
 
 

 

People’s Democratic Republic of Algeria 

Ministry of Higher Education and Scientific Research 

Ferhat Abbas-Setif1 University  

Faculty of Sciences 

Department of Physics  

 

 

Thesis Submitted for the Degree of Doctor 3rd Cycle LMD of Physics in 

Radiation and Matter 

Title: 

Application of thermally and optically stimulated luminescence 

(TL&OSL) in radiation dosimetry: Elaboration and response study 

of Al2O3:Sb and BeOR dosimeter materials 

 

Presented by: Chahra-Zed BENKHELIFA  

 

 Board of Examiners: 

- Prof. Naima AMRANI  University of Setif 1 President 

- Prof. Fayçal KHARFI University of Setif 1 Thesis Director 

- Dr. Lakhdar GUERBOUS  Nuclear Research Centre of 

Algiers 

Examiner 

  Dr. Khelifa HADDADI  University of Setif 1 Examiner 

- Dr. Melia HAMICI University of Setif 1 Invited Member 

 

-February 29th, 2024- 



 
 

Acknowledgments  

 

I owe a great debt of gratitude to many people whom without their support, assistance, and 

encouragements, this thesis would not have been possible. 

My deepest appreciation goes to Prof. F. Kharfi, my thesis director, for its effort, time, 

motivation and instructions he provided me throughout my doctoral studies. Its vast 

knowledge and wealth of experience have inspired me throughout my studies. He has been a 

tremendous advisor and mentor for me. I would like to thank him for supporting my research. 

I would like to express my thankfulness to my thesis committee: Pr. A. Amrani, Dr. L. 

Guerbous, Dr. K. Haddadi and Dr. M. Hamici, for kindly agreeing to be part of the examining 

committee and for their useful interventions. 

Sincere thanks to all the faculty and staff members of the Department of Physics of Ferhat 

Abbas Setif-1 University for providing the foundation of knowledge and precious 

cooperation. 

I would like to extend my sincere thanks to Dr. M. Hamici and Dr. E. Şahiner, for their 

untiring assistance during the experiments, positive and constructive instructions. Their help 

has broadened my academic knowledge. 

 

 

 

 

 

 

 

 

 

 



 
 

 

Dedication  

 

There are a number of people without whom this thesis would not be possible, 

and to whom I am fully indebted and grateful for the assistance provided. 

 

To my parents Bachir and Saliha Abdelkrim, who have been a source of inspiration and 

strength when I thought of giving up, and who continue to provide moral, emotional and 

financial support. 

 

To my sisters Randa and Nawaim and my brothers in law, for their love and support. 

To my nephews Iskander, Lyne, Yousser and Kinan. 

 

To my friend F. Houda who has been there for me emotionally and intellectually as I’ve 

worked on my coursework. 

 

 

 

 

 

 

 

 

 

 

 



 
 

Content 

Introduction ........................................................................................................................................... 1 

I.1 Luminescence ................................................................................................................................... 3 

I.2 Luminescence classification ............................................................................................................ 4 

I.3 Thermoluminescence (TL) .............................................................................................................. 5 

I.3.1 Theory of TL ............................................................................................................................. 5 

I.3.2 Kinetics of thermoluminescence (TL) ..................................................................................... 8 

I.3.2.1 Thermoluminescence: equations governing the TL peak............................................... 8 

I.3.2.2 Randall-Wilkins model: First-order kinetics .................................................................. 9 

I.3.2.3 Garlick-Gibson model: Second-order kinetics .............................................................. 12 

I.3.2.4 May-Partridge model: General-order kinetics .............................................................. 13 

I.3.3 Experimental methods of TL trapping parameters determination .................................... 14 

I.3.3.1 The initial rise (IR) method ............................................................................................. 14 

I.3.3.2 Various heating rates (VHR) method............................................................................. 14 

I.3.3.3 Peak shape (PS) method .................................................................................................. 15 

I.3.3.4 Isothermal decay method ................................................................................................ 17 

I.3.3.5 Computerized glow curve deconvolution (CGCD) ....................................................... 18 

I.4 Optically stimulated luminescence (OSL) ................................................................................... 19 

I.4.1 Theory of OSL ......................................................................................................................... 20 

I.4.2 OSL stimulation modalities .................................................................................................... 21 

I.4.2.1 ‘‘Continuous-wave OSL’’ (CW-OSL) .............................................................................. 21 

I.4.2.2 ‘‘Linear-modulation OSL’’ (LM-OSL) ............................................................................. 22 

I.4.2.3 ‘‘Pulsed OSL’’ (POSL). ..................................................................................................... 22 

I.4.3 Equations governing the OSL processes ............................................................................... 23 

I.4.3.1 CW-OSL governing equations ........................................................................................ 23 

I.4.3.1.1 The idealized one-trap/one-recombination OTOR model ..................................... 24 

I.4.3.1.2 Multiple traps and centers model ............................................................................ 25 

I.4.3.1.3 Generalized model .................................................................................................... 26 

I.4.3.2 LM-OSL governing equations ........................................................................................ 28 

I.4.3.2.1 First and general-order kinetics .............................................................................. 28 

I.4.4 CW & LM-OSL advanced methods in trapping parameters evaluation ........................... 32 

I.4.4.1 Differential Evolution (DE) algorithm to OSL decay curves deconvolution .............. 32 

I.4.4.2 Deconvolution ................................................................................................................... 37 

II.1 Radiation dosimetry ..................................................................................................................... 38 



 
 

II.1.1 Dose quantities and units ...................................................................................................... 39 

II.1.1.1 Kinetic energy released per unit mass: Kerma ............................................................ 39 

II.1.1.2 Absorbed dose 𝐃 ............................................................................................................. 39 

II.1.1.3 Linear energy transfer: LET ......................................................................................... 39 

II.1.1.4 Equivalent dose 𝐇𝐓 ........................................................................................................ 40 

II.1.1.5 Effective dose 𝐄 ............................................................................................................... 41 

II.2 TL and OSL applications in radiation dosimetry ..................................................................... 41 

II.2.1 Personal dosimetry ................................................................................................................ 43 

II.2.2 Environmental dosimetry ..................................................................................................... 44 

II.2.3 Medical dosimetry ................................................................................................................. 45 

II.2.4 Retrospective dosimetry........................................................................................................ 46 

II.2.6 High dose ................................................................................................................................ 47 

II.3 Basic characteristics of TL and OSL dosimeters ...................................................................... 47 

II.3.1 Accuracy and precision ......................................................................................................... 48 

II.3.2 Dose-linearity ......................................................................................................................... 48 

II.3.3 Dose rate dependence ............................................................................................................ 49 

II.3.4 Energy dependency ............................................................................................................... 50 

II.3.5 Directional dependence ......................................................................................................... 50 

II.3.6 Spatial resolution and physical size ..................................................................................... 50 

II.3.7 Sensitivity ............................................................................................................................... 50 

II.3.7.1 solid dosimeters: identification ...................................................................................... 50 

II.3.7.2 Powder: response with mass .......................................................................................... 51 

II.3.8 Signal stability after irradiation ........................................................................................... 51 

III.1 Historical development of TL/OSL materials .......................................................................... 53 

III.2 Main TL & OSL materials ......................................................................................................... 54 

III.2.1 Lithium fluoride LiF ............................................................................................................ 54 

III.2.2 Calcium fluoride CaF2 ......................................................................................................... 55 

III.2.3 Beryllium oxide BeO ............................................................................................................ 56 

III.2.4 Magnesium oxide MgO ....................................................................................................... 58 

III.2.5 Aluminium oxide Al2O3 ....................................................................................................... 59 

III.2.6 Calcium sulfate CaSO4 ........................................................................................................ 60 

III.2.7 Lithium tetraborate Li2B4O7 ............................................................................................... 61 

III.2.8 Magnesium tetraborate MgB4O7 ........................................................................................ 62 

III.3 TL glow and OSL decay curves of main TL-OSL materials and their applications ............ 63 



 
 

III.4 New materials development strategies ...................................................................................... 66 

IV.1 Objective ...................................................................................................................................... 67 

IV.2 Experimental techniques ............................................................................................................ 67 

IV.2.1 Elaboration technique ......................................................................................................... 67 

IV.2.2 Characterization techniques ............................................................................................... 68 

IV.2.2.1 Thermogravimetric Analysis (TGA) ........................................................................... 68 

IV.2.2.2 X-Ray Diffraction analysis (XRD) ............................................................................... 69 

IV.2.2.3 Fourier Transform Infrared (FTIR) spectroscopy .................................................... 70 

IV.2.2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) 

spectroscopy analysis .................................................................................................................. 71 

IV.2.3 TL and OSL signals reading ............................................................................................... 72 

IV.3 Elaboration of pure and Sb-doped Al2O3 nanoparticles ......................................................... 74 

IV.3.1 Raw materials ....................................................................................................................... 74 

IV.3.2 Samples preparation ............................................................................................................ 74 

IV.4 Samples characterization ........................................................................................................... 75 

IV.4.1 TGA-DTG analysis .............................................................................................................. 75 

IV.4.2 XRD analysis ........................................................................................................................ 76 

IV.4.3 FTIR analysis ....................................................................................................................... 77 

IV.4.4 SEM-EDX analysis ............................................................................................................... 78 

IV.5 TL and OSL study of α-Al2O3 detector ..................................................................................... 79 

IV.5.1 TL&OSL dose-response ...................................................................................................... 81 

IV.5.2 Energy dependence of TL response .................................................................................... 82 

V.1 Objective........................................................................................................................................ 84 

V.2 Material and methods .................................................................................................................. 84 

V.2.1 Dosimeter description ........................................................................................................... 84 

V.2.2 TL and OSL measurements .................................................................................................. 84 

V.3 TL glow curve deconvolution and kinetics study ...................................................................... 84 

V.3.1 First-order kinetics TL deconvolution method using Glow-Fit ........................................ 84 

V.3.2 General-order kinetics TL deconvolution method using CGCD ...................................... 86 

V.4 Results and discussion .................................................................................................................. 86 

V.4.1 Peak shape Chen’s method ................................................................................................... 86 

V.4.2 First-order kinetics TL deconvolution method using Glow-Fit ........................................ 88 

V.4.3 General-order kinetics TL deconvolution method using CGCD ...................................... 89 

V.4.4 OSL kinetics parameters....................................................................................................... 90 

V.4.5 TL glow curves, OSL decay curves, and dose responses of BeOR ..................................... 91 



 
 

General Conclusions and Outlook ..................................................................................................... 95 

References ............................................................................................................................................ 97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

List of Figures 

Chapter I 

Figure I. 1. The lifetime based ‘family tree’ of luminesnce phenomena  ................................. 3 

Figure I. 2. (a) fluorescence and (b) phosphorescence, where ‘e’ is excited state, ‘g’ is ground 

state, ‘m’ is meta-stable level and ‘E’ is energy difference between ‘m’ and ‘e’ . .................... 4 

Figure I. 3. Centers V, Vk and V3 in real crystal. ...................................................................... 6 

Figure I. 4. Energy level presentation for thermoluminescence . ............................................. 7 

Figure I. 5. The glow curve of Mg and Ti doped-LiF, irradiated by γ-rays at room 

temperature. Heating rate β=3°C.s−1. ........................................................................................ 8 

Figure I. 6. Adirovitch's energy level diagram for the decay of phosphorescence . ................. 8 

Figure I. 7. Calculated TL glow peaks using Randall-Wilkins model for 𝑛0 = 1014 𝑚−3, s =

1011 𝑠−1 and various trap depth E values  ............................................................................... 11 

Figure I. 8. Variation in the shape of glow peak depending on the kinetic process . ............. 12 

Figure I. 9. First, second and general-order kinetics glow curve shape for 𝐸 = 1𝑒𝑉, N =

𝑛0 = 1 𝑚−3, s = 1012 𝑠−1 and 𝛽 = 1𝐾/𝑠. .............................................................................. 13 

Figure I. 10. A single peak’s parameters  ................................................................................ 15 

Figure I. 11. Calculated symmetry factor as a function of the given kinetics order  .............. 17 

Figure I. 12. Energy level presentation for optically stimulated luminescence ...................... 20 

Figure I. 13. (a) CW-OSL stimulation mode, (b) its typical decay curve  .............................. 21 

Figure I. 14. (a) LM-OSL stimulation mode, (b) its typical signal ......................................... 22 

Figure I. 15. (a) POSL stimulation mode, (b) its typical signal  ............................................. 23 

Figure I. 16. A simple one-trap/one-recombination centre model. Transitions 1, 2 and 3 stand 

for optical stimulation, retrapping and recombination, respectively  ....................................... 24 

Figure I. 17. A quartz OSL decay curve with the slow component (blue) and the medium 

component (red) ....................................................................................................................... 26 

Figure I. 18. A model that combines all of the elements shown separately in Fig. I.16 . ....... 27 

Figure I. 19. LM-OSL curves for 1st order kinetics simulated using various product values γσ

 .................................................................................................................................................. 30 

Figure I. 20. Na-feldspar CW-OSL, pseudo LM-OSL, and experimental LM-OSL curves 

produced using IR-stimulation  ................................................................................................ 32 

 

 



 
 

 Chapter II 

Figure II. 1. Luminescence dosimetry applications: the steps involved ................................. 38 

Figure II. 2. A luminescence detector's exposure (irradiation) and readout procedures are 

represented. .............................................................................................................................. 42 

Figure II. 3. Personal dosimeter examples  ............................................................................. 43 

Figure II. 4. Station of environmental TLDs used in Instituto de Engenharia Nuclear-IEN for 

environmental kerma assessment ............................................................................................. 44 

Figure II. 5. Example of OSL dosimeter used in brachytherapy  ........................................... 45 

Figure II. 6. (a) NASA’s dosimeter and (b) Radiation area monitor and Crew passive 

dosimeter  ................................................................................................................................. 46 

Figure II. 7. (a) Irradiation application in food processing and (b) thermoluminescence 

analysis by thermoregulator in food irradiation testing ........................................................... 47 

Figure II. 8. Two dosimetry systems' response characteristics  .............................................. 49 

 Chapter III 

Figure III. 1. Example of TL&OSL dosimeters ..................................................................... 54 

Figure III. 2. Simplified illustrated structure for initial configurations. An unfilled circle 

indicates vacancies. (a) pure LiF, (b) LiF with vacancy of F atoms, (c) LiF with a Mg 

interstitial, (d) LiF with a Mg substitutional, (e) LiF with a Li vacancy + a Mg interstitial and 

(f) LiF with a Li vacancy + a Mg substitutional . .................................................................... 55 

Figure III. 3.  CaF2  structure  ................................................................................................. 56 

Figure III. 4. The BeO unit cell in the hexagonal wurtzite structure. Black spheres are anions, 

whereas open spheres indicate cations ..................................................................................... 57 

Figure III. 5. Crystal structure of MgO nanoparticle .............................................................. 58 

Figure III. 6. α-Al2O3 Crystal Structure  ................................................................................. 60 

Figure III. 7. CaSO4 crystal structure . .................................................................................... 61 

Figure III. 8. The lithium tetraborate unit cell  ....................................................................... 62 

Figure III. 9. MgB4O7 crystal structure reproduced using VESTA program  ......................... 63 

Figure III. 10. (a) TL curves of some TL materials, (b) TL curves of LiF:Mg,Cu,P and 

Al2O3:C and (c) OSL decay curves of Al2O3:C and BeO  ....................................................... 64 

 Chapter IV 

Figure IV. 1.  Schematic of the different stages of sol-gel process......................................... 67 

Figure IV. 2.  Schematic diagram of TGA. ............................................................................. 68 



 
 

Figure IV. 3. XRD Principle. .................................................................................................. 70 

Figure IV. 4. FTIR working principle . ................................................................................... 71 

Figure IV. 5. Principle of SEM-EDX. ..................................................................................... 72 

Figure IV. 6. TL/OSL equipment (left) and Risø TL/OSL reader (right), (a) reader, (b) 

controller, (c) X-ray generator controller. ................................................................................ 72 

Figure IV. 7. Sol-gel synthesis of Al2O3 :Sb. .......................................................................... 75 

Figure IV. 8. TGA and DTG analysis curve of amorphous Al2O3. ........................................ 76 

Figure IV. 9.  XRD patterns of pure, Al2O3:Sb1% and ICSD card No.01-071-1127. .............. 77 

Figure IV. 10. Pure and 1% Sb-doped Al2O3 FTIR analysis. .................................................. 78 

Figure IV. 11. (a)  Al2O3 and (b) Al2O3 :Sb1% SEM-EDX results. .......................................... 79 

Figure IV. 12. (a)  TL and (b) OSLsignals of undoped and Sb-doped Al2O3 for 10 Gy X-rays 

dose. .......................................................................................................................................... 80 

Figure IV. 13. (a) OSL and (b) TL curves of Al2O3:Sb for different doses. ........................... 81 

Figure IV. 14. (left)  TL and (right) OSL responses of Al2O3:Sb to dose. ............................. 82 

Figure IV. 15. Energy dependence of Al2O3:Sb1% TL/OSL dosimeter showing insignificant 

dependence in the megavoltage region for an exposure to 10 Gy X-ray dose. ........................ 83 

 Chapter V 

Figure V. 1. TL glow curve of 6 Gy X-ray irradiated BeOR recorded at a linear heating rate of 

5 °C/s. ....................................................................................................................................... 86 

Figure V. 2. GOK-CGCD of 6 Gy irradiated BeO displaying experimental data, identified 

peaks, fit and residual patterns. ................................................................................................ 89 

Figure V. 3. OSL signal deconvolution based on TL kinetics results by exploiting the main 

TL deconvolution peaks (peaks 1 and 2). ................................................................................ 91 

Figure V. 4. TL glow curves for different doses of BeOR. ...................................................... 92 

Figure V. 5. TL dose response curve of BeOR. ....................................................................... 93 

Figure V. 6. OSL decay curves for different doses of BeOR. .................................................. 93 

Figure V. 7. OSL dose response curve of BeOR. .................................................................... 94 

 

 

 

 

 



 
 

List of Tables 

Chapter II 

Table II. 1. Radiation weighting factor 𝑤𝑅 values according to ICRP report 103 .................. 40 

Table II. 2. Tissue weighting factor 𝑤𝑇 values according to ICRP report 103 ....................... 41 

 Chapter III  

Table III. 1.  Summary of TL&OSL materials and their applications in dosimetry ............... 65 

 Chapter IV  

Table IV. 1. Risø TL/OSL reader main characteristics. .......................................................... 73 

Table IV. 2. Raw materials used for the elaboration of pure and Sb-doped Al2O3 ................. 74 

 Chapter V  

Table V. 1. Chen and Balarian TL peak parameters................................................................ 87 

Table V. 2. Activation energies and frequency factors evaluated by the TL PS method. ....... 88 

Table V. 3 TL Kinetic parameters of BeOR obtained by first-order deconvolution method 

using Glow-Fit. ....................................................................................................................... 889 

Table V. 4. BeOR TL Kinetic parameters obtained by general order kinetics (GOK) 

deconvolution method using CGCD. ....................................................................................... 90 

 

 

 

 

 

 

 

 

 

 

 



 
 

List of Acronyms 

CB : Conduction Band. 

eV : Electronvolt. 

FOK : First-Order Kinetics. 

GCD : Glow Curve Deconvolution. 

GOK : General-Order Kinetics. 

HELA : Hybrid Evolutionary Linear Algorithm. 

ICRP : International Commission on Radiological Protection. 

ICSD : Inorganic Crystal Structure Database. 

IR : Infrared. 

JCPDS : Joint Committee on Powder Diffraction Standards. 

K : Kelvin. 

OSLD : Optically Stimulated Luminescent Dosimetry.  

PM : Photomultiplier. 

RPL : Radiophotoluminescence. 

TLD : Thermo-Luminescent dosimetry. 

UV : Ultraviolet. 

VB : Valence Band. 

VESTA : Visualization for Electronic Structural Analysis. 

 

 

 



1 
 

Introduction  

Radiation dosimetry is a field of physical science that quantifies the energy that ionizing 

radiation, whether from direct or indirect exposure, deposits in a specific material. It estimates 

and calculates quantities (doses) that represent the amount of energy absorbed by a material and 

its deposition rate [1]. Various dosimetry systems and techniques are used in different domains 

around machines and sources delivering ionizing radiation. Dosimetry techniques capabilities 

depend on type, intensity and energy of involved radiation. The most employed quantities to 

quantify the radiation intensity and hazard are absolute or relative dose and dose rate. Radiation 

dosimeters are classified into two main categories: active and passive. Radiation dosimetery 

has very important and effective use in radiation protection and radiation applications such as 

in medicine for radiation therapy and imaging and archeology for dating. The application of 

ionizing radiation are nowadays extended to many other fields such as agriculture, 

nondestructive testing, pharmacology… 

Thermoluminescence (TL) and optically stimulated luminescence (OSL) have become 

the techniques of choice in many radiation dosimetry areas and applications. The techniques 

are being widespread used in various radiation dosimetry fields, such as personal, 

environmental, retrospective, and space. In TL and OSL dosimetry ionizing radiations induce 

electrons and holes trapping in the forbidden band. The amount of trapped electrons is 

proportional to radiation intensity. In both techniques, the signals are collected through the 

electrons and holes recombination after external stimulation. In TL, thermal stimulation is used, 

which is provided by heat control system, while in OSL, a controlled-light optical stimulation 

is used [2]. Theoretical studies on TL and OSL mostly consist of investigating the differential 

rate equations that govern the charge carrier transition (usually electrons and holes) between 

different states of trapping related to impurities, defects in the sample under study, and the 

valence and conduction bands. The search for new prospective of TL and OSL materials 

continues to be a primary area of study in luminescence dosimetry [3]. It is the subject of many 

researches and publications. 

