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Abstract

The dosimetric features of α-Al2O3:C,Mg have been investigated for unan-
nealed and annealed samples. The unannealed sample is referred to as sample
A whereas the samples annealed at 700, 900 and 1200◦C for 15 minutes each
are referred to as samples B, C and D respectively. A glow curve of unan-
nealed α-Al2O3:C,Mg measured at 1◦C/s after irradiation to 2.0 Gy consists
of peaks at 43, 73, 164, 195, 246, 284, 336 and 374◦C respectively. For sample
B (annealed at 700◦C), a glow curve measured at 1◦C/s after irradiation to
3.0 Gy has peaks at 46, 76, 100, 170, 199, 290, 330 and 375◦C whereas the
glow curve of sample C (annealed at 900◦C) recorded under the same con-
ditions consists of peaks at 49, 80, 100, 174, 206, 235, 290, 335 and 375◦C
respectively. Sample D (annealed at 1200◦C) is the most sensitive of the four
samples. A glow curve of sample D measured at 1◦C/s after irradiation to
0.2 Gy has peaks at 52, 82, 102, 174, 234, 288 and 384◦C respectively. The
peaks are labelled I-VIII in order of appearance. The 100◦C peak, labelled
IIa, is induced by annealing at or above 700◦C. The dose response of these
peaks was studied for doses within 0.1-8.2 Gy. The reported peaks follow
first-order kinetics irrespective of annealing temperature. Peaks I-III of each
sample are reproduced under phototransfer for preheating up to 400◦C. For
the unannealed sample, the reproduced peaks are labelled A1-A3 whereas for
the annealed samples, they are labelled B1-B3, C1-C3 and D1-D3 respect-
ively. The annealing-induced peak at 100◦C is reproduced as B2a, C2a and
D2a for samples B, C and D respectively. A PTTL peak labelled C2b or D2b
is also observed near 140◦C in samples C and D. In addition to these PTTL
peaks, a PTTL peak corresponding to peak IV is also found for sample D
and for the unannealed sample. As the corresponding conventional peaks, the
PTTL peaks of each sample follow first-order kinetics. Peak I and its corres-
ponding PTTL peak for each sample are unstable and fade to a minimal level
after 300 s of storage time. On the other hand, peak II of each sample and
its corresponding PTTL peak could still be observed with delay up to 5000
s. Peak III of the unannealed sample remains stable with storage time up
to 48 hours. Irrespective of annealing, the trap corresponding to peak III is
the most sensitive to optical stimulation. Time-dependent profiles of PTTL
from unannealed and annealed α-Al2O3:C,Mg were also studied. The math-
ematical analysis of the PTTL time-response profiles is based on experimental
results. The role of various electron traps in PTTL was determined by using
pulse annealing and by monitoring the dependence of peak intensity on dura-
tion of illumination for peaks not removed by preheating. The presence and
role of deep traps were further demonstrated with thermally assisted optically
stimulated luminescence.For the unannealed sample, the activation energy for
thermal assistance is 0.033 ± 0.001 eV and the activation energy for thermal
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quenching is 1.043 ± 0.001 eV. For sample C, the activation energy for thermal
assistance is 0.044 ± 0.003 eV whereas that for thermal quenching is 1.110 ±
0.006 eV. The values for the activation energy for thermal assistance are lower
than those reported in literature. Only the values for the activation energy for
thermal quenching are somewhat comparable to values reported elsewhere.

ii



Acknowledgements

“Appreciation is a wonderful thing.
It makes what is excellent in others belong to us as well.”

– Voltaire

First and foremost I would like to express my deepest gratitude to Prof. Makaiko
L. Chithambo for supervising this work. It has been a great privilege to study,
learn and work with you over the course of this project. I thank him for patiently
going over my draft and for suggesting how it could be improved. I am also grateful
to him for recommending me for funding opportunities at Rhodes University. I am
grateful to Ulrich and the rest of the family for their support and encouragement
during this period. I thank my fellow mates and the staff of the Physics department
for creating a conducive environment in which to work. I thank Lexi and Cyndie
for the good humour they bring to the office. Without them it will be a very
boring place. My thanks also go my research fellows of the Luminescence Research
Group. In particular, I would like to express my gratitude to Dr. Folley for her
encouragement during the course of this work. I extend my sincere thanks to
Rhodes University for the funding I received in the form of bursaries. Last but not
least, I am grateful to my wife, Samanta for her encouragement and love.

iii



Contents

Declaration ix

List of Figures x

List of Tables xxii

1 Introduction 1
1.1 Luminescence mechanisms . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Thermally stimulated luminescence . . . . . . . . . . . . . . . 3
1.1.1.1 Analysis of thermoluminescence . . . . . . . . . . . 4
1.1.1.2 First-order kinetics . . . . . . . . . . . . . . . . . . 6
1.1.1.3 Second-order kinetics . . . . . . . . . . . . . . . . . 7
1.1.1.4 General-order kinetics . . . . . . . . . . . . . . . . . 8

1.1.2 Mixed-order kinetics model . . . . . . . . . . . . . . . . . . . 9
1.1.3 Optically stimulated luminescence . . . . . . . . . . . . . . . 11

1.1.3.1 Continuous-wave OSL . . . . . . . . . . . . . . . . . 11
1.1.3.2 Linearly modulated OSL . . . . . . . . . . . . . . . 13
1.1.3.3 Time-resolved OSL . . . . . . . . . . . . . . . . . . 14

1.2 Aim of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.3 Synopsis of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Phototransferred Thermoluminescence 17
2.1 Kinetics-based models of PTTL . . . . . . . . . . . . . . . . . . . . . 18

2.1.1 The two traps one centre model . . . . . . . . . . . . . . . . . 18
2.1.2 The model of Wintle and Murray (1997) . . . . . . . . . . . . 22

2.2 The three traps two centres model . . . . . . . . . . . . . . . . . . . 23
2.3 The phenomenological model of Chithambo et. al (2017) . . . . . . . 25

iv



3 Thermally Assisted Luminescence Phenomena 28
3.1 Thermal quenching . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.1.1 The Mott-Seitz Mechanism . . . . . . . . . . . . . . . . . . . 29
3.1.2 The Model by Nikiforov et al. . . . . . . . . . . . . . . . . . . 31

3.2 Thermal assistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4 Point defects in α-Al2O3:C,Mg 34
4.1 Point defects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.2 Case of α-Al2O3:C,Mg . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5 Experimental Details 39
5.1 The luminescence measurement system . . . . . . . . . . . . . . . . . 39

5.1.1 The luminescence detection system . . . . . . . . . . . . . . . 40
5.1.2 The luminescence stimulation system . . . . . . . . . . . . . . 41
5.1.3 The irradiation source . . . . . . . . . . . . . . . . . . . . . . 42

5.2 Samples and preparation . . . . . . . . . . . . . . . . . . . . . . . . . 42

6 Dosimetric features of α-Al2O3:C,Mg 44
6.1 Dosimetric features of conventional TL peaks . . . . . . . . . . . . . 46

6.1.1 Glow curve structure of conventional TL peaks . . . . . . . . 46
6.1.2 Dose response of conventional TL peaks . . . . . . . . . . . . 52

6.2 Dosimetric features of phototransferred TL peaks . . . . . . . . . . . 67
6.2.1 PTTL glow curve structure . . . . . . . . . . . . . . . . . . . 67
6.2.2 Dose response of PTTL peaks . . . . . . . . . . . . . . . . . . 70

6.2.2.1 Dependence of peak position on dose . . . . . . . . 70
6.3 Fading of the luminescence signal . . . . . . . . . . . . . . . . . . . . 80

6.3.1 Fading of conventional TL peaks . . . . . . . . . . . . . . . . 81
6.3.2 Fading of phototransferred TL peaks . . . . . . . . . . . . . . 85

6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

7 Illumination-time-dependent profiles of phototransferred ther-
moluminescence of unannealed α-Al2O3:C,Mg 96
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
7.2 Analysis of PTTL-time profiles . . . . . . . . . . . . . . . . . . . . . 97

7.2.1 Glow curve characteristics . . . . . . . . . . . . . . . . . . . . 97
7.2.2 Determining the role of electron traps as acceptors or donors

using partial heating . . . . . . . . . . . . . . . . . . . . . . . 98
7.2.2.1 Effect of partial heating on peaks I and II . . . . . . 99
7.2.2.2 Effect of partial heating on peak III . . . . . . . . . 99
7.2.2.3 Effect of partial heating on peak IV . . . . . . . . . 101

v



7.2.2.4 Effect of partial heating on peaks V-VIII . . . . . . 101
7.2.3 Qualitative description of the dependence of PTTL intensity

on illumination time . . . . . . . . . . . . . . . . . . . . . . . 101
7.2.3.1 PTTL of peak I after preheating to 60◦C . . . . . . 101
7.2.3.2 PTTL from peaks I and II after preheating to 100◦C103
7.2.3.3 PTTL after preheating to 300◦C . . . . . . . . . . . 106
7.2.3.4 PTTL after preheating to 400◦C . . . . . . . . . . . 107

7.2.4 Mathematical analysis of PTTL time-response profiles . . . . 107
7.2.4.1 Time-dependence of PTTL after preheating to 60◦C 111
7.2.4.2 PTTL following preheating to 100◦C . . . . . . . . 111
7.2.4.3 PTTL following preheating to 300◦C . . . . . . . . 112
7.2.4.4 PTTL following preheating to 400◦C . . . . . . . . 112

7.2.5 Applications of the mathematical model . . . . . . . . . . . . 113
7.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

8 Illumination-time-dependent profiles of phototransferred ther-
moluminescence of α-Al2O3:C,Mg annealed at 700 and 900◦C 116
8.1 Glow curve characteristics . . . . . . . . . . . . . . . . . . . . . . . . 116
8.2 Determining the role of electron traps as acceptors or donors using

partial heating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
8.2.1 Effect of partial heating on peaks I, II and IIa . . . . . . . . . 118
8.2.2 Effect of partial heating on peak III . . . . . . . . . . . . . . 121
8.2.3 Effect of partial heating on peaks IV-VIII . . . . . . . . . . . 121

8.3 Qualitative description of the dependence of PTTL intensity on il-
lumination time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
8.3.1 PTTL from peaks I and II after preheating to 100◦C . . . . . 122
8.3.2 PTTL following preheating to 120◦C . . . . . . . . . . . . . . 128
8.3.3 PTTL following preheating to 200◦C . . . . . . . . . . . . . . 132
8.3.4 PTTL following preheating to 260◦C . . . . . . . . . . . . . . 136
8.3.5 PTTL following preheating to 360◦C . . . . . . . . . . . . . . 139
8.3.6 Following preheating to 400◦C . . . . . . . . . . . . . . . . . 139

8.4 Mathematical analysis of PTTL time-response profiles . . . . . . . . 139
8.4.1 PTTL following preheating to 100◦C . . . . . . . . . . . . . . 144
8.4.2 PTTL following preheating to 120◦C . . . . . . . . . . . . . . 144
8.4.3 PTTL following preheating to 200◦C . . . . . . . . . . . . . . 145
8.4.4 PTTL following preheating to 260◦C . . . . . . . . . . . . . . 145
8.4.5 PTTL following preheating to 360◦C . . . . . . . . . . . . . . 146

8.5 Applications of the mathematical model . . . . . . . . . . . . . . . . 146
8.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

vi



9 Illumination-time-dependent profiles of phototransferred ther-
moluminescence of α-Al2O3:C,Mg annealed at 1200◦C 152
9.1 Glow curve characteristics . . . . . . . . . . . . . . . . . . . . . . . . 153
9.2 Determining the role of electron traps as acceptors or donors using

partial heating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
9.2.1 Effect of partial heating on peaks I, II and IIa . . . . . . . . . 155
9.2.2 Effect of partial heating on peaks III and IV . . . . . . . . . 156
9.2.3 Effect of partial heating on peaks V and VII . . . . . . . . . 157

9.3 Qualitative description of the dependence of PTTL intensity on il-
lumination time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
9.3.1 PTTL following preheating to 120◦C . . . . . . . . . . . . . . 159
9.3.2 PTTL following preheating to 200◦C . . . . . . . . . . . . . . 163
9.3.3 PTTL following preheating to 260◦C . . . . . . . . . . . . . . 165
9.3.4 PTTL following preheating to 350◦C . . . . . . . . . . . . . . 169
9.3.5 PTTL Following preheating to 400◦C . . . . . . . . . . . . . 171

9.4 Mathematical analysis of PTTL time-profiles . . . . . . . . . . . . . 174
9.4.1 PTTL following preheating to 120◦C . . . . . . . . . . . . . . 176
9.4.2 PTTL following preheating to 200◦C . . . . . . . . . . . . . . 176
9.4.3 PTTL following preheating to 260◦C . . . . . . . . . . . . . . 177
9.4.4 PTTL following preheating to 350◦C . . . . . . . . . . . . . . 177

9.5 Applications of the mathematical model . . . . . . . . . . . . . . . . 177
9.6 Regarding the nature of electron traps in α-Al2O3:C,Mg . . . . . . . 182
9.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

10 Thermally Assisted Optically Stimulated Luminescence of α-
Al2O3:C,Mg 184
10.1 Analysis of continuous-wave optically stimulated luminescence from

α-Al2O3:C,Mg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
10.1.1 General features of OSL . . . . . . . . . . . . . . . . . . . . . 185
10.1.2 OSL component analysis . . . . . . . . . . . . . . . . . . . . . 190
10.1.3 Light induced fading of TL peaks . . . . . . . . . . . . . . . . 192
10.1.4 Effect of dose on temperature dependent OSL intensity . . . 194
10.1.5 Dependence of luminescence intensity on optical power density196

10.2 Thermally assisted optically stimulated luminescence from deep traps198
10.2.1 Influence of repetitive measurement on OSL intensity . . . . 199
10.2.2 Evaluation of kinetics parameters associated with thermal

assistance and thermal quenching . . . . . . . . . . . . . . . . 202
10.2.3 Phototransferred thermoluminescence from deep traps . . . . 205

10.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

vii



11 Conclusion 208
11.1 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

Appendix A Appendix 210

Bibliography 229

viii



Declaration

The work in this thesis is based on research carried out at the Luminescence Re-
search Laboratory in the Department of Physics and Electronics at Rhodes Uni-
versity. No part of this thesis has been submitted elsewhere for any other degree or
qualification, and it is the sole work of the author unless referenced to the contrary
in the text.

Some of the work presented in this thesis has been published in journals as cited
in the thesis. The relevant publications are listed in the appendix.

ix



List of Figures

1.1 Energy level diagram depicting the fluorescence process. The up and
down arrows each corresponds to absorption and emission of energy
leading to fluorescence (reproduced from (McKeever, 1985)). . . . . . . 2

1.2 Energy level showing the phosphorescence process. The electron is
trapped at level m before transiting to level e and then decaying to
the ground state g. The up and down arrows corresponds to absorption
and emission of energy respectively (reproduced from (McKeever, 1985)). 3

1.3 Energy band model showing electronic transitions during the TL pro-
cess. (a) generation of electrons and holes; (b) electron and hole trap-
ping; (c) electron release due to thermal stimulation; (d) electron-hole
recombination. Solid circles represent electrons and open circles are
holes. Level T is an electron trap, level R is a recombination centre,
Ef is the Fermi level, Eg is the energy band gap. Diagram reproduced
from (Bos, 2006). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 A glow curve of unannealed α-Al2O3:C,Mg measured at 1◦C/s after
irradiation to 2.0 Gy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.5 A CW-OSL curve of α-Al2O3:C,Mg measured at room temperature dur-
ing a 1000 s exposure to 470 nm blue light after irradiation to 1.0 Gy.
The inset shows a CW-OSL curve of the same sample which increases
initially with stimulation time. . . . . . . . . . . . . . . . . . . . . . . . 13

1.6 A LM-OSL curve of α-Al2O3:C,Mg measured at room temperature dur-
ing a 100 s exposure to 470 nm blue light after irradiation to 1.0 Gy.
The power density of the stimulating light was increased linearly from
10 to 100% during measurement. . . . . . . . . . . . . . . . . . . . . . . 15

2.1 Simple model of PTTL showing the flow of charges from the shallow
trap (level 1), the deep trap (level 2), and the recombination centre
(level 3). Reproduced from Chen and McKeever (1997). . . . . . . . . . 18

x



2.2 Dependence of intensity (peak height) on illumination time for a PTTL
peak of unannealed α-Al2O3:C,Mg which appears at 43◦C. The glow
curves from which the PTTL peak is observed were measured at 1◦C/s
after irradiation to 2.0 Gy, preheating to 60◦C and illumination with
470 nm blue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3 Population of shallow trap electrons as a function of illumination time.
The simulation parameters are: λ1 = 0.1 s−1, λ2 = 0.05 s−1, n20 = 1012

cm−3 and α = 0.1, 0.4, 0.8. . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4 Energy band model of PTTL showing the flow of charge from the shallow

trap (level 1), the deep trap (level 2), the deep inactive trap (level
3), the radiative recombination centre (level 4), and the non-radiative
recombination centre (level 5). Reproduced from Chen and McKeever
(1997). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.5 Phenomenological model use to describe PTTL in α-Al2O3:C by Chithambo
et al. (2017a). ST, MT, IET and DT are the shallow-, main-, intermediate-
energy and deep electron traps. DHT and R are the deep hole trap and
the recombination centre respectively. . . . . . . . . . . . . . . . . . . . 26

3.1 A configurational coordinate diagram describing thermal quenching.
Reproduced from Chen and Pagonis (2011). . . . . . . . . . . . . . . . 30

3.2 Kinetic model of Nikiforov et al. (2001) for thermal quenching in alu-
mina. Reproduced from Chen and Pagonis (2011). . . . . . . . . . . . . 31

4.1 Point defects in a crystal of compound MX where VM is a metal vacancy;
VX a nonmetal vacancy; Mi, a metal self-interstitial; and Xi a nonmetal
self-interstitial. The diagram is reproduced from (Tilley, 2008). . . . . . 35

4.2 Crystal structure of Al2O3. It consists of oxygen ions in a hexagonal
stacking with aluminium ions occupying two third of the interstitial
sites. The diagram is reproduced from (Kouroukla, 2015). . . . . . . . . 36

4.3 Crystal structure of α-Al2O3:C,Mg and some of its defects; the ideal lat-
tice cell, one with an F+-centre, and another containing the F2+

2 (2Mg)
centre respectively are shown. The diagram is taken from (Kouwenberg,
2018). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.4 Absorption spectra of α-Al2O3:C,Mg (open circles) shown with the res-
ults of Gaussian (green lines) spectral deconvolution and best fit (red
line). The inset highlights the absorption bands between 2.5 and 4.25
eV. The diagram is taken from (Trindade and Jacobsohn, 2018) . . . . . 38

5.1 A picture of the Risø TL/OSL DA-20 Luminescence Reader used for
measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

xi



5.2 Schematic diagram of the Risø TL/OSL Reader (reproduced from the
Risø manual (Technical University of Denmark, 2011)) . . . . . . . . . . 41

5.3 Quantum efficient of the EMI 9235QB photomultiplier tube as a func-
tion of the photon’s wavelength (Technical University of Denmark, 2011) 42

5.4 A picture of the carousel with samples of α-Al2O3:C,Mg at positions
21, 28, 33 and 38 respectively. The unannealed sample is at position 28
whereas the samples at positions 33, 38 and 21 are annealed at 700, 900
and 1200◦C for 15 minutes respectively. . . . . . . . . . . . . . . . . . . 43

6.1 Glow curves of unannealed α-Al2O3:C,Mg (sample A) measured at 1◦C/s
after irradiation to 4 Gy. The plot in (a) shows peaks I and II whereas
the plot in (b), which is obtained after preheating to 150◦C, shows
peaks III, IV, V and VII. Instead of measuring a single glow curve up
to 500◦C, the measurement was split for visual clarity of the higher
temperature peaks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

6.2 Glow curves of α-Al2O3:C,Mg annealed at 700◦C (sample B) measured
at 1◦C/s after irradiation to 4 Gy. The plot in (a) shows peaks I, II
and IIa whereas the plot in (b), which is recorded after preheating to
150◦C, shows peaks III-VII. . . . . . . . . . . . . . . . . . . . . . . . . . 49

6.3 Glow curves of α-Al2O3:C,Mg annealed at 900◦C (sample C) measured
at 1◦C/s after irradiation to 4 Gy. The plot in (a) shows peaks I, II
and IIa whereas the plot in (b), recorded after preheating to 150◦C,
shows peaks III-VII. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

6.4 Glow curves of sample D (annealed at 1200◦C) measured at 1◦C/s after
irradiation to 4 Gy. The glow curve in (a) is measured immediately after
irradiation whereas the glow curve in (b) is measured after preheating
to 250◦C. Peaks I and II appear again after being removed by preheating. 51

6.5 Influence of irradiation dose on peak temperature for (a) sample A, (b)
sample B, (c) sample C and (d) sample D respectively. . . . . . . . . . . 53

6.6 Intensity against irradiation dose for peak I of (a) sample A, (b) sample
B, (c) sample C and (d) sample D. The solid line in each case is a fit of
equation (6.1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

6.7 Supralinearity index f and superlinearity index g against irradiation
dose for peak I. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

6.8 Dependence of TL intensity on irradiation dose for peak II of (a) sample
A, (b) sample B, (c) sample C and (d) sample D. For sample A, the solid
line is a best fit of equation (6.4). In (b) it is a best fit of equation (6.5)
and in (c) and (d), the lines are best fits of equation (6.1). . . . . . . . . 56

xii



6.9 Supralinearity index f and superlinearity index g against irradiation dose
for peak II. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

6.10 Effect of irradiation dose on the intensity of peak IIa of (a) sample
B, (b) sample C and (c) sample D. In (a) the response is fitted with
equation (6.5) whereas in (b) and (c), it is fitted with equation (6.1). . . 59

6.11 Dependence of intensity on irradiation dose for peak III of (a) sample
A, (b) sample B, (c) sample C and (d) sample D. . . . . . . . . . . . . . 61

6.12 Intensity of peak IV against irradiation dose for (a) sample A, (b) sample
B and (c) sample D. For each of these sample, the dose response is fitted
with equation (6.1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.13 Influence of irradiation dose on the intensity of peak V for (a) sample
A, (b) sample B, (c) sample C and (d) sample D. . . . . . . . . . . . . . 64

6.14 Dependence of irradiation dose on the intensity of peak VI of sample B.
The solid line is a fit of equation (6.5). . . . . . . . . . . . . . . . . . . . 65

6.15 Dependence of intensity on irradiation dose for peak VII of (a) sample
A, (b) sample B and (c) sample C. For each sample, the peak response
is fitted with equation (6.5). . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.16 Glow curves of α-Al2O3:C,Mg measured at 1◦C/s after irradiation to
4.1 Gy, preheating to 120◦C and illumination for 10 s. Peaks A1, A2,
B1, B2, C2, C2a, D2 and D2a are due to phototransfer. . . . . . . . . . 67

6.17 Glow curves of α-Al2O3:C,Mg measured at 1◦C/s after irradiation to 4
Gy, preheating to 200◦C and illumination for 10 s. Peaks I-III of each
sample are reproduced under phototransfer. . . . . . . . . . . . . . . . . 69

6.18 Dependence of peak position on irradiation dose for peaks of (a) sample
A, (b) sample B, (c) sample C and (d) sample D. Peaks A1, A2, C2,
C2a, D2 and D2a are due each due to phototransfer after preheating to
120◦C and illumination for 10 s. . . . . . . . . . . . . . . . . . . . . . . 70

6.19 Dependence of peak position on irradiation dose for (a) sample B, (b)
sample C and (c) sample D. The PTTL peaks of each sample are due
to phototransfer after preheating to 200◦C and illumination for 10 s. . . 72

6.20 Influence of irradiation dose on peak intensity for (a) peak A1 and (b)
peak B1. The solid line through the data is a fit of equation (6.4) for
peak A1 and of equation (6.1) for peak B1. . . . . . . . . . . . . . . . . 73

6.21 Supralinearity index f and superlinearity index g of peak A1 against
irradiation dose. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.22 Dependence of intensity on irradiation dose within 0.1-6.2 Gy for (a)
peak A2, (b) peak B2, (c) peak C2 and (d) peak D2. . . . . . . . . . . . 75

xiii



6.23 Effect of irradiation dose on the intensity of peaks (a) B2a, (b) C2a and
(d) D2a respectively. The solid line through the data points of each
peak is a fit of equation (6.1). . . . . . . . . . . . . . . . . . . . . . . . . 76

6.24 Glow curve of sample D measured at 1◦C/s after irradiation to 4.1 Gy,
preheating to 300◦C and illumination for 10 s. . . . . . . . . . . . . . . 77

6.25 Influence of peak position on irradiation dose for (a) sample A and
(b) sample D. Peaks A1-A3 and D1-D4 are due to phototransfer after
preheating to 300◦C and illumination for 10 s. . . . . . . . . . . . . . . . 78

6.26 Dependence of peak intensity on irradiation dose for peaks (a) A3, (b)
B3, (c) C3 and (d) D3 respectively. . . . . . . . . . . . . . . . . . . . . . 79

6.27 Glow curves of unannealed α-Al2O3:C,Mg (sample A) measured at 1◦C/s
after irradiation to 1.0 Gy. The glow curve in (a) is measured imme-
diately after irradiation whereas that in (b) is measured 6 hours after
irradiation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.28 Effect of delayed stimulation on peak III of unannealed α-Al2O3:C,Mg
(sample A). The intensity of peak III against delay is shown on the main
graph whereas the dependence of its position on delay time is shown in
the inset. The dotted line is visual guide which shows the trend in the
data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.29 Glow curves of unannealed α-Al2O3:C,Mg (sample A) measured at 1◦C/s
after irradiation to 1.0 Gy. The open symbols are for the glow curve
measured immediately after irradiation whereas the full symbols repres-
ent the glow curve measured after a 48 hours delay. . . . . . . . . . . . . 85

6.30 Glow curves of sample A measured at 1◦C/s after irradiation to 3.0 Gy,
preheating to 100◦C and illumination for 12 s. The glow curve in (a)
is measured immediately after illumination whereas the one in (b) is
recorded 320 s after illumination. . . . . . . . . . . . . . . . . . . . . . . 86

6.31 Influence of delay on the intensity of (a) peak A1, (b) peak B1, (c) peak
C1 and (d) peak D1. Each data point corresponds to a measurement at
1◦C/s after irradiation to 3.0 Gy, preheating to 100◦C and illumination
for 12 s. Peaks A1, B1, C1 and D1 appear at 44, 46, 46 and 52◦C
respectively. The solid line is the best fit of equation (6.7). . . . . . . . 88

6.32 Influence of delay on the intensity of (a) peak A2, (b) peak B2, (c) peak
C2 and (d) peak D2. Each data point corresponds to a measurement at
1◦C/s after irradiation to 3.0 Gy, preheating to 100◦C and illumination
for 12 s. Peaks A2, B2, C2 and D2 appear at 72, 76, 76 and 80◦C
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

xiv



6.33 Influence of delay on the intensity of (a) peak B1, (b) peak C1 and (c)
peak D1. Each data point corresponds to a measurement at 1◦C/s after
irradiation to 3.0 Gy, preheating to 120◦C and illumination for 12 s.
Peaks B1, C1 and D1 appear at 46, 46 and 52◦C respectively. The solid
line is the best fit of equation (6.7). . . . . . . . . . . . . . . . . . . . . 90

6.34 Influence of delay on the intensity of (a) peak B2, (b) peak C2 and (c)
peak D2. Each data point corresponds to a measurement at 1◦C/s after
irradiation to 3.0 Gy, preheating to 120◦C and illumination for 12 s.
Peaks B2, C2 and D2 appear at 76, 76 and 80◦C respectively. . . . . . . 91

6.35 Influence of delay on the intensity of (a) peak B1, (b) peak C1, (d) peak
B2 and (d) peak C2. Each data point corresponds to a measurement at
1◦C/s after irradiation to 3.0 Gy, preheating to 200◦C and illumination
for 12 s. The solid line is the best fit of equation (6.7). . . . . . . . . . . 92

7.1 Glow curves of unannealed Al2O3:C,Mg measured at 1◦C/s following
irradiation to 2.0 Gy (solid symbols) and another obtained after pre-
heating to 60 ◦C and subsequent illumination for 10 s (open symbols).
The positions of clear peaks except peaks V and VII which are not ob-
vious here, are shown for reference. The inset shows, for comparison,
separate glow curves measured with and without preheating where the
one with preheating omitted the light exposure step. This is intended
to emphasize the nature of the reproduced peak (open circles) as being
due to PTTL only. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

7.2 Dependence of PTTL intensity on preheating temperature for peaks A1
and A2 (a) and peak III (b). The dotted lines in (a) are only visual
guides. The sudden increase in signal beyond 500◦C in (b) is ascribed
to the effect of deep hole traps. . . . . . . . . . . . . . . . . . . . . . . . 100

7.3 Dependence of intensity on duration of illumination for peaks A1 and II. 102
7.4 The change of TL intensity with illumination time for peaks III and IV

(a) and for peaks V, VI and VIII (b). The dashed lines are only visual
guides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

7.5 The change of TL intensity with illumination time for peak A1 following
preheating to 100◦C and in the inset, for peak A2 (a). The same feature
for peaks III and IV, and in the inset for peaks VI and VIII (b). Peak V
was indistinct and could not be monitored. . . . . . . . . . . . . . . . . 105

7.6 Glow curves of unannealed Al2O3:C,Mg measured at 1◦C/s following
irradiation to 2 Gy, preheating to 300◦C and illumination for 4 s (a) 40
s (b) 120 s (c) and 1200 s (d). The position of the otherwise indistinct
peak IV is only included in (b) and (c) for reference. . . . . . . . . . . . 106

xv



7.7 PTTL intensity against duration of illumination for peaks A1 and A2
following preheating to 300◦C and, in the inset, the change in TL in-
tensity with illumination time for peak VIII. . . . . . . . . . . . . . . . 107

7.8 PTTL intensity against illumination time for peak A3 following pre-
heating to 400◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

7.9 PTTL intensity against duration of illumination of peak A1 following
preheating to 60 ◦C (a) and to 100 ◦C (b) the change for peak A2
following preheating to 100 ◦C and to 300 ◦C (d). All data is shown
fitted with Eq. (7.7) except for (a) with is fitted with Eq. (7.3) . . . . . 113

7.10 PTTL intensity against duration of illumination of peak A3 following
preheating to 300 ◦C (a) and to 400 ◦C (b). . . . . . . . . . . . . . . . . 114

8.1 Glow curves of annealed α-Al2O3:C,Mg measured at 1◦C/s following
irradiation to 3.0 Gy for (a) sample B and (b) sample C. The glow
curves recorded after preheating to 260◦C and subsequent illumination
for 12 s are represented with the open symbols. PTTL peaks B1, B2
and B3 are observed for sample B whereas PTTL peaks C1, C2 and C3
are found for sample C. . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

8.2 Dependence of PTTL intensity on preheating temperatures for peaks
B1, B2 and B2a (a) and for peaks C1, C2 and C2a respectively. . . . . . 120

8.3 Dependence of PTTL intensity on preheating temperatures for peaks
B3 and C3 respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

8.4 A glow curve of sample B recorded at 1◦C/s after preheating to 260◦C
and illumination for 7000 s. Peak B4, at 202◦C, is the PTTL peak
corresponding to peak IV. . . . . . . . . . . . . . . . . . . . . . . . . . . 122

8.5 Dependence of PTTL intensity on duration of illumination for peaks B1
and C1 (a) and, for peaks B2 and C2 (b). . . . . . . . . . . . . . . . . . 125

8.6 Dependence of TL intensity on illumination time following preheating
to 100 ◦C for peaks IIa and III (a) and, for peaks IV-VII (b). . . . . . . 126

8.7 Relative intensity of (a) peaks IIa and III and of (b) peaks IV-VII of
sample B following preheating to 100◦C. The dotted lines are visual
guides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

8.8 Dependence of PTTL intensity on illumination time after preheating to
120◦C for peaks B1 and C1 (a) and, (b) for peaks B2 and C2 respectively.129

8.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
8.10 Dependence of TL intensity on illumination time after preheating to 120

◦C for peaks III-VII of sample B. . . . . . . . . . . . . . . . . . . . . . . 130

xvi



8.11 Relative intensity of (a) peaks III and IV and of (b) peaks V-VII of
sample B following preheating to 120◦C. The dotted lines are visual
guides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

8.12 Glow curve measured at 1 ◦C/s for sample C after irradiation to 3.0 Gy
(solid symbols). The glow curve obtained after preheating to 200 ◦C
and subsequent illumination for 12 s (open symbols) are also shown for
comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

8.13 Dependence of PTTL intensity on illumination time after preheating to
200 ◦C for peaks B1 and C1 (a) and, (b) for peaks B2 and C2 respectively.133

8.14 Dependence of PTTL intensity on illumination time after preheating to
200 ◦C for peaks B2a and C2a . . . . . . . . . . . . . . . . . . . . . . . 134

8.15 Dependence of PTTL intensity on illumination time after preheating to
200 ◦C for peak C2b. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

8.16 Dependence of PTTL intensity on illumination time after preheating to
200 ◦C for peaks B3 and C3. . . . . . . . . . . . . . . . . . . . . . . . . 135

8.17 Relative intensity for peaks IV-VII following preheating to 200◦C. The
dotted lines are visual guides which show the trend in the data. . . . . . 136

8.18 Dependence of PTTL intensity on illumination time after preheating to
260 ◦C for peaks B1 and C1 (a) and, for peaks B2 and C2 (b). . . . . . 137

8.19 Dependence of PTTL intensity on illumination time after preheating to
260 ◦C for peaks B2a and C2a respectively. . . . . . . . . . . . . . . . . 138

8.20 Dependence of PTTL intensity on illumination time after preheating to
260 ◦C for peaks B3 and C3. . . . . . . . . . . . . . . . . . . . . . . . . 138

8.21 Dependence of PTTL intensity on illumination time for peak B1 (a)
and for peak B2 after preheating to 360 ◦C (b). . . . . . . . . . . . . . . 140

8.22 Dependence of PTTL intensity on illumination time after preheating to
360 ◦C for peak C2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

8.23 Dependence of PTTL intensity on illumination time after preheating to
360 ◦C for peaks B3 and C3. . . . . . . . . . . . . . . . . . . . . . . . . 141

8.24 PTTL time-response profiles of peaks B1 and C1 (a) and, of peaks B2
and C2 after preheating to 100 ◦C (b); PTTL time-response profiles of
peaks B1 and C1 (c) and, of peaks B2 and C2 after preheating to 120
◦C (d). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

8.25 PTTL intensity against duration of illumination for peaks B2 and C2
(b) and, for peaks B2a and C2a (c) and for peak B3 after preheating to
200 ◦C (d). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

8.26 PTTL time-response profiles of peak B1 (a) and, of peaks B2 and C2 (b)
and, of peaks B2a and C2a (c) and, of peaks B3 and C3 after preheating
to 260◦C (d). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

xvii



8.27 PTTL against duration of illumination of peak B1 (a), and of peak B2
(b), and of peak C2 (c), and of peak B3 (d) after preheating to 360 ◦C. 151

9.1 Glow curves of sample D measured at 1◦C/s following irradiation to 0.2
Gy. Solid symbols depict the glow curve recorded immediately after
irradiation and open circles that measured after preheating to 120◦C
and subsequent illumination for 12 s. . . . . . . . . . . . . . . . . . . . . 154

9.2 Glow curves of sample D measured at 1◦C/s after irradiation to 0.2
Gy. Solid symbols represents the glow curve recorded immediately after
irradiation whereas the open symbols is for the glow curve obtained
after preheating to 260◦C and subsequent illumination for 12. . . . . . . 155

9.3 Dependence of PTTL intensity on preheating temperatures for peaks
D2, D2a and D2b respectively. . . . . . . . . . . . . . . . . . . . . . . . 156

9.4 Dependence of PTTL intensity on preheating temperatures for peaks
D3 and D4 respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

9.5 Dependence of PTTL intensity on illumination time after preheating to
120◦C for peak D1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

9.6 Dependence of PTTL intensity on illumination time after preheating to
120◦C for peak D2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

9.7 Dependence of TL intensity on illumination time after preheating to
120◦C for peaks III and IV (a) and for peaks V and VII for sample D (b).161

9.8 Relative intensity of (a) peaks III and IV and of (b) peaks V and VII
on illumination time after preheating to 120◦C. . . . . . . . . . . . . . . 162

9.9 Glow curve of sample D measured at 1◦C/s after irradiation to 0.2 Gy
(solid symbols). The glow curve obtained after preheating to 200◦C
and subsequent illumination for 12 s (open symbols) is also shown for
comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

9.10 Dependence of PTTL intensity on illumination time after preheating to
200 ◦C for peak D2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

9.11 Dependence of PTTL intensity on illumination time after preheating to
200 ◦C for peak D2a (a) and, for peak D2b. . . . . . . . . . . . . . . . . 165

9.12 Dependence of PTTL intensity on illumination time after preheating to
200 ◦C for peak D3 (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

9.13 Dependence of TL intensity on illumination time following preheating
to 200 ◦C for peaks IV, V and VII of sample D. . . . . . . . . . . . . . . 166

9.14 Relative intensity of peaks IV, V and VII of sample D on illumination
time after preheating to 200◦C. . . . . . . . . . . . . . . . . . . . . . . . 167

9.15 Dependence of PTTL intensity on illumination time after preheating to
260 ◦C for peak D2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

xviii



9.16 Dependence of PTTL intensity on illumination time after preheating to
260 ◦C for peaks D2a (a) and D2b (b) respectively. . . . . . . . . . . . . 168

9.17 Dependence of PTTL intensity on illumination time after preheating to
260 ◦C for peak D3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

9.18 Dependence of PTTL intensity on illumination time after preheating to
260◦C and, to 350◦C for peak D4 (a) and dependence of TL intensity on
illumination time after preheating to 260◦C and to 350◦C respectively
(b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

9.19 Dependence of PTTL intensity on illumination time for peak D1 after
preheating to 350 ◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

9.20 Dependence of PTTL intensity on illumination time after preheating to
350 ◦C for peak D2 (a) and for peak D2a (b). . . . . . . . . . . . . . . . 172

9.21 Dependence of PTTL intensity on illumination time after preheating to
350 ◦C for peak D3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

9.22 A glow curve of sample D measured at 1◦C/s after irradiation to 0.2 Gy,
preheating to 400◦C and illumination for 10 s. Peak D2 is the PTTL
peak corresponding to peak II. . . . . . . . . . . . . . . . . . . . . . . . 173

9.23 PTTL time-response profiles of peaks D1 (a) and D2 (b) after preheating
to 120 ◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

9.24 PTTL intensity against duration of illumination for peaks D2 (a), D2a
(b), D2b (c) and D3 (d) after preheating to 200◦C. . . . . . . . . . . . . 179

9.25 PTTL intensity against duration of illumination of peaks D2a (a), D2b
(b), D3 (c) and D4 (d) after preheating to 260 ◦C. . . . . . . . . . . . . 180

9.26 PTTL intensity against duration of illumination for peaks D1 (a) and
D3 (b) after preheating to 350 ◦C. . . . . . . . . . . . . . . . . . . . . . 180

9.27 PTTL-time profile of peak D4 after preheating to 350◦C. . . . . . . . . 181

10.1 CW-OSL decay curves measured at 20, 100 and 200◦C respectively after
irradiation to 1.0 Gy and during 470 nm blue light illumination for 1000
s for (a) the unannealed sample, (b) the sample annealed at 700◦C, (c)
the sample annealed at 900◦C, and (d) the sample annealed at 1200◦C. 186

10.2 CW-OSL curves measured at room temperature after irradiation to 0.2
Gy, preheating to 120◦C and during exposure to 470 nm blue light for 10
s for (a) the unannealed sample, (b) the sample annealed at 700◦C, (c)
the sample annealed at 900◦C and (d) the sample annealed at 1200◦C
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

xix



10.3 CW-OSL decay curves measured at 100 ◦C for (a) the unannealed
sample, (b) the sample annealed at 700 ◦C, (c) the sample annealed
at 900 ◦C, and (d) the sample annealed at 1200 ◦C. The line through
the data points of each sample is the fit obtained from equation (10.1). . 189

10.4 Relative importance of each component Cn of the decay curve as a
function of stimulating time for (a) the unannealed sample, (b) the
sample annealed at 700◦C, (c) the sample annealed at 900◦C, and (d)
the sample annealed at 1200◦C. The example shown here is for the decay
curves measured at 100◦C. The relative importance of each component is
only shown for the first 200 s of illumination time because the important
aspect of each component is captured within this timeframe. . . . . . . 191

10.5 Dependence of TL intensity on illumination time for (a) peaks I-III of
the unannealed sample; (b) peaks I-III of the sample annealed at 700
◦C; (c) peaks I-III of the sample annealed at 900 ◦C and (d) peaks I-IV
of the sample annealed at 1200 ◦C. . . . . . . . . . . . . . . . . . . . . . 193

10.6 Temperature-dependence of luminescence intensity for irradiation doses
of 1.0, 3.0, and 5.0 Gy for (a) the unannealed sample, (b) the sample
annealed at 700◦C, (c) the sample annealed at 900◦C and (d) the sample
annealed at 1200◦C respectively. . . . . . . . . . . . . . . . . . . . . . . 195

10.7 CW-OSL curves of α-Al2O3:C,Mg measured during 470 nm blue light
stimulation of optical power densities 8, 16, 24, 64, 72, and 80 mW/cm2

after irradiation to 1.0 Gy for (a) the unannealed sample, (b) the sample
annealed at 700◦C, (c) the sample annealed at 900◦C and (d) the sample
annealed at 1200◦C respectively. . . . . . . . . . . . . . . . . . . . . . . 197

10.8 Dependence of integrated OSL intensity on the power of the stimulating
light for the unannealed sample and the samples annealed at 700, 900
and 1200◦C respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

10.9 The first TA-OSL curve measured on the unannealed sample after irra-
diation to 1000 Gy and heating to 500◦C at 1◦C/s. . . . . . . . . . . . . 200

10.10Integrated OSL intensity as a function of run number for (a) the un-
annealed sample, (b) the sample annealed at 700◦C, (c) the sample
annealed at 900◦C, and (d) the sample annealed at 1200◦C. The solid
line through the data points of each sample is given by an exponential
decreasing function. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

10.11TA-OSL curves measured at (a) 50◦C, (b) 100◦C, (c) 150◦C and (d)
200◦C from the unannealed sample after irradiation to 1000 Gy and
heating to 500◦C at 1◦C/s. . . . . . . . . . . . . . . . . . . . . . . . . . 203

xx



10.12Dependence of integrated OSL intensity on measurement temperature
for (a) the unannealed sample, (b) the sample annealed at 700◦C, (c)
the sample annealed at 900◦C, and (d) the sample annealed at 1200◦C. 204

10.13PTTL glow curves measured after TA-OSL at 20, 40, 60 and 80◦C from
the unannealed sample after irradiation to 50 Gy. . . . . . . . . . . . . . 206

10.14PTTL glow curves measured after TA-OSL at 120, 140, 160, and 180◦C
from the unannealed sample after irradiation to 50 Gy. . . . . . . . . . . 207

xxi



List of Tables

4.1 Absorption/excitation and emission bands of F-related centres in Al2O3

and Al2O3:C,Mg. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

6.1 Dose response features of unannealed α-Al2O3:C,Mg (sample A) . . . . 80
6.2 Dose response features of α-Al2O3:C,Mg annealed at 700◦C (sample B) 80
6.3 Dose response features of α-Al2O3:C,Mg annealed at 900◦C (sample C) 81
6.4 Dose response features of α-Al2O3:C,Mg annealed at 1200◦C (sample D) 81

7.1 A summary of TL peaks, their corresponding PTTL peaks, donors and
photoionization cross-section (P. cross-section (cm2)). In the study cor-
responding to 300 ◦C, only peak III could be monitored as a donor. . . 110

8.1 TL peaks, their corresponding PTTL peaks and possible donors for
sample B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

8.2 TL peaks, their corresponding PTTL peaks and possible donors for
sample C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

8.3 A summary of TL peaks, their corresponding PTTL peaks, donors and
photoionization cross-section (P. cross-section) for sample B . . . . . . . 142

8.4 A summary of TL peaks, their corresponding PTTL peaks, donors and
photoionization cross-section (P. cross-section) for sample C. . . . . . . 143

9.1 TL peaks, their corresponding PTTL peaks and possible donors . . . . . 158
9.2 A summary of TL peaks, their corresponding PTTL peaks, donors and

photoionization cross-section for sample D . . . . . . . . . . . . . . . . . 175

xxii



Chapter 1
Introduction

This chapter describes the process of luminescence emission. The aim of the thesis
and its specific objectives are presented and to conclude, a synopsis of the remaining
chapters is given.

