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ARTICLE INFO ABSTRACT

Keywords: Carbon and magnesium co-doped aluminum oxide (Al;03:C,Mg) is a highly sensitive luminescence dosimeter
Al;05:C,Mg with promising use in a wide spectrum of radiation-related applications, including neutron dosimetry and as a
Thermoluminescence

fluorescent nuclear track detector (FNTD). The goal of this work is to critically evaluate diverse methods and
approaches for the determination of the kinetic parameters using Al;03:C, Mg as a case study. Al;03:C, Mg was
beta irradiated with doses from 0.1 to 0.6 Gy. Besides thermoluminescence (TL) peaks at 325, 350, and 375 K,
the analysis of the activation energy, frequency factor and order of kinetics focused exclusively on the main TL
peak at 450 K. Analysis by curve fittings used a number of freeware, namely, Glowfit, TLAnal, the Thermolu-
minescence Glow Curve Deconvolution (TGCD) package, and the spreadsheet TLDecoxcel. The results from the
computational approaches were compared with results obtained by analyzing experimental data using con-
ventional methods as initial-rise, whole glow peak, variable heating rate and peak shape. The performance of the
computational methods is satisfactory as the values found are consistent with the ones determined by the

Radiation dosimetry
Computational analysis

methods listed above.

1. Introduction

Al;03:C, Mg is a high sensitivity luminescent material [1-3]. Recent
studies point to its use as a potential dosimeter of beta particle [3],
neutrons [4], protons and other charged particles [5], X-rays [6],
gamma rays [7], as well as ultraviolet radiation [8,9].

The synthesis of Al,03:C, Mg crystals by the Czochralski method in a
highly reducing atmosphere promotes the formation of oxygen va-
cancies [10,11]. Additionally, the presence of C and doping by Mg fa-
cilitates the formation of oxygen vacancies that become F-type centers
when filled by electrons [12]. Aggregated and perturbed F-type centers
(FT(Mg), F>*(Mg), F2*(Mg), FH(2 Mg), F>*(2 Mg), F2>7(2 Mg)) also
occur. The increase in the concentration of F and F' centers, as well as
the formation of F-aggregate centers, enhances the luminescence
response [5] positively affecting the material as a sensor for ionizing
radiation.

Thermoluminescence (TL) has a long history of successful applica-
tions, particularly in personal dosimetry [13]. TL appears in irradiated
semiconductors and insulators upon heating, and suitable dosimeters

are the ones whose TL intensity is proportional to the absorbed radiation
dose [14]. The heating acts as a stimulus to free trapped electrons and
the TL signal is generated upon the recombination of the free electron
with a hole at the luminescence (recombination) center. Electrons
trapped at different traps will be released at different temperatures
corresponding to peaks in the TL temperature-resolved curve known as
glow curve [14,15].

The TL glow curve shows one or more peaks, each corresponding to
the emptying of trapped electrons from a type of trap [15,16]. From the
analysis of these peaks, it is possible to obtain the kinetic parameters
related to the TL mechanism in the material [17]. These parameters
include the activation energy (E) associated with the trap, the frequency
factor (s) associated with the vibration frequency of the crystalline
structure, and the kinetic order (b) of the glow peak [18].

The most used methods for the analysis of the TL kinetic parameters
are the peak shape, initial rise, whole glow peak, and variable heating
rate [15,17,19]. In addition to that, since the 1980s, several methods of
computational TL fitting have been developed to help in the processing
of data. Many of the software contributions to glow curve deconvolution
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came from the GLOCANIN (Glow Curve Analysis Intercomparison)
project [20]. Ever since, several freeware for the deconvolution of glow
curves have been developed taking advantage of different TL models
[20-25]. Among the different functions and programs developed,
Glowfit, TLAnal and Thermoluminescence Glow Curve Deconvolution
(TGCD) are frequently used [17,24,26,27]. In addition, the TLDecoxcel
spreadsheet is a newly developed interface that is also available as open
source [28].

Although Al;03:C, Mg is a promising material that has been widely
investigated since the early 2000’s, only limited effort to characterize its
response by means of dedicated computational methods for the analysis
of TL kinetics has been carried out. In view of this, the main goal of this
work is to determine the kinetic parameters of the main TL glow peak of
Al,03:C, Mg using computational methods and critically evaluate them
against results obtained by conventional methods. In this regard, well-
established methods have been used to determine the kinetic parame-
ters of Aly03:C, Mg in Refs. [8,29], as well as in this work.

2. Materials and methods
2.1. Sample and TL readout

A single crystal sample of Al,03:C, Mg (Landauer Crystal Growth
Division, USA) produced by the Czochralski method [12] was used. The
sample was cut in the shape of a rectangular parallelepiped of di-
mensions 8 x 1.6 x 0.5 mm® with one polished side, and mass of 48 mg.

