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h i g h l i g h t s
� We have synthesized BaF2 transparent ceramic by an SPS technique.
� We have characterized the optical, scintillation properties of BaF2 transparent ceramic and single crystal.
� The scintillation light yield of the BaF2 transparent ceramic was evaluated to be about 6000 photons/MeV under 137Cs g-rays.
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a b s t r a c t

We have developed BaF2 transparent ceramics by using a spark plasma sintering (SPS), and investigated
optical, scintillation and dosimeter properties, in comparison with a BaF2 single crystal. The photo-
luminescence emission peak of transparent ceramics prepared in a vacuum condition appeared around
500 nm. Under X-ray irradiation, emissions at 190 and 220 nm due to auger-free luminescence (AFL)
were observed in the ceramic samples. The scintillation light yield of the BaF2 transparent ceramics was
evaluated to be about 6000 photons/MeV under 137Cs g-rays. In addition, the afterglow level of ceramic
sample was lower than that of the single crystal. Thermally-stimulated luminescence glow peaks were
observed at 50, 105, 140, 205, 280 and 420 �C in all the samples.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Inorganic scintillators, which convert high energy ionizing ra-
diation to thousands of visible photons (Yanagida, 2013), have been
playing a major role in many fields of radiation detection, including
medical (Yanagida et al., 2010c), security (Totsuka et al., 2011), oil-
logging (Yanagida et al., 2013b), environmental monitoring
(Watanabe et al., 2015), astro- (Kokubun et al., 2004) and particle
physics (Ito et al., 2007). In these applications, scintillators for g-ray
detections have attracted much attention especially for medical
and security applications since these applications are very familiar
to our daily life. Up to now, most scintillation detectors have con-
sisted of single crystals mainly due to their high optical qualities.
Except for Gd2O2S (Yoshida et al., 1988) used for X-ray CT and ZnS
(McCloy et al., 2015) used for charged particle detectors, applica-
tions of ceramic materials are limited because the detection
to).
efficiency is generally restricted by the opacity of ceramics. How-
ever, thanks to the advancement of the ceramic technologies, we
now have a new way to deform crystalline powder into a bulk
ceramic in a transparent form, which has a great advantage to be
used as a scintillator.

Barium fluoride (BaF2) crystal is known as a potential scintillator
material. In the 1970s, Farukhi and Swinehart (1971) have first re-
ported scintillation by BaF2 crystal due to auger-free luminescence
(AFL) and self-trapped excitation (STE), which appear around
190e220 and 310 nm, respectively. In particular, BaF2 has consid-
erably large effective atomic number (Zeff ¼ 52.7), so it has a great
advantage to be used for g-ray detections. However, comparedwith
a conventional g-ray scintillator (Lu2-xYxSiO5:Ce; 25,000 ph/MeV)
used in PET, scintillation light yield of BaF2 is much smaller
(1500 ph/MeV). In addition, the emission spectral range of the AFL
overlaps with that of STE, which has a much longer decay time
constant (0.6 ms) (Blasse, 1994; Fedorov et al., 2016; Visser et al.,
1993; Yanagida et al., 2010b). Most above studies have been per-
formed using a single crystal form of BaF2; and there are large room
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Fig. 1. BaF2 ceramics and single crystal samples under room light (left) and UV (254 nm) light (right).

Fig. 2. SEM images of Ceramic (N2) and (Vac).
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Fig. 3. Transmittance spectra of Ceramic (N2) and Ceramic (Vac).
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for a development of BaF2 transparent ceramics for scintillator
applications. Earlier studies (Demidenko et al., 2010; Fedorov et al.,
2016) have reported on non-doped and Ce-doped BaF2 transparent
ceramics; however, the scintillation in the vacuum-ultraviolet
(VUV) range has not yet been evaluated and it has not been even
known the scintillation in the VUV is present in a BaF2 transparent
ceramic, yet.

In this study, we developed the undoped BaF2 transparent ce-
ramics and characterized scintillation properties in relation with
AFL. Specifically, the synthesis of BaF2 transparent ceramics was
carried out by the spark plasma sintering (SPS) method, and the
optical and scintillation properties were characterized. Further, we
have characterized the thermally stimulated luminescence (TSL)
glow curve in order to study relatively shallow trapping centers. Up
to now, our groups have succeeded to develop many kinds of
transparent ceramic scintillators such as Ce:YAG (Yanagida et al.,
2005), Ce:LuAG (Yanagida et al., 2011), Pr:LuAG (Yanagida et al.,
2012), Ce:GAGG (Yanagida et al., 2013c) and Yb:Lu2O3 (Yanagida
et al., 2013b). In these studies, most transparent ceramic samples
showed superior scintillation properties than those of single crys-
tals with the same chemical compositions; therefore, BaF2 trans-
parent ceramics are of great interest to investigate. In addition, to
the best of our knowledge, no reports are found for bulk fluoride
ceramics produced by SPS for scintillator applications.
2. Materials and methods

