SYNTHESIS OF OXIDE BASED SYSTEMS:
SEARCH FOR NOVEL OPTICAL MATERIALS
FOR RADIATION DOSIMETRY

By

SANU S. RAJ
(CHEM01200904003)

BHABHA ATOMIC RESEARCH CENTRE, MUMBAI

A thesis submitted to the

Board of Studies in Chemical Sciences

In partial fulfillment of requirements

For the Degree of
DOCTOR OF PHILOSOPHY
of
HOMI BHABHA NATIONAL INSTITUTE

AUGUST 2016



Homi Bhabha National Institute’

Recommendations of the Viva Voce Committee

As members of the Viva Voce Committee, we certify that we have read the
dissertation prepared by Smt. Sanu. S. Raj entitled “Synthesis of oxide based
systems: Search for novel optical materials for radiation dosimetry” and
recommend that it may be accepted as fulfilling the thesis requirement for the award
of Degree of Doctor of Philosophy.

LM ay /G- 012017

Chairman : Dr.D.Das ' Date:
P =r=1e) /19 ol-20/3
Guide / Convener: Dr. A. K. Tyagi Date:
Co-guide - (if any) Date:
@/QNM%/ 190 )iz
Examiner : Prof. Amreesh Chandra _ Date:
Ao 19) J2eiF
Member : DF. M. S. Kulkarni Date:
Member : Dr. V. SuQarsan Date:
\ Ll 1§-01-20)7]
Member : Dr. Vinita G. Gupta Date:

Final approval and acceptance of this thesis is contingent upon the candidate’s
submission of the final copies of the thesis to HBNI.

[/We hereby certify that I/we have read this thesis prepared under my/our
direction and recommend that it may be accepted as fulfilling the thesis requirement.

Date: ? 90/ 207

==

Place: B pHRC ' (Signature)
Guide

' This page is to be included only for final submission after successful completion of viva voce.

Version approved during the meeting of Standing Committee of Deans held during 29-30 Nov 2013



STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfilment of requirements for an
advanced degree at Homi Bhabha National Institute (HBNI) and is deposited in the

Library to be made available to borrowers under rules of the HBNI.

Brief quotations from this dissertation are allowable without special permission,
provided that accurate acknowledgement of source is made. Requests for permission
for extended quotation from or reproduction of this manuscript in whole or in part
may be granted by the Competent Authority of HBNI when in his or her judgment the
proposed use of the materialis in the interests of scholarship. In all other instances,

however, permission must be obtained from the author.

(Sanu S. Raj)



DECLARATION

I, hereby declare that the investigations presented in the thesis have been carried out by
me. The work is original and has not been submitted earlier as a whole or in part for a

degree / diploma at this or any other Institution / University.

(Sanu S. Raj)



List of Publications arising from the thesis

Journals

1.

MgAl,O4 spinel:  Synthesis, carbon incorporation and defect-induced
luminescence, Sanu S. Raj, S. K. Gupta, V. Grover, K. P. Muthe, V. Natarajan,
A. K. Tyagi, J. Mol. Struc., 2015, 1089, 81-85.

TL and OSL studies of carbon doped magnesium aluminate (MgAl,04:C),

Sanu S. Raj, D. R. Mishra, A. Soni, V. Grover, G. S. Polymeris, K. P. Muthe,
S. K. Jha, A. K. Tyagi. J. Radi. Phys. Chem., 2016, 127, 78-84.

Origin of visible photoluminescence in combustion synthesized a-Al,O3: Effect
of thermal treatment, Sanu S. Raj, S. K. Gupta, N. Pathak, V. Grover,

A. K. Tyagi, J. Adv.Powder Tecnol. (minor revision submitted).

Conference proceedings

1.

2.

Nature of multiple TL defects in (MgAl,04:C) spinel; Sanu S. Raj, D. R. Mishra,
A. Soni, N. S. Rawat, K. P. Muthe, S. K. Gupta, M. S. Kulkarni, V. Grover and
A. K. Tyagi. Proceedings of the International Conference on Luminescence and
its Applications (ICLA- 2012) 7-10" Feb, 2012, Hydrabad, India.

Nonlinear-OSL phenomenon defects having closely spaced photoinsation cross-
sections in MgAl,0O4:C spinel : D. R. Mishra, Sanu S. Raj, A. Soni, K. P. Muthe,
S. K. Gupta, M. S. Kulkarni, V. Grover, A. K. Tyagi, Proceedings of the
International Conference on Luminescence and its Applications (ICLA- 2012) 7-

10" Feb, 2012, Hyderabad, India.

(Sanu S. Raj)



Dedicated to
My

(Parents

el
Grandparents



ACKNOWLEDGEMENTS

With great pleasure presenting my thesis and expressing my deepest regards,
deep sense of gratitude and sincere thanks to my research guide Dr. A. K. Tyagi, Head,
Nuclear and Energy Materials Section, Chemistry Division, B A R C, for his valuable
guidance, constant encouragement, keen interest and good wishes throughout the
research work. In the present situation of my life, it would have been impossible for me to
accomplish this without his firm and optimistic approach.

I would like to express my deepest gratitude to Dr. Devesh Mishra, Dr. K. P.
Muthe, Dr. Vinita G. Gupta and Dr. S. K. Gupta without their guidance, help and
support the completion of the thesis would have been difficult.

It is also my great pleasure to thank Dr. S. K. Jha, Head, ERMS (HPD) and
Dr.Hemalatha Padmanabhan for their support in carrying out the research work. My
sincere thanks are due to Dr. P. K. Sarkar (Ex - Head, HPD) for granting me permission
for doing this work and Dr. R. K. Singhal for his encouragement. Special thanks to my
friend Dr. Himanshi N. Mishra for her continuous support as a good friend and helping
me with the facilities which she could provide. It is with immense gratitude that |
acknowledge the comments, suggestions and encouragement rendered by my Doctoral
Committee members, Dr. D. Das, Dr. M. S. Kulkarni, Dr. V. Natrajan, Dr. V. Sudarsan
and Dr. Vinita G. Gupta. I would like to thank Dr.Pramilla D. Sawant, Dr. Vandana
Pulhani, Dr. Remya Devi, Ms. Madhuparna Dutta, Mr. Santosh Kamble, Ms. Farheen
and Ms. Nilashri for their support.

I thank all those who have helped me directly or indirectly in the successful
completion of my thesis. There are no words to thank my entire family for their love and
continuous support. Last but not least I would like to specially thank my husband K. S.

Jayandhan and my lovely kids Thakarshi and Medha.



