S5292

THERMAL AND OPTICAL CHARACTERISTICS OF RADIATION
INDUCED DEFECT CENTERS IN ALKALI HALIDE CRYSTALS
(TLD-100)

Ph.D. Thesis
in

Physics Engineering
University of Gaziantep

By
Ahmet Necmeddin YAZICI
October, 1996



Annraval of the Gradyate Schanl of Maturai and Annlied Secienen,

Frof.Di.iviad lar UINGAL
Direntar

ourdify that 1 Fave read this thesiz and that in my opinion it is fully adequatz,

in scope and guality, as a dissertation for the degree of Doctor of Philosohy.

Assoc.Pioi.Dr. Refik KAVALI
Chairman of the Department

YWe cerlily thai Ve have read this thess and that in odr opinion it i3 idny
auequaie, in scope and guality, as a disseriation for ihe degree of Docior o

FHOsophY,

Aosist.Pion D Zibini GZTURI
Stnervisar

Evaminine Cammittoe in Charae

P,-m’v‘w (g 170 BRI AN R
T u\.ﬁuhal L P A

Prof Dr.Sadeitin OZYAZIC!

Aseor Prof Dr Refile MAYAL]

Assisi.Prof Dr.Zihm OZTURK

Assist.Proi.Ur.Besire GONUL




Abstract

Thermal and Optical Characteristics of Radiation Induced
Defect Centers in Alkali Halide Crystals (TLD-100)

YAZICI Ahmet Necmeddin
Ph.D. in P.E., University of Gaziantep
Supetvisor: Asst.Prof.Dr. Zihni Ozturk

October 1996, 168 Pages

The exact cause of sensitivity loss in TLD LiF:Mg,Ti has not been
completely understood yet. If a used TLD is not annealed at an elevated
temperature prior to reuse, residual deep defect centers still present in
dosimeter. These centers will interact with new incoming radiations and
produce further centers. This will introduce significant errors in low dose
measurements. If the structure, thermal and optical characteristics of these
defects were better understood, then a better model could be proposed to

overcome sensitivity loss.

Therefore, the samples were, firstly, irradiated by p-rays to produce
sufficient concentration of defect centers, then optical absorption,
phototransferred thermoluminescence, and thermoluminescence
measurements were made to identify defect structures in LiF:Mg,Ti with
appropriate heat treatments. The changes in the optical absorption band and



glow peak areas were determined as a function of various heat treatments
using a computerised deconvolution program. The similarities in the variation
of curves of glow peak 5 and OA band at 310 nm suggest that they may be
belong to the same traps, namely Mg-trimer/Ti complex. The lack of
correspondence between peak 2 and 380 nm band indicates that peak 2 is
not related to Mg-dipoles as previously suggested, but related to Ti-related/F-
center complex. ’

Deconvolution analysis of OA and glow curves produced by annealing
at and above 125 °C for long times before irradiation permits the identification
of a new peak at 175 °C and OA band at 282 nm. Due to their similar thermal
decaying properties, it is thought that they may be belong to the Z,-type
centers.

The effects of pre-irradiation annealing on the values of trapping
parameters of LiF:Mg,Ti were determined as a function of durations at 125 °C
by computerized glow curve analysis. The application of pre-annealing with
different durations made significant changes on the activation energies of
peaks 1 to 5, especially of peak 4. These variations are due to the interactions
of defects with each other during heat treatments.

A new simple model was developed to describe TL emission bands of
luminescent centers in solids. TL emission spectra measurements of
LiF:Mg.Ti showed one main emission band at 420 nm. The individual
emission bands were separated using the developed model to investigate the
success of the developed model. According to this model, the emission
spectrum of whole glow peaks can be successfully fitted with two emission
bands.

Keywords: Alkali halide, LiF:Mg,Ti, thermoluminescence, optical absorbance,
emission spectra, trapping parameters.



Ozet

Isinlanmig Alkali Halide Kristallerindeki (TLD-100) Hata
Merkezlerinin Isisal ve Optiksel Karakteristikleri

YAZICI Ahmet Necmeddin
Ph.D. F.M. Gaziantep Universitesi
Tez Yéneticisi: Y.Dog¢.Dr.Zihni Ozturk
Ekim 1996, 168 sayfa

LiF:Mg,Ti termoliiminesans dosimetresinde meydana gelen hassaslik
kayibinin gergek nedeni henliz tam olarak anlagilamamistir. Kullaniimig bir
termoliminesans dosimetre efer yeniden kullanma o6ncesi ylksek bir
sicaklikta tavlanmazsa, dosimetrede hala derin hata merkezleri kalir. Bu
merkezlerin ortamdaki radyasyon ile etkilesmesi maizeme iginde ilave
merkezler olusturmaktadir. Buda diistik dozlu radyasyon &lgiimlerinde énemli
hatalara neden olmaktadir. EJer bu hatalarin yapisi, i1sisal ve optiksel
dzellikleri iyi anlagilirsa, hassaslik kayibini gidermek i¢in daha iyi bir model
Snerilebilir.

Bu nedenle yeterli yodunlukta hata merkezleri olusturmak igin
nimuneler 6nce beta isinlamasina tabii tutuldular, sonra LiF:Mg,Ti'deki
hatalarin yapilarint belirlemek igin uygun isisal islemler altinda optiksel
sodurma, fototransfer termoliminesans ve termollminesans &l¢timleri yapildi.
Degisik isisal islemlerin bir fonksiyonu olarak optiksel sogurma bandlarindaki
ve Igildama tepe alanlarindaki degisimier bir bilgisayar programi kullanilarak
hesaplandi. 310 nm'deki optiksel so§urma bandi ve S'inci 1sildama tepe alani
egrilerinde gézlenen benzerlikler onlarin ayni tipte bir hata merkezi ile (Mg-



trimer/Ti kompleksi) iligkili oldugunu géstermektedir. Tepe 2 ve 380 nm bandi
arasindaki uyum eksikli§i daha &nceleri farzedildigi gibi tepe 2'nin Mg-
dipolleri ile degil, Ti-iligkili/F-merkezi kompleksi ile ilgili olabilecedini isaret
etmektedir.

Isinlama éncesi 125 °C ve Ustlinde uzun slre taviatilarak retilen
optiksel sodurma ve isildama egrileri ayirma analizleri 175 °C yeni bir tepe ve
282 nm’de yeni bir band belirtmektedir. Isisal bozulma &ézellikleri arasindaki
benzerlikler sebebiyle bu yeni tepe ve bandin Z, tipli merkeze ait olabileegini
géstermektedir.

Isinlamadan 6nce 125 °C’de tavlamanin LiF:Mg,Ti'nin tuzaklarinin
parametre de§erleri Gzerindeki etkisi tavlama stresinin bir fonksiyonu olarak
igtidama egrilerinin bilgisayar analizi ile belirlendi. lsildama &6ncesi farkli
slrelerde tavlama 1'den S'e kadar tim tepelerin, ézellikle tepe 4'an aktivasyon
enerjileri Uzerinde nemli degisiklikler meydana getirmektedir. Bu degisiklikler
Isisal iglemler boyunca hata merkezlerinin birbirleri ile etkilesmeleri sonucu
olmaktadir.

Katilardaki liminesans merkezlerinin TL yayma bandlarini tanimlamak
igin yeni bir model gelistirildi. LiF:Mg,Ti'nin TL yayma &l¢umieri 420 nm'de bir
ana yayma bandi gostermektedir. Geligtirilen modelin basarisini gérmek igin
bireysel yayma bandlari geligtirilen modele uygulandi. Bu modele gére, tim
igildama tepelerinin yayma spektrumlari iki yayma bandi ile basarili bir
sekilde ayrilabilmektedir.

