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Abstract: The objective of this study is to examine the impact of Li-doping on the radiophoto-
luminescent (RPL) properties of CaF,. Before ionizing irradiation, Li-doped CaF, exhibited no
photoluminescence (PL) under excitation in the range of 250-700 nm. After ionizing irradiation,
Li-doped CaF, displayed PL at 800 nm when excited at 390 and 610 nm. The decay time constant for
this luminescence was determined to be 20 ns, which suggests that it is attributed to (F,*)4 centers.
All the Li-doped CaF; showed higher PL intensity than the non-doped CaF; did, with the highest
intensity observed in the 0.5% Li-doped CaF,. The 0.5% Li-doped CaF, was also found to have a
minimum measurable dose of 14 uGy as an RPL dosimeter, and the RPL response monotonically
increased to 10 Gy. As for radiation-induced luminescence other than RPL, the scintillation peak
and the thermally stimulated luminescence (TSL) glow peak were mainly observed at 300 nm and
140 °C, respectively.
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1. Introduction

Radiophotoluminescence (RPL) is categorized as one aspect of storage luminescence
that is commonly used in dosimetry [1]. The process of achieving RPL involves the
generation of new photoluminescence (PL) centers through ionizing irradiation. As the
intensity of luminescence from these newly created PL centers increases in response to
increasing doses of radiation, RPL materials are well-suited for dosimetric applications.
Thermally and optically stimulated luminescence (TSL and OSL) are also categorized
as storage luminescence. In these phenomena, electron-hole pairs created by ionizing
irradiation are temporarily accumulated at trapping centers. These electron-hole pairs are
subsequently de-trapped by external stimulation (such as heat or light) and then recombine
on luminescence centers. TSL and OSL materials are also useful in dosimetry, particularly
in imaging plates and personal dosimeters [2,3]. Compared to TSL and OSL, RPL materials
have the advantage of being able to observe radiation doses without the fading of electron-
hole pairs [4,5]. This makes RPL a valuable tool in the field of dosimetry.

There are two main categories of RPL materials, which are classified based on PL
centers. The first category, known as activator-based RPL materials, includes materials
such as Ag-doped phosphate glass [6—12], Cu-doped aluminoborosilicate glass [13], Eu-
doped materials [14-17], and Sm-doped materials [18-20]. The second category, known
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as lattice-defect-based RPL materials, includes materials such as C- and Mg-codoped
Al,O3 [21-23], LiF [24], MgF; [25], KoCOj3 [26], and NapyCOs3 [27]. These materials exhibit
RPL phenomena due to the generation of anion defects such as in the F, and F,* centers in
C- and Mg-codoped Al,O3.

CaF, is a versatile material that has been used in a variety of applications, including
as a dosimeter for measuring radiation exposure. One particularly interesting property of
CaF; is its ability to exhibit RPL when doped with certain rare-earth ions. For example,
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when doped with Eu, CaF; exhibits RPL based on valence modification between trivalent
and divalent states [17,28]. On the other hand, CaF, has been doped with Dy, Tm, or Mn to
be used as a TSL dosimeter (TLD-200, 300, and 400, respectively) for a long time [29-34].
Moreover, rare-earth or transition-metal-doped CaF, has shown OSL [35-37]. More recently,
we have discovered that non-doped CaF; also shows RPL arising from the F,* and (F;")4
centers [38,39]. The F,™* center is formed by the aggregation of two anion defects capturing
an electron, and it can change to the (F;")5 center when an impurity is present nearby;,
ie., itis a (F;")Na center when a Na impurity is present nearby [40,41]. In addition, our
previous study revealed that the RPL response was improved by Na-doping in CaF, [42].

In this research, we examined the impact of Li-doping on the RPL properties of CaF,.
As the valence of Li is similar to that of Na, it is believed that monovalent ions such as Li
will boost the RPL response. This is because the charge compensation between Li* and Ca?*
ions creates anion defects in CaF;, which leads to increased RPL intensity. Furthermore, we
measured scintillation spectra and TSL glow curves, which are categorized as radiation-
induced luminescence.

2. Materials and Methods

In a previous study, we utilized spark plasma sintering (SPS) equipment (LabX-100,
Sinter Land, Kyoto, Japan) to prepare CaF; ceramics [38]. In this study, we employed the
same method and conditions to prepare Li-doped CaF, transparent ceramics. CaF, (5N,
Stella Chemifa, Osaka, Japan) and LiF (4N, Stella Chemifa) were used as reagent powders,
and LiF was doped in CaF; at a molar ratio of 0.01, 0.05, 0.1, 0.5, and 1 mol%.

