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The effect of annealing temperature on the structural, thermoluminescence, and optical properties of the ther-
mally treated naturally occurring salt from Lluta were studied. Samples were submitted to different annealing
temperatures from 300 to 700 °C for 30 min. X-ray diffraction analysis of all samples was performed. The
predominant crystalline phase found in the Lluta salt sample is NaCl, with minor phases (CaSO4 and Na). TL
technique has been used to characterize and determine the dosimetric properties. After the thermal annealing
process of samples, an increase in the TL response of up to 80 times the TL intensity of the natural sample is
observed. A promising dosimetric high-temperature peak was found for the sample with an annealing temper-
ature of 400 °C for 30 min. Besides, activation energy, frequency factor, and peak position have been determined
by E-Tstop, Tm-Tstop, and deconvolution methods. The UV-Vis optical absorption of Lluta salt sample subjected
to several annealing temperatures was investigated. The optical energy gap Eg was calculated using the Tauc
relation and the relation between the variation of the optical band gap and the density of thermoluminescent
traps was analyzed.

1. Introduction

As can be seen today, the use of different types of radiation is
becoming widespread in various human activities, such as the intensive
development of radiation technologies, testing, sterilizing, and pro-
cessing materials [1-3]. As a consequence, accidents involving nuclear
radiation could occur near nuclear plants or where ionizing radiation
sources are employed for different purposes [4-8]. In these cases, un-
desired emitted radiation can accidently affect the nearby population
being dangerous to human health. Nowadays a nuclear accident is un-
likely due to the all extensive protection and highly controlled system
securities considered before the design of the nuclear facility. However,
prevention is always the best way to be ready for unexpected accidents.

Therefore, the use of ionizing radiation, which is carcinogenic, must
always be associated with an efficient radiological protection system as a
means of safety. In this sense, the use of dosimeters is widely used as
radiation detectors to monitor people who often work with radiation
sources in medical centers or nuclear facilities. Among them, lumines-
cence materials as a good alternative to passive detectors for radiation
dose measurement have been studied for decades [1,9-11].
Retrospective and emergency dosimetry are known because their
study is based on an immediate and long-term determination, respec-
tively, of the absorbed dose by populations and individuals due to a
radiation accident resulting in possible leakage of radiation emission to
the environment beyond normal background radiation [12-18]. Since
synthetic dosimeter is not always available in place at the time of a
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possible nuclear disaster, researchers have chosen on finding locally
available materials that can be used as luminescence materials for the
determination of the absorbed dose [19].

Among the investigated materials, there are integrated circuits (ICs)
from several mobile phones [20,21], mobile phone protective
touchscreen glass [22,23], SMD resistors [24], silicates contained in dust
[25], natural silicate [26,27] and natural halite (NaCl) [17].

Natural sodium chloride (NaCl) also known as mineral Halite has
been widely studied in the past due to its high sensitivity shown for
ionizing radiation, relatively easy presence of this mineral in almost
every home around the world (household salt), and very low cost [12,
14,16-18,28]. As a result, natural or synthetic NaCl (pure and doped
form) has been especially focused for their use in retrospective dosim-
etry as a passive dosimeter due to its high sensitivity to gamma [12-14,
17,18,28,29] and beta radiation [15,30,31]. Thermoluminescence (TL),
optically stimulated luminescence (OSL), optical absorption (OA),
photoluminescence (PL) are the main techniques used for this purpose
[12-15, 28-32]. Natural mineral of NaCl extracted from different lo-
calities around the world has been obtained and their luminescence
properties analyzed for retrospective and emergency dosimetry pur-
poses. Among them, we have natural salt from the Dead Sea whose study
is adopted as a model thermoluminescence dosimetry system [16].
Natural salt extracted from the Seawater of the Mediterranean Sea has
been characterized by the TL technique for determining dosimetric
properties [15,17] have studied the TL sensitivity of Egyptian halite
(NaCl) samples for potential application in retrospective dosimetry.
Besides, Israeli salt samples (NaCl) were exposed to gamma radiation
dose from 0.5 mGy to 300 Gy using a calibrated '3”Cs source to examine
the potential use of these samples in retrospective dosimetry (RD) [18].
Finally, Ekendahl et al. [33] have investigated the potential use of NaCl
in the form of a household salt from Czech Republic as a retrospective
and accident dosemeter using the OSL technique.

