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HIGHLIGHTS

o Glass ceramics consisting of BaAlBOsF,:Sm crystallites were obtained.

« RPL was observed in BaAlBOsF,:Sm due to Sm>* — Sm?* valence change.
o The RPL sensitivity was confirmed as low as 10 mGy.
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In this research we have found that Sm-doped BaF,;-Al,03-B,03 glass ceramics show radio-
photoluminescence (RPL) properties associated with X-ray irradiation. Before X-ray irradiation, the
photoluminescence (PL) emission is only due to the 4f-4f transitions of Sm>* observed around 600 nm;
however, after X-ray irradiation it shows additional PL emissions due to the 4f-4f transitions of SmZt, We
attributed the origin of this RPL due to the inter-valence conversion of Sm ion (Sm>* — Sm?*). The glass
ceramic sample includes BaAlBOsF, crystallites in the glass matrix, and the RPL is only valid for Sm
included in the crystalline phase since the precursor glass (without the crystalline phase) does not show
RPL. The RPL response is so stable that it does not show any indication of fading even by heating at high
temperatures up to 400 °C. For radiation sensing applications, we have confirmed that it shows a
monotonically increasing response with X-ray dose at least over the 10—10,000 mGy; and it has been
demonstrated for 2D dosimetry applications.

Sm
X-rays

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Phosphor materials are often used for radiation measurements
(Knoll, 2010). A scintillator is a common example, which is well
known to emit light instantly as a result of interacting with incident
radiation. In contrast, storage phosphors are also used for radiation
sensing for its distinct advantages; for example, it does not require
external circuits and batteries during radiation sensing. Thermally-
stimulated luminescence (TSL) (McKeever, 1985) and optically-
stimulated luminescence (OSL) (Yukihara and McKeever, 2011)
are well characterized radiation-induced phenomena in storage
phosphors and widely used for dosimetry applications such as
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personnel dose monitoring (McKinlay, 1981) and X-ray imaging
(Rowlands, 2002). In recent years, in contrast, there are growing
scientific and practical interests in so-called radio-photo-
luminescence (RPL). RPL is a phenomenon seen in phosphors that
irradiation generates luminescent centres; therefore, photo-
luminescence (PL) intensity represents the concentration of centers
created and hence the amount radiation dose delivered (Belev et al.,
2011). The radiation-generated luminescent centres are typically so
stable that, unlike TSL and OSL, one can read out the signal multiple
times without experiencing fading of signal and it allows us to
utilize fluorescent microscopy readout in order to achieve sub-
micrometer image resolution (Akselrod and Akselrod, 2006;
Kurobori et al., 2016; Okada et al., 2011). Despite these distinct
advantages, there are not many materials known to show RPL
today. Some selected materials are: LiF (Levita et al., 1976), Ag-
doped phosphate glasses (Yokota and Imagawa, 1967), Aly0s:C,
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Mg (Akselrod et al., 2003), and Sm-doped crystals, glasses, and
glass-ceramics (Belev et al., 2011; Martin et al., 2013; Morrell et al.,
2014; Okada et al., 2014, 2013, 2011; Vahedi et al., 2012).

In the present work, we have synthesized and characterized
BaF,-Al,03-B,03 glass ceramics for novel radiation dosimetry ap-
plications. Previously, Shinozaki et al. (Shionozaki et al., 2012) has
reported that BaAlBOsF, crystals formed in 50BaF,-25Al,03-
25B,03 glass by heat-treatment and single crystal line can be
induced on the surface of the glass doped with NiO by using a laser
induced crystallization technique, which allows us to draw optical
light guides in glass. Note that the glass composition corresponds to
the stoichiometric composition of BaAlBOsF,. Shinozaki et al.
(2014) has also reported that Eu3+—doped BaF,-Al,03-B,03 glasses
exhibit highly efficient red PL up to ~97% of quantum yield and
small concentration quenching. Tao et al. (2014) has reported that
Eu®*-doped BaAIBOsF, crystal shows high efficient blue PL with
72% of quantum yield. These reports indicate that rare earth doped
BaF,-Al,03-B,03 glasses and glass-ceramics with BaAIBOsF, crys-
tals have high potential as efficient phosphors. The aim of this
paper is synthesis, characterizations, and radiation dosimetry ap-
plications of Sm-doped BaF,-Al203-B,03 glass system.