The material was exposed to beta radiation from a®°Sr/°°Y source
(10 mGy/s) at room temperature, with total dose ranging from 0.1 to
0.6 Gy. Irradiation and TL measurements were executed with a TL/OSL
Risg DA-20 reader. Luminescence was detected through a detection filter
Hoya U-340 (thickness of 7.5 mm; transmission window within
290-370 nm) and a 5 mm diameter light collimator placed in front of a
Hamamatsu H7421-40 photomultiplier tube. After each irradiation
exposure, the material was heated (0.2-5 K/s, with 1 K/s being the
standard heating rate unless noted otherwise) from 273 K to 573 K, and
after each readout, a second TL (5 K/s) reading was performed to obtain
the background signal. All measurements were carried out in nitrogen
atmosphere to prevent spurious signals.

2.2. Kinetic parameters

The TL phenomenon can be described in terms of the rate of electrons
being released from trapping centers. In the theoretical model developed
by Randall and Wilkins [30], the escape probability rate of an electron
from a trap (p) is given by the following expression:

E
p=s exp(_ﬁ) )
with,
S=VK exp (%) 2

where E (eV) is the activation energy or trap depth, k is Boltzmann’s
constant (k = 8.617 x 10> eV/K), T is the absolute temperature (K), and
s is the frequency factor (s™1). The factor s corresponds to the frequency
that the trapped electron interacts with the structure of the crystal ()
multiplied by the probabilities of transition (x) and by a term that as-
sociates the variation of entropy (4S) and Boltzmann’s constant to the
transition of electrons from traps to the conduction band [31], as indi-
cated in eq. (2). In principle, the frequency factor denotes the number of
times per second that a trapped electron attempts to detach from its
binding potential [32].

In the simplest case, when the probability of electrons being re-
trapped after release from a trap is very small when compared to the
probability of recombining at the recombination centers, the TL
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mechanism is referred to as first-order kinetics. On the other hand, it is
considered second-order kinetics when the probability of electrons
being re-trapped is equal to or larger than the probability of electrons
recombining in recombination centers [14].

The TL intensity I as a function of the temperature T for glow peaks
that follow first-order kinetics is given by eq. (3):

T
I(T)=ngs exp (7]%) exp| — % /exp <7k£T> dr 3
T

where nyp is the initial concentration of trapped charges at Ty corre-
sponding to the irradiation temperature and f is the heating rate. In the
case of second-order kinetics, considering a linear heating rate and a
concentration of electron traps N, TL intensity can be obtained according
to eq. (4) [33]:

r -2
s E n s E
I(T):nﬁﬁexp(fﬁ> 1+ /EeXP<*ﬁ)dT @
To

TL intensity for a general order kinetics b, where b is the order of the
kinetics mechanism, is given by (eq. (5) [15]):

T
E b—1)nt™! E
I(T):%no("mexp(fk—T) 1+ <7( N)n(’ )/%exp<fk—T>dT
Ty
)

To determine the kinetic parameters of Al,03:C, Mg exposed to beta
radiation, different methods presented in the literature were used.
Methods based on software packages to be discussed will be referred to
as computational methods whereas established methods from the liter-
ature will be called conventional methods.

b/(b—1)

2.3. Glow curve computational methods

2.3.1. GlowfFit

Introduced in 2003 [34], the GlowFit program performs fitting of TL
curves based on the first-order kinetics model, considering the TL curve
described according to eq. (6):

1(T)=1 E_E E[(EN._T (E E\ (E
M=lwer\ =37 ) PV | “\ay ) 7,97 iz, i) \ar
(6)

where Ij; and Ty are the maximum intensity and its associated tem-
perature of the TL peak, and a(x) is a function with constants values
generated by the program. It is described according to eq. (7):

ay + ayx + ax® + azx® + x*
bo + b])C + bz.xz + b3x3 +)c4

a(x)=1 )
The fittings are executed according to the Levenberg-Marquardt al-
gorithm [35].

2.3.2. TLAnal

The best fit procedure with the TLAnal program is based on the
general kinetics order model [36,37]. This is referred to as the General
Approximation (GA) model and its main assumptions are that the free
carrier concentration in the conduction band and its rate of change are
much smaller than the trapped carrier concentration and its rate of
change respectively. In the fitting, two minimization methods are used,
the Hessian and the simplex methods, towards the optimizing of
computing time [38].

2.3.3. TGCD
The TGCD package is based on the functions developed by Kitis and
collaborators [39,40]. Based on the investigation of the three functions
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present in the package, the adjustments that best fit the data set corre-
spond to the glow curve intensity described by g; algorithm used in the
package, presented in eq. (8).

b

2kT\ T?

