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ABSTRACT

TIME-RESOLVED OPTICALLY STIMULATED LUMINESCENCE (OSL)
STUDIES ON SAMPLES CONTAINING QUARTZ AND FELDSPAR

Yeltik, Aydan
M.Sc., Department of Physics

Supervisor: Assoc. Prof. Dr. Enver Bulur

September 2009, 110 pages

Time Resolved OSL (TR-OSL) is a technique to record the luminescence
decay curve data after a brief stimulation pulse and can possibly be used for the
separation of luminescence signals from quartz and feldspars. In this study
luminescence emission from quartz and feldspar samples was investigated. TR-OSL
signals of these samples were studied for the variations with preheating and
annealing temperature, stimulation pulse width and total stimulation time, optical
bleaching, radiation dose and measurement temperature. TR-OSL decay lifetime of
quartz samples was found as ~40 us. Na-feldspar and K-feldspar luminescence
signals were deconvoluted using a linear sum of three exponential decays with
lifetimes about 45 us, 8 pus and 1 ps and about 35 ps, 7 us and 0.6 us, respectively.
Since feldspars signals have a component with lifetime similar to that of quartz (~40

us), luminescence signal separation with TR-OSL seems to be not straightforward.

Keywords: OSL, Pulsed OSL, TR-OSL, Luminescence Emission Center, Quartz,
Feldspar.
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KUVARS VE FELDSPAT ICEREN ORNEKLERDE ZAMAN TANIMLI OPTIiK
UYARMALI LUMINESANS CALISMALARI

Yeltik, Aydan
Yiiksek Lisans, Fizik Bolimii

Tez Yoneticisi: Dog. Dr. Enver Bulur

Eyliil 2009, 110 sayfa

Zaman tanimli OSL (TR-OSL) kisa bir uyarim darbesinin ardindan ¢ikan liiminesans
bozunma egrisinin kaydedilmesi i¢in kullanilan bir tekniktir ve, kuvars ve feldspat
minerallerinden gelen liiminesans sinyallerinin ayristirilmast i¢in kullanilmasi
olasilik dahilindedir. Bu ¢alismada kuvars ve feldspat orneklerinin liiminesans
bozunma egrileri incelendi. Orneklerin TR-OSL sinyalleri 6n 1sitma ve tavlama
sicakligi, uyarim darbe genisligi ve toplam uyarim zamani, optik agartma, radyasyon
dozu ve olglim sicakhigina gore g¢alisildi. Kuvars orneklerinde TR-OSL bozunma
omrii ~40 mikrosaniye olarak bulundu. Na-feldspat ve K-feldspat liiminesans
sinyallerinden ise sirasityla 45, 8 ve 1 mikrosaniye ile 35, 7 ve 0.6 mikrosaniyelik
bozunma Omiirleri elde edildi. Bozunma Omiirlerine bakildiginda feldspat
sinyallerinden elde edilen bir bozunma O6mrii degerinin kuvarsinkine (~40
mikrosaniye) yakin ¢iktig1 gdzlemlendi. Bu bilgi 151831nda TR-OSL yonteminin sinyal

ayristirmasinda kullanilabilmesinin ¢ok kolay olmadigi sonucuna varildi.

Anahtar Kelimeler: OSL, Darbeli OSL, TR-OSL, Liiminesans Emisyon Merkezi,
Kuvars, Feldspat.
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CHAPTER 1

INTRODUCTION

Luminescence is a process of spontaneous emission of light by excited atoms in a
solid. Although first observations on luminescence phenomenon dates back to
ancient times, many scientists were interested in this phenomenon enthusiastically
during the last four centuries (Harvey, 1957). Stimulation of an insulator or
semiconductor material which is already excited by an ionizing radiation may also
lead to luminescence emission. In this case, irradiation creates free electron-hole
pairs where part of them can be captured and stored in electron and hole traps within
the material. Stimulation causes de-trapping of some of these trapped electrons
which then recombine with the trapped holes resulting in luminescence emission. If
stimulation is made by heating, the luminescence is called Thermoluminescence
(TL). On the other hand, if stimulation is made with photons the process is called
Photo Stimulated Luminescence (PSL). Optically Stimulated Luminescence is a
commonly used name as the stimulation is generally made at visible wavelengths.

OSL was first suggested for radiation dose measurement by Antonov-
Romanovskii et al. (1956) but, OSL as a radiation dosimetry technique was first used
by Braunlich et al. (1967) and, Sanborn and Beard (1967). Bréaunlich et al. (1967),
Sanborn and Beard (1967) and Rao et al. (1984) used phosphors such as Mgs, Cas,
SrSe doped with Ce, Sm, Eu and various other rare earth elements in OSL dosimetry
measurements but, these phosphors were realized to be not good luminescent
materials for dosimetry. The literature related to dosimetry using OSL was not
extensive until 1980°s due to the lack of good dosimeter materials. The first
experiments on quartz and feldspar for dating of sediments were reported by Huntley

et al. (1985). By the usage of filtered lamps and light emitting diodes as stimulation



sources and the observation of good OSL dosimetry characteristics of Al,03:C
samples in 1995 (Markey et al., 1995), OSL became an important method in areas
such as the analysis of the materials, retrospective radiation dosimetry and dating.
The complete rewiev of the subject is not in the scope of this study. Better-Jensen et
al. (2003) presented an extensive review for OSL technique covering both
fundemantal concepts and many applications.

Time Resolved Optically Stimulated Luminescence (TR-OSL) is a relatively
new modification of OSL with the possibility of separation of the stimulation and
detection of luminescence in time. Unlike other OSL types such as continuous wave
OSL and linearly modulated OSL, TR-OSL is a tool to examine the recombination
part of the OSL system using small pulses for stimulation. The technique was first
applied by making measurements on alkali feldspars by Sanderson and Clark (1994)
who used laser stimulation pulse widths of 10 ns. The stimulation wavelength
selected was 470 nm. In 1995, Markey et al. studied pulsed luminescence from the
luminescence dosimeter a-Al,O3:C by using the 514 nm line of an Argon-ion laser
and pulse widths of 10-100 ms (Markey et al., 1995). McKeever et al. (1996)
extended this study with the use of other wavelengths of stimulation light. Some
examples of time-resolved OSL spectra from feldspars were given by Clark et al.
(1997) with the pulses of 5 ns and stimulation wavelength of 850 nm from a laser.
Bulur and Goksu (1997) used pulsed 565 nm green light emitting diodes (LEDs) for
the investigation of the Iluminescence from o-Al,O3:C. In 1998, stimulation
wavelength dependence of feldspar time-resolved OSL was studied by Clark and
Bailiff (Bailiff, 1998). They used a pulsing system with 5 ns pulse widths and 850
nm stimulation wavelength from a laser diode. In 1999, Akselrod et al. described a
dosimetry method with small stimulation pulses using Al,O3:C samples (Akselrod et
al, 1999). The stimulation wavelength and pulse width selected was 532 nm and 1 s,
respectively. A preliminary study of fast pulsed OSL in Al,O3:C under near infra-red
stimulation was observed by Bailiff and Clark (1999). Laser used for the stimulation
in this work produced pulses of 5 ns width and the wavelength was selected as 850
nm. TR-OSL studies on quartz, which is the most common natural dosimeter,
appeared in 2000s with the works of Bailiff and, Chithambo and Galloway (Bailiff,
2000; Chithambo and Galloway, 2000a). In 2000, Bailiff observed the change of TR-



OSL lifetime in quartz with measurement temperature under stimulation with a laser
of ~5 ns pulse width and wavelength ranging from 600 nm to 450 nm (Bailiff, 2000).
In the same year, Chithambo and Galloway reported the effects of various sample
treatments such as irradiation, preheating and optical stimulation with 525 nm
wavelength on the quartz luminescence lifetimes (Chithambo and Galloway, 2000a).
LED pulse width was taken as 11 ps. They also reported measurement temperature
dependence of luminescence lifetimes in quartz using the same stimulation
wavelength and pulse width from LEDs (Chithambo and Galloway, 2000b). Again, a
study of them related to TR-OSL spectra from quartz and feldspars was published
with the same stimulation wavelength from LEDs but this time several pulse widths
were used (Chithambo and Galloway, 2000c). Galloway (2002) examined the
dependency of luminescence lifetimes on annealing temperature prior to beta
irradiation with pulses of 14 us and stimulation wavelength 525 nm provided by
LEDs. Chithambo continued to study on TR-OSL from quartz in his following
studies. In 2002, he observed the influence of annealing on TR-OSL lifetime and
intensity of quartz and, the influence of measurement temperature on lifetime
(Chithambo, 2002). Stimulation was performed with the same pulsing system used in
the study of Galloway (2002). Afterwards, he examined the effect of annealing and
partial bleaching on lifetimes from quartz using 14 ps pulse width and 470 nm line of
LEDs (Chithambo, 2003a). In another study, he investigated the thermal influence on
luminescence lifetimes in quartz using 14 ps pulse width and 525 nm line of LEDs
(Chithambo, 2003b). In addition, the work on quartz by Chithambo (2004) was
related to the influence of annealing temperature and measurement temperature on
luminescence lifetime. Luminescence was stimulated by 525 nm green LEDs and
pulse width was taken as 11pus. Besides these experiments on quartz, Tsukamoto et
al. (2006) carried out TR-OSL experiments on feldspars using 875 nm infra-red LED
stimulation and pulses of 10 and 100 us wide. She studied the luminescence for UV,
blue and red detection wavelengths to get TR-OSL lifetimes and examined the
stability of TR-OSL signal components with bleaching. Chithambo (2007a)
discussed a theoretical basis of analytical methods in the analysis of TR-OSL. In
addition, Chithambo (2007b) compared the computer simulations with the

experimental results on the basis of the corresponding theoretical models presented



in his previous work. Recently, some other TR-OSL studies on quartz (Chithambo et
al. ,2008a, 2008b; Ogundare and Chithambo, 2008) and feldspar (Thomsen et al.,
2008a; Ankjergaard et al., 2009) have also appeared.

Among the luminescent materials, due to their high abundance in nature,
quartz and feldspar are commonly used in luminescence based dating and
retrospective dosimetry studies. OSL characteristics of quartz make it more suitable
for dosimetry applications than feldspar considering the signal fading problem of
feldspar and several distinct chemical compositions giving rise to different OSL
properties observed in feldspar minerals. Due to the predominance of quartz OSL
characteristics, different separation methods have been introduced and worked on in
order to get pure quartz from a mixed sample. Physical/chemical separation
procedures were established by Wintle (1997). Bleaching studies by infra-red
exposure of feldspar signal were investigated by Duller (1997) and also, Banerjee et
al. (2001) and Wallinga et al. (2002) worked on the minimization of any unwanted
feldspar contamination. However, none of these studies led to a complete removal of
the blue stimulated OSL signal of feldspar.

In recent years, signal separation procedures in chemically untreated samples
during the TR-OSL measurements appeared as an alternative way to the previously
mentioned separation techniques. Luminescence characteristics of quartz and
feldspar need to be well understood in order to establish such a procedure. After lots
of discussions on this issue, finally, Denby et al. (2006) introduced a pulsed diode
stimulation unit and fast photon counter to separate the quartz signal in a mixture
containing both quartz and feldspar. Reduction of feldspar contamination in quartz
was also considered by Thomsen et al. (2008b) investigating both samples with and
without chemical treatment. All these works were based on the great difference in
recombination lifetimes of quartz (~40 ps) and feldspar (~10 ns). These studies
indicated that TR-OSL provides an efficient method for mineral separation using
luminescence signals which may open up the possibility of accurate dose
determinations carried out directly in the field.

The main purpose of the present thesis is to establish a physical background
to the separation of luminescence signals from quartz/feldspar mixture during the

TR-OSL measurement. An analysis of the quartz and feldspar minerals” TR-OSL



characteristics depending on various experimental procedures such as radiation dose,
preheating temperature, optical bleaching, measurement temperature was performed
within the framework of the thesis.

Chapter 2 of the thesis deals with the theoretical aspects of OSL. Simple
models to explain the luminescence production mechanisms using various
stimulation modes such as Continuous Wave OSL (CW-OSL), Linearly Modulated
OSL (LM-OSL) and Pulsed OSL (POSL) (and its time resolved type, TR-OSL) are
described briefly. Finally, TR-OSL is considered in particular.

In Chapter 3 some background information about quartz and feldspar,
minerals used in TR-OSL measurements, is given which is followed by the OSL
properties of these samples.

Chapter 4 describes the experimental procedures and techniques used in this
study. The description of TR-OSL investigations on natural quartz from Aegean
coasts, nominally pure quartz and feldspar samples and, discussion of the results are

given in Chapter 5. Overall conclusions of the research are presented in Chapter 6.



CHAPTER 2

OPTICALLY STIMULATED LUMINESCENCE

2.1 Luminescence

Radiative emission process in solids resulting from transitions of electrons from a
high energy level to a lower energy level is called luminescence. Luminescenc is a
weak cold glow which must not be confused with the radiation emitted by a hot body
resulted from only its high temperature.

Excitation energy for the electronic transition from low energy level to an
upper energy level and the resultant relaxation process may originate from various
sources. Luminescence types take their names from these excitation sources such as
photoluminescence from light sources, cathodoluminescence from high-energy
electrons, ionoluminescence from ions, electroluminescence from electric field,
thermoluminescence from heating, lyoluminescence from dissolving after irradiation,
sonoluminescence from a sound field, mechanoluminescence from a mechanical
action and chemiluminescence or bioluminescence from chemical or biochemical
processes. Apart from luminescence types listed above, stimulated phenomena such
as TL and OSL also have to be mentioned but, they depart from above processes
with stimulation in addition to a previous excitation. If stimulation is made by
heating, the luminescence is called Thermoluminescence (TL). On the other hand, if
stimulation is made with photons the process is called Photo Stimulated
Luminescence (PSL). PSL is commonly known as Optically Stimulated
Luminescence since the stimulation is generally made at visible wavelengths.

