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ABSTRACT

THE INVESTIGATION OF SUCCESS OF COMPUTER GLOW CURVE
DECONVOLUTION (CGCD) BY MAKING NUMERICAL SOLUTIONS OF
OTOR AND IMTS MODELS

YILDIRIR, Unal
PhD in Physics Engineering
Supervisor: Prof. Dr. A. Necmeddin YAZICI
Co-Supervisor: Assoc. Prof. Dr. R. Giiler YILDIRIM
December 2017
133 pages

In the study, OTOR (One-Trap One Recombination Center) and IMTS
(Interactive Multiple Trap System) thermoluminescence (TL) rate equations, first,
second and general-order TL kinetic equations were solved numerically with aid of
Mathematica program and TL glow curves were obtained. In numerical solutions,
one kinetic parameter is kept constant at each time, and by changing the others, a
large number of TL glow curves composed of different combinations glow peaks
were obtained. All of the numerically obtained glow curves were analyzed using the
computerized glow curve deconvolution (CGCD) method. Two CGCD programs
(GLOCANIN and Microsoft Excel) were used in the analyzing and the results of the
CGCD programs were compared with the kinetic parameters entered in the numerical
solutions and the success of the CGCD methods was investigated. It was also
determined which program gave more successful results than the other. When the
results were compared, it was seen that the success of the CGCD method depends on
the electron transfer coefficients (A,/Ay) and trap occupancy rates (no/N;) in the
numerical solutions of TL-models. It has been observed in the researches that the
CGCD program written in Microsoft Excel gives better results than the GLOCANIN
program in the analysis of the luminescence curves including the multi-luminescence
peak obtained as a result of numerical solutions of OTOR and IMTS models. As a
result of the studies carried out, it has been understood that the trap occupancy rate
(no/N¢) must be low in order to make the kinetic parameters more reliable by the
CGCD method after experimental studies. For this reason, with the results of low-
dose applications, it has been concluded that the TL-luminescence curves must be
analyzed by the CGCD method.

Key words: Thermoluminescence, computer glow curve deconvolution method, trap
parameters, numerical analysis, OTOR, IMTS.
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OZET

BILGISAYAR iLE ISILDAMA EGRIiSi AYRISIM (CGCD) YONTEMININ
BASARISININ OTOR VE IMTS MODELLERININ NUMERIK
COZUMLERININ YAPILARAK ARASTIRILMASI

YILDIRIR, Unal
Doktora Tezi, Fizik Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. A. Necmeddin YAZICI
Tez Yoneticisi Yardimcisi: Dog. Dr. R. Giiler YILDIRIM
Aralik 2017
133 sayfa

Yapilan calismada birinci, ikinci ve genel-dereceden TL kinetik denklemleri
ile OTOR (Bir-Tuzak Bir-Birlesme Merkezi) ve IMTS (Etkilesimli Coklu Tuzak
Sistemi) TL-Modelleri Matematika programi ile niimerik olarak ¢6ziilmiis ve yapay
TL 1sildama egrileri elde edilmistir. Niimerik ¢oziimlemelerde her seferinde bir
kinetik parametre sabit tutulmus, digerleri degistirilerek farkli kombinasyonlardan
olusan ¢ok sayida 1s1ldama egrileri elde edilmistir. Elde edilen tiim 1s1ldama egrileri,
bilgisayar ile 1sildama egrisi (CGCD) yontemi kullanilarak analiz edilmistir.
Analizlerde iki adet CGCD programi (GLOCANIN ve Microsoft Excel) kullanilmig
ve analizler sonucunda CGCD programlarinin sonuglari niimerik ¢dziimlerde girilen
kinetik parametreler ile karsilagtirilmis ve CGCD yoOnteminin basarisi arastirilmistir.
Ayrica hangi programin digerinden daha basarili sonuglar verdigi belirlenmistir.
Sonuglar karsilastirildiginda CGCD yonteminin basarisinin TL-modellerinin niimerik
coziimlemelerinde elektron gecis katsayilarina (A,/Ay) ve tuzak doluluk oranlarina
(no/N¢) bagli oldugu gorilmiistiir. Yapilan arastirmalarda OTOR ve IMTS
modellerinin niimerik ¢dziimlemeleri sonucu elde edilmis ¢oklu 1s1ldama tepesi
iceren 1s1ldama egrilerinin analizlerinin Microsoft Excel’de yazilmis CGCD
programinin GLOCANIN programindan daha iyi sonuclar verdigi gézlemlenmistir.
Yapilan calismalar sonucunda deneysel calismalar sonunda CGCD yontemi ile
kinetik parametrelerin daha giivenilir bulunabilmesi i¢in tuzak doluluk oraninin
(no/Ny) diisiik olmas1 gerektigi anlagilmistir. Bunun i¢inde diisiik doz uygulamalari
sonucunda TL-1s1ldama egrilerinin CGCD yontemi ile analizi gerektigi sonucuna
varilmistir.

Anahtar _Kelimeler: Termoliiminesans, bilgisayarla analiz yontemi, tuzak

parametreleri, niimerik ¢oziimleme, OTOR, IMTS.
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Figure No
Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5
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Figure Captions

Energy Level diagram illustrating the creation of
luminescence centers in crystal lattices through
exposure to ionizing radiation (redrawn by Ken
Munyikwa from [17]). (a) Irradiation leads to electrons
being expelled from their original site and diffuse within
the lattice. (b) Electrons become trapped while holes of
missing electrons become localized at particular centers.
(c) Stimulation (by heat or light) results in electrons
being evicted from the traps and diffusing until they
meet a recombination center. Light (luminescence) is
emitted when luminescence centers are encountered by
the electrons to give TL or OSL.

Energy band model showing the electronic transitions in a TL
material according to a simple two-level model (1) generation
of electrons and holes; (2) electron and hole trapping; (3)
electron release due to thermal stimulation; (4)
recombination. (e ) shows electrons, (o) shows holes. Level T
is an electron trap, level R is a recombination centre, Er is
Fermi level.

Properties of the R—W first-order TL equation, showing: (a)
variation with ng_the concentration of trapped charge carriers
after irradiation; (b) the variation with E, the activation
energy; (c) the variation with s, the escape frequency; (d) the
variation with S, the heating rate. Parameter values: no=1 m™;
E=1 eV; s=1x10"? s'l, =1 K/s of which one parameter is

varied while the others are kept constant. [9]

Properties of the Garlick—Gibson second-order TL equation,
showing: (a) variation with ny, the concentration of trapped
charge carriers after irradiation;(b) the variation with E, the
activation energy; (c) the variation with s/N; (d) the variation
with S, the heating rate. Parameter values: np=1 m™; E=1 eV;
s/IN=1x10"2 s' m®, f=1 K/s of which one parameter is varied
while the others are kept constant. [9]

Comparison of first-order (b=1), second-order (b=2) and

intermediate-order (b=1.3 and 1.6) TL peaks, with E=1 eV,
s=1x10" 5™, ny=N=1 m™ and S=1 K/s (from [29])
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Figure 2.6

Figure 2.7

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Advanced models describing the thermally stimulated
release of trapped charged carriers including: (a) a shallow
trap (ST), a deep electron trap (DET), and an active trap
(AT); (b) two active traps and two recombination centers;
(c) localized transitions; (d) defect interaction (trapping
center interacts with another defect). [28]

Energy level scheme of interactive multi-trap system
(IMTS).

The Mathematica program solution of the differential
equations for first- order kinetics for the variable initial
value no (no/N= 1, 0.6, 0.3, 0.1). The command NDSolve
is used to perform the numerical integration of the
differential equation and the parameter x represents the
temperature T (°C) and the function n[x] represents the
electron concentration n(T).

The Mathematica program solution of the differential
equations for second-order kinetics for the variable initial
value no (no/N=1, 0.6, 0.3, 0.1).

The Mathematica program solution of the differential
equations for general-order kinetics for the variable
kinetics degree.

The Mathematica program solution of the differential
equations for general-order kinetics for the variable
frequency factor.

The Mathematica program solution of the differential
equations for general-order kinetics for the variable
heating rate factor.

The Mathematica program solution of the differential
equations for general-order kinetics for the variable

heating rate factor.

The Mathematica program solution of the differential
equations for OTOR Model for An/Ah= 100.

The Mathematica program solution of the differential
equations for OTOR Model for An/Ah= 1.
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Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

The Mathematica program solution of the differential
equations for OTOR Model for An/Ah=0.01.

The Mathematica program solution of the differential
equations for OTOR Model for variable E, s and An/ Ah
for two peaks.

The Mathematica program solution of the differential
equations for OTOR Model for variable E, s and An/ Ah
for three peaks.

The Mathematica program solution of the differential
equations for IMTS Model for An/Ah= 10 and Am=Ah
(one peak).

The Mathematica program solution of the differential
equations for IMTS Model for A,/Ap=0.001 and An,=An
(one peak).

The Mathematica program solution of the differential
equations for IMTS Model for A,/Ay=10 and A,=An(one
peak).

The Mathematica program solution of the differential
equations for IMTS Model for A,/Ap=0.001 and A,=Aj
(one peak).

The Mathematica program solution of the differential
equations for IMTS Model for A, /Ay=10 and A,=An(one
peak).

The Mathematica program solution of the differential
equations for IMTS Model for A,/Ax=0.001 and A=A,
(one peak).

The Mathematica program solution of the differential
equations for IMTS Model for A,/Ap= 10 and A=A, (B=1,
two peaks).

The Mathematica program solution of the differential

equations for IMTS Model for A,/Ay= 0.001 and A=Ay
(B=1, two peaks).
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Figure 3.20

Figure 3.21

Figure 3.22

Figure 3.23

Figure 3.24

Figure 3.25

Figure 4.1

Figure 4.2

Figure 4.3

The program in Mathematica solves the differential
equations for  IMTS Model for Ay/Ay= 10 and A=Ay
(B=10, two peaks).

The program in Mathematica solves the differential
equations for IMTS Model for A,/Ay= 0.001 and Ay=Ap
(B=10, two peaks).

The program in Mathematica solves the differential
equations for IMTS Model for A,/Ay,= 10 and A=Ay
(B=30, two peaks).

The program in Mathematica solves the differential
equations for  IMTS Model for A, /A= 0.001 and A=Ay
(B=30, two peaks).

The Mathematica program solution of the differential
equations for IMTS Model for A,/Ay= 10 and A=Ay, (three
peaks).

The Mathematica program solution of the differential
equations for IMTS Model for A,/Ay= 0.001 and A,=Aj
(three peaks).

It shows (a) and (c) the numerically generated first- and
second-order TL glow peak by Mathematica (b) and (d) the
fitting of these glow peak by Excel

fitting program.

The solution of differential equations of general-order TL
kinetic equation for b=1.5 by Mathematica. It shows the
effect of changing activation energy (E) on the general-order
thermoluminescence glow peaks. The fitting results of these
glow curve with GLOCANIN are also shown in the figure.
a) E=0.8eV, b) E=1.1eV, c) E=1.3eV.

The TL glow curves consist of two general-order glow
peaks. The glow curves were firstly obtained solution
of differential equation of general-order TL kinetics by
Mathematica after different values of kinetic parameters (a)
activation energy, (b) kinetics order, (c) traps occupancy
rate. These glow curves were also analyzed by GLOCANIN
and Excel Spreadsheet programs and shown in the below of
each glow curve.
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Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

The TL glow curve consists of three general-order glow
peaks. The glow curve was firstly obtained solution of
differential equation of general-order TL kinetics by
Mathematica after different E values. The glow curve was
then also analyzed by GLOCANIN and Excel Spreadsheet
programs to test the success and failure of deconvolution
programs. The analyzed glow curves are shown in the below
of glow curve.

The numerically generated (left side) by the Mathematica
and analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (One Peak),
(Ni=ny), (a) (An/Ah=10) (b) (An/Ah=1) (c¢) (An/Ah=0.001).

The comparisons of CGCD analysis(E:Excel Spreadsheet,
G:GLOCANIN) results of the OTOR model for the following
input parameters: (N= ng), (One peak), (a) Activation Energy
(b) Frequency factor (c) Kinetics order (d) FOM values
(Excel).

The numerically generated (left side) by the Mathematica
and analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (One Peak),
(N=0.5n9), (a) (An/Ah=10) (b) (An/Ah=1) (c)
(An/Ah=0.001).

The comparisons of CGCD analysis(E: Excel Spreadsheet,
G:GLOCANIN) results of the OTOR model for the following
input parameters: (N=0.5ny),(One peak), (a) Energy (b)
Frequency factor (c) Kinetics order (d) FOM values (Excel).

The numerically generated (left side) by the Mathematica
and analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (One Peak),
(N= 0.1ng), (a) (An/Ah=10) (b) (An/Ah=1) (c)
(An/Ah=0.001).

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the OTOR model for the
following input parameters: (N=0.1ng), (One peak), (a)
Energy (b) Frequency factor (c) Kinetics order (d) FOM
values (Excel).

X1

70

73

74

76

77

78

79



Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

The numerically generated (left side) by Mathematica and
then analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (Ni= ng)
(Two Peaks). (a) (A/A=10) (b) (AJ/A=1) (¢
(A/Ax=0.001).

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the OTOR model for the following
input parameters: (N=n,), (Two peaks), (a) Activation Energy
(b) Frequency factor (c) Kinetics order (d) FOM values
(Excel).

The numerically generated (left side) by Mathematica and
then analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (N= 0.5n¢)
(Two Peaks). (a) (A/A=10) (b) (AJ/A=1) (c)
(An/Ap=0.001).

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the OTOR model for the
following input parameters: (N=0.5np), (Two peaks), (a)
Activation Energy (b) Frequency factor (c) Kinetics order
(d) FOM values (Excel).

The numerically generated (left side) by Mathematica and
then analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (N= 0.1n)
(Two Peaks). (a) (A/A=10) (b) (AJ/A=1) (c)
(An/Apr=0.001).

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the OTOR model for the
following input parameters: (N=0.1np), (Two peaks), (a)
Activation Energy (b) Frequency factor (c) Kinetics order
(d) FOM values (Excel).

The numerically generated (left side) by Mathematica and
then analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (N= ng)
(Three Peaks). (a) (A/Ax=10) (b) (A/A=1) (c)
(An/Apr=0.001).
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Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the OTOR model for the
following input parameters: (Ng=ng), (Two peaks), (a)
Activation Energy (b) Frequency factor (c) Kinetics order
(d) FOM values (Excel).

The numerically generated (left side) by Mathematica and
then analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (N= 0.5n¢)
(ThreePeaks).(a)(An/Ap=10) (b)(A/Ap=1)(c) (A/Ap=0.001).

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the OTOR model for the
following input parameters: (N= 0.5ng), (Three peaks), (a)
Activation Energy (b) Frequency factor (c) Kinetics order
(d) FOM values (Excel).

The numerically generated (left side) by Mathematica and
then analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (N= 0.1ng)
(Three Peaks). (a) (A/A=10) (b) (A/A=1) (c)
(An/Ap=0.001).

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the OTOR model for the
following input parameters: (N= 0.1ng), (Three peaks), (a)
Activation Energy (b) Frequency factor (c) Kinetics order
(d) FOM values (Excel).

The numerically generated (left side) by Mathematica and
then analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (One Peak).
(a) (A/Ap=10) (b) (An/An=1) (c) (A/Ax=0.001).

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the OTOR model as a function of
Ay/An (A = Ayp) for the following input parameters: (one
Peak), (a) Activation Energy (b) Frequency factor (c)
Kinetics order (d) FOM values (Excel).

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the OTOR model as a function of
An/An (A, = Ayp) for the following input parameters: (one
Peak), (a) Activation Energy (b) Frequency factor (c)
Kinetics order (d) FOM values (Excel).
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Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29

Figure 4.30

Figure 4.31

Figure 4.32

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the OTOR model as a function of
An/An (A = Ay) for the following input parameters: (one
Peak), (a) Activation Energy (b) Frequency factor (c)
Kinetics order (d) FOM values (Excel).

The numerically generated (left side) by Mathematica and
then analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (One
Peak).(a) (An/An=10) (b) (An/An=1) (c) (An/An=0.001).

The numerically generated (left side) by Mathematica and
then analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (One
Peak).(a) (An/Ap=10) (b) (An/An=1) (c) (An/A=0.001).

The numerically generated (left side) by Mathematica and
then analyzed by Excel Spreadsheet program (right side)
glow curves for the following input parameters: (Two Peaks)
(An=An) (a) (An/Ap=10) (b) (An/An=1) (¢) (An/An=0.001).

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the IMTS model as a function of
An/An (Am = Ay) for the following input parameters: (Two
Peaks). (a) Activation Energy (b) Frequency factor (c)
Kinetics order (d) FOM values (Excel).

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the IMTS model as a function of
An/An (Am = Ay) for the following input parameters: (Two
Peaks). (a) Activation Energy (b) Frequency factor (c)
Kinetics order (d) FOM values (Excel).

The comparisons of CGCD analysis (E: Excel Spreadsheet,
G: GLOCANIN) results of the IMTS model as a function of
Ay/An (An = Ay) for the following input parameters: (Three
Peaks). (a) Activation Energy (b) Frequency factor (c)
Kinetics order (d) FOM values (Excel).
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CHAPTER 1

INTRODUCTION

There have been a number of definitions related to the thermoluminescence
(TL) for years but in simplest form is that the thermally stimulated luminescence or
simply thermoluminescence is the emission of light from solids such as
semiconductors or insulators when they are heated after the application of ionizing
radiations such as X, gamma and beta [1]. According to this definition, there are
three rules to obtain thermoluminescence phenomena from solids. Firstly, the
material must have forbidden band gap. Therefore the materials must be insulators or
semiconductors. Because, it is well known that only these materials have band gap.
On the other hand, the metals do not have band gap thereupon, they do not exhibit
thermoluminescent properties. The second necessity is that the material must be
absorbed the energy of ionizing radiation before the heating process. Thirdly, the
materials must be emitted light when they are heating process. During the heating
process, the emitted light intensity plotted versus temperature is called as TL glow
curve. The forms and peak temperatures (7,,) of the measured TL glow peaks are
generally used to extract information on absorbed doses by the materials and also the
various trapping parameters of the defects within the solid, such as frequency factor
(s), trap depth (E,) (also called the activation energy), trapping and re-trapping rates,
the kinetic-order b of the TL glow peaks and etc. [2]. Since the early 1950s, the TL
has been one of the important techniques for the measuring nuclear radiation doses
[3]. Not only to measure radiation dose, but also the TL materials were applied in the
archaeological and geological dating [4-7].

The TL rate equations are used to describe the TL phenomena. The simplest
model to describe the physical processes of TL is a single type of trap and
recombination center model. This model is called as one trap one recombination
center (OTOR) model. The rate equations (analytic equations) are firstly obtained by

using this model and then they can be solved under various assumptions to obtain TL



glow curve equations. In general, the experimentally obtained TL glow curves from
the TL materials are analyzed by computerized fitting program which is called as
computer glow curve deconvolution (CGCD) program to obtain kinetic (trapping)
parameters and absorbed doses [8-11]. The application of this method to analyze and
deconvolution of TL glow-curve into its individual glow-peaks have been widely
applied since 1980 [8]. The CGCD method is a very famous method to obtain kinetic
(trapping) parameters since 1990 and this method has great advantages over the other
experimental methods (such as initial rise, peak shape, heating rate etc.) to obtain
kinetic parameters. Because, this method simultaneous determine the trapping
parameters of all TL glow peaks without additional heat treatments and experimental
repetitions [12]. If there are more than one glow peak within the TL glow curve, it
becomes very difficult to obtain trapping parameters. Because, some interactions and
electron transfers are occurred between the traps during the heating process. These
processes affect the TL kinetic parameters of glow peaks within the glow curve.

If there are more than one TL glow peaks in the glow curves and the electrons
were released from one type of electrons trap may be trapped on other types of
electron traps, simply when charge transfers occur among different types of traps,
this model is described as the interactive multi traps system or model (IMTS). This
situation does not imply that the simple TL model is invalid. Conversely, the IMTS
model can assist to interpret the many properties of the one trap one recombination
center model [9]. The interactive multitrap system (IMTS) model was generally
employed to explain the dose dependence (linear or supralinear) of TL phenomena
[10- 14]. In the interactive multi traps system model, it is not necessary to all the
electron traps should be active in the temperature range in which the material is
heated. Unlike in the one trap one recombination center model, in the interactive
multi traps system model not all the electrons in the conduction band excited by the
radiation dose are captured by the active electron traps. Another deep trap which is
called as thermally disconnected deep trap can be filled with electrons during the
irradiation process. These deep traps which also known as competitor captures some
of free electrons in the CB during the irradiation stage. On the other hand, when the
deep traps (competitors) approach saturation, the interaction between the active
electron trap and competitor disappears and there upon, the interactive multi traps

system model turns into the non-interactive multitrap system (NMTS) model [9].



In this thesis, we have investigated how well the fitting process (computer
glow curve deconvolution) works in providing reliable values for the kinetic
parameters of the traps with OTOR and IMTS (interactive multi trap system)
methods by resorting mathematica program. Firstly, the relevant rate equations
describing the transfer of electrons between traps and the luminescence center were
used without approximation to numerically generate and obtain simulated TL glow
curves after a wide range of trapping parameters. And then, the numerically
simulated TL glow curves were analyzed by the general fitting method using
analytical expressions. The obtained kinetic parameter values by fitting procedure
were then compared with the input values used in generating the TL glow curves. In
this study, one of the fitting program is GLOCANIN. It was written by A.J.J. Bos at
the Reactor Institute at Delft, The Netherlands [15]. This program has been
successfully used in TL&OSL laboratory in our department and in many laboratories
over a number of years. On the other hand, it is well known that the CGCD method
cannot yield the correct trapping parameters in cases where two or more peaks are
highly overlapped [16]. Another fitting method in this study is the Microsoft Excel
Spreadsheet program with the powerful solver utility [17]. It was developed by the
G.Kitis in 2011 [17]. The computerized curve deconvolution (CCD) analysis of the
TL glow curves into their individual glow peaks and optically stimulated
luminescence (OSL) decay curves into their components have been recognized over
the last 30 year to be of major importance [8, 18-20]. As a result, the obtained
numerically generated glow curves with OTOR and IMTS models by Mathematica
program were fitted each GLOCANIN and Excel Spreadsheet programs, and both
analysis results were compared with each other and input values and all of them are

reviewed.

The thesis consists of five chapters. Chapter 2 explains the
thermoluminescence phenomena, its mathematical expressions and some important
models for thermoluminescence and also the methods to evaluate the kinetic
parameters responsible for the TL emission. Some Mathematica program examples

were given for analyzing of some used situations in Chapter 3.

All the CGCD results after fitting with GLOCANIN and Excel Spreadsheet
programs were given in chapter 4 with their inter comparisons. Finally, in Chapter 5

all the results of analysis were concluded and discussed with support of the literature.



CHAPTER 2

THEORY OF THERMOLUMINESCENCE

2.1 What is Luminescence?

When electromagnetic light is incident on a material, some of its energy may
be absorbed by the material and then re-emit as light at a longer wavelength (Stoke's
Law). This process is called as luminescence. The wavelength of the emitted light is
only characteristic of the material and not dependent upon the incident radiation.
Usually, the most studies of luminescence phenomena are concerned with the
emission of visible light due to human eye response. On the other hand, other
wavelengths such as ultraviolet or infrared can also be emitted during this process.
There are various types of luminescence phenomena. They are given names which
reflect the type of radiation used to excite the emission [2]. The some types of them
are:

Photoluminescence: The source of energy is photon. There are two types of
photoluminescence. They are: Fluoresans: Rapid (nanoseconds) emission of photons
as electrons jump from excited state to ground level.

Phosphorescence: Delayed (milliseconds to hours) emission of photons that have
been trapped in a ‘forbidden’ state.

Chemiluminescence: The source of energy is chemical reaction.
Bioluminescence: Biochemical reactions in living organisms (like fireflies).
Electrochemiluminescence: Resulting from electrochemical reactions.

Electroluminescence: The source of energy is electric current passing
through a substance. It includes; cathodoluminescence which is resulting from
electrons striking a luminescent material.

Mechanoluminescence: The source of energy is mechanical action on a
solid. For example, it includes triboluminescence. It is generated when bonds in a
material are broken when that material is scratched, crushed or rubbed.

Fractoluminescence is generated when bonds in certain crystals are broken by
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fractures. Piezoluminescence is produced by the action of pressure on certain solids.
Sonoluminescence is generated by imploding bubbles in a liquid when excited by
sound.

Radioluminescence: The source of energy is ionizing radiation. When the
material is bombardment by ionizing radiation, it emits light.

Thermoluminescence: The source of energy is heat. When the substance is

heated it reemits previously absorbed energy by the ionizing radiation.

When we characterize atoms of a crystal by three-dimensional periodicity it is
observed that there are some point defects within the crystal. Point defects within a
crystal are characterized as:

1. Intrinsic defects: Missing of atoms in its original location which is called as
vacancy. The other forms are; interstitials, aggregate forms of defects.

2. Color centers: These types of point defects are induced by ionizing radiations.
Some of them are F centers, V centers, Vi centers, etc.

3. Extrinsic (or impurity) defects: They are substitutional of impurities or interstitial

impurities.

The property of storing energy is due to the presence of crystal defects such
as vacancies and impurities. The luminescence phenomena can be observed due to all
defects can be potentially acted as traps or recombination center for charge carriers
created by suitable excitation. The defects are able to capture the electrons and holes
generated in the irradiation process. A crystal defect is classified as a trap center if
the defect is able to capture a charge carrier and reemit it back to the band it come
from. A crystal defect where carriers of opposite sign can be captured, resulting in an
electron-hole recombination, is classified as a recombination center. Efficient
thermoluminescent materials have a high concentration of traps and recombination
centers, provided by structural defects and impurities [21]. Thus, an electron-hole pair
is assumed initially to consist of a conduction electron and a valence hole. Exchange of
charge carriers between the crystal defects are assumed to take place through the conduction
and valence band [22-23].

Figure 2.1 is a demonstration of an energy level diagram of crystalline
materials that is commonly used to represent the trapping mechanism involved in
luminescence. Electron traps are represented by T. Its trap depth is indicated by ‘E’

as shown in Fig.2.1 (b). The trap depth is an indication of the efficacy of a given trap.



Energy

The lattice vibration is another important term that perturbs the stable traps that could
dislodge the electrons from their traps. The stimulation of the crystal lattice structure
by heating up to an appropriate temperature or by optical means using a suitable
wavelength, these methods will excite the electrons out of the traps. Once electrons
are expelled from their respective traps, they diffuse through the crystal lattice until
they come across another site that is attractive to electrons and these are referred to

as recombination centers[24].

Diffusion Conduction band Diffusion
Electron
A .\I t ﬁf
Stimulation
(thermal or optical)
[ —— lonization L == L—=C==
Light
(luminescence)
\
Hole _
Diffusion Valence band
(a) Iradiation (b) Storage (c) Eviction

Figure2.1: The energy band diagram of crystals (redrawn by Ken Munyikwa from
[17]). It illustrates the creation of trapping and luminescence centers in crystal
lattices due to exposure to 1onizing radiation. (a) Ionizing radiation leads to electrons
in valance band (VB) being expelled from their original site to the conduction band
(CB) and diffuse of electron within the lattice. (b) Electrons are trapped by electron
traps while holes are localized at particular (luminescent) centers. (c) Stimulation of
electrons from electron traps by heat or light results in electrons being evicted from
the traps and diffusing until they meet are combination (luminescent) center. Light is
emitted when luminescence centers are encountered by the electrons to give TL or
OSL.

