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ABSTRACT

THE INVESTIGATION OF THERMOLUMINESCENCE INTENSITY-DOSE
RESPONSE RELATION OF THE TOOTH ENAMEL AFTER DIFFERENT
ANNEALING TEMPERATURES

YILMAZ, Sinem Merve
M.Sc. in Physics Engineering
Supervisor: Assoc. Prof. Dr. Hiiseyin TOKTAMIS
July 2017
64 pages

Thermoluminescence (TL) is the natural light phenomenon emitted from an insulator
or wide band gap semiconductor after absorbing some energy from an external
radiation source when it is stimulated by thermal excitation. Tooth enamel is the
hardest part of tooth and protects the dentine. In terms of its weight, it consists of 95%
inorganic minerals, 1% organic minerals, and 3% water. Fluorapatite CasF(PO4)3 is an
important mineral in tooth enamel. Due to the fact that the effective atomic number of
fluorapatite is nearly the same with human calcified tissues, it is a candidate of
important  thermoluminescence dosimeter (TLD) material. In this thesis,
thermoluminescence (TL) intensity-dose response relation of fluorapatite mineral in
tooth enamel under the different annealing temperatures were investigated and then
analyzed its thermoluminescence glow curve peaks with a computer programs. This
study reveals that the fluorapatite mineral extracted from tooth enamel shows TL
properties. Annealing of the sample at different temperatures affects the TL output-
dose response relation. A good linearity in dose response is observed in the samples
annealed at 400 °C and 700 °C. And also, dose variation differently changes the trap

positions at different annealing temperature.

Key Words: Thermoluminescence, tooth enamel, dosimeter, fluorapatite



OZET

DiS MINESININ FARKLI TAVLAMA SICAKLIKLARINDA
TERMOLUMINESANS SIDDET-DOZ ILiSKiSI OZELLIKLERININ
INCELENMESI

YILMAZ, Sinem Merve
Yiiksek Lisans Tezi, Fizik Miih. Boliimii
Tez Yoneticisi: Do¢. Dr. Hiiseyin TOKTAMIS
Temmuz 2017
64 sayfa

Termoliiminasans, bir radyasyon kaynagindan enerji sogurmus bir yalitkan veya genis
bant araligina sahip yariiletkenden 1sitildiginda goriilen dogal 151k olayidir. Dig minesi
disin en sert kismi olup disin dentin kismini korur. Agirligi bakimindan dis minesi
%95 inorganik minerallerden, %3’ sudan ve %1°1 ise organic minerallerden olusur.
Florapatit CasF(POs)3 dis minesinde énemli bir apatit mineraldir. Florapatitin etkin
atom numarasi insanin kalsiyum yapili organlarinki ile neredeyse ayni olmasindan
dolay1 6nemli termoliiminesans dozimetrik (TLD) materyaller i¢in bir adaydir. Bu
calismada, farkli tavlama sicaklarinda dis minesindeki florapatit mineralin
termoliiminesans siddet doz iligkisi arastirllmis ve 1sildama egrisine etkileri bir
bilgisayar programi yardimi ile analiz edilmistir. Bu ¢aligma ile dis minesinden elde
edilen florapatit mineralin termoliiminesans o6zellikleri gosterdigi gbzlemlenmis ve
numunenin farkli sicaklarda tavlanmasi termoliiminesans (TL) siddet- doz tepkisi
iliskisini etkiledigi goriilmiistiir. Doz tepkisi deneyinde en iyi lineerlik 400 °C ve 700
°C de tavlanan numunelerde elde edilmistir. Bunun disinda farkli tavlama sicakliginda

doz degisimi tuzak pozisyonlarini farkl bir sekilde etkiledigi goriilmiistiir.

Key Words: Termoliiminesans, dis minesi, dozimetre, florapatit



To me, my family, especially my mother ...



ACKNOWLEDGEMENT

The first person that | would like to thank to Assist. Prof. Dr. Hiiseyin TOKTAMIS for helping
and supporting me throughout the project. It is thanks to his meticulous care and painstaking
exactness that the project has taken its present form. Furthermore, he has checked the whole
project with remarkable patience, pointing out errors which might have otherwise gone

unnoticed.

I am almost grateful to Mrs. Dilek TOKTAMIS for her patience, suggestion, advice and help
in the preparation of this study.

| must say a special thanks to my deceased grandmother Afife Sevim YALBUZDAG, my
mother Ozlem YALBUZDAG and my sister Gézde Miray YILMAZ for supporting and

encouraging me.

Another my special thanks to my dear friend Ali AKSOY for his patience.

viii



TABLE OF CONTENTS

CONTENTS Page
TABLE OF CONTENTS ..ottt snee s IX
LIST OF FIGURES ...ttt ettt Xii
LIST OF TABLES ... oottt sttt sttt st sae e beennae s XVi
CHAPTER 1: INTRODUCTION ..ot 1
CHAPTER 2: LITERATURE SURVEY ..o 4
2.1, TOOEN SETUCKUIE ...ttt ettt 4
2.2. The TOOth ENAMEL .....oouiiiiiiicc e 5
2.2.1. Tooth Enamel HiStology...........covieiiiiiiieie et 5

2.2.2. Tooth Enamel MOIPNOGENESIS. .......ccviiiiieiiieiesie s 6

2.2.3. The MINEral PRASE .......ccoiiiiiiiiieitiiiseee e 7

2.3. Thermally Stimulated LUMINESCENCE (TL) ...vvvirieiiieieerie e 7
2.4, DOSE RESPONSE ...ttt ettt ettt etttk b et s bt s b n e nne s 9
2.5, ANNEAIING ...ttt 14
CHAPTER 3: EXPERIMENTAL PROCEDURE ......coooiiiiiiieieee e 17
3L MIAEETIAL ettt 17
3.2, EQUIPIMENTS ...ttt bbbttt bbbt 19
3.2.1. Radiation Source and Irradiator...........c.ccuerieieriiiri e 19



3.2.2. TLD RO .. ettt e e e e e e e e et e e e e e e e e e eeeens 20

3.2.3. ANNEAIING FUINACE........ccviiieiiecie ettt ns 21
3.2.4. Digital BalanCe ..........ccveuiiieiieieeie st 21
3.2.5. DiIgital BAlANCE ......ccueiiieiieieieee e 22

3.3. EXPerimental ProCRAUIE ..........cviieieie et 22
CHAPTER 4: EXPERIMENTAL RESULTS AND DISCUSSIONS ......ccocoiiiiiiiiiiieins 23
4. 1. GIOW CUIVE VATALIONS .......eiiiiiiiiieieteite sttt bbbt 23
4.1.1. The Glow Curve Variation of Sample Annealed at 400 °C ...........ccoceeeverennen. 24
4.1.2. The Glow Curve Variation of Sample Annealed at 500 °C ...........cccccceverennnnen. 25
4.1.3. The Glow Curve Variation of Sample Annealed at 600 °C ...........ccccccvverienenne. 26
4.1.4. The Glow Curve Variation of Sample Annealed at 700 °C ..........cccccoverienenne. 27
4.1.5. The Glow Curve Variation of Sample Annealed at 800 °C ...........ccccecvrerienenne. 28
4.1.6. The Glow Curve Variation of Sample Annealed at 900 °C ...........cocecvverennne. 29
4.1.7. The Glow Curve Variation of Sample Annealed at 1000 °C ............cc.ccceveneen. 30
4.1.8. The Glow Curve Variation of Sample Annealed at 1100 °C ............ccccoveevvennen. 31

4.2. Variation of TL Peak INtENSITY .......ccoviiiiiieiiiciic e 32
4.2.1. Variation of TL Peak Intensity of Sample at 400 °C .........cccccoeveviiiicciciiiene, 32
4.2.2. Variation of TL Peak Intensity of Sample at 500 °C .........cccccceveiieviciiciiieneen, 33
4.2.3. Variation of TL Peak Intensity of Sample at 600 °C ............ccceeevieviiiciriennenn, 34
4.2.4. Variation of TL Peak Intensity of Sample at 700 °C .........cccccoeeviiiiviciiciienee, 35
4.2.5. Variation of TL Peak Intensity of Sample at 800 °C ............cccoeveiievicicniiene, 36
4.2.6. Variation of TL Peak Intensity of Sample at 900 °C ..........cccccevevieviciiciiiennenn, 37

