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Abstract

The main aim of this investigation is on thermoluminescence and phototransferred thermolumi-
nescence of synthetic quartz. Thermoluminescence was one of the tools used in characterising
the electron traps parameters. The samples of quartz annealed at various temperatures up to 900
°C and the unannealed were used. The thermoluminescence glow curve was measured at 1 °C
s~! following beta irradiation to 40 Gy from the samples annealed at 500 °C and the unannealed
consist of main peak at 70 °C and secondary peaks at 110, 180 and 310 °C. In comparison, the
thermoluminescence glow curve for the sample annealed at 900 °C have main peak at 86 °C and
the secondary ones at 170 and 310 °C. The kinetic analysis was carried out only on the main
peak in each case. The activation energy was found to be decreasing with increase in annealing
temperatures. The samples annealed at 500 °C and the unannealed were found to be affected by
thermal quenching while sample annealed at 900 °C shows an inverse quenching for irradiation
dose of 40 Gy. However, when the dose was reduce to 3 Gy the effects of thermal quenching
was manifested. The activation energy of thermal quenching was also found to decrease with
increase in annealing temperature. Thermally assisted optically stimulated luminescence mea-
surement was carried out using continuous wave optical stimulated luminescence (CW-OSL).
The samples studied were those annealed at 500 °C for 10 minutes, 900 °C for 10, 30, 60 min-

utes and 1000 °C for 10 minutes prior to use. The CW-OSL is stimulated using 470 nm blue
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LEDs at sample temperatures between 30 and 200 °C. It is measured after preheating to either
300 and 500 °C. When the integrated OSL intensity is plotted as a function of measurement tem-
perature, the intensity goes through a peak. The increase in OSL intensity as a function of tem-
perature is associated to thermal assistance and the decrease to thermal quenching. The kinetic
parameters were evaluated by fitting the experimental data. The values of activation energies of
thermal quenching are the same within experimental uncertainties for all the experimental con-
ditions. This shows that annealing temperature, duration of annealing and irradiation dose have
a negligible influence on the recombination site of luminescence using OSL. Phototransferred
thermoluminescence (PTTL) induced from annealed samples using 470 nm blue light was also
investigated. The quartz were annealed at 500 °C for 10 minutes, 900 °C for 10, 30, 60 minutes
and 1000 °C for 10 minutes prior to use. The glow curves of conventional TL measured at 1 °C
s~! following irradiation to 200 Gy shows six peaks in each case labelled I-VI for ease of ref-
erence whereas peaks observed under PTTL are referred to as Al onwards. Only the first three
peaks were reproduced under phototransfer for the sample annealed at 900 °C for 60 minutes and
1000 °C for 10 minutes. Interestingly, for the intermediate duration of annealing of 30 minutes,
the only peak that appears under phototransfer is the Al. For quartz annealed at 900 °C for 10
minutes, the PTTL appears as long as the preheating temperature does not exceed 560 °C. All
other annealing temperatures, PTTL only appears for preheating to 450 and below. This shows
that the occupancy of deep electron traps at temperatures beyond 450 °C or 560 °C is low. The
activation energy for peaks Al, A2 and A3 were calculated. The PTTL peaks were studied for
thermal quenching and peaks Al and A3 were found to be affected. The activation energies for
thermal quenching were determined as 0.62 + 0.04 eV and 0.65 + 0.02 eV for peaks Al and
A3 respectively. The experimental dependence of PTTL intensity on illumination time is mod-
elled using sets of coupled linear differential equations based on systems of donors and acceptors

whose number is determined by preheating temperature.
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CHAPTER 1

Introduction

Quartz has been a material of topical interest in luminescence research for a long time [1]. It can
record the amount of ionizing radiation which it has been exposed to as a latent signal within the
crystal lattice. It is useful as dosimetry material. However, to apply this material as a dosimeter,
the latent signal must be erased by heating or exposure to daylight or high pressure [1]. Thus
quartz can be used as a natural dosimeter to quantify the radiation history of a material. It also
has a variety of applications in nuclear accident dosimetry [2], food irradiation control and dating
of geological and archaeological material [3]. Quartz has been extensively studied because of
its importance in dating and retrospective dosimetry. It contains various point defects that are
involved in the luminescence process. Synthetic quartz, the subject of this thesis, is known to

have fewer defects than natural quartz. This influences its optical characteristics.

The various methods used in measurement of the latent signals include thermoluminescence
(TL), optically stimulated luminescence (OSL) and electron spin resonance (ESR). This study
focussed on TL and OSL from quartz as a way to obtain useful information about mechanism

luminescence and the point defects involved. Impurities present in the material are usually con-



Chapter 1: Introduction 2

sidered essential for TL or OSL to occur. These give rise to localised energy level within the
forbidden energy gap which is crucial for the TL process [4]. A detailed explanation of TL and
OSL shall be presented in chapter 2.

Despite numerous studies on TL and OSL properties of quartz, the problem regarding the nature
of traps, the role of defects, and the processes of excitation and emission of light are still unclear

[5,6,7].

Luminescence, is exploited in this study, is the emission of light from a semiconductor or insula-
tor following the absorption of energy from an external source [4]. The absorption of the energy
is from ionizing radiation, such as gamma-rays, X-rays, beta or alpha radiation or ultra-violet
light. The emission can be classified as either fluorescence or phosphorescence. The classifica-
tion depends on the characteristics lifetime between the absorption of the excitation energy and

emission of the luminescence [4].

As explained earlier, the characterisation of luminescence depends on characteristic time (7,) of
light emission after absorption of the irradiation. For fluorescence, 7, < 10~® s and phosphores-
cence 7. > 107% s [4]. Fluorescence occurs simultaneously with the absorption of radiation and
stops immediately the radiation stops [4]. In comparison, phosphorescence is characterised by a
delay between the irradiation absorption and time (t) to reach full intensity. The phosphorescence

can be subdivided into a long time (> 10~ s) and short time (< 10~* s) phosphorescence.

This study aims at investigating the underlying physical processes of the luminescence to gain ex-
tensive information about thermoluminescence, phototransferred thermoluminescence and vari-

ous thermal effects that affect these processes.

1.1 Synthetic quartz

Quartz is a silicate mineral abundant in the earth’s crust. It forms as a three-dimensional array
of Si04 tetrahedron. Each of the oxygen (O) atoms is shared between the silicon (Si) atoms and
each Si atom is connected to four O atoms. Synthetic quartz is hydrothermally grown as a single

crystal at high pressure (700-900 kg s >m™ ') and elevated temperature (350-366 °C) [8]. The
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defects present in synthetic quartz are mainly related to traces of Al and alkaline material [9].

1.2 Aims and objective

The aim of this research is to study the thermoluminescence and phototransferred thermolumi-
nescence and attendant thermal effects in synthetic quartz. To achieve this goal, the following
objectives were set.

(a) Characterisation of electron traps parameters using kinetics analysis in synthetic quartz.
(b) Study the influence of annealing on TL and OSL properties of synthetic quartz.

(c) Identification of electron traps and recombination centres in terms of point defects in

synthetic quartz.

1.3 Thesis outline

This thesis consist of eight chapters as follows :

Chapter 2: The theoretical aspects of the luminescence; different types of luminescence and

their models are described. The methods of kinetic analysis are also presented.
Chapter 3: A description of phototransferred thermoluminescence models.

Chapter 4: A description of the equipment used in this investigation and the samples studied is

provided.

Chapter 5: The kinetic analysis of the TL of of unannealed synthetic quartz and of samples
annealed at 500 and 900 °C described. The analysis of thermal quenching for the three samples

and their dosimetric properties are also discussed.

Chapter 6: Thermal assistance studies of deep traps is presented. The effects of temperature on
luminescence, the influence of annealing temperature, annealing time, preheating temperature,

irradiation dose and stimulating time on thermal assistance and thermal quenching is presented.
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Chapter 7: The general characteristics of phototransferred thermoluminescence are given. The
kinetic analysis of the PTTL peaks and thermal quenching are presented. Mathematical models
for the analysis of PTTL intensity profiles are given. The competitors effects during phototrans-

ferred TL are also described.

Chapter 8: The conclusions of the main findings are given. Area that need further study are

outlined.



CHAPTER 2

Theoretical background

Presented in this chapter are the theoretical aspects and the models used to explained thermo-
luminescence. The methods of kinetic analysis of thermoluminescence and the phenomenon of

thermal quenching are also discussed.

2.1 Energy bands and electron traps

In solid state physics, electronic levels that can be occupied consist of valence band and conduc-
tion band (see Figure 2.1). These are separated by the forbidden gas or the band gap. The valence
is usually full and conduction band empty unless an external impulse such as ionization moves
electrons to the conduction band. Presence of impurities and point defects causes localised en-
ergy levels to exit in the band gap. [10]. The electrical properties of each solid material depend
entirely on the electronic band configuration [11]. The energy levels present in molecules or
atoms can be divided into a near continuum levels termed as a band. The electrons are tightly
bound to the constituent atoms of the crystal. In contrast, the outward electrons present in the

atom are those in control of electrical conductively and chemical bonding. Figure 2.1 shows the
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graphically electronic bands configuration in an insulator, semiconductor, and conductor. Ex-
amples of insulators are quartz, diamond, mica etc. In a semiconductor, the electron is loosely
bound to the nucleus and therefore an amount of energy is needed to separate it from the nucleus.
The band gap in a semiconductor is less than that in an insulator with the energy of 1-3 eV [12].
In both insulator and semiconductor, an indirect band gap exists. Conductors have free electrons
even at room temperature. The electrons in the conductor are free to move thus participate in

conduction.

Conduction band

Band gap Conduction band
seceecccscae |t lCOnduction band l
' r LT NN 1
(B BN BN OB BN N N N ] f
Valence band Valence band T Valence band
Filled band (a) Filled band |(b) Filled band ()
Insulator Semiconductor Metal

Figure 2.1: The energy band model of metals, semiconductor and insulator '.

In real crystals, the presence of impurity centres cause metastable energy levels localised in the
band gap. The metastable states may have a long lifetime. Electron transitions between con-
duction band and these levels is possible when the metastable levels are close to the conduction
band. As a result of this excitation one level captures electrons and the other captures holes.
The energies of these captured carriers are similar to the trapping states and are associated with

imperfections and energies within the forbidden gap of the given crystal. The electron trapping

"https://micro.magnet.fsu.edu/primer/java/lasers/diodelasers/index.html
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states are often close to the conduction band and the hole trapping states are close to the valence
band. For the electron that is initially trapped to get liberated, an amount of extract energy is
therefore needed. In these conditions, the hole trapping state is called luminescence or recombi-

nation center and electron trapping state is termed as an electron trap [13].

2.2 Thermoluminescence

Thermoluminescence (TL) is the emission of light from a previously irradiated insulator or semi-
conductor when heated at a controlled rate. There are several fundamental conditions for ther-
moluminescence to occur. Firstly the material must be an insulator or semiconductor. Secondly,
the material must have at some time absorbed energy during exposure to radiation. Thirdly the

luminescence emission is generated by heating at a controlled rate [4].

The graph of TL intensity (emitted light) as a function of measurement temperature is known as
a glow curve. Each peak present in the TL glow curve represents a trap with a unique trap depth
[4]. Peaks in a TL glow curve are analysed to derive important parameters that characterised the
TL process in the material. These extracted parameters include activation energy (trap depth) F,
frequency factor (attempt-to escape) s, the order of kinetics b, the capture cross-section for the

traps and recombination centre [13].

2.2.1 Thermoluminescence models

The processes involved in thermoluminescence can be expressed mathematically by considering

a simple model as described below.

Figure 2.2 shows a simple diagram consisting of one trapping state and one recombination cen-
tre. Let the concentrations of the electrons in trap be n (em ™) and the concentration of holes
in the recombination centre be, m (cm ™). The concentrations of trapping states and recombi-
nation centres are N and M (cm™?) respectively. The activation energy and the frequency factor
associated with the thermal liberation of the electron from traps are denoted by £ (eV) and s

(s™!) respectively. The concentration of free electrons and hole are also respectively given by
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n.(cm™3) and n,(cm™?), the re-trapping probability coefficient of the electron is A, (cm ™ 2s71),

the recombination probability coefficient of electrons is A,,(cm ™ >s™!) and the trapping proba-
bility coefficient of holes in centres is B (ecm ™ *s~'). The parameter X (cm >s™!) is proportional

to the dose rate of excitation and denotes the rate of production of electron-hole pairs [14].

|
. T ne
ﬁ Conduction band ! A >
| Heat An
: "t/-\/_\—‘ <—Am
i n, N
Electron trap ! Electron trap
i TL
:X
Irradiation :
| v
\LW $ Hole trap i
\A +
o ’J : Valence band ny
Part A Part B

Figure 2.2: A simple TL model with one electron trap and one recombination centre. Part A
represents the absorption stage during which interaction of ionizing radiation takes place and
part B represent recombination stage during which the temperature is raised, electrons escape

from their traps and recombine with trapped holed which act as a luminescence centre [14].

The set of differential equations that govern the process during irradiation is given as

dn —-F
i A (N — n)n. — nsexp (ﬁ) 2.1
dm
T B(M —m)n, — A,,Mn, 2.2)
dn.
=X —-A,(N—n)n.— A, Mn, (2.3)

dt
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dn, dn dn. dm
T T 24

The explanation of each of the equations (2.1 -2.4) is as follows;

Equation (2.1) is the rate of change in concentration of electrons in electron traps /V. In equation
(2.1), the first term represents re-trapping while the second term represents de-trapping from N
to the conduction band. Equations (2.2) and (2.3) are the rate of change in concentration of holes
at the recombination centre and free electrons in the conduction band respectively. Equation (2.4)
express the charge neutrality condition. At low-temperature, the second term of equation(2.1) is
negligible but when the temperature is high the term cannot be neglected. This set of differential
equations can be solved analytically by making a simplifying assumption to approximate the
dependence response to irradiation. After irradiation, the values of n, m, n. and n, become the
initial values at the heating stage. At the heating stage, the function 7' = T, + St varies linearly
with time where [ is the constant heating rate. When irradiation ends X = 0 and all hole have

capture n,, =~ 0. The process during heating is governed by the equations given as

dn —-F
e Ap(N —n)n. — nsexp (ﬁ) : (2.5)

The recombination rate is given by equation (2.2). Therefore, the TL intensity, I(7) is pro-

portional to the rate of change in concentration of free electron in the conduction band and

recombination centres. Thus, the rate equation is given by

dm

1) ===

= A,,mn,. (2.6)
For charge neutrality, n, ~ 0 and hence equation (2.4) changes to

dm dn dn,
N ) 2.
ST T 2.7)

The emitted signal depends on the trap and centres occupancies. This method is called “quasi-

equilibrium” or ”quasi-steady assumption” which can be stated as below



Chapter 2: Theoretical background 10

dn,. dn dm

Equation (2.8) implies that the rate of change of free carriers is significantly small compared to

that of the trapped carriers and vice-versa. For the case where electrons are removed from the
trap at the time of stimulation and proceed through the conduction band to the recombination

site, the TL intensity is given by

dm —-F A,m
I——%—nsexp<kT)Amm+An(N_n>. 2.9)

2.2.2 First-order Kinetics

The first-order kinetics is the case where re-trapping is very slow or negligible. The simple

d d
assumption n = m, d—? & d—T and A,m > (N — n)A, (slow re-trapping). By using these

simplifying assumption into equation (2.9), the first-order kinetics equation given as

d -F
I = L ns exp (—) . (2.10)

If the stimulation is provided by heating at a linear rate (3 = d7'/dt ), then the luminescence

intensity is expressed as

I(T) = nysexp (;—5) exp {(—s/ﬁ) /TT exp (;—f) dT'} (2.11)

where T, is the initial temperatures, n,, is the initial electron and T isa dummy integral variable

temperature. Equation (2.11) is the solution of equation (2.10).

2.2.3 The second-order Kinetics

The second-order kinetics is the case where re-trapping dominates. Garlick and Gibson [15]
considered the case (N —n)A,, > A,,m, the trap is far from saturation N > n. Applying these

conditions to equation (2.9) produces
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dn A, -F
I(T) = — = Nn2s exp (ﬁ) : (2.12)

Equation (2.12) indicates that the intensity I(7') is proportional to n?. This is referred to as

second-order kinetics.

If the retrapping and recombination probability coefficients are equal i.e A,, = A, [14] then

equation (2.12) reduces to

dn  sn? ' g —F
I(T) = g Wexp(—E/kT) = sn”exp (k_T) (2.13)

3

where s = s /N is a constant with unit a of cm~>s~'. The solution of equation (2.13) is express

as

7 _E
I(T) = fo? TP (W_)E , (2.14)
(14 (s"/B) [y, exp (37) dT']?

where s = s/no and all other terms are as early defined [13].

2.2.4 General-order kinetics

This is the general case where the kinetics are neither first nor second-order kinetics. May and
Partridge [16] considered the general case for general-order of kinetics. They developed an

expression known as the equation of general-order of kinetics given as

I(T) = n’s exp (;—f) (2.15)

where s has dimensions of m*>®~" and b is defined as the general-order of kinetics [14]. If b is
either 1 or 2, the expression reduces to first or second-order kinetics respectively. The solution

of equation (2.15) with initial temperature from 7}, and heating rate of (3 is given as

"o
I(T) = s nyexp (%) 1+ (b— 1)%/T exp (;—f) a7’ 5 (2.16)
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where s* = san’l is the effective frequency factor of general-order kinetics and all other terms
are as defined earlier. The equation (2.15) is the general-order kinetics which is fully empirical

and has no relation to actual physical models [14].

Another type of kinetics is called mixed-order kinetics. The assumption leading to second-order
that is m = n. It has been shown by Chen et al. [17] that the assumption is unlike to occur in real
samples due to the type of defects or impurities present. Mixed-order kinetics is not involved for

any kinetic analysis in this work and is discussed further.

2.3 Quartz structure and impurities state

The defect pair model present in TL and OSL was proposed by Itoh et al [18] in discussing the
production of the 110 and 325 °C TL peaks in quartz. The positions of the TL depends on the
heating rate used. The model indicates that the energy for the two TL peaks and OSL is all
stored by the same defect pairs. Peaks are formed as a result of irradiation and heating applied
to defect pairs which are comprise of [AlO,]” and [X/M*]|* [18] centres. The [X/M*]" centre
1s an interstitial ion centre, in which the interstitial alkali ion (M+) can stabilised by defect X
[1]. The defect X may be Ti and M may be Na as both are impurities common in quartz. The
luminescence signals from the TL peaks of 110 and 325 °C produced from radiolytic reaction
and the recombination of defect pairs of [AlO4]~ and [X/M']*. The TL peak of 110 °C is
emitted at 380 nm. This follow as a result of a thermally-released electron captured by a hole
centre following liberation of photon [19]. Among the several defects that stabilize alkalis which
may be responsible for the 325 °C TL peak as X. The defect X may be Ti, which is known to
contribute to the OSL [20]. The recombination of M™ released from [X/M ] with [AlO04]
emit a part of the energy stored by defect pairs as photons of 420 nm. In Itoh et al [18] model the
325 °C TL peak arise as a result of M being thermally released and recombining at an [A10,]~
centre. The TL peaks 110 and 325 °C in quartz arise from the same defect pairs and also have

first-order kinetics as a common feature [18].
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2.4 Methods of analysis thermoluminescence glow peaks

Thermoluminescence glow peaks can be analyzed to determine physical parameters responsible
for the TL emission. These parameters provide useful information for an acceptable interpreta-
tion of the dynamics luminescence emission. These quantities include the order of kinetics b,
activation energy I/, frequency factor s. There are several methods used for the analysis of TL

glow curves. This section describe some of these techniques.

2.4.1 The initial-rise method

The initial rise (IR) method relies on the TL in the low-temperature part of a TL glow peak.
The number of electrons corresponding to the TL in this region is assumed to be approximately
constant that is n =~ n, [14, 4]. As a rule of thumb, it has proposed that the initial-rise ex-
tends up to the point where TL intensity reaches about (5-15) % of the maximum [21]. In the
lower-temperature region of the maximum intensity /(7") o< exp(—E/kT'). The dependence on

temperature of the TL intensity can be expressed as

I(T) = Cexp (;—f) (2.17)

where C' is a constant, £ is the activation energy (in eV), k is Boltzmann’s constant ( in eV/K)
and T is absolute temperature (in K). The graph of In(/) as a function 1/k7T is expected to be a
straight line. The slope of the plot gives the value of the activation energy, £. In employing this
method, the TL peak should be well defined and separated from other peaks. When the peaks
overlap, the methods of peak separation discussed by Mckeever [4] should be applied before
using the IR method. These method of peak separation are thermal cleaning and partial heating

method (7}, — Tstp) Which shall be discussed later in the text.

2.4.2 The whole glow curve method

This method is also well known as the area method. The technique involves the transformation

of a total glow peak into a straight line. The method can be applied to only a well defined and
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clean glow peak. The value of the integral (area) n(7") as a measure of the intensity of the TL
intensity over a certain temperature region can be evaluated by the area under the glow curve
from a given temperature 7}, in the initial rise region up to the final temperature 7 as shown in

Figure 5.5. The sum of the area n(7") of the TL glow curve can be expressed mathematically as

Ty
n(T) :/ 1dT. (2.18)

Equation (2.18) can also be written in summation form as

Ty
n(T) =Y ]i% (2.19)

=T,
where AT = Ty — T;. The graph of In(//n) against 1/kT is expected to linear and the slope of

the plot equal to the value of the activation energy E. The frequency factor s can be evaluated

from the intercept In(s/3) of the plot.

For the case of general-order kinetics, equation (2.15) can be re-written as

I s\ E

In—=in|—-|-—. 2.20
ve=n(5) 7 (220
The plot of In(1/n") against 1/kT where b is the order of kinetics is expected to be linear. The

value of b retained is the one that give the best fit. From the graph, the slope gives the value of

the activation energy while the frequency factor can be evaluated from the intercept ln(s/ /5).



Chapter 2: Theoretical background 15

=
55,
o
(0]
c
Q
4
c
T.
- "[T
Ty
I
T I T T
To T,

Temperature, °C

Figure 2.3: Calculation of area using whole glow peak method [21].

2.4.3 The peak-shape method

The peak-shape method was proposed by Chen [13] and is based on the geometrical properties
or shape of the TL glow peak. This technique utilizes just two or three points from the peak.
The points are the peak maximum 7;,, and either both the low and hight-temperature half-heights
at T} and 75 [13]. The quantities 7,6 and w define the geometric features of the TL peak as
T="T,—1T,6 =T, —T,, and w = T, — 17 as illustrated in Figure 2.4.
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Figure 2.4: Glow peak showing the geometrical quanties 7, ¢ and w [21].

The general expression for calculating the values of the activation energy is written as

2
E,=C, <kﬂ) — ba(2kT,,) (2.21)
«

where « stand for 7, § or w. The values of C,, and b,, are summarized as shown below according

to Chen [13]

C, =1.1510 + 3.0(p — 0.42), b, = 1.58 + 4.2(y1 — 0.42) (2.22a)
Cs = 0.976 + 7.3(; — 0.42),bs = 0 (2.22b)
C, = 2.52+10.2(j — 0.42), b, = 0. (2.22¢)

If 4 = 0.42 then, the TL peak is of first-order kinetics and if ;1 = 0.52, it is of second-order
kinetics [13].
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2.4.4 The variable heating rate method

The heating rate changes the position of a peak. By maximising equation (2.11), i.e setting
dl

a7 = 0, one finds the following expression

BE -F
@ = sexp <kTm) . (2.23)

Rearranging equation (2.23) gives

T? EN\ 1 E
n{—=|=(—)=—+n|—). 224
(5)- ()7 () 22
A plot of In(T?2 /3) as a function of 1/kT,, is expected to yield a straight line. The activation en-
ergy E can be found from the slope of the graph and the frequency factor s can be evaluated from

the y-intercept In(£/sk) [4, 13, 21]. Alternatively Chen and Winer [22] used the approximation

for the integral present in the general-order kinetics to obtain the following expression

8E _E
— =5l - 1A — 2.2
KTz s[14+(b—1)A,,]exp e (2.25)
where A, = 2kT,,/E and the term [1 + (b — 1)A,,] is treated to be approximately constant. The
graph of In(T?2 /k3) against 1/kT,, is expected to produce a straight line. The slope of the graph
produces the value of activation energy. Similarly, by differentiating the general-order kinetics

equation, it can be shown the maximum peak intensity of the TL (I,,,) is related to heating rate

(B)as
T2\’ E\' E
It (f) = (—bks) exp (_k;T ) (2.26)

The graph of In(I°7' (T2 /3)" as a function of 1/kT,, is supposed to give a straight line and the
slope of the plot produced activation energy FE. In this approach, the order of kinetic need to be

known before the equation is applied [22].

2.4.5 Curve fitting

Curve fitting was developed by Mohan and Chen [23] for first and second-order peaks. The

technique was further extended to general-order peaks by Shenker and Chen [24]. It was later
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shown by Bull et al [25] that it can even apply on multiple peaks in the glow curve. If the trap
levels are interact, the treatment of the glow curve as a superposition of several individual glow

peaks is valid for first-order kinetics.

In using the curve fitting technique, a function that defines the quantities is usually fitted to
the experimental TL glow curve. The fitting procedure commences with the formulation of an
intelligent guess to figure the number of TL glow peaks in a given glow curve. The next task is

to assign a correct mathematical function to the peaks identified.

If f(T) expresses the mathematical function of each TL glow peak, and if many TL glow peaks

are involved in describing the glow curves, then the function can be written as

I(T) = Z vf(T) 2.27)

where f;(T') is the mathematical function chosen to describe the number of TL grow peak, ~ is a

scaling factor, and p is the number of peaks present in the glow curve [13].

Kitis et al [26] developed equations for the first, second and general-order kinetics given as

ET-T, T*(ET-T,

ET-T,\ [T ET-T, -
I(T) = 41, exp (ﬁ - ){ﬁ(l—A)eXp (ﬁ - )+1+Am] (2.29)

m

KT T,

b ET-T, T? ET-T,
I(T) = L,b> exp(W T >[(b—1)(1—A)ﬂexp(

where A = 2kT/E, A,,, = 2kT,,,/E, Z,,, = 1 + (b — 1)A,,, I,,, is the peak maximum intensity and

) + Zm} " (2.30)

all others symbols are as defined earlier [26]. As recommended by Horowitz and Yossian [27],

the figure of merit (FOM) is usually used to check for the goodness of the fit and is defined as

_ ’yexpt - yfz‘t|
FOM = Z R (2.31)



Chapter 2: Theoretical background 19

where y.., is the experimental data and y;, are the values from the fit. A fit is considered to be

acceptable if the FOM is less than 3.5 % [28].

An expression for s can be obtained by taking the first derivative of the first equation (2.11) or
equation (2.13) or equation (2.16) in that way. These equations for the frequency factor for the

first, second and general-order kinetics are respectively given as

E E
s = k‘ﬂT exp (kT) (2.32)
bE E
m E m
SE E
s = T2 %Tm(b_l)) exp _kTm (2.34)
m E

where all terms are as previously defined.

2.5 Analysis of phosphorescence

Chen [13] defined phosphorescence as the decay of thermally stimulated luminescence as a func-
tion of time at a constant temperature. A plot of the emitted light output (luminescence intensity)

as a function of time at constant temperature is termed an isothermal decay curve.

Phosphorescence can be of first, second or general-order kinetics. The first-order behaviour for

phosphorescence is given as

I(t) = 1, exp(—pt) (2.35)

where p~! is the lifetime by the parameters p can be written as

—E
p = sexp ( T ) : (2.36)

Inserting equation (2.36) to equation (2.35) transforms into
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—-F
I(t) =1, — t 2.37
(t) exp[ sexp(kTi> } (2.37)
where all symbols retain their usual meanings. The plot of I(¢) as a function of time on a

semilogarithmic scale should yield a straight line if the phosphorescence is of first-order. Its

slope is equal to —p at the given temperature.

—-F
Pi = Sexp (kT) (2.38)

A plot of In(p) against 1/kT; is expected to yield a straight line and the slope of the graph is

equal to the value of the activation energy £. The frequency factor s can be calculated from the
y-intercept [ns. If the measurement is carried out at two different temperatures, 7 and 75 then,

the two slopes p; and ps can be obtained as

m(PY=E (L 1Y) (2.39)
(pz) k <T2 Ty
From equation (2.39), the activation energy £ can be evaluated.

