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a b s t r a c t

We have developed MgF2:Eu transparent ceramics using spark plasma sintering (SPS) and investigated
the photoluminescence (PL), scintillation and dosimeter properties. Under X-ray irradiation, intense
peaks appeared at 390 and 430 nm in all the samples. They were attributed to the 5d-4f transitions of
Eu2þ and some kinds of defect centers generated by doping with Eu2þ, respectively. The scintillation
decay times of the emissions at 430 nm for the 0.01, 0.02, 0.05 and 0.1% Eu-doped samples were 21.1,
20.9, 18.6 and 23.4 ms, respectively. Furthermore, all the samples showed a thermally stimulated
luminescence (TSL) over 120e250 �C. The TSL response was very sensitive to irradiation dose and
showed a good linearity from 0.01 mGy to 100 mGy. The TSL emission measured at 170 �C was only by
the luminescence band at 430 nm due to defect centers.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Scintillators and dosimeters are used to measure ionizing radi-
ations, and they have been put into use in various fields such as high
energy physics [1], security [2], medicine [3] and protection
dosimetry [4]. The scintillator converts incident radiation energy
immediately into numerous low energy photons, and then they are
further converted to electrical signal by a conventional photode-
tector. In contrast, a phosphor material used for dosimetry appli-
cations, or so-called dosimeter, stores radiation-generated electrons
and holes at localized trapping centers. The trapped electrons and
holes can be intentionally released out by an external stimulation of
light or heat, and the charges eventually recombine to emit light.
The resultant luminescence by light and heat stimulation is called
optically stimulated luminescence (OSL) and thermally-stimulated
luminescence (TSL), respectively. Dosimeters have been often
used in personal dose monitoring applications, utilizing the storage
luminescence signal as a probe of radiation dose accumulated over a
period of time. Important characteristics of dosimeter material
(F. Nakamura).
include low effective atomic number (Zeff) which is close to that of
soft tissue of human body (Zeff ¼ 7.51) and linear response to the
incident radiation dose. In practical applications, Al2O3 doped with
C [5] and LiF doped with Ti, Mg [4] are used for OSL and TSL,
respectively. It is required to study both scintillation and dosimeter
properties in one material for better understanding of radiation-
induced luminescence because we recently experimentally
demonstrated that these properties are complementarily related
[6,7].

Fluorides have attracted much attention as dosimeter materials
[8e10]. Dosimeter properties of magnesium fluorides (MgF2)
doped with luminescent ions have been studied [11,12]. In addition,
the effective atomic number of MgF2 is very close to that of bio-
logical tissue. Therefore, the MgF2 is a promising host for dosimeter
materials. MgF2 doped with Eu2þ (MgF2:Eu) has been studied as a
phosphor material because it shows emission due to the 5d-4f
transitions of Eu2þ [13e15]. Despite the large number of research
articles available on luminescence properties of MgF2, most studies
are on bulk single crystals and there are no reports on a transparent
ceramic form and with Eu-doping. In our previous research, it has
been shown that some luminescence properties induced by
ionizing radiation were improved in a transparent ceramic form
compared with those of single crystal [16,17]. Furthermore, trans-
parent ceramics have some preferable properties over single
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Fig. 1. Synthesized MgF2 transparent ceramics doped with Eu2þ (0.01, 0.02, 0.05 and
0.1%).
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crystals for practical applications such as enhanced uniformity,
high mechanical strength and low fabrication cost. For these rea-
sons, we synthesized MgF2:Eu transparent ceramics using spark
plasma sintering (SPS) and evaluated the scintillation, photo-
luminescence (PL) and dosimeter properties. Applications of
transparent ceramics are not limited to radiation detections but
lasers [18e20], optics [21], persistent luminescence [22].
2. Experimental

A series of MgF2:Eu transparent ceramic samples with different
Eu concentrations (0.01, 0.02, 0.05 and 0.1 at.%) were synthesized by
spark plasma sintering. A mortar and pestle was used to mix MgF2
(4N) and EuF3 (3N) raw powders. The mixture was loaded in a cy-
lindrical graphite die with a hole with a diameter of 10.4 mm and
held between two graphite punches inserted. Subsequently, the
mixture was sintered by applying uniaxial pressure and supplying
Fig. 2. SEM images of MgF2 transparent ceramic sam
pulse current across the graphite assembly in an SPS furnace (LabX-
100, Sinter Land). The temperature was elevated from the room
temperature to 500 �C at a heating rate of 100 �C/min under 6 MPa
pressure and then kept for 10 min. Next, the temperature was
further elevated to 650 �C at a heating rate of 10 �C/min under
70MPa pressure and then kept for 15min. During the synthesis, the
sample temperature was monitored using a K-type thermocouple
attached on the graphite die. These sintering sequences in fact fol-
lowed after those we have derived earlier to obtain transparent
ceramics of CaF2 by the SPS method [23,24]. Wide surfaces of the
obtained ceramic samples were polished using a polishing machine
(MetaServ 250, BUEHLER), and they were characterized by the
following procedures.

