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ARTICLE INFO ABSTRACT

Keywords: Fluorapatite [Cajg(PO4)6F2] is a mineral of the apatite group of the highest occurrence in the world among

Fl}“’rapame phosphates. The material is known for its diverse luminescent properties, as fluorescent lamps and lasers. The

LMmefral thermoluminescence (TL) signal of apatite from various origins has been investigated in the past years, mainly of
uminescence

the Mexican origin. In this work, the objective was to investigate the TL of samples of the Brazilian natural
fluorapatites submitted to beta-ionizing radiation. The chemical composition of the samples was obtained by the
technique of X-ray fluorescence and the electronic transitions were verified by optical absorption in the visible
region. The mineral presented a wide optical absorption band between 500 nm and 750 nm, typical of fluo-
rapatite, and SEM/EDS showed a high percentage of purity. The registered Raman spectrum exhibits the char-
acteristics modes from the PO?{ tetrahedra, observed in fluorapatite, and a band at 1103 em ™! characteristic of
the (Ca03)* carbonate group. The TL measurements were carried out using a commercial Risg TL/OSL reader,
model DA-20, equipped with a built in °°Sr/°°Y beta source, with different radiation doses (1-5 Gy). The TL glow
curve showed three peaks located at about 350 K, 470 K and 570 K (heating rate of 1 K/s). The activation energy
and the frequency factor associated with each peak were determined by different methods. In addition, the TL

X-ray diffraction

response (area under the peaks) has shown linear behavior in relation to the doses.

1. Introduction

The apatite supergroup is formally divided into five groups of min-
erals described by the general formula XM1Y™M26(VTO4)eX2 [M =
Ca2+, Pb2+, Ba2+, Sr2+, Mn2+, Na+, Ces+, La3+, Y3+, Bi3+; T= P5+, ASS+’
Vo, si*t, §°F, B3, X = F~, (OH)’, Cl7], that can be phosphates, arse-
nates, vanadates, silicates, and sulphates [1]. This general formula
corresponds to the unit cell content, indicating the four key sites (M1,
M2, T and X) and their coordination numbers (IX, VII and IV) [1].
However, the name “apatite” is currently used as a generic expression to
refer to three calcium phosphates of this supergroup described by the
simplified formula Ca;o(PO4)¢X>, namely hydroxyapatite (X = OH),
chlorapatite (X = Cl) and fluorapatite (X = F) [2,3]. The fluorapatite
crystal structure is hexagonal and belongs to the P63 /m(C2,) spatial
group [4-6].

Among the most abundant non-silicate minerals, apatite is the main
source of phosphate on Earth [7-9]. In Brazil, almost all the phosphate
used in industry comes from igneous origin, that is, from
alkaline-carbonatite complexes. The variant containing the F~ anion in

the anionic site (fluorapatite) [8] is the most common. In the natural
form, apatite is widely used in industry, for example, in the production
of detergents, insecticides, animal and human feeding [2,8]. On the
other hand, the synthetic apatite presents a variety of applications,
mainly as phosphors in fluorescent lamps, in the chromatographic sep-
aration of proteins and in soil decontamination with heavy metal ions
[2,10], and more recently, used as a laser as well [7,11].

The minerals in the apatite group have diverse luminescent proper-
ties. According to Waychunas [11], the diversity of its luminescence has
some causes such as: the ability to incorporate activators and
co-activators of transition metals, for example, metallic cations that
replace Ca in its structure, and anionic impurities that replace (PO4)3';
the varied types of associations and formation conditions that promote
luminescent activity; and the apatite crystalline matrix itself. Due to the
luminescent properties of apatite, this work proposes the study of fluo-
rapatite, using the thermoluminescence (TL) technique. TL is the light
emitted by some crystals when heated. It is a thermally stimulated
emission of an energy that was previously stored in the crystal during
irradiation, in addition to the incandescence [12]. TL materials are

* Corresponding author. Department of Physics, Federal Institute of Education, Science and Technology of Sao Paulo, Sao Paulo, SP, Brazil.