On the other hand, Pearse et al. [34] have found that the principal
impurity found in naturally occurring rock salt is calcium sulfate,
generally 1-4%, with small amounts of calcium chloride and magnesium
chloride. In the United States, for instance, bedder deposits of salt for-
mation showed layers of halite (NaCl) separated by layers of anhydrite
(CaS04), besides other mineral impurities that including shale, iron
pyrites, and silica [35]. Sodium chloride appears as a white crystalline
solid. However, it can show different colors, such as white, gray, red-
dish, or even brownish. The color can be attributed to impurities present
in the sample, such as Mg, Mn, K, Li, Cu, either occluded or on the
surface of the crystals [35,36]. Sonnenfeld et al. [37] have done an
extensive study of the different natural occurrences that provoke dis-
colored pure rock salt. Essentially, colorless halite is discolored by
interstitial admixtures, or by colloids inserted into structural defects of
the crystal lattice. Orange color, for instance, is produced by traces of
sylvite particles 150-180 nm [37].

In this sense, the use of materials available in nature is of great
importance due to their availability and their high sensitivity to ionizing
radiation. Such is the case of the Sal of Lluta, which is widely used by the
population of the Lluta region in Arequipa, Peru. This material in grains
has shown high sensitivity to gamma radiation, which makes its study as
an ionizing radiation dosimeter of great interest. Furthermore, further
studies would include the use of Lluta salt samples not only as gamma
detectors but also as UV radiation detectors, given the high UV index
present in this southwestern region of Peru. The present work will focus
on investigating the natural salt from the Lluta region in Peru by TL
technique and UV-Vis absorption for their possible application in radi-
ation dosimetry.

Furthermore, thermal annealing of samples is a technique used by
several authors in order to improve their luminescence properties [28,
38]. In many cases, the thermal annealing on the samples shows a sig-
nificant improvement and an optimal luminescent response to continue
their studies as dosimetric material. However, a comprehensive analysis
of heat treatments’ effect on the crystal structure, thermoluminescent
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kinetics, and optical properties are not properly carried out. In this work,
the salt from Lluta obtained naturally was crushed and subjected to
different annealing temperature conditions. The effect of different
annealing temperatures (AT) on its thermoluminescence properties has
been analyzed within a wide range of gamma radiation doses. Further-
more, the effect on the phase concentration, lattice constant, and full
width at half maximum (FWHM) were performed after different AT.
Finally, UV-Vis absorption spectra of natural as-collected and thermal
annealing samples were performed and the optical band gap energy was
analyzed.

2. Experimental details

a) Collection: Natural rock salt used in this study was extracted from the
mines of Lluta district, Arequipa region, Peru. Lluta mines are
located in the Arequipa region southern Peru (15°58'07.8"S latitude,
71°59'30.9"W longitude) as can be seen in Fig. 1(a). Fig. 1(b) shows
the natural rock salt from Lluta. The salt sample was crushed and
sieved to retain grains of 90-150 pm in size for TL measurements,
while grains smaller than 75 pm in diameter were used in structural
X-ray diffraction (XRD) analysis.

b) Thermal annealing: For thermal annealing of samples, a high-
temperature oven, model VECSTAR, which operates at a tempera-
ture of 900 °C was used. Firstly, thermal annealing of samples in
grain size (90-150 pm) were carried out at different temperatures at
300, 350, 400, 450, 500, 600, and 700 °C for 30 min. TL, XRD, and
optical absorption analyses were performed on these samples.
Additionally, these grains, of the same size, were subjected to 400 °C
of AT. Samples were maintained in this condition for 30 min, 1h, 2h,
4h, 6h, 8h, 12 h, and 24 h, after that, removed from the oven and
placed at room temperature.

