) TRES and (b) normalized TRES of Al: PG in the wavelength range from 330 to 550 nm
for attenuation time constants from 0.7 to 47.0 us.
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Fig. 8.  (Color online) (a) TRES and (b) normalized TRES of Sn: PG in the wavelength range from 330 to 550 nm
for attenuation time constants from 0.7 to 47.0 ps.

Sn: PG has a longer lifetime for a longer wavelength than Al: PG; therefore, the origins of the
two types of broadband fluorescence may be different from each other.



742 Sensors and Materials, Vol. 34, No. # (2022)

4. Discussion

The decay constant and TRES analysis suggest to us the difference in the origin of the
broadband luminescence emitted from Al: PG and Sn: PG. The comparison of the decay curves
for 360 nm showed that the long-lifetime component (r3) contributes to illustrating the
differences in both decay curves. It maintains a similar relationship with different emission
wavelengths of 420 and 500 nm, although it is not illustrated in Fig. 6. TRES analysis is an
effective tool for visualizing the origin of these differences in the wavelength-dispersive mode.
Although similar spectra were obtained under the initial condition, Sn: PG and Al: PG showed
different intensities of peak shift for the time span from 0.7 to 47 us. Previous research suggested
that Sn can form Sn2?*, which exhibits broadband white light emission in other types of glass
crystal.21=24 It may form similar or other color centers in the PG as well, as we see broadband
luminescence from Sn: PG samples. Aluminum-related defects>326) may have their origin from
the color center for broadband luminescence that corresponds to Al: PG samples. Since
aluminum is included in the host crystal, there might be a particular concentration threshold to
produce such color centers. Results indicated that the origin of the broadband luminescence is
dependent on the impurities. However, it is subjected to an indirect analysis and may be
ambiguous. Further chemical analysis, including elemental composition analysis such as
secondary electron microscopy with energy-dispersive spectroscopy (SEM-EDS) or electron
spin resonance (ESR), should be conducted to determine the origin and color centers created in
PG. Moreover, transmittance should be measured, and the coincidence of the absorption and
excitation wavelengths should be investigated further to identify the origin of the other
luminescent centers that appeared in the data.

5. Conclusions

The optical properties of PG with two different impurities, namely, aluminum and tin, were
investigated by fluorescence analysis. Broad white luminescence was observed from PGs with
tin and aluminum impurities under deep ultraviolet exposure. Through emission and excitation
spectroscopy and decay curve measurement, it is assumed that the origin of the broadband
luminescence differs depending on the impurities introduced. In addition, TRES analysis was
performed and spectroscopy at each decay time span was illustrated and compared. Results
showed that the origin of the broadband luminescence is dependent on the impurities. Further
chemical analysis should be carried out to determine the origin and color centers created in PG.
Since aluminum is included in the host crystal, there might be a particular concentration
threshold to produce such color centers. The RPL dosimeter utilizing silver-activated PG faces a
thin film made of both aluminum and tin, which is used in energy-compensation filters.
Therefore, the results obtained in this study might give important information about two
potential impurities of PG for a better understanding of background noise and the functions of
widely used radio-photoluminescence dosimeters.
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