Chapter 1

Introduction

The use of Thermally Stimulated Luminescence (TSL) also called thermoluminescence (TL)
and Optically Stimulated Luminescence (OSL) is growing in a variety of applications like
geological and archaeological dating, testing of ancient artifice to detect forgery, personnel
dosimetry, medical dosimetry, environmental dosimetry, retrospective dosimetry, study of
extra-terrestrial materials like meteorites and lunar materials, material characterization and
many other emerging applications. The many nuances of the working of the TL and OSL
phenomena are an area of active research and it calls for the development of more versatile
instruments by which such research can be undertaken. Most of the research in this field has
been carried out using a Photomultiplier Tube (PMT) which does not give any information

about the spatial distribution of luminescence.

The study of spatial distribution of luminescence is important because it provides lots of
advantages over the conventional system where the integrated luminescence form the sample
is studied. The spatial distribution of luminescence from the sample allows the measurement
of the luminescence behaviour of many individual grains of the sample. This enables the
separation of mineral specific signal without the need to physically separate the various
minerals form the sample [1]. If the sample is perfectly homogeneous or if the dose
distribution is perfectly evenly spread, the emitted luminescence from each and every part of
the sample will be exactly the same. Since this is usually not the case with the naturally
occurring samples used in geological or archeological dating, a study of the spatial
distribution of the emitted luminescence would inform us about the extent of homogeneity of
the sample and the spread of the dose distribution in the sample.

For TL or OSL dating, grains of quarts or feldspar of specific size are extracted from the
sample. It is not always feasible to extract quarts or feldspar from the given sample. Such
situations arise when the dating of rock surfaces, dating of the fusion crust of meteorites,
archaeological tools made of stone, antique statues and sculptures is needed. For such
situations a technique and instrument for luminescence dating of the surface is required.
Even though attempts have been made for it [2] a routinely applicable protocol and a proper

instrument capable of achieving this is yet to be developed.



Even in a sample comprising of only the same kind of mineral like only quartz or only
feldspar, all the grains do not contribute equally to the emitted luminescence [3]. This is due

to the fact that the dose distribution in the sample is not perfectly homogeneous.

Some attempts have been made to study spatial luminescence using a Charge Coupled Device
(CCD) camera. The drawback of a CCD camera is that they are not sensitive enough to detect
very low level light which puts a limit to their utility for research. After undertaking a
feasibility study for the proper light detector, a high-end Electron Multiplying CCD
(EMCCD) which is capable of detecting light at the photon counting level has been employed

in the present study.

Some applications of TL/OSL like personnel dosimetry, medical dosimetry and
environmental dosimetry require development of proper phosphors with suitable
characteristics like linear dose response, ability to detect low level dose, high dose saturation
at a high level, etc. A nano scaled Calcium Fluoride is synthesized and characterized. Along
with the TL and OSL characteristics of the phosphor its structural and optical characterization

is also undertaken.

TL and OSL are basically a sub-set of the luminescence phenomena. The primary causes of
TL and OSL are the same as the primary causes of the luminescence phenomena in general.
Thus in order to get a more complete picture and to place TL and OSL in its proper context,

the luminescence phenomena in general needs to be considered.

1.1 Luminescence

Luminescence is the emission of light from a substance on excitation by some form of
energy. The electronic state of the substance is excited by such kind of external energy or
trigger. When this excited electron comes back to its ground state it emits a luminescent
photon. The irradiation can be due to alpha, beta, gamma, X-ray or some other appropriate
source. The external energy or trigger could be chemical energy, mechanical energy,
electrical energy, biochemical energy, sound energy, pressure, light energy, heat energy, etc.
Depending upon the type of trigger the luminescence is named. For the above mentioned

triggers the corresponding luminescence is named as chemiluminescence, triboluminescence,



electroluminescence, bioluminescence, sonoluminescence, piezoluminescence, optically

stimulated luminescence and thermoluminescence respectively.

The above classification of luminescence is based on its trigger source. A more fundamental
classification of luminescence can be done based on the delay time between the absorption of
the energy which causes the electron to move from the ground state to an excited state and
the emission of the photon when the excited electron returns to its ground state. If this time
delay is more than 100 nano-seconds then the luminescence is known as phosphorescence,
and if the time delay is less than 100 nano-seconds then it is known as fluorescence. Both
fluorescence and phosphorescence are important phenomena which are utilized in a wide

variety of applications.

The spontaneous emission of light with the excitation source is characteristic of fluorescence.
Here the electron directly comes down to its ground state from its excited state without going
into a metastable state. It is temperature independent. In the case of phosphorescence, the
electron goes into a metastable state from its excited state. It then requires some external
trigger like heat or light in order to come from its metastable state to the ground state emitting
light in the process. Phosphorescence is temperature dependent. The brightness and decay
time of the phosphorescence would depend on the temperature. Phosphorescence will be
brighter and the decay time will be shorter if the temperature is higher. In the case of lower
temperature the decay time will be longer and the phosphorescence will be less bright. This
dependence of phosphorescence on temperature can be used to distinguish it from

fluorescence which is independent of temperature.

TL and OSL fall under the phosphorescence phenomena. Here the delay time between
excitation and emission could range from a fraction of second to millions of years [4]. This
time delay is dependent, along with other parameters, on the activation energy of the traps

and the ambient temperature. The traps are formed due to the defects in the crystals.

1.2 Thermoluminescence

1.2.1 Theoretical Basics

In order to perform TL, the material should first undergo irradiation. Then this material

should be subjected to thermal irradiation. Due to this the substance will emit luminescence.



This process is explained using the energy band model shown in figure 1. This model can be
used to understand the basic phenomena of luminescence. This model is applicable because
of the connection between conductivity and luminescence. It is established that
photoconductivity (increased electrical conductivity caused by the presence of light) is due to
the release of charge carriers during luminescence. This validates the energy band model
which is described by authors like Randall and Wilkins [5] and, Garlick and Gibson [6], as
suitable for understanding the luminescence process which involves the transport of an
electrical charge through the lattice [4].

Crystals are formed by the periodical arrangement of atoms or molecules. This arrangement
is not completely perfect as there are always some atoms or molecules that are not in their
proper place causing defects in the crystal. Many of the important properties of the crystal are
due to the presence of such defects. The defects are also influenced by the method of
preparation of the crystal.

The defects could be caused due to a number of reasons. Vibration due to thermal energy is
one of the causes for the displacement of the atoms from their lattice positions. At any
temperature above the absolute zero temperature, there are some intrinsic imperfections in the
crystals in the form of vacant lattice site or interstitial atoms. Schottky defects and Frenkel
defects are examples of intrinsic defects. Schottky defect is a vacant lattice site from which
the regular atom has been removed. Frenkel defect is an irregularity in the crystal structure

which is localised in the lattice.

Extrinsic imperfections are created by the addition of impurities, also called activator, to the
crystal. If the added impurity or activator occupies a position between the host atoms then it
is called interstitial impurity and if occupies a lattice site from which a host atom has been
expelled then it is called substitutional impurity. For synthetic crystals, the added impurity
would be at part per million level, purity of host would be very high and it will be well
crystallized. The imperfections or defects created in the crystal are the places where the
electron-hole produced due to irradiation gets trapped. On the application of proper
stimulating energy, the trapped charge is released and it recombines, emitting photons in the

process.
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Figure 1: a) Scenario before ionisation; b) lonisation; c) Trapping centres with occupied trap
charges—holes and electrons; d) de-trapping and recombination

The phosphor material has a valance band, a forbidden band and the conduction band. The
electrons that are in the valence shell occupy energy levels represented by the valence band
and the electrons which have escaped from the valence band and are free to move about in
the crystal occupy energy levels represented by the conduction band. In a pure crystal there

are no energy states in forbidden band which the electrons can occupy. Since most of the
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crystals are not pure and contain imperfections or defects they provide localized metastable
energy states within the forbidden band. These metastable energy states are the traps where
the electrons or holes created due to ionizing radiation are trapped. If they are not trapped
then the free electrons move in the conduction band and the holes move in the valence band.

