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We  have  developed  SrF2 translucent  ceramic  by  using  the spark plasma  sintering  (SPS)
method,  and  investigated  scintillation  properties  and  thermally stimulated  luminescence
(TSL)  glow  curves,  in  comparison  with  a SrF2 crystal.  Both  of  the  samples  showed  scintilla-
tion  with  emission  peaks  at  300 nm  under  X-ray irradiation. Based  on  the scintillation  decay
times  measured,  the  origin of  emission  at 300  nm  was  attributed  to  self-trapped  excitation.
The  scintillation  light  yield  of  the  SrF2 translucent  ceramic was  evaluated  to be about  8900
photons/MeV  under 57Co �-rays. In  addition,  the afterglow  level of  the  translucent  ceramic
was  lower  than that of  the  crystal.

©  2018  Elsevier  GmbH. All  rights  reserved.

1. Introduction

Inorganic scintillators are one of the luminescent materials which absorbs and instantly converts the energy of incident
ionizing radiation to thousands of ultraviolet/visible photons. An attention in new scintillators materials is promoted by an
increasing number of new applications such as medical [1], security [2], oil-logging [3],  environmental monitoring [4], astro
[5] and particle physics [6]. The most prospective scintillators are bromides and iodides doped with Ce3+ and Eu2+ ions such
as strontium iodide doped with Eu2+ ions (SrI2:Eu) and lanthanum bromide doped with Ce3+ ions (LaBr3:Ce). These crystals
have a high light yield (100,000 photons/MeV for SrI2:Eu), good energy resolution and short decay times [7]. Disadvantages of
these scintillators are to have a high hygroscopicity. In addition, it was reported that SrI2:Eu had temperature instability of the
light yield [8]. On the other hand, alkaline earth fluorides have a low hygroscopicity, low phonon energy and high radiation
resistance [9,10]. For example, Barium fluoride (BaF2) single crystals are known as a potential scintillator material. In the
1970s, Farukhi and Swinehart have first reported scintillation emissions of BaF2 crystals due to auger-free luminescence
(AFL) and self-trapped excitation (STE), which appeared around 190–220 and 310 nm,  respectively [11]. In particular, BaF2
has considerably large effective atomic number, so it  has a great advantage to use for �-ray detections. Calcium fluoride

(CaF2) single crystals are known to show a scintillation emission due to STE at 270 nm [12]. Moreover, it has a large band
gap energy and relatively high light yield (13,000 photons/MeV) [13], and CaF2 has been investigated for potential as the
scintillator in astrophysics [14].
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Today, almost all the scintillators used in practice are bulk single crystals because they have the excellent properties such
s high transparency, high light yield and high detection efficiency due to the volume. However, recent studies [16–19] have
pened up a new possibility of using transparent ceramics as scintillators material thanks to an achievement of improved
ynthesis technologies developed with an advancement of the laser field [20].  Compared with the single crystals, the ceramics
ave many advantages such as the mechanical strength, flexible geometric shape to be prepared and cost effectiveness.
urthermore, they have also been found to show an equivalent or even superior performance as a  scintillator compared with
he single crystal form [16–19]. These studies have been done on the oxide materials, and we  have started to investigate
uoride materials with transparent or translucent form on scintillation properties. Up to now, our groups have developed
nd evaluated CaF2 and BaF2 transparent ceramics for scintillator applications [21,22].

In this study, to extend our previous research, we  developed the undoped SrF2 translucent ceramic by using the spark
lasma sintering (SPS) method and characterized scintillation properties in comparison with a SrF2 crystal prepared by the
imple solidification method. Furthermore, we measured the thermally stimulated luminescence (TSL) glow curve in order
o study relatively shallow trapping centers. Scintillation properties of SrF2 single crystals have already been investigated,
nd the light yield was estimated about 18,000 photons/MeV under 137Cs �-ray irradiation [23]. However, no report can be
ound about scintillation properties of SrF2 translucent ceramics.

. Experiment

SrF2 translucent ceramic sample was synthesized by the SPS method using Sinter Land LabX-100 as follows. First, SrF2
owder (1.0 g) of a reagent grade was loaded in a  graphite die and sealed with two graphite punches, and a graphite assembly
as loaded to the furnace to sinter. The temperature during the sintering was controlled as described in the following

equence: the temperature was increased from 20 ◦C to 890 ◦C at a rate of 10 ◦C/min and held for 10 min  while applying a
ressure of 10 MPa, and then the temperature was  increased to 1080 ◦C  at the rate of 10 ◦C/min and held for 20 min  while
pplying a pressure of 100 MPa  in vacuum. The SrF2 crystal sample was  synthesized by the simple solidification method.
he SrF2 raw powders were put into a carbon crucible. The crucible were set in  the stainless chamber and were enclosed by
he carbon resist heater. Most parts of hot zone are made of high purity carbon. After the setting of crucibles and hot zone,
he chamber was evacuated up to 8 × 10−4 Pa. Then, the crucible was  heated up to 400 ◦C  and kept for about 20 min  at this
emperature in order to remove oxygen traces caused by moisture of raw materials and adsorbates on the chamber surface.
fter the baking, the chamber was filled with Ar gas until ambient pressure. Then, the crucible was  heated to no less than

