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We successfully developed Eu-doped SrBr, transparent ceramics with different Eu
concentrations by spark plasma sintering and evaluated their optical and scintillation properties.
As optical properties, the diffuse transmittance of the 0.01% Eu-doped sample was ~60% in
the visible range. All the samples showed two absorption bands at around 250 and 350 nm, the
origin of which was the 4f-5d (eq, #20) transitions of Eu?’. Regarding scintillation spectra, the
spectral shapes of all the Eu-doped SrBr; transparent ceramics were similar to that of single
crystals. In pulse height spectra, the photoabsorption peak of the 0.01 and 0.1% Eu-doped
samples was confirmed, and the estimated light yields were 6600 and 13300 photons/MeV,
respectively. Regarding afterglow properties, the afterglow levels of the 0.01 and 0.1% Eu-
doped samples were comparable to that of a conventional Tl-doped Csl scintillator.

1. Introduction

Scintillation detectors have been used for various fields such as medicine,(1_3) security,(4)
detection of hidden special nuclear materials in well logging,(s) and astrophysics.@ Such
detectors consisted of scintillators and photodetectors, such as a photomultiplier tube (PMT)
and a Si photodiode. Scintillators absorb the energy of ionizing radiation (e.g., X- and y-rays)
and then rapidly convert it to many low-energy photons immediately. In general, the required
scintillation properties for X- and y-ray detection are high light yield, short lifetime, high
effective atomic number, and low afterglow.”’ However, scintillators that completely satisfy the
above requirements have not been found; therefore, the development of scintillators has been
performed continuously.

The recent trend in the development of scintillators is their design using a combination
of an inorganic material as a host matrix and rare-earth ions as emission centers.®' The
host matrix effectively absorbs ionizing radiation, and then the emission centers convert the
absorbed energy to visible photons. In the 2000s, Ce-doped Gd3Al,Gaz0;; (GAGG) and Eu-
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doped Srl, single crystals were reported and commercialized because they showed high light
yields (LYs) of ~46000 and ~82000 photons/MeV and acceptable lifetimes of ~50 ns and ~4 ps,
respectively.1>)

Thus far, most practical scintillators have been used in the form of bulk single crystals
because single crystals have high optical qualities. In recent years, garnet-type oxides in the
form of transparent ceramics have been developed, and some transparent ceramics, such as
Ce-doped GAGG! and Ce-doped Y3Al501,,!®) exhibited higher LYs than single crystals.
Additionally, transparent ceramics have many advantages, such as high mechanical strength and
flexible shape, in comparison with single crystals. However, most studies have been on oxide
materials; thus, we have started to investigate bromide materials in the form of transparent
ceramics in terms of their scintillation properties.!” 1)

In this paper, we focus on Eu-doped SrBr; in the form of transparent ceramics. As indicated
in past reports, Eu-doped SrBr; single crystals show a primary emission peak at around 410 nm
in scintillation spectra, and their emission wavelength is suitable for the sensitivity of PMT.??
In addition, the LY and energy resolution were 20000 photons/MeV and 7% at 662 keV,
respectively.al) However, there are no reports on the scintillation properties of Eu-doped
StBr; transparent ceramics. Therefore, we developed Eu-doped SrBr, transparent ceramics
with different Eu concentrations (0.01, 0.1, and 1 mol%) by spark plasma sintering (SPS) and

examined their optical and scintillation properties.

2. Experimental Methods

SrBr; transparent ceramics doped with various Eu concentrations (0.01, 0.1, and 1 mol%)
were synthesized by SPS. As the starting powders, SrBr,:6H,O (=299%, Mitsuwa’s Pure
Chemicals) and EuCl3-6H,0 (>99.9%, Furutachi Chemical) were used. The solubility of SrBr,
was 107 g/100 g in water at 20 °C, which is lower than that of Srl, scintillators.*? The powders
of 0.01, 0.1, and 1% Eu-doped SrBr; were mixed using a mortar and pestle, and then the mixed
powder was dried by heating at ~250 °C for 1 h in vacuum. The dried powder was introduced
into a cylindrical graphite die and held between two graphite punches. The inner parts of the
graphite die and punch were covered with graphite sheets. The sintering conditions are as
follows. The temperature was increased up to 150 °C at a rate of 50 °C/min and maintained
for 5 min. Then, it was further increased at a rate of 10 °C/min to 450 °C and maintained for
20 min while applying a pressure of 100 MPa in vacuum. The surfaces of the samples were
mechanically polished with sandpaper (3000 grits). The prepared samples were evaluated as
described below.