In the present thesis project, the main purpose is the synthesis, for first time, of Sb-doped 

Al2O3 based luminescent material via the sol-gel technique and its characterization using 

different techniques. The elaborated α-Al2O3:Sb is tested for use in radiation dosimetry and its 

dosimetry properties were checked . It is also a question to study the OSL and TL kinetics of a 

new-developed BeOR dosimeter through various methods for determining some parameters of 
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interest. Moreover, the TL and OSL dose responses are also established, allowing effective use 

in radiation dosimetry. 

This manuscript is subdivided into five chapters covering the theoretical and 

experimental aspects of the undertaken work. The first chapter includes the theory of 

thermoluminescence (TL) and optically stimulated luminescence (OSL) and mathematics 

models governing both phenomena. The second chapter covers the applications of TL and OSL 

in radiation dosimetry. The third chapter presents the available literature on TL and OSL 

materials and their uses in radiation dosimetry. In fourth chapter, the experimental work and 

results on the elaboration, characterization and use of α-Al2O3:Sb in radiation dosimetry are 

presented and discussed. The last chapter is reserved to the presentation and discussion of the 

obtained results from TL&OSL kinetics and dose-response study of BeOR. 
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Principle and kinetics of 

Thermoluminescence (TL) and Optically 

Stimulated Luminescence (OSL) 
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I.1 Luminescence  

Luminescent materials (phosphors) are solids that convert some types of energy into 

electromagnetic radiation more and beyond thermal radiation [4]. This emitted electromagnetic 

radiation is usually in the visible range, although it can also be in the UV or infrared regions 

[5]. The wavelength of emitted light distinguishes the luminescent substances [6]. Different 

types of luminescence can be classified according to the type of used radiation to excite 

emission. Thus, photoluminescence is excited by electromagnetic (often ultraviolet) radiation, 

radioluminescence by ionizing radiation, and cathodoluminecence by a beam of energetic 

electrons. Luminescence can also be caused by the energy of chemical reactions known as 

chemiluminescence, by frictional and electrostatic forces called triboluminescence, by electric 

fields called electroluminescence, by sound waves called sonoluminescence [7]. 

Thermoluminescence does not refer directly to thermal excitation, but rather to warming a 

preexcited phosphor [8].  

Luminescence can be classified based on the time taken (i.e., characteristic time 𝜏𝑐) 

between radiation absorption and emission of light (see Figure I.1).  

 

 

Figure I. 1. The lifetime based ‘family tree’ of luminescence phenomena [9]. 
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I.2 Luminescence classification  

The fluorescence is essentially independent of temperature, whereas the phosphoresence 

decay is strongly dependent on temperature. The phosphorescence can be split into two types: 

short period (≤10−4 s) and long period (≥10−4 s). The energy transitions involved in the 

generation of fluorescence and phosphorescence emissions are depicted in Figure I.2. 

 

Figure I. 2. (a) fluorescence and (b) phosphorescence, where ‘e’ is excited state, ‘g’ is ground state, 

‘m’ is meta-stable level and ‘E’ is energy difference between ‘m’ and ‘e’ [9]. 

Reffering to Figure I.2 (a)(i), luminescence emission can be explained by the energy 

transfer from radiation to the electrons of a solid, resulting in electron excitation from a ground 

state to an excited state. When an excited electron returns to its ground state, a luminescence 

photon is emitted, as shown in Figure I.2 (a)(ii). Thus, for fluorescence. 

The first explanation of temperature-dependent phosphorescence was given by 

Jablonski in 1935, who introduced a meta-stable level in the forbidden gap between the excited 

and ground states, as illustrated in Figure I.2 (b). An electron excited can be trapped in the meta-

stable state until it is given enough energy to return to the ground state through light emission. 

Thus, the phosphorescence delay corresponds to the time the electron spends in the meta-stable 

state. The average time spent in the trap at temperature T is given by: 

𝜏 = 𝑠−1exp (
𝐸

𝑘𝑇
)                                                        (I.1) 

Where 𝑠 is the frequency factor (s−1), 𝐸 represents the activation energy or trap depth (eV), 𝑘 

is Boltzmann’s constant (Ev.K−1), 𝑇 is the absolute temperature (K) [9]. 
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I.3 Thermoluminescence (TL) 

TL is the light emission by some crystals after being irradiated (α particles, X rays, γ-

rays, or other high-energy radiation) when stimulated by heat [10].   

Robert Boyle described thermoluminescence phenomenon in 1663, when he observed a strange 

glimmering light when warming a diamond in the dark. Other scientists, such as Henri 

Becquerel, studied thermoluminescence, and in 1904, Marie Curie reported that the 

thermoluminescent characteristics of crystals could be restored by exposing them to radium. In 

1945, Randall and Wilkins provided the basic mathematical understanding of 

thermoluminescence kinetics [11]. 

 

 I.3.1 Theory of TL 

The fundamental theory of  TL is based on the presence of imperfections, impurities, 

and defects in otherwise ordered crystals, which give rise to allowed discrete energy levels in 

the forbidden gap of the crystal that may capture electrons or holes.  

The defect centers may be divided into three categories: 

1. Intrinsic, 

2. Extrinsic, 

3. Defects caused by ionizing radiation. 

The intrinsic or native defects include: 

- Vacancies or atoms that are missing (known as Schottky defects). A vacancy is a 

defect that occurs when one atom is extracted from its site without being replaced. 

- Interstitial or Frenkel defect. It is made up of an atom X positioned in a crystal X in a 

non-proper lattice site. 

- Substitutional defect. When the lattice site of an atom X in a crystal X is occupied with 

an atom Y. 

- Previous defects in aggregate form. 

Extrinsic or impurity defects, such as chemical impurities Y in a crystal X can be: 

-  Substitutional impurity: an atom Y replaces an atom X. 

- Interstitial impurity: an atom Y is inserted in an additional site that does not belong to 

the perfect crystal. 

The purpose of irradiating the material with ionizing radiations is producing free electrons 

and holes in abundance due to the interaction of the incident radiation with atoms of the bulk 

sample. The concentration of these defects at room temperature can be increased by heating the 
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sample and then cooling it suddenly (quenching). The increased number of defects present at 

higher temperatures may be frozen in this manner. 

The free electron in the crystal can be attracted to the localized positive charge by a 

Coulomb force and trapped in the vacancy. This system or center is known as the F center. A 

positive ion vacancy, on the other hand, represents a hole trap, and the system is known as a V 

center. Other hole centers are also possible: when a hole is trapped by a pair of negative ions, 

the Vk center is formed. The V3 center is made up of a neutral halogen molecule that occupies 

the site of a halogen ion, as depicted in Figure I.3 [12, 13]. 

 

 

Figure I. 3. Centers V, Vk and V3 in real crystal [13]. 

 

The presence of these defects may introduce two types of levels: 

1- Trapping centers (T), 

2- Luminescence centers (L). 

During excitation of the solid, the radiation produces electron and hole pairs throughout the 

sample with a fraction reaching the conduction and valence bands, respectively. These carriers 

could be trapped in electron and hole traps in the forbidden gap. It is rather conventional to talk 

about electron traps close to the conduction band and piercing traps (holes) if close to the 

valence band. Under these conditions, trapped electrons may be raised into the conduction band 
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during TL readout by heating, following their motion in the conduction band, recombine with 

a hole in a luminescence center, yielding an emitted photon [14, 15].  

Figure I.4 depicts the energy levels of TL phenomenon in a simple representational view. 

 

Figure I. 4. Energy level presentation for thermoluminescence [16]. 

 

As shown in Figure above, i) ionisation caused by nuclear radiation exposure, with 

electron and hole trapping at defects T and L, respectively. ii) radiation energy storage over 

time ; the lifetime of the electrons in traps depends on the trap's energy depth E also known as 

the activation energy below the conduction band. iii) electrons are evicted from electron traps 

by heating, and some of these reach luminescence centres (L) ; with emission of light  due to 

the recombination with holes into these centres. 

 

The characterization of the TL signal is by the so-called "glow curve", with distinct 

peaks occurring at different temperatures, which relate to the electron traps present in the 

sample [16]. 
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Figure I. 5. The glow curve of Mg and Ti doped-LiF, irradiated by γ-rays at room temperature. 

Heating rate β=3°C.𝑠−1[9]. 

Figure I.5 presents the TL glow curve of LiF:Mg, Ti irradiated with γ-ray source, revealing 

5 peaks occurring at different temperatures with a peak recorded at a low temperature (i.e., below 50 

°C) that is non-stable and possesses high fading for a linear heating rate of 3°C. 𝑠−1. 

I.3.2 Kinetics of thermoluminescence (TL)  

I.3.2.1 Thermoluminescence: equations governing the TL peak   

In 1956, Adirovitch proposed a set of three equations to explain the phosphorescence 

decay.  

 

 

Figure I. 6. Adirovitch's energy level diagram for the decay of phosphorescence [12]. 
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In 1960, Haering-Adams and Halperin-Braner both utilized the same concept for 

explaining the flow of charge between delocalized bands and localized energy levels during 

trap emptying. Figure I.6 depicts the diagram of the energy levels.These equations which 

control the transition of electrons from the trapping center to the recombination center via the 

conduction band were applied for the first time by Halperin and Braner in an attempt to explain 

TL glow-curves as follows: 

                                                     𝐼 = − (
𝑑𝑚

𝑑𝑡
) = 𝑚𝑛𝑐𝐴𝑚                                                      (I.2) 

                                            (
𝑑𝑛

𝑑𝑡
) = −𝑛𝑝 + 𝑛𝑐(𝑁 − 𝑛)𝐴𝑛                                                (I.3)                                  

𝑑𝑚

𝑑𝑡
=

𝑑𝑛

𝑑𝑡
+
𝑑𝑛𝑐

𝑑𝑡
                                                             (I.4) 

where, 

𝐼 symbolizes the TL glow curve's intensity, 

𝑚 and 𝑛 are the densities of holes and electrons in the recombination and trap centres, 

respectively,  

𝑛𝑐 is the density of electrons in the conduction band, 

𝐴𝑚 is the recombination probability, 

𝐴𝑛 is the retrapping probability,  

𝑡 is the time corresponding to 𝑇,  

𝑁 is the density of the total trap center, 

These are the basic equations that have been used by many researchers to explain the 

occurrence of the TL glow curve [12, 17]. 

 

I.3.2.2 Randall-Wilkins model: First-order kinetics 

Basing on the simplest model consisting of conduction band and valence band, Randall 

and Wilkins demonstrated in 1945 that if no retrapping of the released electrons is assumed, a 

TL peak resulting from a single electron trapping state and a single kind of center results in 

first-order kinetics. Probability per unit time for trapped electrons to escape from the trap is 

given by:  

  𝑝 = 𝑠 exp (−
𝐸

𝑘𝑇
)                                                      (I.5) 
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If the temperature 𝑇 is kept constant, then the number of trapped electrons 𝑛 decreases with 

time  𝑡 according to the following expression: 

𝑑𝑛

𝑑𝑡
= −𝑝𝑛                                                              (I.6) 

By integrating this equation, one obtains  

𝑛 = 𝑛0 𝑒𝑥𝑝 [−𝑠 exp (−
𝐸

𝑘𝑇
) . 𝑡]                                     (I.7)  

Where  

𝑛0 is the number of trapped electrons at initial time 𝑡0 

One assumes that: 

- the thermoluminescent material is irradiated at a low enough temperature to prevent 

electrons from being released from the trap, 

- the electrons in the conduction band have a short lifetime,  

- all charges released from the trap are recombined at the luminescent center, 

- the luminiscence efficiency of the recombination center does not depend on 

temperature, 

- the concentrations of traps and recombination centers do not depend on temperature, 

- no electrons are retrapped after being released from the trap. 

According to the previous assumptions, at a constant temperature, the TL intensity is 

directly proportional to the detrapping rate, dn/dt. 

𝐼(𝑡) = −𝑐 (
𝑑𝑛

𝑑𝑡
) = 𝑐𝑝𝑛                                              (I.8)           

Where  

𝑐 is a constant that can be set to unit  

The exponential decay of phosphorescence is represented by Eq. (I.8). 

Remembering Eq. (I.7), we get: 

𝐼(𝑡) = 𝑛0𝑠 𝑒𝑥𝑝 (−
𝐸

𝑘𝑇
) 𝑒𝑥𝑝 [−𝑠𝑡 exp (−

𝐸

𝑘𝑇
)]                         (I.9) 

 

Heating the material at a constant rate of temperature, 𝛽 = 𝑑𝑇 𝑑𝑡⁄ , we get from Eq. (I.6): 

∫
𝑑𝑛

𝑛
= −(

𝑠

𝛽
)∫ 𝑒𝑥𝑝 (−

𝐸

𝑘𝑇′
)𝑑𝑇′

𝑇

𝑇0

𝑛

𝑛0
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ln(𝑛) − ln(𝑛0) = −(
𝑠

𝛽
)∫ 𝑒𝑥𝑝 (−

𝐸

𝑘𝑇′
) 𝑑𝑇′

𝑇

𝑇0

 

And again  

𝑛 = 𝑛0 exp [−
𝑠

𝛽
∫ exp (−

𝐸

𝑘𝑇′
)𝑑𝑇′

𝑇

𝑇0
]                                         (I.10) 

Using now Eq. (I.8) 

𝐼(𝑇) = 𝑛0𝑠 exp (−
𝐸

𝑘𝑇
) 𝑒𝑥𝑝 [−

𝑠

𝛽
∫ exp (−

𝐸

𝑘𝑇′
)𝑑𝑇′

𝑇

𝑇0
]                        (I.11) 

The peaks of first-order are asymmetric and their ascending range is significantly 

broader than the descending range [18, 19]. 

 

 

Figure I. 7. Calculated TL glow peaks using Randall-Wilkins model for 𝑛0 = 10
14 𝑚−3, 𝑠 =

1011 𝑠−1 and various trap depth E values [20]. 

 Figure I.7 shows TL glow peaks calculated using First-order-kinetics model for fixed 

values of 𝑛0 and 𝑠, while the linear heating rate β and activation energies E vary. 
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I.3.2.3 Garlick-Gibson model: Second-order kinetics 

In 1948, Garlick and Gibson extended their researches and considered the case where 

an excited electron can either recombine with a hole in a recombination center or retrap into 

one of the empty electron traps. 

One assumes that the retrapping is relatively strong. So, the number of trapped electrons can be 

expressed by:  

𝑑𝑛

𝑑𝑡
= −𝑛2𝑠′ exp (−

𝐸

𝑘𝑇
)                                               (I.12) 

Where 𝑠′ = 𝑠 𝑁⁄  

Eq. (I.12) leads to the Garlick-Gibson equation under second-order kinetics 

𝐼(𝑇) =
𝑛0
2𝑠′ 𝑒𝑥𝑝(−

𝐸

𝑘𝑇
)

[1+
𝑛0𝑠

′

𝛽
∫ 𝑒𝑥𝑝(−

𝐸

𝑘𝑇′
)

𝑇
𝑇0

𝑑𝑇′]
2                                             (I.13) 

The feature of this equation is that the glow is nearly symmetric [21, 22]. Figure I.8 reveals the 

variation in TL peak shape as the kinetic process changes. 

 

 

Figure I. 8. Variation in the shape of glow peak depending on the kinetic process [23]. 
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I.3.2.4 May-Partridge model: General-order kinetics 

If neither the first-order kinetics (rate of recombination greater than rate of retrapping) 

nor the second-order kinetics (rate of recombination and retrapping equal) conditions are met, 

general-order kinetics may be applied to the glow peak. May and Partridge presented the 

following general order kinetic model for TL glow peaks [24-26]: 

𝑑𝑛

𝑑𝑡
= −𝑛𝑏𝑠′′ exp (−

𝐸

𝑘𝑇
)                                               (I.14) 

where  

𝑠′′ =
𝑠

𝑁
𝑛0
𝑏−1 and 𝑏 is the kinetics order ranging between 1 and 2 (1< 𝑏 ≤ 2). 

The appearing quantity 𝑠 in the case of first order equation has a precise physical 

meaning: it should be multiplied by a transition probability factor to represent the number of 

times per second that a bound electron interacts with the lattice phonons. In the case of second 

and general order, the quantities 𝑠′ and 𝑠′′ are called pre-exponential factors. 

By introducing a linear heating rate 𝛽 = 𝑑𝑇 𝑑𝑡⁄ , and from Eq.(I.14), the TL intensity, 

𝐼, can be written as  

𝐼(𝑇) = 𝑛0
𝑏𝑠′′ 𝑒𝑥𝑝 (−

𝐸

𝑘𝑇
) [1 +

𝑠′′𝑛0
𝑏−1(𝑏−1)

𝛽
∫ exp (−

𝐸

𝑘𝑇′
)𝑑𝑇′

𝑇

𝑇0
]
−

𝑏

𝑏−1
             (I.15) 

 

 

Figure I. 9. First, second and general-order kinetics glow curve shape for E = 1eV, N =

n0 = 1m
−3, s = 1012s−1and β = 1K/s [27]. 
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For b = 2, Eq. (I.15) is transformed into the second order kinetics equation. The frequency factor 

and the initial trapped charges concentration act like an effective frequency factor, which is a 

fundamental property of Eq. (I.15) [26].  

The shape of glow peaks for first, second and general order kinetics for given values of 

𝐸, 𝑁, 𝑛0, 𝑠 and β are depicted in Figure I.9. 

 

I.3.3 Experimental methods of TL trapping parameters determination  

The TL characteristics of any material are typically labeled by a few parameters 

(trapping parameters) such as the TL process's order of kinetics, activation energy or trap depth, 

and frequency factor. Many approaches are used to determine these experimentally. However, 

there is little evidence that the TL methods can provide consistent quantitative information, 

particularly on trap depth and frequency factor. In practice, a multi-peak TL glow curve is 

frequently encountered, and it is necessary to isolate the peak under study from the overlapping 

neighboring peaks before beginning any analysis.  

 

I.3.3.1 The initial rise (IR) method 

This is the simplest method for estimating the depth of trap and is independent of the 

order of kinetics involved. The method is based on the following assumptions : i) in the early 

rising temperature range, i.e. T˂˂Tm, the rate of change of trapped carrier population is 

negligible (and thus intensity is strictly proportional to exp (-E/kT), ii) the frequency factor 

essentially remains constant, and iii) there is no overlap of glow peaks belonging to different 

trapping levels. As a result, this method would imply finding 

𝐸𝑖𝑟 = −𝑘
𝑑(ln 𝐼)

𝑑(
1

𝑇
)

                                                          (I.16) 

If  the plot of ln 𝐼 vs. 1 𝑇⁄  is made over this initial rise region where T˂˂Tm, a straight line with 

slope 𝐸𝑖𝑟/k is obtained, from which the activation energy is easily found. The initial rise 

technique can only be used when the glow peak is well defined and clearly separated from the 

other peaks [28]. 

 

I.3.3.2 Various heating rates (VHR) method 

The method of various heating rates for evaluating the activation energy is based on two 

different heating rates for a first-order peak that represents a peak-shaped asymmetric curve 
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with the fall-off side significantly narrower than the low-temperature side. By deriving Eq. 

(I.11) to zero, one gets the maximum condition: 

                                         
𝛽1𝐸

 𝑘𝑇𝑚1
2 = 𝑠. 𝑒𝑥𝑝 (−

𝐸

𝑘𝑇𝑚1
)                                               

      (I.17) 

                                                     
𝛽2𝐸

𝑘𝑇𝑚2
2 = 𝑠. 𝑒𝑥𝑝 (−

𝐸

𝑘𝑇𝑚2
)                                                      

         

From which, the activation energy can be calculated by eliminating s as: 

𝐸 = 𝑘
𝑇𝑚1𝑇𝑚2

𝑇𝑚1−𝑇𝑚2
ln [(

𝛽1

𝛽2
) . (

𝑇𝑚2

𝑇𝑚1
)
2

]                                             (I.18) 

Another method is to try various heating rates and plot ln (
𝑇𝑚
2

𝛽
) versus 

1

𝑇𝑚
 which should result in 

a straight line with slope 𝐸 𝑘⁄ . Gartia et al., proposed the two heating rates method for any order 

of kinetics (1.1 ≤ 𝑏 ≤ 2.5) basing on the variation of 𝐼𝑚 with 𝑏. This variation is significantly 

faster than the 𝑇𝑚 with 𝑏 variation [12, 29]. 

