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ARTICLE INFO ABSTRACT

Keywords: In this work, thermally assisted OSL (TA-OSL) of natural fluorite was investigated, aiming to understand better
Natural fluorite the role of traps in both TL and OSL. TA-OSL is the luminescence simultaneously stimulated by light and heat;
OSL

from this combination it is possible to access deeper traps in the analyzed material, that, in general, need more
energy to be accessed. Irradiations were performed at room temperature using the Sr-90/Y-90 source incorpo-
rated in the TL/OSL reader at a dose rate of about 10 mGy/s. The optical stimulus was blue light at 470 nm. The
dosimeters were also irradiated with X and gamma-rays of various energies (from 20 keV to 1.25 MeV) for
comparing the energy dependence of the OSL and the TA-OSL signals. Residual TL curves were acquired after
OSL readouts for checking trap participation in OSL emission. The OSL measurements were done at temperatures
from 25 °C to 400 °C. For readout temperatures from 25 to ~185 °C, decay curves were observed, and they were
modeled by one stretched-exponential function, giving rise to a good fit to the experimental data. The depen-
dence of the fitting parameter () on the photon energy was studied, and it was observed that f§ increases with the
X-ray beam effective energy. The energy dependence of OSL signal is 1.5 times larger than that of TA-OSL signal,
pointing to the reduction in energy dependence with the combination of thermal and optical stimuli. The total
light emitted (TA-OSL + residual TL) is highly increased by the simultaneous stimulation by light and heat,
indicating that light promotes charges to thermally active traps (phototransfer), and heat promotes charges to

Thermally assisted OSL

optically active traps, facilitating their release during illumination.

1. Introduction

Natural calcium fluoride (fluorite, or fluorspar) is a mineral
employed in various fields — from jewelry to hydrofluoric acid produc-
tion. It exhibits a cubic face-centered lattice, with calcium ions at the
corners and the face centers, with fluorine ions at the center of smaller
cubes (side 1/8th of the unit cell) inside the unit cell [Topaksu et al.,
2016]. This lattice structure can receive many impurities, such as, for
instance, rare earths, which can affect the material luminescent prop-
erties, as reviewed by Sunta [1984]. Calcium fluoride is a known
luminescent material, that has been used and studied as a thermolumi-
nescent (TL) [Trowbridge and Burbank, 1898; Sunta, 1983] and opti-
cally stimulated luminescent (OSL) [Miller et al., 1988] material.
Various compositions of CaF; crystals have been included in the list of
available commercial TL and OSL materials [McKeever, 2022]. Topaksu
and co-workers established that both a natural and a synthetic
(TLD-400) CaF, samples display a TL glow curve that is commensurate
with the presence of close overlapping groups of components, linked
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probably to a continuum distribution of trap levels [Topaksu et al.,
2016]. The Brazilian fluorite that we studied here is in use as a personal
TL dosimeter since long [Trzesniak et al., 1990] and has interesting OSL
and TL properties [Ferreira et al., 2014]. In this paper we have observed
Thermally Assisted Optically Stimulated Luminescence (TA-OSL) from
natural Brazilian fluorite pellets at various temperatures. Performing the
optical stimulation at higher temperatures results in an increase in the
OSL efficiency, as the simultaneous thermal release of charge carriers
provides various possibilities of charge retrapping and recombination,
as well as the inactivation of shallow traps. Besides being dependent on
the temperature, the intensity enhancement varies with the light stim-
ulus wavelength, being more intense for low energy photons. The rate of
decay of the CW-OSL signal is also temperature dependent [McKeever
et al., 1997; McKeever, 2022; Spooner, 1994; Williams and Spooner,
2020]. The objective of this study is to understand better the OSL and TL
mechanisms of this phosphor. The use of TA-OSL offers the possibility of
interrogating defects that are not accessible by a thermal or luminous
stimulus separately.
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Fig. 1. X-ray diffraction pattern of a pellet used in this study. Compared to the
ICDD reference.

