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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Chris Chantler We report the thermoluminescence (TL) properties of rose quartz from Minas Gerais (Brazil), a translucent pink
variety of quartz. Firstly, the sample shows a pure a-quartz phase, based on X-ray diffraction results. Also, the
mineral shows a wide optical absorption band at about 500 nm, typical of rose quartz. In addition, X-ray fluores-
cence showed a high percentage of purity (99.1% of the SiO,), and the inductively coupled plasma optical emis-

sion spectrometry (ICP-OES) recorded the presence of elements such as Al, Ca, Fe and Ti. The TL measurements
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Tl_lenf“’l“minescence were carried out using a commercial Risg TL/OSL reader, model DA-20, equipped with a built in 99Sr/°Y beta
Em?nc tparamemrs source, used to irradiate the sample to different radiation doses (0.01 - 1Gy). The glow curve, measured at a heat-
osimetry

ing rate of 1 K/s, consists of a prominent peak at 355 K followed by other low intensity peaks at higher tempera-
tures. Measurements of the main peak are reproducibility with a coefficient of variation (C.V.) of ~1.3% and a re-
peatability of ~1.8%. Kinetic analysis of the main peak was carried out using experimental methods comprising
T Tsop technique, the initial rise method, peak shape estimation and various computational methods (TGCD,
TLanal, TLDecoxcel and GlowFit). The peak obeys first order kinetics, with activation energy of 0.86 eV, and a
frequency factor of the order of 10! s~1. Finally, in the dose range studied, the peak shows a sublinear dose re-
sponse after which supralinearity sets in.

1. Introduction modynamic conditions can affect the type and concentration of impuri-
ties in the lattice, such as changes of pressure (P)-temperature (T) con-
ditions or natural irradiation (Topaksu et al., 2012). Quartz has lumi-

nescent properties that may depend on its origin, formation condition,

Quartz is the most common mineral in the Earth (Preusser et al.,
2009; Topaksu et al., 2014). According to literature (Topaksu et al.,

2014), approximately 12% of the mass of the Earth's crust is made of it.
When chemically pure, quartz tends to be colorless and transparent and
in some cases translucent (Jovanovski et al., 2022). The presence of im-
purities within its structure imparts color leading to varieties such as
rose quartz, smoke, citrine or amethyst (Jovanovski et al., 2022;
Lehmann and Bambauer, 1973). The cations Al3+ (0.51 A), Ga3+
(0.62 A), Fe3* (0.64 A), Ge** (0.53 A), Ti*+ (0.64 A) and P5+ (0.35 A)
are common impurities that substitute the Si**+ (0.42 A) in the crystal
lattice (Kibar et al., 2007). Furthermore, it is commonly found traces of
a slight amount of water in types of quartz (Nur et al., 2015). The role of
titanium in generating point defects of interest in irradiated pink quartz
has been discussed elsewhere (Preusser et al., 2009). In addition, ther-
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heat treatment and impurity content (Chithambo et al., 2007; El-
Faramawy et al., 2022; Farouk et al., 2021; Preusser et al., 2009;
Toktamis et al., 2007). In addition, quartz, whose most common poly-
morph is the trigonal a-phase, is a natural mineral used in lumines-
cence-based dosimetry (Preusser et al., 2009). Luminescence dosimetry
is a type of ionizing radiation dosimetry that uses the luminescent prop-
erties of certain materials to quantify the absorbed dose of ionizing ra-
diation, and thermoluminescence (TL) is an important technique used
in dosimetry (Yukihara et al., 2022a, 2022b, 2022a).

TL is the luminescent emission of material (semiconductor or insula-
tor), previously exposed to some source of radiation, when it is heated
(Chen and McKeever, 1997). The TL experiment is an important tool to
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investigate the distribution of traps in a material (Randall and Wilkins,
1945). For dosimetry, the desirable characteristics that a TL material
should present (McKeever, 1985): (i) a linear response in a certain dose
range, (ii) a stable signal during time, i.e. no fast signal fading (sponta-
neous loss of signal), (iii) reproducible and repeatable TL signal, etc.
Those characteristics are important because they can define what field
of dosimetry (personal, environmental, spatial etc.) the material can be
applied (Prabhu et al., 2021). According to the literature (Yiiksel,
2018), TL characteristics in quartz mineral is throughout studied due to
its abundance, the sensitivity to radiation, basic structure of the glow
curve, and the simple thermal treatment procedure.

Despite the high abundance of quartz in the world, there are few in-
depth studies of the thermoluminescent properties of Brazilian rose
quartz. In this work, we present an investigation of the thermolumines-
cent response of rose quartz, also presenting a chemical and physical
characterization of the natural samples. The TL response of the samples
were evaluated by several analytical and computational methods to ob-
tain the parameters of energy, frequency factor and kinetic order, being
the methods: Peak Shape, Initial Rise, Tp,-Ty,p, Glowfit, TLanal, TGCD
and TLDecoxcel.