For the case of second-order kinetics, the expression can be written as

dn 19

1(t) = —— =p'n (2.40)

where p = s exp(g/kT) and the solution of the equation (2.40) is as follow

I
)= ——"°>
(*) (14 p'nyt)?

where \/I,/I(t) = 1+ p n,t. The graph of \/I,/I(t) against ¢ is supposed to be a straight line

(2.41)

and the slope of the graph gives nop/ X exp(—E/kT). The temperature can be varied and

the quantities s/no and F can be evaluated [13].

The general-order kinetics for isothermal decay analysis has been suggested by May and Par-
tridge [16], Takeuche et al. [29]. The order of kinetics can also be determined using phosphores-
cence method of analysis. By the integration of general-order kinetics i.e equation (2.15) with

respective to time, ¢ and keeping the temperature constant, one finds
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b
/ AN
I(t) =1, |1 +sn" (b — 1)texp (kT» )} (2.42)

where I, = s n’ ' exp(—E/kT;).n, is the initial concentration of the charge trapped and I, is
the initial TL intensity [ of the TL intensity at time ¢ [21]. The rearrangement of equation (2.42)

produces

I b , —-F
(f_a) = [1 + 502 (b — 1)texp </<:TZ )} : (2.43)

Equation (2.43) indicated that the plot of In(1/1,)'~® as a function of time, t is supposed to
be linear if a suitable value of b is found. At different isothermal decay temperatures, a set of a

straight lines produce slopes given as

/ —F
p=sn"(b—1)exp (kT) . (2.44)

A plot of In(p) against 1/kT; is expected to a be linear and the slope of the graph equal to the
value of the activation energy £. May and Partridge [16] likewise provided an alternative way of

determined order of kinetics, b as follows

dt
The graph of In(dl/dt) against [n(I) produces a straight line with the slope equal to (20 — 1) /b

In (d—]> = InC + zbb_ 1ln(I). (2.45)

from which the value of b can be calculated.

2.5.1 The temperature-dependence of the area under an isothermal decay-

curve

The method of calculating activation energy based on the temperature-dependence of the area
under an isothermal decay-curve was reported by Chithambo [30]. This approach can also be
used to calculate the activation energy, E as well as the activation energy for thermal quenching
AFE. The technique was specifically derived from first-order of kinetics and so indeed is most

applicable for first-order kinetics. In the methods, only a small portion of the phosphorescence
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decay-curve is required [30]. The small segment area ¢ under the phosphorescence decay curve

can be expressed mathematically as

—F
¢ = — 2.46
o) 20
where « is a constant and all other terms are as previously defined. The plot of In ® against 1/kT
is expected to be linear with a slope of the graph equal to the activation energy. Application of

this method shall be discussed in the results section in this report.

2.6 Method of TL glow peak resolution

The methods of kinetics analysis discussed thus far a well-defined glow peak. However, TL
glow peaks obtained during experiments may not be well isolated and defined. Therefore, it is

important to employed techniques to separate any overlapping TL glow peaks.

2.6.1 Thermal cleaning

In this method, the sample is heated just to beyond the maximum of the first TL glow peak to
empty the traps responsible for the peak. The sample is then immediately cooled and reheated
again above the maximum of the subsequent TL glow peak, and so on throughout the whole glow

curve. This usually produces a clean initial lower temperature part in each of the TL glow peaks.

2.6.2 T, -Tg,, technique

Mckeever [4] proposed a technique for peak resolution of a TL glow peak. In the method, a sam-
ple that has been previously irradiated is heated to a temperature T, on the lower-temperature
end of the first peak. The procedure is redone on a freshly irradiated sample using a new value
of higher temperature T,,,,. In each case, the position of the maximum temperature is noted cor-
responding to the temperature T,,. The plot of T,,, versus T, produces stepwise curve in most

case . For the first-order peak, T,, versus T, is independent of the concentration of trapped
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charge while for non-first order kinetics, the position of the peak shift to higher temperature i.e

the initial trapped charge concentration is reduced.

2.7 Thermal quenching

The loss of luminescence efficiency with increase in temperature is is known as thermal quench-
ing. Thermal quenching can be observed in many ways but mostly in measurements that monitor
the intensity of TL, PL, OSL or RL as a function of temperature [31]. Thermal quenching ap-
pears as a decrease of emission intensity as temperature increases. The effects of the thermal
quenching are only not restricted to decrease in intensity [32] but mean also affect trapping pa-
rameters. For example in the initial rise method, the activation energy can be underestimated to
thermal quenching [33, 34]. The activation energies evaluated by peak shape method [13] can

also be strongly underestimated [35].

The effects of thermal quenching can be revealed in TL when a set of TL glow curve is obtained
at a various heating rates. The luminescence efficiency decreases and reduces the TL maximum
peak height and area. This also shifts the TL peak to the higher temperature position with an
increase in heating rate. The principles behind the Mott-Seitz mechanism of thermal quenching
model have been summarized previously [31, 36]. The Mott-Seitz mechanism is shown schemat-
ically in Figure 2.5 using a configuration coordinate diagram and consists of an excited state of
the recombination centre and the corresponding ground state. In this mechanism, electrons can
undergo either one of two competing transitions as captured into an excited state of recombina-
tion centre. The first route resulting in the emission transition is a direct radiative recombination
route following in the emission of light and is shown as a vertical arrow in Figure 2.5. The second

route is an indirect thermally assisted non-radiative transition into the ground state of the
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Figure 2.5: Variations of electron energy, I where F; is the defect at ground state, F. is defect
at excited state with configuration coordinate (). for excited states, (), is for the ground states

and AF is the activation energy of thermal quenching in a luminescence material [31]

recombination center; the activation energy A F for this non-radiative process is also illustrated
in Figure 2.5. The energy given up in the non-radiative recombination is absorbed by the crystal
as heat, rather than being emitted as photons. The fundamental assumptions of the Mott-Seitz
mechanism is that the radiative and non-radiative processes compete within the bounds of the

recombination centre called localized transitions [37].

The luminescence efficiency 7 is defined as the ratio of the probability for the radiative transition

divide by the total transition probability given by

T 1

= T_o - 1+Cexp(—_kATE)

(2.47)
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where C = 7,v.
The radiative luminescence intensity / is therefore given as
I,
T 1+C exp(%)

where [, the unquenched intensity at a lower temperature. The thermal quenching efficiency

(2.48)

n(T') can be given as
1

T) =
n(T) 1+ Cexp(=22)
where C' and AE are thermal quenching pre-exponential factor and activation energy of thermal

(2.49)

quenching [38].

2.8 Stability of luminescence signal

The studied physical properties of TL materials for practical application in dosimeter or TL
dating, one should be conscious of the probability of fading of the TL signal. The TL signal
usually fade with time following or even at a time of the excitation of the sample [13]. This
section briefly discussed the types of fading that normally occurs in TL for dosimetry or dating

application.

2.8.1 Thermal fading

The effect of thermal fading usually occurs after irradiation of sample following a given excita-
tion. The trapping state and the recombination centres are filled with charges of opposite sign
carrier. However, thermal fading take effect at the temperature of excitation or even at room
temperature. When a finite possibility that the charge carriers are thermally liberated from the
trapping state into the de-localized band or any other excited state, from where they may re-
combine either radiative or non-radiative with carriers of the opposite sign in the recombination
centres [13]. If the process of radiation is radiative, the measurable is associated with phospho-
rescence which decays with time as electron and holes are emptied. The reduction in the number
of trapped carriers usually results in a commensurate decrease in the TL intensity measured dur-

ing subsequent heating following certain waiting period between irradiation and readout.
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In a practical scenario, any sample that is to be measured must be stored somewhere. In the
case of TL, it may not be possible to do an immediate measurement after the initial exposure
to ionizing radiation to fill the traps. But depending on the circumstances of the irradiation and
measurement system, samples may need to be stored for (seconds or minutes or hours or days)

or perhaps years at a time.

2.8.2 Anomalous fading

Many TL material sometimes fade at room temperature. The charge carried usually depleted
from the traps less expected from the evaluation of lifetime. This behaviour is the term anomalous
fading [13]. The anomalous fading has a serious effect on many application of TL and OSL
dating. One feature of this anomalous fading is rapid decay and longer storage time of decay
rate of TL or OSL signal. This investigation of anomalous fading normally required to complete
long-term ageing studies of irradiated materials [13]. When the number of fading is observed
which is over and above the normal level from thermal de-trapping alone, then anomalous fading
is questionable. Anomalous fading was first observed by Wintle [39]. This abnormal behaviours
usually occur both in natural as well as synthesized TL materials. It is often less for deep traps

as compared to that of shallow traps as reported by Mckeever [4].



CHAPTER 3

Phototransferred thermoluminescence

In this chapter, we describe phototransferred thermoluminescence (PTTL) and models which
have been proposed to explain its dynamics. The simple model and the phenomenological model

reported by Chithambo et al [40, 41] is also described.

3.1 Phototransferred thermoluminescence

Phototransferred thermoluminescence (PTTL) is a widely observed phenomenon in many ther-
moluminescence materials. The PTTL is produced due to the transfer of electrons, optically from
deep electron traps (donor traps) to previously empty shallower ones (acceptor traps). PTTL were
useful in investigating some mechanisms involved in optically stimulated luminescence and ther-
moluminescence. It has also been useful for dosimetry and dating technique [42] and there is

some renewed interest in its application for dosimetry [43].

The study of PTTL features leads to useful information regarding the optical energies expected to
be capable in transferring charge between centres and help to identify the mechanisms involved

in the optically stimulated and TL process [13].

27
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3.1.1 Phototransferred thermoluminescence simple model

PTTL usually involved an electron trap (called acceptors) and a deep trap (called donors) and
hole trap which act as recombination centre. Figure 3.1 shows a simple model for describing
PTTL feature. The production of PTTL signal is a multiple-step process starting with irradiation

of the sample, preheating, illumination and heating again.

A Conduction band Nc

f—

ST ]
N, I DT A

Valence band

Figure 3.1: A simple PTTL model with one electron trap (level ST), one deep trap (DT) and one
radiative recombination centre, where scrip a and d stand for acceptor and donor traps respec-
tively; ¢, Ny and M are concentration of available acceptor traps, donor traps and recombination
centre; n,, ng and m are concentration of the acceptor trsps, donor traps and hole; A,, A4 and

A,, are their respective probabilities [13].

The description of PTTL intensity profiles as a function of illumination time was proposed by

Wintle and Murray [44] using a set of differential equations. This set of differential equations
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describes the loss of an electron from the deep (donor traps) and the gain of an electron by

shallow (acceptor traps). The set of differential equations Wintle and Murray [44] used are as

follows;
dn
d—td = —\gng (3.1)
dn,
i = b)\dnd — )\ana (32)

where \; and )\, are the rates of loss of an electron from donor traps and acceptor tarps respec-
tively and b is constant during illumination. The loss mechanism for the donor and acceptor
traps are optical excitations given as \; = $o,; and \, = Po, where P is the intensity of the
excitation light, o4 and o, are the photoionization cross-section for the donor traps and acceptor

trap respectively. The solution of the equation (3.1) and (3.2) is

AN do

Aa — A\d

The characteristics of PTTL intensity profile as a function of illumination time as suggested by

[exp(—Aat) — exp(—Aqt)). (33)

Ng =b

equation (3.3) is an increase and followed by a decrease to eventually to zero levels.[0.15cm]
The production of PTTL involves multi-step i.e irradiation, preheating, illumination and heating.
Chen and Mckeever [13] considered each of the stages in formulating their differential equation
for the description of PTTL intensity profile. With the definition of all the parameters in Figure
3.1, Chen and Mckeever [13] set up differential equations as follows;

At time, t = 0, ny; = 0 and ny4,; = m,, during illumination, the set of the couple differential

equations for transfer of charge from the donor trap to acceptor trap level follows

dn, dn, dng dm

— T T, 77 4
dt @& at 34
d
;ta = Ay (N, — na)ne — Aana (3.5)
dn
d_td = Ad<Nd — nd)nc — )\dnd (36)
d
d—T — —A_mn,. (3.7)

If there are no retrapping during excitation from donor traps to the acceptor traps then A(Ny —



Chapter 3:Phototransferred thermoluminescence 30

ng)ne <K Agng and A, (N, — ng)ne < Agng, Agng == 0. Also, according to the assumption of

quasi- equilibrium given as;

| dn. < dm L] dn. |
dt dt " dt
Applying these assumptions to equations (3.4 - 3.7) becomes

~ 0. (3.8)

dm  dn, = dng

pTERRT + g (3.9)
d;“ = Au(N, — ng)ne (3.10)
% = — ANy (3.11)
(iZ_T = —A,,mn,. (3.12)
The solutions of equations (3.9 - 3.12) at the end of illumination becomes
ng = No[1 — exp(bt)] (3.13)
ng = Ngi exp(At) (3.14)
m=m, exp(é) (3.15)

where b = n A, and T = (nCAm)_l are all constants [13]. PTTL signal can only be observed
if the sample is heated. When the sample is heated, the electron is thermally released from the
shallow traps and recombine with a hole trap to produced PTTL intensity or be re-trapped into
deep traps. The set of differential equations illustrating the flow of electrons during the heating
stage are as follows;

dnc dna dnd dm

__dna _dng dm 1
dt a a (3.16)
dng
ch = Au(Ng — ng)ne — YaNg (3.17)
d
% = Ag(Ny — ng)ne (3.18)
d
1= A mn, (3.19)

dt
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The only difference between equations (3.4 - 3.7) and equations (3.16 - 3.19) is the thermal

de-trapping term -y replaces the optical de-trapping A. The thermal excitation is given as

—E,
Ya = fa€Xp <k—T> (3.20)

where f, is the frequency factor and F, activation energy associated with the acceptor trap [13].
Analytical solutions to these differential equations are only possible for a simplifying assump-

tions such as quasi-equilibrium [13]

dn, dm dn,

— || — |=0. 3.21
| Sl S 1 S 0 (321)
The solutions of equations(3.16 - 3.19) are as follows
Yalla
" [Aa<Na — TLa> + Ad(Nd — nd) + Amm] ( )
Am’Yanam
I =— 3.23
A, (Vo — 10) + Aa( Ny — rg) + Ay (3:23)
Ny — ng
Ny —ng = —(ﬂ)Ad/Am (3.24)
dm
Iprrr = _E = %AmmF(m) (3.25)
where F'(m) is define as follows [13]
ao o o N N - 1) () Ad/Am
F(m) = (Nao + Mo — M 4) + m~+ (Ng—ngo)(m/my,) (3.26)

Aa<Na + Nd — Nao — Ndo ‘|— ml) + (Am — An)<Nd — ndi)(m/mo)Ad/Am.

The subscript o indicates the charge concentration in the various traps at the start of heating. It
can be observed that equation(3.23) and (3.26) contain variable m. The solutions of the set of
the equations can only be solved numerically for a set of given input parameters. By simplifying
the equations with the introduction of § = d7'/dt (heating rate), equation (3.23) can be written

by changing the variable from ¢ to 7" as
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d
Iprr = =B = BYaAnmF (m) (3.27)

The area under the PTTL curve is obtained by the integration of equation (3.27 ) from the initial

temperature 75, to the final temperature 7 as given below

Ty
SprrL = / IprrrdT. (3.28)
Equations (3.25), (3.26) and (3.27) are combined to yield;

Ammoncw

S N ————.
PTTL Aa(Na — 11g0)

The equation (3.29) can be used to describe the profile of PTTL intensity as a function of illumi-

(3.29)

nation time and equation (3.29) can be written in this form

m(t)na(t)
Nd — nd(t)

where C is a constant of integration of PTTL [13]. Using a similar approach as above, it can also

Sprrp =C (3.30)

be written as

exp(—t/7)Na[L = exp(—bt)]
(Ng/ngo) — exp(—At)
Chen and Mckeever [13]showed that for longer illumination time, ¢ — oo, ngy — 0, m — n, and

Sprrp =C (3.31)

Sprrr will start from 0 at t = 0 and increase smoothly to a maximum, given as

Soo = N, (3.32)

The above equations described making use of various assumptions in describing the variation of

PTTL intensity as a function of illumination time.

3.1.2 Empirical model of PTTL

Wintle and Murray [44], Alexander and Mckeever [45] developed PTTL models for the descrip-

tion of PTTL intensity as a function of illumination time. The validities of their models depend
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on numbers of assumptions in describing the behaviours of PTTL intensity profiles as a function
of illumination time. Recently, Chithambo et al [40] developed a model that explains the PTTL
intensity profile as a function of illumination time using a set of coupled differential equations.
The solutions of differential equations are linear and were formulated base on the number of
multiple donor traps and acceptor traps following preheating temperature. The solutions of the

differential equations can be applied directly on the experimental data.

Conduction band

b 1 Aa ha W As s Ay
Ny 2 ;
N, 3 . i
N3 N, 5 1
4 e 6 )L
Ns o g |
_l7
N7 1
_v
RC

Valence band

Figure 3.2: The energy band scheme used to describe PTTL in annealed synthetic quartz. Elec-
tron levels 1 through 7 are associated with electron concentration /V; as shown. The parameters
A; are each the probability of optical stimulation. Luminescence L is emitted from the recom-
bination centre RC. Where Ny, N,, N3, N4, N5, Ng, and N; are concentrations of electrons at
levels 1 through 7. The parameters A\; through \; are probabilities of optical stimulation from

these levels respectively.

The analysis is based on the assertion that only a portion of charge stimulated from a donor
is transferred to an acceptor and that any retrapping of stimulated electrons is negligible. The
change of PTTL intensity as a function of illumination time will be explained with respect to the
energy band diagram shown in Figure 3.2 N; to N7 are each the concentration of electrons at

levels 1 to 7 whereas \; through \; are the corresponding probabilities of optical stimulation.

The sample of synthetic quartz studied in this investigations have six peaks and the deep traps

making seven levels. The peaks are labeled I, 11, III, IV, V and VI position at 90, 120, 180, 210,
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240 and 340 °C respectively. The application of this model shall be discussed in the results part

of this thesis.

3.1.2.1 PTTL following preheating to 250 °C

When the sample was preheated to 250 °C following irradiation to removed peak I-V, we expect
a PTTL peak to be reproduced when at least one shallow trap has been depleted and one or more
donors are intact. But in this case, there was no PTTL peak after removal of I-IV. PTTL peak was
only reproduced following preheating to 250 to remove peaks I-V, but peak V was not completely
remove. The PTTL was only reproduced at 90 °C. The donors here are at levels 5, 6 and 7 with

only one acceptor at level 1.

The family of differential equations describing the transfer of charge from donors to the acceptor

responsible for PTTL peak 1 will be given as

dN~

T — _ )\ N 3.33
dt -N- (3.33)
dNg

% — N, 3.34
p s Ng (3.34)
dN5

0 — AN 3.35
dt s N5 (3.35)
dN;

? — —)\lNl —+ a5)\5N5 + 056>\6N6 + 047)\7N7 (336)

where a5, ag and aizare constants of proportionality. The first term in equation (3.36) concerns
the optical removal of electrons during illumination. The rest of the terms describe the retrapping
of charge from donors. The solution for the set of differential equations (3.33)-(3.36) for PTTL
peak 1 1is

N1 =A;[exp(—Ast) — exp(—Ait)] + Asexp(—Agt) — exp(—Ait)] + Aslexp(—A7t) — exp(—At)]
(3.37)
where Al = CY5>\5N51‘/()\1 — /\5), A2 = aﬁ)\GNﬁi/()\l — /\6) and Ag = &7)\7N7i/()\1 — /\7),

Ns;, Ng; and Ny; are each the concentration of electrons at electron traps levels 5, 6 and 7 at the

start of illumination.
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3.1.3 PTTL following preheating to 350 °C

To empty peaks I-VI, the sample was preheated to 350 °C to remove peaks. Two PTTL peaks
were reproduced at peak I and III. Under this preheating, it was observed that peak VI could not
be properly removed and still reappeared although the intensity of the peak extremely reduced.
Thus levels 6 and 7 are considered as donors for the PTTL peaks I and III. In this case, there are

two separate systems of two donors and two acceptors.

The set of coupled differential equations describing the case for PTTL peak I is

dN-

Y 3.38
. 7Ny (3.38)
dNg

— _ N 33
. «Ne (3.39)
AN
?#:—MM+%%%+MMM (3.40)

where bg and b; are constants of proportionality. The solution of equations (3.38 - 3.40) is given

by

N1 = Dylexp(—Agt) — exp(—A1t)] + Dofexp(—A7t) — exp(—Ait)] (3.41)

where D1 = bgA¢Ngi /(M — Xg) and Dy = by A7 N7; /(A1 — A7) and all symbols are as initially

defined. The set of coupled differential equations explaining PTTL peak III is expressed as

dNy;

— T — _\N 42
dt o 04
dNg

=5 = XN, 3.43
o 6 Ne (3.43)
dN.

d_tg — —/\3N3 + k}@)\@NG + k37)\7N7 (344)

The PTTL intensity as a function of illumination time for the acceptor associated with PTTL

peak III is
N3 = Hilexp(—Aet) — exp(—Ast)] + Ho[exp(—A7t) — exp(—Ast)] (3.45)

where H1 = 56)\6N6i/(>\3 — )‘6) and H2 = (57)\7N7i/(>\3 — )\7)
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3.1.4 PTTL following preheating to 500 °C: Sampling deep electron traps

If all the peaks in the glow curve were removed by preheating to 500 °C, two PTTL peaks were
reproduced again at position I and III. The deep trap is level 7 in this case is the donor. The

transfer of charge from the deep trap to acceptors at peak I can be expressed as

dN;

— = —MN 3.46
y Ny (3.46)
dN-

d—tl = — M\ Ny + iz A Ny (3.47)

where 117 is a constant of proportionality and all other parameters are as previously defined. The

solution of the differential equation (3.46 - 3.47) is given as
Ny = Dyexp(—Aq7t) — exp(—Ait)]. (3.48)

The dependence of PTTL intensity as a function of illumination time for acceptor III can be
found as

N3 = P1 [exp(—)\7t) — exp(—/\gt)] (349)

where D1 = puz ANy /(A — A7), Pr = 677Nz /(A3 — A7), pr and §; are constants of propor-

tionality. The application of these models shall be discussed in chapter 7.



CHAPTER 4

Instrumentation and experimental methods

This chapter briefly described the equipment and the samples used during the investigation. Risg
TL/OSL luminescence Reader model TL/OSL DA-20 was used throughout for the measurement

of both thermoluminescence and optical stimulated luminescence.

4.1 The Risg TL/OSL Luminescence Reader system

The measurement of thermoluminescence and optical stimulated luminescence was carried out
using the Risg TL/OSL luminescence Reader model TL/OSL DA-20. The system consists of
a light detection unit, a luminescence stimulation unit (thermal and optical) and an irradiation
source. The reader can accommodate up to 48 samples. Samples can be heated individually
between room temperature to 700 °C on a carousel. Figure 4.1 shows schematic diagram of
TL/OSL Reader. Figure 4.2 shows the Risg TL/OSL reader. The labelled parts are (a) controller,

(b) carousel, (c) photomultiplier tube and (d) beta irradiation source.
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Figure 4.1: The schematic diagram of Risg TL/OSL luminescence reader '.
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Figure 4.2: The Risg TL/OSL Luminescence Reader system, model DA-20.

'User manual of the Risg TL/OSL-DA-20 Reader 2011. Technical university of Denmark.
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4.1.1 Light detection system

The light detection system consists of the photomultiplier (PMT) and a detection filter. The
luminescence is detected by a photomultiplier tube (EM1 9235 QA). The photomultiplier tube
has a maximum detection efficiency between 200 and 400 nm [46]. This make it suitable for the
detection of luminescence from quartz. Figure 4.3 shows the quantum efficiency as a function
of incident photon wavelength for the EM1 9235 QA photomultiplier. Detection filters placed in
front of the photomultiplier prevent scattered stimulation light from reaching the photomultiplier
tube. The detection filter Hoya U-340 (7.5 nm thick) was used throughout this work. This filter
has transmission band between 270 and 389 nm (FWHM).
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Figure 4.3: The quantum efficiency of photomultiplier tube EM1 9235Qb as a function of photon

wavelength and energy 2.

2User manual of the Risg TL/OSL-DA-20 Reader 2011. Technical university of Denmark.
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4.1.2 Thermal stimulation system

The thermal stimulation system consist of the heating element that heats the sample. During
measurement, this positioned underneath the photomultiplier tube (Figure 4.1). The system lifts
the sample into the measurement position. Heating the sample is achieved by feeding a controlled
current through the heating element. This system can heat the sample from room temperature up
to 700 °C at heating rates between 0.1 and 10 °C s~*. The flow of nitrogen during measurement

prevents spurious luminescence from air.

4.1.3 Optical stimulation system

The basis for OSL is the stimulation of an irradiated sample with a light source providing a
selected wavelength. The sensitivity of the traps depends on the wavelength of stimulation used.
Shorter wavelength of stimulation has a greater chance of evicting charge from traps. In all the
OSL measurements presented in this thesis, 470 nm blue light and set at a power density of 72
mWcem 2 was used. The sample was stimulated at constant light intensity (continuous wave

CW-OSL mode).

4.1.4 The irradiation source

Samples were irradiated using an inbuilt beta source of isotopes *° Sr /°° Y. The irradiation is
software controlled and allows single irradiation of a sample at a time. The beta source in our

Reader emits beta particles at a nominal dose rate of 0.1028 Gy s~ .

4.2 Samples and the experimental details

The samples of synthetic quartz used for this investigation are commercial (Sawyer Research
Products, Ohio USA). The samples were used in powder form. The as-received sample are
henceforth called unannealed quartz. Other aliquots of the samples were annealed at 500, 900

and 1000 °C for 10 minutes. Sample annealed at 900 °C for 30 and 60 minutes were also used
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in this investigation. Measurement were made on the mass of 0.080 g, 0.090 g, 0.070 g, 0. 068
g and 0.082 g aliquot of the unannealed sample, annealed at 500 °C, annealed at 900 °C for 10
minutes, annealed at 900 °C for 30 minutes, annealed at 900 °C for 60 minutes and annealed
at 1000 °C respective. Annealing is a thermal treatment procedure that involves heating the
samples to a predetermined temperature, keeping them at that temperature for a defined period
of time and then cooling the samples to room temperature. Samples were annealed to erase
any remanent signal and to effect their sensitivity. In all the measurements carried out in this
investigation, samples were mounted on stainless steel disks. All measurements were made in a
nitrogen atmosphere to prevent false signals from the air and to improve thermal contact between

the sample holder and the heater.



CHAPTER 5

Thermoluminescence: Kinetic analysis

This chapter report the results of Kinetic analysis of the main peak of thermoluminescence glow
curve. The unannealed sample and the samples annealed at 500 and 900 °C were studied. Analy-
sis of thermal quenching for the three samples and their dosimetric properties are also discussed.
The aim is to study the influence of annealing on TL properties of synthetic quartz. The investi-

gation on TL properties of synthetic quartz is to determine kinetic parameters.

5.1 Introduction

The synthetic quartz used for this thesis is the same one used in previous studies [47, 48, 49]
and also the one published by Dawam and Chithambo [50]. The authors found that lumines-
cence lifetimes in synthetic quartz determined using time-resolved spectra increase with anneal-
ing temperature. The results were interpreted as evidence of increase in dominance of particular
recombination centres. Recently, Chithambo and Niyonzima [49] using radioluminescence iden-
tified seven emission bands at 2.04, 2.54, 2.77, 3.04, 3.75 and 3.91 eV and showed that the

intensity of the emission bands changes with annealing temperature. This investigation is to
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examine whether TL features of the sample including non- radiative transitions are affected by

annealing and if they are to attempt to offer some explanation.

5.2 Glow curve characteristics

The investigations on the thermoluminescence of synthetic quartz were carried out on the unan-
nealed sample, samples annealed at 500 and 900 °C. Annealing the sample to 500 °C is a heat
treatment to remove any residual signal and enhances the sensitivity of the sample. The synthetic
quartz sample used in this study changes its sensitivity owing to thermal activation [51]. If the
sample is not heated beyond a thermal activation, around 300 °C, the sensitivity is very low.
Heating it above 500 °C during measurement of TL activates it. Annealing refers to heating the
sample and holding it at a specific temperature for a given time. Since other annealing tempera-
tures were used in this study, a similar treatment had to be done at 500 °C to assess the influence
of annealing on properties and not simply to thermally activate the sample. If a comparison is
made based on annealing, all samples have to be treated in the same way. The study did not

compare samples annealed at 500 °C and those simply heated to 500 °C.

