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ARTICLE INFO ABSTRACT

Keywords:

In this study, the thermoluminescence (TL) properties of natural NaCl from Lluta, Arequipa-Peru was investi-

NaCl gated. The number of peaks and the kinetic parameters associated with the TL glow peaks of NaCl sample after

Defects centers
Radiation effects
ESR

TL

gamma-irradiation were analyzed by initial rise and deconvolution method. Defect centers induced in pure salt
by gamma irradiation have been studied by electron spin resonance (ESR) with a view to identify the centers
associated with the TL process in the salt. Thermal annealing experiments indicate the presence of three defect

centers. Center I characterized by the g-value 2.011 is identified as an O~ ion and relates with the dominant TL
peak at 220 °C. Center II with a g-value of 2.0058 is attributed to a F center and is found to correlate with the
128 °C TL peak. Center III has of g-value 2.014 and is also assigned to an O~ ion.

1. Introduction

A considerable number of pure and doped natural and synthetic
crystals produced by different synthesis techniques exhibit thermolu-
minescence (TL) properties. Natural crystals of well-determined TL glow
peaks are promising candidates for applications in radiation dosimetry.
Among the readily available natural crystals is sodium chloride (NaCl).
Depending on its origin, some natural crystals have good TL properties
and can therefore be used as a radiation dosimeter.

The TL properties of natural sodium chloride from different sources
were investigated by different researchers (Khazal and Abul-Hail, 2010;
Spooner et al., 2011, 2012; Rodriguez-Lazcano et al., 2012; Datz et al.,
2016; Abdel-Wahed et al., 2016; Mehrabi et al., 2017; Ademola, 2017;
Roman-Lopez et al., 2018; Wahib et al., 2020). Recently, the kinetic
characterization of thermoluminescence of NaCl has been studied in
different regions in the world (Druzhyna et al., 2016; Elashmawy, 2018;
Azim et al., 2020; Khamis and Arafah, 2021; Ahmad et al., 2021). In
NaCl collected from Khewra salt mines in Pakistan, Ahmad et al. (2021)
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have stated that the glow curve has two peaks around 115-130 °C and
150-170 °C, and an intense TL peak centered around 220-240 °C, which
has been used for radiation dosimetry, due to its high sensitivity to
gamma radiation in the range of 5 mGy-100 mGy. The same authors
determined the activation energy, frequency factor and kinetic order
values for the TL peaks of salt granules by the CGCD method.

Many dosimetric characteristics of TL materials mainly depend on
kinetic parameters quantitatively describing the trapping-emitting
centers responsible for the TL emission. Thus, the determination of the
kinetic parameters is an active area of research. There are various
methods for evaluating the trapping parameters from TL glow curves
(Chen and McKeever, 1997; McKeever, 1985), which may be broadly
classified as methods applied to single or highly isolated glow peaks, and
methods applied to complex glow curves. Some methods as the initial
rise, variable heating rates and peak shape are suitable for the single or
highly isolated glow peaks. Thermal annealing and computerized glow
curve deconvolution are methods suitable for the complex glow curves.
The first is to isolate each individual TL peak from the others using
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partial thermal annealing treatment (Borbon-Nunez et al., 2014) and the
other is to make a complete glow curve analysis using deconvolution
(Kitis et al., 1998; Benavente et al., 2019).

The aims of many studies are to investigate the possibility of
employing these crystals for dosimetry purposes or to understand the
trap structure and defects in the materials.

The defect centers created by ionizing radiation are responsible for
TL emission. The identification and characterization of irradiation-
induced defects in these materials is necessary to elucidate the charge
transfer mechanisms during the TL phenomenon. The complete infor-
mation concerning the charge traps in the TL mechanism cannot be
acquired by carrying TL measurements alone. In this context, there is
ESR technique, which can be helpful to find more information about
paramagnetic species such as charge traps (trapped hole or an electron).
In general, the ESR technique provides a non-destructive way to obtain
information about possible centers responsible for TL emission through
correlation studies between TL and ESR techniques.