A scanning electron microscope (SEM; Hitachi TM6600) was
used to observe backscattered electron images. Optical in-line
transmittance was measured using a spectrometer (V670, JASCO)
over a spectral range of 190e2700 nm with 1 nm interval.
Quantaurus-QY (C11347, Hamamatsu Photonics) was used to eval-
uate photoluminescence (PL) emission and excitation spectra as
well as quantum yields. Quantaurus-t (C11367, Hamamatsu Pho-
tonics) was used to measure PL decay profiles monitoring at
390 nm during 365 nm excitation.

X-ray induced scintillation spectrum was measured using our
original setup [17]. For the X-ray source, a conventional X-ray tube
(XRB80P&N200X4550, Spellman) equipped with a tungsten anode
target and beryllium window was used. The generator was oper-
ated with a tube voltage of 40 kV and current of 5.2 mA. A 2.0 m
optical fiber was used to guide the scintillation photons from the
sample to a spectrometer (Andor DU-420-BU2 CCD and Shamrock
163 monochromator). Here, in order to avoid X-rays directly strik-
ing onto the CCD, the spectrometer was placed off the irradiation
geometry axis. The spectrometer was cooled down to 193 K by a
Peltier module to reduce the thermal noise. Furthermore, X-ray
induced scintillation decay time and afterglow profiles were
measured using a pulse X-ray source equipped afterglow charac-
terization system [25]. The supplied X-ray tube voltage was 30 kV.

TSL glow curve was measured by a TSL reader (TL-2000,
ples doped with 0.01, 0.02, 0.05 and 0.1% Eu2þ.



Fig. 3. PL emission and excitation map of 0.1% Eu-doped MgF2 transparent ceramic sample.
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Nanogray Inc.) over a temperature range of 50e490 �C with a
heating rate of 1 �C/s [26]. Prior to the measurement, the sample
was irradiated with X-rays of varying doses from 0.01 mGy to
100 mGy. In order to measure a TSL spectrum, an irradiated sample
was heated at a specific temperature on a ceramic heater system
(SCR-SHQ-A, Sakaguchi) and the luminescence was measured by a
spectrometer (QE Pro, Ocean Optics). For the latter measurement,
irradiation was performed with a conventional X-ray tube
(XRB80P&N200X4550, Spellman) with a tube voltage of 80 kV and
current of 2.5 mA for 10 min (which yield approximately 20 Gy).

3. Results and discussion

3.1. Sample

Fig. 1 shows a photograph of the MgF2:Eu transparent ceramic
Fig. 4. PL decay profiles of MgF2 transparent ceramics doped with different concen-
trations of Eu2þ. The monitoring wavelength was 400 nm while the excitation wave-
length was 365 nm.
samples made in this research. The samples are optically trans-
parent enough that the black lines on the back of the samples were
seen. The thickness of the 0.01, 0.02, 0.05 and 0.1% Eu-doped
samples were 0.99, 1.15, 1.03 and 0.93, respectively. The varying
thicknesses arose from the fact that the polishing was done indi-
vidually for each sample by hand. Fig. 2 shows the SEM image of
fractured surfaces of the samples. The average grain size of the 0.01,
0.02, 0.05 and 0.1% Eu-doped samples were about 1.77, 1.84, 1.82
and 2.03 mm. No significant difference of the grain sizes by doping
concentration was seen in the SEM images.