Figure 5.1 shows a glow curve of synthetic quartz annealed at 900 °C recorded at 1 °C s~ ! after
irradiation to 40 Gy. There is a single prominent peak at 84 °C and other weaker intensity ones at
164 and 240 °C. The inset shows a semi-logarithmic plot of the same glow curve as well as ones
measured from the unannealed quartz and the sample annealed at 500 °C revealed that there are
more than three peaks with additional one around 210 and 340 °C . For comparison, the unan-
nealed quartz and the sample annealed at 500 have peaks at similar positions at 70, 180 and 310
°C. All three cases show one high intensity peak. This investigation focuses only on the kinetic
analysis of the main peak. The other weaker peaks are not reliable for the study. The motivation
of this work is to study the influence of annealing on kinetic parameters and in particular to study
the effect of annealing on non-radiative transitions. Part of the work in this chapter has been

published previously [50].
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Figure 5.1: A glow curve measured at 1 °C s™' from a sample annealed at 900 °C. The inset

shows semi-logarithmic plots comparing this result with ones measured from the unannealed

sample and the sample annealed at 500 °C.

5.3 Order of kinetics

The order of kinetics of the main peak was first investigated using dependence of the peak po-

sition (7,,) on the preheating temperature (7;,,) and peak position as a function of irradiation

dose. Other methods of assessment of order of kinetics used shall be discussed in the subsequent

sections.
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5.3.1 Assessment using the dependence of T, on dose

The order of kinetics of the main peak was first assessed using the dependence of its position T,
on irradiation dose from 10 to 200 Gy. The position for the main peak for the unannealed quartz,
and samples annealed at 500 and 900°C were monitored as a function of irradiation dose. It was
found that in all cases the peak position is independent of irradiation dose at an average of 84.5
+1.3 °C for the sample annealed at 900 °C and 70.5 4+0.8 °C for the unannealed sample and
the sample annealed at 500 °C. Figure 5.2 shows the dependence peak position on the irradiation
dose for the three cases. Since the plot of peak position as a function of irradiation is independent

of irradiation dose, the peak is subject to first-order kinetics in each case [4].
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Figure 5.2: The variation of peak position with the irradiation dose for the unannealed sample

and samples annealed at 500 and 900 °C.
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5.3.2 Assessment using the T,,-T,;,, method

The partial heating method, (7,,, — Ts,,) Was also used to study the order of kinetics. The sample
was irradiated to 40 Gy and partially heated from 40 to 42 °C and after cooling heated again to

500 °C to obtain the complete glow curve. The position, T,, of the resultant peak was noted.
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Figure 5.3: Plots of T,, against T, for measurements corresponding to 40 Gy. Each data point
is an average of three measurements for the unnealed sample and samples annealed at 500 and

900°C.

The procedure was repeated with T, changed from 40 to 70 °C at intervals of 2 °C. The
measurements were run three times and the average of T,,, was obtained with the uncertainty AT’
as the standard deviation. Figure 5.3 shows the graph of 7}, as a function of preheat temperature

(Tst0p) for samples. As shown T, is independent of preheat temperature and is evidence of first-
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order kinetics [4].

The averages of these positions were found to be 70.840.2 °C for the unannealed sample and the
sample annealed at 500 °C while 85.4 +1.4 °C for the sample annealed at 900 °C. The peak was

thus confirmed to follow first-order kinetics.

5.4 Kinetic analysis

The kinetic analysis of the main peak was carried out using the initial rise, whole glow peak,

peak shape, variable heating rate and curve fitting methods for comparison.

5.4.1 The initial rise method

The initial rise method is based on assumption that in the rising part of a glow peak, the ther-
moluminescence intensity /(7") depends exponentially on temperature, 7" as given by equation
(2.17). The initial rise method was used on data within the range 5-10 % (between 20 and 36 °C)

of the maximum the main peak.

Figure 5.4 shows graphs of In(/) against 1/k7T for the unannealed sample and samples annealed
at 500 and 900 °C. The activation energy of the main peak was determined as 0.91 &+ 0.01 eV,
0.83 £ 0.02 eV and 0.77 £ 0.03 eV for the unannealed sample and samples annealed at 500 and
900 °C respectively. The values of the activation energy reported in our study are comparable
with those reported by other researchers for synthetic quartz. For example Petrov and Baillif [52]
calculated the value of activation energy of the main peak range from 0.80 to 0.99 eV, Kitis et al
[53] reported as 0.79 eV and Yazici et al [54] as 0.90 eV. A preliminary conclusion in our study

is that the activation energy slightly decreases with annealing temperature.
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Figure 5.4: In(/) against 1/kT for the unannealed sample and samples annealed at 500 and 900

°C. The solid lines represent the best fit in each cases for the main peak.

5.4.2 Whole glow curve method

The analyses were also carried out using the whole glow peak method. Figure 5.5 shows plots
of In(1 /n”) against 1/kT for the sample annealed at 900 °C. The best fit for the sample annealed
at 900 °C was obtained with be b = 1.1 and E = 0.68+0.02 eV, s’ = 52x 10" s™". The same
approach was applied for the unannealed sample and the sample annealed at 500 °C which gave
E =0.90+0.02 eV, s’ =32 x 10"%7", b = 1.2 and 0.91£0.01 eV, s’ = 2.3 x 107" b =
1.1 respectively. The values of the activation energy for the main peak again decreased with

increased with annealing temperature.
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Figure 5.5: A plot of In(1/n") versus 1/kT for different values of b for the sample annealed at
900 °C.

5.4.3 Peak shape method

The main peak was again analysed using the peak-shape method. The activation energy, E,, was
calculated using the equation (2.21). The values of C, and b, are given in equations (2.22a-
2.22c). The values of the geometrical factor for the unannealed sample and the samples annealed
at 500 and 900 °C are p1, = 0.40 £ 0.03, 0.42 £ 0.03 and 0.42 + 0.02 respectively indicating first-
order kinetics for the main peak. The values of the activation energy were evaluated as E. = 0.92
£ 0.03eV,Es =0.86 £ 0.04 eV and E,, = 0.90 £ 0.05 eV respectively for unannealed sample.
Similar calculations for the other samples gave E. = 0.92 + 0.06 eV, E; = 0.89 + 0.04 eV and
E, =0.91 £ 0.04 eV respectively for the sample annealed at 500 °C and for the one annealed
at 900 °C, E. =0.68 &= 0.04 eV, Es = 0.67 £ 0.08 eV, and E_, = 0.68 &= 0.06 eV. These results
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again suggest that the activation energy decreases when the annealing temperature is increased

to 900°C.

5.4.4 Analysis using the variable heating rate method

Kinetic parameters were also analysed using the variable heating rate method which relies on the
relationship between peak position and heating rate using equation (2.24). This technique was
employed using heating rates from 0.2 to 5.0 °C s~'. Figure 5.6 shows the plots of In(772/3)

against 1/kT,, for the unannealed quartz and samples annealed at 500 and 900 °C.
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Figure 5.6: Plots of In(T? /3) against 1/kT}, used to evaluate values of £ and s for the unnealed

sample and samples annealed at 500 and 900 °C.

The activation energy for the sample annealed at 900 °C was found as 0.52 + 0.02 eV. In com-

parison, for the unannealed sample and the sample annealed at 500 °C, the values were 0.80 +
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0.03 eV and 0.82 4 0.03 eV. The results using this method appear to underestimate the values of
E compared with the other methods used. However, the value of E still seems to decrease with

annealing to 900 °C.

5.5 Analysis using phosphorescence-based methods

This section deal with the analysis of phosphorescence. The samples were annealed at 500, 900
°C and unannealed following irradiation to 40 Gy. Phosphorescence was carried out by simply
looking at decay behaviour ( first-order kinetics) [13] and temperature-dependence of the area

under an isothermal decay-curve [30].

5.5.1 Analysis of phosphorescence using first-order kinetics

Phosphorescence is the decay of thermally stimulated luminescence as a function of time at a
constant temperature. To further check the order of kinetics of the main peak, phosphorescence

was measured between 40 and 60 °C from samples irradiated to 40 Gy.

For first-order kinetics, the phosphorescence decay follows a simple exponential decay as given
in equation (2.35). Figure 5.7(a) shows the plot of In(/) against ¢ for the sample annealed at
900 °C. The linear form confirm first-order kinetics for this data. Figure 5.7(b) shows a graphs
of In(p) against 1/kT used to evaluate the kinetic parameters for the unannealed sample and
samples annealed at 500 and 900 °C. The slopes of each plot is equal to the activation energy.
For the sample annealed at 900 °C, this was found as 0.63 £ 0.04 eV. This can be compared
with 0.96 + 0.03 eV and 1.05 £ 0.05 eV determined using the same method for the sample
annealed at 500 °C and for the unannealed sample respectively. Again, we notice a decrease in

the activation energy with annealing temperature.



Chapter 5: Thermoluminescence of synthetic quartz

52

6.4 (@)

6.0 -

5.6 1

In(l)

9.2 1

4.8 1

4.4
0

30

50

100

150
Time (s)

200

250

300

= Unannealed
*  Annealed 500 °C
4 Annealed 900 0C

269
34.5

35.0

39.9

36.0
1kT (ev-1)

36.5

37.0

IS

Figure 5.7: A graph of In(I) against ¢ for the sample annealed at 900 °C. (a) Plots of In(p) against
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5.5.2 Analysis using the area under an isothermal decay-curve

The phosphorescence was further analysed using the temperature-dependence of the area under
an isothermal decay-curve [30]. The temperature-dependence of the area ® under a small seg-

ment of a phosphorescence decay curve is described by equation (2.46).

Figure 5.8 shows such graphs for the samples annealed at 500 and 900 °C and the unannealed
sample. Using this method, the activation energy was found as 0.85 + 0.02 eV, 0.79 £ 0.12 eV
and 0.62 + 0.03 eV respectively for unannealed sample and samples annealed at 500 and 900

°C. It is also evident here that the activation energy decreases with annealing to 900 °C.
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Figure 5.8: Plots of In(®) against 1/kT" for the unnannealed sample and the samples annealed at

500 and 900 °C.
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5.6 Thermal quenching and inverse thermal quenching

This section describe the influence of heating rates on thermoluminescence intensity. The unan-
nealed sample and the samples annealed at 500 and 900 °C were used. The activation energy
of thermal quenching was evaluated from the variable heating rate method [21] and using the

temperature dependence of the area under isothermal decay curve [30].

5.6.1 Analysis for thermal quenching using the influence of heating rate

on the thermoluminescence intensity

The influence of heating rate on thermoluminescence intensity (noted as peak area) is shown in
Figure 5.9 of the unannealed sample and samples annealed at 500 and 900 °C . Results for the
unannealed sample and the sample annealed at 500 °C is shown in Figure 5.9(a) & (b). The
result for the sample annealed at 900 °C is shown in Figure 5.9(c). The intensity decreases with
the heating rate for the unannealed sample and the sample annealed at 500 °C. This behaviour is

ascribed to thermal quenching and applies for first order kinetics.

If A,(T") is the experimental quenched TL intensity and A,,, represent unquenched TL intensity

at the lower heating rates, the two are related as

A, 1
A 1+ Cexp <%f>

G.D

where AF is the activation energy of thermal quenching, C' is a constant and all other terms are
as previously defined [21]. A plot of In[(A,,/A, )-1] against 1/kT,,, should yield a straight line
with slope AFE. Figure 5.10 shows a plots for the unannealed sample and the sample annealed
at 500 °C from which AE and C were found as 0.82 +0.02 eV and 2.2x 10" for the sample
annealed at 500 °C . The results for the unannealed sample was evaluated as 0.95 4+ 0.06 eV and

3.2 x10'. These parameters compare well with AE = 0.80 eV [47] for the same quartz.
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Figure 5.9: The variation of peak intensity with heating rate forunannealed sample (a) the sample

annealed at 500 °C (b) and the sample annealed at 900 °C (c).
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Figure 5.10: The graph of In[(A,/A,,) — 1] against 1/kT,, used to evaluate the quenching pa-

rameters for unannealed sample and the sample annealed at 500 °C.

5.6.2 Inverse thermal quenching: Investigations of thermal quenching in

synthetic quartz annealed at 900 °C

The study reported in this section was published by Dawam and Chithambo [50]. The increase
of TL intensity with the heating rate in the sample annealed at 900 °C may imply the absence of
thermal quenching. Therefore, such a preliminary conclusion needs to be verified by alternative
tests. However, for the same dose of 40 Gy, the intensity of the sample annealed at 900 °C
behaves differently with the heating rate as shown in Figure 5.9(c). The TL intensity for the
sample annealed at 900 °C increases with heating rate. This could mean that the sample in

question is not affected by thermal quenching.
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It is known that luminescence emission involves competing radiative and non-radiative routes

11 + ie:ch (_AE> (5.2)

T Trad Tth kT

where 1/7,,4 is the probability of radiative emission, 1/7;, is the probability of thermal excitation

summarised as

and AF is the activation energy of thermal quenching [55]. The implications of the competing
pathways were illustrated for a-Al,O3:C [40]. The hypothesis is that if the number of electrons
undergoing radiative transitions is very low, the luminescence intensity cannot be high enough
to mask any loss due to non-radiative transitions. For this reason, any effect due to non-radiative

transition i.e thermal quenching will be manifest and can be studied.

For this test, the dependence of TL intensity on heating rate was measured again but this time
with the dose significantly reduced from 40 Gy to 3 Gy. Figure 5.11(a) shows the result. Unlike
before, the TL intensity decreases with the heating rate. The thermal quenching was quantified
as before. Figure 5.11(b) shows the plot of In[(A,,/A, )-1] against 1/kT,, from which AE
= 0.6540.02 eV and C = 2.4 x10'". It is evident that when a high dose is used, the effect of
thermal quenching does not appear. This is an important finding of the present study, that thermal

quenching has an apparent dependence on dose in the sample annealed at 900 °C.

Since the manifestation of thermal quenching depends on the irradiation dose on the sample
annealed at 900 °C, the question here is up to what level of irradiation would the TL intensity
decrease or increase with the heating rate. In this investigation we, studied this effect using
irradiation dose of 10, 15 and 20 Gy. Figure 5.12 shows the plots of TL intensity as a function
of the heating rate. It is evident that for the sample irradiated 10 Gy, the TL intensity decreases
with increase in heating rate as shown with irradiation of 3 Gy. However, when the sample
was irradiated with doses between 15 and 20 Gy, the TL intensity increases as a function of the

heating rate and resembles that for 40 Gy.
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Figure 5.12: The dependence of peak intensity as a function of heating rate for the sample

annealed at 900 °C irradiated to dose of 10, 15 and 20 Gy.

The activation energy of thermal quenching of all the sample irradiated to 10, 15 and 20 Gy were
evaluated using the temperature dependence of the area under isothermal decay curve as reported
by Chithambo [30]. This is discussed in the next section. The values of the activation energy
of thermal quenching were found as AE = 0.67 £ 0.02, 0.64 £ 0.02 and 0.68 £ 0.03 eV for

irradiation to 10, 15 and 20 Gy respectively. These results are consistent.

5.6.3 Quantifying thermal quenching using phosphorescence

The study reported in this section was published by Dawam and Chithambo [50]. The activation

energy for thermal quenching in the quartz annealed at 900 °C was again evaluated using an
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alternative method based on the use of phosphorescence [30]. If ®, is the fractional area under
a phosphorescence decay curve at a particularly high temperature where thermal quenching is
most effective and ®,,, is the fractional area under a phosphorescence decay curve measured at
lower temperatures where thermal quenching is less of an effect, these two parameters are related

as

o, 1 AE

where all symbols are as previously defined [30]. The plot of In(®,/®,,) against 1/kT should
be linear with slope equal to the activation energy of thermal quenching. The ratio ®,/®,,, was
calculated for measurements between 40 and 60 °C at 2 °C interval. Figure 5.13 shows the graph
of In(®,/®,,,) against 1/kT for the unannealed quartz, quartz annealed at 500 and 900 °C label
(a), (b) and (c) respectively.

It should be noted that this method is useful where equation (5.1) cannot be applied, for example,
if the TL intensity increases with heating rate. The values of the activation energy of thermal
quenching evaluated using this method were 0.824+0.03 eV 0.78 + 0.02 eV and 0.65 £ 0.03
eV for the unannealed sample, and samples annealed at 500 and 900 °C respectively. The value
of AE (0.65 + 0.03 eV) using the phosphorescence method is in excellent agreement with that
from the heating rate method (0.65 4+ 0.03 eV). In general, it also seems that the value of AF

decreases with annealing temperature.
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Chapter 5: Thermoluminescence of synthetic quartz 62

If the area @ is directly plotted against measurement temperature, one finds another method of

calculating kinetic parameters.
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Figure 5.14: The dependence of area (®) on the measurement temperature made of the unan-

nealed sample, sample annealed at 500 and 900 °C as indicated in the figure. The solid line

through the data points in case is the best fit of general-order glow curve using Kitis [26]

Figure 5.14 shows the plot of area(®) against measurement temperature which resembles a TL
glow peak. This peak was analysed using curve fitting method [26] where £ and b found as 1.00
+0.02 and 1.05+ 0.03 for unannealed sample. For sample annealed at 500 °C, £ = 0.99 £ 0.02
eV, b = 1.15 4+ 0.04 and for sample annealed at 900 °C £ = 0.80 £ 0.03 eV, b = 1.13 £ 0.03.

These results also show that the values of activation energy decrease with annealing.
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5.6.4 Curve fitting of the main peak

The main peak was also analysed by curve fitting. The main peak was isolated from the weaker
ones and then fittings only with the general kinetics equation (2.30). The solid line passing
through the data points is the best fit. The fitted were carried out on the unannealed sample,
sample annealed at 500 and 900 °C. Figure 5.15 shows the TL glow curve fitted with equation
(2.30) for unannealed sample, sample annealed at 500 and 900 °C. The residuals for all the three
samples are plotted and shown top of Figure 5.15. The values of the activation energy were E =
1.03 + 0.03, 0.96 £ 0.02 and 0.80 + 0.04 eV for the unannealed quartz, and the one annealed
at 500 and 900 °C respectively. The associated order of kinetics are b =1.12 +0.05, 1.06 + 0.03
and 1.14 £ 0.06 respectively, this is again first order kinetics. Using the parameters obtained
above, the frequency factor was evaluated from the equation (2.34) as 1.1 x10'%, 1.7 x10'? and
2.7 x10' s~! for unannealed sample, sample annealed at 500 and 900 °C respectively. These

results are also consistent with those from the other methods.
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Figure 5.15: The TL glow curve of the main peak measured from unannealed sample and samples
annealed at 500 and 900 °C. The data is shown fitted with equation (2.30). The residuals plot

shows the goodness of the fits.
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5.7 Dosimetric features

In this section, the influence of dose on the intensity on the unannealed sample and the samples
annealed at 500 and 900 °C is reported. The dose response was described qualitatively by the
super-linearity index in all the three samples. Influence of delay time between irradiation on the

main TL peak was also studied for the three samples.

5.7.1 Dose response of the main peak

The dose response of the main peak of the three samples was studied. Each sample was irra-
diated to different doses between 10 and 200 Gy. In each case, the maximum intensity of each
peak was noted. Each data point is an average of three identical measurements and the error
bars are the standard deviation. Figure 5.16 shows the dependence of maximum intensity as a
function of irradiation dose for the unannealed sample and the samples annealed at 500 and 900

°C respectively. The TL intensity in each case increases with the irradiation dose.

The growth curve of the dose response can be express as
I, = aDF (54

where [, represent the peak intensity, D is the irradiation dose and a, k are constants [21].

The qualitative analysis of dose response was carried out using super-linearity index for

g(D) = [(Dy"(D)/y (D)) +1] (5.5)

where g(D) is super-linearity index, v (D) and y (D) indicates the first and second derivative
of the function y(D). The super-linearity index g(D) gives the change in the slope of dose

response.

A value of g(D) < 1 indicates sub-linearity while g(D) > 1 indicate super-linearity while
g(D) = 1 signifies the linearity [21]. As seen in Figure 5.16 for all the three samples, g(D)

shows sublinear behaviours.



Chapter 5: Thermoluminescence of synthetic quartz 66

6000 (2) R Ll
=
= 20000 1
gy
24000
@ 15000 |
3
j=
i 10000 |
2000
5000
® e0
0 ‘ . ‘ : 0 . . ‘ ‘
0 50 100 150 200 O(d) 50 100 150 200
C
a5 (c) 1.00000
0.99993
“='6000 0.99990
<
gy
> 0.99983
= ~
@ 4000 | @)
o
5 S5 0.99980
R=
q 0.99975
= 2000
0.99970
0 ‘ ‘ , ‘ 0.99965
(9 0 100 150 200 0 ® 50 100 150 200
€
0.9892 ) 0.99995
0.99990
0.9890
a
= A 0.99985
0.9888 BN
0.99980
0.9886
0.99975
(2884 0.99970
0.9882 0.99965
0 50 100 150 200 0 50 100 150 200
Dose (Gy) Dose (Gy)
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g(D) as a function of irradiation for sample annealed at 900 °C. The solid line passing through

the data point are the best fit.
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5.7.2 Fading

The influence of delay time between irradiation and measurement on the main TL peak was
studied from the unannealed sample and the samples annealed at 500 and 900 °C. The fading of

the main peak could be described by an exponential function of the form
I(t) = I, exp(At) (5.6)

where I(t) is the TL intensity at time t, I, is the initial TL intensity and A is the decay constant
[13]. The intensity of the main peak was observed to decreases with time until it reaches min-
imum values after 5 hours. Figure 5.17 shows the fitted form of equation (5.6) where the solid
line through the data points is the best fit of 1(t). The decay constants were obtained from the
best fits as 2.85 x107°s71,2.92 x107° s~" and 3.10 x10~* s~" hence mean lifetime of the main

TL peak in each case are ~ 1 hour.
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Figure 5.17: Plots of TL intensity against delay time for (a) the unnannealed sample (b) the

sample annealed 500 °C (c) the sample annealed at 900 °C.
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5.8 The effect of annealing on Kkinetic paramters and thermal

quenching

Kinetic parameters evaluated using various methods are summarised in Table 5.1. These values
of the activation energy can be compared with 0.82 + 0.04 eV for a peak at 110 °C in synthetic
quartz annealed at 900 °C [53] determined using the heating rates 0.5-4 °C. A direct comparison
of the values from different samples is not instructive but evidently the order of magnitude of the
activation energy is similar. For the unannealed sample, the values of AFE compare well with

AFE =0.80 eV [47] for the sample quartz annealed at 600 °C.

This study has been published previously [S0]. Our results show that the values of E and AE
decrease with annealing temperature. It is necessary to account for this. Regarding thermal
quenching, previous studies on this quartz showed that lifetime determined from time-resolved
spectral change with annealing temperature [48] as do emission bands [49]. In particular, the
sample shows at least seven emission band between 2.04 and 3.91 eV whose amplitude depends
on annealing up to 1000 °C. The change in lifetime with annealing is ascribed to change in dom-
inant recombination centre involved in the luminescence [48, 56]. Since the activation energy for
thermal quenching depends on the emission wavelength [49], the change of AE can be ascribed

to change in dominant recombination centre with annealing.

The effect of annealing on electron traps is of interest. Computational simulations which ac-
counted for the increase in TL sensitivity with annealing e.g Chen and Fogel [57] implicitly
assumed that kinetic parameters are unaffected by annealing. On the other hand, Toktamis and
Yazici [58], who studied the effect of annealing on trap depth in synthetic quartz and natural
quartz, reported that annealing affected the trap depth of all glow peaks and that the trap depth
increased after annealing. Hence Toktamis and Yazici [58] results show that the activation energy

in quartz can be affected by annealing.

The cause of change in the activation energy of an electron trap with annealing is possible due to
a complex combination of structural and electron modification of associated point-defects due to

annealing. Previous studies using positron annihilation on the sample studied here showed that
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annealing did not produce a new defects in the sample [48]. It is likely then that the change in
activation energy is due to electronic modification of the electron trap(s). For example, oxygen or
silicon vacancies in quartz can catalyse the formation of other unstable defects which can act as
electron traps (for example see Table 2 in Preusser et al [1]). Examples of possible electron traps
in quartz are extensive and inclusive the family of E-centers and othersstabilised by the presence
of, for example H. Removal or displacement of a stabilising species can affect the electron trap
and potential it is associated with as discussed elsewhere [1]. If annealing causes a change in the
electronic configuration of an electron trap or its site, then a change in its potential with respect

to the conduction band can be reflected as a change in the activation energy as observed.
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5.9 Summary

The thermoluminescence of synthetic quartz annealed at 900 °C has been reported. Measure-
ments were also made on quartz annealed at 500 °C as well as from an unannealed sample. Glow
curves recorded at 1 °C s~ * following beta irradiation to 40 Gy from all these samples show three
peaks with a prominent peak at just below 100 °C. Kinetic analysis was carried out on this main
peak only in each case. Using various methods, the order of kinetics of this peak was determined
to be first order. It has been observed that the activation energy decreases from an average of 0.90
£ 0.02 eV to when the annealing temperature is changed from room temperature 0.65 +0.02 eV
to 900 °C. The intensity of the main peak corresponding to 40 Gy decreases with the heating rate
in a manner observed for thermal quenching for the sample annealed at 500 °C as well as the
unannealed one. In contrast, the intensity increases with the heating rate for the same dose in
the sample annealed at 900 °C, a result that may suggest an absence of thermal quenching in this
case. When the experiment on the sample annealed at 900 °C is instead made using a low dose of
3 to 10 Gy, the intensity decreases with heating rate. The activation energy for thermal quenching
for samples annealed at 900 °C, 500 °C and the unannealed one were evaluated as 0.65 +0.02 eV,

0.82 £0.02 eV and 0.95 £0.06 eV showing that annealing also affects recombination centres.



CHAPTER 6

Thermal assistance and quenching related to deep electron

traps

In this chapter, we present the characteristics related to deep traps in synthetic quartz. The study
was carried out using optical stimulation luminescence. The aim of this chapter is to determine
kinetics information using CW-OSL signals from samples annealed at 500 °C, 900 °C for 10, 30,
60 minutes and a sample annealed at 1000 °C. We present results of investigations on the OSL
signal obtained by optical stimulation of deep traps in synthetic quartz using 470 nm blue LEDs.

The activation energy of thermal assistance and that of thermal quenching were evaluated.

6.1 Introduction

The application of dosimetric techniques such as thermoluminescence has numerous limitations
during experimental work. Some of these limitations are anomalous fading, changes in the prop-
erties of the sample due to heating or non-linear dose dependence [59]. To overcome some of

these limitations, Huntley et al [60] used a method of optically stimulated luminescence (OSL).

74
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Deep traps which are the focus of this chapter, refer to those traps that are thermally inaccessible
when the luminescence material is heated from room temperature to a high temperature of say
500 °C [61]. Itis difficult to examine deep traps using conventional TL. However, the OSL signal
from deep traps can be measured [62]. The OSL signal observed after preheating quartz to 500
°C is apparently due to deep traps since the shallow and the main traps which would give rise to
this OSL signal are empty. The only likely source of the OSL are there deep traps. The presence
of deep traps using thermally assisted OSL has been reported in many luminescent materials,
such as Al;O3:C [38, 63] and natural quartz [62, 64]. The measurements of the OSL as a func-
tion of temperature provides an alternative method for estimating some kinetic parameters like
the activation energy of thermal assistance, the activation energy of thermal quenching and the

frequency factor of the non-radiative process [65, 66].

