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A B S T R A C T

We prepared Tb-doped MgF2 transparent ceramics by the spark plasma sintering method and
then measured optical, scintillation and dosimetric properties. We observed sharp peaks due to
4f-4f transition of Tb3+ ion in all of photoluminescence (PL), scintillation, optically-stimulated
luminescence (OSL) and thermally-stimulated luminescence (TSL). Especially, the 1 and 3 % Tb-
doped MgF2 exhibited 120 times laeger TSL intensity as compared to the 0.01 % Tb-doped MgF2.
In addition, we confirmed the TSL response of the 1 and 3 % Tb-doped samples was very sensitive
to irradiation dose and showed a good linearity from 0.01–1000 mGy.

1. Introduction

Phosphor materials have been used to take measurements of ionizing radiations. These phosphors are called scintillators or
dosimeters in response to the luminescence phenomena involved. Scintillator is a device that absorbs and converts incident radiation
energy to low energy photons immediately. Therefore, radiations can be indirectly measured using scintillator together with a
conventional photodetectors such as photomultiplier tube (PMT) or photodiode (PD). We have usually used scintillators in various
application fields such as border security [1], medicine [2] and oil-dwelling [3]. On the other hand, phosphor-based dosimeters show
storage luminescence phenomena after ionizing radiation exposure. This phenomenon includes thermally-stimulated luminescence
(TSL) [4], optically-stimulated luminescence (OSL) [5] and radio-photoluminescence (RPL) [6]. In TSL and OSL, electrons and holes
created by interactions with ionizing radiations are trapped at localized trapping centers and stored stably. These carriers are de-
trapped by an external stimulation and recombine at emission centers. Phosphor-based dosimeters are mainly put to practical use as
personal dosimetry. RPL has the same process of carrier trapping with OSL and TSL but it can show photoluminescence (PL) after the
trapping. For that reason, it is important that an effective atomic number (Zeff) of the phosphor is close to that of human soft tissue
(Zeff = 7.29) [7]. Although there have been the ideal material with the same Zeff of human soft tissue, light materials which possess a
close Zeff to human body have been utilized for personal dose monitoring.

Magnesium fluoride (MgF2) can be applied as a phosphor for personal dosimeters because it has relatively low Zeff (= 10.46) close
to that of human soft tissue [8]. Dosimetric properties of magnesium fluorides (MgF2) doped with rare earth and transition metal
elements have been studied [9–17]. Among these investigations, we have reported that Eu-doped MgF2 transparent ceramics had
good dosimetric properties [12]. Hence, MgF2 transparent ceramics doped with Tb3+ ion which is one of the rare earth elements are
also considered to possess good dosimetric properties as is the case of Eu-doped MgF2. Because several Tb-doped dosimetric materials
such as Mg2SiO4 are known to show high TSL intensity [18], we can expect a high dosimetric performance when we activate Tb3+ ion
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as a dopant to MgF2.
The aim of this research is to synthesize Tb-doped MgF2 transparent ceramics by the spark plasma sintering (SPS) method and

investigate the optical, scintillation and dosimetric properties. The SPS method is a relatively new sintering process that is char-
acterized by a rapid consolidation rate, and it has been used to fabricate transparent ceramics [19–22]. In addition, SPS is generally
performed in a highly reductive atmosphere, so it can increase the defect concentration which can be expected to work as a trapping
center for storage luminescence.

2. Experimental

A series of Tb-doped MgF2 transparent ceramic samples with different Tb concentrations (0.01, 0.1, 1, 3 and 5 mol.%) were
synthesized by the SPS method. A mortar and pestle were used to mix MgF2 (4 N) and TbF3 (4 N) raw powders. The mixture was
loaded in a cylindrical graphite die with a hole with a diameter of 10.4 mm and held between two graphite punches inserted. Then,
we sintered the mixture by applying uniaxial pressure and supplying pulse current across the graphite assembly in an SPS furnace
(LabX-100, Sinter Land). The temperature was elevated from the room temperature to 550 °C at a heating rate of 100 °C/min under
5.5 MPa pressure and then kept for 10 min. Next, the temperature was further elevated to 750 °C at a heating rate of 100 °C/min
under 5.5 MPa pressure and then kept for 7 min. During the synthesis, the sintering temperature was monitored using a K-type
thermocouple attached on the graphite die. 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; JEOL JCM-6000plus) was used to observe backscattered electron images. In order to
investigate optical properties, transmission spectra were measured by a UV–vis near-infrared spectrophotometer V670(JASCO
Corporation). Quantaurus-QY (C11347, Hamamatsu Photonics) was used to evaluate photoluminescence (PL) emission and excitation
map as well as quantum yields (QYs) under excitations of 250 and 350 nm. PL spectra were measured by a Spectrofluorometer
FP8600 (JASCO Corporation) which had a higher wavelength resolution than Quantaurus-QY. Quantaurus-Tau (Hamamatsu
Photonics) was used to measure PL decay profiles monitoring at 550 nm during 250 nm excitations.

