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The photoluminescence and scintillation properties of Eu-doped (0.1, 1, 5, and 10 mol%)
Ca0-Al,05-B,0; glasses were investigated. The photoluminescence spectra showed sharp
emission peaks at ~600 nm owing to the 4f-4f transitions of Eu’". The X-ray-induced
scintillation spectra were also similar to those observed in photoluminescence. The
photoluminescence quantum yield reached 96% in the 10% Eu-doped sample. The
photoluminescence and X-ray-induced scintillation decay curves were clearly observed, and the
decay time constants were of 1 ms order.

1. Introduction

Ionizing radiations such as a-, -, y-, and X-rays have high energy. Above all, X-rays and
y-rays have high penetration power, and these are utilized to inspect objects nondestructively,
such as the human body and luggage. Scintillators to detect ionizing radiation are used in various
applications. Scintillators convert the energy of ionizing radiation to low-energy photons of light
emission. Scintillation consists of three essential steps leading to photon emission. First, the
primary electron is ionized when scintillators absorb the energy of ionizing radiation. The
energized primary electron is scattered with a host lattice, and the secondary electrons are
generated. Second, these electrons and holes are transferred to luminescence centers. Finally, the
electrons and holes are recombined at luminescence centers. As mentioned earlier, the
applications of scintillators include nondestructive inspection processes such as X-ray computed
tomography,() positron emission tomography (PET),? luggage inspection,® environmental
monitoring, and well logging.®) The desired properties of scintillators are high light yield, fast
decay time, low afterglow, and chemical and physical stability.() There are many commercially
available scintillators, and users select suitable scintillators in accordance with their applications.
For instance, Bi,Ge;0, single crystals have been used as scintillators for PET.(”) In recent years,
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Bi,Ge;0;, single crystals have been replaced with Ce-doped Lu,SiOs single crystals for PET
scintillators.®) To develop novel scintillators, researchers have investigated the scintillation
properties of single crystals,®~2D ceramics,?>27) and glasses.(?834)

The lithium glass scintillator (GS20) has been developed for neutron detection, and the light
yield under 137Cs y-ray irradiation is 4000 photons/MeV.3>) GS20 is one of the few commercially
available glass scintillators. Many glasses have been investigated to develop a novel glass
scintillator for the detection of neutron, a-, X-, and y-rays.®®) However, glasses exhibit relatively
low scintillation intensity and light yield, and the reason is attributed to the low efficiency of
carrier transfer from a host to a luminescence center owing to the structure of glass.*®) In
addition, glass is composed of light elements such as SiO,, B,Os, P,Os5, and GeO,. The detection
efficiencies of X- and y-rays roughly depend on the density and effective atomic number of
materials.?) The weak points of glass scintillators can be overcome by including a high
concentration of luminescence centers, especially rare-earth ions. The density and effective
atomic number of glasses increase with the concentration of rare-earth ions. For instance,
glasses doped with Ce*" at more than 10 mol% show a relatively high light yield of up to 3200
photons/MeV under '37Cs vy-ray irradiation.®”) Moreover, the scintillation properties of other
high-Ce3*-concentration glasses have been investigated. 3840 More importantly, these glasses
with high Ce*" concentrations exhibit a high quantum yield (QY). Usually, concentration
quenching is observed in materials with a high concentration of luminescence centers. In
contrast, some materials show high QY even in the high-dopant-concentration region. The
scintillation process includes luminescence at the luminescence center; thus, the scintillation
intensity depends on the QY at the luminescence center. Therefore, we are interested in high-QY
glasses with high rare-earth-ion doping concentration as novel glass scintillators, and CaO—
Al,03—B,0; glass is one of the candidates.

The scintillation and dosimetric properties of rare-earth-doped CaO-Al,0;-B,0; glasses
have been investigated.*!=43) Among them, Ce-doped glass exhibited a high QY of ~60%, and
Tb-doped glass exhibited a similar luminescence intensity from 1 to 5 mol%; thus, these glasses
may possibly have a high QY with a high concentration of luminescence centers. As a
luminescence center, Eu is selected in this study. Eu-doped materials show luminescence at
~600 nm owing to the 4f-4f transitions of Eu3". The typical wavelength sensitivity of the
bialkali-type photomultiplier tube is unsuitable for red emissions at ~600 nm. In contrast, the
wavelength sensitivity of the Si photodiode is suitable for red emissions; thus, the scintillation
properties of materials with red emissions have been investigated.*4=4% In this study, the
luminescence properties of Eu-doped 30Ca0-20A1,0;—-50B,0; glasses under UV and X-ray
irradiations were investigated.