BaF2 transparent ceramic samples were synthesized by the SPS
method using Sinter Land LabX-100 as follows. First, BaF2 powder
(1.5 g) of a reagent grade was loaded in a graphite die and sealed
with two graphite punches, and the graphite assembly was then
loaded to the furnace to sinter. The sintering temperature was
controlled as described in the following sequence: the sintering
temperaturewas increased from 20 �C to 720 �C at the rate of 24 �C/
min and held for 30minwhile applying the pressure of 10MPa, and
then the sintering temperature was increased to 960 �C at the rate
of 24 �C/min and held for 45 min while applying the pressure of
100 MPa in a N2 atmosphere or vacuum. In this paper, we denote
the obtained samples Ceramic (N2) and Ceramic (Vac) for the ones
sintered in N2 and vacuum, respectively. After the synthesis, the
wide surfaces of the ceramic samples were polished. In the course
of study, the following measurements were carried out for all the
prepared samples, and some of the measurements were done for
BaF2 single crystal prepared by Tokuyama Corp. In these experi-
ments, all the ceramics and the reference single crystals were
synthesized by using the same BaF2 powders.

Backscattered electron image of ceramic sample was obtained



Fig. 4. PL excitation and emission map of Ceramic (Vac).
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Fig. 5. PL decay profile of Ceramic (Vac). The monitoring PL emission wavelength is
500 nm under the excitation at 280 nm.
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Fig. 6. X-ray induced scintillation spectra of all the samples in the VUV-UV (up) and
UV-VIS (bottom) spectral regions. The inset of right figure is expand 400e650 nm.
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by using scanning electron microscope (SEM; Hitachi TM3030).
SEM images were observed on a fractured surface. The trans-
mittance spectrum from 100 to 350 nm was measured by
Tokuyama Corp. The PL excitation and emission mapwas measured
by using Quantaurus-QY (C11347-01, Hamamatsu Photonics). The
PL decay lifetime monitoring at 500 nm was observed under
280 nm excitation using Hamamatsu Quantaurus-t (C11367-04,
Hamamatsu). The 280 nm excitation is the shortest wavelength of
LED equipped to Hamamatsu Quantaurus-t. In this paper, we do
not report these optical properties of BaF2 single crystal sincemany
literature have already discussed.

The X-ray induced scintillation spectrum from 250 to 700 nm
was measured by using our lab-constructed setup. The sample was
excited using an X-ray generator in which the applied tube voltage
and current were 40 kV and 5.2 mA, respectively. The scintillation
emission was guided to Ocean Optics CCD-based spectrometer
(QEPro). The details of the setup was described previously
(Yanagida et al., 2013c). The X-ray induced scintillation spectrum in
the VUV-UV region (150e250 nm) was measured by using a
custom-made setup described in the literature (Abe et al., 2010).
Further, the scintillation lifetime was evaluated by the pulse X-ray
equipped streak camera system. In this measurement, we set the
monitoring wavelength at 190e220 nm to observe AFL (Fujimoto
et al., 2011; Furuya et al., 2011; Yanagida et al., 2010a). In order to
evaluate scintillation decay times of STE, we used an afterglow
characterization system equipped with a pulse X-ray tube
(Yanagida et al., 2014). Furthermore, to investigate the amount of
defects qualitatively, afterglow profiles by X-ray irradiation was
measured using also the afterglow characterization system.

In the pulse height measurement, we mounted a sample piece
on the window of PMT (R8778, Hamamatsu) with a silicon grease
(6262A, OKEN), and the sample was covered by several layers of
Teflon reflectors to guide scintillation photons to the photoelectric
converter of the PMT. When gerays from 137Cs was detected by the
sample, the scintillation photons are converted to electronic signal
by the PMT, which is then processed by the preamplifier (113,
ORTEC), shaping-amplifier (572, ORTEC) with 0.5 ms shaping time
and multichannel analyzer (AMPTEK Pocket MCA). The pulse
height spectrum is eventually stored on a computer.

In order to characterize relatively shallow trapping centers, we
have measured a TSL glow curve using a Nanogray TL-2000
(Yanagida et al., 2013a) after X-ray irradiations with 10 Gy. The
heating rate used for all the TSL measurements was fixed to 1 �C/s,
and the sample was heated from 50 to 490 �C to measure the glow
curve.