When the crystal is heated, the trapped (captured) electrons by electron traps
and holes by the hole traps can be freed thermally into the CB or VB, respectively,
and then make a transition to the radiative recombination center R. This process is
termed thermally stimulated luminescence or simply thermoluminescence (TL).
Alternatively, external light exposure of the crystal can release captured electrons
from a trap center to the conduction band from where they can recombine into the
recombination center R. This phenomenon is termed optically stimulated

luminescence (OSL).



The optically or thermally freed charge carriers in the conduction/valance
band can be measured as electrical current when a voltage source is applied across
the crystal. These measurements are termed thermally and optically stimulated
conductivity (TSC, OSC), respectively.

2.2 Thermally Stimulated Luminescence or Thermoluminescence (TL)

The thermally stimulated luminescence or usually termed as
thermoluminescence (TL) is a physical phenomenon that thermoluminescence
dosimetry (TLD) has been used extensively to measure nuclear radiation doses since
the early 1950s [3] after availability of sufficiently sensitive and reliable
photomultiplier (PM) tubes in TLD readers. On the other hand, the TL was
subsequently applied to archaeological dating in the early 1960s [4-6] and to
geological dating in the beginning of the 1980s [7]. TL phenomena and dating
methods are reviewed by Aitken [5]. The TL is usually observed by heating a sample
at a constant heating rate to the finite desired temperature (e.g. 500 °C) and recording
emitted light from the sample by means of TLD reader as function of temperature.
The observed TL signal is called as "glow curve", with distinct TL peaks occurring at
different temperatures. The peak temperature is related with depth of electron traps
present within the sample. The point defects in the lattice structure are generally
responsible from these traps.

A typical defect may be created by the dislocation of a negative ion within the
lattice it provides a negative ion vacancy that behaves as an electron trap. Once
electrons are trapped, they will eventually be evicted by thermal vibrations of the
lattice due to heating of samples. As the temperature of sample is raised, it causes an
increase in the lattice vibrations of crystal, and the probability of eviction of
electrons from the electron traps increases so rapidly that within a narrow
temperature range, the trapped electrons are quickly liberated from electron traps.
Some of the free electrons then give rise to radiative recombinations with trapped
"holes" within the recombination (luminescent) centers, resulting in emission of

light. This process is simply known as thermoluminescence (TL).
2.3 Models for Thermoluminescence

The main goal of a mathematical analysis related with the
thermoluminescence emission of light is to obtain a satisfactory knowledge of the

phenomena related to the TL. The TL is directly related with the energy band



structure of TL materials from a theoretical perspective. The band structure is
especially affected with impurities and lattice irregularities which they are descried
as defect centers. They can be occurred when ions of either sings (positive or
negative)move away from their original points. Therefore, the leaving vacancy states
are able to interact with free charges due to irradiation of materials and trap them.
Alternatively, the ions can be diffused within the lattice and they can be settling
down in interstitial positions. The sizes of these ions are different from their
neighbors. Because of their size differences, they break locally the ideal lattice
geometry and thereupon the impurity ions can disturb the lattice array of the crystal
structure. Moreover, these defects can be interacted with each other, and then they
can be form more complex defects. From an atomic concept, these defects can be
explained by means of their sign and number of charge carriers that may interact
with them. A characteristic energy for each center correspond the eventual existence
of excited states within the band gap of material. To such a description, this may be
defined as the amount of energy able to set the trapped free charges. Then the centers
destroy and forma situation of local order. It is well known that the energy band
structure is described in terms of VB and CBs which separated from each other by an
energy forbidden gap. These defects are represented as localized sites at various
depths within the band gap where free charges of either sign may be trapped.
Therefore, the energy band structure reveals quite a complex configuration. The
experimental TL studies can be providing a satisfactory tool to get detailed
information on TL kinetic parameters. The most important of them are trap depth (E)
of trap, a frequency factor (s) connected to the transition frequency, and a kinetic
order (b) synthesizing the quality of the involved phenomena.

The kinetic order is generally obtained between 1 and 2. When the value of
b=1, it corresponds to a situation where electrons are supplied energy to raise in the
CB and, consequently, they fall to a luminescent center where it undergoes
recombination with holes. If b=2; the free electrons in the CB has the same
probability of retrapping and recombination. If b is between 1 and 2, it is likely to
occur that retrapping and recombination probabilities are different from each other.
The mathematical models based on these definitions are related with different
equations. Each of them yields the evolution of charged carrier populations. The
analytical forms of each of them are to be checked by means of suitable experimental

data. Therefore, it is evident that how the involved parameters are to be conveniently
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adjusted until a fair agreement between theory and practice is attained. The most
important tool is firstly observation and recording of TL emission intensity as a
function of temperature or time when the TL sample is heated after several
experimental conditions. For a constant heating rate, the observations as a function of
temperature or time are equivalent. The shape of glow curves depends on the
physical and chemical properties of the material and on the kind of the preirradiation
heat treatment before reading. A single- or multi-peak glow structure can be
obtained. As may be expected from the TL equations, a correspondence can be
pointed out between a peak and an electron trap level. At a certain temperature, the
amount of thermal energy supplied reaches for a given electron trap level. It is the
threshold energy which is necessary to raise the trapped charges in the trap to the
conduction band from where they can give rise to radiative recombination events.
For this purpose, recombination centers should be opposite sites to the electrons and
they are involved as positive traps for charge carriers. They are likely to be
connected to the quality of the emitted light. The analytical form for a single peak
can fully described by means of some geometrical parameters such as the peak
position, the overall peak width and the height. This last one is dependent on the
heating rate and absorbed doses. It increases with the increasing of absorbed doses
and at the same time heating rate for given experimental conditions. The geometrical
parameters can be shown to correspond to the main physical ones: the mathematical
expressions can be evaluated by a convenient analytical manipulation of the involved
equations. It is also to be remarked that the experimental uncertainties, obtained by
means of the glow-curve plot, allow for an estimate of the physical errors related to

them, and their evaluations can point out a well-defined method as the fittest one.

2.3.1 Randall-Wilkins model (First-order kinetics)

Randall and Wilkins [25] were developed a mathematical equation for each
TL peak in a glow curve, starting from studies based on the phosphorescence. Their
mathematical equation was based on the energy band diagram. Nowadays, the
developed equation is well-known as first-order TL expression. The Fig. 2.1 shows
the simple band model used for theoretical treatment of TL model. As seen, there
are two localized levels (metastable states) between the delocalized bands (CB and
VB), one acting as a trap, 7, and the other acting as a recombination center, R.

The energy difference (distance) between the trap 7 and the bottom of the CB is



called as activation energy or simply the trap depth E. The activation energy is
the required energy to liberate a charge trapped by the trap, i.e., an electron,
which is trapped in T [25-27].

The absorption of light energy when its energy hv>E,, it results in ionization
of valence electrons from the VB to the CB. It produces energetic electrons in the CB
and holes in the VB. Then, after excitation, free electrons pass to the CB(transition
I)and free holes in the VB. The free charge carriers recombine with each other or
become trapped by their respective traps. When the free electrons are directly
recombine with holes in the VB, an amount of energy which is equal to band gap
energy (E,) will be released. This energy may excite a luminescent center which
relaxes (returns to the ground state) under the emission of light. However, in
semiconductors and insulators, a certain percentage of the charge carriers was

trapped at T and R (transition 2).

Cunducﬁun Band

'H’* i

O Valance Band O

Figure 2.2. The energy band model showing the transitions of charges in a TL
material according to a simple one trap one recombination center (OTOR) model (1)
generation of electrons and holes; (2) trapping of electron and hole by the respective
traps; (3) electron release due to thermal stimulation; (4) recombination. (e ) shows
electrons, (o) shows holes. Level T is an electron trap, level R is a recombination
center, Eris Fermi level.

The Arrhenius equation gives the probability p, per unit of time, that a
trapped electron will escape from the trap, or the probability rate of escape per
second. According to this equation, the electrons in the trap have a Maxwellian
distribution of thermal energies and it has a probability (p) to escape from the trap

=se {—E} 2.1
p Xp T (2.1)
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where E is the trap depth (eV), k the Boltzmann’s constant (8.85x107 J/K), T the
absolute temperature (K), s the frequency factor (sec ').The frequency factor is the
number of hits of an electron to the potential well in the trap. The lifetime, 7, of the

charge carrier in a trap (metastable state) at temperature 7, is given by

-1

r=p (2.2)

If n is the number of trapped electrons in the electron tarp7 and if the temperature is

kept constant, then n decreases with time ¢ according to the following expression:

dn
—=-n 2.3
» p (2.3)
integrating this equation
n dn t
—=—[pat (2.4)
n, n t,
one obtains
n=n,.exp {— s exp {— k—b;}t} (2.5)

where n, is the number of trapped electrons in the electron traps at the initial time
1o = 0. After the following assumptions:
e During the irradiation process of the thermoluminescent material at a low
enough temperature so that no electrons are released from the trap,
e the life time of the electrons in the CB is short,
e all the released charges, i.e. electrons, from trap recombine in luminescent
center with opposite sign charges,
e the efficiency of luminescence of the recombination centers (RC) is
independent of temperature,
e the concentrations of traps and RCs are temperature independent,

e no electrons released from the trap is re-trapped

The TL intensity (I (f)) (photons per second) at any time ¢ during the heating
process is proportional to the rate of recombination of electrons and holes at the
recombination centers. If m (m™) is the concentration of holes trapped at RC, then
the TL intensity / (f) can be written as

dh
I(t) = ~ (2.6)
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In here, it was assumed that each recombination process produces a photon
and then all produced photons after recombination are detected by the TL reader. The
rate of recombination probability will be proportional to the concentration of free

electrons (7.) in the CB and the concentration of holes / in the RC

c

1) ==y A (2.7a)
dt

where A is a constant which is called recombination probability expressed in units of

volume per unit time and it is assumed that A is independent to the temperature.

The rate of change in the concentration of trapped electrons 7 is equal to the
rate of thermal release of electrons from the traps and minus the rate of re-trapping of

electrons by the traps,

d
- ?’: —np—n(N—-n)A (2.7b)

In here, N is the concentration of electron traps, N-n the empty traps and A; the
probability of retrapping (m’/s). Along the same lines, the rate of concentration of
free electrons in the CB is equal to the rate of thermal release from the electron traps

minus the rate of retrapping by the traps and the rate of recombination by the RC,

d
;t” =np—n,(N—-n)A, —n.hA (2.7¢)

Equations (2.7a)-(2.7¢c) described the charge carrier traffic in the case of
release of a trapped electron from an electron trap and recombination in a
recombination center. Correlatively the rate equations for the release of holes from
the hole traps are similar to equations (2.7a-c). These rate equations are the basis of
many analyses of TL phenomena. On the other hand, there is no general analytical
solution of these rate equations. Some simplifying assumptions must be made to
develop an analytical expression. An important assumption is at any time

dn,
<<
dt

dn
dt

dh
dt

dn,
<<

o (2.8)

b

These assumptions were firstly made by Chen and McKeever [12]. They are called
as the quasi-equilibrium assumption since it requires that the free electron
concentration in the CB is quasi-stationary. The trapped electrons and holes are
produced in pairs during the irradiation. Moreover, the charge neutrality dictates that

n.+n=nh (2.9)
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here n~h when n.~0

th dn

© dt dt ( )
Since dn./dt=0 one gets from (2.7a) and (2.7b):
hAns exp {— E}

1) = kT (2.11)
(N—-n)A, +hA

Equation (2.11) cannot be solved analytically without additional simplifying
assumptions. Therefore, Randall and Wilkins [15-17, 21-22] assumed another
approximation (hA>>(N-n)A;) which is negligible retrapping during the heating
stage. After this additional assumption, the above equation (2.11) can be rewritten as

I(t):—@:n.p:sntmp{—ﬂ} (2.12)
dt kT

Equation (2.12) represents an exponential decay of phosphorescence.

Substituting eqn. (2.5) in eqn. (2.12), we obtains:

I(t)=n_.s.e _ S exp| —s.t.e % (2.13)
, 5. €Xp - Xp| — s.t.exp = .
The temperature is usually raised as a linear function of time according to
TH)=T + (2.14)

with £ the constant heating rate and 7| the temperature at t=0. With using eq.(2.14),

heating rate can be rewritten as f=dT/dt and introducing it into equation (2.4)

tdn Y E
—=——||exp| ——— [dT"’ 2.1
I (ﬂjj Xp( k.T’J 215

and the number of trapped electrons (n) in term of 3

n= no.exp{— (%}J‘exp (— k—l;de’} (2.16)

Then, using eqn. (2.12), the TL intensity equation becomes as function of

temperature

1 dn s E s f E ,
I(T)_—EE_n(,Zexp{—ﬁ}em{—ziem{—ﬁ}ﬂ} (2.17)

As a result, the equation 2.17 is the well-known Randall-Wilkins first-order
TL expression of a single glow peak. The first-order TL peak has a characteristic
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asymmetric geometric shape. It is wider on the low temperature side than on the high
temperature side. On the low temperature side of glow peak, i.e. in the initial rise of
peak, the TL intensity is dominated by the first exponential (exp (-E/kT)). Thus, if the
TL intensity (/) is plotted as function of 1/7, a straight line with the slope of -E/k is
obtained in the initial rise temperature range from which the activation energy E is

readily found.

Some of the properties of Randall-Wilkins equation are illustrated in Fig. 2.3.
For example, figure 2.3 (a) shows how I(T) varies as a function of ny while the other
kinetic parameters are kept constant. It is seen that the peak temperature, T},, stays
fixed while increasing of n,. This is a characteristic property of all first-order TL
glow peaks. For first-order kinetic, when the derivative of peak maximum intensity is
setting to zero d//d=0 (or, somewhat easier from dIn/(7)/d=0), one gets another

equation (2.18) which frequency factor is easily obtained.

PE E
=sexpy——— 2.18
R p KT (2.18)

As seen, in this equation, ny does not appear. Therefore, it shows that 7}, does

not depend on ny. It can be further seen from figure 2.3a that not only the peak height

I, at the maximum but also each point of the curve is proportional to 7.

In the radiation dosimetry applications, ny is a most important parameter.
Because, this parameter is proportional with the absorbed dose by the dosimetry. The

area under the first order TL glow peak is equal to ng since n., is zero for t—oo.
© 0 dn Ny,
[1@ydt =—[==dt = [dn=n,—n, (2.19)
0 0 dt g

Figure 2.3(b) shows the first-order TL glow peaks as a function of the
activation energy E which has been varied from 0.8 to 1.2 eV. As seen, if E
increases, the peak temperature shifts to higher temperature sides with a decreasing

of TL intensity and an increase in the width keeping the area (i.e. ng) constant.

On the other hand, when the frequency factor changes and it is increased (see
Fig. 2.3(c)), now an opposite behavior is obtained. As seen, as s increases the peak
temperature shifts to lower temperature sides with an increase of the height of peak

intensity and a decrease in peak width.
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Figure 2.3(d) shows the glow curves as a function of the heating rates. As
seen, when f increases, the peak temperature shifts to higher temperature sides while
the peak height decreases and the peak width increases just as in the case of

decreasing s.

It is necessary to note that two parameters, namely the activation energy E
and the frequency factor s are especially the main physical parameters. They are
generally called as the trapping parameters or kinetic parameters. They depend upon
the properties of the trapping center. On the other hand, the other important
parameter is the kinetic-order (b) that can be obtained by the experimenter after
choosing a certain dose (np) and read-out of the TL intensity at a certain heating rate
f. Therefore, the investigations of trap depth and frequency factor of a new TL
material will mostly start after studying the glow peak behavior under variation of

the absorbed dose and the heating rate to obtain b.

The evaluation of integral in eqn. (2.17) is not elementary solved in the case
of linear heating rate. Therefore, Chen [28] has also assumed that the integral in this
equation can be approximated after asymptotic series. In practical dosimetric
applications, the glow peak is easily explained in terms of two parameters. They are
namely the intensity of peak at the maximum I, and the temperature at the maximum
T». Then, by using successive integration by parts, in a second-order approximation

(integral approximation) it becomes

T 2
E . kT 2kT E
[exp(=—dT" == —(1-=Dew(— )
To (2.20)

Hence, Eqn. (2.20) becomes

E kT? 2kT E
I(T) = sn, exp(——exp{— T a —?)exp(—ﬁ)D

kT PE (2.21)
From which the condition at the maximum is given as in Eqn.(2.18) or
-t ]
L, n (2.22)

inserting Eqn.(2.22) into Eqn.(2.21) one obtains
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or

better

Equation (2.24b) can be rewritten as

Inserting Eqn.(2.18) into Eqn.(2.17), Kitis et al. [29] have shown that eqn. (2.17) can

n,SE

kT’

be quite accurately approximated by
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Figure 2.3: Some of the properties of the Randal-Wilkins first-order TL equation. It

show glow curves after variation of (a) ng, the concentration of trapped charge

Temperature (K)

T
450

1
500

carriers after irradiation; (b) E, the activation energy, (c) s, frequency factor, (d) S

heating rate. Input parameter values are no=1 m?; E=1 eV; s=1x10"% 57, p=1 K/s of

which one parameter is varied while the others are kept constant. [9]
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with A=2kT/E and An,=2kT./E. On the other hand, by keeping a lot of terms in the
above approximation, Bos et.al. [15] were approximated the following first-order TL

glow curve expression,

(2.26)

2 E
S KT (- =)*(0.9920-1.620 L)
B E kT E,

2.3.2 Garlick-Gibson Model (Second-order Kinetics)

E
I(T) :noseXp(—ﬁ)eXp (-

In 1948, in their phosphorescence studies, Garlick and Gibson [27] have been
considered that when a free charge carrier has probability of either being trapped or
recombining within a recombination center. The second-order (b=2) TL kinetic
models is used to depict a situation in which retrapping of electrons is present.
According to this model, the escaping electron from the trap in the CB has equal
probability of either being re-trapped by traps or recombining with hole in a
recombination center.

They considered that if retrapping dominates, mA<< (N-n) Ar. In addition,
they assumed that the electron trap is far from saturation, i.e. N>>n and n=m. The
equation (2.11) becomes after these assumptions

I(t) = —% = s%n2 eXP{— %} (2.27)

r

Here, dn/dt is proportional to n°, which means a second-order reaction. The
equation (2.27) is solved with the additional assumption of equal probabilities of

recombination and retrapping, A,=A;, which gives us

n. s E nys ¢ E , 7
_ % 2o = \ar 2.28
1(T)= N exp{ }{PFN J;exp{ k }d } ( )

This equation is known as the Garlick—Gibson TL equation for second-order
kinetics. The main property of this glow peak is that it is more symmetric than the
first-order kinetics. In this case, the high temperature half side of the glow peak is
slightly broader than the low temperature half-side. This can be understood from the
consideration that electrons in the CB are retrapped before they recombine in the
second-order (b=2) models. Meantime, it is giving rise to a delay in the luminescence

emission and spreading out of the emission of light over a wider temperature range.
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In the second-order model, the initial concentration of trapped electronsng
appears not merely as a multiplicative constant as in the first-order case. In this case,
the shape of the glow curve changes after the variation of dose levels. It is
represented in figure (2.4(a)). As seen, when ny increases Ty, decreases. The shift in

the peak temperature is easily derived by the following equation [30].
T, -T,~TT, %m f (2.29)

WhereT; is the peak temperature at a certain dose and 7»is the other peak
temperature of same glow peak after f~times higher dose. Figure (2.4) show some of
the glow curves after various kinetic parameters and dose levels. According to this
model, if the absorbed dose is increased by a factor 1000, =77 K is expected in the
peak temperature when we choose E=1 eV and7,=400 K. From Eqn. (2.28) it can be
understood that the shallower trap (the smaller E), the higher shift in the peak

temperature. Figure (2.4(b)) demonstrates the variation in shape (peak temperature,
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Figure 2.4: Properties of the Garlick—Gibson second-order (b=2) TL equation. It
shows the variation of glow curves: (a)np, the concentration of trapped charge
carriers after irradiation; (b) E, the activation energy; (c) s/N; (d) £, the heating rate.
Input parameter values were chosen as: np=1 m'3; E=1 eV; sIN=1x10"* ¢! m3, F=1
K/s of which one parameter is varied while the others are kept constant [9].
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position and size)of a second-order peak as function of E. Similarly, Figures (2.4(c))
and (2.4(d)) shows the variations in the shape of glow peaks as a function of s/N and
heating ratef, respectively. The area under the glow peak is proportional to the initial
concentration npas in the case of first-order kinetics but the peak height is no longer

directly proportional to the peak area, although the deviation is small.

As in the case of first-order kinetics, the exponential term (exp(-E/kT)) is
dominating in the intensity of glow peak at the initial rise of glow curve. Therefore,
the initial rise method can be applied for the determination of the trap depth E. The
second-order kinetics is further simplified when inserting the integral given by Eqn.

(2.20) into eqn. (2.28). So, one gets

2 -2
I(T) = sn, exp {— k_ETH S;g (1-A) exp(—%) + 1} (2.30)

from which the condition at the maximum, s is given by

PE 1 E
s = e — 2.31
KT> 1+ A, P kT, (23D
or rearranging it,
E PE 1
sexp| — = 2.32
xp( kTmJ kKT 1+A, (232)

The eqn. (2.30) can be rewritten for the peak intensity at the maximum:

E [ skT? E.
I =sn, exp{— E}{sﬂE’" (-8, )ep(~ )+ 1} (2.33)

The substution of eqn.(2.31) into eqn.(2.30) gives the following expression for /(T)

-2
n,BE 1 E(T-T T> 1-A E(T-T
I(T)=- exp| — mo x| — exp| — mo 41
) kT 1+A,, Xl{kT( T, ﬂ (TanAm X]‘{kT( T, ﬂ J
(2.34)

substituting Equation (2.32) into Equation (2.33) we get a more simplified expression

for I,

_npE 1 2 .,
" kT 1+A, 1+A,

(2.35)
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which can be rewritten as

nPE 1 2
=] 2.36
kT? 1+A, '"(1+A ) (2.36)

eqn. (2.35) is now put into eqn. (2.34) for getting the final expression for the TL

intensity:

-2
ET-T T? ET-T

I(T) =41 = myx| —(1—A — nli 1+ A 2.37

(1) meXP(kT T ){Tz( )exp{kT T } m} (2.37)

m m m

with A and A, the same meaning as in eqn. (2.25).

2.3.3 May- Partridge Model (General-order Kinetics)

The Randal-Wilkins (b=1) and Garlick-Gibson (B=2) TL kinetic models have
been derived after the using of some specific assumptions. However, some
experimental studies have been represented that these models do not hold to explain
some glow peaks that they will not fitted neither first- nor the second-order kinetics.
To analyze these types glow peaks, May and Partridge [31] used an empirical

expression which is namely called as general-order (b#1 and 2) TL kinetics.

dn b E
It)y=—= S
(1) ” n's exp{ X } (2.38)

36D ¢! and

In here; sis called as pre-exponential factor and it has the dimension of m
b is kinetic order that is not necessarily 1 or 2. The integration of eqn. (2.38) for b=1,

which gives

" w T —b/(b-1)
s E s E ,
=2 -2 - N 2.39
I(T) ﬁnoexp{ kT}{lJr(b 1)ﬂTjoexp{ kT}dT} (2.39)

This equation includes the second-order kinetics (b=2) and reduces to first-order

kinetics when h—»1. It should be noted that the dimension of s should be n°® " s7'i

n
eqn. (2.38) to obtain a physical unit of s. The general-order kinetics is useful since
intermediate cases can be dealt with and it smoothly goes to first- and second-orders

when b—1 and b—2, respectively (see Fig.2.5).
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Figure 2.5: Comparison of first-order (b=1), second-qrder (b=2) and intermediate-
order (b=1.3 and 1.6) TL glow peaks with E=1 eV, s =1x10" s, ng=N=1 m™ and
=1 K/s (from [29]).

2.3.4 Advanced models

The TL phenomenon is generally and most simply explained by the one trap—
one center (OTOR) model. This model is enough to explain the behavior of the area
under the GC after various applied dose and heating rates. Unfortunately, there is no
any TL material that accurately described by this simple model. This means that this
model does not make sense. On the contrary, this model help us the interpretation of
many features of TL phenomenon, which can be considered as variations of the
OTOR model. On the other hand, there are many books and documents to discuss all
the realistic advanced TL models in detail. For example; the reader is referred to the
excellent text written by Chen and McKeever [12]. It has deeper and quantitative
treatment about TL. In this thesis, we have only and very briefly mentioned by
advanced model to get some idea about the complexity of the phenomenon in a real

TL material.

It is well known that real TL materials have more than one single electron
trap and recombination center. Moreover, some of them can be active and some of
them can be inactive in the temperature range in which the material is heated. The
inactive traps are called as thermally disconnected deep traps (TDDT). The TDDTs
can be filled with electrons during irradiation process. But they have so trap depths
which are much greater than the active traps such that when the TL material is heated
only electrons trapped in the active trap (AT) are freed (see Fig.2.6(a)). The electrons
trapped in the TDDTs are not affected by the heat energy. In the figure, this deep
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traps is shown by deep electron trap (DET) (Fig.2.6 (a). Therefore, it is said to be
thermally disconnected. On the other hand, its existence in the material affects trap

filling processes which in turns it eventually affects the shape of the glow curve [32].

In the TL phenomena, it is generally assumed that the trapped electrons are
released from the respective traps during heating process while the trapped holes are
stable in the hole traps which is called as recombination center. On the other hand, a
description of TL phenomena can be done in which the trapped holes are released
from the hole traps and they recombine with an electron in an electron trap. In this
case, the electrons are more stable than the holes during the heating of TL material.
The mathematic of both approximations is identical to each other. There is another
situation in which both trapped electrons and holes are released from their traps at
the same time at the same temperature interval. In this case, the holes are being
thermally released from the hole traps are acting as recombination center for the
thermally released electrons at the same time and vice versa (see Fig.2.6 (b)). In this
case, the eqn. (2.10) is no longer valid to explain the TL. New differential rate
equations should be drafted to explain this model. On the other hand, the analysis of

this complicated TL kinetic models reveal a TL glow curve which retains the simple

a) b}
51—!—'1"— S
= DET Ik & 2n
1 gt . 8
C :
c) : d)
= G2 Fuser

W, Ta—

e

Figure 2.6: Advanced models to describe the thermally stimulation process of
trapped charge carriers including: (a) a shallow trap (ST), a deep electron trap (DET),
and an active trap (AT); (b) two active traps and two recombination centres; (c)
localized transitions; (d) interaction of defects with another defect). [28]
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first-order (Eq. (2.17)) or second-order (Eq.(2.29))glow peak shape, depending upon
the chosen values of the trapping parameters. However, the E and s values used in
the rate equations (2.17) and (2.29) in order to obtain a fit on this complicated kinetic

model need further interpretation.

Another process, which can be, occurs in the TL phenomena. It is a
recombination of electron with holes in the recombination center without a transition
of the electron into the CB (Fig.2.6 (c)). In this case, the electron is firstly thermally
stimulated into an excited state of electron trap from which a transition into the RC is
allowed. This model can be done when the electron trap are very close to the
recombination center. The transition probability may strongly depend upon the
distance between the electron trap and recombination center. Under certain
assumptions, a TL equation can be derived to explain the TL intensity [32], which
has the same form as eqn. (2.16) but with s replaced by a quantity related to the
probability for recombination. Therefore, these localized transitions are governed by

first-order TL kinetics.

Another model which is shown in figure 2.6 (d) is that the defect which
trapped by electron is not stable during the heating process. However, defect is
involved in a reaction with another defect. The result may be that the trapped
electron concentration by defects is stable while is changing of electrons at low
temperature. At higher temperatures, electrons are involved in two processes. Firstly,
the defects react with each other and the electrons escape to the conduction band
from the shallow trap. In a study, Piters and Bos [33] used these defect reactions and
they incorporated into the rate equations and then the TL glow curves simulated. It
appears that the simulated glow curves can be very well fitted by first-order TL
model. Moreover, it is clear that the fitting parameters do not the simple meaning of

trap depth E and escape frequency factor s.