X



4.2.7. Variation of TL Peak Intensity of Sample at 1000 °C .........cccovviriininenieenne, 38

4.2.8. Variation of TL Peak Intensity of Sample at 1100 °C ........cccccoviriininenieene, 39

4.3. The Area Under The CUIVE ..o 40
4.3.1. The Area Under The Curve Variations of Sample at 400 °C .........ccccocevenenne. 40
4.3.2. The Area Under The Curve Variations of Sample at 500 °C ...........cccceevvenenn. 41
4.3.3. The Area Under The Curve Variations of Sample at 600 °C ..............ccceevvenen. 42
4.3.4. The Area Under The Curve Variations of Sample at 700 °C ...........cccovevveenenn. 43
4.3.5. The Area Under The Curve Variations of Sample at 800 °C ............cccccvevveennen. 44
4.3.6. The Area Under The Curve Variations of Sample at 900 °C ...........ccccceeveenenn. 45
4.3.7. The Area Under The Curve Variations of Sample at 1000 °C .............ccccueneen. 46
4.3.8. The Area Under The Curve Variations of Sample at 1100 °C .............cccveeneen. 47

4.4, PaK TEMPEIATUIE .....oiuiiieeiieiite ettt bbbttt ettt bbbt 48
4.2.1. Variation of TL Peak Temperature of Sample at 400 °C ........ccccoceveiriiienne. 48
4.2.2. Variation of TL Peak Temperature of Sample at 500 °C ........cccccoceveirenienne. 49
4.2.3. Variation of TL Peak Temperature of Sample at 600 °C ...........ccoceveirenrnnen. 50
4.2.4. Variation of TL Peak Temperature of Sample at 700 °C ........ccccoocereirenienne, 51
4.2.5. Variation of TL Peak Temperature of Sample at 800 °C ........ccccocevveirinieennen. 52
4.2.6. Variation of TL Peak Temperature of Sample at 900 °C ..........c.ccevieieiiiennenn, 53
4.2.7. Variation of TL Peak Temperature of Sample at 1000 °C ...........cccccceeveivrenenn, 54
4.2.8. Variation of TL Peak Temperature of Sample at 1100 °C ...........cccoveveireenenn, 55
CHAPTER 5: DISCUSSION AND CONCLUSION .....oooiiiiiiiieeeee e 56
REFERENGCES ...ttt ettt et 58

Xi



LIST OF FIGURES

LIST OF FIGURES

Figure 2.1
Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 3.1
Figure 3.2
Figure 3.3

Figure 3.4

Figure 3.5
Figure 3.6

Figure 3.7

Tooths of structure, parth of teeth....................ooo

Structure of €namel. ... ..ooooiiiiiiiii

Typical thermoluminescence glow curve from a sedimentary K-feldspar

sample given a beta dose of 8 Gy in addition to the natural dose............

Examples of growth curves for three thermoluminescence samples.
Curve A: The thermoluminescence dose response for the 100 °C peak in
SiO,. Curve B: The dose response is linear, supralinear and sublinear for
peak 5 from TLD-100 (LiF:Mg,Ti). Curve C: The dose response of
TLD-400 (CaF2:Mn) in which supralinearity is very weak..................

Figure 2.8 Schematic dose response curves for several cases. Note that
this is a log-log plot in which f(D) = 1 is indicated by a slope of 1 (viz.
the dashed 1In@)..........ooiiiiiii

Sample of the tooth enamel ...
The powder tooth enamel sample ...,
X-ray diffraction (XRD) pattern of tooth enamel ........................ ...

Radiation source installed in a 9010 optical dating system which is
interfaced to a PC using a serial RS-232 port........cccocvviiniiinenineienn

TLD Reader. ... ..o
Basic block diagram of TLD reader ............coovviiiiiiiiiiiiiiinnn,
ANNEAIING OVEN ...

xii

10

11

17

18

18

19

20

20

21



Figure 3.8
Figure 3.9

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Digital Balance..........coovuiiuiiiiiii i
Aate IMOTTAT ...ttt

Variation of shape of glow curves of the sample annealed at 400°C as a

function of applied dOSE .......c.oiviiiii

Variation of shape of glow curves of the sample annealed at 500 °C as a

function of applied doSe ........c.oviniiii

Variation of shape of glow curves of the sample annealed at 600 °C as a

function of applied dOSe .........cooiiiiiiii

Variation of shape of glow curves of the sample annealed at 700 °C as a
function of applied dose .........cooiiiiiiiii e,

Variation of shape of glow curves of the sample annealed at 800 °C as a

function of applied dOSe ..........cooviiiiiiiiii

Variation of shape of glow curves of the sample annealed at 900 °C as a

function of applied dOSe ..........oiiiiiii

Variation of shape of glow curves of the sample annealed at 1000 °C as

a function of applied dose..........ccooiiiiiiiii

Variation of shape of glow curves of the sample annealed at 1100 °C as

afunction of applied dose ...........cooeiiiiiiiii

The TL peak intensity variation of the sample annealed at 400 °C as a

function of applied dOSE .......ovviiiiiii

The TL peak intensity variation of the sample annealed at 500 °C as a
function of applied dose ..........ooviiiiiii

Xiii

21

22

24

25

26

27

28

29

30

31

32

33



Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

The TL peak intensity variation of the sample annealed at 600 °C as a

function of applied dOSe .......ovviiiiiii

The TL peak intensity variation of the sample annealed at 700 °C as a

function of applied dose ........c.ooviiiiii

The TL peak intensity variation of the sample annealed at 800 °C as a

function of applied dOSeE .......ovviiiiiii

The TL peak intensity variation of the sample annealed at 900 °C as a

function of applied dose ........c.cooviiiiiii i

The TL peak intensity variation of the sample annealed at 1000 °C as a

function of applied dOSE ........ooviiiiiiiii i

The TL peak intensity variation of the sample annealed at 1100 °C as a
function of applied dose .........cooiiiiiiiii

The area under the curve variations of the sample annealed at 400 °C as

a function of applied doSe ..........cooeiiiiiiiii

The area under the curve variations of the sample annealed at 500 °C as

afunction of applied dose ...........oooiiiiiiiiii

The area under the curve variations of the sample annealed at 600 °C as

a function of applied doSe ..........ovviiiiiiii

The area under the curve variations of the sample annealed at 700 °C as

afunction of applied doSe .........oovieiniiiiiii

The area under the curve variations of the sample annealed at 800 °C as

a function of applied doSe ........ccoviriiiiii

Xiv

34

35

36

37

38

39

40

41

42

43



Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29

Figure 4.30

Figure 4.31

Figure 4.32

The area under the curve variations of the sample annealed at 900 °C as

a function of applied doSe .........ccovviiiiiii

The area under the curve variations of the sample annealed at 1000 °C

as a function of applied doSe ........c.oovviiiiiiii

The area under the curve variations of the sample annealed at 1100 °C

as a function of applied dosSe ..........ccovviiiiiiii

The peak temperature variations of the sample annealed at 400 °C as a

function of applied dOSe ........ooviiiriii

The peak temperature variations of the sample annealed at 500 °C as a

function of applied dOSE .........ooviiiiiiiii

The peak temperature variations of the sample annealed at 600 °C as a

function of applied dOS€ .......ovvviiiiii

The peak temperature variations of the sample annealed at 700 °C as a

function of applied dOSe .......ooviiiniiii

The peak temperature variations of the sample annealed at 800 °C as a

function of applied dOSe ..........cooviiiiiii

The peak temperature variations of the sample annealed at 900 °C as a

function of applied doSe ........c.oveiiiriiii

The peak temperature variations of the sample annealed at 1000 °C as a

function of applied dOSe .......c.ovviiiiiii

The peak temperature variations of the sample annealed at 1100 °C as a

function of applied dOSe ........c.ovviiiii i

XV

45

46

47

48

49

50

o1

52

53

54

55



LIST OF TABLES

TABLES Page

Table 3.1 The Peak 1D Extended Report of tooth enamel 18

XVi



CHAPTER 1
INTRODUCTION

The hardest part of tooth is tooth enamel and protects the dentine. In terms of its
weight, it consists of 95% inorganic minerals, 1% organic minerals, and 3% water [1-
3]. It is a complex biomaterial, a composite of elongated mineral crystallites in the
form of biological apatite bonded by polymeric proteins and peptide chains saturated
with water [4]. It has a hierarchical structure with crystals of hexagonal cross-section
tightly packed into rods (prisms) (width~5um) [5] and enclosed by polymeric sheaths
(width 0.1pum) [4]. In 1964 about twenty inorganic elements except oxygen, hydrogen
and carbon were found in tooth enamel. Hydroxyapatite, Caio(PO4)s(OH)., and
fluorapatite ,CasF(PO4)3, minerals are two major inorganic apatite minerals in tooth
enamel. Apatites are found in the same family of compounds identified by an identical
structure, albeit with dissimilar configurations. When fluor (F) ions substitute with OH
in hydroxyapatite Ca10(POa4)s(OH)2, fluorapatite minerals CasF(PO4)s are formed [1-
3,6]. Studies of related synthetic or natural compounds of tooth enamel apatite have
given most of the present information about the tooth enamel apatite. Biological
apatites contain some ions such as COz%, POs*, OH" and Ca?" and different forms of
apatite may form with substituting of present ions [7]. P, CO3, Mg, Cl, and K are the
major and Fe, Zn, Sr, F, Ca and Na are the minor constituents in tooth enamel [8]. For
all that, Zn, Sr, Si, F, S, Al and Fe are the trace elements in tooth enamel. Minor
ingredients and trace elements have been created in tooth enamel throughout
mineralization. The stability of apatite minerals has been generally achieved by the

trace elements and minor ingredients [9].

