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Abstract

Thermoluminescence (TL) properties of synthesized CasLaO(BO3)s exposed to beta radiation
were analyzed and TL kinetic parameters of activation energy E (eV), the frequency factor s
(s1), and order of kinetics b were determined in this study. TL glow curve recorded in 25-500
°C range presented two TL maxima around 70 and 200 °C and therefore, thermal cleaning was
utilized for the further investigations on a single TL maximum. To investigate dosimetric
characterizations of CasLaO(BOs)s, additive dose and various heating rates, reusability, and
storage time measurements were performed. CasLaO(BO3)s has a linear dose range between
10 to 100 Gy with a heating rate of 2 °C/s. An anomalous case of heating rate behavior was
attained for the TL measurements carried out using variable heating rates between 0.1 and 10
°C/s which was considered through the semi-localized transition model. Reusability and
storage time measurements indicated the results within the 5% standard deviation. The kinetic
parameters were estimated by the initial rise (IR) and glow curve deconvolution (GCD)
methods. Continuously distributed trapping levels were identified by Tm—Tswp With E ranging
from 1.25 to 1.45 eV. GCD identified that the glow curve expressed general order kinetics and
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consist of three overlapping traps.

1. Introduction

The thermoluminescence (TL) process includes the
excitation of electrons into the conduction band from
the valance band due to an exposure by a radiation
source and pursued by their capture by electron traps
connected with defects or impurities in the crystal
lattice. During the TL readout procedure, the trapped
electrons are released by the heating usually through
the conduction band and may execute radiative
recombination with hole centers in the sample.
Produced luminescence is detected as a function of the
temperature [1]. TL method is widely used in various
fields such as radiation and retrospective dosimetry for
personal and environmental monitoring [2]. In general,
TL is preferred in the field of radiation dosimetry and
dosimetric properties such as reusability, linear dose
response, negligible fading, heating rate behavior, i.e.
are of great importance. Moreover, various models
have been suggested to investigate the Kkinetic
parameters of the traps within the phosphor. The single
trap model, localized transition models, and semi-
localized transition (SLT) model are the principally
employed theoretical models of TL [3]. Mandowski

who developed the SLT model reported that the
spatially related structure of traps and recombination
centers are responsible for various anomalous TL
phenomena in his further investigations [4-6]. The
displacement peaks, the origination of very high
frequency factors (s) connected with the cascade de-
trapping mechanism, and the anomalous statement of
the heating rate are argued by the SLT model [7].
Besides, the important points to understand the
dosimetric characteristics of TL materials are the trap
parameters of glow peaks providing main information
on the TL emission mechanisms [8]. Since TL can
provide information on the traps representing the
recombination centers of a TL glow curve by the trap
parameters of activation energy E, frequency factor s,
and order of kinetics b.

Borate compounds have a great interest owing to their
good thermal and chemical stability, low cost,
convenient storage stability after the irradiation, high
sensitivity, comparatively easy preparation, and the
use of light-emitting diode lightening applications [9].
Detailed luminescence properties of various borate
compounds have been studied for a long time. [9-13].

*Corresponding author. e-mail address: gportakal@cu.edu.tr
http://dergipark.gov.tr/csj

©2021 Faculty of Science, Sivas Cumhuriyet University


https://orcid.org/0000-0002-3827-423X

Portakal Uear / Cumhuriyet Sci. J., 42(3) (2021) 702-714

In addition to these investigations, TL studies are of
great importance to evaluate the dosimetric
characteristics and Kkinetic parameters of borate
compounds. Especially, Li,B4O7 is one of the most
preferred borate phosphors by reason of its low
effective atomic number (Zer = 7.3) to be used in
radiation  dosimetry  [10-12]. However, the
development of fresh phosphor materials for radiation
detection is one of the primary works in TL dosimetry
research. Recently, Ca;LaO(BQOs)s; (CLBO) phosphor
has been searched in terms of its luminescence
properties [14-16] and it is stated that CLBO has color-
tunable luminescence after doping with rare-earth ions.
In addition to these few luminescence studies, CLBO
was investigated in terms of its other properties as well.
Adams et al. stated the nonlinear optical characteristics
of CLBO crystal [17]. Moreover, optical and thermal
properties [18] electronic structure [19], magnetic
properties [20], growth and spectroscopic properties
[21-22], and detailed crystal structure [23] of CLBO
were reported. Yet, the previous investigations about
CLBO phosphor do not contain a TL study. This
feature is the motivation for this work using TL.