Anahtar Kelimeler: Alkali Halide, LiF:Mg,Ti, termoliiminesans, optiksel

‘sogurma, yayma spektrasi, tuzak parametreleri.
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CHAPTER 1

Literature Survey

1.1 Introduction

Today LiF is one of the most important thermoluminescence material
which is used for radiation dosimetry. Because of its approximately tissue
equivalent response LiF finds wide application in personel dosimetry and
health physics. LiF is also one of the most important alkali halide crystals
which gives a good thermoluminescence properties when doped with
appropriate impurities. Application of thermoluminescence is found in
scientific disciplines like dosimetry (for measuring irradiation dose),
archaeology (for dating ancient pottery using the accumulation of background
dose in thermoluminescence within the clay which the pottery is made of) and
solid state research as a tool to investigate defect structures and some trap

and recombination center parameters in insulator and semiconductor.

If a used thermoluminescent dosimeter (TLD) is not annealed at an
elevated temperature prior to reuse, there will be residual deep defect centers
still present in the dosimeter. These defect centers could make a significant
contribution to the TL response after subsequent exposure. This could
introduce a significant error in low dose measurements such as required fdr

environmental monitoring around nuclear power plants. The exact cause of



the loss of sensitivity of dosimeter is not yet understood. If the defect model of
radiation induced defects, their optical and thermal properties, process
leading to thermal luminescence were beiter understood, then it could

propose a better process for used dosimeters to maintain their sensitivity.

1.2 Literature Survey

LiF was found by Daniel and co-workers to be a particularly good
material for use in radiation dosimetry due to its high sensitivity [1]. However,
a commercial dosimeter has been manufactured over the forthy years by
Harshaw Chemical Co. [2] and about last ten years by Teledyne Isotopes.
Harshaw developed this material (the special name TLD-100) after their
earlier LiF crystals (manufactured before 1955) had been studied for their
application to dosimetry [3]. Both kinds of Harshaw LiF contain Mg
concentration of the order of 200 ppm, in addition to other metallic impurities.

Many investigations have been done to understand the structure of
certain defects present in the TL.D-100 responsible for the complex behaviour
of the thermoluminescence -glow curve of this material and to explain the
behaviour of the glow peaks as a function of thermal annealing treatments,
different dose levels, read-out, cooling, and heating rates. In these studies,
optical absorption, dielectric loss, ionic conductivity, electron spin resonance,
and TL emission methods have been employed in order to understand the
nature of centers in this material [4]. Despite of an overwhelming amount of
data on this subject, a satisfactory description is still lacking.

The first attempt at correlating thermoluminescence glow peaks to
specific crystals defects in LiF:Mg,Ti was made by Grant and Cameron
(1966)[S]. They measured the thermoluminescence emitted by LiF containing
approximately 100 ppm of Mg*? as a function of pre-irradiation anneal time at
67, 81 and 95 °C after a quench from 400 °C, 1 hour anneal and rapid cool.

2



They used dielectric loss method for measuring dipole concentrations and TL
measurements and found that at a storage temperature of 67 °C, the Mg**-
positive ion vacancy distributed in the lattice decays at the same rate of peak
2 height. Following this close similarity between the two decay curves, they
suggested that Mg*%-V." dipole pairs were the traps responsible for peak 2.
Although, Dryden and Shutter (1973) [6] used the same method to confirm the
relation between Mg*%-V." dipole concentration and the intensity of peak 2,
they concluded that the intensity of peak 2 is not proportional to the dipole
concentration. In some cases at higher pre-irradiation annealing temperature
the height of peak 2 actually increases while the dipole concentration
decreases. At low annealing temperature the peak 2 is proportional to dipole
concentration during the earlier part of the decay curve. On the other hand,
they pointed out that the dipoles and trimers both contributed to the heights of
peaks 4 and 5, but aggregates containing more than three Mg*?-V," pair made
no contribution to the height of these peaks and there was a competition
between traps, particularly between the traps responsible for peaks 2 and 5.

A further was study made in order to observe the effect of cooling rate
and the Mg*%-V, associated pair concentration on the height of peaks by
Bradbury et al. (1976a,b-1977) [7-10]. They showed that (i) peaks 2 and 3
increase at low and high cooling rates and have a minimum at about 2 °C/min
and at the high quench rate peaks 2 and 3 appear to level off and become
constant, (i) peak 4 exhibits a broad maximum at a cooling rate of 100 °C/min
and at lower cooling rates (<100 °C/min) peaks 4 and 5 drop rather sharply,
(iiiy the dipole concentration coincides with the peak 2 curve in the
intermediate cooling rate region but there is a large difference at low and high
cooling rates. Additionally, Barsis et al. (1967) [11] showed that if crystals
were held above 210 °C for several hours, the response of glow peaks had no
revealed effect but below this temperature precipitates do occur, thus the

thermoluminescence response strongly reduces.



These works illustrate that by annealing the LiF crystals at or above the
solubility limit of the precipitate phase (250 °C) the Mg*? ions are all in solid
solution; but below this temperature due to the columbic interactions, there is
a tendency for the Mg*? ions and cation vacancies to form pairs (dipoles)
which can then cluster to form dimers, trimers and precipitate phase (Suziki
phase) (6LiF.MgF,) and also with increasing temperature the clusters partially
dissociate, i.e., precipitate < trimers < pairs < free Mg*2 ions and free cation
vacancies, whereas on cooling the reverse direction is predicted. Thus
different temperatures should lead to different cluster concentrations. These
ideas are also supported by the work of Rao (1974) [12]. However, recently
Gavartin et al. (1991) [13] showed that the aggregation of impurity-vacancy
dipoles can lead to formation of a phase with a periodic structure differing from
the traditional Suziki phase. They have shown that the formation of tetramers

was taken place after the formation of trimers.

Heat treatments were studied in further detail by Taylor and Lilley
(1982) [14-16]. Some of the important features of these measurements can be
seen that association of TL peak 2 with Mg*%-V, pairs and peak 5 with (Mg**-
V), trimers is unacceptable. They have proposed a new model in which
some impurity other than Mg*? is the peak 2 trap. They suggested that Ti**
associated with cation vacancies, or OH",or O, ions or with a combination of
vacancies, OH and O, ions represented by Ti, is the peak 2 trap and that the
peak 5 trap is a combination of (Mg*%-V,) pairs and the peak 2 trap which they
labeiled as Ti'(Mg*%-V.),. This suggestion, however, is not favoured by a
detail work on LiF:Ti crystals (Mieke and Nink 1980) [17]. They have shown
that LiF:Ti exhibits just two glow peaks, both of which exhibit completely
different behaviour from peak 2 in TLD-100.

Additionally, the results of Taylor and Lilley have been criticised by
some other authors in the latter years using emission spectra, x-ray
luminescence and photoluminescence measurement methods. In addition to
the glow curves, if an emission spectrum (TL intensity versus wavelength) is



also recorded, then the nature and characteristics of luminescent centers and
some trapping centers can also be understood. The emission spectrum of
nominally pure LiF exhibits a main emission band at ~415 nm for all the glow
peaks up to ~525 K when irradiated at room temperature (Sagastibelza and
Alverez Rivas 1981) [18]. The 415 nm emission is in the same spectral range
as that observed for other alkali halides that this emission may be resuited
from interstitial-vacancy recombination. They also suggested that the complex
emission in LiF is dependent upon background impurities. The perturbation in
the emission is suggested in LiF with divalent doped impurities. However,
Miller and Bube (1970) [19] observed that the F-center is not directly involved
in the production of the visible luminescence emission, either under x-ray

irradiation or during TSL.

