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ARTICLE INFO ABSTRACT

Keywords: Scintillation and dosimetric properties of °LiF-CaF, eutectic composites doped with different concentrations of
Scintillation Ce (0, 0.1 and 0.5%) were investigated. The Ce-doped samples showed scintillation due to the 5 d-4f transitions
TSL of Ce®** and self-trapped excitons (STE) at 320-340 and 300 nm, respectively. Furthermore, the Ce-doped
OS; samples exhibited thermally-stimulated luminescence (TSL) with glow peaks around 150 °C after X-ray irra-
Ei‘; diation of 1000 mGy. The TSL response of the 0.5% Ce-doped sample increased monotonically with X-ray dose
CaF, over a dose range of 0.1-1000 mGy. Moreover, the Ce-doped samples showed optically-stimulated luminescence

irradiation of 1000 mGy.

(OSL) with peaks at 320-340 nm due to the 5 d-4f transitions of Ce®** under 630 nm stimulation light after X-ray

1. Introduction

Phosphor materials have been attracted much attention in various
fields of ionizing radiation, and they can be classified into two types:
scintillator and dosimeter phosphors. The former converts absorbed
energy of a single quantum (keV-GeV) into low energy photons im-
mediately, and has been used in a wide range of application fields such
as nuclear medicine [1], well-logging [2] and border security [3]. The
basic requirements for many applications are high light yield, fast
decay, high density and high radiation tolerance. On the other hand,
the latter storages the absorbed energy for several weeks and releases
the energy by thermal (thermally-stimulated luminescence, TSL) or
optical (optically-stimulated luminescence, OSL) stimulation. The main
application of TSL and OSL is individual radiation monitoring [4]. In
this application, the effective atomic number of the materials are ex-
pected to be close that of the biological tissue (Z.i = 7.35-7.65) [5],
because interaction probability of ionizing radiations with matter de-
pends on the chemical composition of materials. Up to now, many re-
searchers investigate scintillation and dosimetric properties of various
kinds of materials such as oxide [6,7], fluoride [8] and iodide [9].

Among the materials above, fluoride is one of the most widely used
materials as scintillators and dosimeters. LiCaAlFg crystal doped with
Eu and Ce is one of the example as neutron scintillators [10], and it is
commercialized by Tokuyama Corp. In this compound, °Li is in-
corporated to detect thermal neutrons because °Li has a high
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interaction probability with thermal neutrons due to the nuclear reac-
tion of °Li (n, a)®H. Besides, Eu-doped CaF, has been focused on as
scintillators in search for dark matter [11] because '°F has the best
figure of advantage for spin coupled dark matter search [12]. Fur-
thermore, LiF doped with Mg, Ti has been used as TSL dosimeters. The
TSL response is linear against irradiation dose with the dynamic range
of 20 uGy-10 Gy [1]. In addition to LiF, Mn-doped CaF is equipped in
another commercial dosimeter (TLD-400), and it shows a glow peak at
260 °C with a linear dose response function over 0.5 mGy - a few kGy
[13].

Recently, LiF-CaF, eutectic compounds have been focused on for
scintillator and dosimeter applications. This eutectic system of LiF-CaF5
can be formed at the eutectic composition (LiF:CaF, = 80:20 mol%)
[14-22]. In general, eutectic compounds have excellent bonding be-
tween different phases with better mechanical properties and thermal
shock resistance than those of single crystals and conventional ceramics
[14,15]. Up to now, scintillation properties of Eu-doped °LiF-CaF, have
been investigated for neutron scintillators. Furthermore, the effective
atomic number of LiF-CaF, eutectic compounds (Z.¢ = 9.86) is close to
that of the soft tissue of human body (Z.s = 7.35-7.65) [5]. Therefore,
LiF-CaF, eutectic compounds are a promising candidate for individual
dosimetry applications. In the past research, Mn-doped LiF-CaF, eu-
tectic composite is first proposed for dosimeter applications [15].