The present work reports the TL characterization of
beta-irradiated CasLaO(BOs3); prepared by a solid state
method. First, the most suitable filter was selected by
testing the available filter combinations in the TL
reader and all measurements were utilized using the
chosen filter. Second, preheating was applied to
eliminate the unstable low-temperature TL peak(s) of
CLBO phosphor. Dosimetric tests such as dose
response, heating rate behaviors, storage time (short
time fading), and reusability of CLBO exposed to beta
radiation were evaluated after preheating. In addition,
TL trapping parameters of a TL peak maximum were
conducted using the initial rise (IR) method. The
possible locations of the overlapping TL peaks were
determined by Twm-Tswp analysis and the trapping
parameters of each deconvolved peak were found by
the glow curve deconvolution (GCD) method.

2. Experimental Details

2.1. Synthesis and XRD Analysis of Ca:LaO(BOs3)3
Phosphor

High-purity starting materials as CaCOs; (99.99%,
Merck), La,0Os; (99.9%, Alfa Aesar), and Hs;BO;
(99.9%, Merck) were used to synthesize
Ca;LaO(B0O3)s; phosphor by standard solid state
reaction method. The oxide mixtures (weights on the
strength of the stoichiometric ratio of the mixture
according to the correct formula below) were ground
in an agate mortar and mixed thoroughly.

4 CaCOs + 1/2 La,0O3 + 3 H3BO3 — CasLaO(BO3)s +
9/2 H,O + 4 CO,

The powder composition was transferred into a
crucible and firstly heated at 900 °C in the air for 1 h
to affect the decomposition of the boric acid. The
powder sample was immediately cooled, reground, and
reheated to 1200 °C for several hours (up to 6 h).
Finally, the synthesized phosphor was cooled to room
temperature (RT) to be used in further investigations.
A small amount of the synthesized mixture was
reserved for X-ray diffraction (XRD) analysis. The
phase composition and crystallinity of synthesized
Ca:LaO(BO3)s phosphor were identified by XRD
using Rigaku Miniflex 600 at scanning steps of 0.1° in
the range 10 <26 (°) < 80 with Cu Ka (40 kV, 15 mA,
2=0.15405 nm) radiation.

2.2. Thermoluminescence (TL) Measurements

Lexsyg Smart TL/OSL reader having a %Sr/°°Y beta
source with 0.10 Gy/s dose rate was used for all the TL
measurements. Powder sample weighed as 30 mg was
pressed to form the required pellet (diameter and
thickness of 6 and 0.75 mm) by being held under a
pressure of 2 ton-force/cm? for 10 minutes. A single
aliquot (in 29.8 mg weight) in pellet form was
employed in TL characterization and kinetic parameter
calculation studies. TL glow curves were achieved
from RT to 500 °C with a linear heating rate of 2
°C/s (apart from the heating rate analysis).Filter
test of CLBO sample irradiated by 10 Gy beta dose was
operated using the various filter combinations in the
TL reader. Preheating was applied to eliminate the low
temperature peak(s) by using the preheat (PH) plateau
test to determine both PH temperature and duration.
The preheated CLBO sample was exposed to beta
irradiation at additive dose between 0.1 and 150 Gy for
dose response evaluation. For investigations related to
the impact of heating rate, the pellet sample was
irradiated by 10 Gy beta dose and measured at variable
heating rates (0.1-10 °C/s). Measurements conducted
in an N2 environment were made using the net TL
intensity by subtracting the background from the first
readout.

2.3. Kinetic analysis of TL glow curves

The kinetic analysis and the trap parameters of the
CLBO phosphor were investigated from the obtained
TL glow curve data by the Tm-Tswop, initial rise (IR), and
glow curve deconvolution (GCD) methods.
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231 TM'Tstop methOd

One method to separate the overlapping TL peaks is
based on preheating up to a stopping temperature (Tstop)
before determining the TL glow curve. For this
purpose, an irradiated phosphor is heated at a linear
heating rate to Tsop related to a location on the low
temperature tail of the first glow peak. Then, the
sample rapidly cooled to RT is then reheated at the
same heating rate to obtain the remaining TL glow
curve, and the position of the first maximum
temperature (Tw) is recorded. The process is repeated
for newly irradiated sample using various Tswop Which
are increased by a small increment (i.e. between 2 and
5 °C). This method is generally used to estimate the
numbers and possible locations of overlapped TL
peaks and the so-called Twm-Tswp method. In general,
Twm—Tstop plot represents two different manners as
“staircase” structure or “continuous line” with a slope
of 1.0 [24].

