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Abstract: This study examines the intricacies of isothermal decay analysis applied to thermoluminescence
(TL) peaks, with an emphasis on determining kinetic parameters. The study asks whether the trap
responsible for ITL signals follows first-, second-, or general kinetics, as evidenced by the inconsistent
decay pattern and the detection of two overlapping first-order TL peaks.

This work contributes to the understanding of TL peaks and advances progress in luminescence
dosimetry research by establishing a robust methodology for characterizing luminescence mechanisms in
materials. These observations lead to the conclusion that the TL data originate from more than one trap,
and based on the existing literature, it is concluded that there are two overlapping first-order TL peaks.

The study includes consideration of isothermal degradation data at different temperatures
(T =250, 260, 270, 280 and 290 °C) and explores the difficulties associated with obtaining an accurate
linear approximation for different values of Kkinetic order (b). The nature of degradation is interpreted
on the basis of monomolecular theory, which assumes a first-order process. The ITL curves were
converted into two exponential decay curves.

The slopes of the regression lines give the activation energies (E) for curve 1 and curve 2,
respectively: EL=0.99 £ 0.16 eV and E2 = 1.32 £ 0.18 eV. The frequency factor (s) is determined by the
intersection of the regression line: s1 =1.32 x 108s™ and s2 = 1.77 x 10*2s7",
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1. Introduction

Natural minerals play an increasingly important role in modern science and technology,
and many of them have thermoluminescence (TL) properties that contribute to our understanding
of damage processes and safety during radiation events. Among these minerals, quartz is the most
important, cost-effective and abundant material with numerous advantages for radiation,
environmental and clinical radiological studies [1-9]. Irradiated quartz grains exhibit different
luminescence curves when heated to temperatures above room temperature. These curves depend
on the chemical composition, types and concentrations of impurities, defects, geological origin,
irradiation, sensitivity and other experimental conditions [2, 3].

Numerous TL luminescence peaks in the temperature range 333-753 K were recorded by
different authors for various quartz samples [4—6]. According to these studies, high-temperature
TL peaks show greater stability after irradiation than low-temperature peaks, which degrade faster
due to shorter lifetimes. Despite the varied abilities of natural quartz, a comprehensive
understanding of the detailed irradiation response, defect formation and distribution, and
thermoluminescence mechanism remains unclear [10-15].

The problem arises from the difficulty of comparing TL measurements between studies
because quartz samples of different origins, conditions, and impurities can show inconsistencies.
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Therefore, in this study, TL properties and defect formation in natural quartz exposed to high doses
of gamma radiation (8 kGy) are investigated [16].

Luminescence-based measurements in retrospective dosimetry require estimation of
accumulated charge in localized defect states using external stimuli such as heat or light. In
thermoluminescence (TL), the specific excitation mechanism is thermal energy. Isothermal
signals, called phosphorescence or isothermal TL (ITL), are used to estimate the equivalent dose
(De) and determine trap parameters such as thermal and optical trap depth (in eV), frequency factor
(in s7Y), as well as thermal assistance and thermal extinguishing energy. Therefore, a
comprehensive understanding of the properties and origin of isothermal signals (ITL) is critical.
Signals resulting from a constant flux of excitation energy are expected to exhibit a consistent,
often exponential decay pattern.

Contemporary interest in the thermoluminescence of quartz [17-25] in building materials
such as mortar and concrete requires accurate determination of the thermoluminescence
parameters associated with the intermediate luminescence peaks of this mineral, especially for
dose reconstruction purposes [7, 8].

The isothermal TL signal from deep traps opens up retrograde dosimetry opportunities [7].
Recently, there have been indications that the high temperature signal TL (325 °C) exhibits a
significantly higher saturation dose compared to OSL. Consequently, efforts have been made to
use isothermal TL at 310 and 320 °C to develop methods for measuring dose in a single fraction.

If you want the TL to be safe, you can change the TL's isothermal setting if it is installed
in sunlight. When selecting parameters, you must turn off the TL function to activate the energy
(E), additional factors (s) and kinetic changes TL (b).

2. Materials and methods

Quartz samples used in this experiment were obtained from beach sand using traditional
chemical separation methods. The sand was sieved to isolate fractions ranging in size from 80 to
120 microns. This granular fraction was then subjected to hydrochloric acid (HCI) treatment,
heavy liquid separation, and etching in 40% hydrofluoric acid (HF) solution. The precipitated
fluorides were dissolved with HCI. Before subsequent irradiation, the samples were heated to
600 °C for an hour to eliminate residual thermoluminescence (TL) centers. Irradiation occurred at
dose levels reaching 8 KGy at ambient temperature using a *°Co source.

