Optical Materials 72 (2017) 470—475

Contents lists available at ScienceDirect

Optical Materials

journal homepage: www.elsevier.com/locate/optmat

Scintillation and storage luminescence properties of MgF, transparent

ceramics doped with Ce3*

P

@ CrossMark

Fumiya Nakamura * *, Takumi Kato ¢, Go Okada ¢, Noriaki Kawaguchi ¢, Kentaro Fukuda ®,

Takayuki Yanagida

2 Nara Institute of Science and Technology (NAIST), 8916-5 Takayama-cho, Ikoma-shi, Nara, 630-0192, Japan

® Tokuyama Corporation, 1-1 Mikage-cho, Shunan-shi, Yamaguchi, 745-8648, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 28 April 2017
Received in revised form

21 June 2017

Accepted 24 June 2017
Available online 30 June 2017

In this paper, we report basic optical properties and scintillation and storage luminescence properties of
MgF,:Ce transparent ceramics with different doping concentrations of Ce (0.01, 0.1 and 1%) synthesized
by spark plasma sintering (SPS). In scintillation, thermally-stimulated luminescence (TSL) and optically-
stimulated luminescence (OSL), the dominant emissions were due to the 5d-4f transitions of Ce>* which
appeared in the near-UV region peaking around 320 and 360 nm. The scintillation was evaluated by X-

ray irradiation while OSL was observed under 540 nm stimulation. In particular, the TSL sensitivity was

Keywords:
Transparent ceramic
MgF,

Scintillator
Dosimeter

Ce

high and showed a good linearity from 0.1 mGy to 1000 mGy.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Phosphor materials have been used to measure ionizing radia-
tions [1]. These phosphors are called scintillators or dosimeters
depending on the applications and luminescence phenomena
involved. Scintillators convert radiations to numerous low energy
photons immediately. Subsequently, the photons from the scintil-
lators are converted to electrons by photodetectors such as pho-
tomultiplier tubes (PMTs) in general. Among scintillation
properties, high light yield and short decay time are particularly
important in practical applications. In contrast, the dosimeters
absorb, accumulate and store incident radiation energy, and then
the stored energy is released in a form of light emission by external
stimulation of heat (thermally-stimulated luminescence, TSL) or
light (optically-stimulated luminescence, OSL). Common examples
of TSL and OSL dosimeters are LiF:Ti, Mg [2] and Al,03:C [3],
respectively, and they are used for personal dose monitorings. For
the latter applications, the effective atomic number (Zef) should be
close to that of biological tissue (Zgf = 7.51) because interactions of
ionizing radiation with matter strongly depends on the material
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compositions. Furthermore, a good linear response against the
incident radiation dose is also an important property. In addition to
these important properties for applications, it has been of great
scientific interest that luminescence properties of scintillation and
dosimeter responses are complimentarily related [4,5]. Therefore, it
is important to investigate both scintillation and dosimeter prop-
erties together for better understandings of ionizing radiation
induced luminescence phenomena.

So far, bulk inorganic solids of single crystal and glass have been
mainly used as scintillator and dosimeter because of their high
optical qualities. However, transparent ceramics have been of great
interest thanks to the recent advancement of sintering technologies
which enable us to make ceramics with high optical transparency.
Transparent ceramics have some industrial advantages such as
higher mechanical strength, higher uniformity and lower fabrica-
tion cost compared with single crystals. In addition, transparent
ceramics show improved properties of radiation induced lumi-
nescence in comparison with those of the single crystal form [6,7].
Furthermore, we have recently reported that non-doped MgF,
transparent ceramic shows better dosimeter properties than those
of single crystal [8].

MgF; has the rutile structure with space group D}lﬁ. and the unit
cell is simple tetragonal and contains six ions [9,10]. MgF> is one of
the promising materials for dosimetry applications as it has the
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effective atomic number of Zegr = 10.46 which is close to biological
tissue. For scintillation detectors, such an intermediate mass ma-
terials can be applicable in the charged particle detectors [11].
Therefore, scintillation, TSL and optical properties of MgF, have
been intensively investigated [12—20]. In the past studies, some
rare earth and transitional metal ions were doped to improve the
luminescent properties. Ce>" is well-known dopant and charac-
terized by the high emission intensity and short decay time around
several tens of nanoseconds due to the 5d-4f transitions [21], and
some fluorides doped with ce3t such as CaF, and LiCAFg, used in
practical applications, show intense light emission [21,22]. How-
ever, to the best of our knowledge, despite the large number of
earlier researches and advantages of MgF as a host material and Ce
ion as an activator, we found only one article regarding MgF, doped
with Ce reporting only the TSL and radio-luminescence (RL)
properties in the nanocrystalline form [18]. Other radiation-
induced luminescence properties (e.g. decay time, afterglow and
OSL) in Ce doped MgF, have not been reported in any other ma-
terial forms. In order to achieve high detection efficiency of radia-
tion, a bulk form with high optical transparency is essential since
interaction probabilities of the ionizing radiations with matter
simply depend on the volume of phosphor, and transparent matrix
is beneficial as scintillation, TSL and OSL photons can be collected
by photodetectors efficiently.