2.3.2. Initial rise (IR) method

This method defines that the initial part of the TL glow
curves up to 15 % of its peak maximum (lv) is an
exponential function of the temperature and is reported
to be pertinent in all the order of kinetics [25]. Thus, a
plot of In(l) versus 1/T produces a smooth line with a
slope of —E/k from which the activation energy E is
determined where | is the TL intensity and k is the
Boltzmann’s constant. Once E is found, the frequency
factor s is thereafter computed using the intercept of
the line equal to In(s/B). Here P presents the heating
rate in a unit of K. In the framework, the IR method
was employed to three different glow curves obtained
using additive dose, various heating rates, and Ty—Tstop
measurements.

2.3.3. Glow curve deconvolution (GCD) method

GCD method is used to decompose the TL glow curve
and achieve the kinetic parameters of the material. This
method is applied in this study to determine the number
of TL peaks in the glow curve and to extract the trap
parameters E, s, and b. Figure of merit (FOM) defines
the best GCD fitting of theoretical and experimental
glow curve and FOM function is calculated using Eq.

().
FOM =3"(TL,, ~TL;, )/ 3 TL[x100 (1)

TLexp defines the measured intensity at variable T in
experimental data while TLs: represents the best-fitted
values of the intensity by the GCD method. FOM value
states the goodness of fit and the values less than 2.5
% refer to a good fit [26]. The TL glow curve of CLBO

phosphor was decomposed by the tgcd: an R package
[27] software.

3. Results and Discussion

3.1. Structural properties

The crystalline structure of CLBO phosphor was
investigated by XRD. As presented in Fig.1, the
observed reflection peaks are in good agreement and
match well with the calcium lanthanum borate
(CasLaO(BOs3)3) belonging to the C1m1 (No. 8) space
group in the monoclinic crystal system (standard card:
PDF#52-0621).

Ca,La0(BO;),

N N

PDF#52-0621

Intensity (a.u.)

| III ||I il .|||I.i||||||.u|u,. NI MIET,

0 20 30 40 50 60 70 80
20 (%)

Figure 1. XRD pattern of CasLaO(BOs); (CLBO) phosphor.

1

It was observed that the synthesized CLBO phosphor
has the cell parameters of a(A): 8.170, b(A): 16.082,
c(A): 3.627 and a(®): 90, B(°): 101.39, y(°): 90.
However, three undefined peaks at ~ 27° (222), 29°
(123), and 53° (622) attract attention. These diffraction
peaks are from the starting material of La,O3 (PDF#03-
065-3185). The possible explanation is due to the
feature of La,Os, namely, its aptitude to quickly absorb
moisture from the atmosphere up to 20% of its weight
[28]. Therefore, absorbed H.O traces might be
removed during the heating procedure at 1200 °C and
so La,0Oz may have remained. Nevertheless, the
amount of La,Os impurity was negligibly low and it is
not thought to affect the TL characterization results.

3.2. TL characteristics

Fig. 2 presents the TL glow curves of CLBO phosphor
after applying a filter test to decide on the most suitable
optical filter. Different optical filter combinations
including BSL-TL (365 nm) and IRSL-TL (wideband
blue (wbb), 410 and 565 nm) filters were evaluated and
IRSL-TL 565 nm filter giving the optimal TL glow
curve having the highest TL intensity was chosen.
Besides the TL intensity, another important point is the
position and shape of the apparent peak maxima in the
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TL glow curve of the CLBO phosphor. For this reason,
it has been decided that IRSL-TL 565 nm is also the
ideal filter for further TL analysis. As seen in Fig. 2,
the glow curve of CLBO sample has two TL maxima
at around 70 and 200 °C. As known, low temperature
TL peaks, the trapping energies related to shorter
lifetimes, are not resistant. These TL peaks can be
erased using an appropriate thermal cleaning, namely
preheating, the process performed before each TL
readout to avoid the presence of an intense TL signal
that may influence the shape and position of the
respective peak(s) located at a higher temperature
region. Thus, preheating was performed to CLBO
phosphor by applying a plateau test to remove the TL
signal at 70 °C.

