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ARTICLE INFO ABSTRACT

Keywords: We report on the luminescence properties of CaFg transparent ceramics having various concentrations of CeF3
Ce** ) (0.1 %, 0.5 %, and 1 %). Scintillation emissions centered at approximately 318, 345, and 386 nm derived from
Transparent ceramic the 5d—4f transition of Ce®" were detected, and scintillation light yields were determined to be 8600 photons/
S:il;ztillator MeV (0.1 % CeF3), 1930 photons/MeV (0.5 % CeF3), and 1850 photons/MeV (1 % CeF3) under gamma-ray
Luminescence irradiation from 2*'!Am. The Ce-doped CaF, transparent ceramics showed thermally stimulated luminescence

(TSL) with a broad glow peak at around 115-145 °C, and their dose response curves were determined over a
broad dose range (0.01-3 mGy). Moreover, optically stimulated luminescence (OSL) exponential decay curves
were obtained under 500 nm stimulation light, and dose response curves were obtained in the dose range of
0.1-100 mGy. The minimum detectable dose was estimated to be 0.1 mGy. A direct correlation between scin-
tillation light yields under gamma-ray irradiation and TSL/OSL intensities was demonstrated.

1. Introduction

Radiation detectors based on phosphor materials have received
considerable attention in many applications such as new oil reserves
exploration, medical diagnostic imaging, environmental radiation
monitoring, and border security systems [1-5]. Scintillators have the
function of transforming each high energy photon into tens of thousands
of ultraviolet-visible photons that are efficiently detected by photode-
tectors. The requirements for a scintillator include high density, low
fabrication cost, high radiation tolerance, high light yield, chemical
stability, low afterglow, and a fast decay time, with the requirement
priorities depending on the specifics of each application [6]. Another
type of phosphor material used for the measurement of ionizing radia-
tion are luminescence dosimeters. They can store a fraction of the ra-
diation energy in the form of trapped charges for several weeks and then
emit light in the form of ultraviolet-visible photons when under thermal
(thermally stimulated luminescence; TSL) or optical (optically stimu-
lated luminescence; OSL) stimulation. The required features for these
materials include low fading of the stored signal, high luminescence
intensity, high chemical stability, and dose linearity [7]. Recently, a

* Corresponding author.
E-mail address: n-kawano@gipc.akita-u.ac.jp (N. Kawano).

https://doi.org/10.1016/j.materresbull.2023.112609

complementary correlation between scintillation and dosimetric prop-
erties has been demonstrated in several compounds; therefore, both sets
of characteristics should be investigated for the same phosphor to ach-
ieve a higher level of understanding of the interaction of ionizing radi-
ation and the luminescence response [8,9,10].

CaF; is used for scintillation and dosimetry applications. This ma-
terial is known to have a large bandgap energy (about 12 eV), high
chemical stability, and low phonon energy [11-12]. It is available as a
natural crystal and it can be fabricated in large size and quantities.
Undoped CaF; crystal shows self-trapped exciton (STE) luminescence
with a broad band centered at approximately 270 nm, and its scintilla-
tion light yield is 13,000 photons/MeV under '*’Cs gamma-ray irradi-
ation [12]. Furthermore, Eu-doped CaF; crystals have a high light yield
of 24,000 photons/MeV, and they are considered for use in the search on
dark matter in astrophysics research since the presence of '°F is ad-
vantageous for spin coupled dark matter search [13]. Eu-doped CaF,
nanoparticles have also been investigated and the scintillation mecha-
nism discussed in detail [14-16]. Moreover, CaF, has low effective
atomic number (16.5); therefore, it can be employed for dosimetric
applications given its bioequivalence. For instance, Mn-doped CaF; is
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used for dosimetry and commercially known as TLD-400 [17]. Its dy-
namic range is from 0.1 uGy to 100 Gy, and TLD-400 can be used for
environmental radiation monitoring and high dose measurements.
Moreover, Dy-doped CaF; is employed in TLD-200 dosimeters [17]. Its
useful dose range is from 0.1 pGy to 10 Gy and is commonly used for
environmental radiation monitoring.