The main emission spectrum for TLD-100 has been reported by
several authors. Harris and Jackson (1970) [20] found that the spectrum
varied markedly with temperature and also the peak emission energy varied
with temperature. The variation of peak emission with temperature is the sum
of the variation of at least two and probably three peaks at approximately 3.2,
3.0, and 2.5 eV at room temperature by means of a series of Gaussian curves.
At low temperatures the emission spectrum 2.5 eV and at high temperatures
the emission spectrum 3.1 eV are dominant. Podgorsok et al. (1971) [21]
measured the emission spectra of dosimetry peaks 1-5, which showed only
one maximum (at 400 nm) in the range from 190 to 510 nm. For very high
irradiation doses of 10% Gy and irradiations performed with particles of high
ionising density, Jain et al. (1973) {22] recorded a more complex spectrum
near 540 and 640 nm. Following Crittenden et al. (1974) [23], Ti impurity ions
influence both the 420 nm and 650 nm emission bands. They recorded that
the emission at 300 nm is characteristic of both pure and doped LiF and is
only affected below 100 °C. They pointed out that the glow peaks 1 and 6
behave differently from those associated with Mg impurities and they may be
intrinsic defects. At low temperatures (<200 °K), Cooke and colleagues (1978-
1981) [24-25] suggested that shallow trapped electrons may recombine



directly with Vi centers and produce emission in the UV (=270 nm). At
approximately 150 K, the Vi centers may be thermally annealed and produce
emission near 400 nm by direct recombination at an activator F-center
complex. It is also shown that it is possible to produce both UV and visible
emission over this limited temperature range solely by the release of
electrons. These results are confirmed by detail spectral measurements of
Fairchild et al. (1978) [26] and Townsend et al. (1983) [27]. Fairchild et al.
measured the emission spectrum of TLD-100 as a function of sample
temperature and found out that below 10° Gy the thermoluminescence
emission can be described by a single Gaussian shaped band whose peak
energy and full width vary irregularly with temperature. Townsend et al. also
performed emission spectra measurements on the TLD-100. They arrived to a
conclusion that the dominant emission was related to large defect complex
associated with Ti. They observed a gradual shift in the emission maximum to
lower wavelengths with increasing peak temperature. They also noted that
emission in LiF:Ti occurs as a result of interstitial-vacancy recombinations,
whereas in LiF:Mg,Ti; Mg forms defect complexes which include Ti and thus
perturb the emission, depending on the exact form of the Mg within the lattice.
Additionally, on the basis of x-ray induced luminescence, TL spectral
emission measurements and photoluminescence measurements, in
unannealed and annealed LiF:Mg,Ti and also in Mg free LiF:Ti samples,
McKeever (1984) [28], Yuan and McKeever (1988) [29] come to conclusion
that a Mg dipole/Ti complex is responsible for TL peak 2 and a Mg-trimer/Ti
complex is involved in the production of TL peak 5. However, recently, Jain
(1986-1987) [30-31] challenged these assertions and presented data on the
peaks below room temperature which he took to be evidence that the TL
peaks above room temperature (peak 2) can not in fact be caused by Mg*%-V,’
ITi complexes. According to his results, up to about 150 K, three emission
bands at 250, ~305 and ~420 nm were observed. The 250 nm band then
gradually disappeared and the 420 nm band gained in prominence. At
temperatures above 200 K, the emission spectrum contained only the 420 nm
band. Kos and Nink (1980) [32] also pointed out that natural defects such
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(Mg*>-V,) dipoles and Mg*%-V. trimers would not be expected from
electrostatic considerations, to act as traps for electrons and holes. They
suggested that the cation vacancies in the dipoles are converted during
irradiation into anion vacancies. Thus the dipoles in the unirradiated LiF:Mg,Ti
are converted to another type of centers (possibly Z-type centers) during

irradiations.

The role and structure of Ti-impurity in the alkali halide crystals have
been studied in detail over the thirty years [33]. It is found that Ti impurities

influence the efficiency of luminescence in all crystals.

The first investigations on the role of Ti impurities in LiF crystals was
done by Rossitter et al. (1971-1972) [34-35]. They found that the addition of
Ti impurities increased the thermoluminescence near 200 °C and also the
magnitude of the absorption near 200 nm. That is, the absorption band is
directly related to the Ti content and to the luminescent output, indicating
process as a photon emission center in this material. They also pointed out
that the optimum value of Ti in LiF crystal is about 8 ppm. The case of Ti in
LiF is particularly stimulating since it can enter the crystal either as trivalent or
as tetravalent. Because Ti plays a key role in the thermoluminescence
mechanism of LiF:Mg,Ti, hence a better knowledge of the lattice defects
induced by Ti is also of technological interest. Ti** exhibits a 3d' electron
configuration, hence it can be monitored by means of ESR measurements
and by crystal field optical spectra. Davies (1974) [36] using the electron spin
resonance method found fhat Ti enters LiF lattice substantially for Li* in either
the Ti* or Ti* state. He also suggested that some of Ti** ions in the lattice
become Ti*® after irradiation and revert to Ti** by 300 °C. He proposed two
possible structures of the Ti-related centers: (i) [Ti**Fs] with the Ti*® off-center
or (i) [Ti**Fy0s7, but he pointed out that latter is partially charge compensated
and seems to be more likely. In the later years, Stobe et al. (1980) [37] used
the electron spin resonance and ionic conductivity and Capelletti et al. (1991)
[38] wused ITC measurements, optical absorption spectra,



microspectrophotometry, photoluminescence spectra, optical and electron
microscopy and x-ray diffraction to define the possible defect states of Ti in
LiF. The ESR spectrum lines were found to be due to the specific equilibrium
defect, Ti** and F center. They found a broad ESR line spectra due to Ti** in a
precipate phase and there was no trace of Ti*? ions in LiF. They suggested
that Ti** defect was produced by absorbing an electron possibly from Ti*-
related centers during irradiations. The possible defect structure proposed by
Stobe et al. is that (i) before irradiation Ti** can be bound to three cation
vacancies at near-neighbour positions (Ti*-3V.") or to three OH (Ti**-30H),
or three O, ions (Ti**-30,), or to a combination of vacancies, O; and OH’, (ii)
after irradiation the defect structure is (Ti**F3O5). Additionally, Wintersgil et
al. (1980) [39] pointed out the structure and the role of Ti-related centers in
LiF by the electron spin resonance in the form of (Ti**-30;). On the other
hand, Watterich et al. (1983) [40], using a different measurement technique,
found that in double doped LiF:Mg,Ti the Ti*® ions appear to be in the
aggregated form which gives rise to a broad absorption band at ~660 nm and
also at ~137 nm band. They also observed two infrared bands at 3525 cm™
and 3662 cm™. Finally, Vergara et al. (1991) [41] applied the optical
absorption measurement technique to Ti doped LiF crystals to investigate the
structure of Ti-related defects and observed that Ti** ions give rise to an
absorption band at 5.65 eV in LiF:Ti while the Ti* ions are responsible for the
absorption band at 6.2 eV, which is a result of charge transfer absorption.
More recently He et al. (1994) [42] observed that the absorption band at 5.7
eV are due to Ti** ion and the 5.3 eV band is mostly likely a result of the
formation of Ti*? ion centers. Delgado and Delgado (1984) [43] investigated
the photoluminescence properties of Ti-centers in the TLD-100 and
suggested that the Ti-related 200 nm absorbing center is the recombination

center associated with the dosimetric giow peak 5.

Another important impurity which is generally present in the alkali
halides is the hydroxide ion (OH’). OH ion impurities have been shown to



influence TL behaviour because they are involved in the luminescent

recombination process.