2.4 Interactive Multi Trap System(IMTS Model)

The IMTS model is shown in below figure 2.7 [34]. This model consists of a
RC and two trapping states. The first trap is considered to be the one responsible for
TL (denoted as the active trap (AT) below), and the second trap is denoted as the
thermally disconnected deep trap (TDDT). The two trap symbolized by total
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concentrations N and M, and by instantaneous occupancies n(t) and m(t),

respectively.

CONDUCTION BAND

Ef_ > An

TDDT: m. M AT:n N

Ay

o W
n+m+n; R

VALENCE BAND I,

Figure 2.7: Energy level schematic diagram of interactive multi-trap system (IMTS).

Thermally connected traps (TDT): Traps which are considered thermally
connected belong to overlapping trap states having a very close energy difference
and producing overlapped glow peaks. Sweet and Urquhart have been introduced the
thermally connected traps to explain their experimental results concerning ZnS single

crystals [34].

Thermally disconnected deep traps (TDDT): In 1967, Dussel and Bube,a
thermally disconnected deep trap is an extra energy level introduced for taking into
account differences emerging in the results obtaining by simultaneous measurements
of both thermoluminescence and thermally stimulated conductivity (TSC):

e the maxima of the two species of signals do not occur at the same
temperature,

e important differences in the shape of the signals.

A thermally disconnected trap which can be filled by freed electrons
produced by irradiation, but which has a trap depth which is much greater than the
normal trapping levels. During heating the sample, only electrons in the shallower
traps are freed, while the electrons trapped in the deeper levels (thermally
disconnected) are not affected by heating. In other words, these trapping sites have a
thermal stability of the trapped charges which is greater than that of the shallow traps
related to the TL signal.
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From an experimental point of view, it is quite difficult to prove the existence
of the thermally disconnected traps because the limitation imposed by the black-body
radiation background signal of the detection system, including TL sample, heating

strip and surroundings.

Anyway, for a theoretical interpretation of the experimental data obtained by
both thermoluminescence and thermally stimulated conductivity measurements, it is
realistic to include the thermally disconnected traps into the energy band scheme and
then to modify the rate equations describing trap filling and trap emptying processes
[35]. From the conservation of charge, the concentration of holes in the RC at any
moment must be equal to the total instantaneous concentration of electrons n+m+ne,

in the crystals. The rate equations for this model are [36];

% = —ns exp(—E/kT)+ Ay(N — n)n, (2.40)
Lg—f = An(M — m)n. @241)
dn. A, ﬁ + ﬁ = —(n+m+n)n Ay (2.42)
dt dr dr
din +m +n.)
j 5 =(n+m+ n.)n_Ay (2.43)

The interpretation of the first equation is identical to the OTOR model. The
second equation expresses the fact that electrons can be trapped into the TDDT with
a probability coefficient A, (term A,(M—m)n.).This trap is considered thermally
disconnected, there is no thermal excitation of these electrons in the conduction
band. The third equation represents the conservation of charge in the crystal, with the
right-hand side equal to the rate of change of the concentration of holes in the crystal,
and the left-hand side equal to the rate of change of the concentration of electrons.
The last equation expresses the TL intensity that is equal to the rate of change of the

concentration of holes in the RC (term (n + m + nc)n:Ap).

2.5 Trapping Parameter Determination Methods

The determination of trapping parameters from thermoluminescence glow
curves has been a subject of interest for half a century. There are various methods for

evaluating the trapping parameters from the glow curves [2,12, 37-40]. Some of them
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are initial rise method, variable heating, two heating, isothermal decay, peak shape,

partial thermal cleaning and peak area methods.

When one glow peak is highly isolated from the others, the experimental
methods such as initial rise, variable heating rates, isothermally decay, and peak
shape methods are suitable methods to determine these parameters. However in most
materials, the glow curve consists of several peaks. In case of overlapping peaks,
there are essentially two ways to obtain these parameters. The first one is the partial
thermal cleaning method and the second one is the computer glow curve
deconvolution program. In most cases, the partial thermal cleaning method cannot be
used to completely isolate the peak of interest without any perturbation on it.
Therefore, the computer glow curve deconvolution (CGCD) program has become
very popular method to evaluate trapping parameters from TL glow curves in recent

years [8,15].

2.6 CGCD method

Computer Glow Curve Deconvolution (CGCD) is one of the most important
method to determine trapping parameters from TL glow curves. This method has the
advantage over experimental methods in that they can be used in largely

overlapping-peak glow curves without resorting to heat treatment

In this study, two CGCD programs were used to analyse the numerically
generated TL glow curves. The first program was developed at the Reactor Institute
at Delft, The Netherlands [15]. The second one is Microsoft Excel Spreadsheet
CGCD program with the powerful solver utility [17]. The numerically obtained data
with OTOR and IMTS models by Mathematica program were fitted with each of
these programs, and both analysis results were compared with each other and input

parameters and they are reviewed in detail.

The first program is capable of simultaneously deconvoluting as many as
nine glow peaks from glow curve. Two different models were used in this program.
In the first model, the glow curve is approximated from first order TL kinetic by the

expression,

IT)=ns e (—E)e (—isze (—5)*(09920—1620"1) (2.44)
"kaTXpﬂEkaT' " E, '
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In the second model the glow curve is approximated with general order TL
kinetics by using the expression,
b1

_ 2
_bDskT 09920162050 | (2.45)
5 E kT E,

E
I(T) = n,s exp(—ﬁ){l +(

where ny (m™) is the concentration of trapped electrons at /=0, s (s™") is the frequency
factor for first-order and the pre-exponential factor for the general-order, E (eV) the
activation energy, 7 (K) the absolute temperature, k (¢VK"') Boltzmann’s constant,

ﬂ(OCs'l) heating rate and b the kinetic order.

The summation of overall peaks and background contribution can lead to

composite glow curve formula as shown below

I(T) = Zn:li(T) +a+bexp(T) (2.46)

where I(T) is the fitted total glow curve, a allows for the electronic noise contribution

to the planchet and dosimeters infrared contribution to the background.

Starting from the above eqn. (2.31), the least square minimization procedure
and also FOM (Figure of Merit) was used to judge the fitting results as to whether

they are good or not. i.e.

n

Fom -3 Nf(nA—Im\ .S AANZ»\

(2.47)

where N;(T) is the i-th experimental points (total n=200 data points), /(7T) is the i-th

fitted points, and A is the integrated area of the fitted glow curve.

From many experiences [41-42], it can be said that if the values of the FOM
are between 0.0% and 2.5% the fit is good, 2.5 % and 3.5% the fit is fair, and > 3.5%
it is bad fit. To have a graphic representation of the agreement between the

experimental and fitted glow curves, the computer program also plots the function,

N(T)~I,(T) .
JI(T) '

which is a normal variable with an expected value 0 and o=1 where oA(T)=I(T).

X(T) =
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2.7 Mathematica

Mathematica is a computational software program used in scientific,
engineering, and mathematical fields and other areas of technical computing [36]. It
was conceived by Stephen Wolfram and is developed by Wolfram Research of
Champaign, Illionis [43]. Mathematica is split into two parts, the kernel and the front
end. The kernel interprets expressions (Mathematica code) and returns result
expressions. The Mathematica language was designed from the start to provide a
clear and precise way of communicating ideas--from human to computer or from one
human to another. Computer languages typically specify the operations in a rather
low-level and literal way. But Mathematica is essentially unique among languages in
common use because it operates at a much higher level, a level corresponding much

more closely to normal human thinking.

Mathematica has emerged as an important tool in computer science and
software development: its language component is widely used as a research,
prototyping and interface environment. Therefore, Mathematica has become
important in a remarkably wide range of fields over the years. Mathematica is used
today throughout the sciences—physical, biological, social and other—and counts
many of the world's foremost scientists among its enthusiastic supporters. It has
played a crucial role in many important discoveries, and has been the basis for

thousands of technical papers.

In engineering, Mathematica has become a standard tool for both
development and production, and by now many of the world's important new

products rely at one stage or another in their design on Mathematica.

Whether they have tasks that involve numbers, formulas, functions, graphics,
data, documents, or interfaces, Mathematica gives automatic access to by far the
largest collection of algorithms ever assembled. Mathematica perform the arithmetic

calculations in seconds that would take humans months or years to do unaided.

Mathematica can perform all the usual calculus operations — such as
integration, differentiation, series, limits, etc. However, the essence of Mathematica
is its language for describing and manipulating expressions. The numerical and
symbolic computations by Mathematica can be conducted and both two- and three-
dimensional graphics, as well as counter and density plots can be produced. As a

result, numeric of any precision, symbolic, or visualization- Mathematica is the
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ultimate computational tool, with system-wide technology to ensure reliability, ease-

of-use, and performance.

2.8 Numerical Solutions of Differential Equations by MATHEMATICA

The function NDSolve allows finding numerical solutions to differential
equations by Mathematica [43]. NDSolve handles both single differential equations,
and sets of simultaneous differential equations. You can use NDSolve to solve
systems of coupled differential equations. This finds a numerical solution to a pair of
coupled equations. It can handle a wide range of ordinary differential equations as
well as some partial differential equations. In a system of ordinary differential
equations there can be any number of unknown functions y;, but all of these functions
must depend on a single “independent variable” x, which is the same for each
function. Partial differential equations involve two or more independent variables
[43].

NDSolve[{egnl, egn2, ... }, y, {x, xmin, xmax}] =find a numerical solution for the
function y with x in the range X,;int0Xax

NDSolve[{egnl, egn2, ... }, {yvi, yi, ...}, {x, xmin, xmax}] =find numerical
solutions for several functions y;

NDSolve represents solutions for the functions y; as InterpolatingFunction
objects. The InterpolatingFunction objects provide approximations to the y; over the
range of values X, to x,.,for the independent variable x. NDSolve finds solutions
iteratively. It starts at a particular value of x; then takes a sequence of steps, trying
eventually to cover the whole range X, to X4 In order to get started, NDSolve has
to be given appropriate initial or boundary conditions for the y; and their derivatives.
These conditions specify values for y;[x], and perhaps derivatives y;'[x], at particular
points x. In general, at least for ordinary differential equations, the conditions you
give can be at any x: NDSolve will automatically cover the range X, t0 Xqy-

When NDSolve was used, the initial or boundary conditions you give must be
sufficient to determine the solutions for the y; completely. When DSolve was used to
find symbolic solutions to differential equations, you can get away with specifying
fewer initial conditions. The reason is that DSolve automatically inserts arbitrary
constants C[i] to represent degrees of freedom associated with initial conditions that
you have not specified explicitly. Since NDSolve must give a numerical solution, it

cannot represent these kinds of additional degrees of freedom. As a result, you must
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explicitly give all the initial or boundary conditions that are needed to determine the
solution. In a typical case, if differential equations were taken with up to n"
derivatives, then it is needed to give initial conditions for up to (n — 1)th derivatives,

or give boundary conditions at n points.

NDSolve has many methods for solving equations, but essentially all of them
at some level work by taking a sequence of steps in the independent variable x, and
using an adaptive procedure to determine the size of these steps. In general, if the
solution appears to be varying rapidly in a particular region, then NDSolve will
reduce the step size or change the method to be able to track the solution better.
NDSolve follows the general procedure of reducing step size until it tracks solutions
accurately. When NDSolve solves a particular set of differential equations, it always

tries to choose a step size appropriate for those equations.

30



CHAPTER 3

GENERATION OF GLOW PEAKS USING MATHEMATICA
3.1 First, Second and General-Order

Firstly, a computer program was written in Mathematica [1] to numerically
integrate the equations for first- (eqn. (3.1)), second-(eqn. (3.2)), and general-order

(equation(3.3)) kinetics are listed as in below:

E
I(t) = — % = nse kT (3.1)
dn n2 _E
I(t) = o Nse M (3.2)
() =-L= b3 ewr (3.3)
dt N '

The relevant numerical values of ng (initial electron trap occupancies (cm'3)), N
(Total concentration of the traps (cm'3)), B (Heating Rate), E, (Thermal activation
energy of the trap (eV)), k (Boltzmann constant (eVK‘l) were used as the inpit
parameters in the program, and the program modified so that it draw graphs for the
solutions of different initial electron trap occupancies ng or kinetics parameters in the
case of first-order (b=1), second-order (b=2) or general-order (2>b>1) kinetics. For
example in case of first-order kinetics, changes in ng did not affect the position of the
maximum intensity (7y,) of the first-order TL glow curve, but these changes affect

the maximum height (/,,) of the glow curve.
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£=10"14; El=1; E=8.617»10"-53; Hl1=1»10"8; nl=1«H1; §=1:
TLl = MDSelve[{n'[x] = -n[x] «s/B+xE~(-E1/ (B« (273 +x))),
n[0] ==nl}, n, {x, 10, 100}]:
TL2 = HDSolve[{n'[x] = -n[x] «3/BxE~(-BE1/ (B« (273 +x))),
n[0] ==0.6nl1}, n, {x, 10, 100}]:
TL3 = HDSolve[{n'[x] = -n[x] «s/B=xE~(-EL1/ (E» (273 +x))),
nf0] =0.3nl1}, n, {x, 10, 1003}]:
TL4 = HDSclve[{n'[x] = -n[x] «s/B=xE~(-E1/ (E= (273 +x))),
nf0] =0.1nl1}, n, {x, 10, 1003}]:
PlDt[{Evaluate[—n' [®] /. TL1], Evaluate[-n'[x] /. TL2],
Evaluate[-n'[x] /. TL3], Evaluate[-n'[x] /. TL4]},
fx, 10, 100}, PlotRange - A11, PlotlLabel -+ "TL Glow Curves",
ImageSize -+ 90 =6, Frame -+ True, Framelalbel -
{”Terf.perature (*¢)", "TL Intensity (a.u.) "} B
Lale=lstyle - Directive[Bold, 12], Plotstyle »
{{Black}, {Dashed, Blackl, {Dashing[Large], Blackl, {Blue}}]

TL Glow Curves

41087

Ix10f

(]
X
[
=
)
T

TL Intensity (a.m.)

1x108f

Temperature '

Figure 3.1: The Mathematica program solution of the differential equations for first-
order kinetics for the variable initial value n, (n,/N= 1, 0.6, 0.3, 0.1). The command
NDSolve is used to perform the numerical integration of the differential equation and
the parameter x represents the temperature T (°C) and the function n[x] represents the
electron concentration n(T).
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TL Intensity (a.u.)

==10~14; El=1; E=8.617T»10"-53; Hl=1«10"8; nl=1«H1: f=1:
TLl = HDSclve[{n'[x] = -n[x]*2/Hlx (3/58) xE~[-E1/ (E» (273 +x))),
n[0] =nll, n, {x, 10, 140}]:
TLZ = HDSolve[{n'[x] == -n[xz]*2/Hlx (3/8) xE~[-BE1/ (E» (273 +x) )],
n[0] =0.6nl1}, n, {x, 10, 140}]:
TL3 = HDSolve[{n'[x] == -n[xz]*2/Hlx (3/8) xE~[-BE1/ (E» (273 +x) )],
n[0] =0.3nl1}, n, {x, 10, 140}]:
TL4 = HDSolve[{n'[x] == -n[x]*2/Hlx (3/8) xE~[-BE1/ (E«» (273 +x) )],
n[0] =0.1nl1}, n, {x, 10, 140}]:
Pln:nt[{Evaluate[—n' [®] /. TL1], Ewvaluate[-n'[x] /. TL2],
Evaluate[-n'[x] /. TL3], Evaluate[-n'[x] /. TL4]},
{fx, 10, 140}, PlotRange -+ All, Plotlabel -+ "TL Glow Curves",
ImagesSize -+ 90 =6, Frame - True, Framelabel -
{"Terr.perature ("Cy", "TL Intensity (a.u.) "} .
Labelstyle -+ Directive [Bold, 12], Plotstyle -
{{Blackl, {Dashed, Black}, {Dashing[Large], Blackl, {Elue}}]

TL Glow Curves
25% 106 ]
2.0x10%) -
Lsx10% -
Lox10%[ ]
500000 - -
I}-_ 1 1 1 1 1 1 I_
20 40 60 30 100 120 140

Temperature (*C)

Figure 3.2: The Mathematica program solution of the differential equations for
second-order kinetics for the variable initial value n, (n/N= 1, 0.6, 0.3 ,0.1).
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TL Intensity (amn.)

2=10%14; El1=1; E=8.617%10*-5; Hl1 =1+10"8; nl=1+«H1l: B =1:
B1l=1.2; b2=1.4; b3=1.6; b4 =1.8;

TL1 = NDSolve[{n' [x] == -n[x]*bl/Nlx (2 /8) *E~ (-E1/ (k= (273 +x))),
n[0] ==nll, n, {x, 30, 40017 ;

TL2 = NDSolve[{n' [x] == -n[x]*b2/Hlx (2/B) *E* (-E1/ (E« (273 +x))),
n[0] ==nll, n, {x, 30, 40017 ;

TL3 = NDSolve[{n' [x] == -n[x]*b3/Hlx (2/B) *E* (-E1/ (E# (273 +x))),
n[0] ==nll, n, {x, 30, 40017 ;

TL4 = NDSolve[{n'[x] == -n[x]*bd/Hlx (2/B) *E* (-E1/ (E« (273 +x))),

n[0] ==nl}, n, {x, 30, 40017 :
Pll:-t[{Evaluate[—n' [%] /. TL1], Evaluate[-n'[x] /. TL2],
EBvaluate[-n'[x] /. TL3], Evaluate[-n'[x] /. TL4]},
{x, 30, 400}, PlotRange = All, PlotlLabel - "TL Glow Curves",
ImageSize -+ 90 =6, Frame - True, FramelLabel -
{"Terf.perature ("c)", "TL Intensity (a.u.) "} R
LabelStyle - Directive [Bold, 12], Plotstyle -
{{Black}l, {Dashed, Black}, [Dashing[Large], Black}, {Blue}}]

TL Glow Curves

20108 -
Lsx10f| -
Lox108] ]
00000 - .
D-_ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I_
20 100 150 200 230 300 350 400

Temperature (°C)

Figure 3.3: The Mathematica program solution of the differential equations for
general-order kinetics for the variable kinetics degree.
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El=1; E=58.617T»10%-3; H1=1+10%8; nl=1«M1; f=1; =1.3
21 =10+11; =2 =10*12; 353 =10*13; =4 = 10+14;
TL1 = MDSolwve[{n'[x] = -n[x] «31/B«E~ (-E1/ (E» (273 +x))),
n[0] =nll, n, {x, 20, 2001]:
TL2 = NDSolwve[{n'[x] = -n[x] «32 /B+«E~ (-E1/ (Ex (273 +x))),
n[0] ==nil, n, {x, 20, 2001];
TL3 = NDSclwe[{n'[x] = -n[x] «33/B«E~ [-E1/ (Ex (273 +x)}),
n[0] =nl}, n, {x, 20, 200}] :
TL4 = NDSolwe[in'[x] = -n[x] «34 /B +E~ (-E1/ (X« (273 +x))),

n[0] =nl}, n, {x, 20, 2001] :
Pll:-t[{Evaluate[—n' [%x] /. TL1] + Evaluate[-n'[x] /. TL2] +
Evaluate[-n'[x] /. TL3] + Evaluate[-n'[x] /. TL4],
Evaluate[-n'[x] /. TL1], Evaluate[-n'[x] /. TL2],
Evaluate[-n'[x] /. TL3], Evaluate[-n'[x] /. TL4]},
{x, 20, 200}, PlotRange —+ All, PlotLabel + "TL Glow Curves",
ImagesSize -+ 90 =6, Frame - True, Framelabel -
{"Terf.perature (*C)", "TL Intensity (a.u.) "} R
LabelStyle -+ Directive[Bold, 12], PlotStyle -
{{Black}, {Dashed, Black}, [Dashing[Large], Black}, {Blue}, {Dashed, Blue}}]

TL Glow Curves
$x 109 F E
The sum of the i
superimposed
4= ].DE - gra;)h-i_c_ —

L]
X
et
=
El
T

2x10°0

TL Intenxity i)

1x10%

Temperature FCy

Figure 3.4: The Mathematica program solution of the differential equations for
general-order kinetics for the variable frequency factor.
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El=1; E=8.617%«10*-5; Hl1=1#%10"8; nl=1+«H1; b=1.5
2=10"14;: B1 =1;: B2 =10;: B3 =20; B4 = 30:

TL1 = NDSolve[{n'[x] = -n[x] x5/ Bl«E* (-E1/ [k« (273 +x))),
n[0] =nl}, n, {x, 10, 1301]:

TL2? = NDSolve[{n'[x] = -n[x] x5 /B2 «E* (-E1/ (k« (273 +x))),
n[0] =nl}, n, {x, 10, 1301]:

TL3 = NDSolve[{n'[x] = -n[x] x5 /B3 «E* (-E1/ (k« (273 +x))),
n[0] =nl}, n, {x, 10, 1301]:

TL4 = NDSolve[{n'[x] = -n[x] »s /B4 «E* (-E1/ (k« (273 +x))),

n[0] =nl}, n, {x, 10, 1301]:
Plu:-t[{Evaluat.e[—n' [®] /. TL1] + Evaluate[-n'[x] /. TL2] +

Evaluate[-n'[x] /. TL3] + Evaluate[-n'[x] /. TL4],
Evaluate[-n'[x] /. TL1], Evaluate[-n'[x] /. TL2],
Evaluate[-n'[x] /. TL3], Evaluate[-n'[x] /. TL4]},
Iz, 10, 130}, PlotRange — All, PlotlLabel - "TL Glow Curves",
ImagesSize -+ 90 « 6, Frame -+ True, Framelabel -

["Temperature (°C)", "TL Intensity (a.u.)"},
Labelstyle —+ Directive[Bold, 12], PlotStyle -

I{Black}, {Dashed, Blackl, {Dashing[Large], Blackl, {Bluel,

TL Glow Curves
g% 105 L The sum of the
superimposed
graphic
= 6x10°
o
&
£ 4x105)
1x10%
0F

Temperature (*C)
Figure 3.5: The Mathematica program solution of the differential equations
general-order kinetics for the variable heating rate factor.
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E=8.61T»10~-5; Hl=1+10%8; nl=1«xH1; f=1; b=1.3
==10"14; E1 =0.94; E2=0.96;E3=1; E4 =1.04;

TL1 = HDSelve[{n' [x] == -n[x] »3/5«E~(-E1/ (Ex (273 +x))),
nf0] ==nl}, n, {x, 0, 100}]:

TL2 = HDSelve[{n' [x] == -n[x] »s/B«E~{-E2/ (Ex (273 +x))),
n[0] ==nl}, n, {x, 0, 100}]:

TL3 = HDSolve[{n'[x] = -n[x] *=2/B*E~(-E3/ [k« (273 +x))),
n[0] ==nll, n, {x, 0, 100}]:

TL4 = HDSolve[{n' [x] == -n[x] »3/5«E* (-E4/ (Ex (273 +x))),

nf0] ==nl1}, n, {x, 0, 100}]:
Plu:rt[{Evaluat.e[—n' [%] /. TL1] + Evaluate[-n'[x] /. TL2] +
Evaluate[-n'[x] /. TL3] + Bvaluate[-n'[x] /. TL4],
Evaluate[-n'[x] /. TL1], Bvaluate[-n'[x] /. TL2],
Evaluate[-n'[x] /. TL3], Evaluate[-n'[x] /. TL4]},
{x, 0, 100}, PlotRange -+ Al11l, PlotLakel -+ "TL Glow Curves",
ImageSize -+ 90 =6, Frame -+ True, FramelLabel —
{"Temperature (°C)", "TL Intensity (a.u.)"},
LabelStyle -+ Directive[Bold, 12], PlotStyle -
{{Black}, {Dashed, Black}l, {Dashing[Large], Black},
[Bluel}, {Dashed, Blue}}]

i} TL Glow Curves
1= ————— . : -
| The sum of the |
g 105 L superimposed i
3 6x10°0 1
= I
; I
= 4x10% .
2x 108 .
o0l e — T e ]
] 20 40 a0 a0 100
Temperature i*C)

Figure 3.6: The Mathematica program solution of the differential equations for
general-order kinetics for the variable heating rate factor.
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3.2 The OTOR Model in Mathematica

A computer program was written in Mathematica to numerically integrate the
equations for OTOR Model[1] and the relevant numerical values of Kkinetic
parameters were used as input parameters in the program. The OTOR is described by

the following equations:

d E

d—rtl = —snexp (— E) + (N —n)A; n, (3.4)
dng d

ne _ 80 gt ) (3.5)

dn, _ dn dn.

At de dt (3:6)

d
ITL == _% == Ah(n + nc)nc (37)

In here, A, is the probability coefficient of electron retrapping in the traps
(cm’s™), Ay is the probability coefficient of electron recombining with holes in the
RC (cm’s™). ne (1) and nn (9 represent the instantaneous concentrations of the
electrons and holes in the CB and RC, respectively. The first equation expresses
mathematically the fact that electrons in the trap can be either thermally excited to
the conduction band (term —snexp(—E/kT)), or they can be retrapped in the trap with
a probability coefficient A,(term (N —n)A,n.). The second equation represents the
change in the concentration of the electrons in the conduction band n.. The
concentration of these free electrons in the conduction band can be reduced by either
trafficking into the trap (term —dn/df), or by recombining in the RC with a probability
coefficient Ay (term —Apnc(n + n.)). The third equation describes the conservation of
total charge in the crystal, with the left-hand side being equal to the rate of change of
the concentration of holes trapped in the RC, and the right-hand side representing the

rate of change of the total concentration of electrons in the crystal.
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E=8.617%»104-5; Tm = 300; s =1+10~12; E1=1.0; S =1;
Ht=1#10*10; Ah=1+10"-7; An=100xAh; no =1« Ht

s0l = NDSolwe[{nl'[x] = -nl[x] »s/B*E~(-BE1/ (E«x (273 +x)))
+ Anw (Wt —nil[x]) #nc[x] /B,
ne'[x] = -nl'[x] - Ahxnc[x] » (nl1[x] +nclx]) 7B,

nh'[x] =nl'[x] +nc'[x], n1[0] == no, nc[0] =0,
nh[0] = nl[0] +nc[0]}, {nl, nc, nh}, {x, 0, Tm}]:
Pl-:-t.[Evaluate[—nh' [%] /. 30l], {x, 0, Tm}, PlotRange -+
Al11, PlotLabel - "TL Glow Curve", ImagesSize -+ 80= 5,
Frame + True, FramelLabel —+
{"Temperature ("C)", "TL Intensity (ar.un.)"},

LabkelStyle -+ Directive[Bold, 12], PlotStyle —» {{Elack}}]

TL Glow Curve
1x10% | -
- 8x107| -
= [ ]
£ 4x107f ]
T o2x107 | )
I}-_I 1 1 1 P | 1 1 L 1 1 Pt 1 1 1 1 1 | I 1 L P | 1 1 L I_-
] 50 100 150 200 250 300

Temperature (°C)

Figure 3.7: The Mathematica program solution of the differential equations for
OTOR Model for A, /A= 100.

