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This study delves into the intricacies of isothermal decay analysis applied to thermoluminescence (TL) peaks, focusing on determining
kinetic parameters. The study challenges the conformity of the trap responsible for the ITL signals to first, second, or general-order kinetics,
supported by the non-conforming decay pattern and the inference of two overlapping first-order TL peaks. This work enhances the
understanding of TL peaks and establishes a reliable methodology for characterizing luminescence mechanisms in materials, contributing
to advancements in luminescence dosimetry research. These observations lead to the conclusion that the TL data originates from more than
one trap, and based on existing literature, it is inferred that there are two overlapping first-order TL peaks. The investigation involves the
consideration of isothermal decay data at distinct temperatures (T = 250, 260, 270, 280, and 290°C) and explores challenges associated
with achieving precise linear fits for different kinetic order values (b). The nature of decay is interpreted based on the monomolecular
theory, suggesting adherence to a first-order process. ITL curves were deconvoluted into two exponential decay curves. The slopes of the
regression lines provide activation energy (E) values for curvel and curve2, respectively: E1 =0.99+0.16 eV and E> = 1.32+0.18 eV. The
frequency factor (s) is determined from the intercept of the regression line: s1 = 1.32x10% s™! and s> = 1.77x10"? s,
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INTRODUCTION

Natural minerals are increasingly vital in contemporary science and technology, with many displaying
thermoluminescence (TL) characteristics that contribute to our understanding of damage and safety processes in radiation
incidents. Among these minerals, quartz is a crucial, cost-effective, and abundant material with numerous advantages
for research in radiation, environmental, and clinical radiological applications [1]. When irradiated grains of quartz
undergo heating from room temperature to elevated levels, they exhibit various glow curves. These curves depend on
chemical composition, impurity types and concentrations, defects, geological origin, irradiation, sensitization, and other
experimental conditions [2], [3].

Numerous TL glow peaks within the temperature range of 333—753 K have been reported by various authors for
diverse quartz samples [4]-[6]. According to these studies, high-temperature TL peaks demonstrate greater stability
post-irradiation than low-temperature peaks, which decay more rapidly due to shorter lifetimes. Despite the diverse
capabilities demonstrated by natural quartz, a comprehensive understanding of its detailed irradiation response, defect
production and distribution, and thermoluminescence mechanism remains elusive. The challenge arises from the difficulty
in comparing TL measurements across different studies, as quartz samples from various origins, conditions, and impurities
may exhibit inconsistencies. Therefore, this study explores the TL characteristics and defect production of naturally
occurring quartz subjected to high gamma doses (8 kGy).

Luminescence-based measurements in retrospective dosimetry entail assessing the charge stored in localized defect
states through external stimuli like heat or light. In thermoluminescence (TL), the exclusive mechanism for stimulation
is heat energy. Isothermal signals, termed phosphorescence or isothermal TL (ITL), are employed to estimate the
equivalent dose (De) and determine trap parameters such as thermal and optical trap depths (in units of eV), frequency
factor (in units of s™!), as well as thermal assistance and thermal-quenching energies. Therefore, a comprehensive
understanding of the characteristics and origins of isothermal signals, ITL, is crucial. Signals originating from a constant
flux of stimulation energy are anticipated to exhibit a consistent, often exponential, decay pattern.

Current interest in the thermoluminescence of quartz obtained from building materials such as mortar and concrete,
especially for dose reconstruction purposes, requires accurate determination of this mineral's thermoluminescence
parameters associated with intermediate luminescence peaks [7], [8]. The isothermal TL signal from deep traps holds the
potential for retrospective dosimetry [7]. Recently, there have been indications that the high-temperature TL signal
(325 °C) demonstrates significantly higher dose saturation compared to OSL. Consequently, efforts have been made to
utilize isothermal TL at 310 and 320 °C to develop single-aliquot dose measurement methods.

This study aims to present the findings of an isothermal TL investigation, evaluating various parameters essential
for describing the TL process in quartz. The objective is to contribute to understanding natural quartz's luminescence
mechanisms. These parameters include the activation energy (E) for TL traps, also known as trap depth, the frequency
factor (s), and the order of kinetics (b) of the TL process.
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MATERIALS AND METHODS

The quartz samples employed in this experiment were obtained from beach sand through traditional chemical
separation methods. The sand underwent sieving to isolate grain size fractions ranging from 80 to 120 pm. Subsequently,
this grain size fraction underwent hydrochloric acid (HCI) treatment, separation through heavy liquids, and etching in a
40% hydrofluoric acid (HF) solution. The precipitated fluorides were dissolved using HCI. Before subsequent irradiation,
the samples were heated to 600°C for one hour to eliminate residual thermoluminescence (TL) centers. The irradiation
occurred at an ambient temperature using a °*Co source, with dose levels reaching 8 MGy.

