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ARTICLE INFO ABSTRACT

Keywords: In this study, we have developed MgF,:Gd transparent ceramics by spark plasma sintering (SPS) and evaluated
Transparent ceramic the scintillation, dosimeter and optical properties. All the sample were successfully synthesized in a transparent
MgF, form with relative densities over 99% to that of the single crystal. The samples were confirmed to show scin-
Scintillator

Dosimeter
Gd

tillation, thermally-stimulated luminescence (TSL) and optically-stimulated luminescence (OSL). The origin of
these emissions was due to the 4f-4f transitions of Gd*>* appearing as a single peak at 310 nm. In particular, the

TSL was very sensitive to X-rays, and especially the 1% Gd-doped sample showed a sensitivity as low as 0.1 mGy.
The TSL response increases monotonically with the irradiation dose, and the dynamic range was confirmed to be
over 0.1-1000 mGy, which was equivalent sensitivity to that of commercial personal dosimeters.

1. Introduction

Ionizing radiation detectors are mainly classified into two types.
One is a direct conversion type, which directly converts radiations to
electrical signals. An example is semiconductor devices using Si, Ge, Se,
and CdTe. The other is an indirect conversion type, which often uses
phosphors to convert radiation to light, and the light is further con-
verted to electrical signals by photodetectors such as photomultiplier
tubes (PMTs) in general. Phosphors used in the indirect conversion
detectors are often referred as scintillators and dosimeters depending
on the mechanisms involved and applications. Scintillators almost in-
stantly convert absorbed energy of ionizing radiation into numerous
number of low energy photons, and they are widely used in various
fields such as high energy physics [1], security [2] and medicine [3].
On the other hand, dosimeters store and accumulate incident radiation
energy for a certain period of time, which is kept in a form of charge
trapping at localized sites. The trapped charges can be intentionally
freed by an external stimulation of heat or light, and the charges
eventually recombine to emit photons. The light emission due to heat
stimulation is so-called thermally-stimulated luminescence (TSL) while
that by optical stimulation is called optically stimulated luminescence
(OSL). Dosimeters are mainly used in personal dose monitoring [4] and
radiation imaging applications [5]. When dosimeters are used in per-
sonal dose monitoring applications, the effective atomic number (Zg)
should be close to that of soft tissue of human body (Z.s = 7.51)
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because interactions of ionizing radiation with matter strongly depends
on the chemical compositions. In addition, the dosimeters are also re-
quired to have a good linear response to incident radiation dose for
accurate measurements. Scintillators and dosimeters have been sepa-
rately studied and developed in different fields. However, it is im-
portant to investigate both scintillation and dosimeter properties to-
gether for better understandings of the luminesce mechanisms because
it was recently pointed out that these two properties are com-
plementarily related in some materials [6,7].

Fluorides are common materials for scintillators and dosimeters. For
example, LiCaAlFq crystals doped with Eu?>" or Ce®* are practical
neutron scintillators and commercially available from Tokuyama Corp.
[8]. Dosimeters using fluoride materials are especially well-known to
show distinct TSL properties. The common examples are LiF:Ti,Mg [9],
CaFy:Dy [10] and CaF,:Tm [11]. In addition, MgF, has attracted much
attention as a dosimeter material because the effective atomic number
(Z.gis = 10.46) is very close to that of biological tissue, although it has
not been practically used yet. So far, many researchers have made ef-
forts on investigating TSL properties of MgF,, and it has been found out
that doping with some rare earth (RE) and transitional metal ions im-
proves the properties [12-18]. Gd is one of RE ions and has lumines-
cence features appearing as a single narrow emission peaking at 310 nm
due to the 4f-4f transitions regardless of the host material compositions
[19]. The latter emission is suitable to be used with a PMT having a
typical sensitivity around 300-500 nm. In addition, the emission
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wavelength is short enough so the signal is less likely affected by black-
body radiation from the heater when used as TSL dosimeters. In spite of
the large number of earlier researches and advantages of MgF, as a host
material and Gd ion as an activator, to the best of our knowledge, there
are no research reports on any luminescence properties of Gd-doped
MgF, transparent ceramics.

It is particularly important to use a bulk transparent material for
both scintillators and dosimeters. A transparent matrix enables photons
to escape effectively, so the sensitivity as a detector is enhanced. So far,
bulk inorganic solids of single crystal have been mainly utilized for
scintillators and dosimeters owing to their high optical qualities.
However, transparent ceramics have recently attracted much attention
as optical materials because they have distinct industrial advantages
such as higher mechanical strength, higher uniformity and lower fab-
rication cost compared with single crystals. In addition, it has been
reported that selected transparent ceramics showed better lumines-
cence properties than those of single crystal form [20,21]. Spark plasma
sintering (SPS) is one of sintering techniques used to fabricate trans-
parent ceramics [22-32] and characterized by a rapid consolidation
rate. In general, SPS is performed in a high reductive environment,
which can effectively increase a concentration of defects responsible for
dosimeter properties. For these reasons, we have synthesized MgF,:Gd
transparent ceramics using SPS and evaluated the scintillation, dosi-
meter and optical properties.

