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ABSTRACT

INVESTIGATION OF DOSIMETRIC AND THERMOLUMINESCENCE
PROPERTIES OF CaSO4:Dy (TLD-900) AND SYNTHETIC QUARTZ
CRYSTALS

KAFADAR Emir Vural
M. SC., in P.E. University of Gaziantep
Supervisor: Assoc.Prof. Dr. Zihni OZTURK
July 2004, 53 pages

The additive dose (AD), Tw(Ey)-Txuop, repeated initial rise (RIR), variable
heating rate (VHR) and computerized glow curve deconvolution (CGCD) methods
were used to determine the number of peaks and kinetic parameters (kinetic orders b,
activation energy E, and attempt-to-escape frequency s) associated with the TL glow
peaks in unannealed acid purified synthetic quartz (APSQ) produced by the Fluka
company after beta-irradiation between the dose level 0.02 Gy and 2.5 kGy. The E,-
Tyop and CGCD methods were indicated that the glow curve of this material is the
superposition of at least seven first-order components, which were referred to as P1-
P7, in the temperature range between room temperature and 500 °C. The results have
indicated that kinetic parameters vary fairly from method to method. The dose
responses and fading process, which are very useful in radiation dosimetry and
archeological dating, of individual TL peaks of this material were also examined.
The dose responses of all peaks have similar pattern, first they follow strong linearity

and then saturate at different dose levels. The peaks 1 and 2 were completely
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disappeared after one month storage in the dark room at room temperature. On the
other hand, the intensity of peak 3 was reduced to 27% of its original value whereas
the other peaks (P4-P7) were not sufficiently affected during this period.
Additionaly, the glow curve structure of CaSO, was studied by AD method and it

was observed that its glow curve is the superposition of six firs order glow peaks.

Keywords: thermoluminescence, thermoluminescent dosimetry, TLD, kinetic

parameters, trapping parameters, CaSO4:Dy, APSQ, TLD- 900.
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OZET

SENTETIK KUVARS VE CaSO, :Dy (TLD-900) KRISTALLERININ
DOZIMETRIK VE TERMOLUMINESANS OZELLIKLERININ
INCELENMESI

KAFADAR Emir Vural
Yiiksek Lisans Tezi
Gaziantep Universitesi, Fizik Mithendisligi B&limii
Tez Damsmani: Dog. Dr Zihni OZTURK
Temmuz 2004, 53 sayfa

Fluka firmasi tarafindan iiretilen ve asitle yikanmis sentetik kuvars kristalinin
0.02 Gy ile 2.5 kGy arasinda beta 1511 ile 1sinlandiktan sonra, termal isildama
egrileri ve bu egrileri olusturan 1s1ldama tepeciklerinin kinetik parametreleri (kinetik
derecesi b, aktivasyon enerjisi E, ve frekans faktéri s), Doz Ekleme (AD),
Tekrarlanan Ilk Yiikselme (RIR), Degisken Isitma Sicaklifn Oram1 (VHR) ve
Bilgisayar ile Istldama Egrisi Aynsimi (CGCD) meétodlan kullamlarak bulunmustur.
AD ve CGCD metodlar1 bu materyal’in i¢ ige gecmis en az yedi adet birinci
dereceden 1sildama tepeciginden olustufunu gostermistir ve bu tepecikler oda
sicakliga ile 500 °C arasinda P1-P7 olarak belirtilmistir. Kinetik parametre sonuglar:
uygulanan metodlara gore degisiklikler g6stermektedir. Radyasyon dozimetresinde
ve arkeolojik yag tayinlerinde oldukg¢a kullanigh olan doz tepkisi egrisi ve zaman ile
s6niim iglemi bu materyal’in her bir tepesi i¢in ayn ayn incelenmistir. Biitlin
tepeciklerin doz tepkisi aymi modeldedir, éncelikle uygulanan doz miktart ile ¢izgisel
olarak artar ve ardindan farkli dozlarda doyuma ulagirlar. Birinci ve ikinci 1s1ldama
tepecikleri karanlik bir ortamda bir ay bekletildikten sonra tamamen séndiigii
gozlemlenmigtir. Dordiincii, beginci, altinci ve yedinci 1s1ldama tepecikleri bu
siiregten etkilenmezken iglincii tepecigin siddeti orjinal degerinin % 27 sine

diismektedir. Bu ¢aligmada aym1 zamanda CaSQO4 : Dy un 1sildama egrileri doz



ekleme metodu kullamilarak ¢alisilmigtir. Yapilan deneyler sonrasinda bu materyalin

i¢ ice geemis birinci dereceden 6 tane 151ldama tepecigine sahip oldugu gézlenmistir.

Anahtar kelimeler: termoluminesans, termoluminesans dozimetre, ,TLD, kinetik

parametreler, tuzak parametreleri, CaSO4:Dy, APSQ, TLD-900.
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CHAPTER 1

INTRODUCTION

Thermoluminescence is the emission of light from an insulator or
semiconductor when it is heated. This is not be confused with the light spontaneously
emitted from a substance when it is heated to incandescence. Thermoluminescence is
the thermally stimulated emission of light following the previous absorption of
energy from radiation [1].

Thermoluminescence (TL) method is a relatively complex process since it
involves a trap and a luminescence center. When an insulator or semiconductor is
exposed to ionizing radiation at room or at low temperature, electrons are released from
the valance band to the conduction band. This leaves a hole in the valance band. Both
types of carriers become mobile in their respective bands until they recombine or until
they are trapped in lattice imperfections in the crystalline solids. These lattice
imperfections play very crucial role in the TL process. The trapped electrons may
remain for a long period when the crystals are stored at room temperature. They can be
released due to the sufficient energy given to the electron when the crystal is heated.
These electrons may move in the crystalline solid until they recombine with suitable
recombination centers that contain hole with the emission of TL light. This process of
light emission by thermal stimulation from a crystalline solid after irradiations is called
as "thermally stimulated process" or simply "thermoluminescence".

In this statement can be found the three essential ingredients necessary for the
production of thermoluminesence. Firstly, the material must be an insulator or a
semiconductor - metals do not exhibit luminescent properties. Secondly, the material
must have at some time absorbed energy during exposure to radiation. Thirdly, the
luminescence emission is triggered by heating the material. In addition, there is one
important property of thermoluminescence which cannot be inferred from this
statement as it stands at present. It is a particular characteristics of

thermoluminescence that, once heated to excite the light emission, material can not



be made to emit thermoluminescence again by simply cooling the specimen and
reheating. In order to re-exhibit luminesence the material has to be re-exposed to
radiation,where upon raising the temperature will once again produce light emission.
The fundamental principles which govern the production of thermoluminescence are
essentially the same as those which govern all luminescence process, and in this way
thermoluminescence is merely one of a large family of luminescence phenomena [1].

Many natural crystals exhibit thermoluminescence (TL) properties that are
suitable for TL dating. The use of TL as a dating tool has frequently relied on quartz
as the principal dosimeter material [2]. Quartz is essentially formed from the mineral
silicon dioxide (Si0O,) and is a very abundant material in ancient ceramic fragments
and geological sediments. Therefore, the TL properties of quartz have been studied
primarily for archaeological dating applications. [3]. However, there is a slow
progress in the application of quartz to general radiation dosimetry due to its
complex TL glow curve structure as well as the wide range of different chemical
forms in which it occurs. In the past, considerable researches have been carried out to
investigate the TL properties of different types of quartz [4-7]. Examples of glow
curves from various forms of quartz show great differences in shape. The majority of
glow curves for different types of quartz reported in the literature have shown a
cluster of peaks at temperatures of ~60, 80, 100-110, 130, 180, 200-210, 230 and
310, 350 °C. Although a large number of investigations of the TL properties of
quartz have been performed, the TL peaks at 100-110, 200-210, and 350 °C were
especially well studied [8-9].

The dosimetric characteristics of TL materials mainly depend on the kinetic
parameters quantitatively describing the trapping-emitting centers responsible for the
TL emission. The determination of the kinetic parameters is therefore an active area
of research and various techniques have been developed to derive the parameters
from the glow curve. David and colleagues recorded the glow curves from several
different natural quartz specimens and emphasized that it is difficult to compare the
published TL from different specimens because of differences in heating rates, pre-
irradiation treatment, impurity content, method of manufacture, etc. [10]. McKeever
has shown in the case of quartz, that all the glow peaks examined, which did not
exhibit thermally stimulated conductivity, appeared to follow first-order kinetics [2].
This was supported by a number of studies carried out using the RIR, peak shape
(PS), and CGCD methods [11].



