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In this study, we prepared glasses with the composition of 0.1% Ce-doped (100—x) KPO;-xALO; and investigated luminescent
characteristics. The glass samples with different AL,O; ratio (x = 5, 10, 15, 20, 25, 30 and 40) were synthesized by the melt
quenching method. The All samples had high transmittance (80-90%) at wavelengths longer than 350 nm except for x = 40,
and by increasing the ALO; ratio, the transmittance of the samples was improved. From the measurements of
photoluminescence (PL) decay curve, the luminescence decay time was confirmed to be typical for the 5d—4f transition of Ce’"
(~30 ns). The samples showed thermally-stimulated luminescence (TSL), and the sensitivity of dose response was confirmed
to be linear in the dose range from 0.01 mGy to 1 Gy for the x =25 and 30 samples which showed the highest sensitivity among
the present samples. The scintillation spectra show the broad luminescence around 300—500 nm, and these emission intensities
were increased by increasing the Al O ratio.
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Introduction period of time, and this trapping phenomenon can be
used for the dosimeter. Typically, the certain accumulation
Luminescent materials have been used in radiation period of time is one month for personal dosimeters.
detectors for medical [1], security [2], environmental Because the initial steps until the generation of secondary
monitoring [3], personal dose monitor [4], oil-logging electrons is the same, it is suggested that there is
[5], and high energy physics [6,7]. Luminescence complementary relationship between scintillation and
intensity induced by ionizing radiations is proportional storage-type luminescence by ionizing radiations [10].
to the energy deposited in the material by the interaction Ag-doped phosphate glass is one of the common
with the ionizing radiation and material, and we can materials for the dosimeter and shows luminescence
calculate the radiation dose or energy by the evaluation called radio-photoluminescence (RPL) when irradiated
of the luminescence intensity. When the luminescent with UV light after exposed ionizing radiation. Since
material is irradiated by ionizing radiation, firstly, an the amount of luminescence of RPL of this glass is
energetic electron is ejected from the lattice (in the case proportional to the ionizing radiation dose, it is applied
of crystalline materials), and this energetic electron to a commercial dosimeter by Chiyoda Technol Corp
generates a large number of secondary electrons via the [11]. Although there are many kinds of material forms
Coulomb scattering. The generated secondary electrons for dosimeters such as glass, ceramics and crystals, one
show immediate light emission if they recombine with of the biggest advantages of the glass materials is a
holes at localized luminescence centers or are captured wide range of freedom in chemical compositions. In
by carrier trapping centers. The immediate emission is addition to the benefit of the composition, glasses have
utilized for the scintillation detectors [8], and the a high workability and can be mass-produced easily.
captured carriers are used for the dose monitoring for a Apart from the Ag-doped glass for the dosimeter, in
certain accumulation period of time [9]. When the general radiation detectors, Ce-doped materials have
external stimulation is given to trapped carriers, they been widely used because Ce-doped materials show an
are re-excited to the conduction band, and some of them intense absorption in the UV region and emission in the
can show emission by the recombination at luminescent near UV or visible region. This luminescence wavelength
centers. The number of trapped carriers is proportional is preferable since the wavelength sensitivity of
to the dose irradiated within a certain accumulation conventional photomultiplier tubes used for radiation

detection is high in UV-VIS wavelength. Trivalent Ce
possesses parity allowed 4f-5d transition in the
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However, rare-earth ions cause the concentration
quenching phenomenon due to the clustering tendency,
which decreases the luminescence yield of Ce** [12, 13].

Up to now, we have investigated Ce-doped glasses,
and as a part of our continuous researches [14, 15], we
report the Ce-doped KPOs-Al,O; glass in this time. In our
recent study, we found that the optimum concentration
of Ce was around 0.1% [16], so we investigated the
effect of changing the ratio of Al,O; and KPOj; under
the fixed Ce concentration of 0.1%. The addition of
Al,O3 into the phosphate glass enhances the glass
forming capacity and at the same time reduces the non-
bridging oxygen [17]. Al,O3 increases the solubility of
rare earth ions and restrain the concentration quenching
phenomenon on luminescence [18]. Moreover, the
presence of Al in a glass promote to reduce Ce*" ions
and increase Ce*" ions [19]. However, the relation of
the host composition (Al,O; and KPOj; ratio) and
radiation induced luminescence properties has not been
studied yet. Therefore in this study, we prepared the
glass with the composition of 0.1% Ce-doped (100—x)
KPO;-xAl,0O; and investigated luminescent characteristics.