2. Material and methods
2.1. Sample preparation

The sample studied (Fig. 1) consist of a rose quartz crystal collected
from Northeast of Minas Gerais, Brazil. The quartz crystal was pow-
dered in an agate mill and sieved to grain sizes smaller than 75 pm. In
X-ray fluorescence (XRF), X-ray diffraction (XRD), Optical absorption
(OA) measurements nonthermal treated powder samples were used. In-
ductively coupled plasma optical emission spectrometry (ICP-OES) was
done using small samples cleaved from the original sample. Before all
TL measurements, the powder was submitted to a thermal treatment at
673 K for 1 hour. In the dose-response and T}, T, measurements, after
each TL readout, and before the following irradiation, the sample was
heated to 673 K (heating rate of 5 K/s) to clean the residual signal. In
the fading, repeatability and reproducibility measurements, the sample
was heated to 473 K (heating rate of 5nullK/s) to clean the main glow
peak. In all TL measurements, samples with a mass of (25 = 5) mg
were used.

2.2. X-ray diffraction

The crystallinity of the sample was assessed using XRD measured in
an EMPYREAN diffractometer (operating at 45 kV - 40 mA) with CuKa
radiation (1.5405 A). Diffractograms obtained over a Bragg angle 26
between 10° and 50° (with a scanning increment of 0.025°) were com-

Fig. 1. Rose quartz Crystal (ruler is for scale reference; in centimeter).
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pared with reference diffractogram PDF2 databases from the Interna-
tional Center for Diffraction Data (ICDD) and the Inorganic Crystal
Structure Database (ICD) using the Malvern Panalytical HighScore Plus
software™,

2.3. Chemical composition analysis by X-ray fluorescence and inductively
coupled plasma optical emission spectrometry

The major elements present in the sample were determined by XRF
spectrometry using a Malvern Panalytical XRF spectrometer (model
Zetium). On the other hand, trace element composition was obtained by
ICP-OES using a Thermo Scientific (model iCap 6300 Duo). Preparatory
to measurements, sample grains were fused with lithium tetraborate.
Quantitative analysis was carried out by comparison with certified ref-
erence materials. Loss on ignition (LOI) was performed at ~1300 K for 2
hours. ICP-OES were conducted in samples prepared by microwave-
assisted acid digestion for Al, Ca, Co, Fe, K, Ni, Ti and Zn dosage in a
Horiba Ultima Expert.

2.4. Optical absorption

Optical absorption (OA) measurements intended to study the elec-
tronic structure of the quartz were carried on a sample using a Shi-
madzu UV-2600 spectrophotometer in the wavelength range
200-800 nm at a spectral resolution of 0.1 nm.

2.5. Thermoluminescence

From a TL glow curve, it is possible to obtain important information
such as number of peaks, kinetic order (b), activation energy (E). To
achieve that, Peak Shape (PS), Initial Rise (IR), T;-Tsyp, and various
computational methods as TGCD, TLanal, TLDecoxcel and GlowFit
methods were used. TL measurements were carried out using a Risg TL/
OSL DA-20 luminescence reader. Samples were irradiated in-situ using a
built-in 99Sr/0Y beta source at a dose rate of 10nullmGy/s. The lumi-
nescence was detected by a bialkali photomultiplier tube (EMI 9235QB)
through a 7.5 mm thick Hoya U-340 filter (transmission band
250-390 nm).

2.5.1. Analytical methods

To analyze the kinetic parameters of the TL glow peaks we used the
method that considers the shape and geometric properties of the peak,
named “Peak Shape” (Chen and McKeever, 1997; Pagonis et al., 2006).
This method does not use any iterative procedure and does not require
knowledge of the kinetic order (Pagonis et al., 2006), it can be used as a
first analysis for isolated TL peaks. To obtain the kinetic order of the
peak, the symmetry factor p # is used, the factor has been calculated by
the following Eq. (1) (Bull, 1989):

= ¢))

=T

where T, is the temperature at the peak; T; and T, are the positions
of the half-maximum intensity points on the low and high temperature
sides of T, respectively. According to the peak shape analyses, the trap
activation energy (E,) can be determined by Eq. (2).

kT2
Ey=cqy <—’"> — by (2KT,,) @)

Where k is the Boltzmann constant, ¢« and b, are parameters that
depend on symmetry factors t=171, -7, =7, -7, and @ =7, - T
(Pagonis et al., 2006; Sunta, 2015), given by Eq. (3).



R.T.E.K. Martins et al.

¢, = 1510 +3.0(p — 0.42),
cs = 0.976 + 7.3 (n — 0.42),
Co =252+ 10.2(p — 0.42),

b, =158 +42(Q —0.42)
bs =0 3)
b, =1

Also, the IR method was used to calculate E. This method can be ap-
plied for the first peak of the glow curve, for TL intensities (/7;) smaller
than 15% of the maximum intensity of the TL peak. Considering that
the electron concentration in the TL trap is constant at the low-
temperature part (the initial rise) of the peak. The TL emission intensity
can be modeled according to Eq. (4).

I (T)  exp (—%) 4

when applying the method, a graph is constructed that relates in (I)
as a function of 1/kT and E is obtained from the slope (Pagonis et al.,
2006).