As a broad generalization, for quartz, first-order kinetic has been reported in
the majority of cases but not exclusively. Some types of quartz exhibit non-first order
behavior that may be the result of complex peak overlap [12]. Evidence for second-
order kinetics was found in isothermal decay measurements both below and above
room temperature [13]. Schwartzman et a/ were unable to determine unique values
for the trapping parameters and concluded that general-order kinetics may apply
[14]. West and Carter found evidence for mixed first and second-order kinetics in
gamma irradiated fused silica fiber optics [15]. Hornyak et al found similar evidence
of mixed first and second-order kinetics and a distribution of electron activation
energies in the high temperature glow peaks in quartz [9]. The great variability
presumably reflects the disparate origins of individual samples and it has been
reviewed by Prokein and Wagner that the widely differing values of the kinetic
parameters originate from different types of quartz [16]. However, Kitis and his
colleagues have recently studied the kinetic parameters of synthetic quartz and quartz
from various origins and they have shown that the glow curve of synthetic quartz is
the superposition of at least 13 first-order glow peaks and the E, values obtained
using different methods for TL peak at 110 °C from various quartz become the limits
of experimental errors [17-18]. Therefore, there is neither agreement concerning the
published values of the kinetic parameters obtained from different types of quartz nor
a consistent progression.

Therefore, the aim of this study is to determine the kinetic parameters, dose
response and stability of TL peaks of APSQ and CaSO, samples developed by Fluka
Company. There are various methods for evaluating the kinetic parameters from TL
glow curves [19]. When one of the glow peaks is highly isolated from the others, the
experimental methods such as initial rise (IR), variable heating rates (VHR), and
peak shape (PS) methods are suitable methods to determine these parameters.
However as in most TL materials, the glow curve of APSQ consists of several
overlapping peaks. When more than one glow peak is present in the glow curve,
there are essentially two ways to obtain these parameters: the first way is to isolate
each individual TL peak from others using partial thermal annealing treatment and
the second way is to make a complete glow curve analysis using deconvolution [20].
The difficulty arises in the first method due to the problems in isolating the peak of
interest without any loss of intensity. The major attractive feature of the

deconvolution technique is the simultaneous determination of kinetic parameters of



all peaks with no thermal treatment. However, deconvolution method has also its
disadvantages over the classical methods in some cases, especially the structure of
glow curve is very complex. Therefore, different methods together with
deconvolution method have been used to determine the kinetic parameters of APSQ
due to some difficulties in interpreting the deconvolution results. These are AD,
T(Ee)-Top, RIR, VHR, and CGCD methods.

Another material being investigated in this thesis is CaSQO,. For large scale
and long term dosimetric applications, TL dosimetric systems are superior to
photographic emulsion and other dosimetric devices. The TL stability of a phosphor
at ambient temperatures is one of the important parameters in dosimetric applications
as well [21]. During the last four decades thermoluminescence phosphor CaSO4 : Tm
and CaSOy : Dy have become widely used detectors in the various fields of radiation
dosimetry especially in the precise measurements of small integrated external
radiation doses [22]. Calcium Sulphate doped with dysprosium (CaSO, : Dy) is a
highly sensitive thermoluminescent (TL) dosimeter material. It is approximately 30
to 50 times more sensitive than TLD — 100. This is especially true for (CaSO4 : Dy)
exposed to gamma irradiation [23]. Dysprosium activated CaSO; commercially
available as TLD-900 from the Harshaw-Bicron Chemical Co. The prefence for this
material is frequently justified by its easy preperation, high sensitivity, and
apparently simple glow curve structure. CaSO, :Dy compared to other phosphor
shows small fading of the TL dosimetric peak [24]. By several studies it has been
demonstrated that the TL glow curve behaviour of CaSQy : Dy and other phosphors
is highly dependent on radiation quality and dose. In actual practise of TL
applications, there may be a time gap between the irradiations and their
corresponding TL measurements. Therefore, a knowledge about the effect of
radiation quality and dose on TL stability is definetly desirable [25-26].

An additional significant advantage is that the preperation tecnique is simple
so that with proper attention to detail (purity of starting material, doping
concentrations etc.), any laboratory equipped with routine facilities can undertake its
preperation. The main disadvantage of CaSO, : Dy is of course, its nontissue —
equvalent response to low energy gamma rays [23]. More recent research has begun
to adress the problem of determining the TL mechanisms involved in this system.
There exist a number of the elements that are known as activators of the TL process

in CaSO;, ; of these, manganes (Mn) and dysprosium (Dy) are the most efficient.



However, if activated by Mn*? jons, CaSO, demonstrates a rapid loss of TL
signal at room temperature, referred to as fading. This makes CaSO; : Mn™ a
somewhat less than desirable dosimeter material for the most practical applications.
Since CaSO, doped with Dy™ ion impruties does not exhibit this fading, the
majority of recent research has concentrated on the CaSO, : Dy* system [23]. Glow
curve from CaSO,4 samples containing different activators show that TL peaks occur
more or less at the same temperature, but that the intensities of the peaks change
relative to each other when different impurities are present. A number of glow curve
studies on CaSOy: Dy have observed a change in the glow peak temperatue of the

200 °C “ dosimetric peak” with increasing gamma- irradiation dose [23].



CHAPTER 2

THEORY OF THERMOLUMINESCENCE

2.1. Basic concepts of thermoluminescence in solids

The phenomenon thermoluminescence (TL) has been known for a long time.
The first application of this phenomenon for dosimetric purposes was from Daniel et
al. [27]. Since then much research has been carried out for a better understanding and
improvement of the material characteristics as well as to develop new TL materials.
Nowadays, thermoluminescence dosimetry (TLD) is a well-established dosimetric
technique with applications in areas such as personnel, environmental and clinical
dosimetry.

TLD is based on materials which (after exposure to ionizing radiation) emit
light while they are heated. The impurities in the TL material give rise to localized
energy levels within the forbidden energy band gap and that these are crucial to the
TL process. As a means of detecting the presence of these defect levels, the
sensitivity of TL is unrivalled. Townsend and Kelly [28] estimate that the technique
is capable of detecting as few as 10° defects levels in a specimen. To put this number
into perspective one should realize that detectable chemical “purity' in a sample is six
orders of magnitude higher. The high sensitivity, allows the determination of very
low radiation doses. On the other hand, it handicappes us in investigation into the
relation between the luminescence and the defects involved in this process. The
sensitivity of thermoluminescent material varies depending on the type of dosimeter.

TL is a luminescence phenomenon of an insulator or semiconductor which
can be observed when the solid is thermally stimulated. TL should not be confused
with the light spontaneously emitted from a substance when it is heated to
incandescence. At higher temperatures (say in excess of 200°C) a solid emits (infra)
red radiation of which the intensity increases with increasing temperature. This is
thermal or black body radiation. TL, however, is the thermally stimulated emission

of light following the previous absorption of energy from radiation. According to this



phenomenon, the three essential ingredients necessary for the production of TL can
be deduced. Firstly, the material must be an insulator or semiconductor-metals do
not exhibit luminescent properties.

Secondly, the material must have at some time absorbed energy during
exposure to ionizing radiation. Thirdly, the luminescence emission is triggered by
heating the material [29]. A thermoluminescent material is a material that absorbs
some energy which is stored during exposure to ionizing radiation. When the
material is heated, the stored energy is released in the form of visible light as seen in
Fig.2.1. In fact that TL does not refer to thermal excitation, but to stimulation of
luminescence in a sample which was excited in a different way. TL material can not
emit light again by simply cooling the sample and reheating it another time. It should
first be re-exposed to ionizing radiation before it produces light again. The storage

capacity of a TL material makes it suitable for dosimetric applications.

STAGE 1 STAGE 2

;/F;s % /D.D Luminescencs
2’>Q_~ ; Centre

Figure 2.1. Phenomena of thermal excitation of luminescence

2.2, The one trap—one centre model

The energy band theory of solids explains the observed TL properties. In an
ideal semiconductor or insulator crystalline most of the electrons reside in the
valence band. The next highest band that the electrons can occupy is the conduction
band, separated from the valence band by the so-called forbidden band gap. The
energy difference between the valence band and conduction band is E,. However,
whenever structural defects occur in a crystal, or if there are impurities within the
lattice, there is a possibility for electrons to possess energies which are forbidden in

the perfect crystal. In a simple TL model two levels are assumed, one situated below



the bottom of the conduction band and the other situated above the top of the valence
band (Fig. 2.2). The highest level indicated by T is situated above the equilibrium
Fermi level (Er) and thus empty in the equilibrium state, i.e. before the exposure to
radiation and the creation of electrons and holes. It is therefore a potential electron
trap. The other level (indicated by R) is a potential hole trap and can function as a
recombination centre.

The absorption of radiant energy with hy>FE; results in ionisation of valence
electrons, producing energetic electrons and holes which will, after thermalization,
produce free electrons in the conduction band and free holes in the valence band
(transition a). The free charge carriers recombine with each other or become trapped.