The electrons are trapped nearer to the conduction band and these trapping sites are called
electron-trapping centre. Likewise the holes are trapped nearer to the valence band and these
sites are called hole-trapping centre. The amount of time spent in the traps by the electrons
depends on the nature of trap and its environment. The lifetime of the electron in the trap is
given by Arrhenius equation as

where
T is the lifetime,
s is the frequency factor. It represents the interaction between a bound electron with
the lattice phonons and a transition probability.
E is the energy trap depth which is the energy difference between the trap and the
bottom of the conduction band,
k is the Boltzmann constant,

T is the absolute ambient temperature of the phosphor.

The lifetime t can range from fraction of a second to 10® years. It is strongly dependent on
the temperature and the trap depth. The trap depth typically ranges between 0.5-2.0 eV,
giving lifetime ranging from 1 s for very shallow traps to 10 s for very deep traps [4]. Since
the frequency factor s represents the interaction between a bound electron with the lattice
phonons and a transition probability the maximum value expected for s is the lattice vibration
frequency which is 10*2- 10* s, It also includes an entropy term and is weakly temperature
dependent [4]. Randall and Wilkins [5] have reported the value of s to be around 10® s in

the phosphors studied.

Some of the trapped charges which are de-trapped from their metastable state by a thermal
and/or optical stimulation, radiatively recombine with holes producing luminescence at the
recombination site which is called recombination centre. The spectrum of the emitted

luminescence depends on the recombination site as the recombination occurs in the excited
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state of the atom, from where a de-excitation causes luminescence. The rate at which the
trapped electrons are de-trapped determines the intensity of luminescence and is represented
by [4,7]

Where,
I is the luminescence intensity,
C is the proportionality constant,

n is the number of electron present at an instant t.

It follows that the phosphor has to be either a semi-conductor or an insulator. Since materials
that are conductors do not have the forbidden band, no trapping sites are available where the

luminescence causing electrons can be trapped.

Though thermoluminescence and incandescence are both caused due to heat, the
luminescence mechanism is very different in both the cases. In thermoluminescence,
luminescence is caused due to the transition of the electron from the metastable state to the
ground state due to heat which acts as a stimulant or a trigger. In incandescence,
luminescence is due to the high state of agitation of the atoms because of the temperature of
the material. The vibrations of the atoms at the room temperature produce radiation in the far
infrared region of the spectrum. With the increase in temperature these vibrations shift

towards the visible region.

In order to observe TL the material is usually linearly heated to a certain temperature at a
constant rate. At the same time the light emitted from the material is recorded with reference
to the temperature at which it was emitted. This is represented with a light emitted versus
temperature graph which is called ‘glow curve’. Figure 2 shows a typical glow curve. The
glow curve could have one or more distant peaks. The temperature at which the peak occurs
is related to the traps in the materials. Specifically, it depends on the activation energy of the
traps. Traps corresponding to higher activation energy will cause peaks at a higher
temperature region. An extensive description of the TL process using the different models
and TL parameters is given in chapter 5 which deals with the TL/OSL characteristics of the

nano CaF, along with its annealing parameter optimization.
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Figure 2. Glow curve from a TL phosphor

1.2.2 Historical Account

TL might have been observed as early as the Middle Ages by the medieval alchemists who
are speculated to have known that certain material glow faintly when heated in dark [8].
Initially it was claimed that the emitted luminescence was from the heat itself which was
converted to light till Du Fay [9] proved that the observed luminescence was actually delayed
phosphorescence and heat only stimulated the emission and was not its cause. The first
reported TL was by Robert Boyle on 28" October 1663 in a paper that he read before the
Royal society. In it he reports about a diamond that gave glimmering light when he held it in

dark in the warm part of his naked body for quite some time.

Thermoluminescence from extraterrestrial minerals was first reported by Herschel [10]. One
of the earliest uses of the term thermoluminescence was in 1895 by Wiedemann and Schmidt
[11]. The work of Wiedemann and Schmedt pioneered the use of induced TL where they
irradiated a specimen with electron beam in a laboratory. Prior to this the TL observations

were due to exposure to natural radioactivity in the environment. They used many synthetic
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samples for this study. The regeneration of thermoluminescence form natural samples in the
laboratory was first reported by Trowbridge and Burbank [12]. They bleached the natural
thermoluminescence form fluorite by stimulating it with heat and then regenerated the
thermoluminescence by X-ray irradiation of the sample. The study of radiation induced
thermoluminescence received a boost from the works of Marie Curie [13]. This work was
part of her doctoral thesis. The study of the spectra of the emitted luminescence was done for
the first time by Morse in 1905 [14].

Urbach [15] used thermoluminescence to study the trap distribution in the sample. This is
possible because the electron trap depth determines the temperature at which the peak of the
glow curve occurs. The peak will occur at higher temperatures for electrons having higher
trap depth. The number of peaks indicates the presence of electron traps at different levels. A
peak may be made up of many closely placed peaks. This is due to the distribution of the
electron trap depth in near proximity. Deconvolution of the broad peak would give the many

individual peaks which constituted the broad peak.

Though research work on TL had been going on no real breakthrough was achieved till
Randall and Wilkins [5] proposed the first order kinetic model theory of thermoluminescence

and a method to find out the kinetic parameters of the TL process.

The work on the first order kinetics by Randall and Wilkins was followed by Garlick and
Gibson’s work on the second order kinetics [6]. In the first order kinetics, Randall and
Wilkins assumed that once the electron is released from the trap, it will not be re-trapped but
will only recombine emitting photon. Garlick and Gibson did not agree with this and they
assumed comparable re-trapping and recombination probabilities [4]. Further researchers
found cases where neither the first nor the second order was followed. Such cases were
reported by Partridge and May [16], Muntoni et al. [17], Capelletti and de Benedetti [18],
Chen [19] and Taylor [20]. There might be a case where two electrons are trapped in the

same trap. In such a case the order of kinetics will be 1.5 [21].

Prior to 1940s TL was used only for mineral identification due to the poor sensitivity of the
then available photomultiplier tubes. It was only from the early 1950s that TL’s use for
measuring exposure to nuclear radiation was developed [22]. It was applied to archaeological
dating after sufficiently sensitive and reliable photomultiplier tubes became commercially
available in the early 1960s [23 — 25] and to geological dating in the early 1980s [26]. TL
dating was able to go up to the Palaeolithic ages by dating materials like burnt flint [28].
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1.2.3 Applications

The applications of TL are numerous. The principle of TL is used in many fields of research.
Two areas where TL is extensively used are radiation dosimetry and dating (geological as
well as archaeological). The study of the emitted light during TL provides rich information
which is useful in diverse scientific disciplines such as archaeology, geology, medicine,
solid-state physics, biology and organic chemistry. It is also used for material characterization

in collaboration with other methods.

The aim of using TL in radiation dosimetry is to infer the amount of incident radiation. The
amount of light emitted during TL is a function of the amount of radiation incident on the
phosphor. Better phosphors are being developed for radiation dosimetry. The characteristics
of an ideal phosphor are linear dose response, reproducibility, high accuracy, no fading
problems, no thermal quenching, high sensitivity, etc. High sensitivity means that the amount
of light emitted per unit dose and unit mass should be more. This will enable the
measurement of very low level dose. The peak used for dosimetry should not be at a low
temperature one otherwise it will lead to fading at room temperature itself. At the same time
if the peak is at a high temperature black body radiation will cause luminescence which is
independent of the incident radiation. ldeally the peak should be around 200 °C [28].

In personnel dosimetry the amount of radiation that a person is subjected to is measured. This
is specially used for the workers of nuclear plants. The workers wear a badge which contains
a TL phosphor. Using this badge the amount of radiation that could have been incident on the
worker is inferred. Not only the workers’ exposure to radiation needs to be monitored but
also the radiation incident on the surrounding environment of a nuclear plant needs to be
monitored periodically to safe guard against any unintentional radiation leakage. This is
called environmental dosimetry. Here the amount of radiation present in the atmosphere is
measured. Medical dosimetry is used to measure and control the amount of radiation given to

patients, especially cancer patients.