A few researchers [10, 11-17] have investigated the thermoluminescence properties of
synthetic and biological apatites. In the study of Secu et. al.[10], they pointed out the
tooth enamel present a wide glow curve from 100 to 450°C and TL signal in the 250-
450°C temperature region escalations with applied dose. They supposed that the
thermoluminescence peaks below 300°C are due to the impurities such as Mn*2 and
trivalent rare earths impurities. For the thermoluminescence peaks between 300°C and

1



400°C, the existence of some paramagnetic classes such as CO,, CO3 and CO
revealed by EPR spectra of biological and synthetic apatite may cause higher TL
peaks. Also they concluded the multifaceted assembly of the TL glow curve in tooth
enamel had been recognized to the recombination of radiation induced CO> radicals
created from surface CO2 and or bulk COs impurities. The radiation- convinced signal
in tooth enamel may include some CO> species found in different locations [16].
Fukuda [18] investigated the some thermoluminescence properties of synthetic
fluorapatite because the effective atomic number of synthetic fluorapatite is about 14
[19] and is nearly the same with that of human calcified tissues. A thermoluminescence
glow curve with two leading peaks located at 100°C and 235°C was obtained.

Tooth enamel is one of the most known detector as vivo dosimetry [20]. The
accumulated dose in tooth enamel was investigated by some researchers [10, 21-26]
using electro paramagnetic resonance (EPR) method based on the number of counted
stable radiation induced radicals [10]. On the other hand, tooth enamel is a kind of TL
retrospective dosimetry and possibly a useful alternative way to EPR retrospective
dosimetry meanwhile it needs substantially lesser amounts of sample (only few mg)
that may be harmlessly gotten by dentists without tooth removal [11]. A few
researchers [10, 12-16] have investigated the thermoluminescence properties of two
major inorganic minerals which are hydroxyapatite and fluorapatite. Alvarez et al.[27]
carried out the thermoluminescent characteristics of synthetic hydroxpatite which is
one of the most important ingredient in tooth enamel. Two main peaks centered around
200°C and 300°C are seen and good TL properties such as wide linearity range and
good reproducibility is observed.

In the current study, the thermoluminescence (TL) intensity-dose response relation of
fluorapatite mineral which is one of the important minerals in tooth enamel under the
different annealing temperatures were investigated and then analyzed its
thermoluminescence glow curve peaks.

This thesis consists of five main chapters. In chapter 1, the importance of the thesis
and previous studies about TL properties of the minerals in tooth enamel are shortly
mentioned.

In chapter 2, theory of the thermoluminescence (TL), the structure of a tooth, the

histology and the morphogenesis of tooth enamel, its mineral phase have been given.



In chapter 3, experimental procedure of the studies, the crystalline structure of the
sample and equipments which are used in experiments are have been introduced.

In chapter 4, all graphs obtained from experiments and the analyses of their results are
mentioned.

In the last chapter of the thesis, chapter 5, the discussion and conclusion of the study

have been summarized.



CHAPTER 2
LITERATURE SURVEY
2.1 Tooth structure
The tooth consist of two anatomical parts. These two parts are crown and root.

The crown of the tooth is a part of a tooth which is covered with enamel and usually
seen in the mouth. The crown is found above the gingiva and can have several shapes,
sunjected on the type of tooth. Eventually, it can undergo significant changes;
abrasion, elongation, erosion or dental decay that causes demineralization and

annihilation of the rigid tissues of the tooth crown.

The root is the part of the embedded part in the jaw. It attachs the tooth in its bony
socket and is generally not visible. The root is devoted to the jawbone by a group of
particular connective tissue fibers called the periodontal ligament. A tooth may have
one or more roots. Usually, front teeth have a sole root though molars can have two,

three or more roots but this differs from individual to individual. [28]

This study is planned to ensure elementary data required for using tooth enamel
dosimetry. For this reason, caution will be focused largely on morphogenesis and

histology of tooth enamel.

crown

neck - nerve

gum —

cement

— peridontal membrane ——

root (with flexible fibres)

jaw bone

. blood vessel

Incleor Teeth (LS)

Figure 2.1. Tooth structure, parts of teeth
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2.2 Tooth Enamel
2.2.1 Histology of Tooth Enamel

The histological construction of tooth enamel is shaped by mineral crystallites of
hydroxyapatite grouped in clusters with hexagonal cross-sections. It is created by
millions of enamel prisms or rods, which run from the amelo-dential junction to the

tooth enamel surface. Each prism consists of a lot of tooth enamel crystallites.

Tooth enamel is made of ~% 96 inorganic minerals by weight, the basic inorganic
constituent being hydroxyapatite, % 1 organic mineral by weight and the basic organic

constituent being protein and % 2-3 water by weight.
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Figure 2.2 Structure of tooth enamel



2.2.2 Tooth Enamel Morphogenesis

Tooth enamel mineral is mainly shaped at the dentin-enamel junction. When the
crystals have nucleated, they elongate in the direction perpendicular to the junction to

form the mentioned rods.

Cells that hide enamel crystals are called ameloblasts. Ameloblasts are acquired from
oral epithelium tissue of ectodermal origin. Their distinction from preameloblasts,
whose origin is from inner enamel epithelium, is a consequence of signaling from
the ectomesenchymal cells of the dental papilla. Ameloblasts are cells which hide
the enamel proteins enamelin and amelogenin which will later mineralize to form
enamel, the solidest material in the human body. Ameloblasts control ionic and organic

structures of enamel.

Apatite is the most common phosphate mineral. The teeth of most creatures are consist
of calcium phosphate, which is the identical mineral as apatite. These biological
apatites are nearly solely the Hydroxylapatite type. Formation of apatite crystals can
be considered in three stages. These stages are; secretion stage, transition and

maturation period.

The secretory stage fundamentally includes the secretion of matrix and the preliminary
mineral phase and can be considered whole when full thickness of the tissue has been
laid down [29].

This is followed by a maturation period throughout which final matrix exclusion
occurs and final mineral content is obtained. Final mineralization is probable finalized

post eruption, a phase not conciliate by cells of the enamel organ [30, 31].

Between secretion and maturation there is a so called transition period [32, 32]. Since
this looks to arise at or after major amelogenin secretion, it is involved here principally
as a primary phase of maturation. Many variations characteristic of maturation begin

in transition and happen across the boundary between transition and maturation proper.

Maturation stage; is characterized by the conclusion of calcification. Solid tissues
including enamel and dentin grow during this period. Formation of dentin, known as
dentinogenesis, is the first identifiable feature of this stage. The creation of dentin must

permanently happen before the creation of enamel. The diverse periods of creation of



dentin results in different types of dentin: mantle dentin, primary dentin, secondary
dentin and tertiary dentin.

2.2.3 Mineral Phase

The main mineral constituent of hard tissue is hydroxyapatite such as human teeth.
Replacements within the hydroxyapatite lattice are detected both for naturally
happening and synthetic hydroxyapatite. The most mutual substitutions are including
carbonate, fluoride and chloride ions for hydroxyl ions [34]. The mineral phase of
tooth enamel contains apatite including 0.04wt% to 0.07wt% of fluoride, and 95% to
97% of the dry mass[35].

2.3 Thermally Stimulated Luminescence (TL)

Thermally stimulated luminescence has been used comprehensively to evaluate
radiation doses since the early 1950s [37] subsequent the marketable availableness of
adequately sensitive and admissible photomultiplier tubes. Thermoluminescence was
consequently applied to archaeological dating in 1960s [38-40] and applied to
geological dating in the earlier stages of the 1980s [41] Aitken examined the
techniques and methods used in TL dating[39]. Heating a material at a constant rate to
the finite temperature is usually analyzed (e.g. 500°C) and recording the luminescence
emission versus temperature on the part of thermoluminescence. The TL output is
described by a TL glow curve, with distinguishable peaks arising from at diverse
temperatures, which associate to the electron traps existing in the material. The lattice

structure imperfections are responsible for these traps.