1.1 Luminescence mechanisms

Luminescence, as a process, is the stimulated emission of light from a previously
irradiated insulator or semiconductor (Chen and McKeever, 1997). Luminescence
may however be observed without prior irradiation. This is the case with photo-
luminescence (Sykora and Akselrod, 2010). Due to their electronic structure, only
insulators and semiconductors emit luminescence. These luminescent materials are
also referred to as phosphors. The light emitted during the luminescence process
should be distinguished from the spontaneous emission of light which is observed
during incandescence (McKeever, 1985).

The two main steps of the luminescence process are excitation and stimula-
tion (McKeever et al., 1995). During excitation, the material absorbs energy from
an external source. Common sources of excitation are nuclear radiation such as γ-
rays, beta-particles and X-rays. Ultra-violet light is also a common source of optical
excitation (McKeever, 1985; McKeever et al., 1995). The purpose of excitation is
to create electron-hole pairs which are essential to luminescence emission. After ex-
citation, luminescence may be thermally or optically stimulated from the material.
For thermal stimulation, the material is heated at a controlled rate from a temper-
ature T0 to a final temperature T . The final temperature T to which the sample
is heated is limited by the experimental instrument to prevent damage to the pho-
tomultiplier tube and avoid incandescence. The ensuing luminescence is referred to
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1.1. Luminescence mechanisms

as thermally stimulated luminescence or thermoluminescence (Chen and McKeever,
1997). For optical stimulation, the irradiated sample is exposed to light of suitable
wavelength (for example 470 nm blue light). Following optical stimulation, the
resulting luminescence is termed optically stimulated luminescence (Bøtter-Jensen
et al., 2003; Yukihara and McKeever, 2011; Chithambo, 2018).

Irrespective of the stimulation source, luminescence can be classified into fluores-
cence or phosphorescence depending on the mean-time, τ , between stimulation and
emission. Fluorescence is observed if τ < 10−8 s. Figure 1.1 shows the basic process
of fluorescence emission. The electron moves directly from the ground state g to
the excited energy level e after absorption of energy. From e, the electron relaxes
back to the ground state g with emission of light.

Figure 1.1: Energy level diagram depicting the fluorescence process. The up and
down arrows each corresponds to absorption and emission of energy leading to
fluorescence (reproduced from (McKeever, 1985)).

When the mean-time τ > 10−8 s, the luminescence is referred to as phosphores-
cence. Figure 1.2 shows the basic steps involved in phosphorescence. In addition
to the ground state g and the excited state e, there is a metastable state m. After
absorption of energy from the external source, electrons from the ground state g
move to the excited state e. From level e, electrons transit into and out of level
m before decaying to the ground state g. The time spent by electrons at level m
accounts for most of the delay between stimulation and emission of light. Fluor-
escence is temperature independent whereas phosphorescence depends strongly on
temperature (Chen and McKeever, 1997). Electrons from the metastable state m
can be freed by heating.
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1.1.1. Thermally stimulated luminescence

Figure 1.2: Energy level showing the phosphorescence process. The electron is
trapped at level m before transiting to level e and then decaying to the ground
state g. The up and down arrows corresponds to absorption and emission of energy
respectively (reproduced from (McKeever, 1985)).

1.1.1 Thermally stimulated luminescence

Thermally stimulated luminescence, also referred to as thermoluminescence (TL), is
the light emitted from a previously irradiated material when heated at a controlled
rate (McKeever, 1985; Chen and McKeever, 1997). As stated before, only insulators
and semiconductors are suitable as luminescent materials. According to the energy
band model of solids, there are allowed energy bands which electrons can occupy.
The valence band is the lowest energy band occupied by electrons. It is separated
from the next allowed energy band namely; the conduction band by the forbidden
gap (Kittel, 2005). Hence, in a perfect crystal there should not be localised energy
levels within the forbidden gap. However, crystals are never ideal and contain
defects or impurities within them (Agulló-López et al., 1988). These defects or
impurities give rise to additional energy levels within the forbidden gap where
electrons and holes may be trapped.

Figure 1.3 shows the process of stimulated luminescence with the aid of the
one-trap-one-recombination centre (OTOR) model. Exposure to ionising radiation
liberates electrons from the valence band. These electrons are then free to move
within the crystal. Transition a depicts the movement of electrons into the con-
duction band. From the conduction band, some electrons are then trapped at
localised energy levels; represented here as level T while holes are captured at the

3



1.1.1.1. Analysis of thermoluminescence

recombination centre R. These two transitions are labelled b. The trap depth or
activation energy E is the energy required to free electrons at trap T into the con-
duction band. Hence for trapped electrons to be evicted into the conduction band,
the energy provided through thermal stimulation should be at least equal to E.
The Fermi level is denoted by Ef . Transition c represents the eviction of trapped
electrons into the conduction band. From the conduction band, some electrons
recombine with holes at the luminescence centre R. The recombination process
results in luminescence emission.

Figure 1.3: Energy band model showing electronic transitions during the TL pro-
cess. (a) generation of electrons and holes; (b) electron and hole trapping; (c)
electron release due to thermal stimulation; (d) electron-hole recombination. Solid
circles represent electrons and open circles are holes. Level T is an electron trap,
level R is a recombination centre, Ef is the Fermi level, Eg is the energy band gap.
Diagram reproduced from (Bos, 2006).

1.1.1.1 Analysis of thermoluminescence

To explain the stimulation and emission of TL, we first consider the one-trap-one-
recombination centre (OTOR) model shown in Figure 1.3.

Let n (m−3) and nc (m−3) denote the instantaneous concentration of electrons at
the electron trap T and in the conduction band respectively. Let m (m−3) denote
the instantaneous concentration of holes at the recombination centre R. The trap T
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1.1.1.1. Analysis of thermoluminescence

is progressively emptied as electrons move to the conduction band during thermal
stimulation (transition c). The probability p (s−1) per unit time of release of a
trapped electron is given by

p = s exp
(
− E

kT

)
, (1.1)

where s is the number of times a trapped electron attempts to detach from its
binding potential (Chithambo et al., 2017b). For the OTOR model, s is considered
to be independent of temperature. The value of s is expected to be of the order
of the lattice vibration frequency namely 1012 - 1014 s−1 (Carter, 2000). In equa-
tion (1.1), E denotes the trap depth; k the Boltzmann constant and T the absolute
temperature. Equation (1.1) shows that the probability p of release from the trap
increases with temperature thereby enabling the release of trapped electrons into
the conduction band. Luminescence results from the recombination of conduction
electrons with holes at the recombination centre R. The luminescence intensity is
proportional to the rate at which electrons and holes recombine and may be stated
as

I(t) = −dm
dt

= ncmAm, (1.2)

where the negative sign indicates the loss of holes due to recombination and Am

(m3s−1) is the probability of recombination. For simplicity, equation (1.2) assumes
that all recombinations are radiative. The rate of change in the concentration of
trapped electrons with respect to time depends on the excitation rate (np) and the
retrapping rate (nc(N −n)An). The rate of change in the concentration of trapped
electrons is then given by

dn

dt
= −np+ nc(N − n)An, (1.3)

where N is the concentration of electron traps and, An in m3s−1 is the probability
of retrapping. All the other terms are as previously defined. The rate of change in
the concentration of holes at the recombination centre is expressed as

dm

dt
= dnc

dt
+ dn

dt
, (1.4)

where dn
dt is as defined earlier and dnc

dt is the rate of change in the concentration
of electrons in the conduction band. We assume that only trapped electrons are
freed during thermal stimulation; that is, the change in concentration of holes, nv
in the valence band is zero. For charge to be conserved, the total concentration of
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electrons at electron traps and in the conduction band should be equal to that of
holes at the recombination centre that is,

nc + n = m. (1.5)

Equation (1.5) expresses charge conservation. Equations (1.2)-(1.4) are first-order
coupled non-linear differential equations. They cannot be solved analytically. A
solution can be generated by invoking certain assumptions. We first assume that
electrons do no accumulate in the conduction band that is nc ≈ 0 (hence, n ≈ m).
This assumption is referred to as the quasi-equilibrium approximation (Chen and
McKeever, 1997). From equations (1.2) - (1.4), we then obtain

I(t) = mAmnp

(N − n)An +mAm
= mAm

(N − n)An +mAm
ns exp

(
− E

kT

)
. (1.6)

Equation (1.6) is referred to as the general one trap (GOT) equation.

1.1.1.2 First-order kinetics

First-order kinetics can be derived by assuming that the probability of electron
retrapping during thermal stimulation is negligible i.e.,mAm� (N−n)An (Randall
and Wilkins, 1945a,b). Under this assumption, equation (1.6) reduces to

I(t) = −dn
dt

= s p = n s exp
(
− E

kT

)
. (1.7)

Equation (1.7) is referred to as the first-order kinetics equation because the lumin-
escence intensity, I, is directly proportional to n. If the measurement temperature
is constant during the TL readout, the intensity decays exponentially and is given
by

I(t) = I0 exp(−tp), (1.8)

where I0 is the initial intensity and t is the time. For a linear heating profile, the
sample temperature at time t is

T (t) = T0 + βt, (1.9)
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where T0 is the initial temperature and β is the heating rate. Equation (1.7) can
be rewritten implicitly as

dn

dt
= dn

dT

dT

dt
= β

dn

dT
(1.10)

where β = dT
dt . By integrating both sides of equation (1.10), we obtain the concen-

tration of trapped electrons at temperature T as

n = n0 exp
[
−
∫ T

T0

(
s

β

)
exp

(
− E

kT ′

)
dT ′

]
, (1.11)

where n0 is the concentration of trapped electrons at time t = 0 i.e., prior to
stimulation and T ′ is a dummy variable of integration. The TL intensity is then
derived from equation (1.11) as

I(T ) = n0s exp
(
− E

kT

)
exp

[
−
∫ T

T0

(
s

β

)
exp

(
− E

kT ′

)
dT ′

]
. (1.12)

A plot of the TL intensity against temperature is known as a glow curve. Figure 1.4
shows an example of glow curve of unannealed α-Al2O3:C,Mg measured at 1◦C/s
after irradiation to 2.0 Gy. This glow curves consists of various peaks at 43, 73,
165, 195◦C, etc. Each peak reflects the emptying, by heating, of a specific electron
trap.

The temperature Tm corresponding to the maximum intensity of the resulting glow
peak is obtained by setting dI

dT = 0. This leads to

βE

kT 2
m

= s exp
(
− E

kTm

)
. (1.13)

Equation (1.13) shows that the peak temperature, Tm, does not depend on n0.
This is a characteristic of first-order kinetics (Chen and McKeever, 1997; Pagonis
et al., 2006).

1.1.1.3 Second-order kinetics

Garlick and Gibson (1948) derived the second-order kinetics expression by consid-
ering the case where retrapping dominates namely, mAm � (N − n)An. By also
assuming that the trap is far from saturation i.e., N � n andm = n, equation (1.6)
becomes

I(t) = −dn
dt

= s
Am
NAn

n2 exp
(
− E

kT

)
. (1.14)
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Figure 1.4: A glow curve of unannealed α-Al2O3:C,Mg measured at 1◦C/s after
irradiation to 2.0 Gy.

The intensity, I(t), in equation (1.14) is proportional to n2 and is the reason the
equation is referred to as the second-order kinetics equation. Garlick and Gibson
(1948) further assumed that Am = An. Considering a linear heating profile and
then integrating equation (1.14), the TL intensity can be obtained as

I(T ) = n2
0s

Nβ
exp

(
− E

kT

)[
1 + n0s

Nβ

∫ T

T0
exp

(
− E

kT ′

)
dT ′

]−2

. (1.15)

The temperature Tm of a second-order glow peak is obtained from

βE

kT 2
m

= s

(
1 + 2kTm

E

)
exp

(
− E

kTm

)
. (1.16)

1.1.1.4 General-order kinetics

May and Partridge (1964) derived an expression for general-order kinetics by con-
sidering the case where none of the assumptions of the first- and second-order
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kinetics hold. The expression for general-order kinetics they proposed is given by

I(t) = −dn
dt

= nbsa exp
(
− E

kT

)
. (1.17)

The term sa has dimension of m3(b−1)s−1 and b is the order of kinetics. In this
case, the TL intensity as a function of temperature can be written as

I(T ) = s′′n0 exp
(
− E

kT

)[
1 + s′′(b− 1)

β

∫ T

T0
exp

(
− E

kT ′

)
dT ′

] −b
b−1

(1.18)

where s′′ = san
(b−1)
0 . Equation (1.18) is valid for b 6= 1 and reduces to the appro-

priate equation for first- or second-order kinetics when b approaches 1 or 2. For a
general-order glow peak, Tm is given by

βE

kT 2
m

= s

(
1 + 2kTm(b− 1)

E

)
exp

(
− E

kTm

)
. (1.19)

1.1.2 Mixed-order kinetics model

The OTOR model has been used to describe experimental features of TL. Despite
its utility, this model is not realistic since materials have multiple trapping and
recombination centres. In describing TL with the OTOR model, the number of
trapped electrons equals the number of trapped holes (n = m) and it is assumed
that the concentration of conduction electrons is negligible (nc ' 0). In practise,
in luminescent materials, there exist traps which are stable during TL readout.
These “thermally disconnected” traps are known as deep traps. The presence of
deep traps implies that the concentration of trapped electrons is different from
that of trapped holes. Under the assumption that nc ' 0, the charge neutrality
condition is now

n+ h = m (1.20)

where h is the concentration of electrons in deep traps. The rate equation for the
concentration of electrons trapped in the deep traps is given by

dh

dt
= (H − h)Ah (1.21)
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1.1.2. Mixed-order kinetics model

where H is the total concentration of deep traps and Ah is the corresponding trap-
ping probablity. For trapped holes at the recombination centre, the rate equation
becomes

dm

dt
= dn

dt
+ dh

dt
. (1.22)

The deep traps can capture electrons released from the shallow trap (thermally un-
stable trap). They compete with recombination centres for the capture of electrons
released from shallow traps Chen and McKeever (1997).

For the special case when h ' H, dh/dt ' 0, Kelly and Bräunlich (1970) expressed
the TL intensity as

I = (n+ h)Am
(N − n)An + (n+ h)Am

n s exp
(
− E

kT

)
(1.23)

Under the assumption of negligible retrapping ((N −n)An << (n+h)Am), Equa-
tion (1.23) reduces to

I = n s exp
(
− E

kT

)
. (1.24)

Equation (1.24) is the first-order TL equation derived earlier (Equation (1.7)).
When retrapping is dominant ((N − n)An >> (n + h)Am) and N >> n, Equa-
tion (1.23) becomes

I = (n+ h)Am
N An

n s exp
(
− E

kT

)
. (1.25)

For An = Am, Equation (1.23) reduces to

I = n+ h

N + h
n s exp

(
− E

kT

)
. (1.26)

Equations (1.25) and (1.26) can both be expressed as

I = nh s′ exp
(
− E

kT

)
+ n2 s′ exp

(
− E

kT

)
(1.27)

where s′ = sAm/N An or s′ = s/(N + h). Chen et al. (1981) referred to Equa-
tion (1.27) as the mixed-order kinetic equation. It reduces to first-order when
h >> n and to second-order if h << n.
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1.1.3. Optically stimulated luminescence

1.1.3 Optically stimulated luminescence

Optically stimulated luminescence (OSL) is the luminescence produced when a
previously irradiated insulator or semiconductor is exposed to light of a specific
wavelength (Bøtter-Jensen et al., 2003; Yukihara and McKeever, 2011; Chithambo,
2018). Applications of OSL include retrospective dosimetry (Huntley et al., 1985),
personal, space and medical dosimetry (Yukihara and McKeever, 2011). These
applications are based on the premise that the luminescence intensity depends on
the amount of radiation absorbed by the sample under investigation. The three
methods of OSL stimulation are continuous wave stimulation (Huntley et al., 1985),
linear modulation (Bulur, 1996) and time-resolved stimulation (Chithambo and
Galloway, 2000; Bailiff, 2000).

1.1.3.1 Continuous-wave OSL

Continuous-wave OSL (CW-OSL) is the luminescence stimulated with light of con-
stant intensity. The resulting signal includes a scattered component of the stimulat-
ing light which needs to be taken into account during analysis. The experimental
setup usually includes a set of band-pass filters used for luminescence detection
and a set of long-pass filters to restrict the wavelength range of the stimulating
light (Galloway et al., 1997; Chithambo and Galloway, 2001).

As in the case of TL, OSL can be described in terms of first-, second- or general-
order kinetics. The OTOR model shown in Figure 1.3 can be used to describe the
basic process of OSL emission. All the terms defined previously when describing
TL remain valid. The probability of stimulating an electron from the trap is now
given by

p = Φσ (1.28)

where Φ is the intensity of the stimulating light and σ is the photoionisation cross-
section (Bøtter-Jensen et al., 2003). Assuming that retrapping is negligible during
optical stimulation, the intensity of the emitted OSL is expressed as

IOSL(t) = −dn
dt

= np. (1.29)

The luminescence intensity is obtained from equation (1.29) as

IOSL(t) = n0p exp(−pt) = I0 exp(−pt) (1.30)
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1.1.3.1. Continuous-wave OSL

where I0 = n0p is the intensity at time t = 0. In this case, the luminescence
intensity decreases monotonically and equation (1.30) is known as the first-order
kinetics equation for OSL.

If retrapping is dominant during optical stimulation, the OSL signal follows second-
order kinetics and is given by

IOSL(t) = −dn
dt

= n2p

N
. (1.31)

Starting with equation (1.31), time-dependence of the luminescence intensity is
obtained as

IOSL(t) = n2
0p(

1− n0p
N t
)2 (1.32)

In the general-order case, for intermediate retrapping, the OSL signal is given by

IOSL(t) = −dn
dt

= nbp

N b−1 (1.33)

where b, the order of kinetics, is a dimensionless parameter. In a similar manner,
for general-order kinetics, the luminescence intensity is

IOSL(t) = nb0p

N b−1

[
1 + (b− 1)

(
n0
N

)b−1
pt

]− b
b−1

(1.34)

Equation (1.34) gives the OSL intensity for general-order kinetics. It reduces to
first- or second-order kinetics when b approaches 1 or 2 respectively.

Figure 1.5 shows a CW-OSL curve of unannealed α-Al2O3:C,Mg measured at
room temperature during a 1000 s exposure to 470 nm blue-light-emitting diodes
after irradiation to 1.0 Gy. For the CW-OSL shown in Figure 1.5, the luminescence
was detected with a 7.5 mm thick Hoya U-340 filter (transmission band 270-380
nm). The inset of this figure is CW-OSL of the same sample which increase initially
with illumination.

The solid line describing the CW-OSL curve in Figure 1.5 is the sum of three
exponentially decreasing functions given by

I(t) = I1 exp(−λ1t) + I2 exp(−λ2t) + I3 exp(−λ3t) (1.35)
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1.1.3.2. Linearly modulated OSL

Figure 1.5: A CW-OSL curve of α-Al2O3:C,Mg measured at room temperature
during a 1000 s exposure to 470 nm blue light after irradiation to 1.0 Gy. The
inset shows a CW-OSL curve of the same sample which increases initially with
stimulation time.

where I1, I2 and I3 are scaling parameters and λ1, λ2 and λ3 are the decay con-
stants. This is a convenient way of describing a decay curve.

However, not all CW-OSL curves decrease exponentially with stimulation time.
Some CW-OSL curves first increase with stimulation time before decreasing there-
after. Examples of such CW-OSL curves have been reported by (Nyirenda and
Chithambo, 2017) for α-Al2O3:C. Nyirenda and Chithambo (2017) attributed the
initial increase of luminescence intensity to charge retrapping and competition ef-
fects at electron traps and recombination centres.

1.1.3.2 Linearly modulated OSL

With linearly modulated optical stimulation, the intensity Φ of the stimulating
light is increased with measurement time t at a constant rate γ (Bulur, 1996).
The luminescence measured is referred to as linear-modulated OSL (LM-OSL) and
consists of a set of time-separated peaks (Bulur, 1996; Bøtter-Jensen et al., 1999).
Each of these peaks is associated with a specific photoionisation cross-section. The
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intensity Φ of the stimulating light is now defined as

Φ(t) = γt. (1.36)

For first-order kinetics, the change in the concentration of trapped electrons is
expressed as

dn

dt
= −np = −γσtn (1.37)

where p = γσt. The luminescence intensity for first-order kinetics becomes

I(t) = n0γσt exp
(
−γσt

2

2

)
. (1.38)

The luminescence intensity, as given by equation (1.38), is described by an expo-
nential function that goes through a peak at tmax =

√
1/γσ. Similar expressions

can be derived for second- or general-order kinetics. Figure 1.6 is a LM-OSL curve
of α-Al2O3:C,Mg measured after irradiation to 1.0 Gy with the power density of
the stimulating light increasing linearly from 9 (10%) to 90 mW/cm2 (100%). As
seen in Figure 1.6, the LM-OSL curve goes through a peak at 12 s of stimulation.

1.1.3.3 Time-resolved OSL

Time-resolved OSL, also known as pulsed optically stimulated luminescence (POSL),
is the luminescence recorded when the sample is stimulated by a series of short light
pulses (Sanderson and Clark, 1994; Markey et al., 1995). TR-OSL aims to separ-
ate in time the stimulation and emission of luminescence (Chithambo, 2011). The
luminescence signal measured during optical stimulation increases monotonically
with time whereas the signal measured after the light pulse decreases with stim-
ulation time (Chithambo, 2011). The luminescence component recorded during
stimulation also comprises of scatter from the stimulating light. The advantages of
this method over CW-OSL and LM-OSL include the high reduction in background
noise and the possibility of repeated measurements since each brief light pulse
only stimulates a small proportion of trapped electrons (Chithambo and Galloway,
2000).

Measurements of TR-OSL can be used to evaluate luminescence lifetimes (Gallo-
way, 2002; Chithambo and Ogundare, 2009). The luminescence lifetime is the delay
between stimulation and emission (Galloway, 2002; Chithambo and Ogundare,
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Figure 1.6: A LM-OSL curve of α-Al2O3:C,Mg measured at room temperature
during a 100 s exposure to 470 nm blue light after irradiation to 1.0 Gy. The
power density of the stimulating light was increased linearly from 10 to 100%
during measurement.

2009). Various models have been used to explain charge processes involved in TR-
OSL. The simplest analytical model of TR-OSL consists of one electron trap and
one radiative recombination centre. This model describes the TR-OSL intensity in
terms of changes in the concentration of optically stimulated electrons (Chithambo,
2007b,c). A kinetics model based on simulations of experimental data has also
been used to explain the luminescence process of TR-OSL (Pagonis et al., 2009)
in quartz. A phenomenological model in which the luminescence intensity is ex-
pressed as a function of the concentration of excited luminescence centres was also
proposed (Yukihara and McKeever, 2011; Chithambo, 2018).

1.2 Aim of the thesis

This thesis aims to contribute towards the understanding of mechanisms of lumin-
escence in α-Al2O3:C,Mg using TL and OSL techniques. The dosimetric features
of α-Al2O3:C,Mg will be investigated for annealed and unannealed samples. The
dynamics of the phototransferred peaks from each of these samples will also be
investigated. The dependence of illumination time on phototransferred peaks will
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also be studied. Lastly, thermally assisted OSL will be used to investigate the
presence and role of deep traps in luminescence.

1.3 Synopsis of the thesis

The remaining chapters are organised as follows: Chapter 2 describes the process
of phototransferred thermoluminescence and presents some of the models which
have been used to explain the dependence of peak intensity on illumination time
for phototransferred peaks. Thermal quenching and thermal assistance to optical
stimulation are described in Chapter 3. Chapter 4 discusses point defects in α-
Al2O3:C,Mg. In Chapter 5, the experimental methods are presented. These include
the experimental setup and the characteristics of the samples used. Chapter 6
discussed the dosimetric features of α-Al2O3:C,Mg for the unannealed and annealed
samples. The studies of phototransferred thermoluminescence from the unannealed
sample and the samples annealed at 700, 900 and 1200◦C for 15 minutes each are
presented in Chapters 7-9 respectively. The investigation of thermally assisted
optically stimulated luminescence from α-Al2O3:C,Mg is discussed in Chapter 10.
Chapter 11 concludes the study and makes suggestions for future luminescence
research in α-Al2O3:C,Mg.
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Chapter 2
Phototransferred

Thermoluminescence

Phototransferred thermoluminescence (PTTL) is the thermal stimulation for lu-
minescence of electrons which have been optically transferred from deep traps to
shallow traps (McKeever, 1985; Chen and McKeever, 1997). The PTTL process
consists of four steps namely; irradiation, depletion of electrons in shallow traps,
illumination, and thermal stimulation. Electron-holes pairs are created during irra-
diation. Some of these electrons are trapped at electron traps whereas some holes
are captured at recombination centres. After irradiation, the sample is preheated
to remove electrons from the shallow traps. The preheated sample is cooled and ex-
posed to light of a specific wavelength in order to transfer some electrons from deep
traps into the shallow ones. Finally, the sample is then heated again to monitor
luminescence.

PTTL has been observed and studied in common luminescent materials such as;
quartz (Milanovich-Reichhalter and Vana, 1990; Wintle and Murray, 1997; Santos
et al., 2001; Bertucci et al., 2011; Chithambo et al., 2019; Chithambo and Dawam,
2020), LiF (Bailiff and Poolton, 1991), α-Al2O3:C (Walker et al., 1996; Chithambo
et al., 2017a), α-Al2O3:C,Mg (Kalita and Chithambo, 2017e, 2019; Sob et al., 2021),
tanzanite (Chithambo, 2021a) and BeO (Bulur, 2007). PTTL has been suggested
as a tool for radiation dosimetry (Bailiff and Poolton, 1991; Bossin et al., 2018);
the study of absorption spectra of minerals (Alexander and McKeever, 1998) and
as a means to study luminescence mechanisms in α-Al2O3:C (Chithambo et al.,
2017a).

In PTTL, a trap into which electrons are optically transferred is referred to as an
acceptor trap whereas a trap from which these electrons are optically transferred
is known as a donor trap.
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2.1. Kinetics-based models of PTTL

2.1 Kinetics-based models of PTTL

2.1.1 The two traps one centre model

The simplest energy model used to describe PTTL is one consisting of a shallow
trap (an acceptor trap), a deep trap (a donor trap) and a radiative recombination
centre as shown in Figure 2.1.

Figure 2.1: Simple model of PTTL showing the flow of charges from the shallow
trap (level 1), the deep trap (level 2), and the recombination centre (level 3).
Reproduced from Chen and McKeever (1997).

For the model of Figure 2.1, the concentration of electron traps for the trap labelled
i is Ni and ni is the concentration of trapped electrons. Ai denotes the probability
of retrapping for trap i. The concentration of hole traps is denoted by M whereas
that of trapped holes is denoted by m. In addition, nc and nv are the concentration
of electrons and holes in the conduction and valence bands respectively.

During the irradiation stage, the trapping of electrons at electron traps and the
capture of holes by the recombination centre can be described as:

dn1
dt

= A1(N1 − n1)nc, (2.1)

dn2
dt

= A2(N2 − n2)nc, (2.2)
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2.1.1. The two traps one centre model

dnv
dt

= R−A∗m(M −m)nv, (2.3)

where R is the rate of electron-hole pairs creation and A∗m is the probability of hole
detrapping at the recombination centre. In addition to the flow of charge described
by equations (2.1) - (2.3), charge needs to be conserved. This condition is written
as

nc + n1 + n2 = m+ nv. (2.4)

After irradiation, preheating is performed to remove electrons from the shallow
trap. It is assumed that after preheating, the new concentration of electrons at
level 1 is n10 = 0, and that of electrons at level 2 is n20. The concentration
of electrons and holes in the conduction and valence bands respectively are also
assumed to be negligible hence for charge conservation, we have n20 = m0 with m0

being the new concentration of holes.

During illumination, electrons are optically stimulated from the deep trap at a rate
f2. It is assumed that optical stimulation of electrons out of the shallow trap is
negligible since at the start of this step n10 = 0. The flow of charge during this
stage can be expressed as

dn2
dt

= −n2f2 +A2(N2 − n2)nc, (2.5)

dn1
dt

= A1(N1 − n1)nc, (2.6)

dm

dt
= −Ammnc, (2.7)

dnv
dt

= 0, (2.8)

and for charge neutrality;

dnc
dt

= −dn1
dt
− dn2

dt
+ dm

dt
. (2.9)

All the terms in equations (2.5) - (2.9) are as previously defined. During illumina-
tion, it is assumed that dnc/dt ≈ 0. This is the quasi-equilibrium (QE) approxim-
ation. Optically stimulated electrons can retrap into the deep trap, transit to the
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2.1.1. The two traps one centre model

shallow trap or recombine with holes at the recombination centre. It is assumed
that retrapping into the deep trap is negligible, namely that A2(N2 − n2)nc ≈ 0.
The solutions of equations (2.5) - (2.7) are then given by:

n2(t) = n20 exp(−tf2), (2.10)

n1(t) = N1[1− exp(−Bt)], (2.11)

and

m(t) = m0 exp(−t/τ) (2.12)

where B = ncA1 and τ = 1/ncAm is the lifetime. There is a non-negligible concen-
tration of electrons in the shallow trap after illumination. Equation (2.10) describes
the loss of electrons from the deep trap during illumination while equation (2.11)
describes the filling of the shallow trap within that time. The loss of holes at the
recombination centre is expressed by equation (2.12). This loss is in part due to
the OSL observed during illumination.

At the heating stage, that is after illumination, some of the electrons which are
thermally freed from the shallow traps can recombine with holes via the conduction
band to emit luminescence. The transport of charge during this stage is described
by:

dn1
dt

= −n1p1 +A1(N1 − n1)nc, (2.13)

dn2
dt

= A2(N2 − n2)nc, (2.14)

and
dm

dt
= −Ammnc = −m

τ
, (2.15)

where p1 is the probability of thermal release of electrons from the shallow trap.
At the heating stage, at time t∗, it is assumed that QE approximation is valid
and the deep trap is close to saturation such that n1(t∗) � N2 − n2(t∗) (Chen
and McKeever, 1997). Under these assumptions, the area under the PTTL peak is
computed as

S(t∗) = Csm(t∗)n1(t∗)
N2 − n2(t∗) (2.16)
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2.1.1. The two traps one centre model

where Cs is a constant. By substituting with equations (2.10) - (2.12), the PTTL
signal is given by

S(t∗) = Cs exp(−t∗/τ)N1[1− exp(−Bt∗)]
N2/n20 − exp(−t∗f2) (2.17)

As the illumination time increases, the population of electrons in the deep trap
progressively becomes negligible and S(t∗) increases towards a maximum. Equa-
tion (2.17) therefore describes a monotonically increasing function. This is not
always consistent with experimental results.

The dependence of PTTL intensity on stimulation time displays a wide range of
behaviour. An example is one where the PTTL dependence on illumination time
increases up to a maximum and then decreases thereafter. Figure 2.2 shows an
example of the dependence of PTTL intensity, taken as peak height, on duration
of illumination for a PTTL peak of unannealed α-Al2O3:C,Mg.

Figure 2.2: Dependence of intensity (peak height) on illumination time for a PTTL
peak of unannealed α-Al2O3:C,Mg which appears at 43◦C. The glow curves from
which the PTTL peak is observed were measured at 1◦C/s after irradiation to 2.0
Gy, preheating to 60◦C and illumination with 470 nm blue.

In describing the charge dynamics during the illumination, no loss of electrons
from the shallow trap was assumed. Walker et al. (1996) found that in the case of
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2.1.2. The model of Wintle and Murray (1997)

α-Al2O3:C, electrons are optically bleached from the shallow traps during illumina-
tion. For the simple model of Figure 2.1, this loss of electrons due to bleaching can
explain the decreasing part of most experimental PTTL curves. However, Alexan-
der et al. (1997); Alexander and McKeever (1998) showed that the PTTL intensity
will not necessarily decrease to zero as expected from bleaching but to a non-zero
constant value.

2.1.2 The model of Wintle and Murray (1997)

Wintle and Murray (1997) used a model consisting of a shallow trap, a deep trap
and a recombination centre to describe the dependence of PTTL intensity on illu-
mination time. The model thus described is similar to the one shown in Figure 2.1.
The main point is that Wintle and Murray (1997) neglected retrapping. The con-
centration of electrons in the shallow trap is denoted by n1 whereas that of electrons
in the deep trap is denoted by n2. The equations describing charge transfer during
illumination are

dn2
dt

= −λ2n2 (2.18)

dn1
dt

= −λ1n1 + αλ2n2 (2.19)

where λ1 and λ2 are the rates of optical stimulation out of the shallow and deep
traps respectively and α is a constant of proportionality. Equation (2.18) refers
to the loss of electrons from the deep trap whereas equation (2.19) on the other
hand describes the loss of electrons from the shallow trap but also the retrapping
of electrons stimulated from the deep trap during illumination. The solutions to
coupled equations (2.18) and (2.19) is

n1 = α
λ2n20
λ1 − λ2

[e−λ2t − e−λ1t] (2.20)

where n20 is the initial population of electrons in the deep trap. As shown by
equation (2.20), the concentration of shallow trap electrons, n1, initially increases
with illumination time before decreasing to a steady value thereafter. Figure 2.3
shows plots of n1, as defined by equation (2.20), for different values of the constant
α. The parameters λ1 = 0.1s−1, λ2 = 0.05s−1 and n20 = 1012cm−3 were used. The
choice of parameters, for purposes of illustration only, was guided by (Chen and
Pagonis, 2011).
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2.2. The three traps two centres model

Figure 2.3: Population of shallow trap electrons as a function of illumination time.
The simulation parameters are: λ1 = 0.1 s−1, λ2 = 0.05 s−1, n20 = 1012 cm−3 and
α = 0.1, 0.4, 0.8.

The work of Wintle and Murray (1997) shows that any ensuing PTTL measured
after illumination is proportional to the concentration of electrons in the shallow
trap.

2.2 The three traps two centres model

The energy band model of Figure 2.4 can be used to explain the decreasing part of
PTTL dependence on illumination time without the requirement of optical bleach-
ing of electrons from the shallow trap (Alexander et al., 1997; Alexander and McK-
eever, 1998) as observed in the study of Walker et al. (1996). The model (Figure 2.4)
consists of a shallow trap (level 1), a deep active trap (level 2), a deep inactive trap
(level 3), a radiative recombination centre (level 4), and a non-radiative recombin-
ation centre. The deep inactive trap is not necessary for PTTL to occur however,
it is useful in explaining non linear dose dependence effects (Chen and McKeever,
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1997). Charge conservation is now expressed as

nc + n1 + n2 + n3 = m4 +m5 (2.21)

where n3 is the concentration of trapped electrons at the deep inactive trap, andm4

and m5 are the concentration of holes captured at the radiative and non-radiative
recombination centres respectively. All other terms are as previously defined.

Figure 2.4: Energy band model of PTTL showing the flow of charge from the
shallow trap (level 1), the deep trap (level 2), the deep inactive trap (level 3),
the radiative recombination centre (level 4), and the non-radiative recombination
centre (level 5). Reproduced from Chen and McKeever (1997).

Similar equations describing the transfer of charge during each stage of the PTTL
process can be written for this model as in section 2.1. One important feature
of this model is that it allows a transfer of holes from the radiative to the non-
radiative recombination centre during the heating step of the PTTL process. This
implies that in addition to the OSL observed during illumination, holes are also
lost by capture at the non-radiative recombination centre. As a consequence of
this competition between the two hole centres, the PTTL signal now depends on
n1 and m4.

In the simple model of Figure 2.1, the concentration of electrons n1 cannot be
greater than that of holes since charge must be conserved. In the model of Figure 2.4
however, it is possible for n1 to be greater than m4 at some time t. If we assume
that at the start of the heating stage n1 < m4 then the PTTL signal will grow with
illumination time until the active deep trap, n2, is depleted or there is no longer
enough holes at m4 for electrons to recombine with. the PTTL intensity will
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therefore decrease when any of these two situations occurs. The PTTL intensity is
then described by

S = min(n1,m4). (2.22)

Alexander et al. (1997) and Alexander and McKeever (1998) showed that the de-
pendence of the PTTL signal on duration of illumination is affected by factors
such as the wavelength of the stimulating light, its intensity, and the photoionisa-
tion cross-section, σ, from the deep active trap.

2.3 The phenomenological model of Chithambo et. al
(2017)

Chithambo et al. (2017a) developed a phenomenological model for the analysis
of PTTL dependence on illumination time in which the number of donors is not
assumed. In their model, the number of acceptor and donor traps depend on the
preheating temperature. For two different preheat temperatures for example, a trap
associated with a given peak may act as an acceptor or a donor. This is not the
case with the models of Alexander et al. (1997); Alexander and McKeever (1998)
or Wintle and Murray (1997) in which the number of acceptors (shallow trap)
and donors (deep traps) are fixed. The rate equations describing charge transfer
are written for the illumination step only. These equations are written under the
assumption that retrapping is negligible and only a portion of electrons stimulated
from the donor traps are transferred to an acceptor trap. In principle this applies
for first-order kinetics but is a simplifying assumption otherwise. Charge transfer
occurs via the conduction band.

Figure 2.5 shows the model of Chithambo et al. (2017a) for α-Al2O3:C. The model
consists of a shallow trap (ST), a main trap (MT), an intermediate-energy trap
(IET), a deep trap (DT), a deep hole trap (DHT) and a recombination centre (R).

In their study Chithambo et al. (2017a) reported that peaks I - III were reproduced
under phototransfer for various preheating temperatures. They found that peak I
was reproduced under phototransfer after preheating to any temperature between
100 and 500 ◦C. In that sense, the traps labelled MT, IET, DT act as donors for
peak I after preheating to 100 ◦C whereas the trap labelled ST acts as the acceptor.
The transfer of charge during illumination is then expressed as

dn2
dt

= −s2n2 (2.23)

25



2.3. The phenomenological model of Chithambo et. al (2017)

Figure 2.5: Phenomenological model use to describe PTTL in α-Al2O3:C
by Chithambo et al. (2017a). ST, MT, IET and DT are the shallow-, main-,
intermediate-energy and deep electron traps. DHT and R are the deep hole trap
and the recombination centre respectively.

dn3
dt

= −s3n3 (2.24)

dn4
dt

= −s4n4 (2.25)

dn1
dt

= −s1n1 + a2s2n2 + a3s3n3 + a4s4n4 (2.26)

where si and ni are the probabilities of electron stimulation and the concentration
of electrons for trap i respectively. The stimulation probability si = Φσi where Φ is
the photon flux and σi is the photoionisation cross-section of trap i (Bøtter-Jensen
et al., 2003). The constants a2, a3 and a4 are used to quantify the portion of
electrons stimulated from the respective donor trap into the acceptor trap. Equa-
tions (2.23) - (2.26) describe a general system of a one acceptor and three donors
whose solution is

n1(t) = A1 (e−s2t − e−s1t) +A2 (e−s3t − e−s1t) +A3 (e−s4t − e−s1t) (2.27)

where A1 = a1s2n2i/(s1 − s2), A2 = a2s3n3i/(s1 − s3) and A3 = a3s4n4i/(s1 − s4).
n2i, n3i and n4i are the initial concentration of electrons at the donor traps MT, IET
and DT respectively. As shown by Chithambo et al. (2017a), for a given preheat
temperature the contribution of a potential donor may be negligible. Hence in
addition to solving for a solution such as that given by equation (2.27), the TL
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dependence on illumination time of the peak associated with each potential donor
is also examined to determine if the contribution from the corresponding trap is
significant. As in the model of Wintle and Murray (1997), it is assumed that the
PTTL intensity is proportional to the concentration of electrons at the acceptor
trap.

We use the model of Chithambo et al. (2017a) for the analysis of PTTL-time profiles
of α-Al2O3:C,Mg reported in this thesis. PTTL-time profiles of unannealed α-
Al2O3:C,Mg have also been analysed with this model (Sob et al., 2021). Chithambo
et al. (2019) and Chithambo and Dawam (2020) equally applied this model to the
analysis of PTTL dependence on illumination time for natural and synthetic quartz
respectively.
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Chapter 3
Thermally Assisted Luminescence

Phenomena

This chapter discusses thermal assistance and thermal quenching; two independent
thermodynamic processes which occur simultaneously during luminescence stimu-
lation (Kalita and Chithambo, 2017h).

3.1 Thermal quenching

Thermal quenching refers to the decrease in luminescence efficiency with increasing
temperature (Wintle, 1975). Thermal quenching has been observed and studied for
many luminescent materials such as quartz (Galloway, 2002; Chithambo and Gal-
loway, 2001; Nanjundaswamy et al., 2002; Bøtter-Jensen et al., 2003; Chithambo
and Ogundare, 2009; Pagonis et al., 2010, 2014), Al2O3:C (Akselrod et al., 1998;
Chithambo et al., 2014, 2015) and Al2O3:C,Mg (Kalita et al., 2017a; Kalita and
Chithambo, 2017c; Trindade and Jacobsohn, 2018). Thermal quenching manifests
itself as the reduction of TL intensity as the measurement temperature increases.
For a set of glow curves measured at increasing heating rates, the decrease in peak
intensity or peak area with increase in heating rate is ascribed to thermal quench-
ing (Gorbics et al., 1969). In the absence of thermal quenching, the peak intensity
and the area under the peak are expected to remain constant. Inverse thermal
quenching is observed if the peak intensity or peak area increases with heating
rate (Chithambo and Dawam, 2020). Depending on the experimental parameters,
it therefore becomes important to account for thermal quenching when evaluat-
ing kinetic parameters such as the activation energy (Petrov and Bailiff, 1995).
OSL curves measured at elevated temperatures (100 - 200◦C) are also affected by
thermal quenching (Wintle, 1975; Spooner, 1994; Huntley et al., 1996; Chithambo
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and Galloway, 2001; Kalita et al., 2017a). Multiple studies have shown that lu-
minescence lifetimes and luminescence intensity from time-resolved luminescence
spectra are affected by thermal quenching (Galloway, 2002; Chithambo, 2003, 2006,
2007b,c).

3.1.1 The Mott-Seitz Mechanism

The Mott-Seitz mechanism, which is based on a configurational coordinate model, is
one of the mechanisms suggested to explain thermal quenching in most luminescent
materials; including quartz and α-Al2O3:C (Chen and Pagonis, 2011). Figure 3.1
is a configurational coordinate diagram describing the Mott-Seitz mechanism for
thermal quenching. It shows adiabatic potential energy curves for the ground and
excited states of the recombination centre plotted as functions of the configurational
coordinate r (Bøtter-Jensen et al., 2003). In this model, electrons captured at
the excited state of the recombination centre can undergo either radiative or non-
radiative transitions to the ground state of the recombination centre. The radiative
transition, depicted as the vertical arrow, results in luminescence emission. The
second route on the other hand is an indirect thermally assisted transition to the
ground state. The activation energy for thermal quenching is represented by W .
In the non-radiative process, the energy is released through phonons.

The probability ANR of the non-radiative process is assumed to be temperature
dependent whereas that of radiative process is assumed to be constant (Mott and
Gurney, 1948). The luminescence efficiency, defined as the ratio of the radiative
and non-radiative probabilities, is given by

η = AR
AR +ANR exp(−W/kT ) = 1

1 + C exp(−W/kT ) (3.1)

where C = ANR/AR is a dimensionless constant, W is the activation energy for
thermal quenching, k is Boltzmann constant and T is the absolute temperature.
The temperature dependence of the luminescence lifetime τ is then expressed as

τ = ητrad = τrad
1 + C exp(−W/kT ) (3.2)

where τrad is the lifetime for radiative transitions (Bøtter-Jensen et al., 2003). In
the presence of thermal quenching, the luminescence intensity is expressed as (Pet-
rov and Bailiff, 1995)

I = ηI0 = I0
1 + C exp(−W/kT ) (3.3)

29



3.1.1. The Mott-Seitz Mechanism

Figure 3.1: A configurational coordinate diagram describing thermal quenching.
Reproduced from Chen and Pagonis (2011).

where I0 is the least quenched intensity. All other parameters are as previously
defined.