2. Method and materials

Powdered green Brazilian fluorite previously treated at 600 °C per
15min was mixed with an inorganic binder (Durabond 950, Cotronics
Corporation) at a weight proportion of 100/30 wt, and cold pressed to
produce 54 mg pellets (5 mm diameter and 1 mm height). These pellets
were already assayed, and no interference of the binder could be
perceived in TL and OSL measurements [Umisedo et al., 2020]. The
chemical analysis of fluorite shows the presence of rare earths and
aluminum [Valerio et al., 1991]. Powdered natural fluorite crystals were
examined by powder X-Ray Diffraction (XRD) with an EMPYREAN
diffractometer, equipped with a CuK, radiation source (1.541 i\),
operating at 40 mA-45 kV, in a 26 interval between 10° and 50°. The
obtained diffractogram was compared with the ICDD (International
Centre for Diffraction Data) and ICSD (Inorganic Crystal Structure
Database) databases. The TL and OSL measurements were performed in
a Risg equipment, DA-20, using a 7.5 mm pack of U340 filters. OSL was
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acquired at CW mode, blue stimulus (470 nm, 80 mW/cm?). Samples
were irradiated in the Risg equipment, at room temperature with a beta
source (°°Sr/°°Y maximum beta energy 2.27 MeV, activity ~1.5GBq,
giving rise to a dose rate of about 10 mGy/s at the sample position).
Irradiations were also performed with X rays (Philips MG 540, constant
potential, W anode, kVp from 60 to 200 kV and various combinations of
added filtration) according to ISO narrow qualities ISO [ISO, 2020]. A
cobalt-60 gamma-ray source was also used to irradiate the samples
(activity 199,52 mCi in 2007, gamma energies 1.17 and 1.33 MeV,
sealed source fixed inside a lead irradiator with a conical aperture). The
range of doses for all types of irradiations was from 5 to 100 mGy. Ir-
radiations were performed always at room temperature.

For TA-OSL experiments, the samples were beta irradiated at the TL/
OSL reader (10 mGy) (or irradiated with X or gamma-ray photons),
heated in dark at a constant rate until a desired Ts temperature, which
was kept constant during 300s for acquiring the OSL signal at CW mode.
Immediately after the TA-OSL measurement, the residual TL curve (R-
TL) was also registered at a heating rate of 1 K/s, to 450 °C.

The OSL signals (Ipsy) were fitted with one stretched-exponential
(SE) function (or Kohlrausch function), as indicated In Equation (1),
where Iy is the OSL intensity, 7 is a time constant, f is the stretching
parameter, and C is a constant to take the background reading into ac-
count. The stretching parameter is dimensionless, and its values are in
the interval (0< < 1) [Berberan-Santos et al., 2005]. The fittings were
performed with a Matlab script using minimum squares methods and
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Fig. 3. TA-OSL of fluorite samples at various temperatures, after irradiation to
10 mGy.
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Fig. 2. Examples of the fitting of Equation (1) (red curves) to the OSL data (dots). (a) The OSL signal was acquired at room temperature, and the fitting parameters
are: Ip = 4511 + 82; C =143.3 £ 1.7; 7 = 0.321 £ 0.028 s; # = 0.309 + 0.007; reduced chi-2 is 0.96, sample irradiated to 100 mGy. (b) TA-OSL acquired at 185 °C,
with fitting parameters: I = 1976 + 58; 7 = 2.88 &+ 0.18 s5; C = 511 + 2; f = 0.617 + 0.022; reduced chi-2 is 0.97, sample irradiated to 10 m Gy.
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Fig. 4. (a) The OSL signals at room temperature of a non-irradiated (black line) and an irradiated (green line) sample. The blue signal is the TA-OSL at 185 °C, and
the red signal corresponds to the same experiment, but with LEDs off. (b) The corresponding residual TL readouts after the acquisition of the signals shown in (a).
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Fig. 5. Parameter $ for TA-OSL curves fitted by Equation (1), at various Ts
temperatures (data points). The solid curve is intended to guide the eyes.

calculating the respective reduced chi-2 for quality evaluation.