Optical properties were evaluated on the basis of the diffuse transmittance spectra measured
using a spectrophotometer (SolidSpec-3700, Shimadzu) in the spectral range of 200 to 800
nm. The photoluminescence (PL) excitation and emission contour graph and quantum yields
(QYs) were evaluated using a Quantaurus-QY (C11347, Hamamatsu Photonics). PL lifetimes
were analyzed on the basis of the PL decay curves measured using a Quantaurus-t (C11367,
Hamamatsu Photonics). Scintillation properties were evaluated on the basis of the X-ray-
induced scintillation spectra obtained using our original setup described previously.(M) The
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operated bias voltage and tube current of the X-ray generator were 40 kV and 1.2 mA,
respectively. The scintillation decay and afterglow curves were measured using an X-ray-
induced afterglow characterization system.*® To evaluate the LYs, we measured the pulse
height spectra using a laboratory-built setup, which is described elsewhere in detail.1”

3. Results and Discussion

Figure 1 shows a photograph of the synthesized Eu-doped SrBr, transparent ceramics.
The thickness of all the samples was fixed at approximately 1.0 mm. The mash patterns on
the back of samples were seen though the samples. The diffuse transmittance spectra of Eu-
doped SrBr;, transparent ceramics are shown in Fig. 2. The transmittance of the synthesized
samples decreased with increasing Eu concentrations, and the color of the 1% Eu-doped sample
was slightly grey. As possible reasons, the color of the 1% Eu-doped sample may be due to
the contamination of carbon from the graphite assembly or the generation of some defects by
Eu doping. All the samples showed absorption bands at around 250 and 350 nm, the origin of
which was the 4£-5d (eg, £2,) transitions of Eu®". ¥

Figure 3 shows the PL excitation and emission contour graphs of Eu-doped SrBr; transparent
ceramics. All the samples showed an emission peak at around 410 nm under excitation
at around 350 nm, and the excitation spectra were similar to the absorption spectra. The
spectral features were consistent with past reports on Eu-doped SrBr, single crystals,(zo) the
origin of which would be the 5d—4f transitions of Eu?*". The PL decay curves of Eu-doped
StBr, transparent ceramics are shown in Fig. 4. The monitored emission and excitation
wavelengths were 410 and 280 nm, respectively. The decay curves were approximated by a
single exponential decay function, and the lifetimes of all the samples were 0.41-0.47 ps. These
values were typical for the 5d—4f transitions of Eu?".%® The Q¥s of 0.01, 0.1, and 1% Eu-doped
SrBr; transparent ceramics were 50.5, 38.6, and 14.7%, respectively.

Figure 5 shows the X-ray-induced scintillation spectra of Eu-doped SrBr transparent
ceramics. In all the samples, the spectrum consisted of two peaks at around 410 and 500 nm.

The spectral shapes were consistent with previous reports on Eu-doped SrBr; single crystals.??
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Fig. 1.  (Color online) Synthesized 0.01, 0.1, and 1% Fig.2.  (Color online) Diffuse transmittance spectra
Eu-doped SrBr; transparent ceramics. of 0.01, 0.1, and 1% Eu-doped SrBr; transparent
ceramics.
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Fig. 3. (Color online) PL excitation and emission Fig. 4. (Color online) PL decay curves of 0.01,
contour graphs of 0.01, 0.1, and 1% Eu-doped SrBr; 0.1, and 1% Eu-doped SrBr, transparent ceramics
transparent ceramics. monitored at 410 nm under 280 nm excitation.
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Fig. 5. (Color online) X-ray-induced scintillation Fig. 6. (Color online) X-ray-induced scintillation
spectra of Eu-doped SrBr; transparent ceramics. The decay curves of Eu-doped SrBr; transparent ceramics.

inset shows an expansion of the 300—660 nm region.