This chapter is concerned with the study of deep electron traps using thermally assisted OSL.
The effects of annealing temperature, duration of annealing, stimulation time and irradiation
dose on the activation energy of thermal assistance and the activation energy of thermal quench-
ing were investigated. Previous studies on this same quartz using time-resolved luminescence
showed that lifetime changes with annealing temperature [48]; the amplitude of emission bands
increases with annealing temperature and the intensity increases with duration of annealing tem-
perature above 700 °C as noted using radioluminescence [49]. The activation energy of thermal
quenching also seems to decrease with annealing temperature (recombination centres affected)
as concluded using thermoluminescence [50]. The influence of the factors stated above on the
profiles of OSL as a function of measurement temperature is also of importance. Measurements

were made using CW-OSL and the role of thermal assistance in the process was examined.

6.2 Thermal assistance and thermal quenching

Thermal assistance and thermal quenching are two separable thermodynamic effects that affect
stimulation of luminescence simultaneously [67]. Thermal assistance affects the rate of optical

eviction of charge and thereby drastically affects the initial luminescence intensity. In terms of



Chapter 6: Thermal assistance and quenching related to deep electron traps 76

intensity, the process of thermal assistance was initially discussed by Spooner [68].

The derivation of thermal assistance and thermal quenching processes used in this section is
described in the work published by Chithambo [66]. This is according to the Mott-Seitz configu-
ration coordinate model as described for fluorescence and adapted for stimulation luminescence
processes. The distribution of luminescence lifetimes with temperature 7' consists of radiative,
phonon-assisted and non-radiative terms as

hw AFE
+ ycoth (k:_T> + vexp (k:_T) (6.1)

T Trad

where 7 is the lifetime of the excited state at the luminescence, 7,,4 1S the radiative lifetime at
absolute zero temperature, v is a constant, w is the phonon vibration frequency, % is planck’s
constant, k is Boltzmann’s constant, AF is the activation energy of thermal quenching and v is

the frequency factor of non- radiative process [66, 55].

The temperature dependence of the excited state mean lifetime is expressed as follows if the

phonon-assistance contribution is ignored

Trad

T) = 6.2
") = [ Cop(ABRT) 62)
where C' = vT,qq.
The intensity in time-resolved can be written as
I(t) = / Liexp(—t/7;)dt = I, (6.3)
0

where 7; and I; are lifetime and amplitude of the ith component respectively. The intensity at
any constant temperature 7" for constant lifetime 7, is I(T") = I;7, = I,. It follows that the
temperature dependence of luminescence corresponding to the process explained in equation

(6.2) is
I= o
- 1+ Cexp(—AE/KT)

where all parameters are as previously defined [67].

(6.4)

In some cases, the luminescence intensity initially increases with measurement temperature due

to the effect of thermal assistance [68]. The overall intensity goes through a peak as a function
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of measurement temperature. To account for this behaviour, an additional Boltzmann term needs

to be added to the total probability of luminescence emission in equation (6.1) as

1 1 —AFE E,
; = Trad + {V exp (k—T>:| exp (k_T) (65)
from which
ra Ea kT
r = — TraaoXp(Eo/kT) (6.6)
1 4+ vTaaexp(—AE/KT)
and by similar arguments, leading to equation (6.4), one finds
I —E,/kT
o oxp (—Eo/kT) 6.7)

T 1+ Cexp(—AE/KT)
where all terms are as previously defined [66, 68]. The advantages of using equation (6.7) is that,
it enables the evaluation of multiple kinetic parameters such as F,, AF and C. The value of the
constant C' provides a means to determine the frequency factor for the non-radiative process [66].
The effect of thermal assistance and thermal quenching are independent of each other [68, 69,
70]. Chithambo and Galloway [67] studied thermal assistance and thermal quenching separately.
In their study, they confirmed that the effects are truly independent. Equation (6.7) describes the

effects of the two processes i.e thermal assistance and thermal quenching.

6.2.1 Profile of deep traps in CW-OSL

The characteristic profiles of luminescence (CW-OSL) from deep traps in annealed synthetic
quartz was monitored using the following steps:

Step 1: The sample was first heated to 500 °C to clear the background signal.

Step 2: The sample was irradiated to 100 Gy at room temperature to populate electron traps.
Step 3: The sample was heated to 500 °C to clear the main trap and all secondary electron traps.
Step 4: The sample was illuminated using 470 nm blue LEDs for 10 s at room temperature dur-
ing which the CW-OSL from deep traps was recorded.

Step 5: Heating to 500 °C to record the PTTL peak induced by phototransfer after the CW-OSL
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measurement. The procedure was repeated for temperature between 30-200 °C.
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Figure 6.1: Variation of conventional and deep traps of CW-OSL intensity measured during

stimulation 470 nm blue LEDs.
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For comparison, the same procedure above was repeated skipping step 3 to monitor conventional
or shallow traps OSL. Figure 6.1 shows the plots of OSL intensity against stimulation time for the
sample annealed at 900 °C comparing conventional OSL intensity (shallow traps) with that from
the deep traps. It can be observed that the profile of deep traps in CW-OSL intensity is different
from that of the conventional OSL regardless of the measurement temperature. The conventional

OSL signal decays faster than that from deep traps for all measurement temperatures.

6.2.2 Dependence of luminescence intensity on temperature

The influence of temperature during stimulation on the intensity of continuous wave optically
stimulated luminescence (CW-OSL) was investigated. The measurement was carried out on the
sample annealed at 900 °C for 10 minutes. The sample was irradiated to 100 Gy prior to heating
to 500 °C to empty all electron traps in this range. The high dose was used to effectively fill
deep traps. The sample was then exposed to 470 nm blue LEDs for 10 s at room temperature and
finally heated to 500 °C to clear residual signal from electron traps. Similarly the sequence of
the measurements was made with the temperature reversed from 200 to 30 °C. The entire OSL
decay curve was integrated to obtain the intensity at each measurement temperature. Figure 6.2
shows the plots of the integrated OSL intensity as a function of measurement temperature for
the two sequences. In both cases, the integrated OSL intensity against measurement temperature
goes through a peak at a maximum temperature of 130 °C for the two measurements. The
difference in OSL intensity between the two runs of the measurements represents a loss of OSL
signal as reported elsewhere [67] and that loss in OSL intensity could be due to a sequence of

measurements at elevated temperature.

The solid line through the data points is the best fit of equation (6.7). The activation energy of
thermal assistance, thermal quenching and constant C' were evaluated from the fits. These values
are £, = 0.089 + 0.004 eV, AE = 0.82 +0.03 eV and C' = 1.42 x 10° for the measurement
runs from 30-200 °C. When the measurement sequence was reversed, the activation energy of
thermal assistance, thermal quenching and the constant C' were calculated as 0.075 4+ 0.002 eV,

AFE = 0.84 £0.03 eV and C' = 5.46 x 10° respectively. These sets of kinetic parameters are
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consistent. The values of activation energy of thermal quenching is in good agreement with that
of Chithambo et al [48] obtained using TR-OSL for the sample annealed at 500 °C reported as
0.82 £ 0.03 eV or that of Petrov and Bailiff [34] reported as 0.78 &= 0.01 eV for the annealed

sample of synthetic quartz.
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Figure 6.2: The relationship between integrated OSL intensity and measurement temperature for

the sample annealed at 900 °C. The lines through data are the best fit of equation (6.7).
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6.2.3 Analysis on the conventional OSL decay curves

A study of the behaviour of conventional OSL decay curves was carried out on the sample an-
nealed at 900 °C for 10 minutes. The same experimental procedure described in section 6.2.1
was carried out, skipping step 3. The measurement was repeated for the stimulation temperature
between 30-200 °C. Figure 6.3 shows the CW-OSL intensity plotted against stimulating time for
the temperatures 130 and 200 °C and the inset is the same plot for the temperature of 30 °C. It
can be observed that for the temperature of 30 °C, the profile of CW-OSL intensity as a func-
tion of stimulating time is peak shape like. However, as the temperature increases, the CW-OSL

intensity decreases monotonically and weakens in intensity as illustrated in Figure 6.3 for 200

°C.
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Figure 6.3: The OSL intensity as function of stimuation time for measurement temperature of

130 and 200 °C. Inset is same plot for the temperature of 30 °C.
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The CW-OSL intensity for each measurement temperature in the interval of 10 °C was again
obtained by integrating the entire CW-OSL as a function of stimulating time. The integrated
OSL intensity was then plotted against stimulated temperature as shown in Figure 6.4. The OSL
intensity increases between 30 and 70 °C and decreases thereafter. The change in OSL intensity
could not be satisfactory fitted with equation ( 6.7). Quantitatively, the intensity increase owing

to thermal assistance.
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Figure 6.4: The graph of Integrated OSL intensity against measurement temperature 30-200 °C.
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6.2.4 Effect of annealing temperature on the luminescence intensity

Figure 6.5 shows the observed luminescence intensity for samples annealed at 500, 900 and 1000
°C for 10 minutes before use. Samples were irradiated to 100 Gy each time before measurement
at each temperature, preheated to 500 °C followed by CW-OSL using 470 nm light for 10 s and
finally heated to 500 °C to measure the residual signal. In each of the measurements, the inte-

grated OSL intensity was obtained and plotted as a function of measurement temperature.

The CW-OSL intensity increases with increase in annealing temperature at 500, 900 and 1000
°C. This observation is important because annealing induces change in luminescence sensitivity.
This change in the luminescence intensity can be explained by a mechanism involving an alter-
ation in the concentration of recombination centres. Quartz undergoes phase inversion at 573 and
870 °C [1] leading to significant changes in the OSL signal. It has been pointed out by Aitken

and Smith [71] that thermal treatment influences sensitivity in OSL of quartz.

The kinetic parameters for samples corresponding to different annealing temperature were cal-
culated again by fitting. The resulting values of the activation energy of thermal assistance and
the activation energy of thermal quenching (F, and AFE) are £, = 0.40 + 0.03 eV, AF =
0.59 + 0.02 eV for the sample annealed at 500 °C. The constant C' for the sample was calculated
to be 2.26 x 107. For the sample annealed at 900 °C, the kinetic parameters are respectively
E, = 0.075 + 0.005 eV, AE = 0.82 4+ 0.02 eV and C = 5.46 x 10°. Similarly, when the
annealing temperature was increased to 1000 °C the activation energy of thermal assistance,
thermal quenching and constant are given as F, = 0.216 £ 0.002 eV, AE = 0.59 +0.03 eV and
C = 3.40 x 10°. These values of the activation energies of thermal quenching are consistent for
the different annealing temperature. It is not immediately clear why some F, values are large.

This may be due to the problem with the fitting.
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6.2.5 Influence of duration of annealing on CW-OSL intensity

The influence of duration of annealing on synthetic quartz was investigated. Samples were an-
nealed at 900 °C for 10, 30 and 60 minutes prior to use. The same experimental procedure of
section 6.2.1 was used for this investigation. Figure 6.6 shows the graphs of integrated OSL
intensity against measurements temperature for the samples annealed for 10, 30 and 60 minutes.

The intensity decrease with increase in duration of annealing as seen in Figure 6.6.

The activation energy of thermal assistance and the activation energy of thermal quenching were
also quantified by fitting the data with equation (6.7). Figure 6.6 shows the best fits of CW-OSL
intensity as a function of temperature for samples annealed for 10, 30 and 60 minutes respec-
tively. The activation energy of thermal assistance and that of thermal quenching for the sample
annealed for 10 minutes were evaluated as £, = 0.074 £ 0.002 eV, AE = 0.65 &+ 0.02 eV.
When the duration of annealing was increased to 30 and 60 minutes, the kinetic parameters were
found to be £, = 0.094 £ 0.005 eV, AE = 0.74 £ 0.03 eV and £, = 0.063 + 0.004 eV,
AFE = 0.75 £ 0.02 eV. The values for the constant C' for the samples annealed for 10, 30 and
60 minutes were 3.91 x 10°,1.89 x 10° and 3.70 x 10° respectively. These values of the activa-
tion energy of thermal assistance and quenching are consistent for the three different duration of
annealing. The values of the activation energy of thermal quenching are consistent duration of

annealing. This show that the recombination centre is not affected by duration of annealing.
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6.2.6 Effect of radiation dose on OSL intensity

Figure 6.7 shows the plots of integrated OSL intensity against measurement temperature for
doses of 40 and 50 Gy. The study was carried out on the sample annealed at 900 °C for 10
minutes. The OSL intensity increases with the irradiation dose. The values of the activation
energy of thermal assistance and thermal quenching were again calculated from fitting the data
with equation (6.7). The activation energy of thermal assistance for the two separate doses of 40
and 50 Gy are 0.033 + 0.002 eV and 0.023 4 0.003 eV respectively. The values of the activation
energy of thermal quenching for the sample irradiated to 40 and 50 Gy respectively are 0.73 £
0.03eV and 0.72 £ 0.03 eV. These values of activation energies for thermal quenching for the two
separate doses 40 and 50 Gy can be compare with those reported by Dawam and Chithambo [50]
as 0.65 £ 0.02 eV using TL analysis. The values of the activation energy of thermal quenching

for the two separate doses are similar to each other.
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Figure 6.7: Variation of integrated OSL intensity with measurement temperature for a sample

irradiated to a dose of 40 and 50 Gy
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6.2.7 Influence of illumination time on CW-OSL intensity

The sample annealed at 900 °C for 10 minutes was irradiated to 100 Gy prior to heating to 500
°C. The OSL was then measured for stimulation time of 100 s and finally heated to 500 °C to
clear residual charge. The measurement was repeated for the temperature between 30-200 °C.
The whole exercise was repeated but, in this case, the stimulation time was changed to 500 s.
Figure 6.8 shows the variation of integrated CW-OSL with measurement temperature. The ob-
served profiles are similar for longer illumination time. It can be observed that the OSL intensity

increase with illumination time.
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Figure 6.8: The graphs of integrated OSL intensity as a function of measurement temperature for

stimulation time of 100 s and 500 s.
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The activation energy of thermal assistance and thermal quenching was dertermined by fitting
equation (6.7). The values of activation energy of thermal assistance for the illumination time
of 100 and 500 s were 0.089 £ 0.003 eV and 0.079 +£ 0.004 eV respectively. Additionally, the
activation energies of thermal quenching were estimated respectively as 0.85 4+ 0.03 eV and
0.64 4 0.04 eV for stimulation time of 100 and 500 s and the constants C' were also evaluated as
1.18 x 10% and 1.51 x 10° respectively. It can be observed that the activation energy of thermal

quenching vary slightly with an increase in illumination time.

6.2.8 Effect of preheating on CW-OSL intensity

The influence of preheating temperature on the CW-OSL was investigated on the samples an-
nealed at 500, 900 and 1000 °C for 10 minutes. The experimental procedure follows the same
steps as in sections 6.2.1, except that in step 3 the sample was preheated to 300 °C. The exercise
was done for the stimulation temperature between 30 - 200 °C. The effect of preheating tem-
perature between 20 to 200 °C on lifetime was investigated by Ogundare and Chithambo [72].
Their investigation revealed that lifetime is independent of preheating temperature. However, our
interest in this section is to study the effect of preheating temperature on the activation energy of

thermal assistance and the activation energy of thermal quenching using OSL from deep traps.

Figure 6.9 shows the plots of integrated OSL intensity for the three samples annealed at 500, 900
and 1000 °C. Interestingly, under identical investigation, CW-OSL intensity increases with an
increase in annealing temperature at 500, 900 and 1000 °C. These changes in sensitivity can be

ascribed to alteration in the concentration of recombination centres [73, 74].

The kinetic parameter was evaluated by fitting the data with equation (6.7) and the lines through
the data points are the best fits. The fitting parameters associated with the activation energy
of thermal assistance, thermal quenching and constant C' were evaluated as 0.095 4+ 0.004 eV,
0.7940.03 eV and 1.71 x 10° respectively for the sample annealed at 500 °C. For the sample an-
nealed at 900 °C, the parameters were 0.121 +0.003 eV, 0.64 +0.03 eV and C' = 2.58 x 10" and
for the sample annealed at 1000 °C, the kinetic parameters were also evaluated as 0.081 £ 0.03

eV, 0.69 + 0.03 eV and C' = 1.78 x 107 . These results are presented in Table 6.1. The values
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of activation energy of thermal quenching after preheating to 300 °C is in satisfactory agreement
with that of the sample preheated to 500 °C. This shows that preheating to 300 °C has a negligible
influence on the values of the activation energy of thermal quenching. The values of activation
energy of thermal quenching reported in the present work are in agreement with those reported

by Chithambo [75, 47] using time-resolved on the same sample of synthetic quartz.

The kinetic parameters for the samples annealed at 500, 1000 and 900 °C for 10, 30 and 60 min-
utes are listed in Table 6.1. In particular, the value of the activation energy of thermal quenching
using thermally assisted OSL is consistent with that for the main peak using TL analysis as re-
ported by Dawam and Chithambo [50]. There is no systematic dependence of the activation
energies of thermal assistance and the activation energy of thermal quenching on the annealing
temperature or duration of annealing or irradiation dose. The values of the activation energy of
thermal quenching with illumination time decreases with increase in the duration of illumina-
tion. The value of constant C' from the fit provide a means to evaluate the frequency factor for
non-radiative process given as

C = VUTrad (6'8)

where 7,4 is the luminescence lifetime of radiative transition, v is the frequency factor for the
non-radiative and C' is the dimensionless constant [66]. Since the value of 7,4 for this particular
sample was measured by Chithambo et al [48], equation (6.8) can be use to evaluate the fre-
quency factor for non-radiative Table 6.1 summarises the values of activation energies of thermal

assistance, thermal quenching and the frequency factor on non-radiative process calculated.
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Figure 6.9: Integrated OSL intensity as a function of measurement temperature after preheating

to 300 °C for sample annealed at (a) 500 °C (b) 900 °C and (c) 1000 °C.
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6.3 Effect of measurement temperature on phototransferred

thermoluminescence

The influence of measurement temperature on phototransferred thermoluminescence induce by
the CW-OSL was investigated on the sample annealed at 900 °C for 10 minutes. The experimen-
tal procedure was that the sample was irradiated anew at for a run at each temperature to 100
Gy followed by preheating to 300 °C to remove peaks I-V in the glow curve. The sample was
then exposed to 470 nm blue LEDs for 10 s at room temperature and finally heated to 500 °C to
record any PTTL peaks. Three PTTL peaks were reproduced at 80, 136 and 200 °C and labelled
Al, A2 and A3. The PTTL peaks were monitored for each measurement temperature between
30 and 200 °C at constant illumination time of 10 s. The PTTL peak position was constant. Fig-
ure 6.10 shows the plots of PTTL intensity against measurement temperature for the three PTTL
peaks reproduced. As shown in Figure 6.10(a) the PTTL intensity initially increases with mea-
surement temperature and thereafter decreases monotonically for peaks Al and A2. However,
for peak A3, the PTTL intensity increases with measurement temperature between 30 -100 °C
and then subsequently decreases monotonically to 200 °C. The increase in the PTTL intensity
with measurement temperature is associated with the phenomenon of thermal assistance. The
decrease beyond 100 °C may be due to the combination effect of less retrapping at the main trap
of charges stimulated from the deep traps and thermal quenching at recombination sites at higher

temperature.

The activation energy of thermal assistance and thermal quenching of peak A3 was evaluated
also by fitting the data of PTTL intensity as a function of measurement using equation (6.7). The
parameters were found as F, = 0.044+0.002 eV, AE = 0.764+0.01 eV and C' = 4.39 x 103 il-
lustrated in Figure 6.10(b). The values of the activation energy of thermal assistance and thermal
quenching are consistent with the calculated ones reported in the previous sections. The detailed

explanation regarding PTTL profiles and their analysis shall be presented in chapter 7.



Chapter 6: Thermal assistance and quenching related to deep electron traps

93

PTTL intensity (a.u)

PTTL intensity (a.u)

(a)

10000

8000 +

6000 -

4000 -

2000 -

(b)

5000

20

40

60

80 100 120

140

4000

3000 A

2000 4

1000 -

A3

50

100

150

OSL exposure temperature (°C)

200

Figure 6.10: Plots of PTTL intensity as a function of measurement temperature after preheating

to 300 °C for peak (a) Al and A2 (b) A3 fitted with equation (6.7).
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6.4 Dependence of photoionisation cross-section on measure-

ment temperature

The results reported in this section are data obtained after preheating to 300 and 500 °C in section
6.2.8. The data was fitted with a sum of three components i.e fast, medium and slow components

using the following expression

Iost, = Aexp(—2) + Bexp(—) + Cexp(—) (6.9)
TA B e

where A, B and C' are scaling constants and 74, 7 and 7¢ are the decay constants in the unit of
(s) for fast, medium and slow components respectively. The decay rate does not provide infor-
mation about the optical properties of the traps involved in the OSL process. Therefore, we need
to examine the photoionisation cross-section and its dependence on the stimulation temperature.
The photoionisation cross-section refers to electron transition from a discrete bound defect state
to the quasi-continuum density of states in the conduction band (electron emission) or to electron
transition from the valence band to a localized level (hole emission)[14]. The decay rate yields
the information about the interaction between the incident photons and the charge trapping states
in the synthetic quartz. Since the decay constant is 7 = 1/0®, where o is photoionisation cross-
section and @ is the intensity of stimulating light [76, 31], these values of decay constants were
obtained by fitting the experimental data of CW-OSL intensity as a function of illumination time
as shown in Figure 6.11(a) & (b) after preheating to 300 and 500 °C respectively . The values

of decay rate at each measurement temperature were then used to calculate the photoionisation

cross-section corresponding to the fast, medium and slow components.

Figure 6.12 shows the plots of photoionisation cross-section (o) as a function of measurement
temperature obtained after preheating to 300 °C for the fast, medium and slow component re-
spectively. As seen in Figure 6.12(a), photoionisation cross-section increases between 30-140 °C
and thereafter decreases. The increase is similar to a manner of thermal assistance and decrease
as thermal quenching respectively for the fast component. However, for the medium and slow

components it decreases with measurement temperature.
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Figure 6.11: OSL intensity against time fitted with equation (6.9) after preheating to (a) 300 °C
and (b) 500 °C
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Figure 6.12: Dependence of photoionisation cross-section (o) against measurement temperature

after preheating to 300 °C for (a) fast component (b) medium component and (c) slow component

In a similar way, the data for the sample preheating to 500 °C were fitted using equation (6.9).
Coincidentally, the values for decay rate for the fast components of the OSL were all negligi-

ble for all the measurement temperature under investigation. Figure 6.13 shows the plots of
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photoionisation cross-section against measurement temperature for the medium and slow com-

ponents. The negligible values for the decay rate of the fast component could be attributed to
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Figure 6.13: Dependence of photoionisation cross-section on the measurement temperature after

preheating to 500 °C.

depletion of the main trap leaving on only the deep trap active. As it is shown in Figure 6.13,
the photoionisation cross-section for the medium component increases from room temperature to

120 °C. This behaviour of photoionisation cross-section was reported by Singarayer and Bailey
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[77]. For the case of slow component, the photoionisation cross-section increases with measure-

ment temperature.

6.5 Summary

Thermally assisted CW-OSL from the sample of annealed synthetic quartz has been studied.
Measurements were carried out using 470 nm light at temperatures between 30 and 200 °C. The
sample was irradiated to 100 Gy followed by preheating to either 300 or 500 °C in all cases. The
preheating temperature to 500 °C was to enable measurement of signal of deep traps present in
synthetic quartz. In all cases, the CW-OSL goes through a peak as a function of measurement
temperature. Using CW-OSL, the intensity was found to increase with stimulation time and an-

nealing temperature.

The activation energies of thermal assistance and thermal quenching have been evaluated. The
values of activation energies of thermal quenching are consistent for all the experimental condi-
tions. The values of activation energies of thermal assistance characterise the trapping process

during optical stimulations were also evaluated.

The PTTL intensity as a function of measurement temperature was monitored between 30-200
°C. Peak A3 increases with measurement temperature between 30 - 130 °C and afterwards de-
creases monotonically in a manner of thermal assistance and quenching respectively. The activa-
tion energy of thermal assistance and thermal quenching were evaluated as £, = 0.044 £ 0.002

eV, AE =0.76 £ 0.01 eV.

The OSL data obtained after preheating to 300 and 500 °C were fitted with the sum of sev-
eral first-order exponential decay components to examine the variation of photoionisation cross-
sections. Photoionisation cross-section increase for the fast component and thereafter decreases
for preheating to 300 °C. For the medium and slow component the photoionisation cross-section
all show a decrease with increase in measurement temperature. In contrast, preheating to 500 °C
removes the fast component leaving only the medium and the slow components from the decay

curve.
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Phototransferred thermoluminescence

The detailed analysis of phototransferred thermoluminescence (PTTL) is presented in this chap-
ter. Samples were annealed at 500 °C for 10 minutes, 900 °C for 10, 30 , 60 minutes and
annealed at 1000 °C for 10 minutes. The kinetic parameters of the PTTL peaks were determined.
The dependence of the PTTL intensity profile on illumination time is modelled using various
combinations of an acceptor and donors using coupled linear differential equations following the

empirical model of Chithambo et al [40].

7.1 Introduction

Phototransferred thermoluminescence has been used for various objectives such as the study of
TL mechanisms [40] understanding annealing induced changes in the concentration of deep elec-
tron traps [78, 79] and for dosimetry [42]. The appeal of PTTL for dosimetry is exemplified in
recent reports [43, 80] . Whereas the basis for dosimetry for irradiated samples is the link be-
tween irradiation dose and intensity, that under PTTL is the dose due to optical transfer from a

donor.

100
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The PTTL observed in natural and synthetic quartz has been associated with the emptying of
electron traps at 325 °C [45, 81] or 375 °C [82]. Alexander and McKeever [45] described PTTL
using a theoretical case of two-electron traps and one recombination centre, the same set-up used
by Wintle and Murray [44] to account for PTTL in natural quartz. Their model was essentially
a system of one donor and one acceptor. In comparison, Chithambo et al [40, 41] used sets of
coupled linear differential equations to explain experimental results of PTTL from Al,O5 : C

and unannealed synthetic quartz using systems of an acceptor and multiple donors.

The method described by Chithambo et al [40, 41] differs from that of Alexander and Mck-
eever [45]. Alexander and Mckeever [45] described the transport of electrons involved in the
PTTL process during irradiation, preheating, illumination and heating using sets of non-linear
differential equations. These equations do not have analytical solutions. As such, numerical ap-
proximations are used to predict the behaviour of the PTTL intensity as a function of illumination
time. The method of Chithambo et al [40] was formulated to describe the transfer by light, of a
portion of electrons from a donor to an acceptor only during illumination. The differential equa-
tions are set up based on the number of donors corresponding to an acceptor during illumination.
The number of acceptors or donors is not fixed but varies depending on experimental results. The
system of coupled differential equations devised this way has analytical solutions which can be

applied directly to experimental data.

This chapter aims to study PTTL from annealed synthetic quartz. In this investigation, the sam-
ple of synthetic quartz was annealed at 500 °C for 10 minutes, 900 °C for 10, 30, 60 minutes and
finally 1000 °C for 10 minutes. The influence of annealing and that of the duration of annealing
on the PTTL are thus of interest in this investigation. The dependence of the PTTL intensity
profile on illumination time is modelled using various combinations of an acceptor and donors
using coupled linear differential equations following the empirical model of Chithambo et al.
[40]. The system of an acceptor and donors is determined by experiment. Complementary stud-
ies of the kinetic analysis of the PTTL peaks, thermal quenching and competition effects are also

described.
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7.2 Glow curve characteristics

Figure 7.1 shows glow curves of synthetic quartz annealed at 500 °C for 10 minutes, 900 °C for
10, 30, 60 minutes and 1000 °C for 10 minutes recorded at 1 °Cs™' after irradiation to 200 Gy.
The high dose was used to facilitate the measurement of PTTL. There are three distinguishable
peaks at or near 76, 120 and 180 °C for the samples annealed at 500 °C. The inset shown in
Figure 7.1(a), on a semi-logarithmic scale is the same glow curve for the sample annealed at 500
°C. The latter shows that there are in fact more than just three peaks with additional ones apparent
near 200, 240 and 350 °C. For the sample annealed at 900 °C for 10 minutes , the glow curve has
six peaks at positions of 90, 122, 176, 210, 240 and 340 °C. The sample annealed at 900 °C for
30 minutes has peaks at 80, 110, 136, 196, 240 and 330 °C while for the sample annealed at 900
°C for 60 minutes the peaks are at the position 80, 110, 134, 188, 235 and 340 °C. Similarly when
the sample was annealed to 1000 °C for 10 minutes it also showed six peaks at the position of
74, 120, 135, 190, 220 and 345 °C . The presence of six peaks in the glow curves was confirmed
by the thermal cleaning, a method for separating peaks described by Mckeever [4] and was also
reported by Chithambo and Niyonzima [41] on the same sample of quartz. Part of the work in

this chapter has been published [83].
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Figure 7.1: The TL glow curves measured from samples annealed at (a) 500 °C and in the inset
shown on a semi-logarithmic scale, is the same TL glow curve of the sample annealed at 500
°C to better show the presence of other peaks (b)The samples annealed at 900 °C for 10, 30, 60

minutes and 1000 °C at a heating rate of 1 °C s~ following beta irradiation of 200 Gy.
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7.3 General features of PTTL

The PTTL test measurements were made by preheating a sample irradiated to 200 Gy in turn to
120,180, 250, 350 and 500 °C to remove peaks I, I-III, I-V and I-VI in succession. The proximity
of peaks II and IV to the next in the series restricted preheating to remove one peak at a time.
After each preheat, and cooling to room temperature, the sample was exposed to 470 nm blue
light for a given time and reheated to 500 °C to measure the complete glow curve. Any presence
of PTTL peak(s) was monitored at this stage. The PTTL corresponding to preheating to 500 °C,
that is, from any deep electron traps was studied only for the quartz annealed at 900 °C for 10
minutes. The signal in the samples annealed at 500, 1000 °C and that of the samples annealed at

900 °C for 30 and 60 minutes was too low for reliable study.