-t
Ios, =1 exp ( > +C Equation (1)

T

The SE functions is ubiquitous for describing relaxation phenomena,
although it has been regarded as a convenient phenomenological tool
without fundamental significance [Philips, 1996]. The rate equation
obeyed by the SE functions has a time-dependent rate constant of the
form Acxt’~!, with 0 < < 1 [Plonka, 1986; Plonka et al., 1979]. The
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identification of the p parameter with the degree of disorder in the
samples has focused the use of SE functions to explain relaxation phe-
nomena on amorphous materials. In fact, Chen showed that this function
likewise fits well the OSL decay of crystalline samples [Chen, 2003].
Chen and Leung hypothesized that j§ relates to the occurrence of high
retrapping coefficients [Chen and Leung, 2003]. Later, Adamiec re-
ported good fittings of SE function to experimental data obtained with
multi-grain samples (quartz grains from Aeolian sediment), correlating
the findings with sample heterogeneity, and reporting that SE fittings
are equivalent to a sum of various exponential functions, with fewer
parameters [Adamiec, 2005].

3. Results and discussion
3.1. Sample characterization

The X ray diffraction in Fig. 1 confirms the crystalline phases of
calcium fluoride crystals, according to ICDD database. No other crys-
talline phases could be detected.

3.2. Optically stimulated luminescence

The CW-blue stimulated OSL acquired at room temperature, and the
fitting with equation (1) for a 100 mGy beta irradiation is in Fig. 2 (a). In
Fig. 2 (b) the fitting to TA-OSL at 185 °C (10 mGy) confirms that the SE
fits well also the TA-OSL decay curve.

The Ts temperatures for TA-OSL were 85, 120, 150, 185, 290, 350
and 400 °C, and were chosen according to the known peak temperatures
of the fluorite TL curve (~85, 180, and 290 °C), and of a 360 °C peak
observed after optical bleaching [Ferreira et al., 2014]. Fig. 3 shows the
observed TA-OSL curves, which present the expected decay aspect for
the curves obtained with the four smaller temperatures (85, 120, 150
and 185 °C). For temperatures higher than those, the signal is almost
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Fig. 6. (a) The energy response of OSL and TA-OSL signals (185 °C). For various X-ray beams, relative to the response to Co-60 gamma rays (the solid lines are guides
for the eyes). (b) Variation of the p parameter for the same group of X-ray beams and both OSL signals.
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constant for the whole interval of illumination and is more intense the
higher is the Ts temperature. This behavior is consistent with thermally
assisted photo-transfer already observed in the literature [Polymeris
et al., 2006].

We focused on the 185 °C TA-OSL, as the signal is consistent with an
OSL decay. Also, at this readout temperature, as the TL peak II vanishes,
the role of the dosimetric peak (peak III at 290 °C) can be enhanced. To
check for the isothermal emission contribution to the observed signal, a
similar experiment, but with LED’s off, was also performed. Fig. 4 (a)
shows the illuminated and a non-illuminated TA-OSL signals, together
with the room temperature OSL signal. Fig. 4 (b) shows the corre-
sponding residual TL signals. It is interesting to notice that the residual
dosimetric peak signal is more intense after a TA-OSL readout than after
a room temperature OSL — almost a two-fold enhancement, indicating
photo-transfer of charges to the dosimetric peak trap, as exhaustively
studied by Chithambo [Chithambo, 2022]. A satellite peak at ~400 °C
appears in the R-TL signal after the TA-OSL readout. It is remarkable that
the total light emission (OSL + R-TL) is highly increased by the simul-
taneous stimulation by light and heat, indicating that one or both pro-
cesses occur: i) light promotes charges to thermally active traps that are
posteriorly emptied by heat, ii) thermal activation (or phonon-coupling)
promotes charges to optically active traps facilitating their release
during illumination [McKeever, 2022]. Both the 185 °C TA-OSL and the
corresponding R-TL net signals (after BG subtraction) have a linear
response with dose (from 5 to 100 mGy) with a O intercept (results not
shown here).