he melting point of SrF2 and kept for 30 min. The translucent ceramic and crystal samples were synthesized by using the
ame SrF2 powders provided by Tokuyama Corp. Backscattered electron image of the ceramic sample was obtained by using
canning electron microscope (SEM; Hitachi TM3030). SEM images were observed on the polished surface. Optical in-line
ransmittance was evaluated by a  spectrometer (V670, JASCO) over the spectral range of 190–2700 nm with 1 nm intervals.

The scintillation spectra from 250 to 700 nm were measured using a setup [19]. A CCD-based spectrometer (ANDOR
U920-BU2NC) was used to measure the emission spectrum. The excitation source was  an X-ray generator which was  sup-
lied by a bias voltage and tube current of 80 kV and 1.2 mA,  respectively. An optical fiber was  used to guide the scintillation
hotons to the spectrometer. In order to evaluate X-ray induced scintillation decay times of STE, we used an afterglow
haracterization system equipped with a pulse X-ray tube [24]. Furthermore, to investigate the amount of shallow defects
ualitatively, afterglow profiles by X-ray irradiation was  measured using also the afterglow characterization system.

The pulse height spectra with 57Co �-ray exposure were investigated to grasp scintillation light yield. We mounted a
ample piece on the window of PMT  (R877-100, Hamamatsu) with a silicon grease (6262A, OKEN), and the sample was
overed by several layers of Teflon reflectors to guide scintillation photons to the photoelectric converter of the PMT. The
ias voltage of −600 V was applied to the PMT  by a DC power supply (ORTEC 113), and the electrical signal output from the
node of the PMT  was amplified by a preamplifier (ORTEC 113). Furthermore, the amplified signal was processed by a shaping
mplifier (ORTEC 572) with 1.0 �s shaping time to obtain the light output, which was  then processed by a multichannel
nalyzer (Amptek Pocket MCA  8000A) to convert analog signals to digital. Finally, the pulse height spectrum was collected
n the computer.

In order to characterize relatively shallow trapping centers, we have measured a TSL glow curve using a Nanogray TL-
000 [25]  after X-ray irradiations with 10 Gy. The heating rate used for all the TSL measurements was  fixed to 1 ◦C/s, and
he sample was heated from 50 to 490 ◦C to measure the glow curve.

. Results and discussion

.1. Sample
Fig. 1 shows the synthesized SrF2 translucent ceramic and crystal samples. The thickness of the translucent ceramic and
rystal samples were 0.61 and 0.68 mm,  respectively. It can be confirmed that the stripe patterns on the back of samples
re clearly seen through. Fig. 2 illustrates SEM image of ceramic sample. From the SEM images, it can be confirmed that
he ceramic samples were highly densified and properly sintered. Fig. 3 shows transmittance spectra of the SrF2 translucent
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Fig. 1. Synthesized SrF2 translucent ceramic and crystal samples.

Fig. 2. SEM image of the SrF2 translucent ceramic sample.
Fig. 3. Transmittance spectra of the SrF2 translucent ceramic and crystal samples.

ceramic and crystal samples. The transmittance of the translucent ceramic was lower than that of the crystal in the measured
spectral range.

3.2. Scintillation properties

X-ray induced scintillation spectra of the SrF2 translucent ceramic and crystal samples are presented in Fig. 4. Both of
the samples showed an emission peak around 300 nm and had similar spectral shapes. The slight difference of the emission

peak wavelength was ascribed to the difference of the transmittance in the ultra violet range. Similar emission peak around
300 nm was also reported by earlier works [26,27], in which the origin of this mission was ascribed to STE. Fig. 5 shows
the X-ray induced scintillation decay time profiles of the SrF2 translucent ceramic and crystal samples. The decay curves
were approximated by a  sum of two exponential functions. The obtained decay time constants were 310 and 1113 ns for the
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Fig. 4. X-ray induced scintillation spectra of the SrF2 translucent ceramic and the crystal samples.

Fig. 5. X-ray induced scintillation decay time profiles of the SrF2 (a) translucent ceramic and (b) crystal samples.
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Fig. 6. Pulse height spectra of the SrF2 translucent ceramic and crystal samples under 57Co �-ray irradiation.

ranslucent ceramic sample, 348 and 1175 ns for the crystal sample. These components are consistent with the previously
eported values [28–30], so the origins of these components are attributed to STE.