CONTENTS

Page No.
SYNOPSIS I
LIST OF FIGURES IX
LIST OF TABLES XII
Chapter 1 Introduction 1-24
1.1. Luminescence 1
1.2. Thermally stimulated luminescence 1
1.2.1. Glow curves 5
1.2.2. Doping 6
1.2.3. Thermoluminescene: current status 7
1.3. Optically Stimulated Luminescence 10
1.3.1. Concepts of OSL 14
1.3.2. Continuous-wave optically stimulated luminescence (CW-OSL) 15
1.3.3. Delayed optically stimulated luminescence (DOSL) 16
1.3.4. Linearly modulated optically stimulated luminescence (LM-OSL) 16
1.3.5. Pulsed optically stimulated luminescence (POSL) 17
1.3.6. Photo-transferred optically stimulated luminescence (PTOSL) 17
1.3.7. Cooled optically stimulated luminescence (COSL) 18
1.3.8. OSL materials for radiation dosimetry 18
1.3.9. Retrospective accident dosimetry 22
1.4. Plan of the present work 23
Chapter 2 Experimental 26 - 47
2.1. Introduction 26
2.2. Combustion synthesis 27
2.2.1. Fuel selection in the combustion process 28
2.2.2. Gel formation and combustion 28
2.2.3. Calculation of oxidant-to-fuel ratio based on stoichiometry 30
2.2.4. Advantages of the gel combustion process 31

2.2.5. Precautions to be taken during combustion 32



2.3. Synthesis of MgAl,O4
2.4. X-ray diffraction(XRD)
2.4.1. Powder XRD instrumental details
2.5. Creation of defects
2.6. Carbon as dopant
2.6.1. Doping of carbon by electron gun method
2.6.2. Doping of carbon by using graphite furnace
2.7. Thermoluminescence and optically luminescence studies
2.8. Photoluminescence
2.8.1. Photoluminescence spectroscopy
2.8.2. Instrumentation: Excitation and emission spectroscopy
2.8.2.1. Excitation spectrum
2.8.2.2. Emission spectrum
2.8.3. Luminescence life time

2.9. Conclusions

Chapter 3 TL and OSL studies of carbon doped magnesium
aluminate (MgAl,04:C)
3.1. Introduction
3.2. Materials and method
3.3. Results and discussion
3.3.1. Thermoluminescence (TL) studies of pure and carbon doped
MgAl,O4
3.3.2. Optically stimulated luminescence

3.4. Conclusions

Chapter 4 Defect related photoluminescence spectroscopy

and EPR studies on pure and carbon doped MgAl,O, spinel

4.1. Introduction
4.2. Experimental
4.3. Results and discussion

4.3.1. Excitation spectroscopy

32
33
34
36
37
38
39
41
41
43
43
45
45
46
47

49-65

49
51
52

52

60
65

67-78

67
68
69
69



4.3.2. Emission spectroscopy
4.3.3. Probing the type of defects: Luminescence decay and EPR studies
4.3.3.1. EPR studies
4.3.4. Chromaticity
4.3.4.1. Chromaticity coordinates calculation

4.4. Conclusions

Chapter 5 Origin of Visible Photoluminescence in combustion

synthesized a-Al,O; : Effect of thermal treatment

5.1. Introduction
5.2. Experimental

5.2.1. Synthesis

5.2.2. Characterisation techniques
5.3. Results and discussion

5.3.1. Phase purity: XRD studies

5.3.2. Photoluminescence

5.3.3. EPR Study

5.4 Conclusions

Chapter 6 Summary and the future scope of the work

6.1. Exploring the use of carbon doped magnesium aluminate (MgAl,O4:C) as a
as a phosphor for radiation dosimetry.

6.2. Defect-induced blue emission on MgAl,04:C

6.3. Effect of thermal treatment on combustion synthesized a-Al,O;

References

71
72
73
75
77
78

80-94

80
82
82
82
83
83
84
90
94

96-99

96

98
98

101-113



SYNOPSIS

ALO3:C is one of the most stable and sensitive phosphors used in both
thermoluminescence (TL) and optically stimulated luminescence (OSL) mode. Due to its
promising optical properties, high thermo-chemical stability and relatively low effective
atomic number (Zes ~10.2), it has been successfully used in personnel radiation
dosimetry [1]. Carbon doping enhances concentration of the F/F' centres (identified as
basic luminescence recombination centres) along with the dosimetric metastable charge
traps leading to high TL/OSL sensitivity of Al,O3:C [1-4]. Extensive research on
development of new oxide based OSL material with good optical/chemical stability along
with better radiation damage resistance has been carried out on a wide variety of
materials (YAG:C, LiMgPO,s: Tb, B [lithium magnesium phosphate (LMP)],
BaSO4:Eu2+) [5-8]. MgAl,0O4 has been used as an optical and insulating material in the
radiation field due to its radiation resistance [9], chemical inertness, high melting point
and good mechanical strength [10-15]. In MgAl,Oy, cation antisite defects are produced
by AI’* and Mg”* inversion [16] where AI’* acts as an electron trap due to its extra
positive charge and Mg**acts as a hole trap due to less positive charge. The incorporation
of cations of various size/charge (ionic potential) into MgAl,O4 spinel leads to various
kinds of defects [17-19] which leads to interesting optical behaviour. In phosphor
materials, after exposing to ionizing radiation, the radiation induced free charge carriers
get trapped at pre-existing metastable defect sites. The subsequent optical/thermal
stimulation of these radiation induced trapped charges (i.e. de-trapping) results in
radiative recombination as luminescence. In case of optical stimulation, this
luminescence is termed as optically stimulated luminescence (OSL) and in case of
thermal stimulation as thermoluminescence (TL). After irradiation with neutrons, X-rays

and the UV-light, optical absorption of magnesium aluminate spinel single crystals of



different compositions MgO.nAl,O3 (n=1.0 and 2.5) were investigated to elucidate the

existence of specific absorption bands related to lattice defects [20].

A comparative investigations of Radioluminescence (RL) and TL has been performed in
spinels obtained at different processing conditions and different crystalline forms to
reveal the role of crystalline imperfections in the radiation-induced processes [20]. High
purity, stoichiometric, polycrystalline MgAl,O4 spinel samples were studied for their TL
and OSL properties by Yoshimura [9] where as three-dimensional thermoluminescence
(TL) spectra and two dimensional contour maps resulting from MgAl,O4 crystals
irradiated with X-rays were studied by Kim et al. [21]. MgAle4:Tb3+ was prepared by
combustion synthesis and its defect centers were studied by correlating various
techniques such as Electron Spin Resonance (ESR), TL and OSL by Alagu Raja et al.
[22]. Incorporation of carbon in yttrium aluminum garnet (YAG) has shown remarkable
improvement in its dosimetric properties [S]. Radiation resistance, chemical inertness,
high melting point and good mechanical strength are some of the important prerequisites
required for a promising phosphor. As MgAl,O4 fulfils all of them, this material is
among the promising candidates for developing new phosphors for TL/OSL radiation
dosimetry. Carbon doped MgAl,O4 and its dosimetric response have not been studied so
far. Therefore, it would of great interest to explore the dosimetric properties of carbon
doped MgAl,Oy4. In the present research work, carbon was introduced in MgAl,O4 lattice
using two different methods and the detailed TL and OSL studies on the developed
carbon doped MgAl,O, was carried out. These results will help in the development of
MgAl,04 based new TL/OSL sensitive phosphors. In order to investigate new candidates
for optical materials for dosimetry, nano-alumina powders were annealed at various

temperatures and have been extensively investigated for their photoluminescence (PL)
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behaviour and the defects responsible for them. These studies will provide insights in

mechanism of Al,O3 based dosimetry materials.

Chapter 1: Introduction

This chapter explains the history, development and types of two main techniques
used for radiation dosimetry such as thermoluminescence (TL) and optically stimulated
luminescence (OSL). Detailed discussion has been provided on the mechanism of
formation of defects in these materials, about the storage of absorbed dose and the
annihilation after the stimulation as heat or light is given.

In thermally stimulated luminescence (TL), a discussion on glow curve, effects
of doping, different types of commercially used TL phosphors and their sensitivity to
radiation dose has been provided.

According to the modes of stimulation and detection of light signals, various
terminologies like luminescence, DOSL for delayed optically stimulated luminescence,
LM-OSL for linearly modulated optically stimulated luminescence, POSL for pulsed
optically stimulated luminescence, PTOSL for photo-transferred optically stimulated
luminescence and COSL for cooled optically stimulated luminescenceare discussed in
detail. Different OSL materials, their merits and demerits, current research on the

development of new OSL materials etc. has also been discussed.