Most materials do not show a single peak or well separated peaks,
because of that the Tp,;-Ty, method is useful to estimate the number of
peaks, position, and an approximately kinetic order of TL glow curve.
This method was first suggested by McKeever (1980). In an irradiated
sample, the method consists of partially heating the sample until a de-
termined temperature (Ty,p), cooling until room temperature and then
re-heating the sample to record all of the remaining signal. The position
of the first maximum T,,, is obtained. Doing this to increasing Ty, values
and plotting a graph T,, versus Ty, some characteristics that indicate
the number of peaks and kinetic order can be observed (McKeever,
1980).

2.5.2. Computational methods

Various computational methods as Thermoluminescence analyst
(TLanal), Thermoluminescence Glow Curve Deconvolution (TGCD),
TLDecoxcel and GlowFit, all reported in the literature (Horowitz et al.,
2022; Munoz et al., 2022), were used to estimate the kinetic parameters
of the sample.

The TLanal program was introduced by (Chung et al., 2005, 2007)
and develops the deconvolution of TL curves for first, second, general
and mixed order kinetics in an interactive way. With this software, it is
possible to obtain the kinetic parameters that best fit the internal equa-
tion to the experimental glow curve. The model used to fit TL curves for
general order kinetics is the one described by May and Partridge
(1964). Using TLanal, one can obtain the values of activation energy
(E), frequency factor (s), re-trapping ratio and recombination coeffi-
cient (R) and order of kinetics (b) (Chung et al., 2005, 2007).

The TGCD is a package in RStudio program (Peng et al., 2016,
2021), and the expression used to best fit to the glow curve is to general
order kinetics expression given by:

E E b—1 E T E E
1) = 1 e g7 =7 ) [+ T (e () £

where F(x) is written as

ap +a1x+x2

F=1-
) by + byx +x2

(6)

The program prompts for input values such as temperature at the
peak (T,,), the maximum intensity (I,) and the number of TL peaks.
Through this program, we can obtain the values of activation energy
(E), frequency factor (s) and kinetic order (b).

The TLDecoxcel is a program developed with the Excel Spreadsheet
that allows the analysis of glow curves consisting of discrete energy
peaks (general or mixed order) or continuous energy distribution peaks.
In the case of the general order model, the TL intensity is given as fol-
lows (Kazakis, 2019):
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I(T) =s,9 exp(Z—f)

= %)
s T -E b-1
x [1+(b—1)ﬁ . exp(k—T)dT]

Unlike the software presented above (TLanal and TGCD), in TLDe-
coxcel it is necessary to provide initial values of the kinetic parameters
for the software to perform a fitting based on them.

The Glowfit software, proposed by (Puchalska and Bilski, 2006), ad-
justs a theorical curve according to the Randall-Wilkins model for first-
order kinetic peaks (b = 1) to the experimental data. The parameters
are obtained following Eq. (8) (Puchalska and Bilski, 2006).

E E E E
0=t oo - 7 ) oo (57 (+ (57
T (- _EN, <£)
T, P \&r, " kr ) \ir
in order to verify the quality of the fit, all the computational meth-

ods present the FOM (figure of merit) value, calculated according to Eq.
(9) (Puchalska and Bilski, 2006).

> ‘J’i -y (xi)|

Vi

(8

FOM (%] = x 100% (C)]

where Vi is the experimental value, and y(x,~) is the value of the fit-
ted function. A criteria to consider the results as a good fit is a FOM
smaller than 2.5% (Balian and Eddy, 1977).

3. Results and discussion
3.1. X-ray diffraction

Fig. 2 shows the XRD pattern of the as received and irradiated
(5 Gy, beta radiation) sample. As both samples showed (100), (101),
(110) and (112) peaks at about 21°, 27°, 36° and 50°, respectively, in
line with the literature (Silva et al., 2018), it was possible to verify that
no structural change of the sample was caused when exposing to labo-

. = As received rose quartz
(a) Si02(101) oy |CDD: 01-085-0504
Si05 (100) Si (110) (112)
=: | W A l
E’ T T T T ]|| | T I
2
(2]
&
- = rradiated rose quartz (5 Gy)
=
= (b) Si02(101) eI CDD: 01-085-0504
S0, (100) §i(110) (112)
I A A
| 11 1 |
L) ) ) L) |l Ll L)

15 20 25 30 35 40 45 50 55

Fig. 2. X-ray diffraction (XRD) spectrum of (a) natural rose quartz for (a) non-
irradiated powder sample (black diffractogram) and (b) irradiated powder
sample (red diffractogram) compared with the database of the International
Center for Diffraction Data (ICDD) (01-085-0504).
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ratory ionizing radiation. According to database of the International
Center for Diffraction Data (ICDD) (01-085-0504), the sample shows a
pure a-quartz phase. In addition, from Fig. 2b it is possible to observe
that no phase transition occurred because the peaks remain in the same
position after irradiation and no new characteristic peak appeared.

3.2. Chemical composition analysis by X-ray fluorescence and inductively
coupled plasma optical emission spectrometry

Using XRF, it was possible to identify 99.1% of the elemental com-
position of the SiO,. Due to the low percentage of impurities in the rose
quartz sample, as the XRF quantification results are inaccurate for ele-

Table 1
— Chemical impurities of rose quartz determined by ICP-OES.