Vora et al. (1975) [44] suggested that the OH ions are present as a
background impurities m TLD-100. They concluded that the 200 nm
absorption band in MgF, and Li,TiFg doped LiF crystals is caused by titanium-
hydroxyl complexes and also OH ions are involved in the recombination
process. Further evidence for the formation of Ti-OH complexes comes from
the ionic conductivity work of Jain and Sootha (1967) [45]. .

Wachter et al. (1980) [46] and Wachter (1982) [47] studied the
influence of OH" ions on the thermoluminescence properties of LiF:Mg,Ti, the
correlation between glow curve structure existence of certain TL peak and the
OH’ concentration. They found that, (i) to each Ti concentration an optimum
Mg concentration at which the ratio of the main dosimetric peaks 4,5 to the low
temperature peaks 2,3 show a maximum, (i) a Ti related center (Ti alone or a
Ti-O complex) acts as emission center, (jii) certain Ti-hydroxyl complexes
Ti(OH), can act as traps for a TL peak at 120 °C, (iv) if the hydroxyl content is
raised the peaks 4 and 5 are reduced. (v) if OH" ions are bound to the Mg

ions, the resulting complex is assumed to be inefficient as an electron trap.

During irradiation, OH" impurities decompose to substitutional oxygen
ions, U centers and F centers. A similar behaviour was observed by
Kamikawa (1975) [48] when hydroxyl ions which have nearly the same mass
and atomic radii as F ions were diffused into the LiF lattice by annealing in air
at elevated temperature. The oxygen ion remains in the anion site previously
occupied by the OH' ion, yielding Mg and Ti ion complexes containing oxygen

ions and cation vacancies.

Recent investigation indicates that (Stobe et al. (1985) [49]) the Ti-OH
complexes act as the luminescent centers in TL grade LiF and Mg-OH

complexes act as competitors.



A different explanation for the situation of OH ions in LiF crystals was
made by Watterich et al. (1980) [50]. They found two types of H° and one H"
center by ESR and vacuum UV absorption measurements in the X-ray
irradiated LiF:Mg. They suggested that the band at *124 nm in a non-
irradiated LiF:Mg may be due to OH impurities. After irradiation a band at
127.3 nm was identified as a H ion and also the band at ~222 nm may be
connected to the OH" impurity, not a Z-type center as previously suggested.
The X-ray irradiation probably breaks OH" ions to the H® and H™ centers.

In order to describe the nature of trapping centers in LiF many models
have been developed. The first model called as the dipole related model
mentioned in the previous paragraphs is formed by Mg*?-cation vacancies or
dipoles plus Ti and/or OH" impurities as trapping centers. The other model is

the famous Z-center model.

The Z-centers are normally only formed in alkali halides, when doped
with divalent cation impurities and followed by bleaching the irradiated crystal
with F-band light [51-52]. In general, five types of Z-centers have been found
in the alkali halides but still there is controversy about their individual
structure. There are close . relationship between Z-centers and
thermoluminescence glow peaks in some alkali halides, which have been
discussed in literature [S3-55].

The Z-center model is based upon the identification of an optical
absorption bands. The qualitative agreement between some bands in the
absorption spectrum and the peaks in the thermoluminescence glow curve
with suitable pre- and post-irradiation heat treatment has been used by some
workers to understand the nature of defects. The optical and thermal
bleaching behaviour of Mg impurity and TL related optical absorption bands in
irradiated LiF:Mg,Ti have also been studied by a number of workers in order
to explain the nature of the centers responsible for TL in this material.
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The origin of the absorption bands in TLD-100 is still uncertain but
some of them are well known to be related to Mg-impurity and some
experimenters have suggested that they might be the Z-type centers.

The optical absorption spectrum of irradiated pure LiF shows a
prominent peak at 5.0 eV, which is due to F-centers and F-aggregate M, R;,
and R, centers [56-57]. McLaughin et al. (1980) [58] measured the color
centers formed by irradiation of pure LiF in the dose range from 107 to 10’ Gy.
The irradiation of relatively pure LiF induces discrete optical absorption bands
representing a series of color due to the filling of anionic lattice vacancies by
electrons and it can be shown that the wavelengths of absorption maxima are
F.247; F 620; M,443; R,,315; R2,374; N;,517 and N,,547 nm.

The strength of the absorption band at 5.5 eV in the Mg doped samples
was studied by Mort (1965) [59-60], who found that this band is enhanced by
quenching the crystals prior to irradiation. It was concluded that this
absorption arises from a trapped electron center of the Z, type for which there

is a number of models.

Christy et al. (1967) [61] and Klick et al. (1967) [62] measured a variety
of optical absorption bands in the 300-400 nm region into two peaks centered
on 380 nm (3.26 eV) and 310 nm (4.0 eV) in the commercial LiF:Mg and all of
them concluded that they are hole traps associated with the glow peaks. Clafy
(1967) [63] found that pre-irradiation quenching of the crystal after heating to
400 °C enhanced the 380 nm absorption band. Slow cooling before irradiation
enhanced the 310 nm band, and bleaching with F-band light preferentially
destroyed a band at 340 nm. A correlation was established between the 210
°C TL peak and the 340 nm band, the 285 °C TL peak and the 310 nm band.
However, Christy et al. suggested that the bands 380 nm and 310 nm are
associated with the 115 °C and 210 °C glow peaks, respectively. On the
contrary the results of Mort, Klick et al. suggested that the 220 nm band arises
from Mg*2-vacancy complexes which have captured two holes.
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Further evidence to the result of Christy et al. has been made by Harris
and Jackson (1970) [20]. They observed the changes in the optical absorption
and TL as a function of various pre and post-irradiation heat treatments and
found an apparent correlation between the decay of TL peaks 2 and 3 and the
absorption band at 380 nm, and between peaks 4 and 5 and the band at 310
nm. On the other hand, Crittenden et al. (1974) [64] made a detail analysis of
optical absorption using thermal annealing and optical bleaching and declared
that there are at least seven optical absorption bands in the near ultra;liolet
spectrum between 200 and 400 nm. The presence of a new band at 280 nm
in addition to previous results is linked to Mg and changes in this band are

related to the changes in peak 4 and 5 of the glow curve.

The earlier trap structure has been suggested to be due to the hole
traps. However, in a series of papers about the trapping mechanism of LiF,
Mayhung et al. (1970a,b,c -1972) [65-68] suggested that the 380 and 310 nm
band are probably due to trapped electrons. In particular, the traps for 4 and 5
centers may be anion vacancies altered by nearly Mg-related defects.
Additionally, they also studied the optical absorption bands over the
wavelength range 105-750 nm and showed that an optical absorption band
was produced at 113 nm in both pure and Mg-doped LiF and at 137 nm in
Mg-doped LiF by irradiation with the x-rays at room temperature. This band at
113 nm is identified as the V3 band. The TL process intimately involves V,

centers.

Another investigation on the optical absorption of LiF crystals between
450 nm to 180 nm at room temperature after the irradiation followed by
various thermal treatments was done by Nink and Kos (1976) [69-71). They
suggested that there are close correlations between the 310 nm and 225 nm
absorption bands based on Z-centers. They developed a simple model for the
trapping process in LiF:Mg,Ti. The Z, center turns out to be the electron trap

responsible for the main glow peak 5 which is produced by irradiation via Z,
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and Zs centers in a two step process. Additionally, they reported another
absorption peak at 280 nm which is said to be due to Z, centers [72]. In their
another paper (1977) [73] the principal role of F-centers in LiF:Mg,Ti is
discussed and it is thought that F-centers act as electron source for refilling of
empty shallow traps. But during F-band bleaching they may also form
additionally Z, and Z, centers. Further evidences to the results of Nink and
Kos come from the studies of Rao (1980) [74] and Battaglia et al. (1982) [75].
A glow peak at 250 °C (peak 6) is then identified with the thermal annealing of
Z; (5.5 eV) centers [76-77]. But the main flaw in the identification of tr;e Zs
(225 nm) band with a TL peak in LiF at peak 6 is that the Z; band is quite
stable even after peak 6 or 7 is removed by 300 °C post-irradiation annealing.
The only TL peak which correlates with the Z; band is peak 10 (=400 °C) [78-
81]. In another investigation on optical absorption, phototransfer
thermoluminescence (PTTL) and TL measurements are performed on
LiF:Mg,Ti after y-irradiation and thermal annealing in order to explain radiation
induced sensitization and a model was proposed by Jain et al. (1974) [82] in
which a complex center TCLC breaks upon irradiation into traps centers (TC)
and luminescent center (LC). The trap centers have been identified with the
absorption bands at 220 nm and coplex centers TCLC at 137 nm,
respectively.