Transparent ceramics have attracted much attention due to several
industrial advantages including greater shape control, fast and low cost
fabrication method, and homogeneity of the dopants [18-25]. Recently,
special effort has been focused on fluoride ceramics [26-27]. CaFy
transparent ceramics have been synthesized by several methods,
including spark plasma sintering (SPS) [28-29]. For example, a highly
transparent ceramic was prepared by N. Guo et al. via a cold sintering
process with its transmittance being about 82 % in the visible range
[29]. Moreover, our group has reported the luminescence properties of
several CaF, transparent ceramics with an activator [30-33]. In
particular, the Eu?>*-doped CaF, transparent ceramics showed efficient
scintillation (approximately 18,000 photons/MeV), a linear TSL dose
response over the broad range of 0.1-1000 mGy, and the observation of
OSL [30]. In this work, we synthesized CaF; transparent ceramics with
various CeFs concentrations (0.1 %, 0.5 %, and 1 %) by SPS for the
investigation of the response to ionizing radiation. Ce>* ions were
chosen since the Ce>" ion is a well-known fast luminescence center in
the ultraviolet/visible region compatible with standard instrumentation
for ionizing radiation measurements, while the lifetime of Eu?" in CaF,
has been reported to be 900 ns [34]. Also, Ca®" ions in the CaF; host can
be easily replaced with Ce®* ions since the ionic radius of Ca®* (1.12 A)
is close to that of Ce3* (1.14 f\) [35]. Herein, we investigated the pho-
toluminescence, scintillation, and TSL/OSL properties of Ce>"-doped
CaF, transparent ceramics for scintillation and dosimetry applications.

2. Experimental methods

The synthesis of the undoped and Ce-doped CaF, transparent ce-
ramics was performed as follows. 99.99 % purity powders of CaFy and
CeF3 from Stella Chemifa were mixed in different molar ratios (0, 0.1,
0.5 and 1 mol%). The powders were placed inside a graphite die using a
graphite sheet and two graphite punches. In the next step, they were
sintered by applying a pulsed current in a Sinter Land LABOX-100
furnace under vacuum (about 5 Pa) as shown in Fig. 1. At first, the
powder in the graphite die was heated to 800 °C by applying the current
of 280 A and then held under 10 MPa for 10 min. Next, the sample in the
die was heated to 1070 °C at the rate of 90 °C/min by increasing the
current to 400 A and then stored for 15 min under 70 MPa. The obtained
Ce-doped CaF, transparent ceramics were polished for characterization.

The crystallographic structural characterization of the CaF; trans-
parent ceramics was performed via X-ray diffraction (XRD) analysis
using a Rigaku RINT-2200 V diffractometer. Raman spectra were
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Fig. 1. Schematic diagram of the SPS method.
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recorded with a Horiba LabRAM HR Evolution confocal microscope
using a 100 mW Nd:YAG laser emitting at 532 nm, 50 % neutral density
filter, 100x magnification objective, and 1800 groves/mm diffraction
grating. A two-side polished CaFz (100) single crystal obtained from MTI
Corporation was used as reference. Secondary electron imaging was
obtained using a JEOL JCM-6000plus NeoScope scanning electron mi-
croscope (SEM). The in-line optical transmittance spectra were recorded
using a JASCO V-770 spectrometer. To analyze the photoluminescence
(PL) properties, a Shimazu RF-6000 spectrometer was employed to re-
cord the PL spectra while a Hamamatsu Photonics Quantaurus-QY
spectrometer was used for evaluation of the quantum yields (QY).
Further, the PL decay was analyzed using a Hamamatsu Photonics
Quantaurus-Tau spectrometer.

For the evaluation of scintillation properties, the scintillation spectra
under X-ray irradiation were measured using a Andor DU-420-BU2
spectrometer and an optical fiber [36]. To investigate the X-ray
induced decay time and afterglow levels, our in-house setup with a
pulsed X-ray tube was employed [37]. A photomultiplier tube whose
spectral range was 160-650 nm was used in the setup. The pulse height
distributions were measured using our measurement system. A Hama-
matsu Photonics R7600U-200 photomultiplier tube, a Amptek Pocket
MCA multichannel analyzer, a ORTEC Model 113 preamplifer, and a
ORTEC model 572 shaping amplifier were used for the measurement of
pulse height spectra. Further, an alpha-blocked 2*'Am radioactive
isotope was used as a gamma-ray source (59.5 keV). To evaluate dosi-
metric properties, the TSL glow curves were recorded using a NanoGray
TL-2000 spectrometer. The TSL spectra were determined using a
ceramic heater and an Ocean Optics QEPRO spectrometer. Further, the
OSL decay curves and OSL spectra were also measured using a JASCO
FP-8600 spectrometer.