In a standard isothermal decay experiment, the established procedure entails rapidly heating the irradiated sample
to a specified temperature and maintaining it for a predetermined duration. The quartz grains were affixed to an aluminum
disc of 0.1 mm thickness using silicone spray for measurement purposes. Isothermal TL (ITL) measurements were
conducted using a Harshaw 3500 manual reader, holding the aliquots for 50 s at a constant temperature. The preheating
was executed at a rate of 2°C s™! in a nitrogen (N,) atmosphere, and the ITL curves were recorded immediately upon
reaching the measurement temperature. Under these conditions, we observed monotonically decreasing ITL signals that
exhibited no detectable disturbance due to thermal lag. Any significant thermal lag would have manifested as an initial
rise to a maximum before subsequent decay [9]. The emitted light, termed phosphorescence decay, is observed over a
period, enabling the evaluation of the decay rate of trapped electrons. Graphs depicting the correlation between
thermoluminescence (TL) intensity and time at a constant temperature are known as isothermal decay curves.

Garlick and Gibson showcased the methodology of analyzing isothermal decay within the framework of first-order
kinetics [10]. When scrutinizing isothermal decay curves at a specific temperature (T;) for TL peaks following first-order
kinetics, the resultant graphs exhibit an exponential relationship with time, as depicted by the Equation:

(&)
It = Iyexp (—sexp\ ¥Ti/'t), (1)
where
Ip =initial TL intensity, I;=the TL intensity at time t, s = effective frequency factor, E = activation energy, T = temperature
of isothermal decay.

This Equation signifies that a plot of In(I) against time will exhibit a linear relationship for peaks governed by first-
order kinetics. Furthermore, the slope of this linear graph will be determined by:

(-+m)
slope = m; = —sexp"\ *Ti/, (2
Taking the natural logarithm of the equation yields:

(|slope|) = Ins — kin ?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 the thermoluminescence processes have been provided by Randall-Wilkins for first order,
Garlick—Gibson for second order, and May—Partridge for general order kinetics [11]:

—-E

I(t) = —3—7: = nsexpt, (4a)
2 —-E

I(t) = — % = %sexpk_T, (4b)
-E

I(t) = — % = nbs’exprr, (4¢)

Where n is the trapped charged population.

These equations provide a method for calculating E. In this context, applying isothermal analysis allows determining
the kinetics order, denoted as b. By keeping the temperature constant and integrating the general-order equation (4c) with
respect to time (t), the following expression is derived:

_Eyqy. b
I, = I [1 +s'ng™1 (b — 1texpwP ] 1-b, %)

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

E
Iy = s'nlexpCwP, (6)
where
s' = s/N = effective frequency factor, N is the number of traps.
no = initial trapped charged population.
This Equation suggests that a plot of the quantity against time should exhibit a linear trend when an appropriate
value of b is determined. Various isothermal decay temperatures produce a series of straight lines with different slopes.
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RESULTS AND DISCUSSIONS

Figure 1 illustrates the given data corresponding to five distinct temperatures: T = 250, 260, 270, 280, and 290°C.
As previously detailed, the isothermal decay curves for thermoluminescence (TL) peaks conforming to first-order kinetics
follow exponential time functions. According to [12], a plot of In(I) against time (t) will exhibit a linear correlation for first-
order kinetics peaks, with the slope of the line determined by equation (3). A plot of In(Jslope|) versus 1/kT is anticipated to
display a linear pattern, with a slope equal to -E and a y-intercept equal to In s if the provided isothermal TL data aligns with
first-order kinetics. Initially, we calculate In (TL) for each isothermal curve and plot In (TL) against time.