Fig. 6 demonstrates pulse height spectra of the SrF2 translucent ceramic and crystal samples under 57Co �-ray irradiation.
he light yields of the translucent ceramic and crystal were estimated to 8900 and 16,400 photons/MeV, respectively. The
ight yields were derived as relative values to that of conventional NaI:Tl crystal scintillator [31]. Although the light yield of
he crystal was close to  the past observation [23], the light yield of the ceramic sample was  smaller than that of the crystal
ample. This can arise from a trapping of excited electrons in something of defects and/or impurity ions in the translucent
eramic sample or simply due to the low optical transmittance.

Fig. 7 shows afterglow profiles after an X-ray irradiation with a pulse duration of 2  ms.  Afterglow levels of translucent
eramic and crystal are 0.0079 and 0.0153%, respectively. From this result, it can be said that afterglow levels of translu-

ent ceramics are improved in comparison with the one of crystal although many grain boundaries are created in ceramics.
n this evaluation, afterglow levels (A) are represented A (%) = 100 × (I2−I0)/(I1−I0) where I0–I2 denote the averaged back-
round signal, the averaged signal intensity during X-ray irradiation and signal intensity at 20 ms after the X-ray irradiation,
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Fig. 7. Afterglow profiles of the SrF2 translucent ceramic and crystal samples after an X-ray irradiation with a pulse duration of  2 ms.

Fig. 8.  TSL glow curves with GCD function of (a) translucent ceramic and (b) crystal. The inset in Fig. 8(b) extends 150–490 ◦C range.

Table 1
The parameters of the GCD functions for the SrF2 (a) translucent ceramic and (b) crystal samples.

(a) Peak 1  Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7

Tm (◦C) 60 92 161 196 266 345 433
Im (a.u.) 16.5 16.5 73.2 49 29 44 14
E  (ev) 0.73 0.82 0.97 1.01 1.10 1.15 1.40

(b)  Peak 1  Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7

◦
Tm ( C) 67 117 158 221 295 360 465
Im (a.u.) 339 212 21 3.55 3.7 1.75 1.05
E  (ev) 0.75 1.05 1.1 1.2 1.3 1.48 1.5

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 security applications. In general, the ceramic sample has
more defects than the crystal; however, the afterglow level of the translucent ceramic is smaller than that of the crystal. We
thought that the present result may  be explained by the following two possbilities: (1) In the crystal sample, most trapping
centers have low activation energy so the trapping and detrapping processes can be observed as a slow emission component.
In this case, TSL glow peaks can be observed at  low temperatures below room temperature. (2) In the translucent ceramic,
the defects are acting as quenching centers at room temperature.

3.3. TSL glow curve

Fig. 8 shows TSL glow curves of (a) translucent ceramic and (b) crystal samples measured after the samples were irradiated
with an X-ray dose of 1 Gy. The glow curves were decomposed by glow curve deconvolution (GCD) functions described in
[32]. The parameters obtained by the deconvolutions were summarized in Table 1.  The free parameters of the GCD functions

are the maximum peak temperature (Tm),  the maximum peak intensity (Im)  and the activation energy (E). The glow curves
were best-fitted by seven GCD functions, and the translucent ceramic showed glow peaks about 36, 92, 158, 193, 259, 339 and
433 ◦C while the crystal showed glow peaks about 58, 114, 149, 213, 291, 361 and 455 ◦C. A number of peaks was  the same
between the translucent ceramic and crystal; however, the peak temperatures were slightly difference. In terms of shallow
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rapping centers, the crystal showed higher intensities than translucent ceramic. Actually, TSL intensity of the crystal from
0 to 150 ◦C  was around twice as large as that of the ceramic, and it coincided with the afterglow levels of these samples.
rom these results, in the above discussion about afterglow levels, we considered that the reason (1) was more reasonable
han the reason (2). In addition, the total intensities of these samples over the whole temperature range were almost the
ame, and it meant that numbers of trapped carriers were almost the same. Thus the lower scintillation light yield of the
eramic would be blamed for the low optical transmittance.

. Conclusions

We  have developed SrF2 translucent ceramic by the SPS method and then investigated the scintillation properties and TSL
low curves, in comparison with SrF2 crystal. The emission due to the STE was detected for the translucent ceramic sample
s well as the crystal sample. In addition, the absolute light yield of the translucent ceramic sample was  approximately 8900
hotons/MeV. Although the light yield of translucent ceramic is inferior to the crystal in this time, the light yield would be

mproved when the optical transmittance is  enhanced by that the synthesis methods and conditions are optimized as same
s the cases of transparent ceramic garnet scintillators. The afterglow level of translucent ceramic was  better than that of
he crystal. These results consist of the results in TSL intensities of translucent ceramic and crystal.
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