2. Materials and methods

1Smy03-doped 50BaF;-25A1,03-25B;03 (in  mol%) glass-
ceramics were synthesized as follows. Reagent grade powders of
Sm;,03, BaF,, Al,03 and B,03 were mixed first, and the mixture (10 g
batch) was then loaded in a Pt crucible and melted at 1200 °C for
20 min in an electric furnace. Next, the melt was poured on to an
iron plate and pressed by another plate to fabricate a glass plate
with the thickness of ~1 mm. After mechanically polished to mirror
finish with CeO, powder, the as-prepared glass samples were heat-
treated at a series of temperatures (500, 510, 525, and 550 °C) for
3 h by means of nucleation and growth of BaAlBOsF, crystalline
phase, and to obtain glass-ceramics.

Glass transition (Tg) and crystallization (T,) temperatures of as-
synthesized glass were characterized by differential thermal anal-
ysis (DTA; Thermo plus TG8120, Rigaku), with a heating rate of
10 °C/min. The presence of crystallites and crystalline structures in
heat-treated glass samples were confirmed using a powder X-ray
diffractometer (XRD; MiniFlex 600, Rigaku). Also, we have observed
the surface of the samples with scanning electron microscopy
(SEM; JSM-6510, JEOL) for verification of the crystalline phase and
to estimate the approximate grain size. For the SEM measurement,
sample surface was chemically etched by soaking in 1N-HCl for
3 min.

Optical transmittance  was

measured by using a

spectrophotometer (V-670, JASCO). PL emission and excitation
spectra were measured using a spectrofluorormeter (FP8600,
JASCO). RPL as an X-ray induced response was measured using a
separate experimental setup. Here, as an excitation source, a Xenon
lamp (LAX-C100, Asahi Spectra) was used with a combination of
bandpass filter to obtain a 340 nm excitation light, which was
delivered to the sample. Upon PL excitation, the emission light was
collected by a fibre-coupled lens and guided to a CCD-based spec-
trometer (QEPro, Ocean Optics) to digitize the PL spectrum. The RPL
response was defined as: Response = [;(650—750 nm) —
Ip(650—750 nm) where the former and latter terms are integrated
PL intensities over 650—750 nm of irradiated and non-irradiated
samples, respectively. X-ray irradiations were carried out using an
X-ray generator (XRBOP&N200X4550, Spellman), which was
equipped with a conventional X-ray tube with a W anode and Be
window. The applied voltage was fixed to 40 kVp. The represen-
tation of X-ray dose used throughout this paper is dose in air at the
entrance of sample.

3. Results and discussion

Fig. 1 shows Sm-doped BaF,-Al,03-B,03 samples with different
heat-treatment histories. It is clearly seen that the sample colour
becomes milky with increasing heat-treatment temperature. The
one annealed at 525 °C is still seen translucent while the one
annealed at 550 °C is almost completely opaque.

Fig. 2 shows in-line transmittance spectra of Sm-doped BaF,-
Al,03-B,03 samples with different heat-treatment histories. On
one hand, it is clearly seen that the as-prepared glass sample and
annealed samples at 500 and 510 °C are very transparent in the
near-UV, visible, and near infrared regions with some absorption
features by Sm>* ions; and these spectra have no significant dif-
ference. On the other hand, the ones annealed at higher tempera-
tures (525 and 550 °C) show much less transmittance. The
transmitted intensity decreases as the absorption edge shifts to-
wards longer wavelengths with increasing heat-treatment tem-
perature. The latter behaviour is typical for Mie-scattering, in which
size of the scattering centres is equivalent or larger than the
wavelength and light scattering is independent of the wavelength.
This result is consistent with visual observation of the samples
shown in Fig. 1 where the samples annealed at 525 and 550 °C look
milky due to significant scattering of light. It should be also pointed
out that there are notable difference in refractive indices between
the glass matrix and crystal (Shionozaki et al., 2012), otherwise the
BaAIBOsF; crystallites do not act as scattering centres.