In the present study, we fabricated °LiF-CaF, eutectic compounds
with different concentrations of Ce. To the best of our knowledge, there
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Fig. 1. PL excitation/emission contour graphs of non-doped and Ce-doped °LiF/
CaF,.

are no research article reporting dosimeter properties of Ce-doped °LiF-
CaF, eutectic compounds. Dosimeter properties can be enhanced by an
incorporation of Ce based on the past study [23]. After the synthesis of
the eutectic compounds, we investigated photoluminescence (PL) and
scintillation properties. Following these characterizations, storage lu-
minescence properties such as TSL and OSL were also evaluated for
dosimeter applications. It should be noted that it is important to study
both scintillation and dosimeter properties comprehensively because
some materials such as Ce-doped CaF, show a complementary re-
lationship between these two properties [23].

2. Experimental methods

High purity (99.99%) fluoride powders of SLiF (95% enriched), CaF,
and CeF5; were used as the starting materials. The °LiF and CaF, were
mixed at 80:20 M ratio, which corresponds to the eutectic composition,
and a fraction of CeF3; was added (0.1 mol%, 0.5 mol% with respect to
that of CaF,). These materials were loaded into a graphite crucible, and
the micro-Bridgman method was used to produce Ce-doped °LiF-CaF,
[16]. The crucible was placed and surrounded by carbon resist heaters
inside a stainless chamber. The crucible was heated up to 400 °C and
kept for about 8h in vacuum (10~ *Torr). After the baking, the
chamber was filled with high purity Ar (99.999%) and CF, (99.999%)
gases until ambient pressure. The ratio of Ar and CF, was 9:1. Further,
the crucible was heated up to 800 °C and then kept for 30 min. Finally,
the heater was stopped and cooled to room temperature with a cooling
rate of 5°C/min.
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Fig. 3. X-ray irradiated scintillation spectra of non-doped and Ce-doped °LiF/
CaF,.

Quantum yield (QY) values and PL excitation/emission contour
graphs were measured by using Quantaurus-QY (C11347, Hamamatsu
Photonics). PL decay time profiles were evaluated by using Quantaurus-
7 (C11367, Hamamatsu Photonics). In the measurement, the excitation
wavelength was 280 nm, and the monitoring wavelength was 335 nm.
As scintillation properties, X-ray-induced scintillation spectra were
measured using our original setup [24]. The X-ray source was an or-
dinary X-ray tube having a tungsten anode target and beryllium
window. For X-ray irradiation, the X-ray tube was operated by applying
the bias voltage of 40 kV and tube current of 1.2 mA. Scintillation decay
time profiles were measured by the pulse X-ray equipped afterglow
characterization system, equipped with a pulse X-ray source [25]. The
spectral sensitivity of photomultiplier tube (PMT) used in this mea-
surement covered from 160 to 650 nm. For TSL, TSL glow curves were
measured by using a TSL reader (TL-2000, Nanogray) with a heating
rate of 1°C/s over from 50 to 490 °C [26]. For OSL, OSL spectra were
measured under 630 nm stimulation by using Quantaurus-t (Hama-
matsu Photonics).

3. Results and discussion

Fig. 1 illustrates PL excitation/emission contour graphs of non-
doped and Ce-doped °LiF-CaF,. The 0.1% and 0.5% Ce-dope samples
exhibited emissions at 320 and 340 nm under the excitation wave-
lengths across 280-320 nm while no emission was observed in the non-
doped sample. The emission wavelengths of the 0.1% and 0.5% Ce-
doped samples agreed well with reported values for Ce-doped CaF, in
the past study [23]. Thus, these emissions were attributed to the 5 d-4f
transitions of Ce™ [23]. In addition, QY values of non-doped and Ce-
doped °LiF-CaF, are also indicated in Fig. 1. The QY values were n/a
(0% Ce), 0.35 (0.1% Ce) and 0.28 (0.5% Ce). The QY value of the 0.1%
Ce-doped sample was almost comparable to that of other 0.1% Ce-
doped fluorides such as MgF, and LiSrAlFg [27,28].