E-mail address: ntrindade@ifsp.edu.br (N.M. Trindade).

https://doi.org/10.1016/j.jlumin.2020.117802

Received 18 July 2020; Received in revised form 20 November 2020; Accepted 23 November 2020

Available online 3 December 2020
0022-2313/© 2020 Elsevier B.V. All rights reserved.


mailto:ntrindade@ifsp.edu.br
www.sciencedirect.com/science/journal/00222313
https://http://www.elsevier.com/locate/jlumin
https://doi.org/10.1016/j.jlumin.2020.117802
https://doi.org/10.1016/j.jlumin.2020.117802
https://doi.org/10.1016/j.jlumin.2020.117802
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlumin.2020.117802&domain=pdf

G.P.S. Silva et al.

usually ionic crystals, in which the valence band is filled with electrons
and the conduction band is empty, and between these bands there is an
energy gap. Defects in the material can generate relatively shallow en-
ergy levels within the gap, which act as traps for charged carriers
(electrons or holes). The thermal stimulation releases charge carriers
from traps and their recombination at luminescence centers gives rise to
the light emission [12,13]. As the charge carrier population in the traps
of these luminescent materials is the result of the irradiation, TL in-
tensities can be related to the absorbed dose [12,14].

Among the materials that present TL properties, some natural min-
erals as quartz [15-18], calcite [19,20], feldspar [21,22], silicates group
[23,24] and, recently, alexandrite [25-29] have been investigated.
Lapraz and Baumer [30] collected TL spectra from samples of natural
fluorapatite from various countries. Recently, an extensive research has
been carried out on Durango apatite and its anomalous fading (AF)
[31-37]. Kitis et al. [34,35] have analyzed the influence of different
factors on the AF in Durango apatites and concluded that it is a process
of high independence degree from external parameters. Moreover,
tunneling is the most probable cause of this anomalous fading, which
interferes with dosimetry and dating applications. Polymeris et al. [38]
have also checked the AF in apatites from different countries, including
some Brazilian samples. However, to the best of our knowledge, this is
the first time that a kinetic study is done for the TL emission of Brazilian
fluorapatites.

2. Materials and methods

The studied mineral, blue-colored appearance, is of igneous origin
with a high purity content. Fig. 1 shows a slice of the crystal cut ac-
cording to the basal plane (001). The samples used presented their
natural faces clean and free of defects.

The chemical and phase characterization of the sample was done by
Scanning Electron Microscopy (SEM) and Chemical Microanalysis by
Dispersive Energy Spectroscopy (EDS). EDS analysis was performed
using an INCA microanalysis system (Oxford Instruments) in conjunc-
tion with a Leo 440 Stereo scan SEM. To identify the crystalline phases in
the sample, an X-Ray Diffraction analysis was performed using a Philips
X’PERT-MPD equipment (45 kV- 40 mA operating power), Cu Ka radi-
ation (1.5405 A), in the 20 range between 2° and 70°. The identification
of the crystalline phases was obtained by comparing the sample dif-
fractogram with the PDF4 databases of the ICDD - International Center
for Diffraction Data and ICSD - Inorganic Crystal Structure Database
using the software HighScore Plus from Malvern Panalytical.

In addition, to investigate the defects and impurities related to the
luminescent properties of the fluorapatite sample, the optical absorption
(OA) spectrum of the material was obtained. For this measurement, a

Fig. 1. Sliced natural fluorapatite.
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SHIMADZU UV-2600 spectrophotometer in the range 400 nm-800 nm
and spectral resolution of 0.5 nm was used. The optical absorption data
were obtained indirectly by the reflectance of the sample. Furthermore,
the Raman spectrum was registered using a Raman Renishaw micro-
scope (in Via model) with a CCD detector and He-Ne laser (632.8 nm),
set to 0.17 mW at the sample. The data were registered in the range from
20 to 1250 cm™! using the automatic cosmic ray removal option. The
instrumental Raman shift was calibrated using 520.5 cm™! line of a
Silicon standard. To adjust the sample in the TL equipment and to ensure
homogeneity in the results, the crystal was pulverized and sieved to
grains smaller than 0.075 mm. Besides the TL measurements a sample
with this grain size was used for the optical absorption measurements.
For structural analysis, powder was also used, however with grains
smaller than 0.040 mm. On the other hand, for chemical analysis the
sliced fluorapatite sample was used.

