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Abstract

The thesis explores the fine features of optically stimulated luminescence (OSL)
decay and examines the implication of the use of the components in dating and
radiation dosimetric applications. This analysis is based on the premise that OSL
decay comprises several components arising from various traps with different
photo-ionization cross sections. The component interpretation of luminescence
has profound implication as regards to the environmental dosimetry and its usage
to establish the chronology of various geological events like sediment transport

and deposition.

A key aspect of environmental luminescence dosimetry is to ascertain that the
luminescence was zero or near zero at the time of deposition of sediments.
Determination of true dose or paleodose is needed for all applications. For
sediments, the zeroing occurs via photo-bleaching by natural daylight during the
transport of sediment. A complete resetting of the signal depends on factors such
as spectrum and flux of daylight seen by minerals constituting the sediments. In
general, barring a few exceptions, grains in a sediment matrix are partially and
heterogeneously bleached. Consequently there is a residual dose distribution
which leads to erroneous estimation of age. This thesis examines the prospects of
easily bleached OSL components for determining true paleodose acquired by

sample.

Isolation of OSL components and their validation forms a major part of this thesis.
Numerical experiments on synthetic OSL profiles with superposition of Poisson
noise enabled the author to propose a method to isolate components from OSL
decay curves with poor signal to noise ratios (SNR). To evaluate the efficacy of
the approach this was applied to real geological situations. The samples from
various situations ranging from Tsunami deposits, proximally transported
sediments and the isolation of fast component of quartz from feldspar

contaminated OSL decay were explored.
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Chapter 1

Introduction

1.1 Motivation and background

A study of recent Earth history requires a quantitative understanding of the timing,
duration and the rates of processes leading to sediment erosion, transport,
accretion and preservation. Such studies inform about the processes (climate and
tectonics) that sculpt the surface of the Earth. A knowledge of time when a
particular sedimentation/erosion event occurred in the past enables deduction of
the time scales and recurrence intervals of basic geomorphic processes. Such
reconstruction of the time series helps in determining the periodicities of the
causative processes and thereby are likely to aid prediction of future climatic and
tectonic events. Such an extrapolation relies heavily on the degree to which the
past processes are resolved and hence, an accurate knowledge of time becomes an
indispensable aspect of any such study. An ideal dating method would be the one
that directly dates the material of interest i.e. that can be applied to the ubiquitous
naturally occurring minerals viz. quartz and feldspars, covers a large time range,
and provides calendar ages without a need for external calibration. Luminescence

dating comes closest to satisfying these conditions [1, 2].
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The potential application of Luminescence in radiation dosimetry was first
suggested by Daniels et al [3]. By the early 1970’s, thermoluminescence (TL)
was an established method to determine the age of ancient ceramics [4, 5].
Huntley et al. [6] demonstrated another luminescence dating approach using
Optically stimulated luminescence (OSL). This development revolutionized the
studies on recent Earth history by its capabilities to provide ages of deposition of

sediments using its constituent minerals [7, 8].

Minerals such as quartz or feldspar acquire a luminescence signal from the natural

ionizing radiation namely a, S,or y in a cumulative manner. The radiation dose

and the induced luminescence are proportional. In nature, these ionizing radiations
arise due to the decay of naturally occurring radionuclides viz., U, Th and K along
with the cosmic rays. The major contribution comes from U, Th, and K while
cosmic rays provide a minor, but finite contribution. The life time of these
radionuclides is ~ billion years which ensures that the irradiation flux (dose rate)
remains constant over million year time scales. This constancy implies that
absorbed dose (also termed paleodose) is proportional to the exposure time of
irradiation. The absorbed radiation dose is estimated by measuring the
luminescence from the mineral and by converting it to radiation dose units by
measuring the luminescence signal produced by known laboratory doses. The
environmental dose rate is estimated by measuring the concentration of
radionuclides, U, Th and K in the sediment and then using standard prescriptions
[7, 9]. The ratio of paleodose and environmental dose rate provides the time

elapsed (age) since the last zeroing of luminescence signal, i.e.

Paleodose (D, )
Age = (1.1)
Doserate ( D)

The correctness of an age relies on the accuracy and precision with which the
paleodose and dose rate are measured. Determination of true paleodose becomes
critical when this technique is applied to the sediments. One of the key issues in

luminescence dating is to ascertain that the luminescence was zero or near zero at
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the time of deposition. For sediments, this occurs via photobleaching by natural
daylight during the transport of minerals constituting the sediment. Exposure of
minerals to the daylight results in a rapid photobleaching of luminescence signal.
Complete erasure of geological luminescence requires typically a few minutes of
clear daylight. Resetting of the signal depends on factors such as spectrum and
flux of daylight, which is available to minerals during the transport. Barring
resonance transitions, the bleaching efficiency depends on the energy
(wavelength) and the flux [10, 11]. In natural geological settings, these factors
vary considerably with depositional environment. In general, with a few
exceptions, mineral grains in a sediment matrix are partially and heterogeneously
bleached. Consequently there is a dose distribution in the sample at the time of
deposition (residual dose). If this residual dose is not determined properly,
overestimation of paleodose occurs and hence sediment age will be erroneous. So
far this is handled by a variety of ways that include, simulation of bleaching
conditions and using these to deduce the net residual, measuring luminescence
from single grains and constructing a dose histogram to extract the signal of the

most bleached grains using proper statistical formulations etc.

The present thesis aimed a slightly different approach of finding ways to
mathematically isolate the most easy to bleach signal from a composite OSL, such
that even in the most adverse depositional environments this signal can be
assumed to have been bleached. A computational procedure to extract the most
easy to bleach component was developed. Further, it was demonstrated that a
robust age estimation can then be made in situation with residual doses and/or the

presence of contaminated signals.