In a standard isothermal decomposition experiment, the established procedure involves
rapidly heating the irradiated sample to a certain temperature and maintaining it for a certain period
of time. For measurement purposes, quartz grains were attached to a 0.1 mm thick aluminum disk
using silicone spray. Isothermal TL (ITL) measurements were performed using a Harshaw 3500
handheld reader, holding the sections at a constant temperature for 50 seconds. Preheating was
carried out at a rate of 2 °C™" in a nitrogen atmosphere (N2), ITL curves were recorded immediately
upon reaching the measurement temperature. Under these conditions, we observed monotonically
decreasing ITL signals that showed no noticeable degradation due to thermal lag. Any significant
thermal delay will manifest itself as an initial rise to a maximum before subsequent
degradation [9]. The emitted light, called phosphorescence decay, is observed over a period of
time, allowing the decay rate of the captured electrons to be estimated. Graphs showing the
correlation between thermoluminescence (TL) intensity and time at a constant temperature are
known as isothermal decay curves.

Garlick and Gibson demonstrated a methodology for analyzing isothermal decomposition
using first-order Kkinetics [10]. When isothermal decay curves are examined at a specific
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temperature (Ti) for TL peaks corresponding to first order Kkinetics, the resulting plots show an
exponential relationship with time, as shown in the equation:

It = Ioexp(—sexp(_"iTi)t) (D

Where
lo = initial TL intensity, It =the TL intensity at time t, s = effective frequency factor, E = activation
energy, T = temperature of isothermal decay.

This equation means that a plot of In(I) versus time will show a linear relationship for peaks
determined by first-order kinetics. Additionally, the slope of this line graph will be determined by:

(-#7)
slope = m; = —sexp\ kTi (2)
Taking the natural logarithm of the equation yields:
E
(Islope|) = Ins — k_Tl 3)

The graph depicting In(slope) versus 1/KT is expected to be a straight line with a slope
equal to -E and a Y-intercept corresponding to In(s).

Equations describing thermoluminescence processes were provided by Randall-Wilkins
for first order, Garlick-Gibson for second order, and May-Partridge for general order kinetics [11]:

dn —E
I(t) = —— = nsexpkT (4a)
dt
10 = - 4b
=g T N sexp (4b)
dn —E
I(t) = - = nbs’expkT (40)

Where n is the trapped charged population.

These equations provide a method for calculating E. The use of isothermal analysis in this
context allows the determination of the kinetic order denoted by b. Keeping the temperature
constant and integrating the general order equation (4c) with respect to time (t), we obtain the
following expression:

_EN1.2
I, = I [1 +s'nE™1 (b — DtexpxD |10 (5

Where lo and no represent the initial TL intensity and the initial concentration of trapped charges,
respectively, It is the TL intensity at time t. By rearranging Equation (5), we obtain:

E
I, = s'nlexpCxP (6)

where
s’ = s/N = effective frequency factor, N is the number of traps.
No = initial trapped charged population.

This equation assumes that a graph of quantity versus time should have a linear trend when
a suitable value of b is determined. Different temperatures of isothermal decomposition form a
series of straight lines with different slopes.
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3. Results and discussions

In Fig. 1 shows the reduced data corresponding to five different temperatures: T = 250,
260, 270, 280 and 290 °C. As described in detail previously, isothermal decay curves of
thermoluminescence (TL) peaks corresponding to first-order kinetics follow exponential functions
of time.
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Fig. 1. Isothermal TL decay curves of quartz at different temperatures. Quartz irradiated at 8 kGy.
Insert is a magnified part of the spectrum from 0 to 14 seconds.

According to [12], a plot of In(l) versus time (t) will show a linear correlation with the
slope of the line given by equation (3) for first-order kinetic peaks. A plot of In(|slope|) versus
1/KT is expected to show a linear model with a slope equal to -E and a y-intercept equal to In s if
the TL isothermal data provided are consistent with first-order kinetics. We initially calculate
In(TL) for each isothermal curve and plot In(TL) versus time.