The sample was heated at 20 K/min up to 773 K in a muffle furnace
and kept at this temperature for 1 h to erase the effects of natural irra-
diation. Then, the sample was cooled at 20 K/min down to room tem-
perature. Irradiation was performed at room temperature using the
built-in *°Sr/°°Y beta source (dose rate of 10 mGy/s) inside the TL
equipment. TL measurements were carried out using a commercial
automated TL/OSL reader made by Risg National Laboratory (model
DA-20). TL glow curves were obtained using a heating rate of 1 K/s, from
RT to 773 K. The experiments described below were performed imme-
diately after the beta irradiation to avoid the influence of fading of the
TL peaks. The TL signal was detected with a bialkali photomultiplier
tube behind an UV-transmitting and visible-absorbing glass filter (Hoya
U-340, 7.5 mm thick). The extraction of the kinetic parameters and the
analysis of the glow curves involved several methods, as Ty;-Tstop, T as a
function of irradiation dose (dose range from 1 to 5 Gy), peak shape of
the TL glow curve, and glow curve fitting methods.

3. Results and discussion

Fig. 2 shows the XRD patterns of the fluorapatite, in blue, and the
diffraction lines corresponding to the database, in red, indicating a
pattern consistent with fluorapatite (ICDD: 04-011-3604) with the three
most intense peaks at 31.92° (d = 2.80 10\, plane 211), 32.25° (d = 2.77
A, plane 112) and 33.09° (d = 2.70 [D\, plane 300), which mineral
composition was also confirmed by SEM/EDS chemical analysis. The
observed diffraction peaks can be indexed to the hexagonal
Cay(PO4)eF2 structure and P63/m symmetry group [5].

The SEM-backscattered (BSE) image (Fig. 3) reveals homogeneity of
the gray levels in the image, indicating homogeneity in chemical
composition and confirming the existence of a single mineral. The
chemical composition (average weight percentages of elements) of the
studied fluorapatite sample assessed by SEM/EDS is shown in Table 1.
According to Miler and Mirti¢ [39], the general relative standard devi-
ation of EDS measurements is in the order of 8% for polished samples.
This result in Table 1 is characteristic of fluorapatite [40], and indicates
a highly pure crystal containing low percentage of impurities (Si and S)
in its composition. In addition to the chemical elements typical of
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Fig. 2. X-ray diffraction (XRD) spectrum of natural fluorapatite.
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+Spectrum 1

3mm Electron Image 1

Fig. 3. Scanning electron microscope backscattered (SEM-BSE) image of
fluorapatite.

Table 1
EDS results of the fluorapatite sample composition, in wt%.
F Si P S Ca [¢]
3.80 0.45 18.0 0.57 37.7 39.5

fluorapatite, oxygen (O), fluorine (F), phosphate (P) and calcium (Ca), it
is common to find in natural samples substitutions by metal ions (e.g,
Mn, Fe, Ti and Cr) and rare earths (e.g., Ce, Pr, Nd, Sm, Er, Tm and Eu)
[40,41]. This large variety of impurities, for example, makes it difficult
to define the elements responsible for the color in apatite [40]. None-
theless, due to an experimental limitation, EDS cannot detect the lightest
elements and elements with low concentration, therefore, in this work,
no manganese or any rare earth was found, although other authors [40,
41] have pointed out the presence of traces of these elements.

Fig. 4 shows the optical absorption spectrum of the fluorapatite
sample. The wide band in the visible spectrum at 550-700 nm is asso-
ciated with the presence of manganese ions. According to Ribeiro et al.
[40], a band centered at 610 and 650 nm assigned to (Mn04)3'
substituting for (PO4)3' or Mn®' ions is expected in the optical
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Fig. 4. Visible and near infrared optical absorption from fluorapatite crystal.
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absorption spectrum of Brazilian blue-green fluorapatites. A Mn con-
centration as low as 0.04% produces OA peaks as high as the one
observed in this work [40]. The replacement of calcium by Mn2* ions,
also common in apatites, can be identified in the optical absorption
spectrum with the presence of characteristic band in 600 nm [42] as
well. However, according to Gilinskaya et al. [41], the blue color of
natural apatite is due to (SO3) transitions that also appear in the visible
spectrum at 600 nm. As our sample presents (SO3)’, and traces of Mn
might not be detected in the EDS analysis, both hypotheses are feasible
to explain the wide OA band. In addition to the bands already described,
a low intensity peak at 740 nm is seen in Fig. 4. This peak is due to the
presence of Nd3™, a rare earth ion that also is related to a peak at 800
nm, due to 419/2 — 4F7/2, 453/2 and 419/2 — 4F5/2, 2Hg/z electronic tran-
sitions [2,43].