Subsequently, regression lines are computed for the plot with T=250°C in Figure 2. 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 inspecting the In (TL) graph against time, as shown in Figure 2. The resultant
plots reveal a nonlinearity, indicating that the data does not conform to first-order kinetics. If we reformulate Equation
(5), the isothermal decay curves of TL peaks corresponding to general order kinetics with the kinetic order parameter
denoted as "b" will be characterized as follows:
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Figure 1. Isothermal TL decay curves of quartz at different Figure 2 The isothermal decay curves on the semi-log scale
temperatures. Quartz irradiated at SMGy. for the isothermal decay curve of quartz at 250°C
Inserting is a magnified part of the spectrum from 0 to 14 s
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This Equation suggests that a graph of the quantity (I; / Ip) (™" against time t should form a straight line when an
appropriate value of b is identified. After determining the value of b, we will plot (I¢/ Ip) ' "®"® against time t for the five
different decay temperatures, resulting in a set of straight lines with a slope (m) given by the formula:

E
m= snd~! (b— Dexp . (8)

The activation energy E and the effective frequency factor s” = s'no® * will be determined from the slope and
intercept of the plot of In(m) versus 1/ kT.

Figure 3 depicts the quantities (I; / Ip)' " for the isothermal decay data at T = 260°C, considering 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 evident that none of the four
graphs yield satisfactory linear fits.

This situation emphasizes a potential challenge when dealing with isothermal decay data: attaining a precise
estimation of the optimal linear fit might prove challenging due to subtle graph variations for different values of b.
The computed values of R suggest that the graphs corresponding to different values of b do not provide an accurate linear
fit, affirming the consistency of the provided TL data with second-order kinetics. A parallel analysis has been applied to
all other four isothermal decay datasets, yielding the same results.

The observed decay in the current investigation is elucidated through the monomolecular (first-order) superposition
theory. This type of decay results from the overlay of exponentials associated with different traps and is mathematically
represented by the Equation [13]:

Il‘ = 101 eXp(—Plt) + 102 eXp(—Pzt) +

where Io, is the phosphorescence intensity due to electrons in the traps of energy En, Pr =s exp (- Ew/kT) is the probability
of an electron escaping from a trap, k is the Boltzmann constant, and s is the escape frequency factor. Consequently, each
decay curve can be dissected into a series of exponentials using the "unraveling" procedure, enabling the calculation
of E values corresponding to each exponential.
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Figure 3. Isothermal decay data at a temperature of 260°C
calculated for several values of kinetic order b as a function of
time

Figure 4. Isothermal decay data for the 280°C deconvoluted
into two exponential decay curves

It is observed that each decay curve can be decomposed into two exponentials, as illustrated in the isothermal decay
curve at 20°C presented in Fig. 4. For the first curve, I,= 4.84634E6 and P;= 0.96471, while for the second curve,
I,= 114707 and P,= 0.06435. The nature of decay can thus be interpreted based on the monomolecular theory, suggesting
that the luminescence kinetics adhere to a first-order process. The consideration of first-order kinetics is supported by
inspecting the linearity in the In (TL curvel) and In (TL curve2) plots against time, as depicted in Figure 5. The resulting
plots for curvel and curve2 demonstrate linearity, indicating that the data conforms to first-order kinetics.
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Figure 5. The isothermal decay curves on the semilog Figure 6. The In(slope) versus 1/kT graph to determine E for TL data of
scale for the isothermal decay curve of quartz at 280°C  convoluted curves 1 and 2
and the two deconvoluted cures 1 and 2

In the subsequent step, we compile the slopes of these linear graphs in Table 1 and compute the natural logarithm
of the slopes, denoted as In(slope), for all five ITL curves corresponding to the temperatures T = 250, 260, 270, 280, and
290°C. A graph in Figure 6 depicts the In(slope) of curve 1 and curve 2 against 1/kT, where T represents the temperature
(in Kelvin) while recording isothermal decay curves.

Table 1. The slopes of linear isothermal graphs and their natural logarithms In(slope)

o ) Curvel Curve2
Temperature °C VKT (eV7) slope (s') 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
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The slope of the regression line provides the activation energy E, and interceptions for curvel and curve2
subsequently are:

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

E1=1.32+0.18 eV; intersept] = 28.2+4.2
The frequency factor s can be found from the intercept of the regression line:

interseptl = In(s1)=18.7; s1=exp (18.7) = 1.32x10® s'and

intersept2 = In(s2)=28.2; s2=exp (28.2) =1.77x1012s1

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

CONCLUSIONS

Investigating isothermal decay analysis of thermoluminescence (TL) peaks has provided valuable insights into the
kinetic parameters governing this luminescent phenomenon. The challenges associated with achieving precise linear fits
for different kinetic order values (b) underscore the intricacies of the analysis. In summary, it can be inferred that the trap
responsible for the ITL signals at 250, 260, 270, 280, and 290°C does not conform to first, second, or general order
kinetics. This deduction is supported by: (a) The decay pattern of the ITL signal recorded at 250, 260, 270, 280, and
290°C deviates from the behavior described by Eq. (5) for b values ranging from 1 to 2 (refer to Fig. 2 and 3). (b) These
observations lead to the conclusion that the TL data depicted in Fig. 4 originates from more than one trap, and based on
existing literature, it is inferred that there are two overlapping first-order TL peaks.