The physical basis of the TL signal in the NaCl crystal has been dis-
cussed by some authors in the framework of the role of color centers,
especially the F-center. Gartia (2009) has studied the feasibility of
thermal annealing of F-centers correlated to all TL peaks in the TL glow
curve of NaCl. However, there is no record of a correlation study be-
tween TL and ESR to identify the centers responsible for TL light emis-
sion in natural salt samples.

The objective of this work is focused on the identification of the point
defects responsible for the TL emission of Lluta natural salt from Are-
quipa, Peru. Further, the study aims to determine the kinetic parameters
associated with the TL peaks, such as activation energy, frequency factor
and kinetic order of each peak at room temperature.

2. Experimental details

The natural salt sample investigated in this work was collected at the
Lluta mine, Arequipa, Peru. This mine is located at the intersection of the
following geographic coordinates: latitude 15°58'45.75” S and longi-
tude 71°59'24.84" W.

The salt sample from Lluta (SLL) was cleaned and then crushed using
amortar and turned into a fine powder of grain size between 75 and 150
pm for TL and ESR measurements, while grains smaller than 75 pm in
diameter were used in structural analysis and chemical composition by
X-ray diffraction (XRD) and X-ray fluorescence (XRF) methods, respec-
tively. Before any TL or ESR measurements, the SLL samples were heat
treated at a temperature of 500 °C for 30 min to remove any signal due to
energy absorption from their geological formation.

X-ray diffraction (XRD) was carried out by means of a Rigaku model
MiniFlex 600 X-ray diffractometer equipped using 40 kV voltages and
15 mA current with Cu K,-radiation, to study the structural character-
istics of the pure salt sample. The measurements were made in an
angular range of 26 from 20 to 80° with 0.02° step size and a scan rate of
0.6 s. The sample was crushed into fine powder prior to XRD measure-
ment and was performed at room temperature. An X-ray fluorescence
(XRF) spectrometer Malvern PANalytical, model Zetium of the Labora-
tory of Technological Characterization from the Polytechnic School of
the University of Sao Paulo was used to analyze the elemental compo-
sition of the SLL sample.

TL glow curves were recorded 24 h after irradiation on a TL reader
having an EMI 9235QB photomultiplier tube (PMT) through a combi-
nation of a BG3 and a BG39 filter (overall transmission band 350-450
nm). The glow curve was recorded between 50 and 300 °C with a
heating rate of about 4 °C/s in a flow of an inert nitrogen gas. For each
TL measurement, a constant weight of 4 mg of powdered sample with
grain size between 75 and 150 pm was taken. Five TL reading mea-
surements were carried out to obtain an average TL glow curve.

ESR measurements were carried out using a Freiberg Instruments
MiniScope ESR spectrometer Model 5500 at room temperature and
operating at the X-band frequency with the following instrument
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parameters: sweep time: 120 s, modulation amplitude: 0.2 mT, modu-
lation frequency: 100 kHz, microwave power: 20 mW. The SLL samples
were irradiated at 10 kGy gamma dose before recording their ESR
spectra. ESR intensity was measured by peak-to-peak amplitude.
Diphenyl Picryl Hydrazyl (DPPH) was used to calibrate the g-factors of
defect centers.

For TL measurements, SLL samples were irradiated with different
gamma radiation doses, ranging from 10 Gy up to 1 kGy, using a®°Co
source with a dose rate of 442.97 Gy/h.

3. Results and discussion

X-ray diffraction studies are used to reveal the nature of the crys-
tallinity of the as-received (SLL-AR) sample and the sample heat-treated
at 500 °C (SLL-TT500). The powder XRD patterns of both samples (SLL-
AR and SLL-TT500) are shown in Fig. 1. They are in a good agreement
with the NaCl reference pattern and clearly confirm the purity of their
crystalline phase. Rietveld refinement analysis of the XRD pattern in-
dicates the presence of the halite crystalline phase and a small concen-
tration of anhydrite. From this fact, the XRD patterns have been fitted
with a monoclinic unit cell and to the Fm-3m space group.