Fig. 5 depicts the Raman spectrum of natural fluorapatite powder
over the 100 to 1250 cm ™ wavenumber range. The observed peaks are
mainly related to the [PO4]3_ tetrahedra lattice vibrations observed in
fluorapatite [44-46]. The peak observed at 962 cm ™! is assigned to the
" ([PO4]3_) symmetric stretching [46]. In the vy ([P04]3_) bending
mode, three peaks are at 580, 590, and 606 cm~! [44]. The peaks
located at 1063 cm ™! correspond to the vz ([PO413)) anti-symmetric
stretching vibration [44]. The peak at 430 cm™! relates to the Vo
([P04]3*) bending vibration mode. The low-frequency bands observed
at 137 cm™! and 112 em™! correspond to external modes from the
([PO4]3’) ions [44]. The weak band located at 1008 cm ™! is assigned to
the hydroxy-fluorapatite v; ([HPO4]%") vibration [46]. The strong
Raman peak located at 1103 cm ™! can be assigned to the v; mode from
the carbonate group (Ca03)2'. This substitution of carbonate ions in-
duces the creation of vacancies and distortions in the material lattice
structure [45,46].

To obtain the thermoluminescence signal from the sample of fluo-
rapatite, an aliquot (~40 mg) of the powdered sample was irradiated
(doses from 1 to 5 Gy) and immediately readout at a heating rate of 1 K/
s. After each TL readout, and before the following irradiation, the sample
was heated to 653 K, at a heating rate of 5 K/s, in order to clean the
residual signal. The glow curves of this fluorapatite sample are shown in
Fig. 6, and it is possible to identify three peaks, at ~350 K, ~470 K and
~570 K, labeled peaks L, II and III, respectively. There are no noticeable
changes in the TL glow curve shapes in this interval of doses. It is
interesting to note that the peak of highest intensity appears at the
lowest temperature, as observed by Ekendahl et al. [47] on the TL
properties of a fluorapatite sample coated with a glass-ceramic

1103

962

Raman Intensity (a.u.)
1063

-—1008

1200

1000 800 600 400 200
Raman Shift (cm'1)

Fig. 5. Raman spectrum of fluorapatite sample.
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Fig. 6. TL glow curves of fluorapatite powdered sample for various radia-
tion doses.

compound, using beta radiation and a dose of 5 Gy. They also identified
three TL peaks, however, at different positions compared to those
observed here: at 5 K/s, the observed peak temperatures were ~370 K,
~440 K and ~550 K. Tsirliganis et al. [32] showed that Durango apatite
presents two glow peaks at ~ 470 K and ~590 K (5 K/s). Evaluating the
thermoluminescence response of apatites from different countries, Pol-
ymeris et al. [38] has identified two peaks at ~ 400 K and ~500 K on the
glow curve of Brazilian fluorapatites (heating rate of 1 K/s). In addition,
it was possible to verify the ubiquitous AF in all fluorapatite samples
[38]. Lapraz and Baumer [30] did a comprehensive study on the TL of
natural and synthetic fluorapatites, doped with various activators. They
concluded that the trapping centers for all the crystals are related to
intrinsic defects, as the peak positions do not change with the type of
dopant. In fact, they suggest that 02~ vacancies on halide sites con-
nected to (PO4) act as trapping centers. These centers were identified
as related to a TL emission on the UV range [30]. Among the 14 TL peaks
observed consistently by Lapraz and Baumer [30], in the collection of
examined samples irradiated with X-rays at 77 K, three of which above
room temperature are at positions very similar to our sample Ty;: 360 +
15 K, 445 + 15 K and 545 + 15 K, at 0.5 K/s. In addition, the same
authors attribute part of the TL emission of Brazilian natural fluo-
rapatites to activators such as Mn2*, Ce3* and Eu*. Furthermore, a
radiation induced center was identified by Bertel et al. [48] in natural
fluorapatite samples exposed to uranium. This center is defined as H(II)
and is formed by an O?~ along with a hole occupying an F~ site.

Fig. 7 shows that the area under the TL peaks of the fluorapatite
sample increases as a function of the radiation dose. It was possible to
verify in this analysis a linear relationship between the dose and the area
under each peak. The performed linear fits seem adequate, according to
the coefficient of determination (Rz). Polymeris et al. [36] also identi-
fied that a linear behavior of the integral TL (sum of TL peaks II and III)
occurs as a function of the dose (0.5 Gy up to almost 1000 Gy).