In the case of direct recombination an amount of energy will be released which may
excite a luminescent centre.

Wl

— T

Wil

Figure 2.2. Energy band model showing the electronic transitions in a TL
material according to a simple two-level model (a) generation of
electrons and holes; (b) electron and hole trapping; (c) electron release
due to thermal stimulation; (d) recombination. (e ) shows electrons, (o)
shows holes. Level T is an electron trap, level R is a recombination
centre, Eris Fermi level




The luminescent centre relaxes (returns to the ground state) under the emission of
light. However, in semiconductors and insulators a certain percentage of the charge
carriers is trapped: the electrons at T and the holes at R (transition b). The probability
per unit time of release of an electron from the trap is assumed to be described by the

Arrhenius equation,
E
=SeXpy——— 2.1
p p{ kT} 2.1)

where p is the probability per unit time, s is the frequency factor [30]. In the simple
model s is constant, E is called the trap depth or activation energy, the energy needed

to release an electron from the trap into the conduction band (see Fig.2.2).

The other symbols have their usual meaning: k£ is Boltzmann's
constant=8.617x10" eV/K, and 7 is the absolute temperature. If the trap depth
E>>kTy, with T, the temperature at irradiation, trapped electrons will remain for a
long period of time, until exposure to the radiation there will exist a substantial
population of trapped electrons. There must be an equal population of trapped holes
at level R, due to the free electrons and holes created and annihilated in pairs.
Because the normal equilibrium Fermi level E: is situated below level T and above
level R, these populations of trapped electrons and holes represent a non-equilibrium
state. The reaction path for return to equilibrium is always open, but because the
perturbation from equilibrium (during exposure to ionising radiation) was performed
at low temperature (compared to E/k), the relaxation rate as determined by Eq. 2.1 is
slow. Thus, the non-equilibrium state is metastable and will exist for an indefinite
period, governed by the rate parameters E and s.

The return to equilibrium can be speeded up by raising the temperature of the
TL material above T;. This will increase the probability of detrapping and the
electrons will now be released from the trap into the conduction band. The charge
carrier migrates through the conduction band of the crystal until it undergoes
recombination at recombination centre R. In the simple model this recombination
centre is a luminescent centre where the recombination of the electron and hole
leaves the centre in one of the higher excited states. Return to the ground state is
coupled with the emission of light quanta, i.e. TL. The intensity of TL I(¢) in photons

per second at any time ¢ during heating is proportional to the rate of recombination of



holes and electrons at R. If m (m™) is the concentration of holes trapped at R the TL

intensity can be written as

1) = —% 2.2)

Here we assume that each recombination produces a photon and that all
produced photons are detected. The rate of recombination will be proportional to the
concentration of free electrons in the conduction band #. and the concentration of

holes m,
di
I(t)=—d—=n mA (2.33)
with the constant 4 the recombination probability expressed in units of volume per

unit time which is assumed to be independent of the temperature.

The rate of change of the concentration of trapped electrons » is equal to the

rate of thermal release minus the rate of retrapping,

g =np—-n,(N-n)4, (2.3b)

dt
with N the concentration of electron traps and A, the probability of retrapping (m*/s).
Likewise the rate concentration of free electrons is equal to the rate of thermal

release minus the rate of retrapping and the rate of recombination,

d;c =np—n,(N =n)4, —nmA (2.3¢)

Eqgs.(2.3a)-(2.3¢) described the charge carrier traffic in the case of release of a
trapped electron from a single-electron trap and recombination in a single centre. For
TL produced by the release of holes the rate equations are similar to Egs.(2.3a)-
(2.3c). These equations form the basis of many analyses of TL phenomena. There is
no general analytical solution. To develop an analytical expression some simplifying

assumptions must be made. An important assumption is at any time

dn,
dt

dn

drl

dn,
dt

dm

dt

<<

<< 2.4)
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This assumption is called by Chen and McKeever [30] the quasiequilibrium
assumption since it requires that the free electron concentration in the conduction
band is quasistationary. The trapped electrons and holes are produced in pairs during

the irradiation. Charge neutrality dictates therefore
n,+n=m (2.5)

which for ng=0 means that n=gm and

I(t)z—Tz’t—z_Z (26)

Since dn/d#==0 one gets from (2.3a) and (2.3b):

E
mAns exps ——
kT
I(1)=
(N -n)A, + mA

2.7

2.2.1. First-order Kinetics

Even (2.7) cannot be solved analytically without additional simplifying
assumptions. Randall and Wilkins [31-32] assumed negligible retrapping during the
heating stage, i.e. they assumed mA>>(N-n)A4,. Under this assumption Eq.(2.7) can be
written

I(t)=- % =sn exp{— %} (2.8)

This differential equation describes the charge transport in the lattice as a
first-order process and the glow peaks calculated from this equation are called first-

order glow peaks. Solving the differential equation (2.8) yields

I = —-‘;—’: =n,s exp{— ;CE?} exp{- s(;[exp{— lezt')}dt} (2.9)

where ng is the total number of trapped electrons at time =0. Usually the temperature

is raised as a linear function of time according to

T@H=1,+p (2.10)

11



with [ the constant heating rate and 7j the temperature at /=0. This gives for the

intensity as function of temperature

I(T) = —%% =n, —;—exp{— kﬁT} exp{— 14 exp{— ;?—,}dT} (2.11)

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

The properties of the Randall-Wilkins equation are illustrated in Fig.2.3. In
Fig.2.3(a) it is shown how I(T) varies if no varies from 7=0.25 m™ till ne=2 m
while E=1 eV, s=1.0x10"? 5™ and [=1 K/s are kept constant. It can be noted that the
temperature at the peak maximum, Ty, stays fixed. This is a characteristic of all first-
order TL curves. The condition for the maximum can be found by setting d7/d#=0 (or,

somewhat easier from dIn/(7)/d#=0). From this condition one gets

ﬂE = SCXpPy— E
e

} (2.12)

In this equation ny does not appear which shows that 7, does not depend on
no. From Fig.2.3(a) it can be further seen that not only the peak height at the
maximum but each point of the curve is proportional to no. In the application in
dosimetry ng is the parameter of paramount importance since this parameter is
proportional to the absorbed dose. It is simple to see that the area under the glow

peak is equal to ng since

[1@ar =- n g = —]dn =n,-n, (2.13)
; dt b

0
and 7, is zero for t—o0. In Fig.2.3(b) the activation energy £ has been varied from

0.8 to 1.2 eV. As E increases the peak shifts to higher temperatures with a decrease

in the height and an increase in the width keeping the area (i.e. n) constant.

12



Similar changes can be noticed as s is varied (see Fig.2.3(c)) but now in the opposite
way: as s increases the peak shifts to lower temperatures with an increase of the
height and a decrease in width. In Fig.2.3(d) the heating rate has been varied. As S
increases the peak shifts to higher temperatures while the height decreases and the
width increases just as in the case of decreasing s. This can be expected since s and S
appear as a ratio s/4in Eq.(2.11). It is worthwhile to note that of the four parameters
the activation energy E and the frequency factor s are the main physical parameters.
They are called the trapping parameters and are fixed by the properties of the
trapping centre. The other two parameters can be chosen by the experimenter by
choosing a certain dose (7o) and by read-out of the signal at a certain heating rate .
Investigation of a new TL material will therefore start with studying the glow peak

behaviour under variation of the absorbed dose and the heating rate.

The evaluation of Eqn.(2.11) is hampered by the fact that the integral on the
right-hand side is not elementary in the case of linear heating. Chen [33] has shown
how the integral can be approximated by asymptotic series. In practical applications
it is convenient to describe the glow peak in terms of parameters which are easy to
derive experimentally, namely the intensity of peak at the maximum I, and the
temperature at the maximum T, Kitis et al. [34] have shown that Eqn.(2.11) can be

quite accurately approximated by

ET-T, T’ ET-T
I(T)y =1, exp| 1+ ——"" - ——exp{——"=1(1-A)~ A 2.14
@) mexp[ T T exp{ T T }( ) m} 2.14)

m

with A=2kT/E and An=2kT./E. Recently Pagonis et al.[35] have shown that a
Weibull distribution function also accurately describes the first-order TL curve.