¢) XRD analysis: A commercial X-ray diffractometer (Rigaku Miniflex
600) equipped with CuKa radiation was used to assess the crystal
structure and estimate the grain size of the natural Lluta salt and
those with annealing temperatures (AT). X-ray diffraction (XRD)
data in the range of 20° < 20 < 80°, with steps of 0.02°, were
recorded. The XRD patterns were analyzed with the Rietveld
refinement method using the GSAS (General Structure Analysis
System) software within the EXPGUI interface [39,40].

d) Thermoluminescence: The irradiations for TL measurements were
carried out at the Professional School of Physics of UNSA (EPF-
UNSA) using a Co-60 source from Picker, model Gammatron with a
dose rate of 97.3 mGy/min at 10 cm from the source. The y-irradi-
ation was performed at room temperature and under conditions of
electronic equilibrium. After irradiation samples of Lluta salt were
kept in the dark until TL measurements. Harshaw TL reader model
3500 in a nitrogen atmosphere was used for the TL measurements;
equipped with a photomultiplier tube (PMT) for light detection. The
heating rate was kept at 4 °C/s. Five TL reading measurements were
carried out to obtain an average TL glow curve. All TL readings were
carried out 2 weeks after the irradiation took place, time enough to
reach the stability of the TL peaks in the Lluta salt sample, except for
the study of the fading of TL peaks at room temperature.

Optical absorption: UV-Vis spectra were collected using a Shimadzu

UV-1800 spectrophotometer operating in the region from 190 to

1100 nm, with the detector at the absorption position. The UV-Vis

absorption spectra of Lluta salt samples treated at different AT were

weighed with 3 mg and shaken with 3 ml of distilled water before
each measurement.

e

—

3. Results and discussion
3.1. X-ray diffraction results

Fig. 2 (a) shows the XRD patterns (open black symbols) of the natural
as-collected and thermal annealed Lluta salt, where the intensity is
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Fig. 2. (a) XRD patterns of Lluta samples treated at different temperatures. The peaks marked with *, @, and # have been associated with the halite (NaCl),
anhydrite (CaSO,), and Na crystalline phases, respectively. (b) Magnification, and (c) FWHM, and lattice constant of (002) peak as a function of temperature.

plotted on a logarithmic scale to visualize the secondary phases, within
the sensitivity limit of the instrument. The diffraction peaks marked with
(*) in the spectrum are in agreement with the crystalline halite (NaCl)
cubic phase (with space group: Fm-3m), which is identified from its
main reflections (002), and (022) located at 31.9°, and 45.7°, respec-
tively, as well as the less intense peaks (111), (113), (222), (004) and
(024). The formation of anhydrite (CaSO4) orthorhombic crystalline
phase (with space group: Amma) was identified from its main reflection
Bragg peak (@) (200) located at 25.66°. Following, a crystalline phase of
sodium (Na) is observed only in low-temperature thermal annealing
(300 °C) and in samples as collected (AC), which is identified by the
peak located at (#) ~30°, suggesting that the thermal treatment induces
the migration of these clusters to the NaCl phase. For all recorded XRD
patterns, Rietveld refinements were performed to access structural pa-
rameters such as phase concentration, lattice constant, and full width at
half maximum (FWHM). An example refinement is shown in Fig. 3,
where the symbols (spheres) represent experimental data, the solid red
line represents calculated data and the lower blue line represents the
difference between them.

Fig. 2 (b) exhibits a shift to lower angles of the main peak 002 sug-
gesting an increase of the lattice constant, this tendency is quantified
and it is shown in Fig. 2 (c) where the lattice increase from 5.6449(1) A
to 5.6453(1) A. These values are in agreement with the experimental
NaCl bulk lattice constant, 5.64 A measured at 293 K [41]. Concerning
the FWHM as it is displayed in Fig. 2(c), it exhibits an increase in the
thermal annealing, confirming the improvement of crystallinity as the
thermal annealing.

Consequently, the predominant crystalline phase is NaCl, with minor
phases (CaSO4 and Na) accounting for less than 5% of the total.