The emission peaks at around 410 and 500 nm were due to the 5d—4f transitions of Eu?"??

and the F-VK center recombinations,(26)

respectively. The X-ray-induced scintillation decay
curves of Eu-doped SrBr; transparent ceramics are shown in Fig. 6. The decay curves were
well approximated by a single exponential decay function. The lifetimes were 0.52—0.55 ps,
typical of the 5d—4f transitions of Eu?".* The lifetimes due to emission around 500 nm was
not observed because the intensity of the emission peak at around 500 nm was lower than that
at around 410 nm. Figure 7 shows the pulse height spectra of 137Cs y-rays measured using Eu-
doped SrBr; transparent ceramics. To calibrate the peak channel to LY, we measured the pulse
height spectrum of the Tl-doped Nal commercial scintillator (40000 photons/MeV).m) In the 0.01

and 0.1%Eu-doped SrBr; transparent ceramics, the photoabsorption peak was confirmed and
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Fig. 7. (Color online) Pulse height spectra of '*’Cs Fig. 8. (Color online) Afterglow curves of Eu-
y-rays measured using Eu-doped SrBr, transparent doped SrBr, transparent ceramics after 2 ms X-ray
ceramics and Tl-doped Nal commercial scintillators. irradiation.

The inset shows the experimental data (0.01% Eu)
with a fitted Gaussian function.

fitted by a Gaussian function. As a representative, the Gaussian fitting for the 0.01% Eu-doped
sample is illustrated in the inset of Fig. 7. The peak positions of the 0.01 and 0.1% Eu-doped
samples and the Tl-doped Nal scintillator were at 217 and 440 and 1325 channels, respectively.
Here, the QYs of PMT were taken into consideration. The estimated LYs of the 0.01 and 0.1%
Eu-doped samples were 6600 and 13300 photons/MeV with a typical error of +10%. According
to a previous report, the LY of a 0.5% Eu-doped SrBr; single crystal was 20000 photons/MeV.(Zl)
The LY of Eu-doped SrBr; transparent ceramics was lower than that of Eu-doped SrBr, single
crystals. As possible reasons, the ceramics generally have some defects in comparison with the
single crystals, and such defects would act as quenching or trapping centers. However, when
the synthesis methods and conditions are optimized to be the same as those for some transparent
ceramic materials, the LY may be improved.

Figure 8 shows the afterglow curves of Eu-doped SrBr; transparent ceramics after
2 ms X-ray irradiation. Here, the afterglow level is defined as Afterglow level (%) =
100 x (I, — Ipg)/(I1 — Ipg), where Ipg, 11, and I, denote the background signal, the signal intensity
during X-ray irradiation, and the signal obtained 20 ms after the irradiation was cut off. The
afterglow levels of the 0.01, 0.1, and 1% Eu-doped SrBry samples were 0.0416, 0.0151, and
0.1065%, respectively. With the increasing Eu concentration, the afterglow level increased. In
particular, the afterglow levels of the 0.01 and 0.1% Eu-doped samples were comparable to that
of a conventional Tl-doped CsI scintillator.?

4. Conclusions

We have developed Eu-doped SrBr; transparent ceramics with different Eu concentrations by
SPS and evaluated their optical and scintillation properties. Regarding optical properties, the 0.01%
Eu-doped sample showed a high transmittance (~60%), and the absorption bands at around
250 and 350 nm were observed. The QYs of the 0.01, 0.1, and 1% Eu-doped samples were 50.5,
38.6, and 14.7%, respectively. Regarding scintillation properties, all the samples showed two
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emission peaks at around 410 and 500 nm, the origin of which was the 5d—4f transitions of Eu?"
and the F-VK center recombinations. The decay curves were well approximated by a single
exponential decay function, and the lifetimes were 0.52—0.55 ps. The LYs of the 0.01 and 0.1%
Eu-doped samples were 6600 and 13300 photons/MeV, respectively. The afterglow levels of the
0.01, 0.1, and 1% Eu-doped SrBr; samples were 0.0416, 0.0151, and 0.1065%, respectively, which
were comparable to that of a conventional Tl-doped CslI scintillator.
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