2. Experimental

MgF,:Gd transparent ceramics with different concentrations (0.01,
0.1 and 1%) of Gd were synthesized by the SPS technique using Sinter
Land LabX-100 in vacuum. Raw powders of MgF, and GdF; (4N;
Tokuyama Corp.) were mixed by a mortar and pestle. 0.5g of the
mixture was loaded into a cylindrical graphite die with a hole of
10.4 mm in diameter and held between two graphite punches inserted
in the hole. Sintering was conducted by applying pulse current while
uniaxial pressure was applied through the graphite assembly. The sin-
tering was carried out in two steps. First, the temperature was increased
from the room temperature to 550 °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 increased to 750 °C with a heating rate of
100 °C/min while applying 70 MPa pressure and then kept for 7 min. A
K-type thermocouple was attached onto the graphite die to observe the
temperature. After the sintering, the top and bottom surfaces of the
synthesized ceramic samples were mechanically polished by a polishing
machine (MetaServ 250, BUEHLER). Subsequently, all the prepared
samples were equally characterized by the same manner described
below.

An X-ray diffraction (XRD) pattern was measured by a dif-
fractometer (MiniFlex600, Rigaku). The diffractometer was equipped
with a microfocus X-ray tube (Cu Ka) operated at 40 kV and 15 mA.
The scanning 260 range was 20-60°. Density was measured by the
Archimedes method using a scale unit (GR-120 and AD-1653, A & D). In
this measurement, MgF, single crystal (Tokuyama Corp.) was used as a
reference. Optical in-line transmittance was evaluated by a spectro-
photometer (V670, JASCO) over the spectral range of 190-2000 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 monitoring at 310 nm during 265 nm
excitation.

X-ray induced scintillation spectrum was evaluated by our original
setup [20]. Here, an X-ray generator equipped with a W anode target
(XRB80OP & N200 x 4550, Spellman) and a Be window was used as an
excitation source, and the X-ray generator was operated with a tube
voltage of 40 kV and current of 5.2 mA. An optical fiber (2.0 m) was
used to guide the scintillation photons from the sample to a CCD-based
spectrometer (Andor DU-420-BU2 CCD and Shamrock 163
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monochromator). The CCD detector was cooled down to 193 K by a
Peltier module in order to reduce the thermal noise. An afterglow
characterization system equipped with a pulse X-ray tube [33] was used
to measure X-ray induced scintillation decay time profile. During the
measurements, the X-ray source was supplied with the voltage of 30 kV.

TSL glow curve 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 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 measured under 470 nm stimulation
by a spectrofluorometer (FP8600, JASCO). OSL decay profiles were also
measured using the same spectrofluorometer by monitoring the emis-
sion intensity at 315 nm during a stimulation at 470 nm with a constant
intensity.

3. Results and discussion
3.1. Sample

Fig. 1 shows a photograph of MgF,:Gd transparent ceramic samples
synthesized in this research. The samples were transparent enough that
the black lines on the back of the samples can be seen. The thickness of
the samples was fixed to 1.0 mm. Table 1 summarizes densities of the
samples. The relative densities of the 0.01, 0.1 and 1% Gd-doped
samples were 99.9, 99.8 and 99.3%, respectively. The relative density
decreased as the concentration of Gd increased. This trend is sometimes
observed in RE doped transparent ceramics sintered by SPS. It is sug-
gested that introducing RE ions decreases the sintering kinetics, which
is associated with an increase of residual porosity [35]. Fig. 2 shows
XRD patterns of the samples. An impurity phase of GdF; was confirmed
in the 1% Gd-doped sample [36]. It was suggested that some of Gd>*
could not replace Mg®* in the 1% Gd-sample because of the large
difference of ionic radius between Mg2* (0.66 A) and Gd>* (0.97 A).

3.2. Optical properties

Fig. 3 shows in-line transmittance spectra of MgF,:Gd transparent
ceramic samples with different concentrations of Gd over the wave-
length range of 190-2000 nm. The transmittance decreased with in-
creasing the concentration of Gd. This result is consistent with the re-
sults of relative density measurements since porosity is the most
dominant source of scattering in transparent ceramics.