The model in Figure 3.1 is a fine tool for explaining thermal quenching but does
not explain the physics of the process. It is known that the transition from the 3P

excited state to the 1S ground state at an F-centre is radiative (Brewer et al., 1980;
Agulló-López et al., 1988; McKeever et al., 1995). The non-radiative transitions on
the other hand are temperature-dependent. It has been reported that the intensity,
the width and the position of the main emission band in α-Al2O3:C are affected by
measurement temperature (Evans, 1995; Zhu et al., 2014; Chithambo et al., 2015).
This assumption is probably valid for α-Al2O3:C,Mg since the main emission bands
in these two samples are associated with oxygen vacancies or their clusters (Sum-
mers, 1984; Agulló-López et al., 1988). According to Chithambo et al. (2015), the
temperature-dependent increase of width for the 380 and 420 nm emission bands
of α-Al2O3:C could be due to strong coupling between the F-centre and the lattice.
Based on the semiclassical configurational model, the dependence of band width
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on temperature can be expressed as

∆W (T ) ≈ ∆W0

( 2k
}ω

)1/2
T 1/2 (3.4)

where ∆W0 is the width at absolute zero of temperature, k is Boltzmann’s con-
stant and }ω is the energy of the coupling phonon (Chithambo et al., 2015). Equa-
tion (3.4) shows that the change in width of the emission bands at 380 and 420 nm
becomes prominent with increasing temperature. Using configurational coordinate
diagrams (Fig. 11 of their paper), Chithambo et al. (2015) provided a descrip-
tion of the radiative and non-radiative transitions. Descriptions of non-radiative
transitions with the aid of such configurational coordinate diagrams have also been
provided elsewhere (Fox, 2001; Gaft et al., 2005; Henderson and Imbusch, 2006).

3.1.2 The Model by Nikiforov et al.

Nikiforov et al. (2001) developed a model based on the thermal and optical ionisa-
tion of F-centres to explain thermal quenching in Al2O3:C. Figure 3.2 shows the
band diagram proposed by Nikiforov et al. (2001) to describe thermal quenching
in alumina (α-Al2O3:C).

Figure 3.2: Kinetic model of Nikiforov et al. (2001) for thermal quenching in alu-
mina. Reproduced from Chen and Pagonis (2011).

The model shown in Figure 3.2 consists of an F-centre, a dosimetric trap (n, N)
and deep traps (m1, M1) and (m2, M2). The electronic structure of the F-centre
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consists of a ground state level, 1S, and two excited states labelled 1P (singlet
state) and 3P (triplet state).

In this model, N , M1 and M2 (cm−3) denote the concentration of the dosimetric
and deep traps. The concentration of trapped carriers at each of these levels is
represented by n, m1 and m2 (cm−3) respectively; α, δ1 and δ2 (cm−3s−1) are the
corresponding capture coefficients. PN is the probability of thermal stimulation of
electrons into the conduction band from the dosimetric trap. The transition prob-
abilities are w1, w2 and w3 (s−1). For instance w3 denotes the transition probability
between the 3P and the 1S states of the F-centre. γ is the carrier capture coefficient
associated with level 1P . In the model, thermal quenching results from reduction
in concentration of F-centres due to thermal ionisation and optical ionisation. Ex-
posure to UV light (205 nm) leads to an excited F-centre (F+hν (205 nm) −−→ F∗)
which then forms an F+-centre by releasing an electron (F∗ −−→ F+ + e−). This
ionisation of F-centres leads to an increase in the concentration of F+-centres with
time. Thermal stimulation of electrons from the 3P excited state into the conduc-
tion band is shown by the transition PF and its probability is given by

PF = C exp(−W/kT ) (3.5)

where all the terms are as previously defined. As PF increases with temperature,
the number of radiative transitions (3P −−→ 1S) decreases. Hence, thermal and
optical ionisation of the F-centre leads to thermal quenching.

3.2 Thermal assistance

Thermal assistance to optical stimulation refers to the thermal contribution to the
photo-eviction of electrons during OSL emission (Spooner, 1994). Thermal assist-
ance manifests itself as an increase in integrated OSL intensity with measurement
temperature. As pointed out by Wintle (1975), thermal assistance affects the rate
of optical eviction of charge and thereby also affects the initial luminescence and
the shape of the OSL curve. For convenience, OSL curves measured above room
temperature are sometimes known as thermally assisted OSL (TA-OSL). TA-OSL
provides a means of indirectly investigating the signal from deep traps (above
500◦C) which are not thermally accessible in conventional TL studies (Huntley
et al., 1996; Chithambo and Galloway, 2001; Polymeris and Kitis, 2012; Polymeris
et al., 2015a; Meriç et al., 2016; Kalita et al., 2017b; Chithambo, 2021b).
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In the presence of thermal assistance, Spooner (1994) observed that the lumines-
cence intensity could be described in term of a Boltzmann term as follows:

I(T ) = I0 exp(−Ea/kT ) (3.6)

where I, I0 are the integrated luminescence intensities at temperature T and
T0. In equation (3.6), Ea is the activation energy for thermal assistance and k

is Boltzmann constant. Thermal assistance and thermal quenching are observed
independently (Chithambo and Galloway, 2001). Combining equations (3.2) and
(3.6), the luminescence intensity becomes

I(T ) = I0 exp(−Ea/kT )
1 + C exp(−W/kT ) (3.7)

where all the terms are as previously defined. When thermal assistance is due to
separate electron traps, the overall luminescence intensity is expressed as

I(T ) =
I0

n∏
i

exp(−Eai/kT )

1 + C exp(−W/kT ) (3.8)

where Eai is the activation energy for thermal assistance of the ith electron trap
and n is the number of electron traps (Chithambo and Costin, 2017).
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Chapter 4
Point defects in α-Al2O3:C,Mg

Defects have an impact on the physical, chemical and electrical properties of ma-
terials. This chapter describes point defects in α-Al2O3:C,Mg and their role in the
use of this sample as a luminescence dosimeter.

4.1 Point defects

A defect refers to a disruption in the crystal structure. If such a disruption is
localised at a lattice point or over a few atomic sites, it is known as a point de-
fect (Agulló-López et al., 1988; Tilley, 2008). Other types of defects such as dis-
locations, surface defects and volume defects are also possible (Tilley, 2008). Our
discussion will only focus on point defects. Point defects can result from vacancies
at atom sites, interstitial elements or impurities (Tilley, 2008). A vacancy occurs
when an atom is absent from its site. A vacancy caused by an atom M is denoted
by VM . An interstitial atom occupies a position which should be unoccupied in
the lattice. Foreign atoms introduced into the crystal during growth or doping are
known as impurities. Figure 4.1 shows point defects in a crystal MX. Defects
present in as grown crystals are referred to as native or intrinsic defects whereas
those arising from external impurities or doping are termed extrinsic defects. De-
fects can also be induced by exposure of the crystal to nuclear radiation or other
forms of radiation.

4.2 Case of α-Al2O3:C,Mg

Alpha-alumina (α-Al2O3) is a crystallographic form of Al2O3 (Doremus, 2008;
Riedel and Chen, 2008). Its crystal structure, as shown in Figure 4.2, consists
of oxygen anions (O2−) in a slightly distorted hexagonal stacking with aluminium
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Figure 4.1: Point defects in a crystal of compound MX where VM is a metal
vacancy; VX a nonmetal vacancy; Mi, a metal self-interstitial; and Xi a nonmetal
self-interstitial. The diagram is reproduced from (Tilley, 2008).

cations (Al3+) occupying two third of the octahedral interstices (Doremus, 2008;
Riedel and Chen, 2008).

An oxygen vacancy gives rise to an F or F+ luminescent centre by trapping two
or one electron(s) respectively (McKeever et al., 1995). The F-centre is neutral
whereas the F+-centre has a positive charge with respect to its immediate en-
vironment in the crystal structure. F and F+ are not the only electron centres
in, say, Al2O3:C. α-Al2O3:C is a very sensitive thermoluminescence and optically
stimulated luminescence dosimeter (Akselrod et al., 1990; Akselrod and McKeever,
1999). F-centres, which have a strong absorption band at 205 nm, are responsible
for the main emission at 415 nm in α-Al2O3:C and have a luminescence lifetime
of ∼ 35 ms (Markey et al., 1995; Akselrod et al., 1998; Chithambo et al., 2015).
On the other hand, F+-centres are characterised by absorption bands at 230 and
255 nm; emission at 330 nm and a short lifetime of less than 7 ns (Evans and
Stapelbroek, 1978).

α-Al2O3:C,Mg, the subject of this study, is also a very sensitive luminescent ma-
terial developed for optical data storage (Akselrod et al., 2003b), used as a fluor-
escent nuclear track detector (Akselrod and Sykora, 2011) and investigated for
various applications including 2D dosimetry in magnetic resonance guided radio-
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4.2. Case of α-Al2O3:C,Mg

Figure 4.2: Crystal structure of Al2O3. It consists of oxygen ions in a hexagonal
stacking with aluminium ions occupying two third of the interstitial sites. The
diagram is reproduced from (Kouroukla, 2015).

therapy (Shrestha et al., 2020). α-Al2O3:C has a high concentration of F and F+

centres owing to carbon-doping. In addition to these defects, co-doping with Mg
is thought to produce additional colour centres such as F+(Mg), F2, F2+

2 (2Mg)
and F+

2 (2Mg) types (Sykora and Akselrod, 2010). An F2-centre is a cluster of two
oxygen vacancies with two trapped electrons each. An F+-centre can in theory
be charge compensated for by an Mg2+ ion substituting an Al3+ ion. This results
into an F+(Mg) centre. The F2+

2 (2Mg) centre is formed when two F+(Mg) centres
are inter-linked. If an F2+

2 (2Mg) centre captures an electron, the F+
2 (2Mg) centre

is formed. Similarly, if the F+
2 (2Mg) traps an electron, the resulting centre is a

neutral F2(2Mg) centre. Figure 4.3 shows the crystal structure of α-Al2O3:C,Mg
with some of its point defects.

Owing to the presence of these Mg related electron centres, various luminescence
emission bands are generated between 300 and 750 nm in α-Al2O3:C,Mg (Akselrod
et al., 2003a; Kalita and Chithambo, 2018a; Chithambo et al., 2020). Photolumin-
escence (PL) measurements have shown that Al2O3:C,Mg has four emission bands
at 325, 500, 510 and 750 nm. These bands are attributed to F+(Mg), F2, F2+

2 (2Mg)
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4.2. Case of α-Al2O3:C,Mg

Figure 4.3: Crystal structure of α-Al2O3:C,Mg and some of its defects; the ideal
lattice cell, one with an F+-centre, and another containing the F2+

2 (2Mg) centre
respectively are shown. The diagram is taken from (Kouwenberg, 2018).

and F+
2 (2Mg) centres respectively (Sykora and Akselrod, 2010). Measurements us-

ing continuous-wave and time-resolved optically stimulated luminescence as well
as radioluminescence also show two prominent emission bands at 330 and 415 nm
due to F+ and F-centres respectively (Chithambo et al., 2020; Sanyal and Aksel-
rod, 2005; Denis et al., 2011b; Yukihara and McKeever, 2011). α-Al2O3:C,Mg has
several absorption bands and its yellow-green colouration is due to absorption in
the blue region at 435 nm (Akselrod et al., 2003b). Annealing at or beyond 700
◦C removes the colour as reported by Kalita and Chithambo (2018a). Figure 4.4
shows the absorption spectra of α-Al2O3:C,Mg.

A summary of the absorption/excitation and F-type emission bands in Al2O3 and
Al2O3:C,Mg as reported by Trindade and Jacobsohn (2018) are listed in Table 4.1.

Absorption/Excitation (eV) Emission (eV) Defect
6.0 3.0 F

5.4, 4.8 3.8 F+

5.17, 4.86 3.82 F+(Mg)
4.1, 3.5, 2.75 2.48 F2

3.54 3.22 F+
2 (Mg)

4.77, 3.7, 2.0 1.65 F+
2 (2Mg)

2.85 2.43 F2+
2 (2Mg)

Table 4.1: Absorption/excitation and emission bands of F-related centres in Al2O3
and Al2O3:C,Mg.
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4.2. Case of α-Al2O3:C,Mg

Figure 4.4: Absorption spectra of α-Al2O3:C,Mg (open circles) shown with the
results of Gaussian (green lines) spectral deconvolution and best fit (red line). The
inset highlights the absorption bands between 2.5 and 4.25 eV. The diagram is
taken from (Trindade and Jacobsohn, 2018)
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Chapter 5
Experimental Details

This chapter describes the luminescence system used for experiments and the
samples of α-Al2O3:C,Mg used in the study.

5.1 The luminescence measurement system

The Risø TL/OSL DA-20 Luminescence Reader was used for irradiation, stim-
ulation and detection of luminescence from α-Al2O3:C,Mg. The Risø TL/OSL
Reader consists of two main components namely the Reader and the Controller.
The Reader consists of the luminescence detection system, the luminescence stimu-
lation system and the irradiation source. Figure 5.1 is a picture of the Risø TL/OSL
DA-20 Luminescence Reader used for our study of α-Al2O3:C,Mg. The Controller
and the Reader are indicated.

Figure 5.2 is a schematic diagram of the main components of the Luminescence
Reader namely the irradiator, the photomultiplier tube, the detection filter, the
emission filter, the sample carousel and the heater strip.

39



5.1.1. The luminescence detection system

Figure 5.1: A picture of the Risø TL/OSL DA-20 Luminescence Reader used for
measurements.

The Controller comprises of the electronics used to control the Reader. It also
displays the instruction currently being executed. The Controller is connected to
a computer via an RS-232 serial cable.

5.1.1 The luminescence detection system

The luminescence detection system consists of a bialkali EMI 9235QB photomulti-
plier tube (PMT) and a set of transmission filters. The PMT tube has a maximum
detection efficiency between 200 and 400 nm. Figure 5.3 shows the quantum ef-
ficiency of the PMT tube as a function of the incident photon wavelength. This
detection window is suitable for detection of luminescence in α-Al2O3:C,Mg the
material studied in this thesis. For irradiation doses below 4 Gy, a 7.5 mm thick
Hoya U-340 filter with transmission band in the range 270 - 380 nm was used for
luminescence detection. For higher doses and whenever necessary, the Hoya U-340
filter together with a 1% absorptive neutral density filter were used to attenuate
the luminescence intensity and to prevent damage to the PMT.
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5.1.2. The luminescence stimulation system

Figure 5.2: Schematic diagram of the Risø TL/OSL Reader (reproduced from the
Risø manual (Technical University of Denmark, 2011))

5.1.2 The luminescence stimulation system

Luminescence can be thermally or optically stimulated. The heating system used
for thermal stimulation consists of a heater strip and a lift mechanism. For thermal
stimulation, the sample is first placed on the carousel which is then rotated to have
the sample directly on top of the heater. The heater strip is then raised to ensure
contact between the heater and the sample holder. The Risø TL/OSL Reader
allows the use of heating rates ranging from 0.1 to 10 ◦C/s and samples can be
heated from room temperature up to 700 ◦C. Nitrogen is used during heating to
properly thermally anchor the sample to its holder (Betts et al., 1993).

Two separate sets of blue and infrared light emitting diodes (LEDS) are provided
for optical stimulation. The infrared LEDS emit at 870 nm. For samples of α-
Al2O3:C,Mg, blue LEDS were used for optical stimulation. The set of blue LEDS
consists of 28 LEDS arranged in 4 clusters each with 7 LEDS. The blue LEDS
(NICHIA type NSPB-500AS) emit at 470 nm with a full width at half maximum of
20 nm and provide a total power of 80 mW/cm2 at sample position. The switching
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5.1.3. The irradiation source

Figure 5.3: Quantum efficient of the EMI 9235QB photomultiplier tube as a func-
tion of the photon’s wavelength (Technical University of Denmark, 2011)

of the LEDS is controlled by software and their power can be adjusted. Unless it
is stated otherwise, the power of the stimulating light was set to 72 mW/cm2 for
measurements.

5.1.3 The irradiation source

Sample irradiation is done in-situ with a 90Sr/90Y beta-source. The beta particles
emitted from the source have a maximum energy of 2.27 MeV. The activity of the
beta source is about 1.48 GBq. The nominal dose rate is 0.1028 Gy/s. Before
irradiation, the carousel is rotated to position the sample holder directly below the
irradiation source. All irradiations were done at room temperature.

5.2 Samples and preparation

Samples used were trapezoidal shaped Al2O3:C.Mg of thickness 0.5 mm and side
lengths 8 x 4 mm (Landauer, Inc; Oklahoma, USA) greenish in hue prior to any
heat treatment with a mass of 0.060 g (Sob et al., 2021). An unannealed sample
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5.2. Samples and preparation

and samples annealed at 700, 900 and 1200 ◦C for 15 minutes each were used. For
each measurement, the sample was affixed to an aluminium disc with the aid of
conductive grease and then placed at a given position on the carousel. Figure 5.4
shows the carousel with samples of α-Al2O3:C,Mg at positions 21, 28, 33 and
38 respectively. The unannealed sample is at position 28 whereas the samples
at positions 33, 38 and 21 are annealed at 700, 900 and 1200◦C for 15 minutes
respectively. The colour of the sample at position 28 is evident.

Figure 5.4: A picture of the carousel with samples of α-Al2O3:C,Mg at positions
21, 28, 33 and 38 respectively. The unannealed sample is at position 28 whereas
the samples at positions 33, 38 and 21 are annealed at 700, 900 and 1200◦C for 15
minutes respectively.
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Chapter 6
Dosimetric features of

α-Al2O3:C,Mg

α-Al2O3:C,Mg, just as α-Al2O3:C, is a material of great interest in radiation dosi-
metry. Some of the properties of a good dosimeter are a linear response over wide
dose range, low fading, good reproducibility and non-toxicity. The dose response
and the fading of α-Al2O3:C,Mg are reported in this chapter.

The properties of α-Al2O3:C have been widely studied (Akselrod et al., 1998; Yu-
kihara and McKeever, 2006; Mishra et al., 2007; Ogundare et al., 2013; Chithambo
et al., 2015). The high sensitivity of α-Al2O3:C is due to the presence within
it of a high concentration of F and F+-centres resulting from doping of α-Al2O3

by carbon (McKeever et al., 1995). The F-centre, the main luminescence centre
in α-Al2O3:C, emits at 410 nm (Agulló-López et al., 1988) and has a lifetime of
∼35 ms at room temperature (Akselrod et al., 1998; Markey et al., 1995). Such
a long lifetime limits the use of α-Al2O3:C for fast response applications such
as 2-dimensional dose mapping and real-time optical fibre dosimetry (Rodriguez
et al., 2011). On the other hand, in addition to large concentrations of F and
F+-centres (Akselrod et al., 2003c), co-doping of α-Al2O3 by C and Mg also pro-
motes within it the creation of new luminescence centres thought to be F+(Mg),
F2, F+

2 (2Mg) and F2+
2 (2Mg) (Sykora and Akselrod, 2010; Rodriguez et al., 2011;

Eller et al., 2013). Using photoluminescence, Sykora and Akselrod (2010) attrib-
uted the emission bands at 325, 500, 750 and 510 nm to F+(Mg), F2, F+

2 (2Mg) and
F2+

2 (2Mg)-centres respectively. The F2+
2 (2Mg) and F+

2 (2Mg) luminescence centres
have a lifetime < 100 ns (Akselrod et al., 2003b) thereby making α-Al2O3:C,Mg
suitable for applications in fast dose response mapping and real-time optical fibre
dosimetry (Ahmed et al., 2016). For α-Al2O3:C,Mg, it has been shown that the
F+ and F-centres are the main luminescence centres (Denis et al., 2011a,b; Rodrig-
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6. Dosimetric features of α-Al2O3:C,Mg

uez et al., 2011; Chithambo et al., 2020). Denis et al. (2011a,b) found that the
OSL emission from α-Al2O3:C,Mg is similar to that from α-Al2O3:C. Denis et al.
(2011a,b) also found that the F+-centre, characterised by the emission at 330
nm, is more intense in α-Al2O3:C,Mg than in α-Al2O3:C. It has been shown that
the luminescence sensitivity of α-Al2O3:C is dependent on annealing temperat-
ure (Chithambo, 2004; Yukihara et al., 2004; Yukihara and McKeever, 2006). The
depletion of deep electron traps in α-Al2O3:C with annealing at 900◦C affects the
luminescence sensitivity (Chithambo, 2004; Yukihara et al., 2004; Yukihara and
McKeever, 2006). In the case of α-Al2O3:C,Mg, studies have shown that the F and
F+-centres remain stable up to 1200◦C and that some centres such as F2+

2 (2Mg)
are destroyed for annealing at or above 700◦C (Akselrod et al., 2003b; Sykora and
Akselrod, 2010). Annealing-induced changes of luminescence centres may affect the
luminescence properties of the material. Kalita and Chithambo (2017d) found that
TL and OSL sensitivity of α-Al2O3:C,Mg was affected by annealing and they attrib-
uted the change in sensitivity to the change in the concentration of the F2+

2 (2Mg)
centre. Kalita and Chithambo (2018a) found that the influence of annealing on F+

and F-centres emission bands became distinguishable only for dose higher than 10
Gy. Radioluminescence (RL) spectra of Al2O3:C,Mg have been studied (Rodriguez
et al., 2011; Trindade and Jacobsohn, 2018; Chithambo et al., 2020). Chithambo
et al. (2020) investigated the influence of measurement temperature and annealing
on the F and F+ emission in Al2O3:C,Mg. In their study, Chithambo et al. (2020)
observed RL at 410 nm for the unannealed sample and at 330 and 410 nm for the
sample annealed at 1200◦C. For the annealed sample, they found that the emis-
sion at 330 nm was dominant (Chithambo et al., 2020). Chithambo et al. (2020)
equally noted that the F2+

2 -centres, responsible for the emission at 520 nm (Rodrig-
uez et al., 2011), were absent or indistinct and suggested that the increase in the
concentration of F+-centres could be due to endothermic dissolution of the F2+

2 -
centre (Kalita and Chithambo, 2018a).

The dosimetric features of α-Al2O3:C,Mg are reported and discussed in this chapter
for the conventional TL and PTTL peaks. One of the features studied is the
influence of irradiation dose on peak position and peak intensity. The other is
the fading of luminescence with delayed stimulation. Section 6.1 deals with the
dosimetric features of conventional TL peaks whereas those of PTTL peaks are
presented in section 6.2. The use of annealed and unnanealed samples provides a
means of investigating the effect of annealing on the reported features. For ease
of reference, the unannealed sample is referred to as sample A and the samples
annealed at 700, 900 and 1200◦C for 15 minutes each as samples B, C and D
respectively. Section 6.3 summarises the results.
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6.1. Dosimetric features of conventional TL peaks

In order to study the dose dependence of glow peaks, glow curves were repeatedly
measured on a sample freshly irradiated at room temperature each time to doses
between 0.1 and 8.2 Gy. The sensitivity of the sample coupled with the experi-
mental setup limit the range of doses to which the sample could be exposed without
damaging the photomultiplier tube. Each sample was heated at 1◦C/s to record a
glow curve. The maximum temperature for TL measurements was 500◦C. Preheat-
ing was used to adequately study higher temperature peaks (at 200◦C or above).
A 7.5 mm thick Hoya U-340 filter (transmission band 250-390 nm) was used for
luminescence detection. In addition to this filter, a 1% absorptive neutral density
filter (transmission band 370-800 nm) was also used to attenuate the luminescence
intensity and to prevent damage to the photomultiplier tube.

6.1 Dosimetric features of conventional TL peaks

6.1.1 Glow curve structure of conventional TL peaks

Figures 6.1-6.4 show glow curves of samples A, B, C and D measured at 1◦C/s
after irradiation to 4 Gy each. Sample A (Figure 6.1) has peaks at 51, 86, 184,
220, 312 and 416◦C respectively. Earlier measurements on sample A, such as those
reported by Sob et al. (2021), revealed peaks at 43, 73, 195, ∼246, 284, ∼336 and
374◦C respectively for a heating rate of 1◦C/s and a dose of 2.0 Gy. The shift
in peak position is an experimental artefact which can be ascribed to the use of
a neutral density filter (Kalita and Chithambo, 2017a). For sample B (annealed
at 700◦C), the glow curves (Figure 6.2) have peaks at 54, 89, 117, 188, 224, 308,
390 and 420◦C respectively. Figure 6.3 depicts peaks at 51, 85, 115, 183, 220, 260,
304, 404 for sample C (annealed at 900◦C). The 260◦C peak is not obvious from
Figure 6.3. Its position is inferred from subsequent measurements. For sample
D (annealed at 1200◦C), as shown in Figure 6.4, the glow peaks are at 60, 90,
118, 191, 256, 310, 380 and 420◦C respectively. The peaks of each sample are
labelled I through VII. The peak at 117◦C in sample B and at 115 and 118◦C
in samples C and D respectively is labeled IIa. This peak appeared at 100◦C in
glow curves of annealed samples measured without the neutral density filter. It
has been reported to occur in samples annealed at 700◦C or above (Kalita and
Chithambo, 2017b, 2018a). Akselrod et al. (2003a) reported the disappearance
of the absorption and emission bands corresponding to the F2+

2 (2Mg)-centre after
annealing to 700 ◦C. Sykora and Akselrod (2010) equally showed that an emission
band near 500 nm disappears after annealing to 700◦C. This annealing-induced
peak is not observed in α-Al2O3:C (Yukihara et al., 2004; Chithambo, 2004). This
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6.1.1. Glow curve structure of conventional TL peaks

led Kalita and Chithambo (2017b) to suggest that the peak was due to a new
electron trap created after the destruction of the F2+

2 (2Mg)-centre. We equally
noticed the loss of the yellowish-green colour of the sample following annealing at
or above 700◦C (see Figure 5.4) as reported by Kalita and Chithambo (2017b).
Akselrod et al. (2003a) found that this yellowish-green colour of the sample is due
to absorption at 435 nm by the F2+

2 (2Mg)-centre. It is noteworthy that peaks I and
II of sample D appear after preheating to 250◦C as seen in Figure 6.4b. This implies
that some of the electrons stimulated from the traps corresponding to peaks IV-
VII during preheating get retrapped at the electron traps of peaks I and II. The
sample was not illuminated between preheating and heating so, the occurrence of
these shallow peaks cannot be ascribed to phototransfer.
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6.1.1. Glow curve structure of conventional TL peaks

a

b

Figure 6.1: Glow curves of unannealed α-Al2O3:C,Mg (sample A) measured at
1◦C/s after irradiation to 4 Gy. The plot in (a) shows peaks I and II whereas the
plot in (b), which is obtained after preheating to 150◦C, shows peaks III, IV, V
and VII. Instead of measuring a single glow curve up to 500◦C, the measurement
was split for visual clarity of the higher temperature peaks.
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6.1.1. Glow curve structure of conventional TL peaks

a

b

Figure 6.2: Glow curves of α-Al2O3:C,Mg annealed at 700◦C (sample B) measured
at 1◦C/s after irradiation to 4 Gy. The plot in (a) shows peaks I, II and IIa whereas
the plot in (b), which is recorded after preheating to 150◦C, shows peaks III-VII.
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6.1.1. Glow curve structure of conventional TL peaks

a

b

Figure 6.3: Glow curves of α-Al2O3:C,Mg annealed at 900◦C (sample C) measured
at 1◦C/s after irradiation to 4 Gy. The plot in (a) shows peaks I, II and IIa whereas
the plot in (b), recorded after preheating to 150◦C, shows peaks III-VII.
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6.1.1. Glow curve structure of conventional TL peaks

a

b

Figure 6.4: Glow curves of sample D (annealed at 1200◦C) measured at 1◦C/s after
irradiation to 4 Gy. The glow curve in (a) is measured immediately after irradiation
whereas the glow curve in (b) is measured after preheating to 250◦C. Peaks I and
II appear again after being removed by preheating.
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6.1.2. Dose response of conventional TL peaks

6.1.2 Dose response of conventional TL peaks

The influence of irradiation dose on the position of a glow peak is one way of de-
termining the order of kinetics of that peak (McKeever, 1985; Chen and McKeever,
1997). The position of a first-order peak is independent of dose whereas that of a
second-order peak is not. To this effect, plots of peak position against irradiation
dose are shown in Figure 6.5 for samples A, B, C and D respectively. Figure 6.5a
shows that the position of each peak of sample A is independent of irradiation doses
between 0.1 and 7.4 Gy. The results of Figure 6.5a imply that peaks of sample A
follow first-order kinetics. Similar results were reported by Kalita and Chithambo
(2017f) and by Trindade et al. (2020). Results consistent with first-order kinetics
are also shown in Figures 6.5b and 6.5c as reported for samples annealed up to
900◦C by Kalita and Chithambo (2017b). The dependence of peak temperature on
irradiation dose is shown in Figure 6.5d for peaks I-V of sample D. These peaks also
follow first-order kinetics. Peaks VI and VII are not shown because their positions
could not be reliably determined. Kalita and Chithambo (2018b) found that all
the peaks of sample D with the exception of peak I are first-order peaks.

Figure 6.6 shows the influence of irradiation dose on the intensity of peak I for
samples A, B, C and D respectively. The intensity, measured here as peak heights,
grows with irradiation dose. For a quantitative analysis of the dose response, we
use a suitable arbitrary function. In this case, we write

S(x) = a(1− e−bx) (6.1)

where S(x) is the peak intensity corresponding to dose x; a (Arb. units) and b

(Gy−1) are positive constants. Given the function of equation (6.1), we compute
the supralinearity and superlinearity indices. The supralinearity index is given by:

f(x) = S(x)
x
· x1
S(x1) (6.2)

where x1 is the normalisation dose. The superlinearity index is defined as

g(x) =
[
xS′′(x)
S′(x)

]
+ 1 (6.3)

where S′ and S′′ are the first and second derivatives of the function S. The func-
tions f and g are then used to describe the effect of irradiation dose on the peak
intensity (Chen and McKeever, 1997; Pagonis et al., 2006). The dose response
is sublinear if g(x) < 1 or f(x) < 1. For a linear response, g(x) = 1 whereas a
superlinear response corresponds to g(x) > 1. Similarly, a supralinear behaviour is
observed when f(x) > 1.
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6.1.2. Dose response of conventional TL peaks

a b

c d

Figure 6.5: Influence of irradiation dose on peak temperature for (a) sample A, (b)
sample B, (c) sample C and (d) sample D respectively.
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6.1.2. Dose response of conventional TL peaks

a b

c d

Figure 6.6: Intensity against irradiation dose for peak I of (a) sample A, (b) sample
B, (c) sample C and (d) sample D. The solid line in each case is a fit of equa-
tion (6.1).
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6.1.2. Dose response of conventional TL peaks

Figure 6.7 shows plots of the supralinearity index f and of the superlinearity index
g as functions of irradiation dose for peak I of sample A. The supralinearity index
f decreases from 1.00 to 0.78 while the superlinearity index decreases from 0.99 to
0.49 within the same dose range. These results show that the dose response of peak I
of sample A is sublinear within 0.1-7.4 Gy. Kalita and Chithambo (2017g) also
showed that the dose response of peak I of unannealed α-Al2O3:C,Mg is sublinear.

Figure 6.7: Supralinearity index f and superlinearity index g against irradiation
dose for peak I.

Using the same analysis, we found that the dose response of peak I of sample B
is sublinear for irradiation doses between 0.1 and 8.1 Gy. Similarly for samples C
and D, the dose response of peak I is sublinear within 0.1-7.4 Gy. We note that for
the dose range used, the response of peak I is sublinear irrespective of annealing
temperature.

Figure 6.8 shows the influence of irradiation dose on the intensity of peak II of
samples A, B, C and D respectively. For each of these samples, the peak intensity
grows monotonically with irradiation dose. The response of peak II of sample A is
described by the function

S(x) = a(1− e−bx) + cxe−bx (6.4)

where a, b and c are fitting parameters. For peak II of sample B, the dose response
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6.1.2. Dose response of conventional TL peaks

is fitted with the expression

y = axc (6.5)

where a (Arb.units/Gy) and c are positive constants. For samples C and D, the
response of peak II is fitted with equation (6.1).

a b

c d

Figure 6.8: Dependence of TL intensity on irradiation dose for peak II of (a) sample
A, (b) sample B, (c) sample C and (d) sample D. For sample A, the solid line is a
best fit of equation (6.4). In (b) it is a best fit of equation (6.5) and in (c) and (d),
the lines are best fits of equation (6.1).
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The supralinearity and the superlinearity indices for peak II of sample A as func-
tions of dose are shown in Figure 6.9.

Figure 6.9: Supralinearity index f and superlinearity index g against irradiation
dose for peak II.

The supralinearity index, f , of peak II of sample A increases from 1.00 to 1.05 with
irradiation doses from 0.1 to 7.0 Gy and then decreases slightly thereafter. On the
other hand, the superlinearity index g remains greater than 1.00 for doses up to 4.0
Gy and then decreases monotonically thereafter to 0.87. Hence, according to the
superlinearity index g, peak II of sample A is superlinear with irradiation doses up
to 4.0 Gy and then sublinear thereafter with irradiation doses up to 7.4 Gy. This
result is in agreement with that of Kalita and Chithambo (2017g) on the response
of peak II of unannealed α-Al2O3:C,Mg for doses up to 10 Gy. Using the same
method as before, it was found that the dose response of peak II of sample B is
linear for doses between 0.1 and 8.2 Gy. For sample C (Figure 6.8c), the analysis
of the superlinearity index g shows that the dose response of peak II is sublinear
within 0.1-7.1 Gy. This is equally the case for peak II of sample D (Figure 6.8d)
for doses up to 6.1 Gy.

The influence of irradiation dose on the intensity of peak IIa for samples B, C and
D is shown in Figure 6.10. For each of these samples, the intensity of peak IIa
grows with dose. For sample B, the peak response is fitted with equation (6.5). Its
superlinearity index g is constant at ∼1.00 within margin of error. This implies
that peak IIa of sample B is essentially linear within 0.1 - 8.2 Gy. The response
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of peak IIa of sample C is fitted with equation (6.1) and it is sublinear for doses
between 0.1 and 6.5 Gy. Similarly, for sample D, the dose response of peak IIa is
sublinear within 0.1-6.1 Gy.
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6.1.2. Dose response of conventional TL peaks

a

b

c

Figure 6.10: Effect of irradiation dose on the intensity of peak IIa of (a) sample B,
(b) sample C and (c) sample D. In (a) the response is fitted with equation (6.5)
whereas in (b) and (c), it is fitted with equation (6.1).
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The influence of irradiation dose on the intensity of peak III is shown in Figure 6.11
for samples A, B, C and D respectively. For sample A (Figure 6.11a), the peak
intensity increases continuously with irradiation dose and is best approximated
with the expression

S(x) = y0 + ax+ bx2, (6.6)

where y0, a and b are constants. The same method of analysis described earlier
shows that the dose response of peak III of sample A is superlinear for doses from
0.1 to 7.4 Gy.

The intensity of peak III of sample B (Figure 6.11b) increases with dose up to 5.5
Gy. Its response, fitted with equation (6.5), is linear with dose up to 5.0 Gy. For
sample C, the intensity of peak III also grows with dose up to 4.8 Gy. The solid
line through the data of this peak is a fit of equation (6.1) and the dose response is
sublinear. For peak III of sample D (Figure 6.11d), the data shows a trend towards
saturation for doses above 2.0 Gy.
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6.1.2. Dose response of conventional TL peaks

a b

c d

Figure 6.11: Dependence of intensity on irradiation dose for peak III of (a) sample
A, (b) sample B, (c) sample C and (d) sample D.
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6.1.2. Dose response of conventional TL peaks

Figure 6.12 shows the growth of intensity against irradiation dose for peak IV of
samples A, B and D. The dose response of the peak for each of these samples is best
approximated by equation (6.1). The analysis of superlinearity and supralinearity
indices show that peak IV of sample A is sublinear up to 7.4 Gy whereas for samples
B and D, the corresponding peaks are sublinear up to 7.9 and 6.1 Gy respectively.
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6.1.2. Dose response of conventional TL peaks

a

b

c

Figure 6.12: Intensity of peak IV against irradiation dose for (a) sample A, (b)
sample B and (c) sample D. For each of these sample, the dose response is fitted
with equation (6.1).
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6.1.2. Dose response of conventional TL peaks

The intensity of peak V against irradiation dose is shown in Figure 6.13 for samples
A, B, C and D. Peak V of sample A increases with irradiation doses from 0.1 to
7.4 Gy as shown in Figure 6.13a. Its dose response is best described by equa-
tion (6.6) and the same analysis used earlier shows that this peak is superlinear
with irradiation doses from 0.1 to 7.4 Gy.

Figure 6.13b shows that the intensity of peak V of sample B increases with irradi-
ation dose between 0.1 and 7.9 Gy. The response is best fitted with equation (6.5)
and it is linear. For sample C the same analysis shows that the corresponding peak
is sublinear up to 3.7 Gy whereas for sample D, the dose response of the peak is
sublinear within 0.1-6.1 Gy.

a b

c d

Figure 6.13: Influence of irradiation dose on the intensity of peak V for (a) sample
A, (b) sample B, (c) sample C and (d) sample D.

The dependence of intensity on irradiation dose is shown in Figure 6.14 for peak VI
of sample B. Its intensity increases monotonically with irradiation dose. A fit of
equation (6.5) is also shown. The data shows a linear growth with dose up to 6.0
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6.1.2. Dose response of conventional TL peaks

Gy. The response of this peak could not be studied for the other samples.

Figure 6.14: Dependence of irradiation dose on the intensity of peak VI of sample
B. The solid line is a fit of equation (6.5).

Figure 6.15 shows the intensity of peak VII with irradiation dose for samples A, B
and C each fitted with equation (6.5). For each sample, the intensity of peak VII
grows with dose. Using the same analysis as before, we find that peak VII of sample
A is superlinear within 0.1-7.4 Gy. For samples B and C, the response of peak VII
is linear with doses up to 6.0 and 7.4 Gy respectively.
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6.1.2. Dose response of conventional TL peaks
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c

Figure 6.15: Dependence of intensity on irradiation dose for peak VII of (a) sample
A, (b) sample B and (c) sample C. For each sample, the peak response is fitted
with equation (6.5).

66



6.2. Dosimetric features of phototransferred TL peaks

6.2 Dosimetric features of phototransferred TL peaks

6.2.1 PTTL glow curve structure

Figure 6.16 shows glow curves of samples A, B, C and D each measured after
irradiation to 4 Gy, preheating to 120◦C and illumination for 10 s. Preheating to
120◦C is intented to remove peaks I, II and IIa of each sample. Peaks A1 and A2
in Figure 6.16a are the PTTL peaks corresponding to peaks I and II respectively.
Peak A1 appears at 54◦C whereas peak A2 occurs at 90◦C. Figure 6.16a also shows
peaks III, IV, VI and VII which are not removed after preheating to 120◦C.

a b

c d

Figure 6.16: Glow curves of α-Al2O3:C,Mg measured at 1◦C/s after irradiation to
4.1 Gy, preheating to 120◦C and illumination for 10 s. Peaks A1, A2, B1, B2, C2,
C2a, D2 and D2a are due to phototransfer.

Figure 6.16b is a glow curve measured under the same experimental conditions for
sample B. The glow peaks B1 at 54◦C, B2 at 88◦C and B2a at 113◦C are due to
phototransfer. Similar glow curves are shown in Figures 6.16c and 6.16d for samples
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6.2.1. PTTL glow curve structure

C and D. Peaks II and IIa of sample C are reproduced under phototransfer as peaks
C2 and C2a at 88 and 113◦C respectively. For sample D, the PTTL peaks are D2
at 92◦C and D2a at 116◦C.

Glow curves of samples B, C and D each recorded under the same experimental con-
ditions with the exception of a 200◦C preheat are shown in Figure 6.17. Preheating
to 200◦C removes peaks I-III of each sample. Following this preheat, peaks I-III of
each sample are reproduced under phototransfer. Peaks B3 and C3 each occur at
189◦C whereas peak D3 appears at 196◦C.

In summary, although each sample has multiple peaks, only peaks I-III are re-
produced under phototransfer. Peak IV of sample D is also reproduced under
phototransfer as shown later in the text.
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6.2.1. PTTL glow curve structure

a

b

c

Figure 6.17: Glow curves of α-Al2O3:C,Mg measured at 1◦C/s after irradiation to
4 Gy, preheating to 200◦C and illumination for 10 s. Peaks I-III of each sample are
reproduced under phototransfer.
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6.2.2 Dose response of PTTL peaks

6.2.2.1 Dependence of peak position on dose

This section reports and discusses the dose response of phototransferred peaks of
samples A, B, C and D respectively. The dependence of peak position on irradiation
dose for the PTTL peaks of these samples is shown in Figure 6.18 for preheating to
120◦C and in Figure 6.19 for preheating to 200◦C. Figure 6.18a shows the positions
of peaks A1, A2, III, VI and VII against irradiation dose. It is observed that peaks
A1 and A2 are independent of irradiation dose. Hence, they follow first-order
kinetics as do the corresponding conventional peaks.

a b

c d

Figure 6.18: Dependence of peak position on irradiation dose for peaks of (a) sample
A, (b) sample B, (c) sample C and (d) sample D. Peaks A1, A2, C2, C2a, D2 and
D2a are due each due to phototransfer after preheating to 120◦C and illumination
for 10 s.
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6.2.2.1. Dependence of peak position on dose

Figure 6.18b shows that the positions of peaks B1, B2 and B2a are each independ-
ent of irradiation dose. Similar results are shown in Figure 6.19a for peaks B1, B2,
B2a and B3 respectively following preheating to 200◦C. These results are charac-
teristic of first-order glow peaks. The dependence of peak position on irradiation
dose is shown in Figures 6.18c and 6.19b for sample C. The positions of peaks C2,
C2a and C3 are independent of irradiation dose showing that these are first-order
glow peaks just as their conventional counterparts. The dependence of peak posi-
tion on irradiation dose for D2, D2a and D3 is shown in Figures 6.18d and 6.19c.
Just as their conventional counterparts, peaks D2, D2a and D3 are independent of
irradiation dose, and can therefore be categorised as first-order glow peaks. Kal-
ita and Chithambo (2019) studied the dosimetric features of the phototransferred
peaks of α-Al2O3:C,Mg annealed at 1200◦C and found that the phototransferred
peaks corresponding to peaks I, II, IIa and III of their sample were reproduced at
the same positions. Kalita and Chithambo (2019) also concluded that these peaks
follow the same kinetics as their conventional counterparts.

In summary, all phototransferred glow peaks follow first-order kinetics.
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6.2.2.1. Dependence of peak position on dose
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c

Figure 6.19: Dependence of peak position on irradiation dose for (a) sample B,
(b) sample C and (c) sample D. The PTTL peaks of each sample are due to
phototransfer after preheating to 200◦C and illumination for 10 s.
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6.2.2.1. Dependence of peak position on dose

Figure 6.20 shows the dependence of intensity on irradiation doses between 0.2 and
6.1 Gy for peaks A1 and B1. For each of these two peaks, the intensity grows with
dose. The response of peak A1 is best approximated with equation (6.4) whereas
that of peak B1 is fitted with equation (6.1).

a

b

Figure 6.20: Influence of irradiation dose on peak intensity for (a) peak A1 and (b)
peak B1. The solid line through the data is a fit of equation (6.4) for peak A1 and
of equation (6.1) for peak B1.
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6.2.2.1. Dependence of peak position on dose

The supralinearity index f and the superlinearity index g of peak A1 as functions
of irradiation dose are shown in Figure 6.21. The index f increases from 1.00 to
1.43 with doses between 0.2 and 6.2 Gy. The index g on the other hand increases
from 1.03 to 1.24 with irradiation doses up to 3.5 Gy and then decreases to a final
value 1.20 Gy. Irrespective of the irradiation dose, g remains greater than 1.00
hence, the dose response of peak A1 is superlinear. This result differs from that of
peak I, of conventional TL, which is sublinear within the same dose range.

Figure 6.21: Supralinearity index f and superlinearity index g of peak A1 against
irradiation dose.

The analysis of superlinearity and supralinearity indices shows that just as peak I
of sample B, peak B1 has a sublinear dose response within 0.1-6.1 Gy

The influence of irradiation dose on the intensity of peaks A2, B2, C2 and D2 is
shown in Figure 6.22 for doses between 0.2 and 6.1 Gy. Figures 6.22a and 6.22b
show that the intensity of peaks A2 and B2 each increases monotonically with dose.
For Peaks C2 and D2 (Figures 6.22c and 6.22d) on the other hand, the data show
trends towards saturation for doses above 3.5 and 4.5 Gy respectively.

The line through the data points of peak A2 in Figure 6.22a is the best fit from
equation (6.5). Analysing the response using the supralinearity index f and the
superlinearity index g (plot omitted), it is found that peak A2 is linear with doses
up to 6.2 Gy in contrast with peak II of this sample which is sublinear within
4.0-7.4 Gy as reported in section 6.1.
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6.2.2.1. Dependence of peak position on dose

a b

c d

Figure 6.22: Dependence of intensity on irradiation dose within 0.1-6.2 Gy for (a)
peak A2, (b) peak B2, (c) peak C2 and (d) peak D2.