Fig. 2 represents PL decay time profiles of non-doped and Ce-doped
SLiF-CaF,. The excitation wavelength was 280 nm, and the monitoring
wavelength was 335nm. Each decay curve was approximated by an

Fig. 2. PL decay time profiles of Ce-doped °LiF/CaF,. Excitation wavelength was 280 nm, and monitoring wavelength was 335 nm.
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Fig. 4. X-ray irradiated scintillation decay time profiles of non-doped and Ce-doped °LiF/CaF,.

Fig. 5. TSL glow curves of non-doped and Ce-doped °LiF/CaF, after X-ray ir-
radiation of 1000 mGy. The heating rate was 1 °C/s, and the spectral sensitivity
of PMT covered from 160 to 650 nm.

Table 1
Maximum peak temperature and activation energy.

Peak temperature [°C] Activation Energy [eV]

Ce 0.1% 120 0.65
197 0.81
Ce 0.5% 140 0.65
177 0.75

Fig. 6. TSL dose response curves of Ce-doped °LiF/CaFs.

exponential decay function. The signal from the non-doped sample
could not be detected. The PL decay times were 35ns(0.1% Ce),
37 ns (0.5% Ce). The PL decay time constants were typical constant of
the 5 d-4f transitions of Ce>™ [27,28]. Thus, the origin of the compo-
nent was the 5 d-4f transitions of Ce®>*. The PL decay time was almost
constant, regardless of Ce concentrations.

Fig. 3 shows X-ray induced scintillation spectra of non-doped and
Ce-doped °LiF-CaF,. The non-doped sample showed scintillation with a
broad peak around 300 nm. The broad peak may be ascribed to self-
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trapped excitons (STE) from the past studies [29,30]. Further, sharp
peaks at 320 and 340 nm were observed in the 0.1% and 0.5% Ce-doped
samples. These spectral features agreed well with that in PL. Thus, the
emissions were due to the 5 d-4f transitions of Ce>*. The scintillation
intensity of the 0.1% Ce-doped sample was higher than that of the 0.5%
Ce-doped sample, which was consistent with PL intensity.

Fig. 4 represents X-ray induced scintillation decay time profiles of
non-doped and Ce-doped °LiF-CaF,. Each decay curve was approxi-
mated by exponential decay functions to derive the decay times. The
obtained value for the non-doped sample was 0.91 ps. The component
might be attributed to STE in °LiF-CaF, host from the past studies
[29,30]. In additions, the decay times of the 0.1% and 0.5% Ce-doped
samples were 62 ns and 0.80 ps (0.1% Ce), 58 ns and 0.70 ps (0.5% Ce),
respectively. The decay time constants of the faster component were
comparable to typical values of 5d-4f transitions of Ce®** observed in
other Ce-doped materials [29,31]. Thus, the component was attributed
to the 5d-4f transitions of Ce*>*. In addition, the origin of the slower
component might be ascribed to STE in the °LiF-CaF, host based on the
past studies [29,30]. The decay time constants of two components were
almost the same, regardless of the concentrations of Ce.