Fig. 4 shows the PL excitation/emission contour graph of
MgF5:1%Gd transparent ceramic sample as an example. Under 270 nm
excitation, the samples showed a single line emission peaking at
310 nm. The origin of this emission is considered be due to the 4f-4f
transitions of Gd®* for its well-known spectral features [19]. The
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Fig. 1. Synthesized MgF, transparent ceramics doped with Gd** (0.01, 0.1 and 1%).
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Table 1
Relative densities of MgF,:Gd transparent ceramic samples with
respect to that of MgF, single crystal.

Relative density (%)

0.01% Gd 99.9
0.1% Gd 99.8
1% Gd 99.3
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Fig. 2. 2 XRD patterns of MgF,:Gd transparent ceramic samples.
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Fig. 3. Transmittance spectra of MgF,:Gd transparent ceramic samples.
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Fig. 4. Representative PL emission and excitation map of MgF»:1%Gd transparent
ceramic sample.

quantum yields of the 0.1 and 1% Gd-doped samples were 2 and 3%,
respectively. The quantum yield of 0.01% Gd-doped sample was not
measurable because the emission intensity was very low. The quantum
yield increased as the concentration increased.

PL decay profiles of the MgF»:Gd transparent ceramic samples are
shown in Fig. 5. The excitation wavelength was 265 nm while the
monitoring wavelength was 310 nm. The decay curves were well-ap-
proximated by a first-order exponential decay function. The derived
decay constants of the 0.01, 0.1 and 1% Gd-doped samples were 5.90,
4.14 and 3.97 ms, respectively. These values are typical for the 4f-4f
transitions of Gd®* [19]. Therefore, with the results of PL spectral
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Fig. 5. PL decay profiles of MgF2:Gd transparent ceramic samples. The excitation wa-
velength was 265 nm while the emission wavelength monitored was 310 nm.

features, this emission was attributed to the Gd>* ion due to the 4f-4f
transitions. The decay time became shorter as the Gd concentration
increased. This implies that non-radiative decay process due to con-
centration quenching is not dominant in this system, as also suggested
by the results of quantum yield.

3.3. Scintillation properties

Fig. 6 shows X-ray induced scintillation spectra of MgF,:Gd trans-
parent ceramic samples. An intense peak due to the 4f-4f transitions of
Gd®* was observed at 310 nm, as also observed in the PL. In addition to
the intense peak, a broad emission was observed around 380 nm, which
was not seen in the PL measurements. This emission was attributed to
the host since it was also observed in non-doped MgF, transparent
ceramic [37]. The intensity increased as the Gd concentration in-
creased, and it is the same tendency with the PL. From this result, the
emission intensity of the broad peak became higher associated with Gd
concentrations, which implies that the emission origin can be defects
generated by charge imbalance between Mg®* and Gd>*.

Fig. 7 represents X-ray induced scintillation decay time profiles of
the MgF,:Gd transparent ceramic samples. The decay curves were well-
approximated by a second-order exponential decay function. Decay
times of the faster component for the 0.01, 0.1 and 1% Gd-doped
samples were 245, 663 and 522 ps, respectively. These components
were ascribed to the host emission around 380 nm since a similar decay
time constant was reported for non-doped MgF, transparent ceramic
[37]. Decay times of the slower component for the 0.01, 0.1 and 1% Gd-
doped samples were 6.27, 4.29 and 4.03 ms, respectively. These values
are in a typical range for the 4f-4f transitions of Gd®** [19]. The decay
times became shorter as the Gd concentration increased as in the PL.
Despite the same origin, the scintillation decay times were slower than
those of PL. The interpretation is that scintillation processes involve

50000— . .
| —0.01% Gd

— 40000}
= | —0.1% Gd
5 1% Gd
& 30000 .
> I
Z 20000 4
2
RS

10000F .

0 L m———
300 400 500
Wavelength (nm)

Fig. 6. X-ray induced scintillation spectra of MgF,:Gd transparent ceramic samples.
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Fig. 7. Scintillation decay time profiles of MgF,:Gd transparent ceramic samples.
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Fig. 8. TSL glow curves of MgF, transparent ceramic doped with Gd** after 1 Gy X-ray
irradiation.
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Fig. 9. TSL emission spectra of MgF, transparent ceramic doped with Gd** measured at

50-350 °C after 10 Gy X-ray irradiation.

Table 2
Derived activation energies MgF,:Gd transparent ceramic samples.