Table 1 shows the composition in weight % of the elements of the SLL
sample using the XRF analysis; several elements were not listed (with
less than 0.01%) in the table and some elements were not detected due
to limitations of the XRF technique. This analysis was performed to
identify the chemical elements in the samples and for future studies
about which of these elements are responsible for the TL and ESR sig-
nals. Besides basic components Na and Cl, elements such as Ca, S, Si, and
others in smaller concentrations are found.

TL glow curves of SLL-TT500 samples were measured from room
temperature to 300 °C after irradiating the samples at different doses of
Co-60 gamma radiation from 10 Gy to ~1 kGy. It is well demonstrated
that the glow curve structures are of specific significance as they are the
main indicators of whether or not a material can be employed for TL
dosimetry. The favorable glow curve structure, luminescence efficiency
and TL sensitivity are strongly influenced by the concentration of points
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Fig. 1. X-ray diffraction of the salt sample from Lluta: sample as-received (top -
black line) and the sample with thermal pretreatment at 500 °C for 30 min
(bottom - blue line). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Table 1
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Elemental composition by X-ray fluorescence (XRF) analysis of the natural salt sample from Lluta.

Sample

Elements (%)

Mg
0.09

Na Ca S Si
35.7 2.83 0.93 0.21

Salt Cl
60.0

Al Fe K As P Br Sr
0.09

0.04 0.03 0.02 <0.01* <0.01" <0.01*

# 0.01% - limit of quantification by the XRF method used.

defects in the material. The concentration of these defects plays a very
important role during the thermoluminescence phenomenon. These
defects can act as trapping or recombination centers in the thermolu-
minescent material. The identification of these defects or TL centers is
possible through spectroscopic techniques, such as ESR.

The TL glow curve response as a function of temperature is shown in
Fig. 2. The TL glow curve of SLL-TT500 sample consists of four peaks,
one at 220 °C and another of small intensity at 120, 160 and 270 °C.
These glow curves are similar with those reported by Ahmad et at.
(2021). The glow peak position and the shape of the glow curve
remained unchanged at all doses and only variation in TL intensity was
observed. The TL peak intensities were observed to increase with
increasing gamma dose. In the inset of Fig. 2, the dose response of the
main peak at 220 °C shows a linear behavior from 10 Gy to 100 Gy, and
later saturates.

Most minerals of the Earth’s upper mantle have minor amounts of
hydroxyl (OH) groups. The OH concentration in each mineral species is
variable and dependent on the geological setting and mineral formation.
In the published literature, it is reported that most of the geological
minerals exhibit non-radiation induced spurious thermoluminescence
(Bell and Rossman, 1992; Douglas and Budd, 1981; Pagonis et al., 1997)
from the surface of the phosphor grains, while TL emitted from gamma
irradiated phosphor grains is a volume effect. Intensity of spurious TL
can be reduced by making TL measurements in pure nitrogen or argon
atmosphere. None of the well-known TLD phosphors like CaSO4:Dy,
CaFy:Dy, LiF:Mg,Ti, LiF:Mg,Cu,P, Al;03:C etc. are prone to this effect. In
the present study all TL measurements were taken with flow of inert
nitrogen gas using phosphor grains in the range 75-150 pm. Thus, due to
combined effect of forementioned parameters it is difficult to discern

contribution of surface traps from the composite TL glow curve of
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Fig. 2. TL glow curves of salt from Lluta previously annealed at 500 °C/30min
and irradiated with different doses of gamma radiation. In the inset, behavior of
the TL intensity of the 220 °C peak as a function of gamma radiation doses, the
dashed line indicates linearity.

phosphor grains for gamma dose of >1 Gy-typical dose used for study TL
phosphors.