TL is also used to determine the dose of absorbed radiation to environmental or locally
available materials in situations where conventional, synthetic dosimeters were not in place at
the time of radiation exposure. This is called retrospective dosimetry. It is used in cases like

radiation exposure due to nuclear accident. For retrospective dosimetry, commonly occurring
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materials are used. The use of even common salt has been found suitable for retrospective
dosimetry [29].

TL dating can measure age in the range 40,000 to 10,00,000 years whereas carbon dating can
date up to 50,000 years. It is used in both geological and archaeological dating. Natural
dosimeteric materials like quartz and feldspar are used for this. Quartz or feldspar is
extracted from the sample to be dated. This quartz or feldspar would have been constantly
irradiated by ionizing radiation emitted by natural radioactive isotopes of U, Th, and K. This
results in trapping of the electrons or holes at the defect sites. The continuous irradiation over
the time results in accumulation of charges in traps having lifetime of ~10° y. The
concentration of charges in such traps is proportional to the radiation dose received by them
or alternately the time of irradiation. When trapped charges are evicted from the trapping site
by means of heat or light, they recombine at recombination sites to give luminescence. Proper
measurement of the emitted light can be used to estimate the age of the sample. There are
several well defined procedures which are used on daily basis for estimation of age of a

sample. The basic equation for dose estimation is:
Age = absorbed dose / dose rate

Dating of geological samples help in inferring the past climatic conditions. In archaeology it

is used to detect forgeries.

TL is also used, in a limited way, for the characterization of materials. It can give information
about the various types of defects present in the solid as the spectral characteristic of the
emitted light also depends upon the defects in the substance. The peaks in the glow curve and

their de-convolution can give a distribution of the ‘defect energies’ present in the material

[4].

TL is used for extra-terrestrial materials also. It has been used in the study of meteorites and
lunar materials [30]. The amount of radiation in space needs to be known before a manned

mission could be sent to space to ensure the safety of the astronauts.

11



1.3 Optically Stimulated Luminescence

1.3.1 Theoretical Basics

The basic functioning of the OSL phenomena is very similar to that of the TL phenomena.
OSL is the phenomena in which light is emitted from the substance when the trapped charges
are released due to optical stimulation. Here too, the energy band model can be used to

explain the working of the OSL phenomena as shown in figure 1.

This is a very simple model. In reality other parameters like re-trapping come into play. For
this model the concentration of charge, i.e. electrons will change under optical stimulation as

follows:

Where,
n = concentration of trapped electrons
p = Transition probability per unit time for the trapped electron to escape to the

conduction band under optical stimulation.

The solution of equation 3 gives the following equation:

N(t) =N, (=Pt covooverriennne (4)

Here ng is the initial concentration of trapped charges.

Equation 4 implies that the decay of the charge concentration will be exponential with respect
to stimulation time. The intensity of light emitted is proportional to the rate of electrons

escaping from their traps. From equation 3 and 4 we get

I(t) c—n, pexp(—pt)........... (5)

Equation 5 gives the intensity of the OSL emission. Since light is used here as the stimulant
instead of heat, it is also called photostimulated luminescence (PSL). The traps from which
the charges are released during OSL may not necessarily correspond to the traps from which
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the charges are realised during TL. Irrespective of this difference the amount of emitted light
is directly related to the amount of electrons trapped due to the irradiation. Thus OSL is also

directly related to the amount of irradiation just like TL.

Like the ‘glow curve’ associated with TL, the ‘decay curve’ or the ‘shine down curve’ is
associated with OSL. The emission from the material decays with time as the material is
optically stimulated. Figure 3 is an example of an OSL decay curve. The OSL characteristics

of the phosphor are described in chapter 5.
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Figure 3. OSL decay curve

Just as TL is not to be confused with incandescence, OSL is not to be confused with
Photoluminescence (PL). In PL, due to the absorption of light, there is an excitation of an
electron in the crystal defect. When this electron returns to its ground state there is an
emission of luminescence. The intensity in PL is related to the concentration of the excited
defects and not to the irradiation of the material as is the case for OSL. Thus the mechanism
of OSL and PL is fundamentally different, though in both the case the emission of light is due
to optical stimulation.

1.3.2 Historical Account and applications

The earliest unambiguous reference to OSL is found in Edmond Becquerel [31] and Henri
Becquerel [32] where they reported the quenching of phosphorescence from Zinc and
Calcium Sulphides when these materials were exposed to infrared illumination after being
exposed to ionizing radiation [33]. Other researchers of the time like Harvey [34] noted that

the intensity of the phosphorescence could either increase or decrease due to the infrared
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light. Later this phenomenon was called photophosphorescence. Mandeville and Albrecht
[35] used the term photostimulation phosphorescence, and co-stimulation phosphorescence,
to describe the luminescence emitted from alkali halides during optical stimulation following
gamma irradiation. Schulman et al. [36] called this phenomenon as radiophotostimulation.
While describing the emission in ultraviolate region under stimulation by a light of 410 nm
from X-ray irradiated BeO Albrecht and Mandeville [37] used the term photostimulated
emission. Pradhan et al. [38] gives the credit for discovering the use of OSL for radiation
dosimetry to Albrecht and Mandeville [37] while for Yukihara and Mckeever [33] this credit
would belong to Fowler [39].

More work in the line of use of OSL for radiation dosimetry was mainly carried on by
Antonov-Romanovsky et al. [40], Braunlich et al. [41], Sanborn and Beard [42] and Wallack
[43]. Their work could not establish OSL as an effective tool for dosimetry. The reason for
this failure was that they were working with Sulphide materials. Sulphides do not have deep
traps. The electrons trapped in its shallow traps are not stable at room temperature since the
electrons in shallow traps will have low activation energy. Thus this phosphor was not

reliable for dosimetry.

Then from 1970 onwards other materials were investigated but not much development was
done till the work of Huntley et al. [44]. They used OSL from natural quartz to estimate the
dose absorbed by this mineral in nature. The dose rate was found by the examining the
naturally occurring radioactive substances around the mineral like Uranium, Thorium and
Potassium. Using the value of dose and dose rate the age of the substance since the last
resetting can be inferred. They used green light of 514.5 nm wavelength from an Argon laser
for stimulation. This work opened the door of OSL to the field of archaeological and

geological dating.

In the field of radiation dosimetry the next major boost came from the area of material
development. It was the development of anion-deficient Al,O3, doped with carbon (Al,03:C)
which was a sensitive dosimetry phosphor for thermoluminescence [45]. Even though this
material was a very sensitive thremoluminescent phosphor, it was found to be highly
sensitive to light. This apparent shortcoming was explored by Markey, Colyott and
McKeever [46] to use it as an OSL phosphor. Al,03:C has been accepted for personal and

environmental dosimetry. It has also been accepted by the National Council on Radiation
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Protection and Measurements (NCRP) for the dosimetry of astronauts and the habitable

volumes of spacecrafts [47].

OSL is also used as a real-time in vivo dosimetry technique for radiotherapy beams and for
applications in mammography and CT dosimetry. Al,O3:C based OSL systems have many
necessary qualities of a medical dosimeter such as high sensitivity, high special resolution,
availability in different shapes and sizes, no or few dependencies on beam parameters,
capability of measurements of absorbed dose in real time for both photon and electron beams,
and temperature independence for the ease of calibration and use [27]. OSL dosimetry has
many advantages and disadvantages over TL as discussed by McKeever and Moscovitch [48]

and others. In many places OSL dosimetry has replaced TL dosimetry [49, 50].

Applications of TL/OSL have been extended to retrospective dosimetry where radiation dose
incident on an area of nuclear accident is inferred. Materials from the site are used as
dosimeters. Even electronics items have been investigated for their use as retrospective
dosimeter. Normally it is the feldspar or quartz extracted from the bricks or pottery or other

suitable item that is used as dosimeter [51-55].

The use of OSL for on-board dosimetry of long duration manned space mission is also
explored. It is not possible to wait till the spacecraft returns to earth to determine the radiation
exposure of the astronauts for long duration manned spaced mission. An on-board OSL based
dosimeter reader is suitable because it can be made lightweight and can have low energy
consumption. This would not be easily possible for a TL based dosimeter reader as the

heating would consume much energy.