These expressions may be convenient for peak fitting purposes.
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Figure 2.3: Properties of the R—W first-order TL equation, showing: (a)
variation with no, 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: ng=1 m™; E=1 eV; s=1x10'? s'l, p=1 K/s
of which one parameter is varied while the others are kept constant

2.2.2. Second-order kinetics

Garlick and Gibson [36] considered the possibility that retrapping dominates,
i.e. mA<<(N-n)A4;. Further they assume that the trap is far from saturation, i.e. N>>n

and n=m. With these assumptions, Eqn.(2.7) becomes

1(t) =—%=s——A—n2 exp{—%E}—}

2.15
N 2.15)

We see that now dn/dt is proportional to »? which means a second-order
reaction. With the additional assumption of equal probabilities of recombination and

retrapping, A=A, integration of Eqn.(2.15) gives

o5 ol EV i ms T [ B
()= N F; exp{ kT}{l + Np ] exp{ P }dT J (2.16)
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This is the Garlick—Gibson TL equation for second-order kinetics. The main
feature of this curve is that it is nearly symmetric, with the high temperature half of
the curve slightly broader than the low temperature half. This can be understood
from the consideration of the fact that in a second-order reaction significant
concentrations of released electrons are retrapped before they recombine, in this way
giving rise to a delay in the luminescence emission and spreading out of the emission
over a wider temperature range. The initial concentration »y appears here not merely
as a multiplicative constant as in the first-order case, so that its variation at different
dose levels change the shape of the whole curve. This is illustrated in Fig.2.4(a). It is
seen that Ty, decreases as ng increases. It can be derived [37] that the temperature
shift can be approximated by

LT, ~T7, 5l f 2.17)
where T is the temperature of maximum intensity at a certain dose and 75 the
temperature of maximum intensity at f times higher dose. With the parameter values
of Fig.2.4(a) the shift is 25 K. When E=1 eV, T1=400 K and the absorbed dose is
increased by a factor 1000, which is easy to realise experimentally, a temperature
shift of 77 K can be expected. From Eqn.(2.17) it follows further that for a given
increase of the dose the shallower the trap, i.e., the smaller E, the larger the peak
shift. Fig.2.4(b) illustrates the variation in size and position of a second-order peak as
function of E, in Fig.2.4(c) s function of s/N, and in Fig.2.4(d) as function of the
heating rate. The area under the curve is, as in the case of first-order kinetics,
proportional to the initial concentration ny but the peak height is no longer directly

proportional to the peak area, although the deviation is small.
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Figure 2.4. 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 §, the heating rate. Parameter values: ng=1 m>; E=1 eV;
s/N=1x10"% s m®, =1 K/s of which one parameter is varied
while the others are kept constant

Note that, similarly to the first-order case, the term dominating the temperature
dependence in the initial rise is exp(-E/kT). So the ‘initial rise method' for the
determination of the trap depth can be applied here as well.

Also for second-order kinetics the glow peak shape, Eqn.(2.16) can be
approximated with a function written in terms of maximum peak intensity I, and the

maximum peak temperature Ty, [34]

-2
ET-T T? ET-T
I(T)=41I — myx|—(1-=A — nlil+A 2.18
(1) mexp(kT T )X[T;( )eXP{kT 7 } ‘m} (2.18)

m

with A and A, the same meaning as in Eqn.(2.14).
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2.2.3. General-order kinetics

The first- and second-order forms of the TL equation have been derived with

the use of specific, simplifying assumptions.

However, when these simplifying assumptions do not hold, the TL peak will
fit neither first- nor the second-order kinetics. May and Partridge [38] used for this

case an empirical expression for general-order TL kinetics, namely

I(t)= —% =n’s exp{— %} (2.19)

where s has the dimension of m*®" s and b is defined as the general-order

parameter and is not necessarily 1 or 2. Integration of Eqn.(2.19) for 51 yields

~b/(5-1)
s E s E),.
I(T) = 5™ exp{— k—T}[l +(b —1)-,5 Tj exp{— ZF}dT} (2.20)

where now s"=sng”! with unit s’. Eqn.(2.20) includes the second-order case (b=2)
and reduces to Eqn.(2.11) when b-»1. It should be noted that according to Eqn.(2.19)

31 51 that means that the dimension changes with

the dimension of s should be m
the order b which makes it difficult to interpret physically. Still, the general-order
case is useful since intermediate cases can be dealt with and it smoothly goes to first-

and second-orders when b—1 and b2, respectively (see Fig.2.5).

0.41

Thermoluminescence Intensity
2
il

.
Temperature (K}

Figure 2.5. Comparison of first-order (b=1), second-order (b=2) and
intermediate-order (»=1.3 and 1.6) TL peaks, with £=1 eV, s=1x10"% g7,
ny=N=1 m™ and B=1 K/s (from [34]).
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2.2.4 Advanced models

The one trap—one centre model shows all the characteristics of the
phenomenon TL and explains the behaviour of the glow peak shape under variation
of the dose and heating rate. However, there is no existing TL material known that
accurately is described by the simple model. This does not mean that the simple
model has no meaning. On the contrary, it can help us in the interpretation of many
features which can be considered as variations of the one trap—one centre model.
There is no room to discuss all the advanced (more realistic) models in detail. The
reader is referred to the text book of Chen and McKeever [30] for a deeper and
quantitative treatment. Here, only some models are very briefly mentioned in order
to get some idea about the complexity of the phenomenon in a real TL material.

In general, a real TL material will show more than one single electron trap.
Not all the traps will be active in the temperature range in which the specimen is
heated. A thermally disconnected trap is one which can be filled with electrons
during irradiation but which has a trap depth which is much greater than the active
trap such that when the specimen is heated only electrons trapped in the active trap
(AT) and the shallow trap (ST) (see Fig.2.6(a)) are freed. Electrons trapped in the
deeper levels are unaffected and thus this deep electron trap (indicted in Fig.2.6(a)
with DET) is said to be thermally disconnected. But its existence has a bearing on the
trapping filling and eventually on the shape of the glow peak [40].

In Section 2.1 it was assumed that the trapped electrons are released during
heating while the trapped holes are stable in the recombination centre. A description
in which the holes are released and recombine at a centre where the electrons are
stable during heating is mathematically identical. However, the situation will change
if both electrons and holes are released from their traps at the same time at the same
temperature interval and the holes are being thermally released from the same centres
as are acting as recombination sites for the thermally released electrons and vice
versa (see Fig.2.6(b)). In this case Eqn.(2.2) is no longer valid. New differential
equations should be drafted. Analysis of this complicated kinetic model reveals a TL
glow curve which retains the simple Randall-Wilkins (Eqn.(2.11)) or Garlick—
Gibson (Eqn.(2.16)) shape, depending upon the chosen values of the parameters.
However, the E and s values used in Eqn.(2.11) and Eqn.(2.16) in order to obtain a fit

on this complicated kinetic model need further interpretation.
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Another process which might happen is a recombination without a transition
of the electron into the conduction band (Fig.2.6( c)) Here the electron is thermally
stimulated into an excited state from which a transition into the recombination centre

is allowed. This means that the trap has to be in the proximity of a centre.

Figure 2.6. Advanced models describing the thermally stimulated release of trapped
charged carriers including: (a) a shallow trap (ST), a deep electron trap (DET), and a
active trap (AT); (b) two active traps and two recombination centres; (c) localised
transitions; (d) defect interaction (trapping centre interacts with another defect).

The transition probability may strongly depend on the distance between the
two centres. Under certain assumptions an expression for the TL intensity can be
derived [40] which has the same form as Eqn.(2.11) but with s replaced by a quantity
related to the probability for recombination. This means that these localised
transitions are governed by first-order kinetics.

Finally, we will mention the possibility that the defect which has trapped the
electron is not stable but is involved in a reaction with another defect (Fig.2.6(d)).
The result may be that at low temperature the trap depth is changing while the
trapped electron concentration is stable. At higher temperatures electrons are
involved in two processes: the escape to the conduction band and the defect reaction.
Piters and Bos [41] have defect reactions incorporated into the rate equations and

glow curves simulated. It appears that the simulated glow curves can be very well
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fitted by Eqn.(2.11) It is clear that (again) the fitting parameters do not have the

simple meaning of trap depth and escape frequency.

2.3. 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 [31-32, 40, 42-46].

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 as in the APSQ. 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 can
not be used to completely isolate the peak of interest without any perturbation on it.
Therefore, the computer glow curve deconvolution program has become very
popular method to evaluate trapping parameters from TL glow curves in recent years
[26].

2.3.1 Peak Shape Method

Evaluation of E from the shape of the peak utilising parameters such as T, ,
full width at half-maximum @=13-T}, half width on the high temperature side of the
maximum &=T3-T,, half width on the low-temperature side of the maximum 7 =7,,-
T, and yz=&w called the shape parameter.

The order of kinetics b can be estimated by means of shape parameters. Chen
[42] found that 4 is not sensitive to changes in E and s, but it changes with the order
of kinetics b. It has been shown that the ranges of 4, varies from 0.42 for 5=1 to 0.52
for b=2 in case of linear heating.