3.2. Optical properties

PL excitation/emission contour graph of MaF2:0.01% Eu trans-
parent ceramic sample is shown in Fig. 3 as a representative. An
intense broad emission band around 390 nm appeared under
excitation around 350 nm. The origin of this emission would be
ascribed to the 5d-4f transitions of Eu2þ, but the peak position of
this emission was 50 nm shorter than that of earlier study of
MgF2:Eu single crystal [13]. However, the PL decay time of this
emission was the typical value of the 5d-4f transitions Eu2þ as
described later, so this emission peak should be attributed to the
5d-4f transitions of Eu2þ. There was no large influence on the
excitation and emission spectra affected by the Eu concentrations.
The quantum yields of the 0.01, 0.02, 0.05 and 0.1% Eu-doped
samples were 4.3, 0.7, 0.5 and 0.5%, respectively, and the sample
with the lowest concentration of Eu (0.01%) showed the highest PL
quantum yield.

Fig. 4 shows PL decay profiles of the MgF2:Eu transparent
Fig. 5. Transmittance spectra of MgF2 transparent ceramics doped with different
concentrations of Eu2þ.



Fig. 6. X-ray induced scintillation spectra of MgF2 transparent ceramics doped with
different concentrations of Eu2þ. The inset shows the spectrum of the 0.01% Eu-doped
sample superposed with Gaussian functions.
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ceramic samples. The excitation wavelength was 365 nmwhile the
emission at 390 nmwasmonitored during themeasurement. These
decay curves were well-approximated by single exponential decay
function. The obtained decay time constants of the 0.01, 0.02, 0.05
and 0.1% Eu-doped samples were approximately 609, 613, 501 and
477 ns, respectively. These values were typical for the 5d-4f tran-
sitions of Eu2þ [27].

In-line transmittance spectra of the MgF2:Eu transparent
ceramic samples are shown in Fig. 5. No clear correlation between
the transmittance and Eu concentration was observed. This is
consist with observations in the SEM images since a volume frac-
tion of scattering centers such as grain boundaries and voids
strongly affects the in-line transmittance. The strong absorption in
Fig. 7. Scintillation decay time profiles of MgF2 transparent ceramics doped with different co
ranges of 0e10 ms and 0e50 ms, respectively.
the ultraviolet and visible ranges should be attributed to Mie
scatterings due to grain boundaries, the 4f-5d transitions Eu2þ and
some kinds of defects.

3.3. Scintillation properties

X-ray induced scintillation spectra of MgF2:Eu transparent
ceramic samples are shown in Fig. 6. The inset shows the spectrum
of the 0.01% Eu-doped samplewhich is fitted by Gaussian functions.
Intense emission peaks appeared at 390 and 430 nm in all the
samples in addition to a broad peak over 300e600 nm. The emis-
sion peak at 390 nmwas attributed to the 5d-4f transitions of Eu2þ

as for the PL. In our previous study, the same broad emission over
300e600 nm was also observed in a non-doped MgF2 transparent
ceramic, and the origin should be some kinds of defect centers [28].
The intense peak at 430 nm was not seen in the non-doped MgF2
transparent ceramic, and the emission peak due to Eu2þ appeared
near 430 nm in the earlier study of MgF2:Eu single crystal [13].
However, this emission should not be due to Eu2þ in these samples
because if it were due to Eu2þ, it would be observed in the PL
emission spectra. In these samples, the emission peak due to Eu2þ

was observed at 390 nm. Therefore, the origin of this peak should
be due to some kinds of defect center generated by doping with
Eu2þ. In addition, all the samples showed some weak peaks around
600 nm. The possible origins are the 4f-4f transitions of Eu3þ or M
(C1) center [29,30]. The intensity ratio of the peak at 390 nm to the
one at 430 nm decreased with an increase in the concentration of
Eu. This behavior can be explained by concentration quenching of
Eu2þ ion, which was also observed as a decrease in the PLQY with
increasing the concentration of Eu2þ.

X-ray induced scintillation decay time profiles of the MgF2:Eu
transparent ceramic samples are represented in Fig. 7. The top and
bottom figures show the profiles measured over the ranges of 0e10
ms and 0e50 ms, respectively. In the shorter time range, all the
ncentrations of Eu2þ. The top and bottom sets of figures show the profiles over the time