Considering the recombination processes, luminescence can be categorized in

two groups, fluorescence and phosphorescence, depending on the allowance degree



of the excited electronic spin states for transferring of electron from excited state to
lower state in solid. If the promotion of an electron from ground state to an excited
state is spin preserved which means the direction of the spin of the promoted electron
does not change and there exist still two paired electrons with opposite spin
direction, it is an allowed process which is called flourescence. However, if the spin
direction of the promoted electron is reversed, there exist two independent electrons
of the same spin in different orbitals and it is a forbidden process called
phosphorescence. Considering a structure with ground state energy level, S,, and
excited states, S; and S,, with vibrational energy levels, flourescence can be
explained as the emission of light as a result of the direct return of an electron from
the excited level, S; to the ground level, Sy (Figure 2.1). Before this transition,
internal conversions between the excited states and vibrational relaxations between

the vibrational levels of these states can occur to transport of the electron to the S;

state.
S:  xo
| Internal
1 Conversion
i
S, ~— Intersystem
Absorption m— P
Fluorescence
\ i Phosphorescence
So 3 2 A

Figure 2.1. Excitation and emission through the transitions between excited states, S; and
S,, and ground state energy level, So (a) for the fluorescence process (b) for the

phosphorescence process (Lakowicz, 1999).



If the electron first undergoes a spin conversion into a triplet state (T4), its current
state is called metastable state. After a time delay it returns to the ground state level.
Time delay between excitation and emission is longer than that of fluorescence
making the process to be known as phosphorescence (Chen and McKeever, 1997).
When the phosphorescence phenomenon is extended to the band theory of solids,
electronic transitions between the localized states acting as metastable trapping levels
and the delocalized bands become the underlying process for the topic of OSL. The
main idea for the analysis of OSL originates from the description of

phosphorescence.

2.2 Optically Stimulated Luminescence

2.2.1 Introduction

Stimulated luminescence phenomena are categorized into two main groups,
Thermally Stimulated Phenomena (TSP) and Optically Stimulated Phenomena
(OSP). TSP covers thermoluminescence, thermally stimulated conductivity,
thermally stimulated exo-electron emission, thermally stimulated capacitance, deep
level transient spectroscopy, thermogravimetry, differential thermal analysis and
others. Similarly, OSP include optically stimulated luminescence (OSL),
photoconductivity and optically stimulated exo-electron emission. Among these OSL
is used in radiation dosimetry, analyzing defect structures in solids and disciplines
like archaeology, geology, health physics and medical sciences (Botter-Jensen et al.,
2003).

The theory of OSL has been discussed in many works such as Chen and
McKeever (1997), McKeever and Chen (1997), Aitken (1998) and Better-Jensen et
al. (2003). It is generally described as an outcome of the relaxation of a perturbed
system back to the thermodynamically equilibrium condition after stimulation by
light. Perturbation of a system to a metastable state is made by an ionizing radiation
source (Figure 2.2).
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Figure 2.2. Energy band model description of OSL phenomenon

As a result of the energy absorption by an insulator or semiconductor, excited free
electrons and holes are trapped at defects within the material and some of them are
stored in relatively stable traps. If the metastable condition of the system is disturbed
by light (or heating in TL) trapped charge carriers of one sign are liberated.
Relaxation is completed with the recombination of these charge carriers with other
charges of opposite sign. If the recombination is radiative, luminescence is emitted;
otherwise, the recombination is non-radiative.

Configurational coordinate model is an alternative way to the energy band
model used above to describe the OSL phenomenon. Configurational coordinate
indicates the displacement of the atoms in the neighborhood of a defect.
Configurational coordinate diagram illustrated in Fig. 2.3 represents the potential
energy states of the luminescent center as a function of the distance between the

impurity atom and the first nearest neighbor.
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Figure 2.3. Configurational coordinate diagram for an impurity atom in a

semiconductor/insulator (Vij, 1998)

An electron in the ground state (A) can absorb energy from e.g. ionizing radiation
and be excited to a higher energy level (A"). It loses an amount of energy as heat and
the relaxation to the stable configuration B occurs. Then, a radiative transition BB'
may happen resulting in a light emission followed by a non-radiative transition B'A.
On the other hand, the excited electron can also be trapped at T through the transition
CC'. If T is a sufficiently deep trap, only the stimulation by light (or heating for TL)
can release the electron from the trap and excite it to the C level. Luminescence is

emitted through the BB’ transition and the process is called OSL.

2.2.2 Models and Rate Equations

For about six decades, several energy-level models were introduced in order to
explain the underlying processes of the stimulated luminescence. A series of non-

linear, coupled rate equations were needed to describe the complex processes behind
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the OSL (also for TL). In all the models, as the general consideration, transitions into
or out of the localized traps and recombination centers were assumed to be occurring
through the delocalized bands and, non-radiative transitions were specified with
some special definitions.

The simplest case takes into account one type of electron trapping center and
one type of recombination center in the system (Figure 2.4).

conduction band

D stimulationlight
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. (/
) nA N
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—L0— m, Ay,
Ev I
Iy

valence band

Figure 2.4. Simple OSL band model with one type of trapping center and one type

of recombination center.

The rate at which the system returns to equilibrium is linearly proportional to the
available state concentration for electrons; N. Charge neutrality in this system during

optical stimulation period dictates that

n.+nN=m (2.1)
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where n, and nare the concentrations of electrons in the conduction band and the

electron traps and, mis the hole concentration in the recombination center. Using the

neutrality condition one can also write the following equation,

dn, _ dm _dn (2.2)

dt  dt dt

For any arbitrary density of state function with the energy of E, N(E), rate

equation describing the moving of electrons into or out of the delocalized bands

during optical stimulation can be written as follows,

detrapping retrapping
N N
r N ™~
dn ‘ i
e [P(E)N(E) f(E)dE —n, v [o(E)N(E)(1- f(E))dE (2.3)
EDn EDn

—n,v jam(E)N(E)(l— f (E))dE

N J
~

recombination

where f(E)is the occupation function in Fermi-Dirac statistics; n, is the

C
concentrations of free electrons in the conduction band; v is the free electron thermal

velocity; o(E) is the capture cross-section for the retrapping of free electrons and
o.,(E) is the recombination cross-section for free electrons. Here, E_represents the
lowest energy level in conduction band; E, represents the highest energy level in
valence band and; E, andEj, represent the demarcation levels for electrons and

holes which can be defined as the equality in the probability of recombination with

12



an opposite sign charge carrier and optical excitation. Additionally, p(E)is the

probability for the optical stimulation from the trap and is defined as the product of

the incident photon flux ¢ and the capture cross-section o,

P(E) = #(E)o(E) (2.4)

This formula turns into the following representation for the thermal stimulation in
TL,

E

p(E)=se ¥ (2.5)

where s is the attempt-to-escape frequency of trapped electrons, k is Boltzmann’s
constant and T is temperature.

Some simplifications can be achieved by considering only two types of single
valued localized states existing in the system. These are listed like in the following.

Since N(E) can be written as nS(E — E") for the trap state in this system,

trapped electron concentration becomes
EC
[N(E)F(E)E > n (2.6)

Ep,

and empty traps’ concentration becomes

13



[NE)YE-FENE > N-n @.7)

Ep,

Since N(E)can be written as m&(E —E') for the trap state in this system,

available hole states’ concentration becomes

'FfN(E')(l— f(E'))JE' > m (2.8)

EDp

Furthermore, o and o,, are single-valued parameters since the electron trap energy

and recombination center energy are both assumed to be single-valued. Along with

these simplifications, (2.3) becomes

T~ np—n,(N -)A, ~n.mA, (2.9)

where A =vo and A, =vo, are the retrapping and the recombination

probabilities, respectively. Using Eqgn. 2.2 one may also write

dn
E:nC(N —n)A, —np (2.10)

and

dm
— =—-N_MA 2.11
dt ¢ ( )
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Also, it must be noted that the intensity of OSL is given by

losL = _UE (2.12)

where 7 is a radiative efficiency and is taken as 1 assuming that all electron-hole
recombinations produce photons which are all detected. In general, it is considered
‘1’ in the OSL calculations. Since a numerical solution from these equations is not
possible, analytical expressions with some simplifying assumptions are to be found.
First assumption called quasi-equilibrium approximation states that the free

electrons’ concentration in the conduction band is quasi-stationary;

dn, dn dm

<<— , — and n,<<nm (2.13)
dt dt dt
resulting in,
dm _dn (2.14)
dt dt

That assumption means, in fact, the electron concentration in the conduction band
does not change; that is to say dn, = 0. Using this condition Eqgn. 2.9 is solved for n,

resulting in,

n. = np
© (N-n)A +mA,

(2.15)

and the OSL intensity is given by
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dm np
IOSL:__= m
dt (N -n)A +mA,

A, (2.16)

As the second one, first-order kinetics assumption states a negligible re-trapping

probability during the optical excitation period is considered;

(N —-n)A, <<mA, (2.17)
Above inequalities lead us to
dm dn
= —n 2.18
dt dt P (2.18)
an _ [~ pat (2.19)
n
the solution of which is
n=n,e "™ (2.20)

With the help of this result the OSL intensity can be written as,

dm _ _
log (1) = e n,pe ™ =1, (2.21)

where |, is the initial OSL intensity and n, is the initial concentration of trapped

electrons.
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If a significant electron re-trapping into the traps is considered during the
optical stimulation, the negligible re-trapping condition stated in Eqn. 2.17 becomes
invalid and the second order OSL intensity expression is obtained with the

assumption,

mA, << (N —n)A (2.22)

At this time OSL intensity becomes as,

__dm __npmA, (2.23)
St dt (N-n)A, '

Assuming that the trap is far from saturation, that is to say N >>n, we get

dm  npmA,
| =—— =" 2.24
OSL dt NA] ( )
Using the condition m =n, it becomes,
dn n?
%&=___=_lﬁm (2.25)
dt  NA
The solution for n from this equation is
___MNR (2.26)
Ny pt+NR
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2N12p2 -2
Lo, (0= e R PR Io(1+”°ptj (227)

(n,pt+NR)? NA NR

2 b
where 1, :%. For the more general case, where | = :lbplA“ , one has the
following result.
b
nypt ) 1o
los, (1) = Io[l"' lsllg J (2.28)

Additional electron traps and/or recombination centers were also taken into
account with additional complexities in the analysis of OSL (McKeever et al., 1997;
McKeever and Chen, 1997; Whitley and McKeever, 2000; Better-Jensen et al.,
2003).

2.2.3 OSL Stimulation Modes

OSL can be stimulated by various modes depending on incident photon flux or, in
other words, illumination intensity. If the liberation of electrons from traps is made

by a fixed wavelength A4 and steady illumination intensity ¢, the luminescence

recorded is called CW-OSL. If there is a linear increase of the intensity with time at a

fixed wavelength, OSL obtained by this way is known as LM-OSL. Additionally,

modes with non-linear increase in the illumination intensity can also be considered to
obtain OSL. Alternatively, stimulation may be applied with pulses giving the name

of mode as POSL. These various stimulation modes are illustrated in Fig. 2.5.
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Figure 2.5. A summary of three main OSL stimulation modes, namely CW-OSL,
LM-OSL and POSL (Better-Jensen et al., 2003).

2.2.3.1 Continuous Wave OSL

Continuous Wave OSL (CW-OSL) is the luminescence recorded using fixed

wavelength A and steady illumination intensity ¢ for optical stimulation. The OSL

intensity formula stated in Eqn. 2.21 turns into the following equation for CW-OSL.

t

los () =n,pe ™ +B=1.e*+B (2.29)

where 7is the CW-OSL decay constant, |,is the luminescence intensity and B is

added as a constant for background contribution in the experiment.
If the emitted luminescence is detected as a function of time, the change in

CW-OSL intensity presents an exponential decrease confirming the above statement.
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However, in some cases, the CW-OSL decay pattern departs from a simple
exponential due to some reasons such as the retrapping of the charge into the
shallow, dosimetric and deep traps, and the presence of more than one recombination

center. In this case CW-OSL intensity equation is written as
_t
los, () = Z le " +B (2.30)

where 1, is the luminescence intensity for i"™ component and z; is the decay

constant of i™ component. Fig. 2.6 illustrates a multi-exponential decrease pattern
from the CW-OSL measurement of a sample of quartz, Sivrihisar Quartz, one of the

samples studied in this thesis.
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Figure 2.6. An example of the time dependence of CW-OSL emission from quartz.
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This type of multi-exponential decrease in signals can be analyzed by fitting
the sum of the components of the CW-OSL function with different decay constants
stated above. Chen and Leung (2002) also proposed a stretched-exponential function

for the analysis of non-exponential CW-OSL decay.

2.2.3.2 Linearly Modulated OSL

Bulur (1996) introduced an alternative technique known as Linearly Modulated OSL
(LM-OSL). Unlike the CW-OSL method which uses a constant intensity, LM-OSL is
monitoring the signal with a linearly increasing intensity of the optical stimulation
source. Decay components of CW-OSL turn into here a series of peaks which
corresponds the signal components from different types of traps. Each peak is
thought to be originating from a trap with distinct photoionization cross-section and,
traps with large photoionization cross-section empty more quickly than the traps with
small photoionization cross-section. The illustration for the LM-OSL peaks can be

seen from Fig. 2.7.
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Figure 2.7. An example of LM-OSL curve obtained from quartz (Bulur et al., 2000).
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(Bulur, 1996) can be referred for the mathematical description of the LM-
OSL curve shape.