The first peak shape method was developed by Grossweiner [43]; later Chen

[42] modified Halperin and Braner’s equations [44] for calculating E values;
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2
Mo _[1.58+4.2(, - 0.40)pAT,

E, =[1.51+3(4,

2
E; =[0.976+7.3(u, -0. 42)]kT 2.21)

2
= 25241024, - 0.42)| e
(0]

— 2KT,

After determination of the activation energy and the order of kinetics, using
the following expressions the frequency factor s, it must be noted that this parameter
called as pre-exponential factor in the general order kinetic, can be estimated for first

and general order kinetics respectively.

S BE E
kT? kT,
, (2.22)

=
szﬂE[ep . 2kT, ]

kT?

2.3.2 Isothermal Decay Method

The isothermal decay is quite a different method of analysis of the trapping
parameters in which the TL sample temperature is kept constant and the light
emission can be recorded as a function of time. Generally, in the isothermal decay

method, the following equation is solved for constant T for the first order kinetics

I(T) = —cd— - cn7exp(— 4 (2.23)

where 7, is the initial value of # and 7 = 5" exp(——= ok

The above equation shows that at a constant temperature 7, the light emission

will decay exponentially with time ¢ and a plot of /n(l) against ¢ will give a straight
E
line with a slope m= sexp(—k—T). In order to find E and s, the experiments are

carried out at two different constant temperatures 7; and T, resulting in two different
slopes m; and m;. Thus the activation energy can be determined by using the

following equation
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E-= l—kl—ln(ﬂ) (2.24)

TR

The isothermal decay method is not applicable to higher order kinetics. In

1979; a method has been proposed by Kathuria and Sunta [47] to calculate the order
of kinetics from the isothermal decay of thermoluminescence. According to this

method; if the decaying intensity from the sample is held at a constant temperature,

1
the plot of 7 %™ versus t gives a straight line, when the proper value of 5 is chosen.

Therefore, various b values are tried and the correct one is that giving a straight line.

2.3.3 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, a CGCD program was used to analyse the glow curve of APSQ.
The program was developed at the Reactor Institute at Delft, The Netherlands [48].
This program is capable of simultaneously deconvoluting as many as nine glow
peaks from glow curve. Two different models were used in the computer program. In
the first model, the glow curve is approximated from first order TL kinetic by the

expression,

2

E s kT E kT
I(T) =nys exp(——k—T)exp{(— 5 E exp( kT) *(0.9920 - 1.620E—a)] (2.25)

In the second model the glow curve is approximated with general order TL kinetics

by using the expression,

(b_l)i.,iexp(—%) *(0.9920-1 .62021)} (2.26)

I(T) =nys exp(—%)[l +(~- 7 &

where g (™) 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
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activation energy, T’ (K) the absolute temperature, k£ (¢éVK™) Boltzmann’s constant, B
cs™) 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) = il,.m +a+bexp(T) 2.27)

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 equation (2.27), the least square minimisation
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(T) - KT _ 3 AN,|
A o A
where N;(T) is the i-th experimental points (total n=200 data points), I(T) is the i-th

n

FOM =) "
i=1

(2.28)

fitted points, and 4 is the integrated area of the fitted glow curve.

From many experiences [49-50], 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 i (T) -1 i (T)
X(T)=—7F— (2.29)
JIL(D

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

2.3.4.Initial Rise Method

The simplest, and most generally applicable method for evaluating the
activation energy E of a single TL peak is the initial rise method. The basic premise
upon which this method is based is that at the low temperature end of the peak,all the
relevant occupancies of the states, the trap, the recombination center and, in some

cases, other interactive states can be considered as being approximately constant.
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The rise of the measured intensity as a function of temperature in this region
is, therefore, very close to exponential, thus

I(T) = Cexp(~E | kT (2.30)

where the constant C includes all the dependencies on the other parameters and
occupancies, E is the activation energy (eV), k is the Boltzmann's constant (eV/K™')
and T is the temperature (K).

Plotting In(J) against //T a linear plot is obtained with slope equal to —F/k.
Hence it is possible to evaluate E without any knowledge of the frequency factor s by

means of equation
E=-kd(In(1))/d(1/T) (2.31)

Once the value of F was determined, the frequency factor (s) was obtained

from the equation

LE _ coxn(-E
KT, s exp( kT) (2.32)

where T, is the temperature at the maximum intensity. This method can only be used

when the glow peak is well defined and clearly seperated from the other peaks.

2.3.5.Heating Rate Method

Another important method is various heating rates for the determination of
activation energies. If a sample is heated at two different linear heating rates 3; and
pF: the peak temperatures will be different. Equation (2.32) can therefore, be written
for each heating rate and dividing the equation for §; (and T,,,) by the equation for

B (and T,,,) and rearranging, one gets an explicit equation for the calculation of E

—_ TmITmZ _él_ i 2
E=k— " In[( 5, )(Tm) ] (2.33)

m

The major advantage of the heating rate method is that it only requires data to
be taken at a peak maximum (7, I, ) which, in case of a large peak surrounded by
smaller satellites, can be reasonably accurately determined from the glow curve.
Furthermore the calculation of E is not affected by problems due to thermal

quenching, as with the initial rise method.
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When various heating rates for the first-order kinetics are used, the following

expression is obtained:

T E

In(=2-) = (=

B k

A plot of In (T;,*/B )versus (1/ T,,) should yield a straight line with a slope E/k,

then E is found. Additionally, extrapolating to 1/7, =0, a value for In(sk/E) is

)(—fln—z—) + cons tant (2.34)

obtained from which s can be calculated by inserting the value of E/k found from the
slope.
This method of various heating rates are applicable for general-order kinetics

which includes the second-order case. For the general order case, one can plot

In lI mb"' (T m2 / ,8)”] versus //T,, , whose slope is equal to E/k.

25



CHAPTER 3

Experimental Procedure
The materials, equipments and experimental procedures utilized in this work are

described below.

3.1. Materials

The samples used in this study were CaSO4:Dy (TLD-900) crystal chips (the
thickness of the sample is 0.40 mm and the diameter is 12 mm ) and Quartz crystals
(in the form of powder) obtained from Fluka Company.

3.2. Equipments
3.2.1 Radiation Source and Irradiation Procedure

The samples were irradiated at room temperature immediately after quenching.
Quartz crystals were irrradiated with *°Sr->°Y B-source and CaSO, samples were
irradiated with Cs-137 gamma source.The activity of B-source is about 100 mCi. It is
calibrated by manufacturer on March, 10, 1994. The recommended working life-time is
about 15 years. Stronium-90 emits high energy beta particles from their daughter
products (*°Sr B-0.546 MeV together with *°Y B-2.27 MeV). Beta radiation is absorbed
by air, so its intensity declines with distance much more rapidly than inverse square law
calculations would indicate. The maximum range of Y-90 beta particles in air is
approximately 9 meter. The typical strength of a 100 mCi Sr-90 B-source installed in a
9010 Optical Dating System is 2.64 Gy/minute=0.0438 Gy/Sec for fine grains on
aluminium, or 3.3 Gy/min=0.055 Gy/sec for 100 m quartz on stainless still. The
irradiation equipment is an additional part of the 9010 Optical Dating System which is
purchased from Little More Scientific Engineering, UK [51]. The irradiation source
equipment is interfaced to a PC computer using a serial RS-232 port. Quartz crystals
were Irradiated to various dose levels between ~0.1 Gy and ~110 Gy during the
variable dose method. The activity of gamma source used for the irradiation of

CaSO, samples is about 100 mGy/hour.
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3.2.2 TL Analyzer and TL Measurements

The glow curve measurements for quartz crystals were made using a Harshaw
TLD System 3500 Manual TL Reader [52]. It economically provides high reliability.
The technical architecture of the system includes both the Reader and a DOS-based
IBM-compatible computer connected through a standard RS-232 serial communication
port to control the 3500 Reader. The basic block diagram of reader is shown in
figure 3.1. All functions are divided between the reader and the specialized
TLDShell software that runs on the PC. All data storage, instrument control, and
operator inputs are performed on the PC. Signal acquisition and conditioning are
performed in the reader. In this way, each glow curve can be analyzed using a best-fit
computer program based on a Marquardt algorithm minimisation procedure, associated
to first-order and general-order kinetic expressions. The program resolves the individual
peaks present in the curve, giving the best values for the different peak parameters.The
instrument includes a sample change drawer for inserting and removing the TLD
elements. The reader uses contact heating with a closed loop feedback system that
produces adjustable linearly ramped temperatures from 1 °C to 50 °C per second
accurate to within + 1 °C to 600 °C in the standard reader.