1.2 Scope of the thesis

This thesis explores the finer features of optically stimulated luminescence (OSL)
decay and explores various components of this decay. This is based on the
premise that each component arises from traps of different photoionization cross
sections and follows an exponential decay [12]. A Matlab based program to

isolate these exponentials from OSL decay curve comprising sum of exponentials,
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was developed and rigorously tested. It was then demonstrated that component
specific analysis of samples for OSL dating provides better results than
conventional approaches. This thesis also explored other innovative applications
involving the use of component analysis. A successful application of component
specific study relies on correctness of the isolated components. Isolation of OSL
components and their validation thus, formed a major part of this thesis. Besides
this, the findings of numerical experiments on computer generated synthetic OSL
profiles enabled us to propose a method to isolate the components from OSL with
poor signal to noise ratio (SNR). This method was successfully tested in retrieving
the low doses administered to the sample. A brief overview of the problems
addressed using component specific analysis of OSL is presented in following

section.

1.2.1 Retrieval of component from OSL with poor SNR

The present thesis examined the prospects of achieving component specific
paleodose (CSD) estimation, particularly for the samples with poor signal to noise
ratio. Noise here includes Poisson noise associated with photon counting statistics
and the instrumental background. Typically instrumental background ranges from
50-100 count/sec. With these considerations, the maximum value of noise is
typically 300 counts/sec. Levenberg-Marquardt algorithm [13, 14] was used to
isolate the component of OSL and the resulting components were validated by
various statistical tests viz. autocorrelation analysis of residuals, Chi-square test
and F-test [15, 16]. The efficacy of Levenberg-Marquardt algorithm in retrieving
the component was examined on numerically generated synthetic OSL profiles.
These synthetic OSL profiles included Poisson noise. Detailed study on synthetic
OSL profile enabled a suggestion for a possible solution for retrieval of the

components from OSL with poor SNR.

1.2.2 Study of partially bleached sediments

A simulation experiment was performed to study the applicability of component
specific studies in context of partially bleached samples. Study of the ratio of the
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paleodose estimated by fast and medium component provides a means to identify
partial bleaching in a sample. In a validation study, the laboratory prepared
samples were dosed and the effect on paleodoses of fast and medium component

was examined.

The component specific approach was then applied to Tsunami sample. The
sediments transported by the 2004 tsunami, provided a maiden opportunity to
verify the basic premises of the zeroing of the luminescence at the time of
deposition. The comparative study of conventional single aliquot regeneration
(SAR) method and component specific SAR (CS-SAR) suggested that (CS-SAR)
provided more reliable estimates as compared to SAR, in such samples [17].
Further the CS-SAR consistently provided evidence that a fraction of sample was

well bleached at the time of their deposition after transport with the tsunami wave.

1.2.3 Isolation of quartz signal from feldspar contaminated sample

In general, contamination of quartz OSL by the feldspar OSL can lead to
erroneous estimation of dose. This is due to sensitivity changes suffered by
feldspar during repeated cycles of heating and bleaching during measurements
[18, 19] and anomalous fading [20-22]. Jain and Singhvi [23] tried to resolve this
problem by pre IR cleaning. The possibility of estimating the dose acquired by
such contaminated sample using component specific analysis was examined.
Analysis of the components of quartz and feldspar OSL decay indicated that their
fast components have distinctly different decay parameter. Studies in the present
thesis suggested that the fast component of quartz can be isolated from OSL of a
sample with contamination by feldspar. It is thus possible to avoid undesirable
effect of feldspar OSL using mathematical isolation of the fast component of

quartz.

1.2.4 Components of quartz of different origin

In this study, the behavior of different components was considered to examine the
possibility of identifying any correlation between decay parameters of OSL

component and the provenance of quartz. Analysis of various samples indicated
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consistent presence of three components viz. fast, medium and slow with
negligible variation in decay parameters for a given sample. This suggests a

possible use of decay parameters of OSL for provenance studies.

1.3 Organization of thesis
This thesis is organized into six chapters as summarized below.

Chapter 2 presents basic concepts involved in luminescence dating. It includes a
discussion on the theoretical aspects of luminescence phenomenon and the

rationale of using a multiexponential model to describe OSL decay curve.

Chapter 3 discusses the instrumentations involved in OSL dating and summarizes
protocols employed to estimate the dose. A detailed study on the illumination and

irradiation cross talk in three Risoe TL-OSL readers is presented.

Chapter 4 deals with characterization and isolation of the component of OSL
decay. The algorithm used to isolate the OSL components is described. Besides,

various statistical tests to validate the components constituting OSL are discussed.

Chapter 5 provides a comprehensive assessment of OSL components. A strategy
for separating components from OSL with poor SNR will be discussed. This
approach is applied to partially bleached sediments, Tsunami sediment and sample
contaminated by feldspar. Besides this, components of a large variety of quartz

have been examined.

Chapter 6 presents a summary of the work in the thesis and outlines areas for

future research.



Chapter 1 Introduction

References

10.

11.

12.

13.

Singhvi A. K., Wagner G. A., and Korisettar R., "Techniques in the chronometry of the
Paleolithic (invited Review)", in Early Human Behaviour In the Old World, Petraglia M. and
Korisettar R., Editors. 1998, Routledge Press, U.K. pp. 23-83.

Wagner G. A. (1998). "Age determination of young rocks and artifacts: Physical and
chemical clocks in quaternary geology and archaeology” 1% ed. Springer Verlag: Berlin, pp
484.