Subsequently, regression lines are calculated for the graph with T = 250 °C in Figure 2.
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Fig. 2. The isothermal decay curves on the semilog scale for the isothermal decay curve of quartz at 250 °C.

Figure 2 depicts the plot of In(TL) against time (t), with T = 250 °C representing the
temperature while recording isothermal decay curves. First-order kinetics can be ruled out by
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examining the plot of In(TL) versus time, as shown in Figure 2. The resulting plots exhibit
nonlinearity, indicating that the data are not consistent with first-order kinetics.

Ie 120 b1 ()
(E) b = 1+s'ng " (b— 1)texp kT @)

This equation assumes that the graph of (It / lo) ‘™" versus time t should form a straight
line when the corresponding value of b is determined. Having determined the value of b, we plot
(It / 1o) " versus time t for five different decomposition temperatures, resulting in a series of
straight lines with a slope (m) given by:

E
m= s'nd™* (b — 1)exp &k (8)

The activation energy E and the effective frequency coefficient s" = s'ng®* will be
determined from the slope and intercept of the graph as a function of In(m) versus 1/kT.

In Fig. Figure 3 shows (li/lo)! ®® for isothermal decomposition data at T = 260°C, taking
into account four different values of the kinetic order parameter (b = 1.9, 2.0, 2.1 and 2.2) as a
function of time t. It is clear that none of the four graphs provides a satisfactory linear fit. This
highlights a potential problem when working with isothermal decay data: achieving an accurate
estimate of the optimal linear fit can be challenging due to subtle changes in the plot for different
values of b. The calculated R values show that plots corresponding to different b values do not
provide a valid linear fit and confirm the consistency of the TL data provided with second-order
kinetics. Parallel analysis was applied to all four other isothermal degradation data sets and gave
the same results.
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Fig. 3. Isothermal decay data at a temperature of 260 °C calculated for several values of kinetic order
b as a function of time.

The degradation observed in the present study is explained by the monomolecular
superposition theory (first order). This type of distortion results from the superposition of
exponential numbers associated with various traps and is represented mathematically by the
equation [13]:

It = 101 eXp(—Plt) + 102 eXp(_Pzt) + .-

where lon is the intensity of electron phosphorescence in the lon energy traps.
En, Pn = s exp (- En/KT) is the probability of the electron escaping from the trap, k is the
Boltzmann constant, s is the escape frequency coefficient. Therefore, each decay curve can be
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decomposed into a series of exponential numbers using a "solve" procedure to calculate the E
values corresponding to each exponential.

It can be seen that each decay curve can be decomposed into two exponential values, as
shown in the isothermal decay curve at 20 °C shown in Figure 4. For the first curve 11 = 4.84634
Esand P1 = 0.96471, for the second curve I, = 114707 and P> = 0.06435.

Thus, the nature of the degradation can be interpreted on the basis of monomolecular
theory, assuming that the luminescence Kinetics corresponds to a first-order process.
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Fig. 4. Isothermal decay data for the 280 °C deconvoluted into two exponential decay curves.

Consideration of first-order kinetics

It is verified by checking the linearity of the In (TL1 curve) and In (TL2 curve) plots with
respect to time, as shown in Figure 5. The resulting plots for Curve 1 and Curve 2 show linearity,
indicating that the data are consistent with first-order Kinetics.
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Fig. 5. The In(slope) versus 1/kT graph to determine E for TL data of convoluted curves 1 and 2.
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Fig. 6. The isothermal decay curves on the semilog scale for the isothermal decay curve of quartz at
280 °C and the two deconvoluted cures 1 and 2.

Table 1
The slopes of linear isothermal graphs and their natural logarithms In(slope)
1 Curvel Curve?2

Temperature °C | 1/kT (eV™) slope (s71) In(slope) slope (s?) In(slope)

250 22.19 0.2888 -1.24202 0.0388 -3.24934

260 21.77 0.76471 -0.26826 0.06455 -2.74032

270 21.37 1.28707 0.25237 0.12493 -2.08

280 20.99 1.48454 0.3951 0.11639 -2.15081

290 20.61 2.75118 1.01203 0.20012 -1.60884

In the next step, we plot the slopes of these line graphs in Table 1 and calculate the natural
logarithm of the slopes, denoted In(slope), for all five ITL curves corresponding to temperatures
T =250, 260, 270, 280 and 290 °C. The graph in Figure 6 shows the dependence of In (slope) of
curve 1 and curve 2 on 1/KT; where T represents the temperature (in Kelvin) when recording
isothermal decomposition curves.

