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We have investigated the scintillation properties of Ce-doped Li,O-ZnO—-P,05 glasses. The
samples were prepared using a conventional melt-quenching method with low heating
temperatures from 900 to 950 °C. All the samples showed halo patterns in their X-ray diffraction
(XRD) patterns. In the X-ray-induced scintillation spectra, each sample showed a single
emission peak that can be ascribed to luminescence due to the 5d—4f transitions of Ce3" ions. In
the pulse height spectra of the samples, thermal neutron detection peaks were observed. Their
light yields were estimated to be approximately 90—180 photons/neutron. Although the Ce-
doped Li,0-ZnO-P,05 glasses show low light yields, they can be regarded as thermal neutron
scintillators that can be produced with low heating temperatures.

1. Introduction

Ionizing radiation detection and dosimetry are commonly used in industrial, medical, and
scientific fields. Radiation detectors can perform in situ radiation measurements, whereas
dosimeters can measure radiation doses after radiation exposure. Different types of phosphors
called scintillators and dosimetric materials are used for radiation detectors and dosimeters,
respectively. Scintillation detectors are one of the most widely used radiation detectors, which
consist of a photodetector and a scintillator.(!~® Scintillators can show luminescence under
ionizing radiation excitation and they are applied for medical imaging,”) nondestructive
inspection,®? and well logging.1%!) Scintillators are required to have a high light yield, a fast
decay time, and a high detection efficiency. Dosimetric materials!2-15) are mainly used for
personal dose monitoring.'®) These materials are required to have a human-tissue equivalency
and a wide dynamic range. Studies on materials for scintillators and dosimetric materials have
been intensively performed over the past decades.> 12715 This area of research is still attractive
and recent studies have reported on various types of materials such as single crystals, (1729
glasses,3937) sintered ceramics, 384 eutectic composites,#*~4®) organic materials,*>>? and
organic—inorganic hybrid materials.®!->? Among these materials, glasses are interesting research
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targets due to the advantages of high formability, transparency, and degree of freedom of
composition.

Glasses have been widely used as X-ray dosimetric materials, and Ag-doped phosphate
glasses are commercially available.®3-3%) On the other hand, glass scintillators are not widely
used for X-ray and y-ray detection; however, they are used for neutron detection, and Ce-doped
lithium silicate glass® is commercially available. Since neutron scintillators utilize the nuclear
reactions of SLi(n,0)’H or '°B(n,0)’Li, they must contain °Li or '°B. °Li, which produces higher
energy, is more often used. Only a few single-crystal compositions contain Li, whereas a variety
of glass compositions contain Li. However, there have been few studies on glass neutron
scintillators. Intensive studies were conducted around the 1960s, and it has been reported that
silicate®® and borate®”) glasses have excellent properties. In recent years, the scintillation
properties of oxyhalide glasses have been well studied, and a fluoride-phosphate (oxyfluoride)
glass for neutron detection has been reported.® Although a phosphate glass is commercially
available as a dosimeter material, there has been little investigation of the use of phosphate
glasses as neutron scintillators, and their light yields under thermal neutron irradiation are
unclear. In this study, we have investigated the performance of phosphate glasses as neutron
scintillators. We focused on glasses with a composition of Li,O—ZnO-P,0s, which contain Li,O
as a neutron converter and ZnO to suppress hygroscopicity.

2. Materials and Methods

We prepared xCeO,—10Li,0—(30—x)ZnO-60P,05 (x = 1, 3, 5) glasses (hereinafter referred to
as 1, 3, and 5% Ce-doped Li,0-ZnO-P,05 glasses, respectively) using the conventional melt-
quenching method. As the starting materials, CeO,, Li,CO5, ZnO, and (NH,)H,PO, powders
were used. These powders were mixed and loaded into an alumina crucible. The mixed powders
were melted in a crucible using an electric furnace (KDF 007EX; KDF, Kyoto, Japan) under
ambient atmosphere. The heating temperature and time were changed on the basis of our visual
observation of the melts. The temperature at which the melt appeared to have sufficiently low
viscosity was adopted as the heating temperature for each glass. During the heating process, we
observed volatile matter from the melts, which was considered to be water vapor from (NH,)
H,PO,. When we could not observe the volatile matter, we finished heating the melts. The
heating temperature and time of the 1% Ce-doped Li,0—-ZnO-P,05 glass were 900 °C and 20
min, whereas those of the 3 and 5% Ce-doped Li,0-ZnO—-P,0O5 glasses were 950 °C and 10 min,
respectively. It was considered that an increase in CeO, concentration increases the melting
temperature of the Ce-doped Li,O—ZnO—-P,05 glass. The melts were quenched on a stainless
steel plate heated at 200 °C. As a reference sample, a commercial Ce-doped lithium silicate glass
(GS20; Scintacor, Cambridge, United Kingdom) was used.