In medical dosimetry, the high sensitivity and the optical nature of OSL dosimetry is very
beneficial. Due to high sensitivity the dosimeters could be made small which in turn can give
greater spatial resolution. The optical nature of this process makes it possible to use optical
fibres to access difficult to reach locations, including inside the patient body. With OSL real-

time dosimetry is also possible in interventional radiography.

Many different modes of stimulation have been explored for OSL. Huntley et al [44] had
used the Continuous-wave OSL (CW-OSL) stimulation mode. In the CW-OSL the sample is
stimulated with a light of constant intensity. Linear modulation OSL (LM-OSL) was used by
Bulur [56] and many others [57-59]. In LM-OSL the sample is stimulated with a light whose
intensity is linearly increased to a pre-determined level. Pulsed OSL (POSL) was employed
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by Akselrod and McKeever [60]. In POSL the stimulating light is switch ON and OFF at a
fixed rate. The luminescence emitted from the sample is measured during the OFF state of the
stimulating light. Due to this the interference between the stimulating light and the emitted
light is avoided. McKeever et al. [61] and Bos and Wallinga [62] proposed other stimulation

modes like exponential and sinusoidal.

1.4 TL/OSL Instrumentation

A system for TL/OSL mainly consists of a thermally stimulating unit, optically stimulating
unit, control unit and a photodetector unit. Figure 4 depicts a basic TL/OSL system. Normally
resistive heating is used for the thermal stimulation unit. Non-contact methods of heating like
gas heating, laser heating have also been employed since they provide better thermal
conduction. For optical stimulation appropriate LEDs, lasers or lamps can be used. If LEDs
are used then they are grouped together so that their individual optical power is added up at
the sample position providing the sample with sufficient optical power. This is required since
the LEDs are not as optically strong as the laser. The disadvantage of using many LEDs is

offset by its cheap cost and simpler power driver circuit.

For the control unit, a microcontroller has been generally used. In the present study the use of
Field Programmable Gate Array (FPGA) has been successfully employed benefiting from its
superior performance. For photo-detection normally a PMT is used. The output of the PMT is
proportional to the total luminescence from the material. However, the spatial difference of
luminescence from the sample cannot be known. The information on spatial distribution of
luminescence has many advantages over the conventional ones [1,63-65]. Therefore, an
image detector which can give spatial distribution of luminescence is employed in the system
developed here after undertaking an extensive feasibility study, given in chapter 2, to find the

most suited detector.
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Figure 4. A basic block diagram of a typical TL/OSL system
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The manner in which the material is stimulated is important. Certain materials need
stimulation in a definite manner like heating with a definite rate up to a particular
temperature. Similarly optical stimulation has to be done in a definite manner like increasing

the intensity of light linearly up to certain intensity(Lm-OSL) or stimulating with light kept at
a fixed intensity (CW-OSL).

In the present study, one of the target parameters for TL was to provide thermal stimulation at
a linearly variable heating rate ranging from 0.5 °C/s to 10 °C/s up to a maximum of 500 °C
and to be able to maintain this temperature up to an hour. The target parameter for OSL was
to provide optical stimulation at a linearly increasing rate ranging from 0.1 %/s to 2 %/s up to
the maximum intensity which corresponds to 20 mA current passing through the blue diodes.
OSL could be done in either LM-OSL or CW-OSL mode at any elevated temperature ranging

from room temperature to 500 °C.

The basic technical requirements of the system are given in figure 5.

* Generation of stimulating signals (heat, light) - He:*
Light

TL TL+CW-OSL TL+LMOSL

T ‘ p— ‘ e
Amplitude | _/—I_ | | /—

Time ——»

* Temperature = wupte 500°C * Light power = 0-100%

* Ramp rate = 0-10°C/s * Ramp rate = 0-2%/s

* Hold time = 0-3600S8 * Hold time = 0-3600S8
* Lighttype = Blue

Figure 5. Technical requirements of the TL/OSL system
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Since research in TL developed much before OSL came into the picture, the instrumentation
for TL preceded the instrumentation for OSL. However the first TL that was reported was
obtained without the help of any instrumentation. As mentioned above it was reported by
Robert Boyle where he used the natural heat from his body for stimulation. Later he also used
artificial methods to stimulate emission from diamond. He used heat form a hot iron, from

friction and from a burning candle.

A basic TL/OSL system is shown in figure 4. It mainly consists of a computer, a controller,
stimulation unit and the light detector. The light detector is usually a PMT which is till now
one of the most sensitive low light detector. To detect emission form quartz and feldspar a
bialkali PMT like EMI 9235 which has the peak detection at 400 nm is used. For detection in
the red region PMTs with S-20 cathode like RCA 31034 and EMI 9658 are used. These red
PMTs have higher dark counts. Peltier element coolers are used to cool them to bring down
the dark counts. PMTs can be operated in analogue mode or digital mode. Analogue mode is
suitable for higher intensity light and digital mode is suitable for low intensity light as shown

in chapter 2 while discussing about the various light detectors.

The initially developed systems did not have a computer and the control was done using
analogue electronics. Randall and Wilkins [5] had developed their own system for TL. It was
quite a rudimentary system where the luminescence could be measured every 10 seconds. It
required two observers—one to follow the glow curve and other to note the corresponding

thermocouple readings.

A manual TL reader was also developed by Oxford [66, 67]. This was a simple servo loop
based system where the temperature signal was compared to a voltage ramp and the

difference was used to power the heater supply.

For the heating of the sample, theoretically many different approaches like induction heating,
gas-jet heating, infrared hating, ultrasonic heating, laser heating, and resistive heating could
be used. The most easy and widely used method of heating is the resistive heating. Both Risg
National Laboratory, Denmark and the Daybreak Nuclear and Medical systems, USA uses
this form of heating with success. Normally the heating strip is made up of Kanthal, though in
the past Daybreak had used Nikrothal as the heating strip. It is important that the thermal
resistance between the phosphor and the heater plate be same for all the experiments. Samei

et al. [68] have reported the effect of variation in thermal resistance on the glow curve.
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Since a linear heating rate is needed, it was achieved mechanically or electronically. Now
with the progress in electronic technologies, linear heating rate is achieved electronically
only. Mechanically it could be achieved by attaching a synchronous motor to the variac.
Almost all the TL systems are also able to perform isothermal TL. In isothermal TL, instead

of a linear heating rate, the TL is measured at a constant temperature.

The manual one at a time systems were then automated for large throughputs [69]. The first
automatic TL reader capable of measuring twelve samples in sequence using planchette
sample changer was developed at Risg [70]. Establishment of the Nordic Laboratory in 1977
at Risg gave a major boost to the research along with the development of more effective
instruments for TL. These instruments were controlled by PC based software.
Microprocessors were used as the main control element in such systems. By the 1980s fully
automated systems with the facilities for in situ beta radiations were commercially available
[71].

For OSL, initially lasers were used as is seen in the case of Huntley et al. [44]. OSL
properties of quartz were characterised using argon lasers as the optically stimulating source
[72-75]. An automated 50 sample OSL reader was developed [73] which used different types
of krypton, argon and red dye lasers as the optical stimulating source. Due to the expensive
nature of laser based stimulating unit not much research was undertaken in this area till
cheaper stimulating units based on filtered lamps and light emitting diodes were made

available. It led to the massive use of this technique for dosimetry [49].

The use of IR stimulation for OSL was first shown by Hutt et al. [76]. After this many
optically stimulating units based on IR stimulation were developed [77-79]. IR LEDs were
used as the stimulating light source in these units. Schott BG-39 filter had to be used in front
of the PMT to prevent the IR stimulating light being detected along with the emitted

luminescence.

Stimulation from blue LEDs is more effective than from that of IR LEDs. This is because as
the wavelength decreases the energy of the light increases. Due to this blue light stimulation
gives more benefits than stimulation form a higher wavelength light. When blue stimulating
light is used a U340 filter is used in front of the PMT to prevent the stimulating light entering
the PMT along with the emitted luminescence.
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A feedback mechanism is also arranged in the optical stimulation unit to control the intensity
of the stimulating light. For this a photodiode is used on which one of the LEDs connected
with the stimulating bunch of LEDs is focused. The output of this photodiode is suitably
amplified and is used to control the intensity of the stimulation.