The Time Temperature Profile (TTP) is user defined in three segments:
Preheat, Acquire, and Anneal, each with independent times (Pre-read anneal:
adjustable 0 to 1000 sec, Linear ramp: adjustable from 1 °C to 50 °C per second,
Post-read anneal: 0 to 1000 sec) and temperature (Pre-read anneal:room temperature
to 200 °C, Post-read anneal: up to 400 °C). The typical time temperature profile is
shown in figure 3.2. To improve the accuracy of low-exposure readings and to
extend planchet life, the 3500 provides for nitrogen to flow around the planchet. By
eliminating oxygen in the planchet area, the nitrogen flow eliminates the unwanted
oxygen-induced TL signal. Nitrogen is also routed through the photo-multiplier tube
(PMT) chamber to eliminate moisture caused by condensation. Glow curves were
measured using a platinum planchet at a linear heating rate of 1 °C/s. The time
duration between irradiation and necessary TL operation was always kept constant at
about 1 min, except for the storage time experiment. For the variable heating rate
method heating rates were varied from 1 to 7 °C/s. At each heating rate four chips

were read out.
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Each chip was read out twice and the second readout is considered to be background
of the reader plus chip and was subtracted from the first one and all of the analyses

have been carried out after subtraction operations
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Figure 3.1. Basic block diagram of TL reader
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Figure 3.2. Typical time temperature profile (TTP)
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3.3 Experimental Procedure for APSQ

The acid purified synthetic quartz samples used in this study were in the form
of powder that produced from Fluka Company. The extended specifications of this
sample are given in Table 3.1.

The samples were first heated up to 500 °C to erase any residual information
before the subsequent irradiation and then quickly cooled in air to room temperature.
The samples were irradiated at room temperature with beta rays from a calibrated
%8r-2Y source. The irradiated samples were read out in N, atmosphere with a
Harshaw QS 3500 manual type reader that is interfaced to a PC where the TL signals
were studied and analyzed. Glow curves were measured using a platinum planchet at
a linear heating rate of 1 °C/s. In a contact heating, the temperature control is
achieved with the temperature of the heating element (planchet) and therefore a
thermal lag exists between samples and heater at the high heating rates (>2 °C/s).
Five milligrams of powder were used for each measurement and poured onto the
planchet as a layer through a vibrating dispenser and it can be assumed that the
temperature distribution inside the sample is homogenous. A standard clean glass
filter was always installed in the reader between sample and photomultiplier tube.
This filter allows the light whose wavelength between ~250 nm and ~1000 nm to
pass through it and thereupon eliminates unwanted infrared lights that are emitted
from heater. The time duration between irradiation and TL reading was always kept
constant at about 1 min. For the VHR method, the heating rates were varied from 1
to 5 °C/s. At each experimental measurement, four samples were read out and each
sample was read out twice. The second readout is considered to be the background of
the reader plus sample; this was subtracted from the first one and all of the analyses
have been carried out after the subtraction.

To evaluate the fading in the intensity of APSQ, the samples were firstly
irradiated at room temperature up to 50 Gy and then they were stored in the dark

room at room temperature.
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Table 3.1: Extended Specifications of
acid purified synthetic quartz (APSQ)

Loss on <0.1%, 900 °C
particle size  (40-100 mesh
Chloride (Cl) [<50 mg/kg
Ca <50 mg/kg
Cd <50 mg/kg
Co <50 mg/kg
Cu <50 mg/kg
Fe <100 mg/kg
K <500 mg/kg
Na <100 mg/kg
Ni <50 mg/kg
Pb <50 mg/kg
Zn <50 mg/kg

3.4 Experimental Procedure for CaSO,

Because Harshaw TLD analyser was out of order and could not be repaired
during the preparation time of this thesis CaSO4 samples were analysed by Toledo
TLD reader in Ankara Nuclear Research and Training Center (ANAEM). This
device allows only reading for different dose levels at a constant heating rate of 1.2
°Cls.

The samples were irradiated at room temperature with gamma rays from a
calibrated '*’Cs source. The irradiated samples were read out in N, atmosphere with
a Toledo manual type reader that is interfaced to a X-Y recorder where the TL
signals were studied and analyzed. Glow curves were measured using a platinum

planchet at a linear heating rate of 1.2 °C/s.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1. Results and discussion for APSQ

The determination of E, and s mainly depends on the prior knowledge of b
and exact number of glow peaks in the glow curve [53]. Therefore, to form an
opinion about the b of each individual glow peak, the AD method was firstly used in
this thesis. The samples were irradiated at different doses between 0.02 Gy and 2.5
kGy to check the dose dependence effect on the peak positions. This is a simple test
for the first-order kinetics. Some of the selected glow curves after different dose
levels are shown in Fig.4.1. In TL theory, the peak temperatures of glow peaks are
expected to change only with heating rate for 5=1. Hence, for a constant heating rate,
the peak maximum should not be affected by other experimental parameters and
should thus be fairly constant within the limit of experimental errors. However, for
b#1 and below the trap saturation points {n, (concentration of trapped electrons)<N,
(concentration of traps)}, the peak temperatures are shifted to the lower temperature
side with increasing dose levels. As seen from Fig. 4.1, there is no significant change
in the position of peak temperatures and they are within the experimental error +3 °C
for all the doses. This point clearly indicates that the all peaks in the glow curve of
APSQ should have first-order kinetics. The number of glow peaks and their kinetic
orders were also tested using the RIR method. A strong overlapping of TL peaks
makes this method the most suitable procedure for the determination of number of

glow peaks and their related kinetic parameters.
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Here, an irradiated sample is heated at a linear heating rate up to a

temperature Ty, corresponding to a point on the low temperature tail of the first

peak.
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Figure 4.1. The glow curve of APSQ measured after various radiation doses
(8=1°C/s). In all figures, O represents the experimental points

The sample is then cooled down quickly to room temperature and then re-
heated at the same rate to record all of the remaining glow curve, and the value of

activation energy E, is calculated. The process is repeated several times on the same

32



annealed/irradiated sample at a different Ty, values, and two measurements were
taken within each 10 °C region. According to this method, at the beginning of the TL
glow peak, the concentration of trapped electrons n, changes by only a small amount
with temperature and thus it can be regarded as constant, so that the first- and
general-order TL equations are simplified as I(T)xAexp(-E,/kT), where A is a
constant and the TL intensity is independent of the b.

Therefore, a plot of /n(l) versus /T would yield a straight line with a slope of
—Eu/k and a y intercept of In(s/f)), from which E, and s can readily be calculated.
This method can be used only in the initial region of the TL signal up to ~10% of its
peak maximum (/,,). However, if the intensity at the beginning of each peak is very
low and especially when the glow curve is composed of several glow peaks, the
obtained values of E, may not reflect the actual values. Therefore, in this case, the
values of E; obtained by the RIR method often need corrections. Christodoulides
[54] and S.C.Singh et al. [55] have proposed to use the high-level of glow peaks to
reduce the inaccuracies in £, due to high levels of the used signal, which was also
used in the present work. Another matter during the evaluation of £, by RIR is the
effect of thermal quenching on the evaluated E,. This effect leads to
underestimations of the activation energies obtained by RIR method. Since, the
experimental glow curve shape is highly distributed by thermal quenching effect, it
can’t give reliable information about the values of E,.

However, the RIR method analyzes only that the leading part of the glow
peak and as such is yielding data appropriate to only that component of the TL signal
comprising the full peak. Therefore, even if the RIR method gives erroneous values
of E; when the thermal quenching is present in the material, it should be expected

that the plot of E, against T, still gives plateau regions with a gradual decrease at
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the end of each plateau after RIR method even if the glow curve is the superposition
of overlapping glow peaks. If a plot of E, against Ty, shows a stepwise curve after
the RIR method, it allows one to estimate the number of peaks. Each plateau region
in this plot indicates the existence of an individual glow peak. If a gradual rise of E,
exists at the end of the plateau region, it is an indication that the glow curve has
overlapping glow peaks. Figure 4.2 shows some of the selected glow curves after the
T(Eo)-Ts0p procedure following the irradiation of samples to a dose level D=50 Gy.
As seen from this figure, the T, of all glow peaks is continuously shifted to high
temperature side with increasing T,,. The result of calculated activation energies is
shown in figure 4.3 as a function of Ty,,. As shown from this figure, there are at least
seven plateau regions, so the RIR studies have identified at least seven peaks in
APSQ, designated P1-P7, in the temperature range from ~50-470 °C. The first
plateau region between 60 and 120 °C becomes nearly constant around 0.90+0.01 eV
which is believed to give the activation energy of first glow peak (P1). After the
complete disappearance of peak 1 above Ty,,>120 °C, the calculated activation
energies were slightly increased and become constant near 0.93+0.01 eV which is
considered to be belonging to peak 2 up to 160 °C. Beyond 160 °C, after a slow
increase, the E, values again become constant near 0.99+0.01 €V which give the E,
value of peak 3 up to 180 °C. At the end of smoothly flat region of peak 3, the
calculated activation energies start to increase and reach to 1.11+0.02 eV at 180 °C.
This flat region can be considered to provide the E, value of peak 4. After the
complete depletion of peak 4, the calculated value of E,, starts to increase and reaches

to another flat region near 1.22+0.02 eV up to 290 °C.
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Figure 4.2: Some of the selected glow curves of APSQ after different Ty,
temperatures at a heating rate B=1 °C/s. Dose levels are always adjusted to ~50 Gy
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This flat region was considered to be corresponding to peak 5. At the end of
this region, another flat region was again obtained near 1.28+0.01 eV up to 310 °C,
which gives the activation energy of peak 6. When this peak completely disappears,
the calculated activation energies are quickly increased from 1.28 to 1.36+0.02 eV up
to 330 °C, which is related to peak 7. Finally, when the peak 7 is completely
disappeared from the glow curve of this sample around 340 °C, the calculated values
of activation energies have continuously increased with increasing stopping

temperatures. No any flat regions were noticed above 340 °C.
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Figure 4.3: The activation energy (E,) resulting from the RIR method after T,,(E,)-
Tsi0p procedure. Note that each experimental point is the average of at least four
measurements
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Another method that was used to determine the kinetic parameters in the
present work is the VHR method. This method is based on the shift position of the
temperature at the maximum (7,,) to higher temperatures when the heating rate is
increased. In the absence of a distribution of activation energies, a plotting of
In(T,’/B) against 1/(kT,,) should give a straight line of slope E %k and intercept
In(sk/E,).