When the sample annealed at 500 °C was preheated to 120 °C to completely remove peak I, there
was no PTTL peak observed. This search for PTTL peak was continued for peaks I, I and III
following preheating to 180 °C. But when peaks I-IV were completely removed after preheating
to 250 °C, a PTTL peak was observed at 74 °C. When peaks I-V were removed following pre-
heating to 280 °C, a PTTL peak was again reproduced at the same position as before at 76 °C
and label Al. Following the removal of peaks I-VI by preheating to 340 °C, a PTTL peak was

found at 76 °C but its intensity was too low for reliable study.

When the sample annealed at 900 °C for 10 minutes was preheated to 120 °C to remove peak
I, no PTTL was observed. Furthermore, no PTTL was seen after removal of peaks I, II and
III following preheating to 180 °C. However, after complete removal of peaks I-IV following
preheating to 250 °C and indeed after completely removing the first five peaks by preheating to
350 °C, two PTTL peaks were observed at 90 °C and 176°C. We label these peaks as Al and
A3. Although the purpose of preheating to 250 and 350 °C was to remove peaks [-V and I-VI
respectively, each preheat still left a remnant of peak V and VI. Further, when all the peaks (I -
VI) were removed by preheating to 500 °C, only two PTTL peaks were seen at 100 and 176 °C.
Figure 7.2(a) shows examples of PTTL peaks reproduced after preheating to 350 and 500 °C in

the sample annealed at 900 °C for 10 minutes.
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For the sample annealed at 900 °C for 30 minutes, only peak A1 was reproduced at 80 °C after
preheating to either 250 or 350 °C. No clear PTTL peak was observed after preheating to 500
°C. Whereas, for the sample annealed at 900 °C for 60 minutes, PTTL peaks were observed at
80, 134 and 188 °C after preheating to either 250 or 350 or 450 °C. Figure 7.2(b) shows the
PTTL peaks induced after preheating to 350 °C in the sample annealed at 900 °C for 60 minutes
and labelled A1, Al and A3. In summary, three PTTL peaks were reproduced for the sample
annealed at 900 °C for 60 minutes, whereas two for the sample annealed at 900 °C for 10 minutes
and only one peak for the sample annealed at 900 °C for 30 minutes. Interestingly PTTL peaks
were not reproduced when samples annealed at 900 °C for 30 and 60 minutes were preheated to
or above 500 and 560 °C . The latter result either means that the occupancy of any available deep

electron traps is negligible even for a dose of 200 Gy.

Additionally, when the sample was annealed at 1000 °C, again three PTTL peaks were repro-
duced after preheating to either 250 or 350 °C. The peaks were reproduced at the position 74,
124 and 196 °C labelled Al, A2 and A3 respectively. In comparison, the PTTL of the same
synthetic quartz but unannealed was studied by Chithambo et al[41]. In their study, PTLL was
investigated at a preheating temperature below 450 °C and only one peak was reproduced. This
same quartz was annealed to 500 °C, 900 °C for 10, 30, 60 minutes and 1000 °C for 10 minutes
but two to three PTTL peaks were reproduced. This could be attributed to the effects of annealing
on the samples. Also, PTTL was investigated for preheated temperature beyond 500 °C for the

sample annealed at 900 °C for 10 minutes.
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Figure 7.2: The glow curves measured after preheating to 350 and 500 °C following irradiation
to 200 Gy and exposure to 470 nm blue light for 20 s (a) Sample annealed at 900 °C for 10

minutes (b) Sample annealed at 900 °C for 60 minutes.
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7.4 Kinetic analysis of PTTL peaks

The conventional TL for the quartz used in this work has been studied previously [50]. Thus, the
kinetic parameters of its most prominent peak are known. In this study, kinetic analysis of PTTL
peaks Al, A2 and A3 was carried out to compare the parameters with ones from conventional TL
and to confirm if the peaks in question are the ones reproduced under PTTL. In particular, peak
I in the conventional TL was shown to follow first-order kinetics and to be affected by thermal
quenching [50]. The kinetic analysis to be described was carried out using the whole glow
peak, variable heating rate, curve fitting and by using phosphorescence related to phototransfer
methods for the samples annealed at 500 °C for 10 minutes, 900 °C for 10, 30, 60 minutes and
that of 1000 °C for 10 minutes.

7.4.1 Analysis using whole glow peak method

In the whole glow peak (WGP) method the PTTL intensity [ is related to temperature according
to equation (2.20). Figure 7.3 shows the graph of [n(I /n") against 1/kT for the sample annealed
at 900 °C for 10 minutes after preheated to 500 °C. The values of activation energy of the two
PTTL peaks were 0.66 £ 0.01 eV and 0.68 £ 0.03 eV. The order of kinetics for the two peaks
was found to be b = 1.2 each. Similarly, for the sample annealed at 900 °C for 30 minutes the
activation energy and the order of kinetics were found to be £ = 0.67 = 0.01 eV and b = 1.0
after preheating to 350 °C. Following the same approach, for the sample annealed at 900 °C for
60 minutes after preheating to 350 °C the kinetic parameters were evaluated as £/ = 0.66 £ 0.02
eV, 1.06 = 0.04 eV and b = 1.0 each for peaks Al and A3 respectively. When the samples were
annealed at 500 and 1000 °C the activation energy of peaks A1l following preheating to 250 °C
was evaluated as 0.68 4+ 0.03 eV and 0.78 4= 0.02 eV respectively. Their order of kinetics was
evaluated as b = 1.1 and 1.2. These results shows that PTTL peaks A1 and A3 are subjected to

first-order kinetics for all annealing temperature and duration of annealing.
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In(I/n°)

29 30 31 32 33 34 35 36 37
1/KT (eV")
Figure 7.3: The graph of [n(I/n") against 1/kT used to calculate the activation energy and the

order of kinetics. The best fit has for b = 1.2 for the sample annealed at 900 °C for 10 minutes.

7.4.2 Analysis using phototransferred phosphorescence

Phosphorescence related to PTTL was measured between 40-60 °C. These temperatures cor-
respond to the rising edge of PTTL peak Al. This is phosphorescence owing to charge at a
shallower trap transferred there optically from deeper traps. Phototransferred phosphorescence
has previously been studied on synthetic quartz annealed at 500 °C [84]. The activation energy
of the PTTL peak was calculated from the time dependence of phosphorescence intensity ()
for first-order kinetics from the equation (2.35). The measurements were made on samples irra-
diated to 200 Gy. Figure 7.4(a) shows a graph of [n(/) against ¢ for the sample annealed at 900
°C for 10 minutes. The result is linear, consistent with first order kinetics. Figure 7.4(b) is the

corresponding plot of in(p) versus 1/kT. From the slope of such a plot, the activation energy
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Figure 7.4: The graph of in([) against ¢ (a). The plot of In(p) versus 1/kT used to calculate the

activation energy from the sample annealed at 900 °C for 10 minutes (b).

for the electron trap corresponding to peak Al was determined as 0.60 + 0.02 eV for the sample

annealed at 900 °C for 10 minutes. This can be compared with that from the WGP method for
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peak Al. Furthermore, the activation energies for samples annealed at 500, 1000 °C and that of

the sample annealed at 900 °C for 30 and 60 minutes is discussed in Table 7.1.

7.4.3 Analysis using variable heating rate

In the variable heating rate method which depends on the peak position and the heating rate,
the activation energy was found using equation (2.24). Figure 7.5 shows the plots of In (T2 /3)
against 1/kT,, for the sample annealed at 900 °C for 60 minutes on peak A1, A2 and A3 recorded

at the heating rates between 0.2 - 5.0 °C s ™.

14 - A1
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= 124
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Figure 7.5: The Plot of In(T?2/3) against 1/kT,, for the sample annealed at 900 °C for 60
minutes after preheating to 350 °C used to the activation energies for PTTL peak Al, A2 and
A3.

The activation energy corresponding to peaks Al, A2 and A3 were found as 0.72 £ 0.02, 0.89
+ 0.02 and 1.09 £ 0.02 eV respectively after preheating to 250 °C. In a similar manner, the
activation energy for samples annealed at 500 °C for 10 minutes, 900 °C for 10, 30 minutes and

that of sample annealed at 1000 °C for 10 minutes were evaluated. These results are presented



Chapter 7: Phototransferred thermoluminescence 111

in Table 7.1.

7.4.4 Influence of heating rate on PTTL intensity Evidence of thermal

quenching

Figure 7.6(a) shows the influence of heating rate on PTTL intensity of peaks Al and A3 for sam-
ples annealed at 900 °C for 10 minutes. The measurements were made with heating rates from
0.2-5.0 °Cs™*, the latter being the reasonable upper limit of heating rate in TL experiments. The
intensity decreases with heating rate. The change as seen in Figure 7.6(a), for first order kinetics
which applies to peaks Al and A3, indicates that the peaks are affected by thermal quenching.
In the same ways, the samples annealed at 500 °C, 900 °C for 30, 60 minutes and 1000 °C,
the PTTL intensities decrease with increase in heating rates. These decrease with heating rates

indicates that PTTL peaks of all the samples were affected by thermal quenching.

If we assume that the PTTL intensity at lower heating rates I,q (in units of counts °C~') are
less affected by thermal quenching and if I, represents a PTTL intensity measured at the highest
heating rate where the quenching is most effective, then equation (5.1) is used to evaluate the
quenching parameters. Figure 7.6(b) shows plots of In[(1,,/1, )-1] against 1/kT,, for peaks Al
and A3. The activation energy of thermal quenching was determined as 0.62 + 0.04 eV and
as 0.65 £ 0.05 eV using peaks Al and A3 in the sample annealed at 900 °C for 10 minutes.
Similarly, for the sample annealed at 900 °C for 30 and 60 minutes, the activation energy of
thermal quenching was found as 0.63 4+ 0.02 eV and 0.66 + 0.03 eV. In both cases the sample
was preheated to 250 °C. Furthermore, the activation energy of thermal quenching of peak Al
for samples annealed at 500 and 1000 °C was evaluated as 0.80 + 0.02 and 0.73 £ 0.03 eV re-
spectively. These values of activation energy of thermal quenching are consistent with the one
0.65 4 0.02 eV using peak 1 in the conventional TL [50]. The results show that the emission is
from a common recombination centre. This is consistent with a previous study using radiolumi-
nescence [49] which showed that changing the duration of annealing only alters the intensity not
the position of the emission band. However, the values obtained in this study and by Dawam and

Chithambo[50] are typical of natural quartz e.g 0.64 + 0.03 eV[67] or 0.636 £ 0.003 eV [44]



Chapter 7: Phototransferred thermoluminescence 112

(a)
. 40007 e e Peak A3
O 0 Peak A1
(2}
£ 3000 -
-]
3 o
~ [
> 2000 oo
D - ° ° ° °
o
= =2
C
S 10004 " Feg
||: =] == = 5
a= ' T ' 1 ' T ' T ' T
0 1 2 3 4 5
Heating rate (°Cs™)
(b)
2
] 0 Peak A1
1 4 ® Peak A3
a0
T - :
- 7
ST T T T T T T T T

23 24 25 26 27 28 29 30 31 32 33
1/kTm (eV')

Figure 7.6: The Plot of PTTL intensity as a function of heating rate for sample annealed at 900
°C for 10 minutes after preheating to 500 °C (a). A graph of in[(1,,/1,) — 1] against 1/kT,,, used

to calculate the activation energy of thermal quenching of peaks Al and A3 (b).
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and differ somewhat from values obtained for synthetic quartz e.g 0.82 4= 0.01 eV [48] or 0.78
+ 0.01 eV [34]. The cause of differences is yet to be systematically studied but could be due to

variations in pre-measurement treatment such as annealing.

Thermal quenching has been quantified using TL emission near 90 and 180 °C. Use of emission
near ambient to study thermal quenching as done before [40] requires some comments. The emis-
sion of luminescence is subject to competing radiative and non-radiative transitions described by

equation (5.2).

The analysis of thermal quenching provides a means to determine the frequency factor for the
non-radiative process since C' = v7,,q Where 7,44 is the luminescence lifetime [66]. The value of
C can be obtained by fitting as explained earlier. The value of C' was found as 9. 8 x 10" for peak
Al and 6.5 x10" for peak A3 respectively. Since 7,44 for this particular sample was measured as
54.5 us [48], v = 1.8 x 10" s7! using peak Al and v = 1.2 x 10" s~! using peak A3 for the

sample annealed at 900 °C for 10 minutes.

7.4.5 Curve fitting

Phototransferred peaks Al and A3 obtained after preheating to either 350 °C or 500 °C for
samples annealed at 500 °C, 900 °C for 10, 30, 60 minutes and the sample annealed at 1000
°C were further analysed by curve fitting. The data were corrected for the effect of thermal
quenching before fitting. The general order-kinetics equation (2.30) was used. The goodness of
fits were tested by the ’figure of merit’ FOM using equation (2.31). The FOM for the fits were
evaluated as 0.88, 1.08 and 1.02 % for samples annealed at 900 °C for 10, 30 and 60 minutes
respectively. For the samples annealed at 500 and 1000 °C, the FOM was evaluated as 1.34 and
1.58 % respectively. Since, for a good fit, FOM should be < 3.5 % [28], all fits were deemed
acceptable. Figure 7.7 shows a glow curve of PTTL obtained after preheating to 500 °C for the
sample annealed at 900 °C for 10 minutes. The activation energy for peaks Al and A3 were
obtained as 0.64 £0.02 eV and 0.73 £ 0.04 eV and their order of kinetics as bl = 1.20 &+ 0.04

and b2 =1.10 £ 0.1 respectively. The full set of results for that of the samples annealed at 500
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°C, 900 °C for 30, 60 minutes and that of the sample annealed at 1000 °C are discussed in Table
7.1. By using this method, the order of kinetic is first-order for peaks A1 and A3. The kinetic
parameters evaluated using this method are consistent with that from WGP and phosphorescence

methods.

600

300 H .

Residuals

-300 H . .

-600 . ‘ . .
300 350 400 450 500

6000

5000 A

4000 -

3000 A
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2000
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0 1 1 1 1
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Figure 7.7: A glow curve for the sample annealed at 900 °C for 10 minutes measured preheated

to 500 °C. The line is the best fit of equation (2.30).

The results of kinetic analysis for peaks Al, A2 and A3 for samples annealed at 500 °C, 900
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°C for 10, 30, 60 minutes and that of the sample annealed 1000 °C are listed in Table 7.1. In
particular, the value of the activation energy for peak Al is consistent with that for the main peak
under conventional TL, i.e. 0.67 4 0.02 eV as reported by Dawam and Chithambo [50]. That
study also showed that the peak is affected by thermal quenching with an activation energy of
0.65 £ 0.02 eV. Thus the main peak is properly reproduced under phototransfer. There is no
systematic dependence of the activation energy, the activation energy of thermal quenching, or

the order of kinetics on the temperature or duration of annealing.
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7.5 Analysis of phototransfered thermoluminescence

In this section, the analysis of PTTL using pulse annealing to identify acceptors and donors
traps was presented. The PTTL intensity profile as a function of illumination time is modelled
using various combinations of an acceptor and donors using coupled linear differential equations
following the empirical model of Chithambo et al [40]. The competition effects involved in the

PTTL are also discussed.

7.5.1 Pulse annealing

The so called pulse annealing technique [85, 86] was carried out to determine the role of electron
traps as donors or acceptors in the PTTL process. A sample irradiated to 200 Gy was preheated
to a particular temperature to remove a trapped charge from specific electron traps. The sample
was then exposed to 470 nm blue light for 20 s to transfer electrons from deep traps to empty
shallow traps and then heated again to 500 °C to monitor any PTTL. This procedure was repeated
with the preheat temperature varied from 100 to 500 °C in steps of 10 °C. Although the glow
curve of each sample has multiple peaks, the most intense one, peak I, was studied in the pulse
annealing experiment. Thus the maximum intensity for any reproduced peak Al was noted for
each of the preheating temperatures. The removal of charge from a donor by preheating should

cause the TL intensity of the corresponding acceptor trap to decrease.

Figure 7.8 shows the peak intensity as a function of preheating temperature for samples annealed
at 500 °C for 10 minutes, 900 °C for 10, 30, 60 minutes and the sample annealed at 1000 °C for
10 minutes. Figure 7.8(a) shows the plot of intensity against preheat temperature for the sample
annealed at 500 °C. It can be observed that the intensity increases with preheating temperature
between 100 - 130 °C and thereafter decreases. The increase in intensity between 100-130 °C
could be due to the accumulation of electron and therefore suggests that peak I and II are not
donor traps. The intensity is vary slowly in that region with preheating between 100 and 120 °C
as illustrated in Figure 7.8, since no significant amount of charge is removed from any putative

donor at these temperatures.
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Figure 7.8: The variation of peak intensity against preheating temperature for the sample an-

nealed at (a) 500 °C for 10 minutes (b) 900 °C for 10 minutes (¢) 900 °C for 30 minutes (d) 900

°C for 60 minutes (e) The same plot for the samples annealed at 900 °C for 10 and 60 minutes

between 200 to 440 °C (f) 1000 °C for peaks I-III.
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Preheating between 120-190 °C causes the intensity to decrease sharply. The decrease reflects
a reduction in occupancy at source or donor traps which at this stage would be electron traps
corresponding to peaks II and III. For preheating to 200 °C and above, the TL intensity of Al is
apparently approximately independent of preheat temperature. In fact, as Figure 7.8(e) shows,
the intensity continues to decrease with preheating temperature up to 350 °C. This is evidence
that electron traps associated with peaks IV to VI also act as donors. The same outline applies to

the results in Figure 7.8(c, d and f).

We also present the results of pulse annealing of the integrated OSL intensity as a function of
preheating temperature. The aim of these results is to observe the behaviours of the OSL with
the increase in preheating temperature which could determine the active OSL traps involves for
PTTL emission. Figure 7.9 shows the plots of normalised integrated OSL intensity for compar-
ison as a function of preheating temperature for the samples annealed at 500 °C, 900 °C for 10,

30, 60 minutes and the sample annealed at 1000 °C.
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Figure 7.9: The plots of integrated OSL intensity as a function of preheating temperature for the
samples annealed at 500 °C, 900 °C for 10, 30 , 60 minutes and the sample annealed at 1000 °C.

It can be observed that OSL intensity increase with increasing preheat temperature between 100-
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300 °C and subsequently decreases continuously for the sample annealed at 500 °C. For the
sample annealed at 900 °C for 10 minutes, the OSL intensity increase from 100 to 170 °C and
then decreases for the remaining preheating temperature. When the duration of annealing was in-
creased to 30 minutes, the OSL intensity decreases from 100-120 °C and then increases between
130-200 °C and finally decreases sharply. As the annealing temperature increases to 1000 °C, the
OSL intensity increases between 100-160 °C and then decreases. In contrast for the sample an-
nealed at 900 °C for 60 minutes, the intensity decreases throughout with preheating temperature.

The decrease of OSL intensity with preheating temperature suggests the behaviour of donor traps.
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Figure 7.10: The glow curve measured after preheating to 560, 570 and 600 °C.

In order to examine the presence of donor traps above 500 °C, pulse annealing was done between

510 and 600 °C at 10 °C intervals. By removing all peaks, it should be expected that phototransfer
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would only ensue from source traps beyond 500 °C. The intensity of PTTL obtained this way
was quite weak and cannot be represented as a function of preheating temperature. Instead, we
only show some glow curves so obtained. Figure 7.10 shows examples of glow curves showing
PTTL measured after preheating to 560, 570 and 600 °C for the sample annealed at 900 °C for 10
minutes. A weak phototransferred peak is measured following preheating to 560 °C. When the
preheating temperature is increased to 570 or 600 °C, PTTL is still observed but is ill defined.
This indicates that, as donors, deep electron traps in the region beyond 570 °C make only a

minimal contribution to the PTTL recorded from this sample.

7.6 Analysis of illumination-time dependence of PTTL inten-
sity

The profile of PTTL intensity as a function of illumination time takes various forms. The archety-
pal experimental one is an increase followed by a decrease (e.g[87, 40, 44]). The range of ex-
perimental forms is considerable and cannot be accounted for by a single model. Alexander and
Mckeever [45] described the illumination-time dependent curves of PTTL intensity using sets
of non-linear differential equations. They developed their model for a system of one acceptor
and one donor. Using a number of assumptions they described various dependences of PTTL
intensity on illumination time. In comparison, Chithambo et al. [40] explained the behaviour
of PTTL as a function of illumination time using sets of coupled linear differential equations
formulated based on multiple donors and acceptors. These differential equations, being linear,
have analytical solutions which can be applied directly to experimental data. In this report, we
will use the model of Chithambo et al.[40]. The analysis is based on the assertion that only a
portion of charge stimulated from a donor is transferred to an acceptor and that any retrapping
of stimulated electrons is negligible. The change of PTTL intensity as a function of illumination

time will be explained with respect to the energy band diagram in chapter 3 shown in Figure 3.2.

Here Ny, Ny, N3, N4, N5, Ng, and N7 are concentrations of electrons at levels 1 through 7 and

that the PTTL intensity is proportional to N. The parameters \; through \; are probabilities of
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optical stimulation from these levels respectively. If an acceptor with index j is associated with

n donors, the change of trapped charge at the acceptor trap can be compactly described as

AN,

k=i

where «y, are constants of proportionality. The terms A\, [V, represent the amount of charge stim-
ulated from a donor, a portion ( oy /Vy, ) of which is captured at an acceptor. Used together with a
set of equations describing the loss of charge from donors, the coupled equations provide a par-
ticular solution that can be applied directly to experimental data. Since this is empirically based,
the equations describing loss of electrons from donors need to be based on experimental results
rather than be formulated as general expressions [40]. Another point to note is that since peaks

A1 and A3 follow first-order kinetics as shown in section 7.4 retrapping can indeed be neglected.

7.6.1 PTTL following preheating to 250 °C

When the sample annealed at 500 °C was preheated to 250 °C following the irradiation to 200
Gy to removed peak I-V, but only peaks I-IV were completely removed. Peak V remained with
its intensity drastically reduced. The PTTL was only reproduced at 74 °C. The donors here are

at levels 5, 6 and 7 with only one acceptor at level 1.

The family of differential equations describing the transfer of charge from donors to the acceptor

responsible for PTTL peak Al is given as

dN;
2 N 7.2
dt o 72
dNg
- s Ne (7.3)
dNs
20— N, 7.4
= - N; (7.4)
dN;
—r = =N+ asAs N + apAeNs + ANy (7.5)

where a5, ag and a7 are constants of proportionality. The stimulation probability of each of the

processes can be expressed as A = $o where o is the photoionisation cross-section and P is the
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intensity of stimulation light [31]. The first term in equation (7.5) concerns the optical removal
of electrons during illumination. The rest of the terms describe the retrapping of charge from

donors. The solution for the set of differential equations (7.2)-(7.5) for peak Al is

Ny =A;[exp(—Ast) — exp(—Ait)] + Aslexp(—Agt) — exp(—Ait)] + Aslexp(—A7t) — exp(—At)]
(7.6)

where Al = Oé5>\5N5Z'/()\1 — )\5), A2 = O(@)\(;N&/()\l — /\6) and Ag = Oé7)\7N7i/()\1 — )\7),
Ns;, Ng; and Ny; are each the concentration of electrons at electron traps levels 5, 6 and 7 at the

start of illumination.

Meanwhile, for the sample annealed at 900 °C for 10 minutes after preheating to 250 °C to re-
move peaks -V, only peaks I-IV were properly removed and peak V remained although much
reduced in intensity. PTTL peaks were reproduced at 90 °C and 176 °C. Conceptually therefore,
the donors here are levels 5, 6 and 7 and the acceptors are levels 1 and 3. Peak A1 reproduced af-
ter preheating as same in the sample annealed at 500 °C with the same number of donors. Hence,
equation (7.6) holds for peak Al for the sample annealed at 900 °C. By the same arguments
for peak Al for the samples annealed at 900 °C for 30 and 60 minutes and that of the sample
annealed at 1000 °C, equation (7.6) holds.

Following the same procedure as above, the dependence of electron concentration at level 2 for

peak A2 in the sample annealed at 900 °C for 60 minutes is found to be

Ny =By lexp(—Ast) — exp(—Aot)] + Balexp(—Ag¢t) — exp(—Aat)] + Bslexp(—A7t) — exp(—Aat)].

(7.7)
where B1 = OJ5>\5N51;/()\2 — /\5), BQ = OJ6>\6N6,'/()\2 — )\6) and Bg = W7)\7N7Z'/(/\2 — )\7), Wy, Weg,
and wy are constants of proportionality and other symbols have their original meanings.

For the sample annealed at 900 °C for 10 minutes and 1000 °C, the dependence of PTTL intensity

on the illumination time for the electron concentration at level 3 for peak A3 is given as
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N3 =Cexp(—Ast) — exp(—Ast)] + Colexp(—Ast) — exp(—Ast)] + Cslexp(—A7t) — exp(—Ast)]
(7.8)

where C) = 75>\5N5i/()\1 - )\5), Cy = ’Yﬁ)\GNﬁi/()\l - )\6) and C3 = ”Y7>\7N7i/(>\1 - >\7), V55765

and -7 are constants of proportionality and other symbols have their original meanings.

Figure 7.11 shows the plots of PTTL intensity as a function of illumination time after preheating
to 250 °C. All plots go through a peak with illumination time except peak Al for the sample
annealed at 1000 °C for 10 minutes. The detailed behaviour differs and is certainly affected by
number and contribution of donors. The quartz whose PTTL is studied here each show at least six
peaks I-VI. Thus qualitatively when say, peak I, is removed by preheating, it might be expected
that phototransfer will reproduce and this does not happen. Instead PTTL is only observed when
a certain number of peaks have been removed. Indeed, not all peaks removed by preheating re-
appear under phototransfer. The results of Figure 7.11 are therefore discussed with reference to
the preheating temperature used in the PTTL procedure, for preheating to 250 °C. In these plots,
we assume as previously [40, 44] that the PTTL intensity is proportional to the concentration of

charge at an acceptor.

Here and throughout Figure 7.11, the curve-fitting was based on the Marquardt-Levenberg min-
imization routine [88]. The time-dependent profiles of the PTTL intensity for peak Al corre-
sponding to preheating to 250 °C are shown in Figure 7.11(a) and Figure 7.11(b) respectively for
the samples annealed at 500 °C and 900 °C for 10 minutes. The solid line through data in Figure
7.11(a) is the best fit of equation (7.6) and also that of Figure 7.11(b). The plot for peak A3 for
the sample annealed at 900 °C for 10 minutes is shown in Figure 7.11(c) fitted with equation
(7.8). Figure 7.11(d) are for measurement for the sample annealed at 900 °C for 30 minutes. The
acceptor A1l for the sample annealed at 900 °C for 60 minutes was fitted with equation (7.6) and
illustrated in Figure 7.11(e). Figure 7.11(f) exemplifies the best fit of equation (7.7) for PTTL
measured from peak A2 for the sample annealed at 900 °C for 60 minutes. When the annealing
temperature was increased to 1000 °C two PTTL peaks were also reproduced shown in Figure

7.11(g) and 7.11(h) fitted with equation (7.6) and equation (7.8).
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Figure 7.11: The dependence of PTTL intensity on illumination time measured after preheating
to 250 °C for peak (a) Al for the sample annealed at 500 °C (b) Al for the sample annealed
at 900 °C for 10 minutes (c) A3 for the sample annealed at 900 °C for 10 minutes (d) Al for
the sample annealed at 900 °C for 30 minutes (e) Al for the sample annealed at 900 °C for 60
minutes (f) A2 for the sample annealed at 900 °C for 60 minutes (g) A1 for the sample annealed

at 1000 °C and (h) A2 for the sample annealed at 1000 °C.