The activation energies of the SLL-TT500 sample were determined
experimentally using the initial rise method in combination with the E-
Tstop method. This method allows the identification of TL peaks over-
lapping each other in the TL glow curve, which are normally difficult to
identify. In this method, initially a sample amount of SLL-TT500 is
irradiated with 10 Gy. Then, an aliquot of this sample was heated from
room temperature up to temperature of stop (Tstop), and allowed to cool
naturally to room temperature, and later the TL glow curve measure-
ment is carried out. We repeated the procedure for different Tstop
values, i.e., the cycle of heating, cooling and reading the TL curve for
each Tsyop in 5 °C steps from 55 °C to 280 °C was performed. The TL
glow curves obtained with this method were used to determine the
activation energy of the individual peaks by using the initial rise method
for each Tgrop. If we plot the curve, activation energy function Tstop
values (i.e., E-Tgrop curve), the resulting curves look like staircases
shaped, and each plateau region indicates the activation energy of an
individual TL peak. Fig. 3 shows the graph of the activation energy
versus Tspop of the previously presented method. Different trapping
levels thus obtained by this method are shown in Fig. 3. The activation
energies indicate shallow traps as well as deeper traps within the SLL-
TT500 sample. From the analysis of the glow curve and the E-Tsyop
graph we can conclude that the main trapping levels play an important
role in radiation storage.

As seen in Fig. 2, the TL glow curve of SLL-TT500 sample possibly
contains several peaks superimposed on each other. In addition, this
figure shows a negligible shift in the position of the TL peak maxima
with increase in dose and this result indicates that the charge transfer
processes are associated with first-order kinetics. Therefore, for the
deconvolution of the TL emission curve of the SLL-TT500 sample we use
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Fig. 3. Activation energy vs. Tsrop obtained by the initial rise method.
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a linear combination of functions related to first order kinetics (FOK)
with continuous trap distributions (Benavente et al., 2019).

Fig. 4 represents the deconvoluted graph for the SLL sample annealed
at 500 °C and irradiated with a gamma dose of 1010 Gy using a linear
combination of five functions related to the FOK approach with
continuous contributions of traps related to a Gauus distribution (inset
of Fig. 4). This result shows the presence of the same five TL peaks ob-
tained by E-Tstop method. Table 2 shows the different trapping pa-
rameters such as: maximum temperature, activation energy, distribution
width and frequency factor calculated by deconvolution method for two
samples irradiated with 10 Gy and 1010 Gy. Figure of merit (FOM)
(Balian and Eddy, 1977; Afouxenidis et al., 2012) of the theoretical fit to
the experimental data is only 1.14% for sample irradiated with 1010 Gy,
which indicates the good agreement between the theoretical and
experimental data. When we compare the experimental results from
E-Tstop analysis and the theoretical fitted parameters from deconvolu-
tion method, both results show a good correlation with each other.

The room temperature electron spin resonance (ESR) spectrum of
gamma irradiated pure natural salt (SLL-TT500) is displayed in Fig. 5.
The SLL-TT500 sample was irradiated with a gamma dose of 10 kGy. It
was inferred from thermal annealing and dose response experiments
that three defect centers contribute to the observed spectrum. These
centers are labeled in Fig. 5. Center I is characterized by a g-value equal
to 2.011 and a linewidth of 7 G.

NaCl crystallizes in the cubic Fm-3m space group (Kittel, 1976). The
structure is composed of Na* ions bonded to six equivalent Cl~ ions. Na™*
ions occupy all octahedral sites. Each chloride ion is also surrounded by
six sodium ions which are located at the corners of a regular octahedron.
Therefore, the cations and anions are present in equivalent positions.
Each atom is symmetrically surrounded by six chlorine atoms and vice
versa.

Center I is characterized by an isotropic g-value equal to 2.011 and a
linewidth of 7 G. The line is slightly broad and indicates a possible un-
resolved hyperfine structure. Nuclear spins in proximity can interact
with the unpaired electron resulting in unresolved hyperfine structure.
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Fig. 4. Deconvoluted glow curves of Lluta mines salt sample for dose of 1010
Gy. A good fit between the experimental glow curve (black circles) and the
theoretical glow curve (pink line) was obtained assuming the presence of five
peaks. In the inset, the Gaussian distribution used for the deconvolution of each
TL peak. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Applied Radiation and Isotopes 182 (2022) 110126

Table 2
Details of maximum temperature (Ty), activation energy (E), distribution width
(o), frequency factors (s) for each deconvolved peak in the glow curve.