Mehta et al. (1977) {83] extended the Z-center model to suggest that
the 380 nm band is caused by a Z,-center (i.e., Z,-center with an extra
trapped electron). Peak 2 is then said to result from the thermal release of this
additional electron (converting the center to a Z.-center). An apparent
relationship between the intensity of peak 2 and the concentration of Mg**-
vacancy dipoles (e.g., Grant and Cameron, 1966 [5]) is explained by Kos and
Nink (1980) [32] in terms of a dipole —Z-center conversion mechanism during

irradiations.

By using dichroism method, the authors Jen and Merklin (1978) [84]
reported the effect of bleaching on the irradiated LiF:Mg,Ti with polarized light
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at 313 nm and they proposed a different center model in which a defect center
is an interstitial magnesium ion in a next-nearest neighbour site adjacent to a

negative ion vacancy with two electrons [83].

However, recently, strong criticism of the Z-center model has been
accumulated. Moharil (1980) [86] pointed out that the Z-centers can be
obtained only under specific conditions. In as-irradiated crystals only F-
centers and a small number of Z;-centers can be present [87-88]. If the
previously Z-center model is correct, then Mg doped LiF has some peéuliar
properties from other alkali halides [89-80]. The all optical absorption bands in
LiF:Mg.Ti grow linearly and then sublinearly with dose in the dose range 0 to
10° Gy. In the terminology the Z-center is formed by a two-hit process
(capture of two electrons) and the Z, is formed by a one-hit process (capture of
one electron). But in the glow curve peaks 5 and 6 grow supralinearily. Thus
Horowitz (1982) [91] raised very serious doubts as to the validity of Z-center
model.

It should also be mentioned that the peak at 5.5 eV has never
conclusively been proved to be related to Zs-centers. The identification of this
absorption band with these defects was made by Mort (1966) who suggested
an empirical Mollwo-lvey relationship between the Zs-centers in alkali halides.
According to the empirical Moliwo-lvey relationship, the energy positions of
the Z, and Z, bands are calculated to be 5.5 eV and 4.4 eV respectively [92-
93]. Watterich et al. (1984) [94], Nepomnyashchikh et al. (1980) [95],
Radyabov et al. (1981) [96-97], Landreth and McKeever (1985) [98], Caldas
et al. (1983) [99], McKeever (1990) [100], Kathuria et al. (1985) [101],
however, pointed out the dangers of this assignment. Watterich et al. point out
that the existence of a Moliwo-lvey type relationship alone does not seem to be
satisfactory in a center identification, especially not in those cases when the
crystal is uncontrolled for impurities like OH" or Ti which seems to be very
effective in many respects, even in a very low concentration. They suggested
that the centers peaking at 5.5 eV seem to recombine simply with the H ions
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during X-ray irradiation. Nepomnyachikh and Radyabov suggested that the
225 nm band is caused by a Mg atom at anion site associated with cation
vacancies, whilst Radyabov and Nepomnyachikh assert that centers at 310
nm are Mg*-cation vacancy-anion vacancy centers (Mg*-V,"-V.).

On the other hand, Kathuria et al. (1985) [101] investigated the role of
the impurities (Mg, Ti, Mn, Al) on the glow curves,absorption spectra and TL
emission spectra of the laboratory grown crystals. They found that all the
impurity doped crystals showed three absorption bands at 245, 310 and. 375
nm after 400 °C annealing. Another absorption band at 222 nm is observed in
all the impurity doped crystals after 350 °C, 15 min thermal annealing. Their
results show that these bands are not only produced when the crystal doped
with Mg and Ti impurities, they also produced when the crystal doped with
other impurities. Therefore, they suggested that cation vacancies V. in the
crystal lattice perturbed by the impurities provide the trapping center for holes
which are responsible for various glow peaks in lithium flouride. F-center act

as the luminescent center.

The main ideas in the identification of the Z,-center were its conversion
by thermal and photo-ionization to the Zs-center. McKeever (1990) suggested
that the expected reconversion of Zs-centers to Z,-centers by repeated X-ray

irradiation does not occur.

However,a modified Z-center model is proposed by Lakshmanan and
colleagues (1980a,b,-1982a,b-1983) [102-106), in which Z; and Z3 centers
correspond to TL peaks 7 (260 °C) and 10 (400 °C) respectively. More
recently, Lakshmanan (1993,1994) [107-108] confirm, their previous ideas .
They studied the optical absorption and TL of LiF:Mg,Ti single crystals as a
function of irradiation temperature and they suggested that the optical
absorption of peak 7 centers occurs at 250 nm or two different centers; (i) one

centers giving rise to peak 7 and (ji) isolated F centers not related to any of the
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TL peaks above room temperature give rise to optical absorption at the same
or two position close to 250 nm.

Finally, He (1994) [109] proposed a trap structure for 4.0 eV band
which is most likely due to Mg*-vacancy complex centers while the
absorption band between 5.0 and 6.0 eV is probably due to Ti related bands
in addition to the possible Mg*? ion related Zs-centers.

A radically different trap structure model was proposed by Alvéraz
Rivas and co-workers (1981) [18,110-111]. According to this model (mobile
interstitial model), the mobile entity is neither hole nor electron but instead of
these entities the thermoluminescence process in many alkali halides
irradiated at any temperature is related to the recombination of radiation
induced lattice defects such as interstitial halogen atoms and vacancy
centers. The attractive feature of the model is that it gives general explanation
about TL in alkali halides (pure and doped). However, this model was critized
by Moharil and Kathuria (1982,1984) [112-113]. They showed that although
the TL glow curves are better described by this model, PTTL is not explained
with this model.

The glow curves obtained after UV exposure (254 nm) of previously
irradiated and partially annealed TLD-100 present some difference with
respect to these induced by ionising radiation. Perhaps the most remarkable
difference is the absence of glow peak 4 in the UV-induced glow curves. This
fact noticed from the beginning of the work in this field was reported explicitly
by several authors (Sunta and Wattanable, (1976) [114]) and interpreted as
an indication that peak 4 is produced by a hole trap, so that, the release of
electrons from deep traps by the action of the UV light will not refill trap 4 as
occurs with electron-type traps. Nevertheless, Moharil and Kathuria (1985,
1988a,b) [115-117] in recent works on the TL and PTTL glow curves in TLD-
100, reported that peak 4 can be found in the PTTL curves when this material
is annealed for 23 h at 150 °C. This fact would question the whole character of
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this peak, as it is difficult to assume that only by the action of these thermal
treatments would change the nature of the trapped entity.