Content (mg/kg)

Al Ca Co Fe K Ni Ti Zn
254 182 <1 164 14 2 23 <1
1.0 77 i
— As received
— = Lorentz fit - as recelved|
——5 Gy
- 034 = = Lorentz fit - 5Gy
0.8 3
- ~500nm
3
) 5 024
© 5
— @
o 0.6 1 ]
g sl __--ZZIZIz: 2=
© L=z=-7 T=Tad
o =
S
0.0 T T T
g 0.4 400 450 500 550 600
= Wavelength (nm)
0.2+
0.0

Ll L] L Ll L} L] Ll L T 1 L]
250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 3. Normalized optical absorption (OA) spectrum for rose quartz sample
non-irradiated (black curve) and irradiated with 5 Gy (red curve). The inset is
detailed between 375 and 600 nm, the dashed curves are deconvolutions using
the Lorentz function.

— s

£ & 2

TL intensity (x107 counts)
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ments below 1% (detection limit by XRF), ICP-OES measurement was
performed to improve the characterization of the sample.

Employing ICP-OES, some impurities present in the sample were de-
tected and are listed in Table 1. These include Al, Ca, Fe and Ti. Trace
elements are present as substitutional or interstitial ions in the quartz
structure. The ions that replace Si are Al, Ti, Fe, Ge, P, and Ga and inter-
stitial ions are H, Li, Na and Fe (Preusser et al., 2009).

3.3. Optical absorption

Fig. 3 shows the UV-vis absorption spectra for the rose quartz non-
irradiated and irradiated (5 Gy, beta radiation) samples. The ab-
sorbance of quartz is sensitive to the origin and thermal history of the
samples (Kibar et al., 2007). The quartz sample shows a broad ab-
sorbance in the UV-region and an absorbance band at about 500 nm.
Results elsewhere suggest that this absorption band observed around
500 nm is responsible for the coloration of rose quartz (Gotze et al.,
2021; Kibar et al., 2007; Maschmeyer and Lehmann, 1983). Several
studies indicate that the quartz's rose color can be assigned to nano-
inclusions of dumortierite [Algs_7, (BO3)(SiO4)3(0, OH)3] (Goreva et
al., 2001; Gotze et al., 2021; Kibar et al., 2007). Dumortierite is usu-
ally associated with quartz in hydrothermal and pegmatitic environ-
ments (Goreva et al., 2001). Fe and Ti traces are commonly detected
in dumortierite samples and are associated with quartz coloration
(Alexander et al., 1986). Based on the chemical analysis of our sam-
ple, in wich traces of Fe and Ti are present, we suggest that inclusion
minerals such as clusters of dumortierite could be responsible for the
band observed around 500 nm, assigned to the intervalence charge
transfer (IVCT) between Fe2* and Ti** (Kibar et al., 2007; Ma et al.,
2002). The OA results show only minor changes in the optical absorp-
tion profile for the sample irradiated with a 5 Gy dose from beta radi-
ation, indicating that the irradiation process induced no significant
changes in the material.

3.4. Thermoluminescence

3.4.1. Features of the glow curve and dose response

To obtain the thermoluminescence signal from the rose quartz sam-
ple, the powdered sample was irradiated (beta doses from 0.01 to 1 Gy)
and immediately readout at a heating rate of 1 K/s. Fig. 4a shows TL
glow curves for different doses, being the inset the T,, position in func-
tion of dose. The same TL glow curves are plotted, in a log-log scale
(Fig. 4b), for better discrimination of glow peaks. As shown in Fig. 4a it
is possible to identify a main glow peak at ~355 K. From Fig. 4a inset,
we concluded that the main glow peak is unchanged within the dose

1{|I}'|

ki
=
sl

TL intensity (x107 counts)
e .
- -]

Temperature (K}

Fig. 4. (a) Glow curves of rose quartz measured at 1nullK/s following irradiation to different beta doses. The inset shows the main peak position variation with irradi-
ation dose; the red dashed line is the peak average temperature; the blue bars are the standard deviation. (b) TL glow curves in a log-log scale. The curves have been
smoothed.
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range, at an average temperature of (355.3 * 1.3) K. This indicates a
first order peak, as peak position does not depend on the radiation dose.
From Fig. 4b it is possible to observe two low intensity peaks at ~385
and ~420 K.

The TL glow peak of quartz at ~355 K (heating rate = 1nullK/s) oc-
curs due to defects related to the [AlO%]- and [X/M+*]*+ centers
(Preusser et al., 2009). The first defect is a substitutional center pro-
duced when AI3+ replaces Si** in the crystal lattice of the quartz. When
this occurs, the [AlIO*]- centers associate with positive charges, which
can be alkaline ions (M*), hydrogen ions (H*), or a hole (h), to com-
pensate charge. The second defect is an interstitial ionic center, where
the X defect stabilizes the alkaline interstitial ion (M *). In this case, the
X defect can be Ti or Na atoms, which, when bonding with alkaline ions
(M), cause their stability.