𝐸 =
𝑘𝑇𝑚1𝑇𝑚2

𝑇𝑚1−𝑇𝑚2
ln

𝐼𝑚1

𝐼𝑚2
                                                         (I.91) 

I.3.3.3 Peak shape (PS) method 

 

 

Figure I. 10. A single peak’s parameters [30]. 
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Chen described a method for calculating activation energy in cases where the order is 

not necessarily first or second but can be a non-integer value. This method is based on 

determining the maximum and half-intensity temperatures, as depicts Figure I.10.  

where 

𝑇𝑚, 𝑇1, 𝑇2 are the maximum peak temperature and the temperatures on either side of the 

maximum temperature, corresponding to half intensity, 

𝜏 = 𝑇𝑚 − 𝑇1 : is the half-width of the peak on the low temperature side, 

𝛿 = 𝑇2 − 𝑇𝑚 : is the half-width towards the glow peak's fall-off, 

𝜔 = 𝑇2 − 𝑇1 : is the peak’s total half-width, 

𝜇𝑔 =
𝛿

𝜔
 : is the symmetry factor. 

 

Chen's method entails finding the temperature at maximum, for given values of b, s, E, 

β using a computer. 

The values that were used were 

0.7 ≤ 𝑏 ≤ 2.5 

105𝑠−1 ≤ 𝑠 ≤ 1013 

0.1𝑒𝑉 ≤ 𝐸 ≤ 1.6𝑒𝑉 

𝛽 = 0.5°𝐶/𝑠  

 

Once the value of 𝑇𝑚 corresponding to 𝐼𝑚 has been determined, the values   𝑇1and 𝑇2 can be 

calculated numerically by solving the following equation: 

𝐼(𝑡) =
𝐼𝑚

2
       

Chen proposed a general formula for calculating activation energy as: 

𝐸𝛼 = 𝑐𝛼 (
𝑘𝑇𝑚

2

𝛼
) − 𝑏𝛼(2𝑘𝑇𝑚)                                            (I.20) 

where α is τ, δ or ω and the values of 𝑐𝛼 and 𝑏𝛼 can be summarized as : 

𝑐𝜏 = 1.51 + 3.0(𝜇𝑔 − 0.42)                         𝑏𝜏 = 1.58 + 4.2(𝜇𝑔 − 0.42) 

𝑐𝛿 = 0.976 + 7.3(𝜇𝑔 − 0.42)                      𝑏𝛿 = 0 

𝑐𝜔 = 2.52 + 10.2(𝜇𝑔 − 0.42)                     𝑏𝜔 = 1 

𝜇𝑔 = 0.42                             for first-order kinetics  

𝜇𝑔 = 0.52                             for second-order kinetics 
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According to Chen’s graph the values of 𝜇𝑔 range from 0.36 to 0.55 for b values ranging from 

0.7 to 2.5, see Figure I.11. 

Once the activation energy has been determined, the frequency factor can be calculated 

using the following equation for general-order kinetics [12, 30]  

𝑠 = (
𝛽

𝑇𝑚
2) (

𝐸

𝑘
)

1

1+(𝑏−1)(
2𝑘𝑇𝑚
𝐸

)
𝑒𝑥𝑝 (

𝐸

𝑘𝑇𝑚
)                                       (I.29) 

 

Figure I. 11. Calculated symmetry factor as a function of the given kinetics order [30]. 

 

I.3.3.4 Isothermal decay method 

The isothermal decay technique is not strictly speaking a TL-based method, but it is a 

general method for determining E and s. The TL response is recorded as a function of time 

while the sample is kept at a constant temperature that is slightly below the peak's maximum 

temperature and holding it there for a predetermined period of time. 

May and Partridge proposed using the isothermal decay method in general for any order. 

It is possible to find the order b in this case.  

By integrating Eq.(I.14), the following expression can be obtained 

 



18 
 

𝑛1−𝑏−𝑛0
1−𝑏

1−𝑏
= −𝑠′′𝑒𝑥𝑝 (−

𝐸

𝑘𝑇
) 𝑡                                         (I.22) 

With substituion 

𝑎 =  𝑛0
1−𝑏     

𝑐 = −(1 − 𝑏)𝑠′′exp (−
𝐸

𝑘𝑇
)                                            (I.23) 

n =(𝑎 + 𝑐𝑡)
1

1−𝑏                                                      (I.24) 

and since 𝐼 = −𝑑𝑛 𝑑𝑡⁄ , one obtains: 

        𝐼 = −
𝑐

1−𝑏
(𝑎 + 𝑐𝑡)

𝑏

1−𝑏  

That is  

𝐼
1−𝑏

𝑏 = (𝑎 + 𝑐𝑡) [𝑠′′𝑒𝑥𝑝 (−
𝐸

𝑘𝑇
)]

1−𝑏

𝑏

 

That can be writen 

 𝐼
1−𝑏

𝑏 = 𝐴 + 𝐵. 𝑡                                                     (I.25) 

where 

𝐴 = 𝑎 [𝑠′′𝑒𝑥𝑝 (−
𝐸

𝑘𝑇
)]

1−𝑏

𝑏
                                                (I.26) 

𝐵 = 𝑐 [𝑠′′𝑒𝑥𝑝 (−
𝐸

𝑘𝑇
)]

1−𝑏

𝑏
                                               (I.27) 

The I(t) function given by Eq. (I.25) is a linear function of time; thus, a plot of the left 

side versus time yields a straight line when the best b value is determined by iterative procedure 

using different values of b to best fit Eq. (I.25) [12]. 

 

I.3.3.5 Computerized glow curve deconvolution (CGCD) 

Since 1980, computerized glow curve deconvolution (CGCD) has been widely used to 

deconvolve a complex thermoluminescent glow curve into individual peak components. After 

determining each component, the trapping parameters can be calculated. This method, which is 
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widely used for many dosimetric materials, can provide a clear estimate of the TL signal. The 

easiest part of a CGCD analysis is achieving a good fit to the experimental glow curves.  

The experimental TL glow curve has strongly overlapping peaks, the CGCD analysis 

must be used with caution. The main issue is that the fundamental TL kinetics equations, 

namely the Randall-Wilkins equation for first-order kinetics and the Garlick-Gibson equation 

for second-order kinetics, give the glow peak TL intensity as a function of: n0, E, s, T.  It is then 

necessary to identify appropriate criteria for defining and evaluating the resolution of 

overlapping TL peaks.  

For resolving a composite glow curve into its components, some approximated 

functions have been proposed, including the Podgorsak-Moran-Cameron approximation 

(PMC), Gaussian peak shape, asymmetric Gaussian functions, and others reviewed by 

Horowitz and Yossian [31]. 

The PMC approximation is the only one which transforms the aforementioned 

parameters into: Im, E, Tm, T [32]. The benefit of this transformation is having only two free 

parameters Im and Tm, which can be obtained directly from the experimental glow curve.  

Using Eq. (I.15) of the general-order kinetics and the following approximation: 

 ∫ 𝑒𝑥𝑝 (−
𝐸

𝑘𝑇′
)𝑑𝑇′ =

𝑘𝑇2

𝐸
(1 −

2𝑘𝑇

𝐸
) 𝑒𝑥𝑝 (−

𝐸

𝑘𝑇
)

𝑇

𝑇0
                          (I.28) 

The condition at maximum is: 

𝛽𝐸

𝑘𝑇𝑚
2 = 𝑍𝑚𝑠. 𝑒𝑥𝑝 (−

𝐸

𝑘𝑇𝑚
2)                                               (I.29) 

Kitis proposed for general-order kinetics new analytical expression for describing a 

glow peak that have the same accuracy as the basic TL kinetic equation of the general-order 

kinetics while retaining the advantage of the PMC equation as [12, 33]: 

             𝐼(𝑇) = 𝐼𝑚. 𝑏
𝑏

𝑏−1. 𝑒𝑥𝑝 (
𝐸

𝑘𝑇
.
𝑇−𝑇𝑚

𝑇𝑚
) × [(𝑏 − 1). (1 − ∆).

𝑇2

𝑇𝑚
2 . 𝑒𝑥𝑝 (

𝐸

𝑘𝑇
.
𝑇−𝑇𝑚

𝑇𝑚
+ 𝑍𝑚)]

−
𝑏

𝑏−1
      (I.30)    

where                      

∆=
2𝑘𝑇

𝐸
,  𝑍𝑚 = 1 + (𝑏 − 1). ∆𝑚,  ∆𝑚=

2𝑘𝑇𝑚

𝐸
 

 

I.4 Optically stimulated luminescence (OSL) 

OSL is the light emitted by certain crystals that have previously been exposed to ionizing 

radiation when they are stimulated by light (visible or infrared). OSL emission from natural 
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crystals is not entirely understood since it is dependent on the nature and concentration of 

impurities, as well as the crystal's defects. Because each mineral might have a distinct OSL 

response, even aliquots of the same sample must be calibrated separately [34]. 

Since the 1950s, OSL was proposed as a dosimetry tool for the first time by Romanovskiĭ et al, 

[35] when working with different sulfide materials, it was noted that when they were exposed 

to infrared light, they emitted a luminescence [36]. 

 

 I.4.1 Theory of OSL 

The situation of OSL is the same as TL phenomenon. During OSL readout by photons, 

such as infrared (IR) light, electrons raise from the trap to the conduction band, where they find 

counterpart holes in the center and recombine to generate OSL photons. Figure I.12 depicts the 

energy levels of OSL phenomenon in a simple representational view [14, 15]. 

 

 

Figure I. 12. Energy level presentation for optically stimulated luminescence [16]. 

 

The electrons are evicted from electron traps by shining light (blue, red,...). 

Many types of traps exist within the crystal as shallow-depth traps that are unstable at 

room temperature, medium-depth traps can be released when exposed to visible light, and deep-

depth traps that are extremely difficult, if not impossible, to empty once filled. The behavior 
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and interplay of these various trap types have an impact on the fading, reuse, and readout of 

dosimeters [37].  

 

I.4.2 OSL stimulation modalities 

Unlike TL, OSL has several experimental approaches of stimulation: 

 

I.4.2.1 ‘‘Continuous-wave OSL’’ (CW-OSL) in which the stimulation light intensity is 

constant and the signal of OSL is monitored continuously throughout the stimulation period 

[38]. In this case, the only distinction between OSL and stimulation light is based on wavelength 

separation (𝜆𝑂𝑆𝐿 ≠ 𝜆𝑠𝑡𝑖𝑚). Figure I.13 presents CW-OSL stimulation with its corresponding 

decay curve. 

 

 

Figure I. 13. (a) CW-OSL stimulation mode, (b) its typical decay curve [40]. 

 

Due to its simplicity and frequently satisfactory performance, CW-OSL is the most 

widely used stimulation method in dosimetry and luminescence dating [39]. 
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I.4.2.2 ‘‘Linear-modulation OSL’’ (LM-OSL) method in which the stimulation intensity 

is ramped linearly during measurements [41]. In this technique, the OSL curves are observed 

in form of peaks showed in Figure I.14. The position of peaks depends on the rate of linear 

ramping in intensity of the stimulation light and the photoionization cross-section of the trap 

being emptied. The component with the largest cross-section value appears first, just as the 'fast' 

component in CW-OSL. The intensity peaks observed in linearly modulated optically 

stimulated luminescence (LM-OSL) are synonymous with, but not necessarily identical to, the 

CW-OSL ‘fast’, ‘medium’, and ‘slow’components [38]. 

 

 

Figure I. 14. (a) LM-OSL stimulation mode, (b) its typical signal [40]. 

 

I.4.2.3 ‘‘Pulsed OSL’’ (POSL), a pulsed light source is used and the signal of OSL is monitored 

only between pulses, as depicts Figure I.15. Since emitted luminescence is measured when the 

stimulation light is turned off, the need of optical filters to distinguish between emission and 

stimulation light is reduced. POSL distinguishes between emission and stimulation light using 

time resolution rather than wavelength resolution as in CW-OSL and LM-OSL [39]. 

 The intensity of optical stimulation is separated in two parts: emission during the 

excitation pulse and emission following the excitation pulse. The efficiency of the POSL 
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process is reflected by the ratio of luminescence emitted after and during the pulse. In POSL 

stimulation mode, just the OSL emission between pulses is detected. The POSL approach is 

highly sensitive to the material’s luminescence lifetime [39]. 

 

Figure I. 15. (a) POSL stimulation mode, (b) its typical signal [40]. 

 

I.4.3 Equations governing the OSL processes  

I.4.3.1 CW-OSL governing equations 

A series of non-linear, coupled rate equations can be used to represent charge transitions 

between energy levels during irradiation and subsequent optical stimulation of a dosimeter. To 

arrive at analytical expressions, several simplifying assumptions for the evolution of the OSL 

intensity with time during optical stimulation and, ultimately, the dependence of the OSL signal 

on the absorbed dose must be introduced. 

The most basic corresponds to a system with one type of electron trap and one type of 

hole trap. This is known as the one-trap/one-recombination model. Additional complexities can 

be introduced gradually to gain an understanding of the role of additional electron traps and/or 

recombination centers. 
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I.4.3.1.1 The idealized one-trap/one-recombination OTOR model  

Figure I.16 depicts the simplest mathematical model for CW-OSL, which consists of 

one electron trap T and one recombination center R. 

 

 

Figure I. 16. A simple one-trap/one-recombination center model. Transitions 1, 2 and 3 stand for 

optical stimulation, retrapping and recombination, respectively [42]. 

 
When a sample is exposed to light, electrons are stimulated from the electron trap at a rate p 

given by: 

𝑝 = 𝛷𝜎                                                               (I.31) 

where  

𝛷 is the stimulating light intensity  

𝜎 is the photoionisation cross section.  

Transitions to the valence band do not occur during optical stimulation of the electrons from 

the traps, and at any time t during the optical stimulation period, the charge neutrality condition 

becomes 𝑛𝑐 + 𝑛 = 𝑚, from which the rate of change of the various concentrations can be 

written as: 

𝑑𝑛𝑐
𝑑𝑡

= −
𝑑𝑛

𝑑𝑡
+
𝑑𝑚

𝑑𝑡
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Optically stimulated electrons from an electron trap to the conduction band (transition 1 in the 

above figure) can be retrapped (transition 2) or proceed to the recombination center, where they 

produce luminescence (transition 3). The rate equations that describe these processes are 

expressed as Eq. (I.2) and (I.3). At this point, the so-called quasi-equilibrium assumption is 

introduced, namely 

|
𝑑𝑛𝑐

𝑑𝑡
| ≪ |

𝑑𝑛

𝑑𝑡
| , |

𝑑𝑚

𝑑𝑡
|                                                       (I.32) 

This approximation, which states that the concentration of free electrons in the conduction band 

nc must be stable, is used to make rate equations such as Eq.(I.2) tractable.  

Under the assumption of negligible retrapping and 𝑛𝑐 ≪  𝑛, 𝑚, the intensity of the emitted OSL 

is given by: 

𝐼𝑂𝑆𝐿 = −
𝑑𝑛

𝑑𝑡
= 𝑛𝑝                                                        (I.33) 

First-order kinetics is described by Eq. (I.33), in which the rate of trap emptying is 

proportional to the concentration of trapped electrons. We can deduce from Eq.(I.33) that the 

time-dependence of luminescence intensity is: 

𝐼𝐶𝑊−𝑂𝑆𝐿(𝑡) = 𝑛0𝑝 𝑒𝑥𝑝(−𝑝𝑡) = 𝐼0 𝑒𝑥𝑝(−𝑝𝑡) = 𝐼0exp (−
𝑡

𝜏𝑑
)               (I.34) 

where 𝜏𝑑is a constant of CW-OSL decay. 

As a result, when a constant stimulation light intensity is applied to the sample, the OSL 

intensity decays exponentially. Eventually, all of the traps are depleted, and the OSL drops to 

zero. 

Non first-order decay may result from retrapping, trap interactions, and multiple centers 

of recombination [42].   

 

I.4.3.1.2 Multiple traps and centers model 

A non-exponential OSL decay can be observed which was interpreted in terms of 

contributions from three distinct traps with various photoionization cross sections at used 

stimulation wavelengths. Later, the obtained data were interpreted by fitting the decay curves 

to three exponential decay curves sum with varying values for the constant of OSL decay 

referred to as the ‘fast’, ‘medium’ and ‘slow’ components. Figure I.17 represents the OSL decay 

curve from quartz with two components: slow and medium, representing two types of optically 

sensitive traps. 
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Figure I. 17. A quartz OSL decay curve with the slow component (blue) and the medium component 

(red) [42]. 

 

In the case of two optically sensitive traps with concentrations of trapped charge 𝑛1 and 𝑛2 and 

stimulation rates 𝑝1 and 𝑝2, it is easy to show that: 

𝑑𝑚

𝑑𝑡
= −(

𝑑𝑛1

𝑑𝑡
+
𝑑𝑛2

𝑑𝑡
)                                                 (I.36) 

and 

𝐼𝑂𝑆𝐿 = 𝑛10𝑝1. 𝑒𝑥𝑝(−𝑡𝑝1) + 𝑛20𝑝2. 𝑒𝑥𝑝(−𝑡𝑝2) 

               = 𝐼10. exp(− 𝑡 𝜏𝑑1⁄ ) + 𝐼20. 𝑒𝑥𝑝(− 𝑡 𝜏𝑑2⁄ )                              (I.37) 

Employing the superposition principle with no trap interaction, it is obvious that this 

can be expanded to three or more optically sensitive traps, each of which empty during 

stimulation at a different characteristic rate. 

 

I.4.3.1.3 Generalized model  

Real materials have multiple traps and centers, some of which are shallow, some of 

which are "optically sensitive" (i.e., the charge can be optically stimulated at the wavelength 
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used from the trap), and some of which are deep. Some recombination centers are radiative, 

while others are not. Effects of charge transfer may occur between some centers but not others. 

Charge transfer processes may or may not involve the conduction band (as previously assumed). 

Real materials, in other words exhibit far greater complexity of behavior than has been 

suggested so far. 

McKeever et al., presented the model shown in Figure I.18 as a first attempt to develop 

a realistic OSL model. The model consists of: shallow trap (1) where electrons can be trapped 

during optical stimulation (arrow pointing downward) and can be optically or thermally 

released (arrow pointing upward); dosimetry trap (2) where electrons are stimulated optically; 

deep trap (3) where electrons can be trapped that remain localized once trapped; radiative 

recombination center (4) where trapped electrons and holes can recombine and produce OSL; 

and non-radiative recombination center (5) in which recombination can take place without 

generating an OSL photon. 

 

 

Figure I. 18. A model that combines all of the elements shown separately in Fig. I.16 [43]. 

 

It should be noted that the single shallow trap indicated here can be thought of as 

representing all of the shallow unstable traps that are expected to be found in real materials, 

each with its own lifetime of trapped charges and characterized thermal decay. The same applies 

to both types of recombination centers. Similarly, deep traps can be thought of as all deep traps 

that can capture charge during optical stimulation and thus competing luminescence centers. 
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As a result, while the model described is simplistic, it includes many of the characteristics that 

might be found in a real material. 

Six coupled, non-linear equations make up the rate equations that describe the charge 

flow into and out of the different traps and centers shown above. These equations are 

unsolvable, even for this still oversimplified model. The rate equations must be numerically 

solved under a variety of conditions in order to acquire further understanding of the potential 

behavior of such a system. At this point, the parameter range is open-ended, meaning that an 

endless number of values and value combinations are possible.  

To determine the number of traps and recombination centers required and to limit the 

range of possible values for the trapping and recombination parameters, one would need to 

carefully examine the available experimental data if one were attempting to simulate a specific 

material. Yet for now, only intelligent guesses must be made. Even still, this admittedly 

inadequate approach provides insights into possible experimental results obtained with a real 

material. Bøtter-Jensen et al. (1994) and McKeever et al. (1997) used a similar procedure to 

study how the shape of the OSL decay curve changes with delivered dose, intensity of 

stimulation, pre-irradiation annealing procedure, and temperature. Temperature-dependent 

effects on OSL curve shapes can be noticed when measuring at different temperatures. Perhaps 

the most widely recognized result is genetically known as "thermal assistance," which is 

reflected by the observation that more OSL is stimulated for the same excitation intensity at 

higher temperatures than at lower temperatures. Shallow traps can generate this observation, 

but thermal assistance has an important feature in that it increases not only OSL efficiency but 

also the rate of OSL decay during CW-OSL measurement. [43]. In these instances, the CW-

OSL decay rate, 𝑝 = 1 𝜏𝑑⁄  is temperature-dependent: 

𝑝 = 𝑝0. 𝑒𝑥𝑝 {−
∆𝐸

𝑘𝑇
}                                                           (I.38) 

where, ∆𝐸 is the thermal activation energy. 