Table 2 shows the parameters of the linear best fit. The behavior of
the position of each peak (Tj,;,) as a function of the radiation dose is
shown in Fig. 8, where we conclude that there is no variation in T}, in the
studied dose range (1-5 Gy), suggesting a first-order kinetics.

A study of the TL kinetics to obtain information about the trapping
mechanism was performed. The TL peaks were characterized using the
Tm X Ts0p method proposed by Mckeever [49], which consists in veri-
fying the number, as well as the position of individual peaks present in
complex thermoluminescent curves. To carry out this characterization,
the sample previously irradiated to 1 Gy was heated (at 1 K/s) to a Tyqp
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Fig. 7. Area under the peaks observed in the TL glow curve of fluorapatite as a
function of the radiation dose.

Table 2
Parameters resulting from the linear fit to the data of area under the TL curve as
a function of the dose, for peaks I, IT and III.

Peaks I I 111
slope (x10* Gy™) 5.97 + 0.02 1.99 + 0.10 5.27 + 0.14
Intercept (x104) —2.03 + 0.07 —1.81 +0.32 —1.04 + 0.44

R? 0.9999 0.98308 0.9954
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Fig. 8. Temperature position of TL peaks as a function of the radiation dose
obtained for fluorapatite samples.

temperature, being quickly cooled to room temperature. Then, the
sample was reheated to check the remaining TL curve. From this curve,
the temperature position of each peak (Tp,) is checked. This process was
repeated several times, increasing the T, temperature in steps of 5 K,
between temperatures 273-623 K. A plot of the peak temperatures in
function of Ty is shown in Fig. 9.

In the Ty, x Tgop analysis, for a first-order kinetics process, a plateau is
expected, meaning that T, does not change as Ty increases, up to the
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Fig. 9. T, as function of Ty, for fluorapatite samples.

complete emptying of the trap connected to that particular TL peak.
Whereas, for second- and general-order TL peaks, T;, X Tgyp curve is an
increasing function, that is, the maximum temperature increases as Tstp
increases [12,49]. Therefore, according to the Ty, X Typ curve (Fig. 9)
the TL peak I possibly obeys second or general order kinetics. The second
and third peaks (Il and III), on the other hand, present first order kinetics
characteristics.

For a further study of the TL peaks, kinetic parameters such as kinetic
order (b), activation energy (E) and frequency factor (s or s’) were also
obtained. Firstly, to determine b, the peaks were analyzed by their shape
[50], through the geometric shape factor u, that can be calculated by
equation (1):

,—-T, o
S @
where T; and T» are temperatures at half the maximum TL intensity at
the left and right sides of the TL peak, respectively.

From a qualitative perspective, second-order kinetic peaks are
almost symmetric around T, while first-order peaks are more asym-
metric. Quantitatively, p = 0.52 indicates a second-order peak and p =
0.42 is attributed to first-order peaks. In this analysis it was not possible
to apply the method to TL peak II due to its proximity to peak III, as seen
in Fig. 6. Based on that, peaks I and III of our sample that had been
irradiated with a dose of 1.0 Gy and heated at 1 K/s, present y; = (0.54 +
0.09) e ujr = (0.43 £ 0.04), respectively. These values indicate peak I as
of second-order kinetics (b ~2) and peak III as of first-order kinetics (b
~1) [51,52].

The trap activation energy (E) can be determined by peak shape
analyses, considering equation (2).

TZ
Ea =Cq (%) - ba(Zanx) (2)

where b, and ¢, are parameters in which a stands for the symmetry
factors: 7 = Tpy— T1, 6 = To— Tpyor @ = To — T; [50,52]. These parameters
are calculated by equation (3).
¢ = 1510 4+ 3.0 (4 — 0.42)

¢s = 0976 + 7.3 (u — 0.42)
Co = 252 + 102 (1 — 0.42)

by = 1.58 + 42 (u — 0.42)
bs = 0 3
by = 1

Our results for the fluorapatite sample are in Table 3.

The second method applied on these analyses is based on the area of
each peak, known as the whole glow curve. For this, the integral of each
peak is calculated from different values of T smaller than T, until the
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Table 3

Summary of the results of energy (E), frequency factor (s or s') and kinetic order
b for the fluorapatite sample for various analysis methods according to the text.
The analysis of peak II was compromised due to its proximity to the third peak
and is not included.