To confirm the successful preparation of the glasses, the crystalline phases of the obtained
samples were investigated by X-ray diffraction (XRD) analysis. The XRD patterns of the
samples were recorded using an X-ray diffractometer with a Cu-Ka X-ray source (MiniFlex600;
Rigaku, Akishima, Japan). To investigate the optical properties, diffuse transmittance spectra of
the samples were measured using a spectrophotometer (SolidSpec-3700; Shimadzu, Kyoto,
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Japan). X-ray induced scintillation spectra of the samples were measured using our customized
setup equipped with an X-ray generator, an optical fiber, and a spectrometer. X-ray irradiation of
the samples was performed using an X-ray generator (XRB8OP&N200X4550; Spellman High
Voltage Electronics, Hauppauge, New York, United States). Luminescence from the samples was
guided into a monochromator (Shamrock 163; Andor Technology, Belfast, Northern Ireland) and
a CCD-based spectrometer (DU920-BU2NC; Andor Technology). We operated the X-ray
generator with a tube voltage of 80 kV and a tube current of 1.2 mA. The details of this setup
were presented previously.®?) Furthermore, photoluminescence (PL) excitation and emission
maps, absorption spectra, and quantum yields were obtained using a PL spectrometer
(Quantaurus-QY; Hamamatsu Photonics, Hamamatsu, Japan). To investigate the scintillation
properties, pulse height spectra were measured. The samples were optically coupled with a
photomultiplier tube (PMT; R7600U-200; Hamamatsu Photonics) using silicone grease. 24! Am,
137Cs, and 2°°Cf sealed sources were used for a-ray, y-ray, and thermal neutron irradiation,
respectively. The 2%2Cf sealed source was used together with a polyethylene modulator to
thermalize neutrons, with a lead brick of 50 mm thickness used to absorb y-rays. The output
signals from the PMT were amplified, shaped, and analyzed by a preamplifier (Model 113;
ORTEC, Oak Ridge, United States), a shaping amplifier (Model 572; ORTEC), and a
multichannel analyzer, respectively (MCA8000A; Amptek, Bedford, United Kingdom).

3. Results and Discussion

Figure 1 shows the appearance of the obtained samples. Although all the samples were
transparent, small bubbles were observed in the sample bodies, which were considered to be
related to the volatile matter from the melts; volatile matter remaining in a melt can form bubbles
in a glass. Figure 2 shows the XRD patterns of the samples. The samples showed halo patterns
and no diffraction peaks. It was considered that all the samples had a glass phase.

Figure 3 shows the diffuse transmittance spectra of the samples. We confirmed that the
samples can transmit ultraviolet (UV) and visible light in the wavelength range from around 300
to 800 nm. It was considered that the absorption at around 300 nm was caused by Ce*" ions
because the samples with higher Ce concentrations showed absorption up to slightly longer
wavelengths. Figure 4 shows the X-ray induced scintillation spectra of the samples. The samples
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Fig. 1.  (Color online) Photographs of the (a) 1, (b) 3, and (c) 5% Ce-doped Li,O—ZnO—P,05 glasses.
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Fig.2.  (Color online) XRD patterns of the (a) 1, (b) 3, and (c) 5% Ce-doped Li,O—ZnO-P,05 glasses.
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Fig. 3.  (Color online) Diffuse transmittance spectra Fig. 4. (Color online) X-ray induced scintillation
of the Ce-doped Li,0-ZnO—-P,0s glasses. spectra of the Ce-doped Li,O-ZnO—P,05 glasses.