3. Results and discussion

The visual appearance of the 0.1-1 % Ce-doped CaF, transparent
ceramics is shown in Fig. 2. The fabricated ceramics were transparent,
with the line pattern underneath the ceramics being visible through the
ceramics. A few black spots possibly due to carbon contamination were
observed. The in-line optical transmittance spectra of the 0.1-1 % Ce-
doped CaF, transparent ceramics with a thickness of 1 mm are dis-
played in Fig. 3. The transmittances were 34% (0.1 % CeF3), 36% (0.5 %
CeF3), and 16% (1 % CeF3) at 650 nm. The transmittance of the 0.1 and
0.5 % Ce-doped CaF; transparent ceramics was comparable to that of the
non-doped and Eu-doped CaF; ones in our previous studies, and higher
than that of the 1 % Ce-doped one [12,30].

Fig. 4(A) presents the XRD patterns of the non-doped and 0.1-1 %
Ce-doped CaF; transparent ceramics, and the enlarged pattens of the (1
1 1) diffraction peak in the 26-30° of 2-theta range are exhibited in
Fig. 4 (B). The observed peaks in Fig. 4(A) agreed well with the previ-
ously reported positions for CaFy, and no peaks associated with sec-
ondary phases were observed [38]. Further, the position of the (1 1 1)
diffraction peak remained nearly unchanged, regardless of the CeFs
concentration as exhibited in Fig. 4 (B). This is due to the small
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Fig. 2. Visual appearance of the Ce-doped CaF, transparent ceramics.
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Fig. 3. Transmittance spectra of the Ce-doped CaF transparent ceramics with a
thickness of 1 mm.
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Fig. 4. X-ray diffaraction pattens of undoped and Ce-doped CaF, transparent
ceramics in the 2-theta range of (A) 20-80° and (B) 26-30°

difference between the ionic radii of Ce3* (1.14 A) and Ca®* (1.12 A) in
the CaF, structure [35].

The Raman spectra of non-doped and 0.1-1 % Ce-doped CaFy
transparent ceramics are presented in Fig. 5. The Raman spectrum of a
non-doped CaF; single crystal was also recorded for reference. A single
peak at about 320 cm ™! assigned to the T2g mode was observed in
agreement with previous work [39]. This vibrational mode corresponds
to vibrations of F~ ions against each other with Ca?* ions remaining at
rest [40]. Structural analysis was evaluated in terms of the peak position
and width in comparison to the results from the single crystal (dashed
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Fig. 5. Partial Raman spectra of the Ce-doped CaF, transparent ceramics. The

inset highlights the change in peak position.
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lines). As shown in Fig. 6, a continuous shift to lower peak positions
concomitant to an increase of the full width at half maximum (FWHM)
up to 0.5 % was observed followed by stabilization. This behavior was
interpreted as a progressive increase of structural disorder together with
the build-up of internal stress. Due to the small relative difference be-
tween the Ca®* and Ce>* ionic radii, less than 2 %, this structural dis-
order is likely associated to the difference in valence number of these
ions and the associated defects created to achieve charge balance.

Fig. 7 shows the SEM images of the 0.1-1 % Ce-doped CaF; trans-
parent ceramics. Average grain sizes of the fabricated CaF, transparent
ceramics were about 20-40 pm, and the size did not change significantly
with increasing CeFs concentration. The obtained grain sizes for these
ceramics were comparable to that (35 um) of undoped CaF; transparent
ceramics fabricated by SPS and reported in our previous work [12].

Photoluminescence spectra of the 0.1-1 % Ce-doped CaF; trans-
parent ceramics are exhibited in Fig. 8 using 300 nm excitation. Two
photoluminescence peaks centered at 323 nm and 346 nm were
observed. Based on a previous study, the photoluminescence peaks
originated from the 5d—4f transition of ce3t [9]. Indeed, the difference
in energy between these two emission bands was 0.26 eV as expected in
Ce®t because of the spin-orbit coupling split of the ground state.
Furthermore, a peak at around 386 nm was also detected for the
Ce-doped CaF, transparent ceramics. This might also be related to the
5d—4f transition of Ce® [41-43]. When Ce®" ions were incorporated
into the CaF, host replacing Ca?* ions, the extra charge needed to be
compensated. In this study, some of the F~ ions might be replaced by
0% ions possibly due to the presence of trace amounts of oxygen/water
in the furnace, forming ‘perturbed’ Ce®" sites and resulting in the
observation of the Ce" luminescence peak at a longer wavelength in the