In case of Ay/Ax= 100 (probability coefficient of retrapping is much larger than the

recombination probability coefficient).
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E=58.617»104-5; Tm =200; 5 =1+10412; E1=1.0; f=1;
Ht =1»10*10; Ah=1+x10*-7; An=1xAh; no =1«Ht

20l = HDSolve[{nl'[x] = -nl[x] »s/8«E*(-BE1/ (Ex (273 +x)))

+Anw (Nt -nl[x]) «nc[x] /8,
nc'[x] =-nl'[x] -Ahxnc[x] = (n1[x] +nclx]) /B,
nh'f[x] ==nl'[x] +nc'[x], n1[0] ==no, nc[0] =0,
nh[0] ==nl[0] +nc[0]}, {nl, nc, nh}, {x, 0, Tm}]:
Pl-:rt.[Evaluate[—nh' [#] /. =01], {x, 0, Tm}, PlotRange —
All, PlotlLabel -+ "TL Glow Curve", ImageSize -+ 80=5,
Frame -+ True, Framelabel —
{"Terr.perature (*Cy", "TL Intensity (ar.un.) "},

Lakel5tyle - Directive [Bold, 12], PlotStyle - {{Elac:k}}]

TL Glow Curve
20x108 ) ]
S Lsx108f .
= i ]
E Lox10®t .
& I ]
= s0x107 [ ]
I}-_I 1 M | I PR PR PR P | PR PR | IR 1 [ P 1 I_-
0 50 100 150 200 250 300

Temperature (°C)

Figure 3.8: The Mathematica program solution of the differential equations for

OTOR Model for A /A= 1.

In case of Ay/Ap= 1 and n,= N (equal retrapping and recombination probabilities),

the OTOR model produces a second-order TL peak.
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E=58.6817%10*-5; Tm =180; = =1+10"12; E1=1.0; f=1:
Ht =1%1010; Ah=1#10%-T7: An=0.01xAh: no =1xHt
g0l = NDSolve[{nl'[x] == -nl[x] *s/B+E~ (-E1/ (E# (273 +x)))
+Anw (Ht -nl[x]) »nc[x] /B8,
nc'[x] = -nl'[x] -Ahxnc[x] » (n1[x] + nc[x]) /B,
nh'[x] ==nl'[x] +nc'[x], n1[0] == no, nc[0] =0,
nh[0] ==nl[0] +nc[0]}, {nl, nc, mh}, {x, 0, Tm}]:
Pln:rt[Evaluate[—nh' [#2] /. =0l], {x, 30, Tm}, PlotRange -
All, PlotLabel - "TL Glow Curve", ImageSize - 90= 5,
Frame — True, Framelabel -
{"T‘err.perature ("C)", "TL Intensity (ar.un.) "]-:

LakelStyle -+ Directive [Bold, 12], PlotStyle — {{Blar:.k}}]

TL Glow Curve

30x108)
25x 108 .
20x 1080 .

L5108 F .

TL Intensity (ar.nn.)

Lox10%f .

50x107 [ .

40 &0 80 100 110 140 160 130

Temperature (°C)

Figure 3.9: The Mathematica program solution of the differential equations for
OTOR Model for A, /A= 0.01.

In case of Ay/Ap= 0.01 and n,= N, the OTOR model produces a first-order TL peak.
This corresponds to the situation where the probability of retrapping of electrons in

the trap is much smaller than the recombination probability of the electrons in the

RC.
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E=8.617T%«10~-5; Ti=50; Tf =250; 51 =1.2+10"12;

22 =1.3%10"~12; E1=1.1; E2=1.2; 5 =1:
Ht =1+10410; 2Ahl =1#104-7; Anl =0.01 Ahl;
Ah2 = 1»10*-7; An2 = 0.001 » AhZ;
201l = HDSolve[{nl'[x] = -nl[x] 31 /G»xE~(-E1/ (E«» (273 +x)))
+ Anl » (Mt -nl[x]) vnc[x] /5,
nc'[x] == -nl'[x] -Ahlxnc[x] » (nl[x] +

nef[x]) /6, nh' [®] =nl'[x] +nc' [x], n1[0] = 0.2 HE,
nc[0] =0, nh[0] ==nl1[0] +nc[0]}, {nl, nc, nh}, {x, Ti, Tf}]:
5012 = NDSclve[{nl'[x] == -nl[x] «32 /5«E~ (-E2/ (E» (273 +x)))
+ An2 « (Nt —nl[x]) snclx] /B8,
nc'[x] == -nl'[x] -Ah2«nc[x] » (hl[x] +nc[x]) /5, nh'[x] ==nl'[x]
+nc'[x], n1[0] = 0.5 8%,
nc[0] == 0, nh[0] =nl1[0] +nc[0]}, {nl, nc, nh},
[x, Ti, Tf1]:
Plu:rt[ {Evaluate[-nh'[x] /. 30ll1l] + Evaluate[-nh'[x] /. s0l2],
Evaluate[-nh'[x] /. s0ll],
Evaluate[-nh'[x] /. s0l12]}, {x, Ti, Tf}, PlotRange —»
All, PlotLabel -+ "TL Glow Curve",
ImageSize -+ 80 =5, Frame -+ True, Framelabel -
{"Temperature (°C)", "TL Intensity (ar.un.)"},
LakelStyle -+ Directive[Bold, 12], PlotStyle -
{{Black}, {Dashed, Black}, {Dashing[Large], Black}}]

TL Glow Curve

12x10 r The sum of the .
superimposed i
10x10%| graphic ]
; 8.0=107 | E

.E’ [ E=12eV
£ sox107| ;5= 13%10125°) ]
T oa0x107f ]
20x%107 [ 1
I}-_ 1 1 1 ST _-l- _____ 1 ]
20 100 150 200 250

Temperature (°C)

Figure 3.10: The Mathematica program solution of the differential equations for
OTOR Model for variable E, s and A,/ Ay, for two peaks.
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E=8.61T»10%-53; Ti=150; TE =2350; 21 =1%10"12; =2 = 3+10"12; =3 =3x10%12;
El=1.1; E2=1.2; E3=1.3; f=1; HtE=1«10"10; Ahl =1«10*-7; Anl =0.1Ahl;
AhZ2 =1x10%-7; An2 = 0.01x Ah2;

Ah3 =1+10*-7; An3 = 0.001 » Ah3;

s0ll = NDSelve[{nl'[x] == -nl[x] »s1/B«E~(-E1/ (E» (273 +x))) + Anl« (Nt -nl[x]) »nc[x] /5,
ne'f[x] == -nl'[x] - Ahlsnc[x] » (n1[x] +ne[x]) /5, nh'[®x] ==nl'[x] +nc'[x], nl[0] == Ht,
nc[0] = 0, nh[0] =nl[0] +nc[0]}, {nl, nc, nh}, {x, Ti, Tf}]:

s0l2 = NDSclve[{nl'[x] == -nl[x] »s2/B+xE*(-E2/ (E» (273 +x))) + An2» (Nt -nl[x]) »nc[x] /5,
ne'[x] = -nl'[x] - Ah2 «nc[x] » (R1[x] +ne[x]) /B, nh'[x] =nl'[x] +nc'[x], n1[0] == 0.3 Ht,
nc[0] == 0, nh[0] =nl[0] +nc[0]}, {nl, nc, nh}, {x, Ti, Tf}]:

20l3 = HDSolve[{nl'[x] = -nl[x] 33/ BxEBE~(-E3/ (B (273 +x))) + An3« (HE -nl[x]) »nc[x] /5,
nc'[x] = -nl'[x] -Ah3snc[x] » (R1[x] +nc[x]) /8, nh'[x] ==nl'[x] +nc'[x], nl[0] == 0.5 HE,

nc[0] == 0, nh[0] =nl[0] +nc[0]}, {nl, nc, nh}, {x, Ti, Tf}]:
Plc-t[ {Evaluate[-nh'[x] /. 30l1l] + Evaluate[-nh'[x] /. 3012] + Evaluate[-nh'[x] /. 3013],
Evaluate[-nh'[x] /. s0ll],
Evaluate[-nh'[x] /. 3012], Evaluate[-nh'[x] /. 32l13]}, {x, Ti, Tf}, PlotRange -
211, Pletlabel - "TL Glow Curve", ImageSize -+ 100:x &, Frame -+ True, Framelabel -
["Temperature (“C)", "TL Intensity (ar.un.)"}, LabelStyle » Directive[Bold, 12],

PlotStyle - {{Black}, {Blue}, {Dashed, Black}, {Dashing[Large], Black}}]
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Figure 3.11: The Mathematica program solution of the differential equations for
OTOR Model for variable E, s and A,/ Ay, for three peaks.
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3.3 The IMTS Model in Mathematica

A computer program was then written in Mathematica to numerically solve
the equations of IMTS Model (eqn. (2.40), (2.41), (2.42) and (2.43) [29]) which is
shown in Figure 2.7, and the relevant numerical values were used for kinetics orders,
An, Ap and Ay, Since the ratio Ay/Ap= 0.01, i.e. the recombination probability
coefficient Ay is one hundred times larger than the retrapping probability coefficient
Ay, one would expect that first-order kinetics will dominate the kinetic process. The
calculated TL glow curve has indeed the characteristic shape for first-order peaks.
The concentration of electrons in the AT decreases as the temperature increases,
while the instantaneous concentration of electrons in the conduction band has a very
similar shape to the measured TL glow curve.

The following Mathematica programs numerically solve the differential
equations of the IMTS model. The solution of the system of differential equations
(2.40)—(2.43) is stored in the parameter sol as in previous exercises, and the

command Plot is used to graph the functions TL(T).

44



E=8.617«10"-53;21=10"12;:E1=1; 51 =17 Ht1l =1«10°10; Mt = 1»10~10;

2hl = 1»104-7; Anl = 10=x2Ahl; Aml = 1 » Ahl; Mps = 190;
20l = HDSolve[{nl'[x] = -nl[x] »31 /581 «E~(-E1/ (E» (273 +x))) +
Anl » (HE1 -nl[x]) wncl[x] /BL1,Incl'[x] == -nl1'[x] - Ahl »ncl[x] » (ml[x] + n1[x] +

ncl[x]) /Bl -ncl[x] » (Mt - ml[x]) »Aml /51,
ml'[x] ==ncl[x] » (Mt -ml[x]) »2Aml /581, n1[0] == 1« Htl, ncl[0] == 0, m1[0] == O« ML},
nl, ncl, w1}, {x, 30, Hps}, MaxSteps - 300007 ;
TL1 = Table [Evaluate [Ah]l #ncl[x] » (ml [x] + nl[x] + ncl[x]) /. s0l], {x, 30, Mp=sl]:
ncl = Takle [Evaluate [ncl[x] /. sel], {x, 30, Npsl]:
nl = Table [Evaluate[ml[x] /. s0l1], {x, 30, Hpsl]:
nl = Table [Evaluate[nl[x] /. scl], {x, 30, Hpsl]:
nhl = Table [Evaluate[ml[x] + nl[x] + ncl[x] /. sol], {x, 30, Hp=s}]:
PlDt[Evaluate[{ncl [] » (m1[x] +nl[x] + ncl[x]) »Ahl} /. scl], {x, 30, Hps},
PlotRange -+ All, PlotLabel -+ "TL Glow Curve", ImageSize -+ 72«5, Frame -+ True,
FrameLabel + {"Teuperature (*cy*, "TL Intensity (ar.un.) ",

LakelStyle -+ Directive [Bold, 12], PlotStyle - {{Black}}]

TL Glow Curve
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Figure 3.12: The Mathematica program solution of the differential equations for
IMTS Model for A,/Ay= 10 and A,=An(one peak).
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E=8.61T»«10"-5;51=10712;E1=1; f1 =1; Htl =1+1010; Mt = 1»10*10;
Ahl =1#10*-7; Anl = 0.001 » Ahl; Aml = 1« Ahl; Hps = 150;

20l = NDSolve[{nl'[x] == -nl[x] »=21 /B8l «E~{-E1/ (E»x (273 +x))) +
Anl » (HE1l -nl[x]) »ncl[x] /51,
nel '[x] = -nl'[x] - Ahl wncl [x] » (ml[x] + nl[x] +

nel[x]) /Bl - nel[x] « (Mt - ml[x]) »Aml /A1,
ml ' [x] == ncl[x] « (Mt - m1[x]) »Aml /A1,
nl[0] == 1« Htl, ncl[0] = 0, m1[0] = O« M},
nl, ncl, ml}, {=, 50, Hps}, MaxSteps - 30000];
TL1 = Table [Evaluate[Ahl »ncl[x] » (ml[x] +nl[x] +
ncl[x]) /. scl], {x, 50, Hp=s1}]:
ncl = Table [Evaluate[ncl[x] /. scl], {x, 530, Hp=s}]:
ml = Tabkle[Evaluate[ml[x] /. =cl], {x, 50, Hp=}]:
nl = Tabkle[Evaluate[nl[x] /. scl], {x, 50, Hp=l]:
nhl = Table[Evaluate[mwl[x] + nl[x] +ncl[x] /. 32l], {x, 50, Hp=sl]:
PlDt[Evaluat.e[{ncl[}:] » (Wl [x] +nl[x] +ncl[x]) »A&h1} /. =cl], {x, 50, Hps},
PlotRange -+ All, PlotlLabel - "TL Glow Curve", ImageSize —»
T2 x5, Frame -+ True, FrameLabel - {"’[‘er.perature{ct:] ", "TL Intensity (ar.un.) "},

LabelStyle -+ Directive[Bold, 12], PlotStyle » {{Black}}]

TL Glow Curve
Lsx10% | ' ' ' ' b
£ Lox10ft .
- I 1
Z 50=107 .
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Figure 3.13: The Mathematica program solution of the differential equations for
IMTS Model for A,/Ay=0.001 and A,=An(one peak).
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E=8.61T»10*-5;51=10%12;E1=1; 51 =1; Ntl =1«»10*10; Mt = 1+10*10;
Ahl =1»10%-7; Anl = 1w Ahl; Aml = 10« Ahl; Hps = 200;

20l = HDSolve[{nl'[x] = -nl[x] 31/ 81 «E*(-E1/ (Ex (273 +x))) +
Anl » (HEl -nl[x]) »ncl[x] /51,
ncl'[x] =-nl'[x] -Ahlxncl[x] » (ml[x] +nl[x] +

nclfxz]) /Bl -nel[x] » (Mt - ml[x]) »Aml /51,
ml'[x] ==ncl[x] » (Mt - m1[x]) »Aml /31,

nl[0] ==1+«MHtl, nci[0] =0, m1[0] == O« MEt],

nl, ncl, wl}, {x, 50, Hp=}, MaxSteps -+ 30007 ;
TL1 = Tabkle[Evaluate[Ahl »ncl [x] » (ml[x] +nl[x] +

ncl[x]) /. s0l], {x, 50, Hp=sl]:
ncl = Takle[Evaluate[ncl[x] /. scl], {x, 50, Hps}]:
ml = Takle[Evaluate[ml[x] /. scl], {x, 50, Hp=sl]:
nl = Tabkle[Evaluate[nl[x] /. scl], {x, 50, Hp=sl]:
nhl = Tabkle[Evaluate[ml[x] +nl[x] +ncl[x] /. sc0l], {x, 50, Hp=l}]:
Plu:rt[Evaluate[{ncl[}:] *» (m1[x] +nl[x] +ncl[x]) »Ahl} /. s0l], {x, 50, Hp=},
PlotRange -+ All, PlotlLabel -+ "TL Glow Curve", ImageSize —
T72% 3, Frame -+ True, FramelLabel - {" Temperature {EC] ", "TL Intensity (ar.un.) "} B

LabelStyle -+ Directive [Bold, 12], PlotStyle - {{Black}}]
TL Glow Curve
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Figure 3.14: The Mathematica program solution of the differential equations for
IMTS Model for A;/Ay=10 and A,=A;, (one peak).
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E=58.617»10*-5;:31=10~12;E1=1; 1 =1; Htl = 1«10+10; Mt = 1+10*10;
Ahl =1%10*-7; Anl = 1% Ahl; Aml = 0.001 % Ahl; Nps = 200;
g0l = HDSolve[{nl'[x] == -nl[x] »31 /81 «E~(-E1/ (Ex (273 +x))) +
Anl« (HE1l -nl[x]) »ncl[x] /B1,
necl ' [x] = -nl'[x] - Ahl wncl[x] » (ml[x] +nl[x] +
nclfxz]) FBl -nclfx] » (Mt - ml[x]) »Aml /51,
ml'[x] = ncl[x] » (Mt -ml[x]) «Aml /51,

nl[0] ==1+»Mtl, ncl[0] =0, ml[0] == 0= ME},

{nl, nel, wi}, {x, 50, Hps}, HaxSteps - 3000] ;
TL1l = Table[Evaluate[Ahl sncl[x] = (ml[x] + nl[x] +

ncl[x]) /. sel], {x, 50, Hpsl]:
ncl = Table[Evaluate[ncl[x] /. scl], {x, 50, Hpsl]:
ml = Table [Evaluate[ml[x] /. scl], {x, 50, Hpsl}]:
nl = Table[Evaluate[nl[x] /. sol], {x, 50, Hpsl]:
nhl = Tabkle[Evaluate[ml [x] + nl [x] + nel[x] /. s2l], {x, 50, Hps}]:
Plu:ut.[Evaluate[{ncl [#] » (m1[x] +nl[x] + ncl[x]) «Ahl} /. =201], {x, 50, Hp=},
PlotRange - All, Plotlabel -+ "TL Glow Curve",
ImageSize - 72 x5, Frame -+ True, FramelLabel -
{"’[‘exr.perature{ct:] v "TL Intensity (ar.un.) "}, Labelstyle -+
Directive[Bold, 12], PlotStyle - {{Blar:.k}}]

TL Glow Curve
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Figure 3.15: The Mathematica program solution of the differential equations for
IMTS Model for A,/Ap=0.001 and A,=Ap(one peak).
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E=8.617%10*-5; 51 =10712;E1=1.1; 81 =1; Htl =1+10~10; Mt = 1«10*10;
Ahl =1%10*-7; Anl = 10xAhl; Aml = 10« Ahl; Hp=s = 250;
20l = HDSolve[{nl'[x] == -nl[x] »sl/[1«E~{-E1/ (Ex (273 +x))) +
Anlw (MEl -nl[x]) »ncl[x] /51,
nel'[x] = -nl'[x] - Ahlxncl[x] » (ml[x] +nl[x] +
ncl[x]) /Bl -nclx] » (Mt - ml[x]) »2Aml /51,
ml'[x] =ncl[x]» (Mt -ml[x]) »Aml /B, n1[0] =1« Htl, ncl[0] = 0, m1[0] = D= Mt},
Inl, ncl, ml}, {x, 50, Hps}, MaxStep=s - 100007 ;
TL1 = Takle [Evaluate[Ahl »ncl[x] » (ml[x] +nl[x] +ncl[x]) /. scl], {x, 50, Hp=sl}]:
ncl = Table [Evaluate[ncl([x] /. =scl], {x, 50, Hp=s}]: ml =
Tabkle [Evaluate [ml [x] /. scl], {x, 50, Hp=s}]:
nl = Table[Evaluate[nl[x] /. scl], {x, 50, Fps}]: nhl =
Table [Evaluate [ml [x] +nl[x] +ncl[x] /. scl], {x, 50, Hpsl]:
PlDt[Evaluate[{ncl[:r_] o (ml[x] +nl[x] +ncl[x]) «Ahl) /. s0l], {x, 50, Nps),
PlotRange -+ All, Plotlabel - "TL Glow Curve", Imagelize -+ 72«5,
Frame -+ True, Framelabel - {" Temperature (':Ejn ", "TL Intensity (ar.un.) "} R

LakelStyle -+ Directive[Beld, 12], PlotStyle -+ {{Black} }]
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Figure 3.16: The Mathematica program solution of the differential equations for

IMTS Model for Ay/Ay=10 and A=A, (one peak).
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E=8.61T»10%-5; 51 =10%12;E1=1.1; f1 =1; Htl =1«10*10; Mt = 1+10*10;
Ahl =1#10*-7: Anl = 0.001 % Ahl; Aml = 0.001 » Ahl; Hps = 200;

20l = HDSolve[{nl'[x] = -nl[x] «31 /Bl «E~(-E1/ (E» (273 +x))) +
Anl x (Htl -nl[x]) »ncl[x] /51,
ncl'[x] = -nl'[x] -Ahlwncl[x] » (ml[x] +nl[x] +

ncl[x]) /Bl -ncl[x] » (ME - ml[x]) = Aml /51,
ml'[x] ==ncl[x] » (ML-ml[x]) «Aml /51, n1[0] =
1xHtl, ncl[0] =0, m1[0] == O« MED,

{nl, ncl, ml}, {x, 50, Hp=}, MaxSteps - 10000] ;
TL1 = Table[Evaluate[Ahl «ncl [x] » (ml[x] + nl[x] +ncl[x]) /. 20l], {x, 50, Hp=sl]:
ncl = Table [Evaluate[ncl[x] /. scl], {x, 50, Hp=1]:
ml = Table[Evaluate[ml [x] /. scl], {x, 530, Hps}]:
nl = Table [Evaluate[nl[x] /. =cl], {x, 50, Hp=sl]:
nhl = Tabkle [Evaluate[ml[x] +nl[x] +ncl[x] /. scl], {x, 50, Hp=sl]:
PlD-t[Evaluate[{ncl[:f_] w (ml[x] +nl[x] +ncl[x]) »ARl} /. 20l], {x, 50, Hp=l,

PlotRange - All, PlotLabel - "TL Glow Curve", ImageSize —

72% 3, Frame - True, FramelLabel - {"Terr.perature {':E] ", "TL Intensity (ar.un.) "]-,

LabelStyle -+ Directive[Bold, 12], PlotStyle -+ [{Black} }]
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Figure 3.17: The Mathematica program solution of the differential equations for
IMTS Model for A;/Ay=0.001 and A=A, (one peak).
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E=8.61T«10"-5;=1=10%12;E1=1;E2=1.05; f1=1; Ntl =1+10410; Mt = 1»10*10;

Ahl =1%104-7; Anl = 10« Ahl; Aml = 1« Ahl; Nps = 230;

s0ll = NDSolve[{nl'[x] == -nl[x] »s1/A1E* (-E1/ (k% (273 +x))) + Anl= (Ntl -nl[x]) »ncl[x] /A1,
ncl' [x] == -nl'[x] - Ahlwncl[x] » (ml[x] +nl[x] +ncl[x]) /Bl -ncl[x] » (ML - ml[x]) »Aml /51,
ml'[x] ==ncl[x] » (Mt - m1[x]) »2Aml /51, n1[0] = 1« ME1l, ncl[0] == 0, m1[0] == O ME},

{nl, ncl, w1}, {x, 50, Nps}, MaxSteps —» 3000]:

5012 = NDSolve[{nl'[x] == -nl[x] »s1/A1E" (-E2/ (k% (273 +x))) + Anl = (Htl -nl[x]) »ncl[x] /A1,
ncl' [x] == -nl'[x] - Ahlwncl[x] » (ml[x] +nl[x] +ncl[x]) /Bl -ncl[x] » (ML - ml[x]) »Aml /51,
ml'[x] ==ncl[x] » (Mt - m1[x]) »2Aml /51, n1[0] = 1« ME1l, ncl[0] == 0, m1[0] == O ME},

{nl, ncl, w1}, {x, 50, Nps}, MaxSteps —» 3000]:

TL1 = Table [Evaluate[Ahl #ncl[x] » (ml[x] +nl[x] +ncl[x]) /. soll], {x, 30, Hps}]:

ncl = Table [Evaluate[ncl[x] /. scll], {x, 50, Hpsl}]; ml - Table[Evaluate[ml[x] /. s011], {x, 30, Hpsl}]:

nl = Table[Evaluate[nl[x] /. scll], {x, 50, Hps}]: nhl = Table[Evaluate[ml[x] +

nl[x] +necl[x] /. s011], {x, 50, Hps}]:

TL2 = Table [Evaluate [Ahl #ncl[x] » (ml[x] +nl[x] +ncl[x]) /. sol2], {x, 30, Nps}]:

ncl = Table [Evaluate[ncl[x] /. scl2], {x, 50, Hps}]; ml - Table[Evaluate[ml[x] /. s012], {x, 30, Hpsl}]:

nl = Table[Evaluate[nl[x] /. sol2], {x, 50, Hps}]: nhl = Table[Evaluate[ml[x] +

nl[x] +neclfx] /. s012], {x, 50, Hps}]:
Plot[{Evaluate[{ncl [2] # {ml[x] +nl[x] +ncl[x]) »Ahl} /. s0ll] + Evaluate[{ncl[x] » (ml[x] +nl[x] +
nclfx]) »Ahl) /. 5012], Evaluate[{ncl[x] » (ml[x] +nl[x] +ncl[x]) »Ahl} /. s0ll1],
Evaluate[{ncl[x] » {(ml[x] +nl[x] +ncl[x]) »Ahl} /. s0l2]}, {x, 50, Hps},
PlotRange - All, Plotlabel -+ "TL Glow Curves", ImageSize - 72«5, Frame -+ True, Framelabel -
{" Temperature (GC] ", "TL Intensity (ar.un.) "} , LabelStyle -+ Directive[Bold, 12], PlotStyle -

{{Black}, {Dashed, Black}, [Dashing[Large], Black}}]
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Figure 3.18: The Mathematica program solution of the differential equations for
IMTS Model for A,/Ay= 10 and A=A} (=1, two peaks).
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E=8.617T%»10"~-5;=1=10~12;E1=1;E2=1.05; f1=1; Ntl =1+10410; Mt = 1 »10~10;

Ahl = 1%104-7; 2nl = 0.001 wAhl; Aml = 1« Ahl; Nps = 170;

501l = NDSelve[{nl'[x] = -nl[x] »s1 /Bl «E*(-E1/ (E* (273 +x))) + Anl« (Ntl -nl[x]) »ncl[x] /51,
ncl'[x] == -nl1'[x] - Ahl »ncl[x] » (m1[x] +nl[x] +ncl[x]) /fl -ncl[x] » (Mt -ml[x]) »Aml /51,
ml'[x] =ncl[x]» (Mt -ml[x]) whml/fl, n1[0] =1« NHtl, ncl[0] == 0, m1[0] == O« ML},

{nl, ncl, w1}, {x, 50, Hps}, MaxSteps -+ 3000]:

5012 = NDSolve[{nl '[x] = -nl[x] »31/B1lxE*{-E2/ (Ex (273 +x))) + Anl» (Nt1l -nl[x]) »ncl[x] /1,
ncl ' [x] == -nl ' [x] - Ahl wncl[x] » (m1[x] +nl[x] +ncl(x]) /Bl -ncl[x] » (Mt -ml[x]) »Aml /51,
ml'[x] =ncl[x]» (Mt -ml[x]) whml /51, n1[0] = 1«Ht1l, ncl[0] == 0, m1[0] == O« ME},

{nl, ncl, w1}, {x, 50, Hps}, MaxSteps -+ 3000]:

TL1 = Table [Evaluate[Ahl »ncl [x] » (ml[x] +nl[x] +ncl[x]) /. s011], {x, 50, Hps}]:

ncl = Table [Evaluate[ncl[x] /. 30l1l], {x, 50, Hpsl]:

nl = Table[Evaluate[ml[x] /. sc0ll], {x, 50, Hps}]:

nl = Table [Evaluate[nl[x] /. scll], {x, 50, Hpsl]:

nhl = Table [Evaluate[ml[x] +nl[x] +ncl[x] /. scll], {x, 50, Hps}]:

TL2 = Table [Evaluate[Ahl »ncl[x] » (ml[x] +nl[x] +ncl(x]) /. 20l2], {x, 50, Hpsl]:

ncl = Table [Evaluate[ncl[x] /. 2012], {x, 50, Hp=l]: nl = Table [Evaluate[ml[x] /. s0l12],

{x, 50, Np=1];: nl = Table[Evaluate[nl[x] /. s0l2], {x, 50, Hps1l]; nhl = Table[Evaluate [ml[x] +
nllx] +necl[x] /. s0l12], {x, 50, Hpsl]:

Plot[{Evaluate[{ncl [2] w (m1[x] +nl[x] +ncl[x]) «Ahl} /. scll] + Evaluate[{ncl[x] » (ml[x] +

nl[x] +ncl[x]) »Ahl} /. 3012], Bvaluate[{ncl[x] » (m1[x] +nl[x] +ncl[x]) »Ahl} /. s011],
Evaluate[{ncl[x] » (ml[x] +nl[x] +ncl[x]) «Ahl} /. 30121}, {x, 50, Hps},
PlotRange - All, Plotlabel + "TL Glow Curves", ImageSize -+ 72«5, Frame + True, Framelabel -
{"Terr.perature (EEJ ", "TL Intensity (ar.un.) ”} ; LabelStyle -+ Directive[Bold, 12], PlotStyle »

{{Black}, [Dashed, Black}l, [Dashing[Large], Black}}]
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Figure 3.19: The Mathematica program solution of the differential equations for
IMTS Model for A,/Ap=0.001 and A,,=Ax(B=1, two peaks).
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E=8.617T+10~-5; 81 =10412; E1 =1;E2=1.05; A1 =10; Ntl = 1+10~10; Mt = 1«10*10;

Ahl =1%10%-7; Anl =10« Ahl; Aml = 1« Ahl; Hps = 230;

scll = NDSolve[{nl' [x] == -nl1[x] #s1/B1=E*(-E1/ (kx (273 +x))) + Anl« (NE1 -nl[x]) #ncl[x] /A1,
ncl'[x] == -nl'[x] - Ahls«ncl[x] » (ml[x] +nl[x] +ncl[x]) /Bl -ncl[x] » (ME- m1[x]) ~Aml /51,
ml'[x] =ncl[x] » (ME-mi[x]) whml/fL, n1[0] == 1= Ntl, ncl[0] =0, nl1[0] == O« ME},
{nl, ncl, wl}, {x, 50, Hps}, MaxSteps -+ 3000];

5012 = WDSelve [{nl'[x] == -nl[x] x81/f1«E*(-E2/ (Ew (273 +x))) + Anl (NEl -nl[x]) wncl[x] /B,
nel'[x] = -nl'[x] - Al wencl[x] « (nl[x] +nl[x] +ncl{x]) /Pl -ncl[x] » (Mt -ml[x]) »Aml /51,
ml ' [x] = nel{x] » (Mt - ml[x]) % Aml/B1, n1[0] = 1« Ntl, ncl[0] = 0, m1[0] = O« Mt},
(nl, ncl, ml}, {x, 50, Nps}, MaxSteps + 3000];

TL1 = Table [Evaluate[Ahl wncl [x] w (ml[x] +nl[x] + ncl[x]) /. s0ll], {x, 50, Hps}]:

ncl = Table [Evaluate[ncl[x] /. s0ll], {x, 30, Hps}]:

ml = Table[Evaluate[ml[x] /. 20ll], {x, 50, Hpsl]:

nl = Table[Evaluate[nl[x] /. 2cll], {x, 50, Hpsl]:

nhl = Table[Evaluate[ml[x] + nl[x] +ncl[x] /. s0ll], {x, 50, Hpsl]:

TL2 = Table [Evaluate[Ahl wncl [x] » (ml1[x] +nl[x] +ncl[x]) /. 20127, {x, 50, Hp=s}]:

ncl = Table [Evaluate[ncl[x] /. s012], {x, 50, Hpsl]:

ml = Table[Evaluate[wl[x] /. s0l2], {x, 50, Hpsl]:

nl = Table[Evaluate[nl[x] /. sc12], {x, 30, Hpsl}]:

nhl = Table [Evaluate[ml[x] + nl[x] +ncl[x] /. 8cl2], {x, 30, Nps}]:

Plot[{Evaluate[{ncl [%] % (ml[x] +nl[x] +ncl[x]) »Ahl} /. s01l] +
Evaluate[{ncl[x] » (ml[x] + nl1[x] +ncl[x]) «Ahl} /. 3012], Evaluate[{ncl[x]  (ml[x] +nl[x]

+ncl[x]) «Ahl} /. =0ll], Evaluate[{ncl[x] » (ml[x] + nl[x] +ncl{x]) «ARl} /. 2012]}, {x, 50, Hps},
PlotRange + All, PlotLabel + "TL Glow Curves", ImageSize + 725,
Frame -+ True, Framelabel » {”’[‘err.perature(ctjl ", "TL Intensity (ar.un.) "}, Label3tyle +

Directive[Bold, 12], PlotStyle -+ [[Black}, {Dashed, Black}, [Dashing[Large], Blac]c}}]
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Figure 3.20: The Mathematica program solution of the differential equations for
IMTS Model for A,/Ap= 10 and A, =Ax(P=10, two peaks).
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E=8.617«10%-5; 51 =10"12;E1=1; E2=1.05; f1 =10; Ht1 = 1«10*10; Mt = 1»10~10;

2hl =1%10%-7; 2nl = 0.001 % Ahl; 2Aml = 1~ Ahl; Nps = 200;

201l = NDSelve[{nl'[x] == -nl[x] »=1/B1«E~(-E1/ (X% (273 +x))) + Anl« (NEl -nl[x]) »ncl[x] /A1,
ncl ' [x] == -nl'[x] - Ahl wncl[x] » (ml[x] +nl[x] +ncl[x]) /Bl -ncl[x] » (Mt -mwl[x]) »Aml /51,
ml'[x] = ncl[x] » (Mt -ml[x]) »2ml /51, n1[0] = 1«Htl, ncl[0] =0, m1[0] == 0= ML},

{nl, ncl, ml}, {x, 20, Hps)}, MaxSteps - 100007 ;

5012 = NDSolve [{nl '[x] == -nl[x] »31/B1«E*(-E2/ (E» (273 +x))) + Anl» (NEl - nl[x]) »ncl[x] /51,
ncl'[x] == -nl'[x] - Ahlwncl[x] = (ml[x] +nl[x] +ncl[x]) /Bl -ncl[x] » (ML -ml[x]) »Aml /51,
ml'[x] =ncl[x]« (Mt -ml[x]) «Aml/f1, n1[0] = 1«Ntl, ncl[0] =0, m1[0] == 0= ME},

{nl, ncl, m1}, {x, 20, Hps)}, MaxSteps - 100007 ;

TL1 = Table [Evaluate[Ahl wncl[x] » (ml[x] +nl[x] + ncl[x]) /. soll], {x, 20, Hpsl}]:

ncl = Table [Evaluate[ncl[x] /. s0ll], {x, 20, Hps}]:

ml = Table[Evaluate[ml[x] /. s011], {x, 20, Hps}]:

nl = Table [Evaluate[nl[x] /. scll], {x, 20, Mpsl]: nhl = Table [Evaluate[ml[x] +

nl[x] +ncl[x] /. scll], {x, 20, Hps}]:

TL2 = Table [Evaluate[Ahl wncl[x] » (ml[x] +nl[x] +nclx]) /. s012], {x, 20, Hps}]:

ncl = Table [Evaluate[ncl[x] /. s0l2], {x, 20, Hpsl]:

ml = Table[Evaluate[ml[x] /. 3012], {x, 20, Hp=3}]:

nl = Table [Evaluate[nl[x] /. s012], {x, 20, Hpsl]:

nhl = Table [Evaluate[ml[x] + nl1[x] +ncl[x] /. s0l2], {x, 20, Hpsl}]:

Plot[{Evaluate[{ncl [%] » (m1[x] +nl[x] +ncl[x]) »2&hl} /. s0ll] + Evaluate[{ncl[x] » (ml[x] + nl[x] +

ncl[x]) »Ahl} /. 5012], Evaluate[{ncl[x] » (ml[x] +nl[x] +ncl[x]) »Ahl} /. s011],
Evaluate[[ncl[x] » (ml[x] +nl[x] +ncl[x]) «Ahl} /. scl2]}, [x, 20, Hps},
PlotRange - All, Plotlabel - "TL Glow Curves", ImageSize - 72«5, Frame —
True, FrameLabel + {” T‘err.perature(cﬂjl ", "TL Intensity (ar.un.) ”}, LabelStyle -

Directiwve[Bold, 12], PlotStyle - {{Black)}, [Dashed, Black}, {Dashing[Large], Black}}]

TL Glow Curves
20x10°F 1
S 15x10°} ]
2
"?_: Lox10% ]
=
= s0x108f ]
D-. 1 L . L N 1 . . . . 1 . . N . i
30 100 150 200
Iemperature[“l:}

Figure 3.21: The Mathematica program solution of the differential equations for
IMTS Model for A,/Ay=0.001 and A,,=An(p=10, two peaks).
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E=8.617T«10%-5;51=10%12; E1=1;E2=1.05; 1 =30; Nt1 =1+10%10; Mt = 1x10%10;
2hl =1%10%-7; Anl = 10« Ahl; Aml = 1« Ah1; Nps = 250;
g0ll = WDSolve[{nl'[x] == -nl[x] x31/B1«EA(-E1/ (k* (273 +x))) + Anl« (ME1 -nl[x]) »ncl[x] /B1,
nel'[x] == -nl'[x] - Bhlwncl[x] » (ml[x] +nl[x] +ncl[x]) /A1 -ncl[x] » (Mt - m1[x]) » Aml /51,
ml ' [x] == ncl[x] « (Mt -ml[x]) «Aml /1, n1[0] = 1« Htl, ncl[0] == 0, m1[0] == O« ME},
{nl, ncl, m1}, {x, 50, Mp=s}, MaxSteps -+ 10000] ;
5012 = WDSolve[{nl ' [x] == -nl1[x] »s1/B1«E*(-E2/ (E» (273 +x))) + Anlw (Nt1 -nl[x]) wncl[x] /A1,
nel'[x] == -nl'[x] - Ahlxncl[x] » (ml[x] +nl[x] +ncl[x]) /A1 -ncl[x] » (Mt - m1[x]) » Aml /51,
ml ' [x] == ncl[x] » (Mt -ml[x]) »Aml /B, nl[0] == 1« HEt1l, ncl[0] == 0, m1[0] = O«ME},
{nl, ncl, ml}, {x, 50, Nps}, MaxSteps - 10000] ;
TLl = Table [Evaluate [Ahl wncl [x] » (ml[x] +nl[x] +ncl[x]) /. scll], {x, 30, Hps}]:
ncl = Table [Evaluate[ncl[x] /. s0l1l], {x, 30, ¥ps}]: wl = Table[Evaluate [ml[x] /. scll], {x, 30, Nps}]:
nl = Table[Evaluate[nl[x] /. s0ll], {x, 50, Hps}]:
nhl = Table [Evaluate [ml[x] +nl[x] +ncl[x] /. scll], {x, 50, Hps}]:
TL2 = Table [Evaluate [Ahl wncl [x] » (ml[x] +nl[x] +ncl[x]) /. s012], {x, 50, Hps}]:
ncl = Table [Evaluate [ncl[x] /. s012], {x, 50, ¥ps}]; wl = Table[Evaluate [wl[x] /. scl2], {x, 30, Hps}]:
nl = Table[Evaluate[nl[x] /. s0l2], {x, 50, Hps}]:
nhl = Table [Evaluate [ml[x] +nl[x] + ncl[x] /. s0l12], [x, 50, Npsl]:
Plot[{Evaluate[{ncl [€]  (ml[x] +nl[x] +ncl[x]) «Ahl} /. 5cll] + Evaluate[{ncl[x] » (ml[x] +
nlf[xz] +ncl[x]) »Ahl} /. s012], Evaluate[{ncl[x] » (ml[x] +nl[x] +ncl[x]) «Ahl} /. scll],
Evaluate[{ncl[x] » {(ml[x] +nl[x] +ncl[x]) »Ahl} /. s212]}, {x, 50, Mps},
PlotRange -+ All, Plotlabel - "TL Glow Curves", ImageSize -+ 72«5,
Frame -+ True, Framelabel —+ {“Terr.perature (CCJ ", "TL Intensity (ar.un.) “} ; LabelStyle —»
Directive[Bold, 12], PlotStyle -+ {{Black}, {Dashed, Black}, {Dashing[Large], Blac:]:}}]
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Figure 3.22: The Mathematica program solution of the differential equations for
IMTS Model for A,/Ay= 10 and A,,=Ax(p=30, two peaks).
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E=-8.617«10%-5; 51 =10412; E1 =1; E2=1.05; 1 =30; Htl1 =1+10*10; Mt = 1« 10*10;

Ahl = 1#10*-7; Anl = 0.001» Ahl; Aml = 1« AR1; Hps = 210;

soll = HDSolve[{nl'[x] == -nl[x] «s31/f1l«E*(-E1/ (E* (273 +x))) + Anl« (NE1 -nl[x]) »ncl[x] /B1,
nel'[x] = -nl'[x] -Ahlwncl[x] » (ml[x] +nl[x] +ncl[x]) /Bl -ncl[x] » (ML -ml[x]) »Aml /51,
ml ' [x] =ncl[x]  (Mt-ml[x]) wAml/P1, n1[0] == 1« Ntl, ncl[0] == 0, m1[0] = O« Mt]},

{nl, ncl, w1}, {x, 30, Hps}, Maxiteps -+ 12000] ;

5012 = HDSolve[{nl'[x] == -nl[x] «s1/f1l«E*(-BE2/ (E* (273 +x))) + Anl« (ME1 -nl[x]) »ncl[x] /B1,
nel'[x] = -nl'[x] -Ahlwncl[x] » (ml[x] +nl[x] +ncl[x]) /Bl -ncl[x] » (ML -ml[x]) »Aml /51,
ml'[x] ==ncl[x] « (Mt-ml[x]) «Aml/P1, n1[0] == 1« Ntl, ncl[0] == 0, m1[0] = O« ME]},

inl, ncl, wl}, {x, 50, Hp=}, MaxSteps -+ 12000];

TL1 = Table[Evaluate [Ahl »ncl[x] » (ml[x] +nl[x] + ncl[x]) /. soll], {x, 50, Hps}]:

ncl = Table [Evaluate [ncl[x] /. sell], {x, 50, Hpsl]:

ol = Table[Evaluate [ml[x] /. scll], {x, 30, Hp=s}]:

nl = Table [Evaluate[nl[x] /. scll], {x, 50, Npsl]:

nhl = Table[Evaluate[ml[x] +nl[x] +ncl[x] /. scll], {x, 50, Hps}]:

TL2 = Table [Evaluate [Ahl wncl[x] » (ml[x] +nl[x] +ncl[x]) /. 3012], {x, 50, Nps}]:

ncl = Table [Evaluate [ncl[x] /. sel2], {x, 50, Nps}]:

ml = Table[Evaluate[wl[x] /. s0l12], {x, 50, Hpsl]:

nl = Table [Evaluate[nl[x] /. s012], {x, 50, Npsl]:

nhl = Table[Evaluate[ml[x] + nl[x] +ncl[x] /. 30l2], {x, 50, Hp=l]:

PlDt[{Evaluate[{ncl [x] * (m1[x] +nl[x] +ncl[x]) «Ahl} /. 30l11] + Evaluate[{ncl[x] » (ml[x] +

nlf[x] +nclx]) »Ahl} /. 2012], Evaluate[{ncl[x] » (ml[x] + nl[x] +ncl[x]) »2&h1} /. scll],
Evaluate[{ncl[x] » (ml[x] +nl[x] +ncl[x]) «AR1} /. 3c12]}, {x, 50, Hps},
PlotRange + All, Plotlabel - "TL Glow Curves", ImageSize + 72+ 5, Frame -+
True, Framelabel » ["’[‘en’.perature(':ti] ", "TL Intensity (ar.un.) "}, Labelstyle —»

Directive[Bold, 12], PlotStyle - [{Black}, {Dashed, Black}, [Dashing[Large], Blar:k}}]
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Figure 3.23: The Mathematica program solution of the differential equations for
IMTS Model for A,/Ay=0.001 and A=A} (B=30, two peaks).
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E=8.617+«10"%-5;81=10"12;E1=1;E2=1.04;E3=1.08; f1=1; Nt1=1+10"10; Mt =1+10"10;
Ahl =1+10%-7; Anl = 10« Ahl; Aml = 1« ARl; Mps = 230;
5011 = MDSolve[{nl'[x] == -nl[x] »31/B1«E* (-E1/ (Ew (273 +x))) + Anlw (NE1 - nl[x]) »ncl[x] /A1,
ncl ' [x] = -nl'[x] - Ahl encl[x] » (ml[x] + nl[x] +ncl[x]) /1 -nel[x] » (ME - w1 [x]) » Amd /B,
ml ' [x] = ncl[x] « (Mt -ml[x]) #Aml/fL, nl[0] = 1#Ntl, ncl[0] = 0, ml[0] = OwMt],
{nl, ncl, ml}, {x, 50, Mps}, MaxSteps + 3000];
5012 = MDSelve[{nl'[x] == -nl[x] »31/B1«E* (-E2/ (Ex (273 +x))) + Anlw (NE1 - nl[x]) »nclfx] /51,
ncl ' [x] = -nl'[x] - Ahl encl[x] » (ml[x] +nl[x] +ncl[x]) /1l -ncl[x] » (Mt -md[x]) »Aml/pl,
ml ' [x] = nclx] » (Mt -ml[x]) «Anl /A1, n1[0] = 1«Ntl, nci[0] = 0, nl[0] == 0« ML},
{nl, ncl, ml}, {x, 50, Vps}, MaxSteps + 3000];
2013 = WDSolve [{nl ' [x] == -nl[x] «s1/f1#EA (-E3/ (k# (273 +%))) + Anlw (Wt -nl[x]) »ncl[x] /f1,
ncl'[x] = -nl'[x] - Al encl[x] « (m1[x] + nl[x] +ncl[x]) /Bl -ncl[x] » (ME - ml[x]) «»Aml/fL,
ml'[x] =necl[x] » (Mt -mi[x]) «Aml/ B, n1[0] = 1«Mtl, ncl[0] = 0, m1[0] = O« Mt},
{nl, ncl, ml}, {x, 50, Mps}, MaxSteps + 3000];
TL1 = Table[Evaluate[Ahl #ncl [x] » (ml[x] + nl[x] +ncl[x]) /. scll], {x, 50, Hpsl}]:
ncl - Table[Evaluate[ncl[x] /. soll], {x, 50, Hps}]: ml - Table[Evaluate[ml[x] /. sell], {x, 50, Hps}]:
nl = Table [Evaluate[nl[x] /. soll], {x, 30, Hps}]: nhl = Table [Evaluate[ml[x] +nl[x] +ncl(x] /. sell], {x, 50, Hps}]:
TL2 = Table [Evaluate[Ahl xncl [x] » (ml[x] +nl[x] +ncl[x]) /. s0l2], {x, 50, Wps}]:
ncl = Table[Evaluate[ncl[x] /. s0l2], {x, 50, Mps}]: ml = Table[Evaluate[ml[x] /. s012], {x, 50, Hps}]:
nl = Table [Bvaluate[nl[x] /. 5012], {x, 50, Hps}]; nhl = Table [Evaluate[ml[x] +nl[x] +ncl[x] /. 3012], {x, 50, Hps}]:
TL3 = Table [Evaluate[Ahl »ncl[x] » (ml[x] + nl[x] +ncl[x]) /. s0l3], {x, 50, Hpsl}]:
ncl = Table [Evaluate[ncl[x] /. s0l3], {x, 50, Hps}]: ml - Table[Evaluate[ml[x] /. 3el3], {x, 50, Hps}]:
nl = Table [Evaluate[nl[x] /. sol3], {x, 30, Hps}]: nhl = Table [Evaluate[ml[x] +nl[x] +ncl(x] /. sel3], {x, 50, Hps}]:
Plot[{Evaluate[{ncl [x] » (m1[x] +nl[x] +ncl[x]) »Ahl} /. s0ll] + Evaluate[{ncl[x] » (ml[x] +nl[x] +
nelf[x]) »Ahl} /. 3012] + Evaluate[{ncl[x] » (ml[x] +nl[x] +ncl[x]) »Ahl} /. sel3],
Evaluate[{ncl[x] « (ml[x] +nl[x] +ncl[x]) «Ahl} /. 3011], Evaluate[{ncl[x] » (ml[x] +nl[x] +
ncl[x]) «Ahl) /. 5012], Evaluate[{ncl[x] » (ml[x] +nl[x] +ncl[x]) « A1} /. s013]}, {x, 50, Hps},
PlotRange + All, PlotLabel + "TL Glow Curves", ImageSize + 72«5, Frame +
True, Framelabel + {“'[‘en'.perature(ctj- ", "TL Intensity (ar.um.) “}, LabelStyle + Directive[Bold, 12],

Plot5tyle + [{Black}, {Dashing[Large], Blue}, {Dashed, Black}, [Dashing[Large], Black}}]
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Figure 3.24: The Mathematica program solution of the differential equations for
IMTS Model for Ay/Ap= 10 and A=Ay, (three peaks).
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Ahl =1%10%-7; 2nl = 0.001 % Ah1; Aml = 1« Ahl; Nps = 230;
3011 = NDSolve[{nl'[x] == -nl[x] »s1/B1«E~ (-EL/ (kw (273 +x))) + Anlw (Ht1 -nl[x]) enclx] /51,
nel' [x] = -nl'[x] - Ahl wncl[x] » (ml[x] +nl[x] +ncl[x]) /Bl -ncl[x] » (Mt - m1[x]) »Aml /51,
ml ' [x] = nelx] « (Mt -m1{x]) «2ml/f1, n1[0] == 1« Nt1, ncl[0] = 0, m1[0] == O« Mt},
{nl, ncl, ml}, {x, 50, Nps}, MaxSteps + 3000]:
2012 = NDSolve[{nl'[x] == -nl[x] #s1/BL#E*(<E2/ (X« (273 +%))) + Anl« (Htl —nl[x]) #ncl[x] /f1,
ncl'[x] == -nl'[x] - Ahl wncl[x] « (ml[x] +nl[x] + ncl[x]) /AL -ncl[x] « (ME - ml [x]) »Aml /G1,
ml ' [x] =necl[x] « (Mt -ml[x]) «2ml /A1, n1[0] = 1« N1, ncl[0] = 0, m1[0] == O =M},
{nl, ncl, ml}, {x, 30, Nps}, MaxSteps + 3000]:
5013 = NDSolve[{nl'[x] == -nl[x] »s1/B1«E*(-E3/ (k« (273 +x))) + Anl (Ht1 -nl[x]) #ncl[x] /81,
nel' [x] == -nl'[x] - Ahl wncl[x] » (m1[x] +nl[x] +ncl[x]) /Bl -ncl[x] » (Mt - m1[x]) »Aml /51,
ml'[x] == ncl[x] » (ME-ml[x]) »Aml/ 51, nl[0] == 1« Ntl, ncl[0] == 0, m1[0] == OwHME},
{nl, ncl, ml}, {x, 50, Nps}, MaxSteps - 3000] ;
TL1 = Table [Evaluate [Ahl wncl[x] » (ml[x] +nl[x] +ncl[x]) /. scll], {x, 50, Nps}]:
ncl = Takle [Evaluate [ncl[x] /. sell], {x, 50, Nps}]: nl = Takle [Evaluate[ml[x] /. soll], {x, 50, Nps}]:
nl = Table [Evaluate[nl[x] /. soll], {x, 50, Nps}]: nhl = Table [Evaluate[ml[x] + nl[x] +ncl[x] /. sell], {x, 50, Nps}]:
TL2 = Takle[Evaluate [Ahl «#ncl[x] » (ml[x] +nl[x] +ncl(x]) /. scl2], {x, 50, Npsl]:
ncl = Table[Evaluate [ncl([x] /. s012], {x, 50, Hps}]; ml = Table [Evaluate[ml[x] /. sel2], {x, 50, Nps}]:
nl = Table[Evaluate[nl[x] /. s0l12], {x, 30, Nps}]: nhl = Table [Evaluate[ml[x] + nl[x] +ncl[x] /. s0l2], {x, 30, Nps}]:
TL3 = Table [Evaluate [Ahl ancl[x] « (ml[x] +nl[x] +ncl[x]) /. s0l3], {x, 50, Hpsl]:
ncl = Table [Evaluate [ncl[x] /. s0l3], {x, 50, Hps}]: ml = Table [Evaluate[ml[x] /. sel3], {x, 50, Mps}]:
nl = Table[Evaluate[nl[x] /. s0l3], {x, 50, Nps}]: nhl = Table [Evaluate [ml[x] + nl[x] +ncl[x] /. s0l3], {x, 50, Nps}]:
Plot[{Evaluate[{ncl[x] ® (ml[x] +nl[x] +ncl[x]) «&hl} /. scll] + Evaluate[{ncl[x] » (ml[x] +nl[x] +
ncl(z]) »Ahl} /. 3012] + Bvaluate[{ncl[x] » (ml[x] +nl[x] + ncl[x]) «Ahl} /. s013],
Evaluate[{ncl[x]  (ml[x] + nl[x] + ncl[x]) «Ahl} /. s0ll], Evaluate[{ncl[x] » (m1[x] +nl[x] +
nclx]) «Ahl} /. s012], Evaluate[{ncl[x] » (ml[x] +nl[x] +ncl[x]) «Ah1} /. s013]}, {x, 50, Mps},
PlotRange —+ All, PlotLabel —+ "TL Glow Curves", ImageSize + 72«3, Frame » True, Framelabel »
{"T‘er.pera.ture(ctjl ", "TL Intensity (ar.um.) "}, LabelStyle -+ Directive[Bold, 12], Plotstyle »

{{Black}, {Dashing[Large], Blue}, {Dashed, Black}, {Dashing[Large], Black}}]
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Figure 3.25: The Mathematica program solution of the differential equations for
IMTS Model for A,/Ap=0.001 and A=Ay, (three peaks).
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 First, Second and General-Order

First, second and general-order TL equations were numerically solved with a
computer program in Mathematica and all numerically generated TL glow curves
were then analyzed by computer curve fitting method with two different developed
commercial computer programs; GLOCANIN [15] and Microsoft Excel Spreadsheet
[17]. Some of the selected numerically generated glow curves and kinetic parameters
obtained by fitting programs were presented in below figures and tables. All FOM
values were also obtained by these programs and they are given in tables. It must be
indicated that the fitting programs did not give directly values for the second-order
and general-order kinetics. If we say s*=[((s)x(n0)b'l)/Nt], GLOCANIN fitting
program gives us In(s’) for all conditions. On the other hand, Excel Spreadsheet
fitting program gives e~ln(s') values. So, we must be careful in looking into this case

s results.

4.1. a First, Second and General-Order Glow Curves Generated with One Peak

In this study, the glow curves that includes only one glow peak were initially
generated for first-, second- and general-orders by numerical method. To do, the eqn.
(3.1), (3.2) and (3.3) were solved numerically with the help of the program prepared
by using Mathematica after different kinetic parameters with assuming only one
glow peak. Then, all numerically generated glow curves were analyzed (fitted) with
the deconvolution programs, namely as GLOCANIN and Excel Spreadsheet, with
the help of the data collected by numerical solutions. Finally, the numerical results of
both deconvolution programs compared with each other and with the input kinetic
parameters in Mathematica to check the success and failure of these programs. The

results are given in the below figures and tables.
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Figure 4.1 (a) and (c) show the first- and second-order glow curves obtained
by using Mathematica. Figure 4.1 (b) and (d) show the fitted glow curves obtained
by using Excel Spreadsheet program. The input values of kinetic parameters that
used in the Mathematica programs to generate first- and second-order glow curves
and the obtained kinetic parameters analyzing of these glow curves by mentioned

CGCD programs are given in Table 4.1.
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Figure 4.1: (a) and (c) the numerically generated first- and second-order TL glow
peak by Mathematica (b) and (d) the fitting of these glow peak by Excel fitting
program.
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Table 4.1:The input parameters for first- and second-order kinetics which were used
in numerical simulated TL glow curves and obtained kinetic parameters after their
analysis with Excel (E) and GLOCANIN (G) curve fitting programs for one peak and
their comparisons with each other. (For GLOCANINs corresponds to ln(s*)).