Daniels F., Boyd C. A., and Saunders D. F. (1953). "Thermoluminescence as a research tool".
Science 117: pp 343-349.

Aitken M. J.,, Tite M. S., and Reid J. (1964). "Thermoluminescent dating of ancient
ceramics”. Nature 202: pp 1032-1033.

Aitken M. J., Zimmerman D. W., and Fleming S. (1968). "Thermoluminescent dating of
ancient pottery". Nature 219: pp 442-444.

Huntley D. J.,, Godfrey-Smith D. I., and Thewalt M. L. W. (1985). "Optical dating of
sediments." Nature 313(5998): pp 105-107.

Aitken M. J. (1985). "Thermoluminescence Dating" ed. Academic Press: London, pp 359.

Aitken M. J. (1998). "An introduction to Optical dating" 1% ed. Oxford University press,
USA: New York, pp 280.

Adamiec G. and Aitken M. (1998). "Dose Rate Conversion factors: Update". Ancient TL
16(2): pp 37-49.

Berger G. W. (1990). "Effectiveness of natural zeroing of the thermoluminescence in
sediments". Journal of Geophysical Research 95(B8): pp 12375-12397.

Spooner N. A. and Questiaux D. G. (2000). "Kinetics of red, blue and UV
thermoluminescence and optically-stimulated luminescence from quartz". Radiation
Measurements 32(5-6): pp 659-666.

Bailey R. M., Smith B. W., and Rhodes E. J. (1997). "Partial bleaching and the decay form
characteristics of quartz OSL". Radiation Measurements 27(2): pp 123-136.

Marquardt D. W. (1963). "An Algorithm for Least-Squares Estimation of Nonlinear
Parameters". SIAM Journal on Applied Mathematics 11(2): pp 431-441.



Chapter 1 Introduction

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Venkatraman P. (2001). "Applied Optimization with matlab programming” ed. Wiley-
interscience: New-york, pp

Grinvald A. and Steinberg I. Z. (1974). "On the Analysis of fluorescence decay kinetics by
the method of Least-Squares”. Analytical Biochemestry 59: pp 583-598.

Bevington P. R. and Robinson D. K. (2002). "Data Reduction and Error Analysis for the
Physical Sciences" 3 ed. McGraw-Hill Education: pp 352.

Murari M. K. and Singhvi A. K. "Component Specific paleodose estimation in optically
stimulated luminescence dating : Methodology, Applications and Implications”. in APLD.
2006. Hongkong.

Wallinga J., Murray A. S., and Begtter-Jensen L. (2002). "Measurement of the dose in quartz
in the presence of feldspar contamination”. Radiation Protection Dosimetry 101(1-4): pp
367-370.

Blair M. W., Yukihara E. G., and McKeever S. W. S. (2005). "Experiences with single-
aliquot OSL procedures using coarse-grain feldspars”. Radiation Measurements 39(4): pp
361-374.

Prescott J. R. and Robertson G. B. (1997). "Sediment dating by luminescence: a review".
Radiation Measurements 27(5-6): pp 893-922.

Auclair M., Lamothe M., and Huot S. (2003). "Measurement of anomalous fading for
feldspar IRSL using SAR". Radiation Measurements 37(4-5): pp 487-492.

Spooner N. A. (1992). "Optical dating: Preliminary results on the anomalous fading of
luminescence from feldspars”. Quaternary Science Reviews 11(1-2): pp 139-145.

Jain M. and Singhvi A. K. (2001). "Limits to depletion of blue-green light stimulated
luminescence in feldspars: implications for quartz dating". Radiation Measurements 33(6): pp
883-892.



Chapter 2

Luminescence Principle and Dosimetry

2.1 Introduction

This chapter presents basic concepts involved in luminescence dosimetry. It starts
with a brief introduction to luminescence which includes a description of various
type of luminescence and an overview of the underlying physical principles. Then
a discussion on the models proposed to explain the luminescence emission from
materials is presented. Optically Stimulated Luminescence (OSL) and Thermally
Stimulated Luminescence (TSL)/Thermoluminescence(TL) phenomena are then
explained along with a discussion on the use of multiexponential model to
describe the nature of OSL decay. Finally, a discussion on the basic principle of
OSL dosimetry/dating is presented. This section also includes a discussion natural

radiation dosimetry.

2.2 Luminescence basics

Luminescence is the emission of light on external stimulation. It is exhibited by a
many materials ranging from inorganic to organic and from solids to liquids. The

physical origin of luminescence in each of these materials is different but a
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common feature is the emission of electromagnetic radiation resulting from a
transition of an ion, molecule, or a crystal from an excited electronic/molecular
state to a ground state [1, 2]. A transition can occur in two possible ways. One
involving, deactivation of excited electronic state. This type of transitions is
radiative and leads to emission of light in visible to UV region. The other possible
channel of deactivation is via interaction with the lattice or transfer of energy to
other ions. Such transitions do not produce light and are called radiationless
transitions [1, 3]. The intensity and duration of luminescence are the aspects that
distinguish it from other type of stimulated radiations. In other words the
luminescence radiation is in excess as compared to that of thermal radiation of
heated bodies.

In general, luminescence emission involves an excitation of the ground state
electrons of solids to an excited state and eventual emission either spontaneous or
delayed. Depending upon the delay between excitation and emission of light,
luminescence is broadly classified into fluorescence and phosphorescence. In case
of fluorescence, the time delay between the absorption of energy and emission of
light is less than 10® s, whereas time delay for phosphorescence is greater
than107®s, In other words fluorescence emission takes place nearly simultaneously
with absorption of radiation and stops immediately once the radiation ceases [1].
Photoluminescence, cathodoluminescence, bioluminescence, chemiluminescence
and triboluminescence etc. are the examples of fluorescence, while
thermoluminescence and optically stimulated luminescence fall under the

category of phosphorescence.