3.2. Thermoluminescence studies

a) In the first place, TL glow curves of all samples with a previous AT
from 300 to 700 °C for 30 min and irradiated with a gamma dose of 2
Gy (Co-60) are shown in Fig. 4. The gamma irradiation dose of 2 Gy
was chosen to avoid a supralinear dose. As can be seen in Fig. 4, TL
glow curves with AT namely 300, 350, and 400 °C for 30 min show a
prominent TL peak at around 272 °C. For the TL glow curves
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legend, the reader is referred to the Web version of this article.)
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Fig. 4. TL glow curves of Lluta salt samples with previous AT from 300 to
700 °C and irradiated at 2 Gy of gamma dose from a Co-60 source. In the inset
of the figure, the TL glow curve of the natural salt from Lluta (as collected) for
2Gy of dose irradiation is shown. In all cases, a mass of about 8.4 mg was used.

corresponding to an AT of 450, 500, and 550 °C for 30 min, TL peak
around 272 °C decreases, and another peak of greater intensity ap-
pears at lower temperatures. For the sample corresponding to an AT
of 450 °C for 30 min, a TL peak of greater intensity around 224 °C can
be seen. For the case of an AT of 500 °C for 30 min, the TL peak of
greatest intensity appears at about 215 °C. For the case of 550 °C for
30 min, a maximum TL peak appears at about 211 °C. Finally, for the
samples corresponding to an AT of 600 °C and 700 °C for 30 min,
prominent TL peaks at about 199 °C and 161 °C, can be seen,
respectively. The mass used in the measurements was approximately
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8.4 mg. Each TL glow curve represents the average of 5 measure-
ments. The inset of Fig. 4 shows in more detail the TL curve of the
natural salt of Lluta as collected and irradiated at 2 Gy of gamma
radiation dose. This curve shows a low-intensity TL peak around
206 °C, a prominent TL peak around 269 °C, and a high-temperature
TL peak at about 350 °C.

A similar study has been made by Khazal and collaborators [38].
These authors have studied the food salt as a gamma radiation dosim-
eter. They have found that previous pre-irradiation annealing at 400
1C/h, 100 °C/2 h increases the salt sensitivity and the post-irradiation
annealing with 100 °C/20 min reduces the thermal fading. Further-
more, Amer [28] has presented the TL characteristics of the thermally
treated household NaCl. In this study, the salt sample was subjected to a
heating rate of 10 °C/min and kept for 1 h at different annealing tem-
peratures namely, 200, 300, 400, 500, and 600 °C respectively. As a
result, TL response was enhanced as the annealing temperature in-
creases displaying a maximum response at 500 °C and then drops
afterward.

Among those glow curves shown in Fig. 4, the curve of greatest in-
terest is that with an AT of 400 °C for 30 min because it presents a
prominent peak at the highest temperature (at about 272 °C), keeping in
mind its possible use in dosimetry radiation.

It is worth noting that increasing annealing temperatures in the
sample indicate an increase in the lattice constant as shown in Fig. 2(c).
This increase could promote the appearance of both deep and shallow TL
traps. This can be seen from the fact that after the thermal annealing
process samples had a significant improvement in the TL intensity as can
be seen in Fig. 4. For example, after an AT of 400 °C for 30 min, the TL
intensity had an increase of about 40 times the TL intensity of the natural
sample (as collected). In the case of an AT of 600 °C for 30 min, there
was an increase in TL intensity of about 80 times more than the TL
response of the collected sample. This analysis will be seen in more
detail later.

b) In the second place, samples in grains form were subjected to an AT
of 400 °C. Samples were maintained at this temperature for different
times from 0.5 to 25 h and irradiated with 2 Gy of gamma radiation
dose.TL glow curves of these samples are shown in Fig. 5. For cases
corresponding to an annealing time of 30 min and 1 h, a TL peak of
greater intensity is observed at about 270 °C (Fig. 5(a)). As the
annealing time at 400 °C increases (from 2 to 24 h), the TL peak
around 270 °C decreases until it completely disappears, and at the
same time, a prominent TL peak at about 224 °C appears as can be
seen in Fig. 5.

The intensity of the TL peak at 224 °C was monitored as a function of
time with the sample kept at 400 °C. The resulting annealing behavior of
this TL peak is shown in the inset of Fig. 5(b). As can be seen in this
figure, the TL intensity has an increasing behavior up to a saturation
point at a time of 12 h and then it decreases for a longer annealing time.