The dislocation of a negative ion may create the characteristic defect, providing a
negative ion vacancy that behaves like an electron trap. For this once trapped, thermal
vibrations of the lattice will ultimately discharge an electron. When the temperature is
increased, these vibrations become stronger, and the probability of dislodgement rises
so quickly that inside a narrow temperature region trapped electrons are rapidly
released. Some electrons then give rise radiative recombination with trapped holes,
consequential in emission of light. A characteristic TL glow curve derived from
sedimentary felspar is shown in Figure 2.3. Different electron trap depths to the

temperature peaks are clearly seen.
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Figure 2.3 Typical thermoluminescence glow curve from a sedimentary K-feldspar
sample given a beta dose of 8 Gy in addition to the natural dose (approximately 200
Gy). The 150°C peak evident in this figure has been created by the recent beta dose; it
is not usually evident in the natural signal as it has normally decayed away. The shaded
area is the lack body radiation observed when the sample is heated a second time with

no additional irradiation [36].

Nevertheless, a thermoluminescence glow curve can appear to be a flat continuum, it
is comprised of a number of imbrication peaks obtained from the thermal discharge of
electrons from traps of different determinations. Electrons in superficial traps is shorter
than that of the lifetime of electrons in deep traps. Usually, for the use of dosimetry,
traps generate to glow curve peaks lesser than 200 °C are not useful as electrons may
be flowed from these traps over an extended time even at environmental temperatures.
Unchanging glow peaks favorable for dosimeter normally take place at 300°C or
bigger. In addition to this, unexpected evanescing of high temperature glow peaks at
room temperature has been founded in some feldspars. This may be clarified as a
tunneling effect [42]. Alternative confusion in thermoluminescence measurements is
thermal quenching. Some peaks found in high temperature region in quartz and
feldspars are expose to thermal quenching pro processes, for example, the bigger

probability of non-radiative recombination at high temperatures [43].



2.4 Dose Response

Dose response F(D) is a functional relation between the thermoluminescence intensity
and the absorbed radiation dose. This relation would be expected linear over a wide
dose range for a good dosimeter. But, most dosimetric sample used in practical
dosimeter demonstrate a diversity of non-linear effects, as shown in Figure 2.4.
Especially, once finds that the response of a TLD material is linear, in that case
sublinear as the dose is increased. We describe that the normalized dose response
function f(D):

D
(D) = by (2.1)

1)
D1

where F(D) is the dose response for a dose D, a low dose at which the region becomes
linear is defined as D1. Thus, when over a wide dose range, the ideal dosemeter should
satisfy f(D) = 1, say D varies from 0 Gy to MGy. Unluckily, in many TLD materials,
f(D) = 1 is found only over a small dose region, up to a few Gy. Supralinearity, known
as f(D) > 1, is prevalently observed, during the approximate to saturation, sublinearity,
known as f(D) < 1, is most often observed. Linearity, supralinearity and sublinearity
characteristics are shown in examples of growth curves for three different TLD
materials are illustrated in Figure 2.4. Nonlinearity is not essentially a somber problem
so long as the nonlinear characteristic is single valued and a dependable correction

curve can be created.

The real value of f(D) for the given dose depends on type of sample, some external
parameters, the type and energy of the radiation source, and the all procedure during
heating the sample to get glow curve. And also the f(D) depends upon the linear energy
transfer or ionization density of the radiation area. For instance, f(D) values, gotten at
about 0.2 kGy, for LiF TLD-100 have been calculated as big as ~3.5 for °Co
irradiation, but only ~1.5 for 20 kV, X ray irradiation [44-46], and ~1.0 for alpha
particle irradiation [47,48]. Not only is the degree of the supralinearity reliant on LET,
but the dose at which the beginning of supralinearity becomes obvious is also LET-

dependent [47,49], and even the spectra can alter [50].

The nature of the host sample defines the parameters of the most known dosimetric

samples itself. For instance, in Figure 2.4 we see that the growth of TL with dose in



quartz sample is extremely supralinear that means f(D) > 2 seen in curve A whereas
for CaF2:Mn it is nearly linear that means f(D) = 1 seen in curve C. LiF:Mg,Ti, though,

shows a linear, supralinear and sublinear response seen in curve B.
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Figure 2.4 Examples of growth curves for three thermoluminescence samples. Curve
A: The thermoluminescence dose response for the 100 °C peak in SiO2. Curve B: The
dose response is linear, supralinear and sublinear for peak 5 from TLD-100
(LiF:Mg,Ti). Curve C: The dose response of TLD-400 (CaF2:Mn) in which

supralinearity is very weak. The linear dose response is indicated by the dashed line.

Furthermore, in SiO> the supralinear behaviors can be completely removed by suitable
annealing processes [51]. In LiF:Mg, Ti, falling the Mg content improves supralinearity
[49], while rising the OH impurity content declines supralinearity [50,51] Shortly, the

nature of the host material and its defect structure identify the dose response of the

materials.

There are a lot of theories to understand the reasons of supralinearity in
thermoluminescence dosimetric materials materials-particularly LiF:Mg type
materials (e.g. TLD-100). Suitably, they are classified as models in which the serious
procedures happen during the absorption of radiation, and models in which the serious
procedures happen during heating (i.e. during TL readout). (For detailed discussions
and criticisms of all the relevant models see publications by McKeever[48,52,53] and
by Horowitz[54,55].) The proof, at minimum for LiF-based samples, obviously gives
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that the most important mechanism is that of competition during the heating part of
TL readout. During heating process, electrons escaped from electron traps, can
probably either recombine with holes in recombination center to vyield
thermoluminescence light or be retrapped in deeper traps, which act as competing
centres. At low dose values, where the distance between traps and recombination sites
is big, the chance that a freed charge may meet with a recombination site without
dropping into a competing trap is low. Thus, the response of the dosimeter is reduced
in this low dose region. This is indicated in Figure 2.5(a), curve A. At bigger doses,
however, not only is the mean distance between traps and recombination centers
reduced, but the number of competing sites is also reduced. (It should be realized that
a competing trap is an empty trap; once filled, it no longer acts as a competitor.) Thus,
at higher doses the response of the dosemeter is enhanced and more TL per unit dose
is the result. Finally, at very big doses, the sample saturates. Such a sample has f(D) >
1 over the whole dose region, up to saturation; an example is SiO2, shown in Figure
2.4.
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Figure 2.5 Schematic dose response curves for several cases. Note that this is a log-
log plot in which f(D) = 1 is indicated by a slope of 1 (viz. the dashed line). (a) High
energy photon irradiation: Curve A, supralinear growth due to competition during
heating. With an isotropic distribution of traps, competing traps and recombination
sites, the dose response curve is supralinear (f(D) > 1) from the lowest doses, up to
saturation (f(D) < 1). Curve B, an absence of competition results in more TL per unit
dose at low doses and a linear response (f(D) = 1). Curve C, spatial association of traps
and recombination centres lead to an initial linear region before the onset of
supralinearity. All three curves are shown with the same saturation region, for
simplicity. The dashed line is to guide the eye and represents a slope (on the log-log
plot) of 1, i.e. f(D) = 1 (linearity). (b) HCP irradiation: Curve A, the dose response
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curve for low LET irradiation without competitors. This is equivalent to curve B of
part (a). Curve B, the dose response of high LET particles. The dose response is again
linear since the high ionization density ensures that, within the track, there is a lack of
competitors and recombination of all trapped charges. The saturation level is low.
Curve C, dose response for the intermediate case, with competitors. Successful
interaction between tracks occurs when the inter-track distance is low enough, causing

supralinearity and an intermediate saturation level.

If the material did not have any competing traps (no competition), the sensitivity (i.e.
TL per unit dose) would be higher at low doses and linearity would be observed up to
saturation (curve B, Figure 2.5(a); an example is CaF2:Mn, shown in Figure 2.4). Thus
we see that supralinearity should correctly be considered to be an under-response at

low doses, rather than an over-response at high doses.