Input Parameters: E=1eV, s=1x10", ((In(s*)=32.2), ne=N=1x10°, p=1

Kinetic order E(eV) b s(s'l) FOM
E G | E G |E G

First order(b=1) 1.01 | 1.00 | 1.02 | 1.00 1x10" 32.3 0.003

Second order(b=2) | 0.99 | 1.00 | 1.98 | 2.00 | 8x10" 32.3 0.020

Figure 4.2 shows the numerically generated TL general-order (b = 1.5) glow
curves obtained by using Mathematica: It also shows the fitted glow curves by using
GLOCANIN. The input values of kinetic parameters that used in the Mathematica to
generate general-order glow curves and the obtained kinetic parameters analyzing of

these glow curves by CGCD programs are given in Table 4.2.
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Table 4.2: The input parameters for different (a) E, (b) b and (c) ng values for
general-order kinetics which were used in numerical simulated TL glow curves and
obtained kinetic parameters after analysis of numerically stimulated glow curves by
Excel and GLOCANIN curve fitting programs for one peak. (For Excel fitting

program s corresponds to ™, for GLOCANINIns ).

Input Parameters: E;=0,8eV, E,=1,1eV, E;=1.3, s=1x10" ((In(s*)=26.47
(e*¥7=3x10")), nE=N=1x10° b=1.5, p=1
E(eV) s(sh b FOM
E G E(e™) G(lns*) E G
0.8 0.8 3x10"! 26.5 1.5 1.5 0.0015
1.1 1.1 3x10" 26.49 1.5 1.5 0.0020
1.3 1.3 2x10" 26.64 1.5 1.5 0.0017
(a)
Input Parameters:E=1eV, b;=1.3, bo=1.5,b3=1.7,b4=2, s=1x10"" ((In(s,*)=24.17
(e:**"7=3x10"%) In(s,%)=26.47 (e:°**'=3x10""), In(s3%)=28.80 (e3*>*=3x10"?
In(s4%)=32.23 (e, **=1x10'"), n=N=1x10", p=1
E(eV) s(s) b FOM
E G E@™) G(Ins*) E G
1.00 1.00 3x10™ 24.19 1.3 1.3 0.0026
1.00 1.00 3x10" 26.48 1.5 1.5 0.0020
1.00 1.00 3x10" 28.80 1.7 1.7 0.0010
1.00 1.00 1x10™ 32.25 2 0.0014
(b)
Input Parameters: E=1eV, b=1.5, Nt=1x105, B=1, n1=1X105,n2=0.5x105, Il3=1X104,
s=1x10" ((In(s8;%)=26.47 (e,°**"=3x10"), In(s,%)=25.79 (e,>°=1.6x10""),
In(s3%)=25.30 (e3> =1x10"")),
E(eV) s(s) b FOM
E G E(e™) G(Ins*) E G
1.00 1.00 3x10™" 26.49 1.5 1.5 0.0020
1.00 1.00 2x10" 26.15 1.5 1.5 0.0020
1.00 1.00 1x10"! 25.34 1.5 1.5 0.0010

(c)
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Figure 4.2: The solution of differential equations of general-order TL Kkinetic
equation for b=1.5 by Mathematica. It shows the effect of changing activation energy
(E) on the general-order thermoluminescence glow peaks. The fitting results of these
glow curve with GLOCANIN are also shown in the figure. a) E= 0.8eV, b) E=1.1eV,

c) E=1.3eV.

When the first-, second and general-order glow curves generated with a single
glow peak, as seen from tables 4.1 and 4.2, the input values of kinetic parameters
entered to Mathematica are very consistent with kinetic parameters obtained by using

both GLOCANIN and Excel Spreadsheet programs. So that the obtained results by
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fitting programs are very reliable when the glow curves include only one glow peak.
The FOM (Figure of Merit) values that were founded by the analysis are also very
good for these statements. The outcomes of this study shows that when the TL glow
curves are very simple, i.e. they contain only one glow peak, it doesn’t matter they
are first-, second- and general-order glow peaks, both CGCD analysis programs can
be reliable to determine the kinetic order values. However, the simple interface of
Excel Spreadsheet program combined with the powerful Solver utility can be more
advantageous as it is easier to handle and has more practical uses to perform the

analysis in a shorter time.

4.1. b General-Order Glow Curves Generated with Two Peaks

In this study to obtain a little complex glow curves, the glow curves that
consist of two general-order glow peaks were then generated by numerical solution
of TL equations with Mathematica. Then, all numerically generated glow curves
were again analyzed with both deconvolution programs. After the analyzing, the
numerical results of deconvolution programs were again compared with the input
kinetic parameters that enter in Mathematica to check the success and failure of these

programs. The results are given in the below figures and tables.

Figure 4.3 (a-c) shows the general-order glow curves generated and fitted
glow curves by using Mathematica, GLOCANIN and Excel Spreadsheet programs.
Different kinetic parameters were chosen as input parameters in the Mathematica to
observe their effects on the analyzing results by fitting programs. The input values of
kinetic parameters that used in the Mathematica programs to generate general-order
glow curves and the obtained kinetic parameters after analyzing these glow curves by

CGCD programs are given in Table 4.2.

When the general-order glow curves generated with two glow peaks, as seen
from figure 4.3, the input values of kinetic parameters entered to Mathematica are
again very consistent with kinetic parameters obtained by using both deconvolution
programs. Therefore, even if a little complex glow curves that include two general
order glow peaks, the obtained results by fitting programs are very consistent with
the input parameters. The FOM (Figure of Merit) values are also very good. The
outcomes of this study shows that when the TL glow curves consist of one- and two
glow peaks, it doesn’t matter they are first-, second- and general-order glow peaks,

CGCD analysis programs give exact result.
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Table 4.3: The input parameters for different (a) E, (b) b and (c) ny values for
general-order kinetics which were used in numerical simulated TL glow curves and
obtained kinetic parameters after analysis of numerically stimulated glow curves by
Excel and GLOCANIN curve fitting programs. (For Excel fitting program s
corresponds to e, for GLOCANINIns").

Input Parameters: E;=1eV, E;=1,1eV, s=1x10" ((In(s*)=26.47 (626'47:3)(10“)),
ni=N=1x10", b=1.5, p=1
E(eV) s(s™ b FOM
E G E(™") G(Ins*) E G
1.00 1.00 3x10" 26.49 1.49 1.5
- 0.018
1.09 1.10 3x10 26.49 1.49 1.5
(a)
Input Parameters: E=1eV, b;=1.5, b,=1.6, s=1x10™ ((n(s1*)=26.47
(e:2%Y=3x10") In(s,%)=27.637 (e,°"*=1x10"%)), n=N=1x10", p=1
E(eV) SGs™h b FOM
E G E(e™") G(InS*) E G
1.00 1.00 4x10"! 26.48 1.50 1.50
- 0.003
1.00 1.00 1x10 27.65 1.59 1.60
(b)

Input Parameters: E=1eV, b=1.5, N=1x10", p=1, n,=0.5x10°, n3=1x10", s=1x10"
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((In(s;*)=25.79 (e;>7°=1.6x10""),In(s,*)=26.47 (e,°°*=3x10'")),
E(eV) S(s™h b FOM
E G E(e™") G(Ins*) E G
1.00 1.00 2x10'"! 26.49 1.50 1.5
- 0.003
0.99 1.00 3x10 26.16 1.50 1.5
(©)
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Figure 4.3: The TL glow curves consist of two general-order glow peaks. The glow
curves were firstly obtained solution of differential equation of general-order TL
kinetics by Mathematica after different values of kinetic parameters (a) activation
energy, (b) kinetics order, (c) traps occupancy rate. These glow curves were also
analyzed by GLOCANIN and Excel Spreadsheet programs and shown in the below
of each glow curve.
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4.1. c General-Order Glow Curves Generated with Three Peaks

Three general-order glow peaks included glow curves were also generated by
the Mathematica program and tested with the deconvolution programs to check the
success and failure of these programs. The results are given in the below figure and
table. In the presented glow curve in figure 4.4, the glow peaks have same frequency
factors, kinetic orders but different activation energies (E;=1.0 eV, E;=1.06 eV and
Es;=1.12 eV) that were chosen very close to each other. Because, if the activation
energies are very close to each other, the glow peaks are unseparated from each other
and the success and failure of the glow curves by the CGCD programs are well
understood from the well separated glow peaks.

As seen from the table 4.4, the kinetic parameters of first peak (E;=1eV)
obtained by both deconvolution programs came away different values from input
values. On the other hand, the results of second peak (E,= 1.06eV) were close to the
input values in the Excel Spreadsheet program but they are far from the values in
GLOCANIN program. Besides, the kinetic parameters of third peak (E3;=1.12eV)
obtained by both deconvolution programs are very consistent with the input
parameters that were entered in the Mathematica program for this peak. So, the
obtained results are reliable for this peak. However, the input values entered to
Mathematica which were no fully reliable for the first and second peak as third peak
So; the obtained results by the deconvolution programs are not completely reliable
when the number of glow peaks increase above two glow peaks. The outcomes of
this study up to here shows that for general-order kinetic parameters, although Excel
analysis program is more reliable than GLOCANIN program, they can't completely
reliable to determine the kinetics parameters when the glow curves includes more

than two glow peaks that are close and unseparated from each other.
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Table 4.4: The input parameters for different E values for general-order kinetics,
which were used in numerical simulated TL glow curves and obtained kinetic
parameters after analysis of numerically stimulated glow curve by excel and

Ins

GLOCANIN curve fitting programs. (For excel fitting program s corresponds to e,

for GLOCANIN Ins").
Input Parameters: E;=1eV, E,=1,06eV, E3=1.12, s=1x10" ((Ins*)=26.47
@*7=3x10"")), n=N=1x10° b=1.5, p=1
E(eV) s(sT) b FOM
E G E™") G(InS¥) E G
0.88 0.80 2x10° 26.33 1.59 1.66
1.06 1.23 3x10"° 31.33 1.37 1.67 0793
1.11 1.12 3x10" 26.49 1.53 1.50 ’
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Figure 4.4: The TL glow curve consists of three general-order glow peaks. The glow
curve was firstly obtained solution of differential equation of general-order TL
kinetics by Mathematica after different E values. The glow curve was then also
analyzed by GLOCANIN and Excel Spreadsheet programs to test the success and
failure of deconvolution programs. The analyzed glow curves are shown in the below
of glow curve.
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4.2 OTOR Model

In the second part of this study, the OTOR equations (Eq.3.4-3.7) were numerically
solved with a computer program in Mathematica and all obtained glow curves were
analyzed by computer glow curve deconvolution methods [17] to check the success
and failure of these programs in the investigations of kinetic parameters. Some of the
analyzed glow curves and data obtained by fitting programs were presented in below

figures and tables.

4.2. a Solutions of OTOR Model Rate Equations with Assuming One Glow Peak
and Their Analysis by CGCD Programs

In this case, the eqns. (3.4-3.7) of OTOR model was solved numerically with
the help of the program prepared by using Mathematica for different kinetic
parameters. However, it was accepted that each numerically generated glow curve
contains only one glow peak in this section of this study. Then, the numerically
generated all glow curves were analyzed with the deconvolution programs with the
help of the data collected. Finally, the results of analysis obtained by programs
compared with the input parameters that were entered to the Mathematica to generate
numerical glow curves. The input parameters are shown in the top row of each table
(table 4.5, 4.6 and 4.7). The obtained kinetic parameters from the CGCD programs
were also shown in the bottom rows of these tables. Some of the selected simulated
and analyzed glow curves were shown in the figures 4.5 and 4.10.

In the OTOR model, when electron trap is completely filled with electron and
if Ay/Ap>1, as seen from the table 4.5, the obtained results by CGCD programs and
input data in the Mathematica did not match with each other. When A,=A; and
Ay/Ax<1, the analysis results and input data were in consistency with each other or at
least small deviations between them were observed.

When the %50 electron traps are filled with electrons and if A,/Ay>1, as seen
from the table 4.6, it seems that the discrepancy between input parameters and
obtained results have begun to decrease. This indicates that the decrease in the trap
occupancy rate has made a positive contribution to the success of the deconvolution
programs. In the case of A,/An<I, the analysis results of CGCD programs are
consistent with the input values and obtained kinetic parameters are reliable. On the
other hand, a very interesting result is obtained when A,/A;=0.1. As seen from table

4.6, the discrepancy between input kinetic parameters and analyzed results are
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increased and then when A,/Ax<0.1, the discrepancy between them was quickly
decreased and they are again start to begun consistent with each other.

When the 10 % electron traps are filled with electrons; and if Ay/Ap>1, as
seen from the table 4.7, the discrepancy between input parameters and obtained
results have been almost eliminated. In this case, it can be assumed that the analysis
results are consistent with the input values and they are reliable. However, the
discrepancy between them is again high at A,/A;=0.1 and A,/A,=0.01.

As a result, if the glow curve is generated by a single glow peak in the OTOR
model, the obtained kinetic parameters are generally different from input parameters
if Ap/Ap>1. So, the analysis results are generally not reliable when A,/A;>1. But
filling percentage of electron traps is reduced, the consistency between input and
analyzed kinetic parameters is greatly increased and the analysis results comes to

reliable levels when N¢/no<0.5.

Table 4.5: The below table includes of the input parameters for OTOR model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by GLOCANIN and Excel Spreadsheet curve fitting programs
if electron traps completely filled (N= ng) (one peak).

Input Parameters: E=1eV, s=1x1012, Nt=1x1010 , B=1, Ap= 1x107

E(eV) s(s™) b FOM

AAn | E G E G(exp(lns)) | E G
100 | 0.60 | 0.56 | 6x10° 3x10° 1.89 1.82 2.2466
10 | 0.65 | 0.66 | 1.5x10° 2x10° 1.7 1.75 3.3769
1 1.00 | 1.00 |1.1x10"| 2x10" 2.00 2.00 0.4126
0.1 1.04 | 1.02 | 4x10" 6x10" 1.24 1.29 1.904
001 | 1.01 | 099 | 1x10" 1x10" 1.03 1.03 0.967
0.001 | 1.00 | 0.99 | 1x10" 1x10" 1.00 1.00 0.1316
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Table 4.6: The below table includes of the input parameters for OTOR model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by GLOCANIN and Excel Spreadsheet curve fitting programs if
50% electron traps filled. (N=0.5ny) (One peak).

Input Parameters: E=1eV, s=1x10"%,N=1x10"", p=1, Ay= 110"

E(eV) s(s™) b FOM

An/An | g G E Glexp(ns)) | E G
100 | 0.87 | 090 | 2.3x10° 5%10° 200 | 210 | 2.246
10 0.88 | 091 | 2.7x10° 6+10° 2.00 | 2.09 | 2.105
1 1.00 | 1.00 | 5.0x10" 4%10" 2.00 | 2.00 | 0.100
0.1 1.05 | 1.08 6x10" 6*10" 140 | 145 | 3.010
0.01 1.00 | 1.02 | 1.3x10" 1.4*10" 1.04 | 1.08 1.310
0.001 | 1.00 | 1.00 1x10" 1*#10" 1.00 | 1.00 | 0315

Table 4.7: The below table includes of the input parameters for OTOR model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by GLOCANIN and Excel Spreadsheet curve fitting programs if
10% electron traps filled. (Ni=0.1np) (One peak)

Input Parameters: E=1eV, s=1x10" , Nt:IXIO10 , p=1, A= 1x107

E(eV) s(s™h b FOM

An/An E G E G(exp(Ins")) E G
100 | 098 | 099 | 7x10° 9x10° 2.00 2.05 0.3351
10 | 098 | 099 | 7x10 8x10’ 2.00 2.03 0.3120
1 1.00 | 1.00 1x10° 1x10° 2.00 2.00 0.2900
01 | 1.05 | 1.05 | 2x10" 3x10™ 1.80 1.80 1.7470
001 | 1.04 | 1.06 | 3x10" 3x10™ 1.22 1.28 2.6560
0.001 | 1.00 | 1.00 | 1x10" 1x10" 1.00 1.00 0.1350

75




TL Intensity (ar.nn.)

TL Intensity -ar.un..
&
2
et
Lt

9001

TL Glow Curve
8= 10'- FT T T 8001
7001 =
6x107 | 1 6001 , \ =
" 25001 ; \'u
x0Ty 1 £ s001 / \ =
4 I \ -
I E 3001
Ix107 ¢ 1 - / \
2001 N
0k . . . _ ] 1001 A,
0 100 150 200 250 300 1
Temperature {°C) 320 T mperate ° 520
(a) 12001
TL Glow Curve -
1x10%F

I\
//\

\
ESSSS

Temperature {(°C) 330 270 420 470
Temperature (K]

TL Glow Curve

1.5 108}

10" 108} - =

- 7| i
500 10 .
= / 11
4001 7
(|} w w w w w w ] 2001 / \
40 60 80 100 120 140 160 180 e N -

o
Temperature .°C. 320 340 360 280 400 420
(C) Temperature (K)

Figure 4.7: The numerically generated (left side) by the Mathematica and analyzed
by Excel Spreadsheet program (right side) glow curves for the following input
parameters: (One Peak), (Ni= 0.5n9), (a) (An/Ah=10) (b) (An/Ah=1) (c)
(An/Ah=0.001).

76



Figure

o 1 = !
NCEN 1 e % ey
@ 095
iz
5 09 N,
o085
.8
0.0001 o001 An/Ah 4 100
(a)
_ 1,00E+13
z 1,00E+12
g 1,00E+11 |
Lg 1,00E+10 |
] 1,00E+09 |
o I
é’ 1,00E+08 An/Ah
0,0001 0,01 n/ 1 100
(b)
>z
= =z
= 1.8 g
E 1.6 £ b
__E 1.4 EE]
= 1.2 biG)
L. i =
o8 :
0.0001 op1 Aniah 100
(©)
FOM
4 il  — T
I [ [
N
2 = il
— it
D 'H IIII= II | I L FDM
00001 001 1 100
(d
4.8: The comparisons of CGCD analysis(E:Excel Spreadsheet,

G:GLOCANIN) results of the OTOR model for the following input parameters:

(N=0.5n), (One peak), (a) Energy (b) Frequency factor (c) Kinetics order (d) FOM
values (Excel).

77



1201

TL Intensity -ar.un..

‘ ‘ ’IL Glpw pre ‘ ‘ ‘
gL 107} ] 1001 N :
28 100 ] / \ :
s 501 1
26 10} 3 / \ n
g 4 10°F gm
Z : / o
= 2 108} Los /
150 200 250 300 350 400 450 500 201 \
Temperature .°C. . /
430 480 530 fa'cl 530
Temperature (K
(a)
1401
‘ ‘ TL Glpw quve ‘ ‘ 1201 /“ ’\\ 1
= 120 107} f 1001 =
= 7 - / \ i
= 1.00 10’ ] 301 +
. 8.00 10°; ] E / \ +—
Z (O ] 01 =—
2 6.0 10 £ / \
= 4.00 106 ] Faai N
L]
= 200 105 ] / \
201
= 0~ | | ‘ ‘ ] =
150 200 250 300 350 400 1
Temperature ledl 380 430 o p:rsant e 6 530 580
(b)
35001
TL Glow Curve
3.00 108 ‘ ‘ 3 30001 ,A\
2.57 108 ] 25001 /
2.0° 10%F ] ,::;.-3-3-31 // \\
1.5. 108 ] gs-:n-:ni /
1.0. 108} 1 Fooo: /f \
5.0 107} ] 5001
0’ I 1 / \

50 100 150 200 320 340 ?[E'ipiratuiﬂ'[:]'ﬂ 400 420
Temperature .°C.

(c)
Figure 4.9: The numerically generated (left side) by the Mathematica and analyzed
by Excel Spreadsheet program (right side) glow curves for the following input
parameters: (One Peak), (N= 0.1np), (a) (An/Ah=10) (b) (An/Ah=1) (c)
(An/Ah=0.001).



1.08
1.06
1.04
1.02

[Energy

o.98
o9&

00001 Ap/Ah ©O.1 100

1 00E+12
100E+11
1.00E+10
1. 00E+09
1 00E+08
1. 00E+07
1 00E+06

0.0001 0.1 100

frequency factor

—i— b(E]
—— k(3]

Kinetics order

& = h
=R TR IR

Q.Do01 O.1 100
AniAh

(©

3
Z
1
a
a

L0001 .01 1 100

(d)
Figure 4.10: The comparisons of CGCD analysis (E: Excel Spreadsheet, G:
GLOCANIN) results of the OTOR model for the following input parameters:
(N=0.1ny), (One peak), (a) Energy (b) Frequency factor (c) Kinetics order (d) FOM
values (Excel).

79



4.2. b Solutions of OTOR Model Rate Equations with Assuming Two Glow
Peaks and Their Analysis by CGCD Programs

In this case, the rate eqns. (3.4-3.7) of OTOR model was solved numerically
with the help of the program prepared by using Mathematica for different kinetic
parameters and accepting that each numerically generated glow curve contains two
glow peaks. Then, the numerically generated glow curves were analyzed with the
deconvolution programs. The results of analysis obtained by programs were again
compared with the input parameters that were entered to the Mathematica during the
generation of numerical glow curves. The input parameters are shown in the top row
of each table (table 4.8, 4.9 and 4.10). The obtained kinetic parameters from the
CGCD programs were also shown in the bottom rows of these tables. Some of the
selected simulated and analyzed glow curves were shown in the figures 4.11 and

4.17.

When electron trap is completely filled(Ni= ng) and if A,/A;>1, as seen from
the table 4.8, the input data(E;=1.0 eV, E,=1.1 eV) in the Mathematica and obtained
results by CGCD programs did not match with each other. There are very high
discrepancies between these parameters. In this case, the differences between input
parameters and obtained results are approximately equal to 50%. On the other hand,
when A,=Aj and A,/Ax<1, the obtained results and input data were in consistency
with each other or at least small deviations between them were observed. Especially,
the input parameters of second peak highly deviate from its input parameters. When
the results of CGCD programs are compared with each other, it was seen that the

results of Excel Spreadsheet is generally better than the results of GLOCANIN.

When the 50% electron traps are filled with electrons and if A,/Ay>1, as seen
from the table 4.9, it seems that the discrepancy between input parameters (E;=1.0
eV, Ex=1.1 eV) and the results of CGCD programs for both peaks have begun to
decrease. When A,/Ax<1, the analysis results of CGCD programs are consistent with
the input values and obtained kinetic parameters are reliable. In the case of
Ay/Ap=0.1 while the deviations between the input parameters and its obtained results
of the first peak come out from both analysis programs are low, they are very high
but for the second peak. As seen from table 4.6, the discrepancy between input
kinetic parameters and analyzed results are decreased when A,/A,<0.1 and they are

again start to begun approach to each other.
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When the %10 electron traps are filled with electrons; and if A,/Ap>1, as seen
from the table 4.10, the discrepancy between input parameters and obtained results
have been almost decreased when comparing with the high filling ratios. In the case
of A/Ap<l, the analysis results are generally consistent with the input values, but for
Ay/Ap=0.1 and Ay /A, = 0.01, they are too far for the second peak in both

deconvolution programs.

As a result, if the glow curve is generated by two glow peaks in the OTOR
model, the obtained kinetic parameters are generally different from input parameters
if Ay/Ar>1. So, the analysis results are certainly not reliable when A,/Ap>1. But
filling percentage of electron traps is reduced, the consistency between input and
analyzed kinetic parameters is increased but no reliable results were obtained for

both peaks at the same time.

Table 4.8: The below table includes of the input parameters for OTOR model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by GLOCANIN and Excel Spreadsheet curve fitting programs if
electron traps are completely filled. (Ni=ng) (Two peaks)

Input Parameters: E=1eV, E=1.1eV, s=1x10"? , Nt=1xlO10 , B=1, Ap= 1x107
E(eV) s(s b
AJA, - FOM
E G E G(exp(Ins)) E G
E, 0 0.60 | 0.58 1x10° 2x10° 1.59 | 1.51 12680
E, 0.68 | 0.69 3x10° 4x10° 2 | 215
E, 0.99 | 1.00 | 9x10" 1x10" 1.81 | 2.00
1.0 0.1778
E, 1.02 | 1.04 | 2x10" 4x10'" 1.92 | 2.00
E; ol 1.00 | 1.03 1x10"? 3x10" 1.06 | 1.21 440
E, ' 1.05 | 133 | 3x10" 9.5x10" | 1.21 | 1.47 ’
E, 0.01 1.01 | 1.00 | 1.4x10" 1.2x10"% | 1.02 | 1.01 05220
E, ' 1.10 | 1.11 | 1.2x10" 2x10" 1.03 | 1.05 |
E, 0.001 1.00 | 1.00 | 1x10" 1x10"? 1.02 | 1.00 09741
E, | 1.13 | 1.10 | 1.1x10" 1x10"? 1.03 | 1.00 |
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Table 4.9: The below table includes of the input parameters for OTOR model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by GLOCANIN and Excel Spreadsheet curve fitting programs if
50% electron traps are filled. (N=0.5ny) (Two peaks).

Input Parameters: E=1eV, E=1.1eV, s=1x10"*, N=1x10", p=1, Ay= 1x10”
E(eV) s(s™) b

A/A, : FOM
E G E G(exp(Ins )) E G

E, 079 | 0.76 | 7x10" 2x10" 1.8 | 1.82 | 0.504

E, | 10 [099] 1.03 [ 3x10° 1.2x10° [ 193 | 1.92

E, 1.01 | 1.00 | 8x10" 5x10" 1.99 | 2.00 | 0.4089

E, 1 1.08 | 1.10 | 3x10™ 5x10™ 1.97 | 2.00

E, 1.03 | 1.04 | 9x10" 3x10" 132 | 1.33 | 1.052

E, | 01 [1427] 141 | 9x10" 8x10° 1721 17

E, 1.0 | 1.00 | 1.4x10" 1x10" 1.04 | 1.01 | 0.782

E, | 001 116 | 1.11 | 3x10" 5x10% [ 1.12 | 1.05

E, 1.00 | 1.00 | 1.4x10™ 1x10"* 1.02 | 1.00 | 0.3332

E, | 0001 110 1.10 | 1.3x10"7 1x107 | 1.01 | 1.00

Table 4.10: The below table includes of the input parameters for OTOR model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by GLOCANIN and Excel Spreadsheet curve fitting programs if
10% electron traps are filled. (N=0.1ny) (Two peaks)

Input Parameters E=1eV, E=1.1eV, s=1x10"" (In(1x10'")=25.32), N=1x10"", p=1,

A= 1x107

E(eV) (s b
AJAy . FOM

E G E G(exp(Ins )) E G
E, 099 | 099 | 9x10’ 1x10™ 1.98 2.06 | 0.098
E, | 10 1.06 | 1.06 | 4x10° 3x10° 1.99 1.96
E, 1.00 1.05 | 1x10" 1x10" 1.98 2.00 |0.0064
E, 1 1.08 1.10 | 9x10"™ 1x10" 2.00 2.00
E, 1.05 1.05 | 3x10" 1x10" 1.99 1.69 |0.7311
E, | 01 136 | 1.36 | 7x10™ 7x10™ 2.00 2.07
E, 1.02 1.02 | 2x10" 3x10" 1.17 120 | 1.178
E, | 001 [ 133 [ 133 | 7x10™ 7x10™ 1.45 1.45
E, 1.00 | 1.00 | 1.2x10" 1.2x10" 1.01 1.01 |0.5037
E, | 0001 112 [ 1.12 | 2x10™ 2x10" 1.05 1.05
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4.2. ¢ Solutions of OTOR Model Rate Equations with Assuming Three Glow
Peaks and Their Analysis by CGCD Programs

The rate equations (3.4-3.7) of OTOR model was solved numerically by
using Mathematica for different kinetic parameters and accepting that each
numerically generated glow curve contains three glow peaks. Then, they were
analyzed with the deconvolution programs. The results of analysis obtained by
programs were again compared with the input parameters that were entered to the
Mathematica during the generation of numerical glow curves. The input parameters
are shown in the top row of each table (table 4.11, 4.12 and 4.13). The obtained
kinetic parameters from the CGCD programs were also shown in the bottom rows of
these tables. Some of the selected simulated and analyzed glow curves were shown

in the figures 4.19 and 4.23.