Chapter 2: Experimental

A concise description of different routes for synthesis employed, the techniques
used for the characterization, methods adopted for carbon doping and TL, OSL, PL
studies have been explained in this chapter. The main route adopted for synthesis was gel

combustion method. Powder XRD was used for structural characterisation.
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Two methods were adopted for carbon doping. The first method employed was
electron gun evaporation system. It is normally used for vacuum evaporation of thin
films, as a means to attain temperature high enough to melt MgAl,O;4 in the presence of
graphite. The second method employed graphite furnace. In this method the furnace is
made up of graphite crucible kept in core of Cu coil for inductive heating. The
temperature of furnace was monitored by pyrometer based temperature measurement
system. TL and OSL studies of the carbon doped samples were performed after
irradiating the sample using *°Sr/”°Y beta source.

PL data were recorded on an Edinburgh CD-920 unit equipped with Xe flash
lamp as the excitation source. The data acquisition and analysis were carried out by F-

900 software provided by Edinburgh Analytical Instruments, UK.

Chapter 3: TL and SL studies of carbon doped magnesium aluminate (MgAl,04:C)

MgAl,04:C phosphor samples prepared by the two different methods were
studied for their TL and OSL response. The OSL signal was found to decrease with
increase in temperature on account of TL traps getting empty. This gives the direct
correlation between the two signals. All the TL traps in both the samples were OSL
sensitive and contributing actively to OSL signal. They have similar types of the TL/OSL
defects with multiple overlapping TL glow peaks ranging from 100 °C to 400 °C. In
order to measure TL parameters such as thermal trap depth, frequency factor and order of
kinetic associated with charge transfer process in TL phenomenon, the computerized
curve de-convolution analysis (CCDA) has been used. Two methods of incorporating
carbon in MgAl,O4 could generate the defects of similar types in MgAl,O4:C lattice.
However, the MgAl,O4:C synthesized by electron gun shows relatively larger
concentration of the TL/OSL defects as compared to MgAl,04:C synthesized using

vacuum assisted melting method. The photo-ionization cross-section (PIC) associated
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with fastest OSL component of MgAl,04:C is found to be 50% times than that of fastest
OSL component of commercially available dosimetric grade a-Al,O5:C. This is an
encouraging result. The MgAl,O4:C thus developed shows good dynamic OSL dose
linearity. This work established that MgAl,04:C could be developed as potential tissue

equivalent OSL/TL material.

Chapter 4: MgAl,04:C defect-induced luminescence

This chapter is devoted to the effect of carbon doping on the photophysical
properties of MgAl,O,. Photoluminescence study of MgAl,O,4:C by electron gun denoted
as A and by graphite furnace denoted as B was carried out. The photoluminescence
spectroscopy exhibited defect-induced emissions with enhanced intensity and a
significant blue shift in the emission band was also observed in the case of sample B. The
photoluminescence decay studies indicated that multiple trapping and de-trapping events
were experienced before the radiative recombination process. Average lifetime was
observed to be 4.83ls which is typical of defect-related emission. The results were
complemented by electronparamagnetic resonance (EPR) technique. The CIE coordinates
for sample B were found to be x = 0.231and y = 0.227 which establish it as a blue-

emitter.

Chapter 5: Preparation and optical properties of nano Al,O3

The Al,O; nano-powders were synthesized by a fuel-deficient gel combustion
synthesis employing glycine as a fuel. The samples were annealed at different
temperatures (1200°C, 1300°C, 1450°C) with the aim of introducing different defect
nature/concentration and their effect on luminescence. Powder XRD studies revealed the
formation of nano a-Al,O3; and appreciable crystallinity was obtained at all the three

temperatures. The emission spectra of all the three samples showed broad bands albeit
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with different shapes which on deconvolution yielded three components. This indicated
the presence of three types of defects which were also characterised by time resolved
emission studies. The lifetimes of different traps have been correlated to the transitions
involved. This work contributes to understanding of nature of the defects occurring in
Al,O3 as the manifestation of variation in annealing temperatures and in turn provides

insights into TL/OSL properties of alumina based dosimetry materials.

Chapter 6: Summary and future scope

The doping of the carbon has been achieved in two ways — by using electron gun
and by heating the parent oxide in graphite furnace. The TL/OSL sensitivity greatly
enhanced for electron gun synthesized MgAl,O4:C. The carbon doped MgAl,O4:C
exhibited impressive OSL properties to further develop this phosphor for radiation
dosimetry. However, there is a need of further study, to optimize the synthesis
parameters of carbon doping in MgAl,O4 in order to enhance its suitability for various
fields of radiation dosimetry. The scaling up of synthesis also needs attention. Attempts

will be made in future to incorporate nitrogen in MgAl,Oy,
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Chapter 1

Introduction



1.1 Luminescence

Luminescence refers to emission of radiation in visible or near visible region
subsequent to absorption of energy (excitation) by a substance [1]. It can occur in a wide
variety of compounds such as inorganic, organic and semi-conductors, under different
conditions. The light emission can be stimulated by some internal or external process,
and it is the characteristic of the compound. It has been used since the middle of 20"
century in the determination of the integrated radiation dose exposed to humans, or
dating archaeological specimens and geological sediments. For the assessment of the
integrated radiation dose or the event, zeroing of the latent luminescence at some time in
the past is required. This zeroing occurs through heating of materials such as commonly
used radiation dosimeters, archaeological pottery, bricks and porcelain or by exposure to
daylight for geological sediments. Luminescence signal builds up again through exposure
to either radiation from man-made sources or from the weak natural environmental
background radiation and gets annihilated either by thermal or optical stimulation.
During exposure, radiation energy is accumulated and stored in the crystal lattice in the
form of electrons or holes trapped at defect sites. During stimulation, the trapped charges

are released and annihilated to give luminescence [2].

This chapter will describe thermo-luminescence and optically stimulated

luminescence as they are the mainstay of this thesis.

1.2 Thermally stimulated luminescence (TSL)

Thermoluminescence dosimetry is a well-established dosimetric technique with
application in areas such as personnel, environmental, medical, industrial and space
dosimetry. Radiation monitoring has been conveniently carried out using thermally

stimulated luminescence (TSL) technique. The phenomenon of thermo luminescence



(TL) has been known since 1663, when Robert Boyle observed the emission of light by

diamond when it was heated in the dark [3].

In thermo-luminescence dosimetric technique, the metastable energy levels called
trapping centers created by pre-existing defects in the material, trap some of the electrons
and holes created by ionizing radiation. During radiation measurement, heating of the
material facilitates the trapped carriers to get excited to conduction band in the case of
electrons and to valence band in the case of holes. These mobile charge carriers are
captured by other types of energy levels created by defects called luminescence centers.
A photomultiplier tube is used to measure the light emitted by luminescence centers
during electron or hole capture. The integrated intensity of emitted light is proportional to

the absorbed dose by the material [4].
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Fig 1.1 Band structure schematic of semiconductor
It can be understood in terms of the band structure model of semiconductor. In a
semiconductor there are two relevant energy bands: (i) an almost completely filled
valence band (VB) and (ii) an almost empty conduction band (CB). The two energy
bands are separated by a forbidden band gap (FB), which means that between these two

bands there are no electronic energy levels. Transitions of electrons between the valence



band and the conduction band are allowed and they produce free electrons in the
conduction band and free holes in the valence band. However, defects create other types
of energy levels which trap electrons (ET) near conduction band, hole are trapped (HT)
near valence band and luminescence centers (RC) where the recombination of trapped
electrons and holes occurs [5]. A

Depending up on the symmetry properties of the ground and excited states,
optical transitions between energy levels located in the forbidden band gap are allowed
according to selection rules. Transitions between the energy levels in the gap and the
conduction band results in empty electron traps in the band gap. Electrons from
conduction band or electrons from other centers can be trapped in these localized defects
in the crystal lattice. Trapped electrons can be released thermally or optically. The
partially filled valence band implies that free holes can exist in this band. It is possible to
consider centers with energy levels in the forbidden band gap, which are capable of
trapping free holes, which are available in the valence band similar to the description for
electronic levels in the band gap. Trapped holes can also be released thermally or
optically like the trapped electrons. A hole trap is generated after releasing the trapped
hole [6].