Fig. 5a shows the dose-response i.e., the total TL signal emitted in
the temperature range studied. The inset of Fig, 5a was plotted in log-
log scale to better visualize the nonlinearities, comparing to the red
line (fitted for the range of 0.01-0.1 Gy) it is possible to note a nonlin-
earity behavior.

In general, the dose response can be described by a polynomial
equation S(D) given by (Chen and McKeever, 1994; Kalita and
Chithambo, 2017):

S(D) = ky + ky D + kyD* + k3 D + ky D 10)

where S(D) is the TL signal of a certain dose D; kg, ki, ko, k3 and k,
are constants. The dose response of rose quartz could be better fitted by
a 4t degree polynomial function f(D), with R2 = 1.0 and residual sum
of squares of ~4,4 x 10~7, which the coefficients obtained were: k, =
(15.6 = 1.6) x103, k; = (225.8 = 3.1) x10* Gy 1, ky, = (-4.1 = 1.4)
X105 Gy-2, ks = (15.6 = 2.1) x105 Gy-3, k4 = (—6.0 * 1.0) x105 Gy~

To characterize the dose response as supra-, sub- or linear, the su-
perlinearity index, g(D), proposed by (Chen and McKeever, 1994), was
used and it is shown in Eq. (11):

DS (D)] an

s= [ S (D)

where D is the dose analyzed, S’'(D) and S’ ‘(D) is the first and second
derivative of a signal S(D), g(D) is the superlinearity index, g(D) > 1
indicates a superlinear behavior; <1, sublinear; and equal to 1, linear.

The advantage of using this relation is not only because it gives the
qualitative and quantitative feature of the dose response, but also be-
cause relation (11) can be applied to dose responses which the initial re-
gion is not linear, differently of the f(D) index (Chen and McKeever,
1994). Substituting Eq. (10) in Eq. (11), we get:

]
e

(]
s

B
e

Total TL signal (x10* counts)
? Z
i
3

£

4 5 & T
Dose (107 Gy)

wa o
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(2kyD + 6k3D? + 12k, D3)

(12)
(ky + 2k, D + 3k3D? + 4ky D3

gD) =

Using the parameters obtained in Eq. (10) in Eq. (12), we can plot
Fig. 5b, that shows the supra- sub- or linearity of dose response.

From Fig. 5b it is possible to observe a very mild sublinearity in the
range from 0.01 to 0.1 Gy, after that, a supralinear increasing behavior
is observed until a maximum (between 0.7 and 0.8 Gy). From 0.8 to
1 Gy there is a decrease of the supralinear behavior. Commensurate
with the information of Fig. 5b, is the red line plotted in Fig. 5a: it cor-
responds to a linear fit (R2 = 0.999) to the experimental points from
0.01 to 0.1 Gy.

3.4.2. Kinetic parameters from analytical methods

3.4.2.1. Main glow peak T,-Tg,, Fig. 6 shows the result of the main
glow peak analysis from T,,-Ty, method. The protocol used for the T,
Tytop method was as follows.

1. Irradiation of the sample with 1 Gy;

2. heating the sample at a constant rate (3 = 5 K/s) up to a Ty,
temperature;

3. Cooling down the sample to room temperature;

4. Acquisition of a full TL glow curve, from RT to 673 K (§ = 1 K/s),
and determination of the temperature, T,,, of the peak.

This sequence was repeated several times, increasing Ty, by 3 K
from 303 K up to 423 K, thus completing the whole TL curve.

In T,-Ty,, analysis three peaks can be observed, the peak 1 (main
glow peak at ~355 K) begins in 300 K and finishes at about 375 K. A
second glow peak at ~385 K and a third one at ~420 K. The peaks seen
in T,-Tgqp analysis are consistent with those seen in Fig. 4b. At higher
temperatures probably there are other peaks, nonetheless, all the low
intensity peaks were not further analyzed here.

The constancy of T, with the increase of T, is expected for a first-
order kinetics TL peak, while a shift toward higher temperatures char-
acterizes a non-first order kinetics TL peak (McKeever, 1985). Accord-
ingly, the main glow peak (with a red line that is the average tempera-
ture T,,) presents first-order kinetics. The other glow peaks were not
characterized in this work due to the low intensity in relation to the
main glow peak shown by Fig. 4a.

3.4.2.2. Peak shape method and initial rise results. Based on the Peak
Shape method, the value of 4 = 0.42 + 0.01 0.42 + 0.01 was obtained
for our samples (1 Gy dose and a heating rate of 1nullK/s). According to
literature (Chen, 1969a), ¢ == 0.42 indicates a first-order peak and u =

aas]
TS Ry [T
I
1.4-%:»:
3 |
Bonst
1.3",-_1_“_
(=] o
'E,'I.Z- |
B S T I
Coas [(wid " Op
1.14
1.0 s s Y = = == == == = = {b}
.01 ' 1

0.1
Dose (Gy)

Fig. 5. (a) Dose response for the range 0.01-1 Gy; the inset is the graph plotted in a log-log scale for better visualization of the nonlinearities, the dashed blue rep-
resents the linear response. (b) The g(D) calculated for the range studied; the inset is a polynomial fit used in the region of 0.01-0.1Gy.
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Fig. 6. T;,-Typ curve from rose quartz where TL main glow peak is identified.
The sample was previously irradiated with 1 Gy.