I.4.3.2 LM-OSL governing equations 

I.4.3.2.1 First and general-order kinetics  

So far, the description of OSL has been based on CW-OSL, or OSL induced by a 

constant intensity of a light source with a constant wavelength. An alternate approach was 

proposed in which the stimulation source intensity is linearly ramped and the OSL is measured 

during the ramp. When this stimulation mode is adopted, the OSL is observed as peak series, 

each of which corresponds to charge release optically from various trap types. Thus, traps with 

a large photoionization cross-section at the wavelength utilized during measurements are the 
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first to empty and appear as a peak an OSL plot vs stimulation time. Smaller photoionization 

cross-section traps take longer time to empty, giving rise to OSL peaks that manifest later. As 

a result, LM-OSL may provide better discrimination of traps with different rates of de-trapping, 

such as those that are fast, slow, or medium, when compared to CW-OSL.  

The shape of LM-OSL curves can be mathematically described considering the one-

trap/one-recombination model. In this model, the electrons are trapped in a localized state until 

being stimulated into the conduction band by photon absorption of energy hνex. The liberated 

electron can then recombine at a trapped hole center to emit photon of wavelength hνem.  

For first-order kinetics where the retrapping is negligible, the de-trapping rate is 

provided by Eq. (I.31), and the intensity of corresponding luminescence (CW-OSL) by Eq. 

(I.34), where the decay time-constant is 𝜏𝑑 = 1 𝜎𝛷⁄ . However, if the intensity ramps linearly 

from 0 to a maximum value 𝛷𝑚 as follows: 

𝛷(𝑡) = 𝛾𝑡                                                      (I.39) 

Then Eq. (I.33) is now replaced by: 

𝑑𝑛

𝑑𝑡
= −𝜎𝛾𝑡𝑛                                                    (I.40) 

From which a Gaussian function is obtained: 

𝑛 = 𝑛0𝑒𝑥𝑝 (−
𝜎𝛾

2
𝑡2)                                             (I.41) 

The LM-OSL intensity can be given by: 

𝐼𝑂𝑆𝐿 = 𝑛0𝜎𝛾𝑡. 𝑒𝑥𝑝 (−
𝜎𝛾

2
𝑡2)                                        (I.42) 

Because the concept of superposition is applied to first-order kinetics, and if 𝐾 traps of 

type 𝑖 exist, the equation is rewritten as follows: 

𝐼𝑂𝑆𝐿 = 𝛾𝑡 ∑ 𝑛0𝑖𝜎𝑖. 𝑒𝑥𝑝 (−
𝛾𝜎𝑖

2
𝑡2)𝐾

𝑖=1                                    (I.43) 

The sample’s experimental curve of LM-OSL in which several traps are simultaneously 

emptying but at different rates may be described as a sum of LM-OSL first-order curves. Figure 

I.19 shows example LM-OSL curves simulated for various product values γσ for fixed values 

of 𝑛0. 
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Figure I. 19. LM-OSL curves for 1st order kinetics simulated using various product values γσ [43]. 

 

The LM-OSL peaks arise at shorter durations as the photoionisation cross-section σ rises 

for constant ramp rates γ. Similarly, with fixed σ, the peaks arise at shorter durations for 

increasing ramp rate. At t = 0, all peaks begin. For a system with first-order kinetics and multiple 

peaks, the net LM-OSL curve is simply the addition of peaks as those shown [43]. 

It should be noticed that regardless of the σ and γ values used, each peak begins at t=0. 

For a single trap, the LM-OSL curve has the shape of a linearly increasing function 

(proportionally to the linear increase in the power of stimulation) with a Gaussian decrease in 

the intensity of LM-OSL intensity as the trap is depleted. The time for reaching the maximum 

is given by the following formula:  

𝑡𝑚𝑎𝑥 = √
1

𝜎𝛾
                                                      (I.44) 

and the maximal intensity of the LM-OSL is : 

𝐼𝑂𝑆𝐿
𝑚𝑎𝑥 =

𝑛0

𝑡𝑚𝑎𝑥
. 𝑒𝑥𝑝 (−

1

2
)                                           (I.45)    
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Thus, based on the γ known value and the 𝑡𝑚𝑎𝑥  observed value, the ionisation cross-

section at the experimental wavelength used can be determined. The LM-OSL peak position is 

also seen to be wavelength dependent (by the wavelength dependence of σ) and linear 

modulation ramp rate γ dependent. When a general-order kinetics model is adopted, in which 

the re-trapping rate of the released charge is greater than the recombination rate, it yields: 

𝑑𝑛

𝑑𝑡
= −

𝜎𝛾𝑡𝑛𝑏

𝑛0
𝑏−1                                                    (I.46) 

where 𝑏 is a dimensionless positive number: 𝑏 >  0, 𝑏 ≠  1. The solution of Eq. (I.46) is as 

follows: 

𝐼𝑂𝑆𝐿 = 𝑛0𝜎𝛾𝑡 [(𝑏 − 1)
𝜎𝛾𝑡2

2
+ 1]

𝑏/(1−𝑏)

                              (I.47) 

Contrary to the first-order kinetics case, the superposition does not apply when many 

types of traps exist, therefore an experimental curve of LM-OSL cannot be easily characterized 

as the sum of various non first-order processes. A general-ordered LM-OSL peak reaches its 

maximum at time 𝑡𝑚𝑎𝑥, where:  

𝑡𝑚𝑎𝑥 = √
2

𝜎𝛾(𝑏+1)
                                                 (I.48) 

where the maximum intensity is: 

𝐼𝑂𝑆𝐿
𝑚𝑎𝑥 = (

2𝑛0

𝑏+1
) (

1

𝑡𝑚𝑎𝑥
) (

2𝑏

𝑏+1
)
𝑏/(1−𝑏)

                                (I.49) 

The luminescence intensity is considered to be directly proportional to the rate of de-

trapping, 𝑑𝑛/𝑑𝑡, in the descriptions of the first-order LM-OSL and CW-OSL curves. These 

results reveal that the rate of de-trapping is directly related to the stimulation intensity. Thus, 

with 𝑝 = 𝜎𝛷 and from Eq. (I.34) we can see that [𝑑 ln(𝐼𝐶𝑊−𝑂𝑆𝐿)/𝑑𝑡] ∝ 𝛷.  

A mathematical transformation was provided by Bulur, that converts CW-OSL curves to LM-

OSL curves. First, declare a variable 𝑢 as follows: 

𝑢 = √2𝑡𝑃                                                      (I.50) 

where 𝑃 is the LM-OSL total measurement period in experiments, and 𝑢 is the time dimension. 

The result of multiplying by 𝑢 𝑃⁄  and substituting Eq. (I.42) into the expression of CW-OSL 

(Eq. (I.34)) is as follows: 
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𝐼𝑂𝑆𝐿 =
𝑛0𝜎𝛷𝑢

𝑃
𝑒𝑥𝑝 (−

𝜎𝛷

2𝑃
𝑢2)                                           (I.51) 

This has the same form as the LM-OSL expression (Eq. (I.42)). Comparing the 

expressions (I.34) and (I.51) we see that 𝑢 agrees with 𝑡 , and clearly 𝛷 𝑃 = 𝛾⁄ .  

 

 

Figure I. 20. Na-feldspar CW-OSL, pseudo LM-OSL, and experimental LM-OSL curves 

produced using IR-stimulation [43]. 

Figure I.20 shows an example of a CW-OSL curve, the transformed (pseudo), and 

experimental LM-OSL curves from IR-stimulated Na-feldspar, using a ramp time of 100 s in 

the experiments and in the calculation of transformation using Eq. (I.49) [43]. 

 

I.4.4 CW & LM-OSL advanced methods in trapping parameters evaluation 

I.4.4.1 Differential Evolution (DE) algorithm to OSL decay curves deconvolution  

Bluszcz and Adamiec present a differential evolution algorithm (DE) and its application 

to OSL decay curve deconvolution to first-order components. Their basic assumption is that 

under stimulation of constant intensity, quartz OSL intensity is provided by the sum exponential 

decay components as: 
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𝐼(𝑡) = 𝐼01. 𝑒𝑥𝑝
−𝜆1𝑡 + 𝐼02. 𝑒𝑥𝑝

−𝜆2𝑡 +⋯                               (I.52) 

where the aim is the determination of the components number m, also the value estimation of 

both, the decay constants 𝜆𝑘, and the magnitude 𝐼0𝑘 of each component. The CW- and LM-OSL 

decay curves can be measured. The LM-OSL curve is represented as: 

𝐼(𝑡) = 𝐼01
′ 𝑡. 𝑒𝑥𝑝−(1 2⁄ )𝛾1𝑡

2
+ 𝐼02

′ 𝑡. 𝑒𝑥𝑝−(1 2⁄ )𝛾2𝑡
2
+⋯                     (I.53) 

Since the two results present the same object under different conditions of stimulation, 

there should be some correlation between the parameters associated with each component. As 

Bluszcz and Adamiec point out, OSL intensities are commonly measured indirectly by counting 

luminescence photons over intervals of finite time, i.e. in those intervals, the integrals of Eq. 

(I.52) or (I.53) are recorded. The counting time interval can be of constant length or can vary 

from the shortest (beginning of the OSL decay) to the longest (end of the OSL decay), this 

choice allows optimizing the OSL curve resolution when the counting intervals total number is 

limited. For mathematical simplicity in LM-OSL case, it was assumed that all periods of 

counting were of equal length τ, and that the measurements data consisted of 𝑁 numbers that 

were photon counts collected within the interval of (0,𝑁𝜏) in 𝑁 equal periods. It is also assumed 

that the experimental data did not include any background counts for similar reasons. In 

practical situations, the background can be taken into account by subtracting it from 

experimental data prior to analysis or by the add of a linear component (permitting a constant 

or a linearly increasing in CW-OSL or LM–OSL cases, respectively). Of course, a good 

knowledge of the instrument background is always recommended. The CW-OSL and LM-OSL 

have in this case the following forms, respectively: 

𝐼𝑖 = ∑ 𝑎𝑘(𝑒
𝜆𝑘𝜏 − 1)𝑒−𝜆𝑘𝜏𝑖𝑚

𝑘=1 , 𝑖 = 1,2, … , 𝑁                           (I.54) 

and  

𝐼𝑖 = ∑ 𝑏𝑘 (𝑒
𝛾𝑘𝜏

2(𝑖−1)
− 1) 𝑒−

1

2
𝛾𝑘𝜏

2(𝑖−2)𝑖𝑚
𝑘=1 , 𝑖 = 1,2, … ,𝑁                     (I.55) 

Although the two models have quite different shapes, they are both (𝜆𝑘 , 𝑎𝑘)𝑚 and 

 (𝛾𝑘 , 𝑏𝑘)𝑚 parameters dependent in the same way, i.e. they are linear combinations of 

exponential terms. Despite having more complex forms, general models with various lengths 

of counting intervals and stimulation steps still rely on their parameters in a same way. For this 

reason, simpler model provided by Eq. (I.54) was discussed while retaining the proposed 
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approach generality. The models' reliance on 𝑎𝑘 (or 𝑏𝑘) parameters is linear, whereas 𝜆𝑘 (or 𝛾𝑘) 

parameters is nonlinear. This feature was considered while optimizing a fitting strategy. Thus, 

the assumption that the problem is to find automatically components number statistically 

justified 𝑚, along with the parameter's best two sets (𝜆𝑘) and (𝑎𝑘) was adapted using the 

weighted least squares (LS) method to fit 𝑁 values series𝑛𝑖, which represent the number of 

measured OSL photons. Further, photon number having Poisson variances was assumed, i.e. 

For the 𝑖th interval with 𝑛𝑖  counts number, the weight is equal to 𝜏2 𝑛𝑖⁄ .  

𝜒2 = ∑
𝜏2

𝑛𝑖
(
𝑛𝑖

𝜏
− ∑ 𝑎𝑘(𝑒

𝜆𝑘𝜏 − 1)𝑒−𝜆𝑘𝜏𝑖𝑚
𝑘=1 )

2
𝑁
𝑖=1                         (I.56) 

The 𝜒2 value has been minimised for the 2𝑚 parameters (𝜆𝑘) and(𝑎𝑘). The chi-square 

distribution of this minimised value has 𝜈 = 𝑁 − 2𝑚      freedom degrees. A component adding 

(a fixed or adjustable linear component of background in the model that simply increases the 

linear parameters number and decreases the freedom degree number of the 𝜒2 value) to the 

fitted model reduces the 𝜒2 value by ∆𝜒2 and its freedom degree number by 2. As a result, the 

new value of 𝜒2 has 𝑁 − 2𝑚 − 2 freedom degrees whereas the ∆𝜒2difference has 2 freedom 

degrees. The justifiability of 𝑚 + 1𝑡ℎ component adding is tested using the ratio 𝐹: 

𝐹 =
∆𝜒2 2⁄

𝜒2 (𝑁−2𝑚−2)⁄
                                                      (I.57) 

If the determined 𝐹-value is higher than 𝐹𝛼 critical value for a level of given significance 

α (such as 0.05 or 0.01), then the newly added component can remain in the model. If not, we 

need to revert to the previous component with the 𝑚 component. This criterion allows us to 

select the components number that the experimental data justifies. This procedure is simply 

automated using a computer program. The following steps may be included in the proposed 

algorithm. 

1. Set the number of components 𝑚 to 1 and try to minimise the 𝜒2(𝑚) value. 

2. Increase 𝑚 by 1 and try to minimise the 𝜒2(𝑚 + 1) value. 

3. Use Eq. (I.56) to ∆𝜒2 = 𝜒2(𝑚) − 𝜒2(𝑚 + 1) and 𝐹statistics calculation. 

4. If  𝐹 > 𝐹𝛼, go to step 2 otherwise.  

5. Get back to the component 𝑚 and stop. Output the optimal 𝜆𝑘 and 𝑎𝑘 values as well as 

other statistics. 

Because of the model's exponential dependency on 𝜆𝑘 parameters, minimizing the 

𝜒2value necessitates an iterative method for non-linear regression, which have common 
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weakness. In order to reach the minimum, these methods require a point of starting in a 

parameter space. Frequently, the nearest local minimum is settled rather than the desired global 

one. When the procedure of minimization is not carried out frequently, this weakness kind can 

be tolerated, nd the user can fix it by choosing a better point of starting. When there is a big 

experimental data number to be evaluated and the procedure is time demanding, human 

intervention is impractical or perhaps technically infeasible. 

A starting point can be found for the Levenberg–Marquardt (LM) minimization method 

using self-organising algorithms for optimization differential evolution (DE) based. The 

differential evolution method examines a parameter space stochastically for a quasi-optimal 

solution, in this instance, the 𝜒2 global minimum. In a parameter space of 𝑛-dimensions, the 

solution is represented as a vector, where 𝑛 is a number of 𝜒2 parameters and the parameter 

values make up the vector's coordinates. In the most basic situation, the 𝑖th coordinate of the 

vector solution is the 𝑖th parameter. DE begins with a random selection of 𝑁𝑃 vectors 𝑉𝑖 (𝑖 =

 1, 2, 3, . . . , 𝑁𝑃) from the given search space. "Generation" refers to the collection of 𝑁𝑃 

vectors. This generation develops into generations of descendants by three main evolutionary 

operations that are mutation, combination and finally selection. The operation of mutation 

involves adding a weighted difference of 2 additional vectors chosen at random from the current 

generation to a given vector. Let 𝑨 be a mutating vector, 𝑩 and 𝑪 be two randomly chosen 

vectors such that: 

𝑨 ≠ 𝑩 ≠ 𝑪                                                         (I.58) 

Following which the mutated vector is obtained as 

𝑨′ = 𝑨 + 𝐹. (𝑩 − 𝑪)                                                 (I.59) 

where 𝐹 is a factor of weighting that governs the mutation scale. 

When there is a combination between vectors 𝑨 and 𝑩, a subvector 𝐶 inherits a 

randomly chosen coordinate from vector 𝑩 and  each of its remaining 𝑛 − 1 coordinates from 

either 𝑨 with (1 − 𝐶𝑅) probability or from 𝑩 with a 𝐶𝑅 probability. The operation of 

combination is denoted as:  

𝑪 = 𝑅(𝑨,𝑩; 𝐶𝑅)                                                   (I.60) 
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Since the descendant generation’s composition is determined by 𝑁𝑃 competition, in the 

𝑖th competition the 𝑖th vector competes with its subvector 𝑉𝑖, which is the product of the 

mutation and the combination of the three vectors chosen at random,  

𝑽𝒊
′ = 𝑅[𝑽𝒊, 𝑽𝒂 + 𝐹. (𝑽𝒃 − 𝑽𝒄); 𝐶𝑅]                                  (I.61) 

The vector with the lower 2 value among the two competing vectors 𝑽𝒊
′ and 𝑽𝒊 is chosen 

for the next generation. The DE algorithm invokes an external function for each vector 𝑽 that 

returns the value of 𝜒2 calculated for the fitting experimental data. When the generation 

completes, the DE algorithm then invokes some other external function to check for the "stop" 

condition. Three parameters : 𝑁𝑃, 𝐹 and 𝐶𝑅, which represent the vector number in the 

developing population, the mutation scale and the crossover rate (probability), respectively, 

control the DE in this manner, where 𝑁𝑃 is recommended to be 5– 10 times the parameter 

number 𝑛, 0 <  𝐹 ≤  1.2 and 0 ≤  𝐶𝑅 ≤  1,0. 

Since the models depend on linear and non-linear parameters where the linear portion 

may be addressed using linear regression techniques, while the non-linear portion can be 

approximated using DE first before being solved using a non-linear LM regression technique. 

The solution vector is divided into two parts practically. The first is made up of 𝑚 decay 

constants 𝜆𝑘 and is referred to as 𝛬, while the second is made up of the remaining parameters 

𝑎𝑘 (background parameters are included where appropriate) and is referred to as 𝐴. A hybrid 

algorithm that employs an evolutionary approach to optimize both vector Λ and linear 

regression to generate 𝐴 vector is used to minimise𝜒2. A linear regression calculation of the 

vector 𝐴 coordinates is performed within a function that returns the value 𝜒2. The proposed 

algorithm is known as HELA, which stands for hybrid evolutionary-linear algorithm. The 

HELA suggested for the OSL curve's automated and unassisted deconvolution into 𝑚 

components may be expressed as follows: 

1. Set a range of variability for the m decay constants, which are the Λ vector coordinates. 

Then, generate at random 𝑁𝑃  such  𝛬𝑖 vectors (𝑖 =  1, 2, 3, . . . , 𝑁𝑃) to create the initial 

generation of solutions. Call an external function for each 𝑖 that returns both 𝜒2 value 

and the vector 𝛬𝑖 whose coordinates are calculated via linear regression.  

2. Use evolutionary operators, to get the following generation of the solution. To get the 

𝜒2 value for each vector, use Eq. (I.60) to create an offspring 𝛬𝑖
′ for each vector 𝛬𝑖 

through mutation and crossing-over. From competing pairs 𝛬𝑖 and 𝛬𝑖
′, choose the one 

with the lower value of 𝜒2 for the following generation. 
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3. Check out the "stop" condition and output the best possible solution. If the condition is 

not satisfied, appoint the new incumbent generation and move to step 2. 

4. use the best possible solution from step 3 as a starting point for the method LM to get 

the 𝑚 OSL components parameters. 

Randomly generated data containing components of known intensity and decay constant 

and additional background were tested. In most situations, 15-100 generations were required to 

achieve satisfactory adaptation. The LM method did not yield better values of 𝜒2 than the 

HELA algorithm, in many cases. The HELA method has proven to be highly effective in 

simulated OSL decay curve decomposition into its components. As a result, the known 

parameters were successfully retrieved. In practice, the evaluated parameters may be used to 

estimate the absorbed dose for various components [44]. 

 

I.4.4.2 Deconvolution  

GCD procedure for TL have recently been used to peak-shaped composite curves of 

LM-OSL. Kitis and Pagonis investigated the geometrical properties and symmetry factors of 

peak-shaped curves of LM-OSL, highlighting the differences and similarities between the 

deconvolution analyses of TL and OSL. These researchers investigated both first- and general-

order peaks and revealed the presence of pseudo constants that vary slowly and there use to 

develop formulas for optical cross-sections for OSL. For first- and general-order analysis, the 

following expressions were developed in a manner similar to that of TL. 

𝐼(𝑡) = 1.6487𝐼𝑚
𝑡

𝑡𝑚
. 𝑒𝑥𝑝 (−

𝑡2

𝑡𝑚
2 )                                             (I.62) 

𝐼(𝑡) = 𝐼𝑚
𝑡

𝑡𝑚
(
𝑏−1

2𝑏

𝑡2

2𝑡𝑚
2 +

𝑏+1

2𝑏
)
𝑏 (1−𝑏)⁄

                                        (I.63) 

In these formulations, 𝑡𝑚 represents the time at which the maximum intensity of LM-OSL 

occurs. Kitis and Pagonis pointed out a significant distinction between TL and OSL 

deconvolution study. Once the time 𝑡𝑚 of LM-OSL’s maximum intensity 𝐼𝑚 in the 

experimental OSL curve has been determined, the whole individual OSL curve may be 

recognized within the composite curve of LM-OSL. This property is essential for computerized 

curve deconvolution analysis (CCDA), since for any given 𝑡𝑚, there is only one corresponding 

peak of LM-OSL, contrary to the respective TL peaks property, where each peak’s  𝑇𝑚 

corresponds to unlimited number of possible peaks of TL with various kinetic parameters pairs 

(𝐸, 𝑠) [3]. 
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II.1 Radiation dosimetry  

Radiation dosimetry in the field of medical physics and radiation protection refers to 

measuring, calculating, and assessing the dose of ionizing radiation absorbed by an object, often 

the human body. This occurs internally, by ingestion or inhalation of radioactive substances, or 

externally, by irradiation by radiation sources. Evaluation of internal dosimetry is based on a 

variety of monitoring techniques, bio-assay or imaging using radiations, while external 

dosimetry is based on dosimeter measurements or inferred from measurements displayed by 

other radiation protection devices. It is widely used for radiation protection, it is regularly 

employed for monitoring occupational radiation workers in areas where radiation exposure is 

either expected or unexpected. It is possible to measure and calculate the public absorbed dose 

using a range of indicators, including ambient gamma radiation measurements, radioactive 

particle monitoring, and radioactive contamination levels. Other significant disciplines of 

radiation dosimetry include medicine, where the needed absorbed dose in treatment as well as 

any collateral absorbed dose are monitored, and the environment, where radon monitoring in 

buildings is used [45].  