Due to ionizing radiation, electrons are excited from the valence band to the
conduction band leading to the presence of significant concentrations of free electrons in
the conduction band and free holes in the valence band. Quite often in ionic materials, the
primary radiolytic reactions resulting from interactions between radiation and the crystal
take place at anions. In case of chlorides, the Cl" and for oxides, O™ ions, interact with
radiation. Due to these processes, excitations with binding energies slightly smaller than
the forbidden band gap take place and these excitations are called excitons [7, 8].

Usually, the subsequent de-excitation processes are sufficiently energetic and effective to



induce atomic/ionic displacements in the crystal lattice, which leads to the formation of
radiation induced defects. The simplest example is NaCl. Here, the lattice takes on a

regular, repeating shape (Figl.2).

Fig. 1.2 Structure of NaCl

Fig. 1.3 Structure of NaCl after irradiation

After irradiation with X-rays, gamma rays, or beta radiation, the resulting crystal

looks like as shown in Fig.1.3. Single electrons occupy the vacant anion lattice.



Well-known examples of radiation-induced defect centers are the F-centers and
V-centers. F-center is an anion vacancy in the crystal lattice with a trapped electron. ‘F’
in the name ‘F-center’ had come from the German word ‘Farbe’, which means color. Due
to F-centers, the crystal absorbs sufficient light in a limited frequency range and as a
result, the crystal becomes colored. For each electron, which is trapped at the electron
trap a hole is produced which gets trapped at a hole trap, so as to maintain electro-
neutrality of the crystal. The other group of defects, V-centers absorb light in the violet
part of the visible spectrum. Impurities such as transition metal ions, create another class
of imperfections, which are quite often the reason why certain minerals show a
characteristic color. This is due to absorption bands caused by electronic transitions
between energy levels in the band gap. The energy levels in the band gap depend on the
nature of the imperfection, lattice defect or impurity. It can be located at any energy
position varying from just below the bottom of the conduction band to just above the top
of the valence band. A variety of defects belonging to the above-mentioned two classes
of centers, which are associated with energy levels in the forbidden band gap, are also

produced during exposure to the ionizing radiation.
1.2.1. Glow curves

Thermally stimulated luminescence, or thermoluminescence (TL), is the
luminescence emitted as a function of temperature, is observed by heating an irradiated
sample at a constant rate to about 500 C. The TL signal is characterised by a “glow
curve”, with distinct peaks occurring at different temperatures, which relate to the
electron traps present in the sample due to the defects in the lattice structure. Once
trapped, the electron can be evicted by thermal vibrations of the lattice. These vibrations
become stronger due to the increase in the temperature, and the probability of release

increases so rapidly that within a narrow temperature range, trapped electrons are quickly



liberated. Some of these electrons recombine with trapped holes resulting in emission of
light (TL). Depending on the depth of defects or traps, the lifetime of trapped electrons
varies. Low-temperature traps (shallow traps) are thermally drained more quickly even at

room temperature than the deep traps [9].

1.2.2 Doping

Defects can lead to dramatic performance improvements over the “ideal”
material, but it can limit some other functions of materials. Pure corundum (alumina) has
its application as a hard grinding material, but it is the presence of trace metal impurities
such as iron or chromium ions that produces the electronic transitions which create the
beautiful colors of ruby and sapphire [10]. Few materials have band gaps, which
corresponds to the visible spectrum. By the addition of different atoms into the crystal,
materials with a relatively wide band gap can be designed to luminesce in the visible
region. The additional atoms are called dopants and have a different electronic orbital
structure compared to the host crystal lattice. Therefore, in regions of the crystal around
the dopant atom, within the forbidden band gap additional energy levels become
available. These energy levels can accommodate electrons or holes. If these levels are
close to the conduction band, the dopant is called a donor, and if close to the valence
band, it is called an acceptor. Transitions between these levels can give rise to visible
luminescence. In such case, the dopant is known as an activator. In most cases, the
activator is present in extremely small concentrations, ranging from hundreds to tens of
ppm level. Sometimes the excited electron can find other path ways to dissipate its
energy by non-radiative recombination mechanisms. These are introduced by impurities
called inhibitors, usually associated with defects in the crystal, or levels in the middle of

the band gap, called deep levels. The defects in the crystal can result in shallow levels



which are close to the edge of either the valence or conduction bands. Shallow levels in
the band gap can trap the excited electrons and prevent the electron from decaying
immediately back to the valence band. Instead the decay may occur only after a long
time. The mechanism behind the technique of thermo luminescence is the dislodging of
the trapped electrons back into the conduction band by a small amount of heat and from

there it can readily decay to the valence band.

1.2.3 Thermoluminescence: Current status

There have been tremendous research efforts both experimental and theoretical,
directed towards TL and developing new phosphors [1]. The important features for a
compound to be used as a dosimeter are its radiation sensitivity, dose linearity, radiation
resistance, fading, repeatability and simple response so that it is easy to use as a TL/OSL
reader [S]. Several groups of materials such as alkali and alkaline-earth halides, whose
typical representatives are LiF and CakF,, sulfates (MgSQOy4, CaSQ,), sulfides MS (M =
Mg, Sr, Ca, Ba), oxides Al;O3;, BeO and SiO, are studied with respect to the TL
dosimetry requirements. The first basic TL material LiF:Ti, Mg (TLD-100), having tissue
equivalence (Zeff = 8.04), which is an important factor for personnel dosimetry is still
extensively used [11]. Studies on TL properties of carbon doped Al,O3; (TLD-500) were
carried out by Akselrod et al. [12], which is a very sensitive material to radiation
exposure, with a linear dose response from 0.05 pGy to 10 Gy and fading rate of 3% by
year (when kept in the dark). The search for materials with a high TL yield is still going
on. Studies on TL properties of the AIN ceramic, which represents a new class of
compounds, are of contemporary relevance. At equal doses, the TL yield of this ceramic

is much larger than that of the most sensitive Al,O3:C dosimeter [13]. However, so far,



an extremely high fading prevented the development of AIN-based dosimeters suitable

for practical applications.

Some of the widely practiced phosphors in TL dosimetry are briefly discussed

below and shown in Table 1.1.
(i) Lithium fluoride

LiF:Mg, Ti (TLD-100) is the most extensively used phosphor in the TL
dosimetry. This detector is available according to isotopic compositions, €.g. SLi enriched
TLD-600 and 'Li enriched TLD-700 and TLD-100 with the natural abundance. Their
gamma dose sensitivities are almost the same but they have significantly different
sensitivities for neutrons. Therefore, they are valuable as detectors in mixed neutron-
gamma fields. The TL spectrum of LiF: Mg, Ti (i.e. TLD 100) is characterized by the
appearance of a dominant glow peak at ~ 235 °C which is the 5t peak out of the twelve

peaks that populate the TL spectrum of this phosphor [14].
(ii) LiF:Mg, Cu, P (Li-MCP)

This phosphor is commercially synthesized and available in different forms such as
powder, hot pressed polycrystalline chips, SLi and Li analogues including thin films.
They have various brand names viz. GR 200 (China), TLD 100H, TLD 600H, TLD 700H
(USA), TLD 370 (Russia), MCP- N (Poland). They are used in the dose interval of 1-10
Gy particularly in clinical dosimetry for therapeutic applications. They show less fading

at room temperature which is an advantage [15].