The major advantage of this method is that the required data is to be taken at
a peak maximum (/,,, T,;) which, in the case of a large peak surrounded by smaller
satellites, can be reasonably accurately determined from the glow curve. But, a
difficulty arises in the case of highly overlapping peaks with comparable intensities,
since the local maximums of some glow peaks in the glow curve are not evident.
This problem was overcome by deconvolution of glow curves with computer
program. In this respect, the peak temperatures of peaks 1, 4 and 5 are easily
distinguishable from other peaks and, thereupon, the activation energies of these
peaks were calculated by VHR method after determination of their peak temperatures
by choosing their local maximums from glow curves. The activation energies of
other peaks were determined after the determination of their peak temperatures by
CGCD method. A set of measured glow curves at different heating rates after
normalization is shown in Fig.4.4. Another important point that has to be taken into
consideration to avoid large errors in the kinetic parameters determined by VHR
method is the temperature lag (TLA) between the heating element and the
thermoluminescent sample during the TL readout in readers using contact heating.
To avoid this problem, a simple method recently has been proposed by Kitis and
Tuyn [55] to correct the TLA and to determine the exact peak temperatures after

different heating rates by using the following equation;
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J
where T and T, are the maximum temperatures of a glow peak with heating rates B

and B, respectively and C is a constant, which is initially evaluated by using two
very low heating rates where the TLA can be considered as negligible. In preference,
the low heating rates should be chosen below 1 °C/s to calculate the constant C. On
the other hand, the used TLD reader in the present work does not give permission to
low heating rates below 1 °C/s, therefore, two intermediate heating rates 1 and 2 °C/s
were used to calculate constant C and then correct peak temperatures by TLA. The
curves in Fig.4.5 are corresponded to the peak maximum positions corrected for the
TLA and experimental points. As seen from the figure, there are slight differences
between the slopes, each one giving a different trap depth. The calculated kinetic

parameters from the slopes and intercepts are given in Table 4.1.
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Figure 4.4: Some of the selected and normalized glow curves of TLD-200 measured
at various heating rates from 1 °C/s to 5 °C/s. The glow curves were measured after
irradiation of samples to a dose level of 50 Gy
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Figure 4.5: Variable heating rate plots of /n(T; ,,,2/,6) against 1/7,,. In the figure, open
and + centered symbols represent the calculated and experimental points after dose
level 50 Gy, respectively

The all glow curves were also analyzed by CGCD method. This method has
become very popular method to obtain kinetic parameters for the last two decades
[20], since it has great advantages over the experimental methods (i.e. initial rise,
peak shape, isothermal decay, variable heating rate and etc) owing to simultaneous
determination of kinetic parameters of all peaks without no additional thermal
treatments and experimental repetitions. Also, this method uses all data points in the
whole glow curve rather than just a few points during the curve fitting procedures. It
is apparent that if the number of data points used in the analysis increases, the
potential for accurate determination of the kinetic parameters gets better. However, it
must be noted that different models, approximations and minimization procedures

are used for the glow curve analysis in the CGCD program. As a consequence, one

may wonder whether the results of CGCD method reflect the accurate kinetic
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parameters of the TL peaks. According to many experienced researchers, the results
obtained by the CGCD method, in some cases, seem to be unreliable.

Especially, the advantages of the CGCD method may be undermined in
complex TL glow curves. One may get a local minimum of the least square function
which may yield erroneous kinetic parameters as the computerized fitting routine
attempts to define the “best-fit” to the numerical data. As a result, many possible sets
of kinetic parameters could be assigned to the same glow curve. The used CGCD
program, which is based on the least square minimization procedure, was developed
at the Reactor Institute at Delft, The Netherlands. The detail results of these models
were given in an IRI-CIMAT Report [57]. In the given present study, the first-order

kinetics were approximated for all CGCD evaluations by the expression,

s kT?

B E

E E kT
I(T) = nysexp(— k_T)eXP{(_ exp(— k_T) *(0.9920-1.620 f)] 4.2)

and the general-order kinetics were approximated by the expression,

b
E (b-1)s kT? E kT |16

IT) = ~=%yexp|1+-—— —~=4)(0.9920 —1.620—— 4.3

(T) = nys exp( kT)exp[ 5 E exp(=—-) 5 )} (4.3)

a a
where ng (m™) is the concentration of trapped electrons at =0, T (K) is the absolute
temperature, k (€VK™) is Boltzmann’s constant, 8 (°Cs™) is heating rate and b is the
kinetic order. The goodness of fit for all the measured glow curves was tested using
the figure of merit (FOM) [58]. From many experiences, it can be said that, if the
values of FOM are between 0.0% and 2.5% the fit is good, 2.5% and 3.5% is fair fit,
and >3.5% is bad fit. In the analyses of the complex glow curves by CGCD method,
it is very important to decide correctly how many glow peaks there are in the glow

curve and which of them have first or general-order kinetics to obtain correct results.
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In some cases, the best-fits can be obtained when different number of peaks is
used in the CGCD analyses instead of real number of glow peaks to be in the glow
curve. However, the values of kinetic parameters do not reflect their correct values
when an incorrect number of glow peaks are assumed in the glow curve even if the
best-fits were obtained. Therefore, firstly one must decide the number of glow peaks
and their kinetic orders in the glow curve of APSQ. In the present work, after the
many tries with different number of glow peaks, it was observed that the glow curve
structure of this sample is well described by a linear combination of at least seven
first-order glow peaks. However, the glow curve analysis yields consistent fit results
for all heating rates, the results do not generally agree with each other, because the
results of kinetic parameters are also highly dependent upon the input parameters
such as the location of individual peaks. The parameters finally so selected were the
values that yielded the best overall fit to the designated high priority features of the
TL results. Figure 4.6 shows the results of CGCD fitting on the assumption of seven
peaks and Table 4.1 shows the results of the best estimates of peak parameters.

No estimates of mathematical uncertainty were available with this program
but the inability to differentiate clearly between quite different initial assumptions
regarding the number of peaks and their peak temperatures underlines the
unsuitability of CGCD for TL glow peaks of this type. This is in accord with a
number of reports aldready described in section 1 which indicates that glow peaks in
quartz are often best described by multible peaks with first —or general order kinetics,
or a continuum of trapping energies and frequency factors.

Table 4.1 summarizes the E, and s values as determined by the IR, VHR and
CGCD methods. Comparison of E, and s values obtained by the various methods is

very complex. For the presumed peaks 1, 2 and 3, the E, values determined >by IR
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and VHR methods are in reasonable agreement but not with CGCD method. The s
values are always 3-4 orders of magnitude different for all methods.

In general, there were large disparities between the results of different
methods for high temperature glow peaks. These are probably due to artifacts in the
methods related to the large number of overlapping peaks. Because the high degree
of overlap limits the accuracy of the determined parameters and therefore, the
usefulness of CGCD method is reduced for the determination of kinetic parameters

[59].
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Figure 4.6: A typical analyzed glow curve of APSQ measured after ~50 Gy
irradiation at room temperature. The glow curve was measured by heating the sample
to 500 °C at a heating rate of 5 °C/s. In the figure, open circles represent the
experimental points
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During the partial thermal annealing process, the glow peaks are gradually
narrowed with increasing partial thermal annealing temperature and time (Fig.4.2).
In addition the glow peak temperature gradually shifted to the high temperature
sides with increasing bleaching time and temperature. These behaviors suggest that
the glow curve of this sample is the combination of highly overlapped first-order
glow peaks or the kinetic orders of all peaks should have higher than first-order
kinetics. But, the second interpretation is completely contrary to the result of
additive dose method and therefore the first interpretation seems more logical than
second one. Anyway, the evaluated kinetic parameters by CGCD method are
continuously increased with increasing bleaching temperature and reach the values

determined by VHR method.