The competition-during-heating process was first suggested by Rodine and Land[56]
and was later analysed mathematically by Kristianpoller et al[57] (using a Kinetic
analyses of retrapping and recombination) and by Mische and McKeever[49] (using
probability analysis). The prediction from these analyses is that this mechanism
produces a dose response curve which is supra linear from the lowest dose, all the way
up to the saturation region (viz. curve A in Figure 2.5(a)). However, as observed with
several TLD dosimeters, one often finds a linear region before the supralinear region
(see LiF:Mg,Ti in Figure 2.4 and curve C in Figure 2.5(a)). To explain this it is
necessary to invoke spatial localization between the traps and the recombination
centres. This type of effect is typified by LiF:Mg,Ti phosphors in which the traps-
believed to be Mg-Livac complexes-are closely associated with the recombination sites-
believed to be Ti-OH complexes. (More detail regarding the defects responsible for
the TL in this material can be found in Chapter 3). As demonstrated by Mische and
McKeever[49], spatial association of this type produces a linear term at low doses,
before one observes the non-linear effect at higher doses. All three types of dose

response curve are illustrated schematically in Figure 2.5(a).

An important feature of the analysis described by Mische and McKeever[49] is the
spatial distrubition of the trap-recombination centre pairs with respect to each other.
With high energy gama (low LET) one may safely view the distribution of such sites

as an “isotropic sea”. However, for heavy charged particle(HCP) irradiation with high
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LET, we have a non-isotropic distrubition of densely ionized region along linear
tracks. Calculations by Butts and Katz[58] and Kalef-Ezra and Horowitz[59] indicate
that the dose is deposited within a few tens of nanometers of the track centre for high
LET particles and that the tracks have approximately cylindrical geometry. Thus, we
can imagine regions within the track of high concentrations of trapped charges and
very few competitors, and regions between the tracks of very few trapped charges and
high numbers of competitors. For high ionization densities the mean free path of the
freed electron inside the track is less than the track radius and recombination within
the track, leading to TL, is highly probable. Thus, the dose response curve is linear,
although it saturates early since all the available sites within the track volume become
quickly saturated (Figure 2.5(b), curve B). For lower LET particles, there is a
probability that some electrons will escape from the track core without recombining
and thus enter the inter-track region. Here the probability of finding a competitor is
high and the electron is likely to be lost from the TL process. However, as the dose is
increased the probability of reaching an adjacent track also increases since the inter-
track distance decreases. The escaped electron may now recombine with a hole in an
adjacent track and so produce a TL photon. Under these circumstances, the TL output
(per unit dose) will also increase and thus supralinearity (Figure 2.5(b), curve C). Itis
clear that as the LET of the HCP increases, the tracks become more localized and
consequently the dose levels at which track interaction can take place also increase. In
this way this mechanism can easily encompass the observed LET-dependence of the
value of f(D), and of the dose at which the onset of the supralinearity occurs. The
process described is known as track interaction and has been studied extensively by
Moscovitch and Horowitz[47]. The effect on the dose response curves is depicted

schematically in Figure 2.5(b).

An additional property required of a TLD material is that its dose response should be
independent of the rate of irradiation. Measurements at extremely high dose rates using
pulsed X ray sources have revealed this to be the case for several common TLD
materials. Fortunately, dose rate dependence does not seem to be a problem for most

materials.
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2.5 Annealing

Annealing is the thermal process desires to delete any dose from the dosimetric sample.
The annealing at higher temperature is essential to erase the unwanted accumulated
dose which can induce undesired background through following usage of the
dosimeters. The annealing at lower temperature is done to make steady and accumulate
traps emptied at lower temperature with the purpose of improve the sensitivity of the
main dosimetric traps and to decrease signal losses by radiation effect because of
thermally or optically fading. The mixture of these two annealing processes is hamed

standard anneal [60].

To use a thermoluminescent sample for dosimetric purposes, the sample must be
prepared. At first, all the dose from any prior process must be deleted from it, i.e., the
initial conditions of the crystal should be supplied for each reading. It is aimed to

supply stability of the trap.

With the purpose of preparing a thermoluminescent sample, it is wanted to accomplish

a thermal treatment, usually called annealing [61,62].

In the first usage of a new TL material, the annealing process is necessary to perform.
The annealing treatment has three essential goals. Firstly, it is to delete any remaining
dose from preceding irradiation. Secondly, it is to reset the sensitivity to a known
value. Thirdly, it is to reduce fading of the stored signal after irradiation (i.e. post

irradiation anneal).

There are two basic ways of annealing. One of them, reader anneals usually for low
dose measurements, e.g. less than a few cGy and another, external anneal for high

doses or long intervals before irradiation and readout.

Different annealing temperatures and times for a TL material may change the TL
properties of the material. For this reason, they change the shape of the glow curve

during readout after irradiation.

The cooling rate immediately after annealing may also affect the response (light
output) of TL materils. Some TL materials e.g. LiF:Mg,Ti are very much affected by

the annealing and cooling rate while others may not be affected at all. Hence, for TL
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materials like LiF:Mg,Ti a fixed annealing and cooling regime should be applied in

order to achieve consistent and accurate results.

The annealing processes normally done for the TLDs can be classified into three

branches:

Initialisation Treatments: This process is done for unused thermoluminescence
materials or for dosimeters which have not been used for a long time. The purpose of
this annealing is to make stable the trap’s positions, thus that during following uses the
basic background and the sensitivity are both reproducible. The standard annealing

normally includes both time and temperature of the initialization annealing.

Erasing Treatment or Standard Annealing (Pre-irradiation Annealing or Post-
readout Annealing): This proces is done for erasing any prior remaining irradiation
effect. It is performed before measurements. The main aim of these annealing process
IS to restore the defects structures to the former one obtained after the initialization

procedure. It may consist of one or two annealing process.

Post-irradiation or Pre-readout Annealing: This type of annealing is used to delete
the peaks located in the lower temperature region. This kind of peaks is generally
subjected to a rapid thermal decay (fading) and perhaps has not to be involved in the

reading to eliminate mistakes in the dose evaluation.

The cooling rate after the annealing has big importance for the performance of a
thermoluminescence dosimetric system. The fast cooling causes enhancement in TLD
sensitivity. The maximum sensitivity is observed when a cooling rate is 50-100 °C/s.
For the fast cooling, the TL sample must be placed directly on a cold metal block after
the annealing. The process must be repeatable and unaffected from all conditions
during the whole use of the dosimeters.

It has to be mentioned that the thermal processes given above may be studied in the
TLD reader. This can play an important role for thermoluminescence materials placed
in plastic cards as the dosimeters used for big personnel dosimetry services.
Unfortunately, the plastic cards may not able to eliminate higher temperatures and the
in-reader annealing is not enough to anneal sample. But, its efficiency is very low
when the dose value is high. This process can only be applied if the dose value is
smaller than 10 to 20 mGy. Driscoll [61] proposes an extra annealing in furnace about
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20 hours at 80 °C for cards holding LiF:Mg,Ti; at this temperature the plastic holder
does not suffer any deformation. For TL solid chips or TL materials in powder forms

without plastic card, the annealing can be done in an furnace.
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CHAPTER 3
EXPERIMENTAL PROCEDURE

In this chapter, the structure of the sample and equipments used in the experiments and

also experimental procedures are given.
3.1 Material

The tooth enamel samples were procured from a dentist who separated enamel from
dentine. The samples were crushed in the agate mortar to get powder form. The
powdered tooth enamel sample was etched for 5min in a 20% acetic acid water solution
followed by drying [63]. Each experiment was performed with 10 mg aliquot samples.
The sample of the tooth enamel and its powder form used in this study are shown in
Figure 3.1 and 3.2.

Figure 3.1 Sample of the tooth enamel.
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Figure 3.2 The powder tooth enamel sample

The x-ray diffraction (XRD) pattern and Peak ID Extended Report of tooth enamel
were performed by a Rigaku D/MAX-Ultima+/PC X-ray diffraction equipment from
XRD Facility of Bogazi¢i University Advanced Technologies R&D Center, are shown
in figure 3.3 and table 3.1. The Rigaku D/MAX-Ultima+/PC X-ray diffraction
equipment is engineered to create a multiple purpose configuration. The Xx-ray
generator is a part of Rigaku D/MAX-Ultima+/PC X-ray diffraction equipment and
operates at 20kV-60kV rated voltage, 2 mA -80mA rated current and 3kW maximum
rated output with SCR phase control. The focal spot size in the x-ray generator is
1x10mm?[64].

Fluorapatite CasF(POy)s

(211)
(300)

Intensity(Counts)
5

(002)(2 -

400
Two-Theta (deg)

Fig. 3.3 X-ray diffraction (XRD) pattern of tooth enamel
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Table 3.1 The Peak ID Extended Report of tooth enamel.