(iii) Calcium fluoride (CakF,)

CaF,:Mn, (i.e. TLD 400) is a useful dosimetric phosphor having enhanced
sensitivity as compared to TLD 100 and has a simpler structure of its TL curve [16]. Due
to the lack of tissue equivalence, this material cannot be used in personnel dosimetry.
However, it has found application in environmental dosimetry. It has a single TL glow

peak at ~ 310 °C [17].

Table 1.1 Characteristics of some TL materials [11, 18]

Materials | Type of dosimeter Useful range Thermal fading
LiF:Mg,Ti TLD-100 10uGy-10Gy 5-10% per year
LiF:Mg,Cu,P TLD-100H 1Gy-20Gy 3% per year
SLiF:Mg.Ti 10uGy-20Gy Negligible
TLD-600 (Neutron sensitive)
°LiF:Mg,Cu,P TLD-600H 1uGy-20Gy Negligible
( Neutron sensitive)
7LiF:Mg,Cu,P TLD-700H 1uGy-10Gy Negligible
CaF, :Dy TLD-200 0.1nGy-10Gy 16% total in two weeks
CaF, :Mn TLD-400 0.1uGy-100Gy 15% total in 3 months
AL, O5:C TLD-500 0.05uGy-10Gy 3% per year
Li,B4O7:Mn TLD-800 SuGy-105Gy 5% in three months
CaSO4:Dy TLD-900 1uGy-100Gy 8% in 6 months




(iV) A1203:C

The sensitivity of Al,Os3: C (TLD-500K) is 40 to 60 times better than that of TLD
100. It has a very low zero dose value (i.e.TL background readout of sample which has
not been irradiated) and ensures radiation detection threshold level as low as 0.05 pGy. It
shows low fading (less than 5% per year) and has an emission spectrum which has a
maximum around 420 nm, a region where photo multiplier tubes are most efficient. Its

effective atomic number (10.2) is reasonably small. Its usable dose range extends from

0.05 uGy to 10 Gy [12].

1.3 Optically stimulated luminescence

In optically stimulated luminescence (OSL), light of appropriate wavelength and
intensity is used to stimulate the charge carriers trapped in metastable defect states. When
the material is subjected to light stimulation, charge carriers are optically released from
the traps and emit a light signal proportional to the absorbed dose. Albrecht and
Mandeville [19] were the first to demonstrate that photo-stimulation by visible light
results in an ultraviolet emission in X-ray exposed BeO samples which was due to the
presence of doubly occupied electron traps. Later, Braunlich ef al. and Sanborn et al.[ 20,
21] had studied the dose-dependence of TLDs using an infrared stimulation of Ce, Sm,
and Eu-doped MgS, CaS, and SrS. However, the mode of simultaneous stimulation and
detection of an emitted light signal did not attract much attention until 1985, when
Huntley et al. [22] demonstrated optical dating of sediments and started using in the field
of dating. Later Markey et al. resolved optically stimulated luminescence in a highly
sensitive 0-Al,O3:C TLD material [23]. However, in some other TLD materials like BeO,
[24, 25] CaF,:Mn, [26] and CaSO4:Dy [27-29], the phosphorescence caused by an optical

stimulation was shown to be useful for radiation dosimetry. This use of optically
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enhanced phosphorescence achieved only a limited success due to its low sensitivity.
There are different kinds of dosimeters available for personnel as well as industrial
applications such as doped LiF, CaSQ,, CaF,, and Li,B4O; which have been developed
and studied in the past few decades. In LiF:Mg,Ti, the most commonly used TL material,
the trapped charges cannot be easily optically stimulated. OSL in LiF:Mg,Ti can be
observed, but the minimum detectable dose is high [30]. As a result, TL and OSL
dosimetry are usually based on different materials. OSL is simple and the readout is
completely optical and plastics can be used in the manufacturing of the OSL dosimeter.
Unlike TL, there are no high energy consuming heaters, no thermocouples, no need to
establish good thermal contact between the dosimeter material and the heater. In addition
by eliminating the step of heat stimulation, the changes in the defect structure of the
material due to thermally stimulated diffusion [S] are prevented and thermal quenching
effects are avoided [31]. In principle, optical stimulation is gentle on the detector material
as it involves only electrons or holes. It requires simple instrumentation and components
that are easy to integrate. In addition to the dosimeter, a light source such as light
emitting diodes (LEDs), laser, or filtered lamp is needed. Each one has its own
advantages, disadvantages and costs. For general applications, high power LEDs are

most reliable, being used in both commercial and research instruments [32, 33].

A major commercial dosimetry service provider had adopted optically stimulated
luminescence (OSL) almost 20 years back and this technique is being used by millions of
radiation workers worldwide. Now it has been adopted in a variety of places, from
hospitals to International Space Station. OSL is used to monitor doses to astronauts by
the U. S. National Aeronautics and Space Administration (NASA) [34], and in space
experiments by the European Space Agency [35]. Medical physicists are investigating

the use of OSL dosimeters in hospitals as a part of quality control programs [36]. It has
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been estimated that more than 25% of about 5 million badges in use world over are in
fact OSL dosimeters [37]. Institutions participating in clinical trials in radiotherapy in
United States employ OSL technique (for example, by the Radiation Physics Centre,
University of Texas, M. D. Anderson Cancer Center) [38]. In USA, some leading and
nationally accredited service providers replaced TLD with Al,O3;:C-based OSL
dosimetric systems for personnel dosimetry [36]. Many other countries have also
introduced Al,O3:C for personnel dosimetry [39]. Al,O3:C OSL dosimeters have also
been accepted by the National Council on Radiation Protection and Measurements
(NCRP) [40]. For the past few years, OSL has emerged as a real time in-vivo dosimetry
technique for radiotherapy beams. This is because of Al,O3:C which possess most of the
important characteristics required for personnel dosimeters such as high sensitivity, high
resolution, capability of measurements of absorbed dose for both photon and electron
beams, availability in different sizes and shapes and non dependency on beam
parameters.

In medical dosimetry, adoption of OSL for a variety of tasks has been increasing.
In other applications, like accident dosimetry using the OSL from tooth enamel has
proven to be challenging. The increase in the number of publications on OSL continues
and it reflects the growing interest and “popularization” of the technique. Both TL and
OSL detectors work as passive, integrating radiation detectors. At room temperature, the
population of charges trapped due to the exposure to ionizing radiation can be stable for
thousands of years. Thus, until readout is performed, the information related to the
radiation exposure, i.e. the trapped charge concentrations remains recorded in the crystal
lattice. Readout of this information is carried out by stimulating the detector by providing
sufficient optical energy to these trapped charges to escape, recombine the carriers and