2.2.3.3 Pulsed OSL

The third major stimulation mode which was first introduced in the measurements on
alkali feldspars by Sanderson and Clark (1994) is Pulsed OSL (POSL). The
measurement principle in POSL is to separate the stimulation and measurement of
luminescence in time. In pulsed OSL, unlike CW-OSL and LM-OSL stimulation is
made by brief pulses.

Absorbed energy per pulse can be controlled by the pulse width, AT and the
stimuation intensity, ¢ or, in other words, stimulation power. For the first-order
Kinetics, the total charge concentration released from electron traps during the pulses
remains nearly constant.

So far, instant emission of luminescence after each recombination event was
considered. However, there is a delay time 7 between recombination and photon
emission and that can be obtained only with brief pulses presenting nearly exact time
resolution in stimuation and luminescence emission.

A very simple model in terms of a trapped electron population was suggested
by Chithambo and Galloway (2000) for POSL. In this model, during stimulation, the

rate of change of the number of stimulated electrons can be written as

an = pn, —An (2.31)

where n, is initial electron population, p is the stimulation probability per unit

time, A is the probability per unit time that a stimulated electron will produce

luminescence and n is the number of stimulated electrons. Here, A is equal to 1/1,
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where t is the luminescence lifetime for POSL. The solution for the number of

stimulated electrons at time t becomes

t

NP (1 _e)=n,pr(i-e ) (2.32)

n(t) = Py

The time rate of luminescence emission with background signal B will be given by

dn -
I(t):—a=/1n(t)+B=n0p l-e” |+B

t

=l (1-e )+B (2.33)

where |, is the luminescence intensity in the time period during stimulation.

After the stimulating pulse of duration t,, the number of stimulated electrons at time

t,,n(t,) decreases exponentially giving the luminescence with background signal B

as

4 ()

I(t)=An(t)e ™™™ +B=n,p(l1-e ")e * +B

t

—l,e +B (2.34)

where |, is the luminescence intensity in the time period after stimulation.

If more than one exponential component exists in the decay part of POSL

signal, an exponential function of the following form is used for fitting.
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o (t-ty)

I(t) = Znop(l—e “Ye © 4B

t
=D lp,e " +B (2.35)

where |, is the luminescence intensity of i decay component and 7, is the lifetime

for i"™ decay component.
2.2.4 Time Resolved OSL

Time Resolved OSL (TR-OSL) is other OSL technique which differs from POSL
technique only in application. Both techniques provide the separation of
luminescence during and after stimulation in time. Theoretical considerations of
Time Resolved OSL (TR-OSL) were discussed and a comparison between TR-OSL
and CW-OSL was made by Chithambo (2007a).

There are several advantages of TR-OSL over other techniques like
continuous wave OSL and linearly modulated OSL. The most important one is that
since the light pulse is very brief during the stimulation, a big amount of
luminescence can be monitored after the pulse indefinitely with the loss of a
negligible amount. Also, signal to background ratio is high over extended
measurement times since, after the light pulse, signal does not contain scattered light
from the source. In addition to these, TR-OSL method provides a possible use in
studying of luminescence lifetimes for the recombination center characterization.

TR-OSL spectrum obtained during the light stimulation pulse and after the
pulse is in a form such as shown in Fig. 2.8. An increase during the brief light pulse
and a decay pattern after the stimulation is turned off matches the form of previously
stated in Egn. 2.33 and Eqn. 2.34.
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Figure 2.8. Anexample for TR-OSL curve.

2.2.5 OSL Dosimetry

OSL was much used in several dosimetry applications, including personal, medical,
environmental and, dating or retrospective accident dosimetry. For all those
applications, the relation between OSL signal and dose absorbed by the matter
allowed to make an assumption for evaluating total absorbed dose in the matter.
Total absorbed dose can be found from the correlation between natural signal and the
signal produced by doses applied in laboratory. In this protocol known as multiple-
aliquot additive dose (MAAD), firstly, natural OSL signal is obtained from the
sample. Then, a laboratory dose is applied and artificially produced signal is obtained
at least from one aliquot of a sample. Some other aliquots are irradiated for different
doses and OSL signals are obtained. A dose response curve is constructed by the

interpolation of these data as shown in Fig. 2.9. With an extrapolation to the zero
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point of signal one can get the (equivalent) dose producing signal equal to the natural
OSL signal of the matter. Applied laboratory dose also provides signal from shallow
traps and in order to remove that signal, preheating has to be made onto the sample
after each dose treatment. For better equivalent dose estimations with a small sample
and not needing to any normalization, a protocol called single aliquot regenerative
dose (SAR) was suggested by Murray and Roberts (1998). In that technique,
sensitivity correction is made on the OSL signals using a test dose and the new curve

obtained is a sensitivity corrected OSL growth curve.

OSL Intensity, a.u.
N
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Figure 2.9. An example for an OSL growth curve using the multiple-aliquot additive
dose (MAAD) protocol.
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2.2.6 Effect of Measurement Temperature

The variations generally observed in OSL curve shapes can be originated from some
temperature dependent effects encountered at different measurement temperatures.

2.2.6.1 Thermal Assistance

Thermal assistance is the most commonly encountered measurement temperature
effect. It is described as an observation of increase in both OSL efficiency and rate of

OSL decay with temperature. The CW-OSL stimulation probability is defined as

AE

p=pee T (2.36)

where 4E is the thermal activation energy.

Various reasons were proposed for thermal assistance process (Figure 2.10).
As one of these proposals, Markey et al. (1997) observed the thermal assistance
effect in aluminum oxide, Al,O3; and discussed it as the result of stimulated charges
retrapping in shallow traps increasing with temperature (Figure 2.10(a)). In this
mechanism, the activation energy AE is defined as the depth of shallow traps, E:.
Also, Hiitt et al. (1988) discussed a thermally assisted transition to the delocalized
band where the activation energy AFE is Ea (Figure 2.10(b)) based on the
measurements in feldspars. With the mechanism in Fig. 2.10(c), Poolton et al. (1994)
stated the thermal assistance observed in their feldspar measurements as hopping
from the first excited state of trap to the recombination center and AE was identified
as Ep. In addition, Poolton et al. (19954, b; 20023, b) said that hopping from band tail
states to the recombination center occurs considering the assistance in their feldspars
(Figure 2.10(d)). In this case, 4E was specified as En. As the last postulation to be
mentioned, Spooner (1994a) observed a thermal assistance in quartz and offered

another interpretation that rise in temperature causes the ground state excitation and
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then, optical stimulation occurs for those traps (Figure 2.10(e)). Ground state energy

Eq is referred as AE in that postulation.
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Figure 2.10. Schematic representation of the process that may give rise to a
temperature dependence for OSL production (McKeever et al., 1997). These
include: (a) the effect of shallow traps (Markey et al., 1997); (b) thermal
assistance from an excited state (Hiitt et al., 1988); (c) donor-acceptor
hopping (Poolton et al., 1994); (d) band tail states hopping (Poolton et al.,
19954, b; 2002a, b); and (e) ground state excitation (Spooner, 1994a).

2.2.6.2 Thermal Quenching

Thermal quenching is another effect originating from the measurement temperature
in some cases. It is the decrease in luminescence efficiency due to an increase in non-
radiative recombination probability as the temperature increases. Temperature
dependence of non-radiative recombinations can be related by the factor

exp(—AE/KT) (see e.g. McKeever, 1985). Luminescence lifetimes consisting of

radiative, phonon-assisted and non-radiative terms can be associated as follows.
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-AE
1=i+7/coth h—wj+ve( KT j (2.37)
T T KT
%/_J
Phonon-assisted part

rad

where 7 is the lifetime of the luminescence center excited state, 7,,, is the radiative
lifetime at absolute zero temperature,  is a constant, @ is the phonon vibration

frequency, 7 is Planck’s constant, k is Boltzmann’s constant and, AE and v are the
activation energy and frequency factor, respectively, for the non-radiative process
(see e.g. Chithambo, 2007Db).

If the phonon-assisted part can be ignored, TR-OSL mean lifetime T can be

expressed as a function of temperature as

T(T) — rad

_AE
1+Ce ¥

(2.38)

where 7,,4is the lifetime for radiative transitions and C is a constant which is equal

to 7,4V (vis the frequency factor).

Two models are used for the explanation of the effect, namely the Mott-Seitz
model and the Schon-Klasens model. In the Mott-Seitz model, the Configurational

coordinate diagram appears again, such as shown in Fig. 2.11.
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Figure 2.11. Configurational coordinate diagram for the defect potential energy

states (reproduced from Better-Jensen et al., 2003).

Stimulation of an electron belonging to an impurity atom from ground state energy
level to excited state energy level can be followed by a non-radiative transition back
to the ground state. In this case, an amount of phonon energy AE is absorbed by the
electron and with the emission of that energy, non-radiative decaying occurs.
Another model called Schon-Klasens model uses the energy-band diagram for
the explanation of thermal quenching effect. In this model, trapped holes
concentration is considered thermally unstable and with increasing temperature it
reduces with the thermal release of holes to the valence band. Here, thermal

quenching activation energy AE is defined as hole release energy.
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CHAPTER 3

QUARTZ AND FELDSPAR

3.1 Quartz — Crystal Structure and Defects

Quartz is one of the most abundant minerals on the Earth’s crust which has a
molecular structure, SiO,, composed of a net of Si and O atoms. One of the most
common and stable form of SiO; is quartz which occurs in nature as a-quartz. o-
quartz is stable below 575 °C and heating above 575 °C causes a-f phase transition
in quartz. This is a reversible process due to only the small adjustments in the atoms
positions during the transition. However, above 870 °C, it has a tridymite structure
and since the bond rearrangements occur in this transition it is an irreversible process
(Botter-Jensen et al., 2003).

The a-form of quartz has a rhombohedral crystal structure and the B form has
a hexagonal structure (Figure 3.1). Oxygen atoms are arranged tetrahedrally around
the Si atoms. Two of the Si - O bonds in a form of quartz make an angle of 66° with
the crystallographic axes (c-axes) and the other two Si — O bonds make an angle of
44°. Si — O bonds in SiO; have a 40% ionic and 60% covalent nature. The covalent
component gives the quartz material a rigid structure and that results in the atoms to

be located at their positions in the structure strictly.
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Figure 3.1. Rhombohedral crystal structure of a-quartz. The oxygen atoms are
tetrahedrally disposed about those of Si. Dotted circles represent the Si atoms in -
guartz (McKeever, 1985).

Defects caused by ionizing radiation are created mostly at pre-existing
imperfections in quartz. Among these imperfections, aluminum in the form of AI**
ion is one of the frequently encountered impurities in quartz. AI** jons can substitute
for Si** ions forming neutral (AlIO4/M™*)° centers with ions (M*) such as H*, Na* and

Li* for charge balance (Figure 3.2).
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Figure 3.2. Quartz lattice structure with common defects (G6tze et al., 2001).
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The formation of (AlO4/M*)* at low temperature irradiation and (AlO4)° at
room temperature irradiation is also a possible case. In addition, charge
compensation with H* ions may lead to the formation of O — H bonds and these can
be detected by infrared absorption spectroscopy. Other common impurities besides
AP in quartz are Ge and Ti and they form (Ge**/M*)° and (Ti**/H") " electron traps.
Additional important and most studied defects are oxygen vacancies, so-called E'
centers (Figure 3.3). Oxygen vacancy with an unpaired electron located on the Si (I)

sp® hybrid orbital is called E," center. Another oxygen vacancy center, E," center, is
Si (I1) but with an associated proton. E," center is the third type of E' center which

is defined as an oxygen vacancy with a hybrid ion bonded to the Si (1) atom. In this

center, a trapped electron spends most of its time on Si (1) (McKeever, 1985).

Figure 3.3. Oxygen vacancy defect in a-quartz (Isoya et al., 1981).

3.2 Quartz — OSL Properties

An inadequate identification of the defects in luminescence processes led to
uncertain descriptions of the luminescence emission mechanisms in quartz. This

insufficient data probably result from broad-band emission nature and differences in
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emission bands of different quartz samples. In spite of the uncertainty in the

identification of defects, A

I3

containing centers could be well defined as the

fundamental part of the recombination centers in quartz. Various emission bands of

quartz resulted from different intrinsic and extrinsic defects also appeared in the
literature (Table 1).

Table 3.1. Characteristic emission bands in the quartz luminescence spectra (Gotze, 2001).