20 d(A) Height % | Phase ID hkl

26,175 | 3,4018 21,5 Fluorapatite (002
29,177 | 3,0582 23,5 Fluorapatite (210
32,019 | 2,7929 | 100,0 Fluorapatite (211)
33,122 | 2,7024 92,0 Fluorapatite (300)
40,035 | 2,2503 34,5 Fluorapatite (130

3.2 Equipments
3.2.1 Radiation Source and Irradiator

The %°Sr — %Y point B-source which delivers 0.040 Gy/s is used to irradiate the
samples. The activity of beta source was about 100 mCi. Its calibration date is on
March, 10, 1994.

Stronium-90 (°°Sr) emits high energy beta particles. Beta radiation is absorbed by air,
so its intensity reduced with distance much more fastly than inverse square law
calculations would designate. The maximum range of Yitrium-90 (*°Y ) beta particles
in air is roughly 9 meter. The irradiation instrument is an insertion part of the 9010
Optical Dating System which is bought from Little More Scientific Engineering, UK.
The irradiation source instrument interfaced to PC computer using a serial RS-232
port[65].
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Figure 3.4 Radiation source installed in a 9010 optical dating system which is

interfaced to a PC using a serial RS-232 port.
3.2.2 TLD Reader

The Model 3500 TLD reader shown in Figure 3.5 has been used to read the irradiated
samples and obtain the glow curves for each sample. The instrument includes a sample
change drawer for inserting and removing the TLD sample, a thermoelectrically cooled
photomultiplier tube with associated data acquisition circuits for reading the light
emitted by the TLD sample. The TLD reader has a heating system which linearly
increases the ambient temperature. A separate computer with application software
performs all other functions, including user interface, acquisition, and storage and
retrieval of TLD data [66]. Signal acquisition and conditioning are performed in the
reader. The program resolves the individual peak present in the curve, giving the best
values for the different peak parameters. All processes in TLD reading are indicated

in Figure 3.6.

Figure 3.5 TLD Reader
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Figure 3.6 Basic block diagram of TLD reader.
3.2.3 Annealing Furnace
A microprocessor controlled furnace whose temperature range varies from

room temperature to 1100 °C was used to perform thermal treatments. This equipment

shown in Figure 3.7.

Figure 3.7 Annealing Oven
3.2.4. Digital Balance

A digital balance is used to estimate the weight of the used sample and shown in Figure
3.8.
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Figure 3.8 Digital Balance

3.2.5. Mortar

A mortar made by agate is used to crush the tooth enamel samples and to get powder

form given in Figure 3.9.

Figure 3.9 Agate Mortar

3.3. Experimental Procedure

The prepared tooth enamel sample weighed about 10 mg was firstly annealed at 400
°C about 30 minutes in a microprocessor controlled furnace. Then, the annealed
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sample was irradiated 154 Gy by using %Sr — Y point B-source and read out from
30°C to 400°C in 1°C per second increments by Harshaw 3500 TLD Reader. This
process is done for five different radiation dose values (from 154 Gy to 2.46 kGy). The
process mentioned above is repeated for different annealing temperatures (400 °C, 500
°C, 600 °C, 700 °C, 800 °C, 900 °C, 1000 °C and 1100 °C)
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CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSIONS

In this thesis, thermoluminescence (TL) intensity-dose response relation of
fluorapatite mineral in tooth enamel under the different annealing temperatures were
investigated and then analyzed its thermoluminescence glow curve peaks with a

computer programs.
4.1 Glow Curve Variations

In this part of the experiments, the glow curves of sample were observed by using
different doses. We aimed to see the variation of glow curve shape with increasing

annealing temperature.
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4.1.1 The Glow Curve Variation of Sample Annealed at 400 °C

In Figure 4.1, variation of shape of glow curves of the sample annealed at 400 °C as a
function of applied dose was examined. The shape of glow curves do not change by
using different doses. There are no extra peaks. There is one wider peak located around

220°C.
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Figure 4.1 Variations of shape of glow curves of the sample annealed at 400°C as a

function of applied dose.
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4.1.2 The Glow Curve Variation of Sample Annealed at 500 °C

In Figure 4.2, variation of shape of glow curve of the sample annealed at 500 °C as a
function of applied dose were examined. We observed that, doses at 154 Gy to 616
Gy, the glow curve shapes are different from each other. A reason may be the alteration
of trap position in the sample. In doses 1.23 kGy and 2.46 kGy, glow curve shapes are
the same, but extra peaks may be occured in 250-400 °C temperature region. At 154
Gy, the wider peak is located around 150 °C, but the wider peak is located around
nearly 220 °C in doses between 308 Gy and 2.46 kGy.

T T T T T T T T T T T T T T
120000 4 Annealed at 500°C —m— 154Gy |
—e— 308Gy
—A— 616Gy
% —v— 1.23kGy ]
—&— 2.46KGy |
'S 80000 - ]
S
2
G 60000 -
C
)
=
~, 40000
l_
20000
0

T T T T T T 1
50 100 150 200 250 300 350 400

Temperature (°C)

Figure 4.2 Variations of shape of glow curves of the sample annealed at 500 °C as a

function of applied dose
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4.1.3 The Glow Curve Variation of Sample Annealed at 600 °C

In Figure 4.3, variations of shape of glow curves of the sample annealed at 600 °C as
a function of applied dose were examined. We observed that, peaks are not increased
in same proportion from 154 Gy to 308 Gy. But doses at 616 Gy to 2.46 kGy, peaks
increase nearly the same proportion. For doses between 154 Gy and 308 Gy, the wider
peak is located around the right side. And also, no variation in the shape of glow curve

is observed except 154 Gy and 308 Gy dose levels.
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Figure 4.3 Variations of shape of glow curves of the sample annealed at 600 °C as a

function of applied dose
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4.1.4 The Glow Curve Variation of Sample Annealed at 700 °C

In Figure 4.4, variation of shape of glow curves of the sample annealed at 700 °C as a
function of applied dose were examined. The shape of glow curves do not change by

using different doses. Also, peaks are increase the same proportion.
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Figure 4.4 Variation of shape of glow curves of the sample annealed at 700 °C as a

function of applied dose
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4.1.5 The Glow Curve Variation of Sample Annealed at 800 °C

In Figure 4.5, variation of shape of glow curves of the sample annealed at 800 °C as a
function of applied dose were examined. The shape of glow curves do not change by

using different doses.
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Figure 4.5 Variations of shape of glow curves of the sample annealed at 800 °C as a

function of applied dose
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4.1.6 The Glow Curve Variations of Sample Annealed at 900 °C

In Figure 4.6, variations of shape of glow curves of the sample annealed at 900 °C as
a function of applied dose were examined. The shape of glow curves do not change by

using different doses.
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Figure 4.6 Variation of shape of glow curves of the sample annealed at 900 °C as a

function of applied dose
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4.1.7 The Glow Curve Variation of Sample Annealed at 1000 °C

In Figure 4.7, variation of shape of glow curves of the sample annealed at 1000 °C as
a function of applied dose were examined. The shape of glow curves do not change by

using different doses.
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Figure 4.7 Variation of shape of glow curves of the sample annealed at 1000 °C as a

function of applied dose
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4.1.8 The Glow Curve Variation of Sample Annealed at 1100 °C

In Figure 4.8, variation of shape of glow curves of the sample annealed at 1100 °C as
a function of applied dose were examined. The shape of glow curves do not change by
using different doses. But, in the low dose region from 154 Gy to 308 Gy, the shape
of glow curve changes and two separated peaks which located around 200 and 350 °C
are seen. At these doses, the structure of traps and the number of traps are being

changed.
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Figure 4.8 Variations of shape of glow curves of the sample annealed at 1100 °C as a

function of applied dose

Generally, the glow curve does not change by different dose values. But, annealing at

different temperatures may change the glow curve shape.
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4.2 Variation of TL Peak Intensity

In this part of the study, the effects of the different doses on the thermoluminescence

peak intensity were examined.