emit light. For the OSL readout, the detectors are illuminated. In an OSL material it is
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desirable to characterize the high photoionization cross-section, i.e., to have trapping
centers whose trapped charges can be easily stimulated with light; this is not the case for
all TL materials. The traps associated with the TL peaks may or may not be the same as
for OSL. Due to the irradiation of the material, the traps get populated with electrons and
hence the OSL intensity is related to the absorbed radiation dose. The spectral regions of
emitted OSL during recombination of the detrapped charges and that of stimulating
photons are different. The OSL signal during exposure to the stimulation light is
observed to decrease to a low level as the trapped charge is depleted (decay curve). The
physical principles of OSL and TL are thus closely related. OSL measures only the
component of the trapped electron population that is most sensitive to light and
measured at or close to room temperature and thus results in less alteration of the crystal
[41]. OSL, however, differs from other optical processes such as (i) Radio-luminescence
or scintillation in which the emission of light signal continues as long as ionizing
radiation remains incident on the sample and the intensity is proportional to the dose rate,
(i1) Photoluminescence or fluorescence in which the emission of light signal continues as
long as a light beam is incident on a sample and the signal may or may not be influenced
by the radiation and (iii) radio-photo-luminescence in which on subsequent illuminations
by an appropriate light, the emission of a light signal proportional to the amount of pre-
irradiation takes place during an illumination due to the excitation and de-excitation of
stable color centres. The same signal can be recorded any number of times from an
irradiated sample whereas the resetting is done by a pre-established heat treatment. The
correlation between the wavelengths of stimulating light and the emitted light is not there
in OSL; the emitted light could be of longer or shorter wavelengths as compared to those
of the stimulating light. To optimize an OSL reader for any specific material and

application, one must know the material’s OSL emission spectrum and excitation
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spectrum. For this reason, most of the literature on new OSL materials is dedicated to

these aspects [42].

General features of OSL are as follows:

(1) The sample can be read multiple times as only partial depopulation of the traps occurs

with shorter optical stimulations.

(i1) This technique is amenable for use of different types and modes of light beams for

optical stimulation and measurements.

(ii1) Using very narrow stimulating beams (a few tens of nm) a high spatial resolution of a

dose distribution in an OSL material can be studied.

(iv) Since no heating is involved for the readout of OSL, the thermal changes influencing
the sensitivity and thermal quenching of a luminescence signal (usually dominant in

some TLDs due to heating) are avoided.

1.3.1 Concepts of OSL

The OSL phenomenon, like thermoluminescence, can be understood in terms of
the energy band model constituted by the valence band (VB) and the conduction band
(CB) which are separated by a forbidden gap. In a perfect crystal, there are no electronic
states in the forbidden gap. However, introduction of impurities created either during
synthesis or deliberately introduced via doping can lead to the occurance of localized
metastable states in the forbidden gap which may act as traps for the charge carriers
(electrons and holes) produced upon interaction of the material with radiation. The
charge carriers may radiatively recombine to yield luminescence either by (i)
recombining at the recombination centre to yield instantaneous luminescence also known

as radioluminescence (RL) (ii) recombining via metastable states after getting trapped
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which may stay there for longer durations till sufficiently stimulated. This trapped
electron can be released by means of thermal stimulation in TL and by optical
stimulation on OSL. This may travel freely in the conduction band till it recombines with
a hole and yields luminescence. However, in TL, once the pre-irradiated sample is heated
to fixed temperature, the consequent emission of a light signal is proportional to the
amount of ionizing radiation. And following the TL read out, the sample is reset for
further use. But in OSL, all the trapped charge carriers in a pre-irradiated sample cannot
be sufficiently stimulated by a single illumination by low-intensity source [43]. Thus it
provides an option of multiple readouts of an irradiated sample. The sample can be reset
for further use either by an intense optical bleaching carried out for longer duration
employing light of suitable wavelength/energy or by providing established heat
treatments. The OSL signal is recorded by integrating the light emission for a fixed

interval of time following stimulation.

Depending upon the mode of stimulation and detection, various OSL technologies

are being employed [44]. These are briefly described as follows.

1.3.2 Continuous-wave optically stimulated luminescence (CW-OSL)

This mode is the simplest technique based on OSL [23]. Here, the most important
requirement is that the stimulating and the emitted wavelength should be as far apart as
possible. The pre-irradiated sample is stimulated with a constant intensity of light and the
traps are emptied using a fixed wavelength of light and intensity. As mentioned earlier,
the emitted luminescence has different wavelength as compared to stimulating light. The
detector is optimised to register only the emitted luminescence in order to minimize any
interference from the stimulating light. This is done by employing various appropriate

narrow band filters for both. The intensity of the emitted light decreases in an exponential
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manner with time and most of the OSL emission occurs very fast. This results in a fast

read-out (~seconds).

1.3.3 Delayed optically stimulated luminescence (DOSL)

In this technique, the stimulating and emitted radiations are separated in time
domain. Thus, the pre-irrdiated material is stimulated and during stimulation the detector
does not record any signal. The luminescence is measured after the stimulation. DOSL
could be either phosphorescence [24-29] or luminescence which is delayed due to the
extended lifetime of the luminescent centers [23, 31]. In this, the charge carriers liberated
from the stable traps (stable at normal temperatures) by optical stimulation are re-trapped
at the shallower traps, and a slow release of these charge carriers results in enhancement
of phosphorescence which yields the delayed luminescence response (~ tens of minutes).
In delayed luminescence, the charge carriers released by stimulation reach the
luminescence center and the resultant emission gets delayed for durations of the order of
a few tens of milliseconds. This helps in complete separation and discrimination between
the stimulated light and the emitted light [45]. The advantage of this technique is there is

no limitation on the energy and the intensity of stimulation.

1.3.4 Linearly modulated optically stimulated luminescence (LM-OSL)

The LM-OSL technique employs stimulation of the optically active material by
linearly increasing the intensity of stimulating light beam rather than a constant intensity
source (CW-OSL) and the resulting emitted signal is measured [46]. Due to the presence
of a distribution of traps in the material, the photo-ionization cross section also varies
with the intensity of stimulation. As a result, in time domain the luminescence signals of
the traps get separated such that the larger photo-ionization cross section would lead to

quicker electron release from that trap. Thus the traps get emptied (release their charge)
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depending on the magnitude of photo-ionization cross section, starting from the traps that
have highest cross section followed by the ones whose cross-section magnitude is lesser,
till all the traps are emptied. The output in LW-OSL is therefore in the form of distinct
peaks as a function of read-out time. It also helps to deconvolute the overlapping peaks

from different OSL traps in the sample [47].

1.3.5. Pulsed optically stimulated luminescence (POSL)

This technique is based on DOSL, wherein the stimulation is provided by light of
short pulses (order of hundreds of nanoseconds) with the frequency of thousands of
Hertz. The pulses are produced by repeatedly switching on and off the stimulation
source. The pulse width and the frequency are chosen according to the lifetime of the
luminescence. Generally, the pulse widths are much less than lifetime of OSL emission.
The OSL emission is usually measured between the stimulation pulses. The detector is
blocked during the stimulation and hence the detection of the emitted OSL signal and the
stimulation are separated by time discrimination. POSL technique has been successfully

demonstrated for the use of a-Al,Os:C in radiation dosimetry [12].

1.3.6 Photo-transferred optically stimulated luminescence (PTOSL)

PTOSL is a technique employed to utilise stable deeper traps for radiation
dosimetry. In this technique, the charge carriers are transferred from deeper traps to
obtain a luminescence signal [48, 49]. This involves first emptying up the main OSL
traps in the pre-irradiated sample. This is followed by illumination by a proper
wavelength light to evict the charges from deeper traps to produce a light signal. This can

either occur by direct radiative recombination or via shallower traps as intermediates.
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1.3.7 Cooled optically stimulated luminescence (COSL)

This was introduced by Miller et al. [S0]. COSL is a material specific technique
and cannot be generalised [51]. The sample kept at very low temperatures (e.g., liquid
N, temperature) is heated to room temperature. This is followed by irradiating the sample
to a known dose. The optical stimulation is then carried out at a low temperature. The
low temperature optical stimulation populates the empty shallow traps by charge transfer
from the traps which was already filled due to irradiation. These shallow traps release the
charge carriers while attaining room temperature and their recombination produce a
dose-dependent light signal called COSL. It is vital technique that can be employed for

TLD readout without heating a TLD.