Luminescence can be employed in dosimetry for estimating the absorbed dose using 

detectors exhibiting luminescence in various radiation applications.  

 

 

Figure II. 1. Luminescence dosimetry applications: the steps involved [46]. 
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Figure II.1 represents the different steps involving luminescence dosimetry and its 

applications from exposure to calibration.  

The intensity of the luminescence scales with the amount of energy absorbed by the 

radiation field. Calibration allows the conversion of luminescence intensity to the amount of 

interest, for instance, the absorbed dose, personal dose equivalent and kerma [46]. 

 

II.1.1 Dose quantities and units  

II.1.1.1 Kinetic energy released per unit mass: Kerma 

Kerma can be defined as the initial kinetic energies sum of all charged particles released 

by uncharged ionizing radiation (photons and neutrons) per unit mass of a material. It is defined 

as: 

𝐾 =
𝑑𝐸𝑡𝑟

𝑑𝑚
                                                         (II.1) 

To assess radiation protection, kerma in air or air kerma Ka is used.  

The joule per kilogram (J/kg), referred to as the gray (Gy), is the kerma’s international system 

(SI) unit. 

 

II.1.1.2 Absorbed dose 𝐃 

Absorbed dose is a basic physical quantity that represents the amount of energy absorbed 

per unit mass of a material and has been successfully used in applications of "high-dose" in 

radiation therapy, industrial ionizing radiation applications, and low-dose exposure in radiation 

protection. It is defined as: 

𝐷 =
𝑑𝜀

𝑑𝑚
                                                            (II.2) 

where 𝑑𝜀 is the average energy supplied by ionizing radiation to the matter in a volume element,  

𝑑𝑚 is the matter’s mass in the volume element. 

The international system unit of absorbed dose is gray (Gy). 

 

II.1.1.3 Linear energy transfer: LET   

LET is the amount of energy transferred by an ionizing particle to the substance 

traversed per unit distance. It describes the effect of radiation in matter. It is defined as: 

𝐿𝛥 = (
𝑑𝐸

𝑑𝑙
)𝛥                                                       (II.3)  
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A LET high value implies that energy is deposited within a short distance. 

Low LET: LET <10 keV/μm. 

Examples: beta radiation, secondary electrons of X and gamma-rays.  

High LET: LET >10 keV/μm. 

Examples: heavier ions, alpha radiation and secondary charged particles produced by neutrons. 

 

II.1.1.4 Equivalent dose 𝐇𝐓 

Research in radiobiology has shown that at the same values of absorbed dose, biological 

damage can vary according to the radiation type. For the same absorbed dose, alpha particles 

or neutrons, for example, cause greater biological harm than X or gamma radiation. The 

equivalent dose is adjusted to account for the radiation type effectiveness [47]. 

𝐻𝑇 = ∑ 𝑤𝑅𝐷𝑇,𝑅𝑅                                                         (II.4) 

where 𝐷𝑇,𝑅 is the absorbed dose in tissue 𝑇 by radiation type 𝑅, 

𝑤𝑅 is the radiation weighting factor defined by regulation. 

  

The tabulated values in the table below are estimated with Relative Biological 

Effectiveness RBE study and according to report 103 from the International Comission on 

Radiological Protection ICRP. 

Table II. 1. Radiation weighting factor 𝑤𝑅 values according to ICRP report 103 [48]. 

Radiation type 𝑹 Radiation weighting factor, 𝒘𝑹 

Photons 1 

Electrons 1 

Protons 2 

Alpha particles, fission 

fragments, heavy ions  

20 

 

 

Neutrons 𝑤𝑅 =

{
 
 

 
 2.5 + 18.2𝑒−((ln(𝐸𝑛))

2
6),                                   𝐸𝑛 < 1𝑀𝑒𝑉 

5.0 + 17.0𝑒−((ln(2𝐸𝑛))
2
6) ,              1𝑀𝑒𝑉 ≤ 𝐸𝑛 ≤ 50𝑀𝑒𝑉  

2.5 + 3.25𝑒−((ln(0.04𝐸𝑛))
2
6),                          𝐸𝑛 > 50𝑀𝑒𝑉 }
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The equivalent dose 𝐻𝑇 is expressed in sievert (Sv). 

 

II.1.1.5 Effective dose 𝐄 

The effective dose proposal's overall goal is to establish a quantity that can be directly 

related to the probability of harm to the human body from exposure to ionizing radiation in the 

low dose range where only stochastic effects (have a dose-increasing probability without a 

threshold) occurred. This quantity must be applicable under a wide range of exposure 

conditions, including external and internal radiation exposure, as well as partial and whole body 

irradiations [47]. 

𝐸 =  ∑ 𝑤𝑇𝐻𝑇 = ∑ 𝑤𝑇 ∑ 𝑤𝑅𝑅𝑇𝑇 𝐷𝑇,𝑅                                         (II.5) 

where  𝑤𝑇 is defined as the tissue weighting factor. 

 The values of 𝑤𝑇 tissue weighting factor are represented in Table II.2.  

 

Table II. 2. Tissue weighting factor 𝑤𝑇 values according to ICRP report 103 [48]. 

Tissue  𝒘𝑻 

Bone-marrow (red), colon, lung, stomach, 

breast, remainder tissues 

0.12 

Gonads 0.08 

Bladder, oesophagus, liver, thyroid 0.04 

Bone surface, brain, salivary, glands, skin 0.01 

 

The effective dose 𝐸 is expressed in sievert (Sv). 

 

II.2 TL and OSL applications in radiation dosimetry  

Although the earliest theoretical work on TL was published in the 1940s by Randall and 

Wilkins and subsequently by Garlick and Gibson, the first practical uses of thermoluminescence 

were proposed in the 1950s by Daniels suggesting the relation between rocks' natural TL and 

radioactivity from uranium (U), thorium (Th) and potassium (40K) contained in almost all rocks 

in trace form. In the middle of the 1950s, Antonov-Romanovskiĭ made the first mention of the 

potential use of optical stimulation rather than thermal stimulation for measuring absorbed dose 
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in samples for dosimetric purposes [49]. Irradiation and readout procedures of a luminescent 

detector are represented in Figure II.2. 

 

 

 

Figure II. 2. A luminescence detector's exposure (irradiation) and readout procedures are represented 

[46]. 

 

Excluding the stimulation source, OSL and TL share the same mechanism. Hence, both 

techniques can serve the same dosimetric purposes. It is feasible to measure doses as low as 

those caused by the natural environment over several days, or doses as high as those supplied 

within a nuclear reactor [50, 51]. However, the application of OSL for diverse dosimetry 

applications, began in the middle of 1990s. The reason was that sensitive OSL phosphors were 

not available until the development of Al2O3:C and its appropriateness for personal dosimetry. 

OSL dosimeters have found increasing use in many fields of dosimetry. 
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Since then, thermoluminescence (TL) and optically stimulated luminescence (OSL) as 

radiation dosimetry methods of ionizing radiation have been established and have gained a 

number of useful applications in various fields, including personal, environmental, 

accident/retrospective, medical dosimetry and high dose dosimetry. TL and OSL techniques 

can be also used in archaeological and geological dating, [49, 50]. 

 

II.2.1 Personal dosimetry 

The main purpose of personal monitoring/individual monitoring is to measure or assess 

radiation doses received by individuals during occupational exposure. Workers in the nuclear 

industry, radiotherapy technicians in hospitals, industrial radiography workers, γ-irradiators of 

high intensity and nuclear powered vessels' naval personal.  

 

 

Figure II. 3. Personal dosimeter examples [54]. 

 

Furthermore, the objectives of personal monitoring for external exposures include: 

1. Providing information on individuals exposed to external radiation when working with 

radioactive substances and/or radiation generating devices,  

2. Results of personal monitoring give insight into routine exposures, help in work 

planning, enable workplace control and offer information on exposures in incidental 

situations,  
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3. It is envisaged that such monitoring will restrict such personal's exposure to within 

prescribed limits based on recommendations from international and national 

organizations. 

4. For purposes of compliance, evaluate the effective dose and, if necessary, equivalent 

doses, 

5. Furthermore, these results help those in charge of radiation safety in maintaining doses 

as low as reasonably attainable (ALARA) [52, 53].  

Different personal dosimeters including TL, OSL and RPL are shown in Figure II.3 above. 

II.2.2 Environmental dosimetry 

Over the past decades, regulatory bodies in many countries have become increasingly aware 

of growing public concern about the potential environmental impacts of "man-made" radiation 

exposure, including:  

1. Controlled gaseous radionuclide releases from nuclear power plants during normal 

operations,  

2. Disposal of low level waste (LLW), 

3. Reprocessing of nuclear fuel, 

4. Nuclear power plant accidents and activities related to the nuclear industry.  

 

Figure II. 4. Station of environmental TLDs used in Instituto de Engenharia Nuclear-IEN for 

environmental kerma assessment [56]. 
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TLD and OSLD systems are installed near nuclear sites in many different countries to 

monitor both pre-operational (background) levels and above natural background levels that may 

be associated with the operation of those facilities, as shows Figure II.4 while assessing 

environmental kerma [55].  

 

II.2.3 Medical dosimetry  

One of the most important applications of TL and OSL dosimetry is in the medical 

physics field for its use in diagnostic radiology, radiotherapy and nuclear medicine. TLDs 

(thermoluminescent dosimeters) have gained popularity in this field due to their excellent 

characteristics. TL phosphors are commonly used for clinical dosimetric studies such as depth-

dose curves of the central axis, in-phantom measurement, surface dose measurement, in-vivo 

dosimetry (IVD) and high energy photon and electron beams' quality assurance. OSL 

dosimeters (OSLDs), like TLDs, can be utilized as passive dosimeters in medical physics for a 

variety of applications such as in-vivo dosimetry (IVD) and dosimetry of charged particle high 

Linear Energy Transfer (LET). Al2O3:C as an exmaple of  OSL dosimeter is shown in Figure 

II.5 and is used for brachytherapy. 

 

 

 

Figure II. 5. Example of OSL dosimeter used in brachytherapy [58]. 
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The TLD and OSLD materials must be tissue equivalent and very sensitive. The latter 

is required for laboratory measurements that need for the TLD and OSLD materials to be as 

small as possible. Aside from these features, the TLD and OSLD should not be toxic [57]. 

 

II.2.4 Retrospective dosimetry 

In the absence of data from direct radiation monitoring, reconstructions of luminescence 

doses using materials from population’s immediate environment or from persons near the 

incident/accident may be employed to validate the values derived from computational methods. 

The TL method has effectively been employed for dose assessment in the aftermath of the 

atomic bombings in Hiroshima and Nagasaki, Japan, as well as radioactive fallout resulting 

from nuclear testing at the Nevada test site in the United States and Chernobyl accident in 

Ukraine. Additionally, the OSL method has been employed for retrospective dosimetry by 

analyzing environmental samples from the area of the Chernobyl disaster [51].  

 

II.2.5 Space dosimetry 

The space radiation environment is a complex mixture of charged particles that span a 

variety of energy ranges and fluxes, including: protons, electrons, α-particles of medium and 

high energy and heavy ions of high energy.  

 

Figure II. 6. (a) NASA’s dosimeter and (b) Radiation area monitor and Crew passive dosimeter [54]. 
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Astronauts operating in low earth orbit are subjected to radiation levels that are 

approximately 100 times greater than the natural radiation level on Earth, and even more when 

traveling to Mars [39]. The Space Shuttle and International Space Station have many daily 

activities for the space crew, it is essential to monitor the individual exposures of the crew 

members to radiations to accurately assess the associated radiation risks. Figure II.6 presents 

some types of TL and OSL dosimeters used to assess the exposure of individuals to radiations. 

The National Council on Radiation Protection & Measurements (NCRP) recommend 

the use of TL or OSL detectors as passive detectors for the space field's low LET component 

(i.e. LET area of <10 keV/ mm) [59]. 

 

 II.2.6 High dose  

TLDs and OSLDs are also applied in high dose regimes, high doses (102 Gy to 106 Gy) 

are used for materials testing, sterilization of food and other similar applications of irradiation 

as shows Figure II.7 [50, 60]. 

 

Figure II. 7. (a) Irradiation application in food processing and (b) thermoluminescence analysis by 

thermoregulator in food irradiation testing [61]. 

 

II.3 Basic characteristics of TL and OSL dosimeters  

A radiation dosimeter is an instrument, device, or system for measuring or evaluating, 

directly or indirectly, the amounts exposure, absorbed dose, kerma or their time derivative 
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(rates), as well as associated amounts to ionizing radiation. A dosimetry system consists of a 

dosimeter and its reader. A dosimetry system includes a dosimeter and its reader.  

In order to operate as a radiation dosimeter, the dosimeter must have at least one physical 

characteristic that is dependent on the measured dosimetric amount and can be utilized for 

radiation dosimetry with appropriate calibration. To be effective, radiation dosimeters must 

offer many desired features including accuracy and precision, dose-linearity, dose rate reliance 

(dependence), response to energy, directional reliance and spatial resolution. 

Clearly, not all dosimeters can meet all criteria. The selection of a radiation dosimeter 

and its reader must thus be made carefully, considering the measuring situation's requirements 

[62]. 

 

II.3.1 Accuracy and precision  

The uncertainty associated with a measurement in radiotherapy dosimetry is frequently 

expressed in terms of accuracy and precision. 

Dosimetry measurements precision specifies the reproducibility of measurements under 

similar conditions and can be estimated using data from repeated measurements. High precision 

can be associated with a low standard deviation of the distribution of measurement results. The 

accuracy of dosimetry measurements is defined as the proximity of the expected and true values 

of the measured quantity. Measurement results cannot be completely accurate, and this 

inaccuracy is referred to as 'uncertainty. When dosimetry measurements are optimized, a 

standard deviation of 2% or less can be obtained with either manual or automatic readers of 

good quality associated with reliable TL and OSL materials.  

 An error has a numerical value as well as a symbol. 

 In general, measurement errors can’t be precisely known, but rather estimated as best as 

feasible, and compensatory corrections are made when possible. 

 After applying all known corrections, the expected value for the errors must be zero, 

and the only quantities to be concerned with are the uncertainties. 

 

II.3.2 Dose-linearity  

Ideally, the dosimeter reading M should be linearly proportional to the dosimetric quantity 

Q. However, non-linearity occurs beyond a certain dose range and should generally be 

corrected. The linearity range and non-linearity behavior of a dosimeter depend on the type and 

physical characteristics of the dosimeter. A dosimeter and its reader may be nonlinear on their 
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own. Non-linear behavior should be corrected in general, and for that, the combination of both 

dosimeter and its reader may produce linearity over a wider range.  

Dose-response function, known as supralinearity index f (D) is the functional dependence 

of the the recorded TL signal intensity upon the absorbed dose. It is provided by Eq.(II.6) as : 

𝑓(𝐷) =
𝑆(𝐷) 𝐷⁄

𝑆(𝐷1) 𝐷1⁄
                                                              (II.6) 

where 𝑆(𝐷) and 𝑆(𝐷1) are the values of the TL intensity at doses 𝐷 and 𝐷1, respectively. The 

dose 𝐷1 is a dose at which the linear dose-response occurs. 

As a result, an ideal dosimeter would fulfill 𝑓(𝐷) = 1 throughout a large dose range, 

such as 𝐷 = 0 Gy to several mGy. However, 𝑓(𝐷) = 1  is only found in a few TLD materials 

across a restricted dose range, up to a few Gy. Supralinearity where 𝑓(𝐷) > 1 is commonly 

encountered, whereas sublinearity where 𝑓(𝐷) < 1  is most frequently encountered when 

approaching to saturation. 

Figure II.8 depicts two typical instances of dosimetry system response characteristics. 

Curve A initially exhibits linearity with delivered dose, then a supralinear behavior, and 

eventually saturation. At high doses, Curve B exhibits linearity first, followed by saturation. 

 

Figure II. 8. Two dosimetry systems' response characteristics [62]. 

 

II.3.3 Dose rate dependence 

The integrated response of a dosimetry system is measured by integrating systems. The 

measured dosimetric quantity in such systems should be independent of the rate at which it is 
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measured. A dosimetry system response M/Q should ideally be constant at two different dose 

rates ((dQ/dt)1 and (dQ/dt)2).  

In reality, the dosimeter readings may be influenced by the dose rate, and appropriate 

corrections are required. 

 

II.3.4 Energy dependency 

A dosimetry system response (M/Q) is generally determined by the quality of the 

radiation beam (energy). Because dosimetry systems are calibrated at a specific radiation beam 

quality (or qualities) and used over a much wider energy range, the variation of a dosimetry 

system's response with radiation quality (referred to as energy dependence) necessitates 

correction.  

The energy response should ideally be flat (i.e. over a certain range of radiation, the 

calibration system should be independent of energy).  

In fact, for most measurement cases, the correction in energy must be incorporated in the 

estimation of the quantity Q. 

 

II.3.5 Directional dependence  

The response of dosimeter is dependent on its variation with the angle of incidence of 

radiation. Due to their constructional details, physical size and the incident radiation’s energy, 

the dosimeters usually exhibit directional dependence. In certain applications, the directional 

dependence is important in some applications, such as in vivo dosimetry while semiconductor 

dosimeters are used.  

 

II.3.6 Spatial resolution and physical size  

Since the dose is a point quantity, the dosimeter should be able to determine it from a 

very small volume (To characterize the dose at a specific point, a 'point dosimeter' is required.). 

In a reference coordinate system, the position of the point where the dose is determined (i.e. its 

spatial location) should be well defined. TL and OSL dosimeters have very small dimensions 

and their use approximates a point measurement to a great extent.  

 

II.3.7 Sensitivity  

II.3.7.1 solid dosimeters: identification 

Sensitivity variations within a batch of TL and OSL dosimeters are unavoidable. There 

are two methods for limiting the impact of these variations:  
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- One method involves irradiating all of the dosimeters in the same geometrical 

conditions, reading them, and attributing to each of them a sensitivity factor Si equal to 

Ri/R̅ to each of them, where Ri is the TL readout from dosimeter number i and R̅  is the 

mean of all values of Ri. Sensitivity factors must be checked regularly to consider a loss 

of material occurring when TL and OSL dosimeters are not handled carefully. 

- Another method for achieving similar accuracy is to divide the TL and OSL dosimeters 

into sensitivity groups without identifying them individually (for example, groups of 

dosimeters with a response variation of less than ± 1 or ± 2 from the group mean) and 

increase the number of dosimeters used for each measurement point. When using an 

automatic reader, this method is ideal because readouts take a very short time. For the 

same reasons as above, the distribution of sensitivity within a group can vary with time 

and should therefore be checked with frequency according to the desired accuracy of 

the measurement. 

-  

II.3.7.2 Powder: response with mass  

When using TL powders, the quantity of powder used and the readout conditions should be 

accurately defined, with necessary corrections made. 

Since the response variations with mass of TL and OSL material depend upon the heating 

kinetics, they should be established for the readout conditions used. When most of TL and OSL 

materials are read out with linear heating kinetics, the signal is proportional to the mass: either 

a linear correction with samples of various weight should be made, or those of equal weight 

should be used.  

 

II.3.8 Signal stability after irradiation  

The choice of TL and OSL dosimeter is by considering the stability of the signal after 

irradiation. Its particularly important to assess whether the trapped charges during the 

irradiation have not been lost due to unwanted exposure to heat (thermal fading), light (optical 

fading) or other factors (anomalous fading) before the readout. This can be expressed by the 

decrease of the TL and OSL dosimeter response depending on the delay between irradiation 

and readout. 

The thermal fading can be reduced considerably for most of dosimeters by an appropriate 

preheating, which allows the elimination of that part of signal (low temperature peaks). Thermal 

fading should be evaluated on each individual reader with the material that is intended to be 

used in practice. 
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The optical fading is avoided by manipulating the dosimeters in incandescent light 

illuminated room and wrapping them in opaque containers or envelopes, when utilized for in 

vivo dosimetry in treatment rooms illuminated with fluorescent light.  