scintillation spectra [43]. Similar phenomenon was observed in LaFs:
Ce/LaF3 core-shell nanoparticles [44]. Moreover, the QYs of the whole
luminescence band within the 320-500 nm range for each ceramic were
recorded. The highest QY was observed when excited by 310 nm light,
and the QYs were 38.7% (0.1 % CeF3), 48.3% (0.5 % CeF3), and 65.8%
(1 % CeF3), systematically increasing the CeF3 concentration.
Photoluminescence decay curves of the 0.1-1 % Ce-doped CaF,
transparent ceramics are shown in Fig. 9. These results were fitted with a
single exponential function, and the decay times of each transparent
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Fig. 6. Raman spectra analysis in terms of (A) peak position, and (B) FWHM, in
comparison with the results obtained from a single crystal shown as dashed
lines. Continuous lines are guides to the eye only.
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Fig. 7. SEM images of the Ce-doped CaF, transparent ceramics.
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Fig. 8. Photoluminescence spectra of the Ce-doped CaF, transparent ceramics.
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Fig. 9. Photoluminescence decay time profiles of the Ce-doped CaF, trans-
parent ceramics under 340 nm light together with their fitting using a single
exponential function (black lines).

ceramic were 36.2 ns (0.1 % CeF3), 39.0 ns (0.5 % CeF3), and 41.8 ns (1
% CeF3). These values are comparable with the typical decay time
constants of the 5d—4f transition of Ce3* [41,42,44-46].

Fig. 10(A) shows the X-ray induced scintillation spectra of the 0.1-1
% Ce-doped CaF, transparent ceramics, and the enlarged spectra within
the 200-300 nm range are presented in Fig. 10 (B). A weak peak derived
from STE in the CaF, host was observed at 293 nm [9]. This emission
was sensitive to the incorporation of Ce>", presenting a significant
decrease for higher Ce contents. Further, sharp scintillation peaks
appeared at approximately 318 and 345 nm for the Ce-doped CaF,
transparent ceramics. The scintillation peaks were attributable to the
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Fig. 10. (A) X-ray induced scintillation spectra of the Ce-doped CaF, trans-
parent ceramics, and (B) enlarged spectra in the spectral range of 200-300 nm
corresponding to the STE peak.

5d—4f transition of Ce®' according to a previous study [9] and in
agreement with our PL results. As in the PL case, emission around 386
nm was also observed and attributed to Ce>" in perturbed sites.
Scintillation decay curves of the 0.1-1 % Ce-doped CaF; transparent
ceramics obtained by integrating scintillation in the spectral range of
160-650 nm are exhibited in Fig. 11. The decay curves of each trans-
parent ceramic were approximated with a sum of two exponential
functions. The first decay times were 45.3 ns (0.1 % CeF3), 149 ns (0.5 %
CeF3), and 128 ns (1 % CeFs). This component was ascribed to the
5d—4f transition of Ce3* [41-42]. However, from PL decay measure-
ments, it was determined that the Ce®" lifetime was within 36-42 ns.
Consequently, the increase of the scintillation lifetime above these
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Fig. 11. X-ray induced scintillation decay time profiles of the Ce-doped CaF,
transparent ceramics together with their fitting using two exponential functions
(black lines).
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values was interpreted as being related to the transport of the charge
carriers (e.g., electrons), more specifically to the trapping and release of
the charge carriers by unstable traps. Also, it seemed that this effect was
sensitive to the Ce content. For 0.1 % Ce, lifetime was increased by just
~9 ns (when comparing to PL results) while for 0.5 and 1 % the increase
was substantial (~86-110 ns). Based on these observations, we specu-
late the trapping center to be attributed to a defect associated with the
incorporation of Ce3*. Further, the second decay times were 802 ns (0.1
% CeF3), 796 ns (0.5 % CeF3), and 678 ns (1 % CeFs). These decay times
were similar to the lifetime of STE in the CaF5 host, suggesting that the
origin of this component was STE emission [9].