2.3 Theoretical aspects of luminescence: Energy band model

The energy band model was suggested for the materials which involves movement
of charge carrier thorough the crystal lattice prior to recombination [4, 5]. These
charge carriers are produced when crystals are exposed to ionizing radiation like

a, fand y radiation whereby the energy is transferred to the atoms of the solids.

Main processes involved include ionization, Compton scattering, photoelectric

10
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and pair production. These interactions finally results in producing free electrons

and heating of solids.

Kronig-Penny model forms the basis for band theory of solids. In this model
electron is subjected to a periodic array of potential wells as in case of solids
where lattice atoms lie in close proximity. This model predicts that the allowed
energies of electrons lie only in allowed zones and the allowed energy values are
separated by band gaps. In other words, the energy spectrum of electron in a
crystal comprises allowed energy bands. The highest energy band filled with
electrons is termed as valence band and the subsequent higher energy band is
called conduction band. The occupancy of each band is described by the density

of states function.

N(E)=Z(E)f(E)
f (E) :; (2.1)

E-E;
kT
e +1

Where N(E) is the density of occupied energy levels, Z(E) is the density of the
available energy states, f(E) is the Fermi Dirac distribution function and E, is

the Fermi level. It is clear from equations (2.1) at absolute zero temperature the

energy levels below E, are filled while those above E, are empty. In case of
insulator and semiconductors E, lies above the topmost valence energy level.

Hence at absolute zero temperature the valence band is entirely full while

conduction band is empty. Depending on the position of fermi level (E; ) in band

gap, the crystal can be categorized into insulator, semiconductor and metal. For

ideal insulators, the density of available energy states Z(E) is zero between

conduction and valence band. However, the presence of defect or impurities
within the lattice causes breakdown in periodicity of the crystalline structure and
new localized energy states are created in the forbidden gap [2]. These
intermediate energy states in forbidden gap are called traps. Common defects and

imperfections that occur in crystal are illustrated in Figure 2.1.

11
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Charge traps in the crystal play a prominent role in luminescence processes. When
ionizing radiation interacts with crystal, electrons and holes are generated. A
fraction of these charges gets trapped at various lattice defects [7]. The life time of
these trapped charges is decided by the charge environment at its trapping site i.e.
binding energy of trapped charge. An appropriate stimulation can however cause
instantaneous detrapping of these charges. Some of these charges radiatively
recombine at an appropriate trap centres (recombination centres) causing
luminescence. Figure 2.2 elucidates various stages of luminescence emission

process.

Various kind of luminescence exists depending upon the source of excitation and
stimulation. However, the major part of present work deals with OSL and TL of
natural quartz and feldspar. Physical principles involved in TL and OSL

phenomena are briefly discussed next.

2.4 TL phenomenon

The single trap model introduced by Randall and Wilkins [8], offers a simplified
explanation for TL phenomenon. This model explains the relation between the
shape of the TL curve and the various physical parameters involved in the
Luminescent crystal. the model considers a single type of electron trap center with

activation energy E, concentration N and a single radiative recombination center.
The model is based on the following assumptions.

1. The crystal has a single trap level within the forbidden gap between
valance and conduction band.

2. The thermally stimulated electrons from the trap have negligible chance of

being retrapped.

At a given instance the charge carrier population in a crystal is governed by
Boltzmann statistics [4]. At temperature T, the fraction of trapped electrons

E/KT

making a transit to conduction band is ne” and hence the detrapping rate of

electrons can be expressed as

14
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_dn ) _dn ) 2.2)
dt dt
T= s‘le(%) (2.3)

Where k is Boltzmann constant, T is ambient temperature, n is concentration of
electrons in traps, T is the life time, s is frequency factor and E is the energy

depth of the trap relative to the conduction band.

Equation (2.3) suggest that the time spent by electron in a trap is governed by
ambient temperature T, trap depth E and the frequency factor s. If E kT then

the residence time of electron in trap becomes extremely long. For example, if

E =1.5eV, s=10" persec and T =27 C the residence time of electron will be

7.3x10° years [2]. From dosimetry/dating perspective, a trap must have an

adequate depth to ensure the stability of charges over long storage time. The effect
of lattice vibrations can be expressed in terms or frequency factor. From quantum

mechanical considerations, the frequency factor (s) is given by

AS

'entropy

s=yke ¢ (2.4)

Here v is collision frequency of an electron with the lattice, x is transition

probability of trapped charges and AS is change in entropy associated with

entropy
the transition of charges from the trap to the conduction band. Typically s has

values comparable to lattice vibration frequencies ~10*2-10" s™ [4].

In practice thermoluminescence is a measurement of emitted photon flux as a
function of temperature and the resulting plot is termed as glow curve. In order to
have an estimate of the shape of glow curve, equation (2.3) is written in terms of
temperature. Assuming linear heating rate, time t and temperature T are related as

follows

15



Chapter 2 Luminescence Principle and Dosimetry

—T = g = constant
a0 2.5)

T=qt+c,

Where c, is constant of integration and q is the heating rate. The glow curve

intensity (1) that results when charges, released from trap by heating, recombine

with hole in the recombination centres, is given by the following relation

dn
l=-c — 2.6
m (2.6)

Where c is constant. Now equations (2.3), (2.5) and (2.6) together yield

Ts e
E~fe far

1(T)=cn,se e o (2.7)

The above expression comprises two exponential terms. The first exponential term
governs the rising part of glow curve while the second exponential term governs
the falling of glow curve. For low temperatures the second term approaches unity
and hence the initial rise is essentially decided by first term. At high temperatures
the second term becomes prominent causing the decay of intensity. The interplay

of these terms gives a bell shape structure (Figure 2.3).