Experimental Procedure

The compositions of samples were set to 0.1Ce:(100—x)
KPO;-xAl,0s. Sample IDs and the melting temperature
of each sample are shown in table 1. After mixing the
raw material powders of CeO, (4N), (KPOs)n (2N) and
Al,O5 (4N) according to the composition listed in Table
1, the glasses were prepared by the conventional melt-
quenching method using electric furnace with the
temperature kept at 1100-1400 °C for 30 min in air
atmosphere. The melt was then press-quenched between
preheated stainless-steel plates kept at about 300 °C.
Finally, the samples were cut and polished to the
typical size of ~6 x 6 mm?.

X-ray diffraction (XRD) patterns of the sample 40Al
is measured by MiniFlex 600 (RIGAKU) in order to
verify the precipitation in the glass sample. The in-line
transmittance spectra were evaluated by using a
spectrophotometer (V670, JASCO) across a spectral range
190-2700 nm with 1 nm interval. The PL excitation/
emission spectra and PL quantum yields (QY) were

Table 1. Compositions, sample IDs and melting temperatures of
the samples investigated in the present work.

Compositions Sample ID Melting [tfgiperature
95KPO;-5A1,0; 05Al 1100
90KPOs-10A1,05 10Al 1200
85KPOs-15A1,04 15Al 1200
80KPO;-20A1,0; 20Al 1300
75KP0O;-25A1,0; 25Al1 1300
70KPO;-30A1,04 30Al 1350
60KPO;-40A1,05 40Al 1400

obtained by Quantaurus-QY (C11347, Hamamatsu
Photonics). The excitation and emission spectral ranges
were 250-400 and 200-900 nm, respectively. In this
measurement, the excitation interval was 10 nm. The
PL decay lifetimes were evaluated using a fluorescence
lifetime measurement system: Quantaurus-Tau (C11367,
Hamamatsu Photonics). The excitation and monitoring
wavelengths were determined based on the results of
PL excitation/emission measurements. In order to
evaluate excitation spectrum in vacuum ultra violet
(VUV) wavelength, we have evaluated the excitation/
emission spectra of all the samples at Synchrotron
facility, UVSOR (BL7B). In this evaluation, the excitation
wavelength was from 50 to 200 nm with 2 nm step.

We measured the TSL properties of the glass samples
as a dosimetric properties. TSL glow curves were
measured using TL-2000 (Nanogray Inc.) after irradiating
X-ray (1 Gy) [20]. Here, the measured temperature
range was 50—-450 °C and the heating rate was 1 °C/s.
Each sample was annealed at 50 °C for 5 minutes before
measurements. In addition, we measured a series of
TSL glow curves with various irradiation doses 0.01-
1000 mGy to obtain a dose response function for each
glass sample. Here, the response value was defined as
an integrated signal over the certain temperature range
of measurement. The irradiation dose was controlled
by distance from the X-ray source (0—82 cm), irradiation
time (6—60 sec) and tube current (0.052—5.2 mA), and
the dose was calibrated by using ionizing chamber
(TN30013, PTW).

X-ray induced scintillation spectra were evaluated
using our original measurement system [21]. An X-ray
generator (OURTEX Corporation) equipped with a
conventional X-ray tube was used as the radiation source.
The X-ray tube was operated with a tube voltage and
current of 80 kV and 1.2 mA, respectively. The emission
from the samples were detected by using a CCD-based
spectrometer (DU-420-BU2, Andor).