Table 4.1. The values of the activation energy E, (¢V) and frequency factor s (s) of
TL peaks of APSQ determined by the IR, VHR and CGCD methods.

IPeakT,,. (°C) IR Method VHR Method CGCD Method

No (B=1°C/)E,(eV) Un (D [E. (V) [n) ") [E.(eV) In(s) (s
1 96 0.90+0.01 | 25.88+0.36 | 0.94+0.10 | 17.77£1.9 1.11+0.07 16.45+1.68
2 116 0.93+0.01 |25.39+0.35 | 0.93+0.25 | 15.67+2.8 0.83+0.03 | 32.72+1.54
3 139 0.99+0.01 |28.93+0.35| 1.00+0.23 | 16.01+2.6 0.71£0.04 |21.49+1.06
4 193 1.11+0.02 |24.95+0.41 | 1.84+0.20 | 33.38+2.4 0.50+0.02 9.57+0.57
5 296 1.2240.02 | 21.50+£0.45 | 2.12+0.20 | 30.63+2.4 0.58+0.04 8.42+0.15
6 378 1.28+0.01 | 19.23+0.10 - - 2.34+0.1 38.03+2.0
7 405 1.36+0.02 | 19.32+0.20 - - 1.09+0.15 15.52+3.05

The dose response was also investigated by the peak height method for all
components in the glow curve of APSQ. All data in dose response are plotted on a
log-log scale and shown in Fig.4.7. It is clearly seen that the dose responses of all
components follow similar pattern and are strongly linear with slopes of =3, as
readily seen in Fig.4.7. The peak 1 exhibits linearity up to 5 Gy after which it

saturates at 10 Gy. On the contrary, the other peaks, peaks 2+3, 4 and 5, exhibit
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linear dose responses up to 250 Gy, after which strong saturation occurs for all
components.

Besides, the slope of linearity decreases with increasing temperature that
means peak 1 has higher dose response than peaks 2+3 and so on (Fig.4.7). As seen
also from Fig.4.7, the minimum detectable dose of unannealed APSQ is very high,
i.e. greater than 1 Gy for high temperature peaks 3 and 4. However, it must be
remembered that the sensitivity of all types of quartzes originating from various
sources substantially increases after the annealing at 500 °C or higher temperatures
for at least 1 h but it is more interesting that this process also changed the slope of
dose responses of all peaks [60]. Thus, the sensitivity of annealed samples is much
stronger than that of the unannealed samples and therefore minimum detectable dose
levels are reduced below 1 Gy with annealing of samples at high temperatures for
sufficient period. There are a number of ways to explain the increase in the
sensitivity following annealing. One of them might be removal of unknown non-
radiative recombination centers and the other might be the creation of additional
luminescent centers [61].

The stability of the stored signal at normal temperatures is an important factor
in many applications such as archaeological and geological dating, personal and
environmental dosimetry, etc. Any appreciable decay in the stored signal at room
temperature will invalidate the relationship between TL emitted and the radiation
exposure that may have been delivered at some considerable time before readout.
The extent of TL signal decay over long periods is difficult if not impossible to
measure directly, particularly in archeological applications. The measured glow
curves of APSQ at the end of the planned storage periods are shown in Figure 4.8.

As seen from this figure, the intensity of low temperature peaks 1-3 are quickly



decreased while high temperature peaks 4-7 are not sufficiently influenced from

storage periods at room temperature.
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Figure 4.7: The dose response of first five peaks (P1-P5) determined by peak height
method. Note that each experimental point is the average of at least four
measurements

The normalized relative responses of analyzed glow peaks by CGCD method
are shown in figure 4.9. Each point in the figure is the average of four readings. After
the storage at room temperature for 1 month, peaks 1 and 2 were completely
removed from the glow curves. The TL yield of peak 3 was reduced to typically 27%
of its original value after one month at room temperature whereas peak 4 faded 10%

during this period. On the other hand, any noticeable reduction was not recorded on

the intensity of peaks 5-7 after one month.
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Figure 4.8: Some of the selected glow curves of APSQ recorded after planned
storage periods at room temperature in the dark room

1.0

f/(

o

b

o0
H
!

e

[18)

o

g ]

%- J

o 0,64 .

g - -

.g ﬁ g

5] ]

% 04l ]

T 0,4+

SR 1

- J

g 1 | —o—Peak 1

4 0a] |—o—Peak2 ]

] | —&—Peak 3 ]
{ | —v—Peak 4 :
1 | —9o—Peaks 1
0,0 .
0,0 0,1 1 10 10 1000
Storage Time (Hours)

Figure 4.9: Fading evaluation of the deconvoluted peaks of APSQ at room
temperature in the dark room
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4.2. Results and discussion for CaSO,

As mentioned previously (Section 4.1.), the determination of E, and s mainly
depends on the prior knowledge of b and exact number of glow peaks in the glow
curve [20]. Therefore, to form an opinion about the b of individual glow peaks in
CaS04:Dy, the AD method was again used. The samples were irradiated for five
different dose durations between S mins and 60 mins using a *’Cs gamma ray
source to check the dose dependence effect on the peak position of each individal
glow peak. It is known that this is a simple test for the first-order kinetics. The
measured glow curves after different dose durations are shown in figure4.10. As seen
from this figure, there is no significant change in the position of peak temperatures
and they are within the experimental error +4 °C for all the doses. This point clearly
indicates that the all peaks in the glow curve of CaSO4:Dy should have first-order
kinetics. The result also indicate that the glow curve of CaSQ,4:Dy in the temperature
range from RT to 350 °C is seen as the superposition of six-glow peaks. However, to
study the kinetic parameters of this material in detail, it is required to record the
glow curves of this material after different experimental procedures. But, as
mentioned before our Harshaw TLD analyser was out of order and could not be
repaired during the preparation time of this thesis so CaSQO,4 :Dy samples were
analysed by Toledo TLD reader in Ankara Nuclear Research and Training Center
(ANAEM). All the measured glow curves with different dose levels are given in
figure 4.10.
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Figure 4.10: Some of the selected glow curves of CaSQ4 :Dy with different dose
levels. (a) For 5 min (8.33 mGy), (b )For 15 min (24.99 mGy), (¢) For 30 min (49.98
mQGy), (d) For 45 and 60 min (74.97 mGy and 100 mGy)
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CHAPTER 5

CONCLUSION

The results in the present work indicate that the glow curve APSQ after beta
irradiation between 0.02 and 2.5 kGy in the temperature range from room
temperature to 470 °C can be best described as a superposition of seven glow peaks.
Additive dose experiment indicates that all of them have first-order kinetics. The
activation energies found by IR and VHR methods for peaks 1,2 and 3 yield very
close values. For all other peaks (P4-P7), there is no any consensus or agreement
between the results of all applied methods. However, the evaluated kinetic
parameters of these peaks by CGCD method are close to the calculated values by
VHR method after the application of thermal bleaching experiment.

Because the full width at half maximum of all peaks decrease with increasing
temperature and the evaluated kinetic parameters of these peaks gradually increase
and reach to the calculated values by VHR method during the thermal bleaching
experiment. So, the determined values of kinetic parameters by VHR method without
any thermal bleaching are more reliable than the determined values of CGCD
method, since the last procedure often gives rise to ambiguous results due to high
overlapping peaks in the glow curve. Additionally, the initial rise method gives the
value of E, 35-45% lower than the value obtained by VHR method for peaks 4 and
5. This fact has been already analyzed by Wintle and she has showed that this
discrepancy might be caused by non-radiative transitions in the luminescent centers
that could lead to a computation of an apparent energy differing from the real energy

by an amount W.
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So, what one obtains is (E,-W) instead of E,. It can be considered that there is
no sufficient effect of thermal quenching below 200 °C. Therefore, an investigation
of thermal quenching is a necassary precursor to the use of the RIR method. On the
other hand, an interesting point must be noted that if the thermal quenching exists in
a -given material, it is expected that the TL sensitivity of this materail decraeses with
increasing heating rate, which was not observed in the investigated material.

The dose responses of all components of unannealed APSQ have similar
pattern, first follow strong linearity and then saturate at different dose levels. When
the glow curves of this material stored in the dark room were recorded after one
month, the peaks 1 and 2 were not observed, the peak 3 reduced to 27% of its
original value whereas the other peaks were not sufficiently affected during this
period.

It is unfortune that we are not able to present any data and make any
conclusions for the kinetic parameters of CaSO,4 samples due to the unavailabity of

the TLD-3500 reader as mentioned previously.
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