The slope of the regression line provides the activation energy E and the intercepts for
curve 1 and curve 2, respectively, are:

E1=0.99+0.16 eV; interceptl = 18.7 = 3.4 and

E1=1.32+0.18 eV; interceptl = 28.2 + 4.2

The frequency factor s can be found from the intercept of the regression line:
interceptl = In(s1) = 18.7; s1 = exp(18.7) = 1.32 x 10® s'and
intercept2 = In(s2)=28.2;s2 = exp(28.2) = 1.77 x 102 57!

As reported in the literature, most natural sedimentary quartz grains exhibit two
thermoluminescence (TL) peaks at 325 and 375 °C when the grains are heated from 300 to 400 °C
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at a rate of 20 °C/s [14], and their luminescence is reflected in the photomultiplier tube. It is
observed through blue and near-ultraviolet glass filters in front of it. Previous studies have shown
that at a heating rate of 5 °C/s, peaks appear at 305 and 350 °C, respectively [6]. Our observations
also lead to the conclusion that the ITL data described in Figure 1 are due to more than one trap
and, based on the existing literature, there are two overlapping first-order TL peaks.

4. Conclusions

A study of the analysis of isothermal decay of thermoluminescence (TL) peaks has
provided valuable information on the Kkinetic parameters governing this luminescence
phenomenon. The difficulties associated with obtaining accurate linear fits for different values of
kinetic order (b) highlight the complexity of the analysis. Therefore, it can be concluded that the
trap responsible for the ITL signals at 250, 260, 270, 280, and 290 °C does not obey first-,
second- , or general-order kinetics. This result is verified as follows: (a) Attenuation behavior of
ITL signal recorded at 250, 260, 270, 280, and 290 °C, Eq. (5) for b values from 1 to 2 (see Figures
2 and 3). (B) These observations lead to the conclusion that the TL data shown in Figure 4 arises
from more than one trap and, based on the available literature, that there are two overlapping first-
order TL peaks [26-29].

This comprehensive analysis contributes to the understanding of TL peaks and establishes
a reliable methodology for characterizing luminescence mechanisms in materials. Consistent
application of these analytical methods to isothermal decomposition data at different temperatures
increases the reliability and applicability of our results. In summary, our study contributes to the
understanding of the kinetic parameters of TL peaks and provides a basis for future studies in the
field of luminescence dosimetry.
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AHAJIN3 N3O0TEPMHUYECKOI'O PA3JIOKEHUA HHTEHCUBHOCTH
TEPMOJIIOMUHECIHHEHIUN KBAPLIA

A.B. Axanos, C.I'. Mamenos, M.A. I'yp6anoB, A.3. AoumoB, A.C. AxajgoBa

Pe3tome: D10 uCClefoOBaHUE YIAyOnsieTcs B TOHKOCTH aHAINM3a M30TEPMHUYECKOIO paciaja,
MPUMEHSEMOro K MuKaM TepMoiitoMuHecieHnnn (TL), ¢ ymopom Ha ompeaeneHne KHHeTHYECKUX
napameTpoB. lccrnenoBaHue CTaBUT II0A COMHEHHE COOTBETCTBHE JIOBYIIKHM, OTBETCTBEHHOM 3a
curHanel  ITL, KuHeTnke meEpBOro, BTOPOrO MM OOIIEro MOPSAKA, YTO IOATBEPXKAACTCS
HECOOTBETCTBYIOIIEH KapTUHOW 3aTyXaHHsA M BBIBOJOM O JBYX IMEpeKpbIBarOIIMXCs MUKax L mepsoro
TopsIKa.

Ota paborta pacmupsieT HOHUMaHUe NMUKOB TL M ycTaHaBIMBAET HAAECKHYIO METOIOJIOTHIO JUIS
XapaKTepUCTUKA MEXaHU3MOB JIIOMHHECIICHIINM B MaTepuanax, CHocoOCTBYS MJOCTIKEHUSM B
WCCIICJIOBAHUAX JIIOMHHECIICHTHON J03UMETpUU. DTH HAOMIOJEHHS MPUBOAAT K BBIBOIY, YTO JaHHBIC
TL mnpoucxomat u3 Oosiee 4eM OJHOW JIOBYLIKM, M Ha OCHOBaHHWM CYLIECTBYIOLIEH JIMTEPaTYypbl
JIeNlaeTcsl BBIBOJL O HAJIMUUH ABYX NEPEKPHIBAIOIINXCS MUKOB T L mepBoro nopsaka.