Table 4.11: The below table includes of the input parameters for OTOR model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by GLOCANIN and Excel Spreadsheet curve fitting programs if
10% electron traps are filled. (N=ng) (Three peaks)

Input Parameters: E;=leV, E;=1.1eV, Es=1.2eV, s=1x10", N=1x10"", p=1,
A= 1x107
E(eV) s(s™) b
An/Ap " FOM
E G E G(exp(Ins )) E G
E; 06 | 057 2x10° 1x10° 1.36 | 1.52
E, 10 078 | 0.69 | 7x10’ 4x10’ 1.78 | 1.66
E; 090 | 0.80 | 1x10° 2x10° 1.90 | 1.99 | 1.73
E; 0.84 | 0.80 | 1.4x10° 2x108 1.99 | 1.39
E, 1 1.03 | 0.88 | 3x10" 9x10" 2.00 | 3.54 | 1.65
E; 1.16 | 1.14 | 4x10" 2x10" 2.00 | 1.99
E, 0.95 | 332 | 2x10° 3x10°° 1.03 | 2.95
E, 0.1 098 | 1.25 | 6x10" 2x10" 1.01 [ 272 | 1.84
E; 1.02 | 1.03 | 1x10" 7x10" 1.02 | 1.03
E, 1.00 | 0.82 | 1x10" 4x10° 1.01 | 1.00
E, | 0.01 1.10 | 0.85 | 1x10" 3x10° 1.02 | 0.68 | 0.37
E; 120 | 1.03 | 1x10" 7x10" 1.03 | 1.06
E, 1.00 | 1.00 | 1x10" 1x10"? 1.01 | 1.07
E, | 0001 | 1.11 | 1.11 1x10"? 1x10"? 1.02 | 1.06 | 0.20
E; 123 | 123 | 3x10"7 1x10% 1.03 | 4.32
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As we have seen in the previous sections, when electron trap is completely
filled (N= ng) and if A,/Ap>1, as seen from the table 4.11, the input data(E;=1.0 eV,
E,=1.1 eV, Es=1.2 V) in the Mathematica and obtained results by CGCD programs
did not match with each other. Again, high discrepancies between input and obtained
parameters were observed. Moreover, in contrast to one and two generated glow
peaks by the Mathematica program, the results of Excel Spreadsheet are close to the

input values for each of the three peaks than the results of GLOCANIN.

Table 4.12: The below table includes of the input parameters for OTOR model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by GLOCANIN and Excel Spreadsheet curve fitting programs if
10% electron traps are filled. (N=0.5ny) (Three peaks)

Input Parameters: E;=1eV, E;=1.1eV, Es=1.2eV, s=1x10", N=1x10"", p=1,
Ap= 1x107
E(eV) s(s™h b
Av/Ay G FOM
E G E (exp(lns)) E G
E| 0.95 | 0.65 | 1.68x10" | 2x10" | 1.99 | 4.34
E» 10 1.09 | 0.66 | 5x10"™ 3x10" | 2.00 | 1.00 | 2.885
E; 1.15 | 0.86 | 2x10" 1x10° | 2.01 | 1.99
E, 1.00 | 0.80 | 5x10" 1x10® | 2.00 | 1.99
E» 1 1.10 | 1.07 | 4.9x10" 8x10 | 1.99 | 1.00 | 0.0045
E; 120 | 1.78 | 5x10" 1x10% | 2.00 | 2.82
E, 082 | 0.62 | 5x10° 9x10" | 1.03 | 6.47
E; | 01 | 097 | 097 | 3x10" 4x10" | 1.02 | 1.00 | 2.347
E; 098 | 1.03 | 5x10’ 7x10"° | 1.01 | 1.00
E| 1.00 | 056 | 1x10" 1x10° | 1.01 | 4.23
E, | 001 | 1.09 | 1.02 | 8x10" 2x10” | 1.02 | 1.00 | 0.6016
E; 1.17 | 1.03 | 5x10" 7x10"° | 1.03 | 1.00
E, 1.00 | 1.01 | 1x10" 1x10” | 1.01 | 1.06
E, | 0.001 | 1.11 | 1.11 | 2x10" 7x10"° | 1.02 | 1.06 | 0,199
E; 123 | 145 | 1x10"% 1x10'° | 1.03 | 37.54
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In fact, it should be in the presentation that the results of GLOCANIN are
always far from the input values for all A,/Ay values. Even, some of the obtained
results from the GLOCANIN remain far away from the input values and they can be
regarded as meaningless for physics. Even if the Excel Spreadsheet results are mostly
consistent with the input values than the GLOCANIN results. However, we didn’t
obtain completely consistent results in all conditions if three glow peaks were
assumed in the glow curves. So, the number of glow peaks within the glow curve are
increased, the consistency of the CGCD results with input parameters are highly
decreased and the reliability of CGCD results are completely vanished. So, if a glow
curve consists of more than two glow peaks, it can be noted that the results of Excel
Spreadsheet are better than the results of GLOCANIN for all conditions of trap

occupancy rates.

Table 4.13: The below table includes of the input parameters for OTOR model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by GLOCANIN and Excel Spreadsheet curve fitting programs if
10% electron traps are filled. (N=0.1ny) (Three peaks)

Input Parameters: E;=1eV, E;=1.1eV, Es=1.2¢eV, s=1x1()12, Nt=1xlO10 , p=1, Ap=
1x10”
E(eV) s(s™) b
An/An G FOM
E G E (exp(lns*)) E G
E, 0.99 | 0.64 1x10" 3x10° 1.99 | 1.18
E, 10 1.09 1.01 1x10" 7x10% 2.00 | 1.80 | 3.446
E; 1.18 1.02 8x10" 2x10° 201 | 1.99
E, 1.00 | 0.49 1x10" 5x10° 2.00 | 1.00
E, . 1.10 | 0.95 1x10" 2x10° 1.99 | 1.99 | 0.080
Es 120 | 1.15 1x10" 2x10"7 2.00 | 1.96
E, 1.00 | 033 8x10" 4x10% 1.02 | 2.96
E | o4 1.02 1.03 | 1.4x10" 7x10" 1.03 | 1.03 | 0.557
E; 1.27 1.25 1.6x10° 2x10" 1.04 | 2.72
E, 094 | 082 1x10" 4x10° 1.01 | 1.00
Ex | ooy | 100 | 085 3x10° 2x10™ 1.01 | 0.69 |0.578
E; 1.04 1.03 3x10’ 7x10" 1.02 | 1.06
E, 1.00 1.00 | 1.2x10" | 1.1x10™ | 1.02 | 4.31
Ex | g001 112 1.11 | 1.7x10" 7x10" 1.01 | 1.06 | 0.229
E; 1.17 2.01 5x10" 1x10% 1.01 | 4.31
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4.3 IMTS Model

In the last part of this study, the IMTS eqns. (Eq.2.41-2.44) were numerically solved
with Mathematica and all obtained glow curves were analyzed by computer glow
curve deconvolution methods [15, 17] to check the success and failure of CGCD
programs in the investigations of kinetic parameters. Some of the analyzed glow
curves and data obtained by fitting programs were presented in below figures and
tables. The FOM values which were obtained by Excel Spreadsheet program is also

shown in the last columns of the tables.

4.3.a Solutions of IMTS Model Rate Equations with Assuming One Glow Peak
and Their Analysis by CGCD Programs

In this case, the equations (2.41-2.44) of IMTS Models were solved
numerically by using Mathematica for different kinetic parameters. But, it was firstly
accepted that each numerically generated glow curve contains only one glow peak.
The numerically generated glow curves were then analyzed with the deconvolution
programs to check their performance within the investigation of kinetic parameters
by the curve fitting programs. To do, the results of analysis obtained by fitting
programs were compared with the input parameters that were initially entered to the
Mathematica during the generation of numerical glow curves. The input parameters
that were entered to the Mathematica program are shown in the top row of each table
(table 4.11, 4.12 and 4.13). The obtained kinetic parameters from the CGCD
programs were also shown in the bottom rows of these tables together with the FOM
values in the last columns. Some of the selected simulated and analyzed glow curves

were shown in the figures 4.24 and 4.30.

In the IMTS model, when electron trap is completely filled with electron (N =
n,), the kinetic-order was obtained between b=1 and b=2 for different values of
An/Ap and A/Aj ratios. For example; Ay/An= 1 and A,/Ay= 0.001, the kinetic-order
was obtained first-order while A, /A= 0.001 and A,/A;= 1, the kinetic-order was

obtained second-order.

In this model, as seen from table 4.14, if A=A}, the results of GLOCANIN
and Excel Spreadsheet are consistent with the input values for all values of
Ay/Ap<0.1 while the reliability of analysis is reduced as the ratio of A,/Aj increases
above 0.5. On the other hand, if A,=A;, the results of GLOCANIN and Excel

Spreadsheet are consistent with the input values for all values of A;/Ay<0.01 while
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the reliability of analysis is reduced as the ratio of A,/Aj increases above 0.1.
Moreover, if A,=An, the results of GLOCANIN and Excel Spreadsheet are
consistent with the input values for all values of A,/Ay<0.05 while the reliability of
analysis is reduced as the ratio of Ap/Ay increases above 0.1. In general, if A,/Aj and
An/Ay are greater than 1, the consistency between input values used in the
Mathematica and results obtained from the deconvolution programs are very bad and

they are largely deviated from each other.

In the OTOR model, we generally observed that the obtained results by
CGCD programs and used input data in the Mathematica did not consistent with each
other when A,/A;>1. On the other hand when A,=Aj and/or A,/Ax<1, the analysis
results and input data were in consistency with each other or at least small deviations
between them. Similarly, in the IMTS model, the consistency between input data and

obtained results are reduced when A,/A;>0.1 and A/A>1.

As a result, if the glow curve is generated by a single glow peak in the IMTS
model, the obtained kinetic parameters are generally different from input parameters
if Ay/Ap>0.1 and A, /Ap>1. So, the analysis results are generally not reliable when
A./A>0.1 and A,/Ap>1. But when these ratios increased above mentioned values,
the consistency between input and analyzed kinetic parameters is greatly increased

and the analysis results comes to reliable levels.
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Table 4.14: The below table includes of the input parameters for IMTS model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by curve fitting program with GLOCANIN (G) and Excel
Spreadsheet (E) for different values of Ay/Apif(An=An).

INPUT KINETIC PARAMETERS
n,=1.10"%cm” ; E= 1eV; B=1°C/s; s=1x10""Hz; n,=Ix Ny
A= 1x10'7cm3s'1; An=1xA;
AJA, E(eV) b s(s™) FOM
G E G E G E
0.001 1.00 | 1.00 | 1.00 | 1.00 | 1.0x10" | 1.0x10' | 0.0084
0.005 1.00 | 099 | 1.00 | 1.00 | 1.0x10" | 9.8x10" | 0.0310
0.01 1.00 | 0.99 | 1.00 | 1.00 | 1.0x10" | 9.8x10" | 0.0340
0.05 099 | 099 | 1.01 | 1.02 | 8.8x10" | 9.3x10" | 0.1440
0.1 099 | 099 | 1.03 | 1.02 | 7.6x10" | 7.2x10" | 0.3990
0.5 096 | 097 | 1.10 | 1.12 | 2.4x10" | 3.6x10" | 1.3000
1 092 | 092 | 1.16 | 1.16 | 6.7x10" | 6.7x10" | 2.5000
3 0.80 | 0.80 | 1.22 | 1.19 | 1.4x10%” | 1.4x10% | 4.9700
6 070 | 0.70 | 1.18 | 1.24 | 4.6x10°" | 5.0x10" | 5.8500
10 063 | 0.63 | 1.12 | 1.47 | 3.9x10" | 5.0x10" | 5.7820

Table 4.15: The below table includes of the input parameters for IMTS model which

were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by curve fitting program with GLOCANIN (G) and Excel
Spreadsheet (E) for different values of An/Ay if (Ap=Ay).

INPUT KINETIC PARAMETERS
ny= 1.10"%m™ ; E=1eV; BZIO Cls; s=1x10""Hz ; no=1x Ng;
An= 1x107cm’s™;  A,=1xA,
An/Ay BEeV) b () FOM
G E G E G E
0.001 | 1.00 | 099 | 1.99 | 2.00 | 9.9%10" 1.0%10"% | 0.917
0.005 | 1.00 | 099 | 1.97 | 1.95 8.8%10"! 7.4%10'"" | 0.902
001 | 099 | 099 | 193 | 196 | 7.4*10" 8.9¥10'" | 0.328
005 | 095 | 098 | 1.67 | 1.79 | 2.1*10" 5.1%10'" | 1.746
0.1 093 | 094 | 1.53 | 1.61 9.3%10'" 1.5%10" | 2.960
0.5 090 | 092 | 1.24 | 129 | 4.3%10" 7.0%10" | 3.080
1 092 | 092 | 1.16 | 1.17 6.7%10" 7.0%10"° | 2.588
3 098 | 098 | 1.07 | 1.07 3.8*10" 3.8%10" 0.87
6 1.03 | 1.03 | 1.02 | 1.02 1.9%10" 1.9%10' 0.45
10 1.09 | 1.08 | 1.00 | 1.00 | 9.0%10" 8.2%10'" 1.39
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Table 4.16: The below table includes of the input parameters for IMTS model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by curve fitting program with GLOCANIN (G) and Excel
Spreadsheet (E) for different values of Ap/Ay if (Ay=An).

INPUT KINETIC PARAMETERS
n,=1.10"%m™ ; E= leV; p=1°C/s; s=1*10""Hz; n,=1x N
A= 1x107cm’s;  A=1xA,,
A/A BleV) b () FOM
me g E G E G E

0.001 | 1.00 | 1.00 | 1.00 | 1.01 1.0x10"? 1.1x10"% | 0.917
0.005 | 1.00 | 1.00 | 1.01 | 1.00 1.3x10"? 1.0x10"% | 0.503
0.01 1.00 | 1.01 | 1.02 | 1.00 1.6x10" 1.4x10"% | 1.012
0.05 1.01 | 1.02 | 1.10 | 1.10 2.1x10" 2.0x10"? | 1.357
0.1 1.01 | 1.02 | 1.12 | 1.12 1.6x10" 2.0x10"% | 1.210
0.5 099 | 1.01 | 1.17 | 1.14 1.9x10" 2.0x10'% | 0413
1 092 | 092 | 1.16 | 1.16 6.7x10" 6.7x10'° | 2.726
3 088 | 0.87 | 1.14 | 1.15 6.0x10% 7.0x10% | 3.410
6 085 | 0.86 | 1.14 | 1.14 5.3x10% 6.0x10” | 3.506
10 083 | 083 | 1.14 | 1.14 2.2x10% 2.2x10% | 3.970
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Figure 4.23: The numerically generated (left side) by Mathematica and then analyzed
by Excel Spreadsheet program (right side) glow curves for the following input
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Figure 4.27: The numerically generated (left side) by Mathematica and then analyzed
by Excel Spreadsheet program (right side) glow curves for the following input
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When changing active occupancy rates of traps; the results are not consistent
with the input values for A,/Ap>1 if the traps are completely full. On the other hand,
the analysis results become reliable as the occupancy of active traps decreases and
the results of the analysis are getting better and better in all values of A,/Aj ratios
and the analysis results of the entire range provides exactly the same values of input
parameters. From here it can be deduced that as the amount of active traps decreases,

the reliability of the deconvolution program’s results increases (see Table 17).

Table 4.17: The below table includes of the input parameters for IMTS model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by curve fitting program with GLOCANIN (G) and Excel
Spreadsheet (E) programs after the changing active occupancy rates of traps.

INPUT PARAMETERS
N=Me= 10", s=10"%" | E= leV, Ap=Ay, B=1, my=0xM,

E(eV E(CV) b b -1 -1
An/Ay )E) (G) ® | ©) s(s)E) | s(s)G) | FOM

no=N, 0.49 | 0.48 | 1.01 1 2x10* 2x10* | 3.930

no=0.5N, | 082 | 0.82 | 1.15| 1.14 | 2x10® 1x10° | 4.320

no=0.IN, | 092 | 092 [ 1.05| 1.03 | 1x10" 1x10"™ | 1.433

100

no=0.01N, 1 1 1 1 6x10™ 9x10™ | 1.076
no=0.001N, 1 1 1 1 1x10™ 9x10° | 0.005

no=N, 06 | 063 | 1.1 | 1.12 ] 2x10° 4x10° | 6.402
no=0.5N, | 085 | 085 | 1.15| 1.16 | 2x10™ 2x10" | 3.251

10 no=0.IN, | 096 | 097 | 1.04 | 1.03 | 5x10" 4x10™ | 0.066

no=0.01N, 1 0.99 1 1 9x10™ 8x10™ [0.738

no=0.001N, 1 0.99 1 1 9x10™ 6x10™° | 0.004

no=Nt 09 | 092 [ 1.15] 1.16 | 7x10™ 7x10™ | 2.390

no=0.5N, | 095 | 094 | 1.1 | 1.08 | 2x10" 1x10'™" | 1.495

1 no=0.IN, | 098 | 098 | 1.01 | 1.01 | 3x10" 3x10'" [ 0.391

ny=0.01N, 1 1 1 1 5x10" 5x10'" | 0.039
1no=0.001N, 1 1 1 1 5x10" 4x10™ [ 0.025

ng=N, 1 099 | 1.02 ] 1.03 | 5x10" 3x10"" 1 0.317

1no=0.5N, 1 0.99 | 1.01 | 1.01 | 8x10" 8x10'" | 0.228

0.1 no=0.1N, 1 1 1.01 | 1 8x10'" 1x10" | 0.228
ny=0.01N, 1 1 1 1 9x10" 1x10™ | 0.005
no=0.001N, 1 1 1 1 9x10" 9x10'" | 0.003

no=N, 1 1 1 1 1x10™ 1x10™ [ 0.043

1no=0.5N, 1 1 1 1 1x10"™ 1x10" | 0.024

0.01 no=0.1N, 1 1 1 1 1x10™ 1x10™ | 0.006
no=0.01N, 1 1 1 1 1x10" 1x10™ | 0.001
no=0.001N, 1 1 1 1 1x10" 1x10" | 0.004

no=N, 1 1 1 1 1x10™ 1x10™ | 0.003

1no=0.5N, 1 1 1 1 1x10"™ 1x10"™ | 0.002

0.001 | 1y=0.1N, 1 1 1 1 1x10™ 1x10™” | 0.001
no=0.01N, 1 1 1 1 1x10"™ 1x10"™ | 0.002
no=0.001N, 1 1 1 1 1x10™ 1x10™ | 0.004
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4.3. b Solutions of IMTS Model Rate Equations with Assuming two Glow Peak
and Their Analysis by CGCD Programs

In this case, the rate equations (2.41-2.44) of IMTS Model were solved
numerically by using Mathematica for different values of input kinetic parameters by
assuming that glow curve contains two glow peaks. Then, these glow curves were
analyzed with the deconvolution programs. The results of analysis obtained by
programs were again compared with the input parameters that were entered to the
Mathematica during the generation of numerical glow curves. The input parameters
are shown in the top row of table 4.16. The obtained kinetic parameters from the
CGCD programs were also shown in the bottom rows of this table. Some of the
selected simulated and analyzed glow curves and results were shown in the figures

4.30 and 4.31.

When electron trap is completely filled (Ni= ng) and if A,/Ap>0.5, as seen
from the table 4.16, the input data(E;=1.0 eV, E,=1.05 eV) in the Mathematica and
obtained results by CGCD programs did not coincident with each other. There are
very high discrepancies between these parameters. On the other hand, A,/Ap<0.5, the
obtained results and input data were in consistency with each other or at least small
deviations between them were existed. Especially, the obtained parameters of second
peak highly deviate from its input parameters. When the results of CGCD programs
are compared with the results of Excel Spreadsheet, it was seen that the results of

Excel Spreadsheet is generally better than the results of GLOCANIN.

As a result, if the glow curve is generated by two glow peaks in the IMTS
model, the obtained kinetic parameters are generally different from input parameters
if Ap/Ap>0.5. So, the analysis results are certainly not reliable when A,/Ap>0.5. But
the value of this ratio is reduced, the consistency between input and analyzed kinetic

parameters is increased and especially give very consistent results when A,/A;<0.05
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Table 4.18: The below table includes of the input parameters for IMTS model which
were used in numerical simulated TL glow curves and obtained kinetic parameters
after their analyzing by GLOCANIN and Excel Spreadsheet curve fitting programs if
An=Aj. (Two peaks)

INPUT KINETIC PARAMETERS
no= 1.1Olocm'3; BZIO Cls; s=1x10"%" ; no=1x Ng; no=1xM,;
A= 1xAp; Ap= 1x107cms™
E(eV b s(s™!
AJAy V) <) FOM
G E G E G E
E;=leV 1.01 | 1.00 | 1.00 | 1.00 | 9.7x10"" | 9.7x10"!

- 0.001 = =1 0.032
E,=1.05eV 1.05 | 1.06 | 1.00 | 1.00 | 1.1x10 1.2x10
E;=leV 1.01 | 1.00 | 1.00 | 1.01 | 1.1x10" | 1.0x10"

- 0.005 - = 0.009
E,=1.05eV 1.05 | 1.05 | 1.00 | 1.00 | 9.7x10"" | 9.6x10
E;=leV 1.00 | 1.00 | 1.00 | 1.00 | 1.2x10"* | 9.8x10"

- 0.01 x =1 0.006
E,=1.05eV 1.06 | 1.06 | 1.00 | 1.00 | 9.7x10 1.2x10
E;=leV 1.00 | 1.00 | 1.04 | 1.05 | 9.7x10"" | 1.0x10"

- 0.05 = =1 0.062
E,=1.05eV 1.06 | 1.06 | 1.02 | 1.00 | 2.6x10 1.6x10
E,=1eV 1.00 | 0.99 | 1.10 | 1.12 | 7.9x10" | 1.2x10"

- 0.1 n =1 0.156
E,=1.05eV 1.04 | 1.05 | 1.02 | 1.02 | 8.8x10 1.1x10
E=1leV 096 | 097 | 1.37 | 1.35 | 4.4x10" | 6.8x10"

- 0.5 m =1 0.470
E,=1.05eV 0.98 | 0.99 | 1.00 | 1.00 | 1.2x10"° | 6.8x10
E;=leV | 096 | 097 | 1.41 | 1.46 | 2.4x10'" | 5.7x10" L 000
E,=1.05eV 0.87 | 0.87 | 1.02 | 1.02 | 4.0x10" | 7.3x10" |
E=leV 091 | 091 | 1.51 | 1.51 | 5.4x10" | 5.4x10"

- 3 n =1 1.640
E,=1.05eV 082|082 | 1.19 | 1.19 | 8.9x10”® | 8.9x10
E;=leV 0.88 | 0.88 | 1.60 | 1.59 | 1.8x10" | 1.9x10"

- 6 n 1 1.740
E,=1.05eV 076 | 0.76 | 1.22 | 1.22 | 1.2x10 1.3x10
E;=leV 085|085 | 1.65 | 1.65 | 5.9x10” | 6.1x10%

- 10 - =1 1.760
E,=1.05eV 071 | 0.81 | 1.20 | 1.20 | 2.2x10" | 2.3x10
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Figure 4.29: The numerically generated (left side) by Mathematica and then analyzed
by Excel Spreadsheet program (right side) glow curves for the following input
parameters: (Two Peaks) (Ay=An) (a) (Anw/An=10) (b) (An/An=1) (c) (An/Ar=0.001).
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Figure 4.30: The comparisons of CGCD analysis (E: Excel Spreadsheet, G:
GLOCANIN) results of the IMTS model as a function of A/A, (An = A,) for the
following input parameters: (Two Peaks). (a) Activation Energy (b) Frequency factor
(¢) Kinetics order (d) FOM values (Excel).
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When changing occupancy rates of active and deep traps; it is seen that the
results of deconvolution programs are far from the input values especially if the traps
are completely full for A,/Ap>1. On the other hand, the analysis results approach the
input values as the occupancy rates of active and deep traps decreases and the results
of the analysis are getting better in higher values of A,/Aj ratios. As seen in the
previous part (if the glow curves include one peak), it can be concluded that as the
occupancy rates of active and deep traps decreases, the results of the deconvolution
programs close to the input data and become more reliable than the completely

occupied active and deep traps (see below table 19).

113



Table 4.19: The below table includes of the input parameters for IMTS model which were used in numerical simulated TL glow curves and

obtained kinetic parameters after their analyzing by curve fitting program by Excel Spreadsheet (E) and GLOCANIN (G) after changing
occupancy rates of active and deep traps for two peaks (E;=1eV, E;=1.05eV).

INPUT KINETIC PARAMETERS:ng= 1.10"cm™ ; B=1° C/s; s=1x10""s" Am= 1xAh; Ah= 1x10"cm’s"’
Np= Nt, mo= Mt
An/Ah Ei(1eV) E,(1.05eV) by b, si(s™ sa(s™
FOM% E G E G E G E G E G E G
100/3.00 0.60 0.53 0.64 0.63 1.87 1.63 1.00 1.04 8x10° 5x10° 8x10° 3x10°
10/2.038 0.75 0.85 0.77 0.71 1.62 1.65 1.16 1.20 2x10° 6x10° 1x10° 2x107
1/1.018 0.96 0.96 0.87 0.87 1.43 1.43 1.02 1.02 2x10™" | 2x10" 4x10° 4x10°
0.1/0.046 | 1.00 1.00 1.04 1.13 1.07 1.10 1.00 1.02 1x10"™ | 9x10" 7x10" 8x10"”
0.01/0.558 | 1.01 1.00 1.00 1.06 1.06 1.00 1.00 1.00 | 2x10"” | 1x10™ | 2x10™ | 3x10™
Np= Nt, mo= OSMt
An/Ah Ei(1eV) E,(1.05eV) b: b, si(s™h so(s™
FOM% E G E G E G E G E G E G
100/1.315 | 0.60 0.63 0.60 0.53 1.75 1.64 1.07 1.05 1x10° | 3x10° 3x10° 5x10°
10/1.660 | 0.85 0.85 0.71 0.71 1.67 1.67 1.20 1.20 7x10° | 6x10° 2x10’ 2x10’
1/1.070 | 0.96 0.96 0.87 0.87 1.41 1.41 1.02 1.02 | 2x10"™ | 2x10" 4x10° 4x10°
0.1/0.028 | 1.00 1.00 1.06 1.12 1.08 1.10 1.00 1.02 | 1x10™ | 9x10" 1x10” | 8x10"
0.01/0.071 | 1.00 1.00 1.06 1.06 1.02 1.00 1.00 1.00 | 1x10™ | 1x10" 1x10™ 1x10"™
np= O.SNt, mo= OSMt
An/Ah Ei(1leV) E,(1.05eV) b, b, si(s™) so(s™)
FOM% E G E G E G E G E G E G
100/1.442 | 0.92 0.92 0.86 0.86 1.40 1.40 1.14 1.14 2x10° | 2x10° 2x10° 2x10°
10/1.431 0.91 0.91 0.86 0.86 1.38 1.38 1.05 1.05 | 1x10"° | 6x10° 7x10° 7x10°
1/0.882 | 0.99 1.01 0.89 0.92 1.26 1.34 1.00 1.00 | 5x10™ | 8x10" 6x10° 2x10'
0.1/0.038 | 1.00 1.00 1.10 1.11 1.06 1.06 1.02 1.02 | 8x10"™ | 8x10" 3x10" 1x10"
0.01/0.016 | 1.00 1.00 1.05 1.06 1.00 1.00 1.00 1.00 | 1x10™ | 1x10™ 1x10™ 1x10"™
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If the activation energy of second peak is increased from E, = 1.05 eV to E, =
1.08 eV or to E; = 1.1 eV while the activation energy of first peak (E; = 1eV) was
kept constant during the generation of numerical glow curves, it appears that the
results of deconvolution programs are again highly depend upon the occupancy rates
of active and deep traps. In general, high deviations were observed between input
parameters and obtained results by CGCD programs when the active and deep traps
were completely filled by electrons (ngp = Ni, mg = M;). On the other hand, if the
occupancy rates of active and deep traps decrease, the deviations between input and
output results were also decreased. For example, if n, = 0.5N;, m, = 0.5M;, very close
results were obtained between input parameters and obtained results from the CGCD
programs. In addition, if two glow peaks within the same glow curve were separated
from each other by increasing the activation energy of second peak, i.e. increasing its
activation energy from 1.05 eV to 1.1 eV, the consistency between input parameters
and obtained results becomes better than the two peaks closer to each other (see
tables 20 and 21).