1.0x10°
Ca,La0O(BO;),;
p-dose = 10 Gy
HR =2°C/s

8.0x10*

4
o010 —+IRSL-TL whb

—+— BSL-TL 365 nm
——IRSL-TL 410 nm

4.0x10° 1 —+— IRSL-TL 565 nm

TL Intensity (counts/°C)

2.0x10*

0.0

T T T T : T
50 100 150 200 250 300 350
Temperature (°C)

Figure 2. TL glow curves of CLBO phosphor obtained by
the filter test

T T
400 450 500

Preheating test was first applied to detect the PH
temperature of the CLBO phosphor exposed to beta
irradiation of 10 Gy before each readout. After the
irradiation, the pellet sample was initially heated to a
temperature (Tswop), then rapidly cooled to RT. Then the
TL glow curve was utilized using a heating rate of 2
°C/s. For this purpose, the thermal cleaning process
was reiterated for all Tsop Values between 100 and 151
°C with 3 °C intervals. As presented in Fig. 3(a), the
PH temperature of CLBO phosphor was selected as
125 °C connected with the plateau observed. Then,
keeping the decided PH temperature constant, 125 °C
PH temperature was applied to the 10 Gy irradiated
CLBO sample for the periods between 0 and 40 s
before each TL measurement (Fig. 3(b)).
Subsequently, 25 s PH duration was chosen as an
appropriate time corresponding to the plateau region as
well. Defined PH temperature and time (125 °C, 25 s)
were operated for the rest of the TL analysis.

0.84
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=] 999979
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3 ] ® IRSL-TL 565 nm
g 0.95 - ] :., PH=125°C
o 10 i1 @
€ o904 ! iii 1 @
S fiiti i 10%eg
0854 il [ il (790 e
1iiii b it ri%%e
! RN N H 11
0.80 -+ T T
0 5 10 15 20 25 30 35 40

PH Duration (s)
Figure 3. Normalized integrated TL intensities of CLBO
phosphor vs (a) PH temperature and (b) PH time

As shown in Fig. 4, the glow curve of CLBO did not
significantly change by the preheating procedure. If we
draw the integral of the TL intensity versus
temperature, we can get information about whether the
apparent maximum at 200 °C consists of overlapped
TL peaks (inset figure of Fig. 4). Hence, it has been
seen that the apparent maximum actually consists of at
least three peaks while the whole glow curve comprises
at least four peaks where the first erased one
corresponds to the low temperature peak.
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Figure 4. Preheated and non-preheated CLBO sample (inset: a logarithmic plot to evaluate overlapping TL peaks)

Fig. 5 shows the TL glow curves with changing
exposure for the beta irradiations between 0.1-150 Gy
and the linear behavior versus the given dose. The TL
glow curves of CLBO phosphor were obtained after
preheating (125 °C, 25 s) with a heating rate of 2 °C/s.
TL emissions were increased with the increasing beta
dose up to 150 Gy which was the highest dose that can
be given since the photomultiplier tube (PMT) has
reached the maximum detection limit it can detect. As

it is clear from Fig. 5(a), the TL peak intensity
gradually increases but the shape of the TL glow peak
expands by the increasing dose at the same time.
Besides, the TL peak position is changed and shifts
slightly to lower temperature sides when the given dose
increases. The change in the Ty of the glow peak is
observed as ~10 °C between the lowest (0.1 Gy) and
highest (150 Gy) beta dose.
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Figure 5. (a) Dose response of preheated CLBO in the range of 0.1-150 Gy (inset: 0.1-10 Gy), (b) Linearity plot (inset:
symmetry factors of the glow curves obtained at the doses in the linear range

The impact of the given dose on Ty is provided by one
trap one recombination (OTOR) model which is the
simplest phenomenological model for TL [29]. In the
OTOR model, the radiation dose is represented by the
ratio no/N, where no (cm~) is the primary concentration
of filled traps at first, N (cm™3) is the total concentration
of electron traps within the crystal. Here, the ratio
describes the filling degree of the trap responsible for
a TL peak. Although this model does not contain
information about the Kinetic order b, May and
Partridge suggested a general order equation, and the
dose is represented by the term (no/N)™* [30]. For
general order of kinetics, when the dose increases, the
Twm shifts to lower temperatures since the re-trapping
decreases and the recombination increases [31].