16
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Figure 2.3 TL glow curve on the basis of equation. It shows how term1 and term2 govern TL peak.

In the present formulation the probability of stimulated electron to recombine at
luminescent centre is considered at 1 and no retrapping is assumed. This is first

order kinetics. Cases involving retrapping are described by second order or mixed
order (general order) kinetics. A general expression for TL intensity involving

general order kinetics [2] is given by

ITe‘(EkT')dT' 2.8)

Ti

I(T)=cs'n, e ] 1+—s’(aq—1)

Where a is order of kinetics and s’ is modified frequency factor. The value of a

determines the kinetics of stimulated electron. a =1 is first order kinetics where
the released carrier does not return to trap and a =2 describes a case where the
stimulated electron has an equal probability of retrapping and recombining.

Equations for TL intensity suggest an intimate relation between a trap depth and
the occurrence of intensity maximum. Generally, a phosphor contains a number of
traps at various trap depths. Thus a glow curve consists of a number of glow

peaks, each corresponding to different trapping levels. In general, the life time of

17
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electron in deeper traps is longer as compared to that of electrons in shallower
traps. The glow peaks occurring at temperature less than 200°C are generally
considered unstable at environmental temperature and therefore are not suitable
for dating/dosimetry purpose [9, 10]. Every phosphor has specific TL glow peaks.
Some of the common glow peaks in quartz occur at 110°C, 220°C, 325°C and
375°C. Similarly for feldspar the peaks occur at 110°C, 280°C, 320°C and
350°C. In case of quartz and feldspar 325°C and 285°C glow-peaks have the

requisite stability for dating/dosimetry applications.

2.5 OSL phenomenon

The physical principal of OSL and TL are similar with the exception that in case
of OSL the charges are optically evicted from their traps. In OSL, the
luminescence intensity is measured as function of stimulation time and the
resulting curves are referred to as shine-down curves or OSL decay curves. From
dosimetric and dating perspective, OSL offers a distinctive advantage over TL.

These are

1. TL suffers from interference fro black body radiation implying

difficulties in probing deeper traps

2. TL suffers the problem of thermauenching whereby the luminescence
efficiency decreases as the temperature increases. In case of OSL it is

avoided as OSL measurements are done at relatively lower temperature.

3. During TL measurement sample may undg phase change due to high
temperature. However, no such problem appears in OSL measurements.

4. As optical stimulation can be pulsedultiple readouts is possible for same
sample OSL. This can not be carried out in TL as the readout process

results in emptying of all charges.

5. OSL by definition probes optically active traps. TL probes all traps
including optically sensitive traps.

18
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In view of above, OSL has been a preferred method for the dating of sediments
and in the radiation dosimetric application [6]. OSL has several variants and

19



Chapter 2 Luminescence Principle and Dosimetry

exponential decay either due to retrapping of charges or due to the presence of the

multiple optically active traps or both.

Bailey et al [12], suggested that the contribution of re-trapping to the multi-
exponential nature of OSL is significant only when any of the traps or
recombination centre approaches saturation. Even if re-trapping is allowed the
OSL decay becomes slower but remains exponential. However, it is reported that
when traps are far from saturation level, the resulting OSL exhibits non-
exponential nature thereby suggesting the existence of multiple traps leading to

non exponential nature of OSL.

To explain the shape of OSL decay, a simplified model consisting of two types of
trap and single recombination centre is considered. Energy band diagram of this

model is presented in below Figure 2.4

e/ e e i s L
- H 1
_ P e

Valence band
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recombination centre. Further, to emulate the possible kinematics of electrons in
crystal 1) two types of trap were considered one of which was optically active

(N,) while other was optically inactive (N,) 2) retrapping of electrons is allowed

for both types of traps.

Detrapping rate of electrons from N, type of traps due to optical excitation is

taken asB. The released electron is excited to conduction band and can be

captured at each of the possible site denoted by N,, N, and M . The probabilities

of electron capture at each of these sites are A, A, and A, respectively. If n_ is

free electron concentration in conduction band, the traffic of electrons in the

crystal is governed by the following rate equations.

—L = -Bn+n(N,-n)A (2.9)

Tl nc(Nz_nz)Az (2.10)

dm
— = -nm 2.12
o [MA, (2.12)

To simplify the above rate equations following assumption are made

1. N, n and N, n,.This means that available concentration of traps is

much higher than the trapped electron concentration i.e. traps are not

saturated by electrons.
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2. Hole concentration m is assumed to be a large number so that every

detrapped electron has large recombination probability.