Dose Peak Tm (°C) E (eV) o (eV) s
10 Gy P1 122 1.01 0.0180 2.3.10'2
P2 164 1.16 0.0518 7.7-101%
P3 221 1.35 0.0236 1.7.10
P4 253 1.44 0.0211 1.4.10%°
P5 265 1.57 0.0163 1.3.10*
1010 Gy P1 119 1.02 0.0164 3.4.10'2
P2 165 1.17 0.0496 7.9-10"%
P3 223 1.33 0.0234 8.8.101%
P4 255 1.42 0.0256 8.7-10"
P5 276 1.53 0.0169 2.5.10"
g - Factor
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Fig. 5. Room temperature ESR spectrum of irradiated pure salt (gamma dose:
10 kGy). Line labeled as center I is due to an O ion. Center II line is assigned to
a F center and center III is also attributed to an O™ ion.

Na™ and Cl~ in NaCl have isotopes with nuclear spins 3/2 viz., 23Na, 35¢1
and ¥Cl. 23Na has a natural abundance of 100%, while 3°Cl and %’Cl
have 75.8% and 24.2% abundance respectively (Weast, 1971). The
nuclear magnetic moment of 2Na (2.22) is much higher than 35¢1
(0.822) and *7Cl (0.684). The electronic spin can therefore interact with
2Na as well as >°Cl and ¥Cl. Due to the presence of impurities and
non-stoichiometry, defect centers can be created in NaCl. F centers can
be formed in the presence of anion vacancies in the lattice. On the other
hand, Na* vacancies can trap holes leading to the formation of V-centers
(Holston et al., 2015). The slightly large linewidth of center I indicates
possible interaction with nearby nuclei. Therefore, center I is tentatively
assigned to an O™ ion.

Kanzig and Cohen (1959) have examined in detail a paramagnetic
center observed in several alkali halides (chlorides, bromides and io-
dides of sodium, potassium and rubidium). They considered the
diatomic molecule ion O, as the most probable defect center in these
alkali halides. Absence of hyperfine splitting and the relatively large
g-shift displayed by the center indicated that the defect center could be
O, ion. For example, in KCl, the observed principal g-values were g; =
2.4359, g» = 1.9512, and g3 = 1.9551. Strong support for this
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assignment came from the observation that the concentration of the
defect center was greatly enhanced by heating the crystal in an oxygen
atmosphere. On the other hand, heating the crystal in other environ-
ments like vacuum and hydrogen greatly reduced the concentration to
undetectable amounts.

Considering that O, ion is generally observed in alkali halides, as
pointed out by Kanzig and Cohen (1959), it may not be unusual that O~
ion can be observed in NaCl lattice. The defect center O,~ in alkali ha-
lides (Kanzig and Cohen, 1959) is derived from 022’ molecule ion
located in the space left by a missing anion. It is speculated that the
center I (O™ ion) observed in the present study is derived from 022’ ion
or O~ ion present in the NaCl lattice. Fig. 6 shows a model of O~ ion in
the present NaCl lattice.

In the spinel MgAl;04, a center with features similar to center I has
been observed (Ibarra et al., 1991). An ESR signal with a g-value 2.011 is
found due to X-irradiation and displays an optical absorption band at
about 3.4 eV. The authors conclude that the center responsible for the
absorption band and the associated ESR signal is a hole trapped cation
vacancy i.e., a V-type center formed by hole trapping at oxygen ions
surrounding cation vacancies. The unpaired spin occupies an oxygen
p-orbital in an O~ ion. A cation vacancy close to O™ ion provides stability
to the hole on the oxygen ion due to electrostatic attraction. A positive
g-shift results from a hole trapped in an oxygen p,-orbital. The observed
g-value of center I is in accordance with this expectation.