On the basis of this observation, the sample that was annealed for 8 h
at 400 °C was selected for further studies. An interesting observation is
that for a thermal anneal for 30 min, a high temperature TL peak is
observed.

c) Fading: an important property of any TL material is the fading of TL
intensity with time [42]. Lluta sample with previous thermal
annealing of 400 °C for a time of 30 min and 8 h were irradiated at 2
Gy of gamma radiation dose and kept in the dark. Its TL was read out
after, 0.28, 0.52, 2.73, 5.05, etc. h up to about 39 days. The result is
shown in Fig. 6. Firstly, Fig. 6(a) shows the fading of TL glow curves
of the Lluta sample, with a previous AT of 400 °C for 30 min, after
different storage times. These glow curves show TL peaks at about
100 °C, a prominent peak at 267 °C, and finally a low TL peak at
about 360-370 °C. Secondly, Fig. 6(b) shows the fading of TL glow
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Fig. 5. TL glow curves of Lluta salt samples at different times of an AT of
400 °C and irradiated at 2 Gy of gamma radiation dose (a) from 30 min to 2 h,
and (b) from 4 to 24 h. In all cases, a mass of about 8.4 mg was used. The inset
of Fig. 5 (b) shows the maximum intensity of the TL peak at about 224 °C as a
function of the thermal annealing time.

curves of the Lluta sample, with a previous AT of 400 °C for 8 h, after
different storage times. In this case, these glow curves show their
main TL peaks at about 100 and 222 °C.

Fig. 7 shows the fading of 224 °C TL peak corresponding to the
sample with an AT of 400 °C for 8 h. Analyzed time was performed from
0.5 to 440 h. In this figure, it is observed that after approximately 79 h
(3.3 days) the TL intensity decreases by about 64.1% of the initial TL
intensity. After that, the fading has a negative slope linear behavior up to
444 h (18.5 days). In this sense, the continuous fading of the TL peak
makes its use in dosimetry not possible.

Additionally, Fig. 8 shows the fading of 100 and 269 °C TL peaks
corresponding to the sample with an AT of 400 °C for 30 min. Analyzed
time was performed from 0.28 to 943 h. It is observed that for the 100 °C
TL peak, after approximately 437 h (~18 days), TL intensity drops about
96% of the initial TL intensity. For the TL peak around 269 °C after
approximately 437 h (~18 days) the TL intensity drops about 35% from
the initial TL intensity. After that, fading has a constant behavior up to
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Fig. 6. TL glow curves of the natural sample of salt from Lluta irradiated at 2Gy
dose at different storage times. The upper and lower figures correspond to the
sample with an AT of 400 °C (a) for 30 min and (b) for 8 h, respectively.

943 h (~39 days). Hence, between 18 and 39 days after the exposure, in
order to avoid fading effects, fading characteristics of the mentioned TL
peak of the Lluta sample make possible its use in retrospective
dosimetry.

d) Dose-response curve: furthermore, samples with an AT of 400 °C for
30 min were irradiated with doses higher than 50 mGy. These TL
glow curves show a low-temperature peak at about115-130 °C and a
prominent 270 - 276 °C TL peak as can be seen in Fig. 9. Fig. 9(a)
shows TL glow curves of samples irradiated with low doses between
5 mGy and 100 mGy. Fig. 9(b) shows the TL glow curves of samples
irradiated with gamma radiation with doses from 200 mGy to 5Gy.
These results show that a natural sample with previous thermal
annealing of 400 °C for 30 min is a very sensitive ionic crystal as far
as its thermoluminescence is concerned and to a wide range of
gamma radiation dose, from 50 mGy to 5 Gy. Fig. 10 shows the TL
response of the main TL peak at 270 - 276 °C for doses ranging from
mGy to Gy range. Analyzing the dose-response curves with log axes,
as can be seen in Fig. 10, the TL response of peak at 270 - 276 °C has a
linear behavior, with a linear equation: Iy, = 1.390*Dose + 0.683 in
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the dose range from 50 mGy up to 5 Gy. As a consequence, Lluta salt
in grains form can be properly used as a gamma detector in the range
of 50 mGy to a few Gy.