Fig. 3 shows DTA thermogram recorded for Sm-doped BaF,-
Al;03-B,03 glass. The glass transition temperature (T,) was clearly

Fig. 1. Synthesized samples with different heat-treatment histories.
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Fig. 2. Transmittance spectra of Sm-doped BaF,-Al,03-B,03 samples with different
heat-treatment histories.

detected around 490 °C, and there is an intense exothermal peak
around 575 °C. The latter peak temperature is about 10 °C higher
than the value reported earlier (Shionozaki et al., 2012); and the
previous work pointed out that this exothermal peak corresponds
to an bulk crystallization of BaAIBOsF, crystalline phase, and the
crystallization mechanism is bulk crystallization. Shinozaki et al.
proposed that the glass is composed of similar structure units, i.e.,
BO3; and Al(O,F)x units without non-bridging oxygen (Shinozaki
et al., 2014). The structural similarity indicates the phase transi-
tion rate would be high. Since the previously reported data were
measured with a sample without any rare earth dopant, it is
possible that the addition of Sm,03 has somewhat increased the

Fig. 3. DTA thermogram of as-prepared Sm-doped BaF,-Al,03-B,03 glass.

crystallization temperature.

Fig. 4 shows XRD patterns of Sm-doped BaF,-Al,03-B,03 sam-
ples with different heat-treatment histories. Also, at the bottom of
the figure, XRD card pattern of BaAlIBOsF, (PDF #8100293) is rep-
resented. The XRD data clearly indicates that the sample remains
glass for those without heat-treatment and annealed at lower
temperatures whereas BaAIBOsF, crystalline phase appears for
those annealed at 525 °C and higher temperatures. Furthermore,
comparing between those annealed at 525 °C and 550 °C, the
diffraction intensities are much more pronounced for the latter
sample.

Fig. 5 shows SEM images of Sm-doped BaF,-Al,03-B,03 samples
annealed at (a) 510 °C, (b) 525 °C, and (c) 550 °C for 3 h. The image
of the sample annealed at 510 °C looks relatively smooth but there
are some noticeable bright spots with negligibly small diameter
(estimated ~0.2 pm? on average). It is not easy to identify by EDS
what these spots are because the glass and BaAIBOsF; are related
(stoichiometric) composition, but some possibilities are: (a) the
particles are so small and little compared to the entire volume that
the signal was below the detection limit in XRD; and (b) separated
phase of host matrix. With increasing heat-treatment temperature,
the structure becomes much more pronounced. Since the XRD
measurements showed clear diffraction patterns of BaAlBOsF, for
annealed samples at 525 and 550 °C, these considerable features
seen in Fig. 5 (b) and (c) are attributed to BaAIBOsF, crystallites.
When annealed at 525 °C, the average crystalline size is approxi-
mately ~0.6 pm?. When annealed at 550 °C, the SEM image is
almost entirely covered by crystalline grains with the average size
of ~2 ym?.

Fig. 6 shows PL emission spectra of Sm-doped BaF,-Al,03-B,03
glass-ceramic samples irradiated by different X-ray doses, 0, 1, and
10 Gy. The excitation wavelength used here is 340 nm. The spectra
are normalized to the peak intensity around 650 nm to become
unity. Without any X-ray irradiation, the sample shows PL emis-
sions only due to the 4f-4f transitions of Sm>*. After X-ray irradi-
ation, additional emissions are observed mainly around 700 nm;
and the intensity increases with increasing irradiation dose. For the
spectral positions, it is reasonable to attribute these emissions due
to the 4f-4f transitions of Sm?*. The attributions are also supported

Fig. 4. XRD patterns of Sm-doped BaF,-Al;03-B,03 samples with different heat-
treatment histories.
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Fig. 5. SEM images of Sm-doped BaF,-Al,03-B,0; samples with different heat-
treatment histories: (a) 510 °C, (b) 525 °C, and (c) 550 °C for 3 h.