The aim of this research is to synthesize MgF, transparent ce-
ramics doped with Ce®* by spark plasma sintering (SPS) and
investigate the optical, scintillation and dosimeter properties. SPS is
a new sintering process that is characterized by a rapid consoli-
dation rate, and it has been used to fabricate transparent ceramics
[23—30]. In addition, SPS is generally performed in a high reductive
atmosphere, so it can increase the defect concentration and is ex-
pected to enhance storage luminescence properties [8,31].

2. Experimental

Samples of MgF,:Ce transparent ceramics with different con-
centrations of Ce were synthesized by SPS technique using Sinter
Land LabX-100 in vacuum. The MgF, and CeF3 raw powders
(>99.99%; Tokuyama Corp.) were homogeneously mixed using a
mortar and pestle. Here, the total mass of the mixture was 0.5 g,
and the concentration of Ce varied as 0.01, 0.1 and 1 mol%. Subse-
quently, the mixture was loaded into a cylindrical graphite die with
a hole of 10.4 mm in diameter and held between two graphite
punches. Sintering was performed by applying uniaxial pressure
through the graphite assembly while applying pulse current. The
sintering was carried out in two steps. First, the temperature was
elevated from the room temperature to 500 °C with a heating rate
of 100 °C/min while applying 6 MPa pressure and then kept for
10 min. Next, the temperature was further elevated to 700 °C with a
heating rate of 100 °C/min while applying 70 MPa pressure and
then kept for 7 min. The temperature was observed by a K-type
thermocouple attached onto the graphite die. After the sintering,
the top and bottom surfaces of the sintered ceramic samples were
mechanically polished using a polishing machine (MetaServ 250,
BUEHLER). Subsequently, all the prepared samples were charac-
terized in the same manner described below.

Optical in-line transmittance was measured by a spectrometer
(V670, JASCO) over the spectral range of 190—2700 nm with 1 nm
intervals. Quantaurus-QY (C11347, Hamamatsu Photonics) was
used to measure PL emission and excitation spectra as well as
quantum yield. Quantaurus-t (C11367, Hamamatsu Photonics) was
used to evaluate PL decay profiles.

X-ray induced scintillation spectrum was measured by our
original setup [32]. As the excitation source, an X-ray generator
equipped with a W anode target (XRB80OP&N200X4550, Spellman)

and a Be window was used, and the X-ray generator was operated
with a tube voltage of 40 kV and current of 5.2 mA. The scintillation
photons from the sample were guided into a spectrometer (Andor
DU-420-BU2 CCD and Shamrock 163 monochromator) thorough a
2.0 m optical fiber. The CCD detector was cooled down to 193 K by a
Peltier module in order to reduce the thermal noise. In order to
measure X-ray induced scintillation decay time and afterglow
profiles, we have used a pulse X-ray tube equipped afterglow
characterization system [33]. In fast scintillation decay measure-
ment, a different light source from that of afterglow was used. The
X-ray source was supplied with the voltage of 30 kV during the
measurements.

TSL glow curve of the sample was measured by a TSL reader (TL-
2000, Nanogray Inc.) over the temperature range of 50—490 °C
with a heating rate of 1 °C/s [34]. Prior to the measurement, the
sample was irradiated by X-rays with a certain dose ranging from
0.1 mGy to 1000 mGy. In addition, the sample was held at 50 °C for
5 min before starting the glow curve measurement. In order to
measure TSL spectra, the TSL emission was collected by an optical
fiber to guide into a spectrometer (QE Pro, Ocean Optics) while the
sample was heated with a heating rate of 1 °C/s on a ceramic heater
system (SCR-SHQ-A, Sakaguchi). OSL was evaluated under 540 nm
stimulation by a spectrofluorometer (FP8600, JASCO). OSL decay
profiles were also measured by FP8600 by monitoring the emission
intensity at 320 nm during stimulation at 540 nm with constant
intensity.

3. Results and discussion
3.1. Sample

Fig. 1 shows a picture of MgF,:Ce transparent ceramic samples
used in this research. The samples are transparent that the black
lines on the back of the samples can be seen. The thicknesses of the
samples were ~0.5 mm. In-line transmittance spectra of the
MgF,:Ce transparent ceramic samples are represented in Fig. 2. The
transmittance of the samples decreased as the Ce concentration
increased although the thicknesses were almost the same. This
trend can be explained by increasing scattering centers.