3. Results and discussion

Fig. 1 illustrates the synthesized BaF2 transparent ceramic and
single crystal samples. The single crystal sample was prepared by
Tokuyama Corp. The left photograph shows the samples under the
room light while the right image shows those under UV (254 nm)
light. Both the prepared ceramic samples are visually transparent.
The Ceramic (Vac) sample showed a green emission under UV light
as shown in the right figure. Fig. 2 depicts SEM images of Ceramic
(N2) and Ceramic (Vac). From the SEM images, it can be confirmed
that the ceramic samples were highly densified and properly



0 2 4 6 8

102

Time (ns)

In
te

ns
ity

 (a
.u

.)   Ceramic (N2) 
  Em.210 nm
I = 2.16exp(-t/0.7 ns) 

Fig. 7. Scintillation decay profile of Ceramic (N2) monitoring wavelength at
190e220 nm.
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Fig. 8. Scintillation decay profiles of Ceramic (N2), Ceramic (Vac) and crystal moni-
toring wavelength at 300e650 nm.

Table 1
Scintillation decay time constants.

Scintillation decay time constant

AFL (ns) STE (ms) Green emission (ms)

Ceramic (N2) 0.69 0.74 ━
Ceramic (Vac) ━ 0.75 0.31, 1.55
Crystal 0.70 0.70 ━
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sintered. In these samples, a typical grain diameters of the Ceramic
(N2) and Ceramic (Vac) samples are estimated to be about 35 and
30 mm, respectively.

Fig. 3 shows transmittance spectra of Ceramic (N2) and Ceramic
(Vac). Both the ceramic samples showed detectable transmittance
signal at the wavelengths as short as approximately 150 nm.
Although the transmittance is inferior to that of commercial BaF2
single crystal, optical absorption edge is equivalent. Thus, optical
transparency in the UVU region is also achievable in a transparent
ceramic form.

The PL excitation and emission map of Ceramic (Vac) is repre-
sented in Fig. 4. The measured excitation range was in the near
ultraviolet (UV) while the emission rangewas in the UV, visible and
near infrared (NIR) regions. Among all the samples measured, we
could only detect PL emission by the Ceramic (Vac) which appear
around 500 nm under 250 nm excitation. From the spectral band-
width, the origin of this emission seems to be attributable to d-f
transitions of rare earths, d-d transitions of transition metals or
some kinds of defects. The PL quantum yield of this green emission
was 2.5%.

The PL decay profiles of Ceramic (Vac) is shown in Fig. 5. Sub-
sequently, measured PL decay curve for 500 nm peak was
approximated by a sum of two exponential decay functions, and the
obtained decay time constants were 0.36 and 4.23 ms? From these
values, it is conceivable that the 500 nm peak was due to the d-f
transitions of Eu2þ ions. However, the d-f transitions of divalent
rare earth ions were impossible in BaF2 because the excited 5d
states of RE2þ lie in the conduction band of the BaF2 crystal (Rodnyi
et al., 2007); therefore, the possibilities of rare earths and transition
metals which show typically decay time on an order of ms were
dismissed. Because the excitation bands of this green emission
appeared within the bandgap (~250 nm), the possible origin would
be some kinds of defects.

Fig. 6 indicates the scintillation spectra of all the samples in the
VUV-UV (left) and UV-VIS (right) spectral regions. When X-ray was
irradiated, all the samples showed an emission at 320 nm due to
the STE luminescence. Moreover, in Ceramic (Vac), another peak
appeared at 500 nm, and this emission wavelength was consistent
with that in PL. The presence of emission at 500 nm has not been
reported in previous studies for undoped BaF2 single crystals and
ceramics (Abe et al., 2010; Farukhi and Swinehart, 1971; Hamada
et al., 1994). Supported by the PL analyses, we consider that this
emission is attributed to some kinds of defects generated during
the sintering processes by the SPS. Since this emission is not pre-
sent in the sample sintered in N2 atmosphere, the emission origin
would be anion vacancies. Subsequently, we measured scintillation
spectra of ceramic samples in VUV range, and emission peaks were
detected at 190 and 220 nm, which are due to the AFL. The presence
of both AFL and STE emission confirms that our ceramic samples
have a good crystalline quality at least in the each grain scale. In the
Ceramic (Vac), the emission intensity of AFL was smaller than that
of the Ceramic (N2) although the sample size was comparable. So,
the presence of defects may suppress AFL.