All cases shown in Figure 7.11 mathematically explained the experimental data fairly well.
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The fitting parameters obtained from the fits were used to calculate photoionisation cross-sections.
The analysis of the PTTL as described provides a means to determine the photoionisation cross
section. The photoionisation cross-section, a parameter that describes the ease with an electron
trap can be optically stimulated. The relevant fitting parameters were presented in Table 7.2 with
the associated photoionisation cross-sections. The values of photoionisation cross-section are

comparable with the ones previously published for natural quartz [31, 89].

7.6.2 PTTL following preheating to 350 °C

In the measurement where the sample annealed at 900 °C for 10 minutes was preheated to 350
°C to remove peak I-VI, two PTTL peaks were reproduced at 90 °C and 176 °C. Under this
preheating, it was noted that peak VI could not be properly removed and still reappeared although
the intensity of the peak extremely reduced. Thus levels 6 and 7 are considered as donors for
the PTTL peaks A1l and A3. In this case, there are two separate systems of two donors and two

acceptors.

The set of coupled differential equations describing the case for peak Al is

dN;

— = _\N 7.
dt i 7
dNg

—2 = XN 7.10
dt oo (710
AN

d—tl = — M Ny + bsA\¢Ng + b A7 Ny (7.11)

where bg and b7 are constants of proportionality. The solution of equations (7.9 - 7.11) is given

by

N1 = Dilexp(—Agt) — exp(—A1t)] + Dofexp(—A7t) — exp(—Ait)] (7.12)

where Dy = bgA\sNgi /(A1 — A¢) and Dy = by A\;N7; /(A1 — A7) where all symbols are as initially
defined.

When the quartz annealed at 900 °C for 60 minutes was preheated to 350 °C to remove peaks I-
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VI, three PTTL peaks A1, A2 and A3 was measured at 80, 134 and 188 °C. This preheating could
not completely remove peak VI and so its associated electron trap is still regarded as a donor.
The concentration of the acceptor traps follows the same behaviour with sample annealed at 900
°C for 10 minutes and as such, equation (7.12). However, the dependence of PTTL intensity
on illumination time for electron concentration at the acceptor related to peak A2 in the sample

annealed at 900 °C for 60 minutes is expressed as

Ny = Ei[exp(—Agt) — exp(—Aat)] + Ealexp(—A7t) — exp(—Aat)] (7.13)

where 1 = 96 \6¢No; /(A2 — Ng), Eo = 07A7N7; /(A2 — A7), d and 07 are constants of proportion-
ality. Similarly, it can be shown that the PTTL intensity as a function of illumination time for the

acceptor associated with peak A3 in the sample annealed at 900 °C for 10 minutes is

N3 = Giexp(—Agt) — exp(—Ast)] + Galexp(—A7t) — exp(—Ast)] (7.14)
where Gl = 56)\6N61/()\3 — )\6) and GQ = (57/\7N7i/()\3 — )\7)

Figure 7.12(a-h) shows the dependence of PTTL intensity on illumination time for the mea-
surements after preheating to 350 °C. It is interesting to note that the PTTL (for the 10 minute
sample) monitored here is more intense than that recorded after preheating to 250 °C. This points
to the possibility of level 6 (responsible for peak VI) influencing the process as a competitor for
electrons released from deep traps since this is the only additional peak removed when the pre-
heating temperature is changed from 250 to 350 °C. Figure 7.12(a) is for peak Al in the sample
annealed at 900 °C for 10 minutes, while Figure 7.12(b) is for peak A3 in the same sample. The
data are satisfactorily fitted by equation (7.12 ) and equation (7.14) respectively. The intensity
of peaks A1, A2 and A3, which appears in the sample annealed for 60 minutes, is shown against
illumination time in Figure 7.12(c-e). The intensity of peak A2 goes through an extended growth
to the maximum. The solid line through the data points are fitted by equations (7.12), (7.13) and
(7.14). The results for the sample annealed at 1000 °C for the peaks Al, A2 and A3 are also
fitted by equations (7.12), (7.13) and (7.14) and presented in Figure 7.12(f-h) respectively.
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Figure 7.12: The dependence of PTTL intensity against illumination time measured after pre-
heating to 350 °C for peak (a) Al for the sample annealed at 900 °C for 10 minutes (b) A3
for the sample annealed at 900 °C for 10 minutes(c) Al for the sample annealed at 900 °C for
60 minutes (d) A2 for the sample annealed at 900 °C for 60 minutes (e) A3 for the sample an-
nealed at 900 °C for 60 minutes (f) A1l for the sample annealed at 1000 °C (g) A2 for the sample
annealed at 1000 °C (h) A3 for the sample annealed at 1000 °C.
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7.6.3 PTTL following preheating to 450 °C

Preheating an irradiated sample annealed at 900 °C for 60 minutes to 450 °C significantly de-
pletes the TL intensity. The aim of such preheat was to remove all the peaks completely. The
PTTL peaks A1, A2 and A3 were measured after preheating at 84, 136 and 202 °C respectively.

Peak VI could not be completely remove again. The donor traps here are levels 6 and 7 .

The acceptors A1, A2 and A3 are associated with donors, levels 6 and 7. Using a similar approach
as before, the equations describing the PTTL intensity against illumination time for acceptors A1,

A2 and A3 are respectively given as

N1 = Gilexp(—Aet) — exp(—Ait)] + Galexp(—A7t) — exp(—A1t)] (7.15)
Ny = Hylexp(—Agt) — exp(—Aat)] + Ha[exp(—A7t) — exp(—Aat)] (7.16)
N1 = Pilexp(—Agt) — exp(—Ast)] + Polexp(—A7t) — exp(—Ast)]. (7.17)

Figure 7.13(a) and Figure 7.13(b) shows the influence of illumination time on the peaks A1, A2
and A3 for the sample annealed at 900 °C for 60 minutes. The peaks Al, A2 and A3 correspond
to the system of two donors and multiple acceptors. The solid line through the data points is thus
the best fit of equations (7.15), (7.16) or (7.17) as illustrated in Figure 7.13. The important fitting

parameters are presented in Table 7.2.
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preheating to 450 °C for the sample annealed at 900 °C for 60 minutes for peak (a) Al (b) A2
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7.6.4 PTTL following preheating to 500 °C Sampling deep electron traps

When all the peaks in the glow curve were removed by preheating to 500 °C in the sample
annealed at 900 °C for 10 minutes, two PTTL peaks were reproduced at 100 °C and 176 °C. The
supposed deep trap (level 7) in this case is the donor. The acceptors are Al and A3. The transfer

of charge from the deep trap to acceptors Al can be expressed as

dN7
L — _)\N 7.18
dt o (719
dN-
d_tl = —>\1N1 + M’Z)\?N?i (719)

where 117 1s a constant of proportionality and all other parameters are as previously defined. The

solution of the differential equation (7.18 - 7.19) is given as

N1 = Dilexp(—XA7t) — exp(—A1t)] (7.20)
where DT = /L7)\7N7i/(/\1 — /\7)

In the same way, for peak A3 for the sample annealed for 10 minutes, we have

N = Gi[exp(—Aet) — exp(—Ast)] (721)
where G = 67A7N7; /(A3 — A7), pur and 67 are constants of proportionality.

The PTTL intensity as a function of illumination time observed after preheating to 500 °C is
shown in Figure 7.14 for peaks A1 and A3 for the sample annealed 900 °C for 10 minutes. The
result of Figure 7.14(a) is properly modelled by equation (7.20) as evident from the solid line
through data. The same comments apply for Figure 7.14(b) for peak A3 where the data is fitted
by equation (7.21). This is a simpler case of one acceptor and one donor. The PTTL intensity
for samples annealed at 500 °C , 900 °C for 30 and 60 minutes and that of the sample annealed
at 1000 °C was too weak for any systematic study following preheating to 500 °C. The fitted

parameters are conferred in Table 7.2 with associated photoionisation cross-section.



Chapter 7: Phototransferred thermoluminescence 133

1000 (&)

3000

2000 4

PTTL intensity (a.u)

1000 -

0 200 400 600 800

(=)
(==
<

400 ~

PTTL intensity (a.u)

200

0 400 800 1200 1600

[Tllumination time (s)

Figure 7.14: The influence of illumination time on PTTL intensity following preheating to 500

°C for the sample annealed at 900 °C for 10 minutes (a) peak A1l (b) peak A3.



(@)z1'Lom3  9T°'0F69'0 LEOTF €€ 9000 F €100 +00F 80 88I 0S¢ 006 09 eV
(QZI'Lom3 90 F €€ TEOF 8TT €000 F €900 #00F €70 9LI 0S¢ 006 0] eV
(O)I1Lom3y TT0F L0E TTOF 08T T000F 800 +00F+HE0 9LI 0S¢ 006 01 eV
(@¢rLom3ry  ZEOFLI'T  TEOFLI'T 1000 F +200 900 F I#0 TTI 0S¥ 006 09 v
(WZI'Lom3 9’0 F8T€ ITOF 6¥'C #0000 F 2900 #00F L¥0 0TI 0S¢ 0001 0] (44
@zrLam3id  [T0FSLT 910 F 6£€ #0000 F TS00 €00 F#90 #EI 0S¢ 006 09 (44
(WIrLom3L] ¢COF I8F I1TOF LOE 9000 F 1600 SO0 F8S0 TTI 0S¢ 0001 01 v
MIrL2m3T  [T0F €90 TEOFCET +000F TI00 900 F#70 ¥El 0s¢ 006 09 (44
(®)p1°Lom3I g [T0F 10T 910 F96C €000 F 6100 €£00F9S0 001 00§ 006 0] v
@TrLom3y  TEO0F LEO ITOFE€TE €000 F L00O +00F 090 9L 0S¢ 0001 01 v
(®)¢1Lom3y 1T0F 6CF ICTO0FLI'T TO000F 1800 +00F I¥'0 +8 0S¥ 006 09 v
(O11°Lom3 9’0 F 10T II'0F 6E+ TO00F 6100 TO0OF €80 08 0S¢ 006 09 v
®11°Lom3Id 9’0 F 62 1C0F 8TT TO00F 1800 +0O0OF €0 06 0S¢ 006 01 v
@)11°Lom3Ly IT0F€TE 9I'0F98°C S000F 1900 €00F+S0 9L 0S¢ 0001 oI IV
(TrLom3 T TT0F 9T TT0F €T 9000 F 1€00 TO0OF9+0 08 0S¢ 006 09 v
(P)IT'Lem3Ly  TT0F 1T 920 F €€ +000 F 1200 SO0 F #90 08 0S¢ 006 0¢ v
(@11°L2m3] 9ZO0F IT'T 9I'0F9SF €000 F 1200 €00 F 880 06 0S¢ 006 01 v
(®)I1Lom3] ZTEOF €Y 90 F #S'T €000 FT800 €00F 870 L 0S¢ 00§ 01 v
0z—0T X g1—0T X o) Qo) Qo) (sonurur)
0URIdJOY (;uo)Po () "o (,_9) Y (;_8) °Y wr o -dwoy jeoyorq -dwo) Sureouuy  owin Julesuuy  Yesd

134



Q1109 I19Y) pue AJsudjul I, Id JO douapuadap-own wolj ¢y pue gy 1V syead TLILd Jo sidowered Sumy Jo 181 V 7L Q9L

sdex) zouop pue 103dedde 9y} J0J SUONIIS-$SOID uonesiuolojoyd Jo sanfea pajenoed Jurpuods

(Qp1Lom3L] TEOF98'C 9I0F 4T €000 F €L00 €00 F 90 9LI

(@¢1'Lom3 ]  [[0OFSLT
(Pz1'L2m3y 91'0 FTT'1

9C0F6¥Cc S000+F €00 SO0+ LyO 88I
9C0F<7Cc 000+ €200 €00F190 961

00§
0Sy
0c¢

006
006
0001

01
09
01

eV
eV

135



Chapter 7: Phototransferred thermoluminescence 136

7.6.5 Competition effects during phototransfer

Phototransfered TL at peak A1 was only observed after the removal of peaks I-IV. There was no
PTTL after removal of peaks I, I and II or I to III. In principle, we should expect a PTTL peak to
be reproduced when at least one shallow trap has been depleted and one or more supposed donors
are intact. That the PTTL only appeared after some supposed donors were removed suggests that
some of these may act as effective competitors for charge that would otherwise be captured at
an acceptor. In order to investigate this possibility, the intensities of peaks III to VI are plotted

against preheating temperature in Figure 7.15.
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If a preheat temperature is below the position of a particular peak, it is expected that the peak
will contribute as a donor and its intensity should decrease or remain unchanged if that contribu-
tion is negligible. Figure 7.15(a) shows that the intensity of peak III decreases with preheating
temperature. This is expected of a good donor where any retrapping is negligible. The kinetic
analysis in the previous section showed that peak A3 follows first-order kinetics. The change of
intensity with preheating temperature shown in Figure 7.15(a) is consistent with this conclusion.
The intensity of peak IV in Figure 7.15(b) remain unchanged and latter decrease as expected. On
the other hand, if an electron trap competes for phototransferred charge while also acting as a
donor, the extent to which it also acts as an acceptor will be reflected in a plot of intensity against
preheating temperature. The intensity of peak V, in Figure 7.15(c), increases by 58 % when
the heating is changed from 100 to 210 °C. Since the position of this peak is at 240 °C and the
preheating temperatures are below this, the increase in intensity must be due to accumulation of
charge at its associated electron trap. Beyond 210 °C, the intensity decreases owing to depletion

of its charge by preheating and possibly by loss of charge by phototransfer.

The influence of possible competitors can also be examined in illumination-time profiles as
shown in Figure 7.16. In Figure7.16(a), the intensity of peak Al increases with preheating
temperature. This is counter-intuitive because increasing the preheat temperature should cause
a gradual depletion of donors. This should be seen as a decrease in the intensity of an acceptor
peak. The results of Figure 7.16(a) must mean that the effect of any competitor trap is reduced
as its trap is depleted as was observed for peak IV in Figure 7.15(b). In contrast, the intensity
of peak A3 decreases with preheating temperature as illustrated in Figure 7.16(b). This can be

ascribed to the reduction of charge at donors as the preheating temperature is increased.
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7.7 Summary

Phototransferred thermoluminescence of annealed synthetic quartz induced using 470 nm blue
light has been studied. The samples were annealed at 500 °C for 10 minutes, 900 °C for 10,
30, 60 minutes and 1000 °C for 10 minutes. The conventional TL measured at 1 °C s~* after
irradiation to 200 Gy for all samples shows six peaks each. However, only three PTTL peaks
were reproduced for the sample annealed at 900 °C for 60 minutes and 1000 °C. When the
duration of annealing of the sample annealed at 900 °C was reduced to 10 minutes, only two
PTTL peaks were induced. But for an intermediate duration of 30 minutes, the sample annealed
at 900 °C and that of the sample annealed at 500 °C only one PTTL peak was reproduced. Deep
traps beyond 600 °C make a negligible contribution to the PTTL. All the PTTL peaks studied
were affected by thermal quenching. The activation energy of thermal quenching for peaks Al
and A3 were evaluated as 0.62 + 0.02 eV and 0.65 + 0.02 eV respectively. The PTTL intensity
goes through a peak as a function of illumination time. The experimental change of PTTL
intensity as a function of illumination time is modelled using sets of coupled linear differential
equations. This is in good agreement with the experiment and the model based on systems of

donors and acceptors whose number is determined by preheating temperature.



CHAPTER 8

Conclusion

8.1 Conclusion

The motivation of this study was to study physical mechanism of luminescence in synthetic
quartz and the extraction of physical information using TL, PTTL and OSL techniques. Efforts
centered on the relevant properties of luminescence to physical mechanism was investigated.
Summaries of the studied undertaken are presented at the end of each result chapters. In this
conclusion section, the general findings are summarised and directions for future study are sug-

gested.

The TL of samples annealed at 900 , 500 °C and unannealed sample were investigated. In all
the three samples, the main peak position was below 100 °C with the other weaker peaks. The
kinetic analyses was carried out on the main peak only. In all cases, the peak was subjected
to first order kinetics using various techniques. The main peak for the unannealed sample and
sample annealed at 500 °C decreases with increases with the heating rates, a phenomena called

thermal quenching following irradiation to 40 Gy. However, for the sample annealed at 900 °C,

140
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the peak shows an inverse quenching. When the sample was irradiated to lower dose for example
3 Gy, the peak decreases with heating rate i.e thermal quenching. The activation energy of the
main peak for the three samples were evaluated which slightly decreases with increase in anneal-
ing temperature. Likewise, the activation energy of thermal quenching were evaluated and the

increase in annealing also affects the values of activation energy of thermal quenching.

Thermally assisted CW-OSL from the samples of annealed synthetic quartz using 470 nm blue
LEDs has also been investigated. The OSL was measured from a temperature between 30 - 200
°C after preheating to either 300 or 500 °C. The preheated temperature to 500 °C is evident of
deep traps presence in the samples. In all cases, the CW-OSL goes through a peak as a function of
measurement temperature. The integrated OSL intensity was found to increase with irradiation
dose, stimulation time and annealing temperature. But, the increase in the duration of annealing
decreases the OSL intensity. The values of the activation energies of thermal assistance obtained
have some discrepancy while that of activation energy of thermal quenching are consistent for

change with annealing temperature, duration of annealing and stimulation time.

The PTTL of annealed synthetic quartz induced using 470 nm blue light has been studied. The
samples were annealed at 500 °C for 10 minutes, 900 °C for 10, 30, 60 minutes and 1000 °C
for 10 minutes before use. The conventional TL measured at 1 °C s~ after irradiation to 200
Gy for all samples shows six peaks. However, only three PTTL peaks were reproduced for the
sample annealed at 900 °C for 60 minutes and the sample annealed at 1000 °C for 10 minutes.
For the sample annealed at 900 °C for 10 minutes two peaks were reproduced under PTTL. So
also, for the samples annealed at 500 and 900 °C for 30 minutes, only one peak was reproduced
under PTTL. The PTTL peaks were studied for thermal quenching and peaks Al and A3 were
determined to be subject to thermal quenching. The activation energies of thermal quenching for
peaks Al and A3 were evaluated as 0.62 + 0.02 eV and 0.65 4 0.02 eV respectively. The results
for the two peaks Al and A3 are similar to each other in both case. This means that they have the
same recombination centre for the electron traps responsible for both peaks. The PTTL intensity
goes through a peak as a function of illumination time in most cases. The experimental change

of PTTL intensity with illumination time is modelled using sets of coupled linear differential
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equations based on systems of donors and acceptors whose number is determined by preheating

temperature.

8.2 Possible areas for future study

For better understanding of physical mechanism and nature of defects using luminescence tech-

niques, the following are essential for future studies where equipments are available;

e The spectral measurement are required to gain a comprehensive nature and identification
of the recombination centres participating during the TL or OSL in quartz. This could also
be useful to determine more precisely the detection window occupied during TL and OSL

measurements.

e For the OSL mechanism, additional information is likely to be obtained by performing
temperature dependence measurement using various wavelength. Also, optically and ther-
mally stimulated exo-electronic emission may help to understand if electrons are trans-
ported directly into the conduction band. Finally, measurement of the optical depth of the

traps could clarify the importance of an electron-phonon interaction.

e It could be of interest to determine the optical trap depth of the donor traps using the
dependence of the PTTL intensity on the photon energy of the light used for inducing the

phototransfer. Such studies may require photon flux of light at different wavelengths.
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ARTICLE INFO ABSTRACT

The thermoluminescence of synthetic quartz annealed at various temperatures up to 900 °C is reported. Glow
curves measured at 1 °Cs ™! following beta irradiation to 40 Gy from a sample annealed at 500 °C and from an
unannealed one consist of a prominent peak at 70 °C and secondary peaks at 110, 180 and 310 °C. In comparison,
the glow peak from the sample annealed at 900 °C consists of three peaks but with the main peak at 86 °C and
other lower intensity peaks at 170 and 310 °C. Kinetic analysis was carried out on the main peak only in each
case. The order of kinetics of this peak was determined to be first order using various methods. The activation
energy was evaluated as an average of 0.90 + 0.02 eV for the unannealed sample and the one annealed at 500 °C.
However, when the synthetic quartz is annealed at 900 °C, the activation energy decreases to 0.65 + 0.02 eV.
The main point of interest however concerns thermal quenching. It was noted that for the sample annealed at
500 °C as well as the unannealed one, the maximum intensity of the main peak decreases with heating rate. This
phenomenon is associated with thermal quenching. When the same experiment is carried out using quartz an-
nealed at 900 °C and irradiated to the same dose, namely 40 Gy, the intensity increases with heating rate. This
would imply that this sample is not affected by thermal quenching. Using the notion that the radiative and non-
radiative recombination routes are competitive, we repeated the experiment using a low dose of 3 Gy. In this
case, the intensity decreased with heating rate showing that the process can be tuned. The activation energy for
thermal quenching for the samples annealed at 900°C, 500°C and unnannealed one was found as
0.65 + 0.02 eV, 0.82 + 0.02 eV and 0.95 + 0.06 eV. Evidently, annealing affects recombination processes in
synthetic quartz.

Keywords:
Synthetic quartz
Thermal quenching
Kinetic parameters
Phosphorescence

lower lifetime. Chithambo and Niyonzima (2017) wusing radi-
oluminescence identified seven emission bands at 2.04, 2.54, 2.77,

1. Introduction

Natural and synthetic quartz have been extensively studied because
of their importance in dating and retrospective dosimetry. Natural and
synthetic quartz contain various point-defects that are involved in the
luminescence process. In particular, synthetic quartz is prepared to
have fewer defects than natural quartz and this affects its optical
characteristics. Annealing affects various properties of quartz including
its sensitivity and lifetime (Chithambo et al., 2011; Galloway, 2002) as
well as its emission bands (Chithambo and Niyonzima, 2017). An-
nealing sometimes causes a decline in the sensitivity of TL in some
materials including synthetic quartz (Yang and McKeever, 1990).

The synthetic quartz used for this report is the same one used in
previous studies (Chithambo, 2004; Chithambo et al., 2011; Chithambo
and Niyonzima, 2017). Luminescence lifetimes in synthetic quartz de-
termined using time-resolved spectra increase with annealing tem-
perature. This change is interpreted as evidence of increase in dom-
inance of particular recombination centres from one associated with a
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1350-4487/ © 2018 Elsevier Ltd. All rights reserved.

3.04, 3.75 and 3.91 eV and showed that the intensity of the emission
bands changes with annealing temperature. Our interest now is to ex-
amine whether TL features of the sample including non-radiative
transitions are affected by annealing and if they are to attempt to offer
some explanation.

The aim of this work is to investigate the effect of annealing on
kinetic parameters and thermal quenching in synthetic quartz. The
study focusses on quartz annealed at 900 °C but complementary mea-
surements made on a sample annealed at 500 °C and an unnannealed
one are also reported.

2. Experimental details
Commercially available synthetic quartz (Sawyer Research

Products, Ohio,USA) ground into coarse grain was used. Prior to use,
samples were annealed at 900°C for 10min. For comparison,
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Fig. 1. A glow curve measured at 1 °Cs~ ' from a sample annealed at 900 °C. The inset shows semi-logarithmic plots comparing this result with ones measured from

the unannealed sample and the sample annealed at 500 °C.

measurements were also made on unannealed samples and synthetic
quartz annealed at 500 °C. Also for 10 min. TL measurements were
made using a RIS@ TL/OSL DA-20 Luminescence Reader. The lumi-
nescence was detected by a photomultiplier tube (EMI 9635QA)
through a 7mm Hoya U-340 filter (transmission band 250-390 nm
FWHM). Samples were irradiated using a®°Sr/°°Y beta source at a dose
rate of 0.10 Gys ™.

3. Results and discussion
3.1. Glow curve characteristics

Fig. 1 shows a glow curve of synthetic quartz annealed at 900 °C
recorded at 1°Cs ™! after irradiation to 40 Gy. There is a single promi-
nent peak at 86 °C. The inset shows a semi-logarithmic plot of the same
glow curve as well as of ones measured from the unannealed quartz and
the sample annealed at 500 °C. All three cases show one high intensity
peak although the presence of other weaker-intensity peaks can be
deduced. This report focuses only on the kinetic analysis of the main
peak. The aim of the work is to study the influence of annealing on
kinetic parameters and in particular to study the effect of annealing on
non-radiative transitions.

3.2. Assessment of order of kinetics

3.2.1. Assessment using the dependence of T,, on dose

The order of kinetics of the main peak was first assessed using the
dependence of its position T,, on irradiation dose from 10 to 200 Gy.
The peak position was found to be independent of dose at an average of
84.5 + 1.3 °C for the sample annealed at 900 °C and at 70.5 + 0.8 °C for
the unannealed sample and the sample annealed at 500 °C. This shows
that the peak is subject to first order kinetics in each case.

3.2.2. Assessment using the T,,— Ty, method

The partial heating method, T,, — Ty, (Mckeever, 1985), was also
used to study the order of kinetics by monitoring how the peak position
was affected by partially heating the sample to a temperature Ty,,. In

48

measurements where Ty, was changed from 40 to 60 °C at 2 °C inter-
vals, the peak position was also found to be unaffected by change in Ty,
being at an average of 70.8 = 0.2 °C for the unannealed sample and the
sample annealed at 500 °C and at 85.4 + 1.4°C for the sample an-
nealed at 900 °C. This result confirms that the main peak in each case
follows first order kinetics and that it is a genuinely single peak without
any overlapping components.

3.3. Kinetic analysis

The kinetic analysis of the main glow peak was carried out using the
initial rise, peak shape and variable heating rate methods (Mckeever,
1985), isothermal analysis (Chithambo, 2014), whole glow peak
method (Pagonis et al., 2006) and curve fitting (Kitis et al., 1998). For
relevant theory, the reader is referred to the cited works.

3.3.1. Initial rise method

The initial rise method was used on data within the range 5-10% of
the peak maximum (between 20 and 36 °C). The activation energy for
the sample annealed at 900 °C was determined as 0.77 + 0.03 eV. The
values for the unannealed sample and the one annealed at 500 °C were
found as 0.91 + 0.01 eV and 0.83 * 0.02eV respectively. A pre-
liminary conclusion is that the activation energy decreases with an-
nealing temperature.

3.3.2. Whole glow curve method
The analyses were also done using the whole glow peak method
where the area n under a glow peak can be expressed as

I s’ E
nl—|=h|=|-|—

nb B kT
where b is the order of kinetics, s’ is the effective frequency factor in
units of (m3>®~Ys™1), g is the heating rate, I is the TL intensity and E is
the activation energy. A plot of In I/n? against 1/kT should be linear for

specific values of b. Its slope is equal to the activation energy whereas s’
can be found from the intercept on the y axis. The results for the sample

®
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annealed at 900°C were b=11, E=0.67 + 002 eV and
§'=(52+23)x 10" s 1. The same method applied for the un-
annealed sample and the sample annealed 500°C gave b =12,
E=090 + 002 eV, s=(3B2+13)x10° s ! and b=11,

E =091 + 001 eV and s’ = (2.3 + 1.0) X 10° s~ * respectively.