e) Deconvolution: the number and position, as well as the activation
energy and frequency factor of the TL peaks contained in the
experimental complex glow curve of the sample with an AT of 400 °C
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for 30 min, were determined by the E-Tstop [43], Ty-Tstop [44] and
deconvolution [45] methods. The E-Tstop method used to calculate
the activation energy of the traps is based on the initial rise method.
In this method, the initial part of the TL glow curve can be well
described by an exponential behavior such as exp(-E/kT). Later, by
the Arrhenius plot: In(TL) vs 1/T which will be approximated as a
straight line. After this approximation, the activation energy E can be
easily obtained from the slope -E/k. For a reliable result, it is only
considered below 15% of the maximum TL intensity [46]. In this
work, the activation energy was found using different preheating
temperatures (Tstop) from 50 to 300 °C at a 5 °C scanning step. The
obtained activation energies (E) using the E-Tstop method as a
function of the Tstop is displayed in Fig. 11.

The TL glow curve of the sample with an AT of 400 °C/30min after
gamma irradiation of 2 Gy (Fig. 9(b)) is dominated by peaks at about
120 °C, 272 °C, and 375-380 °C. These TL glow curves are generally
composed of several overlapping glow peaks. The deconvolution
method is a convenient tool to obtain the number and position as well as
the activation energy and frequency factor of all the peaks without any
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Fig. 9. TL glow curves of Lluta salt sample with an AT of 400 °C for 30 min
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additional experimental repetition. However, before applying the
deconvolution method, some information on the number of super-
imposed glow peaks is necessary. For this preliminary analysis of the
number of TL peaks, the Tm-Tstop method [44] was used.

Fig. 12 shows the first maximum temperatures Ty of the remaining
TL glow peaks corresponding to each Tstop temperature following the
Tym-Tstop method. With the above result, it is possible to estimate the
number of individual TL curves in which our experimental TL glow
curve is composed. There are apparently three plateau regions, which
indicate that the emission of the TL glow curve of the salt sample consists
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Fig. 12. Tm vs. Tstop. In the inset, TL glow curve of the Lluta salt sample with
an AT of 400 °C for 30 min, irradiated with gamma dose of 2 Gy. A good fit
between the experimental glow curve (black circles) and the theoretical glow
curve (pink line) can be achieved assuming the presence of four peaks. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

of at least three glow peaks.

The experimental TL glow curve was fitted using deconvolution
methods (see in the inset of Fig. 12), implemented in a software tool that
resolves every experimental curve in individual glow peaks. Thus, to get
the kinetic parameters; a mathematical model based on four functions
was used considering the previous results of Ty-Tstop and E-Tstop. The
first three related to the first-order kinetics (F.O.K.) approach using
continuous trap distribution and the last one with a discrete of trapping
centers based on general order kinetics, according to the results of the
Tm-Tstop. As a result, four computed TL peaks at about 120 (peak 1),
216 (peak 2), 269 (peak 3), and 379 °C (peak 4) were found. For the
peaks arising from a continuous distribution of trapping centers, an
exponential function can be considered, as follow:

Ny _E-F
e v

n(E)=—e"

(9

®

Both o parameters related to the second and the third contribution
are low enough that the shapes of these continuous distributions are
similar to discrete distributions. In addition, the last contribution shows
electron re-entrapment related to the general order kinetics (G.0.K.)
approach. Which are in agreement with the results of E-Tstop. Quality of
fit was tested with the Figure of Merit (FOM = Y (TLeyp —
TLeomp)/ TLeomp) [47]. FOM = 2.57% shows that data fit is satisfactory.
Kinetic order, the position of the maximum temperature (Ty), activation
energies (E), and frequency factor (s) of TL peaks of the Lluta sample are
shown in Table 1. First and general kinetic order are represented as F

Table 1
Kinetic order, maximum temperature (Tyy), activation energy (E), and frequency
factors (s) for each deconvolved peak in the TL glow curve.