by excitation spectrum. Fig. 7 shows PL emission and excitation
spectra of Sm-doped BaF;-Al;03-B;03 glass-ceramic sample
(550 °C, annealed for 3 h). The excitation spectrum of the Sm3*
emission shows typical sharp line features while the excitation
spectrum of the emission at 694 nm has very broad feature. Such
broad excitation feature is commonly seen in Sm?>*-doped phos-
phors due to its parity-allowed 4f-5d transitions. For these reasons,
in this material system we have intervalence conversion of Sm ion
(Sm** — Sm?*") induced by X-ray irradiation; and it can be
observed as the appearance of PL emissions by Sm?* which in-
creases as a function of irradiation dose. In other words, new
luminescent centres (Sm>*) are generated by X-ray irradiation, so
the phenomenon involved here is RPL. It should be noted here that

Fig. 6. PL emission spectra of Sm-doped BaF,-Al,03-B,03 glass-ceramic samples as a
function of X-ray irradiation dose. The heat-treatment conditions are: 550 °C for 3 h.
The PL excitation wavelength is 340 nm.

Fig. 7. PL excitation spectra of Sm-doped BaF,-Al;03-B,03 glass-ceramic sample
(550 °C, 3 h) as a function of irradiation dose.

the RPL can only be observed in the samples annealed at 525 and
550 °C, which include BaAIBOsF, crystallites. Therefore, we think
that some of Sm ions are embedded in the crystals and RPL is only
effective in the crystalline environment. As illustrated in Fig. 8, the
RPL response was confirmed to increase monotonically against the
incident X-ray dose over 10—10,000 mGy. The lower end is due to
detection limit of the measurement instrument while the X-ray
generator used here can only deliver continuous irradiation up to
10 Gy.

Fig. 9 demonstrates the capability of Sm-doped BaF;-Al;03-B;03
glass-ceramic sample (550 °C, 3 h) to be used for X-ray imaging
applications. The glass-ceramic samples were irradiated through Pb
resolution targets with different spatial frequencies: (a) 0.5, (b) 1.5,
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Fig. 8. RPL response of Sm-doped BaF,-Al,03-B,03 glass-ceramic sample (550 °C, 3 h)
as a function of X-ray irradiation dose.

(c) 2.5, (d) 4.0, and (e) 5.0 Ip/mm. The contrasts (or modulation
transfer function; MTF) of X-ray images are evaluated as MTF =
(Imax — Imin)/(Imax + Imin) Where Iyax is the measured intensity of
irradiated lines, that is in bright bands, and I, is the intensity in
the dark bands. The obtained values from each image are plotted in
Fig. 9 (f). Overall, the MTF values are found to be not impressively
high. We think the reason arises mainly from the irradiation ge-
ometry because the X-ray generator is not equipped with a colli-
mator and the distance between the W target and sample was only
~10 cm. Despite the unfavorable irradiation geometry conditions,
the 5.0 Ip/mm lines (100 pm per line) are still reasonably resolved.

Fig. 9. Demonstration of spatial resolution in X-ray imaging applications.

4. Conclusion

We have synthesized Sm-doped BaF;-Al;03-B;03 glass-
ceramics and characterized basic material properties and RPL
properties for radiation measurement applications. The glass-
ceramics are fabricated by heat-treating melt-quenched glass so-
lution. The as-quenched glass shows an intense exothermal peak
around 575 °C in DTA thermogram, which corresponds to nucle-
ation and growth of Sm:BaAlBOsF, crystallites. Observations by
XRD and SEM confirmed that the crystalline phase is present in the
glass matrix when the as-quenched sample is annealed at 525 and
550 °C for 3 h. The average crystalline sizes are ~0.6 and 2 um?,
respectively. PL measurement of glass-ceramic sample before and
after X-ray irradiation revealed that originally doped Sm3* is
reduced to Sm?*. As a result, Sm?" act as luminescent centre (in
addition to Sm>*) and the PL intensity from Sm?* monotonically
increases as a function of delivered X-ray dose. Using the latter RPL
phenomenon, 2D dosimetry was successfully demonstrated and
confirmed that 5 Ip/mm (100 um) is reasonably resolvable with a
basic reader setup.
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