Furthermore, the obtained results of the TL glow
curves for additive dose present that CLBO sample
exhibits a linear behavior (e.g. the slope is nearly 1.0,
R?=0.99) in the range of 10-100 Gy as shown in Fig.
5(b). Superlinear behavior of the glow curve is also
presented within the lower dose region between 0.1
and 10 Gy (in Fig. 5(b)). Although there was a decrease
in the integrated intensity after 100 Gy, it could not be
determined whether it was saturated since the higher

doses could not be applied. It has been observed that
CLBO has a linearity at higher dose range compared to
un-doped borate based phosphors evaluated previously
by various researchers (especially, stated in the
introduction section). Moreover, symmetry factor u
was obtained to argue the order of kinetics of the TL
glow peak by taking its shape or geometrical
characteristics into account. Symmetry factors
correspond to 0.42 and 0.52 values for the occurrence
of first and second order kinetics, individually. This
method is based on the peak temperature Twm, the
temperature at half of the maximum intensity (Im) of
the ascending part of the peak T: and the descending
part T,. Thus, the symmetry factor (u = &/w) is
calculated using the ratio of the half widths at high
temperature side (§ = T. — Twm) and the total one (w =
T, — T1) [32]. Thus, the symmetry factor u was
evaluated from the glow curves obtained by dose
response analysis to evaluate the kinetic order. In Fig.
5(b), it is also noticed that the glow curves obey the
general order of kinetics.

707



Portakal Uear / Cumhuriyet Sci. J., 42(3) (2021) 702-714

1.4x10°
| Ca,La0O(BO;), 1]
1.2X105— PH=125 OC, 25s ':?1
- | B-dose = 10 Gy £ 1o
© ISL-TL 565 nm 3
j\@ 1.0x10° - e
- = g
§, 8.0x10* 4 o5 -cs ' \ B T Y i e
> ; g: ' Heating Rate (°Cls)
2 aox10*d ik
Q 5°Cls
£ 6°Cls
| 4 - 7°Cls
4.0x10" 4 ——s-°cr
|_ —9“0/:
1 ——10°Cls
2.0x10% 4
0.0 ey -

T T T T T
50 100 150 200 250 300 350
Temperature (°C)

T T
400 450 500

Figure 6. TL glow curves of CLBO obtained by using different heating rate values (0.1-10 °C/s) (inset: Normalized data)

In general, TL glow curves shift in the direction of the
higher temperature side during the TL readout with
faster heating rates [25,33]. Fig. 6 represents this
outcome in the TL glow curves of CLBO phosphor
using various heating rates. The inset figure contains
the parameters obtained by the glow curves for various
heating rates and each parameters were normalized
according to the first data achieved by using the glow
curve with the the lowest heating rate (0.1 °C/s). A
slight shift is expected case since the traps within the
band gap of the phosphor are emptied in a shorter time
period at the faster heating rates and therefore, Tw
increases. In addition, full width half maximum
(FWHM) increases while maximum intensity (Im)
decreases according to the TL theory. However, the
integrated peak intensity must be constant [34]. As
seen in both Fig. 6 and the inset figure, both the peak
integral and v increases with the increasing heating
rate which is defined as an anomalous heating rate
phenomenon contrary to the expected situation
explained by the OTOR model. Pagonis et al. [3]
reported this anomalous heating rate or “anti-
quenching” effect by using the Mandowski model,
namely semi-localized transitions (SLT), by
introduced an accessional non-radiative transition
through the recombination center from the directly
excited state. The stimulated electrons by heating from
the trap to an excited state are thermally delivered into
the conduction band where they can be captured or
reassembled with holes in the recombination centers.
In the first scenario, this recombination mechanism is
supposed to yield a TL signal. An electron in the
excited state can directly recombine with a hole in the
recombination center without a radiative transition in

either way. The relative ratio of radiative against non-
radiative transition possibilities decreases when the
heating rate decreases and vise versa. The two-stage
process of stimulation of the charge carriers from the
traps is the reason for such behavior. The whole
amount of localized transitions is comparative to the
entire time exhausted in an excited state by the trapped
electrons. This time decreases resulting from the
higher probability rates of thermally excited transitions
into the conduction band at higher heating rates.
Therefore, the physical base of the anomalous effect is
a rivalry among the radiative and non-radiative
mechanisms. This rivalry for current charges between
the two mechanisms creates the integrated TL intensity
to rise, whereas the comparable non-radiative one has
to decrease with the identical quantity due to the charge
conservation. Thus, the increase in the integrated TL
intensity corresponds to the rise in the probability of
radiative transitions over that of the non-radiative ones
[3-7].