HccnenoBanue BrIOYaeT B ceOsd PacCMOTPEHME JAHHBIX H30TEPMUUYECKOrO paclaja Ipu
pasnmunbix Temmeparypax (T = 250, 260, 270, 280 u 290 °C) u uccnenyer npoOieMbl, CBSI3aHHBIE C
JOCTIXKCHHEM TOYHOW JIMHEHHOW MOArOHKH Ul Pa3MyYHbIX 3HAYCHUI KuHeTHdeckoro mopsaka (D).
IIpupona pacnajga HMHTEPIPETHPYETCS HAa OCHOBE MOHOMOJIEKYISIPHON TeopuM, Ipearosararoieit
MIPUBEPKEHHOCTh Tporieccy mnepsoro mopsinaka. Kpussle ITL Opumm mpeoOpa3oBaHbl B JBE KpHBBIC
HKCTIOHEHLUAILHOT'O 3aTyXaHHs.

Haxknons! nuHM perpeccuu MaloT 3Ha4deHus dHeprun aktuBaruu (E) mis xkpuBoit 1 n kpuBoi 2
cootBercTBeHHO: E1 =0,99 + 0,16 5B u E2 = 1,32 + 0,18 3B. YacToTHbIi1 K03 duipeHT (S) onpepensiercs
110 HepecedeH o TUHUK perpeccuu: S1=1,32 x 108 ¢ us2=1,77 x 102 ¢,

Knrwouegwle cnosa: n30TepMUYECKHUil pactaj, KBapll, JHEPTUs aKTHBAIIMN, YaCTOTHBIN (haKTop.
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KVARSIN TERMOLUMINESSENSIYA PiK INTENSIVLIYININ iZOTERMIiK
PARCALANMASININ TOHLILI

9.B. 9hadov, S.Q. Mommadov, M.9. Qurbanov, A.Z. Abisov, A.S. 9hadova

Xiilasa: Bu todgiqat kinetik parametrlorin miioyyan edilmosino yonolorak termoliiminessensiya (TL)
zirvolorine totbiq edilon izotermik par¢alanma analizinin incoliklorini aragdirir. Toadqigat ITL
signallarma cavabdeh olan tolonin birinci, ikinci vo ya iimumi kinetikaya uygun olub-olmadigim
sorgulayir. Bu uygun olmayan parcalanma niimunasi vo {ist-iisto diisen iki birinci deracali TL zirvesinin
tapilmasi ils 6z tosdiqini tapir.

Bu is TL zirvolorinin basa diigiilmosini tokmillosdirir vo materiallarda liiminesans
mexanizmlorini  xarakterizo etmok {iglin mohkom metodologiya yaradir, liiminesans dozimetriya
todqgiqatinda iraliloyisloro tohfo verir. Bu miisahidolor TL molumatlarinin birdon ¢ox tolodon
qaynaqlandig1r qenastine gotirib c¢ixarir vo mdvcud odobiyyat osasinda iki {ist-listo diison birinci
doraceli TL zirvesi oldugu gonasting galinir.

Tadqgiqat miixtalif temperaturlarda (T = 250, 260, 270, 280 vo 290 °C) izotermik parcalanma
molumatlarinin nazorden kegirilmasini ohato edir vo kinetik nizamin miixtolif doyarlori iiciin doqiq
xatti uygunlugun olds edilmaosi ilo bagli problemlari arasdirir (b). Parcalanmanin tabioti birinci doracoali
prosesi nazordo tutan monomolekulyar nozoriyys osasinda sorh olunur. ITL oyrilori iki eksponensial
pargalanma ayrisindon amolo goalir.

Reqressiya xatlorinin yamaclar1 miivafiq olaraq oyri 1 va oyri 2 {i¢iin aktivlogma enerjilorini (E)
verir: E1 = 0,99 + 0,16 eV vo E2 = 1,32 + 0,18 ¢V. Tezlik omsali (s) reqressiya xattinin kasismasi ilo
miisyyan edilir: s1 =1,32 x 108 s vos2 =1,77 x 1012 s7".

Agar sozlar: izotermik pargalanma, kvars, aktivlogsma enerjisi, tezlik faktoru.
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