3.
Quasi-equilibrium condition assumed, i.e. there is no charge accumulation
. . dn n, dn, dm . |dn
¢ in conduction band —=¢ Ld—zd— ie. |—=0
dt dt dt dt dt
1 2 c

Assumptions 1 and 2 reduces the rate equation to the below form

dn
! , —— = ~Bn+n A (2.13)
dt
dn
= -n A 2 2.14
dt © 214)
dn
= n-nA-nA -nA < B, ¢ 0 ¢ c¢om (2.15)
dm
— = -n 2.16
o e An, (2.16)
Where A, =(N,-n)A, A, =(N,-n,) A, and A, =mA,
Applying 3" and 4™ assumption to equation (2.12), (2.14) and (2.16)
L P (2.17)

dt T A +A A

Charge neutrality condition is satisfiedie.n n n m’
22
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dm _ Bn A,

m Ny m
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2.7 OSL dosimetry

The simple dependence of OSL intensity on dose has found application in diverse
fields like personal radiation dosimetry, accident dosimetry geological and
archeological dating, in radiation diagnostic imaging etc. The present work mainly
deals with dosimetry of natural radiation environment and its use in determining
the timing of past geological events. This geochronological method for dating is
unique due to its ability to date geological formation using mineral grains (quartz,
feldspar) that constitutes the sediment. This fact eliminates many sources of errors

of interpretation of ages, seen in most other methods.

2.7.1 Natural OSL dosimeter: Quartz and feldspar

A dosimeter is a device that measures or evaluates the energy deposited by
ionizing radiation to the medium. A dosimeter can be a direct or indirect
dosimeter depending on the principle involved in measurement of radiation dose.
For a device to qualify as a dosimeter it must possess some physical property that
depend00022radiation and is reproducible. Major requirement of environmental
dosimeters are, high sensitivity, stability with respect to time at ambient
temperature, accuracy and precision, linear response within dynamic2range of
dosimeter and high reproducibility. In case of geochronology quartz and feldspar
are the indirect dosimeters. Here, the luminescence emitted by these minerals
provides a measure of the dose of radiation absorbed by the mineral. By
calibrating of the luminescence signals against known doses of radiation, the

luminescence yield is converted to absorbed dose.

Feldspars and quartz are the most widely occurring minerals0022earth crust and
both of these are sensitive OSL dosimeters. Thus they are widely accepted natural
OSL dosimeter for dating of geological sediment. The choice of the mineral that is
being used usually depend00022the availability within a sample, and the age of the
sediments. Quartz saturates at lower doses than feldspars, and so the use of
feldspar might prove to be advantageousOfor dating older depodts. In context of
OSL dosimetry stability of signal refers to the capability of traps to retai22the

signal without any degeneration i22time. The major degenerative mechanisms are
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separate stable and unstable luminescence. To avoid interference of unstable
luminescence in OSL, the unstable traps before the TL plateau region are emptied
by pre-heating the sample prior to OSL measurement. Table 2-1 presents the trap
depth and lifetime of associated electrons for quartz as reported by various

workers by different methods.

Signal Trap depth (E) Freq. factor (s) Lifetime (t)  Reference

oSsL 1.84 eV 2.0x10% st 6.0x10%a Smith et al. [15]

oSL 1.65eV 2.7x10% s 2.8x10'a Huntley et al. [16]

oSL 159 eV 2.8x10% s 2.1x10" a Spooner and Questiaux [17]
osL 1.66 eV 1.0x10"s™ 1.1x10% a Murray and Wintle [18]

TL (325°C) 1.69 eV 1.0x10*s* 3.0x10"a Wintle [19]

TL (325°C) 1.60 eV 5.7x10%s™ 1.7x10"a  Spooner and Questiaux [17]

Table 2-1 Some reported values of trap parameters E (trap depth) and s (frequency factor), and
calculated lifetimes at 20 C for quartz using various methods

Studies by Smith et. al. [15], suggest that the 325°C TL peak and the OSL peak

are correlated. This suggest implicitly that the mean life of the signal is ~10" a.

Thus, OSL signal from quartZTibssitheiepplgr diabliedd therdaiti g ting @veddterramied time range of the

by signal saturation, rather than thermal fading.

2.7.1.2 Athermal fading: Anomalous fading

The usage of feldspar is limited owing to the anomalous fading [20-24]and long
term fading. Feldspar also changes its sensitivity during multiple OSL readout
[25]. In general for deep traps, the lifetime of electrons should be large and hence
thermal decay is insignificant. However, in case of feldspar, it has been observed
that there is a leakage of luminescence signal from the deeper traps even at room
temperature. This decay of luminescencéesignelieviasquaitiahhy tutemaiaty a$
charges to nearby recombination centers [26-30]. Anomalous fading causes

serious underestimation of age. Typically, the signal loss follows a logarithmic

‘anomalous’ f

decay over the laboratory time scale eg.pimi@lelsgeantd yeanger kamplée &odf Auclair [31] an
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quartz, Wintle [20] did not observe any loss in TL during storage for 2 years.
Similar observation were made on OSL of quartz by Roberts et al. [32] and no
loss in OSL was detected even after 70 days of storage at room temperature. The

general inter-comparisons suggest that quartz does not exhibit anomalous fading. 2.7.2Stimulation &

Optimization of the Luminescence measurement necessitates the study of
stimulation and emission spectrum of the mineral of dosimetric interest. Such
studies of the stimulation spectrum not only allow the selection of a specific
mineral, but also provide an optimized stimulation wavelength to maximize
luminescence efficiency. An extensive study in this area [33, 34] has shown that
the OSL intensity (1) increases with decreasing stimulation wavelength (increasing

energy), as is shown in Figure 2.6.

As seen in figure there is a change in slope in the wavelength region 500-520 nm.
The appearance of this knee is still poorly understood and it is recommended to
avoid this wavelength region for stimulation. Further studies on quartz have
shown that the stimulation by wavelength exceeding 690 nm is inefficient in
producing luminescence [35] while shorter wavelength (< 450nm) is avoided
because in this wavelength range there is interference between emission (360-

440nm) and stimulation wavelength of quartz. Widely used stimulation

27
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wavelengths for quartz are green and blue (514nm and 470nm) [36]. In case of

feldspar infrared stimulation was found to be most efficient.