Moreover, Tm and FWHM values of the glow curve
show an increasing tendency. If we look at the inset
figure of Fig. 6, it is seen that two normalized Twm
values are presented. This is due to the correction of Tu
values for each heating rate value as a result of the
temperature lag effect. The temperature of the heating
element changes from the temperature of the sample
during the TL readout and non-ideal thermal contact,
namely temperature lag, may affect the calculated
trapping parameters of the TL glow peak [35]. By
accepting that the lowest two heating rates (0.1 and 0.2
°C/s) are not affected by the temperature lag, EQ. 2 is
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used to correct Tw values for the glow curves obtained
with the higher heating rates.

i
Ty =Ty —cln| 20 2
C n[ j (2

j
Twmj and Twvi represent the maximum temperatures for f;
and S heating rates, and c is a constant quantity that is

computed utilizing the two lowest heating rates.
Therefore, normalized values of both Ty data,

experimentally obtained (uncorrected) and corrected
by utilizing temperature lag equation (Eg. 5) are
presented in the inset figure of Fig. 6. After the
temperature lag correction, it was seen that the increase
in Tm is 10% less for the highest heating rate applied
(10 °C/s) as the heating rate increased.
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Figure 7. (a) Reusability plot achieved by 15 TL readout cycle and (b) storage time measurements up to a week

In dosimetric applications, reusability and storage time
measurements are of great significance to search the
usage of a prepared TL material. Since it is desirable
that the material remains stable so as to give the same
TL signal for each repetitive reading and during the
elapsed time. As shown in Fig. 7(a), the obtained
standard deviation of the integrated TL intensity is
approximately 4 % which is in the tolerance ranges
acceptable for dosimetric materials stated as less than
5 % [36]. Storage time characteristics of beta irradiated
CLBO was checked to evaluate short time storage
during a week in the dark at RT after 10 Gy beta
exposure. For the visible peak maxima at ~200 °C, the
fading rate was nearly 5 % after a week. Instead of
fading, a fluctuation was observed within the 5 %
confidence interval during the stored time period. A
growth of peak height to 5 % over ten minutes and
another increase to 3-4 % after three hours were
observed however a forecastable fading was obtained

when the storage time was extended and a sort of
recovery was observed after 3h storage time (Fig.
7(b)). An initial increase of the integrated TL intensity
may have possibly occurred by a tunneling transfer
among the traps as a non-thermal process due to the
existence of intense spatial correlations between the
traps and recombination centers [37]. Similar abnormal
results were also highlighted in the literature by the
various researchers for the different TL materials [38-
39] as well.

3.3. TL Kkinetics

To estimate the kinetic parameters of CasLaO(BOs)s
phosphor, Tu-Tswp, and IR methods have been operated
on the strength of the presume that the TL glow curve
consists of an isolated TL peak maximum. Further, the
GCD method was performed to evaluate whether the
experimental glow curve has overlapped TL peaks.
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Figure 8. TL glow curves of CLBO sample obtained after preheating to various Tsop Values (inset: Tm—Tswop dependency)

At first, 10 Gy beta dose was applied to the phosphor
and then, it was heated up to a stopping temperature
(Tstop). Afterward, the TL glow curve was obtained
with a constant heating rate of 2 °C/s. This cycle was
repeated under the same conditions using Tswop Values
between 125 and 275 °C with 5 °C intervals (Fig. 8).
Tm—Tstop Method is generally used to estimate the
numbers and possible locations of overlapped TL
peaks. Therefore, Tm versus Tsop plot was achieved for
the preheated TL glow curve data of CLBO phosphor
and presented in the inset figure of Fig. 8. Ifa TL glow
curve contains various and clearly separated first order
TL peaks, Tm-Tswp CUrve presents a characteristic
“staircase” structure having individual flat regions.
Considering a glow curve consisting of more closely
overlapping peaks, the curve turns into a smoother
shape and the Twm representing the flat regions can
exclusively be utilized as an indicator of the locations
of each individual peak. When the TL peaks overlap,
even more, the case is disposed to the presence of a
quasi-continuous distribution of the TL peaks (in other
words, trapping centers). Tm-Tswop CUrve will transfer to
a continuous line with a slope f 1.0 at this stage. The
limit of detection of flat regions within the Tm-Tstop
curve gives a measure of the resolution of the
technique [24]. According to the inset figure of Fig. 8,
it is seen that the single TL maximum, obtained after a
PH (125 °C, 25 s) procedure, consists of several closely
located overlapping TL peaks rather than a single
trapping level. Therefore, none of the overlapped TL
peaks are subject to first order kinetics.
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Figure 9. Trap parameters of s (top), E (bottom) against to

Tstop for CLBO phosphor.