4.2.1 Variation of TL Peak Intensity of Sample at 400 °C

Figure 4.9 shows the variation of the thermoluminescence peak intensity as a function
of doses for the tooth enamel at 400 °C. In the low dose region, from 154 Gy to 616
Gy, the graph nearly acts as a sublinear. After 616 Gy dose value, graph becomes

linear.
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Figure 4.9 The TL peak intensity variation of the sample annealed at 400 °C as a

function of applied dose
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4.2.2 Variation of The TL Peak Intensity of Sample at 500 °C

Figure 4.10 shows the variation of the thermoluminescence peak intensity as a function
of doses for the tooth enamel at 500 °C. In the low dose region, from 154 Gy to 308
Gy, the graph nearly acts as a sublinear. From 308 Gy to 1.23 kGy, the graph line

becomes linear. After 1.23 kGy dose, graph becomes sublinear.
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Figure 4.10 The maximum TL intensity variations of the sample annealed at 500 °C

as a function of applied dose
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4.2.3 Variation of The TL Peak Intensity of Sample at 600 °C

Figure 4.11 shows the variation of the thermoluminescence peak intensity as a function
of doses for the tooth enamel at 600 °C. In the low dose region, from 154 Gy to 308
Gy, the graph nearly acts as a sublinear. From 308 Gy to 616 Gy, the graph line

becomes supralinear. After 616 Gy dose, graph becomes linear.
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Figure 4.11 The TL peak intensity variations of the sample annealed at 600 °C as a

function of applied dose
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4.2.4 Variations of The TL Peak Intensity of Sample at 700 °C

Figure 4.12 shows the variations of the maximum thermoluminescence intensity as a
function of doses for the tooth enamel at 700 °C. In the low dose region, from 154 Gy
to 616 Gy, the graph nearly acts as a linear. After 616 Gy dose, graph becomes

sublinear.
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Figure 4.12 The TL peak intensity variations of the sample annealed at 700 °C as a

function of applied dose
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4.2.5 Variations of The TL Peak Intensity of Sample at 800 °C

Figure 4.13 shows the variations of the maximum thermoluminescence intensity as a
function of doses for the tooth enamel at 800 °C. In the low dose region, from 154 Gy
to 308 Gy, the graph nearly acts as a supralinear. From 308 Gy to 616 Gy, the graph
line becomes linear. After 616 Gy dose, graph becomes sublinear.
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Figure 4.13 The TL peak intensity variations of the sample annealed at 800 °C as a

function of applied dose
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4.2.6 Variations of The TL Peak Intensity of Sample at 900 °C

Figure 4.14 shows the variations of the maximum thermoluminescence intensity as a
function of doses for the tooth enamel at 900 °C. In the low dose region, from 154 Gy
to 616 Gy, the graph nearly acts as a linear. After 616 Gy dose, graph becomes

sublinear.
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Figure 4.14 The TL peak intensity variations of the sample annealed at 900 °C as a

function of applied dose
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4.2.7 Variations of The TL Peak Intensity of Sample at 1000 °C

Figure 4.15 shows the variations of the maximum thermoluminescence intensity as a
function of doses for the tooth enamel at 1000 °C. In the low dose region, from 154
Gy to 308 Gy, the graph nearly acts as a supralinear. From 308 Gy to 1.23 kGy, the
graph line becomes linear. After 1.23 kGy dose, graph becomes sublinear.
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Figure 4.15 The TL peak intensity variations of the sample annealed at 1000 °C as a

function of applied dose
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4.2.8 Variations of The TL Peak Intensity of Sample at 1100 °C

Figure 4.16 shows the variations of the maximum thermoluminescence intensity as a
function of doses for the tooth enamel at 1100 °C. In the low dose region, from 154
Gy to 308 Gy, the graph nearly acts as a linear. From 308 Gy to 616 Gy, the graph line

becomes sublinear. After 616 Gy dose, graph becomes supralinear.
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Figure 4.16 The TL peak intensity variations of the sample annealed at 1100 °C as a

function of applied dose
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4.3 The Area Under The Curve:

In this part of the experiment, the effects of the different doses on the peak area were
investigated.

4.3.1 The Area Under The Curve Variations of Sample at 400 °C

Figure 4.17 shows the variation of area under curve as a function of dose for the tooth
enamel at 400 °C. In Figure 4.17, in the low dose region, from 154 Gy to 308 Gy, peak
area increases with increasing dose and acts as a supralinear. From 308 Gy to 616 Gy,
the graph line becomes linear and peak area increases with increasing dose. For the
other dose regions, from 616 Gy to 2.46 Gy, the graph line becomes sublinear. The
expectation for dose versus peak area graph is linearly increase. And the graph

generally increases linearly. This graph is drawn also on logarithmic scale.
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Figure 4.17 The area under the curve variations of the sample annealed at 400 °C as a

function of applied dose
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4.3.2 The Area Under The Curve Variations of Sample at 500 °C

Figure 4.18 shows the variation of area under curve as a function of dose for the tooth
enamel at 500 °C. In Figure 4.18, in the low dose region, from 154 Gy to 308 Gy, peak
area increases with increasing dose and acts as a supralinear. From 308 Gy to 1.23 Gy,
the graph line becomes linear and peak area increases with increasing dose. For the
high dose region, 2.46 Gy dose, the graph line becomes sublinear. The expectation for
dose versus peak area graph is linearly increase. And the graph generally increases

linearly. This graph is drawn also on logarithmic scale.
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Figure 4.18 The area under the curve variations of the sample annealed at 500 °C as a

function of applied dose
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4.3.3 The Area Under The Curve Variations of Sample at 600 °C

Figure 4.19 shows the variation of area under curve as a function of dose for the tooth
enamel at 600 °C. In Figure 4.18, firstly between at 154 Gy 616 Gy, the graph line
increases slowly with increasing dose and acts as sublinear. From 616 Gy to 2.46 kGy,
the graph line becomes nearly linear and peak area linearly increases with increasing

dose. This graph is drawn also on logarithmic scale.
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Figure 4.19 The area under the curve variations of the sample annealed at 600 °C as a
function of applied dose
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4.3.4 The Area Under The Curve Variations of Sample at 700 °C

Figure 4.20 shows the variation of area under curve as a function of doses for the tooth
enamel at 700 °C. In Figure 4.20, in the dose regions from 154 Gy to 1.23 kGy, peak
area increases with increasing dose and acts as a linear. After, in the high dose region
2.46 kGy dose, graph becomes sublinear. The expectation for dose versus peak area
graph is linearly increase. This graph is drawn also on logarithmic scale.
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Figure 4.20 The area under the curve variations of the sample annealed at 700 °C as a
function of applied dose
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4.3.5 The Area Under The Curve Variations of Sample at 800 °C

Figure 4.21 shows the variation of area under curve as a function of doses for the tooth
enamel at 800 °C. In Figure 4.21, in the dose region, from 154 Gy to 616 Gy, the graph
line increases quickly with increasing dose and acts as a supralinear. From 616 Gy to
2.46 kGy, the graph line becomes sublinear and peak area slowly increases with
increasing dose. This graph is drawn also on logarithmic scale.
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Figure 4.21 The area under the curve variations of the sample annealed at 800 °C as a

function of applied dose
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4.3.6 The Area Under The Curve Variations of Sample at 900 °C

Figure 4.22 shows the variations of the maximum thermoluminescence intensity as a
function of dose for the tooth enamel at 900 °C. In the low dose region, from 154 Gy
to 616 Gy, the graph nearly acts as a linear. From 616 Gy to 2.46 kGy, the area under
the curve reaches to its saturation value and the graph becomes sublinear. This graph

is drawn also on logarithmic scale.

1
—m— Annealed at 900°C
| |
-/ \
~ | |
S \ \
s \ '.
s 616Gy 1
= 2.46kGy
8
o 10" -
% n
5 154 Gy
) 4
9
% .
= "
o
<
10’ - - - —
100 1000
Dose (Gy)

Figure 4.22 The area under the curve variations of the sample annealed at 900 °C as a

function of applied dose
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4.3.7 The Area Under The Curve Variations of Sample at 1000 °C

Figure 4.23 shows the variation of area under curve as a function of dose for the tooth
enamel at 1000 °C. In Figure 4.23, in the low dose region, from 154 Gy to 616 Gy, the
graph line increases quickly with increasing dose and acts as a supralinear. From 616
Gy to 2.46 kGy, peak area slowly increases with increasing dose and the graph line

becomes sublinear.
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Figure 4.23 The area under the curve variations of the sample annealed at 1000 °C as

a function of applied dose
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4.3.8 The Area Under The Curve Variations of Sample at 1100 °C

Figure 4.24 shows the variation of area under curve as a function of doses for the tooth
enamel at 1100 °C. In Figure 4.24, between 154 Gy to 2.46 kGy, the dose response
acts as a linear. We think that there is an experimental error at 616 Gy. This graph is

drawn also on logarithmic scale.
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Figure 4.24 The area under the curve variations of the sample annealed at 1100 °C as

a function of applied dose
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4.4 Peak Temperature
In this part of the experiment, the effects of the different doses on the TL peak

temperature were investigated.