= 0.52 is attributed to a second-order peak. Accordingly, our analysis,
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3.4.3. Kinetic parameters from computational methods

3.4.3.1. TLanal. To determine the activation energy, kinetic order,
and frequency factor of rose quartz glow curve, the deconvolution us-
ing single peak was done by TLanal. For this, the glow curves of doses
from 0.01 to 1 Gy were obtained from heating from the room tempera-
ture up to 380 K. As shows Table 2, the average activation energy was
(0.87 = 0.01) eV, for frequency factor was obtained values that varies
between 3.89 x 1010 3.89 x 10!° and 2.92 x 10!! 2.92 x 10!! s~! and the
kinetic order was determined as 1.05 = 0.01.

3.4.3.2. TGCD. For comparison purposes, the TGCD software was used
to perform the deconvolution of the same TL curves data and determine
the parameters of activation energy, kinetic order and frequency factor.
In Table 3 the results are shown. The average of activation energy, fre-
quency factor and kinetic order were, respectively, E = (0.87 *= 0.01)
eV, s = (1.98 = 0.60) x 101 (1.98 + 0.60)x10'" s-1 and
b = 1.05 = 0.01.

3.4.3.3. TLDecoxcel. To deconvolve the TL curve using TLDecoxcel, it
is necessary to provide initial parameters of T, I, activation energy

Table 2
-TLanal results of energy (E), frequency factor (s) and kinetic order (b) for
different doses.

indicates a first kinetics order, corresponding to b = 1.0 (Chen, 1969b; Dose (Gy) b E (eV) s (sY) FOM
Sunta, 2015). Based on Egs. (2) and (3), the results obtained for the trap
activation energy for the main TL peak of rose quartz were E, = (0.86 0.01 1.08 0.83 3.89 x 1010 x10'0 5.91
+ 0.04) eV; Es = (0.85 = 0.07) eV and E, = (0.86 = 0.02 1.03 0.83 5.30 x 1010 x 1010 4.55
E. =086 = 0.04) eV; Ej 0.04 1.07 0.88 2.11x 101 x10!! 217
0.05) =(0.85 + 0.07) eV andE eV. 0.06 1.06 0.87 1.94 x 1011 x0!! 2.39
=(0.86 + 0.05) 0.08 1.06 0.88 2.21 x 1011 x10!! 1.99
For the Initial Rise method, the activation energy be determined us- 0.1 1.03 0.86 1.27 x 101 x10"! 211
ing the slope of the graph shown in Fig. 7, In () as a function of 1/kT for 0.2 1.06 0.88 2.63 x 10" x10'! 1.03
the initial rise of the TL glow peak recorded for rose quartz irradiated at 0.3 1.05 0.87 2.09 x 10! xj0!! 0.87
different doses (0.02-1.0 Gy). 0.4 1.06 0.88 2.75 x 1011 x10!! 1.04
The average for the activation energies obtained for the best fits for 0.5 1.05 0.88 2.30 x 1011 0! 0.88
the different doses was (0.82 + 0.03) eV, a value close to that obtained 0.6 1.06 0.88 2.51 x 1011 x1p!! 0.76
by the peak shape method. 0.7 1.05 0.88 2.46 x 101 x10!! 0.67
0.8 1.05 0.88 2.51 x 1011 xj0!! 0.60
0.9 1.05 0.88 2.61 x 1011 xqo!! 0.64
1 1.05 0.88 2.92 x 1011 wqo!! 0.71
1 Average 1.05 0.87 2.20 x 101 x10!!
® 0.02 Gy
¢ 0.04 Gy Table 3
10 4 4 0.06 Gy -TGCD results of energy (E), frequency factor (s) and kinetic order (b) for dif-
: g:: g; ferent doses.
4 0.20 Gy Dose (Gy) b E (eV) s(s™) FOM
9 » 0.30 Gy
= ® 0.40Gy 0.01 1.06 0.80 1.75 x 1010 50! 5.83
8 : g::g g; 0.02 1.04 0.83 5.24 x 1010 x10!0 4.56
E‘ ¢ 0.70 Gy 0.04 1.07 0.87 1.90 x 1011 x10!! 2.11
- + 0.80 Gy 0.06 1.05 0.86 1.40 x 101 xo'! 2.36
£ \ 222 g: 0.08 1.06 0.87 1.90 x 1011 x10!! 1.86
0.1 1.03 0.85 1.02 x 101! x10!! 2.07
0.2 1.06 0.88 2.60 x 101 x 10! 1.03
0.3 1.05 0.87 1.90 x 1011 x10!! 0.86
0.4 1.06 0.88 2.63 x 101 x10!! 1.01
0.5 1.04 0.87 1.98 x 1011 x10!! 0.85
5 T r r r T T r 0.6 1.05 0.88 2.30 x 101 x10!! 0.73
35.7 36.0 36.3 36.6 36.9 37.2 37.5 37.8 0.7 1.05 0.88 2.35 x 1011 xqo!! 0.65
1kT (eV)" 0.8 1.05 0.88 2.59 x 101 x 10! 0.58
0.9 1.04 0.88 2.33x 101 x10!! 0.61
Fig. 7. Initial rise method applied on TL glow curve of the rose quartz for vari- 1 1.04 0.88 2.36 x 10 x10'! 0.68

ous doses.