Peak Order Tym (°C) E (eV) s(isH

1 F 120 1.06 1.23 x 1013
2 F 216 1.35 2.13 x 103
3 F 269 1.52 3.24 x 103
4 G 379 1.67 1.47 x 102
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and G respectively. The results of the activation energy obtained by the
E-Tstop analysis compared with the values obtained by the deconvolu-
tion method are in good correlation with each other. The frequency
factor of the deconvoluted peaks was calculated according to Eq. (3)
[481.

_PE __E

=P (m) (2

N

3.3. UV-visible absorption spectroscopy

UV-Vis absorption spectra of natural as-collected and thermal
annealing samples (from 300 to 700 °C for 30 min) were carried out as it
is shown in Fig. 13. Absorbance spectra of all samples exhibit broadband
between 190 and 212 nm which is attributed to charge transfer transi-
tion in the crystal structure of the NaCl compound as is suggested by
Gopikrishnan et al. [49], which have been shown that alkali-halide
compounds are wide band gap insulators, that explains their optical
transparency. Beyond 205 nm, no absorption bands are observed. It
shows that the Lluta salt sample is transparent in the visible region with
a band absorption in the UVC region.

The optical band gap energy (Eg) of the Lluta salt samples with
different AT were calculated using the Tauc relation [50], shown in Eq.

(3.
(ahv)" ~ (hv — Ey) 3

where hv is the photon energy, a is the optical absorption coefficient
near the fundamental absorption edge, and n = 2 for a direct transition
and n = 1/2 for an indirect transition [51]. Kiran Kumar et al. [52], and
Ali Ahmed et al. [53] have based their studies on samples based on NaCl
compounds. They have shown the optical band gap energies Eg calcu-
lated using the Tauc plot method for both cases the direct and indirect
transition. The values shown in these studies indicate a slightly higher
value of the optical band gap for the case of the direct transition
compared to the indirect transition.

Fig.14(a) and (b) display the curves of (ahv)" versus hv for direct and
indirect transitions, respectively, where the band gap was determined by
extrapolating the straight-line section with the energy axis. The inset of
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Fig. 13. UV-vis absorption spectra of the Lluta salt samples without and with
different AT for 30 min measured in the wavelength range 190-900 nm.
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Fig. 14 (a) and (b) shows the variation of the Eg as a function of different
thermal annealing. The optical band gap for all samples varies from 6.22
to 6.19, and from 6.09 to 6.00, for direct and indirect transitions,
respectively. Addala et al. [54] have found that the synthetic NaCl single
crystal produced by the Czochralski method is transparent in the visible
region followed by a strong absorption near-ultraviolet region, and with
the optical band gap estimated is 6.42 eV [55]. In addition, Messaoudi
et al. [56] have calculated the band-gap and phonon distribution in al-
kali halides by generalized gradient approximation (GGA) and improved
by the Engel-Vosko (EV) approximation and the modified Beck-
e-Johnson exchange potential. For NaCl, for instance, they found band
gap values of 6.07 and 8.41 for both approximation methods,
respectively.

In the present work, although the Eg values vary slightly for different
thermal annealing, the maximum and minimum values correspond to
that with an AT of 400 and 700 °C for 30 min, respectively. The
maximum optical band gap obtained in both cases, direct and indirect
transition, corresponds to the sample with an AT of 400 °C, at the same
time this sample shows its prominent TL peak at the highest temperature
(at about 270 °C) displayed in Fig. 4 at 272 °C. It is related to higher
activation energy in the bandgap, that is, the higher energy of the trap
activation [42,57]. In other words, the sample with an AT of 400 °C for
30 min presents the higher density of deepest electron traps, which
promotes a high-temperature TL peak. This is also related to its higher
band gap value found. That is, although the optical band gap value
found for this case is slightly greater than the other cases, this is enough
to stimulate the appearance of the greatest number of deep traps. In
addition, the minimum optical band gap corresponds to a sample with
an AT of 700 °C, and at the same time, this sample shows its prominent
TL peak at the lowest temperature (at about 161 °C) as shown in Fig. 4.
This low-temperature TL peak is related to the lower energy of the trap
activation in the band gap of the crystal structure. Namely, although the
optical band gap value found for this case is slightly smaller than the
other cases, this is enough to stimulate the appearance of the greatest
number of shallower traps. Furthermore, for the sample with an AT of
400 °C for 30 min, the calculated activation energy for the prominent
computed peak at 269 °C (1.52 eV, vide Table 1) corresponds to about
24.4% of the optical band gap found for this case (6.22 eV, vide Fig. 14
(a)). This indicates that TL peaks with activation energy greater than
24.4% of its optical band gap (for a direct transition) could be consid-
ered suitable for use in ionizing radiation dosimetry.