1.3.8 OSL materials for radiation dosimetry

The basic criteria for materials selection for OSL application are more or less
same as that of TL. There are OSL materials for personnel as well as industrial radiation
dosimetery. The concept of tissue equivalence is relevant in case of personnel dosimetry
using OSL also. The OSL materials can be further subdivided into two categories viz.,
(i) synthetic and (ii) natural. Carbon-doped alumina is a synthetic OSL material, which
has found wide speard accetance as it satisfies most of the prerequisites for personnel
radiation dosimetry. The following section presents a brief discussion on the merits and

demerits of different types of OSL materials used for radiation dosimetry.

(i) ALO;

As it was mentioned earlier, nature has bestowed Al,O; (alumina) with
unprecedented properties such as high chemical and radiation stability (high melting

point), and wide forbidden gap (9.5 eV). The wide band gap supports the formation of
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different types of point defects which facilitate trapping of charges leading to color
centres. These are important properties for exploring its potential towards dosimetry
applications. In addition, it has high abundance also. These attributes have prompted
researchers to develop a variety of OSL dosimeters based on Al,O3 and its substituted
derivatives. Out of several alumina based materials, Al,O3:C has been demomonstrated
as an ultra-sensitive TLD material, but it suffered a setback as it is susceptible to daylight
leading to erasing of the radiation-induced information in the lattice. However, this
problem can be circumvented to a great extent by a controlled high temperature
quenching which leads to sharp reduction in its daylight sensitivity. There are other
options also like using high heating rates while performing TL readout measurements,
and UV-induced TL sensitivity [S2]. The erasing of the dosimetric TL glow peak of the
irradiated Al,O3:C on exposure to light provides insights into mechanism of TL peak and
an OSL signal with acceptable fading. It was observed that the main luminescence
produced by the F centers has a lifetime of about few tens of ms [23], and this facilitated
the extension of this material for POSL technique [45]. It is evident from literature that
Al,O5:C attracted attention all over the world, which resulted in development of different
cost-effective synthesis protocols. These efforts led to facile availability of this material
[53, 54]. In addition to carbon doping, several other dopants such as Si, Ti, etc. in Al,O3

could also be incorporated. However, OSL results were not encouraging [SS, 56].

In view of aforementioned sensitivity of Al,O3:C towards daylight, it is required
to fabricate a light-tight packing of dosimeter based on this material. This further
necessitates readout and handling of Al,O3:C based dosimeter in faint light to avoid
uncontrolled erasing of stored information. As reported by West et al.[S7], there are two
antagonistic effects of exposure of AlO3:C based dosimeter to sunlight namely (i)

erasing of the radiation-induced stored dosimetric information and (ii) generation of
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optical signal induced by sunlight exposure. If enough precautions are not taken, it may
lead to a compromise on quality of the information generated using Al,Os3:C based
dosimeter. It has also been observed that there is slight irreproducibility in the properties
of Al,O5:C prepared batch to batch from a single crystal of Al,O3:C, which can plausibly

be attributed to different carbon contents in Al,O5 [58].

OSL response varies as an inverse function of LET of radiation, which is
correlated to the charge, mass and energy of a high-energy charged particle (HCP).
Commonly a decrease in efficiency of OSL process is attributed to inhomogenous profile
of the physical events created by the charged particles’ path which produces various
radiation induced effects in a material along the vicinity of a track formed by interaction

of charged particle [59, 60].

(ii) BeO

BeO consists of low atomic number elements and hence satisfies the tissue
equivalence condition and in turn a promising OSL material. Its low cost and abundance
are other attractive features. However, BeO is still not as popular as Al,Oz based
materials for OSL applications due to its relatively poor sensitivity and chemical toxicity.
Despite these odds, BeO has been in use as a personnel TL dosimeter [61] in Italy. It is
well known that the chemical toxicity of any material, in fine powder or dust form, can
be considerably reduced by compaction followed by sintering. The apprehension of BeO
toxicity was also overcome by using well-sintered discs of BeO which can be easily
handled with almost no health hazards. BeO has a unique combination of properties such
as high electrical insulation and high thermal conductivity, exceptional thermal stability
etc. [62]. It has been found that there is no correlation between intense TL glow peaks

and the OSL signal which implies that the origin of TL and OSL in BeO is different [48].
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In BeO, the main dosimetry TL glow peak is at 220°C whereas the OSL signal is
characterized by a blue-green (420-550 nm) light stimulation, which remains unchanged
irrespevtive of the presence or absence of TL peak [48]. Impure samples of BeO were
found to exhibit a much superior sensitivity as compared to the pure samples [25], which
implies that the inadvertent impurities act as activators. Thus there is a need to engineer

incorporation of suitable impurities in BeO lattice.
(iii) Other OSL sensitive materials

In addition to Al,O; and BeO, there are several other OSL materials such as
MgO, Mg,SiO4:Tb, LiAlO,:Tb, and several other activated silicates [63]. Similar to
Al,O3 and BeO, MgO has very high thermal stability and near tissue equivalence. Tb-
doped MgO has shown OSL signal on irradiation to ionizing radiation [64]. In view of its
near tissue-equivalence, MgO:Tb has the potential for OSL dosimetry and continued
research efforts are need of the hour to exploit this material. Masson et al. [65] have

reported the OSL sensitivity of Tb-activated silicates and aluminates.

Several inorganic fluorides are also being contemplated for OSL applications.
The OSL sensitivity of KMgF3:Ce [66, 67] was found to be about one order higher than
that of commercial Al,O3:C. However, this materials has inherent disadvantages such as
high self-dose (~1.5 uGy/h), attributed to the natural abundance of the “’K isotope, and
non—tissue equivalence (Zgg, = 14.7). NaMgF3:Ce has shown OSL sensitivity comparable
to that of Al,O5:C for its UV (280 nm) emission for a stimulation by blue LED.
However, this material suffers from fading during post-irradiation storage or transport

[66].

Among the ABF; fluorides, a new development of NalMgFg:Eu2+ has been

reported by Dotzer et al., [68]. The replacement of activator Ce’* by Eu®* (0.2%) appears
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to have considerably improved the characteristics of the NaMgFs. It exhibited a linear
dose response with the lowest detection limit of 130 nGy. Its post-irradiation fading
during storage could be minimized by optimizing post-synthesis thermal treatments

(sintering and quenching temperatures).

Ammonium salts such as thallium-doped NH4Br and (NH4),SiFs have been
found to exhibit significant OSL with detectable signals for doses as small as 5 uGy,
[69], however the OSL signals of these materials fade very fast during storage even at
room temperature. Among alkali halides, the OSL of KCl and KBr have made some
noticeable impact. KBr:Eu was found to exhibit about ten times higher OSL sensitivity
and smaller fading than KCI:Eu [70]. But both KCI:Eu and KBr:Eu suffer from self-

irradiation due to the natural abundance of “’K, which limits their applications.