Scintillation spectra were measured by a CCD spectrometer DU-420-BU2 (Andor) and high sensitivity spectrometer Shamrock
163(Andor) [23]. As the excitation source, an X-ray generator equipped with a W anode target (XRB80P&N200 × 4550, Spellman)
and a Be window was used, and the X-ray generator was operated with a tube voltage of 40 kV and current of 1.2 mA. X-ray excited
fluorescence lifetime photometer (Hamamatsu Photonics) was used to measure scintillation decay curves [24].

As dosimetric properties, TSL glow curves were 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 [25]. Prior to the measurement, the sample was irradiated by X-rays with a certain dose
ranging from 0.01 mGy to 1000 mGy. TSL spectra were measured by a combination of CCD spectrometer QEPro (Ocean Optics) and
ceramic heater system (SCR-SHQ-A, Sakaguchi) [26]. OSL spectra were measured by a Spectrofluorometer FP8600 (JASCO Cor-
poration). During the irradiation, we used X-ray ionization chamber (TN30013, PTW) to determine the dose.

3. Results and discussion

3.1. Sample

Fig. 1(a) shows a photograph of Tb-doped MgF2 transparent ceramic samples synthesized in this research. The 0.01 % Tb-doped
sample was visibly clear while the highly Tb3+ doping samples were opaque. In addition, green fluorescence was confirmed under
excitation light of 253 nm as indicated in Fig. 1(b). The thickness and the densities of the 0.01, 0.1, 1, 3 and 5 % Tb-doped samples
are summarized in Table 1. The difference of thicknesses arose from the fact that the polishing was done individually for each sample
by our hands. The densities of the 0.01 and 0.1 % Tb-doped samples were close to a theoretical density of MgF2, and when Tb
concentration increases, the density also increased since Tb3+ ions were heavier than Mg2+. A SEM image observed on a fracture

Fig. 1. Synthesized MgF2 ceramics doped with Tb3+ ion (0.01, 0.1, 1, 3 and 5 %) under (a) room light and (b) excitation light of 253 nm.
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surface of the 5 % Tb-doped MgF2 ceramic sample is shown in Fig. 2. The SEM image suggests that grain sizes is 1 μm or less.
Compared with the grain size of the non-doped MgF2 ceramic produced by the same manner [10], that of the 5 % Tb-doped MgF2
ceramic sample was almost the same size.

3.2. Optical properties

Fig. 3 represents in-line transmittance spectra of Tb-doped MgF2 transparent ceramic samples. The 0.01 % Tb-doped sample
showed a transmittance at least 80 % or more in the near infrared region and also had a transmittance of a several percent in the
UV–vis region. On the other hand, the transmittance in the UV–vis region of the samples having the concentration of 0.1 % or more
was close to 0 %.

Fig. 4 indicates a PL emission and excitation map of 1 % Tb-doped MgF2 ceramic sample as an example. An intense emission band
around 550 nm appeared under excitation in the range of 250−380 nm. Compared with a previous study, this peak positions
coincide with 4f-4f transition of Tb3+ ion, so it was confirmed that this emission was due to 4f-4f transition of Tb3+ ion [27]. In
addition, we also confirmed that there was no unexpected emission due to impurities and defects. Although intensities were different,
spectral features of the othe samples were the same. Fig. 5 shows PL spectra of all Tb-doped MgF2 ceramic samples. When the
monitoring wavelength was 550 nm, the excitation peaks were observed in the range of 200−380 nm including a broad peak at 230
nm and plural sharp peaks from 260 to 380 nm. With reference to the previous study, it was confirmed that the excitation bands in
230 nm were due to 4f-5d transition of Tb3+ ion, and the peaks in the range of 260–380 were due to 4f-4f transition of Tb3+ ion [27].
The QYs at 250 and 350 nm excitations are summarized in Table 2. The QY of the 3 % Tb-doped sample was maximum at 350 nm
excitation, and the value was 29.6 %. Among the present samples, the highest QY was achieved by Tb 3 % doped sample. Fig. 6 shows
PL decay time profiles of Tb-doped MgF2 ceramic samples. The resulting decay curves were approximated by a single exponential
decay function. All the decay time constants were several millisecond, and they were typical decay time due to the 4f-4f transition of
the Tb3+ ion [28].