Spectral characteristics of luminescence emitted from quartz helps select the most
appropriate detection window for dosimetry. The fact that different emissions
might have different characteristics (stability, bleachability or dose-response)
makes it all the more important to pursue such studies. Luminescence emissions
of quartz with 647 nm stimulation suggest the presence of single emission band
centred at 365 nm (Figure 2.7).

Similar emission band was observed with green light (514 nm) stimulation.
Extensive work on TL emission spectra has shown three main quartz TL emission
bands at 360- 420 nm (near UV-violet), at 420-490 nm (violet-blue) and at 600-
650 nm (orange-red). The probable luminescence centre giving rise to the OSL
emission has been identified by [38, 39] as the [H304]° centre. Using Electron
Spin Resonance (ESR) and TL, they were able to show that two point defects
namely [AlO4]° and [H3O4]° are responsible for the TL signal at ~100°C,.
However, only the [H3O4]° recombination centre yields emission at 380 nm,

comparable to the OSL emission.
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hence overestimation of age. The Figure 2.10 schematically illustrates the various

possible ways of resetting the signal of sediment.
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Figure 2.8 Various phenomena responsible for resetting of signal (redrawn after Wagner [6])

As seen in figure, apart from mineral formation where the signal is abinitio zero,
the resetting of signal can take place by heating, exposure to light and by pressure.
The figure also shows the corresponding geological events that can be dated.
Resetting of signal by heating is relevant in archaeological events while optical
bleaching occurs in transportation of sediment by wind or water. The heat
generated during tectonic events may lead to resetting of signal of sediment. Thus
OSL dating can also be used for tectonic faults. The temperature involved in
heating-events, archeological and tectonic faults are sufficiently high enough to

cause near complete thermal zeroing of the signal.

However, in case of sediments where resetting is due to exposure to sunlight, the
zeroing of signal depends on the factors like light intensity, the spectrum and
duration of the exposure. A number of authors have obtained evidence for
satisfactory resetting of wind transport sediments (that see full daylight during
transport) [40-43]. Evidences for poor bleaching have also been found in several

studies [14, 44-48]. Studies by Spooner [35] have shown a strong dependence of
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bleaching on the stimulation wavelength. Figure 2.9 shows the bleaching

efficiency of various wavelengths.
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Figure 2.10 Spectrum of sunlight: outside the atmosphere and at sea-level with the sun 60 °below
zenith. The vertical scale gives the energy per unit wavelength interval received per unit time by
unit area of a horizontal surface facing upwards (redrawn after Aitken [10])

However, complete resetting of the signal from sediment is not always possible.
For depositional environments that have short transport durations (e.g. colluvial),
and/or where there is considerable attenuation and filtering of the solar spectrum,
the assumption of complete resetting becomes increasingly difficult to achieve.
For example, in fluvial environments the higher photon energy part of the
spectrum is strongly attenuated through water [44]. In context of determining true
burial dose, the significance of partial resetting signal from the perspective of
OSL component has been explored in greater detail in Chapter 4 and Chapter 5 of

this thesis.
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2.7.4 Age determination

Measurement of the naturally accumulated OSL and calibration of this signal
using the OSL signal following known laboratory radiation doses allows an estimate of the

paleodose (D

e). Paleodose is the laboratory dose required to produce the luminescence ir
resetting at the burial time. The OSL signal is directly related to the burial period.
In principle, once the environmental dose rate is calculated, the age (burial period) of

Lum Acquired (L) Equivalent dose ( DJ)ime

() ()
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Chapter 3
Instrumentation and Experimental

Protocols

3.1 Introduction

This chapter details instrumentation and protocols used in luminescence studies

presented in the thesis. Section 3.2 de
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3.2.1 Luminescence detection system

A Photomultiplier tube along with suitable detection filter coupled to a photon
counting system constitute the detection system. Detection filters shield PMT
from scattered stimulation light and help to select a desired spectral window. The
light sensitive component in the PMT is the cathode which is coated with a photo-
emissive material like CsSb or other bialkali material. The PMT used in the
TL/OSL luminescence reader was a bialkali EMI 9235QA PMT. It has maximum
detection efficiency at approSimately 400 nm, making it suitable for detection of
luminescence from both quartz and feldspar. Figure 3.2 gives the quantum
efficiency as a function of incident photon wavelength for this PMT. The PMT is
operated in photon counting mode. To optimize the light detection, the distance
between the PMT and the sample is kept small. As the stimulation sources are
placed between the sample and the PMT, the sample-to-PMT cathode distance in
the Riso TL/OSL luminescence reader is 55 mm, giving a detection solid angle of

approSimately 0.4 steradians [1, 2].
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Figure 3.2 PMT response curve. Maximum quantum efficiency occurs at 300-400 nm (redrawn
after Bktter-Jensen et al. [1]).
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Figure 3.3 (a) Stimulation spectra of Blue-LED48 red the filter combinations used to detect the
luminescence in UV region. (b) Stimulation spectra of IR- LED4and the filter combinations used to
to detect the luminescence in blue region (redrawn after B#tter-Jensen et al. [1]).
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The intensity of the stimulation light is several orders of magnitude larger than the

emitted luminescence (typically sitimulation light flux ~10™ photon/cm?-sec)

Thus, even minute fraction of scattered stimulation light entering can mask the

pristine luminescence signal. Various color glass filters are used to prevent the

interference of stimulation light. Quartz has a OSL emission centered on 365 nm

andfeldspars have a emission centered on 410 nm (violet) [3, 4]. Table 3-1

summarizes commonly used filters. Figure 3.2

and Figure 3.3 show the

transmission curves of filter combinations and PMT quantum efficiency as

function of wavelength.