On the other hand, Delgado and colleagues (1987, 1988, 1992) [118-
121] expressed some doubt about the correct identification of the peak
produced by annealing for 23 h at 150 °C. These doubts were based on the
relatively important difference in temperature between the peak produced by
the heavy annealing. They also suggested that the 23 h, 150 °C treatment
could produce not only a change in the relative intensities of peaks IV and V,
but create a new glow peak different from the pre-existing one. It is caused by
the creation of a new trap by medifications of normal peak V trap structure,
due to impurity aggregation process, which are very active at the relatively
high treatment temperature (150 °C). The new trap presents the same
electron character as the original peak V and thus it is repopulated by the
usual phototransfer techniques. At the same time, Delgado (1992) [120]
observed that peak IV trap is certainly present in unirradiated sample,
therefore, he suggested that it is an intrinsic trap.

When a specific lattice defect traps electrons, which are released on
heating to give rise to a glow peak, the electrons may be described by a
trapping depth below the conduction band E (activation energy), and a
frequency factor s (pre-exponential factor). The trapping parameters of LiF
TLD-100 have been investigated by a number of groups. There are many
methods available for analyzing glow peaks; however, there are widely
differing values of the trap parameters reported in literature. Published values
of activation energy E, and the frequency factor s, for TLD-100 glow peaks
and the methods used to obtain them, are summarized in Table 1.

Taylor and Lilley (1978) [122] determined these trapping parameters E
and s for the glow peaks 2 to 5 in TLD-100 with three different methods and
found good agreement. Fairchild et al. (1978) [123], using a computerized
best fit procedure, obtained trapping parameters which are independent of
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Table 1. Activation energy

and frequency factors determined by other authors [122].

-

Author(s) Analysis Peak 2 Peak 3 Peak 4 Peak 5
E ] . Tm | E s Tm E s Tm E s Tm

Blak et al (1974) Isothermal annealing 1.10 10" to 10" 124 10" to 10"
Johnson (1974) isothermal annealing | 0.97 4x10% 0.84 3x10 131 .6x10"
Zimmerman et al (1974) Isothermal annealing 1.19 10" t01.5x10"2 | 1.25 5x10™ to 1.4x10"
Miller and Bube (1970) Initial rise 1.07 86 1.59 177
Grant et al (1968) Computer fit first- order | 1.08 2x10" 1.13 5x10% 1.15 1.2x10% 136 210" 220
Ziniker et al (1973) Peak shape 1.10 10" 97121 10" 137 197  10% 197
Moran and Podgors (1971) | Peak shape 1.47 10" 102|177 10" 137 220 10% 183
Fairchild et (1978) Computer fit first- order | 1.07 10" 94105 10" 137 | 1.55 4x10"® 220 10% 190
Gorbics et al (1969) Variable heating 240 1.7x10%
Pohlit (1969) Variable heating 1.77 5x10% 226 10%
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exposure in the range of 800 to 3x10” R. Similar results were found by de
Vries et al. (1988) [124] for photon doses in the range from 0.5 mGy to 1 Gy
and irradiation photon energies in the range from 29 keV to 1.25 MeV.
Moreover, there is a lack of correspondence between observed fading rates of
the TL peaks and those predicted from E and s values (Horowitz (1990)
[128]). One explanation for these observations may be found in the non-
uniformity between different production batches. Bos et al. (1990) [126]
indeed showed significant difference in the values of trapping parameters for
different production batches of TLD-100. Another evidence largely arises ﬁom
observation that the trapping parameters are strongly dependent on the
experimental parameters (e.g. cooling rate following the high-temperature
(400 °C) pre-irradiation anneal and glow curve heating rate and aiso aging
effect before irradiations) [127-128] as well as from observations that these
parameters are also strongly dependent on the method of measurement (e.g.
peak shape analysis, isothermal decay) [129]. In addition, it has been
demonstrated that mean lives deduced from isothermal decay measurements
at elevated temperatures cannot be extrapolated using first-order kinetic
theory to predict room-temperature mean lives (fading) [130]. Therefore, over
the years there has been large controversy on the order of kinetics of peaks IV
and V. It is well known that all the glow peaks of TLD-100 (in a five-glow peak)
can be fitted with first-order kinetics. However, the computerized curve-fitting
measurements have- indicated that the glow curves of TLD-100 are well
described by first-order kinetic. On the other hand, by using this method,
Fairchild et al. [123] pointed out that the presence of an additional peak
between the peak lil and IV (a peak llla) is necessary for a better fit. But, the
results of Fairchild et al. [123] were also critized by McKeever (1980) [131]
that there is no evidence of the additional peak between peak Ill and IV. He
explained that the glow curves of TLD-100 between room temperature and
dosimetric peak V is well described by just five glow peaks. However, in the
past a number of experimental evidences using peak shape analysis or
isothermal decay has indicated that the peaks IV and V of TLD-100 do not
follow first order kinetics [132-135]. In a subsequent paper Sunta et al. (1983)
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[136] argued that their non-first-order kinetic model has been supported by the
unpublished results of Levy (Brookhaven National Laboratory USA) and
Fieming (Monash University, Australia). Survey of the literature, which by no
means can be called exhaustive, shows that the non-first-order kinetic model
of TLD-100 has been severely criticized by a number of workers (Lilley and
Taylor (1981) [137], Lilley and McKeever (1983) [138], Delgado and Gomez
Ros (1988, 1990, 1991) [138-141]).

An instructive article which summarized (but does not begin to resc;lve)
some of the controversy concerning peak 5 has recently been published by
Gartia and Sing (1993) [142]. The trapping parameters for peak 5 which can
arise from some of the various models are shown in Table 2 [142]. Gartia and
Singh conclude that the exact model for peak 5 of LiF TLD-100 remains
unsolved but in their another paper (Singh and Gartia (1993) [143]), they
conclude that peaks 4 and 5 of TLD-100 do not follow either the Randal and
Wilkins (1945) [144] first-order kinetics or the general order kinetics model of
Chen (1969a,b) [145-146] as debated by a number of workers and they
proposed that the continuous uniform distribution of trapping levels may be

one of the candidates to explain mystery on the kinetic order of peak 4 and 5.

Table 2. Trapping parameters of peak V of LiF TLD-100.

activation frequency order of
Model energy E factors (s') | kinet. b
(eV)
Randall-Wilkins model 2.53 2.54x10% 1
general-order kinetic model 3.18 2.25x10% 15
continuous uniform trap 2.6 1.30x10% 1
distribution model DE=0.05
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it is an experimental fact that in most cases a TL peak is not completely
clean, which limits the applicability of the analysis by curve fitting. If the peak
is contaminated by a satellite at the low-temperature side, it can be thermally
cleaned. A similar technique was followed by Delgado and Barreiro (1986)
[147] to obtain the fairly isolated peak V of TLD-100. They used relatively low
heating rate (0.4167 °C/sec.) to minimize the thermal gradient across the
sample and found that the symmetry factor is equal to 0.474 at half intensity,
which clearly shows that it does not follow first-order kinetic. Finally a further
evidence comes to the result of the non-first order peaks from the observétion
of Yossian and Horowitz (1995) [148]. They studied the kinetic parameters of
peak 5 in TLD-100 as a function of the duration of post-irradiation annealing at
165 °C. They concluded that a post-annealing at 165 °C for 20 min reduces
the intensity of the lower temperature satellite, peak 4, to negligible levels. The
shape of isolated peak 5 changes as a function of the duration of the post-
irradiation annealing. All three trapping parameters show important changes
as the duration of the anneal increases. Computerized peak shape analysis
shows that the order of kinetics of peak 5 increases from 1.2 following a 5 min
anneal to 1.72 following a 30 min anneal. The activation energy increases
from 1.75 eV after annealing for 5 min to 2 eV after annealing for 15 min and

then remains constant for longer annealing times.
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CHAPTER 2

Theory

2.1 Crystal structures and Crystal Defects

2.1.1 Alkali Halides:

The alkali halides are typical ionic compounds, and their physical
properties are in general well known. The majority of the alkali halides
crystallize in the rock salt structure, as shown in figure 1. In this structure each
cation (alkali metal ion M*) is surrounded by six nearest-neighbour anions
(halogen ions X)) and each by six nearest neighbour cations. The cations and
anions are each situated on the points of separate face-centered cubic

lattices, and these two lattices are inter-leaved with each other.