Average 1.05 0.87 1.98 x 10! x1q!!
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and kinetic order. These values are shown in Table 4 and it were esti-
mated from the results obtained in the TGCD for each glow curve
(dose range: 0.01-1 Gy). The average values of activation energy, fre-
quency factor and kinetic order were, respectively, (0.87 + 0.01) eV,
(1.99 = 0.61) x 10! 1.99 + 0.61)x10' s~! and 1.05 * 0.01.

3.4.3.4. Glowfit. The Glowfit software was used to deconvolute the
same glow curves present before. A set of initial parameters (I,,, and T},
was provided for the fitting. Only one peak was fitted for each glow
curve, resulting in the average values of activation energy and fre-
quency factor as, respectively, (0.85 + 0.01) eV and (9.21 *= 2.27) x
10119.21 + 2.27)x10' 571, as Table 5 shows.

The fitted glow curves obtained directly by the computational meth-
ods TLanal, TGCD, TLDecoxcel and GlowFit are illustrated in Fig. 8 a, b,
c and d, respectively, for a beta irradiation dose of 1 Gy.

3.4.4. Kinetic parameters results

Table 6 shows E values estimated by different methods with very
close values resulting in an average of (0.85 + 0.02) eV. The frequency
factor (s) was estimated using the four computational methods and are

Table 4
-TLDecoxcel results of energy (E), frequency factor (s) and kinetic order (b)
for different doses.

Dose (Gy) b E (eV) s(s™) FOM
0.01 1.06 0.80 1.84 x 1010 x10'° 5.83
0.02 1.04 0.83 5.43 x 1010 1010 4.57
0.04 1.07 0.87 1.92 x 10 k0! 2.11
0.06 1.05 0.86 1.38 x 1011 x10!! 2.37
0.08 1.06 0.87 1.91 x 1011 0!t 1.86
0.1 1.02 0.85 9.43 x 101 x10!! 2.07
0.2 1.06 0.88 2.64 x 1011 x10!! 1.03
0.3 1.05 0.87 1.92 x 10 k0! 0.86
0.4 1.06 0.88 2.65 x 1011 x1o!! 1.02
0.5 1.04 0.87 1.99 x 1011 0!t 0.85
0.6 1.05 0.88 2.33 x 101 %!t 0.74
0.7 1.05 0.88 2.39 x 1011 x10!! 0.65
0.8 1.05 0.88 2.53 x 1011 x1o!! 0.58
0.9 1.04 0.88 2.36 x 1011 x]0!! 0.61
1 1.04 0.88 2.38 x 1011 xo!! 0.68
Average 1.05 0.87 1.99x 10 11,99 x 10!

Table 5

—-Glowfit results of energy (E), frequency factor (s) and kinetic order (b) for
different doses.

Dose (Gy) b E (eV) s (s FOM
0.01 1 079 1.24 x 1011 » 10! 5.83
0.02 1 082 3.58 x 1011 x1p!! 4.50
0.04 1 0.84 7.17 x 1011 x 10! 2.33
0.06 1 0.84 7.04 x 10! x1o!! 2.49
0.08 1 085 8.13 x 10 xq'! 2.16
0.1 1 085 7.53 x 1011 x1o!! 2.10
0.2 1 085 9.42 x 1011 x1o!! 1.47
0.3 1 0.85 9.17 x 1011 x10!! 1.17
0.4 1 0.85 1.05 x 102 102 1.47
0.5 1 085 9.97 x 1011 x10!! 1.21
0.6 1 085 1.02 x 1012 x 012 1.19
0.7 1 085 1.06 x 1012 x 012 1.12
0.8 1 0.86 1.13 x 1012 x10!2 1.06
0.9 1 0.86 1.18 x 102 102 1.01
1 1 086 1.26 x 102 %012 1.10
Average 1 0.85 9.21 x 1011 xjo!!
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included in Table 6. All the software packages achieved an excellent fit-
ting to the experimental data (FOM <2.5%). The average value of s
can be estimated approximately in the range of 1.98 x 101 1 98 x 10!
s71t09.21 x 101921 x 10!! s1, being TGCD the method that resulted in
the lowest value. According to literature (Dawam and Chithambo,
2018), values of s have been reported with orders of magnitude from
1012 and 103 s~ for first-order glow peak situated in 343 K for the
unannealed synthetic quartz.

In addition, the kinetic order (b) was estimated using each of the
methods already described. The TL main glow peak of rose quartz fol-
lows the first-order kinetic (b = 1).

In summary, the kinetic parameters to characterize the main TL
glow peak of rose quartz were determined, and they can be used to eval-
uate or predict features as the TL signal fading. The use deconvolution
methods, requires the implementation analytical techniques to estimate
the initial parameters necessary to the deconvolution, such as the num-
ber of TL glow peaks that compose the total TL curve and the peak tem-
peratures. In addition, the determination of kinetic parameters by dif-
ferent methods provides an increase in the reliability of the obtained re-
sults. In our case, as there was no large variation in the parameters ob-
tained, it can be concluded that their values were independent of the
method used to obtain them.