Yttrium aluminum garnet, Y3Als0;2, (YAG) is a well known laser material [71].
By doping carbon to YAG, Kulkarni et al. [72] had developed an OSL material
(Y3Al50,:C). The samples prepared in the presence of a graphite liner (under high
vacuum) exhibited intense OSL. A linear dose response in the range 10 mGy to 100Gy
was observed in YAG:C sample. The most attractive feature of Y3Als0,:C is absence of
fading even after two months of post-irradiation storage. However, YAG does not satisfy

the tissue equivalence criterion.
1.3.9. Radiation dosimetry under accidental conditions

Radiation dosimetry under accidental conditions does not rely on regular
dosimetery materials. In several radiation accidents, including Hiroshima and Nagasaki
and Chernobyl, common materials like bricks and other building materials have been
used for dose assignment. There has been growing concern for the estimation of radiation

doses for members of public in the event of a radiological accident. It is difficult to meet
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such unforeseen requirments by regular radiation dosimeters, which are suitable only for
normal situations. Evaluation of the doses under the accident conditions is carried out by
using common objects made of ceramics. To measure much smaller doses as quickly as
possible, work was initiated to exploit some of the commonly used items for establishing
their OSL sensitivity [73]. Several OSL sensitive electronic components have been
reported which facilitate faster measurements. Of late, mobile phone components and
electronic components of ID cards have been evaluated for this purpose as these are
carried by most individuals all the time [74]. In the event of unforeseen situations, the
OSL measurements and dose assignment can be arrived at using the electronic

components of gadgets of everyday use.

1.4. Plan of the present work

Significant progress has been made in the field of optically stimulated
luminescence and thermoluminescence not only in understanding the phenomenon but
also in developing new techniques and materials. Since the Photomultiplier tubes can
efficiently detect even very feeble light signals, it is possible to monitor TL process in all
its finest details. As a result TL has become a technique of choice for detection of
radiation as well as for characterization of defects [19].

In the case of OSL, its applications are no more limited to a particular area like
archaeological and geological dating. Commercially available OSL systems have already
become very popular for personnel dosimetry, environmental monitoring, space
dosimetry, and medical physics. Compared to the other available systems such as plastic
scintillation dosimeters, diode detectors etc., OSL has specific advantages in various
clinical applications. At this point of time, Al,O3;:C is widely used in all OSL
applications, mainly because of its very high sensitivity; but research is still going on for

the development of new materials with better characteristics.

23



The present thesis has its focus on creation and management of defects in hitherto
unexplored materials like MgAl,O4:C to see their PL, OSL and TL sensitivity and the
defects responsible for these phenomena, so that they can be developed as potential
dosimetric materials. Detailed studies also undertaken to understand the deep insight into

defects present in Al,Os.
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Chapter 2

Experimental



2.1 Introduction

MgAl,O4 possesses a rare combination of valuable properties such as high
strength at elevated and normal temperatures, thermal shock resistance, high chemical
inertness. Hence it has been considered as an important material in various fields [75].
The crystal structure is face centred cubic lattice of oxygen with Mg2+ ions in tetrahedral

sites and AI**

ions in octahedral sites. Eight molecules form the unit cell with 64
tetrahedral and 32 octahedral sites. One eighth of tetrahedral sites are occupied by Mg**
ions and half of octahedral sites are occupied by Al** ions. But synthetic MgAl,0O4 shows
30% antisite defects which is due to interchange of divalent and trivalent ions on
octahedral and tetrahedral lattice positions [76, 77] which lead to creation of defect
centres. Hence electrons and holes produced by radiation can get trapped in these defects
and show luminescent properties. The chemical and thermal stability of MgAl,Oy is as
good as that of the promising thermoluminescent material Al,O3; The development of
AlL,O3: C has become the turning point in the history of radiation dosimetry and triggered
the evolution of mindset of the dosimetry community from TL to OSL [18]. When anion
deficient Al,O; was grown in presence of carbon, the TL and OSL response was very
good even with very low doses. The presence of defect helps the use of compound for a
particular application. Studies can identify a set of optimized synthesis parameters which
would realize expected performance. These insights can also suggest alternate synthesis
pathways for engineering the defects of interest and therefore are an integral part of
development of any dosimetric phosphor. The crystal structure consists of oxygen as
FCC with Al in octahedral sites and some in tetrahedral sites (antisite defect). This
structural similarity encouraged us to try carbon doping in MgAl,O4 for developing a

new phosphor for radiation dosimetry which has been already proved for Al,O3.
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Fig. 2.1 Structure of MgAl,0O4 Mg ions occupy tetrahedral sites while Al ions occupy
octahedral sites.The unoccupied tetrahedral sites are represented by (blue) triangles and

octahedral sites are shown by the (grey) cylinders.

This chapter deals with the synthesis methodologies, characterization technique
and luminescence studies mainly photoluminescence, thermoluminescence, optically
stimulated luminescence of MgAl,O4. An explanation of the nature of defects that are
produced and their evolution when plain magnesium aluminate crystals are subjected to a
variety of thermal treatments in a strongly reducing composite ambience of vacuum and
carbon along with their dosimetric consequences is given. As the major preparation route
followed was gel combustion method, the basic principles involved and experimental

details are explained briefly.

2.2 Combustion synthesis

In combustion process, redox reaction between an oxidant and a fuel occurs.
Generally metal nitrates are used as oxidants and glycine, citric acid etc as fuel. The final
product obtained has high phase purity with improved powder characteristics like narrow

distribution of particle size, high surface area and better sinterability [78-81]. The
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combustion process occurs in two steps (i) gel formation and (ii) gel combustion. The

basic parameters relevant to the combustion process are briefly discussed as follows.

2.2.1 Fuel selection in the combustion process

Any substance which on its consumption provides heat or power is termed as a
fuel. The fuel in the combustion process should be able to maintain the compositional
homogeneity among the constituents and should undergo combustion with an oxidizer
(i.e., nitrates) at low ignition temperature. A large variety of organic materials mainly
carboxylic acids can serve as fuel for the combustion process such as citric acid, ascorbic
acid, glycine etc. Materials like urea, hydrazine, hexa methylene tetra amine (HMTA)
can also be used. One of the most common fuels glycine (NH,CH,COOH) is a cheap
amino acid, has been used in the present work. It is known to act as a complexing agent
for a number of metal ions, as it has a carboxylic acid group at one end and amino group
at the other [82]. The zwitterionic glycine molecule can effectively complex metal ions
of varying ionic sizes and charges. This helps in preventing selective precipitation to

maintain compositional homogeneity among the constituents.

2.2.2 Gel formation and combustion

The first step is gel formation in the combustion process which controls the phase
purity of the final product, hence very important. In this step, the nitrate salts of the
metals of interest are mixed together in required stoichiometry in aqueous media as
nitrates fulfil the requirement of oxidant by providing the oxygen for combustion of the
fuel. To this solution a suitable fuel is then added in an appropriate amount. The fuel
serves the dual purpose of not only providing the heat of reaction during the redox
combustion process, but also binding the reacting metal ions so as to bring them in close
proximity to one another. This transparent aqueous solution is heated at about 80°C on a
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hot plate to remove the excess solvent by thermal dehydration because any excess water
left behind would lead to a sluggish combustion, deteriorating the phase purity and
powder quality. The viscous liquid formed after thermal dehydration is termed as gel and
it maintains an intimate blending between fuel and an oxidant necessary for the
combustion process.

The gel thus obtained is then subjected to a higher temperature (~ 250°C for
glycine) for triggering the combustion reaction, which is self-propagating. As a result of
exothermic decomposition of fuel-oxidant precursor, a voluminous powder is formed
with a simultaneous evolution of large volume of gaseous products. Depending on the
nature and amount of the fuel used in the process, the voluminous product thus obtained
may be the desired phase, or a semi-decomposed precursor with a considerable
carbonaceous residue. The process of very high exothermicity generation during the
combustion in the form of flame or fire is termed as auto-ignition. Since the time for
which the auto-ignition exists is rather short (< 10 seconds), the powder is further
calcined at temperatures around 600°C to remove the traces of any undecomposed fuel,
nitrates and their decomposition