This thorough analysis contributes to the understanding of TL peaks and establishes a robust methodology for
characterizing luminescence mechanisms in materials. The consistent application of these analytical techniques to
isothermal decay data across various temperatures enhances the reliability and applicability of our findings. In summary,
our study advances the understanding of kinetic parameters in TL peaks and provides a foundation for future research in
luminescence dosimetry.
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AHAJII3 I30TEPMIYHOI'O PO3MAY MIKIB TEPMOJIOMIHECIEHIIII KBAPITY
JJIs1 BABHAYEHHS KIHETUYHUX TAPAMETPIB
Caxié Mamenos, MycJim I'ypoanoB, AkmuH AdimoB, AxmMaja Axagos
Tnemumym paoiayitinux npooaem Minicmepcemea nayku i oceimu Azepbaiiodxcany,
eyn. b. Baxa6saoe, 9 baxy, Azepbatiosncan

Ile mocmipkeHHs 3arauOIIOETHCS. B TOHKOIII aHATi3y 130TepMIYHOTO po3Mamy, 3aCTOCOBAHOTO N0 MikiB TepMmosominecteHtii (TL),
30Cepe/KYIOUHCh Ha BU3HAYSHHI KIHeTHYHHX MapaMeTpiB. JloCiKeHHs] CTaBUTH MiJ CYMHIB BiNMOBIAHICTh MACTKH, BIAIOBITAIBEHOT
3a curHany [TL, kiHeTuni nepuioro, Apyroro 4 3araJibHOro HOPSZKY, IO HiATBEPPKYETHCS HEBIIOBIIHOIO CXEMOIO PO3Many Ta
BHCHOBKOM PO JiBa NepekpuBatoThes miku TL nepuoro nopsiaky. Ls po6oTa nokpariiye po3yminns mikiB TL i BcTaHOBIIOE HafilHy
METO/IOJIOTIIO IS XapaKTePHCTHKN MEXaHi3MiB JIIOMiHECLCHIIT B MaTepiaiax, COPHUII0YH POrpecy B AOCITIHKSHHSX JTIOMIHECIIEHTHOT
nosumeTtpii. Lli coctepeskeHHs! PUBOASATH 10 BUCHOBKY, 110 naHi TL moxoasTe Bia OiIbLI HXK OZHIET MACTKH, 1 HA OCHOBI ICHYIOYOT
JiTepaTypu poOUTHCS BUCHOBOK IPO HAsIBHICTH ABOX MepekpruBatodnx MikiB TL mepmoro nopsaaxy. HocmimkeHHs nependayae po3risig
130TepMIYHMX JaHHUX po3many mpu pizHuX Temmepatypax (T = 250, 260, 270, 280 i 290°C) i mocmimkye mpodiaeMu, OB’ s3aHl 3
JOCSTHEHHSIM TOYHUX JITHIMHUX BiJIIOBITHOCTEH IS Pi3HUX 3Ha4YeHb KiHeTH4HOTO Mopsnky (b). [Ipupona posnany iHTepnpeTyeThest
Ha OCHOBI MOHOMOJIEKYJISIPHOI Teopii, sika mepeadadae oTpuMaHHS nponecy nepmroro nopsaky. Kpusi ITL 6ynu po3seneHi Ha 1Bi
SKCIIOHEHIiabHI KpuBi po3nany. Haxuim niHii perpecii 3abe3neuytors 3HaueHHs eHeprii aktusauii (E) mis kpusoi 1 i kpusoi 2
BignoBigHo: E1=0.99+£0.16 eB i E2=1.32+0.18 eB. KoeoirienT yactotu (S) BH3HAYAETBCA 3 TOYKH IMEPETUHY JIIHIT perpecii:
s1=1.32x10% ¢! ta sa = 1.77x102 ¢\,

KurouoBi ciioBa: izomepmiunuii posnao; keapy, enepeis akmueayii; yacmomuuii paxmop