A pulsed thermal annealing method was used to measure the stability
of center I. The sample was heated to a specific temperature and was
maintained at that temperature for 3 min. ESR experiments were carried
out after cooling the sample to room temperature. The results of these
experiments are shown in Fig. 7. It is seen that the center becomes un-
stable at about 170 °C and decays in the temperature range
170 °C-270 °C. This decay indicates that center I may correlate with the
220 °C TL peak in SLL sample.

Center II (Fig. 5) has a g-value equal to 2.0058 and a linewidth of 6.4
G. Anion vacancies present in the system due to reasons mentioned
earlier and also by their creation by gamma irradiation can trap elec-
trons forming F centers. One of the earlier systems in which F center was
studied by ESR is LiF (Hutchison, 1949). In this system, the center was
characterized by a g-value close to free-spin value (2.0023) and a line-
width that was surprisingly large (~100 G). However, it may be
mentioned that the inherent linewidth of a F center is quite small and is
about 1 G as observed in MgO (Wertz et al., 1957). The natural

O N

7
% N

o

[010]

[100]

Fig. 6. Model of O~ center in NaCl lattice as derived from Kénzig and Cohen
(1959). Pink circle is C1~ ion, blue circle is Na* ion and black circle is O~ ion.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 7. Thermal annealing behavior of center I in the salt sample.

abundance of the isotopes of ions in a compound and the magnitude of
magnetic moments decide the linewidth. In alkali halide systems, large
linewidths are seen as there is considerable delocalization of the electron
and an interaction with multiple alkali and halide ions from successive
neighboring shells. In systems like KCl and LiCl (Holton and Blum,
1962), large linewidths are observed viz., 20 G and 58 G respectively. On
the other hand, F center in BaO (Tench and Nelson, 1967) displays a
small linewidth of 3.5 G. Apart from alkali halides, F center has also been
observed in oxide systems (an electron trapped at oxygen ion vacancy).
The main feature of F center in all these systems is a g-value that is close
to free-spin value (2.0023) and a g-shift which may be positive or
negative. An example of a study where F center has been observed
recently is in pure and defective TiOy nanoparticles (Choudhury and
Choudhury, 2014). In the present pure salt system, g-shift is small and
the linewidth is not large. On the basis of these observations, center II is
assigned to a F center.

Fig. 8 shows the thermal annealing behavior of center II. It is seen
that the intensity of the ESR signal decreases in the temperature range
from about 100 °C to 230 °C. Therefore, center II could be associated
with the TL peak at 128 °C.

Center III (Fig. 5) is characterized by a g-value equal to 2.0014 and
linewidth of 7 G. Based on the reasons mentioned earlier for center I,
center III is also ascribed to O ion. The thermal annealing behavior of
the center is shown in Fig. 9. It is observed that there is scatter in the
intensity of the line throughout the annealing temperature range. This
makes it difficult to correlate this center with the observed TL peaks in
pure salt system and no specific TL role could be assigned to this center.

4. Conclusions

The XRD, XRF, TL and ESR spectra have been measured for the salt of
natural NaCl from Lluta, Arequipa-Peru. XRD pattern of the natural salt
sample with or without heat pretreatment revealed the presence of two
crystalline phases, being predominant the phase due to Hyalite, and a
lower percentage phase due to anhydrite. Samples irradiated with
gamma dose show four TL peaks, a main intense peak at 220 °C and
three low intensity peaks at 120, 160 and 270 °C. The TL intensity as a
function of dose in the logarithmic representation of the main peak at
220 °C shows that the peak grows linearly between 10 and 100 Gy, and
then saturates. Initial rise method and deconvolution analysis showed
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Fig. 9. Thermal annealing behavior of center III in the salt sample.

the presence of five TL glow peaks. Three defect centers have been
identified in the salt system. These centers are assigned to O~ ions and a
F center. O ion (center I) correlates with the dominant TL peak at
220 °C. F center (center II) relates to the 128 °C peak while center III is
not associated with any of the observed TL peaks in pure salt.
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