show similar spectral shapes, peaking at approximately 335 nm. According to the diffuse
transmittance spectra, these emissions are mostly transmitted through the sample bodies. Figure
5 shows PL excitation and emission maps of the 5% Ce-doped Li,0—ZnO—-P,05 glass sample
and GS20. Both our sample and GS20 show relatively similar emission and excitation
wavelengths. The origins of the scintillation and PL peaks of the samples can be explained by the
5d—4f transitions of Ce>* ions. The emission wavelengths of the samples are typical for emissions
due to the 5d—4f transitions of Ce*" ions in phosphate glasses. For example, the PL emission
wavelengths of Ce-doped Zn;(PO,),~Al(PO;);©? and Ce-doped Li;PO,~Al(PO;); glasses
are around 330 and 340 nm, respectively.

Figure 6 shows PL quantum yields and absorption spectra of the samples and GS20. The
maximum PL quantum yields of the 1, 3, and 5% Ce-doped Li,O—-ZnO—-P,05 glass samples were
77.0, 79.7, and 78.1% at the excitation wavelengths of 310, 320, and 320 nm, respectively. The
maximum PL quantum yields of the samples were as high as that of GS20 (80.1% at 340 nm).
These yields are higher than those of other reported Ce-doped phosphate glasses prepared under
ambient atmosphere. For example, Ce-doped Zns(PO,),~Al(PO;);©? and Ce-doped Li;PO,—
Al(PO5);®D glasses show PL quantum yields of around 30-40%. The relatively high PL
quantum yields of our samples can be explained by the valence change of Ce elements. The Ce**
ions can be changed to Ce*" ions by heating under ambient atmosphere, which may have been
the origin of the relatively low PL quantum yields reported previously. In this study, we
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Fig. 5. (Color online) PL excitation and emission maps of the (a) 5% Ce-doped Li,O—ZnO—P,05 glass and (b)
GS20.
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Fig. 6. (Color online) PL quantum yields and absorption spectra of the (a) 1, (b) 3, and (c) 5% Ce-doped Li,O—
ZnO—P,054 glasses and (d) GS20.

considered that NH; gas generated from (NH4)H,PO, acted as a reducing agent (4NH; + 30, —
2N, + 6H,0). Furthermore, the samples in this study were prepared with relatively low heating
temperatures and short heating times (10-20 min at 900-950 °C) compared with those of Ce-
doped Zn;(PO,4),—Al(PO3); and Ce-doped Li;PO,—AI(PO;3); glasses (30 min at 1300 °C).
Therefore, we consider that the oxidation of Ce** to Ce* ™ was suppressed in this study.
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Figure 7 shows pulse height spectra of the 1, 3, and 5% Ce-doped Li,0-ZnO—-P,05 glasses
and GS20 under a-ray irradiation. All the samples and GS20 showed clear full absorption peaks.
The peaks of the 1, 3, and 5% Ce-doped Li,O-ZnO-P,05 glasses and GS20 were at
approximately 35, 55, 75, and 2550 channels, respectively. The light yields of the samples under
a-ray irradiation were significantly lower than that of GS20.

Figure 8 shows the pulse height spectra of the 1, 3, and 5% Ce-doped samples under thermal
neutron irradiation. In addition, Fig. 9 shows the pulse height spectra of the 5% Ce-doped sample
and GS20 under thermal neutron and y-ray irradiation. The 1 and 3% Ce-doped samples showed
shoulder peaks and the 5% Ce-doped samples showed a peak induced by thermal neutron
irradiation. Although these peaks of the samples were not very clear, the 5% Ce-doped sample
showed a relatively clear detection peak at approximately 100 channels. Similarly, the 1 and 3%
Ce-doped samples showed shoulder peaks at approximately 50 and 70 channels, respectively.
The GS20 showed a clear peak at approximately 3400 channels under thermal neutron irradiation
[Fig. 9(b)]. Defining the peak channel ratio of GS20 as 100, the peak channel ratios of the 1, 3,
and 5% Ce-doped samples were 1.47, 2.06, and 2.94 under thermal neutron irradiation,
respectively. Similarly, the peak channel ratios of the 1, 3, and 5% Ce-doped samples were 1.37,
2.16, and 2.94 under o-ray irradiation, respectively. The peak values under thermal neutron
irradiation are considered to be consistent with those under a-ray irradiation. Since the light
yield of GS20 is reported to be 6000 photons/neutron® and the quantum efficiencies of the PMT