2. Materials and Methods

Eu-doped 30Ca0-20A1,05—-50B,05 glasses were prepared by the conventional melt-
quenching method. The powders used were CaCO3 (99.99%, High Purity Chemicals), Al,O;
(99.9%, High Purity Chemicals), H;BO5 (99.99%, High Purity Chemicals), and Eu,05 (99.9%,
High Purity Chemicals). The nominal concentrations of Eu were 0.1, 1, 5, and 10 mol%. These
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powders were mixed using a mortar and pestle for 15 min. The mixture was put into an alumina
crucible, and then placed into an electric furnace. The temperature of the electric furnace was
1100 °C, and the melting time was 1 h for every sample. The melted mixture was poured onto a
stainless-steel plate heated to 400 °C, and then quickly pressed using another heated stainless-
steel plate.

The X-ray diffraction (XRD) patterns were measured using a powder of crushed samples
(Ultima IV, Rigaku). The photoluminescence (PL) spectra were measured using a spectrometer
(QE2100, Otsuka electronics). The range of excitation wavelengths was 250—400 nm. The PL
QY was also measured using a spectrometer (Hamamatsu Photonics, C11347). The PL decay
curves were also measured using another spectrometer (Hamamatsu Photonics, C11367). The
X-ray-induced scintillation spectra, decay curves, and afterglow curves were measured using
original setups.#’*®) The voltage and current applied to the X-ray tube for obtaining the
scintillation spectra were 80 kV and 1.2 mA, respectively.

3. Results and Discussion

Figure 1 shows a photograph of the synthesized Eu-doped CaO-Al,05-B,0; glasses. Both
surfaces of the glasses were polished with a polishing machine. These glasses were transparent,
and the black lines behind the glasses were clearly viewed. The 10% glass was slightly pink. The
weights of the glasses were 0.5026 g for the 0.1% sample, 1.1275 g for the 1% sample, 0.6271 g
for the 5% sample, and 1.2607 g for the 10% sample. For the following investigations, the glasses
shown in Fig. 1 were used. Figure 2 shows the XRD patterns of the synthesized Eu-doped CaO—
Al,03—B,0;5 glasses. The halo peaks were observed at 20 = ~30° and ~50°. No sharp peaks due
to a crystal phase were observed; thus, the synthesized samples were glass, not a glass ceramic
or crystal. The actual concentration is considered to be lower than the nominal concentration of
Eu,05 owing to the presence of a residual solution in the crucible.

Figure 3 shows the PL excitation and emission spectra of Eu-doped CaO—-Al,0;—B,04
glasses. Sharp emission peaks were observed at ~590, ~613, ~653, and ~702 nm under the
excitation wavelength of 395 nm. Sharp excitation peaks were observed at ~365, ~380, and ~395
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Fig. 1. (Color online) Photograph of Eu-doped Fig. 2. (Color online) XRD patterns of Eu-doped
Ca0-Al1,05-B,0; glasses. Ca0-Al,05-B,0; glasses.
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Fig. 3. PL excitation and emission spectra of Eu-doped CaO—Al,05-B,0; glasses.

nm while measuring luminescence at ~613 nm. In addition, a broad excitation band at ~280 nm
was observed, the origin of which was attributed to the charge transfer of Eu3*.*) The PL QYs
of Eu-doped CaO-Al,05-B,0; glasses are listed in Table 1. The PL QY increased with the Eu
concentration. The PL QY of the 10% sample reached 96%. To investigate the origin of the
luminescence, the PL decay curves of the Eu-doped CaO—-Al,03;—B,0; glasses were recorded
and are shown in Fig. 4. The excitation and monitoring wavelengths were ~340 and 600 nm,
respectively. The optimal excitation wavelength was 395 nm, as shown in Fig. 3, while there are
sharp excitation peaks at ~340 nm. Thus, we chose ~340 nm as the excitation wavelength of PL
decay. The observed PL decay curves were fitted with one exponential function. The obtained
decay constants (zp) are listed in Table 1. The 7p of Eu-doped CaO—Al,05-B,0; glasses in PL
was ~1.8 ms, and this value was typically observed in Eu-doped materials with the 4f—4f
transitions of Eu3".%3D) Thus, the luminescence at ~600 nm was attributed to the 4f—4f
transitions of Eu3".