The RPL properties of the CaF; ceramics doped with Li were investigated below. PL
excitation/emission maps were recorded with Quantaurus-QY (C11347-01, Hamamatsu,
Shizuoka, Japan). In this measurement, PL emission spectra were recorded in the excitation
range from 250 to 700 nm with a 10 nm interval. In order to evaluate a dose response
property, the PL emission spectra were measured using a spectrofluorometer (FP-8600,
JASCO) after the Li-doped CaF, ceramics were irradiated by X-rays with several doses
(from 0.01 mGy to 10 Gy). The PL decay time profile was recorded by Quantaurus-t (C11367,
Hamamatsu), and then the decay time constant was calculated from the least-square fitting
by some exponential decay functions.

In addition to RPL properties, the scintillation spectra and TSL glow curves were mea-
sured by our original setup [43] and a TSL reader (TL-2000, Nanogray, Osaka, Japan) [44], re-
spectively. In this study, the radiation source was an X-ray generator (XRB80OP&N200 x 4550,
Spellman, Houston, TX, USA) [45]. The applied voltage was fixed to 40 kV (DC) while the
tube current varied from 0.052 to 5.2 mA to control the dose rate, and the mean X-ray en-
ergy was 26 keV. The irradiated dose was calibrated using an air-filled ionization chamber
(TN30013, PTW, Freiburg im Breisgau, Germany), and the dose was defined as dose in-air
delivered at the entrance of the sample.

2.1. Sample

Figure 1 indicates the appearance of the Li-doped CaF, ceramics under light from a
fluorescent lamp and UV lamp (365 nm) before and after ionizing irradiation. The thick-
ness and diameter of the Li-doped CaF; ceramics were 0.8 and 10 mm, respectively. The
Li-doped CaF, ceramics initially appeared colorless and translucent under the light from
the fluorescent lamp and did not exhibit any luminescence under the light from the UV
lamp. On the other hand, the radiation-irradiated ceramics underwent a transformation,
displaying a blue coloration and emitting red luminescence under UV light. These observa-
tions are consistent with those made in the previous study on CaF, ceramics doped with
Na* ions, providing further evidence for the production of PL centers in CaF; ceramics
through ionizing irradiation [42].
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Figure 1. Appearance of the Li-doped CaF, ceramics under light from the fluorescent lamp and UV
lamp (365 nm) before and after ionizing irradiation.

2.2. RPL Properties

Figure 2 shows the PL excitation/emission maps of the 0.5% Li-doped CaF, ceramic
(a) before and (b) after ionizing irradiation. Although the 0.5% Li-doped CaF, ceramic
before ionizing irradiation showed no emission signals, an emission band at approximately
800 nm under excitations at 390 and 610 nm was detected after ionizing irradiation. Our
past studies revealed that these emission bands were caused by (F,*)a centers [38,39].
Additionally, this emission band was also detected in other Li-doped samples. On the other
hand, the emission band originating from F»* centers was not observed in the Li-doped
CaF; ceramics unlike in the non-doped and Na-doped ones [38,42]. These results imply
that the generation of F,* and (F,*)a centers may be independent events, and that (F*)a
centers can become RPL centers without the existence of F,* centers.

Excitation wavelength (nm)

600 700 800 900 200 300 400 500 600 700 800 900

(b)

Figure 2. PL excitation/emission maps of the 0.5% Li-doped CaF, ceramic (a) before and
(b) after ionizing irradiation. The horizontal and vertical axes indicate emission and excitation
wavelengths, respectively.

The PL decay time profile of the 0.5% Li-doped CaF; ceramic, as a representative of
all the samples after ionizing irradiation, is illustrated in Figure 3. A single exponential
decay function was utilized to reproduce the PL decay time profile with a decay time
constant of 20 ns. This value is approximately consistent with the decay time constant of
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non-doped CaF, [39], indicating that the decay time constant is related to the presence of
(F>™)a centers.
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Figure 3. PL decay time profile of the 0.5% Li-doped CaF;, ceramic after ionizing irradiation
(10 Gy). The excitation and monitored wavelengths are 630 and 760 nm, respectively. IRF stands for
instrumental response function.

Figure 4 shows the PL spectra of the Li-doped CaF, ceramics under 640 nm excitation.
An emission peak was detected at around 760 nm. This wavelength was shorter than
that observed in Figure 2 and slightly differed from our previous results [39,42]. This
difference was due to the difference in the measurement methods. For example, when
comparing the measurements of reflective and transmissive types, the transmissive type
is strongly affected by self-absorption. As a result, the emission wavelength may shift
to a side with a longer wavelength in the case that the emission wavelength is close to
the excitation wavelength. PL excitation/emission maps (Figure 2) were measured by the
transmissive-type device. On the other hand, PL spectra (Figure 4) were measured by the
reflective-type device. This difference would cause a different peak-top.
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Figure 4. PL spectra of the Li-doped CaF, ceramics and the reference sample (non-doped CaF;) [39].
The inset shows the correlation between the PL intensity and Li-concentration in CaF, ceramics.