3.2. Photoluminescence
Fig. 3 (a) shows the PL excitation/emission contour graph of

MgF,:1%Ce transparent ceramic sample as an example, and Fig. 3
(b) shows PL spectra of 0.01, 0.1 and 1% Ce-doped MgF, under

Fig. 1. Synthesized MgF, transparent ceramics doped with Ce** (0.01, 0.1 and 1%).
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Fig. 2. Transmittance spectra of MgF,:Ce transparent ceramic samples.

Fig. 3. PL emission and excitation map of MgF,:1%Ce transparent ceramic sample (a)
and PL spectra of 0.01, 0.1 and 1% Ce-doped MgF, transparent ceramics under exci-
tation at 280 nm (b).

280 nm excitation. Under excitation at 280 nm, emission peaks
were observed around 320 and 360 nm due to the 5d-4f transitions
of Ce®*. The energy difference between the two peaks is 3400 cm ™.
The value is slightly larger than the typical energy difference be-
tween 2F7j; and 2Fs; of Ce>* (2000 - 2800 cm™! in LaF3:Ce3*) [35].
In addition, it should be mentioned that there is big ionic radius
difference between Mg?t (0.66 A) and Ce3* (1.034 A), so there
would be some Ce3* that exist as interstitial atoms in the samples.
So, two PL peaks may be attributed to the 5d-4f transitions of Ce3*
located at different sites such as Mg?* site and interstitials. Since
nondoped MgF, transparent ceramics prepared in the same
manner does not show such emissions [8], the origins of these
emissions were attributed to Ce3* ions. The intensity ratio of the
peak around 320 nm to the one around 360 nm decreased with an
increase in the concentration of Ce due to an overlap between the
4f-5d absorption band of Ce and a portion of emission peak at
shorter wavelengths. The quantum yields of the 0.01, 0.1 and 1% Ce-
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Fig. 4. PL decay profiles of MgF,:Ce transparent ceramic samples. The monitored
emission wavelength were 320 (top) and 370 nm (bottom) while the excitation
wavelength was 280 nm.

doped samples were 11, 28 and 40%, respectively. The quantum
yields increased as the concentration increased.

Fig. 4 represents PL decay profiles of the MgF,:Ce transparent
ceramic samples. The monitored emission wavelength of the top
and bottom were 320 and 360 nm, respectively. The excitation
wavelength was 280 nm, which was the shortest excitation wave-
length available on the instrument. The decay curves monitored at
both 320 nm and 360 nm were fitted by single exponentially
function. The derived decay time of the 0.01, 0.1 and 1% Ce-doped
samples at 320 nm were 32, 29 and 27 ns, respectively, while 42,
40 and 36 ns for the 360 nm emission, respectively. All the decay
constants were in the typical range for the 5d-4f transitions of Ce>*
in fluoride materials [21]. In addition, the decay times became
shorter as the Ce concentration increased. The decay times were
different between the peaks around 320 and 360 nm. These results
supported our suggestion that the two PL peaks are due to the 5d-4f
transition of Ce3* at different sites.

3.3. Scintillation properties

X-ray induced scintillation spectra of MgF,:Ce transparent
ceramic samples are represented in Fig. 5. A broad emission which
consists of several peaks was observed over 300—600 nm. The
origin of the peak around 380 nm is attributed to the host because it
was also observed in non-doped MgF; transparent ceramic [8]. In
addition, from the results of the PL, the peaks around 320 and
360 nm would be due to the 5d-4f transitions of Ce3*. The
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Fig. 5. X-ray induced scintillation spectra of MgF,:Ce transparent ceramic samples.

intensities increased as the Ce concentration increased.

X-ray induced scintillation decay time profiles of the MgF,:Ce
transparent ceramic samples are shown in Fig. 6. The top and
bottom figures show the decay profiles measured in short and long
time ranges, respectively. In the short time range, the scintillation
decay curves were fitted by single exponential function. The decay
time constants of the 0.01, 0.1 and 1% Ce-doped samples measured
in the shorter time range were 47, 31 and 29 ns, respectively. These
values are typical for the 5d-4f transitions of Ce>*. The decay times
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Fig. 6. Scintillation decay time profiles of MgF, transparent ceramic doped with
different concentrations of Ce>*. The top and bottom shows the profiles over the range
of 0—150 ns and 0—10 ms, respectively.
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Fig. 7. Afterglow levels of MgF, transparent ceramic as a function of Ce>* concentra-
tion. The inset shows afterglow profiles of the samples.

became shorter as the Ce concentration increased. Unlike PL, the
scintillation decay curves were observed to consist of only single
component (two for PL). The reason was that it was difficult to
distinguish two components which were close to each other in both
the decay time and emission wavelength. In the longer time range,
the decay curves were fitted by two exponential function. The faster
components of the 0.01, 0.1 and 1% Ce-doped samples were 290,
294 and 308 ps, respectively. The slower components of the 0.01, 0.1
and 1% Ce-doped samples were 2540, 2190 and 2985 ps. All the
constants observed in the long range were due to the host emission
around 380 nm since similar decay times were observed in the
nondoped sample [8].