4.4.1 Variations of TL Peak Temperature of Sample at 400 °C

Figure 4.25 shows the variation of TL peak temperature as a function of doses for the
tooth enamel annealed at 400 °C. In Figure 4.25, the TL peak temperature shifts to
higher temperature region with increasing applied dose. This shifting is about 20 °C
until 1.23 kGy. After 1.23 kGy, the TL peak temperature decreases about 10 °C.
Generally, the TL peak temperature of the sample annealed at 400 °C shifts to higher
temperature region about 20 °C between 154 Gy and 2.46 kGy.
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Figure 4.25 The peak temperature variations of the sample annealed at 400 °C as a

function of applied dose
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4.4.2 Variations of TL Peak Temperature of Sample at 500 °C

Figure 4.26 shows the variation of TL peak temperature as a function of doses for the
tooth enamel at 500 °C. In that figure, the TL peak temperature shifts to lower
temperature region with increasing applied dose until 616 Gy. This shifting is about
nearly 3 °C. Between 616 Gy and 1.23 kGy, the TL peak temperature increases 6 °C.
After 1.23 kGy, the TL peak temperature decreases 6 °C. Generally, there is no

important change in the TL peak temperature of the sample annealed at 500 °C
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Figure 4.26 The TL peak temperature variations of the sample annealed at 500 °C as
a function of applied dose
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4.4.3 Variations of TL Peak Temperature of Sample at 600 °C

Figure 4.27 shows the variation of TL peak temperature as a function of dose for the
tooth enamel annealed at 600 °C. In Figure 4.27, the TL peak temperature increases
nearly 40 °C until 308 Gy. Then, between 308 Gy and 616 Gy, the TL peak temperature
decreases about 40 °C. After that, the TL peak temperature increases nearly 15 °C up
to 2.46 kGy. Generally, the TL peak temperature of the sample annealed at 600 °C
shifts to higher temperature region about 15 °C between 154 Gy and 2.46 kGy.
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Figure 4.27 The TL peak temperature variations of the sample annealed at 600 °C as
a function of applied dose
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4.4.4 Variations of TL Peak Temperature of Sample at 700 °C

Figure 4.28 shows the variation of TL peak temperature as a function of dose for the
tooth enamel annealed at 700 °C. In that figure, the TL peak temperature does not
change until 308 Gy. Then, between 308 Gy and 2.46 kGy, the TL peak temperature
decreases nearly 23 °C. Generally, the TL peak temperature of the sample annealed at
700 °C shifts to lower temperature region about 25 °C between 154 Gy and 2.46 kGy.
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Figure 4.28 The TL peak temperature variations of the sample annealed at 700 °C as

a function of applied dose

52



4.4.5 Variations of TL Peak Temperature of Sample at 800 °C

Figure 4.29 shows the variation of TL peak temperature as a function of dose for the
tooth enamel annealed at 800 °C. In Figure 4.29, the TL peak temperature increases
nearly 5 °C until 308 Gy. Then, between 308 Gy and 1.23 kGy, the TL peak
temperature decreases about 10 °C. Also, the TL peak temperature does not change
between 1.23 kGy and 2.46 kGy. Generally, there is no important change in the TL

peak temperature of the sample annealed at 800 °C.
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Figure 4.29 The TL peak temperature variations of the sample annealed at 800 °C as
a function of applied dose
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4.4.6 Variations of TL Peak Temperature of Sample at 900 °C

Figure 4.30 shows the variation of TL peak temperature as a function of dose for the
tooth enamel annealed at 900 °C. In Figure 4.29, the TL peak temperature decreases
nearly 20 °C until 616 Gy. Then, between 616 Gy and 1.23 kGy, the TL peak
temperature increases about 5 °C. After that, the TL peak temperature decreases nearly
10 °C up to 2.46 kGy. Generally, the TL peak temperature of the sample annealed at
900 °C shifts to lower temperature region about 25 °C between 154 Gy and 2.46 kGy.
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Figure 4.30 The TL peak temperature variations of the sample annealed at 900 °C as

a function of applied dose
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4.4.7 Variations of Peak Temperature of Sample at 1000 °C

Figure 4.31 shows the variation of TL peak temperature as a function of dose for the
tooth enamel at 1000 °C. In the figure 4.31, the TL peak temperature does not change
until 616 Gy. After 616 Gy, the TL peak temperature decreases nearly 25 °C.
Generally, no important change is observed in the TL peak temperature of the sample
annealed at 1000 °C for low dose region but a 25 °C shifting is observed for high dose

region.
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Figure 4.31 The TL peak temperature variations of the sample annealed at 1000 °C as

a function of applied dose
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4.4.8 Variations of TL Peak Temperature of Sample at 1100 °C

Figure 4.32 shows the variation of TL peak temperature as a function of doses for the
tooth enamel at 1100 °C. In Figure 4.32, the TL peak temperature decreases about 40
°C until 308 Gy. Then, between 308 Gy and 616 Gy, the TL peak temperature increases
about 80 °C. After that, the TL peak temperature decreases nearly 50 °C up to 2.46
kGy. Generally, different TL peak temperature is observed at different doses, but it is
understood that the TL peak temperature of the sample annealed at 1100 °C does not

affected by the dose variation.
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Figure 4.32 The TL peak temperature variations of the sample annealed at 1100 °C as
a function of applied dose

56



CHAPTER 5
DISCUSSION AND CONCLUSION

Human calcified tissues, such as bones and teeth, are of special interest to retrospective
dosimetry. They can provide very useful information on exposure to ionizing radiation
many years after the event, since the‘signal’ is ‘stored’ in these materials. For more
than three decades tooth enamel has been known as a detector for in vitro electron
paramagnetic resonance (EPR) dosimetry [67]. EPR dose reconstruction by using
dental enamel is based on measurements of stable radiation-induced radicals.

Thermoluminescence (TL) retrospective dosimetry using tooth enamel is potentially
an interesting alternative to EPR retrospective dosimetry since it requires considerably
smaller amounts of sample (only few mg) that can be harmlessly obtained by dentists
without tooth extraction[67, 68-71].

In this thesis, thermoluminescence (TL) intensity-dose response relation of
fluorapatite mineral which is an important apatite mineral in tooth enamel under the

different annealing temperatures were investigated.

Firstly, it has been investigated that how the alteration in dose value at different
annealing temperature affects the shape of the TL glow curve. As a result of this study,
different dose value at different annealing temperature does not affect significantly the
shape of glow curve except at 1100°C. The shape of the TL glow curve changes after
616Gy dose value for the sample annealed at 1100 °C. For this dose value and
annealing temperature, the wider glow curve becomes narrower glow curve. A distinct
peak is located around 180°C. The higher dose value at higher annealing temperature
may cause the aggregation of traps. At higher dose values and annealing temperature,

there can be a movement of the shallow traps to the near of the active traps.
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The second analysis has been done to see the effects of the different dose values at
different annealing temperature on the TL peak intensity and area under the glow
curves. Dose response is an important experiment in the dosimetric studies for getting
knowledge about relationship between TL light output and applied dose. The dose
responses of the samples annealed at different annealing temperatures (400°C, 500°C,
600°C, 700°C, 800°C, 900°C, 1000°C and 1100°C ) at fixed annealing time (30min)
for different higher doses (154Gy, 308Gy, 616Gy, 1.23kGy and 2.46kGy) have been
investigated. A good linearity in dose response is observed in the sample annealed at
400°C and 700°C. However, a saturation point is observed at the dose level of 1.23kGy
in the graph of sample annealed at 700 °C. The saturation is observed at 616Gy for the
samples annealed 800 °C and 900 °C.

The final analysis has been done to see the effects of the different dose values at
different annealing temperature on the TL peak temperature. This part of the analysis
reveals that the TL peak temperature of the sample annealed at 400 °C and 600 °C shifts
to higher temperature region about 20 °C. with increasing dose value. This
phenomenon can be explained by the trap conversion. The shallow traps transform to
the deeper traps. Therefore, TL peak temperature shifts to the higher temperature
region. However, a decreasing in TL peak temperature has been observed with
increasing dose value for the samples annealed at 700 °C, 900 °C and 1000 °C (after
616Gy). The TL peak temperature shifts to lower temperature region about 25 °C
between 154 Gy and 2.46 kGy. The trap positions close to delocalized bands. In
addition, for the samples annealed at 500 °C, 800 °C, 1000 °C (up to 616Gy) and 1100
°C, the TL peak temperature does not affected by the variation of dose value. It means
that the trap position or defects position does not change by the variation of dose value.

The reason may be that the traps become stable at these annealing temperatures.

In conclusion, the fluorapatite mineral extracted from tooth enamel shows TL
properties. Annealing of the sample at different temperatures affects the TL output-
dose response relation. A good linearity in dose response is observed in the samples
annealed at 400 °C and 700 °C. And also, dose variation differently changes the trap

positions at different annealing temperature.
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