Fig. 5 shows TSL glow curves of non-doped and Ce-doped °LiF-CaFs.
The TSL glow curves were measured after X-rays irradiation of the
samples (1000 mGy). The 0.1% Ce-doped sample showed two TSL glow
peaks around 130 and 180 °C, and the 0.5% Ce-doped sample showed a
broad TSL peak at 150 °C. The origin of these TSL glow peaks might be
attributed to LiF host or some unknown impurities in the starting ma-
terials [15]. In addition, the TSL intensity for the 0.5% Ce-doped
sample was higher than that for 0.1% Ce-doped sample while the
scintillation intensity for the 0.5% Ce-doped sample was lower than
that for 0.1% Ce-doped sample. This complimentary relation between
scintillation and TSL intensity could be also observed in Eu-doped Li-
CaAlF¢ [32]. Moreover, maximum glow peak temperature and activa-
tion energy were calculated to evaluate trap depth. These factors were
derived by numerical approximation assuming the first-order kinetics
[33]. These results are summarized in Table 1. The TSL intensity for the
non-doped sample was too low to evaluate these parameters accurately.
The activation energy was almost constant regardless of Ce con-
centrations. Therefore, it is suggested that the trap was created by Ce
doping. Fig. 6 shows dose response curves of Ce-doped °LiF-CaF,. The
integrated value of the observed glow peaks was considered as a TSL
signal. The detected lower limit was found to be 1.0 mGy (0.1% Ce) and
0.1 mGy (0.5% Ce). The limit of the 0.5% Ce-doped sample was higher
than that of TSL materials such as LiF doped with Mg and Ti (20 uGy)
and Li»,B40, doped with Cu (10 uGy) [4]. Furthermore, the 0.1% and
0.5% Ce-doped samples had a linear response against the X-ray dose
over the dose range of 1-1000 mGy (0.1% Ce) and 0.1-1000 mGy (0.5%
Ce). It should be noticed here that the TSL signal was so strong that the
signal saturated in the TSL reader above 1000 mGy. Based on these
results, it is confirmed that the 0.5% Ce-doped sample showed a high
TSL dosimeter performance.

In order to investigate deeper traps, we evaluated OSL properties.
Fig. 7 represents OSL decay time profiles of Ce-doped °LiF-CaF,. The
Ce-doped samples were irradiated with X-rays (10000 mGy), prior to
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Fig. 7. OSL decay time profiles of Ce-doped °LiF/CaF, after X-ray irradiation of
10000 mGy. The stimulation wavelength was 630nm, and the monitoring
wavelength was 335 nm.

Fig. 8. OSL spectra of Ce-doped °LiF/CaF, after X-ray irradiation of 1000 mGy.
The stimulation wavelength was 630 nm.

the measurement. The stimulation wavelength was 630 nm, and the
monitoring wavelength was 335nm. The OSL signals decreased gra-
dually during the stimulation, which was an evidence of OSL. Further,
the decay time profiles were approximated by three exponential decay
functions. The decay time constants of three components for the 0.1%
Ce-doped sample were 4.5s, 17 s and 91 s. In addition, the decay time
constants of three components for the 0.5% Ce-doped sample were
2.5s, 17s and 130s. These results suggested that at least three de-
trapping processes for OSL existed in the Ce-doped samples. Fig. 8
shows OSL spectra of Ce-doped °LiF-CaF,. The Ce-doped samples were
irradiated with X-rays (1000 mGy) before the measurement. The Ce-
doped samples showed emissions with peaks at 320 and 340 nm during
the stimulation (630 nm). The emission wavelengths agreed well with
those of 5 d-4f transitions of Ce®>* in PL. The OSL intensity of the 0.5%
Ce-doped sample was higher than that of the 0.1% Ce-doped sample.
Scintillation and OSL intensity had a complemental relation as well as
TSL [32]. Furthermore, OSL dose response curve of the 0.5% Ce-doped
sample was also shown in the set of Fig. 8. Here, OSL intensity re-
presented the peak top value of the peak at 340 nm. The detected lower
limit of the 0.5% Ce-doped sample was over 10 mGy, which was much
higher than that of conventional OSL materials such as C-doped Al,O3
(1 pGy) and Tb-doped MgO (100 uGy) [4]. Therefore, Ce-doped LiF-
CaF, eutectic compounds are a promising candidate for TSL material.

4. Conclusion

We investigated scintillation and dosimetric properties of Ce-doped
SLiF-CaF, eutectic compounds. As scintillation properties, the
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scintillation of the Ce-doped samples appeared at 300nm and
320-340nm due to the self-trapped excitons (STE) and the 5d-4f
transitions of Ce** with typical decay times about 0.75 pus and 60 ns.
Furthermore, the Ce-doped samples showed TSL glow peaks around
150 °C, and the 0.5% Ce-doped sample was confirmed to show linear
response to the irradiated X-ray dose over a range of 0.1-1000 mGy. In
addition, the Ce-doped samples also showed OSL with peaks at
320-340 nm due to the 5 d-4f transitions of Ce>* during stimulation at
630 nm.
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