The dose response of peak B2 is fitted with equation (6.1) and the analysis of
the corresponding indices f and g shows that it is sublinear within 0.1-6.1 Gy.
Similarly, the dose response of peaks C2 (Figure 6.22c) and D2 (Figure 6.22d) are
each described by equation (6.1) and they are each sublinear as the corresponding
conventional peaks.
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6.2.2.1. Dependence of peak position on dose

a

b

c

Figure 6.23: Effect of irradiation dose on the intensity of peaks (a) B2a, (b) C2a
and (d) D2a respectively. The solid line through the data points of each peak is a
fit of equation (6.1).
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6.2.2.1. Dependence of peak position on dose

Figure 6.23 shows the influence of irradiation dose on peak intensity for B2a, C2a
and D2a respectively. The solid line through the data of each peak is a fit of
equation (6.1). The same analysis used earlier shows that for each of peaks B2a,
C2a and D2a, the response is sublinear within 0.2-6.2 Gy.

Preheating to 300◦C is intented to remove peaks I-IV of each sample. For sample
A, peaks I-III are reproduced by phototransfer as peaks A1, A2 and A3 at 54, 90
and 190◦C whereas for sample D, peaks II, IIa, III and IV are reproduced as PTTL
peaks D2, D2a, D3 and D4 at 92, 116, 196 and 262◦C respectively. A glow curve
of sample D meant to illustrate peak D4 is shown in Figure 6.24 for a dose of 4.1
Gy, a 300◦C preheat and illumination for 10 s. The dose response of peak D4 could
not be studied because it could not be isolated from peak V for certain doses.

Figure 6.24: Glow curve of sample D measured at 1◦C/s after irradiation to 4.1
Gy, preheating to 300◦C and illumination for 10 s.

Figure 6.25 shows the effect of irradiation dose on peak position for the PTTL
peaks of samples A and D following preheating to 300◦C. The position of peak
A3 is not affected by irradiation dose. This is also the case for peaks A1 and A2
as shown earlier for a 120◦C preheat. This observation implies that peak A3 also
follows first-order kinetics as peak III in a conventional glow curve of this sample
(Figure 6.1).
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6.2.2.1. Dependence of peak position on dose

a

b

Figure 6.25: Influence of peak position on irradiation dose for (a) sample A and
(b) sample D. Peaks A1-A3 and D1-D4 are due to phototransfer after preheating
to 300◦C and illumination for 10 s.

Previous studies (Kalita and Chithambo, 2017e; Sob et al., 2021) have shown that
peaks V-VII of unannealed α-Al2O3:C,Mg are not reproduced by phototransfer.
For this reason, preheating temperatures above 300◦C were not used to investigate
the dose response of any potential PTTL peaks resulting from peaks V-VII of each
sample. The dependence of peak intensity on irradiation doses between 0.1 and 6.2
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6.2.2.1. Dependence of peak position on dose

Gy is shown in Figure 6.26 for peaks A3, B3, C3 and D3 respectively. The data
for peaks A3 and D3 are for preheating to 300◦C. For peaks A3, B3 and C3, the
respective intensity grows with irradiation dose. For peak D3 on the other hand,
the intensity seems to saturate for doses above 3.0 Gy. The response of peaks B3,
C3 and D3 are each fitted with equation (6.1). However the fit for peak D3 is
not reliable. The same analysis performed before shows that peaks B3 and C3 are
sublinear within 0.1-6.1 Gy. Kalita and Chithambo (2019) reported that the dose
response of phototransferred peaks corresponding to each of peaks II, IIa, III of
sample D is linear within 1-15 Gy. Their results differ from those reported here for
sample D.

a b

c d

Figure 6.26: Dependence of peak intensity on irradiation dose for peaks (a) A3,
(b) B3, (c) C3 and (d) D3 respectively.

Tables 6.1-6.4 summarise some of the dosimetric features of samples A, B, C and
D respectively. For each peak, the features listed are the dose response and the
order of kinetic b.
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6.3. Fading of the luminescence signal

Table 6.1: Dose response features of unannealed α-Al2O3:C,Mg (sample A)

Peak Tm (◦C) Dose range (Gy) Dose Response Order of kinetic b
I 51 0.1 - 7.4 sublinear 1

II 86 0.1 - 4.0 superlinear 1
4.0 - 7.4 sublinear

III 184 0.1 - 7.4 superlinear 1
IV 220 0.1 - 7.4 sublinear 1
V 312 0.1 - 7.4 superlinear 1
VII 416 0.1 - 7.4 superlinear 1

A1 54 0.1 - 6.1 superlinear 1
A2 90 0.1 - 6.1 sublinear 1

Table 6.2: Dose response features of α-Al2O3:C,Mg annealed at 700◦C (sample B)

Peak Tm (◦C) Dose range (Gy) Dose response Order of kinetics
I 54 0.1 - 8.2 sublinear 1
II 89 0.1 - 8.2 linear 1
IIa 117 0.1 - 8.2 linear 1
III 188 0.1 - 5.0 linear 1
IV 224 0.1 - 7.9 sublinear
V 308 0.1 - 7.9 linear 1
VI 390 0.1 - 6.0 linear 1
VII 420 0.1 - 6.0 linear 1

B1 54 0.2 - 6.1 sublinear 1
B2 88 0.2 - 6.1 sublinear 1
B2a 113 0.1 - 6.1 sublinear 1
B3 189 0.1 - 6.1 sublinear 1

6.3 Fading of the luminescence signal

Fading manifests as a decrease in luminescence intensity with delayed stimulation.
It is due to the spontaneous eviction of electrons from traps between irradiation
and stimulation (Chen and McKeever, 1997). The fading of glow peaks of α-
Al2O3:C,Mg was investigated. Such a study gives an insight into the stability of
the electron traps corresponding to each glow peak and is therefore relevant to
luminescence dosimetry. During each measurement, the irradiated sample was left
at room temperature for a specific time before being heated to record luminescence.
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6.3.1. Fading of conventional TL peaks

Table 6.3: Dose response features of α-Al2O3:C,Mg annealed at 900◦C (sample C)

Peak Tm (◦C) Dose range (Gy) Dose response Order of kinetics b
I 51 0.1 - 7.4 sublinear 1
II 85 0.1 - 7.1 sublinear 1
IIa 115 0.1 - 6.5 sublinear 1
III 183 0.1 - 4.8 sublinear 1
IV 220
V 260 0.1 - 3.7 sublinear 1
VI 304
VII 404 0.1 - 7.4 linear 1

C2 88 0.1 - 6.2 sublinear 1
C2a 113 0.1 - 6.2 sublinear 1
C3 189 0.1 - 6.2 sublinear 1

Table 6.4: Dose response features of α-Al2O3:C,Mg annealed at 1200◦C (sample
D)

Peak Tm (◦C) Dose range (Gy) Dose response Order of kinetics b
I 60 0.1 - 6.2 sublinear 1
II 90 0.1 - 6.1 sublinear 1
IIa 118 0.2 - 5.3 sublinear 1
III 191 1
IV 256 0.2 - 6.0 sublinear 1
V 310 0.1 - 7.4 sublinear 1
VI ∼380
VII ∼420

D2 92 0.2 - 6.2 sublinear 1
D2a 116 0.2 - 5.3 sublinear 1
D3 196 0.2 - 6.2 sublinear 1

In this study of fading, the neutral density filter was not used.

6.3.1 Fading of conventional TL peaks

For this study, glow curves of sample A were measured for delay times between
0 and 48 hours. For each measurement, the sample was irradiated to 1.0 Gy at
room temperature and then heated at 1◦C/s to stimulate luminescence after a
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6.3.1. Fading of conventional TL peaks

given delay. Figure 6.27 shows two glow curves; one measured immediately after
irradiation and the other one measured 6 hours later. Peaks I and II are indistinct
in the glow curve measured after a 6 hours delay as shown in Figure 6.27b. The
initial rise region of peak III of the delayed glow curve is comprised of a remnant
from peak II. Plots of TL intensity against delay time are not shown for peaks I
and II because these peaks had faded to a level where they could not be measured
as evidenced in the glow curve measured after 6 hours in Figure 6.27b.
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6.3.1. Fading of conventional TL peaks

a

b

Figure 6.27: Glow curves of unannealed α-Al2O3:C,Mg (sample A) measured at
1◦C/s after irradiation to 1.0 Gy. The glow curve in (a) is measured immediately
after irradiation whereas that in (b) is measured 6 hours after irradiation.
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6.3.1. Fading of conventional TL peaks

The effect of delayed stimulation on the intensity and the position of peak III is
shown in Figure 6.28. Peak III fades slowly with delay between irradiation and
stimulation;. Its intensity decreasinges to 902.8% of its initial value after a 486
hours delay and to 90% after a delay of 48 hours.

Figure 6.28: Effect of delayed stimulation on peak III of unannealed α-Al2O3:C,Mg
(sample A). The intensity of peak III against delay is shown on the main graph
whereas the dependence of its position on delay time is shown in the inset. The
dotted line is visual guide which shows the trend in the data.

Figure 6.29 shows the glow curve measured immediately after irradiation and the
one measured 48 hours after. Just as in the case of peak III, the influence of delay
stimulation on peaks IV-VIII is minimal. The results of Figures 6.28 and 6.28 show
that the electron traps corresponding to peaks III-VIII remain stable with storage
times up to 48 hrs. Regarding the fading of peak III of the unannealed sample
(sample A), Kalita and Chithambo (2017f) observed that the peak faded to ∼22%
of its initial intensity within 2400 s after irradiation and thereafter to ∼14% within
64800 s (18 hrs). Kalita and Chithambo (2017f) suggested that the fading may be
due to the escape of electrons from the main trap through the shallow traps (peaks I
and II) by quantum tunneling. In this study, we observed that peak III remains
stable after 48 hrs. The difference in results might be specific to the samples.
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6.3.2. Fading of phototransferred TL peaks

Figure 6.29: Glow curves of unannealed α-Al2O3:C,Mg (sample A) measured at
1◦C/s after irradiation to 1.0 Gy. The open symbols are for the glow curve measured
immediately after irradiation whereas the full symbols represent the glow curve
measured after a 48 hours delay.

6.3.2 Fading of phototransferred TL peaks

We now report the influence of delayed stimulation on the phototransferred peaks
of samples A, B, C and D for preheating temperatures of 100, 120 and 200◦C. Each
glow curve was measured following irradiation to 3.0 Gy, preheating and illumina-
tion for 12 s. In this case, a delay was allowed between illumination and thermal
stimulation. Delay times ranged from 0 to 320 s. The preheating temperature,
irradiation dose, duration of illumination and the delay times were chosen in order
to reliably examine the phototransferred peaks of each sample. The neutral dens-
ity filter was not used. Figure 6.30 shows two glow curves of sample A; the first
measured immediately after illumination and the second 320 s after illumination.
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6.3.2. Fading of phototransferred TL peaks

a

b

Figure 6.30: Glow curves of sample A measured at 1◦C/s after irradiation to 3.0
Gy, preheating to 100◦C and illumination for 12 s. The glow curve in (a) is meas-
ured immediately after illumination whereas the one in (b) is recorded 320 s after
illumination.

Peaks A1 and A2 are reproduced at 44 and 72◦C respectively. These two peaks
appear at the same positions as the corresponding conventional peaks. The glow
curve of Figure 6.30b shows that peak A1 has faded completely for a 320 s delay.

Figure 6.31 shows the influence of delay between illumination and measurement

86



6.3.2. Fading of phototransferred TL peaks

on peaks A1, B1, C1 and D1. The fading of peaks A1, B1 and C1 can each be
described exponentially as

I(t) = I0 exp(−γt), (6.7)

where I0 is the initial intensity, γ is the decay constant and t is the delay time. The
intensity of peak A1 decreases to about 50% of its initial value within 70 s and only
17% of the initial intensity is left after a 300 s delay. The decay constant γ found
from the fit in Figure 6.31a is 0.0082 s−1. The lifetime of peak A1, computed as
1/γ, is approximately 122 s. Peak A1 is unstable as its conventional counterpart
namely; peak I. Kalita and Chithambo (2017g) observed that peak I fades within
300 s for a dose of 1.0 Gy and a heating rate of 1◦C/s and within 600 s for a dose
of 4.0 Gy. Peak B1 appears at 46◦C, the same temperature as that of peak I of
sample B. For this preheat, the lifetime of B1 is 118 s. Peak B1 is unstable and
fades within the same timeframe as peak A1. Similarly, peak C1 occurs at 46◦C
and its lifetime is 136 s. For peak D1, the intensity decreases monotonically with
delay time up to 160 s. Beyond 160 s, peak D1 was indistinct from peak D2 and
could no longer be measured.

Figure 6.32 shows the intensity of peaks A2, B2, C2 and D2 against delay time
for a 100◦C preheat. As seen in Figure 6.32a, the intensity of peak A2 increases
initially with delay time before decreasing monotonically thereafter. Peak A2 is an
effective competitor for electrons lost from other traps. As other peaks fade, any
such additional contributions decrease. For peaks B2, C2 and D2 (Figures 6.32b-
6.32d), the intensity decreases monotonically with delay. In contrast to peaks A1,
B1, C1 and D1, peaks A2, B2, C2 and D2 could still be measured after a 5000 s
delay.

The effect of delay on peaks B1, C1 and D1 for a 120◦C preheat is shown in
Figure 6.33. The behaviour of these peaks is similar to that of the corresponding
peaks after preheating to 100◦C. The decay of peaks B1 and C1 is exponential and
the lifetimes of these two peaks for this preheat are 108 and 111 s respectively.

The influence of delayed stimulation on the intensity of peaks B2, C2 and D2
following preheating to 120◦C is shown in Figure 6.34. The peaks fade in a manner
similar to that observed for a 100◦C preheat.
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6.3.2. Fading of phototransferred TL peaks
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Figure 6.31: Influence of delay on the intensity of (a) peak A1, (b) peak B1, (c)
peak C1 and (d) peak D1. Each data point corresponds to a measurement at 1◦C/s
after irradiation to 3.0 Gy, preheating to 100◦C and illumination for 12 s. Peaks
A1, B1, C1 and D1 appear at 44, 46, 46 and 52◦C respectively. The solid line is
the best fit of equation (6.7).
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6.3.2. Fading of phototransferred TL peaks
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Figure 6.32: Influence of delay on the intensity of (a) peak A2, (b) peak B2, (c)
peak C2 and (d) peak D2. Each data point corresponds to a measurement at 1◦C/s
after irradiation to 3.0 Gy, preheating to 100◦C and illumination for 12 s. Peaks
A2, B2, C2 and D2 appear at 72, 76, 76 and 80◦C respectively.
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6.3.2. Fading of phototransferred TL peaks
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Figure 6.33: Influence of delay on the intensity of (a) peak B1, (b) peak C1 and
(c) peak D1. Each data point corresponds to a measurement at 1◦C/s after irra-
diation to 3.0 Gy, preheating to 120◦C and illumination for 12 s. Peaks B1, C1
and D1 appear at 46, 46 and 52◦C respectively. The solid line is the best fit of
equation (6.7).
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6.3.2. Fading of phototransferred TL peaks
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Figure 6.34: Influence of delay on the intensity of (a) peak B2, (b) peak C2 and (c)
peak D2. Each data point corresponds to a measurement at 1◦C/s after irradiation
to 3.0 Gy, preheating to 120◦C and illumination for 12 s. Peaks B2, C2 and D2
appear at 76, 76 and 80◦C respectively.

Figure 6.35 shows the fading of peaks B1, C1, B2 and C2 respectively following
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6.3.2. Fading of phototransferred TL peaks

preheating to 200◦C. As for preheating to 100 and 120◦C, the fading of peak B1
can be described with an exponential decay. Peaks B1 and C1 fades to 28 and 49%
of their initial intensity respectively within 320 s. The intensity values of PTTL
corresponding to peak I or II in each sample decrease by 1 or 2 order of magnitude
after preheating to 200◦C. Following this preheat, the electron trap of peak III,
the main donor for these PTTL peaks in each sample, is depleted. For samples
B, C and D, peak IIa at 100◦C is reproduced under phototransfer after preheating
to 200◦C. We also note the presence of a PTTL peak near 140◦C (peak C2b) for
sample C. The influence of delayed stimulation on peak B2a, C2a, D2a or C2b
could not be studied reliably.

a b

c d

Figure 6.35: Influence of delay on the intensity of (a) peak B1, (b) peak C1, (d)
peak B2 and (d) peak C2. Each data point corresponds to a measurement at 1◦C/s
after irradiation to 3.0 Gy, preheating to 200◦C and illumination for 12 s. The solid
line is the best fit of equation (6.7).
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6.4 Summary

Glow peaks of α-Al2O3:C,Mg reported in this study follow first-order kinetics ir-
respective of annealing up to 1200◦C. Similar results on the order of kinetics of
glow peaks in α-Al2O3:C,Mg have been reported elsewhere (Kalita and Chithambo,
2017f,b,e, 2018b; Trindade et al., 2020). For annealing to 700◦C or above, there is
a new peak induced at 100◦C; labelled here as IIa. The use of the neutral density
filter affects the structure and the shape of the glow curves as reported by Kalita
and Chithambo (2017a). For instance, peak IIa of sample B appears at 117◦C in-
stead of 100◦C as found in glow curves measured without this filter. We observed
that the dose response of a PTTL peak is not necessarily similar to that of the
corresponding peak in conventional TL. The PTTL peaks occur at the same po-
sitions as the associated TL peaks and they also follow first-order kinetics. The
dose response of peak I is sublinear within 0.1-8.1 Gy; it is therefore not affected
by annealing up to 1200◦C. For peak I of unannealed α-Al2O3:C,Mg Kalita and
Chithambo (2017g) found a sublinear dose response within 1-10 Gy. Similar results
have also been reported by Kalita and Chithambo (2018b) for peaks I, II and IIa
of the sample annealed at 1200◦C within 1-10 Gy.

Peaks III, V and VII of sample A each have a superlinear dose response within
0.1-7.4 Gy whereas peak IV is sublinear within the same range. For peak II of
this sample, the response is superlinear up to 4.0 Gy and then sublinear thereafter
with doses up to 7.4 Gy. This result is in agreement with that of Kalita and
Chithambo (2017g) for peak II of their unannealed sample. Peak A1, the PTTL
peak corresponding to peak I of sample A, has a superlinear response within 0.1-6.1
Gy whereas peak A2 is sublinear within the same dose range. In contrast, Kalita
and Chithambo (2017e) observed a linear dose response between 1 and 15 Gy for
each of the phototransferred peaks corresponding to peaks I and II. For peak III,
Kalita and Chithambo (2017a) reported a superlinear response within 0.1-30 Gy
followed by a sublinear response thereafter up to 100 Gy. However in a subsequent
study, the response of this peak was found to be sublinear within 0.1-10 Gy (Kalita
and Chithambo, 2017g). The main differences in the two studies were the dose
range and the use of a neutral density filter. We note that the result reported here
for peak III of sample A is consistent with that of Kalita and Chithambo (2017a).
For the main peak of unannealed α-Al2O3:C, Kalita and Chithambo (2017g) found
a sublinear response within 1-4 Gy followed by a superlinear response up to 10 Gy.
However, previous studies (Yukihara et al., 2003; Chithambo, 2004) reported a
linear response within 1-10 Gy followed by a superlinear response up to 30 Gy and
a sublinear response above 30 Gy. As stated by Kalita and Chithambo (2017g),
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in addition to the choice of dose range and of detection filters, the change in the
sensitivity of these samples with re-use also affect the dose response.

For sample B, which is annealed to 700◦C, peaks II, IIa, III and V-VII are linear
within 0.1-8.2 Gy. The dose range specific to each of these peaks is listed in
Table 6.2. PTTL peaks B1-B3 which correspond to peaks I-III of sample B each
show sublinearity with doses up to 6.1 Gy. On the other hand, peak IV just as
peak I of this sample is sublinear for doses up to 7.9 Gy.

With the exception of peak VII which has a linear dose response within 0.1-7.4 Gy,
the conventional glow peaks and the PTTL peaks of sample C studied here each
have a sublinear response with 0.1-7.4 Gy. The dose range specific to each of these
peaks is shown in Table 6.3.

Regarding sample D, peaks I, II, IIa, IV and V each have a sublinear dose response
within 0.1-7.4 Gy. The specific range of interest for each peak is shown in Table 6.4.
The PTTL peaks D2, D2a and D3 which correspond to peaks II, IIa and III each
have a sublinear dose response within 0.2-6.2 Gy.

Peak I of each sample is unstable and fades within 300 s. This is equally the case for
the associated PTTL peak. Peak A1 has a lifetime of 122 s. For peak B1 and C1 the
respective lifetimes are 118 and 136 s. Peak I of α-Al2O3:C,Mg has a shallow trap
with an activation energy of ∼0.85 eV and the peak suffers from phosphorescence
at room temperature (Kalita and Chithambo, 2017f). The fading of peak I of each
sample is due to phosphorescence. In a study on the nature and identity of the
traps in α-Al2O3:C, Zhu et al. (2014) showed that under oxygen rich conditions,
some Al are replaced by C and this results in an electron trap at ∼0.72 eV near the
conduction band. It is known that peak I of α-Al2O3:C has an activation energy
of ∼0.72 eV (Chithambo et al., 2014). In α-Al2O3:C,Mg, the corresponding peak
has an activation energy of ∼0.85 eV. This led Kalita and Chithambo (2017f) to
suggest the trap corresponding to peak I in α-Al2O3:C,Mg was of a similar origin
however, the difference in activation energies was due to crystallographic structural
changes resulting from lattice stressing since the radius of C is smaller than that
of Mg. Peak II of each sample on the other hand could be measured with delay
time up to 5000 s. For the unannealed sample (sample A), the intensity of peak II
increased initially with delay; suggesting that this peak is an effective competitor
for electrons lost from other traps. The fading of peak II of each sample can also
be ascribed to phosphorescence since the corresponding trap is shallow with an
activation energy of ∼ 0.96 eV. Peak III of sample A remains stable with delay up
to 48 hrs. The influence of dose on fading was not investigated. However, Kalita
and Chithambo (2017g) found that the rate of fading of peaks I-III of unannealed
α-Al2O3:C,Mg was affected by dose. Kalita and Chithambo (2019) studied the
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fading properties of α-Al2O3:C,Mg annealed at 1200◦C for delay times between 1
and 18000 s for peaks I-III and found that these peaks faded at different rates with
peak I being the most unstable and the rate of fading was influencing by annealing
temperature.
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Chapter 7
Illumination-time-dependent
profiles of phototransferred

thermoluminescence of
unannealed α-Al2O3:C,Mg

This chapter deals with the analysis of time-dependent profiles of phototransferred
thermoluminescence (PTTL) of unannealed α-Al2O3:C,Mg. The qualitative ana-
lysis of these time-dependent PTTL profiles is based on theoretical predictions
whereas the mathematical analysis of these profiles is based on experimental res-
ults. This work has been published by Sob et al. (2021).

7.1 Introduction

In conventional thermoluminescence (TL), the signal is stimulated by controlled
heating of a sample immediately after irradiation (McKeever, 1985; Chen and McK-
eever, 1997). The luminescence ensues directly from the recombination with holes of
electrons thermally stimulated from electron traps which are populated during the
irradiation. On the other hand, in PTTL the irradiated sample is first preheated to
a specific temperature and, after cooling, exposed to light of a specific wavelength
before being heated again to monitor any luminescence (Chithambo et al., 2019;
Chithambo and Dawam, 2020). The temperature the sample is preheated to is
chosen so that one or several peaks in a glow curve are removed during the preheat-
ing. Any peak which appears at a temperature below the preheating temperature
following illumination and subsequent heating is a PTTL peak since it is induced
by optical transfer of electrons from electron traps (donors) not emptied during
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7.2. Analysis of PTTL-time profiles

preheating. For convenience we refer to the deep electron source traps as donors
and the lower temperature electron traps where electrons are phototransferred to
as acceptors. Although this generic description assumes that higher-temperature
lying electron traps will act as donors and the lower-temperature ones as accept-
ors during PTTL, it has been shown that this is not always the case (Chithambo
et al., 2019; Chithambo and Dawam, 2020). As a case in point, studies of PTTL
in annealed synthetic quartz (Chithambo and Dawam, 2020) as well as in nat-
ural quartz annealed at 1000◦C (Chithambo et al., 2019) have shown that some
supposed donors can act as acceptors for certain combinations of preheating tem-
perature and duration of optical exposure. Kalita and Chithambo (2017e) studied
the PTTL of unannealed Al2O3:C,Mg and reported the presence of three PTTL
peaks at 45, 74 and 163◦C respectively for a heating rate of 1◦C/s and illumination
by 470 nm blue light. From that study, Kalita and Chithambo (2017e) concluded
that the induced PTTL peaks follow the same order of kinetics as the correspond-
ing peaks in the conventional TL glow curve. This work follows in the same vein as
that of Chithambo et al. (2017a) which reported on a systematic analysis of PTTL
in α-Al2O3:C by relating each PTTL peak to sets of donors the number of which
was determined by experiment. The mathematical formulation here is completely
based on experimental results. PTTL of Al2O3:C,Mg was described in qualitative
terms (Kalita and Chithambo, 2017e, 2019). The aim of this chapter is to describe
the PTTL of Al2O3:C,Mg both qualitatively and mathematically by relating the
PTTL to a system of donor electron traps. The PTTL time-response profiles are
described using systems of an acceptor and, donors the number of which depends
on the preheating temperature.

7.2 Analysis of PTTL-time profiles

7.2.1 Glow curve characteristics

Figure 7.1 shows a glow curve measured after irradiation to 2.0 Gy (solid symbols).
As determined by thermal cleaning, the glow curve has eight peaks at 43.3±0.1,
73.0±1.4, 164.7±1.3, 195.3±1.7, ∼246, 284±1.9, ∼336 and 374.4±3.0◦C. The peaks
are referred to hereafter as I through VIII respectively. These are identified in
Fig. 7.1 except peaks V and VII which are indistinct here. A glow curve measured
after preheating to 60◦C, intended to remove peak I, and illumination for 10 s is
shown for comparison. Peak I is reproduced under phototransfer as indicated.
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Figure 7.1: Glow curves of unannealed Al2O3:C,Mg measured at 1◦C/s following
irradiation to 2.0 Gy (solid symbols) and another obtained after preheating to 60
◦C and subsequent illumination for 10 s (open symbols). The positions of clear
peaks except peaks V and VII which are not obvious here, are shown for reference.
The inset shows, for comparison, separate glow curves measured with and without
preheating where the one with preheating omitted the light exposure step. This is
intended to emphasize the nature of the reproduced peak (open circles) as being
due to PTTL only.

7.2.2 Determining the role of electron traps as acceptors or
donors using partial heating

The role of each electron trap either as an acceptor or a donor in the observed PTTL
was investigated by partially heating and illuminating the irradiated sample. The
procedure is known as pulse annealing. The technique was to progressively incre-
ment the preheating temperature used prior to illumination and to monitor the
intensity (as peak heights) of any peaks present after the preheat. In the measure-
ments, the unannealed sample was preheated from 60 to 600◦C at 20◦C intervals
after irradiation and illuminated for 10 s each time. Each such pulse annealing
measurement was repeated three times and the intensities plotted are averages
from these measurements. For ease of reference, any PTTL peaks corresponding
to peaks I-VIII will be referred to as A1, A2, A3. . . .

98



7.2.2.1. Effect of partial heating on peaks I and II

7.2.2.1 Effect of partial heating on peaks I and II

Figure 7.2(a) shows the dependence of the PTTL intensity on the preheating tem-
perature for peaks A1 and A2 at 43 and 73◦C respectively.

The intensity of peak A1 increases with preheating temperature between 80 and
140◦C. Peak A1 then decreases rapidly in intensity thereafter from 140 to 200◦C.
Notably, peak A2 decreases in intensity over the same preheating temperatures.
Beyond 200◦C, the intensity of both peaks continues to decrease but do so very
slowly. For preheating temperatures beyond 400◦C, it is no longer possible to
measure peaks A1 and A2. The behaviour of peak A1 between 80 and 140◦C
requires comment. The intensity of an acceptor peak should remain stable as long
as donors are not significantly depleted or decrease if they are. In that sense,
the possible donors for peak A1 correspond to electron traps for peaks II - VIII.
Preheating to 140◦C only affects the electron trap for peak II at 73◦C. Since the
intensity of peak A1 increases as peak II is removed, the change must be due to
a decreased role of the electron trap for peak II as a competitor for electrons that
should otherwise produce peak A1. Examples of similar competition effects have
been observed and discussed for PTTL in natural and synthetic quartz (Chithambo
et al., 2019; Chithambo and Dawam, 2020). Peak II (at 73◦C) decreases in intensity
between 80 and 120◦C. This implies that peak II acts as a donor for peak A1 over
these temperatures. The decrease in intensity of PTTL peaks A1 and A2 up to
180◦C must be due to the progressive depletion of charge from the electron trap
of peak III. Increasing the preheating temperature from 200◦C onwards has little
effect on the PTTL intensity of peaks A1 and A2. Thus although the putative
donors for PTTL peaks A1 and A2 are the electron traps for peak III-VIII, the
main donor is evidently the electron trap for peak II.

7.2.2.2 Effect of partial heating on peak III

Figure 7.2(b) shows the influence of preheating on peak III. This peak appears
at 165◦C but is only removed and reproduced under PTTL following preheating
beyond 180◦C. The possible donors for its PTTL are the electron traps for peaks IV-
VIII. Although this peak is not a PTTL peak until after preheating beyond 180◦C,
its intensity slightly increases with preheating initially. Such an increase is counter-
intuitive for a supposed donor for PTTL recorded at peaks A1 and A2. This means
one of two things. Either the electron trap for peak III is itself a competitor or
the change also reflects the decreased role of another competitor trap which in this
case is the electron trap for peak A2. Beyond 180◦C, where peak III is reproduced
as PTTL, that is, as A3, there is a sharp decrease in intensity. This decrease
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7.2.2.2. Effect of partial heating on peak III

Figure 7.2: Dependence of PTTL intensity on preheating temperature for peaks
A1 and A2 (a) and peak III (b). The dotted lines in (a) are only visual guides.
The sudden increase in signal beyond 500◦C in (b) is ascribed to the effect of deep
hole traps.

is likely caused by depletion of charge at supposed donors IV-VIII. The inset to
Figure 7.2(b) shows the region from 200 to 600◦C whose fine detail is obscured
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7.2.2.3. Effect of partial heating on peak IV

by the high intensity signals in the main graph. The PTTL intensity decreases
monotonically from 200 to 460◦C. Peak A3 then becomes more intense reaching
maximum emission at 560◦C before decreasing with further preheating up to 600◦C.
Although PTTL observed beyond 500◦C can be associated with deep electron traps,
it is unlikely that this would cause a sudden and significant increase in signal as
shown in Figure 7.2(b) inset. We will explain later how the result is associated
with a deep hole trap.

7.2.2.3 Effect of partial heating on peak IV

Peak IV, which is on the falling edge of peak III, is reproduced under phototransfer
for certain combinations of preheating temperature and duration of illumination.
However, the peak was found unsuitable for analysis because it could not be clearly
isolated.

7.2.2.4 Effect of partial heating on peaks V-VIII

Peaks V-VIII are not reproduced under phototransfer.

7.2.3 Qualitative description of the dependence of PTTL
intensity on illumination time

The dependence of PTTL intensity on illumination time is discussed for peaks A1,
A2 and A3. Although peak IV is also reproduced under phototransfer, the result-
ant peak (A4) could not be properly isolated for such a study. For completeness
and to help explain the PTTL, the influence of illumination on the intensity of
the supposed donor peaks that is, any peaks not removed by preheating is also
reported. The purpose of this is to confirm whether any assumed donors act as
such and how important their involvement in the process is. In the measurements,
an irradiated and subsequently preheated sample was illuminated by 470 nm blue
light to different durations.

7.2.3.1 PTTL of peak I after preheating to 60◦C

In the first test to measure the illumination-time dependence of peak A1, the sample
was preheated to 60◦C. Figure 7.3 shows the dependence of PTTL intensity on
illumination time for peak A1.
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Figure 7.3: Dependence of intensity on duration of illumination for peaks A1 and
II.

The intensity of peak A1 goes through a maximum with illumination time up
to 26 s. For longer illumination periods than this, peak A1 can no longer be
distinguished from peak II at 73◦C. The possible donors for the PTTL of peak A1
are electron traps for peaks II-VIII since these are not removed by preheating to
60◦C. For comparison, the behaviour for peak II is also shown in Figure 7.3. The
intensity of this peak increases with illumination time up to 6 s before decreasing
thereafter. This profile suggests that at the start of illumination the electron trap
responsible for peak II acts as an acceptor but with further illumination this trap
serves as a donor for peak A1. Figure 7.4 shows the dependence of TL intensity
on illumination time for the other donor peaks, namely, III and IV (Figure 7.4(a)),
and in Figure 7.4(b) for donors V, VI and VIII.

The intensity of all these peaks decreases with illumination time. Of all these peaks,
the most intense one is peak III. To illustrate this point, for 2 s illumination, the
intensity of peaks II and IV is only 2% that of peak III. The intensities of peaks V,
VI and VIII are even lower at only about 0.05% that of peak III. Thus the main
donor for peaks A1 and A2 is the electron trap for peak III. The contribution of
the donor peaks as identified (and possibly of VII as well) to the PTTL of peak A1
is negligible.
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Figure 7.4: The change of TL intensity with illumination time for peaks III and
IV (a) and for peaks V, VI and VIII (b). The dashed lines are only visual guides.

7.2.3.2 PTTL from peaks I and II after preheating to 100◦C

Preheating to 100◦C removes peaks I and II at 43 and 73◦C respectively. These
two peaks are reproduced by phototransfer (as A1 and A2) at the same positions.
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7.2.3.2. PTTL from peaks I and II after preheating to 100◦C

Figure 7.5(a) shows that the intensity of peaks A1 and A2 both initially increase
with illumination and then decrease thereafter. Figure 7.5(b) shows the dependence
of TL intensity on illumination time for peaks III and IV and in the inset, for
peaks VI and VIII.

Peak VII is indistinct, could not be monitored, and so is not discussed. The in-
tensity of all peaks shown in Fig. 7.5(b) decrease with illumination time confirming
their role as possible donors for the PTTL at peaks A1 and A2. Comparing intens-
ities, one finds that the main contributor electron traps for PTLL peaks A1 and
A2 correspond to peaks III and IV with peak III being dominant.
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Figure 7.5: The change of TL intensity with illumination time for peak A1 following
preheating to 100◦C and in the inset, for peak A2 (a). The same feature for
peaks III and IV, and in the inset for peaks VI and VIII (b). Peak V was indistinct
and could not be monitored.
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7.2.3.3 PTTL after preheating to 300◦C

When the sample is preheated to 300◦C, peaks I-VI are removed by preheating.
However, only peaks I, II, III and IV are reproduced by phototransfer. This occurs
for various combinations of preheating temperature and duration of illumination
as shown in Figure 7.6.

Figure 7.6: Glow curves of unannealed Al2O3:C,Mg measured at 1◦C/s following
irradiation to 2 Gy, preheating to 300◦C and illumination for 4 s (a) 40 s (b) 120 s
(c) and 1200 s (d). The position of the otherwise indistinct peak IV is only included
in (b) and (c) for reference.

Peak IV, which appears on the falling edge of peak III, is also reproduced for certain
illumination times above 40 s but is otherwise indistinct and could not be analysed.
Likewise, although peak I is reproduced by phototransfer, its intensity was too low
to allow for a proper analysis of the dependence of its intensity on illumination
time. Peaks V and VI are not reproduced by phototransfer.

Figure 7.7 shows the dependence of PTTL intensity on duration of illumination for
peaks A2 and A3. Whereas the intensity of peak A2 displays the archetypal shape,
that of peak III decreases monotonically.

The possible donors for this PTTL are electron traps corresponding to peaks VII
and VIII. Of these only peak VIII could be monitored (see Figure 7.6) and its
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Figure 7.7: PTTL intensity against duration of illumination for peaks A1 and A2
following preheating to 300◦C and, in the inset, the change in TL intensity with
illumination time for peak VIII.

intensity decreases consistently with illumination time (Figure 7.7, inset).

7.2.3.4 PTTL after preheating to 400◦C

Preheating to 400◦C removes all peaks in the TL glow curve. Peaks I, II and
III are regenerated by phototransfer (as A1, A2 and A3). However, except for
peak A3, the intensities of the two other acceptor peaks were too low for analysis.
The intensity of peak A3 goes through a maximum before decreasing at longer
illumination times. The supposed donor in this case is the deep trap(s). The plot
for the time-dependence of peak A3 is shown in Figure 7.8

7.2.4 Mathematical analysis of PTTL time-response profiles

The dependence of PTTL intensity on duration of illumination used for photo-
transfer was discussed qualitatively in the preceding section. We will proceed to
analyse the same mathematically. The analysis will be informed by experimental
results presented in sections 7.2.2 and 7.2.3. To aid the discussion, Table 7.1 lists
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Figure 7.8: PTTL intensity against illumination time for peak A3 following pre-
heating to 400◦C.

the observed TL and PTTL peaks. Conventional TL peaks are labelled I-VIII. The
PTTL peaks corresponding to these peaks are referred to as A1, A2, . . . . These
are the same labels used thus far. The electron traps listed as ‘possible donors’ are
the theoretically expected ones. This is because, in theory, the electron trap of any
peak at temperatures beyond that of one that has been removed by preheating,
can serve as a donor in the PTTL process. The main donors suggested by the
partial heating experiment (section 7.2.2) and as reflected by PTTL time-response
profiles (section 7.2.3) are listed separately in Table 7.1. The analysis will be based
on the latter two lists rather than the ideal theoretical list. The concentration of
trapped electrons at the ith electron trap will be denoted by Ni and the optical
stimulation probabilities as si. The equations describing the change in the concen-
tration of trapped electrons are written for the illumination step only. Retrapping
is neglected because, as has been shown several times previously, the peaks follow
first-order kinetics (Kalita and Chithambo, 2017f,a,b,c). Each family of equations
is unique to each system and has a particular solution. This solution is applied
to the experimental data for that particular system. The main assumption as be-
fore (Chithambo et al., 2019; Chithambo and Dawam, 2020) is that only a portion
of electrons released from a donor trap end up at the acceptor electron trap to
produce PTTL. The method used here is the same one developed by Chithambo
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7.2.4. Mathematical analysis of PTTL time-response profiles

et al. (2017a) and applied previously on quartz (Chithambo et al., 2018, 2019;
Chithambo and Dawam, 2020). The method used here and elsewhere (Chithambo
et al., 2017a, 2018, 2019; Chithambo and Dawam, 2020) should be distinguished
from the kinetics-based method of say, Alexander and McKeever (1998) where non-
linear rate equations are used to relate the concentration of holes at a recombina-
tion centre to the concentration of electrons at electron traps and in the conduction
band. Here, the transport of electrons involved in the PTTL process is described
at the irradiation, preheating, illumination and heating stages. The coupled non-
linear differential equations developed this way do not have analytical solutions and
thus require numerical approximations to solutions. These numerical solutions are
then used to generate plots of PTTL intensity as a function of illumination time by
considering various assumptions such as, say, negligible retrapping or the number
of electron traps involved in the process. Our approach differs from this method in
several respects. We formulate differential equations only at the illumination stage.
These equations describe the transfer, to an acceptor, of a proportion of electrons
optically stimulated from a donor. The number of donors for any acceptor peak is
determined by experiment. The sets of these equations have analytical solutions
which are then applied directly to experimental data.
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7.2.4.1 Time-dependence of PTTL after preheating to 60◦C

Preheating to 60◦C followed by illumination produces only peak A1. As shown in
Table 7.1, there is only one dominant donor for the PTTL, the electron trap for
peak III. Therefore, the PTTL time-response profile for peak A1 can be described
in terms of a system of one acceptor and one donor with rate equations as follows:

dN3
dt

= −s3N3 (7.1)

dN1
dt

= −s1N1 + α3s3N3 (7.2)

where α3 is a constant of proportionality and all other parameters are as defined be-
fore. Equation (7.1) describes the loss of electrons from the donor. Equation (7.2)
takes into account not only the transfer of electrons from the donor but the pos-
sibility of loss due to illumination at the acceptor. The solution of the coupled set
Eqs. (7.1) and (7.2) is

N1(t) = A(e−s3t − e−s1t) (7.3)

where A = α3s3N3i/(s1 − s3) and N3i is the initial concentration of trapped elec-
trons at the donor trap at the start of illumination. Increasing the number of donors
to two by considering both peaks III and IV as contributors did not produce any
improvement in the fit. This supports the qualitative conclusion that although in
theory there are 7 donors, the main contributor to the PTTL is the electron trap
for peak III.

7.2.4.2 PTTL following preheating to 100◦C

When the sample is preheated to 100◦C, only peaks A1 and A2 are reproduced
under phototransfer. The main contributors to the PTTL correspond to electron
traps for peaks III and IV. Thus in this case we have two separate systems of one
acceptor and two donors. Therefore the rate equations describing charge transfer
responsible for peak A1 or A2 are

dN3
dt

= −s3N3 (7.4)

dN4
dt

= −s4N4 (7.5)
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7.2.4.3. PTTL following preheating to 300◦C

dNj

dt
= −sjNj + γ3s3N3 + γ4s4N4 (7.6)

where γ3 and γ4 are proportionality constants, (sj , Nj) is either (s1, N1) or (s2, N2)
depending on which one of the two PTTL peaks is considered. The solution to the
coupled first order linear differential Eqs. set (7.4-7.6) is

Nj(t) = A1(e−s3t − e−sjt) +A2(e−s4t − e−sjt) (7.7)

where A1 = γ3s3N3i/(s1 − s3) and A2 = γ4s4N4i/(s1 − s4).

7.2.4.3 PTTL following preheating to 300◦C

Preheating to 300◦C removes peaks I to VI. Peaks A1, A2, A3 and A4 are repro-
duced by phototransfer. However, only peaks A2 and A3 were sufficiently intense
and distinct for analysis. The only possible donors in this case are the electron
traps for peaks VII and VIII (see Table 7.1) although in practise peak VII could
not be monitored. Experimental tests (see section 7.2.3.3) suggest that the electron
trap for peak VIII is the only dominant donor. On this basis, the time-response
profile of the PTTL of peaks A2 and A3 were analysed using the two options of
one acceptor and one donor (Eq. 7.3) or one acceptor and two donors (Eq. 7.7).
It was found that only the second option could properly describe the result. In
this particular case, the PTTL of either peak A2 or A3 cannot result from a single
donor.

7.2.4.4 PTTL following preheating to 400◦C

Preheating to 400◦C removes all peaks in the conventional TL glow curve. Although
peaks I, II and III are reproduced by phototransfer, only peak A3 was found suitable
for further analysis. In theory, its PTTL corresponds to a simple system of one
acceptor and one donor, a deep electron trap, and should be described by an
expression similar to Eq. (7.3). However, we could not obtain a satisfactory fit by
considering a system consisting of one acceptor and one donor. The lowest possible
number of donors which yielded a satisfactory fit was two using an expression of the
same form as Eq. (7.7). We therefore assume that the PTTL following preheating
to 400◦C can be ascribed to the contribution of at least two deep electron donor
traps.
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7.2.5. Applications of the mathematical model

7.2.5 Applications of the mathematical model

Figures 7.9 and 7.10 show applications of the models to experimental data. Figure
7.9(a) shows the PTTL time-response profile of peak A1 after preheating to 60◦C.
The solid line through data is the best fit of Eq. (7.3). Figure 7.9(b) shows the
result for peak A1 after preheating to 100◦C fitted with Eq. (7.7). The best fit of
the same expression on peak A2 after preheating to 100◦C and to 300◦C are shown
in Figures. 7.9(c) and 7.9(d).

Figure 7.9: PTTL intensity against duration of illumination of peak A1 following
preheating to 60 ◦C (a) and to 100 ◦C (b) the change for peak A2 following pre-
heating to 100 ◦C and to 300 ◦C (d). All data is shown fitted with Eq. (7.7) except
for (a) with is fitted with Eq. (7.3)

The PTTL time-response profile of peak A3 after preheating to 300◦C and 400◦C
are shown in Figures. 7.10(a) and 7.10b respectively. Both are shown fitted with
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7.2.5. Applications of the mathematical model

Eq. (7.7). In all cases, except perhaps for Figure. 7.10(a), the experimental data is
satisfactory described by the models as evident in the residuals fluctuating about
zero.

Figure 7.10: PTTL intensity against duration of illumination of peak A3 following
preheating to 300 ◦C (a) and to 400 ◦C (b).