To examine the E and s values of CLBO phosphor by
using Twm-Tswp analysis, the IR method which is a quite
reliable technique to obtain trap parameters was also
utilized. Therefore, this method was operated on to
each glow curve obtained after the Twm-Tswp analysis.
Mean activation energies and frequency factors of
these energy levels were computed by utilizing the
initial rise method to each TL peak at a different Tsop.
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Calculated E and s values were plotted against the
applied Tswop and presented in Fig. 9. As seen in Fig. 9,
a variation of the activation energy and frequency
factor present at least three possible trap levels of
preheated CLBO phosphor. Supporting the result of
the inset figure of Fig. 8, E and s values were obtained
from 150 °C towards higher temperatures for the
closely positioned TL peaks. Therefore, the results
reveal that the preheated CLBO sample has a
continuous trap distribution with activation energies of
1.25, 1.36, and 1.45 eV. Furthermore, frequency
factors were found within the range of 10%° and
102° s1.Since the transport phase includes several non-
radiative routes of electron loss, the higher frequency
factors pointed out that the trap and luminescence sites
are closely linked [40]. Further, GCD analysis in Fig.
10 suggests that there are a variety of closely
positioned component bands that all contribute to the
TL glow peak.

Moreover, trap parameters E and s of the TL peak
maximum at 200 °C were calculated by the IR method
using the glow curves obtained from various heating
rate and additive dose, respectively. Considering the
fact that the use of the IR method may be more
dependable than various heating rate (VHR) method to
derive E, particularly for phosphors where there is a
strong competition between radiative and non-
radiative pathways stated by Pagonis et al. [3], the
VHR method was not preferred for the calculation of
trap parameters of the TL peak maximum in this study.
Certain TL glow curves presented in Fig. 5(a) and 6
have been evaluated for this purpose. Therefore, the
trap parameters were calculated by plotting the
temperature-dependent graphs of the initial rise parts
of the glow curves obtained using the heating rates
between 0.1 and 5 °C/s (beta dose is fixed at 10 Gy)
and doses between 10-100 Gy (a linear heating rate is
fixed at 2 °C/s) in the linear dose range. Obtained
parameters of E and s are shown in Table 1.

Table 1. Estimated kinetic parameters using IR method applied to the heating rate (HR) and dose response glow curves

HR (°C/s) E (eV) s (s?) Dose (Gy) E (eV) s (sh)
0.1 1.035+0.046 | 1.60 x 10%® 10 1.210 +0.035 | 1.50 x 10%°
0.2 1.026 £ 0.030 | 6.82 x 10% 15 1.187 £0.028 | 1.47 x 10%°
0.5 1.067 £ 0.044 | 1.08 x 108 20 1.162+0.035 | 1.13 x 10%°
1 1.152+0.025 | 6.68 x 108 30 1.184 £0.032 | 3.93 x 10*°
2 1.171 £ 0.036 | 5.05 x 108 40 1.164 £0.032 | 3.38 x 10%°
3 1.237+0.032 | 1.84 x 10%° 50 1.170 £ 0.032 | 5.46 x 10%°
4 1.182+0.031 | 2.52 x 10%® 75 1.173 £0.036 | 1.00 x 10%°
5 1.275+£0.047 | 2.14 x 10%° 100 1.178 £0.037 | 1.62 x 10%
5
According to the results presented in Table 1, E value e | €a,La0(BO,),
of the TL peak maximum does not importantly vary 1 oxto? | B-dose =10Gy : Sifgig’r‘]g'l‘a'
with the increasing dose as a result of being dose- FHR=2 0 —— Peak 1
independent. However, a slight increase in E values 3 . [Z500 50 7 -
from 1.04 to 1.28 eV is seen with the increasing heating 3~ o} AT
rate. As seen in Table 1, the energy values obtained by = = iy
the IR method using both ways are in concordance with @ ~
each other. However, effective activation energies £ .
presented in Table 1 differ from the acquired IR results 2 ]
using Twm-Tswop analysis. This indicates that the TL glow .
curve of a preheated CLBO phosphor is a complex i
curve consisting of overlapped peaks, else the findings -
obtained using the three ways should match. In S immemraasEs s nesnEEETEE

addition, similar and high frequency factors were
found as also presented in those observed by Twu-Tstop
analysis.  Therefore, results  supporting the
interpretation that the trap and luminescence centers
are located very close to each other have been obtained.