Fig. 12 shows the pulse height spectra of the 0.1-1 % Ce-doped CaF,
transparent ceramics under gamma-ray from the alpha-blocked 2*'Am
source. A commercial GS-20 glass scintillator with composition
4Ce03-18Li0-18A1,03-4Mg0-56Si05 (Wt%) was used for reference.
Peak channels of the 0.1-1 % Ce-doped CaF, transparent ceramics and
GS20 were 407 ch (0.1 % CeF3), 91 ch (0.5 % CeF3), 87 ch (1 % CeFs),
and 189 ch (GS20). According to the light yield (4000 photons/MeV) of
GS20, the light yields were estimated to be 8600 photons/MeV (0.1 %
CeF3), 1930 photons/MeV (0.5 % CeF3), and 1850 photons/MeV (1 %
CeF3). The photopeaks at lower channels were attributed to the com-
bined low energy gamma-ray emissions of the source. The 0.1 % Ce-
doped transparent ceramic showed the largest yield under gamma-ray
irradiation, and the light yield was comparable to that of a Bi4Ge3012
single crystal [2]. Further, the relationship between QY and scintillation
light yield was confirmed. According to theoretical work, the light yield
(LY) in the unit of photons/MeV can be expressed by the following
formula [1,3,6]:

photons 10° x S x QY
LY = 1
< MeV ) FxE, )

Here, S is the energy transfer efficiency, Eg is the bandgap, f is a
constant (usually 2 — 3), and QY is the PL quantum yield as mentioned
earlier. According to the bandgap energy of 12 eV for CaF; [10], the S
values of each transparent ceramic were estimated to be about 0.27/
(0.1 % CeF3), 0.054 (0.5 % CeFs3), 0.034 (1 % CeFs), indicating that S
values decreased with the increase of the CeF3 concentration. The result
is in agreement with the scintillation lifetime analysis that suggested
lower charge carrier transport efficiency for higher Ce contents. The S
value results suggest that some of the irradiation energy was spent in
nonradiative processes. This can be explored for dosimetry applications
as discussed later within the context of the analysis of the TSL and OSL
results.

The dosimetry properties of the fabricated transparent ceramics were
evaluated in terms of TSL and OSL measurements. Fig. 13 shows the TSL
glow curves of the 0.1-1 % Ce-doped CaF; transparent ceramics. Each
ceramic was exposed to X-rays (3 mGy) prior to the TSL measurements.
A broad TSL glow peak appeared at around 135 °C (0.1 % CeF3), 145 °C
(0.5 % CeF3), and 115 °C (1.0 % CeF3). Among the transparent ceramics,
the largest TSL intensity was obtained from the 0.1 % Ce-doped CaFy
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Fig. 12. Pulse height distributions of the Ce-doped CaF, transparent ceramics
and GS20 glass under gamma-ray irradiation.
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Fig. 13. TSL glow curves of the Ce-doped CaF, transparent ceramics at heating
rate of 1 °C/s.

transparent ceramic, and the intensity decreased with the increase of the
CeF3 concentration.

The TSL spectra of the 0.1-1 % Ce-doped CaF, transparent ceramics
are exhibited in Fig. 14. Each ceramic was exposed to X-rays (1 Gy)
before the measurement. A broad band from about 300 to 450 nm was
observed, and similarly to the scintillation spectra, was attributed to the
5d— 4f transition of Ce>t. These results indicated that the recombination
center for TSL was Ce®" and modified Ce®* ions in the CaF5 host.

Moreover, the dose response curves of the 0.1-1 % Ce-doped CaF,
transparent ceramics were determined in the range of 0.01-3000 mGy
using the integrated intensity of the whole glow curves (Fig. 15). The
response curves against X-ray irradiation dose showed that the Ce-doped
CaF, transparent ceramics presented high TSL sensitivity and broad
dynamic range. It is possible that they exhibit an even wider range since
0.01 mGy is the lowest detectable dose in the setup used for these
measurements due to the restriction of dose delivery and that saturation
of the detector occurred just above 3000 mGy. The lowest detectable
dose was comparable to that of the commercially available dosimeter
Tb-doped Mg,SiO4 measured by same evaluation setup [47].

In addition, the OSL properties of the 0.1-1 % Ce-doped CaF,
transparent ceramics were also evaluated. Fig. 16 shows the OSL emis-
sion maps where the broad diagonal line corresponds to the detection of
the stimulation light. A broad band centered at around 350 nm appeared
when stimulated by 450-600 nm light. This band originated from the
5d—4f transition of Ge3* as per the results reported in Figs. 8 and 10.
The OSL intensity of the 0.1 % Ce-doped CaF5 translucent ceramic was
the largest in agreement with the TSL results. Further, the OSL decay
curves of the 0.1-1 % Ce-doped CaF, transparent ceramics are shown in
Fig. 17. The decay curves were fitted with three exponential decay
components, and the derived decay times were 2.5, 15 s, and 110 s that
were essentially invariant regarding the CeF3 concentration. These re-
sults suggested that there were at least three distinct types of detrapping
processes in the Ce-doped CaF; transparent ceramics. Further, the OSL
dose response against the X-ray irradiation dose was evaluated using the
intensity of the OSL decay curves at O s, and the OSL dose response
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Fig. 14. TSL spectra of the Ce-doped CaF transparent ceramics.
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Fig. 15. TSL dose response curves of the Ce-doped CaF, transparent ceramics.