10° 5

102:l1

10" 4

— 1% Ce
====3% Ce

Counts

10°
0

Fig. 7. (Color online) Pulse height spectra of the 1, 3, and 5% Ce-doped Li,O—ZnO—-P,05 glasses and GS20 under
a-ray irradiation from 24! Am.
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Fig. 8.  (Color online) Pulse height spectra of the (a) 1, (b) 3, and (c) 5% Ce-doped Li,0-ZnO-P,05 glasses under
thermal neutron irradiation from 252Cf.
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Fig. 9.  (Color online) Pulse height spectra of the (a) 5% Ce-doped Li,O—ZnO—P,05 glass and (b) GS20 under
y-ray and thermal neutron irradiation from 3’Cs and 2°2Cf.

in this study are not markedly different between the samples and GS20 at the emission
wavelengths, the light yields of the 1, 3, and 5% Ce-doped samples were estimated to be
approximately 90, 120, and 180 photons/neutron, respectively. In Fig. 9, no photoelectric
absorption peaks were clearly observed under y-ray irradiation from '3’Cs. The Compton edges
of the 5% Ce-doped sample and GS20 under y-ray irradiation from '3’Cs were observed at 70
and 1100 channels, respectively. We calculated the values obtained by dividing each peak
channel number under thermal neutron irradiation by the corresponding channel number of the
Compton edge. The obtained values of the 5% Ce-doped sample and GS20 were 1.43 and 3.09,
respectively. Since the n/y ratio of GS20 is reported to be approximately 0.3, the n/y ratio of the
5% Ce-doped sample was estimated to be approximately 0.14.

Although the Ce-doped Li,O—ZnO-P,05 glass samples show high PL quantum yields, they
show significantly lower light yields than GS20. This can be explained using the following
equation:©®

Nph = (Eaplp-Eg)'S 0O, 1

where N,,;, is the number of scintillation photons, £, is the absorbed energy, £, is the energy
required to generate a single electron—hole pair (/8 is a constant and £, is the band gap energy), S
is the transport efficiency of electron—hole pairs, and Q is the quantum efficiency of the
luminescence centers. For the Ce-doped Li,O—ZnO-P,05 glass samples, Q is considered to be
high but S is considered to be low. There is a possibility that the Ce-doped Li,O—ZnO—-P,05
glass samples contain large numbers of trapping centers. Despite the low light yields, Ce-doped
Li,0—ZnO-P,05 glasses can be regarded as attractive glass neutron scintillators because they
can be prepared with low heating temperatures. Further developments are expected.

4. Conclusions

The scintillation properties of Ce-doped Li,O—ZnO-P,05 glasses were studied. We prepared
1, 3, and 5% Ce-doped Li,O—-ZnO—-P,05 glasses with low heating temperatures (900-950 °C)
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using the conventional melt-quenching method. The Ce-doped Li,0-ZnO—-P,05 glasses showed
halo patterns and no diffraction peaks in their XRD patterns. From their diffuse transmittance
spectra and X-ray induced scintillation spectra, we confirmed that these glass bodies can
transmit their emissions. On the basis of the PL excitation and emission maps, we explained the
luminescence as being due to 5d—4f transitions of Ce>" ions. The PL and scintillation properties
were evaluated by comparison with those of a commercial Ce-doped lithium silicate glass
(GS20). The maximum PL quantum yields of the 1, 3, and 5% Ce-doped Li,0—ZnO-P,05
glasses and GS20 were 77.0, 79.7, 78.1, and 80.1%, respectively. The light yields of the 1, 3, and
5% Ce-doped Li,0-ZnO-P,05 glasses were estimated to be approximately 90, 120, and 180
photons/neutron, respectively, which were lower than that of GS20 (6000 photons/neutron). The
n/y ratio of the 5% Ce-doped Li,O-ZnO—-P,05 glass was estimated to be approximately 0.14.
Although the light yields of the Ce-doped Li,0-ZnO—-P,05 glasses were low, the glasses can act
as thermal neutron scintillators.
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