Daybreak Nuclear and Medical Systems, USA has also played a major part in the
development of the instruments for TL/OSL since the last thirty years or so. They have
expertise in the application of TL for archaeological dating. This is used to detect fake

artifices. Their services are offered commercially to verify ancient artifices.

A considerable amount of interest has been developed for spatial study of luminescence of
TL and OSL. Spatial luminescence offers many benefits over the non-spatial luminescence
(integrated luminescence) obtained by a PMT. Due to spatial luminescence from the sample
the mineral specific signal can be separated without physically separating the various

minerals form the sample [1].

Attempts have been made to study the spatial distribution of luminescence since the last three
or four decades using scanning and imaging systems [80, 81]. Along with the laser based
single grain system from Risg, another laser scanning systems have also been developed for
spatial mapping. They have been used for spatial measurements of OSL from porcelain,
Al203:C, quartz crystals, brick and concrete [82, 83]. Confocal microscopy has also been
used for spatial luminescence as it allows depth discrimination [84]. Prior to the development
of sensitive image sensors spatial luminescence studies were attempted by film based
cameras [85-92]. Bialkali photocathode and microchannel plate were also used to detect

spatial intensity patterns [93, 94]. These detectors were cumbersome and not user friendly.

Progress in this field of spatial luminescence studies were made only after the CCDs came in.
CCDs were then employed by many to study the spatial luminescence [1, 95, 96]. They
mainly focused on examining the luminescence in the visible range only. Some
measurements were also made in the UV region by coating a UV phosphor on the camera.
This phosphor would emit in the visible region when a light of wavelength in the UV strikes
it [1]. The capabilities of the CCD are further improved by the use of Electron Multiplying
Charge Coupled Device (EMCCD). Recent work has focused on the potential of EMCCDs
with imaging of infra-red radiofluorescence measurements on feldspar [97] and TL from
siliceous rock slices [98]. Clark-Balzan and Jean-Luc Schwenninger have shown the potential
of EMCCD for OSL dating [65].

21



At present two types of automated systems are marketed by Risg National Laboratory (48
sample reader) and the Daybreak Nuclear and Medical systems (24/57 sample reader) [99].
These systems provide for a variety of possible operations that includes ramping of
temperature or maintaining a constant temperature with or without optical stimulation,
ramping of optical stimulation, pulsed optical stimulation and measurement of light after
pulsed stimulation. Almost all possible configuration of thermal and optical stimulation can

be created using its software interface.

Risg systems have the facility of automatic background correction. In this process, after TL
has been done on the sample, one more cycle of TL is repeated on the same sample. The
result of this latter TL is subtracted from the former TL. The latter TL is considered to be
background. Previously a double beam detection technique was proposed [61] for
measurements of low level TL wherein two similar samples, one "irradiated" and another
"clean™ are heated simultaneously with identical heating rates and the difference in the
outputs of the two identical photomultipliers facing the samples, are automatically plotted in
a recorder. This method has been claimed to be of immense help in detecting low level-high

temperature TL usually exhibited by geological samples.

The heater plate used in the Risg system has a depression where the sample plate is placed.
Due to this arrangement there is more contact between the heater plate and the sample plate.
A gold rivet is used to fix the thermocouple below the heater plate. This arrangement is
meant to provide better conduction between the heater plate and the thermocouple. The
diameter of the thermocouple is 0.5 mm [71]. Due to this it will be able to sense temperatures
up to 700 °C. In the case of the Daybreak system, the thermocouple is spot welded below the
heater plate for optimal contact.

Both the systems have the provision for using Nitrogen gas during the heating to provide
better heat conduction and to avoid any possible oxidation of the sample. Nitrogen gas is also
used for the rapid cooling of the heater plate so that it is ready for the next measurement. Risg
systems also have the provision for evacuation of the atmosphere of the sample chamber. The
irradiation source is turned facing the sample or in the opposite direction using the Nitrogen
gas to rotate the stainless steel wheel on which it is mounted. Unlike the pneumatically
control of irradiation source in the Risg system the Daybreak systems perform this function

electromechanically.
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The Risg system consists of three parts: the host computer, mini-sys control computer and the
TL/OSL reader hardware. The mini-sys computer has all the direct hardware control of the
automated reader incorporated in it like maintaining proper timing, sample positioning, data
acquisition and error checking. It is connected with the host computer with a serial cable. It
uses RS232 communication protocol and functions as a slave computer. The Daybreak
system basically consists of only two units: the host computer and the TL/OSL reader

hardware which incorporates in it all the electronic control circuitry.

Generally beta source is used for irradiation but alpha source and x rays have been also used
for irradiation for the TL/OSL research [100, 101]. Eventhough x ray radiation offers the
advantage of no legal hassles regarding the legality of using radioactive substances, it is not a
direct replacement for beta source. During irradiation the sample could be heated in order to

avoid the filling of the shallow traps as happens in the case of natural samples.

There are some other companies that have also developed TL instruments. Thermo
Scientific have their Harshaw model of TLD readers. Most of its models are based on LiF
based TLD badges only and those suitable for research work are very expensive. Rexon
(USA) and Panasonic are some of the producers of TLD readers. Panasonic uses optical
heating which is a non-contact way of heating. A tungsten lamp is used for the heating
purpose. A number of TL systems have been developed in BARC, Mumbai for routine
personnel monitoring of radiation workers and for medical and research applications [102-
105]. ELSEC-Littlemore Scientific Engineering Company, UK, is also one of the prominent

companies manufacturing research instruments.

Most these systems employ a high sensitivity photomultiplier tubes, using a bialkali
photocathode and an extended range in the UV, provided by a quartz window. These systems
are however bulky and expensive and need at present is for more compact, transportable and

inexpensive systems [106].

1.5 TL/OSL Phosphors

Phosphors are materials that emit light due to some exposure and/or stimulation. TL/OSL
phosphors have the ability to store energy due to ionizing radiation in the form of electrons

trapped in the defects of crystals. Under thermal or optical stimulation, the trapped electrons
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are de-trapped and combine with holes emitting light in the process. Quartz, feldspar, calcium
fluoride etc are among the naturally occurring TL/OSL phosphor. Synthetic phosphors like
BeO, CaF;,, CaSO4 and Al,0O3 have also been developed [107]. The development of anion-
deficient Al,O; doped with Carbon (Al,03:C) was a milestone in the field of synthetic
phosphor development [108]. It gave a boost to the use of OSL for dosimetric applications. It
is also commercially produced by Landauer Inc., USA. This phosphor is used for space
dosimetry [109], personnel dosimetry and medical dosimetry, where it has a potential for
single pulse dosimetry in real time for radiotherapy applications [107,110-112]. There are
now a large number of such synthetic phosphor but only Al,O3:C has been much of a

commercial success.

1.6 Chapter-wise details

The thesis is presented in six chapters. The organization of the thesis in different chapters is

given below.
Chapter 2 Feasibility study of various light detectors for TL/OSL applications

Since the requirements of light detectors for TL/OSL research are very critical, especially
when used for geological or archeological dating purpose, where the emitted luminescence
can be very faint, a feasibility study of various light detectors is done. Light detectors for both
spatial luminescence studies and non-spatial luminescence studies are presented. A very high
sensitive light detector with sufficiently large detector area, low dark noise, high signal-to-
noise ratio, good dynamic range, etc is required here. Photomultiplier tubes have been
conventionally used for such applications. They have many limitations like high voltage
requirement, sensitivity to magnetic field and they are bulky. This called for a feasibility
study of various light detectors like P-N photo diode, P-I-N photo diode, Photo Transistor,
Avalanche Photo Diode (APD), Photo Multiplier Tube (PMT), Hybrid Photo Detector
(HPD), Single Photon Avalanche Diode (SPAD), Silicon Photo Multiplier (SiPM), Digital
Silicon Photomultiplier (dSiPM), Charge Coupled Device (CCD), Complementary Metal
Oxide Semiconductor (CMOQOS) Sensors, Intensified CCD (ICCD), Electron bombardment
CCD (EBCCD), and Electron Multiplying Charge Coupled Device (EMCCD) to find a better

replacement.
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Chapter 3: Development and evaluation of the TL/OSL system

In this chapter the indigenously developed FPGA-EMCCD based system for imaging both
TL and OSL is described. The flexibility and versatility of FPGA has been explored in the
development of this high-end system. The control logic used in the FPGA which gave a
precise control over the thermal and optical stimulation is enumerated. The choice of
components and the design of the system are explained. The use of EMCCD as a detector for
spatial analysis as well as the coupling optics between the EMCCD camera and the sample is
presented. The use of Labview for developing a user-friendly Graphical User Interface (GUI)
and for FPGA interface with the system is described. Designing of a compact high frequency

transformer has also been shown.