3.3.3. Peak shape method

In the peak-shape method, the activation energy, E, was estimated
using the equation
E, = Ca(ﬁ) — by (2kT,,)

@ (2

where T, is the peak position, a stands for any of t=T, — T, or
8§=T,—T, and w = T, — T, where T; and T, are the lower and higher
temperature at half height respectively (Mckeever, 1985). The values of
C, and b, are given elsewhere (Mckeever, 1985). The values of the
geometrical factor y, for the unannealed sample and the samples an-
nealed at 500 and 900°C are 040 + 0.03, 042 + 0.03 and
0.42 + 0.02 respectively indicating that the main peak follows first
order kinetics. The values of the activation energy were evaluated as
E; = 092 + 0.03eV, Es;= 086 + 004eV and E,=
0.90 + 0.05 eV respectively for unannealed sample. Similar calcula-
tions gave E; = 0.92 + 0.06 eV, Es = 0.89 = 0.04eV and E, =
0.91 + 0.04 eV respectively for the sample annealed at 500 °C. For the
one annealed at 900°C; E, = 0.68 + 0.04 eV, Es = 0.67 + 0.08 eV,
and E, = 0.68 + 0.06 eV. In these results as well, the activation
energy decreases with annealing temperature.

3.3.4. Analysis using the variable heating rate method

The variable heating rate method was applied using heating rates
from 0.2 to 5.0 °Cs ™ '. These rates are within the upper limit of 5°C/s
identified by Betts and Townsend (1993) and Betts et al. (1993) as
advisable to minimize effects of temperature gradients between the
ends of a sample. The activation energy for the sample annealed at
900°C was found as 0.52 + 0.02eV. In comparison, for the un-
nannealed sample and the sample annealed at 500 °C, the values were
0.80 + 0.03 eV and 0.82 + 0.03 eV. The value of E still seems to de-
crease with annealing to 900 °C. This method appears to underestimate
the values of E in comparison with other techniques used. Pagonis et al.
(2013) have also shown that the heating rate method can systematically
underestimate the value of the activation energy.

3.3.5. Curve fitting
The main peak was also analysed by curve fitting using the equation

I(T)
= [ b®/b-Vexp( LT = Im
T
> _ —b/b—1
b-1D1 -8 Eexp( LI=In) 4 2,
Tn kT T, 3

where A = 2kT/E, A, = 2kT,, Z,, = 1 + (b — 1)Ay, I, is the intensity at
peak maximum and all others symbols are as defined earlier (Kitis et al.,
1998). The goodness of fit was tested by the 'figure of merit' FOM given
by

Dopr — Vst
FoM =y, =2

yﬁt (4)

where y;, denote values from the fitting function and y,,, represent the
experimental data. Using this method, the values of the activation en-
ergy and its margin of error were determined as 1.03 + 0.03 eV,
0.96 + 0.02eVand0.80 + 0.04 eV for the unannealed quartz, and the
one annealed at 500 and 900 °C respectively. The associated order of
kinetics was found as b = 1.12 + 0.05, 1.06 + 0.03 and 1.14 + 0.06

respectively that is, first order kinetics. Using the parameters obtained
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above, the frequency factor was evaluated from the expression

GE E
= > exp| —
kT2 (1 + 2kT,(b — 1)/E KT

N

)]

as 1.1 x 10'3, 1.7 x 10'2 and 2.7 x 10'2 s~ . These results are also
consistent with those from the other methods.

3.4. Analysis using phosphorescence-based methods

3.4.1. Analysis of phosphorescence using first-order kinetics

Phosphorescence is the decay of thermally stimulated luminescence
as a function of time at a constant temperature. In order to further
check the order of kinetics of the main peak, phosphorescence was
measured between 40 and 60 °C from a sample irradiated to 40 Gy. First
order kinetics for phosphorescence can be expressed as
I(t) = Iyexp(—pt) where I, is the initial intensity, t is time and p is the
probability of thermal stimulation (Mckeever, 1985) given as
p = sexp (—E/kT). Having verified that first order kinetics applies, the
activation energy, equal to the slope in a plot of In(p) against 1/kT, was
found as 0.63 + 0.04 eV. This can be compared with 0.96 + 0.03 eV
and 1.05 + 0.05 eV determined using the same method for the sample
annealed at 500 °C and for the unannealed sample respectively. The
activation energy is similar to those from curve fitting. Again, we notice
a decrease in the activation energy with annealing temperature.

3.4.2. Analysis using the area under an isothermal decay-curve

The phosphorescence was further analysed using the temperature-
dependence of the area under an isothermal decay-curve (Chithambo,
2014). The partial area ® under a small segment of a phosphorescence
decay curve can be expressed as ®= xexp(—E/kT) where « is a constant
and all other terms are as previously defined. A plot of In ® against 1/kT
should be linear with slope equal to the activation energy. Fig. 2 shows
such a graph for the sample annealed at 900 °C. Using this method, the
activation energy was found as 0.85 + 0.02 eV, 0.79 =+ 0.12 eV and
0.62 =+ 0.03 eV respectively for the unannealed sample and samples
annealed at 500 and 900 °C. It is also evident here that the activation
energy seems to decrease with annealing to 900 °C.

3.5. Influence of annealing on thermal quenching

3.5.1. Analysis for thermal quenching using the effect of heating rate on the
thermoluminescence intensity
Fig. 3 shows the influence of heating rate on the intensity of the
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Fig. 2. The plot of In ¢ against 1/kT for phosphorescence measured between 40
and 60 °C from a sample annealed at 900 °C.
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Fig. 3. The dependence of peak intensity on heating rate for the sample an-
nealed at 500 °C (a) and for the sample annealed at 900 °C (inset).

main peak (noted as peak area) for the sample annealed at 500 °C. This
and all data were corrected for heating rate. The intensity decreases
with heating rate. The change was similar for the unannealed sample.
For first-order peaks, this behaviour is ascribed to thermal quenching.
However, for the same dose (40 Gy), the intensity of the sample an-
nealed at 900 °C (Fig. 3, inset), behaves differently with heating rate.
This was the motivation for further investigations which will be pre-
sented in the next section.

If A, is the experimental 'quenched' TL intensity and A,, represent
'‘unquenched' TL intensity at the slowest heating rate, the two are re-
lated as Ay/Auq = 1/(1 4+ Cexp(—AE/kT)) where AE is the activation
energy of thermal quenching, C is a constant and all other terms are as
previously defined (Pagonis et al., 2006). A plot of In[(44/Ayq) — 1]
against 1/kT,, should be a straight line with slope AE. Fig. 4 shows a plot
(solid symbols) for the sample annealed at 500 °C from which AE and C
were found as 0.82 + 0.02 eV and 2.2 x 102 respectively. The results

for the unannealed sample were 0.95 + 0.06 eV and 3.2 x 104,

3.5.2. Investigation of thermal quenching in synthetic quartz annealed at
900°C
The increase of TL intensity with heating rate in the sample
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Fig. 4. A graph of In[(A4/A,g) — 1]against 1/kT,,for sample annealed at 500 °C
(solid symbols) and in the insets, the dependence of TL intensity on heating rate
for the sample annealed at 900 °C (inset a) and the corresponding plot of
In[(A4/Ayuq) — 1lagainst 1/kT,, (inset b).
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annealed at 900 °C may imply absence of thermal quenching. However,
such a deduction needs to be tested. The emission of luminescence in-
volves competing radiative and non-radiative routes summarised as

C L Lg(22E)
P ©)

where 1/7.,4 is the probability of radiative emission, 1/7y, is the
probability of thermal excitation and AE is the activation energy of
thermal quenching (Agullo-Lopez et al., 1988). The result of the com-
peting pathways on TL intensity can be distinguished as was illustrated
in a study on Al,03:C by Chithambo et al. (2017). The hypothesis is that
if the number of electrons undergoing radiative transitions is made very
low, the luminescence intensity cannot be high enough to mask any loss
due to non-radiative transitions. In that way, any effect due to non-
radiative transition, that is, thermal quenching will be manifest and can
be studied.

For this test, the dependence of TL intensity on heating rate was
measured again but this time with the dose significantly reduced from
40 Gy to 3 Gy. Fig. 4 (inset (a), open squares) shows the result. Unlike
before (Fig. 3, inset), the TL intensity decreases with heating rate and
the thermal quenching could be quantified. The open circles (inset b) in
Fig. 4 shows a plot of In[(A4/A.) — 1] against 1/kT,, from which
AE = 0.65 + 0.02eV and C = 2.4 x 10'°. It is evident that when a
high dose is used, the effect of thermal quenching in the sample an-
nealed at 900 °C does not appear. The important point here is that the
increase of TL intensity with heating rate should not be used to con-
clude that a sample is not affected by thermal quenching.

3.5.3. Analysis of thermal quenching using phosphorescence

The activation energy for thermal quenching in the quartz annealed
at 900 °C was again evaluated using an alternative method based on the
use of phosphorescence (Chithambo, 2014). If @, is the fractional area
under a phosphorescence decay curve at a particular high temperature
where thermal quenching is most effective and @, is the fractional area
under a phosphorescence decay curve measured at lower temperatures
where thermal quenching is less of an effect, these two parameters are
related as @,/®,4 ~ 1/(1 + Cexp(—AE/kT)) where all symbols are as
previously defined (Chithambo, 2014). The plot of In(®,/®,,) against 1/
kT should be linear with a slope equal to the activation energy of
thermal quenching. The ratio ®;/®,, was calculated for measurements
between 40 and 60 °C made at 2 °C interval. Fig. 5 shows a graph of
In(®,/®,,) against 1/kT for the quartz annealed at 900 °C. It should be
noted that this method does not depend on heating rate. The values of
the activation energy of thermal quenching evaluated using this method
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Fig. 5. A plot of In(®,/®,q)against 1/kT for the sample annealed at 900 °C.
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Table 1
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Kinetic parameters found using various methods. The indices a, b, ¢ corresponding to the peak shape method refer to Et, Es and Ew respectively, T, stands for the

annealing temperature which for the unannealed sample is shown as 20 °C.

sTa (°C) Method E (eV) b s(s™hH AE (eV) Reference
20 Tm-dose 1 Sect. 3.2.1
Tm-Tstop 1 Sect. 3.2.2
Initial rise 0.91 = 0.01 Sect. 3.3.1
Whole peak 0.90 + 0.02 1.2 3.2 x 10'° Sect. 3.3.2
Peak-shape 0.92 = 0.03a Sect. 3.3.3
0.86 + 0.04b Sect. 3.3.3
0.90 *+ 0.05c Sect. 3.3.3
Var.heat rate 0.80 = 0.03 0.95 + 0.06 Sect. 3.3.4, 3.5.1
Curve fitting 1.03 + 0.03 1.12 + 0.05 1.1 x 10%3 Sect. 3.3.5
PS, firdt-order 1.05 + 0.05 Sect. 3.3.5
PS, Area 0.85 + 0.02 0.82 + 0.03 Sect. 3.4.1
500 Tm-dose 1 Sect. 3.2.1
Tm-Tstop 1 Sect. 3.2.2
Initial rise 0.83 = 0.02 Sect. 3.3.1
Whole peak 0.91 = 0.01 1.1 2.3 x 10° Sect. 3.3.2
Peak shape 0.92 = 0.06a 1 Sect. 3.3.3
0.89 = 0.06a 1 Sect. 3.3.3
0.91 + 0.04c 17 Sect. 3.3.3
Var.heat rate 0.82 = 0.03 0.82 = 0.02 Sect. 3.3.4, Fig. 4
Curve fitting 0.96 * 0.02 1.06 + 0.03 1.7 x 10'2 Sect. 3.3.5
PS, firdt-order 0.96 = 0.03 Sect. 3.4.1
PS, Area 0.79 + 0.12 0.78 = 0.02 Sect. 3.4.2, 3.5.3
900 Tm-dose 1 Sect. 3.2.1
Tm-Tstop 1 Sect. 3.2.2
Initial rise 0.77 = 0.03 Fig. 2
Whole peak 0.67 = 0.02 1.1 5.2 x 101! Fig. 2, inset
Peak shape 0.68 = 0.04a 17 Sect. 3.3.3
0.67 + 0.08b 1 Sect. 3.3.3
0.68 *+ 0.06a 1 Sect. 3.3.3
Var. heat rate 0.52 = 0.02 Sect. 3.3.4
0.65 = 0.02 Fig. 4, inset
Curve fitting 0.80 * 0.04 1.14 + 0.06 2.7 x 102 Sect. 3.3.5
PS, first-order 0.63 = 0.04 Sect. 3.4.2
PS, Area 0.62 = 0.03 0.65 = 0.03 Sect. 3.4.2, Fig. 5

annealed sample, and samples annealed at 500 and 900 °C respectively.
The value of AE (0.65 + 0.03eV) using the phosphorescence method is
in excellent agreement with that from heating rate method
(0.65 + 0.02 eV). In general, the value of AE decreases with annealing
temperature.

were 0.82 + 0.03 eV, 0.78 + 0.02 eV and 0.65 + 0.03 eV for the un-

4. The effect of annealing on kinetic parameters and thermal
quenching

Kinetic parameters evaluated using various methods are sum-
marised in Table 1. These can be compared with, say,
E = 0.82 + 0.04 eV for a peak at 110 °C in synthetic quartz annealed at
900 °C (Kitis et al., 2002) determined using the variable heating rate
method using heating rates 0.5-4 °C. A direct comparison of values
from different samples is not instructive but evidently the order of
magnitude of the activation energy is similar. For the unannealed
sample, the values of AE compare well with AE = 0.80 eV (Chithambo,
2004) for the same quartz annealed at 600 °C.

Our results show that values of E and AE decrease with annealing
temperature. It is necessary to account for this. Regarding thermal
quenching, previous studies on this quartz showed that lifetimes de-
termined from time-resolved spectra change with annealing tempera-
ture (Chithambo et al., 2011) as do emission bands (Chithambo and
Niyonzima, 2017). In particular, the sample shows at least seven
emission bands between 2.04 and 3.91 eV whose amplitude depends on
annealing up to 1000 °C. The change in lifetime with annealing is as-
cribed to change in the dominant recombination centre involved in the
luminescence (Chithambo et al., 2011; Galloway, 2002). Since the ac-
tivation energy for thermal quenching depends on the emission wave-
length (Chithambo, 2007), the change of AE can be ascribed to change
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in dominant recombination centre with annealing.

The effect of annealing on electron traps is of interest.
Computational simulations which accounted for the increase in TL
sensitivity with annealing e.g. Chen and Fogel (1993) implicitly as-
sumed that kinetic parameters are unaffected by annealing. On the
other hand, Toktamis and Yazici (2012), who studied the effect of an-
nealing on trap depth in synthetic and natural quartz, reported that
annealing affected the trap depth of all glow peaks and that the trap
depth increased after annealing. These examples show that the activa-
tion energy in quartz can be affected by annealing.

The cause of change in the activation energy of an electron trap with
annealing is possibly due to a complex combination of structural and
electronic modification of associated point-defects due to annealing.
Previous studies using positron annihilation on the sample studied here
showed that annealing did not produce new defects in the sample
(Chithambo et al., 2011). It is likely then that the change in activation
energy is due to electronic modification of the electron trap(s). For
example, oxygen or silicon vacancies in quartz can catalyse the for-
mation of other unstable defects which can act as electron traps (e.g. see
Table 2 in Preusser et al., 2009). Examples of possible electron traps in
quartz are extensive and include the family of E-centres and others
stabilised by presence of, for example, H. Removal or displacement of a
stabilising species can affect the electron trap and potential it is asso-
ciated with as discussed elsewhere e.g (Preusser et al., 2009 and re-
ferences therein). If annealing causes a change in the electronic con-
figuration of an electron trap or its site, then a change in its potential
with respect to the conduction band can be reflected as a change in the
activation energy as observed.



R.R. Dawam, M.L. Chithambo

5. Conclusions

The thermoluminescence of synthetic quartz annealed at 900 °C has
been reported. Complementary measurements were made on quartz
annealed at 500 °C as well as from an unnannealed sample. Glow curves
recorded at 1 Cs™! following beta irradiation to 40 Gy from all these
samples show three peaks with a prominent peak at just below 100 °C.
Kinetic analysis was carried out on this main peak only in each case.
Using various methods, the order of kinetics of this peak was de-
termined to be first order. It has been observed that the activation
energy decreases from an average of 0.90 + 0.02 eV to 0.65 + 0.02 eV
when the annealing temperature is changed from room temperature to
900 °C. The intensity of the main peak corresponding to 40 Gy decreases
with heating rate in a manner observed for thermal quenching for the
sample annealed at 500 °C as well as the unannealed one. In contrast,
the intensity increases with heating rate for same dose in the sample
annealed at 900°C, a result that may suggest absence of thermal
quenching in this case. When the experiment on the sample annealed at
900 °C is instead made using a low dose of 3 Gy, the intensity decreases
with heating rate. The result is explained with reference to change in
competition between the radiative and non-radiative transitions. The
activation energy for thermal quenching for samples annealed at
900 °C, 500 °C and the unnannealed one were evaluated as 0.65 + 0.02
eV, 0.82 + 0.02eV and 0.95 + 0.06 eV showing that annealing also
affects recombination centres.
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ABSTRACT

Phototransferred thermoluminescence (PTTL) induced from annealed synthetic quartz using 470 nm blue light is
reported. The quartz was annealed at 900 °C for 10, 30 and 60 min prior to use. A glow curve of conventional TL
measured at 1 °C s~! following irradiation to 200 Gy for the sample annealed for 10 min shows six peaks at 90,
122, 176, 210, 240 and 340 °C. The sample annealed for 30 min has peaks at 80, 110, 136, 196, 240 and 330 °C.
Similarly, the sample annealed for 60 min also has six peaks at 80, 120, 134, 188, 235 and 340 °C. For ease of
reference, these are labelled I-VI respectively. Peaks observed under PTTL are referred to as Al onwards. Of the
six peaks, only the first three are reproduced under phototransfer for the sample annealed for 60 min. When the
duration of annealing is reduced to 10 min, PTTL is induced only at peaks Al and A3. Interestingly, for the
intermediate duration of annealing of 30 min, the only peak that appears under phototransfer is the first one, Al.
For quartz annealed for 10 min, the PTTL appears as long as the preheating temperature does not exceed 560 °C.
On the other hand, in the quartz annealed for 30 and 60 min, PTTL only appears for preheating to and below 450
°C. This shows that the occupancy of deep electron traps at temperatures beyond 450 or 560 °C is low in the said
samples. The activation energy for peaks A1 and A3 was found to be about 0.68 eV. The PTTL peaks were studied
for thermal quenching and peaks Al and A3 were determined to be subject to this effect. The activation energy
for thermal quenching was determined as 0.62 + 0.04 eV in analysis using peak Al. In all cases, the PTTL in-
tensity goes through a peak as a function of illumination time. The experimental dependence of PTTL intensity on
illumination time is modelled using sets of coupled linear differential equations based on systems of donors and
acceptors whose number is determined by preheating temperature. Competition effects involved in the PTTL
have been discussed.

1. Introduction

above ambient, then lower temperature peaks corresponding to lower
activation energies are emptied first. As phrased before (Chithambo

Thermoluminescence is a widely discussed technique e.g. (Mckeever,
1985) whose aim is to thermally stimulate electrons from certain point
defects in an irradiated material such that their passage to recombina-
tion centres through the conduction band produces light. The various
electron traps in question are populated by ionization and their exis-
tence is evident as peaks in a temperature-resolved plot of intensity
against temperature, a glow curve. If, after irradiation, the material is
partially heated to empty only some of the filled electron traps, then no
TL is observed when the material is reheated to the position of the
removed peaks unless the electron traps are re-filled. When light is used
to transpose electrons from filled electron traps to the empty ones, what
results is phototransferred thermoluminescence (PTTL). This can be
achieved in two ways. If the measurement is made at temperatures

* Corresponding author.
E-mail address: m.chithambo@ru.ac.za (M.L. Chithambo).
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et al., 2017), the PTTL is induced by transferring electrons from deeper
electron traps (or donor traps) to the empty shallower ones (acceptors).
On the other hand, if the material is cooled to cryogenic temperatures
after irradiation at room temperature, electrons can be phototransferred
into electron traps that would ordinarily be unstable at room
temperature.

PTTL has been used for various aims such study of TL. mechanisms e.g
(Chithambo et al., 2017), understanding annealing induced changes in
the concentration of deep electron traps (Kalita and Chithambo, 2017,
2019) and for dosimetry e.g. (Bailiff et al., 1977). The enduring appeal of
PTTL for dosimetry is exemplified in recent reports (Bossin et al., 2018;
McKeever et al., 2017). Whereas the basis for dosimetry for irradiated
samples is the link between irradiation dose and intensity, that under
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PTTL is the dose due to optical transfer from a donor.

Mechanisms applicable to PTTL go back a long way e.g. (McKeever,
1991), have been explored (Morris and McKeever, 1994) and reviewed
(McKeever and Chen, 1997). Alexander et al. (1997) discussed a math-
ematical method for PTTL for a simple system of two electron traps and
one recombination centre. The concept was further developed to include
an additional non-radiative recombination centre by Alexander and
McKeever (1998). Their model assumes that there is retrapping into the
electron traps. Inclusion of retrapping in the model makes the rate
equations describing electron transport to be non-linear. Such equations
do not have any analytical solution. To obtain an approximation to one,
simplifying assumptions are made such as that retrapping is negligible.
Alternatively, numerical simulations are used to arrive at a set of pa-
rameters that can generate plots of, say, intensity against duration of
optical stimulation that resemble experimental results. If retrapping is
omitted altogether, the equations become linear as appear in e.g. Wintle
and Murray (1997).

Chithambo et al. (2017) formulated a mathematical method for
analysing the PTTL of a system of any number of acceptors and donors.
The method, also used here, describes charge transport in terms of
coupled linear first order differential equations. The equations describe
the transfer, by light, of a portion of electrons from a donor to an
acceptor through the conduction band. The systems of coupled equa-
tions devised this way have analytical solutions which can be applied
directly to experimental data.

The aim of this work is to study PTTL from synthetic quartz annealed
at 900 °C. Heating quartz to elevated temperatures affects its phase
(Gribble, 1988), its thermoluminescence and optically stimulated
luminescence sensitivity (Bgtter-Jensen et al., 2003; Galloway, 2002),
luminescence lifetimes (Galloway, 2002; Chithambo et al., 2011; Chi-
thambo, 2018), and radioluminescence emission bands (Chithambo and
Niyonzima, 2017; Pagonis et al., 2014). Indeed for the synthetic quartz
of this report, investigations using radioluminescence (Chithambo and
Niyonzima, 2017) showed that the amplitude of emission bands in-
creases with annealing and that whichever emission band is dominant
depends on annealing temperature. These changes are consistent with
those in lifetimes caused by annealing as determined using
time-resolved luminescence on the same quartz (Chithambo et al.,
2011). Measurements using positron annihilation on the same material
showed that no new defects are introduced by the annealing (Chithambo
etal., 2011). PTTL for an unannealed version of the sample was reported
by Chithambo et al. (2018) where it was seen that PTTL only ensued
after removal of certain supposed donor traps. The question we address
in this report is the nature of PTTL in annealed synthetic quartz, inter-
pretation and analysis of its time response profiles as well as the influ-
ence of competition effects on phototransfer.

2. Experimental details

Samples consisted of commercially available synthetic quartz
(Sawyer Research Products, Ohio, USA) ground into coarse grain. This is
the same material studied by Chithambo et al. (2011, 2017, 2018).
Samples were annealed at 900 °C for 10, 30 and 60 min. Measurements
were made on three aliquots of similar mass using a RIS@ TL/OSL DA-20
Luminescence Reader. The luminescence was detected by a photo-
multiplier tube (EMI 9635QA) through a 7 mm Hoya U-340 filter
(transmission band 250-390 nm FWHM). Samples were irradiated
in-situ at room temperature using a?°Sr/°’Y beta source at a dose rate of
0.10 Gy s~ L. Unless otherwise stated, samples were heated at 1 °C s~
after irradiation to 200 Gy. The procedure to measure PTTL was that
following irradiation and, preheating to a specific temperature to
remove a given peak(s), the sample was exposed to 470 nm blue LEDs
(set at a power density of 72 mW cm~2 at sample position) for a specific
time to transfer electrons from deeper to shallower electron traps. The
sample was thereafter reheated to 500 °C to monitor the presence of any
PTTL peaks induced at the position of the removed peak(s).
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3. Glow curve features

Fig. 1 shows glow curves of synthetic quartz annealed at 900 °C for
10, 30 and 60 min. The high dose was used to facilitate measurement of
PTTL. There are three discernible peaks at or near 90, 120 and 180 °C.
The inset shows, on a semi-logarithmic scale, the glow curve for the
sample annealed for 10 min. This shows that there are in fact more than
just three peaks with additional ones apparent near 210, 240 and 340 °C.
The presence of the six peaks was confirmed by thermal cleaning, a
method for separating peaks described elsewhere (Mckeever, 1985).

4. General features of phototransferred thermoluminescence

PTTL test measurements were made by preheating an irradiated
sample in turn to 120, 180, 250, 350 and 500 °C to remove peaks I, I-III,
I-V and I-VI in succession. The proximity of peaks II and IV to their
adjacent ones restricted the choice of preheating temperatures to
remove one peak at a time. After each preheat, and cooling to room
temperature, the sample was exposed to 470 nm blue light for a time and
reheated to 500 °C to measure the complete glow curve. PTTL was
monitored at this stage. Emission corresponding to preheating to 500 °C,
that is, from any deep electron traps was studied only for the quartz
annealed at 900 °C for 10 min. The signal in the samples annealed for 30
and 60 min was too low for reliable analysis. For reference in the pre-
sentations to follow, Table 1 lists the peaks, their positions, preheating
temperatures and identity of PTTL peaks recorded.

When the sample annealed for 10 min was preheated to 120 °C to
remove peak I, no PTTL was observed. There was also no PTTL following
preheating to 180 °C to remove peaks I, I and III. However, after
complete removal of peaks I-IV following preheating to 250 °C and
indeed after preheating to 350 °C, two PTTL peaks were observed at 90
and 176 °C. We label these as Al and A3. Further, when all the peaks
(I-VI) were removed by preheating to 500 °C, still only two PTTL peaks,
Al and A3, were seen at 100 and 176 °C. Fig. 2 shows examples of PTTL
peaks reproduced after preheating to 350 and 500 °C.

In the sample annealed for 30 min, only peak Al was reproduced at
80 °C after preheating to either 250 or 350 °C. No distinct PTTL peak
was observed after preheating to 500 °C. When the sample annealed for
60 min was preheated to 350 °C, PTTL peaks were observed at 80, 134
and 188 °C which we label as Al, A2 and A3. Features of peaks Al and
A3 after preheating to 250 °C are similar and will not be discussed. In
summary, three PTTL peaks were reproduced in the sample annealed for
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1.0e+7 4
. &
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& 80ct6{ ®
B >
£ 60e+6 1 o
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Fig. 1. Glow curves from samples annealed at 900 °C for 10, 30 and 60 min
measured at 1 ‘C/s following beta irradiation to 200 Gy. The inset shows, on a
semi-logarithmic scale, the glow curve of the quartz annealed at 900 °C for 10
min to better show the presence of other peaks. Unless otherwise stated, the
intensity data here and throughout is in units of Counts/2 °C.
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Table 1
Identity of peaks, their positions T;, and preheating temperatures T,, for TL and PTTL corresponding to annealing time t4 (in minutes) as shown.
TL PTTL
ta 10 30 60 10 30 60
Peak label Tm (°C) Tm (°C) Tm (°C) Tph (°C) Peak label
I 90 80 80
120
1 122 110 120
111 176 136 134
180
v 210 196 188
250 Al A3 Al
\% 240 240 235
350 Al A3 Al Al A2 A3
VI 340 330 340
500 Al A3
60000 5.2. Influence of heating rate on PTTL intensity — evidence of thermal
quenching
B After preheating to 500 °C
50000 © After preheating to 350 'C éé% Fig. 3 shows the influence of heating rate on PTTL intensity of peaks
S 3 Al and A3 for samples annealed for 10 and 60 min. Heating rates ranged
20000 é? 0 from 0.2 to 5.0 °C s, the latter being the reasonable upper limit of
o % heating rate in TL experiments (Betts and Townsend, 1993; Betts et al.,
2 § % 1993). The intensity decreases with heating rate. This behaviour, for
"2 30000 é)) 5 first order kinetics which applies to peaks A1l and A3, implies that the
g Peak Al Peak A3 S % peaks are affected by thermal qu'enchlpg. ' )
2 20000 & 2 If we assume that the PTTL intensity I,; (in counts °C™) at lower
= ‘.' heating rates are less affected by thermal quenching and if I; denotes an
.." .'% intensity corresponding to the highest heating rate where the quenching
g' @ is most effective, then
&
, , , , (a)
20 100 180 260 340 420 500 4000
° — e
Temperature ("C) < ® Peak A3
O 3500+ 0 Peak A1
Fig. 2. Glow curves measured after preheating to 350 and 500 °C. The sample 2 30004
was exposed to 470 nm blue light for 20 s. 5
s} _
38 2500 ..
60 min, two in the sample annealed for 10 min and only one in the > 2000 - “ L XY
sample annealed for 30 min. Although PTTL was observed when the @ 1500 - ® i b °
sample annealed for 10 min was preheated to 500 °C, this was not the % o
case when the duration of annealing was increased to 30 or 60 min. The - 1000 + Sg
lack of proper PTTL in the latter reflects poor occupancy of any available ,': 500 = s | ]
o —

deep traps or indeed their absence. These options will be examined. 0 ! 7 I i I
. -1
5. Kinetic analysis ) Heating rate (°Cs™)

The conventional TL of the quartz used here has been studied before
by Dawam and Chithambo (2018). PTTL peaks Al and A3 were analysed 0 Peak A1
for kinetic parameters to determine if they correspond to the conven- ® Peak A3
tional TL peaks. The PTTL was analysed using the whole glow peak and
curve fitting methods (Pagonis et al., 2006) and phototransferred iy
phosphorescence (Kombe-Atang and Chithambo, 2016). =
g - :

5.1. Analysis using the whole glow peak method and phototransferred i

phosphorescence

The activation energy of peaks Al and A3 were determined as 0.66 + 3
0.01 eV and 0.68 + 0.03 eV respectively using the whole glow peak 23 ' 2'4 ' 2'5 ' 2|6 ' 2'7 ' 2|8 ' 2'9
method. The order of kinetics for the two peaks was found to be 1.2 1KTm (eV'1)
indicating that the kinetics is approximately first order, within the ac-
curacy of the data. That the order of kinetics for peak Al, the only one
studied this way, is first order was verified using phototransferred
phosphorescence in measurements between 40 and 60 °C.