Since anomalous fading occurs much more slowly than thermal or optical fading, it is 

much more difficult to detect it. Perhaps as a result, it has not yet been proved to be a problem 

for in vivo dosimetry [62, 63]. 
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III.1 Historical development of TL/OSL materials  

A phosphor for use in dosimetry should possess the following characteristics : 1) high 

efficiency of luminescence; 2) trapped charge carriers' long storage stability and hence the 

signal stored at normal temperature; 3) simple structure of glow curve; 4) chemical stability and 

resistance to extreme environmental conditions such as humidity and temperature; 5) 

preferably, a response near tissue equivalence; 6) linear response to dose over a wide range; 7) 

The emission spectrum of TL should be appropriate for the detector system; 8) simple procedure 

of  annealing for reutilization, with no sensitivity loss with reutilization and repeated annealing; 

9) must possess a good shelf life (i.e., its sensitivity should not decrease after utilization for a 

long time); 10) not affected by any external agents such as mechanical, electrical or any other 

kind; 11) ease of synthesis in terms of equipment and economy; 12) must have a high photo-

ionization cross section for a given wavelength of stimulation [64].  

Since the 1950s, a key area of research in luminescence dosimetry has been the search 

for new materials for thermoluminescence and optically stimulated luminescence dosimetry 

exhibiting good linearity over wide dose range, high sensitivity, luminescence signal stability 

and excellent reproducibility. Historically, OSL material development has consistently focused 

on materials explored for TL that fade with exposure to light [3]. 

As TL/OSL expands into applications outside personal and environmental monitoring, 

the concept of an 'ideal' material will also need to be revised to reflect new applications.  

Since then, there has been an increase in reviews of TL and OSL material. Although lots of 

materials exhibit promising TL & OSL features, few are used for routinely dosimetry 

assessment or commercially available.  

Doped fluorides (LiF, CaF2), oxides (BeO, MgO, Al2O3), sulfates (CaSO4) and borates 

(Li2B4O7 and MgB4O7) are the most common TL dosimetric materials. In OSL case, only BeO 

and Al2O3:C are used in commercial systems of dosimetry and represent highly sensitivity to 

ionizing radiation [65]. 

 Figure III.1 shows examples of TL and OSL dosimeters cited above with different 

shapes in carrousel of Risø TL/OSL reader. 
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Figure III. 1. Example of TL&OSL dosimeters [65]. 

 

III.2 Main TL & OSL materials 

III.2.1 Lithium fluoride LiF 

LiF has been the most commonly used thermoluminescence (TL) dosimetry material for 

decades because it is close tissue equivalence ~8.2, wide range of doses, high sensitivity and 

negligible fading. LiF has been reported to exhibit luminescence emission even with light 

stimulation (470 nm) showing weak OSL response. Many research groups have been working 

to improve the OSL properties of LiF material. Two commercially available phosphors are LiF: 

Mg, Cu, P (TLD-700H) and LiF: Mg, Ti (TLD-100). Because of its adequate sensitivity, low 

fading and good reproducibility, LiF: Mg, Ti is commonly employed. Although LiF: Mg, Cu, 

P is 30-50 times sensitive than LiF: Mg, Ti, but when annealed above 513 K, it loses its TL 

sensitivity, resulting in high residual signal. With TL sensitivity higher than LiF: Mg, Cu, P, 

stable structure of TL glow curve, and stable TL sensitivity up to 553 K temperature of 

annealing, LiF: Mg, Cu, Na, and Si has been created to deal with these shortcomings. Because 

the choice of an appropriate dopant might alter the OSL characteristics of the phosphor, a 

significant response towards optical stimulation of LiF: Mg, Cu, Na, Si phosphor has recently 

been found [66, 67].  



55 
 

LiF dosimeters are often available as powders with grain sizes ranging of 70-180 μm, 

or as chips made up of pressed microcrystals collection shaped into a round disk of 3-4 mm 

diameter, or a square of 3-4 mm dimensions with a thickness of 0.1-0.8 mm.  

  Pure LiF is characterized by a cubic structure with lattice parameter 𝑎 = 4.028 Å. The 

insertion of Mg dopant causes a substitution of Li atom by Mg atom. Similar to other alkali 

halides, the TL process in LiF is caused by the recombination of interstitial halogen atoms 

thermally released from traps with vacancy center F [68]. Figure III.2 depicts LiF:Mg defects 

that may be attributed to Mg dopant in many scenarios.  

 

 

Figure III. 2. Simplified illustrated structure for initial configurations. An unfilled circle indicates 

vacancies. (a) pure LiF, (b) LiF with vacancy of F atoms, (c) LiF with a Mg interstitial, (d) LiF with a 

Mg substitutional, (e) LiF with a Li vacancy + a Mg interstitial and (f) LiF with a Li vacancy + a Mg 

substitutional [68]. 

 

The insertion of Ti atoms into LiF :Mg host matrix stabilizes the traps present in LiF and 

other caused by Mg atoms [68].  

 

III.2.2 Calcium fluoride CaF2 

CaF2 is an insulator with a large-band gap, commonly used material in many TL 

dosimetric applications, whether it is natural or activated by different dopants including Mn, 
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Tm, and Dy, known as TLD-400, TLD-300 and TLD-200, respectively. Aside from its suitable 

TL dosimetric characteristics such as high sensitivity, linearity over a wide dose range, and high 

TL response stability, another interesting property is its light sensitivity, which allows this 

material to be employed as an OSL material [69, 70]. CaF2 dosimeters of various types are 

commercially available in powder or sintered pellet form.  

CaF2 has a face-centered cubic structure as depicted in Figure III.3, with a lattice 

parameter 𝑎 = 5.45 Å. Self-trapped holes (Vk centers), color centers (F centers) and Ca2+ 

vacancies contribute to the luminescence emission in natural CaF2 material [71].  

 

 

Figure III. 3.  CaF2  structure [72]. 

 

III.2.3 Beryllium oxide BeO 

BeO has been investigated as a potential TL material and has been used in TL dosimetry 

applications due to its dielectric properties, thermal conductivity, chemical stability, high 

thermal resistance to shocks low cost, high sensitivity to ionizing radiation and linearity of TL 

dose response. BeO has been proposed as an alternative dosimeter material that might compete 

with LiF owing to its near tissue equivalency. Its TL glow curve shows three peaks located at 

50, 192 and 340 °C, employing a heating rate of  5 °C/s, with the 192 °C peak considered as 
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the main peak used for dosimetry purposes. Light sensitivity of these TL peaks was found, and 

light fading might be an issue in TL dosimetry applications. Since then, BeO has been indicated 

to be suitable for OSL dosimetry. The OSL signal's excitation spectrum of BeO was obtained 

as a single broad peak at around 435 nm in the range 420-550 nm. The possible relationship 

between the OSL signal and the TL peaks in the glow curve was investigated. It's worth noting 

that the highly light-sensitive peak in the TL glow curve around 192 °C has no effect on the 

OSL signal. The recorded OSL signal was found to be generated by a trap close to 340 °C. Its 

dose response was also studied to determine whether the material might be used for radiation 

dosimetry. Up to 10 Gy, the dose response was found to be linear [73]. BeO is commercially 

available as ceramic square or disc chip known as Thermalox 995.  

BeO has a wurtzite structure (see Figure III.4) with a hexagonal crystal structure with 

lattice parameters 𝑎 = 𝑏 =  2.696 Å, 𝑐 =  4.379 Å [74]. Its band gap is of 10 eV. F, F+ (anion 

vacancies in various charge states) and V (hole-trapped centers based upon cation vacancies) 

centers are present in BeO material, improving its luminescence properties [75].  

 

 

Figure III. 4. The BeO unit cell in the hexagonal wurtzite structure. Black spheres are anions, whereas 

open spheres indicate cations [74]. 
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The principal impurities in BeO are Si, B, Ca, Mg, and Al elements, which have been 

shown to be responsible for the signals of TL and OSL [73]. 

 

III.2.4 Magnesium oxide MgO 

MgO has long been recognized as a thermoluminescent material because of its high 

chemical stability, effective atomic number equal to 10.8, linearity of dose up to 102 Gy, and 

promising OSL properties. This material is now of interest mostly from its prospective 

application in neutron dosimetry and as UV dosimeter. MgO is available as pellets for ease of 

handling. 

 

 

Figure III. 5. Crystal structure of MgO nanoparticle [78]. 

 

The MgO material has a cubic lattice structure as depicts Figure III.5, with a large band 

gap ~ 7.8 eV. The presence of F and V-type centers In such applications, transition metal ions 

(V, Ni, Ti, Al, Mn, Cr, Fe) as dopants play an important role in the mechanism of luminescence.  
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In recent years, research on Tb-doped MgO synthesis has led to the creation of new 

luminescent centers that enhance its properties in personal and medical dosimetry, and MgO 

has attracted attention as a radiation dosimeter [76, 77].  

 

III.2.5 Aluminium oxide Al2O3 

Al2O3 is one of the earlier materials studied for possible use in dosimetry since the 

1960s. Al2O3 offers great mechanical property as well as high chemical, optical, thermal 

stability when exposed to radiation and excellent charge-transfer mechanisms. When compared 

to thermoluminescence, research has revealed that Al2O3 has a high optical sensitivity, 

indicating certain benefits, including luminescence efficiency, sensitivity, stability, and control 

over the luminescence emitted, which is promising for application in the OSL technique. 

Other Al2O3 advantages include low effective number equal to 11.28, linearity within a 

large dose range, low cost and ease of handling, make it an excellent candidate for luminescence 

dosimetry in radiation dose control.  

The TL glow curve of pure Al2O3 dosimeter shows two well-separated peaks, one is 

below 100 °C and the other is at ~208 °C using a heating rate of 5 °C/s. The dosimetry peak is 

the second stable peak. To enhance Al2O3 luminescent characteristics, doping with different 

impurities (notably C, Na, Mg, Sr, Li and rare earth ions) results in the development of new 

recombination and trap centers, improving its ionizing radiation sensitivity. As a well-known 

fluorescent activator, Sb3+ ion has gotten a lot of attention for improving luminescence 

properties in a variety of host materials. Al2O3 :C Al2O3 TL-OSL dosimeters are commercially 

available in form of powder or disk shaped dosimeters of 4 mm diameter and of 1 mm thickness 

[79, 80].   

Only α-Al2O3 structure is employed for dosimetric purposes. α-Al2O3 has a 

rhombohedral crystal structure shown in Figure III.6, with a =  b =  4.762 Å, and 𝑐 =

 12.999 Å. It is one of the earlier materials studied for possible use in dosimetry because of the 

presence of F2, F2
2+, F and F+ centers that act as luminescence sites exhibiting TL properties 

[64]. 
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Figure III. 6. α-Al2O3 Crystal Structure [64]. 

 

III.2.6 Calcium sulfate CaSO4 

CaSO4 is a commercially available thermoluminescent material for radiation 

dosimeters. It is one of the materials under investigation for dosimetry applications as it offers 

high TL sensitivity response at low doses, low fading (< 5%) and radiation damage inertness.  

Its sensitivity to light reduced its popularity as a TL dosimeter. This inspired researchers to use 

its shortcoming of being light-sensitive to its potential as an OSL dosimeter. Mn and rare earth 

ions are the most common dopants used for improving the TL and OSL characteristics of 

CaSO4. It is commercially available in disk and square shaped detectors [81, 82].  

The crystal structure of CaSO4 is orthorhombic (see Figure III.7), with lattice parameters 

𝑎 =  14.065 Å and 𝑐 =  12.506 Å. The main point defect present in pure CaSO4 is an intrinsic 

O- center and when it is doped with some rare earth ions sauch as Dy, another defect appears 

and is directly attributed to its TL emission which is the Ca2+ vacation [83, 84]. 
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Figure III. 7. CaSO4 crystal structure [82]. 

 

III.2.7 Lithium tetraborate Li2B4O7  

Li2B4O7 with ~9.8 eV band gap is a tissue equivalent material with Zeff= 7.37 possessing 

the properties such as high chemical stability, good optical transparency and high point of 

melting, that make it a suitable host material for producing luminescence. Li2B4O7 is available 

commercially in form of powder and chips.  

Li2B4O7 is characterized by a tetragonal structure shown in Figure III.8, with 𝑎 =  𝑏 =

 9.475 Å and 𝑐 =  10.283 Å lattice parameters, belonging to I41cd space group. Besides of its 

intrinsic defects (Li and O vacancies), extrinsic defects can also contribute to luminescence 

emission. A variety of dopants or codopants are used to increase the TL and OSL sensitivity of 

Li2B4O7. The effect of different dopants: Cu, Ag, P, Mn, Ce and La have been studied [85, 86].  
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Figure III. 8. The lithium tetraborate unit cell [87]. 

 

III.2.8 Magnesium tetraborate MgB4O7 

MgB4O7 is a composite that has been widely used in TL dosimetry since the early 1980s, 

dute to its low effective atomic number 8.2, high sensitivity to charge particles and photons 

with linear response over a wide absorbed dose range, mGy-100 Gy, and a large band gap of 

around 9.5 eV, making it an insulator [88]. MgB4O7 is available commercially in powder or 

disk shaped dosimeter. 

The crystal structure of MgB4O7 is orthorombic (see Figure III.9), belonging to Pbca 

space group, with lattice parameters 𝑎 = 7.792 Å, 𝑏 = 8.527 Å, 𝑐 = 13.651 Å [88].  

The O Frenkel defect is an intrinsic defect that creates an O vacancy in the host of 

MgB4O7, it has been doped with ions such as Li, Ce, Mn, Na, Gd, Dy, Tb and Tm by many 

researchers to improve its TL and OSL signal intensities. The Ce, Na co-doped MgB4O7 
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exhibits a linear OSL dose-response curve in the range of 1-100 Gy with a low minimum 

detectable dose of 0.73 mGy and good reusability feature up to 20 cycles with 4.5% of deviation 

[89]. 

 

 

 

Figure III. 9. MgB4O7 crystal structure reproduced using VESTA program [90]. 

 

III.3 TL glow and OSL decay curves of main TL-OSL materials and their 

applications 

The TL glow curves of the aforementioned dosimeters with various dopants were 

recorded at 1°C.s-1 after irradiation of detectors using a beta 90Sr/90Y source of 50 mGy dose, 

indicating a change in the shape of the TL peaks from each dosimeter. The OSL decay curves 

of Al2O3:C and BeO were measured using green and blue stimulation, respectively.  

As shown in Figure III.10, each TL-OSL material is characterized by its own glow and 

time of decay. 
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Figure III. 10. (a) TL curves of  some TL materials, (b) TL curves of LiF:Mg,Cu,P and Al2O3:C and 

(c) OSL decay curves of Al2O3:C and BeO [65]. 

 

Table III.1 represents a summary of different TL-OSL materials and their respective 

applications in dosimetry fields. 
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Table III. 1.  Summary of TL&OSL materials and their applications in dosimetry [65]. 

Material Technique Zeff Comments Applications 

LiF : Mg, Ti TL 8.2 Linear up to 1 Gy 

Personal, area 

monitoring 

and medical 

dosimetry. 

CaF2 : Mn TL 16.9 Linear up to 10 Gy 

Personal and 

environmental 

dosimetry. 

BeO TL/OSL 7.2 Linear up to 1 Gy 

Personal, 

environmental 

and medical 

dosimetry. 

MgO TL 10.8 
Linear up to 104 

Gy 

Personal and 

medical 

dosimetry 

Al2O3 : C TL/OSL 11.3 Linear up to 1 Gy 

Personal, 

environmental 

and medical 

dosimetry. 

CaSO4 : Dy TL 15.6 Linear up to 10 Gy 
Personal 

dosimetry.  

Li2B4O7 : Cu TL 7.3 
Linear up to 103 

Gy 

Personal and 

medical 

dosimetry. 

MgB4O7 : Ce, Na TL/OSL 8.2 
Linear up to 102 

Gy 

Personal and 

medical 

dosimetry. 
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III.4 New materials development strategies  

A variety of materials have been studied for potential use in TL-OSL dosimetry. 

Nonetheless, only a few of them achieved a commercial material status, being manufactured in 

large quantities and employed in a commercial system. KCl, NaCl, MgAl2O4, SrAl2O4, SrB4O7, 

TiO2, ZnO, BaSO4 and MgS are some examples of synthetic materials exhibiting TL/OSL 

characteristics have been mentioned in the literature possessing high sensitivity towards 

ionizing radiations, good linearity over a wide dose range and dependence upon energy [91]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

CHAPTER IV 

Elaboration and characterization of 

Antimony (Sb) doped Alumina (Al2O3) 
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IV.1 Objective  

Due to its excellent luminescent properties mentioned in chapter III, wide band gap of 

~8 eV and ease and low cost synthesis by sol-gel technique, Al2O3 was chosen as raw material 

for the development and elaboration of new and effective TL/OSL dosimeter by using 

Antimony (Sb3+) which is known as luminescent activator as dopant.  

The purpose of this research is the elaboration via sol-gel route, characterization using 

various analysis techniques including TGA for thermal stability analysis, XRD for crystalline 

structure analysis, FTIR for chemical bonds and SEM-EDX for morphology and elemental 

analysis and test of α-Al2O3 doped by Sb ions for high radiation detection and dosimetry. We 

aim to determine the right amount of the dopant according to the higher TL and OSL intensities 

recorded. A study was conducted on TL and OSL responses of the developed α-Al2O3:Sb1% as 

a function of dose within a range of 0-80 Gy and energy ranging from 5 keV to 18 MeV in order 

to determine the most suitable working conditions.  

IV.2 Experimental techniques 

IV.2.1 Elaboration technique 

Various methods are currently used to produce and synthesize ceramics and thin films. 

The sol-gel process (wet chemical process) is the most popular and used widely in industry. In 

this process, molecular precursors are dissolved in water or alcohol and then heated and stirred 

to form gels. Figure IV.1 depicts the different steps involving sol-gel process. 

 

Figure IV. 1.  Schematic of the different stages of sol-gel process [92]. 
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Due to their wet (or damp) state, the resulting gel needs to be dried appropriately based 

on the desired characteristics and intended use. After drying, the gel produced is ground into 

powder and then calcined.  

The key benefits of this process are products with high purity, narrow particle 

distribution and homogeneous nanostructure’ achievement at low temperatures [92].  

 

IV.2.2 Characterization techniques 

To study the thermal stability of elaborated amorphous material, crystalline structure, 

chemical bonding groups, morphology/elemental composition and thermal and optical 

luminescent properties of both pure and doped α-Al2O3 material, TGA, XRD, FTIR, SEM/EDX 

and TL/OSL  respectively, were used in course of this work. 

IV.2.2.1 Thermogravimetric Analysis (TGA) 

TGA is a useful tool for determining material thermal stability. This method involves 

monitoring variations in a specimen's weight as its temperature rises. The TGA can be used to 

measure the moisture and volatile components of samples. The device is made up of a very 

sensitive scale for measuring the changes in weight and a programmed furnace for controlling 

the sample's heat as represents Figure IV.2 [93]. SDT Q600 V20.9 Build 20 TGA analyzer was 

used with 10 °C/min heating rate under a nitrogen flow.  

 

Figure IV. 2.  (a) Schematic diagram of TGA. 
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IV.2.2.2 X-Ray Diffraction analysis (XRD) 

The X-Ray diffraction (XRD) analysis is a non-destructive method that offers information 

about crystalline structure and chemical composition of materials. It is based on constructive 

interference that occurs between monochromatic X-rays and crystalline sample.  

X-rays are electromagnetic waves with shorter lengths produced by decelerating electrically 

charged particles with sufficient energy. The generated X-rays are concentrated by collimation 

and directed at the sample. When the incident rays interact with the sample a diffracted ray is 

produced, detected, processed and finally counted. The intensity of the scattered diffracted rays 

at various angles of material is plotted for displaying a diffraction pattern with material 

corresponding peaks [94, 95]. Based on peak positions, intensities, widths and shapes, several 

parameters can be identified including:  

- Crystalline phases using PDF (Powder Diffraction File), 

- Preffered orientations (hkl),  

- Crystallite size based on the full width at half maximum (FWHM), and Scherrer 

equation given by: 

𝐷 = 0.9
𝜆

𝛽 cos𝜃
                                                         (IV.1) 

where,  𝐷 is the average crystallite size (nm),  

𝜆 is copper 𝐾𝛼 emission radiation wavelength (𝜆 = 1.54060 Å),  

𝛽 represents the XRD peak’s full width at half maximum,  

𝜃 is the position of diffraction peak.  

The inter-atomic spacing (d-spacing) which is the distance between atoms’ parallel 

planes of can be calculated by Bragg’s law: 

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝑛𝜆                                                     (IV.2) 

𝜃 is the incidence and reflection angle, 

𝑛 is the diffraction order. 

 Figure IV.3 represents XRD principle according to Bragg-Brentano geometry. 

The crystalline structure of as-elaborated samples was carried out with Panalytical 

X’Pert-PRO MPD diffractometer using Bragg-Brentano geometry (θ-θ) and X-ray generator of 

40 mA and 30 kV. The diffraction patterns were recorded at 25°C over 10-90° angular range 

with 0.02° step size.  
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Figure IV. 3. XRD Principle. 