The results of the tests performed on the system for different parameters of TL and OSL is
given. The dose recovery tests were done on the developed system and on commercially
available standard systems of Risoe and Daybreak for the sake of comparison. The results are

given in the chapter.
Chapter 4: Synthesis and thermal, optical and structural characterization of the phosphor

This chapter reports the synthesis of nano-CaF,. The structural properties of the phosphor are
investigated using XRD. To investigate its optical property, Ultra Violet/Visible Absorption
Spectroscopy and PL are employed. This chapter describes all these investigations, their

results and conclusions.
Chapter 5: Annealing parameter optimization and TL/OSL characteristics

The various experimentations performed to find the optimal annealing parameters which
would give the best thermoluminescence response are reported here. This chapter describes
the influence of the annealing parameter on the phosphor in terms of its effect on the TL
sensitivity, peak position (Ty,) and full width at half maximum (FWHM). The annealing
parameters that are optimised are the annealing atmosphere—air vs vacuum, annealing

temperature and duration.

The TL/OSL characteristics of CaF, are also examined in this chapter The chapter describes
how the various parameters are derived using different methods. The dose response and
linearity of dose response is also reported along with the effect of heating rate on the glow
curve. The behavior of the phosphor under UV and blue light stimulation is investigated. The
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emission is studied using different filter combinations to get insight into the spectral
characteristics of the emission. The correlation between the TL causing traps and the OSL

causing traps is investigated. The RL response of phosphor is also presented.
Chapter 6: Summary and future outlook

This chapter summarizes the work carried out in this thesis and concludes it. It also presents
the scope for further work regarding instrumentation, material and for further advancement of

the understanding of matters related to luminescence.

26



References

[1] Duller, G. A. T., Batter-Jensen,, and Maekey, B.G., (1997). A luminescence imaging
system based on a CCD camera, Radiation Measurements 27, pp. 91.

[2] Greilich, S., Glasmacher, U. A., and Wagner, G. A. (2005). Optical dating of granitic
stone surfaces. Archaeometry 47, 645-665.

[3] Singhvi, A. K., and Wagner, G. A., (1986). Thermoluminescence and its application to
young sedimentary deposits. Bangkok: CCOP Technical Publication.

[4] McKeever, S. W. S., (1985). Thermoluminescence of Solids. London: Cambridge

university press.

[5] Randall, J. T., and Wilkins, M. H. F., (1945). Phosphorescence and electron traps. I. The
study of trap distributions. Proceedings of Royal Society of London. 184, pp. 366.

[6] Garlick, G. F. J., and Gibson, A. F., (1948). The electron trap mechanism of
luminescence in sulphide and silicate phosphors. Proceedings of Physics society. 60, pp.
o574,

[7]1 Nambi, K. S. V., (1977). Thermoluminescence: its understanding and application. Sao
Paulo, Brasil: Instituo De Energia Atomica.

[8] Becker, K., (1973) Solid state dosimetry. Cleveland: CRC Press.

[9] Du Fay, C.F. Hist. de I’Acad. Roy. De Sci. de Paris, 1735, 347. (1738)

[10] Herschel, A.S. Nature, 60. 29. (1889)

[11] Wiedemann, E and Schmidt, G.C. Ann. Phys. Chem. Neue Folge, 54,604. (1895)
[12] Trowbridge, J and Burbank, J. E. Am. J. Sci., Ser. 4, 5, 55. (1898)

[13] Curie, M. (1904), Radioactive substances (English translation of doctoral thesis

presented to the Faculty of Science, Paris), Greenwood Press, Westpoint, 1961
[14] Morse, H.W. Astrophys. J., 21, 410. (1905)
[15] Urbach, F. (1930). Wiener Ber., 139, 363.

[16] Partridge, J. A., and May, C. E., J. chem. Phys., 42, 797-8. (1965)

27



[17] Muntoni, C., Rucci, A., and Serpi, A., Ricevca Sci., 38, 162-4. (1968)
[18] Capelletti, R., and de Benedetti, E., Phys. Rev., 165, 981-4. (1968)
[19] Chen, R., J. Electrochem. Soc., 116, 12547. (1969)

[20] Taylor, A., Phys. Stat. Sol., 37, 401-12. (1970)

[21] Shenker, D. and Chen, R., (1971). Numerical curve fitting of general order kinetics
glow peaks, J. Phys. D: Appl. Phys., 4, pp. 287.

[22] Daniels, F., Boyd, C. A. and Saunders, D. F., (1953). Thermoluminescence as a research
tool. Science 117, pp. 343.

[23] Mejdahl, V., (1969). Thermoluminescence dating of ancient Danish ceramics.

Archaeometry 11, pp. 99.

[24] Aitken M.J., Tite M.S., and Reid J., (1964). Thermoluminescent dating of ancient
ceramics. Nature 202, pp. 1032.

[25] Aitken, M. J., Zimmerman, D. W. and Fleming, S. J., (1968). Thermoluminescent dating
of ancient pottery. Nature 219, pp. 442.

[26] Wintle, A. G. and Huntley, D. J., (1980). Thermoluminescence dating of ocean
sediments. Can.J. Earth Sci. 17, pp. 348.

[27] GOksu, H.Y., Fremlin J.H., Irwin H.T., and Fryxell., (1974). Age determination of
burned flint by a thermoluminescent method, Science 183 (4125), pp. 651.

[28] Chougaonkar, M. P., Kumar, M., and Bhatt, B. C., (2012). Testing of Phosphors for
their use in Radiation Dosimetry: Detailed Procedure and Protocol. International Journal

of Luminescence and Applications 2 (Special Issue: 111)

[29] Spooner, N.A., Smith, B.W., Creighton, D.F., Questiaux, D., and Hunter, P.G., (2012).
Luminescence from NaCl for application to retrospective dosimetry. Radiation
Measurements 47, pp. 883.

[30] Biswas, R.H., Morthekai, P., Gartia, R.K., Chawla, S., and Singhvi, A.K., (2011).
Thermoluminescence of the meteorite interior: A possible tool for the estimation of

cosmic ray exposure ages, Earth and Planetary Science Letters, 304, pp. 36.

28



[31] Becquerel, E., (1843). Des effets produits sur les corps par les rayons solaires. Ann. de
Chim.et de Phys., 9, pp. 257.

[32] Becquerel, H., (1883). Maxima et minima d’extinction de la phosphorescence sous

I’influence des radiations infra-rouges. Comptes Rendus, 96, pp. 1853.

[33] Yukihara, E.G. and McKeever, S.W.S., (2011). Optically stimulated luminescence:
fundamentals and applications. UK: Wiley Publication.

[34] Harvey, E.N., (1957) A History of Luminescence from Earliest Times until 1900.
Philadelphia: The American Philosophical Society.

[35] Mandeville, C.E. and Albrecht, H.O., (1953). The storage of energy in silver activated
potassium chloride. Phys. Rev., 91, pp. 566.

[36] Schulman, J.H., Ginther, R.J., Klick, C.C., (1951). Dosimetry of x-rays and gamma-rays
by radiophotoluminescence. J. Appl. Phys., 22, pp. 1479.

[37] Albrecht H. O., and Mandeville C. E., (1956). Storage energy in BeO. Phys Rev., 101,
pp. 1250.