The graph in the inset illustrates the correlation between the PL intensity and Li-
concentration in CaF, ceramics. Here, the PL spectrum measured by the same condition
of the non-doped ceramics was included for comparison [39]. It was observed that the
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PL intensity was enhanced by the presence of Li-doping. All the Li-doped CaF, ceramics
exhibited a stronger PL intensity than the non-doped one. This suggests that Li-doping
in CaF, leads to the generation of anion defects, such as F centers, resulting from charge
compensation between Ca®* and Li*. This results in an increase in the number of (F>*)xa
centers, leading to a stronger PL intensity. Another possibility is that (F,*)1; centers,
rather than (F,*)N, centers adjacent to Na, were formed as (F;*)a centers and contributed
to luminescence. Moreover, the generation of (F,")r; centers may have related to the
differences in the emission wavelength and spectral shape in comparison with our previous
studies [39,42]. In other words, (F»*)1; centers are considered to show the differed excitation
and emission wavelengths from those of (F»*)na, centers. Notably, the PL intensity of the
0.5% Li-doped CaF, ceramic was found to be the highest among all the samples studied,
and was approximately five times greater than that of the non-doped ceramic.

Figure 5 indicates the RPL dose response function of the 0.5% Li-doped CaF, ceramic.
This particular ceramic was chosen for analysis due to its high PL intensity. The RPL
response was calculated by integrating the PL intensity from 700 to 1000 nm, following
ionizing irradiation at varying doses. The linearity of the data was confirmed by performing
a least-square fitting with a power function (y = ax?) and determining the coefficient of
determination (R?). The horizontal dashed line indicates the lowest detectable limit of
the present reader system, which is expressed as a three-time standard deviation of the
instrumental noise (30). The minimum detectable doses were estimated from the point of
intersection between 30 and the dose response function. The minimum detectable dose
of the 0.5% Li-doped sample turned out to be 14 uGy. It was found that the minimum
detectable dose of 0.5% Li-doped CaF, was superior to that of the non-doped CaF, [39].
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Figure 5. RPL dose response function of the 0.5% Li-doped CaF, ceramic.

2.3. Scintillation and TSL Properties

The scintillation spectra of the Li-doped CaF, ceramics are displayed in Figure 6. It
can be observed that scintillation peaks were consistently observed at around 300 nm in all
the samples. This is in line with previous research [46], and the origin of this is self-trapped
exciton. In addition, an emission peak at 420 nm was only observed in the 1.0% Li-doped
CaF; ceramic. The origin of this peak remains unclear; however, a similar peak has been
reported in the previous study as well [47].
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Figure 6. Scintillation spectra of the Li-doped CaF, ceramics. The scintillation intensity was normalized.

Figure 7a represents the TSL glow curves of the Li-doped CaF, ceramics after X-ray
irradiation. All ceramics had a TSL glow peak at around 140 °C with a shoulder shape at
100 °C. The intensity of this peak reached its maximum when the Li-concentration was 0.5%,
as was the case with the RPL. Furthermore, a TSL glow peak was detected at temperatures
below 50 °C, and a decreasing trend in the intensity was noted as the Li-concentration
increased. Figure 7b shows the comparison of the TSL glow curves immediately after
ionizing irradiation and 24 h later. The glow peaks at 50 and 100 °C disappeared after
one day. In contrast, the glow peak at 140 °C remained relatively unchanged over the
same period. The temperature range in which TSL occurred (100-150 °C) was found to be
consistent with the bleaching temperature of RPL centers [39]; therefore, this suggests that
TSL is a result of the recombination of charge carriers released from RPL centers. However,
there is also a possibility that charge carriers released from another (unknown) trap were
recombined at the RPL center. Further investigation is needed to establish the relationship
between the glow-peak temperature and the bleaching temperature of the RPL centers.
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Figure 7. (a) TSL glow curves of the Li-doped CaF, ceramics. The heating rate was fixed to 1 °C/s.
(b) Comparison of the TSL glow curves immediately after ionizing irradiation and 24 h later. The
black dashed lines show each glow curve 24 h later.
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3. Conclusions

This study successfully improved the PL intensity of (Fy*)s centers in CaF, after
ionizing irradiation through Li-doping. The 0.5% Li-doped CaF, showed the highest PL
intensity among the present samples. Its PL intensity was raised up to five times compared
to that of the non-doped CaF,. This suggests that the presence of Li* ions leads to the
increase of (F,*)na centers through the generation of anion defects. At the same time,
there is a possibility that (F,*); centers were generated by Li-doping. The RPL intensity
of Li-doped CaF, was found to be detectable at a low dose of 14 uGy, and continuously
increased up to 10 Gy.
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