Emission Proposed origin Method  References
(FWHM)
175 nm Intrinsic emission of pure 510 CL Entzian and Ahlgrimm (1983)
FleV
290 nm Omygen deficient centre PL, CL  Jones and Embree (1976)
d.3eV (ODC) CL Skuja and Enrzian (1986)
340 nm Oxygen vacancy TL Rink et al. (1993)
Ja5eV [AlD4Lit] centre CL Demars et al. (1996)
[TiDs/Lit] centre TL Plitze and Wolf (1996)
J80-390 nm [AlD4MT] centre RL Alorse et al. (1983)
3133V MT = Lit, Nat, Ht CL Ligff and Townsend (1990)
(037 eV) [H304]% hole centre TL Yang and McKeever (1990)
420 nm Intrinsic emission CL Stevens Kalceff and Phillips (1995)
295V CL Crorton ot al. (1997)
(033eV)
450 nm Intrinsic defect CL. BRL  Trukhin and Plaudis (1979)
2.8V Self«trapped exciton (STE) CL Waller (1985), ftoh et al. (1988)
(0.35eV) CL Stevens Kalceff and Phillips (1995)
Crorton et al. (1997)
S04 nm [AlD4]" centre CL Nassau and Prescort (1975)
25eV Extrinsic emission EL drof et al. (1988)
[AID4]%, [GeOyMT]® centre TL Rink et al. (1993)
[AlD4MT] centre TL Karz and Halperin (1988)
Mt = Lit, Nat, Ht CL Ramseyer et al. (1990),
Perny et al. (1992)
580 nm Oxygen vacancy TL Rink et al. (1993)
2.0V Selftrapped exciton (STE) CL Stevens Kalceff and Phillips (1995)
E' centre CL Gréatze et al. (1999)
620-650 nm Monbridging oxygen hole centre  PL Siegel and Marrone (1981)
195191 eV Oxygen vacancy CL Lugff and Townsend (1990)
(0420.20eV)y  NBOHC with several precursors  CL Remond et al. (1992)
(e.g.. hydroxyl group, CL Stevens Kalceff and Phillips (1995)
peroxy linkage)
T05 nm Substitutional Fedt CL Part and MeNicol (1971)
1.75eV CL Kempe et al. (1999)

Among these bands, since the stimulation is made generally in visible band of the

spectrum, the main luminescence detection part used in radiation dosimetry is

between 280 and 390 nm. Huntley et al. (1991) obtained emission spectra from
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quartz samples and the resultant luminescence emission peak appeared at 365 nm
(Figure 3.4). This result directed the researchers to use commonly the filters
transmitting the UV band, such as Hoya U-340 filters.
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Figure 3.4. Luminescence emission spectra of quartz samples from south-east South
Australia aged from 0 to 800 ka, stimulated at 647 nm line of a krypton laser

(Huntley et al., 1991).

Considering the recombination part, various TR-OSL measurements in quartz
samples were presented in the literature. A typical quartz TR-OSL spectrum is such

as shown in Fig. 3.5.
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Figure 3.5. TR-OSL signal from quartz stimulated at 525 nm line of LEDs
(Chithambo and Galloway, 2000a).

In various studies, TR-OSL signal containing only one exponential decaying
component was observed in unannealed quartz, fitting a single exponential function

to the decay data obtained at room temperature (Egn. 2.34, Figure 3.6).
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Figure 3.6. TR-OSL spectrum from quartz stimulated at 470 nm, fitted by a single
exponential decay (Galloway, 2002).
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Bailiff (2000) used a detection window of 280-380 nm (FWHM) and obtained
TR-OSL lifetimes of 33 + 0.3 us for sedimentary and ceramics quartz extracts. Same
measurements on synthetic quartz gave lifetimes of 40 + 0.6 us. TR-OSL decay
curves reported in the studies of Chithambo and Galloway (2000b) and, Galloway
(2002) were also with single exponential component for each studied measurement
condition. In recent years, while Ogundare and Chithambo (2007) reported a lifetime
of ~70 us, Chithambo (2007) obtained a lifetime of ~31 ps from a different quartz
sample at room temperature.

Stimulation wavelength range of quartz OSL traps varies between 400 and
950 nm with an approximately exponential decrease in luminescence efficiency
(Figure 3.7). Among the light sources, the most frequently used OSL stimulation
source is light emitting diode (LED) with 470 nm emission.
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Figure 3.7. Stimulation spectra of natural quartz doped with Cu; dotted lines for

OSL and straight lines for optically stimulated afterglow process (Hiitt et al., 2001).

On the part of trap center, a continuous multi-exponential decay curve was
observed with CW-OSL measurements in quartz and this trend was attributed to
distinct trap centers (Figure 3.8). The correlation between these OSL decay curves
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and TL glow curves was worked on in several studies and it was found that 325 °C

TL peak originates from the trap center which also results in OSL.
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Figure 3.8. CW-OSL signal from a sedimentary quartz sample (Bos and Wallinga,
2009).

Initial part of the CW-OSL signal which is used for dose measurement,

mainly comes from a trap which gives a TL peak at 325 °C.

3.3 Feldspar — Crystal Structure and Defects

Feldspars are composed of AlO4 and SiO, tetrahedral units (T-sites) with corner-
sharing of oxygen atoms between adjacent tetrahedra. Since AlO, tetrahedra need
charge compensation, cations such as K*, Na®, Ca®* (M-sites) appear in those

alumino-silicate structures (Figure 3.9).

38



Figure 3.9. Feldspar structure with tetrahedral units (T-sites) and charge

compensating cations (M-sites) (Krbetschek et al., 1997).

Depending on their chemical composition, naturally formed feldspars are

categorized into two groups, alkali and plagioclase (Figure 3.10).
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Figure 3.10. Feldspar ternary diagram with the vertices being pure orthoclase (Or),
albite (Ab) and anorthite (An) (Deer et al., 1992).

Orthoclase (KAISi3Og) is the end member of alkali feldspars and, sodium-rich albite

(NaAlSi3Og) and calcium-rich anorthite (CaAl,Si,Og) are two end members of
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plagioclase series. The intermediate compositions of these end members give rise to
new members i.e. feldspars due to different mole concentrations of albite (Ab) and
anorthite (An) shown in Fig. 3.10. Structural differences during the formation can
also be a classification way of feldspars (Krbetschek et al., 1997).

In orthoclase, large cations can occupy the M sites but, in plagioclase series, a
limited number of cations such as Sr, Ba, Li, Eu can occupy the M sites due to the
smaller cations in the M sites shown in Fig. 3.9. The most widely encountered
centers in feldspar minerals are O, Mn®** and Fe** hole centers and, Ti**electron
centers (Krbetschek et al., 1997).

3.4 Feldspar — OSL Properties

Feldspars could be used widely in luminescence applications since their high
luminescence efficiency, significant portion of potassium inclusion which removes
the uncertainty in dose rate and infra-red stimulated luminescence signal which is a
useful band for luminescence applications. However, the use of feldspar was
restricted by some problems such as anomalous fading and big variations in
luminescence properties of different feldspar samples due to their complex chemical
compositions (Duller, 1997).

There is a lack of information about the luminescence processes inside
feldspar samples so; the correlation between defects and luminescence centers is very
difficult. However, there are remarkable works in the literature for the emission

bands and centers of feldspars (Table 2).
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Table 3.2. Luminescence emission bands in feldspars (Krbetschek et al., 1997).

Activator Colour Peak Method Reference
TI™ uv 280 nm PL Gorobets er al. (1989)
Pb*” uv 300 nm RL Tarashchan ez af. (1973)
? uv 320-340 nm OSL Huntley ez al. (1991)
TL Luff and Townsend (1992)
TL, IR-OSL Krbetschek and Rieser (1995)
ce** UV/bluish-green 355 nm, 490 nm CL Laud et al., (1971)
Eu?* blue 420 nm CL Mariano and Ring (1975)
TL, RL Jaek e al. (1996)
470 nm CL Laud er al. (1971)
Cu®* Blue 420 + 5nm CL Mariano e/ al. (1973)
TL, RL Jaek et al. (1996)
Al-O™Al Blue 450480 nm TL, RL Marfunin {1979b)
§i-078i CL Walker (1985)
Ti* Blue 460 + 10 nm CL Mariane ef al. (1973)
450 nm CL Geake et al. (1973)
Ga'~ Bluish-green 500 nm CL De St. Jorre and Smith (1988)
0-Si.. M™ Bluish-green 500-510 nm TL, RL Marfunin and Bershov (1970}
Fe*™? Greenish-yellow 550+ 5 nm CL Mariano ef @l. (1973)
Mn*~" Greenish-yellow 559 nm CL Sippel and Spencer (1970)
5§70+ 5 nm CL Mariano et al. (1973)
540-561 nm CL Mora and Ramseyer (1992)
550-570 nm CL Giitze er al. (1997)
Fe** Red/IR 700 + 10 nm CL Mariano ef al. (1973)
705-730 nm. CL Sippel and Spencer (1970}
700780 nm CL Geake er al. (1973)
690760 nm RL Borosnovskaya et al. (1982)
680-745 nm CL Mora and Ramseyer (1992)
700-755 nm RP Diitsch and Krbetschek (1997)
688-735 nm CL Gotze et al. (1997)
Sm?** Red Several peaks CcL Mariano er al. {1973)
Blue-IR CL Gotze er al. (1997)
Dy}* TH*" Nd*" Blue-IR Several peaks CL Gatze et al. (1997)
Dy** Yellow—Red 580~ 660 nm TL Kirsh et al. (1987a)
7 IR > 800 nm TL Krbetschek and Rieser (1995)
860 nm CL Gotze et al. (1997)

As can be seen from Table 2, there have been observed several different emission
bands in various studies. IRSL spectral works of Krbetschek (1996) on three

different feldspar samples are presented in Fig. 3.11 as an example for emission

bands of some samples.
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Figure 3.11. IRSL emission spectra for (a) various albite feldspars (b) microcline

and (c) anorthite (Krbetschek et al, 1996).

Using this spectral information in the detection part, TR-OSL studies on feldspars
were performed by several researchers presenting various TR-OSL decay curves
such as shown in Fig. 3.12. All these curves had more than one TR-OSL lifetime.
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Figure 3.12. Time resolved IRSL decay part of a K-feldspar sample detected in UV

(Tsukamoto et al., 2006).
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Clark et al. (1997) used the emission bands of 280-380 nm, 350-575 nm and
460-625 nm (FWHM) for TR-OSL detection in some feldspars and suggested five
different TR-OSL lifetimes, ranging from 30 ns to more than 30 ps. Clark and Bailiff
(1998) again made feldspar TR-OSL measurements as an extensive work of the
previous study, giving again more than one lifetime value. Tsukamoto et al. (2006)
obtained three different lifetimes of Na- and K-feldspar sample for each UV, blue
and red detection wavelength. In the same year, Denby et al. (2006) presented a
feldspar decay curve in UV detection band giving TR-OSL lifetimes of ~3 and ~40
us.

On the charge trapping part, the stimulation spectrum of feldspars is more
complex than that of quartz. Botter-Jensen et al. (1994) obtained stimulation peaks
for a pure Amelia albite and K-feldspar at about 500 and 600 nm (Figure 3.13).
There is a peak for anorthite feldspar at ~970 nm. This value is uncertain considering
the infra-red stimulation literature of feldspars. Infra-red stimulation spectral
information of feldspar resulted in the use of IR LEDs emitting at 880 nm (FWHM

80 nm) and laser diodes emitting at 830 nm in dating.
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Figure 3.13. OSL stimulation spectrum detected with a Hoya U-340 filter (corrected
for power density on sample) (a) for a pure Amelia albite and an anorthite specimen
from museum, with (curve (iii)), the difference between the measured spectrum for
albite (curve (i)) and the approximated continuum (curve (ii)) (b) for sedimentary
feldspar separates, with K.F*, the difference between the measured spectrum for K.F

and the approximated continuum (Better-Jensen et al., 1994).

Factors controlling the form of feldspar OSL decay curves were not
understood so far completely because of the uncertainty in the knowledge about
feldspar luminescence mechanisms. CW-OSL curves are not in an exponential
decaying form in feldspars due to some possible reasons such as existence of more

than one trap center, retrapping and phototransfer phenomena (Figure 3.14).
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Figure 3.14. IRSL decay convoluted for three components with a decay function of

sum of three exponential components (Fattahi and Stokes, 2003).

Besides fitting to a function composed of more than one exponentially
decaying components, power law suggested by Bailiff and Poolton (1991) may

become a solution for the fitting function to some extent (Duller, 1997).
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CHAPTER 4

EXPERIMENTAL PROCEDURES AND TECHNIQUES

Sample preparation, irradiation and preheating procedures, and X-ray diffraction,
CW-0OSL and TR-OSL techniques were used in the measurements reported in this
study. As stated in the purpose of the thesis, various experiments were carried out on
Aegean natural quartz, nominally pure quartz and feldspar samples for the
investigation of TR-OSL signal and obtaining the luminescence characteristics of

quartz and feldspar.

4.1 Sample Preparation

In this thesis nominally pure natural quartz coming from two group of samples
namely, Merck quartz and Sivrihisar quartz, and feldspar minerals namely, Na-
feldspar (NBS standard 99a) and K-feldspar (NBS standard 70a) were used. Besides
this some natural quartz extracted from beach sand collected from Aegean coast were
also used. Grain sizes were selected in the range of 250-355 pum for natural quartz
samples from Aegean coast and nominally pure natural quartz samples. Feldspar
samples used in the experiments were already in powder form (<100 um). In order to
get pure quartz from the Aegean natural quartz, acid treatment method was used.
Firstly, quartz contained natural samples were treated by hydrochloric acid (HCI) to
eliminate the unwanted carbonates such as calcium carbonate mineral (CaCOs).
Then, hydrogen per oxide (H,O;) treatment was applied to remove other organics.
Finally, hydrofluoric acid (HF) was used for the removal of feldspar grains to obtain
nearly pure quartz. In addition, some samples were prepared without HF treatment

for examining TR-OSL signal behavior. At the end of each acid treatment, samples
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were washed with distilled water. All samples used in the work, feldspar and quartz
samples, were fixed on 10 mm diameter aluminum discs using Si oil and then, they

were located on trays used in the experiments.

4.2 X-Ray Diffraction Experiments

X-ray diffraction (XRD) experiments were performed to determine the optimum HF
acid treatment time for removing any other sample components and getting nearly
pure quartz from Aegean natural quartz. XRD spectra were obtained by a “Rigaku
Miniflex” diffractometer with CuK, radiation having a wavelength of 0.154049 nm
and diffraction angle (2theta) range taken between 5-90° at scan speed of 0.2° s™.

HF treatment which is the final part of acid treatment procedure in sample
preparation first was not applied to a quartz contained natural sample and XRD
measurement was performed on that sample. Some possible feldspar diffraction

peaks were observed in XRD spectra of the sample (Figure 4.1).