T T T T
30 31 32 33

Fig. 3. PTTL intensity against heating rate for the sample preheated to 250 °C
(a) a plot of In[(Iq /I;) —1] against 1/kTy. used to quantify thermal quenching

using peaks Al and A3 (b).
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L/ : e
Ly, 1+ Cexp (— AE/KT,)

where AE is the activation energy of thermal quenching, C is a constant
and k is Boltzmann’s constant (Pagonis et al., 2006). Fig. 3(b) shows
plots of In[(Iq /I;) —1] against 1/kT, for peaks Al and A3 for mea-
surements corresponding to preheating to 250 °C. The activation energy
of thermal quenching was determined as 0.62 + 0.04 eV using peak Al
and as 0.65 + 0.05 eV using peak A3 in the sample annealed for 10 min.
The values evaluated for samples annealed for 30 and 60 min are 0.63 +
0.02 eV and 0.66 + 0.03 eV. These are consistent with 0.65 + 0.02 eV
determined using peak 1 in the conventional TL (Dawam and Chi-
thambo, 2018). The results show that the emission is from a common
recombination centre. This is consistent with a previous study using
radioluminescence (Chithambo and Niyonzima, 2017) which showed
that changing the duration of annealing only alters the intensity not the
position of the emission band.

Thermal quenching has been quantified using TL emission near 90
and 180 °C. Use of emission near ambient to study thermal quenching as
before (Chithambo et al., 2017) requires comment. The emission of
luminescence is subject to competing radiative and non-radiative tran-
sitions described as

l: : + iexp<_AE> (@3]

T Trad Ty kT

where 1/7 14q is the probability of radiative emission, 1/7 , is the
probability of thermal excitation and AE is the activation energy of
thermal quenching (Agullo-Lopez et al., 1988). The influence of these
separate routes on the TL intensity can be distinguished even at tem-
peratures near ambient. The reasoning is that if the number of electrons
undergoing radiative transitions is drastically reduced, the lumines-
cence intensity cannot be high enough to make up for any loss due to
non-radiative transitions and thermal quenching becomes manifest.

The analysis provides a means to determine the frequency factor for
the non-radiative process v since C = v7,4g Where 7,44 is the luminescence
lifetime (Chithambo, 2007). The value of C can be abstracted either by
fitting as explained earlier or direct fit to data. The value of C in either
case range from 5.0x10° - 9.8x10” for peak Al and 1.3x10° - 6.5x107 for
peak A3. Since 7,44 for this particular sample was measured as 54.5 ps
(Chithambo et al., 2011), v = 9.2x108 — 1.8x10'! s ! using peak A1 and
v = 2.3x108 — 1.2x10"! s! using peak A3. The wide range in values of C
and hence the frequency factor is due to imprecision in the corre-
sponding data.

5.3. Curve fitting

The temperature dependence of the PTTL of peaks Al and A3 ob-
tained after preheating to either 350 or 500 °C for samples annealed for
10, 30 and 60 min were further analysed by curve fitting using the
expression
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1

"1+ Cexp (—AE/KT) “)

n(T)

The correction was necessary because thermal quenching causes the
observed PTTL intensity to be less than that predicted by the Kitis et al.
(1998) (within braces). The goodness of fit was checked by the ‘figure of
merit’ (FOM) given by

FOM:Z |yzxpy; yﬂl{ (5)

where Yy, and y; denote experimental and fit-generated values
respectively. The FOM for the samples annealed for 10, 30 and 60 min
were all less than the Balian and Eddy (1977) limit of 3.5% and thus
adjudged to be acceptable. Fig. 4 shows a glow curve for the sample
annealed for 10 min obtained after preheating to 500 °C. The solid line
through data is the best fit of Eq. (3) from which the activation energy
for peaks Al and A3 were found as 0.73 + 0.02eV and 0.68 + 0.03 eV
and the order of kinetics as 1.20 + 0.04 and 1.10 + 0.10 respectively.

The results of kinetic analysis are listed in Table 2. In particular, the
value of the activation energy for peak Al is consistent with that for the
main peak under conventional TL, i.e. 0.67 + 0.02 eV as reported by
Dawam and Chithambo (2018). That study also showed that this peak is
affected by thermal quenching with an activation energy of 0.65 + 0.02
eV. These values are reproduced under phototransfer. Thus the main
peak is properly reproduced under phototransfer.

6. Pulse annealing

The so called pulse annealing technique (Duller, 1994) was used to
determine the role of electron traps as donors or acceptors during PTTL.
An irradiated sample was preheated to a particular temperature to
deplete specific electron traps. The sample was then exposed to 470 nm
blue light for 20 s to transfer electrons from deeper traps to empty
shallower ones and then heated again to 500 °C to monitor any PTTL.
This procedure was repeated with the preheat temperature varied from
100 to 500 °C in steps of 10 °C. The most intense peak, that is, peak I,
was studied in this experiment. The maximum intensity of reproduced
peak Al was noted for each preheating temperature.

Fig. 5 shows the dependence of intensity on preheating temperature
for samples annealed for 10 and 60 min and in the inset, for 30 min.
Fig. 5 shows intensity against preheating temperature. If the preheating
temperature is below the position of a peak, the glow curve measures a
conventional peak. If a preheating temperature exceeds the peak posi-
tion and yet the peak re-appears then what is measured is a PTTL peak.
Thus the same graph shows intensity of a conventional peak at first and
that of a PTTL peak. The intensity is independent of preheating between
100 and 120 °C. This is because the amount of charge removed from any
putative donor at these temperatures is negligible. When the sample was
preheated between 120 and 190 °C, the intensity decreased sharply. The
decrease occurs due to the continual removal of charge from donors,

(1) = Imb<%7l>exp (555 [o-vu- a3 e (5552 +a) i ®

where A = 2kT/E, Ay, = 2kTn/E, Zy = 1+ (b — 1)Ap, I, is the peak
intensity, T, is the peak position and #(T) is the luminescence efficiency
given by

presumably electron traps corresponding to peaks II and III. For pre-
heating to 200 °C and above, the intensity of Al is apparently approx-
imately independent of preheat temperature. However, as Fig. 5(b)
clarifies, the intensity does continue to decrease with preheating up to
350 °C. This is evidence that electron traps associated with peaks IV to
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Fig. 4. A glow curve for the sample annealed for 10 min measured after preheating to 500 °C, The line is the best fit of Eq. (3).

VI also act as donors. The same outline applies to the inset to Fig. 5(a).

In order to examine the presence of donor traps above 500 °C, pulse
annealing was carried out between 510 and 600 °C at 10 °C intervals. By
removing all peaks in the glow curve, it would be expected that pho-
totransfer would only ensue from source traps beyond 500 °C. The in-
tensity of PTTL obtained this way was quite weak and cannot be
represented as a function of preheating temperature. Instead, we only
show selected glow curves so obtained. Fig. 6 shows glow curves
exemplifying PTTL measured after preheating to 560, 570 and 600 °C for
the sample annealed for 10 min. A weak PTTL peak is measured
following preheating to 560 °C. When the preheating temperature is
increased to 570 or 600 °C, PTTL is still observed but is ill defined. This
indicates that deep electron traps beyond 570 °C make only a minimal
contribution to the PTTL recorded from this sample.

7. Analysis of illumination-time dependence of PTTL intensity

The profile of PTTL intensity as a function of illumination time takes
on various forms. The archetypal one is an increase followed by a
decrease. Increase to saturation has also been observed as have extended
growths through a peak (Chithambo et al., 2017). The range of experi-
mental forms is considerable and cannot be accounted for by a single
model.

Alexander and McKeever (1998) described the illumination-time
dependent curves of PTTL intensity using sets of non-linear differen-
tial equations. Their method was based on a system of one acceptor and
one donor. The family of non-linear differential equations such as arise
in this approach do not have analytical solutions and approximations
become necessary. Using a number of assumptions they predicted

various dependences of PTTL intensity on illumination time. In com-
parison, Chithambo et al. (2017) developed a phenomenological model
to explain the behaviour of PTTL intensity as a function of illumination
time in a system with any number of acceptors and donors. The charge
transport in this method is described by sets of coupled linear differ-
ential equations. These equations have analytical solutions which can be
applied directly to experimental data. In this report, we will use the
model of Chithambo et al. (2017). The analysis is based on the premise
that when charge is stimulated from a donor only a portion is transferred
to an acceptor and that any retrapping of stimulated electrons is negli-
gible. The number of acceptors and donors and the extent of their
contribution in the process is determined by experiment.

The PTTL will be explained with reference to the energy band dia-
gram in Fig. 7. N7 to Ny are each the concentration of electrons at levels
1 to 7 whereas f; through f; are the corresponding probabilities of
optical stimulation. Evaluating the latter provides a means to determine
the photoionization cross-section ¢ since f = &o¢ where ® is the in-
tensity of stimulation light. The photoionization cross section is a
measure of the ease with which an electron trap can be optically stim-
ulated. The smaller the cross-section, the less stable the trap is.

For a system of n donors and one acceptor, the time-dependence of
the concentration N of electrons at the k™ acceptor can be written as

N, = eifr’d'/ Z (D,»(t)efr’d' dr + ceifr"d' 6)
i1

where c is an integration constant and I is the coefficient of Ny in its rate
equation and j is a label fo donor traps. The functions ®;(t) are for charge
transport at each donor and are meant to be determined by experiment
not formulated as general expressions and must be solved for each donor



M.L. Chithambo and R.R. Dawam

Radiation Measurements 131 (2020) 106236

Table 2
Kinetic parameters of PTTL peaks Al and A3 determined using the whole glow peak method (WGP), curve fitting (CF) and phototransferred phosphorescence (PP).

Peak Annealing time (minutes) Preheat temp. (°C) Method E (eV) b AE (eV) o(cm?) x10°18 Reference

Al 10 250 WGP 0.66 + 0.01 1.2 Sect. 5
10 250 5.18 Fig. 8(a)
30 250 WGP 0.67 £0.01 1.1 Sect. 5
30 250 3.76 Fig. 8(b)
60 250 WGP 0.66 + 0.02 1.2 Sect 5
10 350 4.82 Fig. 8(c)
60 350 2.53 Inset Fig. 8(c)
10 500 3.29 Inset Fig. 8(i)
10 350 CF 0.73+0.02 1.2 Sect. 5
30 350 CF 0.75 £0.04 1.1 Sect. 5
60 350 CF 0.57 £0.03 Sect. 5
10 250 VHR 0.62 +0.04 Sect. 5
30 250 VHR 0.63 +0.02 Sect. 5
10 250 PP 0.60 + 0.02 1 Sect. 5
30 250 PP 0.62 4+ 0.03 1 Sect. 5
60 250 PP 0.52+0.01 1 Sect. 5

A2 60 350 4.82 Fig. 8(d)

A3 10 250 WGP 0.68 +0.03 1.2 Sect. 5
60 250 WGP 1.06 £ 0.04 1.2 Sect. 5
60 350 4.34 Fig. 8(e)
10 350 3.76 Inset Fig. 8(e)
10 500 2.71 Fig. 8(1)
10 500 CF 0.68 +0.03 1.1 Sect. 5
60 350 CF 1.06 £0.05 1.3 Sect. 5
10 250 VHR 0.65 + 0.05 Sect. 5
60 250 VHR 0.66 +0.03 Sect. 5

prior to integration in Eq. (5). For example if the term fiN;(t) represents
the amount of charge stimulated from the i donor then a portion
aifiNi(t) is captured at an acceptor. The functions ®;(t) are not neces-
sarily identical for each donor. Since the problem posed by the set of (n +
1) equations is an initial value one, the constant c can be determined.
Equation (6) therefore represents particular solutions and will be used to
describe the time-dependent evolution of PTTL intensity.

In what follows, the change of PTTL intensity with duration of illu-
mination will be discussed with respect to the preheating temperature.
This facilitates explaining the number of acceptors and donors involved
in the PTTL at each stage.

7.1. PTTL following preheating to 250 °C - sample annealed for 10 min

When the sample annealed for 10 min was preheated to 250 °C to
remove peaks [-V, only peaks I-IV were properly removed. Two PTTL
peaks Al and A3 were measured at 90 °C and at 176 °C. Peak V still
remained although much reduced in intensity. Therefore the PTTL can
be accounted for in terms of two separate systems of one acceptor and
three donors comprising levels 5 to 7 in Fig. 7.

The dependence of electron concentration on stimulation time rele-
vant for peaks Al and A3 is

N :Alj (e*fsl _ e*fkl) + AZ_/' (e*fﬁ’ _ eifi") + A3j (e*fﬂ _ e*fk’) ()

where for the acceptor with label k (either 1 or 3), the scaling factors are
Ay = afiN;i/(fx —f;) where Nj; are each the initial concentrations of
electrons at electron traps j = 5, 6 or 7 at the start of illumination and g;
are constants of proportionality. In this case [ =1, 2 and 3.

7.2. PTTL following preheating to 350 °C - sample annealed for 10 min

When the sample was preheated to 350 °C to remove peak I-VI, only
two peaks Al and A3, were reproduced. This preheating left a low in-
tensity remnant of peak VI. Thus levels 6 and 7 are considered donor

traps. This constitutes two separate systems of one acceptor and two
donors. The time dependence of electron concentration corresponding
to peaks Al and A3 are

Ny =Byj(e ™ —e ) + By(e /" —e ) (©)]

where k = 1 or 3 and By = q;f;Nji/ (fc —f;) where all symbols retain their
meanings.

7.3. PTTL following preheating to 350 °C — sample annealed for 60 min

When this sample was preheated to 350 °C to remove peak I-VI, three
PTTL peaks Al, A2 and A3 were measured at 80, 134 and 188 °C. This
preheating could not completely remove peak VI and so its associated
electron trap is regarded as a donor. Thus, for each acceptor, there are
two donors, levels 6 and 7. There are hence three systems of one
acceptor and two donors. The time dependence of electron concentra-
tion at the acceptor electron traps will be described by equations similar
(not identical) to Eq. (8).

7.4. PTTL following preheating to 500 °C — sampling deep electron traps

When the sample annealed for 10 min was preheated to 500 °C to
remove all peaks in the glow curve, two PTTL peaks, A1 and A3, were
reproduced at 100 and 176 °C. The supposed deep trap (level 7) is the
donor. Thus we have two systems of one acceptor and one donor. The
time dependence of electron concentration corresponding to acceptor
level k (1 or 3) is

Ny=Dj(e" —e™) ©)]
where Dy = ufiNji/ (fc —f;) where all symbols have meanings as before.
8. Analysis of illumination-time curves

Fig. 8 shows selected examples of the dependence of PTTL intensity
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Fig. 6. Glow curves measured after preheating to 560, 570 and 600 °C.

on duration of illumination. All plots go through a peak with illumina-
tion time. The detailed behaviour differ and is affected by number and
contribution of donor traps. The quartz studied each show at least six
peaks I-VI. Thus qualitatively when say, peak I, is removed by pre-
heating, it might be expected that phototransfer will reproduce it. This
does not happen. Instead PTTL is only observed when a certain number
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of peaks have been removed and even so only certain peaks re-appear
under phototransfer. The PTTL intensity is assumed to follow the con-
centration of charge at an acceptor as before e.g. (Chithambo et al.,
2017, 2018; Wintle and Murray, 1997).

Profiles for systems of one acceptor and three donors are shown for
peak Al in Fig. 8(a) for the sample annealed for 10 min and in Fig. 8(b)
for the one annealed for 30 min. The measurements are for preheating to
250 °C. The solid line through data in both cases is the best fit of Eq. (7).
Plots for peaks Al and A3 for the sample annealed for 60 min are similar
to Fig. 8(a) and have been omitted. Here and throughout Fig. 8, the
curve-fitting was based on the Marquardt-Levenberg minimization
routine.

Fig. 8(c)-(e) show results for systems of one acceptor and two do-
nors. These correspond to preheating to 350 °C. Comparing Fig. 8(a) and
(c), the latter for peak Al in the sample annealed for 10 min, it is
apparent that we have a counter-intuitive result where the PTTL in-
tensity has increased even though the number of donors has decreased.
This points to the presence of a competitor for electrons released from
deep traps influencing the PTTL. We deduce that this is level 6
(responsible for peak VI) since this is the only additional peak removed
when the preheating temperature is changed from 250 to 350 °C. That a
competition process may indeed be at play is evident in measurement of
peak Al for a system of one acceptor and one donor (inset to Fig. 8(f)).
This will be explored later.

The intensity of peak A2, which only appears in the sample annealed
for 60 min, is shown against illumination time in Fig. 8(d). The intensity
goes through an extended growth to a maximum before decreasing. The
result for peak A3 for the sample annealed for 60 min (inset to Fig. 8(e))
also goes through a peak but the subsequent decrease is slow and
somewhat linear. These examples are shown fitted by Eq. (8). This
characteristic is also observed when the preheating temperature is 500
°C (Fig. 8(f), main graph for peak A3 in the sample annealed for 10 min).
The PTTL for samples annealed for 30 and 60 min was too weak for any
systematic study.

The photoionization cross section for the electron trap corresponding
to peak Al in Fig. 8(a) was evaluated as 5.18 x 1078 cm?. For analysis
using peak A3 in the same sample, the value was found as 2.53 x 10718
cm?. The full set of such values are listed in Table 2. All are of the order
of 1078 cm? and are comparable with literature values e.g.
(Bgtter-Jensen et al., 2003; Kuhns et al., 2000).

9. Competition effects during phototransfer
9.1. Qualitative account

Phototransfered TL at peak Al was only observed after the removal
of peaks I-IV. There was no PTTL after removal of peaks I, I and Il or I to
I1I. These results go against the expectation that a PTTL peak ought to be
reproduced when at least one shallow trap has been depleted and one or
more supposed donors are intact. That the PTTL only appeared after
some supposed donors were depleted suggests that some of these act as
competitors for charge that would otherwise be captured at an acceptor.
We discuss this with reference to peaks III to IV whose intensities are
shown plotted against preheating temperature in Fig. 9.

If a preheating temperature is below the position of a particular peak,
the latter is expected to contribute to the PTTL process as a donor and its
intensity should remain unchanged if that contribution is negligible
otherwise its intensity should decrease. The behaviour of peak IV in
Fig. 9(a) fits this description. On the other hand, if an electron trap
competes for phototransferred charge while also acting as a donor, the
extent to which it also acts as an acceptor will be reflected in a plot of
intensity against preheating temperature. As a case in point, the in-
tensity of peak V, in Fig. 9(b), increases by nearly 60% when the pre-
heating temperature is changed from 100 to 210 °C. Since the position of
this peak is at 240 °C and the preheating temperatures are below this,
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the increase in intensity must be due to its electron trap acting as an
acceptor. Beyond 210 °C, the intensity decreases. This is caused by
depletion of trapped charge by preheating and somewhat by loss owing
to optical stimulation.

The influence of possible competitors can also be examined in
illumination-time profiles shown in Fig. 10. The maximum intensity of
peak Al in Fig. 10(a) increases with preheating temperature. This is
unexpected because increasing the preheating temperature should cause
a gradual depletion of donors. This would be reflected as a decrease in
the intensity of PTTL from the acceptor. The results of Fig. 10(a) must
mean that the effect of any competitor trap is reduced as the donor trap
is depleted as was observed for peak V in Fig. 9(b). In contrast, the in-
tensity of peak A3 in Fig. 10(b) decreases with preheating temperature.
This can be ascribed to reduction of charge at donors with preheating.
This is evident in the inset to Fig. 9(b). This behaviour is expected of a
donor when retrapping is negligible. Since kinetic analysis showed that
peak A3 follows first order kinetics, this change of intensity with pre-
heating temperature is consistent with this conclusion.

9.2. Empirical model of competition effects

To model competition effects, we consider peak V in Fig. 9(b). The
intensity of peak V is not independent of preheating temperature. This
suggests that the concentration of electrons trapped at level 5 after each
preheat is affected by competition effects. By this we mean processes
that increase or depress the capture of electrons at electron traps during
illumination and how this affects the signal output from acceptors or
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contribution of donors. The mechanisms involved are not obvious but an
explanation can be forwarded. We assume that the concentration of
electrons N5 at level 5 depends on two independent parameters, a var-
iable one N and a time-independent one N, that is, N5 = N+ N, where
N is the number of electrons available in the conduction band after
release from donors 6 and 7 and N, is the number of electrons trapped at
level 5 immediately after irradiation but before optical exposure of
sample. Since the same dose of 200 Gy is used each time, Ny is constant.
We further assume that electrons do not accumulate to any significant
extent in the conduction band.

The concentration of electrons in the conduction band is affected
either by optical exposure or irradiation. Since N, is unchanged and the
sample is exposed to light for 20 s each time, N changes due to
competitive retrapping. When electrons are released to the conduction
band from donors, some transit to recombination centres and others, to
electron traps. However, unless a sample is preheated to at least 250 °C,
there is no PTTL observed for peaks I to IV. This discounts their electron
traps acting as competitors for charge released from levels 6 and 7. We
presume then that there exists an as yet undetermined competitive route
including the recombination one. If such competitive retrapping de-
creases with preheating, the remnant that can transfer to level 5 will
increase each time the sample is exposed to light following each preheat.

9.2.1. Increase of signal with preheating (Fig. 9(b))
The number of electrons N available in the conduction band after
stimulation from donor levels 6 and 7 at any time t can be written as

dN
@ =f6Nei + f1N7; — AN 11

where Ng; and N-; are the initial concentrations of electrons at levels 6
and 7 respectively and A is the overall probability per unit time that a
stimulated electron will transit the competitive route. The time-
dependence of is N is therefore

_ (fNe +f1N7)
i

N [1—e™ 10)

Fig. 9(b) shows that the signal for peak V initially increases with
preheating although there are no new donors or new sources of elec-
trons. Thus if indeed 1 is negligible, we can use Taylor series to
approximate Eq. (9) to

N = (f;Ns +fNo)t (12)

At each step where the sample is exposed to light after preheating,
only a certain proportion of the ensuing electrons are captured at level 5.
To use Fig. 9(b) as an illustration, between 100 and 210 °C, the pre-
heating temperature is increased by 10 °C and so the sample is preheated
consecutively 11 times. The first preheating to 100 °C is measurement 1,
the one to 110 °C is measurement 2 and so on. If we replace t in Eq. (12)
by a unitless dummy variable t representing the number of measure-
ment (1, 2, ...as explained earlier) or ‘preheat number’, we can write
that

N = (agfsNe + arfsNy )t (13)

where a¢ and a; are constants of proportionality. Further if the term AN
in Eq. (10) decreases with each run, the bracketed term in Eq. (13) will
increase and correspondingly N will increase linearly with t or pre-
heating. The solid line though data between 100 and 210 °C in Fig. 9(b)
is the best fit of Eq. (13).

9.2.2. Decrease of signal with preheating (Fig. 10(b))

When the sample is preheated beyond 210 °C, the heating extends
into the expanse of peak V. This depletes some charge trapped at level 5.
Since peaks V and VI overlap, the preheating also reduces the remnant at
level 6 due to ionization. The intensity of peak V therefore decreases in
consecutive measurements due to these two effects. It is not possible to
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Fig. 10. Time-response profiles for peak Al (a) and peak A3 (b) in the sample annealed at 900 °C for 10 min. The dotted lines are visual guides.

model accurately the dependence of charge reduction on preheating.
However, the reduction due to optical stimulation can be addressed. We
will do so in two ways, by approximation and by using an exact solution
and then compare the results.

If we consider peak 5 as the acceptor, the rate of electron transfer
during each illumination can be written as

dN'
— = f a4
dN6

Z0_ _£N, 15
i J6Nes (15)
dn.

d—;: — fsNs + 8¢fsNs + 5:5N5 (16)

where §¢ and &; are constants of proportionality. We can express the
contribution from level 6, the one affected by preheating as some
function, say, g(t) = 6efsNe to re-write Eq. (16) as
dNS

—== —fsNs +g(t) + 6:1N;

dt an

10

The solution of the coupled equations (14), (15) and (17) is
61f7N7;

Ny — ( = )>e<f7f+ {e’-"*’(g(t) / g’(z)%dtﬂ + et

where c is a constant and all other parameters are as previously defined.
Ignoring the exact form for g(t) for now, we notice that the contribution
within square brackets decreases each time the sample is preheated. The
remaining terms, the first and third, are simple exponential decaying
functions. Since the TL intensity is proportional to the concentration of
trapped charge, its intensity will also decrease approximately expo-
nentially with each run, in the form

&t

T

(18)

Ns=Ae™ +h(7) 19)
where A and a are constants and h(t) is some function subsuming terms
within the square bracket and t is a dummy variable denoting the run
number or preheat number. In data fitting h(t') would be a free fitting
parameter left to vary.

If the case above is treated as a system of one acceptor and two do-
nors, then by the solution of Egs. (14)-(16), Ns will depend on t as
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Ns a B, (e’fe" — e’fsl.) + B, (e’-ﬁ" —e’f“v) (20)
where B; and B, are constants and other parameters are as defined
before. The solid red line through data in Fig. 9(b) is the best fit of Eq.
(19) while the blue line is the best fit of Eq. (20). Although the decrease
due to preheating alone has been omitted in this discussion, both
equations describe the data satisfactorily.

10. Conclusion

Phototransferred thermoluminescence of annealed synthetic quartz
induced using 470 nm blue light has been studied. Samples were
annealed at 900 °C for 10, 30 and 60 min. The glow curve measured at 1
°C s7! after irradiation to 200 Gy shows six peaks for all samples.
However, only three PTTL peaks were reproduced for the sample
annealed for 60 min. When the duration of annealing was reduced to 10
min, only two PTTL peaks were induced. For an intermediate duration of
30 min only one PTTL peak was reproduced. Deep traps beyond 600 °C
make a negligible contribution to the PTTL. All the PTTL peaks studied
are affected by thermal quenching. The activation energy of thermal
quenching for peaks Al and A3 were evaluated as 0.62 + 0.02 eV and
0.65 + 0.02 eV respectively. The PTTL intensity goes through a peak as
a function of illumination time. The change is modelled using sets of
coupled linear differential equations based on systems of donors and
acceptors whose number is determined by preheating temperature.
Competition effects involved in the PTTL have been reported and
modelled using an empirical model.
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