As a result, the analyzes in this study reveal that when the separation
temperature between two peaks increased by occupancy rate variations or changing
activation energies of glow peaks, the CGCD method gives more accurate results

than the very composed glow peaks.
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Table 4.20: The below table includes of the input parameters for IMTS model which were used in numerical simulated TL glow curves and
obtained kinetic parameters after their analyzing by curve fitting program by Excel(E) and Glocanin(G) for changing occupancy rates (active and
deep traps) of traps for two peaks (E;=1eV, E,=1.08eV).

INPUT KINETIC PARAMETERS:  ng= 1.10"cm™ ; p=1" C/s; s=1x10""s" Am= 1xAh; Ah= 1x10"cm’s"'

no= N, mo= M
An/Ah Ei(1eV) E,(1.08eV) b, b, si(s™ s2(s™)
FOM% E G E G E G E G E G E G
100/3.574 0.60 0.50 0.66 0.51 1.82 1.03 1.42 1.00 1x10° 3x10* 1x10° 1x10*
10/2.735 0.66 0.71 0.65 0.62 1.3 1.56 1.00 1.00 1x10’ 4x10’ 2x10° 8x10°
1/0.503 0.98 0.98 0.94 0.95 1.60 1.59 1.00 1.00 4x10" 4x10" 1x10™ 2x10™
0.1/0.120 1.00 1.00 1.06 1.06 1.04 1.04 1.04 1.01 9x10'"! 9x10"! 6x10"! 6x10""
0.01/0.434 1.00 1.00 1.04 1.08 1.00 1.01 1.00 1.01 1x10" 1x10" 3x10" 1x10"
no= Nt, mo= OSMt
An/Ah Ei(1eV) E,(1.08eV) b, b, si(s™h so(s ™
FOM% E G E G E G E G E G E G
100/2.927 0.60 0.50 0.65 0.51 1.80 1.05 1.41 1.00 1x10° 2x10* 1x10° 1x10*
10/2.488 0.68 0.69 0.71 0.64 1.47 1.52 1.00 1.00 2x107 2x10’ 7x10° 1x10°
1/0,511 0.97 0.97 0.94 0.96 1.60 1.59 1.00 1.00 3x10" 3x10" 1x10™ 2x10™
0.1/0.120 1.00 1.00 1.08 1.07 1.06 1.04 1.02 1.01 1x10™ 9x10" 9x10" 6x10""
0.01/0.014 1.00 1.00 1.08 1.08 1.00 1.00 1.00 1.00 1x10" 1x10" 1x10" 1x10"
no= O.SNt, mo= OSMt

An/Ah Ei(leV) E,(1.08eV) b b, s1(sT) so(s ™)
FOM% E G E G E G E G E G E G
100/2.021 0.85 0.74 0.79 0.95 1.30 1.67 1.00 1.00 3x10° 5x10° 1x10’ 3x10°
10/1.505 0.88 0.88 0.94 0.94 1.52 1.52 1.00 1.00 4x10° 4x10° 3x10’ 3x10°
1/0.403 0.98 0.97 1.10 1.11 1.31 1.32 1.06 1.06 3x10" 4x10" 9x10'" 1x10"
0.1/0.096 1.00 1.00 1.07 1.07 1.02 1.02 1.00 1.00 8x10" 8x10" 6x10" 7x10'
0.01/0.010 1.00 1.00 1.08 1.08 1.00 1.00 1.00 1.00 1x10" 1x10" 1x10" 1x10"
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Table 4.21: The below table includes of the input parameters for IMTS model which were used in numerical simulated TL glow curves and
obtained kinetic parameters after their analyzing by curve fitting program by Excel(E) and Glocanin(G) for changing occupancy rates (active and
deep traps) of traps for two peaks (E;=1eV, E,=1.1eV).

INPUT KINETIC PARAMETERS:  ng= 1.10"cm™ ; p=1° C/s; s=1x10""s" Am= 1xAh; Ah= 1x10"cm’s"'

no= N, mp= M;
AJAy Ei(1eV) Ex(1.1eV) by b, si(s) sa(s™)
FOM% E G E G E G E G E G E G
100/4.330 0.60 0.58 0.60 0.50 1.53 1.05 1.00 1.00 5x10° 5x10" 9x10" 3x10%
10/3,479 0.65 0.69 0.87 0.66 1.43 1.60 1.00 1.00 5x10° 2x10’ 3x10° 1x10°
1/0.735 0.97 0.97 0.99 0.99 1.42 1.42 1.07 1.07 3x10" 3x10"! 4x10™ 4x10™
0.1/0.173 1.00 0.99 1.08 1.08 1.03 1.03 1.01 1.01 9x10" 8x10" 6x10" 6x10"
0.01/0.040 1.00 1.00 1.10 1.10 1.00 1.00 1.00 1.00 1x10" 1x10"? 9x10" 1x10"?
Np= Nt, mo= OSMt
AJA, Ei(1eV) Ex(1.1eV) b; b, si(s™h sa(s™h
FOM% E G E G E G E G E G E G
100/4.349 0.60 0.51 0.60 0.68 1.53 1.41 1.00 1.00 5x10° 2x10% 1x10° 6x0°
10/2.430 0.62 0.69 0.89 0.66 1.35 1.54 1.00 1.00 2x10° 2x10’ 6x10° 1x10°
1/0.723 0.97 0.97 0.99 0.97 1.44 1.42 1.06 1.07 | 4x10" 3x10" 3x0™ 2x10™
0.1/0.182 1.00 1.00 1.09 1.08 1.03 1.02 1.03 1.01 8x10" 8x10" 6x10" 8x10"
0.01/0.024 1.00 1.00 1.10 1.10 1.00 1.00 1.00 1.00 1x10" 1x10" 1x10" 1x10"
Nnp= O.SNt, mo= OSMt
Ad/A, Ei(leV) Ex(1.1eV) b, b, si(s™ sp(s™)
FOM% E G E G E G E G E G E G
100/1.333 0.87 0.92 1.03 0.86 1.80 1.76 1.00 1.00 5x10° 2x10° 3x10’ 2x10’
10/1.054 0.92 0.92 0.98 0.98 1.70 1.70 1.00 1.00 1x10™ 1x10™ 5x10° 5x10°
1/0.667 0.97 0.96 1.01 1.01 1.17 1.16 1.03 1.04 | 3x10" 2x10" 6x10™ 6x10™
0.1/0.140 1.00 1.00 1.08 1.09 1.01 1.01 1.00 1.00 8x10M 8x10" 5x10'" 6x10""
0.01/0.016 1.00 1.00 1.10 1.10 1.00 1.00 1.00 1.00 1x10" 1x10" 1x10" 1x10"
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4.3.c Solutions of IMTS Model Rate Equations with Assuming Three Glow
Peaks and Their Analysis by CGCD Programs

The rate equations (2.41-2.44) of IMTS Model were solved numerically by
using Mathematica for different kinetic parameters and accepting that each
numerically generated glow curve contains three glow peaks. And then, they were
analyzed with the deconvolution programs. The results of analysis obtained by
programs were again compared with the input parameters that were entered to the
Mathematica during the generation of numerical glow curves. The input parameters
are shown in the top row of table 4.17. The obtained kinetic parameters from the
CGCD programs were also shown in the bottom rows of this table. Some of the
selected simulated, analyzed glow curves and results were shown in the figures 4.32

and 4.33.

As seen from the table, the analysis results of GLOCANIN program are
always highly deviated from the input parameters. GLOCANIN program gives good
results only for the first peak (E; =1 eV) at A,/Ay<< 1, but the results of other peaks
are always deviating from real values, especially as the A,/A; ratio increases. This
shows that the use of GLOCANIN analysis is not appropriate to use for multiple
peaks in the IMTS model.

In the Excel Spreadsheet analysis, the deviations in the results of second and
third peaks (E, = 1.04, E; = 1.08) are observed in A,/A, = 0.01, 0.05 and 0.1 values.
Apart from these values, the reliable results of kinetic parameters of all peaks were
obtained in all A,/A; ratios. Taking into account the fact that, it is difficult to obtain
reliable results, especially for multi-peak analyzes, by the CGCD methods to
obtained kinetic parameters. On the other hand, the preference of the Excel
Spreadsheet analysis program provides serious advantages in favor of more reliable

analysis than the GLOCANIN program in any situations.
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Table 4.22 : The below table includes of the input parameters for IMTS model
which were used in numerical simulated TL glow curves and obtained kinetic
parameters after their analyzing by GLOCANIN and Excel Spreadsheet curve fitting
programs if A,=As. (Three peaks)

INPUT KINETIC PARAMETERS
np=1.10"%cm™ ; p=1° C/s; s=1x10"s" ; np=1x Ni; mo=1xM;;
An= 1xAp; Ap= 1x107cm’s™!
AJA E(eY) b s(s7) FOM
neh G| E| G| E G E
E;=leV 1.01 | 1.00 | 1.50 | 1.00 | 9.4x10" | 1.0x10"
E,=1.04eV | 0.001 | 0.96 | 1.04 | 1.12 | 1.03 | 7.1x10" | 1.0x10'% | 0.033
E;=1.08eV 0.96 | 1.08 | 1.00 | 1.00 | 3.1x10" | 1.0x10"
E;=leV 1.01 | 1.00 | 1.50 | 1.00 | 9.8x10"" | 1.2x10"
E,=1.04eV | 0.005 | 0.96 | 1.04 | 1.00 | 1.02 | 3.2x10" | 1.0x10" | 0.023
E;=1.08eV 096 | 1.08 | 1.12 | 1.00 | 6.7x10" | 1.0x10"
E;=leV 1.02 | 1.00 | 1.44 | 1.00 | 1.2x10" | 1.2x10"
E,=1.04eV | 0.01 | 1.00 | 0.98 | 1.00 | 1.05 | 8.5x10" | 1.8x10'" | 0.185
E;=1.08eV 093 | 1.12 | 1.07 | 1.00 | 2.6x10" | 3.0x10"
E;=leV 1.01 | 1.01 | 1.50 | 1.04 | 9.2x10" | 1.4x10"
E,=1.04eV | 0.05 | 096 | 099 | 1.12 | 1.08 | 7.1x10" | 1.8x10'' | 0.104
E;=1.08eV 0.96 | 1.11 | 1.00 | 1.00 | 3.1x10' | 2.3x10"
E;=leV 1.07 | 1.00 | 1.37 | 1.06 | 6.8x10" | 1.3x10"
E,=1.04eV 0.1 096|099 | 1.12 | 1.07 | 49x10" | 1.8x10"" | 0.069
E;=1.08eV 0.81 | 1.11 | 1.00 | 1.07 | 6.6x10%® | 2.3x10"
E;=leV 1.01 | 098 | 1.50 | 1.25 | 9.1x10"" | 4.8x10"
E,=1.04eV 05 | 096 | 1.04 | 1.14 | 1.32 | 7.1x10" | 7.4x10" | 0.383
E;=1.08eV 095 | 1.09 | 1.00 | 1.01 | 1.7x10' | 8.2x10"
E;=leV 1.04 | 098 | 1.52 | 1.36 | 4.1x10" | 4.8x10"
E,=1.04eV 1 1.01 | 1.04 | 1.36 | 1.27 | 5.1x10" | 8.1x10'"" | 0.543
E;=1.08eV 082 | 1.09 | 1.02 | 1.00 | 5.4x10%® | 5.4x10"
E;=leV 1.00 | 098 | 1.71 | 1.73 | 1.3x10" | 6.4x10"
E,=1.04eV 3 093 | 1.04 | 1.36 | 1.45 | 2.9x10” | 8.1x10'"' | 0.616
E;=1.08eV 078 | 1.09 | 1.02 | 1.20 | 1.3x10%® | 5.4x10"
E;=leV 095|098 | 1.81 | 1.97 | 2.3x10" | 7.9x10"
E,=1.04eV 6 086 | 1.04 | 1.36 | 1.57 | 2.9x10” | 6.4x10" | 1.216
E;=1.08eV 075 | 1.08 | 1.00 | 1.29 | 3.1x10" | 3.8x10"
E;=leV 0.90 | 0.99 | 1.80 | 2.00 | 3.4x10" | 1.3x10"
E,=1.04eV 10 | 091 | 1.04 | 1.33 ] 2.00 | 4.4x10%® | 8.6x10" | 0.620
E;=1.08eV 072 | 1.08 | 1.00 | 1.81 | 1.1x10" | 5.3x10"
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Figure 4.31: The numerically generated (left side) by Mathematica and then analyzed
by Excel Spreadsheet program (right side) glow curves for the following input

parameters: (Three Peaks) (A= An) (@) (A/A=10) (b) (AJ/Ar=1) (¢)
(An/Ap=0.001).
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Figure 4.32: The comparisons of CGCD analysis (E: Excel Spreadsheet, G:
GLOCANIN) results of the IMTS model as a function of A,/A, (A, = Ay) for the
following input parameters: (Three Peaks). (a) Activation Energy (b) Frequency
factor (¢) Kinetics order (d) FOM values (Excel)
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CHAPTER 5
CONCLUSION

The computerized glow curve deconvolution (CGCD) analysis of
thermoluminescence (TL) glow curves and optically stimulated luminescence (OSL)
decay curves into their individual glow peaks and components respectively have
been recognized over the last 30 years to be of major importance [8, 18-20]. The
information by the CGCD concerning the trap energy depth (E), frequency factor (s),
kinetic order (b), photoionization cross section (o), etc, is very useful in order to
understand the luminescence mechanism of materials [17]. The acquisition of kinetic
parameters has emerged in this area of scientific work where this method has far
greater advantages over other experimental methods (ie initial rise, peak shape,
heating rate, etc.). The CGCD is easily performed by available software and it has
established that it is not only a powerful technique in the analysis of glow curves but
also for studying TL dosimetry (TLD) as well. In dosimetric investigations, it may be
necessary to separate the glow curve into its individual glow peaks and finds the

values for the glow peak parameters [8-12].

In this thesis, the TL glow curves were firstly generated numerically for the
first, second and general-kinetics orders, and also for the OTOR and IMTS models
with the aid of the Mathematica program. The obtained data from the Mathematica
were analyzed using two different CGCD analysis programs, GLOCANIN and Excel
Spreadsheet programs which were used different TL equations [15-17], to what
extend the kinetics trap parameters obtained as a result of the analyzes were
compatible with the input values entered in the Mathematica program, and which
programs gave more successful results in this regard were investigated for different
situations and under which conditions the results of analysis can be more efficient

has been researched.

For the first-, second- and general-order kinetics; the numeric analyzes
performed, the following methods were followed: 1) When the activation energy (E)

taken as variables, the other parameters were kept constant. 2) Kinetic order (b) and
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frequency factor (s) were kept variable and other kinetic parameters were kept fixed.
3) The initial electron traps values (ng) and frequency factor (s) were variable and
other kinetic parameter values were kept fixed. The kinetic parameters obtained from
both analysis programs for one peak were collected in a table and when the generated
glow curve was analyzed, if the input values entered to Mathematica are consistent
with kinetic parameters determined by using both GLOCANIN and Excel
Spreadsheet so that the produced results are reliable. The FOM (Figure of Merit)
value that was founded by the analysis in Excel Spreadsheet is proof for this
statement. The outcomes of this study shows that for first-, second- and general-order
kinetic parameters, both CGCD analysis programs can be reliable to determine the
kinetic parameter values for one peak. However, the simple interface of Excel
Spreadsheet combined with the powerful Solver utility can be more advantageous as
it is easier to handle and has more practical uses to perform the analysis in a shorter
time. For generate glow peaks with two glow peaks; while entering input values to
generation of numerical glow curves to be made, respectively; the activation energy
was kept variable, the other kinetic parameter values fixed, or kinetic order and
frequency factor variable, the other kinetic parameter values fixed, or trap occupancy
at initial and frequency factor variable, the other kinetic parameter values fixed.
When examining analysis results of glow curves for two peaks, the input values
entered to Mathematica are very consistent with kinetic parameters determined by
using both GLOCANIN and Excel Spreadsheet under some circumstances so that the
produced results are reliable. The FOM (Figure of Merit) value that was founded by
the analysis in Excel Spreadsheet is proof for this statement. The outcomes of this
study show that for general-order kinetic parameters, both CGCD analysis programs
can be reliable to determine the kinetics order values. For glow curves which contain
three general-order glow peaks; while entering input values for the analysis to be
made, the activation energy value was kept variable, other kinetic parameters were
fixed. For general-order kinetics, when examining results of glow curves for three
peaks, the first peak (E=1eV) came away from the output values of the input values
for kinetic parameters in both programs, the second peak (E= 1.06eV) results were
similar to the input values of kinetic parameters in the analysis carried out in Excel
Spreadsheet but it is far from the values in GLOCANIN program, the third peak

(1.12eV) input values entered to Mathematica are very consistent with kinetic
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parameters determined by using both GLOCANIN and Excel Spreadsheet analysis
programs so that the produced results are reliable for the third peak. The input values
entered to Mathematica which were no fully reliable for all peaks with kinetic
parameters determined by using both GLOCANIN and Excel Spreadsheet so that the
produced results are not completely reliable for three or more glow peaks. The
outcomes of this study shows that for general-order kinetic parameters, although
Excel Spreadsheet analysis program reached more reliable, both CGCD analysis
programs can't completely reliable to determine the kinetic parameter values for three
or more glow peaks. In particular, the analysis of the second peak (E = 1.06eV), was
much more consistent with the input values in the Excel Spreadsheet program, but
GLOCANIN analysis was much more distant than the input values. This shows us
that the use of the Excel Spreadsheet program in analyzes of glow curves with two or

more glow peaks is a much better choice for analytical reliability and ease of use.
The OTOR (one-trap-one-recombination center) Model:

For one peak; the electron traps are respectively accepted that they are
completely (100%) filled, or 50% filled, or 10% for different ratios of A,/Aj
(probability coefficient of electron re-trapping in the traps (cm’s')/probability
coefficient of electron recombining with holes in the RC (cm’s™)).The numerical
solutions were made in the Mathematica program using OTOR equations and data
were analyzed in both CGCD programs. Even if the results of the analysis for one
peak in the OTOR model show that the analysis results for A,/A,>1 are not reliable,
in the cases where the traps are less occupied, the inaccuracies are greatly reduced
and the analysis to be done comes to levels that can be relied upon for all situations.
The reliable analysis results cannot be also obtained at the values of A,/Ap = 0.1 and
0.01. This situation is seen more in the results of GLOANIN. However, as the
electron traps (N;) become less filled, these discrepancies shifts from A,/A= 0.1 to

0.01.

For two peaks; the analysis results by both deconvolution programs for
Ay/Ap>1 would be unreliable. However, they show that in cases where the electron
traps are less full, the errors are considerably reduced. The failure is seen to be higher
in the analyzing results of GLOCANIN. Especially, these faults increase at the 2"
peak (E; = 1.1 eV) while the 1™ peak (E; =1 eV) is not much effected.
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For three peaks; if the electron traps are completely filled; in contrast to one
and two peaks, the Excel Spreadsheet analysis results are close to the input values for
each of three peaks (E; =1eV, E;=1.1¢eV, E;=1.2eV) for Ai//Ay> 1, which in turn
supports the fact that it leads towards credible assets for low trap fullness as a result.
GLOCANIN analysis, on the other hand, remains far from the input values for all
Ay/Ay values. Whereas some results of GLOCANIN are meaningful, there are some
values that can be regarded as meaningless for physics and remain far away from the
input values. On the other hand, the Excel Spreadsheet analysis results are mostly
consistent with the input values and they are especially reliable in the case of
Ay/Ap<1. The previous situations continue in the same way and as the occupancy of
electron traps decreases, the discrepancies between input data and obtained results

are reduced.

Ultimately, the analysis of glow curves generated by OTOR model, it was seen that
the results of GLOCANIN are far from reliable if the glow curves contains more than
one-peaks. Nevertheless, the results of Excel Spreadsheet are more reliable than the
GLOCANIN and the reliability of this program increases as the trap occupancy
decreases even though the discrepancy decreases towards lower values of A,/Ay.
Therefore, the results of analysis presented in this work after different occupancy
rates show that analyzes of glow curves by CGCD programs after low radiation
doses applied to the TL materials will give more realistic trap parameters. In this
case, the emptier electron traps are, the closer it will be to the correct results and the
lesser the ny/N ratio is, the more accurate analysis results will be obtained. However,
as the number of glow peaks within the glow curve increases, good results can no
longer be obtained in the CGCD methods, especially when the glow peaks overlaps

with each other, the success of this method are quickly diminishing.

IMTS (interactive multiple-trap system) model consists of two trapping states
and one recombination center (RC). The first trap is considered to be responsible
with TL (active trap (AT)), and the second trap is denoted as the Thermally
Disconnected Deep Trap (TDDT). The two traps are characterized by total
concentrations N, and M, and by instantaneous occupancies n(f) and m(?),
respectively. For this model; A,= probability coefficient of electron re-trapping in
the AT traps (cm’s™), An= probability coefficient of electron recombination with

holes in the, RC (cm’s™), Ap= probability coefficient of electron re-trapping in the
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TDDT traps (cm3s'l), m = concentration of filled TDDT traps in the crystal (cm'3), M
= total concentration of available TDDT traps in the crystal (cm™), ne= concentration
of electrons in the conduction band (cm'3), n + m + n.= total instantaneous

concentration of electrons and holes in the crystal (cm'3)
The IMTS Model:

For one peak; in case of Ay/Ay= 100 (An,=1*A;) and n,= Ny, the IMTS model
produces a second-order TL peak (b=2). On the other hand, in case of A,/Ap=
0.01(Ap=1*Ay}) and n,= N, the IMTS model produces a first-order TL peak (b=1). In
case of An/Ax= 100, the IMTS model produces a first-order TL peak (A,=1*Ay),
An/Ap= 0.01 (A,=1*Ayp) the IMTS model produces a second-order TL peak. IMTS
model for Ay/An (An=1*Ay); in the case of A,/A,<<1, the results of the GLOCANIN
and Excel analyzes are consistent with the input values, while the analysis reliability
is reduced as the ratio increases in the case of A,/Ay>1. On the other hand, IMTS
model for A, /An(A,=1*Ay); in the case of A /A,<<1, the results of the GLOCANIN
and Excel analyzes are consistent with the input values, while the analysis reliability
is reduced as the ratio increases in the case of A/A;>1.IMTS model for
An/An(An=An); both analytical results are reliable in the case of A,/Ap<l. In the

case of A /Ap>1, however, it is increasingly getting away from reliability.

In these analyzes for single peak, the analyzes made with both programs give
similar results. IMTS Analysis, for two and three peaks; when the electron traps were
taken as full, the analyzes were made for the different values of Ay /A (A = 1¥Ay).
As the values of A,/Ap<l for two peaks and when the ratio are smaller, both
analysing results are much more reliable and values that match the input values are
emerging. For A,/A>1; both analysis programs give erroneous results, especially for
the 2™ peak (E = 1.05 eV) this error becomes too much. Even if GLOCANIN
analysis gives good results only for the first peak (E =1 eV) at A, /Ap<<1 values for
three peaks in the IMTS model, but all results are deviating from real values,
especially as the A,/Aj ratio increases which in turn shows that the use of
GLOCANIN analysis is not appropriate for use for multiple peaks in the IMTS
model. In Excel analysis, deviations for second and third peaks (E,=1.04, E;=1.08
eV) are observed in A,/Ay=0.01 and 0.05 values, apart from this, reliable analytical
results were obtained on all peaks in all A,/Ay, ratios. The results from these analyzes

do not give a reliable result for glow curves GLOCANIN containing more than two
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peaks, whereas Excel analyzes provide very advantageous reliable results in multiple
peaks.

When changing active occupancy rates of traps; the results are not consistent
with the input values for A,/Ap>1 if the traps are completely full. On the other hand,
the analysis results become reliable as the occupancy of active traps decreases and
the results of the analysis are getting better and better in all values of A,/Ay ratios
and the analysis results of the entire range provides exactly the same values of input
parameters. From here it can be deduced that as the amount of active traps decreases,

the reliability increases.

The analysis of IMTS model was also performed for changing the active
occupancy and deep traps for two peaks when electron traps were taken as full. The
GLOCANIN and Excel analyzes done by keeping the first peak (E;=1eV) constant
and increasing the second peak (E,=1.05eV, 1.08eV, 1.1eV) when the active and
deep traps were full, (ng = N, mg = M,). It appears that the analysis of the opening of
the peak range has been positively reflected. The analysis results for Ap,/Ap>1 are
inconsistent with the input values, the incoherence increases as the ratio increases,

and the input values agree with the analysis results for A,/Ap< 1.

Similar results have been obtained from analyzes for ng = Ni, mg = 0.5M; with
the same input values, from which the result that the fullness of deep traps does not
affect the results of the analysis can be deduced. In the analysis with ng = 0.5N;, mp =
0.5M; with the same input values, the empty half of the active traps ensures a much
healthier result in the overall A,/A; ratios. Analyzes made reveal that separation of
the peak intervals and low specificity of the active traps allow for very accurate
results in the analysis, while the filling rate of the deep traps does not affect the

results of the analysis.

In all analyzes, as the number of peaks in the glow curves increases, it is
difficult to obtain accurate results from the analysis. However, the increase in the
number of peaks in the IMTS method is negative in the analysis of GLOCANIN,
while the analysis made by Excel allows us to obtain more reliable results. This
offers great advantages of the analysis made by Excel in terms of both these aspects
and providing opportunities for making analysis much easier by saving it from the
chaos of difficulty. The use of irradiated dosimeters with low radiation for the

calculation of trap parameters will positively affect the results of the analysis.
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Increasing the no/N ratio causes the analysis results to be inconsistent with the actual
values, therefore, materials subjected to low radiation will be a factor in obtaining

more accurate kinetic parameters.
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U. YILDIRIR, B.R. ARSLAN, M. TULGAR.

2. 8. Uluslararas1 Lumidoz Kongresi (27-29 Agustos 2014, Ankara) IMTS Modeli
Kullanilarak ¢6ziimlenmis TL 1s1ldama egrilerinin CGCD yontemi ile analizleri,

sOzIu sunum.
U. YILDIRIR, A. Necmeddin YAZICI, R. Giiler YILDIRIM.
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