Results and Discussions

Glass samples and transmittance

Fig. 1(a) shows the appearances of the glass samples
prepared here. All the samples looked transparent to
naked eyes under room right. When we irradiated UV
photons from the UV lamp (302 nm), all the samples
exhibited the bluish-purple luminescence, as shown in
Fig. 1(b). Although most samples can be synthesized
by the melt-quenching method, one of the samples,
namely the ID-40Al, became a white opaque ceramic,
although we tried to synthesis several times. In addition,
we also tried to obtain 35Al sample, but we could not
synthesis a fully transparent sample. Therefore, we
concluded that the maximum Al,O; ratio in this series
of glasses would be around 30%.

Fig. 2 shows the result of XRD measurement for
40A1 sample. The measurement result showed several
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Fig. 1. Photographs of the glass samples under (a) room light and
(b) UV irradiation (302 nm).
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Fig. 2. XRD pattern of the glass sample 40Al.

diffraction peaks in addition to the halo peak at the
range of 10—40 degrees, suggesting that the sample is
mainly a glass containing some amorphous states.
Since this diffraction pattern is roughly in agreement
with the pattern of AlL,Os;, we consider that Al,O;
microcrystals mixed in the glass make the sample
whitened.

Optical characterizations

Fig. 3 shows in-line transmittance spectra of all the
samples except for ID-40Al. These samples indicated a
high transmittance at the wavelength longer than 350
nm, and the transmittance reached to 80-90% at
visible wavelength. By increasing the Al,O5 ratio, the
transmittance of the samples is improved. Generally,
the transmittance decreases when impurities are added
to glass, but in the present case, Al,O; can form a glass
network as a host element rather than as an impurity. In
addition, it is known that Al,O; reduces non-bridging
oxygen and blends well with alkali metal. As a result,
addition of AlL,O; in our glass worked to suppress
scattering and absorption in the glass. As shown in Fig.
4, the glass forming region of K,0-Al,03-P,0s ternary
system shows that content of Al,O; is limited to about
30% [22], and this is consistent with our results. The
absorption below 350 nm was ascribed to 4f-5d
absorption of Ce®" ions, and the absorption levels were
similar in all the samples despite the difference of the
chemical composition of the host.

Fig. 5(a) and (b) represent PL excitation/emission

100, a T T T .I
L 5 _—
3 80+ rm -~ !1
§ 60 - -
s — 30Al
E —25Al
g 40 20A1
g || — 154l
= 20+ 10AL
EEi] (= 1] £l 1 ﬁs"“
ol : Wnﬂ.:nlll!l:nl d
1000 2000

Wavclength [nm]

Fig. 3. Optical in-line transmittance spectra of prepared glass
samples. The inset expands the shorter wavelength range.
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Fig. 4. Glass forming region of K,0-Al,03-P,Os ternary glass
system from INTERGLAD Ver. 7 [22].

contour graph of 30Al as a representative in VUV and
UV-VIS ranges, respectively. The spectrum of the
sample 30Al shows intense emission from 350 to 500
under excitation at 180 nm and 350-420 nm under
excitation at 310 nm. The excitation at 180 nm would
be ascribed to the band gap of this host, and that
corresponded to 300-340 nm were attributed to 4f—5d
excitation of Ce** which coincided with the absorption
bands observed in the transmittance. All the samples
had a similar spectra shape, although the composition
of the host differed. When the samples were excited by
the wavelength of 310 nm, samples showed an intense
emission peaking around 360 nm, and we evaluated the
QYs in this condition. As a result, the QYs were 9-24%
depending on the composition, and the sample 30Al
exhibited the highest QY among the present samples.
Fig. 6 summarizes the relationship between the Al ratio
and PL-QY. As the Al content increased, PL-QY also
increased. It would be due to the change of Ce*" in the
glass to Ce*" by the increase of the amount of Al,O;.
Fig. 7 exemplifies PL decay curves of all the samples.
The decay curves of the samples were approximated by
single exponential decay function. Table 2 summarize
the approximated PL decay lifetimes of the Ce-doped
glasses from measured the decay curves. The deduced
decay lifetime constant was approximately 30 ns in all
the samples. From the typical decay lifetime of Ce**
reported up to now, the origin of the observed decay
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Fig. 5. PL excitation/emission contour graphs of the 30Al sample. (a) and (b) are measured under the condition that the excitation
wavelengths were 50—200 and 250—400 nm, respectively. The vertical and horizontal axes represent the excitation and emission wavelengths,

respectively.
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Fig. 6. PL-QY of Ce-doped (100—-x)KPO;-xAl,O; glasses plotted
as a function of Al,Oj ratio.
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Fig. 7. PL decay profiles of Ce-doped (100—x)KPOs-xAl,0;

glasses.