The stimulation rate s = Φσ where Φ is the incident photon flux and σ the
photoionization cross-section, this provided a means to determine the latter. In
this study, we had Φ = 1.70 × 1017 cm−2 s−1. Examples of values of s are
s1 = 0.5547 ± 0.0253s−1 and s3 = 0.0667 ± 0.0021s−1 in the fit for peak A1 after
preheating to 60◦C. The photoionization cross-section calculated for the various
peaks are included in Table 7.1 and range between 10−21-10−18 cm2. The inset of
Figure 7.2(b) showed a notable response of PTTL to preheating. Peak A3 increases
with preheating up to 560◦C before decreasing with further preheating up to 600◦C.
As stated, this sudden and significant increase in signal is unlikely to be associated
with deep electron traps. Yukihara et al. (2003) suggested that deep hole traps
become unstable between ∼530 and 600◦C in Al2O3:C. We conclude that the same
process is responsible for the result observed in Fig. 7.2(b) inset. A similar type
of generation of holes was used by Chithambo (2004) to explain the dose response
in Al2O3:C. Heating in this temperature region produces a large number of holes.
Some of these holes are captured at F centres converting them to F+ centres. As
known, the recombination of an electron with an F+ centre produces an excited
F centre. Luminescence, including TL, at 420 nm results following relaxation of
the electron from an excited 3P to the 1S ground state at the F-centre McKeever
et al. (1995). Therefore the TL or PTTL intensity in this case reflects changes
in the concentration of holes owing to preheating between 500 and 600◦C as ob-
served. To our knowledge, this is the first demonstration of involvement of deep
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7.3. Summary

hole traps in the PTTL of Al2O3:C,Mg. As a final point, we note the behaviour
of peak II in Figure. 7.3. The intensity of this peak does not decrease consistently
with illumination as expected of a donor but instead increases for the first 6 s be-
fore the expected decrease appears. This behaviour is classified as a competition
effect. This is defined as processes that enhance or depress the capture of charge at
electron traps during illumination and how this affects the output from acceptors
or contribution of donors (Chithambo et al., 2019; Chithambo and Dawam, 2020).
The conventional interpretation of PTTL assumes that when electrons are released
from donor traps during illumination, they can move to a recombination centre,
get re-trapped or transit to acceptors. Although this idealized description aids the
formulation of mathematical expressions to describe phototransfer, the real effects
are far more complex and affected by competition effects. These have been in-
vestigated in detail in quartz (Chithambo et al., 2019; Chithambo and Dawam,
2020) and were briefly discussed for PTTL in α-A12O3:C (Chithambo et al., 2018).
Competition effects in Al2O3:C,Mg may involve not only electron traps but also
hole traps.

7.3 Summary

This chapter dealt with a comprehensive study of PTTL in unannealed Al2O3:C,Mg
and developed a mathematical description of the observed PTTL dependence on
illumination time. The experimental PTTL was described as separate systems of
an acceptor and, donors the number of which is affected by various combinations of
preheating and illumination. The systems were analysed as coupled sets of linear
first order differential equations describing the charge transfer at the illumination
step. Particular solutions were applied to experimental data. The study also re-
vealed the presence and role of deep hole traps beyond 500◦C which contribute to
the PTTL observed for the unannealed sample. The study suggests that competi-
tion effects in Al2O3:C,Mg may involve not only electron traps.
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Chapter 8
Illumination-time-dependent
profiles of phototransferred

thermoluminescence of
α-Al2O3:C,Mg annealed at 700

and 900◦C

This chapter reports the phototransferred thermoluminescence of α-Al2O3:C,Mg
annealed at 700 and 900◦C for 15 minutes each. Qualitative and quantitative
description of the PTTL is presented. For a given PTTL peak, the number of
donors depends on the preheating temperature. The PTTL time-response profiles
are then mathematically described by systems consisting of an acceptor and donors.
For ease of reference, samples annealed at 700 and 900◦C are referred to as B and
C. For each measurement of PTTL, the sample was irradiated to 3.0 Gy, preheated
to a specific temperature and cooled down immediately thereafter. The sample
was then exposed to 470 nm blue light of optical power density 72 mW/cm2 for a
time during which some electrons were transferred from deeper traps to emptied
shallower ones. Following light exposure, the sample was heated again to monitor
PTTL. All illuminations were performed at 20◦C and all measurements carried out
at 1◦C/s.

8.1 Glow curve characteristics

Figure 8.1 shows glow curves of samples B and C measured at 1◦C/s following
irradiation to 3.0 Gy.
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8.1. Glow curve characteristics

a

b

Figure 8.1: Glow curves of annealed α-Al2O3:C,Mg measured at 1◦C/s following
irradiation to 3.0 Gy for (a) sample B and (b) sample C. The glow curves recorded
after preheating to 260◦C and subsequent illumination for 12 s are represented with
the open symbols. PTTL peaks B1, B2 and B3 are observed for sample B whereas
PTTL peaks C1, C2 and C3 are found for sample C.
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8.2. Determining the role of electron traps as acceptors or donors using partial heating

The glow curve of sample B has eight peaks at 46, 76, 100, 170, 199, 290, 330
and 375◦C respectively. For sample C, the peaks are at 49, 80, 100, 174, 206, 235,
290, 335 and 375◦C respectively. These peaks are referred to as I, II, IIa and III
through VIII respectively. Examining the glow curves of each sample, we note the
presence of peak IIa at 100◦C. This peak has been reported in samples annealed at
or above 700◦C (Kalita and Chithambo, 2017b, 2018b,a). Glow curves measured
after preheating to 260◦C and illumination for 12 s are also shown for each sample.
Preheating to 260◦C is intended to remove peaks I-IV of sample B and peaks I-V
of sample C. Peaks I, II and III of each sample are reproduced under phototransfer
for this preheat as shown in Figures 8.1a and 8.1b.

8.2 Determining the role of electron traps as
acceptors or donors using partial heating

Partial heating and subsequent light exposure were used to investigate the role of
each electron trap either as an acceptor or a donor in the observed PTTL. Sample
B (annealed at 700◦C) and sample C (annealed at 900◦C) were preheated from 60
to 600◦C at 10◦C intervals after irradiation to 3.0 Gy and illumination for 12 s each
time. For ease of reference, PTTL peaks corresponding to peaks I-VII of sample
B are referred to as B1-B7 whereas PTTL peaks corresponding to peaks I-VIII of
sample C are referred to as C1-C8.

8.2.1 Effect of partial heating on peaks I, II and IIa

A PTTL peak say B1 is observed only after peak I of sample B has been removed
by preheating. In Figures 8.2 and 8.3, the labels of the observed PTTL peaks are
used. However it is understood that each of these peaks only becomes a genuine
PTTL peak above a certain preheat temperature.

Figure 8.2a shows the dependence of the PTTL intensity on the preheating tem-
perature for peaks B1, B2 and B2a. The intensity of peak B1 is constant with
preheating temperature from 80 to 150◦C and then decreases rapidly from 150 to
180◦C. Beyond 180◦C, the intensity of peak B1 decreases at slower rate. Peak B2
behaves in a manner similar to peak B1 with preheating temperatures from 100
to 310◦C and then decreases at a faster rate. Peak II of sample B only becomes
a PTTL peak after preheating above 90◦C hence the initial decrease in intensity
up to 100◦C is expected because the corresponding trap is being depleted. For
peak B2a, which appears near 100◦C, the intensity decreases from 60 to 320◦C.
However, the rate of decrease varies within this interval. The most significant drop
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8.2.1. Effect of partial heating on peaks I, II and IIa

in intensity occurs between 150 and 210◦C. The behaviour of peaks B1, B2 and
B2a within the interval 100-150◦C is expected of an acceptor peak when donors are
not significantly depleted. Beyond 180◦C, the intensity of each peak continues to
decrease but does so very slowly. Above 400◦C, we could no longer measure peaks
B1, B2 and B2a. Peak III of sample B, which is its main peak, is within 150-200◦C
where the intensity of each of the observed PTTL peak decreases rapidly. The
electron trap of this peak is therefore a main donor to the electron traps associated
with peaks I, II and IIa of sample B respectively.

Figure 8.2b shows the dependence of the intensity on preheating temperature for
peaks C1, C2 and C2a. The intensity of each of these peaks decreases with pre-
heating temperatures from 60 up to 200◦C. Beyond 200◦C, only peak C2 could
still be measured and, its intensity decreases slowly up to 350◦C. The influence
of preheating temperature on the intensity of peaks C1, C2 and C2a shows that
peak III (at 174◦C) of this sample is the main donor of electrons for the associated
acceptor traps. The PTTL-temperature profile of peak C2 suggests that electron
traps above 200◦C are also donors.
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8.2.1. Effect of partial heating on peaks I, II and IIa

a

b

Figure 8.2: Dependence of PTTL intensity on preheating temperatures for peaks
B1, B2 and B2a (a) and for peaks C1, C2 and C2a respectively.
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8.2.2. Effect of partial heating on peak III

8.2.2 Effect of partial heating on peak III

Figure 8.3 shows the dependence of PTTL intensity of peaks B3 and C3 on pre-
heating temperature. The intensity of peak B3 is nearly constant with preheating
temperatures from 100 up to 150◦C as expected of an acceptor peak. From 150
to 200◦C, the intensity of this peak decreases sharply since it is being depleted,
that is acting as a donor. From 200◦C, its intensity decreases at a slower rate.
Peak C3 shows a similar profile. These results imply that the traps corresponding
to peaks IV-VII of sample B or peaks IV-VIII of sample C are the donors. The
significance of their contribution will be investigated by monitoring the intensity
of these peaks with light exposure.

Figure 8.3: Dependence of PTTL intensity on preheating temperatures for peaks
B3 and C3 respectively.

8.2.3 Effect of partial heating on peaks IV-VIII

Peak IV of sample B, which is on the falling edge of peak III is reproduced for
preheating to 260◦C and illumination for 7000 s or 10000 s respectively. However
its intensity is low and it is not reproduced for higher preheats. Figure 8.4 shows a
glow curve in which PTTL peak B4 is observed following preheating to 260◦C and
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8.3. Qualitative description of the dependence of PTTL intensity on illumination time

illumination for 7000 s. None of peaks V-VII of sample B or of peaks IV-VIII of
sample C are reproduced under phototransfer.

Figure 8.4: A glow curve of sample B recorded at 1◦C/s after preheating to 260◦C
and illumination for 7000 s. Peak B4, at 202◦C, is the PTTL peak corresponding
to peak IV.

Tables 8.1 and 8.2 list the ‘possible’ or theoretical donors for each of the observed
PTTL peaks of samples B and C for the preheating temperatures used.

8.3 Qualitative description of the dependence of
PTTL intensity on illumination time

8.3.1 PTTL from peaks I and II after preheating to 100◦C

Figure 8.5a shows the dependence of PTTL intensity on illumination time for peaks
B1 and C1 following preheating to 100◦C. The intensity of peak B1 increases with
illumination time up to 16 s and then decreases monotonically thereafter. Peak
C1 behaves in a similar manner. Peaks B1 and C1 are reproduced at 46 and 49◦C
respectively; the same position as their corresponding peak under conventional TL.
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8.3.1. PTTL from peaks I and II after preheating to 100◦C

Table 8.1: TL peaks, their corresponding PTTL peaks and possible donors for
sample B.

TL PTTL

Peak Tm Peak Preheating Possible
label (◦C) label temp (◦C) donors

I 46 B1 100 IIa-VII
120 III-VII
200 IV-VII
260 V-VII
360 VII

II 76 B2 100 IIa-VII
120 III-VII
200 IV-VII
260 V-VII
360 VII

IIa 100 B2a 200 IV-VII
260 V-VII

III 170 B3 200 IV-VII
260 V-VII
360 VII

IV 199
V 290
VI 330
VII 375

Figure 8.5b shows the dependence of PTTL intensity on illumination time for peaks
B2 and C2. The intensity of peak B2 reaches a maximum at 32 s of illumination
time before decreasing monotonically thereafter. For peak C2, the maximum in-
tensity occurs at 64 s and its dependence on illumination time is similar to that
of peak B2. The intensity values of peak C2, the sample annealed at 900◦C, are
higher than those of peak B2. This is not the case for peaks B1 and C1. The
possible donors for the PTTL for sample B are the electron traps for peaks IIa-VII
since these are not removed by preheating to 100◦C. For peaks C1 and C2, the
possible donors are the electron traps for peaks IIa-VIII.

Figure 8.6a shows the influence of illumination time on the TL intensity of peaks IIa
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8.3.1. PTTL from peaks I and II after preheating to 100◦C

Table 8.2: TL peaks, their corresponding PTTL peaks and possible donors for
sample C.

TL PTTL

Peak Tm Peak Preheating Possible
label (◦C) label temp (◦C) donors

I 49 C1 100 IIa-VIII
120 III-VIII
200 IV-VIII
260 VI-VIII

II 80 C2 100 IIa-VIII
120 III-VIII
200 IV-VIII
260 VI-VIII
360 VIII

IIa 100 C2a 200 IV-VIII
260 VI-VIII

IIb ∼140 C2b 200 IV-VIII
360 VIII

III 174 C3 200 IV-VIII
260 V-VIII
360 VIII

IV 206
V 235
VI 290
VII 335
VIII 375

and III for sample B. The intensity of peak IIa goes through a maximum and then
decreases with illumination time up to 1024 s. We note that peak IIa which appears
at 100◦C is not fully removed by preheating to 100◦C. The TL time-response profile
of this peak suggests that at the start of illumination it acts as a competitor for
optically stimulated electrons from higher temperature traps; however, with further
illumination its role as a donor becomes prominent. For peak III, the most intense
of these peaks, the TL intensity drops rapidly within the first 150 s of illumination
and then decreases slowly thereafter.
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8.3.1. PTTL from peaks I and II after preheating to 100◦C

a

b

Figure 8.5: Dependence of PTTL intensity on duration of illumination for peaks
B1 and C1 (a) and, for peaks B2 and C2 (b).

Figure 8.6b shows the dependence of TL intensity on illumination time for peaks
IV-VII of sample B. In each case, the TL intensity decreases with illumination time.
For peak VII however, the intensity decreases very slowly. In order to estimate the
significance of each of these peaks as a donor, a ratio of intensities between each
of peaks IV-VII and peak III was plotted. These ratios are referred to as relative
intensities. Figure 8.7 depicts the relative intensity of peaks IV-VII as functions of
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8.3.1. PTTL from peaks I and II after preheating to 100◦C

a

b

Figure 8.6: Dependence of TL intensity on illumination time following preheating
to 100 ◦C for peaks IIa and III (a) and, for peaks IV-VII (b).

illumination time. This analysis of relative intensities shows that the electron traps
corresponding to peaks IIa and III are the main donors. As shown in Figure 8.7b,
the contribution from electron traps associated with peaks IV-VII can be neglected.

A similar analysis showed that for sample C, electron traps corresponding to
peaks IIa and III are the main donors for PTTL peaks C1 and C2.
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8.3.1. PTTL from peaks I and II after preheating to 100◦C

a

b

Figure 8.7: Relative intensity of (a) peaks IIa and III and of (b) peaks IV-VII of
sample B following preheating to 100◦C. The dotted lines are visual guides.
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8.3.2. PTTL following preheating to 120◦C

8.3.2 PTTL following preheating to 120◦C

Peaks I, II and IIa of samples B and C are removed after preheating to 120◦C.
Following illumination and heating again, peaks I and II are reproduced under
phototransfer as B1 and B2 for sample B and as C1 and C2 for sample C.

Figure 8.8a shows the dependence of PTTL intensity on illumination time for peaks
B1 and C1 whereas Figure 8.8b shows that of peaks B2 and C2. The PTTL
intensities of all these peaks each increases with illumination time up to a maximum
and then decreases thereafter.
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8.3.2. PTTL following preheating to 120◦C

a

b

Figure 8.8: Dependence of PTTL intensity on illumination time after preheating
to 120◦C for peaks B1 and C1 (a) and, (b) for peaks B2 and C2 respectively.
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8.3.2. PTTL following preheating to 120◦C

Following preheating to 120◦C, the possible donors for sample B are the electron
traps of peaks III-VII as reported in Table 8.3. Figure 8.10 shows the dependence
of TL intensity on illumination time for peaks III-VII of sample B after preheating
to 120◦C. The TL time-response profiles of peaks III and VI are shown on the main
graph while those of peaks IV, V and VII are in the inset. As for preheating to
100◦C, the intensity of peak III decreases to less than 40% of its initial value within
the first 150 s of illumination time. For peaks IV-VII, the respective TL intensity
each decreases monotonically with illumination time. The relative intensity of
peaks III-VII is shown in Figure 8.11 and its analysis leads to peaks III and VI of
sample B as the main donors for peaks B1 and B2 following preheating to 120◦C.
The contributions of the donors associated with peaks IV, V and VII are negligible
since the relative intensity of each of these peaks is below 0.20.

Figure 8.9

Figure 8.10: Dependence of TL intensity on illumination time after preheating to
120 ◦C for peaks III-VII of sample B.

A similar analysis of the TL time-response profiles of peaks III-VIII of sample C
shows that the electron trap of peak III is the main source for the PTTL resulting
in peaks C1 and C2 respectively.
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8.3.2. PTTL following preheating to 120◦C

a

b

Figure 8.11: Relative intensity of (a) peaks III and IV and of (b) peaks V-VII of
sample B following preheating to 120◦C. The dotted lines are visual guides.
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8.3.3. PTTL following preheating to 200◦C

8.3.3 PTTL following preheating to 200◦C

Preheating to 200◦C removes peaks I-III of samples B and C. Peak IV of these two
samples is also partially removed. Following this preheating, peaks I, II, IIa and
III are reproduced under phototransfer as peaks B1, B2, B2a and B3 for sample B
and as C1, C2, C2a and C3 for sample C. In addition to these PTTL peaks, we also
observed a PTTL peak near 140◦C for sample C. This peak is denoted here as C2b.
Figure 8.12 shows glow curves measured after irradiation to 3.0 Gy for sample C.
The glow curve measured immediately after irradiation is represented with the solid
symbols whereas as the one measured after preheating and subsequent illumination
is shown with the open symbols.

Figure 8.12: Glow curve measured at 1 ◦C/s for sample C after irradiation to
3.0 Gy (solid symbols). The glow curve obtained after preheating to 200 ◦C and
subsequent illumination for 12 s (open symbols) are also shown for comparison.

Figure 8.13a shows the dependence of PTTL intensity on illumination time for
peaks B1 and C1 following preheating to 200◦C. The intensity of peaks B1 and C1
increases with illumination. Beyond 80 s and 90 s of illumination time respectively,
the peaks could no longer be measured.

Figure 8.13b shows the dependence of PTTL intensity on illumination time for
peaks B2 and C2 following preheating to 200◦C. The intensity of each of these
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8.3.3. PTTL following preheating to 200◦C

a

b

Figure 8.13: Dependence of PTTL intensity on illumination time after preheating
to 200 ◦C for peaks B1 and C1 (a) and, (b) for peaks B2 and C2 respectively.

peaks initially goes through a maximum and decreases thereafter.

The results of Figures 8.5, 8.8 and 8.13 show that the illumination time at which
the maximum PTTL intensity is reached changes with preheating temperature.
For peak B2 for example, the maximum PTTL intensity is reached at 16, 32, or
256 s after preheating to 100, 120 or 200◦C respectively.

Figure 8.14 shows the dependence of PTTL intensity on duration of illumination
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8.3.3. PTTL following preheating to 200◦C

Figure 8.14: Dependence of PTTL intensity on illumination time after preheating
to 200 ◦C for peaks B2a and C2a

for peaks B2a and C2a following preheating to 200◦C. The intensity of each of these
peaks goes through a maximum before decreasing monotonically with illumination
up to 10000 s.

The dependence of PTTL intensity on exposure time for peak C2b following pre-
heating to 200◦C is shown in Figure 8.15. The intensity is independent of duration
of illumination up to 80 s and it is very low in comparison to that of the other PTTL
peaks of this sample. The PTTL intensity against illumination time is shown in
Figure 8.16 for peaks B3 and C3. For each of these peaks, the intensity increases
initially with illumination time up to 256 s and then decreases monotonically there-
after.

For sample B, the possible donors are electron traps of peaks IV-VII which are not
emptied after this preheat. For sample C, they are those of peaks IV-VIII. The
analysis of their relative intensities shows that the electron traps corresponding to
these peaks are indeed donors for observed PTTL following preheating to 200◦C.
The relative intensity of each of peaks IV-VII is shown in Figure 8.17. A similar
analysis shows that the donors for sample C are the electron traps of peaks IV-VII.
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8.3.3. PTTL following preheating to 200◦C

Figure 8.15: Dependence of PTTL intensity on illumination time after preheating
to 200 ◦C for peak C2b.

Figure 8.16: Dependence of PTTL intensity on illumination time after preheating
to 200 ◦C for peaks B3 and C3.
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8.3.4. PTTL following preheating to 260◦C

Figure 8.17: Relative intensity for peaks IV-VII following preheating to 200◦C. The
dotted lines are visual guides which show the trend in the data.

8.3.4 PTTL following preheating to 260◦C

Preheating to 260◦C removes peaks I-IV of sample B and peaks I-V of sample C. For
sample B, the observed PTTL peaks are B1, B2, B2a and B3 whereas for sample C,
they are C1, C2, C2a and C3 respectively. Figure 8.18a shows the dependence of
PTTL intensity of peaks B1 and C1 on illumination time after preheating to 260◦C.
The intensity of peak B1 increases with illumination time up to 96 s and could no
longer be measured. For this preheat, Peak C1 is observed for illumination time
up to 16 s. For higher exposure time, the peak could no longer be measured. Peak
B1 becomes indistinct and is obscure by peak B2 as the exposure time increases.
The same observation is made for peak C1.

Figure 8.18b shows that for peaks B2 and C2, the respective PTTL intensity in-
creases with illumination time up to 256 s and then decreases monotonically there-
after with further illumination up to 10000 s.

The dependence of intensity on illumination time for peaks B2a and C2a, as shown
in Figure 8.19, behaves as those of peaks B2 and C2 respectively. Peak B2a reaches
its maximum at 256 s whereas for peak C2a, the maximum occurs at 512 s.
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8.3.4. PTTL following preheating to 260◦C

a

b

Figure 8.18: Dependence of PTTL intensity on illumination time after preheating
to 260 ◦C for peaks B1 and C1 (a) and, for peaks B2 and C2 (b).

The dependence of PTTL intensity on illumination time for peaks B3 and C3 after
preheating to 260◦C is shown in Figure 8.20. The intensity of these peaks each
increases with illumination time up to 256 s and then decreases monotonically
thereafter up to 10000 s.

For sample B the analysis of relative intensities for peaks V-VII shows that their
electron traps are the respective donors for the PTTL peaks B1, B2, B2a and B3.
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8.3.4. PTTL following preheating to 260◦C

Figure 8.19: Dependence of PTTL intensity on illumination time after preheating
to 260 ◦C for peaks B2a and C2a respectively.

Figure 8.20: Dependence of PTTL intensity on illumination time after preheating
to 260 ◦C for peaks B3 and C3.

The same analysis reveals that for sample C, the donors are the traps associated
with peaks VI-VIII.
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8.3.5. PTTL following preheating to 360◦C

8.3.5 PTTL following preheating to 360◦C

Following preheating to 360◦C, all but the last peak of each sample are completely
removed. Hence with the exception of deep traps, the electron trap of this re-
maining peak is the only donor in each case. For sample B, the resulting PTTL
peaks are B1, B2 and B3 whereas for sample C, they are C2 and C3. Figure 8.21a
shows the dependence of PTTL intensity on illumination time for peak B1. The
intensity of peak B1 first increases with illumination time up to 48 s and decreases
thereafter with illumination time up to 500 s. For peak B2, the intensity grows
with illumination up to 512 s and then decreases slowly thereafter as shown in
Figure 8.21b.

Figure 8.22 shows that the intensity of peak C2 reaches a maximum at 512 s and
then decreases thereafter. As seen in Figure 8.23, the PTTL-time response profiles
of peaks B3 and C3 are similar. The intensity of these peaks each grows with
illumination time up to 64 s before decreasing with further illumination time up to
7000 s.

8.3.6 Following preheating to 400◦C

For samples B and C, PTTL peaks were not observed after preheating to 400◦C
and subsequent illumination. For the unannealed sample on the other hand, PTTL
peaks were observed as reported by Sob et al. (2021).

8.4 Mathematical analysis of PTTL time-response
profiles

This section deals with a quantitative analysis of PTTL time-response profiles of
the annealed samples. To aid discussion, the observed TL and PTTL peaks of
samples B and C are listed in Tables 8.3 and 8.4. The electron traps listed as ‘pos-
sible donors’ are the theoretically expected ones. The main donors suggested by
the partial heating experiment (section 8.2) and as reflected by PTTL time-profiles
(section 8.3) are listed separately. The analysis will be based on the latter two lists
rather than the ideal theoretical list. Nik will denote the concentration of trapped
electrons at the ith electron trap and, sik the stimulation probabilities for sample
k. This method of analysis was developed by Chithambo et al. (2017a) and it was
applied on quartz (Chithambo et al., 2018, 2019; Chithambo and Dawam, 2020),
α-Al2O3:C (Chithambo et al., 2017a) and unannealed α-Al2O3:C,Mg (Sob et al.,
2021). The main assumptions are that only a portion of electrons released from a
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8.4. Mathematical analysis of PTTL time-response profiles

a

b

Figure 8.21: Dependence of PTTL intensity on illumination time for peak B1 (a)
and for peak B2 after preheating to 360 ◦C (b).

donor trap end up at the acceptor electron trap to produce PTTL; and retrapping
is negligible because these peaks follow first-order kinetics. As in the case of the
unannealed sample, the equations describing the change in the concentration of
trapped electrons are written for the illumination step only. These equations de-
scribe the transfer, to an acceptor, of a proportion of electrons optically stimulated
from a donor. The number of donors for any acceptor peak depends on the preheat
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8.4. Mathematical analysis of PTTL time-response profiles

Figure 8.22: Dependence of PTTL intensity on illumination time after preheating
to 360 ◦C for peak C2.

Figure 8.23: Dependence of PTTL intensity on illumination time after preheating
to 360 ◦C for peaks B3 and C3.

temperature. Each coupled set of first-order differential equations has a particu-
lar solution. This solution is applied to the experimental data for that particular
system. The resulting fits are shown in Figures 8.24-8.27 in section 8.5.
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8.4.1. PTTL following preheating to 100◦C

8.4.1 PTTL following preheating to 100◦C

Preheating to 100◦C and illumination produces peaks B1 and B2 for sample B and,
peaks C1 and C2 for sample C. For each set of peaks, the main donor obtained
from pulse annealing study is the electron trap of peak III of the corresponding
sample. From PTTL time-response study, the main donors for peaks B1 and B2
are the electron traps of peaks IIa and III as shown in Table 8.3. By considering
the dominant donor only (peak III), the PTTL time-response profile for peak B1 or
B2 (Figure 8.5) can each be described by a system of one acceptor and one donor.
A similar system applies for peak C1 or C2. The rate equations for such a system
are:

dN3k
dt

= −s3kN3k (8.1)

dNjk

dt
= −sjkNjk + α3ks3kN3k (8.2)

where k stands for B or C and (sjk, Njk) is either (s1B, N1B), (s2B, N2B), (s1C , N1C)
or (s2C , N2C) and α3k are proportionality constants. Equation (8.1) describes the
loss of electrons from the donor whereas Equation (8.2) describes not only the
transfer of electrons from the donor but also the loss due to illumination at the
acceptor. The solution of the coupled sets of equations (8.1) and (8.2) is

Njk = Ak(e−s3kt − e−sjkt) (8.3)

where Ak = α3ks3kN3ki/(sjk−s3k) and, N3ki are the initial concentration of trapped
electrons at the donor trap at the start of illumination.

For peak B1, B2, C1 or C2, we first analysed the time profiles on the basis of
systems consisting one acceptor and two donors but the resulting fits were not
satisfactory. Systems of one acceptor and one donor yielded much better fits for
each of their time profiles as shown later in Figures 8.24a and 8.24b.

8.4.2 PTTL following preheating to 120◦C

Peaks B1 and B2 are reproduced under phototransfer after preheating to 120◦C
whereas peaks C1 and C2 are reproduced for sample C. For each of these samples,
the electron trap of peak III is the dominant donor found from pulse annealing. The
PTTL time-response study of sample B showed that the electron trap of peak VI
is also a donor. Hence, the PTTL time-response profiles of sample B can each be
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8.4.3. PTTL following preheating to 200◦C

described as systems of one acceptor and two donors whereas those of sample C
can be described as systems of one acceptor and one donor. In practise though,
the PTTL time-response profile of peaks B1, B2, C1 and C2 were best fitted with
expressions of the same form as equation (8.3).

8.4.3 PTTL following preheating to 200◦C

Preheating to 200◦C removes peaks I-III of samples B and C. For sample B, peaks
B1, B2, B2a and B3 are reproduced under phototransfer whereas as for sample C,
the PTTL peaks are C1, C2, C2a, C2b and C3. As reported in Tables 8.3 and
8.4, the PTTL time-response study showed that the electron traps corresponding
to peaks IV-VII of these sample are the respective donors. In principle, the PTTL
time-response profile of any of these PTTL peaks should be described by a system
of one acceptor and four donors. The rate equations of charge transfer for such a
system are:

dNlk

dt
= −slkNlk (8.4)

dNjk

dt
= −sjkNjk +

7∑
l=4

αlkslkNlk (8.5)

where k stands for B or C; j takes values 1, 2, 2a, 2b or 3 depending on which
acceptor the system is being solved for. The donor traps are indexed by l = 4, 5,
6 and 7. The proportionality constant corresponding to a donor trap l of sample k
is denoted αlk. For each acceptor trap (k, j), the solution to equations (8.4) and
(8.5) is

Njk =
7∑
l=4

Alk(e−slkt − e−sjkt) (8.6)

where Alk = αlkslkNlki/(sjk − slk) and, Nlki is the initial concentration of trapped
electrons at donor trap l at the start of illumination. Systems consisting of one
acceptor and four donors did not yield satisfactory fit. The time-response profiles
of PTTL peaks observed after preheating to 200 ◦C were best fitted by reducing
the number of donors from four to one.

8.4.4 PTTL following preheating to 260◦C

Preheating to 260◦C removes peaks I-IV of sample B and peaks I-V of sample C.
The PTTL peaks of sample B are B1, B2, B2a and B3. The possible donors of
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8.4.5. PTTL following preheating to 360◦C

electron traps for sample B are those of peaks V-VII. The PTTL time-response
study showed that for this preheat, the electron traps of peaks V-VII are indeed
the donors for the observed PTTL. The PTTL peaks of sample C are C2, C2a,
C2b and C3 and a similar analysis showed that the electron traps of peaks VI
and VII are the donors. Systems of one acceptor and three donors are needed to
describe the PTTL time-response profiles of peaks B1, B2, B2a and B3 whereas
for the PTTL peaks of sample C, systems of one acceptor and two donors are.
However, the time-response profiles were best fitted with expressions derived for
systems consisting of a single donor such as equation (8.3).

8.4.5 PTTL following preheating to 360◦C

For samples B and C the last preheating temperature for which PTTL time-
response profiles were analysed was 360◦C. For sample B, preheating to 360◦C
removes all but peak VII which is only partially removed. The resulting PTTL
peaks for sample B are peaks B1, B2 and B3. For sample C, this preheat removes
all but peak VIII which is only removed partially. The PTTL peaks for sample C
are peaks C2 and C3. For each of these peaks a system consisting of one acceptor
and a donor trap yields a satisfactory fit.

8.5 Applications of the mathematical model

Figures 8.24-8.27 show the application of models from Equation (8.3) to exper-
imental data for each of the preheating temperatures used. The PTTL time-
response profiles of peaks B1 and C1 after preheating to 100◦C are shown in
Figure 8.24a. For peaks B2 and C2, the corresponding profiles are shown in Fig-
ure 8.24b. The fits obtained from Equation (8.3) following preheating to 120◦C are
shown in Figure 8.24c for peaks B1 and C1. The PTTL time-response profiles from
the same analysis are shown in Figure 8.24d for peaks B2 and C2 after preheating
to 120◦C.

The PTTL time-response profiles of peaks B2 and C2 after preheating to 200◦C
were fitted using expressions of the same form as Equation (8.3) as shown in Fig-
ure 8.25a. The same analysis is shown in Figure 8.25b for peaks B2a and C2a.
Similarly, the PTTL time-response profile of peak B3 fitted with an expression of
the same form as Equation (8.3) is shown in Figure 8.25c.

The PTTL time-response profile of peak B1 fitted with Equation (8.3) is shown in
Figure 8.26a. The PTTL time-response profiles of peaks B2 and C2 after preheating
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8.5. Applications of the mathematical model

a b

c d

Figure 8.24: PTTL time-response profiles of peaks B1 and C1 (a) and, of peaks B2
and C2 after preheating to 100 ◦C (b); PTTL time-response profiles of peaks B1
and C1 (c) and, of peaks B2 and C2 after preheating to 120 ◦C (d).

to 260◦C are shown in Figure 8.26b. Figures 8.26c and 8.26d show the PTTL time-
response profiles of peaks B2a and C2a and, of peaks B3 and C3 after preheating
to 260◦C fitted with Equation (8.3).

For preheating to 360◦C, the fits with expressions of the same form as Equa-
tion (8.3) are shown in Figures 8.27a-8.27d for the PTTL time-response profiles
of peaks B1, B2, C2 and B3 respectively.

The optical stimulation probability s = Φσ is obtained from fitting. It is then
used to evaluate the photoionization cross-section σ for each of the observed PTTL
peaks. In this study, the incident photon flux Φ = 1.70 × 1017 cm−2 s−1 and σ is
calculated as s/Φ. The values found are included in Tables 8.3 and 8.4 and range
between 10−21-10−18 cm2.
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8.6. Summary

8.6 Summary

A glow curve of α-Al2O3:C,Mg annealed at 700◦C for 15 minutes (sample B) has
peaks at 46, 76, 100, 170, 199, 290, 330 and 375◦C when measured at 1◦C/s after
irradiation to 3.0 Gy. In comparison, for the sample annealed at 900◦C (sample C),
a glow curve measured under the same conditions consists of peaks at 49, 80, 100,
174, 206, 235, 290, 335 and 375◦C. These peaks are labelled I through VII for sample
B and I through VIII for sample C. The peak at 100◦C, which is observed in both
samples, is labelled peak IIa. This peak is due to a new electron trap created after
the destruction of the F2+

2 (2Mg) centre after annealing at or above 700◦C (Kalita
and Chithambo, 2017b). Peaks I-III of each of these samples are reproduced under
phototransfer for preheating temperatures between 100 and 360◦C. For sample C, a
PTTL peak is found near 140◦C after preheating to 200◦C. This peak is obscured
by peak III, the dominant peak. In each sample, the electron trap of peak III
acts as a donor for the observed PTTL peaks below 150◦C. However, the trap
of peak III also acts as an acceptor for electrons from higher temperature traps.
Due to its position in the glow curve, the transfer of charges to lower temperature
traps and from higher temperature trap is favourable. Even though, the role of the
electron traps of peaks IV-VII becomes prominent after the removal of peak III by
preheating, PTTL time-response profiles of the observed PTTL peaks were best
described as systems of one acceptor and one donor.

148



8.6. Summary

a

b

c

Figure 8.25: PTTL intensity against duration of illumination for peaks B2 and C2
(b) and, for peaks B2a and C2a (c) and for peak B3 after preheating to 200 ◦C (d).
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a b

c d

Figure 8.26: PTTL time-response profiles of peak B1 (a) and, of peaks B2 and C2
(b) and, of peaks B2a and C2a (c) and, of peaks B3 and C3 after preheating to
260◦C (d).
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a b

c d

Figure 8.27: PTTL against duration of illumination of peak B1 (a), and of peak
B2 (b), and of peak C2 (c), and of peak B3 (d) after preheating to 360 ◦C.
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Chapter 9
Illumination-time-dependent
profiles of phototransferred

thermoluminescence of
α-Al2O3:C,Mg annealed at 1200◦C

This chapter deals with the phototransferred thermoluminescence (PTTL) of α-
Al2O3:C,Mg annealed at 1200◦C. For the mathematical description of a PTTL
peak, a system consisting of an acceptor and, donors the number of which de-
pends on the preheating temperature is used. The sample annealed at 1200◦C
for 15 minutes is hereafter referred to as sample D. The luminescence sensitiv-
ity of α-Al2O3:C and α-Al2O3:C,Mg is due to their large concentration of F and
F+-centres (Akselrod et al., 1990, 2003a; Chithambo et al., 2015). In addition
to these centres, α-Al2O3:C,Mg also contains Mg-related centres such as F+(Mg),
F2+

2 (2Mg) and F+
2 (2Mg) (Akselrod et al., 2003a). It has been found that the

F2+
2 (2Mg)-centre disappears after annealing at 700◦C while the F and F+-centres

remain stable up to 1200◦C (Akselrod et al., 2003a). For α-Al2O3:C, studies (Yu-
kihara et al., 2004; Chithambo, 2004; Yukihara and McKeever, 2006) found that
annealing at 900◦C depletes deep electron traps and that the luminescence sensitiv-
ity is affected. In the case of α-Al2O3:C,Mg, a new electron centre is formed after
annealing at 700◦C (Kalita and Chithambo, 2017b). The influence of annealing
and beta irradiation on TL spectra of α-Al2O3:C,Mg has been investigated (Kal-
ita and Chithambo, 2018a). For the unannealed sample, Kalita and Chithambo
(2018a) reported a main emission band from F-centres at ∼410 nm and secondary
emission bands at ∼325 and 485 nm attributed to F+ and F2+

2 (2Mg) centres re-
spectively. Except for a decrease in the intensity of the emission at 485 nm, Kalita
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9.1. Glow curve characteristics

and Chithambo (2018a) observed similar bands for samples annealed at 700 and
900◦C. In addition, they found that for samples annealed at or above 700◦C and
for doses greater than 10 Gy, the influence of irradiation dose on the F+ and F-
centres could be easily distinguished. Using radioluminescence, (Chithambo et al.,
2020) showed that the 330 nm emission corresponding to the F+-centre becomes
prominent with annealing at 1200◦C. The authors also observed that the F and F+

centres were affected by thermal quenching (Chithambo et al., 2020).

9.1 Glow curve characteristics

α-Al2O3:C,Mg is a supersensitive luminescent material whose sensitivity is en-
hanced by annealing (Kalita and Chithambo, 2017d). Samples annealed at 700
and 900◦C were each irradiated to 3.0 Gy at room temperature for measurement
(Chapter 8). On the other hand, for the sample annealed at 1200◦C (sample D)
a dose of 0.2 Gy was sufficient to measure a signal high enough for reliable ana-
lysis. In order to measure PTTL, the irradiated sample was preheated, cooled and
then exposed to 470 nm blue light of optical power density 72 mW/cm2. Following
illumination, the sample was then heated again at 1◦C/s to monitor PTTL.

Figure 9.1 shows glow curves of sample D measured at 1◦C/s following irradiation
to 0.2 Gy. Solid symbols depict the glow curve measured immediately after irradi-
ation whereas the glow curve recorded after preheating to 120◦C and subsequent
illumination for 12 s is represented with open symbols.

The glow curve of sample D consists of peaks at 52, 82, 102, 174, 234, 288 and
384◦C respectively. These peaks are referred to hereafter as I, II, IIa, III, IV,
V and VII respectively. The peak at 335◦C (peak VI) is indistinct in the glow
curves measured and could not be isolated. For a similar sample of α-Al2O3:C,Mg
annealed at 1200◦C, Kalita and Chithambo (2018b) observed glow peaks at 54,
80, 102, 173, 238, 290, 330 and 387◦C after irradiation to 0.2 Gy and heating at
1◦C/s. The 100◦C peak reported in samples annealed above 600◦C (Kalita and
Chithambo, 2018a) is also found here. It is labelled peak IIa. The glow curve
of sample D measured at 1◦C/s after preheating to 120◦C and illumination for
12 s has 3 PTTL peaks labelled D1 at 52◦C, D2 at 82◦C and D2a at 100◦C. In
addition to these PTTL peaks, the glow curve also consists of peaks III-VII which
are not removed after preheating to 120◦C. We also observed a peak at ∼140◦C;
referred here as peak IIb which is reproduced by phototransfer for certain preheat
temperatures.

Figure 9.2 shows two glow curves. The glow curve depicted with solid circles is
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9.2. Determining the role of electron traps as acceptors or donors using partial heating

Figure 9.1: Glow curves of sample D measured at 1◦C/s following irradiation to 0.2
Gy. Solid symbols depict the glow curve recorded immediately after irradiation and
open circles that measured after preheating to 120◦C and subsequent illumination
for 12 s.

measured immediately after irradiation whereas the one in open circles is recorded
after preheating to 260◦C and subsequent illumination for 12 s. In both cases, the
sample is irradiated to 0.2 Gy and heated at 1◦C/s.

The glow curve recorded after preheating to 260◦C and illumination for 12 s has 6
PTTL peaks at 56, 82, 104, 142, 170 and 236◦C labelled D1, D2, D2a, D2b, D3 and
D4 respectively. These PTTL peaks correspond to peaks I-IV which are removed
following preheating to 260◦C.

9.2 Determining the role of electron traps as
acceptors or donors using partial heating

Partial heating and subsequent light exposure were used to investigate the role
of each electron trap either as an acceptor or a donor in the observed PTTL.
Sample D was preheated from 60 to 600◦C at 20◦C intervals after irradiation to
0.2 Gy and illuminated for 10 s each time. For ease of reference, any PTTL peaks
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9.2.1. Effect of partial heating on peaks I, II and IIa

Figure 9.2: Glow curves of sample D measured at 1◦C/s after irradiation to 0.2
Gy. Solid symbols represents the glow curve recorded immediately after irradiation
whereas the open symbols is for the glow curve obtained after preheating to 260◦C
and subsequent illumination for 12.

corresponding to peaks I-VII of sample D are referred to as D1-D7.

9.2.1 Effect of partial heating on peaks I, II and IIa

In discussing the dependence of preheating temperature on PTTL intensity, labels
for PTTL peaks are used for the whole range of preheating temperatures as seen
in Figure 9.3 for example. It is understood that each of these peaks only becomes
a genuine PTTL peak from a specific temperature since the corresponding peak
in the conventional glow curve needs to be removed before exposure to light to
monitor PTTL.

Figure 9.3 shows the dependence of PTTL intensity (peak height) on preheating
temperature for peaks D2, D2a and D2b respectively. These are PTTL peaks
corresponding to I, II and IIa. We observe a decrease in PTTL intensity for each
of these peaks with preheating temperature. For this sample, a drastic drop in
intensity with preheating within 150-200◦C is not observed for peaks D2, D2a or
D2b as found for the corresponding PTTL peaks for the samples annealed at 700
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9.2.2. Effect of partial heating on peaks III and IV

and 900◦C (Chapter 8) as well as for the unannealed sample (Chapter 7).

Figure 9.3: Dependence of PTTL intensity on preheating temperatures for peaks
D2, D2a and D2b respectively.

Peak I of the conventional TL glow curve of sample D is reproduced under photo-
transfer. However, the dependence on preheating temperature of the corresponding
peak D1 could not be studied because the peak was not clearly distinct from peak
D2. Beyond 350◦C of preheating temperature, peaks D2a and D2b could no longer
be measured. This is not the case for peak D2 which can be measured up to 460◦C.
The decrease in PTTL intensity of each of these peaks with preheating temperat-
ures from 60 to 350◦C shows that peak III which occurs at 174◦C and to a lesser
extend peaks IV and V at 234 and 288◦C are the main donors of electrons for the
observed PTTL peaks.

9.2.2 Effect of partial heating on peaks III and IV

Figure 9.4 shows the dependence of PTTL intensity for peaks D3 and D4 on pre-
heating temperature. For peak D3 the intensity decreases from 60 to 80◦C but
is nearly constant from 100 to 140◦C and then decreases up to 180◦C. There is a
gap in data points from 180 to 280◦C followed by a slow decrease up to 400◦C.
Within 180 - 280◦C, we observed peak D2b to such an extent that D3 is obscured.
PTTL is only observed from peak III, namely peak D3, when peak D2b which is
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9.2.3. Effect of partial heating on peaks V and VII

on the rising edge of peak III is no longer observed. This suggests that the compet-
ition for electrons from possible donors between 180 to 280◦C is dominated by the
electron trap of peak D2b. The intensity of peak D4 is constant with preheating
temperature up to 200◦C and then decreases monotonically thereafter.

Figure 9.4: Dependence of PTTL intensity on preheating temperatures for peaks
D3 and D4 respectively.

Peaks D3 and D4 are observed as PTTL peaks only after preheating beyond 180
and 240◦C respectively. Hence, the initial behaviour of peaks D3 and D4 with
preheating up to 140 and 200◦C respectively is expected since the corresponding
traps are not yet depleted significantly. The result for peak D4 shows that peak
IV of sample D is a donor of electrons for PTTL peak D3.

9.2.3 Effect of partial heating on peaks V and VII

Peak IV of sample D is reproduced under phototransfer and the dependence of its
intensity on preheating temperature is shown in Figure 9.4. Peaks V and VII of
sample D are not reproduced under phototransfer.