Energy
Method® Eps, (eV) Eps;s (eV) Eps,, (V) Ewep (€V)
Peak I 1.18 + 0.04 1.09 + 0.04 1.14 + 0.02 0.84 + 0.01
Peak III 0.83 + 0.04 0.90 + 0.04 0.86 + 0.04 0.77 £ 0.01
Kinetic order
Method"” bps bwep
Peak I 2.3 1.5
Peak III 1.0 1.0
Frequency Factor (s or s”)
Method"” WGP
Peak I 108 m3!
Peak III 10°s7!

# The different methods used to obtain the values present on this table were
identified by the acronyms PS (peak shape) and WGP (whole glow peak).

0
# (a) Peak I = b=1.0
h e b=11
A =
4 b=13
o | Y b=15
P b=17
b=19
2 8- > b=2.0
£
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b

Fig. 10. In(I/n?) as function of 1/kT from TL glow peaks I (a) and III (b) of
natural fluorapatite (exposed to 1.0 Gy beta dose) for different values of kinetic
order b, with corresponding linear fittings.
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final temperature of the peak. Thus, for cases in which the kinetic order
is not known, it is possible to use equation (4) to obtain E:

I s\ E

n(s)=n() - @
where n is the area under the glow curve, I is the intensity of the emitted
light at temperature T, q is the heating rate, effective frequency factor s’
is the ratio of s and the concentration of available electron traps N (s’ =
s/N). The relation expressed in equation (4) makes possible to plot a
graph of In (I/n%) versus 1/KT, that results in a linear distribution of
points by using a specific value of b referring to the kinetic order of the
peak. Then, by plotting this graph for different values of b (Fig. 10) it is
possible to verify the kinetic order of the peak considering the best linear
fit (evaluated by the R? coefficient). Moreover, from the straight line
fitted on the plot the slope gives the value of the activation energy (E),
while the intercept is related to the frequency factor by equation (5):

SY — qeinrercepr (5)

Due to the fact that the peaks are required to be well isolated for this
method, it was not possible to obtain a reliable result for peak II.

The results of energy (E), frequency factor (s or s') and kinetic order b
for the fluorapatite sample for peaks I and III are summarized in Table 3.
Considering the methods described in this paper, for peak I, the values of
b present a variation from 1.5 to 2, indicating a general-order kinetic
peak, close to a second-order kinetics. The average activation energy
obtained for peak I was E = 1.06 eV. Peak III shows a great coherence
regarding the kinetic order by different methods (b = 1). The activation
energy remained constant among the methods, with the average value E
= 0.83 eV. Finally, to best of our knowledge, this is the first time that a
kinetic study is done for the thermoluminescence of fluorapatite
mineral.

4. Conclusions

This work aimed to investigate the TL properties of a fluorapatite
(Ca19(PO4)gF2) natural sample irradiated with beta particles. The sam-
ple was characterized chemically by SEM/EDS and structurally by XRD,
being composed by fluorapatite and impurities (<1%) of S and Si. The
optical absorption spectrum of the fluorapatite sample was obtained
showing a wide absorption band between 500 nm and 750 nm. This
band, regarding the color of the apatite, is identified in the literature due
to the presence of (Mr104)3' substituting for (PO4)3' or alternatively due
to (SOg3) transitions. In addition, a peak at 740 nm was identified and
related to Nd>* ions according to the literature. Nonetheless, due to the
limitations of the equipment, and possibly to the area of the sample that
was analyzed, the chemical analysis by SEM/EDS did not indicate the
presence of manganese or rare earths. The Raman spectrum shows the
four vibrational modes related to (PO4)3' and a peak ~ 1103 cm ! that
can be related to (CaO3)? vibrations. The TL glow curve showed 3 peaks
located around Ty, ~350 K (I), ~470 K (II) and ~570 K (III). The peak
positions are constant with each dose from 1 to 5 Gy. From the two
different methods used for the kinetic study, it was possible to identify
that peak I shows second-order kinetic (b ~2) and energy E ~1.06 eV.
Peak III obeys first-order kinetic (b ~1) with activation energy E ~0.83
eV. The analysis of peak Il was compromised due to its low intensity and
the proximity to peak IIl. However, considering the Ty, - Tsqp, peak II
possibly obeys a first-order kinetics. Finally, the dose-response, from 1 to
5 Gy of beta radiation, is linear for all TL glow peaks.
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