5000
4000 |
S
&
> 3000
‘»
3
E 2000 - Feldspar peak
F  Feldspar peak
1000
X
0 f | 1 | 1 | 1 |
20 40 60 80
2theta (deg.)

Figure 4.1. X-ray diffraction spectra of a quartz contained natural sample with no

HF treatment (X’ represents quartz peak).
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Then, two samples washed with HF for 55 minutes and 70 minutes were used
in XRD measurements. XRD pattern of the sample washed with HF for 55 minutes is
shown in Fig. 4.2 as an example. Possible feldspar peaks disappeared with HF
treatment for 55 minutes and 70 minutes. As a result, the best HF treatment time to
get nearly pure quartz from quartz contained natural samples was decided as 60

minutes.
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Figure 4.2. X-ray diffraction spectra of a quartz contained natural sample with HF

treatment for 55 minutes (‘x’ represents quartz peak).

4.3 Irradiation and Preheating

Irradiation is a necessary process to reconstruct the conditions of a naturally
irradiated matter in laboratory. Irradiation in all luminescence measurements

reported in the thesis was performed by Sr%+Y* f source (Dose Rate ~ 33 mGy/s).
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Preheating is another important process following the irradiation in order to
simulate of conditions applicable to a natural OSL signal. Some unwanted signal not
encountered in naturally irradiated sample and formed during the laboratory
irradiation is removed with preheating. In this thesis, quartz samples were preheated
at 220 °C for 10 minutes and feldspar samples were preheated at 200 °C for 15
minutes to obtain the ideal signal for dosimetric applications.

4.4 CW-OSL Experiments

CW-OSL from a previously irradiated sample is stimulated by a light source and
luminescence signal coming from the sample can be detected by a photomultiplier
tube (PMT) such as shown in Fig. 4.3. The detected signal is processed to be able to

count as digital pulses and monitored on a PC.
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Luminescence
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Figure 4.3. Schematic representation of an OSL measurement system.
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An ELSEC model 9010 type OSL measurement system was used for CW-
OSL experiments. It is an apparatus developed in collaboration of Littlemore
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Scientific Engineering (ELSEC) with N. A. Spooner and M .J. Aitken of The
Research Laboratory for Archaeology and History of Art, University of Oxford.
However, it is necessary to mention that there has been a change in stimulation unit
of the system necessary for our measurement purposes. IR LED (TEMT 484) in the
stimulation module based on the description of Spooner et al. (1990) was replaced by
a WENRUN type LUB20043 blue LED mentioned in the study by Eyqgi et al. (2007).
Peak wavelength of the new module is ~470 nm and power density is 35-40 mW/cm?
at the sample position. There is a Schott GG420 filter in front of the LEDs with a
transmission wavelength higher than 420 nm. There are also two U340 Hoya filters
in front of the PMT making transmission mainly between 280 nm and 380 nm.

4.5 TR-OSL Experiments

Measurements of TR-OSL are made by small stimulation pulses in brief time
intervals. Luminescence signal obtained during and after the light stimulation
constitutes the TR-OSL signal. Stimulation pulses during the laser on time produce a
signal consisting of TR-OSL, scattered light from laser and background signal. On
the other hand, signal after the stimulation only consists of TR-OSL and background
signal providing to obtain dominantly TR-OSL signal. For that reason, TR-OSL
signal during the stimulation source off time is more useful for the purpose of this
thesis, which is the examination of quartz and feldspar time resolved spectra
necessary for the separation of quartz and feldspar TR-OSL signals.

In TR-OSL experiments, first, laser is opened for a relatively short
stimulation time of AT and also signal counting is started simultaneously (Figure
4.4). Data acquisition is performed with time intervals of dt. The data is transferred
to memory at the end of each ot. After time of AT, laser stimulation is terminated but
data acquisition and storage to memory still proceed. In general, after a period of
time T for completing the laser on and laser off periods, the accumulation process
has to be repeated accumulating the data over and over to obtain high signal to noise
ratio. The form of TR-OSL signal obtained during and after the stimulation is shown

in the following figure.
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Figure 4.4. Logic for operation of TR-OSL system.

Signal Counting’

The main experimental setup used in this thesis for examining time resolved
spectral information of samples is TR-OSL system developed in Thermally and
Optically Stimulated Luminescence Laboratory (TOSL) at METU (Figure 4.5). The
system consists of stimulation unit, temperature control unit, detection unit, photon
counter and control electronics. OSL stimulation was made by a blue laser diode
module with 445 nm wavelength and 13.6 mW/cm? optical power density (Power
Technology Inc. IQ1C16). In front of it there is a long-pass filter with a transmission
wavelength higher than 420 nm (Schott GG420). In the detection part, a Hamamatsu
R928 PMT having a multialkali photocathode sensitive in 185-900 nm was used to
detect luminescence through Schott DUG11 + Hoya U340 filters with a transmission
range of 280-380 nm. PMT converts the individual luminescence photons into analog
pulses. Hamamatsu C3866 type photon counter converted that analog signal from the
PMT into TTL digital countable signal pulses. With the help of PC-DAQ card
N16602, digital signal pulses are counted and counts are monitored on PC on a time
scale. In addition, control electronics in the OSL stimulation unit controls laser driver

for opening and closing of the laser.
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Figure 4.5. Schematic representation of TR-OSL system in Thermally and Optically
Stimulated Luminescence Laboratory (TOSL) at METU.

Data acquisition time intervals were taken in this thesis as 1 ps for quartz
samples and 0.5 ps for feldspar samples. If not otherwise stated, measurements for
all samples were made at room temperature, and accumulation number was kept as

50000 for quartz samples and 20000 for feldspar samples.
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CHAPTER 5

RESULTS AND DISCUSSIONS

Samples used for dosimetry and dating have to be acquired from the natural
environment. However, contribution of several minerals to these samples must be
eliminated to obtain a pure sample of one mineral component, as minerals respond to
radiation dose differently. Generally, quartz is the material of choice as the feldspar
OSL signal is prone to fading. Thus, feldspars and other mineral components should
be eliminated. In the dosimetry and dating practice the most common way to extract
quartz is acid washing as mentioned in the previous chapter. IR illumination before
OSL measurement is also used to remove the feldspar signal. TR-OSL can be
considered as an alternative experimental technique in separating luminescence from
different minerals provided that the recombination lifetimes are different (~40 ps for
quartz and ~10 ns for feldspars).

Before going into details of the TR-OSL properties of quartz and feldspars,
the success of signal separation achieved by acid washing and IR illumination were
tested. For this purpose, a TR-OSL study was performed on natural quartz samples
from Aegean coasts containing predominantly feldspar and quartz besides other
minerals. The ratio of last value obtained from TR-OSL growing part and initial
value obtained from TR-OSL decaying part can be defined as the elimination ratio of
presumably high feldspar component in these samples. The elimination ratio with
different procedures was examined for these samples. Firstly, samples with no HF
treatment and 1 hour HF treatment were used for TR-OSL measurement. It was seen
that there is still a significant signal not coming from quartz for both samples. As

another way, infra-red illumination was used for sample purification and again fast

53



decaying signal not originating from quartz was observed in the TR-OSL signal. All
these observations showed that classical methods are not enough to obtain signal
from a completely cleaned natural sample. TR-OSL method can be used to get pure
signal from one type of sample. However, in order to have information about
whether this technique is succesful or not, we investigated TR-OSL spectra of
nominally pure quartz and feldspar samples at different experimental conditions.

Except for signal description parts in the thesis, TR-OSL labels in figures of
this section correspond to amplitudes determined by curve fitting. In order to remove
sample to sample variation in amplitudes, normalization was made by CW-OSL
measurements for preheating temperature, pulse width, dose and measurement
temperature dependence experiments for quartz samples and, preheating temperature

and measurement temperature dependence experiments for feldspar samples.

5.1 Experiments with Natural Quartz

In order to investigate the luminescence behaviour of natural samples, beach sand
from Aegean coasts were used for TR-OSL experiments. Samples were prepared
with two different sample treatment procedures resulting in one sample group with
no HF treatment and one sample group with 1 hour HF treatment. One sample from
each group having grain size of between 250 um and 355 pm was irradiated to 250
Gy and preheated at 220 °C for 10 minutes. TR-OSL measurements were performed
at room temperature with 100 ps laser pulses with 50000 accumulations. TR-OSL
spectra from these first measurements were illustrated in Fig. 5.1. As seen from the
figure, the TR-OSL curve of natural sample without HF treatment shows a rapid
increase in the beginning of laser on period and a rapid decrease in the beginning of
laser off period than those in the curve of natural sample with 1 hour HF treatment.
These rapid increasing and decrasing regions of the curve indicate the predominance
of, most likely,the feldspar which is the most often encountered mineral in nature.
On the other hand, slowly growing part appearing during the laser stimulation and
slowly decaying part appearing after the stimulation imply that quartz contribution is

more dominant on these time ranges of the signal. In addition, the curve of natural
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sample with HF treatment still exhibits feldspar signal even after the treatment
because from the ratios of maximum laser on signal value to maximum laser off
signal value (A'/B' and A/B), A/B is smaller than A'/B' but not unity. If it were unity,
that would mean the rapid decaying signal originating from possibly feldspar
minerals was eliminated completely.

In addition, decaying part of the natural sample treated with HF for 1 hour
was examined for TR-OSL lifetime and two values as 43 = 1 us and 6 = 1 us were
acquired. The bigger value presumably belongs to the quartz signal considering the
literature about quartz TR-OSL lifetime. The smaller value, on the other hand, is not
known at the moment to come from which sample signal.

After the first measurements, samples were totally bleached by blue light and
prepared with the same dose and preheating procedure. At this time, before the
measurement, infra-red illumination was used to investigate the ratio of feldspar
elimination from the whole sample. The reason why infra-red illumination was used
is that this wavelength region was found to be the stimulation region of feldspars by
Hiitt (1988) and then used for exciting and removing of feldspar signal (Bailiff and
Poolton, 1991; Spooner, 1994b; Thomsen, 2008b). Also, it is known that quartz is
not stimulated with these wavelengths. Using infra-red illumination, it was observed
that TR-OSL of the samples showed a decrease in feldspar signal contribution ratios,
A'/B' and A/B, shown in Fig. 5.1 (inset) considering the ratios obtained with no
illumination in Fig. 5.1. But, feldspar signal could not be erased completely, even in
a previously HF treated sample. If the signal decaying part of the 1 hour HF treated
and infra-red illuminated natural sample is examined for TR-OSL lifetime, one
lifetime value of 38 £ 1 ps is obtained which means we can not observe the
component with small lifetime anymore. It was recently reported that feldspar TR-
OSL signal contains components with lifetimes at the order of microseconds and
nanoseconds (Ankjaergaard, 2009). Microsecond lifetime component(s) can be
removed by IR illumination, whereas nanosecond lifetime component can not be

eliminated.
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Before entering into a detailed study concerning signal separation (originating
from quartz and feldspar) using TR-OSL, TR-OSL signals of quartz and feldspar
should be well understood. Thus, in the following paragraphs TR-OSL from

nominally pure quartz and feldspar samples are analyzed under various experimental

conditions and sample treatments.

5.2 Experiments with Nominally Pure Quartz

Characterization of quartz recombination centers using TR-OSL spectra in different

experimental conditions was achieved by using two different nominally pure quartz
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samples namely, Merck quartz and Sivrihisar quartz. These conditions were provided
by changing of parameters namely, preheating temperature, annealing temperature,
stimulation time, pulse width, optical bleaching time, dose and measurement

temperature.

5.2.1 TR-OSL Signal Description

TR-OSL spectra consist of two sections, namely laser on and laser off part. Fig. 5.2
illustrates a sample TR-OSL curve obtained with 100 us pulse width and 50000
accumulations. There is an increasing part during the laser stimulation and an
exponential decrease after the stimulation. We use the laser off part in the analysis of
TR-OSL data since the scattered light from laser need not to be considered in this

way.
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Figure 5.2. TR-OSL curve of a 300 Gy irradiated Merck quartz.
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Recombination lifetime of electron-hole pairs at the recombination center
called here as TR-OSL lifetime is found from the TR-OSL decay part by fitting with

the equation,

v=4e ~+ v,

where A is a constant which is proportional to the trapped electron concentration.
Quartz TR-OSL decay curve can be approximated using a single exponential
decay function. Fig. 5.3 illustrates a TR-OSL data together with fitted curve with its

components. The residue plot given below indicates the quality of the fit.
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Figure 5.3. lllustration of fitted TR-OSL decay data from a 300 Gy irradiated quartz.
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TR-OSL spectra of Merck quartz with serial number of TA1495836 833, one
of the quartz samples used in this study, were examined for samples monted to 10
different Al discs. Samples were selected from grain sizes of 90-355 um. They were
irradiated to 300 Gy and then preheated at 220 °C for 10 minutes. Total laser
stimulation time was fixed at 5 seconds and pulse width was taken as 100 ps. TR-
OSL spectrum from each measurement is such as shown in Fig. 5.4. Other quartz
sample, Sivrihisar quartz, has a similar TR-OSL curve shape as can be seen from the
data of a 100 Gy irradiated sample (Figure 5.4 (inset)). Decay parts of the signals
were well fitted by an exponential function with one component. Average lifetime
value for 10 samples of Merck quartz was found as 42 + 2 ps and Sivrihisar quartz

lifetime value was found as 36 + 1 ps.
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Figure 5.4. TR-OSL curve from a sample of Merck Quartz and Sivrihisar Quartz

(inset).
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5.2.2 Preheating Temperature Dependence Experiment

Preheating of irradiated samples is made before TR-OSL measurements in order to
eliminate shallow trap contribution to the signal, simulating the conditions applicable
to a natural OSL signal. While unwanted signal is eliminated by preheating process,
a possible luminescence loss from deeper traps must be also taken into account. In
order to investigate effect of preheating temperature on TR-OSL signal and find the
appropriate temperature, Merck quartz samples were annealed at 800 °C and
irradiated to 100 Gy. Each sample was preheated for 10 minutes at different
temperatures. Effect of preheating temperature on TR-OSL signal was obtained such
as shown in Fig. 5.5. It was observed a plateau region before 260 °C and a decrease
after that temperature. But, also two possible TL peaks around 150 °C and 220 °C

are observed on the curve.
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Figure 5.5. Dependence of Merck quartz TR-OSL signal on preheating temperature.