[38] Pradhan, A. S. Lee, J. I. and Kim J. L., (2008). J Med Phys. Jul-Sep; 33(3): 85-99.
[39] Fowler, J.F. Solid state dosimetry. Phys. Med. Biol., 8, 1-32. (1963)

[40] Antonov-Romanovskii, V.V., Keirum-Marcus, I.F., Poroshina, M.S., Trapeznikova,
Z.A., (1956) Conference of the Academy of Sciences of the USSR on the Peaceful Uses
of Atomic Energy, Moscow, 1955, USAEC Report AEC-tr-2435 (Pt. 1), 239.

[41] Briunlich, P., Schafer, D., and Scharmann, A., (1967). A simple model for
thermoluminescence and thermally stimulated conductivity of inorganic photoconducting
phosphors and experiments pertaining to infra-red stimulated luminescence. Proceedings
of the First International Conference on Luminescence Dosimetry, Stanford, June 1965,
USAEC, pp. 57-73.

[42] Sanborn, E.N., and Beard, E.L., (1967). Sulfides of Strontium, Calcium, and Magnesium
in Infrared-Stimulated Luminescence Dosimetry. Proceedings of First International

Conference on Luminescence Dosimetry, Stanford, June, 1965, pp. 183-191.
[43] Wallack, S. (1959) Dosimeter. U.S. Patent, 2,902,605.

29



[44] Huntley, D. J., Godfrey-Smith, D. 1., and Thewalt, M. L.W., (1985) Optical dating of
sediments. Nature 313, pp. 105.

[45] Akselrod, M. S., and Kortov, V. S., (1990). Thermoluminescent and exoemission
properties of new high-sensitivity TLD a-Al203:C crystals. Radiat. Prot. Dosim., 33, pp.
123.

[46] Markey, B.G., Colyott, L.E. and McKeever, S.W.S., (1995) Time-resolved optically
stimulated luminescence from a-Al203:C. Radiat. Meas., 24, pp. 457.

[47] Yukihara, E. G., Sawakuchi, G. O., Guduru, S., McKeever, S. W., Gaza, R., Benton, E.
R., (2006). Application of the optically stimulated luminescence (OSL) technique in

space dosimetry. Radiation Measurements.41, pp. 1126.

[48] McKeever S. W., and Moscovitch M. (2003)Topics under debate-On the advantages and
disadvantages of optically stimulated luminescence dosimetry and thermoluminescence
dosimetry. Radiat Prot Dosim.104, pp. 263.

[49] Batter-Jensen, L., McKeever, S. W., and Wintle, A. G., (2003). Optically stimulated
luminescence dosimetry. Elsevier Science: BV Publication.

[50] Lee, S. Y., and Jai Lee K., (2001). Development of a personal dosimetry system based
on optically stimulated luminescence of a-Al,O3:C for mixed radiation fields. Appl
Radiat Isotopes. 54, pp. 675.

[51] Godfrey-Smith, D. I. and Haskell, E. H., (1993). Application of optically stimulated
luminescence to the dosimetry of recent radiation events monitoring low total absorbed
dose. Health Phys. 65, pp. 396.

[52] Bailif, I. K., (1995). The use of ceramics for retrospective dosimetry in the Chernobyl
exclusion zone. Radiat. Meas. 24, pp. 507.

[53] Batter-Jensen, L., Markey, B. G., Poolton, N. R. J. and Jungner, H., (1996)
Luminescence properties of porcelain ceramics relevant to retrospective radiation
dosimetry. Radiat. Prot. Dosim. 65(1-4), pp. 369.

[54] Ekendahl D., and Judas L., (2012) Retrospective dosimetry with alumina substrate from
electronic components. Radiat Prot Dosimetry. 150(2), pp. 134.

30



[55] Bassinet C., Trompier F., and Clairand 1., (2010). Radiation accident dosimetry on
electronic components by OSL. Health Phys. 98(2), pp. 440.

[56] McKeever, SW.S., Markey, B.G., and Akselrod, M.S., (1996). Pulsed optically-
stimulated luminescence dosimetry using 0-A1203:C. Radiat. Prot. Dosim. 65, pp. 267.

[57] Bos, A.J.J., and Wallinga, J., (2009). Optically stimulated luminescence signals under
various stimulation modes assuming first-order kinetics. Phys. Rev. B, 79, pp. 195118.

[58] Bulur, E., (1996). An alternative technique for optically stimulated luminescence (OSL)
experiment. Radiat. Meas., 26, pp. 701.

[59] Bulur, E., and Grksu, H.Y., (1997). IR stimulated luminescence from ZnS and SrS based
storage phosphors: A re-examination using the linear modulation technique. Phys. Stat.
Sol. (a) 161, R9-R10.

[60] Bulur, E., Botter-Jensen, L., and Murray, A.S., (2001). LM-OSL signals from some
insulators: an analysis of the dependency of the detrapping probability on stimulation
light intensity. Radiat. Meas. 33, pp. 715.

[61] Whitley, V.H., and McKeever, SW.S., (2001). Linearly modulated photoconductivity

and linearly modulated optically stimulated luminescence measurements on A1203:C.
J. Appl. Phys. 90, pp. 6073.
[62] Akselrod, M.S., and McKeever, SW.S., (1999). A radiation dosimetry method using

pulsed optically stimulated luminescence. Radiat. Prot. Dosim., 81, pp. 167.

[63] Batter-Jensen, L., (1997). Luminescence techniques: instrumentation and methods,

Radiation Measurements 27, pp. 749.

[64] Olko, P., Czopyk, L., Klosowski, M. —and Waligorski M.P.R. (2008).
Thermoluminescence dosimetry using TL-readers equipped with CCD cameras,
Radiation Measurements 43, pp. 864.

[65] Clark-Balzan, L., and Schwenninger J-L, (2012). First steps toward spatially resolved
OSL dating with electron multiplying charge-coupled devices (EMCCDSs): System

design and image analysis. Radiation Measurements 47, pp. 797.

[66] Aitken, M. J., Zimmerman, D. W., and Fleming, S.J., (1968). Thermoluminescent dating
of ancient pottery. Nature 219, pp. 442.

31



[67] Aitken, M. J., Alldred, J. C., and Thompson, J., (1968). A photonratemeter system for
low-level thermoluminescence measurements. In: Proc. 2nd Int. Conf. On Luminescence
Dosimetry, Gatlinburg, CONF-680920, U.S. National Bureau of Standards, Washington
D.C. pp. 281-290.

[68] Somei, E., Keorfott, K. J., Wang, C-K. C., and Han, S., (1994). Impact of variations in
physical parameters on glow curves for planchet heating of TL dosimeters, Nuclear

Instruments and Methods in Physics Research A. 353, pp. 415.

[69] Batter-Jensen, L., (1997). Luminescence techniques: instrumentation and methods,
Radiation Measurements. 27 (5/6), pp. 749.

[70] Bgtter-Jensen L., and Bechmann (1968). A versatile automatic sample changer for
reading of thermoluminescence dosimeters and phosphors. Proc. 2nd Int. Conf. on
Luminescence Dosimetry, Gatlinburg, CONF-680920, U.S. National Bureau of
Standards, Washington D.C. pp. 281.

[71] Better-Jensen, L., (2000). Development of optically stimulated luminescence techniques
using natural minerals and ceramics, and their application to retrospective dosimetry,

thesis, submitted to University of Copenhagen

[72] Aitken M.J., and Smith B.W., (1988). Optical dating: recuperation after heating. Quat.
Sci. Rev. 7, pp. 387.

[73] Godfrey-Smith D.I., Huntley D.J., and Chen W.-H., (1988). Optical dating studies of
quartz and feldspar sediment extracts. Quat. Sci. Rev. 7, pp. 373.

[74] Rhodes E.J. (1988) Methodological considerations in the optical dating of quartz. Quat.
Sci. Rev. 7, pp. 359.

[75] Aitken M.J. (1990) Optical dating of sediments: Initial results from Oxford.
Archaeometry 32, pp. 19.

[76] Htt, G., Jaek, 1., and Tchonka, J., (1988). Optical dating: K-feldspar optical response
stimulation spectra. Quat. Sci. Rev. 7, pp. 381.