Wavelength (nm)

Filter Combination

Mineral Neutral
Emission Stimulation Cut off Filters Detection Filters Density
Filter
Quartz ~365, ~470 GLSL (430-520) GG-495 Hoya U 340 ND
Quartz ~365 BLSL (470) GG-420 Hoya U 340 ND
Feldspar ~410 IRSL (875) Shott BG-39 Corning Cs 7-59/5-58 ND

Table 3-1 Commonly used filter combinations to detect
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quartz at the sample position is ~0.1 Gy/s (Riso TL-DA 12), 0.066 Gy/s (Riso TL-
DA 15). The source is mounted on a pneumatically controlled holder with a
graded shielding of carbon, aluminum and lead. Source takes ~0.11 s to rotate
from the closed position to the open position [8]. The distance between the source
and the sample is 5 mm. A 0.125 mm beryllium window is placed between the
irradiator and the measurement chamber. This window separates beta source from

the measurement chamber.

3.3 Hlumination and irradiation cross-talk

Cross talk is measure of illumination and irradiation received by the disk adjacent
to the measurement disk. Cross-talk introduces systematic errors in paleodose
leading to erroneous age estimation of the samples. The effect is particularly
severe for young samples [9]. Cross irradiations delivers the dose to the
neighboring discs and hence lead to overestimation of dose while cross
illumination causes reduction of the signal in neighboring disks which leads to
underestimation of dose. Schematic of the cross-talk sdows the positioning of the

adjacent and measurement discs in Figure 3.4.

Irradiation/lllumination
unit

Cross-talk H\

CeD S

Aliquots

Sample Carousel of TL/OSL Reader

Figure 3.4 Schematic diagram illustrating illumination and irradiation cross talk

The Riso Automated TL/OSL reader is capable of a programmed readout cycle of
up to 48 stations present on the carousel. The measurement protocol involves

repeated irradiation and illumination of the individual aliquots. In the previous
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work on cross-talk Markey et al [8] expressed illumination cross-talk as
percentage of the equivalent stimulation time on the adjacent sample and
irradiation cross-talk as percentage of dose received by an adjacent non-irradiated
disk during the irradiation on measurement disk. Here loss of signal and dose
received by adjacent disk were determined using the single aliquot regeneration
(SAR) protocol. Bray et al [9] alternatively expressed illumination cross talk as
percentage reduction in the signal of adjacent disk due to illumination on
measurement disk. This cross-talk was also expressed in terms of equivalent

stimulation time using short shine measurement.

In all of the work mentioned above the reported values of the crosstalk were very
less as compared to the values obtained from an experiment conducted on the Riso
TL/OSL reader Table 3-2. Besides this, the measurement protocols used by
various workers [2, 8-10] to quantify the one of the above mentioned cross-talks
did not take into account the interference due to another cross-talk (eg. one must
consider the illumination cross talk during measurement of irradiation cross-talk).
In view of this, the measurement protocols were modified to quantify the two

cross-talks distinctly.

Ilumination Cross talk Irradiation cross talk
Carousal

References
type

Illumination time (s)| Cross- talk (%) Dose (Gy) Cross- talk (%)
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400 Gy. The discs (nl1, n2, n4 and n5) placed at stations (1, 2, 4 and 5) were
moved to the stations (1, 5, 9 and 13) to
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Figure 3.5 lllumination cross-talk increases with increasing illumination time. Result from Risol
(TL-DA 12).
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Figure 3.6 Protocol followed to measure irradiation and illumination cross talk.
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Total number of alpha counts per ksec from 42 mm sample =

Toatl number of slow pair counts per ksec from 42 mm dia. sample =

Total number of alpha counts per ksec for Th and U can be estimated using the

following relation from 42 dia sample

0.380% :
T 33)
B Dy D (3.4)

Concentration of U and Th in ppm cée calculated using conversion factor

suggested by [14].

R
U, ——_-ppm
1-6; (3.5)
T —Th
n 0502

In above calculations, the decay seriet¥Jadnd Th are considered in equilibrium

(N, N, ..ON). However,Disequilibrium mayake place mainly due to

loss of Rn(t,, 3.83) from uranium 238 decay series. In such cases, hyper pure

3.4.2Gamma spectrometry: K-40 concentration

In gamma spectrometry well type thallium (Tl) activated

sodium iodide crystal and lithium doped hyper pure germanium crystal were used

to measure the K concentration in the sample. Thallium (TI) activated sodium
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lodide [Nal(TI)] crystal is a scintillation detector which produces scintillation
according to the energy of gamma photon. To measure K-40 concentration, the
compton subtracted photo peak corresponding to 1.46 MeV gamma photon
emissions were used. Approximately 10g of sample vials and Perspex spacers
were used in the well to ensure identical counting geometry. The concentration of
D-40 was estimated by comparing the photon counts with those from standard
pure KCI. Typical photon counts along with background for KCI standard and
samples are ~58 cpm and ~3 cpm respectively. The expression to calculate

concentration of D-40 (%) is given below.

< o (cnts/time/ mass)sample -BKG
0=

X
sample (cnts/time/mass) , - BKG

K% (3.6)

Where cnts are the compton subtracted photopeak counts corresponding to 1.46

MeV y-ray. K and K, are the potassium concentration of sample and

sample

standard respectively.

3.4.3 Cosmic ray contribution

Most of the cosmic ray arbsorbed by