Table 9.1 lists the ‘possible’ or theoretical donors for each observed PTTL peaks
for the preheating temperatures used.
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9.3. Qualitative description of the dependence of PTTL intensity on illumination time

Table 9.1: TL peaks, their corresponding PTTL peaks and possible donors

TL PTTL

Peak Tm Peak Preheating Possible
label (◦C) label temp (◦C) donors

I 52 D1 120 III IV V VII
200 IV V VII
260 V VII
350 VII

II 82 D2 120 III IV V VII
200 IV V VII
260 V VII
350 VII

IIa 102 D2a 120 III IV V VII
200 IV V VII
260 V VII
350 VII

IIb ∼140 D2b 200 IV V VII
260 V VII
350 VII

III 174 D3 200 IV V VII
260 V VII
350 VII

IV 234 D4 260 V VII
350 VII

V 288
VII 384

9.3 Qualitative description of the dependence of
PTTL intensity on illumination time

For sample D, which is annealed at 1200◦C for 15 minutes, PTTL is observed only
when peak II is completely removed from the glow curve hence the first PTTL peaks
here were found after preheating to 120◦C. This is not the case for the unannealed
sample and the samples annealed at 700 and 900◦C. The intensity of peak II was
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9.3.1. PTTL following preheating to 120◦C

monitored with illumination time for glow curves measured at 1◦C/s following
irradiation to 0.2 Gy, preheating to 70◦C and light exposure. The intensity of
peak II was found to decrease monotonically with illumination suggesting that the
population of electrons lost during illumination was higher than that gained.

9.3.1 PTTL following preheating to 120◦C

Peaks I, II and IIa of sample D are removed after preheating to 120◦C. These
peaks are reproduced as PTTL peaks at 52, 82 and 104◦C respectively and are
labelled D1, D2 and D2a. Figure 9.5 shows the dependence of PTTL intensity
on illumination time for peak D1 after preheating to 120◦C. The peak reaches
its maximum intensity at 16 s of illumination time before decreasing thereafter.
Beyond 50 s of illumination time peak D1 could no longer be measured.

Figure 9.5: Dependence of PTTL intensity on illumination time after preheating
to 120◦C for peak D1.

Figure 9.6 shows the dependence of PTTL intensity on illumination time for peak
D2 after preheating to 120◦C. The intensity of peak D2 increases with illumination
time up to 128 s and then decreases monotonically to a steady level thereafter. For
this peak, the PTTL could still be measured with illumination time up to 20000 s.

The dependence of TL intensity on duration of illumination for peaks III, IV, V and
VII are shown in Figure 9.7. Figure 9.7a shows the dependence of TL intensity on
illumination time after preheating to 120◦C for peaks III and IV of sample D. The
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9.3.1. PTTL following preheating to 120◦C

Figure 9.6: Dependence of PTTL intensity on illumination time after preheating
to 120◦C for peak D2.

intensities of peaks III and IV which are close in magnitude decrease monotonically
with illumination time falling to less than 50% of their initial values within the first
2000 s of illumination time. Figure 9.7b shows the TL intensity against illumination
time after preheating to 120◦C for peaks V and VII of sample D respectively. The
TL intensities of peak V and VII decrease continuously with illumination time up to
1024 s. The inset of Figure 9.7b shows the intensity of peak D2a (∼ 100◦C) against
illumination time. The intensity of this peak first increases with illumination time
up to 10 s and then decreases monotonically thereafter.

The possible donors for sample D after preheating to 120◦C are the electron traps
of peaks III, IV, V and VII respectively. Peak IIb, which is on the rising edge of
peak III, is also a potential donor but its contribution can be neglected since it
cannot be clearly isolated from peak III for this preheating temperature.

In order to evaluate the contribution of each potential donor, the relative intensity
of each of peaks III, IV, V and VII is computed as the ratio between the peak
intensity and that of the most intense peak for the shortest duration of illumin-
ation used. Following preheating to 120◦C, peak IV is initially the most intense.
Figure 9.8 shows the relative intensity for peaks III, IV, V and VII. As shown
in Figure 9.8a, the relative intensity of peak III increases initially to 1.14 with
illumination up to 4096 s and decreases thereafter to 0.91. That of peak IV is
constant at 1.00 since it is taken as reference. For peak V, the relative intensity
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9.3.1. PTTL following preheating to 120◦C

a

b

Figure 9.7: Dependence of TL intensity on illumination time after preheating to
120◦C for peaks III and IV (a) and for peaks V and VII for sample D (b).

varies between 0.23 and 0.20 with illumination time up to 1024 s whereas as for
peak VII, it is below 0.05 for any length of illumination. Based on this analysis,
the electron traps corresponding to peaks III and IV are the main donors. There
is a small but negligible contribution from peak V.
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9.3.1. PTTL following preheating to 120◦C

a

b

Figure 9.8: Relative intensity of (a) peaks III and IV and of (b) peaks V and VII
on illumination time after preheating to 120◦C.
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9.3.2. PTTL following preheating to 200◦C

9.3.2 PTTL following preheating to 200◦C

Preheating to 200◦C is intended to remove peaks I-III. The PTTL peaks observed
subsequently are peaks D1, D2, D2a and D3. In addition to these, a PTTL peak
near 140◦C denoted D2b is also observed. Peaks D2, D2a, D2b and D3 occur at
80, 104, 142 and 170◦C respectively. The PTTL time-response of peak D1 could
not be studied because it is indistinct from peak D2 in this case. Figure 9.9 shows
a glow curve measured immediately after irradiation to 0.2 Gy (solid symbols) and
one measured after irradiation to 0.2 Gy, preheating to 200◦C and illumination for
12s where PTTL peaks D1, D2, D2a and D2b are apparent.

Figure 9.9: Glow curve of sample D measured at 1◦C/s after irradiation to 0.2 Gy
(solid symbols). The glow curve obtained after preheating to 200◦C and subsequent
illumination for 12 s (open symbols) is also shown for comparison.

Figure 9.10 shows the dependence of PTTL intensity on illumination time for peak
D2 after preheating to 200◦C.

The intensity of peak D2 first increases with illumination time before decreasing
monotonically thereafter with further illumination up to 12000 s. Figure 9.11a
shows the dependence of PTTL intensity of peak D2a on illumination time after
preheating to 200◦C. The intensity of this peak reaches a maximum at 128 s of
illumination time before decreasing monotonically thereafter with illumination time

163



9.3.2. PTTL following preheating to 200◦C

Figure 9.10: Dependence of PTTL intensity on illumination time after preheating
to 200 ◦C for peak D2.

up to 4096 s.

Figure 9.11b shows the dependence of PTTL intensity on illumination time for
peak D2b following preheating to 200◦C. For peak D2b, the PTTL intensity ini-
tially increases with illumination time up to 8 s before decreasing monotonically
thereafter with further illumination time up to 65 s. In contrast to peak D2 which
can be measured following illumination time up to 12000 s, peak D2b can only be
measured for much shorter illumination times. For peak D3, the intensity decreases
monotonically with illumination time up to 8192 s as shown in Figure 9.12.

The supposed donors are therefore electron traps of peaks IV, V and VII.

Figure 9.13 shows the dependence of TL intensity on illumination time for peaks
IV, V and VII. The intensity of each of these peaks decreases monotonically with
illumination time. Peaks V and VII are only observed up to 2000 s of illumination
time whereas peak IV can be measured up to 4000 s of illumination time. The
relative intensity of each of these peaks is plotted in Figure 9.14. Its analysis shows
that peak IV is the main donor. There is a small contribution from peak V and a
negligible one from peak VII.
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9.3.3. PTTL following preheating to 260◦C

a

b

Figure 9.11: Dependence of PTTL intensity on illumination time after preheating
to 200 ◦C for peak D2a (a) and, for peak D2b.

9.3.3 PTTL following preheating to 260◦C

Preheating to 260◦C removes I-IV of sample D. PTTL peaks D2, D2a, D2b, D3
and D4 which correspond to peaks I-IV respectively are observed after subsequent
illumination and heating. These peaks occur at 82, 104, 142, 170 and 236◦C re-
spectively. Figure 9.15 shows that the intensity of peak D2, following preheating to
260◦C, first increases with illumination time up to 256 s before decreasing mono-
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9.3.3. PTTL following preheating to 260◦C

Figure 9.12: Dependence of PTTL intensity on illumination time after preheating
to 200 ◦C for peak D3 (b).

Figure 9.13: Dependence of TL intensity on illumination time following preheating
to 200 ◦C for peaks IV, V and VII of sample D.

tonically thereafter with further illumination time up to 8192 s. Peak D2a, whose
profile is shown in Figure 9.16a, behaves in a similar manner.
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9.3.3. PTTL following preheating to 260◦C

Figure 9.14: Relative intensity of peaks IV, V and VII of sample D on illumination
time after preheating to 200◦C.

Figure 9.15: Dependence of PTTL intensity on illumination time after preheating
to 260 ◦C for peak D2.
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9.3.3. PTTL following preheating to 260◦C

a

b

Figure 9.16: Dependence of PTTL intensity on illumination time after preheating
to 260 ◦C for peaks D2a (a) and D2b (b) respectively.

For peak D2b, the intensity increases with illumination time up to 8 s before
decreasing thereafter with further illumination up to 64 s as shown in Figure 9.16b.
For exposure time greater than 64 s, peak D2b could no longer be measured because
peak D3 became prominent. Figure 9.17 shows the dependence of PTTL intensity
on illumination time for peak D3 after preheating to 260◦C.

For peak D3, the intensity reaches a maximum at 128 s of light exposure time before
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9.3.4. PTTL following preheating to 350◦C

Figure 9.17: Dependence of PTTL intensity on illumination time after preheating
to 260 ◦C for peak D3.

decreasing monotonically thereafter with illumination time up to 6000 s. For this
sample, peak IV is reproduced by phototransfer as peak D4. The corresponding
peak of samples B (annealed at 700◦C) or C (annealed at 900◦C) is not reproduced.
Figure 9.18a shows the dependence of intensity on illumination time for peak D4
after preheating to 260◦C and in the inset following preheating to 350◦C.

For preheating to 260◦C, the PTTL intensity increases with illumination time up
to 64 s before decreasing monotonically thereafter. The electron traps associated
with peaks V and VII are the supposed donors of the observed PTTL peaks since
they are not removed by preheating to 260◦C. The dependence of TL intensity on
illumination time for each of these two peaks is shown is Figure 9.18b. In each
case, the TL intensity decreases continuously with illumination. The ratio between
the intensity of peak V and that of peak VII as a function of illumination shows
that peak V is the main donor for this preheat.

9.3.4 PTTL following preheating to 350◦C

Following preheating to 350◦C, all the peaks with the exception of peak VII of
sample D are removed. Hence with the exception of deep traps, the electron trap
of this remaining peak is the only donor. The observed PTTL peaks are D1, D2,
D2a, D3 and D4. They occur at 56, 82, 102, 171 and 240◦C respectively. Figure 9.19
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9.3.4. PTTL following preheating to 350◦C

a

b

Figure 9.18: Dependence of PTTL intensity on illumination time after preheat-
ing to 260◦C and, to 350◦C for peak D4 (a) and dependence of TL intensity on
illumination time after preheating to 260◦C and to 350◦C respectively (b).

shows the dependence of PTTL intensity on illumination time for peak D1. The
intensity of peak D1 increases initially with illumination time up to 125 s and then
decreases slightly. Beyond 256 s, the peak could no longer be measured.

Figure 9.20a shows the dependence of intensity on illumination time for peak D2.
The peak intensity increases to a maximum with illumination time up to 512 s and
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9.3.5. PTTL Following preheating to 400◦C

Figure 9.19: Dependence of PTTL intensity on illumination time for peak D1 after
preheating to 350 ◦C.

then decreases thereafter.

Figure 9.20b shows the dependence of PTTL intensity on illumination time for peak
D2a. The intensity of this peak reaches a maximum at 256 s and then decreases
monotonically with exposure time up to 2048 s.

Figure 9.21 shows the dependence of PTTL intensity on illumination time for peak
D3 after preheating to 350◦C. Peak D3 reaches its maximum intensity at 256 s and
then decreases monotonically with further illumination time up to 2048 s. Peak
D4, as shown in the inset of Figure 9.18a, behaves in a similar manner as peak D3
except that its maximum intensity is reached at 128 s. The TL intensity of peak
VII, which is not completely removed following preheating to 350◦C, is shown in
the inset of Figure 9.18b.

9.3.5 PTTL Following preheating to 400◦C

Peak D2 is found after preheating to 400◦C and exposure to light for 10 s. However
its intensity is low and for higher illumination times, it is not observed. The main
donor of this peak is bleached for this preheat. Hence, the PTTL-time profile of
peak D2 could not be studied for this preheat. Figure 9.22 shows a TL glow curve
of sample D measured at 1◦C/s after irradiation to 0.2 Gy, preheating to 400◦C
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9.3.5. PTTL Following preheating to 400◦C

a

b

Figure 9.20: Dependence of PTTL intensity on illumination time after preheating
to 350 ◦C for peak D2 (a) and for peak D2a (b).

and illumination for 10 s. For the unannealed sample on the other hand, PTTL
peaks were found as reported by Sob et al. (2021).
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9.3.5. PTTL Following preheating to 400◦C

Figure 9.21: Dependence of PTTL intensity on illumination time after preheating
to 350 ◦C for peak D3.

Figure 9.22: A glow curve of sample D measured at 1◦C/s after irradiation to 0.2
Gy, preheating to 400◦C and illumination for 10 s. Peak D2 is the PTTL peak
corresponding to peak II.
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9.4. Mathematical analysis of PTTL time-profiles

9.4 Mathematical analysis of PTTL time-profiles

This section deals with a mathematical analysis of PTTL time-response profiles of
sample D. The observed TL and PTTL peaks of sample D are listed in Table 9.2.
The electron traps listed as ‘possible donors’ are the theoretically expected ones.
The main donors suggested by the partial heating experiment (section 9.2) and as
reflected by PTTL time-profiles (section 9.3) are listed separately. The analysis will
be based on the latter two lists rather than the ideal theoretical list. Ni will denote
the concentration of trapped electrons at the ith electron trap and, si the optical
stimulation probability. The equations describing the change in the concentration
of trapped electrons will be written for the illumination step only. For each PTTL
peak, these equations describe the transfer of optically stimulated electrons from
donors to the corresponding acceptor. As stated earlier, the number of donors de-
pends on the preheating temperature. The solution of this set of equations is then
applied to the PTTL-time response profile of the given peak. This method was de-
veloped by Chithambo et al. (2017a). As stated in chapters 7 and 8, it has been used
to quantitatively describe the PTTL-time response profiles of quartz (Chithambo
et al., 2018, 2019; Chithambo and Dawam, 2020), α-Al2O3:C (Chithambo et al.,
2017a) and of unannealed α-Al2O3:C,Mg (Sob et al., 2021). One of the main as-
sumptions of this method is that only a portion of electrons stimulated from donor
traps are transferred to the acceptor trap to produce PTTL. The other assumption
is that of negligible retrapping because the sample has first-order peaks.
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9.4. Mathematical analysis of PTTL time-profiles

T a
bl
e
9.
2:

A
su
m
m
ar
y
of

T
L
pe

ak
s,

th
ei
r
co
rr
es
po

nd
in
g
PT

T
L
pe

ak
s,

do
no

rs
an

d
ph

ot
oi
on

iz
at
io
n
cr
os
s-
se
ct
io
n
fo
r
sa
m
pl
e
D

T
L

PT
T
L

P.
cr
os
s-
se
ct
io
n
(c
m

2 )

Pe
ak

T
m

Pe
ak

Pr
eh

ea
tin

g
Po

ss
ib
le

M
ai
n

M
ai
n

A
cc
ep

to
r

D
on

or
D
on

or
la
be

l
(◦
C
)

la
be

l
te
m
p
(◦
C
)

do
no

rs
do

no
ra

do
no

rb
I

52
D
1

12
0

II
I
IV

V
V
II

II
I

II
I
IV

3.
53
e-
20

3.
81

e-
18

20
0

IV
V

V
II

IV
IV

26
0

V
V
II

V
35
0

V
II

V
II

II
82

D
2

12
0

II
I
IV

V
V
II

II
I

II
I
IV

4.
11
e-
21

3.
57

e-
19

20
0

IV
V

V
II

IV
IV

4.
70
e-
21

9.
58

e-
20

26
0

V
V
II

V
4.
70
e-
21

9.
82

e-
20

35
0

V
II

V
II

2.
35
e-
21

7.
82

e-
20

II
a

10
2

D
2a

12
0

II
I
IV

V
V
II

II
I

II
I
IV

4.
70
e-
21

1.
37

e-
19

20
0

IV
V

V
II

IV
IV

4.
70
e-
21

1.
35

e-
19

26
0

V
V
II

V
2.
35
e-
21

1.
06

e-
19

35
0

V
II

V
II

II
b

∼
14
0

D
2b

20
0

IV
V

V
II

IV
IV

5.
41
e-
20

3.
14

e-
18

26
0

V
V
II

V
3.
17
e-
20

3.
00

e-
18

35
0

V
II

V
II

II
I

17
4

D
3

20
0

IV
V

V
II

IV
IV

4.
11
e-
21

5.
36

e-
18

26
0

V
V
II

V
4.
11
e-
21

1.
82

e-
19

35
0

V
II

V
II

1.
17
e-
21

2.
42

e-
19

IV
23
4

D
4

26
0

V
V
II

V
7.
05
e-
21

1.
49

e-
18

35
0

V
II

V
II

4.
70
e-
21

1.
58

e-
19

V
28
8

V
II

38
4

a
Fr

om
pu

ls
e

an
ne

al
in

g
st

ud
y.

b
Fr

om
tim

e-
re

sp
on

se
st

ud
y.

175



9.4.1. PTTL following preheating to 120◦C

9.4.1 PTTL following preheating to 120◦C

For sample D, the first PTTL peak is only measured after preheating to 120◦C as
described in section 9.3. The observed PTTL peaks after preheating to 120◦C are
peaks D1, D2 and D2a. The possible donors for each of these peaks are the traps
associated with peaks III, IV, V and VII. The main donor from pulse annealing
is the trap associated with peak III whereas the electron traps suggested from the
time-response study are the traps of peaks III and IV. By considering only the
dominant donor, the PTTL profile for peaks D1, D2 or D2a can each be described
as a system of one acceptor and one donor with rate equations as follows:

dN3
dt

= −s3N3 (9.1)

dNj

dt
= −sjNj + α3s3N3 (9.2)

where j is either 1, 2 or 2a, depending on which of peaks D1, D2 or D2a is con-
sidered; sj is the corresponding probability of optical stimulation and α3 is a pro-
portionality constant. Equation (9.1) describes the loss of electrons from the donor
whereas equation (9.2) describes not only the transfer of electrons from the donor
but also the loss due to illumination at the acceptor. The solution of the coupled
sets of equations (9.1) and (9.2) is

Nj = A(e−s3t − e−sjt) (9.3)

where A = α3s3N3i/(s3 − sj) and, N3i is the initial concentration of trapped
electrons at the donor trap at the start of illumination.

Increasing the number of donors to two by considering the other donor (peak IV)
did not yield any improvement in the fit of D1, D2 or D2a. The fits obtained
from equation (9.3) for the time-response profiles of peaks D1 and D2 are shown
in Figure 9.23 in section 9.5. Fits for the time-response profiles of PTTL peaks
following preheating to 200, 260 and 350◦C are also shown in section 9.5.

9.4.2 PTTL following preheating to 200◦C

Preheating to 200◦C removes peaks I-III of sample of D and the PTTL peaks found
are D1, D2, D2a, D2b and D3 respectively. The possible donors are the traps
corresponding to peaks IV, V and VII however, from pulse annealing the electron
trap of peak IV is the main donor. The TL time-response study also suggests
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9.4.3. PTTL following preheating to 260◦C

that the electron trap of peak IV is the main donor. The lesser contribution from
peak V is negligible. The PTTL-time response profiles of peaks D2, D2a, D2b and
D3 were best fitted by Equation (9.3) which considers a single donor.

9.4.3 PTTL following preheating to 260◦C

Preheating to 260◦C removes peaks I-IV of sample D. PTTL peaks D2, D2b, D3
and D4 are found. The possible donors of electron traps for these PTTL peaks
are those of peaks V and VII. From the TL time-response study, we found that
the significant contribution is from the electron trap of peak V. For each of these
samples, an expression with the same form as equation (9.3) is sufficient to fit the
experimental PTTL-time response profiles.

9.4.4 PTTL following preheating to 350◦C

Preheating to 350◦C removes peaks I-V. Peak VII which is only partially removed
is the only donor. The observed PTTL peaks are D1, D3 and D4 respectively. For
each of these peaks, a system consisting of one donor trap and one acceptor yielded
a satisfactory fit.

9.5 Applications of the mathematical model

Figures 9.23-9.27 show the application of models from equation (9.3) to experi-
mental data for each of the preheating temperatures used. The fits obtained from
equation (9.3) following preheating to 120◦C are shown in Figure 9.23a for peak
D1 and in Figure 9.23b for peak D2 respectively. The PTTL time-response profiles
from the same analysis are shown in Figures 9.24a-9.24d for peaks D2, D2a, D2b
and D3 respectively after preheating to 200◦C.

Figures 9.25a-9.25d show the PTTL time-response profiles of peaks D2a, D2b, D3
and D4 obtained after preheating to 260◦C and fitted using expressions of the same
form as equation (9.3).

Following preheating to 350◦C, the PTTL time-response profiles of peaks D1 and
D3 fitted using expressions of the form as equation (9.3) are shown in Figures 9.26a
and 9.26b.

Figure 9.27 shows the PTTL time-response profile of peak D4, after preheating to
350◦C, fitted with an expression of the same form as equation (9.3).
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a b

Figure 9.23: PTTL time-response profiles of peaks D1 (a) and D2 (b) after pre-
heating to 120 ◦C.

The optical stimulation rate s = Φσ which is obtained from fitting can be used to
evaluate the photoionization cross-section σ (Bøtter-Jensen et al., 2003). In this
study, the incident photon flux Φ = 1.70 × 1017 cm−2 s−1. The photoionization
cross section for the various peaks are included in Table 9.2 and range between
10−21-10−18 cm2.
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a b

c d

Figure 9.24: PTTL intensity against duration of illumination for peaks D2 (a), D2a
(b), D2b (c) and D3 (d) after preheating to 200◦C.
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a b

c d

Figure 9.25: PTTL intensity against duration of illumination of peaks D2a (a),
D2b (b), D3 (c) and D4 (d) after preheating to 260 ◦C.

a b

Figure 9.26: PTTL intensity against duration of illumination for peaks D1 (a) and
D3 (b) after preheating to 350 ◦C.
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Figure 9.27: PTTL-time profile of peak D4 after preheating to 350◦C.
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9.6 Regarding the nature of electron traps in
α-Al2O3:C,Mg

PTTL has been described in terms of inter-electron movement between the different
traps. Some of these traps especially those below 200◦C act as acceptors whereas
others act as donors. The main trap (corresponding to peak III) acts both as
an acceptor or a donor depending on the preheating temperature. The nature
of these electron traps is not well understood. Although α-Al2O3 contains many
impurities (McKeever et al., 1995), it is well known that the high sensitivity of
this material is due to the formation of F and F+ centres during the synthesis
of α-Al2O3:C from Al2O3 in the reducing environment of carbon (Akselrod et al.,
1990; McKeever et al., 1995; Yukihara and McKeever, 2011). Charge compensators
are required for the F+ centres. Akselrod et al. (1990) suggested that a C2+ ion
acts as charge compensator to a F+ centre by substituting an Al3+ ion. However,
Yang et al. (2008) proposed that F+ centres could also be charge compensated for
when O2− ions are replaced with C4− ions. In a study on the electronic properties
of carbon in α-Al2O3, Zhu et al. (2014) showed that under Al-rich conditions, C
preferentially occupies the O site (CO) whereas under O-rich conditions, the Al
site (CAl) is favoured. The kinetic analysis of α-Al2O3:C has shown a shallow
trap near 0.72 eV (Chithambo et al., 2014). Zhu et al. (2014) deduced that this
electron trap was consistent with the CAl close to the conduction band minimum.
Ao et al. (2017) equally showed that CO has the lowest defect formation energy
under Al-rich conditions. Ao et al. (2017) also suggested that CO defects influence
the sensitivity of α-Al2O3:C by inducing deep electron traps in the host band gap.
In α-Al2O3:C,Mg, the shallowest trap has a depth of ∼ 0.85 eV. As suggested
by Kalita and Chithambo (2017f), this electron trap near 0.85 eV is of the same
origin as the corresponding trap in α-Al2O3:C but the difference in the two energy
values (0.72 and 0.85 eV) is due to lattice stressing caused by the difference in
atomic radii. In α-Al2O3:C,Mg, some Al sites occupied by C whereas others are
occupied by Mg. The transition from the 3P excited to the 1S state at the F
centre is characterised by emission at 420 nm (McKeever et al., 1995). The F
centre is subjected to thermal quenching (Chithambo et al., 2020). In our study
of TA-OSL, the activation energy of thermal quenching was evaluated as 1.043 ±
0.001 eV. Values for the activation energy of thermal quenching such as 1.08 ±
0.03 eV (Akselrod et al., 1998) and 1.025 ± 0.002 eV (Chithambo et al., 2015)
have been reported for α-Al2O3:C. For α-Al2O3:C,Mg, values such as 0.90 ± 0.02
eV (Chithambo et al., 2020), and 0.96 ± 0.03 eV (Kalita and Chithambo, 2017f)
have been reported. This suggests an electron trap at ∼ 1.00 eV near the bottom
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of the conduction band. An activation energy of 1.26 ± 0.08 has been ascribed to
thermal quenching at the F+-centre (Kalita and Chithambo, 2017f). The use of a
Hoya U-340 detection filter (transmission 250-390 nm FWHM) for measurements
implies that recorded signal is mainly from luminescence recombination at F+ and
F centres. The presence of Mg also induced with new Mg-aggregate defect such as
the F2+

2 (2Mg)-centre.

We speculate that the shallow electron trap in α-Al2O3:C,Mg is of the same nature
as that of α-Al2O3:C. The annealing induced peak at 100◦C is associated with a
new Mg-aggregrate defect which is created after annealing at or above 700◦C. We
also speculate that electron traps associated with the other peaks could be due to
charged states of CAl or CMg defects. The investigation of the nature of these traps
is beyond the scope of the current work and requires further studies.

9.7 Summary

A glow curve of α-Al2O3:C,Mg annealed at 1200◦C for 15 minutes (sample D)
has peaks at 52, 82, 102, 174, 234, 288 and 384◦C when measured at 1◦C/s after
irradiation to 0.2 Gy. These peaks are labelled I, II, IIa, III, IV, V and VII
respectively. The peak at 102◦C is referred to as peak IIa. A peak, labelled here as
IIb, is also observed at ∼140◦C in a glow curve measured at 1◦C/s after preheating
to 120◦C. Peaks IIa and IIb are induced by annealing. Peaks I, II, IIa, IIb, III
and IV are reproduced as phototransferred peaks D1, D2, D2a, D2b, D3 and D4
for preheating temperatures between 120 and 350◦C. After preheating to 200◦C,
we observed that peak D3 could only be observed from 60 s of illumination time
when peak D2b, the PTTL peak corresponding to peak IIb, could no longer be
observed. This result and the pulse annealing profile of peak D3 suggest that there
is competition for electrons between the traps of peaks IIb and III. The electron
trap corresponding to peak III can act as a donor or an acceptor depending on the
preheat temperature. It acts as a donor to electron traps of peaks D1, D2 and D2a
for preheating below 180◦C. For preheating at or above 200◦C, the trap accepts
electrons from higher temperature traps. In contrast to the unannealed sample
or the samples annealed at 700 and 900◦C respectively, peak I of this sample is
only reproduced under phototransfer after removal of peak II. For this sample and
the samples annealed at 700 or 900◦C, no PTTL peak found after preheating to
400◦C was suitable for analysis unlike for the unannealed sample. The PTTL
time-response profiles of sample D have been described as separate systems of an
acceptor and a donor for the preheating temperature used.
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Chapter 10
Thermally Assisted Optically
Stimulated Luminescence of

α-Al2O3:C,Mg

This chapter reports the studies of optically stimulated luminescence (OSL) from
α-Al2O3:C,Mg. Section 10.1 deals with preparatory analysis of continuous-wave
optically stimulated (CW-OSL) decay curves measured at temperatures between
20 and 200◦C from the unannealed sample and the samples annealed at 700, 900
and 1200◦C for 15 minutes respectively. Each CW-OSL decay curve is described as
a sum of three decay components namely; the fast, the medium, and the slow com-
ponents. The influence of measurement temperature, irradiation dose, and optical
power density on the luminescence intensity are reported. This study of CW-OSL
provides a means of investigating the role played by the shallow, intermediates
and main electron traps in the luminescence of this sample. The investigation of
thermally assisted OSL (TA-OSL) from deep traps is presented in section 10.2 and
the kinetics parameters associated with thermal assistance and thermal quenching
are also evaluated. The TA-OSL from deep traps are then compared with the
CW-OSL from the shallower traps. Section 10.3 summarises the results of this
chapter.
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10.1. Analysis of continuous-wave optically stimulated luminescence from α-Al2O3:C,Mg

10.1 Analysis of continuous-wave optically stimulated
luminescence from α-Al2O3:C,Mg

10.1.1 General features of OSL

CW-optical stimulation was used to investigate the luminescence properties of α-
Al2O3:C,Mg. In CW-OSL the luminescence signal is recorded during optical ex-
posure (Bøtter-Jensen et al., 2003). The study was carried on the unannealed
sample and on the samples annealed at 700, 900 and 1200◦C for 15 minutes re-
spectively. The samples all had a mass of ∼ 0.060 g. A heating rate of 1◦C/s
was used for CW-OSL and TA-OSL measurements. CW-OSL were measured at
temperatures between 20 and 200◦C. In order to measure CW-OSL, the following
sequence (Sequence A) was executed:

1. Heating to 500◦C at 1◦C/s to measure background signal

2. Irradiation to 1.0 Gy at room temperature to populate the various electron
traps

3. Exposure to 470 nm blue light of power density 72 mW/cm2 at sample posi-
tion for 1000 s at temperature Ti to measure CW-OSL

4. Heating to 500◦C at 1◦C/s to measure the residual TL

Steps 2 - 4 of Sequence A were carried out for measurement temperatures Ti from
20 to 200◦C at intervals of 20◦C. Figure 10.1 shows semi-logarithmic plots of CW-
OSL decay curves measured at 20, 100 and 200◦C for the unannealed sample and
the samples annealed at 700, 900 and 1200◦C respectively.

Irrespective of annealing, Figure 10.1 shows that the OSL intensity initially de-
creases rapidly with measurement temperature. In particular, for CW-OSL curves
measured at 100 and 200◦C, the OSL intensity of each sample drops below 0.1% of
its initial value after the first 100 s of stimulation. The CW-OSL curves measured
at 20◦C on the other hand do not decrease as much within the same interval. TL
glow curves of these samples have a main peak within 150 - 200◦C and secondary
peaks below 150◦C for a heating rate of 1◦C/s. The traps associated with the shal-
low peaks are depleted when the sample is heated to 100◦C. Similarly, the traps
corresponding to these secondary peaks and the main peak are depleted by heat-
ing to 200◦C. After the first 100 s of stimulation time, the CW-OSL curves then
decrease slowly to a steady value. The semi-logarithmic scale was used to better
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a b

c d

Figure 10.1: CW-OSL decay curves measured at 20, 100 and 200◦C respectively
after irradiation to 1.0 Gy and during 470 nm blue light illumination for 1000 s
for (a) the unannealed sample, (b) the sample annealed at 700◦C, (c) the sample
annealed at 900◦C, and (d) the sample annealed at 1200◦C.

highlight the difference between the three decay curves of each sample especially
at smaller stimulation times.

CW-OSL curves measured at room temperature during illumination sometimes
increase initially before decreasing monotonically thereafter. This behaviour was
observed clearly when short stimulation times such as 10 s and doses between
0.2 and 2.8 Gy were used. Figure 10.2 shows the CW-OSL curves measured at
room temperature after irradiation to 0.2 Gy and preheating to 120◦C for (a) the
unannealed sample, (b) the sample annealed at 700◦C, (c) the sample annealed at
900◦C, and (d) the sample annealed at 1200◦C respectively.

Nyirenda and Chithambo (2017) reported that under certain experimental condi-
tions, CW-OSL curves of α-Al2O3:C also increase initially before decreasing mono-
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a b

c d

Figure 10.2: CW-OSL curves measured at room temperature after irradiation to
0.2 Gy, preheating to 120◦C and during exposure to 470 nm blue light for 10 s
for (a) the unannealed sample, (b) the sample annealed at 700◦C, (c) the sample
annealed at 900◦C and (d) the sample annealed at 1200◦C respectively.

tonically thereafter. Nyirenda and Chithambo (2017) showed that the initial in-
crease of luminescence intensity with stimulation time was due to various effects
such as significant charge retrapping and charge competition at electron traps and
recombination centres. Kalita and Chithambo (2017h) reported CW-OSL curves
of α-Al2O3:C,Mg measured using blue light of different optical stimulation power
densities after irradiation to 1.0 Gy which only decrease monotonically with stim-
ulation time.

The CW-OSL curves showing monotonic decay were satisfactorily fitted with the
sum of three exponential functions; namely,

I(t) = I1 exp(−λ1t) + I2 exp(−λ2t) + I3 exp(−λ3t) (10.1)

where I(t) is the luminescence intensity at time t; I1, I2 and I3 are scaling para-
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meters and λ1, λ2 and λ3 are the decay constants. These decay parameters are
known as the fast (λ1), medium (λ2), and slow (λ3) decay constants respectively.
They have units of s−1 and are defined such that λ1 > λ2 > λ3. The use of fitting
the sum of three exponential functions to the CW-OSL curves was investigated for
quartz by Smith and Rhodes (1994), Bailey et al. (1997) and Bailey (2000). The
three exponential terms associated with the fast, medium, and slow decay con-
stants do not necessarily represent separable physical mechanisms as pointed out
by Chithambo and Galloway (2001) and Chithambo (2018).

Figure 10.3 shows the CW-OSL decay curves measured at 100◦C after irradiation
to 1.0 Gy for the unannealed sample and the samples annealed at 700, 900 and
1200◦C for 15 minutes respectively. The line through the data points of each sample
is the fit obtained from an equation of the same form as equation (10.1).
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a b

c d

Figure 10.3: CW-OSL decay curves measured at 100 ◦C for (a) the unannealed
sample, (b) the sample annealed at 700 ◦C, (c) the sample annealed at 900 ◦C,
and (d) the sample annealed at 1200 ◦C. The line through the data points of each
sample is the fit obtained from equation (10.1).

189



10.1.2. OSL component analysis

10.1.2 OSL component analysis

The decay constants obtained from the analysis of CW-OSL decay curves such
as those shown in Figure 10.3 allow one to compute the relative contribution of
each term of equation (10.1) towards the luminescence intensity. The relative
contribution associated with each decay constant is expressed as

Rn = Cn
C1 + C2 + C3

(10.2)

where Cn = In exp(−λnt) with the index n taking values 1, 2 or 3 depend-
ing on whether the fast, medium or slow term of the OSL decay is been con-
sidered (Chithambo and Galloway, 2001).

Figure 10.4 shows the relative importance of each decay component for the OSL
decay curves measured at 100◦C; for the unannealed sample and the samples each
annealed at 700, 900 and 1200◦C for 15 minutes.

For the unannealed sample, up to 82% of the luminescence intensity is initially due
to the fast component with the other two components contributing less than 20%.
The fast component then decreases rapidly as the illumination time increases. It
decreases to a minimal level within the first 50 s of illumination time while the
relative importance of the medium component increases from about 18% to 62%
after 25 s of stimulation time before decreasing to a minimal level thereafter. The
slow component on the other hand increases with stimulation time as the fast and
medium component decrease and accounts for most of the luminescence intensity
after 50 s of illumination time. These results imply that short stimulation times of
say 10 or 50 s are sufficient to measure most of the fast and medium components.

For the sample annealed at 700◦C, the fast component initially accounts for about
96% of the luminescence intensity whereas the medium and slow components only
account for 4%. The fast component decreases with stimulation time as the contri-
bution of the medium and slow components become more significant. The contri-
bution of the medium component increases to about 78% after 28 s of stimulation
time while that of the slow component increases to about 11% within the same time.
In contrast to the medium component of the unannealed sample which decreases
to a minimal level after 50 s of stimulation time, that of the sample annealed at
700◦C requires up to 100 s to decrease to a similar level. The slow component of
the sample annealed at 700◦C becomes the most significant contributing more than
99% of the luminescence intensity after the first 100 s of stimulation time when the
contribution of the fast and medium components has been reduced to a minimal
level.
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a b

c d

Figure 10.4: Relative importance of each component Cn of the decay curve as a
function of stimulating time for (a) the unannealed sample, (b) the sample annealed
at 700◦C, (c) the sample annealed at 900◦C, and (d) the sample annealed at 1200◦C.
The example shown here is for the decay curves measured at 100◦C. The relative
importance of each component is only shown for the first 200 s of illumination time
because the important aspect of each component is captured within this timeframe.
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10.1.3. Light induced fading of TL peaks

Figure 10.4c shows that for the sample annealed at 900◦C, the fast component
initially contributes 80% of the luminescence intensity while the medium compon-
ent contributes about 19% and the slow component the remaining 1%. The fast
component then decreases to a minimal level within the first 30 s of illumination
time as the medium and slow components increase. The relative importance of the
medium component reaches up to 87% after the first 30 s of stimulation time while
the slow component reaches about 12% within the same time. As for the sample
annealed at 700◦C, the medium component takes up to 100 s of stimulation time to
decrease to a minimal level. The slow component of this sample contributes most
of the luminescence intensity after the first 100 s of stimulation time.

The plots of Figure 10.4d show that for the sample annealed at 1200◦C, the fast
component initially contributes about 77% of the luminescence intensity while the
medium and the slow components contribute the remaining 23%. The relative
contribution of the medium component then increases to about 85% after 30 s of
stimulation time while that of the fast component decreases to a minimal level.
Within the same time period, the contribution of the slow component increases to
about 14%. The contribution of the medium component then decreases significantly
from 30 s upwards reaching a minimal level at 125 s of stimulation time. As the
medium component decreases, the slow component increases and becomes the most
significant after the first 125 s of stimulation time.

The results of Figure 10.4 suggest that annealing influences the relative importance
of the OSL components. For instance the time taken for the medium component
to decrease to a minimal level increases with annealing temperature.

10.1.3 Light induced fading of TL peaks

In order to study the role of various electron traps in OSL and the correlation with
TL, the effect of illumination on TL peaks was investigated. The sample, irradiated
to 3.0 Gy, was exposed to 470 nm blue light of 72 mW/cm2 optical power density
for a specific time before heating at 1◦C/s to measure TL. Measurements were
repeated for exposure times between 0 and 300 s in steps of 10 s. The TL intensity
of each peak (peak height) was monitored with exposure time.

Figure 10.5 shows plots of normalised TL intensity against duration of illumination
for peaks I-III of the unannealed sample and of the samples annealed at 700, 900
and 1200◦C respectively. The dependence of normalised TL intensity on exposure
time is also shown for peak IV of the sample annealed at 1200◦C. the TL intens-
ity of peaks I and III of the unannealed sample each decrease continuously with
illumination as shown in Figure 10.5a. For peak II, the intensity rises initially be-
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10.1.3. Light induced fading of TL peaks

fore decreasing with further illumination. A similar observation on the behaviour
of peak II was made while studying the PTTL of this sample after preheating to
60◦C (Sob et al., 2021). Regarding peak A2, the PTTL peak corresponding to
peak II of the same sample, it was also found that the intensity increased initially
before decreasing thereafter with storage time up to 5000 s (Chapter 6). Based on
this observation, we suggested that the trap corresponding to peak II is an effective
competitor for the electrons evicted from other traps. The intensity of peak III is
reduced to less than 10% of its initial intensity within 50 s of exposure whereas
that of peak I reaches a similar level at 80 s of illumination. The slowest decrease
is observed for peak II. Similar observations on the influence of light exposure were
made for peaks I-III when a maximum exposure time to 2500 s was used.

a b

c d

Figure 10.5: Dependence of TL intensity on illumination time for (a) peaks I-III
of the unannealed sample; (b) peaks I-III of the sample annealed at 700 ◦C; (c)
peaks I-III of the sample annealed at 900 ◦C and (d) peaks I-IV of the sample
annealed at 1200 ◦C.
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For the samples annealed at 700 and 900◦C (Figures 10.5b and 10.5c), the intensity
of peaks I-III of each sample decrease with exposure time. For peak II of the
sample annealed at 900◦C, the intensity also increases before decreasing thereafter.
Peak III of each samples is the most sensitive to optical stimulation. Its intensity
decreases rapidly within the first 50 s of illumination. Similar observations were
made for the sample annealed at 1200◦C as shown in Figure 10.5d.

The time taken by the intensity of peak III of each sample to reach a minimal level
is consistent with the time needed to measure most of the fast and medium com-
ponents of the OSL decay curves presented earlier. By extending the exposure time
to 2500 s, the intensity of peak III could be reduced below 0.1% of its initial intens-
ity. In all samples, peak I of the unannealed sample and of the sample annealed
at 700◦C fade to background level after 150 s of exposure. This is consistent with
our earlier study of the fading of this peak (Chapter 6) and with results reported
elsewhere (Kalita and Chithambo, 2017f,g). For the samples annealed at 900 and
1200◦C, peak I could no longer be measured after 100 s of illumination because
it was indistinct from peak II. The relatively slow decrease rate of peak II is con-
sistent with the electron trap of peak II being an effective competitor as suggested
earlier. Trindade et al. (2019) showed the correlation between the OSL active trap
and the trap associated with the main TL peak (peak III) of α-Al2O3:C,Mg.

The light induced fading of all peaks justifies the conclusion under PTTL that all
peaks are associated with acceptors or donors.

10.1.4 Effect of dose on temperature dependent OSL intensity

To study the influence of dose on OSL intensity, a modified version of Sequence
A was used for measurements. The only modification was the irradiation dose.
The modified sequence was executed for doses of 1.0, 3.0, and 5.0 Gy respectively
for each sample. The luminescence intensity is calculated as the area under the
CW-OSL curve. Figure 10.6 shows the temperature-dependence of luminescence
intensity for irradiation doses of 1.0, 3.0, and 5.0 Gy respectively for the unannealed
sample and the samples annealed at 700, 900, and 1200◦C. Figure 10.6a shows the
effect of dose on luminescence intensity of the unannealed sample for measurement
temperatures between 20 and 200◦C. The luminescence intensity of the unannealed
sample decreases from 20 to 60◦C then increases from 60 to 120◦C and decreases
thereafter with measurement temperature up to 200◦C. This pattern is observed
irrespective of the irradiation dose. The luminescence intensity is also found to
increase with irradiation dose. For measurement at say 20◦C for example, the
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intensity value corresponding to 5.0 Gy is higher than that corresponding to 3.0
Gy and 1.0 Gy.

a b

c d

Figure 10.6: Temperature-dependence of luminescence intensity for irradiation
doses of 1.0, 3.0, and 5.0 Gy for (a) the unannealed sample, (b) the sample an-
nealed at 700◦C, (c) the sample annealed at 900◦C and (d) the sample annealed at
1200◦C respectively.

Figure 10.6b shows the temperature-dependence of luminescence intensity for ir-
radiation doses of 1.0, 3.0, and 5.0 Gy for the sample annealed at 700◦C. The
luminescence intensity of this sample decreases with measurement temperature
from 20 to 60◦C; increases from 60 to 140◦C and then decreases thereafter with
measurement temperature up to 200◦C. This pattern is observed for each irradi-
ation dose. The luminescence intensity measured at a given temperature is also
found to increase with irradiation dose. The initial decrease in luminescence in-
tensity is due to optical stimulation being dominant. The growth from 60 to 140◦C
is due to thermal assistance whereas as the subsequent decrease up to 200◦C is
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due to thermal quenching. For the samples annealed at 900 and 1200◦C, the lu-
minescence intensity decreases consistently with measurement temperature because
thermal assistance is insufficient to overcome OSL or thermal quenching. The be-
haviour is observed irrespective of irradiation dose. For the sample annealed at
900◦C, the luminescence intensity also increases with irradiation dose irrespective
of measurement temperature as shown in Figure 10.6c. For the sample annealed
at 1200◦C, the luminescence intensity increases with irradiation dose for meas-
urement temperature between 20 and 140◦C. Studies(e.g. Kalita and Chithambo
(2018b); Trindade and Jacobsohn (2018); Chithambo et al. (2020)) have shown
that α-Al2O3:C,Mg is affected by thermal quenching and that this phenomenon
is prominent for measurement temperatures above 120◦C. As in α-Al2O3:C (Ak-
selrod et al., 1998; Pagonis et al., 2011; Chithambo et al., 2014, 2015), the main
luminescence centres in α-Al2O3:C,Mg (F and F+ centres) are subject to thermal
quenching (Chithambo et al., 2020). However, the decrease of luminescence in-
tensity with measurement temperature up to 100◦C for the sample annealed at
1200◦C is atypical since thermal quenching is not expected to be dominant at
such temperatures. It has been reported that F+ and F centres are stable up to
1200◦C (Akselrod et al., 2003b) so this behaviour cannot be directly ascribed to
annealing either.