3.3. Scintillation properties

Fig. 7 shows X-ray induced scintillation spectra of Tb-doped MgF2 ceramic sample. In all the samples, scintillation emission peaks
were detected in the range of 450−650 nm as with PL, which were due to the 4f-4f transition of Tb3+ ions. We could not observe a
broad emission peaks due to the self-trapped exciton and defect cnters which were observed in the undoped MgF2 under X-rays
irradiation. The emission intensity was proportional to Tb concentration since the stopping power against X-rays simple depended on
Zeff and the density as well as the scintillation light yield. Fig. 8 demonstrates scintillation decay time profiles of Tb-doped MgF2
ceramic samples. The obtained decay curves were approximated by a single exponential decay function. All the decay time constants
were several millisecond. Although these values were typical as the decay time constant due to the 4f-4f transition of Tb3+ ion [29],
they were shorter than those of PL. However, in general, scintillation decay time is longer than that of PL since the scintillation

Table 1
Thickness and densities of Tb-doped MgF2 ceramic samples.

Sample Thickness Density

0.01 % Tb 1.16 mm 3.15 g/cm3

0.1 % Tb 1.20 mm 3.15 g/cm3

1 % Tb 1.15 mm 3.19 g/cm3

3 % Tb 1.19 mm 3.39 g/cm3

5 % Tb 1.19 mm 3.39 g/cm3

Fig. 2. SEM image of 5 % Tb-doped MgF2 ceramic sample.
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process involves energy migration processes while PL does not [30]. In previous papers, this unusual phenomenon could be explained
as below [31]. A typical interpretation is that some competitions between the energy transfer and quenching of excited carriers by the
interaction among them may occur in the Tb-doped MgF2 ceramic samples. In the PL, one ultraviolet or visible wavelength photon
excited only electrons of the 4f orbital of Tb3+ ion, and the interaction of excited electrons each other is neglected. Whereas in the
scintillation, X-ray generate many secondary electrons (or carriers) in a typical interspatial distance of 10–100 nm, so the interaction

Fig. 3. In-line transmittance spectra of Tb-doped MgF2 ceramic samples.

Fig. 4. PL emission (horizontal axis) and excitation (vertical axis) map of 1 % Tb-doped MgF2 ceramic sample.

Fig. 5. PL emission and excitation spectra of Tb-doped MgF2 ceramic samples.

Table 2
QY of Tb-doped MgF2 ceramic samples.

Sample QY (Ex.250 nm) QY (Ex. 350 nm)

0.01 % Tb 2.0 % 0.0 %
0.1 % Tb 3.7 % 1.7 %
1 % Tb 5.6 % 13.1 %
3 % Tb 4.6 % 29.6 %
5 % Tb 4.5 % 25.0 %
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of these excited electrons could not be neglected. In these materials, the quenching processes due to the interaction of the excited
secondary electrons would be ascendant.

3.4. dosimetric properties

Fig. 9 represents OSL spectra of Tb-doped MgF2 ceramic samples when the irradiation dose was 1000 mGy. Although an OSL
signal could not be confirmed in the 0.01 and 0.1 % Tb-doped samples, the 1.0, 3.0 and 5.0 % Tb-doped samples showed OSL at a
stimulation of 620 nm. The emission origin is considered to be the emission due to the 4f-4f transition of Tb3+ ion. At stimulation
wavelength longer than 620 nm, OSL peak due to the 4f-4f transition of Tb3+ ion was not detected in all the samples.

Fig. 6. PL decay time profiles of Tb-doped MgF2 ceramic samples.

Fig. 7. X-ray induced scintillation spectra of Tb-doped MgF2 ceramic samples.