The X-ray induced scintillation decay profile of Ceramic (N2)
monitoring at 190e220 nm is shown in Fig. 7. The observed decay
constant was 0.69 ns, and the value is consistent with the reported
value for single crystal (Demidenko et al., 2010). In Ceramic (Vac),
we could not detect the decay component due to AFL because of
low scintillation intensity. Fig. 8 demonstrates the scintillation
decay profiles of Ceramic (N2), Ceramic (Vac) and crystal moni-
toring at 300e650 nm, and measured decay time constants are
summarized in Table 1. The scintillation decay time constants for
500 nm of Ceramic (Vac) were 0.31 and 1.55 ms, and which were
approximately the same as those measured in PL. Moreover, the
decay time constant due to the STE of Ceramic (N2), Ceramic (Vac)
and crystal samples were 0.74, 0.75 and 0.70 ms, respectively
(Demidenko et al., 2010).
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Fig. 9 demonstrates afterglow profiles after an X-ray irradiation
with a pulse duration of 2 ms. Afterglow levels of Ceramic (N2),
Ceramic (Vac) and crystal are 0.0112, 0.0004 and 0.0153%, and
Ceramic (Vac) shows the lowest afterglow level among the present
samples. From this result, it can be said that afterglow levels of
transparent ceramics are improved in comparison with the one of
single crystal although many grain boundaries are created in ce-
ramics. In this evaluation, afterglow levels (A) are represented A
(%) ¼ 100 � (I2�I0)/(I1�I0) where I0, I1 and I2 denote the averaged
background signal, the averaged signal intensity during X-ray
irradiation and signal intensity at 20 ms after the X-ray irradiation,
respectively. We referred the formula from the evaluation manner
of NIHON KESSHO KOGAKU CO., LTD. which is one of the well-
known manufactures of scintillation detectors for medical and se-
curity applications.

Pulse height spectra of all samples measured under 137Cs
exposure are shown in Fig. 10. Clear photoabsorption peaks were
detected in Ceramic (N2) and crystal samples while no photo-
absorption peak was detected in Ceramic (Vac). The absolute light
yield of Ceramic (N2) was determined as 6000 ph/MeV. From this
result, it was found that green emission act as negative for scin-
tillation. Although the light yield is inferior to the single crystal in
this time, the light yield would be improved when the synthesis
methods and conditions are optimized as same as the cases of
transparent ceramic garnet scintillators. The important thing in this
work is that we can prepare bulk transparent ceramic BaF2, and this
ceramic sample can show AFL and significant transmittance in VUV
wavelength.

Fig. 11 shows TSL glow curves measured after samples were
irradiated with an X-ray dose of 10 Gy. The glow curves were
decomposed by Gaussian functions. In this analysis, we fixed the
number of peaks and peak positions according to previous reports
on BaF2 single crystal (Drozdowski et al., 1999; Sabharwal et al.,
2002), and the peak width was free during the deconvolution.
The Gaussian component located at the highest temperature was
Fig. 9. Afterglow profiles of Ceramic (N2), Ceramic (Vac) and Crystal.
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Fig. 10. Pulse height spectra measured under 137Cs g-ray irradiation.

Fig. 11. TSL glow curves of all samples after X-ray irradiation 10 Gy. The inset shows
the enlarged view from 300 to 490 �C.
treated as a contribution of black-body radiation by the heater. For
both Ceramic (N2) and Ceramic (Vac), there appeared six TSL glow
peaks centered at 50, 105, 140, 205, 280 and 420 �C. In addition, a
TSL glow peak of the single crystal sample appeared at 380 �C. Since
there is no differences between the glow peak temperatures of the
two ceramic samples, the possible anion defects present in Ceramic
(N2) (which act as luminescent center to show green broad emis-
sion) may not affect the energy storage process. The glow peak at
380 �C was only observed in the crystal sample, so it should be due
to some trapping centers specifically created during crystal syn-
thesis processes. Judging from the glow intensity, the amount of
defects acting as trapping center in Ceramic (N2) is the largest
among the present samples. Improvement of scintillation proper-
ties is expected by reducing the amount of defects because
dosimeter properties have complementarity to scintillation
properties.

4. Conclusion

We have developed BaF2 transparent ceramics by the SPS
method under N2 and vacuum environments and then investigated
the optical, scintillation and TSL properties, in comparison with
BaF2 single crystal. Emissions by the STE and AFL were observed for
both the ceramic samples as well as the crystal sample. The scin-
tillation light yield of the ceramic sample sintered in a N2 atmo-
sphere was approximately 6000 photons/MeV, and this value was
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smaller than that of the single crystal. In addition, the afterglow
levels of ceramic samples were better than that of the single crystal.
However, TSL intensity of ceramic samples were much stronger
than the single crystal sample.
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