lifetimes is considered as the 5d—4f transitions of Ce**
[23]. The tendency of QY and PL decay lifetimes
constants roughly matched up that the fastest sample
had the highest PL-QY. In order to consider this
phenomenon further, we calculated the radiative and
non-radiative transition rates denoted as k. and &,
respectively. The observed PL decay lifetime 7 can be
expressed by the equation of 7 = 1/(k; + k). In addition,
a PL-QY is expressed as QY = k/Ak; + k). From these
relationships, the transition rates can be obtained by the
following equation.

k.= QY
k=1 -0V

As an example, SAl sample had k. and £, as 3.10 x

Table 2. PL decay time constants as a function of Al ratio.

IDs Decay time constants (ns)
05A1 29.04
10A1 29.26
15A1 29.74
20A1 30.39
25A1 31.64
30Al 31.90

10° s and 3.13 x 107 s, respectively. On the other hand,
the radiative transition and non-radiative transition
rates of 30 Al are 7.52 x 10° s and 2.38 x 107 s,
respectively. The radiative transition rate increased in
proportional to Al ratio, and the non-radiative transition
ratio showed the opposite tendency. Thus, we can
consider the higher QY of Al-rich samples are ascribed
to the suppression of the non-radiative transition
probability.

Dosimetric properties

Fig. 8 depicts TSL glow curves of all the samples
after 10 Gy X-ray irradiation. In the overall tendency,
the measured TSL grow curves showed peak shifts to
the low temperature side along with an increase of the
Al,Os ratio. We think this is because aluminum ions
compensated for defects in the glass by increasing of
Al,O5 ratio. As a result, the deep traps disappeared, and
we could observe only shallow traps.

From the integration of TSL glow curves, we evaluated
the characteristic of dose response. The dose response
function of all the samples are shown in Fig. 9. The
samples of 25A1 and 30Al exhibited the best linearity
and sensitivity in the range of 0.01-1000 mGy. The lower
detection limit of these glasses was the comparable
level with some commercial dosimeters [24]. Compared
with the cases of the other phosphate glasses containing
Li and Na as an alkali metal, the prepared glasses were
improved on the sensitivity for radiation.

Scintillation characteristics
A broad emission peak 300-500 nm was detected,
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Fig. 8. TSL grow curves of Ce-doped (100—x)KPO;-xAl,0;
glasses after 10 Gy irradiations.
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Fig. 9. TSL response as a function of X-ray dose for Ce-doped
(100—x)KPO;-xALO; glasses.
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Fig. 10. X-ray induced scintillation properties of the glass samples.

and the emission wavelength was close to that of PL
excitation/emission contour graph. Therefore, the origin
of scintillation is also due to Ce’*. The scintillation
intensity increased to depend on the amount of Al,O;.
This tendency was similar to that of QY In the
conventional Robbins model, the scintillation light
yield is roughly expressed as the product of the energy
migration efficiency from the host to emission center
and QY. Thus, we can consider that the present samples
have a similar energy migration efficiency, and it

would be reasonable because the composition of the
host are similar (only Al ratio differs) and the number
of emission center which is a goal of the energy
migration is fixed.

Summary and Conclusions

The Ce 0.1% doped K,0-AlL,O5-P,Os5 glass samples
with different ratios of Al,O3; were synthesized by the
melt quenching method. When we increased Al ratio,
the maximum ratio was Al = 30, and we could not obtain
a glass sample in Al=40. The synthesized samples
were evaluated on the optical, PL, dosimeter and
scintillation properties. Among the present samples, the
30Al sample showed the best properties on QY,
scintillation intensity and the best linearity and sensitivity
as a TSL dosimeter.
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