[77] Poolton, N.R.J., and Bailiff, 1.K., (1989). The use of LEDs as an excitation source for

photoluminescence dating of sediments. Ancient TL 7, pp. 18.

32



[78] Spooner, N.A., Aitken, M.J., Smith, B.W., Franks, M., and McElroy, C., (1990).
Archaeological dating by infrared stimulated luminescence using a diode array. Radiat.
Prot. Dosim. 34, pp. 83.

[79] Batter-Jensen, L., and Duller, G.A.T., (1992). A new system for measuring OSL from
quartz samples. Nucl. Tracks Radiat. Meas. 20, pp. 549.

[80] Markey, B.G., Batter-Jensen, L., and Duller, G.A.T., (1997). A new flexible system for

measuring thermally and optically stimulated luminescence. Radiat. Meas. 27, pp. 83.

[81] Duller, G. A. T., Batter-Jensen, L., Murray, A.S., and Truscott, A.J., (1999). Single
grain laser luminescence (SGLL) measurements using a novel automated reader. Nucl.
Instrum. Methods Phys. Res. Sect. B. 155, pp. 506.

[82] Bailiff, 1.K., (2006). Development of single grain OSL dating of ceramic materials:

spatially resolved measurement of absorbed dose. Radiat. Meas. 41, pp. 744.

[83] Bailiff, 1.K., and Mikhailik, V.B., (2003). Spatially-resolved measurement of optically
stimulated luminescence and time-resolved luminescence. Radiat. Meas., 37, pp. 151.

[84] Gaza, R., Bulur, E., McKeever, SW.S. and Soares, C.G., (2006). Experimental
determination of the dose deposition profile of a *Sr beta source. Radiat. Prot. Dosim.
120, pp. 33.

[85] Hashimoto, T., Koyanagi, A., Yokosaka, K., Hayashi, Y., and Sotobayashi, T., (1986)
Thermoluminescence color images from quartzs of beach sands. Geochem. J. 20 (3), pp.
111.

[86] Debenham, N.C., Driver, H.S.T., and Walton, A.J., (1982) Anomalies in the TL of
young calcites. PACT J. 6, pp. 555.

[87] Hashimoto, T., Usuda, H., and Yawata, T., (2002) Color images of infrared stimulated
luminescence (IRSL) from granite slices exposed to radiations. Ancient TL 20 (1), pp. 19.

[88] Hashimoto, T., Yokosaka, K., and Habuki, H., (1987) Emission properties of
thermoluminescence from natural quartz-blue and red TL response to absorbed dose. Int.
J. Rad. Appl. Instrum. D 13 (1), pp. 57.

33



[89] Malik, S.R., Durrani, S.A., and Fremlin, J.H., (1973) A comparative study of the spatial
distribution of uranium and of TL-producing minerals in archaeological materials.
Archaeometry 15 (2), pp. 249.

[90] Templer, R.H., (1986). Thermoluminescence techniques for dating zircon inclusions.
D.Phil. thesis. University of Oxford: United Kingdom.

[91] Walton, AJ., and Debenham, N.C., (1980). Spatial distribution studies of

thermoluminescence using a high-gain image intensifier. Nature 284, pp. 42.

[92] Walton, AJ., and Debenham, N.C., (1982). Dating of paleolithic calcite by TL:
observation of spatial inhomogeneity. PACT J. 6, pp. 202.

[93] Burggraaf, D., and Haskell, E.H., (1994). A software package for TL/OSL spectrometry

and extraction of glow curves from individual grains. Radiat. Meas. 23 (2-3), pp. 537.

[94] McFee, C.J., (1995). The use of an imaging photon detector for luminescence dating.
D.Phil. thesis. University of Oxford: United Kingdom.

[95] Batter-Jensen, L., (1997). Luminescence techniques: instrumentation and methods,
Radiat. Meas. 27, pp. 749.

[96] P. Olko, (2008). Thermoluminescence dosimetry using TL-readers equipped with CCD
cameras, Radiat. Meas. 43, pp. 864.

[97] Pfeifer, S.S., and Krbetschek, M.R. Radioluminescence investigations on alumosilicates
for age determination. In: Verhandlungen der Deutschen Physikalischen Gesellschaft.
March 22-27, 2009. Dresden, Germany. Dielectric solids division overview of invited

talks and sessions, 18.

[98] Schmidt, C., Rufer, D., Pettke, T., Preusser, F., Krbetschek, M., Dornich, K.,
Mittelstrass, D., and Hilgers, A. Determining dose rate distribution patterns in siliceous
rocks using LA-ICP-MS and spatially resolved luminescence measurements. In: UK
TL/OSL/ESR Meeting 2010. September 8-10. 2010 Oxford, UK.

[99] Bortolot, V. J. A new modular high capacity OSL reader system. (2000). Radiat. Meas.
32, pp. 751.

34



[100] Thomsen, K.J., Bgtter-Jensen, L., Denby, P.M., Murray, A.S., (2006). Luminescence
response to irradiation using mini X-ray generators, Nuclear Instruments and Methods in
Physics Research Section B Beam Interactions with Materials and Atoms. 252 (2), pp.
267.

[101] Takeuchi, T., Shibutani, T., and Hashimoto, T., (2008). Construction of a portable mini
luminescencemeasurement system equipped with a miniature Xx-ray generator.

Geochronometria 30, pp 17.

[102] Kurkarni M.S., Ratna P., and Kannan S., (2000). A new PC based semiautomatic TLD
badge reader system for personnel monitoring, Proc. Of the 10" international congress
of the international radiation protection association, Hiroshima, Japan.

[103] Kannan S., Ratna P., and Kulkarni M.S., (2003). A new fully automated TLD badge
reader. Radiation Protection and Environment, 26, pp. 254.

[104] Sasidharan P., Kulkarni M.S., and Kannan S., (2004). A new control/data acquisition
software for the semi automatic TLD badge reader system. Proc. of Natioanl Symposium

on Nuclear Instrumentation, pp. 591.

[105] Seethapathy A., Kulkarni M.S., Nilashree G., and Kannan S. A new TLD reader for
medical and research applications. Twentieth annual conference on medical physics,
Bhopal, Nov 11-13, 1999

[106] Markey B.G., Bgtter-Jensen L., and Duller G. A. T., (1997). A new flexible system for
measuring thermally and optically stimulated luminescence. Radiat. Meas. 27 (2), pp. 83.

[107] Yukihara, E. G., McKeever, S. W. S., (2011). Optically Stimulated Luminescence, UK:
John Wiley and Sons, UK.

[108] Akselrod, M. S., and Kortov, V. S., (1990). Thermoluminescent and exoemission
properties of new high-sensitivity TLD «a-Al203:C crystals. Radiation Protection
Dosimetry 33, pp. 123.

[109] Yukihara, E.G., Sawakuchi, G.O., Guduru, S., McKeever, SW.S., Gaza, R., Benton,
E.R., Yasuda, N., Uchihori, Y., and Kitamura H., (2006). Application of the optically
stimulated luminescence (OSL) technique in space dosimetry. Radiation Measurements
41, pp. 1126.

35



[110] Yukihara, E. G., Yoshimura, E. M., Lindstrom, T. D., Ahmad, S., Taylor, K. K.,
Mardirossian, G., (2005). High-precision dosimetry for radiotherapy using the optically
stimulated luminescence technique and thin AI203:C dosimeters. Physics in Medicine
and Biology 50, pp. 5619.

[111] Edmund, J. M., and Andersen, C. E., (2007). Temperature dependence of the Al203:C

response in medical luminescence dosimetry. Radiation Measurements 42, pp. 177.

[112] Edmund, J. M., Andersen, C. E., Greilich, S., Sawakuchi, G. O., Yukihara, E. G., Jain,
M., Hajdas, W., Mattsson, S., (2007). Optically stimulated luminescence from Al203:C
irradiated with 10-60 MeV protons. Nuclear Instruments and Methods in Physics
Research, Section A: Accelerators, Spectrometers, Detectors and Associated Equipment
580, pp. 210.

36