,(T):,Mbh/bfl,,{(b— 1)(1 _7) ﬁwzm} ®)

where v = exp (k—ET —T;;M), Zy =14 ZTubl)
The value of s is determined based on eq. (9) [39].

CPE 1 E
=kt 2y P\, ©

The package also uses the Levenberg-Marquardt algorithm for best
fitting.

2.3.4. TLDecoxcel

The TLDecoxcel algorithm is designed for use in Microsoft Excel
application spreadsheets [28]. The program performs glow curve fitting
assuming a general order kinetics that is described by the equations
proposed for the OTOR (‘one trap, one recombination center’) model
[39]. In practice, the values of the kinetic parameters are determined
based on estimates of the free parameters maximum intensity and
temperature of the glow peak, kinetic order and activation energy pro-
posed by the user considering the figure of merit (FOM) value. Various
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Fig. 2. Analysis of experimental results using the methods of (a) initial rise for doses from 0.1 to 0.6 Gy, (b) variable heating rate for heating rates from 0.2 to 5 K/s
and a dose of 0.1 Gy, (c) whole glow peak for dose of 0.6 Gy with kinetic order testing from 0.8 to 1.2, and (d) peak shape for dose of 0.6 Gy, where T; and T are the
temperatures associated to the glow-peak semi-widths at half of the maximum intensity.
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Fig. 3. Fitted curves of the main TL peak of Al,03:C, Mg irradiated with 0.6 Gy of beta radiation by (a) GlowFit, (b) TLAnal, (c) TGCD, and (d) TLDecoxcel. In (b), the
red line corresponds to the temporal evolution of the temperature. In (c) the residues are shown at the bottom.

interactions may be needed to obtain acceptable FOM values. With the
use of the “Solver” add-on [41], the process is facilitated and the kinetic
parameters are determined based on the nonlinear Generalized Reduced
Gradient (GRG) algorithm [42,43].

3. Results and discussion

The TL glow curves obtained from Al,03:C, Mg previously exposed to
beta radiation for different irradiation doses from 0.1 to 0.6 Gy are
presented in Fig. 1. These glow curves serve to illustrate the well-known
response of this material to radiation. The glow curves are dominated by
emission near 450 K (the main TL peak), in addition to other low in-
tensity (about two orders of magnitude lower) peaks at lower temper-
atures (~325 K, ~350 K and ~375 K). In this work, as mentioned
earlier, we focused on the main TL peak that is responsible for the
dosimetric functionality of the material. RL measurements of Al,03:C,
Mg shows that the emission of main TL peak is resultant of emissions
from several F-type centers at 325 nm (F'), 415 nm (F), 520 nm (F2>*(2
Mg)) and 750 nm (F** (2 Mg)) [44,45]. It was also possible to observe in
Fig. 1 alinear increase of the intensity of the main TL glow peak with the
increase of the radiation dose, giving rise to the already known linear
dose response of this material [8]. Furthermore, no shift of the main TL
peak was observed with increasing radiation dose demonstrating the
first order kinetics of its TL mechanism.

The TL kinetic parameters of Al;03:C, Mg exposed to beta radiation
were obtained with the initial rise, variable heating rate, whole glow
peak and peak shape methods. Representative plots related to these
methods are presented in Fig. 2 a, b, ¢ and d, respectively. In addition,
the fitted glow curves obtained directly by the computational methods
GlowFit, TLAnal, TGCD and TLDecoxcel, are illustrated in Fig. 3 a, b, ¢

and d, respectively, for a beta irradiation dose of 0.6 Gy.

In this work, the kinetic parameters E, s and b of the main glow peak
were obtained for each and all irradiation doses using all computational
methods previously discussed. For each method, the average of each
kinetic parameter taken over all irradiation doses is presented in
Table 1. Also, the FOM for all fittings was evaluated by the respective
programs according to eq. (10) [34,39]:

FOM[%)] = w % 100% (10)

where y; are experimental values, and y(x;) the corresponding fitted
values. In order to compare the quality of the computational fittings, the
fitting result with the best (smallest) FOM was selected for presentation
in Table 1.

The analysis of the results focused first on the value of the activation
energy E, according to the conventional and computational methods, as
summarized in Table 1, followed by the analysis of the frequency factor
s. The comparison of the conventional results of E between this work and
the literature showed the values of E to be within the 1.23-1.37 eV range
(AE = 0.14 eV). The IR and the VHR methods had the highest discrep-
ancy, 0.12 eV and 0.08 eV, respectively, with the results obtained in this
work being systematically lower than those from Ref. [29]. These dis-
crepancies, of about 0.1 eV, were beyond the expected uncertainties
though below 10% of the E values. The global average of all conven-
tional results, including this work and [29], yielded the value E = 1.33
eV with a standard deviation of 0.05 eV. This value was used as a
reference for the analysis of the computational results.