10.1.5 Dependence of luminescence intensity on optical power
density

In order to study the dependence of OSL intensity on the power of the stimulating
light, the following sequence (Sequence B) was executed:

1. Heating to 500◦C at 1◦C/s to measure background signal

2. Irradiation to 1.0 Gy at room temperature to populate the various electron
traps

3. Exposure to 470 nm blue light of optical power density Pi for 10 s at 20◦C

4. Heating to 500◦C at 1◦C/s to measure the residual TL

Sequence B was repeated for values of optical power density between 8 and 80
mW/cm2.

Figure 10.7 shows the normalised CW-OSL curves of the unannealed and annealed
samples of α-Al2O3:C,Mg measured during 470 nm blue light illumination of optical
power densities 8, 16, 24, 64, 72, and 80 mW/cm2 after irradiation to 1.0 Gy. The
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c d

Figure 10.7: CW-OSL curves of α-Al2O3:C,Mg measured during 470 nm blue light
stimulation of optical power densities 8, 16, 24, 64, 72, and 80 mW/cm2 after
irradiation to 1.0 Gy for (a) the unannealed sample, (b) the sample annealed at
700◦C, (c) the sample annealed at 900◦C and (d) the sample annealed at 1200◦C
respectively.
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10.2. Thermally assisted optically stimulated luminescence from deep traps

OSL curves of Figure 10.7 are characterised by the initial increase in luminescence
intensity. This initial increase in luminescence intensity is noticeable for power
densities within 8 - 80 mW/cm2. Irrespective of annealing temperature, It is also
found that the luminescence intensity decreases much faster with illumination time
as the stimulation power increases. This faster decay with optical power density
results from more electrons being stimulated in a short time as reported by Kalita
and Chithambo (2017h). The OSL decay curves of α-Al2O3:C,Mg reported by
Kalita and Chithambo (2017h) for different optical stimulation power densities
behaved as those shown in Figure 10.7. The main differences between the CW-
OSL curves of Figure 10.7 and those reported by Kalita and Chithambo (2017h)
are the choice of stimulation time and the initial rise in luminescence intensity
with stimulation time. In Figure 10.1, we showed OSL curves measured for a much
longer stimulation time namely, 1000 s and at a stimulation power density of 72
mW/cm2 which also did not rise initially with stimulation time.

Figure 10.8 shows the dependence of integrated OSL intensity on the power of the
stimulating light for the unannealed sample and the samples annealed at 700, 900,
and 1200◦C respectively. The integrated OSL intensity, which is computed as the
area under each OSL curve, increases with the power of the stimulating light for
each sample. The results of Figure 10.8 follow naturally from our discussion of
the influence of optical power density on stimulated electrons. Figure 10.8 also
shows that the integrated OSL intensity increases with annealing temperature.
Independent of the choice of stimulating light, annealing and re-use also affect the
TL and OSL sensitivity in α-Al2O3:C,Mg (Kalita and Chithambo, 2017d).

10.2 Thermally assisted optically stimulated
luminescence from deep traps

Deep traps refer to traps that are not accessible in conventional TL measurements
where the sample is usually heated to 500◦C e.g. (Nyirenda and Chithambo, 2017).
In practise the maximum measurement temperature needs not be 500◦C but can
be extended somewhat beyond this depending on sample characteristics. In our
context, deep traps are thermally stable but optically sensitive and lie at temperat-
ures above 500◦C. Thermally assisted OSL (TA-OSL) refers to CW-OSL measured
above room temperature. For a TA-OSL measurement, the sample is usually ir-
radiated to a much higher dose compared with doses used in conventional TL
measurements. For example in their study of TA-OSL from deep electrons traps in
α-Al2O3:C,Mg, Kalita et al. (2017a) irradiated their sample to doses such as 100
and 1000 Gy. The use of a high dose is to achieve a large concentration of electrons
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10.2.1. Influence of repetitive measurement on OSL intensity

Figure 10.8: Dependence of integrated OSL intensity on the power of the stimu-
lating light for the unannealed sample and the samples annealed at 700, 900 and
1200◦C respectively.

in deep traps prior to heating. The irradiated sample is then preheated to empty
the shallow, intermediate and main traps before being optically stimulated. Any
ensuing luminescence is referred to as TA-OSL and is due to electrons stimulated
from deep traps with the optical stimulation being made above room temperat-
ure. TA-OSL therefore provides a means to investigate the presence of deep traps
in a given sample. Some of the luminescent materials for which TA-OSL has
been used to investigate the presence of deep traps include quartz (Huntley et al.,
1996; Chithambo and Galloway, 2001; Kitis et al., 2010; Polymeris et al., 2015a,b;
Polymeris, 2016), Al2O3:C (Polymeris et al., 2010; Soni et al., 2012; Polymeris
and Kitis, 2012; Soni et al., 2013; Meriç et al., 2016; Nyirenda and Chithambo,
2017), Al2O3:C,Mg (Kalita and Chithambo, 2017h; Kalita et al., 2017a; Kalita and
Chithambo, 2019) and Sr4Al14O25:Eu2+,Dy3+ (Chithambo, 2021b).

10.2.1 Influence of repetitive measurement on OSL intensity

The influence of repetitive measurement on luminescence intensity from the deep
traps was investigated for the unannealed sample and the samples annealed at 700,
900, and 1200◦C respectively. To access the signal from the deep traps, the sample
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10.2.1. Influence of repetitive measurement on OSL intensity

under investigation was irradiated to 1000 Gy at room temperature and then heated
in a separate oven to 500◦C to empty the shallow and main traps. Irradiation to
high doses such as 1000 Gy is intended to fill the deep traps prior to heating. Once
the sample had cooled to room temperature, it was then repeatedly exposed to
470 nm blue light of optical power density 72 mW/cm2 for 10 s without being
re-irradiated again between measurements. The OSL measured during exposure
to blue light results from deep trap electrons since the shallow and main traps
are empty after the heating step. For each TA-OSL measurement, the heating
step after irradiation was carried out in a separate oven to prevent damage to the
photomultiplier tube.

Figure 10.9 shows the first TA-OSL curve measured immediately after heating for
the unannealed sample.

Figure 10.9: The first TA-OSL curve measured on the unannealed sample after
irradiation to 1000 Gy and heating to 500◦C at 1◦C/s.

Figure 10.9 shows that the TA-OSL intensity initially increases before decreasing
thereafter. This is not always the case, some of the time-dependence on OSL
measured for the same sample but for longer stimulation time only consists of the
decaying part. Given the repetitive TA-OSL curves recorded for each sample, we
computed the integrated OSL intensity as the area under the TA-OSL curve for
each measurement. Figure 10.10 shows the effect of repeated runs on the integrated
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10.2.1. Influence of repetitive measurement on OSL intensity

OSL intensity for the unannealed sample and the samples annealed at 700, 900,
and 1200◦C respectively.

a b

c d

Figure 10.10: Integrated OSL intensity as a function of run number for (a) the
unannealed sample, (b) the sample annealed at 700◦C, (c) the sample annealed at
900◦C, and (d) the sample annealed at 1200◦C. The solid line through the data
points of each sample is given by an exponential decreasing function.

The plots of Figure 10.10 show that the integrated OSL intensity of each sample
decreases continuously with repetitive measurements. The solid line describing
this decrease for each sample is given by a single exponential function. The de-
crease in intensity with repetitive readout can be attributed to the reduction in the
concentration of electrons from deep traps with each exposure to the stimulating
light. It is worth noting that the integrated OSL intensity values of the unan-
nealed sample are the highest. Those of the samples annealed at 700 and 900◦C
are similar while those of the 1200◦C annealed sample are the smallest. In the
case of α-Al2O3:C, it has been shown that the population of deep traps is depleted
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10.2.2. Evaluation of kinetics parameters associated with thermal assistance and thermal
quenching

after annealing at 900◦C (Chithambo, 2004; Yukihara et al., 2004; Yukihara and
McKeever, 2006). The results in Figure 10.10 suggest that the concentration of
deep traps in α-Al2O3:C,Mg is also affected by annealing temperature.

10.2.2 Evaluation of kinetics parameters associated with thermal
assistance and thermal quenching

In order to further our study of luminescence from deep traps, CW-OSL meas-
urements were carried out at different temperatures between 50 and 200◦C. The
following sequence was followed:

1. Irradiation of the sample to 1000 Gy at room temperature to populate the
shallow, main and deep electron traps

2. Heating to 500◦C to empty shallow and main traps

3. CW-OSL measurement at Ti from 50 to 200◦C in steps of 10◦C by exposure
to 470 nm blue light of optical power density 40 mW/cm2 for 5 s

The lower optical power density of 40 mW/cm2 and a stimulation time of 5 s
were used to allow for the CW-OSL measurement to be carried out at different
temperatures between 50 and 200◦C without further re-irradiating the sample at
each step. Figure 10.11 shows TA-OSL curves measured at 50, 100, 150, and 200◦C
respectively for the unannealed sample after irradiation to 1000 Gy and heating to
500◦C.

For each of the samples, the integrated OSL intensity was computed as the area
under the given TA-OSL curve. Figure 10.12 shows the dependence of the in-
tegrated OSL intensity on measurement temperature for the unannealed sample
and the samples annealed at 700, 900, and 1200◦C respectively. The plots of Fig-
ure 10.12 shows that the integrated OSL intensity of each sample first increases
with measurement temperature and then decreases thereafter.

The study of TA-OSL provides a means to evaluate kinetic parameters such as
the activation energy for thermal assistance, Ea, the activation energy for thermal
quenching, W , and the constant factor C which is related to non-radiative trans-
itions (Chithambo, 2007a; Chithambo and Costin, 2017). This initial increase with
measurement temperature is ascribed to thermal assistance whereas the subsequent
decrease is ascribed to thermal quenching (Chithambo and Galloway, 2001). The
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10.2.2. Evaluation of kinetics parameters associated with thermal assistance and thermal
quenching

a b

c d

Figure 10.11: TA-OSL curves measured at (a) 50◦C, (b) 100◦C, (c) 150◦C and (d)
200◦C from the unannealed sample after irradiation to 1000 Gy and heating to
500◦C at 1◦C/s.

temperature-dependence of integrated OSL intensity can be expressed as

IT =
I0

n∏
i

exp(−Eai/kT )

1 + C exp(−W/kT ) (10.3)

where I0 is the initial intensity, Eai is the activation energy for thermal assist-
ance of the ith electron trap, W is the activation energy for thermal quenching,
n is the number of deep traps and k is the Boltzmann constant (Chithambo and
Costin, 2017). The constant C = ντrad where ν is the frequency factor for non-
radiative transition and τrad is the luminescence lifetime for radiative recombina-
tion (Chithambo, 2007d). The number n of deep traps cannot be determined from
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10.2.2. Evaluation of kinetics parameters associated with thermal assistance and thermal
quenching

these measurements. By assuming a single deep trap, equation (10.3) becomes

IT = I0 exp(−Ea/kT )
1 + C exp(−W/kT ) . (10.4)

a b

c d

Figure 10.12: Dependence of integrated OSL intensity on measurement temper-
ature for (a) the unannealed sample, (b) the sample annealed at 700◦C, (c) the
sample annealed at 900◦C, and (d) the sample annealed at 1200◦C.

The line through the data points of Figure 10.12a is the best fit obtained from
equation (10.4) for the unannealed sample. The resulting kinetic parameters are
Ea = 0.0334 ± 0.0011 eV, W = 1.0433 ± 0.0010 eV and C = 1.85 x 1011. For
the sample annealed at 900◦C, fitting with equation (10.3) led to Ea = 0.0440 ±
0.0030 eV, W = 1.1106 ± 0.0061 eV and C = 1.85 x 1011 respectively. For the
samples annealed at 700 and 1200◦C, satisfactory fit could not be obtained. During
the fitting process only a single deep electron trap was assumed because the exact
number of deep traps is not known. In their study of TA-OSL from deep traps in
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10.2.3. Phototransferred thermoluminescence from deep traps

α-Al2O3:C,Mg, Kalita et al. (2017a) found the activation energy for thermal assist-
ance associated with a deep electron trap in an unannealed sample of α-Al2O3:C,Mg
to be 0.66 ± 0.02 eV and that of thermal quenching to be 0.90 ± 0.04 eV. For a
sample annealed at 1200◦C, Kalita and Chithambo (2019) reported the value of Ea
as 0.21 ± 0.02 eV. The values of activation energy for thermal assistance obtained
in this study for the unannealed sample and the sample annealed at 900◦C are
relatively smaller than the value reported by Kalita et al. (2017a) and Kalita and
Chithambo (2019). Only the activation energy for thermal quenching obtained for
these two samples is somewhat comparable to the value of 0.90 ± 0.04 eV reported
by Kalita et al. (2017a). The discrepancies in the values found merit further invest-
igation. Kalita and Chithambo (2019) noted that the activation energy for thermal
assistance of the deep trap in a sample annealed at 1200◦C was smaller than that
of an unannealed sample and that a sample annealed at 1200◦C produced better
PTTL and TA-OSL. These results led them(Kalita and Chithambo, 2019) to the
conclusion that annealing at 1200◦C increases the concentration of deep traps in
α-Al2O3:C,Mg.

10.2.3 Phototransferred thermoluminescence from deep traps

In order to monitor phototransferred thermoluminescence (PTTL) from deep traps,
the following sequence was executed:

1. Heating to 500◦C at 1◦C/s to measure background signal

2. Irradiation to 50 Gy at room temperature to populate the deep electron traps

3. Heating to 500◦C to clear shallow and main traps

4. CW-OSL measurement at temperature Ti from 20 to 240◦C in steps of 20◦C
by exposure to 470 nm blue light of power density 72 mW/cm2 for 20 s

5. Heating to 500◦C at 1◦C/s to monitor any TL signal induced by phototransfer

Figures 10.13 and 10.14 show PTTL glow curves of the unannealed sample meas-
ured at 1◦C/s after TA-OSL at 20, 40, 60, 80 and at 120, 140, 160, and 180◦C
respectively. The glow curve measured after the TA-OSL measurement at 20◦C
shows two PTTL induced peaks at 50 and 190◦C respectively. In addition to the
PTTL peak at 190◦C, the glow curve measured after the TA-OSL measurement
at 40◦C also has a much weaker PTTL peak near 50◦C. The other glow curves
measured after TA-OSL at 60◦C or above only show the PTTL peak at 190◦C.
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10.3. Summary

PTTL was also observed after TA-OSL measurements for the samples annealed at
700, 900, and 1200◦C respectively. These measurements of TA-OSL and PTTL
after heating to 500◦C provide additional evidence for the presence of deep traps
in α-Al2O3:C,Mg as reported in our investigation on the analysis of PTTL-time
profiles of unannealed α-Al2O3:C,Mg (Sob et al., 2021).

a b

c d

Figure 10.13: PTTL glow curves measured after TA-OSL at 20, 40, 60 and 80◦C
from the unannealed sample after irradiation to 50 Gy.

10.3 Summary

The luminescence properties of α-Al2O3:C,Mg have been investigated with optical
stimulation. We observed that the luminescence properties of this sample are in-
fluenced by annealing. The presence of deep traps has been studied with TA-OSL
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10.3. Summary

a b

c d

Figure 10.14: PTTL glow curves measured after TA-OSL at 120, 140, 160, and
180◦C from the unannealed sample after irradiation to 50 Gy.

and we found that PTTL peaks are observed following stimulation of electrons
from deep traps.
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Chapter 11
Conclusion

The goals of this thesis were the investigation of the dosimetric features of α-
Al2O3:C,Mg, the study of its phototransfer and the investigation of deep traps by
means of thermally assisted optically stimulated luminescence. In addition to an
unannealed sample of α-Al2O3:C,Mg, samples annealed at 700, 900 and 1200◦C
for 15 minutes each were also used. A beta source was used for irradiation. For
OSL measurements, each sample was exposed to 470 nm blue LEDS. For the dose
response study, a 1% absorptive neutral density filter was used in combination with
a 7.5 mm thick U-340 filter to attenuate the luminescence intensity and to prevent
damage to the photomultiplier tube.

A glow curve of unannealed α-Al2O3:C,Mg measured at 1◦C/s after irradiation to
2.0 Gy consists of peaks at 43, 73, 164, 195, 246, 284, 336 and 374◦C respectively.
For the sample annealed at 700◦C, a glow curve measured at 1◦C/s after irradiation
to 3.0 Gy has peaks at 46, 76, 100, 170, 199, 290, 330 and 375◦C. In comparison, a
glow curve of the sample annealed at 900◦C and measured at 1◦C/s after irradiation
to 3.0 Gy consists of peaks at 49, 80, 100, 174, 206, 235, 290, 335 and 375◦C/s
respectively. For the sample annealed at 1200◦C, which is more sensitive than the
others, a glow curve measured at 1◦C/s after irradiation to 0.2 Gy has peaks at
52, 82, ∼102, 174, 234, 288 and 384◦C respectively. The dose response of peaks
of each sample was studied for doses within 0.1 - 8.2 Gy. A shift in peak position
was observed with the use of the neutral density filter. The dose response of the
phototransferred peaks of each sample was also investigated.

A comprehensive study of PTTL in unannealed and annealed α-Al2O3:C,Mg was
carried out and a mathematical analysis of the observed PTTL dependence on
illumination time was developed. The PTTL time-response profile was described
as separate systems of an acceptor an, donors the number of which depends on
preheating and illumination. This study revealed the presence and role of deep
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11.1. Future work

traps beyond 500◦C which contribute to the PTTL.

Continuous-wave optical stimulation was used to investigate the role of shallow,
intermediate and main traps in the luminescence process of α-Al2O3:C,Mg. The
influence of irradiation dose on the OSL decay curves was studied. The effect of the
power of the stimulating light on OSL intensity was also investigated. Thermally
assisted OSL was used as a means to investigate luminescence from the deep traps.
Glow curves measured immediately after thermally assisted OSL show glow peaks
for each of the sample. This is additional evidence for the presence of deep traps
in these samples.

11.1 Future work

In this work, a beta source was used for irradiation and 470 nm blue LEDs were
used for optical stimulation. It will be interesting to study the effect of different
excitation source on the luminescence centres. A study on the effect of wavelength
of optical stimulation on the observed phototransferred peaks could shed more light
on the role played by traps; including deep electron traps and deep holes during
phototransfer. Time-resolved optical stimulation could also be used to investigate
the luminescence lifetimes of α-Al2O3:C,Mg and the influence of irradiation dose,
measurement temperature and annealing on these. Other techniques such as radio-
luminescence and linear-modulated optical stimulation could also be used to further
the study of mechanisms of luminescence in α-Al2O3:C,Mg. An investigation of the
origin and nature of traps in α-Al2O3:C,Mg is still of interest.
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A B S T R A C T   

Time-dependent profiles of phototransferred thermoluminescence (PTTL) of Al2O3:C, Mg are presented and 
analysed. Whereas qualitative discussions consider theoretical predictions, mathematical analysis of the profiles 
is based on experimental results. The thermoluminescence glow curve of unannealed Al2O3:C, Mg measured at 1 
◦

C/s following irradiation to 2 Gy consists of at least eight peaks. There is a prominent peak at 165 ◦C and 7 
secondary peaks at 43, 73, 195, ~246, 284, ~336 and 374 ◦C respectively. These are labelled I through VIII in 
order of appearance. Of these, only peaks I-IV are reproduced under phototransfer. The role of various electron 
traps as donors was determined using pulse annealing as well as by monitoring the dependence of peak intensity 
on duration of illumination used in the phototransfer. In particular, this shows that the electron trap for peak III 
at 165 ◦C, the main one, is the dominant donor to the electron traps responsible for PTTL at peaks I and II. There 
is also evidence of deep electron traps and deep hole traps beyond 500 ◦C which contribute to phototransferred 
thermoluminescence associated with peak III. The dependence of PTTL intensity on illumination time has been 
analysed using sets of coupled first order linear differential equations which describe the charge transfer at the 
electron traps involved. Particular solutions to the family of equations set up have been applied on experimental 
data successfully as evident in residuals associated with each fit.   

1. Introduction 

This report is concerned with phototransferred thermoluminescence 
(PTTL) from unannealed aluminium oxide doped with carbon and 
magnesium (Al2O3:C,Mg). In conventional thermoluminescence (TL), 
the signal is stimulated by controlled heating of a sample immediately 
after irradiation [1,2]. The luminescence ensues directly from the 
recombination with holes of electrons thermally stimulated from elec
tron traps which are populated during the irradiation. On the other 
hand, in PTTL the irradiated sample is first preheated to a specific 
temperature and, after cooling, exposed to light of a specific wavelength 
before being heated again to monitor any luminescence [3,4]. The 
temperature the sample is preheated to is chosen so that one or several 
peaks in a glow curve are removed during the preheating. Any peak 
which appears at a temperature below the preheating temperature 
following illumination and subsequent heating is a PTTL peak since it is 
induced by optical transfer of electrons from electron traps (donors) not 
emptied during preheating. For convenience we refer to the deep elec
tron source traps as donors and the lower temperature electron traps 

where electrons are phototransferred to as acceptors. Although this 
generic description assumes that higher-temperature lying electron 
traps will act as donors and the lowe-temperature ones as acceptors 
during PTTL, it has been shown that this is not always the case [3,4]. As 
a case in point, studies of PTTL in annealed synthetic quartz [3] as well 
as in natural quartz annealed at 1000 ◦C [4] have shown that some 
supposed donors can act as acceptors for certain combinations of pre
heating temperature and duration of optical exposure. 

Al2O3:C,Mg, the subject of this study, is a sensitive luminescent 
material developed for optical data storage [5], used for fluorescence 
nuclear track detection [6] and investigated for various applications 
including 2D dosimetry in magnetic resonance guided radiotherapy [7]. 
In addition to its high concentration of oxygen vacancies (F and F+

centres) owing to doping by carbon [8], co-doping with Mg is thought to 
generate additional colour centres such as F+(Mg), F2, F2+

2(2 Mg) and 
F+2(2 Mg) types [9]. An F+(Mg) electron centre is deduced to be formed 
when Mg replaces Al in the Al2O3:C, Mg matrix. In the same way, an F2

2+

(2 Mg) defect is concluded to arise when two F+(Mg) centres are 
inter-linked. On this basis, if an F2

2+ (2 Mg) centre captures an electron, 
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an F2
+(2 Mg) centre is formed. On the other hand, if an electron is 

trapped at the F2
+(2 Mg) aggregate, a neutral F2(2 Mg) centre results. 

Owing to the presence of such electron centres, various luminescence 
emission bands are generated between 300 and 750 nm in Al2O3:C, Mg 
[10–12]. In particular, photoluminescence (PL) measurements have 
shown that Al2O3:C, Mg has four emission bands at 325, 500, 510 and 
750 nm. These bands are attributed to F+(Mg), F2, F2

2+(2 Mg) and F2
+(2 

Mg) centres respectively [9]. Measurements using continuous-wave and 
time-resolved optically stimulated luminescence as well as radio
luminescence also show two prominent emission bands at 330 and 415 
nm due to F+ and F-centres respectively [12–15]. The signal discussed in 
this report is associated with the emission at the F centre. 

A number of studies using thermoluminescence (TL) and optically 
stimulated luminescence (OSL) have shown the potential of use of Al2O3: 
C, Mg as a TL and OSL dosimeter [16–18]. The dose response of the main 
TL peak of Al2O3:C, Mg under beta irradiation is superlinear within 
0.1–30 Gy becoming sublinearity thereafter up to 100 Gy [16]. How
ever, a major drawback in the possible use of Al2O3:C, Mg as a TL or OSL 
dosimeter is that its luminescence fades much faster than desired for a 
dosimeter. Kalita and Chithambo [17] studied this issue and attributed 
the fading to charge hopping of electrons between the electron traps. 

The luminescence properties of Al2O3:C, Mg have previously been 
studied using a combination of techniques such as TL [11,16,19–21], 
OSL [18,22], radioluminescence [22,23] and photoluminescence [9], 
Kalita and Chithambo [24], studied the PTTL of Al2O3:C, Mg and re
ported the presence of three PTTL peaks at 45, 74 and 163 ◦C respec
tively using illumination by 470 nm blue light. From that study, Kalita 
and Chithambo [24] concluded that the induced PTTL peaks follow the 
same order of kinetics as the corresponding peaks in the conventional TL 
glow curve. In terms of applications, previous studies examined the use 
of PTTL for dosimetry [25,26] or for absorption spectra of minerals as 
cited elsewhere [27]. 

This work follows in the same vein as that of Chithambo et al. [28] 
which reported on a systematic analysis of PTTL in α-Al2O3:C by relating 
each PTTL peak to sets of donors the number of which was determined 
by experiment. The mathematical formulation here is completely based 
on experimental results. As reported by Chithambo et al. [28], theo
retical models of systems of one or two electron traps and one recom
bination centre are not directly applicable to α-Al2O3:C, and by 
extension to Al2O3:C,Mg, where the number of glow peaks and so 
electron traps far exceeds this [11,16,21,22]. Previously the PTTL of 
Al2O3:C, Mg was described only in qualitative terms [24,29]. It is 
therefore instructive to develop, examine and apply mathematical 
models to explain the PTTL in this material. 

The aim of this work is to describe the PTTL of Al2O3:C, Mg both 
qualitatively and mathematically by relating the PTTL to a system of 
donor electron traps. The PTTL time-response profiles are described 
using systems of an acceptor and, donors the number of which depends 
on the preheating temperature. 

2. Experimental methods 

Samples used were trapezoidal shaped Al2O3:C, Mg of thickness 0.5 
mm and side lengths 8 × 4 mm (Landauer, Inc; Oklahoma, USA) 
greenish in hue prior to any heat treatment with mass 0.060 g. The 
sample size was mistakenly reported as being 5 mm length, 2.5 mm 
breadth and 1 mm thickness in some of our earlier studies e.g. Refs. [11, 
16,19–21,29]. The RISØ TL/OSL DA-20 Luminescence Reader was used 
in the measurements. The sample was irradiated in-situ with a90Sr/90Y 
beta-source at a dose rate of 0.10 Gy/s. Luminescence was detected by a 
bialkali EMI 9235QB photomultiplier tube through a 7.5 mm thick Hoya 
U-340 filter (transmission band 250–390 nm). Measurements were made 
in a nitrogen atmosphere to properly thermally anchor the sample to its 
holder. In order to measure PTTL, a previously irradiated sample was 
preheated to remove certain peaks and cooled down immediately 
thereafter. The sample was then exposed to 470 nm blue light of optical 

power density 72 mW/cm2 for a time during which some electrons were 
transferred from deeper electron traps to emptied shallower ones. All 
illuminations were made at 20 ◦C. Unless otherwise stated, all mea
surements were made at 1 

◦

C/s and correspond to irradiation to 2 Gy. 

3. Glow curve characteristics 

Fig. 1 shows a glow curve measured after irradiation to 2 Gy (solid 
symbols). As determined by thermal cleaning, the glow curve has eight 
peaks at 43.3 ± 0.1, 73.0 ± 1.4, 164.7 ± 1.3, 195.3 ± 1.7, ~246, 284 ±
1.9, ~336 and 374.4 ± 3.0 ◦C. The peaks are referred to hereafter as I 
through VIII respectively. These are identified in Fig. 1 except peaks V 
and VII which are indistinct here. A glow curve measured after pre
heating to 60 ◦C, intended to remove peak I, and illumination for 10 s is 
shown for comparison. Peak I is reproduced under phototransfer as 
indicated. 

4. Determining the role of electron traps as acceptors or donors 
using partial heating 

The role of each electron trap either as an acceptor or a donor in the 
observed PTTL was investigated by partially heating and illuminating an 
irradiated sample. The technique was to progressively increment the 
preheating temperature used prior to illumination and monitoring the 
intensity (as peak heights) of any peaks present after the preheat. In the 
measurements, the sample was preheated from 60 to 600 ◦C at 20 ◦C 
intervals after irradiation and illuminated for 10 s each time. Each such 
pulse annealing measurement was repeated three times and the in
tensities plotted are averages from these measurements. For ease of 
reference, any PTTL peaks corresponding to peaks I-VIII will be referred 
to as A1,A2, A3 …. 

4.1. Effect of partial heating on peaks I and II 

Fig. 2(a) shows the dependence of the PTTL intensity on the pre
heating temperature for peaks AI and A2. The intensity of peak AI in
creases with preheating temperature between 80 and 140 ◦C. Peak A1 

Fig. 1. Glow curves of Al2O3:C, Mg measured at 1 
◦

C/s following irradiation to 
2 Gy (solid symbols) and another obtained after preheating to 60 ◦C and sub
sequent illumination for 10 s (open symbols). The positions of clear peaks, 
except peaks V and VII which are not obvious here, are shown for reference. 
The inset shows, for comparison, separate glow curves measured with and 
without preheating where the one with preheating omitted the light exposure 
step. This is intended to emphasize the nature of the reproduced peak (open 
circles) as being due to PTTL only. 
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then decreases rapidly in intensity thereafter from 140 to 200 ◦C. 
Notably, peak A2 decreases in intensity over the same preheating tem
peratures. Beyond 200 ◦C, the intensity of both peaks continues to 
decrease but do so very slowly. For preheating temperatures beyond 
400 ◦C, it is no longer possible to measure peaks A1 and A2. 

The behaviour of peak A1 between 80 and 140 ◦C requires comment. 
The intensity of an acceptor peak should remain stable as long as donors 
are not significantly depleted or decrease if they are. In that sense, the 
possible donors for peak A1 correspond to electron traps for peaks II- 
VIII. Preheating to 140 ◦C only affects the electron trap for peak II at 
73 ◦C. Since the intensity of peak A1 increases as peak II is removed, the 
change must be due to a decreased role of the electron trap for peak II as 
a competitor for electrons that should otherwise produce peak A1. Ex
amples of such competition effects have been observed and discussed for 
PTTL in synthetic and natural quartz [3,4]. 

Peak II (at 73 ◦C) decreases in intensity between 80 and 120 ◦C. This 
implies that peak II acts as a donor for peak A1 over these temperatures. 
What then follows, that is, the decrease in intensity of PTTL peaks A1 
and A2 up to 180 ◦C must be due to the progressive depletion of charge 
from the electron trap of peak III. Increasing the preheating temperature 
from 200 ◦C onwards has little effect on the PTTL intensity of peaks A1 
and A2. Thus although the putative donors for PTTL peaks A1 and A2 are 
the electron traps for peak III-VIII, the main donor is evidently the 
electron trap for peak III. 

4.2. Effect of partial heating on peak III 

Fig. 2(b) shows the influence of preheating on peak III. This peak 
appears at 165 ◦C but is only removed and reproduced under PTTL 
following preheating beyond 180 ◦C. The possible donors for its PTTL 
are the electron traps for peaks IV-VIII. Although this peak is not a PTTL 
peak until after preheating beyond 180 ◦C, its intensity slightly increases 
with preheating initially. Such an increase is counter-intuitive for a 
supposed donor for PTTL recorded at peaks A1 and A2. This means one 
of two things. Either the electron trap for peak III is itself a competitor or 
the change also reflects the decreased role of another competitor trap 
which in this case is the electron trap for peak A2. Beyond 180 ◦C, where 
peak III is reproduced as PTTL, that is, as A3, there is a sharp decrease in 
intensity. This decrease is likely caused by depletion of charge at sup
posed donors IV-VII. 

The inset to Fig. 2(b) shows the region from 200 to 500 ◦C whose fine 
detail is obscured by the high intensity signals in the main graph. The 
PTTL intensity decreases monotonically from 200 to 460 ◦C. Peak A3 
then becomes more intense reaching maximum emission at 560 ◦C 
before decreasing with further preheating up to 600 ◦C. Although PTTL 
observed beyond 500 ◦C can be associated with deep electron traps, it is 
unlikely that this would cause a sudden and significant increase in signal 
as shown in Fig. 2(b)inset. We will explain later how the result is asso
ciated with a deep hole trap. 

4.3. Effect of partial heating on peaks IV 

Peak IV, which is on the falling edge of peak III, is reproduced under 
phototransfer for certain combinations of preheating temperature and 
duration of illumination. However, the peak was found unsuitable for 
analysis because it could not be clearly isolated. 

4.4. Effect of partial heating on peaks V-VIII 

Peaks V-VIII are not reproduced under phototransfer. 

5. Qualitative description of the dependence of PTTL intensity 
on illumination time 

The dependence of PTTL intensity on illumination time is discussed 
for peaks A1, A2 and A3. Although peak IV is also reproduced under 
phototransfer, the resultant peak (A4) could not be properly isolated for 
such a study. For completeness and to help explain the PTTL, the in
fluence of illumination on the intensity of the supposed donor peaks that 
is, any peaks not removed by preheating is also reported. The purpose of 
this is to confirm whether any assumed donors act as such and how 
important their involvement in the process is. In the measurements, an 
irradiated and subsequently preheated sample was illuminated by 470 
nm blue light to different durations. 

5.1. PTTL of peak I after preheating to 60 ◦C 

In the first test to measure the illumination-time dependence of peak 
A1, the sample was preheated to 60 ◦C. Fig. 3 shows the dependence of 
PTTL intensity on illumination time for peak A1. The intensity of peak 
A1 goes through a maximum at 26 s with illumination time up to 26 s. 
For longer illumination periods than this, peak A1 can no longer be 
distinguished from peak II at 73 ◦C. 

The possible donors for the PTTL of peak A1 are electron traps for 
peaks II-VIII since these are not removed by preheating to 60 ◦C. For 
comparison, the behaviour for peak II is also shown in Fig. 3. The in
tensity of this peak increases with illumination time up to 6 s before 
decreasing thereafter. This profile suggests that at the start of illumi
nation the electron trap responsible for peak II acts as an acceptor but 
with further illumination this trap serves as a donor for peak A1. 

Fig. 4 shows the dependence of TL intensity on illumination time for 

Fig. 2. Dependence of PTTL intensity on preheating temperature for peaks A1 
and A2 (a) and peak III (b). The dotted lines in (a) are only visual guides. The 
sudden increase in signal beyond 500 ◦C in (b) is ascribed to the effect of deep 
hole traps. 
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the other donor peaks, namely, III and IV, and in Fig. 4(b) for donors V, 
VI and VIII. The intensity of all these peaks decreases with illumination 
time. Of all these peaks, the most intense one is peak III. To illustrate this 

point, for 2 s illumination, the intensity of peaks II and IV is only 2% that 
of peak III. The intensities of peaks V, VI and VIII are even lower at only 
about 0.05% that of peak III. Thus the main donor for peaks A1 and A2 is 
the electron trap for peak III. The contribution of the donor peaks as 
identified (and possibly of VII as well) to the PTTL of peak A1 is 
negligible. 

5.2. PTTL from peaks I and II after preheating to 100 ◦C 

Preheating to 100 ◦C removes peaks I and II at 43 and 73 ◦C 
respectively. These two peaks are reproduced by phototransfer (as A1 
and A2) at the same positions. Fig. 5(a) shows that the intensity of peaks 
A1 and A2 both initially increase with illumination and then decrease 
thereafter. 

Fig. 5(b) shows the dependence of TL intensity on illumination time 
for peaks III and IV and in the inset, for peaks VI and VIII. Peak VII is 
indistinct, could not be monitored, and so is not discussed. The intensity 
of all peaks shown in Fig. 5(b) decrease with illumination time con
firming their role as possible donors for the PTTL at peaks A1 and A2. 
Comparing intensities, one finds that the main contributor electron traps 

Fig. 3. Dependence of intensity on duration of illumination for peaks A1 and II.  

Fig. 4. The change of TL intensity with illumination time for peaks III and IV 
(a) and for peaks V, VI and VIII (b). The dashed lines are only visual guides. 

Fig. 5. The change of TL intensity with illumination time for peak A1 following 
preheating to 100 ◦C and in the inset, for peak A2 (a) The same feature for 
peaks III and IV, and in the inset for peaks VI and VIII (b). Peak V was indistinct 
and could not be monitored. 
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for PTLL peaks A1 and A2 correspond to peaks III and IV with peak III 
being dominant. 

5.3. PTTL after preheating to 300 ◦C 

When the sample is preheated to 300 ◦C, peaks I-VI are removed by 
preheating. However, only peaks I, II, III and IV are reproduced by 
phototransfer. This occurs for various combinations of preheating tem
perature and duration of illumination as shown in Fig. 6. Peak IV, which 
appears on the falling edge of peak III, is also reproduced for certain 
illumination times above 40 s but is otherwise indistinct and could not 
be analysed. Likewise, although peak I is reproduced by phototransfer, 
its intensity was too low to allow for a proper analysis of the dependence 
of its intensity on illumination time. Peaks V and VI are not reproduced 
by phototransfer. 

Fig. 7 shows the dependence of PTTL intensity on duration of illu
mination for peaks A2 and A3. Whereas the intensity of peak A2 displays 
the archetypal shape, that of peak III decreases monotonically. The 
possible donors for this PTTL are electron traps corresponding to peaks 
VII and VIII. Of these only peaks VIII could be monitored (see Fig. 6) and 
its intensity decreases consistently with illumination time (Fig. 7, inset). 

5.4. PTTL after preheating to 400 ◦C 

Preheating to 400 ◦C removes all peaks in the TL glow curve. Peaks I, 
II and III are regenerated by phototransfer (as A1, A2 and A3). However, 
except for peak A3, the intensities of the two other acceptor peaks were 
too low for analysis. The intensity of peak A3 goes through a maximum 
before decreasing at longer illumination times. The supposed donor in 

Fig. 6. Glow curves of Al2O3:C, Mg measured at 1 
◦

C/s following irradiation to 2.0 Gy, preheating to 300 ◦C and illumination for 4 s (a) 40 s (b) 120 s (c) and 1200 s 
(d). The position of the otherwise indistinct peak IV is only included in (b) and (c) for reference. 

Fig. 7. PTTL intensity against duration of illumination for peaks A1 and A2 
following preheating to 300 ◦C, and in the inset, the change in TL intensity with 
illumination time for peak VIII. 
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this case is the deep trap(s). The plot for the time-dependence of peak A3 
will be shown later in the text. 

6. Mathematical analysis of PTTL time-response profiles 

The dependence of PTTL intensity on duration of illumination used 
for phototransfer was discussed qualitatively in the preceding section. 
We will proceed to analyse the same mathematically. The analysis will 
be informed by experimental results presented in sections 4 and 5. 

To aid the discussion, Table 1 lists the observed TL and PTTL peaks. 
Conventional TL peaks are labelled I-VIII. The PTTL peaks correspond
ing to these peaks are referred to as A1, A2,…These are the same labels 
used thus far. The electron traps listed as ‘possible donors’ are the 
theoretically expected ones. This is because, in theory, the electron trap 
of any peak at temperatures beyond that of one that has been removed 
by preheating, can serve as a donor in the PTTL process. The main do
nors suggested by the partial heating experiment (section 4) and as re
flected by PTTL time-response profiles (section 5) are listed separately in 
Table 1. The analysis will be based on the latter two lists rather than the 
ideal theoretical list. 

The concentration of trapped electrons at the ith electron trap will be 
denoted by Ni and the optical stimulation probabilities as si. The equa
tions describing the change in the concentration of trapped electrons are 
written for the illumination step only. Retrapping is neglected because, 
as has been shown several times previously, the peaks follow first-order 
kinetics [16,19–21]. Each family of equations is unique to each system 
and has a particular solution. This solution is applied to the experi
mental data for that particular system. The main assumption as before 
[3,4] is that only a portion of electrons released from a donor trap end up 
at the acceptor electron trap to produce PTTL. The method used here is 
the same one developed by Chithambo et al. [28] and applied previously 
on quartz [3,4,30]. 

The method used here and elsewhere [3,4,28,30] should be distin
guished from the kinetics-based method of say, Alexander and McKeever 
[27] where non-linear rate equations are used to relate the concentra
tion of holes at a recombination centre to the concentration of electrons 
at electron traps and in the conduction band. Here, the transport of 
electrons involved in the PTTL process is described at the irradiation, 
preheating, illumination and heating stages. The coupled non-linear 
differential equations developed this way do not have analytical solu
tions and thus require numerical approximations to solutions. These 
numerical solutions are then used to generate plots of PTTL intensity as a 
function of illumination time by considering various assumptions such 
as, say, negligible retrapping or the number of electron traps involved in 
the process. Our approach differs from this method in several respects. 

We formulate differential equations only at the illumination stage. These 
equations describe the transfer, to an acceptor, of a proportion of elec
trons optically stimulated from a donor. The number of donors for any 
acceptor peak is determined by experiment. The sets of these equations 
have analytical solutions which are then applied directly to experi
mental data. 

6.1. Time-dependence of PTTL after preheating to 60 ◦C 

Preheating to 60 ◦C followed by illumination produces only peak A1. 
As shown in Table 1, there is only one dominant donor for the PTTL, the 
electron trap for peak III. Therefore, the PTTL time-response profile for 
peak A1 can be described in terms of a system of one acceptor and one 
donor with rate equations as follows: 

dN3

dt
= s3N3 (1)  

dN1

dt
= − s1N1 + α3s3N3 (2)  

where α3 is a constant of proportionality and all other parameters are as 
defined before. Equation (1) describes the loss of electrons from the 
donor. Equation (2) takes into account not only the transfer of electrons 
from the donor but the possibility of loss due to illumination at the 
acceptor. The solution of the coupled set Eqs. (1) and (2) is 

N1(t)=A(e− s3 t − e− s1t ) (3)  

where A= (α3s3N3i/(s1 − s3) where N3i is the initial concentration of 
trapped electrons at the donor trap at the start of illumination. 
Increasing the number of donors to two by considering both peaks III 
and IV as contributors did not produce any improvement in the fit. This 
supports the qualitative conclusion that although in theory there are 7 
donors, the main contributor to the PTTL is the electron trap for peak III. 

6.2. PTTL following preheating to 100 ◦C 

When the sample is preheated to 100 ◦C, only peaks A1 and A2 are 
reproduced under phototransfer. The main contributors to the PTTL 
correspond to electron traps for peaks III and IV. Thus in this case we 
have two separate systems of one acceptor and two donors. Therefore 
the rate equations describing charge transfer responsible for peak A1 or 
A2 are 

dN3

dt
= S3N3 (3) 

Table 1 
A summary of TL peaks, their corresponding PTTL peaks, donors and photoionization cross-section. In the study corresponding to 300 ◦C, only peak III could be 
monitored as a donor.   

TL PTTL     P. cross-section (cm-2)             

Peak label Tm Peak label Preheating temp Possible donors Main donor √ Main donor √√ Acceptor Donor Donor  
(oC)  (oC)       

I 43 A1 60 II III IV V VI VII VIII III III 3.26E-18 3.92E-19     
100 II III IV V VI VII VIII III III IV 1.95E-18 6.93E-19 4.82E-20    
300       

II 73 A2 100 III IV V VI VII VIII III III IV 2.17E-18 2.17E-19 1.53E-20    
300   VII and VIII 4.70E-21 8.52E-20  

III 165 A3 300 IV V VI VII VIII IV V VI VII and VIII 5.25E-18 2.42E-19 4.70E-21    
400 DT DT DT 5.44E-18 3.10E-19 4.70E-21 

IV 195 A4 300 N/A N/A N/A    
V 246 N/A   N/A N/A    
VI 284 N/A   N/A N/A    
VII 336 N/A   N/A N/A    
VIII 374 N/A   N/A N/A    

√ From pulse annealing study. 
√√ From time-response study. 
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dN4

dt
= s4N4 (4)  

dNj

dt
= sjNj + γ3s3N3 + γ4s4N4 (5)  

where γ3 and γ4 are proportionality constants. (sj ,Nj) is either (s1 , N1) 
or ( s2, N2) depending on which one of the two PTTL peaks is considered. 
The solution to the coupled first order linear differential Eqs. set (3–5) is 

Nj(t)=A1(e− s3t − e− sj t) + A2(e− s4 t − e− sjt ) (7)  

where A1 = (γ3s3N3i/(s1 − s3)and. A2 = (γ4s4N4i/(s1 − s4).