 

IV.2.2.3 Fourier Transform Infrared (FTIR) spectroscopy   

FTIR spectroscopy is a widely used technique for identifying functional groups in 

materials using infrared radiation beams. This characterization technique is rapid, accurate and 

sensitive. In FTIR analysis, samples are exposed to infrared (IR) radiation, the sample absorbs 

part of the IR radiation while transmitting some of it. The IR radiations impact then the 

molecular vibrations within the sample [96]. 

 

Before conducting IR spectroscopy study, 13 mm thin sample pellets were prepared by 

mixing about 150 mg of KBr powder with about 1 mg of sample, following that, the sample 

pellet is crushed and placed in a die for making pellets. A force of 12 tons is applied for a few 

minutes using an ICL manual hydraulic press to make a transparent sample pellet. 

 The principle of FT-IR spectroscopy working is detailed in Figure IV.4. 
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Figure IV. 4. FTIR working principle. 

 

A Perkin-Elmer Fourier Transform infrared spectrometer was used to record the FTIR 

spectra of pure and Sb-doped Al2O3 for a field investigation of 4000-400 cm-1. 

 

IV.2.2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 

(EDX) spectroscopy analysis 

SEM is a commonly used technique for scanning the surface of a specimen using a high 

electron beam energy released from an electron source. When the beam of electrons hits the 

specimen's surface, many signals are emitted. When processed, such signals can generate an 

image of the specimen. When SEM is coupled with an EDX detector, X-rays can also serve as 

a signal to provide elemental and chemical information about the specimen as shows Figure 

IV.5 [97].  

The SEM-EDX analysis were conducted With a JEOL JSM-7001F device under an 

acceleration voltage ranging from 4 to 12 kV. 
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Figure IV. 5. Principle of SEM-EDX. 

 

IV.2.3 TL and OSL signals reading  

The Risø National Laboratory TL/OSL model DA-20 luminescence reader was used, which 

consists of three main parts shown in Figure IV.6 [98, 99]: 

1) Light detecting system 

2) Thermal and optical luminescence stimulation system 

3) In situ irradiation sources: beta (90Sr/90Y), alpha (241Am) and X-rays (50 kV/1 mA 

filament tube). 

 

 

Figure IV. 6. TL/OSL equipment (left) and Risø TL/OSL reader (right), (a) reader, (b) controller, (c) 

X-ray generator controller. 
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Table IV. 1. Risø TL/OSL reader main characteristics. 

Photomultiplier CsSb crystal with a maximum detection efficiency of 200 to 

400 nm and solid detection angle of 0.4 sr. 

Blue Leds NICHIA type NSPB-500AS with 470 nm peak emission and 

total power of 80 mW/cm2. 

Heater plate Kanthal material with 700°C maximum temperature and from 

0.1 to 10°C/s heating rates. 

X-rays generator  Varian VF-50J X-ray tube (50 kV, 1 mA) with a tungsten 

target. 

Sample holder Stainless steel discs and cups of 5 mm diameter. 

 

The different characteristics of Risø TL/OSL reader are tabulated in Table IV.1. 

TL measurements were conducted between 0-450 °C at a linear heating rate of 5 °C/s. 

OSL measurements were carried out for a stimulation time of 500 s using blue LEDs with a 

470 nm wavelength and continuous-wave stimulation mode (CW-OSL). 

The dose-response was investigated under X-ray irradiation using dose ranges of 6-80 

Gy for both TL and OSL dosimetry. Linear regression was used on obtained data for line of 

best fit calculating.  

The R-squared, a statistic generally used to assess the linearity behavior of TL and OSL 

dose responses. 

For energy dependence checking of the elaborated dosimeter, Al2O3:Sb1% samples were 

exposed to an X-ray dose of 10 Gy from different sources supplying maximum energies ranging 

from 5 keV to 18 MeV. After exposure, the obtained TL signals were compared in terms of 

intensity. After exposure, the collected intensities of TL signals were compared. 
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IV.3 Elaboration of pure and Sb-doped Al2O3 nanoparticles 

IV.3.1 Raw materials  

 Table IV.2 presents the raw materials used in course of this work for pure Al2O3 and 

Sb-doped Al2O3. 

Table IV. 2. Raw materials used for the elaboration of pure and Sb-doped Al2O3 

Product Molecular formula Purity % Origin 

Aluminium chloride 

hexahydrate (ACH) 
AlCl3.6H2O 99% Sigma Aldrich, USA 

 

Citric acid 

monohydrate (CA) 

 

C6H8O7.H2O 

 

99.5% 

 

Sigma Aldrich, USA 

Antimony chloride SbCl3 99% Sigma Aldrich, USA 

 

Diethanolamine 

(DEA) 

 

C4H11NO2 

 

99% 

 

Sigma Aldrich, USA 

 

Distilled water 

 

H2O 

 

99.9% 

 

GFL 2104 Double 

distillation water unit 

L-DAC 

 

IV.3.2 Samples preparation 

For a pure Al2O3 preparation, 4.828 g of ACH was dissolved in 100 ml of distilled water 

to obtain 0.2 M. The mixture was kept at room temperature with continuous magnetic stirring. 

Once ACH was dissolved, 4.203 g of CA was added as a chelating agent to ensure the mixing 

of cations at the molecular level. Solution stabilization was ensured by adding a few drops (2-

3) of DEA under continuous magnetic stirring. The solution was kept at 80 °C for 1 h. The 

mixture was then heated at 120 °C for 1 hour while stirring to produce a transluscent viscous 
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gel. The produced gel was then heat-treated at 200 °C for 4 h until completely dried. The 

obtained powder was crushed using a mortar and pestle, followed by annealing at 1100°C for 6 

h. For a 1 wt% ratio of [Al/Sb], 0.01 g of SbCl3 was poured into the beaker separately until the 

precursor was dissolved for Sb-doped Al2O3 preparation. The prepared Sb-doping solution was 

added to the pure Al2O3 solution under the same elaboration conditions. The steps involving 

the synthesis of Al2O3 and Sb-doped Al2O3 are shown in Figure IV.7. 

 

 

Figure IV. 7. Sol-gel synthesis of Al2O3 :Sb. 

 

IV.4 Samples characterization 

IV.4.1 TGA-DTG analysis  

The TGA-DTG curves of amorphous Al2O3 powder are shown in Figure IV.8. In the 

temperature range RT-160 °C, a peak with a weight loss of 10.8 % at 135 °C appears, which is 

attributed to physically bound absorbed water removal. An intense peak, with a weight loss 

about 21.6 % appears at 215 °C in 160–320 °C temperature range indicating the DEA gradual 

evaporation since its boiling point is at 268 °C [100]. Two pics appear with a loss in weight ~ 

33.7 % in temperatures ranging from 320 to 540 °C, the first sharp peak at 394 °C that may be 

associated to α-C-OH citric acid bond breaking up [101]. The second pronounced slope peak 

located at 470 °C that can be attributed to chloride groups decomposition [102]. In 540-1070 

°C temperature region, three events occur, with weight loss of 10.1 %,  two events located at 

880 and 930 °C corresponding to the transitions of amorphous Al2O3 to γ-Al2O3 and γ-Al2O3 to 

α-Al2O3, respectively. The third event at 1060 °C is due to α-Al2O3 nanocrystals growth [103, 

104]. 
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Figure IV. 8. TGA and DTG analysis curve of amorphous Al2O3. 

 

IV.4.2 XRD analysis 

The XRD patterns of pure and 1% Sb-doped Al2O3 are shown in Figure IV.9. Main 

diffraction peaks were observed at 2θ angle degrees of 25.68°, 35.30°, 37.93°, 43.54°, 52.78°, 

57.77°, 66.82°, 68.51°, and 77.29°, which corresponded to crystal planes of (012), (104), (110), 

(113), (024), (116), (214), (300), and (1010), respectively. These peaks may be indexed to the 

rhombohedral structure of the α-Al2O3 phase (ICSD file No. 01-071-1127), with a = b = 4.7406 

Å and c = 12.9326 Å unit cell parameters. The α-Al2O3 phase remains unchanged, and no 

additional peaks indicating the presence of a secondary phase have been observed. The Sb ions’ 

low concentration is incorporated and uniformly dispersed into the host matrix of Al2O3 with 

calculated unit cell parameters a = b = 4.74058 Å and c = 12.936258 Å. No change was observed 

in the lattice dimensions, which implies that the Al atoms (1.18 Å) have been substituted by the 

Sb atoms (1.33 Å).  

The average crystallite size was determined using Eq.(IV.1) and was about 44 and 39 

nm for pure and Sb-doped Al2O3, respectively. 
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Figure IV.9.  XRD patterns of pure, Al2O3:Sb1% and ICSD card No.01-071-1127. 

 

IV.4.3 FTIR analysis 

The FTIR analysis of pure and Sb-doped Al2O3 is shown in Figure IV.10. The observed 

absorption band in the wavelength region 3520-3340 cm-1 that is related to the stretching bonds 

of O-H [105]. The absorption band at 2960 cm-1 belongs to the C-H stretching bond [105, 106]. 

The 1290 cm−1 absorption band is associated with bending and stretching vibrational modes of 

Al–O. The absorption bands at ~750 and 510 cm−1 correspond to the octahedral and tetrahedral 

groups of Al2O3 [107], respectively. The 1% Sb-Al2O3 FT-IR spectrum reveals absorption bands 

at ~1030 and 730 cm−1, indicating the existence of Sb-O bonds [108]. The absorption band at 

445 cm−1 corresponds to the AlO4 tetrahedral sites [109]. The presence of Sb dopant reduces 

the intensity of the octahedral and tetrahedral Al2O3 groups. Sb doping influences the intensity 

of O-H and C-H stretching bonds. 
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Figure IV.10. Pure and 1% Sb-doped Al2O3 FTIR analysis. 

 

IV.4.4 SEM-EDX analysis 

SEM images of pure and 1% Sb-doped Al2O3 are shown in Figure IV.11. Figure IV.11a 

shows a non-uniform distribution of particles with a packed structure consisting of small 

crystals of varied shapes and sizes separated by voids between grains. Sb doping did not affect 

the Al2O3 morphology. This can be due to the low concentration of Sb (1 wt%). The pure and 

Sb-doped samples had the same shapes and sizes Figure IV.11b. EDX analysis detected and 

confirmed the presence of Sb dopant. The amount of major elements was determined and was 

found 53.05 wt% for Al and 38.04 wt% for O in the Sb-doped Al2O3 sample. The Sb amount 

was found to be ~1,30 wt %. Other elements are detected as traces can be correlated with their 

existence in the source of precursors. 
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Figure IV.11. (a)  Al2O3 and (b) Al2O3 :Sb1% SEM-EDX results. 

 

IV.5 TL and OSL study of α-Al2O3 detector  

The TL glow curves of both undoped and 1% Sb-doped Al2O3 detectors exposed to 10 

Gy X-rays dose at 5 °C/s linear heating rate are shown in Figure IV.12a. The undoped and 1% 

Sb-doped Al2O3 detectors show two peaks, the first is at ~83 °C for both samples wherease the 

second is around 230 °C for the pure sample and about 207 °C for 1% Sb-doped Al2O3 sample. 

The second peak is a dosimetric peak [110]. The first peak ~83°C is relatively unstable and 

may fade over time after radiation exposure [111, 112]. The Al2O3:Sb1% sample total TL 

intensity was compared to the undoped one and was found to be four times higher when only 

considering the dosimetry peak and ten times higher when the full TL signal is considered. 

Figure IV.12b depicts the OSL signals of undoped and 1% Sb-Al2O3 detectors exposed to an 

X-ray dose of 10 Gy. As can be observed, the OSL signal of pure Al2O3 decays faster than 

Al2O3:Sb1%. In comparison to pure Al2O3, the 1% Sb-doped Al2O3 total OSL intensity was nine 

times higher. 
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Figure IV. 12. (a)  TL and (b) OSLsignals of undoped and Sb-doped Al2O3 for 10 Gy X-rays dose. 

 

The addition of Sb dopant enhances the Al2O3 TL and OSL features, resulting in a higher 

ionizing radiation exposure sensitivity, allowing optimal use for dosimetry applications [113]. 

The incorporation of Sb ions and the growth of Al2O3 crystals improved the Al2O3 TL 

and OSL properties. The higher TL and OSL intensities reported for the Al2O3:Sb in both TL 

and OSL can be related to the induced oxygen vacancies (F centers) near the Sb3+ substitution 

in Al3+ in the matrix of Al2O3. It might also be attributed to the trapping of ionized electrons 

from F centers and Sb3+ ions in the host matrix. These ionized electron emitters (F centers and 

Sb3+ ions) serve as electron donors. When the dosimeter is thermally or optically stimulated, 

trapped electrons inside the Al2O3 lattice are released by F centers and Sb3+ ions as given below 

[114-116] : 

F centers: 

𝐹 → 𝐹+ + 𝑒− → 𝐹∗                                                                                                             (IV.3) 

𝐹∗ + 𝑆𝑏3+ → 𝐹 + (𝑆𝑏3+)∗ → 𝐹 + 𝑆𝑏3+ + ℎ𝜈                                                                   (IV.4)  

Sb3+ ions:  
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𝑆𝑏3+ → 𝑆𝑏5+ + 2𝑒−                                                                                                           (IV.5)                                                                                          

𝑆𝑏5+ + 2𝑒− → (𝑆𝑏3+)∗ → 𝑆𝑏3+ + ℎ𝜈                                                                               (IV.6)  

 

IV.5.1 TL&OSL dose-response                                               

Figure IV.13 depicts the TL glow curves of the Al2O3:Sb sample after X-ray irradiation 

with different doses 6 Gy-80 Gy. Figure IV.13a depicts the OSL decay curves of the Al2O3:Sb 

sample irradiated with X-ray source with different doses 6 Gy-80 Gy and recorded at 500 s. As 

can be seen, the shape of OSL curves depends upon the delivered doses. The OSL curve of 6 

Gy irradiated detector decays much faster than that of 80 Gy irradiated detector. Figure IV.13b 

reveals an increase in the TL intensity of the Al2O3:Sb sample as the delivered dose increases. 

The total TL intensity recorded from the 80 Gy irradiated Al2O3:Sb was about 18 times higher 

than that of the 6 Gy. 

 

 

Figure IV. 13. (a) OSL and (b) TL curves of Al2O3:Sb for different doses. 

 

Plotting the TL and OSL integral intensities vs the delivered dose yielded the TL and 

OSL dose-response curves of Al2O3:Sb detector in the dose range of 6-80 Gy using an X-ray 

source. Standard linear regression was used to fit the provided data. Figure IV.14 shows the 

performed linear fit R-squared values as: 0.9974 (TL) and 0.9975 (OSL). These results imply 

that the responses exhibit linear behaviour across the considered dose range.  
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Figure IV. 14. (left)  TL and (right) OSL responses of Al2O3:Sb to dose. 

 

Repeatability tests for 10 Gy dose measurement, show standard deviations of 4.4% (TL) 

and 2.8% (OSL). The elaborated Al2O3:Sb1% dosimeter produces the same TL integral intensity 

of about 106 counts as the commercially available Al2O3:C TL dosimeter for 10 Gy X-ray [117].  

 

IV.5.2 Energy dependence of TL response 

As shown in Figure IV.15, the Al2O3:Sb1% detector exposed to 10 Gy indicated an 

energy dependence from 5 to 80 keV of low X-ray energies. In the megavoltage region, the TL 

intensity determined from signals corresponding to 10 Gy shows insignificant energy 

dependence, allowing effective use of the developed TL-OSL Al2O3 material for high energy 

and high radiation detection and dosimetry. 
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Figure IV. 15. Energy dependence of Al2O3:Sb1% TL/OSL dosimeter showing insignificant 

dependence in the megavoltage region for an exposure to 10 Gy X-ray dose. 

 

The as-prepared dosimeter exhibits appropriate OSL and TL radiation dosimetry 

features, such as  adequate OSL decay and TL glow curves and good linearity dose response. 

The cheap and efficient elaborated Al2O3:Sb (1%) TL&OSL material for dosimetry presents 

also dosimetry properties the same performance capabilities as commercial Al2O3:C, such as 

main dosimetric peak around 200°C, linear dose-response, dependence upon energy[117]. 
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V.1 Objective  

Despite BeO’s promising properties in radiation dosimetry, a deeper understanding of 

its TL and OSL mechanisms in terms of trapping parameters is primordial.  

In this work, a study was conducted on a developed new type of beryllium-oxide 

dosimeter BeOR manufactured by a Turkish company. The results of the TL glow curves 

analysis of X-ray irradiated BeO by three different TL trapping parameters determination 

methods, namely: Chen peak shape, FOK-Glow-Fit, and GOK-CGCD using updated 

formulations and approaches were reported. The OSL kinetics parameters were also determined 

based on the results of TL kinetics characterization. The dosimeter’s behaviour towards the 

delivered dose was studied and established for TL and OSL X-ray dose within a range of 2-10 

Gy. The contribution of this study aims to establish and compare the developed BeOR 

dosimeter’s kinetic parameters and its relevance for dose monitoring in photon (X-ray) 

radiotherapy. 

 

V.2 Material and methods  

V.2.1 Dosimeter description 

BeO ceramics dosimeter in square shape of dimensions and weight of 4 × 4 × 1 mm3 

and 32 mg, respectively was used to perform the study. The studied dosimeter is purchased 

from a private Turkish company [118, 119]. 

 

V.2.2 TL and OSL measurements  

The TL measurements were performed using a Risø TL/OSL-DA-20 reader (Risø 

National Laboratory, Denmark) coupled with a Varian VF-50J (50 kV/1 mA) X-ray unit and a 

bialkali EMI 9235QB PM tube with a maximum detection efficiency of 200-400 nm. TL 

measurements were taken in the N2 atmosphere at a linear heating rate of 5 °C/s in the 

temperature range 0-480 °C.  

The OSL measurements were recorded at 500 s using blue LEDs and continuous-wave 

stimulation (CW-OSL) mode. 

 

V.3 TL glow curve deconvolution and kinetics study 

V.3.1 First-order kinetics TL deconvolution method using Glow-Fit 

Based on the assumption of the Randall-Wilkins model for first-order kinetics, the TL 

glow curve is decomposed into individual components. 
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An isolated glow peak’s TL intensity is provided by Eq.(V.1) : 

𝐼(𝑇) = 𝐼𝑚𝑒𝑥𝑝 (
𝐸

𝑘𝑇𝑚
−

𝐸

𝑘𝑇
) 𝑒𝑥𝑝 (−

𝐸

𝑘𝑇𝑚
2 ∫ exp (

𝐸

𝑘𝑇𝑚
−

𝐸

𝑘𝑇′
)𝑑𝑇′

𝑇

𝑇𝑚
)                  (V.1) 

where 𝐼 is the glow peak intensity, 𝑘 is the Boltzmann constant, 𝑇 is the absolute temperature, 

𝑇𝑚 and 𝐼𝑚 are the temperature and intensity of the maximum, respectively.  

Since the exponential integral of Eq.(V.1) cannot be solved analytically, several 

approximations and functions describing a single glow peak have been discussed [31]. For 

Glow-Fit [120], the exponential integral is approximated by [121, 122]:   

∫ 𝑒𝑥𝑝 (−
𝐸

𝑘𝑇′
)𝑑𝑇′ ≈

𝐸

𝑘
∫ (𝑥′)−2𝑒𝑥𝑝(−𝑥′)𝑑𝑥′ =

𝐸

𝑘

1

𝑥
𝐸2(𝑥)

∞

𝑥

𝑇

0
                 (V.2) 

where 𝑥 = 𝐸
𝑘𝑇⁄  , 𝑥′ = 𝐸 𝑘𝑇′⁄ , and 𝐸2(𝑥) may be evaluated by 𝐸2(𝑥) = 𝛼(𝑥)exp (−𝑥), where 

𝛼(𝑥) is a 4th order polynomial quotient [121]: 

𝛼(𝑥) = 1 −
𝑎0+𝑎1𝑥+𝑎2𝑥

2+𝑎3𝑥
3+𝑎4𝑥

4

𝑏0+𝑏1𝑥+𝑏2𝑥2+𝑏3𝑥3+𝑏4𝑥4
                                             (V.3) 

Finally, the TL glow peak is described as below [31]: 

𝐼(𝑇) = 𝐼𝑚 𝑒𝑥𝑝 (
𝐸

𝑘𝑇𝑚
−

𝐸

𝑘𝑇
) 𝑒𝑥𝑝(

𝐸

𝑘𝑇𝑚
(𝛼 (

𝐸

𝑘𝑇𝑚
) −

𝑇

𝑇𝑚
𝑒𝑥𝑝 (

𝐸

𝑘𝑇𝑚
−

𝐸

𝑘𝑇
)𝛼 (

𝐸

𝑘𝑇
)))       (V.4) 

According to this equation, the glow curve is a nonlinear function of 𝐼𝑚, 𝑇𝑚and 𝐸 

parameters. To find the best-fit values for peak parameters, a series of iterations must be used. 