The TA-OSL curves (Ts temperatures till 185 °C) were also well fitted
by the SE function (Equation (1)). The § parameter is higher for higher
temperatures as shown in Fig. 5, consistent with an indication of
augmented disorder. Although the interpretation of beta parameter is
not a consensus in the literature, we highlight Adamiec’s connection of
the SE fitting with the presence of a multitude of independent grains in
the sample, that might behave with some sort of individuality in OSL
decay, because of their possible heterogeneity of origin [Adamiec,
2005]. As our samples do present grains from various fluorite poly-
crystals, this is a plausible hypothesis. Moreover, the proposition of the
dosimetric trap having a continuum of energy levels [Topaksu et al.,
2016] could be the explanation for the good quality fittings with SE
functions, as this function can be interpreted as equivalent to a sum of
simple exponential functions [Chen and Leung, 2003; Adamiec, 2005].

3.3. Energy response

The energy-response of the OSL and TA-OSL signals of the samples
for X-rays and gamma radiation was investigated. It is expected that, at
low photon energies, in a material like CaFg, which has an effective
atomic number much higher than that of air, the photon absorption
process is more efficient, giving rise to a larger OSL signal. The dose
response for room temperature OSL and TA-OSL for 185 °C was obtained
for each X-ray and gamma-ray beam. For both signal types, linear re-
sponses were observed, with slopes (OSL/dose ratio) dependent on the
photon energy. The energy dependence is usually shown by the varia-
tion of the ratio R — the relative OSL/dose ratio, defined in Equation (3),
where the reference energy is the Co-60 gamma-ray energy.

_ Slope of dose response at effective energy E
~ Slope of dose response at the reference energy

Equation (3)

Fig. 6 (a) shows a plot of R as a function of the effective energy of
each photon beam. In Fig. 6 (a) it is possible to observe a change in the
energy dependence of the dose response for TA-OSL (at 185 °C, red dots)
compared to room temperature OSL (black dots): for TA-OSL the in-
crease of the OSL response at low photon energies is smaller than it is for
room temperature OSL. Complementing this outcome, the OSL decay
curves obtained at 185 °C and at room temperature for pellets irradiated
at each photon beam were fitted with Equation (1), to inspect if the
curve shapes depend on photon energy. In fact, it was observed that the
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p parameter value increases with the photon energy of the irradiation
beam for TA-OSL (Fig. 6 (b), red dots), but § does not change with the
photon energy for the OSL curves obtained at room temperature (black
dots in Fig. 6 (b)). A possible explanation for this behavior could prob-
ably be related to how photons lose energy in the material. The higher
the photon energy the larger the mean distance travelled by secondary
electrons in the material. Speculating, this could promote a larger dis-
order and phonon coupling with the energy transfer, resulting in larger g
values, and smaller energy dependence.

4. Conclusions

The SE function was chosen to fit OSL signals of natural fluorite
pellets, with good quality fittings. The same was observed for the TA-
OSL of the same samples, for readout temperatures from 25 to 185 °C.
SE function good fittings might be related to the existance of a contin-
uum of energy levels for trapping the charge carriers, and to the pres-
ence of a multitude of grains which behave with some degree of
heterogeneity when stimulated by light and heat. The parameter
showed an increase with the temperature used to perform the TA-OSL,
which is commensurate with the association of  and disorder.

The fluorite pellets’ emitted light (OSL and residual TL) is highly
increased by the simultaneous stimulation by light and heat. This in-
dicates that light promotes charges to thermally active traps that are
subsequently emptied by heat, and, conversely, the thermal activation
fosters charges to optically active traps facilitating their release during
illumination. The charges released simultaneously with light and heat
also populate a trap that gives rise to a TL peak observed at 405 °C in the
residual TL signal.

According to our results, the energy dependence of the TA-OSL signal
is lowered as compared to the room temperature OSL, and the shape of
the decay curve changes with the photon energy, as the $ parameter of
the SE function increases with the effective energy of the beam. We
speculate that these changes are connected to the mean distance trav-
elled by secondary electrons in the material: it increases with photon
energy and may promote larger disorder in the crystal, that manifests
with higher stretching parameters in the OSL signal.
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