Samples were annealed at 800 °C.
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Sivrihisar quartz samples were also examined to study the effect of preheating
temperature. A similar curve but with larger scatter at low temperatures was obtained
for this quartz sample (Figure 5.6). Two peaks at around 170 °C and 240 °C in the
curve may correspond to TL peaks of the sample. TR-OSL curves of two quartz

samples indicated that 220 °C can be used as an appropriate preheating temperature.
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Figure 5.6. Dependence of Sivrihisar quartz TR-OSL signal on preheating

temperature. Samples were before annealed at 600 °C.

Furthermore, TR-OSL lifetimes for both quartz samples are constant as can
be seen from Fig. 5.7. Lifetimes for Merck quartz samples were obtained as 41 + 1
us. Lifetimes acquired from other sample, Sivrihisar quartz, appeared also around a
constant value, 39 + 1 ps (Figure 5.7). It can be concluded that preheating
temperature does not affect TR-OSL lifetimes of these two quartz samples and
therefore, for different preheating temperatures, any change in the recombination

mechanism was not involved.
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Figure 5.7. Variation of TR-OSL lifetime with preheating temperature for Merck
quartz annealed at 800 °C and Sivrihisar quartz annealed at 600 °C.

5.2.3 Annealing Temperature Dependence Experiment

Quartz TR-OSL sensitivity and lifetime can be affected by heating of samples
beyond 575 °C and 870 °C in which phase transitions of quartz occur (Better-Jensen
et al., 2003). In order to investigate behaviour of recombination mechanism in
annealed quartz, dependence of sensitivity and lifetime on high temperature
annealing was examined for two quartz samples. For this purpose, Merck quartz
samples were annealed at 500-1000 °C with 100 °C steps and Sivrihisar quartz
samples were annealed at 600-1000 °C with 100 °C steps for 30 minutes. Merck
quartz grain size selected was between 90 and 355 um and Sivrihisar quartz grain
size was between 250 and 355 pum. Samples irradiated to 250 Gy and preheated at
220 °C for 10 minutes were used for annealing temperature dependence examination

of TR-OSL signal.
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TR-OSL signal amplitudes of the samples with respect to annealing
temperature are given in Fig. 5.8. Since Sivrihisar quartz signal response was not
found to be good for low temperatures, its amplitude data after an annealing
temperature of 600 °C are given. TR-OSL amplitude of Merck quartz stays nearly
constant until 700 °C and then, increases rapidly with temperature. Likewise,
Sivrihisar quartz curve also shows an increase in amplitude beginning from the same

temperature region with Merck quartz.
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Figure 5.8. Dependence of Merck quartz and Sivrihisar quartz TR-OSL signal on

annealing temperature.

If Merck quartz TR-OSL signal is analyzed for lifetime, it is observed that
TR-OSL lifetime does not change with annealing temperature having an average
value of 41 + 1 ps which can be seen from Fig. 5.9. On the other hand, Sivrihisar

quartz TR-OSL lifetime was observed to be decreasing with annealing temperature.
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Figure 5.9. Variation of TR-OSL lifetime with annealing temperature for Merck

quartz and Sivrihisar quartz.

A study by Galloway (2002) showed that quartz TR-OSL intensity made a
peak at 800 °C and lifetimes began to decrease after 500 °C. They also observed that
TR-OSL lifetime seems to go into same value for 600 °C and 900 °C annealed
samples with increasing annealing time and, for 500 °C and 800 °C annealed samples
with increasing beta dose and preheat duration. In order to explain these
observations, Galloway (2002) suggested a band model similar to the model of
Botter-Jensen et al. (1995) as can be seen from Fig. 5.10(a) and Fig. 5.10(b). Model
proposed by Galloway considers a non-radiative trap, R and three luminescence
centers labeled as Ly L, and Ls, unlike the model of Better-Jensen et al. that
considers a non-radiative trap, R and only one luminescence center, L. Here, W
corresponds to the energy of R center above the valence band and Wk corresponds to
the energy above the valence band of the trap from which holes are thermally

liberated. In addition, Ly, L, and Ls represent centers with long, medium and short
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lifetimes, respectively. Sensitivity change with annealing could be explained by the
model of Better-Jensen et al. by the transfer of holes from level R to level L.
However, model suggested in Galloway (2002) gave an explanation not only for
luminescence sensitivity change but also lifetime differences as a result of annealing.
In this model, annealing transfers holes from level R to levels Ly and L, causing the
change in sensitivity and also from level Ly to level L, accounting the change in

lifetime.

conduction band conduction band
3 & L E = i -
L 8= L
R L—e-Ly R
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valence band valence band
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Figure 5.10. (a)Band model with non-radiative trap, R, and one luminescence center, L, used
by Better-Jensen et al. (1995) to discuss OSL sensitivity change due to annealing. (b) Band
model with non-radiative trap, R, and three luminescence centers, Ly, L, and Ls, proposed

by Galloway (2002) for quartz.

It is possible to explain the increasing trend of TR-OSL signals of Merck
quartz and Sivrihisar quartz with this model. Increase in luminescence signal
appearing beyond 700 °C, after 575 °C phase transition, may become a result of
moving of holes from level R to levels Ly and L, at these annealing temperatures. In
the lifetime part, while Merck quartz TR-OSL lifetime did not change with annealing
temperature, Sivrihisar quartz lifetime values decreased. As stated by Galloway
(2002), transfer of holes from level Ly to level L, can be a reason for the decrease in
lifetimes of Sivrihisar quartz. On the other hand, the reason why we did not observe a

change with annealing in Merck quartz lifetimes can be the high dose value (250
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Gy), annealing time (30 minutes) and preheat duration (10 minutes), considering the
observations by Galloway (2002) and annealing time experiment in (Chithambo,
2006). Galloway (2002) observed an increasing trend in lifetime of 800 °C annealed
quartz with dose and preheat duration and this lifetime reaches nearly the same value
with that of 500 °C annealed quartz at high dose and preheat duration.

Also, samples annealed at 600 °C presented lifetimes asymptotically
decreasing with annealing time and becoming same with value of 900 °C annealed
sample by the annealing time of ~33 minutes. In addition, Chithambo (2006) found a
decrease in lifetime with annealing time for 600 °C annealed quartz. Since Merck
quartz used in this thesis has already been annealed at high temperatures by the
manufacturer, its results are compared with those of high temperature annealed
quartz in the literature in order to get a general information about luminescence

mechanisms in quartz.

5.2.4 Stimulation Time Dependence Experiment

TR-OSL signals and lifetimes of Merck quartz and Sivrihisar quartz were obtained at
different stimulation times for investigating an involvement of possible trap centers
into the recombination mechanism. Merck quartz annealed at 800 °C was irradiated
to 100 Gy and then preheated at 220 °C for 10 minutes. TR-OSL signal of the sample
was obtained for different stimulation times, namely 1, 2, 4, 10 and 20 seconds and
for 20 ps pulse width. For each stimulation time, sequential measurements were
performed. Time intervals of each set of measurements were added to obtain each
total stimulation time and TR-OSL signal from measurements with different
stimulation time was presented with respect to total stimulation time in Fig. 5.11.
Sivrihisar quartz annealed at 600 °C was also prepared and measured with the same
procedure above, giving the signal result such as shown in Fig. 5.12.

Gradual decrease in signal amplitude for both quartzes (Figure 5.11 and 5.12)
is an expected result since the optical bleaching causes decrease in trapped electron

concentration and therefore, in luminescence amplitude.
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Figure 5.11. Dependence of 800 °C annealed Merck quartz TR-OSL signal on
sequentially added total stimulation time for stimulation time intervals of 1, 2, 4, 10

and 20 seconds.
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Figure 5.12. Dependence of 600 °C annealed Sivrihisar quartz TR-OSL signal on
sequentially added total stimulation time for stimulation time intervals of 1, 2, 4, 10

and 20 seconds.
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Lifetimes of the TR-OSL data were presented in Fig. 5.13 as mean values for
each set of measurements with distinct total stimulation time because lifetimes
obtained from each sequential measurement set are nearly same which implies that,
within the total stimulation times used, we always work on the trap centers resulting
in similar luminescence characteristics. As seen from the figure, mean lifetime from
each set of sequential measurements does not depend on total stimulation time for
both quartz samples.

Galloway (2002) made a similar experiment for different total stimulation
times on 600 °C and 800 °C annealed quartz samples and observed very small
change in lifetime. This observation was explained by a possible small phototransfer
of holes from L to Ly traps. In our study, change in luminescence lifetimes was not
observed; therefore a possible phototransfer process is not the case for Merck quartz
and Sivrihisar quartz samples in this study.
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Figure 5.13. Variation of TR-OSL mean lifetime with total stimulation time for 800
°C annealed Merck quartz and 600 °C annealed Sivrihisar quartz. Each mean
lifetime was obtained from the data of sequential measurements performed at

stimulation time intervals of 1, 2, 4, 10 and 20 seconds.
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5.2.5 Pulse Width Dependence Experiment

TR-OSL measurements with irradiation to 100 Gy and preheating at 220 °C for 10
minutes were performed on 800 °C annealed Merck quartz and 600 °C annealed
Sivrihisar quartz, for examining the effects of different pulse widths keeping total
stimulation time as 5 seconds. An approximately exponential decrease of TR-OSL
signal with respect to pulse width was observed in both samples (Figure 5.14).
Decrease in amplitudes is an expected result since, to reach the same total
stimulation time, the accumulation number was decreased with increasing pulse
width.
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Figure 5.14. Dependence of 800 °C annealed Merck quartz and 600 °C annealed
Sivrihisar quartz TR-OSL signal on stimulation pulse width. Measurements were

performed at fixed total stimulation time, 5 seconds.
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There is not a difference in TR-OSL lifetimes acquired from measurements
with different stimulation pulse width for both quartz samples (Figure 5.15).
Lifetimes for Merck quartz were obtained as 40 £+ 1 ps and for Sivrihisar quartz they
are 38 = 2 ps in average. This result indicated that Ly hole population is dominant for

these conditions and we obtain the lifetime of only these centers.
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Figure 5.15. Variation of TR-OSL lifetime with pulse width for 800 °C annealed

Merck quartz and for 600 °C annealed Sivrihisar quartz.

Furthermore, dose investigation of the Sivrihisar quartz TR-OSL depending
on pulse width was achieved with additional three dose values, namely 50 Gy, 10 Gy
and 5 Gy (Figure 5.16). This investigation was made for observing whether any
change in lifetime for other doses exist or lifetime is constant like for 100 Gy
radiation dose. Except for 50 Gy irradiation TR-OSL curve, other two curves of 10
Gy and 5 Gy dose decrease exponentially with pulse width like that for 100 Gy dose

curve above.
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There is an increasing trend in the lifetime data extracted from the TR-OSL
curve of 10 Gy irradiated samples but, for 50 Gy and 5 Gy irradiated samples any
significant systematic change was not observed (Figure 5.17). Change in lifetime
from 10 Gy irradiated samples may imply luminescence from new centers at this

dose.
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Figure 5.16. Dependence of 600 °C annealed Sivrihisar quartz TR-OSL signal on
stimulation pulse width for 50 Gy, 10 Gy and 5 Gy doses with measurements at

fixed total stimulation time, 5 seconds.
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Figure 5.17. Variation of TR-OSL lifetime with pulse width for Sivrihisar quartz
annealed at 600 °C and irradiated to 50 Gy, 10 Gy and 5 Gy with measurements at

fixed total stimulation time, 5 seconds.

5.2.6 Optical Bleaching Experiment

TR-OSL signal and lifetime examination with optical bleaching were achieved using
an 800 °C annealed Merck quartz sample and a 600 °C annealed Sivrihisar quartz
sample. Samples were selected as having grain sizes of between 250 and 355 um.
They were irradiated to 250 Gy and preheated at 220 °C for 10 minutes.
Measurements were performed sequentially at room temperature fixing the total laser
stimulation time at 5 seconds (using 100 ps pulses with 50000 accumulations). After
TR-OSL measurements, heating to 140 °C was made for removing possible shallow
trap occupation that could affect the measurements by contributing the signal.
Changing in TR-OSL signal amplitude with bleaching time was illustrated in Fig.
5.18. Gradual decrease in signal amplitude for both samples is a result of decrease in

trapped electron concentration with optical bleaching.
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Figure 5.18. Dependence of TR-OSL signal on optical bleaching duration time for a
sample of 800 °C annealed Merck quartz and 600 °C annealed Sivrihisar quartz.

Measurements were made sequentially at stimulation time intervals of 5 seconds.

It was also observed that TR-OSL lifetime stayed the same with bleaching
duration time for both quartz samples (Figure 5.19).