All computational methods achieved excellent FOM values, with
GlowkFit being slightly higher than the other methods. The computational
E values were within the much narrower 1.36-1.411 eV range (AE =
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Table 1
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Kinetic parameters of the main TL glow peak (T, ~ 450K) of Al,05:C, Mg exposed to beta radiation from 0.1 to 0.6 Gy obtained in this work by different methods, in
addition to the values extracted from the literature that are presented in the last three columns.

Methods This work Literature

E (eV) sGsTH b Best FOM (%) E (eV) sGs™H b
IR 1.24 + 0.02 - - - 1.36 + 0.01 [29] - -
VHR 1.23 4+ 0.03 (2.2 +1.9) x 10'? 1 - 1.31 + 0.02 [29] (1.18 x 10') [29] -
WGP 1.36 + 0.01 (8.4 +3.3) x 10%® 1 - 1.37 + 0.01 [29] (7.72 x 10'%) [29] 1 [29]
Peak shape (1) 1.36 + 0.01 - 1 - 1.36 + 0.13 [29] - 1 [29]
Peak shape (5) 1.30 + 0.01 - 1.35 + 0.24 [29] -
Peak shape (®) 1.35 £ 0.01 - 1.37 £0.12 [29] -
Glowfit 1.38 + 0.01 (1.63 £ 0.03) x 10** 1 1.22 1.37 + 0.01 [8] - 18]
TLAnal 1.411 + 0.003 (3.5 +0.3) x 10 1 0.73 - - -
TGCD 1.411 + 0.001 (3.51 + 0.09) x 10" 1 0.72 1.36 + 0.01 [29] - -
TLDecoxcel 1.39 + 0.01 - 1 0.73 - - -

0.051 eV, nearly 3x narrower than the conventional range), with the
TGCD method yielding the largest discrepancy of 0.051 eV. This
discrepancy was, nevertheless, less than 4% of the average E value. The
TLAnal and TGCD methods yielded the largest difference in relation to
the average E value, 0.081 eV, that was about 6% of the average E value.
Interestingly, all computational methods yielded values (in most cases
slightly) higher than the average conventional E value. However, taking
into consideration the respective uncertainties, Glowfit and TLDecoxcel
methods yielded values within the standard deviation of the average E
value, while TLAnal and TGCD methods values did not. The average of
all computational results, including this work [8,29], yielded the value
E =1.39 eV with a standard deviation of 0.02 eV. We also conclude that
the computational E was 4.5% higher than the conventional E, however,
it is noted that they agree within their standard deviations. The global
average energy value of all conventional and computational results was
1.35 eV with a standard deviation of 0.05 eV.

The analysis of s obtained from conventional results, both in this
work and in Ref. [29], showed a very large discrepancy, from 0.0217 x
10 57! to 7.72 x 10'* 571, that is of about 3 orders of magnitude. On
the other hand, the s values obtained from computational methods
yielded a much narrower range, within 1.63 x 10'*s7! to 3.51 x 10'*
s1. These values are in reasonable agreement with the ones obtained
from conventional results as reported in Ref. [29]. Based on an average
value of the frequency factor obtained from the computational methods
(2.57 x 10'*s™H and global average energy value (E = 1.35 eV), as well
as assuming first-order kinetics and a room storage temperature (295K),
the lifetime (1) can be estimated by eq. (11) [31]:

ot E
T=s5"exp (kT) an

which gives approximately ~ 20.5 years, that is, a fairly stable TL glow
peak.

4. Conclusions

An investigation of the kinetic parameters of the main TL glow peak
of Al;03:C, Mg exposed to beta radiation was carried out using different
conventional methods such as initial rise, whole glow peak, variable
heating rate and peak shape. In addition to that, the computational
method using programs such as GlowFit, TLAnal, TGCD, and TLDecoxcel
was also used. Overall, the results for E were found from 1.23 eV to 1.37
eV, while the average of all conventional results yielded E = 1.33 + 0.05
eV and the average of all computational results yielded E = 1.39 £+ 0.02
eV. The E values obtained by computational methods tended to be
slightly higher than the ones obtained by conventional methods, though
they agree within their standard deviations. The global average energy
value of all conventional and computational results was 1.35 + 0.05 eV.
In terms of s, a large discrepancy spanning several orders of magnitude
was found. The results obtained by computational methods were in a
much narrower range than those obtained by conventional methods.
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