6.3. PTTL after preheating to 300 ◦C 

Preheating to 300 ◦C removes peaks I to VI. Peaks A1, A2, A3 and A4 
are reproduced by phototransfer. However, only peaks A2 and A3 were 

sufficiently intense and distinct for analysis. The only possible donors in 
this case are the electron traps for peaks VII and VIII (see Table 1) 
although in practise peak VII could not be monitored. Experimental tests 
(see section 5.3) suggest that the electron trap for peak VIII is the only 
dominant donor. On this basis, the time-response profile of the PTTL of 
peaks A2 and A3 were analysed using the two options of one acceptor 
and one donor (Eq. (3)) or one acceptor and two donors (Eq. (7)). It was 
found that only the second option could properly describe the result. In 
this particular case, the PTTL of either peak A2 or A3 cannot result from 
a single donor. 

6.4. PTTL following preheating to 400 ◦C 

Preheating to 400 ◦C removes all peaks in the conventional TL glow 
curve. Although peaks I, II and III are reproduced by phototransfer, only 
peak A3 was found suitable for further analysis. In theory, its PTTL 
corresponds to a simple system of one acceptor and one donor, a deep 

Fig. 8. PTTL intensity against duration of illumination of peak A1 following preheating to 60 ◦C (a) and to 100 ◦C (b) the change for peak A2 following preheating to 
100 ◦C (c) and to 300 ◦C (d). All data is shown fitted with Eq. (7)except for (a) which is fitted with Eq. (3). 
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electron trap, and should be described by an expression similar to Eq. 
(3). However, we could not obtain a satisfactory fit by considering a 
system consisting of one acceptor and one donor. The lowest possible 
number of donors which yielded a satisfactory fit was two using an 
expression of the same form as Eq. (7). We therefore assume that the 
PTTL following preheating to 400 ◦C can be ascribed to the contribution 
of at least two deep electron donor traps. 

7. Applications 

Figs. 8 and 9 show applications of the models to experimental data. 
Fig. 8(a) shows the PTTL time-response profile of peak A1 after pre
heating to 60 ◦C. The solid line through data is the best fit of Eq, (3). 
Fig. 8(b) shows the result for peak A1 after preheating to 100 ◦C fitted 
with Eq. (7). The best fit of the same expression on peak A2 after pre
heating to 100 ◦C and to 300 ◦C are shown in Fig. 8(c) and (d). The PTTL 
time-response profile of peak A3 after preheating to 300 ◦C and 400 ◦C 
are shown in Fig. 9(a) and (b) respectively. Both are shown fitted with 
Eq. (7). In all cases, except perhaps for Fig. 9(a), the experimental data is 
satisfactory described by the models as evident in the residuals fluctu
ating about zero. For completeness, we have provided as Supplementary 
Information, plots of tests which though theoretically possible, were 
found unsuitable in practise. Since the stimulation rate s = Φσ where Φ 
is the incident photon flux and σ the photoionization cross-section, this 
provided a means to determine the latter. In this study, we had Φ = 1.70 
× 1017 cm− 2 s− 1. Examples of values of s are s1 = 0.5547 ± 0.0253 and 
s3 = 0.0667 ± 0.0021 in the fit for peak A1 after preheating to 60 ◦C. The 
photoionization cross-section calculated for the various peaks are 
included in Table 1 and range between. 

10− 21 -10− 18 cm− 2. 
Fig. 2(b) inset showed a notable response of PTTL to preheating. 

Peak A3 increases with preheating up to 560 ◦C before decreasing with 
further preheating up to 600 ◦C. As stated, this sudden and significant 
increase in signal is unlikely to be associated with deep electron traps. 
Yukihara et al. [31] suggested that deep hole traps become unstable 
between ~530 and 600 ◦C in Al2O3:C. We conclude that the same pro
cess is responsible for the result observed in Fig. 2(b) inset. A similar 
type of generation of holes was used by Chithambo [32] to explain the 
dose response in Al2O3:C. Heating in this temperature region produces a 
large number of holes. Some of these holes are captured at F centres 
converting them to F+ centres. As known, the recombination of an 

electron with an F+ centre produces an excited F centre. Luminescence, 
including TL, at 420 nm results following relaxation of the electron from 
an excited 3P to the 1S ground state at the F-centre [8]. Therefore the TL 
or PTTL intensity in this case reflects changes in the concentration of 
holes owing to preheating between 500 and 600 ◦C as observed. To our 
knowledge, this is the first demonstration of involvement of deep hole 
traps in the PTTL of Al2O3:C,Mg. 

As a final point, we note the behaviour of peak II in Fig. 3. The in
tensity of this peak does not decrease consistently with illumination as 
expected of a donor but instead increases for the first 6 s before the 
expected decrease appears. This behaviour is classified as a competition 
effect. This is defined as processes that enhance or depress the capture of 
charge at electron traps during illumination and how this affects the 
output from acceptors or contribution of donors [3,4]. The conventional 
interpretation of PTTL assumes that when electrons are released from 
donor traps during illumination, they can move to a recombination 
centre, get re-trapped or transit to acceptors. Although this idealized 
description aids the formulation of mathematical expressions to describe 
phototransfer, the real effects are far more complex and affected by 
competition effects. These have been investigated in detail in quartz [3, 
4] and were briefly discussed for PTTL in α-A12O3:C [30]. Competition 
effects in Al2O3:C, Mg may involve not only electron traps but also hole 
traps and will be studied in detail elsewhere. 

8. Conclusion 

We have reported a comprehensive study of PTTL in Al2O3:C, Mg and 
developed a mathematical description of the observed PTTL dependence 
on illumination time. The PTTL has been experimentally demonstrated 
as separate systems of an acceptor and, donors the number of which is 
affected by various combinations of preheating and illumination. The 
systems have been analysed as coupled sets of linear first order differ
ential equations describing the charge transfer at the illumination step. 
Particular solutions have been applied to experimental data. The study 
has also revealed the presence and role of deep hole traps beyond 500 ◦C 
which contribute to the PTTL observed. To our knowledge, this is the 
first time this has been reported. The study suggests that competition 
effects in Al2O3:C, Mg may involve not only electron traps but also hole 
traps and is a problem that requires further examination. This study has 
contributed to a better understanding of the processes and analysis of 
PTTL in Al2O3:C, Mg and may be of interest to readers interested in 

Fig. 9. PTTL intensity against duration of illumination of peak A3 following preheating to 300 ◦C (a) and to 400 ◦C (b).  
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dosimetry and solid state defect research. 
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A B S T R A C T   

Inter-electron-trap charge movement induced under phototransferred thermoluminescence (PTTL) in Al2O3:C, 
Mg annealed at 700 and 900 ◦C is reported. Such annealing modifies the emission spectrum and electron trapping 
states in Al2O3:C,Mg. The glow curve of Al2O3:C,Mg annealed at 700 ◦C has eight peaks at 46, 76, 100, 170, 199, 
290, 330 and 375 ◦C respectively. In comparison, that of the sample annealed at 900 ◦C has nine at 49, 80, 100, 
174, 206, 235, 290, 335 and 375 ◦C. The peaks are labelled I, II, III … in that order. Only peaks I-IV re-appear 
under phototransfer. The PTTL is analysed qualitatively as well as by computational and phenomenological 
models as systems of an acceptor and multiple donors. Point defects that likely contribute to emergence of PTTL 
are discussed and are deduced to lie mostly in the oxygen sub-lattice.   

1. Introduction 

Alumina (Al2O3) is a well-known wide band-gap insulator with a 
diverse range of point defects [1,2] some of which produce lumines
cence under optical or thermal stimulation [3–5]. Although various 
types are intrinsic, some of the defects in question are generated by 
thermal reduction, irradiation by energetic neutrons, electrons or ions as 
well as by addition of impurities to the Al2O3 lattice [1]. The imper
fections mostly reside in the oxygen sub-lattice. The quintessence of 
these are the F+ and F electron centres consisting of one or two electrons 
trapped at an oxygen vacancy [1]. Alternatives, whose existence is 
rationalized, include the F2, F2

+, F2
2+ and F3

+ aggregates [6–8] and 
others like the α centre whose presence is moot. 

The doping of Al2O3 with C and Mg is thought to modify the balance 
of F and F+ centres within it to the extent that the concentration of F+

centres exceeds that in Al2O3 when doped with C alone [6]. This is 
evident by the comparative increase in intensity of the 325 nm emission 
band attributed to the F+ centre [7]. The luminescence lifetime of the F+

centre emission, at 7 ns, is much faster than the 35 ms of the F colour 
centre [3]. This dynamic has been exploited to see to Al2O3:C,Mg as a 
fluorescent nuclear track detector in neutron-based dosimetry [6–8]. 
Besides the 325 nm one, a large number of other bands span the emission 
spectrum of Al2O3:C,Mg between 300 and 800 nm. Examples at 410, 
500, 510 and 750 nm are linked to F, F2, F2

2+(2 Mg) and F2
+(Mg) colour 

centres respectively [6,9,10]. With specific reference to Al2O3:C,Mg, the 
F+(Mg) is a single oxygen vacancy charge compensated for by Mg. An 
inter-link of a pair of F+(Mg) centres is thought to produce the F2

2+(2 
Mg) mentioned earlier. If the latter captures an electron in a radiolytic 
reaction, the product is the F2

+(2 Mg) centre. 
The diversity displayed in emission characteristics is mirrored under 

electron trapping states. The thermoluminescence glow curve of Al2O3: 
C,Mg has a dominant peak near 161◦C and a motley of no less than six 
secondary glow peaks [11–13]. All peaks follow first order kinetics. 
When Al2O3:C,Mg is annealed at elevated temperature, significant 
changes occur in its emission and glow curve features. Whereas emission 
bands at 325, 420 and 485 nm stand out [11,12], the intensity of the 
485 nm band decreases and more glow peaks appear when the material 
is annealed at 900 ◦C [12]. The drop in the 485 nm emission is singled 
out here because it exemplifies the influence of annealing on complex 
defects. The decrease of the 485 nm band is ascribed to the dissociation 
of F2

2+(2 Mg) electron centres responsible for this band [12]. Of rele
vance to this work is that Al2O3:C,Mg, whether annealed or not, is 
sensitive to optical stimulation over a wide range of measurement 
temperature. 

Thermoluminescence, the method used here, is a sensitive technique 
for monitoring changes in defect concentration in insulators and semi
conductors. Certain type of imperfections within these materials can 
trap and retain free electrons or holes. The release of the trapped charges 
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under heating at a linear rate can be measured as a temperature and 
wavelength-resolved set of signals and is called a glow curve if the signal 
is recorded over a fixed detection band. Each discrete peak in the glow 
curve reflects the presence of a particular type of electron-trapping point 
defect. The utility of TL for studies of wide band-gap insulators like 
Al2O3:C,Mg is that they offer a means to sense the presence of and 
changes in defect concentration, their complexes and influence of 
experimental treatment such as annealing on their stability and in 
general, sensitivity of various electron traps including deep ones to 
thermal and optical stimulation. 

The presence of many colour centres and an array of electron traps 
that can be optically and thermally stimulated creates analytical prob
lems that cannot always be resolved by empiricism or hindsight. 
Whereas some changes in defect concentration can be sensed with a 
degree of precision using TL by monitoring specific electron traps, the 
question that arises is how the optically induced transfer of electrons 
between a large collection of stable and unstable electron traps in Al2O3: 
C,Mg ought to be studied. Phototransferred thermoluminescence (PTTL) 
is one means to do so. Indeed for α-Al2O3:C, some previous studies [14, 
15] show its relevance. PTTL arises due to transfer of electrons, by light, 
from one electron trap to another and is conveniently investigated if the 
source or donor trap is more stable that the acceptor electron trap. 
However, a number of studies [15–20] have shown that this definition is 
axiomatic. It implies that the charge transfer involved is a one-way 
process from donor to acceptor and that PTTL will ensue as long as at 
least one empty electron trap is available. The reality is different and the 
axiom is only a fortunate experimental exception. As has been shown in 
Al2O3:C [15], quartz [16–18] and tanzanite [19], PTTL sometimes only 
appears when multiple peaks have been removed. Even so, PTTL appears 
at only some and not all peaks as also observed in unannealed Al2O3:C, 
Mg [20]. Indeed, it is not unusual for the intensity of the supposed donor 
peaks to counterintuitively increase with measurement or for a peak to 
act as an acceptor only in the presence or absence of certain supposed 
donor peaks. 

Some studies e.g. Refs. [14,21–23] state that annealing α-Al2O3:C 
near 900 ◦C depletes deep electron traps. Such changes in the occupancy 
of the latter affects the sensitivity of α-Al2O3:C to thermal or optical 
stimulation. It is also known to affect its dose response [24]. Although 
similar annealing may empty deep electron traps in α-Al2O3:C,Mg, it 
causes other changes besides. Akselrod et al. [25] noted that annealing 
α-Al2O3:C,Mg above 700 ◦C destroyed the F2

2+(2 Mg) colour centre. In 
related work, Kalita and Chithambo [26] observed change in sensitivity 
of Al2O3:C,Mg due to annealing at 700 ◦C and 900 ◦C. Changes in 
luminescence bands due to dissociation of F2

2+(2 Mg) centre caused by 
annealing at 700 ◦C or beyond were confirmed in TL spectral mea
surements [12]. 

Since annealing modifies both the emission and glow curve features, 
this work examines PTTL of Al2O3:C,Mg annealed at 700 and 900 ◦C and 
is a natural progression from our previous work that investigated PTTL 
in unannealed Al2O3:C,Mg [20]. We identify and discuss the role of 
electron traps as acceptors or donors and analyse the PTTL 
time-response profiles using various mathematical models. The report 
also describes point defects that are likely involved in the emission of the 
PTTL. 

2. Experimental methods 

Samples used were Al2O3:C,Mg trapezoids of thickness 0.5 mm, side 
lengths 8 × 4 mm and mass 0.060 g (Landauer, Inc; Oklahoma, USA). 
The samples were annealed in a tube furnace (Kiln Contracts (Pty) Ltd, 
Cape Town) at 700 and 900 ◦C for 15 min prior to use. For ease of 
reference, the sample annealed at 700 ◦C will be called sample S and the 
one annealed at 900 ◦C; sample N. Measurements were made on the 
RISØ TL/OSL DA-20 Luminescence Reader. Samples were irradiated in- 
situ with a 90Sr/90Y beta-source at a rate of 0.10 Gy s− 1. Luminescence 
was detected by an EMI 9235QB photomultiplier tube through a 7.5 mm 

thick Hoya U-340 filter (transmission band 250–390 nm). PTTL was 
measured as typical starting with the preheating of a previously irradi
ated sample to remove certain peaks. The sample was then exposed to 
470 nm blue light for a time to transfer electrons from deeper electron 
traps to shallower ones purposely emptied by the preheating. All illu
mination was done at room temperature with the LEDs set at an optical 
power density of 72 mW cm− 2 at sample position. Unless otherwise 
stated, all measurements were made at 1 ◦C s− 1 and correspond to 
irradiation to 2 Gy. 

3. Glow curve characteristics 

Fig. 1 shows glow curves of samples S (solid symbols) and N (open 
symbols). Sample S has eight peaks, and sample N; nine. The peaks for 
sample S are at 46, 76, 100, 170, 199, 290, 330 and 375 ◦C whereas 
those of sample N appear at 49, 80, 100, 174, 206, 235, 290, 335 and 
375 ◦C. These peaks are referred to hereafter as I through IX. Only some 
stand out in Fig. 1. The complete set in each case was determined by 
thermal cleaning. There are other differences between the glow curves 
besides their number of glow peaks. When the annealing temperature is 
increased from 700 to 900 ◦C, the intensity of TL beyond 260 ◦C in 
sample N drops below that in sample S. It is also clear that although both 
samples have peaks near 290 and 330 ◦C, sample N has an additional one 
interposed between the two. 

Once an irradiated sample has been preheated, there is an expecta
tion that subsequent illumination will induce PTTL. The inset to Fig. 1 
compares measurements on samples S and N made without and with 
preheating (to 375 and 300 ◦C respectively) and no exposure to light. 
There are no peaks at the position of removed peaks on re-measurement. 

Results of tests preparatory to measurement of PTTL from samples S 
and N are shown in Fig. 2. The glow curves were obtained after pre
heating to 260 ◦C and illumination for 12 s. Both samples produce PTTL. 
In this example, only peaks II and III reappear under phototransfer in 
both samples as does peak I in sample N. Thus, not all peaks I–V or I-VI 
removed by the preheating in samples S and N respectively are repro
duced as a result of phototransfer. 

The reproducibility of the peak position was assessed by using the 
best estimate of the position as the average and the uncertainty as the 
standard deviation for five consecutive measurements. Each of peaks I- 
IX was found to be within 1.0% of the average for sample S except peak II 

Fig. 1. Glow curves of Al2O3:C,Mg annealed at 700 and 900 ◦C measured at 
1 ◦C s− 1 following irradiation to 2 Gy. Annealing modifies the number of peaks 
and to some extent, their intensity. The sample annealed at 700 ◦C is labelled S 
and that at 900 ◦C, N. The approximate peak positions are indicated. When the 
glow curves are measured after preheating but without any illumination, no 
peaks are observed at the position of the removed peaks (inset). 
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which was within 1.6%. In comparison, for sample N, peak III has a 
fractional uncertainty of 2% and all else, no more than 1%. Thus all 
peaks are properly reproducible. 

4. Identifying electron traps as acceptors or donors using step- 
annealing 

The sequential experimental steps of partial heating followed by 
illumination collectively known as step- or pulse-annealing were used to 
determine the role of each electron trap as an acceptor or a donor in the 
PTTL. Preheating temperatures preceding each illumination were 
incremented at intervals and the intensity of any peaks present after the 
preheat monitored. Thus, samples S and N were preheated from 60 to 
500 ◦C at 10 ◦C intervals after irradiation and illuminated for 12 s after 
each preheat. Any PTTL peaks corresponding to conventional TL peaks 
of sample S will be referred to as S1, S2, …whereas for sample N, the 
shorthand will be N1, N2 … 

4.1. Effect of step-annealing on peaks I, II and III 

Fig. 3(a) shows the dependence of the PTTL intensity on preheating 
temperature for peaks S1, S2 and S3. Peak I is independent of preheating 
between 80 and 150 ◦C. Since peak I occurs at 46 ◦C, any other peaks in 
this region, namely, peaks II and III may be expected to serve as donors 
for its corresponding PTTL peak, namely, peak S1. For this reason, the 
sharp decrease in intensity of peak S1 between 150 and 200 ◦C reflects 
the removal of a donor electron trap. Beyond 190 ◦C, the peak continues 
to fade in intensity with preheating but does so slowly. The change for 
peaks S2 and S3 can, in outline, be accounted for in the same way. Peak 
IV, the prominent one in the conventional glow curve, appears within 
the interval 150–200 ◦C where the intensity of each PTTL peak decreases 
rapidly. Beyond 200 ◦C, the decrease of S1 coincides with the removal of 
peaks V-VIII. There are therefore at least five possible donors for the 
PTTL measured at peaks S1, S2 and S3. These are the electron traps of 
peaks IV-VIII, the dominant one of which corresponds to peak IV. 

Fig. 3(b) shows the influence of preheating temperature on peaks N1, 
N2 and N3. The rapid decrease in intensity of these peaks from 60 to 
200 ◦C over which peak IV is removed, implies that the latter is a pu
tative main donor. Beyond 200 ◦C, only peak N2 could be monitored 
and, its intensity continues to decrease gradually. This suggests that the 
electron traps of peaks V-VIII also serve as donors although as weak 
ones. Peaks N1 and N3 become obscured by brighter adjacent peaks as 

the preheating temperature is increased. This is why the preheating 
temperatures, following which they could be monitored, were limited. 
Nevertheless, we can deduce that the main donor for their PTTL corre
sponds to peak IV. 

Fig. 2. Glow curves of samples S and N recorded following irradiation to 2 Gy, 
preheating to 260 ◦C and illumination for 12 s. Both samples produce PTTL. 

Fig. 3. Influence of preheating on the intensity of peaks S1, S2 and S3 (a) and 
of peaks N1, N2 and N3 (b) the effect of preheating on peak IV, the dominant 
one in both samples S and N. This appears under PTTL as S4 (c). 
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4.2. Effect of partial heating on peak IV 

Fig. 3(c) shows the effect of preheating on peak IV, the dominant one 
that occurs at 170 ◦C in sample S and at 174 ◦C in sample N. In both 
cases, the peak re-appears under PTTL where it is labelled S4 or N4. The 
peak becomes fainter as preheating extends beyond 200 ◦C in a manner 
consistent with the decreasing role of its source traps. The possible do
nors for the PTTL observed are therefore electron traps for peak V 
onwards. 

4.3. Effect of partial heating on peak V 

Peak V, which is collocated with peak IV at the latter’s falling edge, is 
only reproduced for certain combinations of preheating temperature 
and duration of illumination. The peak could not be properly isolated 
and was hence deemed unsuitable for study. None of the other peaks are 
reproduced under phototransfer in either sample. 

5. Qualitative analysis of PTTL time-response profiles 

The preceding study has shown that in principle every acceptor is 
linked with multiple donors. It is also apparent that the contribution of 
some of the supposed donors is inconsequential. The dependence of 
PTTL intensity on duration of illumination used to induce it is useful in 
understanding the effectiveness of the phototransfer and helps deter
mine the extent to which presumed donor electron traps influence the 
process. In the measurements, an irradiated and subsequently preheated 
sample was illuminated for various duration. The intensity of both 
acceptor and donor peaks were monitored. 

5.1. PTTL of peaks I and II after preheating to 100 ◦C 

Fig. 4(a) shows the dependence of PTTL intensity on duration of 
illumination for peaks S1 and N1 following preheating to 100 ◦C. The 
intensities both go through a maximum with illumination time. Peak S1 
is consistently higher in intensity than N1 (for the 2 Gy used in this 
study). This is because the supposed donor peaks of peak N1, namely IV 
onwards are all weaker in intensity than those of peak S1 as is shown in 
Fig. 1. 

Fig. 4(b) shows the PTTL time-response profile for peaks S2 and N2. 
The intensities also go through a peak with duration of illumination. 
Unlike the earlier result for S1 and N1, the intensity of peak N2 exceeds 
that of S2 although the reverse is true under conventional TL. The reason 
for this may be that most electrons released from donor electron traps in 
sample S transit to the electron trap of peak I rather than that of peak II. 

The discussion thus far has reasoned that peaks IV-VII are associated 
with electron traps that serve as donors for the PTTL recorded. This is 
because any peak not removed by preheating may be expected to 
contribute to the PTTL as a donor. The step-annealing findings of Figs. 3 
(a) and 3(b), although consistent with this notion, also suggest that of 
the many donor peaks available, the ones that make a material contri
bution are few. To demonstrate this further, Fig. 4(c) shows the influ
ence of illumination on intensity of supposed donor peaks for peaks S1 
and S2, namely, peaks III-VII. All peaks undergo light-induced fading as 
might be expected of a donor peak. Of these, the most intense are peaks 
IV and V which decrease more rapidly than all else. The initial intensity 
of each of peaks V-VII is 1.3, 0.1, 0.1 and 0.07% that of peak IV. Thus, 
although peaks V-VII are donors, in practise their contribution is 
negligible. The PTTL observed at peaks S1 can hence be described as of a 
system of one acceptor and one donor. 

5.2. PTTL following preheating to 120 ◦C 

Peaks I, II and III of each sample are removed after preheating to 
120 ◦C. The resulting phototransferred peaks are transient and could 
only be monitored for illumination times not exceeding 100 s. Fig. 5 

shows the dependence of PTTL intensity on illumination time for peaks 
S1 and N1. The intensity goes through a maximum in both cases. In 
comparison, PTTL peak S2 has a similar profile but extends to 10,000 s. 
The change for peaks S3 and N3 is similar (supplementary information). 
The possible donors for PTTL in sample S are electron traps of peaks IV- 
VII, and for sample N, those of peaks IV-VIII. For both samples, these 
peaks decrease in intensity as would be expected of a donor. Analysis to 
quantify the contribution of these donors to the PTTL will be shown 
later. 

Fig. 4. Dependence of PTTL intensity on duration of illumination for peaks S1 
and N1 (a) PTTL time-response profiles for peaks S2 and N2 (b) influence of 
illumination on intensity of peaks IV-VII, the supposed donor peaks for peaks S1 
and S2 (c). The lines through data are only visual guides. 
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5.3. PTTL following preheating to 200 ◦C 

Preheating to 200 ◦C removes peaks I-IV of each sample. All four 
peaks are reproduced under phototransfer. Interestingly, an additional 
PTTL peak near 140 ◦C here denoted N3b appears in sample N. This is 
shown in Fig. 6(a) which compares two glow curves, one measured 
immediately after irradiation (open symbols) and the second (solid 
symbols) measured after preheating to 200 ◦C and illumination for 12 s. 
The appearance of the new peak for sample N may be due to dissociation 
of F2

2+(2 Mg) electron centre as discussed previously [11]. 
Fig. 6(b) is a plot of the PTTL intensity against illumination time for 

peaks S1 and S2 following preheating to 200 ◦C. These peaks display an 
interesting contrast. Although they both initially increase in intensity 
with illumination, the domain of S1 is limited. This is evident by 
examining the ratio of S1 to S2 (open circles) which show that the in
tensity of S1 never exceeds 50% that of S2 and decreases steadily in 
comparison to S2 within the first 64 s. In comparison, a plot of peak S2 
displays the archetypal shape (inset). The latter feature was also shown 
by peaks N1 and N2 as well as by peaks S3, N3, N3b, S4 and N4. Their 
supposed donor peaks all decrease with illumination as might be 
expected. 

5.4. PTTL following preheating to 260 ◦C 

When the sample is preheated to 260 ◦C to remove peaks I-IV, these 
four peaks I-IV re-appear under phototransfer. The illumination-time 
dependence of peaks S1 and N1 is instructive. These peaks exemplify a 
problem of monitoring the change in PTTL for a weak-intensity peak 
that lies adjacent to a particularly bright one. As the duration of illu
mination is increased, the pair increases in intensity but the prominent 
one tends to obscure the fainter peak of interest to the extent that the 
latter becomes indistinct and cannot be reliably monitored. The PTTL 
peak therefore appears to be transient. Such behaviour is shown in Fig. 7 
(a) for peaks S1 and N1. This means that one cannot go beyond a guess as 
to their future trend and predictive models may be necessary. The 
change for peaks S2, S3, S4 and N2, N3 and N4 have been omitted to 
avoid repetition as they show the typical increase followed by a 
decrease. 

5.5. PTTL following preheating to 360 ◦C 

Following preheating to 360 ◦C, all but the last peak are removed in 
each sample. Unlike before, only the first three peaks (S1, S2 and S3) are 
seen in sample S. On the other hand, the first peak (N1) does not re- 
appear in sample N where the PTTL is only observed at peaks N2 and 

N3. PTTL is also not produced at the dominant peak IV in both cases. The 
lack of any PTTL at peak N1 suggests strong competitive retrapping at 
the electron traps for peaks II and III. For either sample, the acceptor 
electron trap can be associated with one donor, that is, peak VIII in 
sample S and, IX in sample N. Since as discussed before, peaks above 
260 ◦C in sample N are weaker than those in sample S, we would expect 
PTTL peaks N2 and N3 to be weaker in intensity than peaks S2 and S3. 
This is shown to be the case in Fig. 7(b) for peaks S2 and N2. Both 
systems are of one acceptor and one donor. 

5.6. PTTL following preheating to 400 ◦C 

There was no PTTL induced after preheating to 400 ◦C. There is thus 
no contribution to the PTTL from deep electron traps in annealed Al2O3: 
C,Mg for the 2 Gy dose used. Since similar measurements on an unan
nealed sample did show PTTL [20], annealing must have reduced the 
concentration of deep electron traps. 

5.7. Influence of illumination on donor peaks 

For completeness, the intensity of donor peaks for each preheating 
were monitored to determine to what extent the peaks act as such. Fig. 7 

Fig. 5. Dependence of PTTL intensity on illumination time for peaks S1 and N1 
after preheating to 120 ◦C. The measurements correspond to preheating 
to 120 ◦C. 

Fig. 6. A comparison of two glow curves, one measured immediately after 
irradiation (open symbols) and the second (solid symbols) measured after 
preheating to 200 ◦C and illumination for 12 s. An additional peak near 140 ◦C 
comes up (a) The PTTL time-response profiles of peak S1 and in the inset, the 
profile of peak S2. The ratio of intensities of peak S1 to S2 (IS1/IS2) emphasize 
that peak S1 is not only transient but also of low intensity (b). The dotted lines 
are visual guides. 
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(c) shows, for each preheating temperature, ratios of the most prominent 
peak to all others in the set of donors for a particular acceptor for sample 
S. For example, the plot shows that although PTTL corresponding to 
preheating to 100 ◦C is associated with five possible donors, the 

contribution of four, at ~1%, is negligible and the system is essentially 
one of one acceptor and one donor. In the same way, the PTTL following 
preheating to 260 ◦C can be associated with three donors. However, as 
found by experiment, all three are weak donors and the third can be 
neglected which reduces the system to one of one acceptor and two 
donors. The data for preheating to 200 ◦C shows that all four donors 
ought to be included in any analysis. Figs. 1 and 3(a) suggest that the 
contribution of the fourth can be neglected and the system can be ana
lysed as a system of one acceptor and three donors. 

6. Analysis of PTTL time-response profiles 

6.1. Phenomenological model 

The PTTL time-response profiles (dependence of PTTL intensity on 
duration of illumination) were described qualitatively in the preceding 
section by linking each acceptor to presumed donors using the effect of 
illumination on the intensity of the latter. In the study preceding that, 
step-annealing was used to demonstrate which donor peaks, when 
depleted, cause the most reduction in acceptor intensity. We now use 
that body of evidence to mathematically describe the PTTL time- 
response profiles. 

When an irradiated and preheated sample is illuminated, the elec
trons stimulated to the conduction band can undergo a direct route to 
recombination, suffer a back reaction to the source trap or scatter into an 
empty shallower-energy electron trap. Thus only a portion of electrons 
released from donor electron traps transit to the acceptor to produce 
PTTL. The time-response of this PTTL can be modelled using a system of 
one acceptor and one or more donors. During illumination, electrons are 
stimulated from a donor electron trap at a rate f = Φσ (where Φ is the 
incident photon flux and σ the photoionization cross-section). In this 
way, one can quantify the fraction of electrons released from a specific 
donor that is captured at the acceptor trap. For example, if fiNi is the 
number of electrons stimulated from the ith donor, the portion that ends 
up at an acceptor is αifiNi where αi is a proportionality constant. Thus, 
one generates a set of rate equations describing the change in the con
centration of trapped electrons in the acceptor and donor electron traps 
at the illumination step. The thermoluminescence intensity is propor
tional to the time-dependent concentration of electrons at the acceptor 
electron trap. A number of studies [11,27,28] have shown that TL peaks 
in Al2O3:C,Mg follow first order kinetics. As such, each system of 
coupled differential equations is linear and has a particular solution. 
This solution is applied to the experimental data for that particular 
system. This is the same method used to explain PTTL time profiles in 
α-Al2O3:C [15], synthetic quartz [16,18], natural quartz [17,29], Al2O3: 
C,Mg [20] and tanzanite [19]. 

For a general system of one acceptor and n donors, the light-induced 
inter-electron-trap transport of charge to the acceptor from n donors 
each with electron concentration Nj where j = 1…n…, is 

N′

=

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝
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.

.

.
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.

.
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⎟
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⎟
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(1)  

where Nk is the concentration of electrons at the acceptor. The terms fn 
… αnfn… are as defined earlier. Equation (1) has the general form 

N′

=
[
Nij

]
N = AN 

A is the matrix of coefficients, the elements in the ith row and jth 
column are as specified, and N are eigenvectors. 

Fig. 7. The PTTL profiles of peaks S1 and N1. The peaks could be monitored for 
only brief periods before they became obscured by brighter adjacent peaks (a) A 
comparison of time-dependent profiles of peaks S2 and N2. The intensity of 
peak S2 exceeds that of N2 throughout measurement (b) Ratios of the most 
prominent peak to all others in the set of donors for a particular acceptor (c). 
The drop lines are visual guides. 
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Measurements made after preheating to certain temperatures pre
sume that any peak not removed by preheating may act as a donor. 
However, as seen earlier, not all supposed donors make a meaningful 
contribution. Therefore, systems of acceptor and donors ought to be 
analysed as informed by experimental results. In this way, the PTTL at 
peaks S1, S2 or N1, N2 following preheating to 260 and 200 ◦C can 
respectively be described as systems of one acceptor and two or three 
donors. In comparison, the PTTL at peak S1 can be analysed as a system 
of one acceptor and one donor for preheating to 100 or 360 ◦C. 

The transport of electrons to an acceptor from, say, two donors can 
be expressed as 

N′

=

⎛

⎝
− fa 0 0
0 − fb 0
αafa αbfb − f1

⎞

⎠

⎛

⎝
Na
Nb
Nk

⎞

⎠ (2)  

where all symbols retain meanings as defined earlier. The eigenvectors 
of the three equations in Eq. (2) can be abstracted by solving the char
acteristic equation found by setting the determinants of coefficients to 
zero, namely, 

|A − mI| = 0 (3)  

where m are the eigenvalues and I is the unit matrix. Using this method 
(see also [19]), it is found that m = − fa, − fb and − fk. Therefore the 
general solution of the 3 × 3 matrix of Eq. (2) is 

N =

⎛

⎝
N1
N2
Nk

⎞

⎠ = c1

⎛

⎝
fk− fa
0
αafa

⎞

⎠e− fa t + c2

⎛

⎝
0
fk− fb
αbfb

⎞

⎠e− fb t + c3

⎛

⎝
0
0
1

⎞

⎠e− fk t (4)  

where c1, c2 and c3 are integration constants. Equation (4) is an initial- 
value problem, whose integration constants can readily be found. The 
particular solution describing the time dependence of the PTTL at the 
acceptor Nk is then 

Nk =B1
(
e− fk t − e− fa t)+ B2

(
e− fk t − e− fb t) (5)  

where B1 = (αafaN1i)/(fa − fk), B2 = (αbfbN2i)/(fb − fk), where N1i and 
N2i are the initial concentration of electrons at the donor electron traps. 
It is helpful to mention that in data fitting, the form written as Eq. (5) is 
used because the coefficients B1 and B2, being themselves products of 
constants are also just constants. In the same way, the time dependence 
of the PTTL for a system of one acceptor and three donors is 

Nk =C1
(
e− f2 t − efk t)+C2

(
e− f3 t − efk t)+ C3

(
e− f4 t − efk t) (6)  

where C1 = α2f2N2i/(fk − f2), C2 = α3f3N3i/(fk − f3) and C3 = α4f4N4i/

(f1 − f4) and all other parameters have the same meanings as defined 
before. The particular solution for a system of one acceptor and one 
donor is 

Nk =D
(
e− f2 t − efk t) (7)  

where D = αf2Ni/(fk − f2) and all other symbols are as defined earlier. 
For illustrative purposes, we consider the PTTL at peak S1, S2 and S3 

following preheating to 100, 260 and 200 ◦C in that order. Here the 
PTTL can respectively be described as systems of one acceptor and one, 
two or three donors. Fig. 8(a) shows the plot of PTTL intensity against 
illumination time for peak S1 following preheating to 100 ◦C fitted by 
Eq. (7). On the other hand, Fig. 8(b) and (c) show the time-response 
profiles of peaks S2 and S3 fitted by Eqs. (6) and (5). These corre
spond to preheating to 260 and 200 ◦C respectively. In all cases, the 
models satisfactorily describe the time-response profiles. 

6.2. A kinetics-based description of PTTL 

The discussion thus far has presented PTTL in terms of transfer of a 
portion of electrons from a donor to an acceptor as a first-order process 

based on experimental evidence. The results may also be analysed using 
sets of kinetics rate equations where the change of electron concentra
tion at the acceptor and donor traps considers the rate of electron 
transport through the conduction band. Any retrapping is now taken 
into account. 

As an example, the transport of electrons for a system of, say, one 
acceptor and three donors can be written as 

dnd1

dt
= − fd1nd1 + nc(Nd1 − nd1)Ad1 (8)  

dnd2

dt
= − fd2nd2 + nc(Nd2 − nd2)Ad2 (9)  

dnd3

dt
= − fd3nd3 + nc(Nd3 − nd3)Ad3 (10)  

dnc

dt
= − Ammnc +

∑
fdindi − ndi(Ndi − ndi)Adi (11)  

IPTTL =
dm
dt

= − Ammnc (12)  

where Ndi is the concentration of the ith electron trap, ndi the electron 
concentration at the ith electron trap, Adi the corresponding recombi
nation probability and Am the recombination probability at the recom
bination centre and all other symbols have their usual meanings. 
Equations (8)–(12) describe the optical stimulation and, retrapping of 
electrons at donor electron traps. Equation (11) describes the electron 
flow through the conduction band and Eq. (12), the PTTL intensity. This 

Fig. 8. PTTL intensity against duration of illumination of peak S1 following 
preheating to 100 ◦C (a) and for peaks S2 and S3 after preheating to 260 and 
200 ◦C respectively (b). The data are shown fitted by Eqs. (4)–(6) respectively. 
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is a family of non-linear coupled first order differential equations. This 
set of equations does not have analytical solutions and require compu
tational simulation to generate an approximation to a numerical solu
tion. The values of the various parameters that are retained are ones that 
produce a good match between model and experimental data. 

Fig. 9 compares the simulated curve (solid line) with experimental 
data (solid symbols) for the time-dependent plot for peak S2 following 
preheating to 200 ◦C. This is a system of one acceptor and three donors. 
The final set of parameters in the simulation are fd1 = 9.0x10− 3 s− 1, 
fd2 = 6.8x10− 4 s− 1, fd3 = 9.7x10− 4 s− 1, Nd1 = 1010 cm− 3, Nd2 = 1014 

cm− 3, Nd3 = 1012 cm− 3, Ad1 = Ad2 = Ad3 = 10− 15 cm3 s− 1, Am = 10− 6 

cm3 s− 1. The initial conditions were taken as Nd1(0) = Nd2(0) = Nd3(0)
= 1010 cm− 3; nc = 0 cm− 3. Using this set of parameters, the simulated 
curve reproduces the correct shape of the time-response profile and 
gives a reasonably good agreement between simulation and experi
mental data. Including retrapping in the model does not necessarily 
improve the fit so the peak is really consistent with first order kinetics as 
reported elsewhere [11]. 

7. Discussion 

Studies on the TL of Al2O3:C,Mg [11–13] and its TL spectra [12,13] 
have shown that its glow curve contains a large number of glow peaks. 
The luminescence corresponding to these peaks is emitted over several 
emission bands as also demonstrated using photoluminescence, opti
cally stimulated luminescence and radioluminescence [6,7,9,13,30]. In 
‘as received’ samples, the TL spectrum has obvious bands centered at 
325, 410 and 485 nm attributed to F+, F and F2

2+ electron centres. 
When Al2O3:C,Mg is annealed at 700 and 900 ◦C, the number of 

peaks in its glow curve increases with the most notable addition being 
the appearance of a new peak at 100 ◦C. The emission bands remain 
unchanged with annealing except for a decrease in the intensity of the 
485 nm band. The intensity of the 330 nm band exceeds that of the 485 
nm band. These bands are present in Al2O3:C, the widely studied pre
cursor of Al2O3:C,Mg. When Al2O3:C is doubly doped with C and Mg to 
produce Al2O3:C,Mg, various additional bands appear including the 500, 
510, and 750 nm ones ascribed to aggregate F2, F2

2+, and F2
+ electron 

centres. 
There is some certainty borne of rationalisation about the identity of 

point defects responsible for a range of emission bands in Al2O3:C,Mg. In 
contrast, similar confidence about the nature of electron traps, which 
would be useful in interpreting its PTTL, is lacking. For example, Al2O3: 
C has at least five glow peaks [31] but the nature of the electron traps 
has been discussed properly for only two of them. The incorporation of 
carbon in α-Al2O3 during its synthesis exploits its capacity to be reduced 

so as to promote the formation of a large number of F and F+ centres in 
the resulting α-Al2O3:C [3]. Using density functional theory, Zhu et al. 
[32] reported that C tends to occupy the O site when Al is in greater 
concentration but preferentially moves to the Al site under O-rich con
ditions in alumina. They concluded that carbon at an Al site (CAl) in
duces energy states close to the conduction band minimum that can 
serve as electron traps. 

The foregoing ideas are a useful starting point for developing a model 
for PTTL in Al2O3:C,Mg. For instructive purposes, we consider sample S 
which has eight peaks but whose PTTL is produced only at the first four. 
The question we wish to address is what the identity of electron traps 
involved in the PTTL are. Experimental values of the activation energy 
of peak I in α-Al2O3:C and α-Al2O3:C,Mg are of the order of 0.70 eV and 
0.80 eV respectively [11,31]. These are consistent with the notion of CAl 
induced electron trapping states near the conduction band minimum. 
We deduce that the acceptor peak I in Al2O3:C,Mg is an example of such 
electron traps. 

It is our view that emission of PTTL at and involving the main peak 
relates to both the F+ and F centre electron centres. This is because the 
introduction of Mg in Al2O3:C,Mg enhances the formation of F+ centres 
[6]. The role of F+ and F centres in the PTTL process is complementary. 
When irradiated Al2O3:C,Mg is preheated to remove peaks I-III, peak IV 
acts as the dominant donor. Owing to that irradiation, the concentration 
of F centres is increased by radiolytic conversion of F+ to F centres. The 
TL, which is emitted mostly at 410 nm e.g. Refs. [3,30], corresponds to 
the relaxation of electrons from an excited 3P to the 1S ground state [3]. 
The F+ luminescence precursors are produced either during growing of 
the crystal as pointed out earlier or by capture of holes by F-centres [3]. 
The holes in question arise from the same irradiation the sample is 
exposed to prior to measurement of PTTL. To explain the role of the 
F-centre in the affecting the PTTL intensity, we deduce that this centre 
doubles up as both a luminescence centre and a donor electron trap. The 
electron trap is the 1P state, which in the F centre, lies within or very 
close to the conduction band [3]. Any electrons in this energy state can 
be readily released during the illumination that precedes measurement 
of PTTL. Evidence of the 1P state as an electron trap is also seen in 
thermally stimulated currents measured from alumina [3]. The 1P state 
can be occupied in intrinsic F centres and even in excited F centres 
because the occupation of an energy state is a probabilistic not deter
ministic quantum event. It has also been suggested elsewhere [33,34] 
that some electron can transit from the 3P to state to the conduction 
band with increase in temperature. Therefore, some of the electrons 
released following optical ionization of the F centre transit to acceptor 
electron traps to produce PTTL. The F centre is the dominant donor 
because of the conversion of a high concentration of pre-existing F+ to F 
centres which adds to the remanent F centres. 

To understand why peak IV produces very poor intensity PTTL when 
the sample is preheated to 360 ◦C, we need to reprise the argument 
above for deep electron traps but at the illumination stage. The number 
of free electrons due to optical transfer from deep electron traps is far 
less than that after irradiation. As a consequence, the concentration of F 
centres produced due to electron capture at F+ centres at the illumina
tion stage is negligible, a fact reflected as poor intensity PTTL. Direct 
electron trapping at the F centre is unlikely since this electron centre has 
no charge imbalance. One could also theorise double electron trapping 
at α centres but this too is unlikely as any α. 

7.1. Centres will be unstable and in very low concentrations 

The identity of point defects responsible for the many other electron 
traps in Al2O3:C,Mg is less easy to explain. As a case in point, a pair of 
adjacent F+ centres can aggregate to form F2

2+ complexes. One can 
rationalise that optical transfer of electrons from the F2 centre would 
contribute to the PTTL observed at peaks I-IV. For the same reasons as 
before, the F2 centre cannot be effective as acceptor electron traps. These 
and other processes are at this stage only a cause for speculation for 

Fig. 9. A comparison of the simulated curves (solid line) with experimental 
data (solid symbols). The data shown is the time-dependent plot for peak S2 
following preheating to 200 ◦C. This is a system of one acceptor and 
three donors. 
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which further work is required. This is because the notions of aggregates 
as quoted are axiomatic. Other point defects requiring charge balance 
over a longer spatial range cannot be ruled out. 

8. Conclusion 

Phototransferred thermoluminescence (PTTL) of Al2O3:C,Mg 
annealed at 700 and 900 ◦C has been reported. Although the samples 
have no less than 8 peaks each, only the first four in both samples are 
reproduced under phototransfer for preheating between 100 and 360 ◦C. 
The role of various electron traps as donors was studied using pulse 
annealing as well as by using time-response profiles. The set of donors 
corresponding to each acceptor was studied both qualitatively and 
quantitatively. The dependence of PTTL intensity on illumination time 
has been analysed using sets of coupled linear differential equations for 
systems consisting of an acceptor and donors as informed by experiment. 
Point defects that likely contribute to emergence of PTTL are discussed. 
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