Figure 1. The structure of the rock sait (NaCl) type alkali halides.
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These materials, of the type M*X', where M=Group | alkali metal and

=Group VIl halogen, are possibly the best known of all ionic compounds.

Research into alkali halides was initiated in the early 1920s in the hope that it
would aid our understanding of the behaviour of solids as a whole.

At normal temperatures the alkali halides are highly insulating solids.
The difference in energy between the valance band and the conduction band
in pure alkali halides varies from 5.38 eV (229 nm) for sodium iodide (Nél) to
13.6 eV (105 nm) for lithium fluoride (LiF).

The alkali halides are transparent to light in the visible, far infrared and
near ultraviolet. The ultraviolet absorption corresponds to electronic
transitions, while the infrared absorption is related to the vibrations of the ions
composing the solids. Many chemical impurities, when incorporated in the
alkali halides even in parts-per-million (ppm), affect the physical and chemical
properties of alkali halides. When the temperature is raised, the electrical
conductivity increases very rapidly. The carriers.of electric charge are ionic in

nature, not electronic.

2.1.2 Band Model and Electronic Transitions in the Alkali Halides

An insulator, like an alkali halide, can be described quantum
mechanically by the band model. The conduction band is separated from the
valance band by the forbidden region. Figure 2 shows schematically the
energy band models of an alkali halide, the electronic energy levels within the

forbidden energy gap, and the common electronic transitions in these levels.

For a crystal without lattice defects there are no energy levels between
the valance and conduction bands. The energy levels introduced may be
discrete, or may be distributed depending upon the exact nature of the defect
and of the host lattice. In general terms, it is believed that the lattice
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imperfections, impurities, intrinsic and extrinsic defects give rise to the
localized energy levels (metastable state) within the forbidden energy gap and
they may be well understood using the example of an alkali halide crystal of
the type M'X. A free electron in these crystals may become attracted by
columbic field of a vacant anion site and become trapped. The energy
required to release the electron from the trap is less than that required to free
a valance electron from an X ion and thus anion vacancy has associated with
it an energy level which lies somewhere between the valance and the
conduction bands. A similar situation is satisfied for hole which is trapped with
cation vacancies and once again they give localized energy levels within the
band gap. Similar arguments apply to the incorporation of impurity ions
(cation or anion) within the crystal lattice, either in substitutional or interstitial

positions.
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Figure 2. Common electronic transitions in crystalline solids: (1) ionization;
(2) and (3) electron and hole trapping respectively; (4) and (5) electron and
hole release; (6) direct recombination; (7), (8), (9), (10) indirect recombination.
(ET: Electron Trap; HT=Hole Trap; R, , Rz, and R; Recombination Centers)

During absorption of light in the far ultraviolet or irradiations with a, B
and y correspond to the liberation of an electron from the valance band into

24



the conduction band leaving a hole in the valance band (transition (1)). Thus,
transition (1) corresponds to the process of ionization. The free electron in the
conduction band and free hole in the valance band wander through the crystal
until they become trapped at the lattice defects. The electron may be trapped
by a transition to the lowest available energy level at the defect (transition (2)).
The hole may be also be trapped at a lattice defect above the valance band
(transition (3)). The trapped electrons and holes may be released from the
traps when the crystal is heated or under the optical excitation (transition (4)

and (5)).

The probability of a charge carrier being thermally released from its
trap is exponentially related to -E/kT (see Section 2.2.2), where E is called as
“trap depth" which is the energy difference between the trap and conduction
band (for electrons) or the valance band (for holes), T is the temperature at
which charge carriers are being excited from their corresponding delocalized
band.

When the charge carriers are released to their corresponding band,
they are once again free to move through the crystal and may recombine with
a charge carrier of opposite sign, either directly (transition (6)), or indirectly
(transitions (7), (8) and (9)). The band-to-band recombination may be termed
as "direct”, whilst recombination involving localized levels, i.e. band to center
or center-to-center, may be termed as “indirect'. If either of these
recombination mechanism is accompanied by the emission of light then
luminescence results (radiative transitions). When the free electron transits to
an excited state from conduction band due to the relaxation of the lattice
around the defect according to new situation, no photon is emitted (non-
radiative transitions). But the new situation is not stable, the excited electron
transits to the ground state via emitting a photon (transition (10)).

Thus, localized energy levels can act either as traps or as
recombination centers. The defect where the electron is released is called
trapping center or trap. The defect where the electron and hole recombine is
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called recombination center or luminescent center if this recombination
produces a photon. In principle it is believed that recombination centers are
located towards the middle of the forbidden gap and traps are located towards
the edges of corresponding bands. However, a center becomes trap at high
temperatures, but may become recombination center at low temperatures.

2.1.3 Imperfections in the Alkali Halide Crystals

The crystal lattice is formed by a repeated arrangement of atoms. The
detail of this arrangement can be determined by analyzing the diffraction
effects which are produced when a beam of some appropriate radiation (x-

rays, electrons, or neutrons) is incident on the crystal.

In reality, crystals are never perfect and contain various types of
imperfections and defects. There are two types of geometrical defect in a
crystal. These are; point defects and dislocations. In this work, we only
consider point defects because of their very easy formation in the alkali halide
crystals by irradiations or impurities. The elemental impurities which can be
incorporated into alkali halide crystals can be divided into the following 7-
groups which give point defects in these crystals: (1) hydrogen and alkali
metals; (2) monovalent metals; (3) metals of group A of the periodic table; (4)
metals of group IIB of the periodic table; (5) rare earths; (6) halogens; (7)
transition metal impurities.

A two-dimensional representation of a polar crystal containing no defect
is shown in figure 3a. This type of crystal is well known as ionic crystal. The
simplest defect configuration arises when an atom is missing from its site in
the crystal lattice. Sometimes a foreign atom in a crystal occupies an
interstitial site between surrounding atoms in normal atom site. This type of

point defect is called as interstitialcy.
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Figure 3. (a) Two-dimensional perfect crystal. (b) Schottky defect (cation and
anion vacancies) and Frenkel defect (interstitial cations and anions with

corresponding vacancies).

In ionic crystals point defects are more complex due to the necessity to
maintain electrical neutrality. When two oppositely charged ions are missing
from an ionic crystal, a cation-anion divacancy is created which is known as a
Schottky defect. Therefore, the dual imperfection consisting of a cation
vacancy and an anion vacancy is shown in figure 3b. If a cation M* is removed
from its normal lattice site by some process and placed in an inter-lattice
position; an anion X also similarly moves and replaced in an interstitials site.
As one removes either the cation or the anion to an interstitials position one
creates a corresponding vacant lattice site either a cation vacancy or an anion
vacancy. This type of dual imperfection the interstitials ion together with the

vacancy, is known as a Frenkel defect shown in figure 3b.

2.1.4 Production Techniques of Defects in the Alkali Halide Crystal

Defect centers can be generated in a crystal by a variety of techniques.
These are simply (1) additive coloration, (2) electrolytic coloration and (3)
exposure to ionizing radiation. The first two techniques are extremely difficult
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and require a high technology to produce defect centers in the alkali halide
crystals. Since we are going to utilize the ionizing radiation to produce defects,
we will be interested in the third type of defect production techniques in this

work.

The term ionizing radiation includes all sources that can generate free
electrons and holes in the materiais. The energies range from ultraviolet
photons of about 10 eV, through soft x-rays of 10-60 keV and ®°Co gamma
rays of 1.25 MeV, #°Sr°Yb B-rays of 2.25 MeV, up to high energy protons or
neutrons of 100 MeV.