Fig. 8. Scintillation decay time profiles of Tb-doped MgF2 ceramic samples under pulsed X-ray excitation.
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Fig. 10(a) and (b) shows TSL glow curves of all Tb-doped MgF2 ceramic samples and TSL glow curve with fitting of 1 % Tb-doped
MgF2 ceramic sample as a representative of all the samples, respectively. Fitting parameter for TSL glow curve of 1 % Tb-doped MgF2
ceramic sample are shown in Table 3. As a result of fitting analysis using the GCD function [32], glow peaks were detected around 80,
125, 150, 230 and 350 °C for all the samples, although there was a large difference in the intensity of each peak depending on the
doping concentration. The glow peaks around 80, 125, 150 and 350 °C were also observed in non-doped MgF2 transparent ceramic
[10], and the origin of these peaks was ascribed to MgF2 itself. As the glow peak located at 230 °C, the TSL intensity increased as the
Tb concentration increased until 3 %, and the TSL intensity of the 1 and 3 % Tb-doped samples was approximately 120 times larger
than that of the 0.01 % Tb-doped sample. With reference to a previous study, the glow peak around 230 °C would be due to some
kinds of defects generated by doping of Tb3+ ion. The existence of Tb3+ ions may distort the lattice with the creation of defects acting
as trapping centers, and there is also the creation of charge compensating defects. Moerover, it has been reported that the accu-
mulation rate of F center induced by γ-ray irradiation for Tb-doped MgF2 crystals is higher than that for non-doped MgF2 crystals, and
the doping Tb3+ ion into MgF2 enhances the creation of defects by ionizing radiations [16,33]. When we compare with Eu-doped
MgF2 transparent ceramic [8], the glow peak temperature of Tb-doped one is preferable and is comparable to commercial TSL
dosimeters [34].

Fig. 11 demonstrates TSL spectra of Tb-doped MgF2 ceramic sample heated at 230 °C. As in the PL and scintillation spectra, sharp
emission peaks in the range of 450−650 nm were confirmed in TSL. This result suggests that the emission center is Tb3+ ion also in
the TSL process. TSL dose response curves of Tb-doped MgF2 ceramic samples are shown in Fig. 12. The irradiated dose range was
from 0.01–1000 mGy. Good linearity in the range of 1−1000 mGy for 0.01 % Tb-doped sample, in the range of 0.1−1000 mGy for
0.1 and 5 % Tb-doped samples and in the range of 0.01−1000 mGy for 1 and 3 % Tb-doped ones were confirmed. In comparison with
the sensitivity of Eu-doped MgF2 transparent ceramic, the 1 and 3 % Tb-doped samples have the same sensitivity (lower detection
limit of 0.01 mGy) [12]. Here, it should be noted that this is an higher sensitivity with commercial personal dosimeters since the
detection limit of typical commercial dosimeters for personnel dose monitoring applications is 0.1 mGy [35].

4. Conclusions

Tb-doped MgF2 transparent ceramics with different Tb concentrations (0.01, 0.1, 1, 3 and 5 mol.%) were prepared by the SPS
method, and optical, scintillation and dosimetric properties were investigated. In both PL and scintillation properties, emission peaks
arouse from the 4f-4f transition of Tb3+ ion were observed in the range of 450−600 nm, having the decay time constant of a few

Fig. 9. OSL spectra of Tb-doped MgF2 ceramic sample when irradiation dose was 1000 mGy.

Fig. 10. (a). TSL glow curves of Tb-doped MgF2 ceramic samples and (b). 1 % Tb-doped MgF2 ceramic samples with fitting functions.
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milli-second. As dosimetric properties, the Tb-doped MgF2 ceramic samples showed OSL having the emission peaks around 550 nm
due to the 4f-4f transitions of Tb3+ ion at the stimulation of 620 nm. Furthermore, the Tb-doped MgF2 ceramic samples had excerent
TSL properties. TSL spectra clearly showed that the emission origin in TSL process was 4f-4f transition of Tb3+. Moreover, it was
demonstrated that the optimum Tb-doping concentration was from approximately 1–3% judging from the comparison of TSL in-
tensities and dose responses.
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Table 3
Fitting parameter for TSL glow curve of 1 % Tb-doped MgF2 ceramic sample.

Peak1 Peak2 Peak3 Peak4 Peak5 Peak6

Tm (ºC) 80 124 148 229 352 485
Im (a.u.) 14.7 10.3 16 240 12 4.7
E (eV) 0.7 1 1.18 1.3 1.35 1.4

Fig. 11. TSL spectra of Tb-doped MgF2 ceramic samples heated at 230 °C.

Fig. 12. TSL dose response curves of Tb-doped MgF2 ceramic samples.
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