Chithambo (2003a) showed that lifetimes from sedimentary quartz annealed
at 600 °C and 800 °C were not dependent on optical bleaching before measurements,
but for quartz annealed at 1000 °C there showed a decreasing trend in lifetimes.
Ogundare and Chithambo (2008) also examined the TR-OSL signal of quartz from
Nigeria annealed at 500 °C and 600 °C for recombination lifetimes with different
pre-measurement optical bleaching times. While there was no change in lifetimes of
500 °C annealed quartz, quartz annealed at 600 °C exhibited a decreasing trend in
lifetime with bleaching time. Their results could be explained using the model used
by Galloway (2002). For samples annealed at low temperatures, transferring of holes
from Ly to L, centers is probably bigger than that from Ly to Ls centers during

annealing so L centers become dominant for different bleaching times. This can be a
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reason for not observing of any lifetime difference with bleaching for low
temperature annealed quartzes such as 500 °C annealed quartz from Nigeria in
(Ogundare and Chithambo, 2008) or sedimentary quartz annealed at 600 °C and 800
°C in (Chithambo, 2003a). On the other hand, the decrease in lifetime for samples
annealed to higher temperatures may come from the higher recombination
probability of L, centers than that of Ls centers at these temperatures. This means,
with bleaching, luminescence contribution of Ls centers will dominate on the
contribution of L centers and therefore shorter lifetimes will be observed. That can
explain the lifetime change of quartz from Nigeria annealed at 600 °C in (Ogundare
and Chithambo, 2008) and lifetime change of sedimentary quartz annealed at 1000
°C in (Chithambo, 2003a). In our measurements, the reason why lifetime does not
change with bleaching may be low annealing temperatures for the samples. It can
also be concluded that Ly hole population is dominant for these conditions and we

observe only those centers with higher lifetime.
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Figure 5.19. Variation of TR-OSL lifetime with optical bleaching duration time for a

sample of 800 °C annealed Merck quartz and 600 °C annealed Sivrihisar quartz.
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5.2.7 Dose Dependence Experiment

Quartz is a common material used in OSL dosimetry and besides the luminescence
measurement methodologies, improving the understanding of underlying physical
processes responsible for the luminescence emission has been important for this
sample. For that reason, in this section of the study the variation in TR-OSL signal
and lifetime with radiation dose was examined for samples of 800 °C annecaled
Merck quartz and 600 °C annealed Sivrihisar quartz. Grain size was selected as
between 250 um and 355 um and during dose dependence measuremets, total
stimulation time was taken as 5 seconds with 100 ps pulse widths.

Measurements indicated that TR-OSL signal obtained at room temperature
increases with dose finally going to a saturation. Fitting to a saturating exponential
function, I (D) = 1,(1—exp(—D/D,)), where 1(D) is the intensity at a dose D, I; is
the maximum intensity value at saturation and I; is the characteristic dose at which

the signal becomes I =I,(1—e™*). D, appeared as 63 Gy™ for Merck quartz and

415 Gy for Sivrihisar quartz such as shown in Fig. 5.20.

TR-OSL signal saturation with dose can be explained by the model presented
by Botter-Jensen et al. (1995). Increase in dose also increases hole number in the
luminescence center and causes a saturation in electron-hole pairs to be recombined
with each other. Therefore, signal saturation is observed at high doses for quartz.

TR-OSL lifetimes acquired from the dose response data have an increasing
trend as can be seen from Fig. 5.21. Merck quartz lifetime values increased from 27
us to 43 us and Sivrihisar quartz lifetime values increased from 32 ps to 40 ps.

A similar result for the dose dependence data of lifetimes was obtained by
Galloway (2002) using 800 °C annealed quartz sample. There, it was concluded that
L. trap population is dominant for high annealed quartz samples as a result of the
hole transfer from Ly traps to L. traps during annealing. Increase in dose creates
more e™-hole pairs re-populating the Ly traps and this increase in Ly trap population
results in higher lifetime values in measurements with high beta dose.

Chithambo (2006) also investigated the dependence on beta dose of lifetimes

and observed constant values for 500 °C and 600 °C annealed quartz samples but a
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gradual increase in 800 °C annealed quartz lifetime with dose. In that study, the

interpretation presented above was suggested for the explanation of their results.
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Figure 5.20. Response of TR-OSL signal on beta dose for 800 °C annealed

Merck quartz and 600 °C annealed Sivrihisar quartz.
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Figure 5.21. Variation of TR-OSL lifetime with beta dose for 800 °C annealed
Merck quartz and 600 °C annealed Sivrihisar quartz.
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5.2.8 Effect of Measurement Temperature: Thermal Quenching

In some cases, a decrease in luminescence efficiency is observed by increasing
measurement temperature. This is due to an increase in probability of non-radiative
transitions. Phonon energy gained by the electron leads to the non-radiative
relaxation from excited state to ground state which is a process called thermal
quenching. TR-OSL signal and lifetime data recorded with respect to measurement
temperature were illustrated in Fig. 5.22 and Fig. 5.23. These data can be used to find
the thermal quenching energy by fitting with the following equation of adapted form
of Mott-Seitz configurational coordinate model for stimulated luminescence

processes.

T(T) — 2-rad

_AE
1+Ce 4T

where 7,,,is the lifetime for radiative transitions, AE is the quenching energy and C

Is a constant which is equal to z,,4v (v is the frequency factor).

In order to see the effect of measurement temperature on Merck quartz
luminescence intensity and lifetime, samples annealed at 800 °C and selected from
grain sizes of between 250 pm and 355 pum were used. All samples in this
experiment were given a beta dose of 100 Gy and preheated at 220 °C for 10 minutes
before TR-OSL measurements. Total stimulation time was taken as 5 seconds. TR-
OSL amplitude and lifetime are approximately constant up to the measurement
temperature of ~400 °K and afterwards begin to decrease. Thermal quenching
process which was first observed on quartz samples by Wintle (Wintle, 1975) is the
reason for this result. Considering Mott-Seitz configurational coordinate model,
thermal quenching energy of Merck quartz was extracted from measurement
temperature dependence TR-OSL amplitudes as 0.8 + 0.7 eV (Figure 5.22). Here, big
scatter in the intensity data increased the error on the quenching energy value that we
found. Merck quartz quenching energy was also found as 0.8 + 0.1 eV from the

curve of change in lifetime with measurement temperature (Figure 5.23).
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Figure 5.22. Dependence of TR-OSL signal on measurement temperature for Merck

quartz annealed at 800 °C.

Galloway (2002) made a similar experiment on a quartz sample annealed at 800 °C.
Decrease in luminescence intensity with measurement temperature was observed and
this was attributed to a thermal quenching process. Decrease in intensity was
explained as Ly and L, centers to be the excited states and R to be the ground state of
the recombination center. Increasing measurement temperature causes the hole
transfer from Ly and L. centers to R center and the number of non-radiative
recombinations rises, as a result, decreasing the luminescence efficiency. Quenching
energy was found there as 1.0 + 0.4 eV from the dependence of intensity on
temperature.

Also, Chithambo (2002) used quartz samples annealed at 600 °C, 800 °C, 900
°C and 1000 °C and examined temperature dependence of luminescence intensity.
Quenching energy was found as within 0.7 £ 0.1 eV for annealed samples indicating
that the same type of recombination centers may exist for quartz annealed up to 1000
°C. The decreasing trend after some temperature observed in intensity curve was
attributed to the increase in the probability of non-radiative recombination with

temperature.
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In addition, quenching energy from the intensity curve was found by Huntley
et al. (1996) as 0.64 eV, McKeever et al. (1997) as 0.60 eV and, Murray and Wintle
(1998) as 0.64 + 0.01 eV. The quenching energy values in our study are nearly

consistent with these values.
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Figure 5.23. Variation of TR-OSL lifetime with measurement temperature for

Merck quartz annealed at 800 °C.

Galloway (2002) found a quenching energy as 1.1 £ 0.2 eV from lifetime
curve of the same sample used for the investigation of temperature dependence of
luminescence intensity.

Chithambo (2002) attributed the decrease in lifetime of his annealed quartz
samples to an increase in recombination center concentration at high temperatures
and further, may be an increase in the probability of non-radiative recombination.
Quenching energy value presented in Chithambo (2002) was within 0.7 £ 0.1 eV for

annealed samples.
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Chithambo (2003b) investigated the fast, medium and slow component
regions of quartz samples annealed at 500 °C for various doses ranging from 15 Gy
to 150 Gy and, by examining of both luminescence intensity and lifetime curves, all
the three component regions were concluded to be affected by thermal quenching
giving energy around 0.6 + 0.1 eV. The study performed by Chithambo in 2008
presented a quenching data for un-annealed quartz samples from the Brazilian state
of Mato Grosso (Chithambo, 2008a). Quenching energies were found as 0.7 £ 0.1 eV
and 0.80 + 0.01 eV for two samples and also, it was mentioned that reduction of re-
trapping of electrons in shallow traps with measurement temperature can be another
reason besides the quenching process.

In order to investigate whether different trap regions cause any difference in
lifetimes and quenching energy, another TR-OSL data after a 10 seconds optical
bleaching following the first measurements for each temperature were recorded.
Total laser stimulation time was kept as 5 seconds like in the first measurements.
Quenching energy from TR-OSL curve shown in Fig. 5.24 is 0.6 = 0.2 eV and from
lifetime curve in Fig. 5.25is 0.75 + 0.04 eV. These values are almost consistent with
those obtained from the first measurements set and in addition, in lifetimes at each
temperature, not any difference between the first and second measurements set is

observed.
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Figure 5.24. Dependence of TR-OSL signal on measurement temperature for Merck
quartz annealed at 800 °C. TR-OSL measurements were performed after optical

bleaching of 10 seconds following the first measurement.
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Figure 5.25. Variation of TR-OSL lifetime with measurement temperature for
Merck quartz annealed at 800 °C, after optical bleaching of 10 seconds following the

first measurement.
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Sivrihisar quartz annealed at 600 °C was also examined for measurement
temperature dependence of TR-OSL signal and lifetime. Procedure for the
measurements in this experiment is the same with that of Merck quartz mentioned
above. Fig. 5.26 shows signal amplitude change with measurement temperature

which gives us a quenching energy of 0.6 £ 0.2 eV.
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Figure 5.26. Dependence of TR-OSL amplitude on measurement temperature for

Sivrihisar quartz annealed at 600 °C.

The variation of lifetimes with measurement temperature for this sample was
observed such as shown in Fig. 5.27. There is an overall decrease with a peak at
about 400 °K.
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Figure 5.27. Variation of TR-OSL lifetime with measurement temperature for

Sivrihisar quartz annealed at 600 °C.

Immediately after the first measurement for each measurement temperature a
second TR-OSL data with the same total stimulation time, 5 seconds, and pulse
width, 20 us, was also recorded. Quenching energy of the sample appeared as 0.3 +
0.1 eV from the curve in Fig. 5.28. Identically with results from the first
measurements, changing of lifetimes with measurement temperature exhibited a peak
at around the same region with the first set of lifetimes (Fig. 5.29).

The non-monotonic decrease in lifetimes encountered in 600 °C annealed
Sivrihisar quartz was also observed by Chithambo (2006) for quartz annealed at 600
°C for 30 minutes. Within the framework of the band model mentioned in the study
of Galloway (2002), Ly and L centers can be thought to have different temperature
dependency and therefore, at certain temperatures, one of these centers becomes

dominant luminescence center of the system.
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Figure 5.28. Dependence of TR-OSL signal on measurement temperature for
Sivrihisar quartz annealed at 600 °C. TR-OSL measurements were performed

immediately after the first measurement.
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Figure 5.29. Variation of TR-OSL lifetime with measurement temperature for
Sivrihisar quartz annealed at 600 °C. TR-OSL measurements were performed

immediately after the first measurement.
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5.3 Experiments with Nominally Pure Feldspars

Na-feldspar and K-feldspar samples were used for the characterization of feldspar
luminescence signals using TR-OSL spectra at different experimental conditions.
These include preheating temperatures, pulse widths, optical bleaching times,
radiation dose and measurement temperature for the experiments named with each of

these parameters.

5.3.1 TR-OSL Signal Description

Investigation of feldspar luminescence decay is also needed for completing the
information necessary for signal separation of quartz and feldspar. For this purpose
Na-feldspar and K-feldspar TR-OSL spectra were analyzed. TR-OSL curves of Na-
feldspar irradiated to 10 Gy and K-feldspar irradiated to 20 Gy are presented in Fig.
5.30 and Fig. 5.31. Before the measurements, samples were preheated at 200 °C for
15 minutes which is the temperature used in the literature and determined by
preheating temperature dependence experiment. Decay parts of the curves were fitted
by the following multi-exponential function with three components since it gives

good fitting residues for feldspars in this study.

t t

t
y=S+S,+S;+y,=Ae "+ Ae *+Ae " +y,

Lifetime values found are about 45 s, 8 ps and 1 ps from the decay part components
of Na-feldspar (Figure 5.30(inset)) and, 35 ps, 7 ps and 0.6 ps from the decay part
components of K-feldspar (Figure 5.31(inset)).

Recently, Ankjaergaard et al. (2009) studied TR-OSL curves from feldspars
using a 470 nm LED array for stimulation and reported three components with
lifetimes at the order of micro-seconds and a component with nanosecond lifetime.

These three lifetimes have similar values with those presented in this work. Also,
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Tsukamoto et al. (2006) classified the recombination lifetimes obtained from Na- and

K-feldspar as those less than 1, 3-4 and, ~20 s.
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Figure 5.30. TR-OSL spectrum from Na-feldspar measured using stimulation pulses
of 50 microseconds. Inset: Components of the TR-OSL curve as deduced by curve

fitting based on eqn. 2.35. A, refers to i'" component of the TR-OSL curve.
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Figure 5.31. TR-OSL spectrum from K-feldspar measured using stimulation pulses
of 50 microseconds. Inset: Components of the TR-OSL curve as deduced by curve

fitting based on eqn. 2.35. A, refers to i component of the TR-OSL curve.