Fig. 8. Afterglow levels of MgF2 transparent ceramics as a function of Eu2þ concen-
tration. The inset shows the afterglow profiles of all the samples.
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decay curves were approximated by single exponential decay
function. The faster decay constants of the 0.01, 0.02, 0.05 and 0.1%
Eu-doped samples were 856, 952, 808 and 780 ns, and they were
typical value of the 5d-4f transitions of Eu2þ. These decay times
were slower than those of PL because scintillation mechanism in-
volves energy transfer processes in addition to luminescence
(excitation and emission as in PL) processes. All the decay curves
measured in the longer time range were approximated by triple
exponential decay function. The fastest decay time constants of the
0.01, 0.02, 0.05 and 0.1% Eu-doped samples were 454, 517, 565 and
483 ms, respectively. The second fastest decay times were 2.14, 2.66,
2.98 and 2.31 ms, respectively. The decay times of the fastest and
second fastest components were also observed in non-doped MgF2
transparent ceramic, so the origins were ascribed to the broad peak
over 300e600 nm [28]. The slowest decay times of the 0.01, 0.02,
0.05 and 0.1% Eu-doped samples were 21.1, 20.9, 18.6 and 23.4 ms,
respectively; and such slow signals were not observed in the non-
doped MgF2 transparent ceramic. From these results, it was sug-
gested that the slowest component could be due to the emission at
430 nm. Although the 4f-4f transitions of Eu3þ or M (C1) center
appeared in the scintillation spectra, this decay time was not
detected as its intensity was too low. The slowest decay time was
Fig. 9. TSL glow curves of MgF2 transparent ceramic doped with Eu2þ after 100 mGy X-
ray irradiation.
not observed in the PL although we tried to observe with several
conditions. This may be because the excitation wavelength was
shorter than the shortest wavelength available on the instrument,
or the intensity was too low to be measured in our PL instruments.

Afterglow levels of the MgF2:Eu transparent ceramic samples
are represented in Fig. 8. The inset represents the afterglow pro-
files. Here, the afterglow level (IAG) was defined as IAG (%)¼ 100� (I2
e IBG)/(I1 e IBG) where IBG is the background signal intensity, I1 is
the averaged signal intensity during X-ray irradiation, and I2 is the
signal intensity at 20 ms after the irradiation was cut off [31]. The
afterglow levels of the 0.01, 0.02, 0.05 and 0.1% Eu-doped samples
at 20 ms showed 0.24, 0.34, 0.41 and 0.61%, respectively. The
afterglow levels increased as the concentration of Eu increased.

3.4. Dosimeter properties

TSL glow curves of MgF2:Eu transparent ceramic samples
measured after X-ray irradiation are shown in Fig. 9. Here, the
irradiation dose was fixed to 100 mGy for all the measurements. All
the samples showed amajor glow peak over 120e250 �C, and it was
consistent with an earlier workwith nanocrystalline MgF2 [15]. The
TSL intensity increased as the concentration of Eu increased. Fig. 10
represents TSL emission spectra measured at 170 �C. An intense
emission peak was observed at 430 nm in all the samples. The same
spectral features were seen in the scintillation spectra due to some
kinds of defects, and we expect the same origin for the emission in
TSL. Interestingly, the emission by Eu2þ was not observed in TSL.

Fig. 11 shows TSL dose response curves of the MgF2:Eu trans-
parent ceramic samples as a dosimeter property. Here, the inte-
grated TSL signal only for the peak at 170 �C was dealt for the TSL
response. All the samples were sensitive to irradiation dose, and
they showed a good linearity from 0.01 mGy to 100 mGy. This is an
equivalent sensitivity with commercial personal dosimeters since
the detection limit of typical commercial dosimeters for personnel
dose monitoring applications is 0.1 mGy [32].

4. Conclusions

We have synthesized MgF2:Eu transparent ceramics by SPS and
investigated the PL, scintillation and dosimeter properties. Under
X-ray irradiation, intense emission peaks appeared at 390 and
Fig. 10. TSL emission spectra of MgF2 transparent ceramics doped with different
concentrations of Eu2þ measured at 170 �C. The samples were irradiated to approxi-
mately 20 Gy prior to the measurement.



Fig. 11. TSL dose response curves of MgF2 transparent ceramics doped with different
concentrations of Eu2þ.
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430 nm regardless the concentration of Eu. These emission origins
were attributed to the 5d-4f transitions of Eu2þ and some kinds of
defect centers generated by doping with Eu2þ, respectively. The
scintillation decay times of the emission at 430 nm of the 0.01, 0.02,
0.05 and 0.1% Eu-doped samples are 21.1, 20.9, 18.6 and 23.4 ms,
respectively. In dosimeter properties, all the samples showed TSL
glow peaks over 120e250 �C. They were very sensitive to irradia-
tion dose and showed a good linearity from 0.01 mGy to 100 mGy.
The TSL spectra measured at 170 �C indicated that the TSL active
emission center was mainly defects, and no emission from Eu2þ

was observed.
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