curves are presented in Fig. 18. The Ce-doped CaF3 transparent ceramics
showed an almost linear dose response in the range of 0.1-100 mGy, and
the minimum detectable dose was estimated to be 0.1 mGy. The mini-
mum dose was comparable to the result of the commercial product Eu-
doped BaFBr obtained using same measurement system [48]. As shown
in these results, the Ce-doped CaF, transparent ceramics were found to
exhibit TSL and OSL linear response at low doses. The estimation of
radiation dose at low doses is essential for the applications of individual
and environmental radiation monitoring such as radiation protection of
peoples living in high natural background radiation areas or contami-
nated areas after nuclear accidents [49-51].

Scintillation efficiency will decrease if the charge carrier mobility
decreases (cf. eq. (1)), with the decrease in charge carrier mobility
commonly attributed to presence of defects that can trap the charge
carriers. Moreover, a larger concentration of traps is associated with a
more intense TSL signal. The scintillation light yields and TSL/OSL in-
tensities of the 0.1-1 % Ce-doped CaF; transparent ceramics are sum-
marized in Table 1. A direct correlation between the scintillation light
yield, TSL and OSL intensities was observed in these ceramics. In some
other materials such as Eu-doped LiCaAlFg crystals, an inverse correla-
tion between the scintillation light yield and the dosimetric signal was
demonstrated [8,9]. Since the absorbed energy of the radiation is con-
verted to scintillation signal, dosimetric (TSL and OSL) signal, and
thermal energy, this discrepancy may be related to how the absorbed
energy is distributed between these channels. It is also important to take
into account that not every kind of trap contributes to TSL or OSL though
they may affect charge carrier transport efficiency. In this study, the TSL
and OSL intensities as well as the scintillation intensity decreased with
increasing concentration of CeFs; therefore, it is likely that the
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Fig. 17. OSL decay curves of the Ce-doped CaF, transparent ceramics under
500 nm light together with their respective fittings (black lines). The moni-
toring wavelength was 340 nm.
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Fig. 18. OSL dose response curves of the Ce-doped CaF transparent ceramics.

Table 1
Scintillation light yield, TSL and OSL intensities of the Ce-doped CaF; trans-
parent ceramics.

Scintillation light yield TSL intensity OSL intensity

(photons/MeV) [3 mGy] [10 mGy]

(arb.unit) (arb.unit)
CeF3 0.1 % 8600 31,000 470
CeF3 0.5 % 1930 7800 170
CeF3 1 % 1850 3800 150
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Fig. 16. OSL emission maps of the Ce-doped CaF, transparent ceramics.
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charge-balancing defects created due to CeF3 incorporation serve as
quenching centers.

4. Conclusions

CaF, transparent ceramics with varying CeFs concentrations were
synthesized, and their luminescence properties were investigated aim-
ing at using these ceramics for ionizing radiation measurements. The Ce-
doped CaF; transparent ceramics showed emissions derived from the
STE and 5d—4f transition of Ce*>' under X-ray radiation. The light yield
under gamma-ray for the 0.1 % Ce-doped CaF; transparent ceramic was
about 8000 photons/MeV, similar to BGO, and it decreased for higher
CeF3 concentrations. TSL glow peaks centered at 115-145 °C were
observed from the Ce-doped CaF, transparent ceramics, and their dose
response curves were obtained within the dose range 0.01-3 mGy.
Moreover, the Ce-doped CaF; transparent ceramics exhibited OSL under
500 nm light. The lowest detectable dose was about 0.1 mGy, and a
linear dose response was observed in the dose range from 0.1 mGy to
100 mGy. Interestingly, a direct relationship between scintillation and
dosimetry properties was observed in the 0.1-1 % Ce-doped CaFy
transparent ceramics. Estimates of radiation risks at low doses and low
dose rates are important, for example for populations living in
contaminated areas after nuclear accidents or in high natural back-
ground radiation areas, or for radiation protection of individuals occu-
pationally exposed to ionizing radiation. Within this context, the
obtained low detectable limit and dose linearity of TSL and OSL are
important for the viewpoint of radiation protection.
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