Glow-Fit can deconvolve up to 10 glow peaks from the TL glow curve at the same time. The 

Levenberg-Marquardt algorithm was adopted for nonlinear function minimization. The original 

algorithms modified to exclude or constrain any given peaks parameter, allowing the user to 

control the fitting peak parameters [120]. The quality of the applied fit was controlled by the 

Figure Of Merit (FOM) [123] provided by Eq.(V.5) : 

𝐹𝑂𝑀 = ∑
|𝑌𝑒𝑥𝑝−𝑌𝑓𝑖𝑡|

𝐴
                  𝑖                                         (V.5) 

Where: 𝑌𝑒𝑥𝑝 and 𝑌𝑓𝑖𝑡 are the experimental and fitted curve data points, and 𝐴 is the area of the 

fitted curve. The open-source software "Glow-Fit" is used for the deconvolution task. 
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V.3.2 General-order kinetics TL deconvolution method using CGCD  

The TL glow curve deconvolution was performed using Eq.(V.6) which obeys general-

order kinetics (GOK) for TL given as follows: 

             𝐼(𝑇) = 𝐼𝑚. 𝑏
𝑏

𝑏−1. 𝑒𝑥𝑝 (
𝐸

𝑘𝑇
.
𝑇−𝑇𝑚

𝑇𝑚
) × [(𝑏 − 1). (1 − ∆).

𝑇2

𝑇𝑚
2 . 𝑒𝑥𝑝 (

𝐸

𝑘𝑇
.
𝑇−𝑇𝑚

𝑇𝑚
+ 𝑍𝑚)]

−
𝑏

𝑏−1
       (V.6) 

where Im is the maximum intensity, b is the order of kinetic, Tm is the maximum temperature 

of peak and ∆=
2𝑘𝑇

𝐸
,  𝑍𝑚 = 1 + (𝑏 − 1). ∆𝑚,  ∆𝑚=

2𝑘𝑇𝑚

𝐸
. 

The Figure of Merit (FOM) was used to control the goodness of the fit. 

V.4 Results and discussion  

V.4.1 Peak shape Chen’s method 

Figure V.1 depicts the TL glow curve of X-ray irradiated BeOR for a dose of 6 Gy.  

 

 

Figure V. 1. TL glow curve of 6 Gy X-ray irradiated BeOR recorded at a linear heating rate of 5 °C/s. 

 

The TL glow curve of BeOR shows two experimental peaks located at ~250 ◦C and ~379 

◦C. The 250 °C is the dosimetry peak (peak1). 
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The peak shape method discussed in the section 3.3 of the chapter I was used. In the 

present work, the symmetry factor 𝜇𝑔 and the Balarian parameter γ= 𝛿 𝜏⁄  for the first peak were 

found to be 0.55 ± 0.01 and 1.24 ± 0.03 respectively, a kinetic order of about 2.5 according to 

𝜇𝑔 factor, for the second peak, 𝜇𝑔 equals 0.44 ± 0.01, indicating a kinetic order of 1.1, and 𝛾 is 

equal to 0.79 ± 0.02 as tabulated Table V.1 [30]. The assumptions 𝑏 =  2 for the first peak and 

𝑏 =  1 for the second peak were established based on these results.  

Table V. 1. Chen and Balarian TL peak parameters. 

Peak          T1             Tm                T2                  τ              δ              ω          μg=δ/ω       γ= δ/τ 

                 (°C)         (°C)         (°C)     (Tm-T1)    (T2-Tm)     (T2-T1) 

First         211         248        294         37            46             83                0.55         1.24 

Second     346         379        405         33            26             59                0.44         0.79 

 

The activation energies were calculated using the following expressions: 

𝐸𝛼 = 𝑐𝛼 (
𝑘𝑇𝑚

2

𝛼
) + 𝑏𝛼(2𝑘𝑇𝑚)                                            (V.7)     

where α is τ, δ or ω and the values of 𝑐𝛼 and 𝑏𝛼 can be summarized as: 

𝑐𝜏 = 1.51 + 3.0(𝜇𝑔 − 0.42)                         𝑏𝜏 = 1.58 + 4.2(𝜇𝑔 − 0.42) 

𝑐𝛿 = 0.976 + 7.3(𝜇𝑔 − 0.42)                      𝑏𝛿 = 0 

𝑐𝜔 = 2.52 + 10.2(𝜇𝑔 − 0.42)                     𝑏𝜔 = 1 

𝜇𝑔 = 0.42                             for first-order kinetics  

𝜇𝑔 = 0.52                             for second-order kinetics 

 

The obtained activation energies are 𝐸𝜏 =  1.01 ±  0.05 eV, 𝐸𝛿 = 0.98 ±  0.03 eV and 

𝐸𝜔 =  0.99 ±  0.02 eV for the first peak and 𝐸𝜏 =  1.56 ±  0.07 eV, 𝐸𝛿  =  1.58 ±  0.08 eV 

and 𝐸𝜔 =  1.57 ±  0.07 eV for the second peak. The corresponding frequency factors were 

calculated by equation (V.8) for general-order kinetics at 𝑏 =  2.5 and 1.1 for the first and 

second peaks, respectively. 

𝑠 = (
𝛽

𝑇𝑚
2) (

𝐸

𝑘
)

1

1+(𝑏−1)(
2𝑘𝑇𝑚
𝐸

)
𝑒𝑥𝑝 (

𝐸

𝑘𝑇𝑚
)                                       (V.8) 
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The obtained frequency factor values for the first and second peaks are respectively 𝑠𝜏 =

1.1 × 109 s-1, 𝑠𝛿 = 5.5 × 108 s-1 and 𝑠𝜔 = 7.0 × 108 s-1; 𝑠𝜏 = 2.4 × 1011 s-1, 𝑠𝛿 = 3.4 × 10
11 

s-1 and 𝑠𝜔 = 2.9 × 1011 s-1. The obtained results are in agreement with previous studies [124-

126].  

The PS method results are tabulated in Table V.2. 

 

Table V. 2. Activation energies and frequency factors evaluated by the TL PS method. 

 Peak 1 Peak 2 Method 

Eeff (eV) 1.01 ± 0.05 1.56 ± 0.07 

Chen (τ) s (s-1)                   1.1 × 109 2.4 × 1011 

b 2.5 1.1 

Eeff (eV) 0.98 ± 0.03 1.58 ± 0.08 

Chen (δ) s (s-1)                   5.5 × 108 3.4 × 1011 

b 2.5 1.1 

Eeff (eV) 0.99 ± 0.02 1.57 ± 0.07 

Chen (ω) 
s (s-1)                   7.0 × 108 2.9 × 1011 

b 2.5 1.1 

 

V.4.2 First-order kinetics TL deconvolution method using Glow-Fit 

The experimental TL glow curve was decomposed into three peaks (1(a), 1(b) and 1(c)) 

in the region of the recorded experimental peak 1 (150–300 °C) and one peak (2(a)) in the 

temperature interval 300–400 °C where the second experimental peak 2 is observed by applying 

TL deconvolution method using Glow-Fit. The activation energies for the first experimental 

peak range from 1.02 to 1.07 eV, while for the second experimental peak, it equals 1.94 eV.  
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The FOK-Glow-Fit method's deconvolution of TL glow curves yielded a figure of merit 

(FOM) of 1.62%, assuring good accuracy. Table V.3 presents main obtained TL kinetics 

parameters. 

Chen's empirical method yields reliable values that are close to those provided by the 

Glow-Fit first-order kinetics TL deconvolution method. 

 

Table V. 3 TL Kinetic parameters of BeOR obtained by first-order deconvolution method using Glow-

Fit. 

                         Peak 1(a) Peak 1(b) Peak 1(c) Peak 2(a) 

T(°C) 203.5 223.7 259.3 380.8 

E(eV) 1.02 1.05 1.07 1.94 

s(s-1) 1.43×1012 2.0×109 2.3×108 2.9×1013 

b 1 1 1 1 

 

V.4.3 General-order kinetics TL deconvolution method using CGCD 

 

Figure V. 2. GOK-CGCD of 6 Gy irradiated BeO displaying experimental data, identified peaks, fit 

and residual patterns. 
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Figure V.2 depicts the deconvolution results of the 6 Gy X-ray irradiated TL glow curve 

of BeOR. The experimental TL glow curve was decomposed into three peaks (1, 2 and 3) by 

applying GOK-CGCD deconvolution. The values of activation energies obtained are 1.04, 1.06 

and 2.51 eV for these three (3) deconvoluted peaks.  

 

Table V.4 presents the main obtained TL kinetics parameters. 

 

Table V. 4. BeOR TL Kinetic parameters obtained by general order kinetics (GOK) deconvolution 

method using CGCD. 

                                                                   Peak 1 Peak 2 Peak 3 

T(°C) 218 260 378 

E(eV) 1.04 1.06 2.1 

s(s-1) 1.44×1010 1.56×109 1.7×1014 

b 2 1 2 

 

The frequency factors estimated for the two observed experimental peaks for different 

obtained orders varied slightly for the different variants of PS method (τ, δ znd ω).  

The relatively lower values of activation energy obtained by Chen’s method for Peak1 

is due to its asymmetry shape [127]. The results of the TL experimental peaks 1 and 2 

deconvolution are in good agreement with those already published [128, 118]. 

 

V.4.4 OSL kinetics parameters 

Since the TL signal of BeOR includes two main perfectly separated peaks, and based on 

step annealing studies and using the above-described model and approach by Eq.(I.37) [118], 

we have opted to decompose the OSL signal of BeO into two components (OSL1 for TL Peak 

1(a) and OSL2 for TL Peak 2(a)) by taking  OSL background (Bk) into account.  

The considered OSL kinetic model used can be given as: 

𝐼𝑂𝑆𝐿 = 𝐼10. exp(− 𝑡 𝜏𝑑1⁄ ) + 𝐼20. 𝑒𝑥𝑝(− 𝑡 𝜏𝑑2⁄ ) + 𝐵𝑘                      (V.9) 

Considering the fitting formula given by Eq.(V.10), the experimental OSL decay curve 

adjusted (fitted) 
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𝑦 = 𝐴1 exp (−
𝑥

𝑡1
) + 𝐴2 exp (−

𝑥

𝑡2
) + 𝑦0                               (V.10) 

The most appropriate adjustment equation and the one closest to the experimental data 

are adopted after several iterations (Figure V.3). 

 

 

Figure V. 3. OSL signal deconvolution based on TL kinetics results by exploiting the main TL 

deconvolution peaks (peaks 1 and 2). 

 

The performed OSL kinetics allow us to determine two interesting parameters: the 

electron de-trapping probabilities,𝑝𝑖 (𝑝𝑖 =  1/𝜏𝑖), and the photoionization cross sections for 

the two OSL signal components OSL1 and OSL2, which are: 3.6 × 10−2 s-1 and 2.12 × 10−18 

cm2 for OSL1 and 8.7 × 10−3 s-1 and 5.12 × 10−19 cm2 for OSL2.  

The obtained results are in good agreement [118]. 

 

V.4.5 TL glow curves, OSL decay curves, and dose responses of BeOR 

Figure V.4 depicts the TL glow curves of BeOR for different X-ray energies ranging 

from 2 to 10 Gy.  
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Figure V. 4. TL glow curves for different doses of BeOR. 

 

The established TL dose-response of BeOR is depicted in Figure V.5. The TL intensities 

are obtained for dose response study by integrating the whole TL glow curves.  
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Figure V. 5. TL dose response curve of BeOR. 

 

Figure V.6. depicts the OSL decay curves of BeOR for the same considered dose interval 

as the TL case. 
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Figure V. 6. OSL decay curves for different doses of BeOR. 
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The established OSL dose-response of BeOR is depicted in Figure V.7.  
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Figure V. 7. OSL dose response curve of BeOR. 

 

The established TL and OSL dose responses exhibit in both cases linear behaviour, 

allowing optimal use of the developed BeOR for X-ray dosimetry purposes in the considered 

dose range. 

Finally, based on the results of the TL and OSL kinetics studies, as well as the dose-

response establishment for X-ray irradiation within the dose range of 2-10 Gy, the developed 

BeOR dosimeter is suitable for dosimetry application, particularly for medium dose and high 

energy, as in photon radiotherapy. 
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General Conclusions and Outlook 

In this thesis project, the intended conclusions involve two essential achievements. 

Indeed, it was the first time that α-Al2O3:Sb material has been synthesized by the Sol-Gel 

process and characterized for final use in TL&OSL radiation dosimetry. Thus, an optimal 

amount of Antimony (Sb) of about 1% was found to be most suitable to produce the best 

TL&OSL signals, dose-response, and sensitivity to ionizing radiation of the elaborated 

dosimeter. The as-prepared α-Al2O3:Sb Nano-powders were characterized by TGA, XRD, 

FTIR, SEM and EDX analysis techniques, showing the main differences in terms of loss in 

weight, crystalline structure, covalent bonding groups and morphology of pure and Sb-doped 

Al2O3. The TL experimental glow curves show two peaks recorded at a heating rate of 5 °C/s. 

The first was observed for pure and Sb-doped Al2O3 at 83 °C. The second peak was observed 

at ~230 °C for the undoped samples and around 207 °C for the doped ones. The second more 

stable peak can be used for radiation dosimetry purpose. The variation in TL-OSL intensity of 

Al2O3:Sb1% exhibits a linear dependence to X-ray dose. Within the dose interval of 5-80 keV, 

Sb-doped Al2O3 was found to be energy dependent in X-ray irradiation. In the megavoltage 

region, low energy reliance was observed to X-ray energy. Therefore, it may be assumed that 

the as-synthesized 1% Sb-doped Al2O3 is more suitable for high-energy and high-dose radiation 

detection and dosimetry. Such prepared dosimeter exhibits suitable OSL and TL radiation 

dosimetry features, such as adequate TL glow and OSL decay curves and good linearity for the 

responses towards the delivered dose. The elaborated low-cost and efficient Al2O3:Sb1% 

TL&OSL dosimetry material exhibits the same dosimetry performances and capabilities as the 

commercial Al2O3:C dosimeter. 

Secondly, different methods were used to study the thermoluminescence and optically 

stimulated luminescence kinetics of a newly developed beryllium-oxide dosimeter (BeOR) 

using various methods. The TL glow curves of BeOR TL&OSL dosimeter show two 

experimental peaks recorded at ~250 ◦C and ~379 ◦C with a heating rate of 5 °C/s in case of  

X-ray irradiation within the dose interval of 2–10 Gy. TL and OSL kinetics parameters such as 

activation energy E, frequency factor s, kinetics order b, electron de-trapping probability p, and 

photoionization cross-section σ were estimated for the studied BeOR dosimeter. Thus, three 

different methods have been employed for the TL glow curve deconvolution and analysis: the 

peak shape (Chen) method, FOK-GlowFit method, and GOK-CGCD method. The application 

of the peak shape method demonstrates a second and a first-order kinetics behavior of the first 

and second experimental peaks, respectively. The determined TL&OSL kinetics parameters by 
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the aforementioned methods were found to be closers and agree well with those of the already 

published literature on the same BeOR dosimeter. Moreover, our work provides some new and 

updated data. The established TL and OSL dose responses show a linear behaviour allowing an 

effective use of the BeOR dosimeter for dose assessment, particularly, in external photon 

radiotherapy. 

The performance of Al2O3 raw material can be enhanced in radiation detection and 

dosimetry by doping or co-doping with other elements possessing good luminescent properties, 

study the sintering temperature effect on its crystalline structure and study its response towards 

X-ray irradiation. The as-elaborated dosimeters can be used in different dosimetry fields, 

including: personnel, medical and environmental.  
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Abstract: The main objective of this doctoral thesis project is the elaboration by sol-gel process 

and characterization by different techniques of Sb-doped Al2O3 (Al2O3:Sb). BeO dosimetry 

material was also characterized in terms of dose-response and luminescence kinetics. The tested 

dose-response, energy dependence and repeatability of Al2O3:Sb  were optimal, by producing 

higher TL and OSL intensity signals, for an Sb dopant optimal amount of ~1 wt%.  The dose-

response of Al2O3:Sb1% was linear of both TL&OSL signals within the studied dose range (0-

80 Gy). The dose-response and the energy dependence (5 keV-18 MeV) of this material allow 

effective use in high-energy radiation detection and dosimetry. Repeatability test indicates 

standard deviation values of 4.4% for TL and 2.8% for OSL. The elaborated cheap and efficient 

Sb-doped Al2O3 TL-OSL material exhibits the same level performance as commercial Al2O3:C. 

The TL and OSL kinetics of a recently developed beryllium-oxide dosimeter BeOR have been 

studied using different methods, namely: peak shape (PS), FOK-GlowFit and GOK-CGCD. 

Main kinetics parameters were extracted and compared. Established kinetics and dose-response 

of BeOR demonstrate an advantage in the application of such dosimeter for photon dosimetry 

in radiotherapy.  

Keywords: Thermoluminescence, Optically stimulated luminescence, BeOR, Al2O3:Sb TL-

OSL dosimeter, Sol gel process, Luminescence kinetics. 

Résumé: L’objectif principal de ce projet de thèse de doctorat est l’élaboration par procédé sol-

gel et la caractérisation par différentes techniques de Sb-dopé Al2O3 (Al2O3:Sb). Le matériau 

de dosimétrie BeO a également été caractérisé en termes de cinétique de dose-réponse et de 

luminescence. La dose-réponse testée, la dépendance énergétique et la répétabilité d’Al2O3:Sb 

étaient optimales, en produisant des signaux d’intensité TL et OSL plus élevés, pour une 

quantité optimale de dopant Sb de ~1 wt%.  La réponse dose-réponse d’Al2O3:Sb1% était linéaire 

des deux signaux TL&OSL dans la gamme de dose étudiée (0-80 Gy). La relation dose-réponse 

et la dépendance énergétique (5 keV-18 MeV) de ce matériau permettent une utilisation efficace 

dans la détection et la dosimétrie des rayonnements à haute énergie. Le test de répétabilité 

indique des valeurs d’écart type de 4,4 % pour TL et de 2,8 % pour OSL. Le matériau Al2O3 

TL-OSL dopé Sb, bon marché et efficace, présente les mêmes performances que l’Al2O3:C 

commercialisé. Les cinétiques TL et OSL d’un dosimètre récemment développé à base d’oxyde 

de béryllium BeOR ont été étudiés à l’aide de différentes méthodes, nommées: la forme du pic 

(PS), FOK-GlowFit et GOK-CGCD. Les principaux paramètres cinétiques ont été extraits et 

comparés. La cinétique et la réponse en dose établies du BeOR démontrent un avantage dans 

l’application d’un tel dosimètre pour la dosimétrie des photons en radiothérapie.  



 
 

Mots clés: Thermoluminescence, Luminescence stimulée optiquement, BeOR, Dosimètre TL-

OSL Al2O3:Sb, Sol-gel procédé, Cinétique de luminescence. 

 و توصيف   (sol-gel) جل-إعداد عن طريق عملية صول ا هوهذ اطروحة الدكتوراه لمشروع الرئيسي الهدف ملخص:

من حيث  BeOمادة قياس الجرعات توصيف  كما تم. Sb :Sb)3O2(Alب منشط ال 3O2Al  تقنيات مختلفةب بالاستعانة

ر الخاصة راتكال كانت الاستجابة للجرعة التي تم اختبارها والاعتماد على الطاقة وقابليةالتألق. الاستجابة للجرعة وحركية 

. كانت ٪wt 9~ تبلغ  Sbمن المنشط  أعلى، لكمية مثلى OSLو  TLمثالية، من خلال إنتاج إشارات شدة  Sb3O2Al: ب

(. تسمح Gy 80-0ضمن نطاق الجرعة المدروسة ) OSLو  TLخطية لكل من إشارات  Sb3O2Al :1%استجابة جرعة 

( لهذه المادة بالاستخدام الفعال في الكشف عن الإشعاع عالي (keV-18 MeV 5الاستجابة للجرعة والاعتماد على الطاقة 

TL-مادة  . تظُهرOSLلـ  %2.8و TLلـ  %4.4الطاقة وقياس الجرعات. يشير اختبار التكرار إلى قيم انحراف قياسية تبلغ 

OSL  3O2Al   المنشط بSb  الغير مكلفة والفعالة المعدة نفس الأداء مثل:C3O2Al لتألق اتمت دراسة حركية   .التجارية

الذي تم تطويره مؤخرًا باستخدام طرق مختلفة،  RBeOلمقياس جرعة أكسيد البيريليوم  التألق المحفز ضوئياالحراري و

. تم استخراج ومقارنة معلمات الحركية الرئيسية. تظُهر GOK-CGCDو  FOK-GlowFit( و PSوهي: شكل الذروة )

هذا لقياس جرعات الفوتون في العلاج  اتميزة في تطبيق مقياس الجرع RBeOواستجابة الجرعة لـ  المنشأةالحركية 

 الإشعاعي.

محفز -حراري Sb 3O2Al:تمقياس جرعا ، أوكسيد البيريليوم،التألق الحراري، التألق المحفز ضوئياكلمات مفتاحية: 

 جل، حركية التألق.-عملية الصول ، ضوئيا

 

 

 

 

 

 

 