Temperature (K)
Figure 10. Deconvolution of the TL glow curve of preheated
CLBO phosphor
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The glow curve deconvolution (GCD) method is used
to decompose the TL glow peak and achieve the kinetic
parameters of the preheated CLBO phosphor. GCD
method was operated using the general order kinetics
in connection with the dose response evaluations of
preheated CLBO phosphor. GCD plot and decomposed
TL glow peaks in Fig. 10 presents that the experimental
TL glow curve of the sample after 10 Gy beta exposure
at a heating rate of 2 °C/s was decently fitted with three
TL peaks. As presented in the figure, TL emission
begins to increase after 350 K, arrives at maximum TL
intensity at 474 K, and depletes entirely around 650 K.
Thus, the remaining part of the recorded data from the
total TL spectrum between 300 and 770 K is not
included in the figure (Fig. 10). It is seen that the
deconvolution results of CLBO phosphor give a
reliable evaluation of the trap parameters with a FOM
value of 0.98 %. In addition, lifetimes (1) of the TL
glow peaks are an important argument to investigate
the TL materials about their effectiveness in either
dosimetry or dating Eq. 3 was utilized to calculate the
lifetimes of the decomposed TL peaks.

KT

T is the storage temperature which was employed to be
298 K for the computation. All kinetic parameters of
the deconvoluted TL peaks are shown in Table 2.

r=s" exp(ij (3)

Table 2. Kinetic parameters of the deconvoluted TL glow
curves of CasLaO(BOs3); using R-studio (FOM = 0.98%)

CasLaO(B0s)3

E (eV) s(s?h) b Tm (°C) | o (year)
Peak 1 1.233 1.40 x 103 2 171 1.60
Peak 2 1.146 1.61x 101 | 1.79 201 4.54
Peak 3 1.375 1.07 x 10%? 2 259 5110.54

According to the results, when peak 1 at 171 °C and 3
at 259 °C are of second order of kinetics, peak 2 at 201
°C is of general order kinetics. GCD results
represented similar results to those found by the IR
method using Tm-Tswop analysis since the number of
decomposed TL peaks and their maximum peak
temperature are in good agreement. In addition, the
average E values are also in concordance with the IR
findings obtained by the results of Tu-Tswp analysis.
The frequency factors of the continuously distributed
overlapped peaks were found as 1.40 x 103, 1.61 x
10, and 1.07 x 10'? s, respectively. Moreover, the
lifetimes of the TL peaks were obtained long enough
for dosimetry applications.

4. Conclusion

Ca:,LaO(BO3)s phosphor was produced by a solid state
synthesis. XRD was conducted to evaluate the crystal
structure and it was reported that the pattern of
synthesized phosphor is in good agreement and
matches well with the reference card. After applying
adequate preheating, additive beta dose and various
heating rates were applied to examine the behaviors of
the TL glow curves. Consequently, 200 °C TL peak
maximum presented a linear dose response behavior
within 10 and 100 Gy. Anomalous behavior of the TL
peak maximum of preheated CasLaO(BOs)s phosphor
has been reported with increasing heating rate between
0.1 and 10 °C/s. This anti-quenching behavior may be
interpreted by a semi-localized transition model
presuming that radiative and non-radiative transitions
compete. In addition, the material was reported as a
reusable phosphor for dosimetric applications within
the 5 % confidence interval. Storage time for a short
period of up to a week was also found with an excellent
5 % standard deviation. Trapping parameters and the
kinetic analysis of Ca;LaO(BOs)s; phosphor were
evaluated by using Twm-Tswp and IR methods and the
results were compared with deconvolved glow curve
data, which was collected using tgcd: an R package
software. The obtained results by GCD were found
compatible with the other methods representing a
continuous trap distribution. According to the findings,
the main dosimetric peak of CasLaO(BOs); follows the
general order kinetics, as supported by dose response
plot. Furthermore, the lifetimes of the decomposed TL
peaks have been found to be long enough. The findings
of this study present that the CasLaO(BOs)s phosphor
may be a good candidate to be used in high dose
monitoring for dosimetric applications considering its
high effective atomic number, Zes =~ 36.4, (tissue
equivalence is not an issue) and the linear dose range.
However, further investigations are required such as
higher dose effect, long-term storage time
measurements and applications of different radiation
sources.
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