3.5. Reproducibility and repeatability

An important desirable property in thermoluminescence materials
dosimetry is the signal reproducibility and repeatability. To verify if a
material is reproducible and repeatable the coefficient of variation
(C.V. = standard deviation/average) is used. In this study C. V. was
calculated for repetitions with 10 samples or 10 readouts of the same
sample. The results are presented in Fig. 9, giving rise to a C.V. of 1.3%
for reproducibility and 1.8% for repeatability. It is expected that repro-
ducible/repeatable TL system demonstrates a C.V. smaller than 5%
(Furetta, 2003).

3.6. Fading and lifetime

Other important characteristic of a material is the capability of
keeping the signal during storage time. A way to understand how the
spontaneous escape of trapped electrons work in a material is to per-
form a fading test, that is, the sample is irradiated with a different de-
lays before the TL measurement.

Using the intensity values normalized by the corresponding value
obtained immediately after a 1 Gy irradiation, the reduction of the TL
signal (fading) of the sample was investigated for different storage
times. The results are presented in Fig. 10 where it is show for 1h delay,
the sample showed an almost total loss of signal, remaining only ~12%.
The deconvolution of the glow curves related to this fading experiment
were done using TGCD package to verify if there were changes in the ki-
netic parameters. The results are presented in Table 7.

The results for E varied between 0.89 and 0.96 eV, while for the val-
ues of b we obtained between 1.04 and 1.09, i.e., first order kinetics.
The highest calculated activation energy was obtained for the
3600nulls (1h) storage time, in which the main TL peak fades ~90% of
its total signal. Possibly, the variation in activation energy for longer
storage times is due to the influence of the second TL peak, making it
necessary to include a second peak in the deconvolution.

Based in the activation energy (E) and the frequency factor (s)
through the different methods, it is possible to the estimate the lifetime
(r) of a TL peak (Eq. (13)) when kept at a fixed temperature
(T = 295 K). The calculated lifetime can be compared to fading test to
verify if the mathematical approach is right.

r=g5" exp(%) (13)
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Fig. 8. Deconvolution applied to the glow curve of the sample irradiated with 1 Gy of beta radiation by (a) TLanal, (b) TGCD, (c) TLDecoxcel, and (d) Glowfit.
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Table 6
- Peak Shape and computational methods results of energy (E), frequency fac-
tor (s) and kinetic order (b).

Methods E (eV) s (x1011s-1) b
Chen's © 0.86 = 0.04 - 12
Chen's & 0.85 = 0.05 - -
Chen's 0.86 + 0.07 - -
Initial Rise 0.82 + 0.02 - -
TLanal 0.87 = 0.01 2.20 1.05 + 0.01
TGCD 0.87 = 0.01 1.98 1.05 + 0.01
TLDecoxcel 0.87 = 0.01 1.99 1.05 = 0.01
GlowFit 0.85 = 0.01 9.21 1>

a Determined by the geometric factor (p).
b GlowFit analysis software is based on the first-order kinetics mode.

It was considered the average of all methods used in this work,
s=1.67x10"s", E=0.87¢V and T =295 K, to calculate the lifetime
(7). It resulted approximately ~1 hour, agreeing with fading results.

4, Conclusion

In the present paper, a rose quartz sample from Minas Gerais
(Brazil) and its thermoluminescence properties were analyzed. In the
XRD results it was verified that the sample consists of a a-quartz crys-
talline phase. The chemical characterization confirmed a 99.1% of Sil-
ica (SiO,) content by XRF, and trace elements such as Al, Ca and Fe by
ICP-OES. TL analyses showed that the sample presents an intense glow

peak in ~355 K, at a heating rate of 1nullK/s. The TL dose response
showed a weak sublinear behavior in the dose range from 0.01 to 0.1
Gy and, after that, a supralinear tendency. The kinetic parameters ob-
tained using many software analyses. The computational results
demonstrated the quartz TL peak is first-order kinetics (b = 1), with ac-
tivation energy (E) of ~0.86 eV and frequency factor (s) of ~ 3.62 x 1011
3.62 x 10!15~1. The sample signal proved to be repeatable for a same
sample with a C.V. of ~1.80% and for reproducible, with a C.V. of
~1.30% with 10 samples. Finally, the sample showed a fast fading, re-
maining 12% of the total signal with a lifetime of approximately 1 hour,
that was confirmed with a lifetime calculation with the parameters E
and s.

The use of natural materials as detection and measurement of ioniz-
ing radiation has the advantage of availability and low manufacturing
cost compared to synthetic materials. With this work we expect to have
contributed with useful information regarding the use of rose quartz lu-
minescence properties for dosimetry purposes.
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Table 7
~TGCD results of energy (E) and kinetic order (b) for different storage times.
Storage time (s) E (eV) b
0 0.90 1.04
5 0.89 1.04
15 0.89 1.04
30 0.90 1.04
60 0.90 1.05
600 0.90 1.06
1800 0.91 1.09
3600 0.96 1.09
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