4. Conclusions

Effect of annealing temperature on the structural, thermolumines-
cence, and optical properties of the thermally treated naturally occur-
ring salt from Lluta and the reliability of using this natural mineral as a
retrospective TL dosimeter have been investigated.

The predominant crystalline phase found in Lluta salt sample is NaCl,
with minor phases (CaSO4 and Na) accounting for less than 5% of the
total. The main peak (002) of the XRD pattern exhibits a shift to lower
angles when the thermal annealing on the sample increases indicating
an increase of the lattice constant from 5.6449(1) Ato 5.6453(1) A

For TL measurements, all samples were irradiated at 2 Gy of gamma
dose. Samples show that their prominent TL peak shifts to lower tem-
peratures from 272 to 161 °C when the thermal annealing on the sam-
ples increases from 300 to 700 °C for 30 min. Besides, after these AT, an
important improvement in the TL intensity is shown. After AT of 400 °C
and 600 °C for 30 min, the TL intensity had an increase of about 40 and
80 times the TL intensity of the natural sample, respectively.

Additionally, samples subjected to 400 °C at different times of AT
show TL glow curves with a prominent peak at 270 °C for the cases of 30
min and 1h, and a prominent TL peak at 224 °C for the cases from 2 to
24 h. The prominent TL peak, for the case 400 °C for 8 h of AT, shows a
high fading which makes its use in dosimetry not possible.

However, TL peak around 270 °C corresponding to the sample with
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Fig. 14. Optical band gap energy (Eg) of Lluta salt samples at different ATs for (a) direct transition (n = 2) and (b) indirect transition (n = 1/2) band gap. The inset of

both subfigures shows the variation of the Eg for different thermal annealing.

an AT of 400 °C for 30 min has a 35% fading in the first 18 days, after
that, a constant behavior between about 18 and 39 days has been shown.
TL glow curve for this sample, shows four computed TL peaks separated
using Ty-Tstop and deconvolution methods at about 120, 216, 269, and
379 °C. Quality of fit was tested with FOM = 2.57%. Furthermore, its
prominent TL peak has a linear behavior with a linear equation in the
dose range from 50 mGy up to 5 Gy. These results indicate that the salt
sample treated in this way has the potential to be used in retrospective
dosimetry.

UV-Vis absorption spectra of all samples, both the natural sample
and those heat treated, exhibit a broad band between 190 and 205 nm
which is attributed to charge transfer transition in the crystal structure.
The optical band gap Eg for all samples were calculated using the Tauc
relation. Eg values for all samples studied vary from 6.22 to 6.19, and
from 6.09 to 6.00, for direct and indirect transitions, respectively. The
maximum optical band gap value obtained in both cases, direct and
indirect transition, corresponds to the sample with an AT of 400 °C for
30 min, at the same time this sample shows its prominent TL peak at the
highest temperature (at about 270 °C). This means that although the
optical band gap value found for these cases is slightly greater than the
other cases, this increase could be enough to promote the appearance of
the greatest number of deep traps.

The lowest optical band gap value found corresponds to that of the
sample with an AT of 700 °C for 30 min. Besides, this sample shows its
prominent TL peak at the lowest temperature at 161 °C. That is,
although the optical band gap value found for this case is slightly smaller
than the other cases, this decrease could be enough to promote the
appearance of the greatest number of shallower traps.

Finally, for the sample with an AT of 400 °C for 30 min, the calcu-
lated activation energy for the prominent computed peak at 269 °C
represents about 24.4% of the optical band gap value found for this case.
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