5.3.2 Preheating Temperature Dependence Experiment

In order to eliminate unwanted luminescence signals originating from shallow traps
and obtain conditions similar to a natural sample preheating before TR-OSL
measurements of irradiated samples is a necessary process. Investigation of this
process was made for feldspar samples in this section of the thesis. Na-feldspar
samples for each preheating temperature were given a beta dose of 10 Gy and
preheated at various temperatures ranging from 100 °C to 275 °C. TR-OSL signal
was recorded at room temperature for 20000 accumulations with pulses of 50 ps. Na-
feldspar TR-OSL signal amplitudes dependence on preheating temperature which is
shown in Fig. 5.32 indicated that 200 °C is the most appropriate preheating
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temperature in order to eliminate shallow trap contribution and at the same time,
prevent unwanted signal loss. It was observed a peak at about 160 °C due to the

possible contribution of shallow traps to the signal of Na-feldspar.
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Figure 5.32. Dependence of Na-feldspar TR-OSL signal on preheating temperature.

K-feldspar signal components with respect to preheating temperature were
presented in another figure (Figure 5.33). Similar to Na-feldspar signal, K-feldspar
signal can also be described by three different components. As can be deduced from
the figure, 200 °C is the most appropriate temperature for preheating of irradiated K-
feldspar to be used in measurements. Peak appearing at about 120 °C is possibly

resulted from shallow trap contribution to the signal of K-feldspar.
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Figure 5.33. Dependence of K-feldspar TR-OSL signal on preheating temperature.

Na-feldspar TR-OSL lifetimes were deduced from the signal as fast, medium
and slow components such as shown in Fig. 5.34. Fast component lifetimes seem to
be constant but, slow component lifetimes exhibit some fluctuations and medium
component lifetimes have an increasing trend as can be seen from the figure.
Lifetime changes of K-feldspar with preheating temperature were also illustrated in
Fig. 5.35. It can be derived from the figure that lifetimes of slow, medium and fast
components are approximately constant for different preheating temperatures.

Slow component of Na-feldspar is probably disturbed by the shallow traps. In
addition, the variations in slow and medium component lifetimes of Na-feldspar can
originate from the validity problem of multiple exponential process in fitting of

feldspar curves.
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Figure 5.34. Variation of TR-OSL lifetime with preheating temperature for
Na-feldspar.
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Figure 5.35. Variation of TR-OSL lifetime with preheating temperature for
K-feldspar.
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5.3.3 Pulse Width Dependence Experiment

In order to get information about luminescence production mechanisms in feldspars,
pulse width dependence of luminescence intensity and lifetime from Na- and K-
feldspars was examined. Feldspar samples were prepared by giving a dose of 10 Gy
and 20 Gy respectively. Then, they were preheated at 200 °C for 15 minutes.
Measurements were performed at room temperature in these experiments. Total
accumulation number was fixed at 20000, so, the total stimulation time varied for
each measurement with distinct pulse width. TR-OSL signal of both samples were
extracted to three components namely, slow (Al), medium (A2) and fast (A3)
component. Amplitude ratios of slow and medium components to fast component,
Al/A3 and A2/A3, presented an overall increasing trend such as shown in Fig. 5.36
and Fig. 5.37.
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Figure 5.36. Pulse width dependence of component amplitude ratios of Na-feldspar
TR-OSL signal.
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Figure 5.37. Pulse width dependence of component amplitude ratios of K-feldspar
TR-OSL signal.

Lifetimes obtained from each of these components were presented in Fig.
5.38 for Na-feldspar and in Fig. 5.39 for K-feldspar. Fast component lifetimes of
both samples are approximately constant with pulse width but, slow and medium
component lifetimes are increasing to some value and then becoming constant.

As it was mentioned in the study performed by Ankjaergaard et al. (2009),
independent recombination lifetimes are expected to be independent from pulse
width and also, slow and medium component amplitudes should increase in intensity
with respect to fast component amplitude. Ankjaergaard et al. (2009) obtained
amplitude ratios as increasing and lifetimes as constant values. Just like in their
study, our amplitude data also presented the expected trend which is the increase in
ratios. Change in our slow and medium lifetimes with pulse width may come from

the multiple exponential model used for the fitting algorithm.
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Figure 5.38. Variation of TR-OSL lifetime with pulse width for Na-feldspar.
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Figure 5.39. Variation of TR-OSL lifetime with pulse width for K-feldspar.
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5.3.4 Optical Bleaching Experiment

An aliquot of Na-feldspar was prepared for the investigation of TR-OSL signal after
each sequential bleaching for 1 second. Firstly, sample was irradiated to 10 Gy and
preheated at 200 °C for 15 minutes before the measurements. Keeping total
stimulation time as 1 second and heating to 135 °C between each measurement, TR-
OSL spectra were acquired at room temperature. Signal in each sequence was fitted
to three components exponential function giving the amplitudes of components as
shown in Fig. 5.40. A decreasing pattern was observed for all components of the

signal with the occurrence of further bleaching.
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Figure 5.40. Dependence of Na-feldspar TR-OSL signal on optical bleaching

duration time.
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TR-OSL spectra of a 20 Gy irradiated K-feldspar sample with respect to
bleaching duration time were also examined with the same experimental conditions
and parameters mentioned for Na-feldspar. TR-OSL signal of K-feldspar was
extracted to three amplitude components which exhibit a similar form of Na-feldspar
components (Figure 5.41). These approximately exponential decreases in signal
amplitudes for both feldspars are the results of the reduction in trapped electron

concentration with optical bleaching.
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Figure 5.41. Dependence of K-feldspar TR-OSL signal on optical bleaching

duration time.

TR-OSL curves of Na- and K-feldspar were been corresponded to the data
sets with three lifetimes. Lifetimes from Na- and K-feldspar signal components are
approximately same with each other as can be seen from Fig. 5.42 and Fig. 5.43.
Lifetimes does not depend on bleaching time because different amplitude regions of

CW-OSL signal may correspond to same recombination centers for these conditions.
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Figure 5.42. Variation of TR-OSL lifetime with optical bleaching duration time for

Na-feldspar.
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Figure 5.43. Variation of TR-OSL lifetime with optical bleaching duration time for

K-feldspar.
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5.3.5 Dose Dependence Experiment

Dose dependence of Na-feldspar lifetimes was investigated by TR-OSL
measurements with samples for each beta dose ranging from 10 Gy to 1000 Gy.
Preheating before the measurements was made at 200 °C for 15 minutes and total
stimulation time was taken as 1 second with pulse widths of 50 ps. Measurements
was made at room temperature. In order to eliminate PM-Tube saturation,
measurements were performed with different pin holes in front of PM-Tube.
Therefore, TR-OSL signal values could not be presented here.

Three different TR-OSL lifetimes were obtained from the signal of Na-
feldspar samples such as illustrated in Fig. 5.44. It was observed that lifetimes are
increasing with dose for small dose values and then, they exhibit a decreasing trend
for higher dose values. Growing pattern of lifetimes at certain beta doses may
indicate that some new recombination centers are included into the recombination
system. On the other hand, K-feldspar lifetimes do not change with beta dose in the
range of between 20 Gy and 1000 Gy (Figure 5.45).
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Figure 5.44. Variation of TR-OSL lifetime with beta dose for Na-feldspar.
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Figure 5.45. Variation of TR-OSL lifetime with beta dose for K-feldspar.

5.3.6 Measurement Temperature Dependence Experiment

TR-OSL scpectra of Na- and K-feldspar samples were recorded at different
measurement temperatures for investigating the variations in amplitudes and
lifetimes. Na-feldspar samples were irradiated to 10 Gy while irradiation dose of K-
feldspar samples was 20 Gy. Preheating of the samples was made at 200 °C for 15
minutes and measurements were performed with total stimulation time of 1 second
and pulse width of 50 ps.

TR-OSL signals of the samples were examined by fitting with an exponential
decay function with three components. Measurement temperature dependence of the
amplitudes extracted from the curves was presented in Fig. 5.46 and Fig. 5.47 for
Na-feldspar and K-feldspar, respectively. As seen from the figures, a systematic

change in the signal amplitudes for both feldspars was encountered.
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Three signal components of feldspars already mentioned gave us three
lifetimes. Na-feldspar signal lifetimes obtained from TR-OSL measurements at
different temperatures appeared around constant values such as shown in Fig. 5.48.
However, Fig. 5.49 indicates that, while fast and medium lifetime components of K-
feldspar behave just like those of Na-feldspar, there is an increase in slow lifetime
component of K-feldspar with measurement temperature.

Poolton et al. (1995c¢) observed thermal quenching in 440 nm and 600 nm
emission band of feldspars. On the other hand, quenching process for feldspars in
UV detection band that we used in this thesis was worked on by Ankjaergaard et al.
in 2009 (Ankjaergaard et al., 2009). Ankjaergaard et al. (2009) used sanidine sample
irradiated at 500 Gy and preheated at 250 °C for 1 minute. Any systematic change in
signal intensity and lifetimes was not observed and it was concluded that quenching
process was not involved for these feldspars.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

In dosimetry and dating studies, quartz is the material of choice due to its good
dosimetric properties and high abundance in nature. In many cases, samples
considered for a dating/dosimetry study does not contain pure quartz; but they are
polyminerals containing feldspar as the second major component. Extraction of
quartz from a polymineral sample is generally done by acid washing and sometimes
heavy liquid separation. These techniques are labor intense and time consuming.
Recent studies have shown that luminescence from quartz and feldspar can be
separated during the measurement. Such a separation is based on the fact that quartz
and feldspar have distinct luminescence decay times. Time Resolved OSL (TR-OSL)
is a technique which basically records the luminescence decay curve following the
end of a brief stimulation pulse. Analysis of luminescence decay data may lead the
discrimination of components with distinct lifetimes as is the case for quartz (~us)
and feldspars (~ns).

In this work, to check such a separation possibility, TR-OSL experiments on
natural, and, pure quartz and feldspar samples were carried out. TR-OSL
measurements of natural quartz (extracted from beach sand) have shown a fast and a
slow decaying luminescence signals attributed to feldspar and quartz, respectively.
Acid washing and IR illumination (to remove the feldspar signal) showed that it was
not possible to bleach the fast decaying feldspar component completely. It seems that
conventional ways of sample preparation are not able to remove feldspars from
feldspar contaminated quartz. Thus, it was decided that, TR-OSL technique could be
tested and optimized for isolating the quartz OSL signal. Before going into
separation of mineral components using the luminescence signal from a polymineral

sample, TR-OSL properties of two components namely, feldspar and quartz, were
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studied in detail.

TR-OSL signals from quartz and feldspar samples were studied under various
experimental conditions. Effects of preheating and annealing temperature,
stimulation pulse width and total stimulation time, optical bleaching, radiation dose
and measurement temperature were investigated.

TR-OSL curves of quartz were analyzed by curve fitting using a model
considering an exponential decay function. At room temperature, TR-OSL from
quartz samples were found to be decaying with lifetimes ~42 and ~36 microseconds
(for Merck quartz and Sivrihisar quartz respectively). TR-OSL lifetimes of the two
quartz samples were found to be not affected by preheating temperature, stimulation
pulse width and duration and optical bleaching. TR-OSL from one of the quartz
samples (Merck quartz) was found to be not affected by annealing temperature.
However, in Sivrihisar quartz masurements a decreasing trend was observed by
annealing temperature. This can be explained by the model proposed by Galloway
(2002) which takes into account multiple hole traps acting as recombination centers.
The decrease in Sivrihisar quartz lifetimes with annealing temperature implys a
charge transfer process between luminescence centers. An increase in luminescence
lifetimes were (27 us to 43 us for Merck quartz, 35 us to 40 us for Sivrihisar quartz)
observed for increasing beta dose. Such a change could also be explained using the
model by Galloway (2002) with the dominancy of the luminescence center with long
lifetime due to annealing process. An increase in the measurement temperature leads
to a faster luminescence decay as the non-radiative transition probabilities around the
recombination center increases. The result is a decrease in luminescence efficiency,
called “thermal quenching” with an activation energy of Eq. Thermal quenching
energies of the two quartz samples were determined as 0.78 eV and 0.62 eV (with
computational uncertanities of 0.08 and 0.17 eV, respectively). These values are in
agreement with the thermal quenching energies reported in the literature (Wintle,
1975; Huntley et al., 1996; McKeever et al., 1997; Murray and Wintle, 1998;
Chithambo, 2002; Chithambo, 2003b; Chithambo, 2008a).

The above mentioned experiments were reported for Na- and K-feldspar
samples as well. TR-OSL decay curve from the two samples were analyzed by curve
fitting. This time a multi-exponential decay with three components were considered.

Na-feldspar TR-OSL decay curve could be approximated with exponential decay
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function with lifetimes about 45 ps, 8 us and 1 ps; and the lifetimes for K-feldspar
were about 35 us, 7 us and 0.6 us. TR-OSL lifetimes of nominally pure feldspar
samples did not show a systematic decrease with increasing preheating temperature
and optical bleaching but they growed with stimulation pulse width up to a value and
decresed or became constant. While Na-feldspar lifetimes have an increasing and
then a decreasing trend, K-feldspar lifetimes did not change with radiation dose.
Except for the increase in slow lifetime component of K-feldspar, lifetimes did not
change with measurement temperature.

In summary, TR-OSL signals (and their behavior under various experimental
conditions) were studied for nominally pure quartz and feldspar samples. It was
observed that one of the three lifetime components of feldspars has a similar value to
that of quartz samples and with this information luminescence signal separation with
TR-OSL seems to be not straightforward. However, the results of the current study,
which can be considered as preliminary, are not sufficient (at least in quantity) for
deciding about the possibility of using TR-OSL for signal discrimination from quartz
and feldspars. Similar studies should be repeated for a larger number of samples and

should be extended to samples containing mixtures of quartz and feldspar.
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