Activation energy (eV) Frequency factor (s~ 1)

0.01% Gd, 110°C 0.84 1.51 x 10°
0.01% Gd, 200 °C 1.00 1.43 x 10'°
0.01% Gd, 300 °C 1.00 1.05 x 10°
0.1% Gd, 110 °C 1.00 2.75 x 10*!
0.1% Gd, 200 °C 1.00 3.14 x 10*°
0.1% Gd, 300 °C 1.00 1.53 x 10°
1% Gd, 110 °C 0.89 3.05 x 10'°
1% Gd, 200 °C 0.89 2.23 x 10°
1% Gd, 300 °C 1.00 3.66 x 10°
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Fig. 10. TSL dose response of MgF,:Gd transparent ceramic samples.
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Fig. 11. OSL spectra of MgF2:Gd transparent ceramic samples after 1 Gy X-ray irradiation.
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Fig. 12. OSL decay profiles of MgF, transparent ceramic doped with Gd** after 1 Gy X-ray

irradiation. The monitored emission wavelength was 315 nm while the stimulation wa-
velength was 470 nm.

energy transfer in addition to excitation/emission processes, which is
observed in PL. Therefore, the additional transfer process makes the
decay time longer in scintillation.

3.4. Dosimeter properties

Fig. 8 shows TSL glow curves of MgF,:Gd transparent ceramic
samples. All the samples showed three glow peaks around 110, 200 and
300 °C. The glow peaks around 110 and 200 °C were also observed in
non-doped MgF, transparent ceramic [37], so the glow peak around
300 °C would be due to some kinds of defects generated by doping with
Gd®™. The TSL intensity increased as the Gd concentration increased.
This can be because the luminescence intensity was enhanced as ob-
served in scintillation and PL. In addition, the number of defect centers
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is supposed to be larger with higher concentration of Gd due to charge
imbalance between Gd®>* and Mg®*. In addition to the charge im-
balance, the impurity phases would enhance the luminescence intensity
because the intensity of the 1% Gd-doped sample was considerably
higher than that of the other samples. Fig. 9 shows TSL spectra of the
MgF,:Gd transparent ceramic samples. The emission signal was accu-
mulated over a temperature range of 50-350 °C while heating the
sample at a rate of 1 °C/s. All the samples showed an intense peak at
310 nm due to the 4f-4f transitions of Gd®>*. The host emission around
380 nm was not observed in the TSL unlike the scintillation.

The activation energy and the frequency factors were estimated by
TSL glow-curve deconvolution (GCD) functions of general-order ki-
netics. [38], and the derived values are summarized in Table 2. From
the activation energy, it was suggested that Gd®>* doping did not in-
fluence the trap depths. The frequency factors were smaller than that of
the general value (10"~ '%), so the TSL would be partly caused by the
tunneling effect.

Fig. 10 represents dose response curves of the MgF»:Gd transparent
ceramic samples. The TSL intensity was defined as integrated signal
over 50-350 °C. The 1% Gd-doped sample showed a good linear re-
sponse from 0.1-1000 mGy while those of the other samples showed
lesser sensitivity by approximately one order of magnitude. The sensi-
tivity of the 1% Gd-doped sample was equivalent to that of commercial
personal dosimeters (typical detection limit is 0.1 mGy).

Fig. 11 shows OSL spectra of the MgF,:Gd transparent ceramic
samples. The measurements were carried out after irradiating the
samples with X-rays. The stimulation wavelength was 470 nm. All the
samples were confirmed to show an OSL emission due to the 4f-4f
transitions of Gd>*. The host emission was not observed as in the case
of TSL. Since the OSL intensity was weak, we could not accurately
measure emission intensities to compare the sensitivities and dose re-
sponse functions. Fig. 12 represents OSL decay curves of the MgF,:Gd.
The emission was monitored at 310 nm under 470 nm stimulation. The
samples were irradiated with X-rays (1 Gy) before the measurements.
The decay curves were well-approximated by a second-order ex-
ponential function. Therefore, it was suggested that there were at least
two de-trapping processes involved in the OSL. The faster decay times
of the 0.01, 0.1 and 1% Gd-doped samples were 2.72, 2.50 and 2.31 s,
respectively. The slower decay times of the 0.01, 0.1 and 1% Gd-doped
samples were 13.31, 13.34 and 12.33 s, respectively. These observa-
tions suggest that the Gd-concentration does not strongly influence the
OSL processes involved.

4. Conclusions

We have developed MgF,:Gd transparent ceramics and investigated
the scintillation, dosimeter and optical properties. The samples showed
an intense scintillation signal with an emission peaking at 310 nm due
to the 4f-4f transitions of Gd®>* and a broad band around 380 nm from
the host matrix under X-ray irradiation. In the TSL, the samples showed
an emission due to the 4f-4f transitions of Gd>* while the host emission
was not observed. The TSL was very sensitive to X-rays, and the 1% Gd-
doped sample showed the highest sensitivity and a good linear response
from 0.1 to 1000 mGy. This is an equivalent sensitivity to that of
commercial personal dosimeters. Furthermore, the sample also showed
OSL emission at 310 nm due to the 4f-4f transitions of Gd®>* under
470 nm stimulation.
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