Figure 5 shows the X-ray-induced scintillation spectra of Eu-doped CaO-Al,03;—B,04
glasses. The intensity was normalized by the maximum intensity at ~613 nm. The sharp
emission peaks were observed at ~600 nm, the same as in the PL spectra. In contrast, the broad
emission band was observed from 300 to 500 nm in only the 0.1% sample. In a previous study,
the undoped CaF,-Al,0;-B,0; glass showed a similar broad luminescence in the same
wavelength region, and the origin of the luminescence was attributed to host emission.*? The
host emission was observed in only the X-ray-induced scintillation spectra, but not the PL
spectra. The X-ray-induced scintillation spectra were measured by X-ray irradiation, and the
X-ray energy was found to be higher than the UV energy. Usually, the energy level of the host
emission center is high, and the UV energy (>250 nm) cannot reach the energy level of the host
emission center. In contrast, generated carriers irradiated by X-rays can reach the energy level of
the host emission center. Therefore, the broad luminescence band was observed in X-ray-induced
scintillation spectra. Figure 6 shows the X-ray-induced scintillation spectra of Eu-doped CaO—
Al,05-B,0; glasses. The emission intensity was corrected by the weights of the samples. The
emission intensity of the 0.1% sample was low, and the 5% sample showed the highest peak
intensity at ~600 nm among the synthesized samples. As the concentration of Eu increased, the
peak intensity tended to increase.
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Table 1

PL QY, PL decay constants, and X-ray-induced scintillation decay constants.

Sample QY (%) 7p (PL) (ms) 75 (scintillation) (ms)
0.1% 13.5 1.8 1.1
1% 64.4 1.9 1.3
5% 78.9 1.9 1.2

10% 96.0 1.8 1.3
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Fig. 4. PL decay curves of Eu-doped CaO—-Al,0;-B,0; glasses monitored at 600 nm under ~340 nm excitation.
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Fig. 5. X-ray-induced scintillation spectra of Eu- Fig. 6. X-ray-induced scintillation spectra of Eu-
doped CaO-Al,03-B,0; glasses with intensity doped CaO-Al,03;-B,0; glasses with intensity
normalized by peak intensity. corrected by weights of samples.

Figure 7 shows the X-ray-induced scintillation decay curves of Eu-doped CaO—Al,05—B,05
glasses as well as an instrumental response function (IRF). The measured decay curves were
fitted with a sum of two exponential functions. Table 1 lists the obtained scintillation decay
constants. The primary decay component was removed from Table 1 because the component was
due to the IRF, and the secondary decay component (zg) was ~1.2 ms. The value of 7g was similar
to that of the 4f-4f transition of Eu3" in scintillation.(? Judging from the spectral shape shown
in Fig. 5 and the value of 7, the origin of the luminescence was attributed to the 4f—4f transition
of Eu*". Figure 8 shows the PL QY and the X-ray-induced scintillation intensity. The value of the
X-ray-induced scintillation intensity was represented by the peak intensity at ~610 nm. The PL
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Fig. 7. X-ray-induced scintillation decay curves of Eu-doped CaO—-Al,0;—-B,0O; glasses.
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Fig. 8. X-ray-induced scintillation intensity and PL QY of Eu-doped CaO—Al,05;-B,05 glasses.

QY tended to increase with the Eu concentration. The X-ray-induced scintillation intensity also
showed a similar tendency, but the maximum peak intensity was observed in the 5% sample,
although the maximum PL QY was obtained in the 10% sample. The X-ray-induced scintillation
is emitted through the emission center, and the emission intensity depends on the PL QY. In
addition, the scintillation intensity depends on not only the PL QY but also the efficiency of
carrier transfer. In Robbin’s model, the scintillation light yield depends on the bandgap, PL QY,
and the efficiency of carrier transfer from the host to the emission center.5*) The bandgap energy
was almost the same in all the samples, and the PL QY of the 5% sample was lower than that of
the 10% sample. Thus, the efficiency of carrier transfer of the 5% sample was higher than that of
the 10% sample. A direct observation of the efficiency of carrier transfer was difficult, but the
efficiency of carrier transfer could be estimated by measuring the thermally stimulated
luminescence and afterglow curve. We will measure these properties to confirm the implications
of the efficiency of carrier transfer in the future.

4. Conclusions

Eu-doped CaO-Al,03;-B,0; glasses were successfully synthesized by the melt-quenching
method, and their luminescence properties under UV and X-ray irradiations were investigated.
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Both the PL and X-ray-induced scintillation spectra showed sharp emission peaks in the red
color region owing to the 4f-4f transition of Eu?*. The PL and X-ray-induced scintillation decay
curves supported the fact that the luminescence origin of Eu-doped CaO-Al,0;—B,0; glasses
was the 4f-4f transition of Eu?*. The PL QY reached 96% in the 10% Eu-doped sample. The
X-ray-induced scintillation intensity tended to increase with the Eu concentration.
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