Afterglow levels of the MgF,:Ce transparent ceramic samples
are represented in Fig. 7. The inset shows the afterglow profiles.
Here, the afterglow level (I4c) was derived by the following for-
mula: Ic (t = 20 ms) [%] = 100 x (I, — Igg)/(I1 — Igg) where Ig¢ is
the background signal, I is the averaged signal intensity during X-
ray irradiation, and I, is the signal intensity at 20 ms after the
irradiation was cut off [36]. The afterglow levels of the 0.01, 0.1
and 1% Ce-doped samples were 0.33, 0.30 and 0.20%, respectively.
The afterglow level slightly decreased as the Ce concentration
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Fig. 8. TSL glow curves of MgF, transparent ceramic doped with Ce3* after 1 Gy X-ray
irradiation. The inset shows an enlarged view.
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increased. The afterglow levels of present samples are relatively
high compared with those of conventional scintillators
(1-10 ppm) [33].

3.4. Dosimeter properties

TSL glow curves of MgF;:Ce transparent ceramic samples are
shown in Fig. 8. The inset enlarges the higher temperature range.
There were several peaks observed in all the samples peaking
around 110, 180, 300 and 400 °C. The glow peaks around 110 and
180 °C were also seen in non-doped MgF, transparent ceramic [8];
therefore, the peaks around 300 and 400 °C can be originated from
some defect centers generated by doping with Ce>*. The intensity
increased with increasing the concentration of Ce>*. Fig. 9 shows
TSL spectra of the MgF,:Ce transparent ceramic samples monitored
at 100—200 °C. The samples showed a peak around 320 nm due to
the 5d-4f transitions of Ce>* while 360 nm peak appeared to be
much smaller than those observed in PL and scintillation. Fig. 10
represents dose response curves of the MgF,:Ce transparent
ceramic samples. The TSL intensities were integrated values over
100—200 °C. All the samples showed a good linear response from
0.1 to 1000 mGy.

OSL spectra of the MgF,:Ce transparent ceramic measured after
X-ray irradiation (1 Gy) are shown in Fig. 11. It should be stressed
here that this is the first report showing OSL in Ce-doped MgF,. The
stimulation wavelength was 540 nm. The OSL emission consists of
mainly two bands peaking around 320 and 360 nm due to the 5d-4f
transitions of Ce*, but the 360 nm peak was much smaller than
those observed in PL and scintillation. With increasing the Ce
concentration, the 360 nm peak seems to increase. If we assume
that the possible origins of 320 and 360 nm peaks are Ce>* in Mg?*
sites and interstitials, the origin of the 360 nm peak may corre-
sponds to the Mg?* sites since generally it is difficult for rare earth
ions to substitute the Mg?* site due to large difference of ionic radii
and charge imbalance. Fig. 12 shows the OSL decay curves of the
MgF,:Ce transparent ceramic samples monitored at 320 nm under
540 nm stimulation after X-ray irradiation (1 Gy). Each decay curve
can be approximated by a second-order exponential decay func-
tion, suggesting that there were at least two detrapping processes
involved. The faster and slower decay constants of the 0.01, 0.1 and
1% Ce-doped samples were 12.5, 11.6 and 9.4 s and 88.2, 79.5 and
70.4 s, respectively. The values became smaller with the increase of
the Ce concentration.
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4. Conclusions

In this work, we have developed MgF,:Ce transparent ceramics
with varying doping concentrations of Ce (0.01, 0.1 and 1%) by SPS
and investigated the optical, scintillation and dosimeter properties.
In scintillation responses, emissions due to the host and Ce>* were
observed. As dosimeter properties, the MgF,:Ce transparent ce-
ramics showed good TSL properties. Especially, the TSL intensities
are considerably high, and it shows the linear increase with irra-
diation dose from 0.1 mGy to 1000 mGy. Furthermore, the MgF,:Ce
transparent ceramics also showed OSL as emission peaks around
320 and 360 nm due to the 5d-4f transitions of Ce3* under 540 nm
stimulation.
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