Exposure of the alkali halides to ionizing radiation produces many
types of color centers. Since the sample must remain electrically neutral, it is
an inherent characteristic of this type of coloration that both excess electron
centers and excess hole centers are formed. In contrast to additive coloration
or electrolytic coloration, irradiation normally does not change the
stoichiometry of the crystals. The types of defects that can be generated by
ionizing radiation at room tehxperature are additively colored crystals. The
main differences Between additively colored crystals and colored by ionizing
radiation are found .if the irradiation is done at low temperatures, i.e., some
centers are formed at liquid helium temperatures that are unstable at liquid
nitrogen temperatures, and some centers formed at liquid nitrogen
temperatures are unstable at room temperatures. It is impossible to produce
many of these centers by additive coloration, which necessarily involves
elevated temperatures. Thus one of the great advantages of ionizing radiation

is its ability to generate color centers at these low temperatures.

The amount of centers that is produced under the irradiations depends

on the irradiation temperature and irradiation time for a given sample.
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2.1.5 The Structure of Defect Centers in the Alkali Halide Crystals

2.1.5.1 Impurity Defects

The vacancies or interstitial ions can not only be produced by
irradiation or thermal means, but also by the incorporation of another ty;;e of
imperfection, namely chemical impurities. An example of this effect is shown
in figure 4a for a two dimensional polar crystal in which the substitution of a
divalent cation for a monovalent one places an extra positive charge in the
crystal. In order to preserve the electrical neutrality of a crystal as a whole,
either an extra negative ion must be incorporated interstitially or a positive-ion
vacancy must be formed at a lattice point. it is clear that vacancies and
interstitial ions are local regions of unbalanced charge in the crystal. Thus a
cation vacancy bears an effective negative charge and an anion vacancy
bears an effective positive charge. This causes an electrostatic attraction
between the two defects, leading to the formation of a double vacancy or
"pair”, with the cation and anion vacancies residing on two adjacent sites as
shown in figure 4a. By similar considerations, in divalent doped crystals at
room temperature and above, one would also expect that a divalent impurity
would tend to associate with a cation vacancy (M™V,). This type of defect is
called as dipole defect (figure 4b). There is also a tendency for the associated
dipoles td form higher order clusters such as dimers and trimers (figure 4b)
and even precipitate particles. The reaction sequence might be written as

free M™ ions + cation vacancies < dipoles < dimers < trimers <

precipitates.
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Figure 4. Models of cationic defects in alkali halides. (a) (1) A divalent
impurity ion with a dissociated extrinsic cation vacancy; (2) vacancy pair. (b)
(3) An associated impurity-vacancy pair, called a dipole; (4) a simple complex
containing three dipoles :a trimer.

2.1.5.2 Color Centers

The system comprising an electron trapped at a halogen ion vacancy
(anion vacancy) can be described quantum mechanically as a hydrogen atom,
in which an electron bound by the positive mechanical description is the
particle in the box model. Like a hydrogen atom, the electron-vacancy system
has discrete energy levels. The electron can make transitions between these
levels by absorption or emission of light. The absorption of a photon of the
proper energy can raise the electron from the ground state of the system to
one of its higher excited states, and a sufficiently energetic photon’can even
promote the electron from its ground state into the conduction band. The
possibilitg; o;‘ absorbing light of energy less than the band gap energy makes
the crystal colored and the imperfections which give rise to these absorption

are called "color centers”.
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A-) Trapped Electron Centers in Pure Crystals

F-Center

A particularly well-studied color center is the F-center (from the German
Farbe-color). The structure of the F-center is described as an electron trapped
in an anion vacancy. A representation of F-center structure is shown in figure
5. The F-center has two different energetic states: the electronic ground state
and the relaxed excited state. These states are combined by optical
absorption, fluorescence emission and lattice relaxations. Therefore, the F-
center can absorb light in a region of the spectrum where the alkali halide

crystal is normally transparent.
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Figure 5. Representation of important color centers in the alkali halides.

Careful experiments have shown that in pure LiF the F-center optical
absorption band has a | at 250 nm and a full width at half-maximum
(FWHM)=0.85 eV at room temperature.
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The F-center formed initially by irradiation can be transformed into
other centers or again reform F center by the appropriate treatment, principally
by illumination with light absorbed by the original centers (F-centers) and
thermal treatment. This is satisfied as the absorption of a photon by the center
that the electron is promoted to an electronically excited state below the
conduction band. This electron can be thermally promoted into the conduction
band from the electronically excited state and the alkali halide crystal is now
said to be conductive. The ejected electron can wander through the crystal
and recombine with a trapped hole, giving out the energy of recombination in
the form of a photon (fluorescence) or heat. Therefore, the concentration of the
centers decreases and, consequently, the absorbance of the center
decreases. If this process is satisfied by optical treatment, it can be called as
“optical bleaching”, if it is satisfied by heat, this process called as “thermal

bleaching"”.

F -Center

Other trapped electron center which is produced in the pure alkali
halide crystals ié the F-center. Its structure can be described as two electrons
trapped at one anion vacancy (figure 5) and it can be produced at low
temperature (200 K) by the optical bleaching in the F-band region. At high

temperatures the F'-center decays and reforms F centers.

F-Aggregate Centers

When the alkali halides are subjected to prolonged irradiation near
room temperature, F-centers combine to form F-aggregate centers in addition
to F-centers. These centers are formed also by the appropriate thermal or

optical treatment.
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The F; center, originally called M-center, is composed of two F centers
which are aligned along one of the <110> directions of the crystal as shown in

figure 5.

The second product of F-center aggregation is the Fa center which was
called R-center. The atomic structure of the Fi-center can be described as the

three F-center associated in the <111> plane.

The Fs-center which is called as N-center is a planar combination of
four F-center with different symmetry. They are both obtained by adding one

F-center to an Fa-center.

The thermal stability of F-aggregate centers can be described as: at
approximately 50°C the Fj centers decay into F, centers and F centers, at
T>100 °C F, centers decay into F, centers and at T>130 °C F; centers decay

into F centers.

if free electrons are trapped by F-aggregate center (F2, F3 and Fy), F2,
Fs and F4 centers are formed respectively, but the thermal stability of these
centers seem to be smaller than that of the F-center. Besides negatively
charged centers, if these centers are ionized, then F*, Fa* and F4* centers can
be created. However the ionization of F center produces another type center,

which called a-center as shown in figure 5.

B-) Trapped Electron Centers with Foreign lons

When an alkali halide doped with a monovalent or divalent foreign
alkali ions is irradiated, the electrons and holes can be trapped by the
dopants, the defects produced by the irradiations, or dopant-vacancy
complexes. In the case of Fa centers these are monovalent foreign alkali ions,
in the case of F, centers these are divalent ions which are nearest neighbours
to the anion vacancy. The atomic structure of Fa-centers is shown in figure 5.
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E.-Centers

i the alkali halides doped with alkaline earth impurities (Mg, Ca, Sr and
Ba) are exposed to high energetic radiation and subsequent thermal and
optical treatment, it may lead to the formation of the Z (F.) type centers. Six
type of color centers can be observed. These are called Z-centers and are
labelled with subscripts O to 5. '

The Z-centers can be generated by the following treatment. When
alkali halide is doped with divalent alkaline earth impurities and coloured
additively, it will contain only F-centers. Z-centers are introduced on optical or
thermal bleaching. F-light bleaching at room temperature generates Z, center.
If this crystal is then heated to approximately 110 °C, the Z; centers are
destroyed, Z, centers and some F centers are formed. F-light irradiation at -90
% generates the Z; centers and heavy irradiation with F light at room

temperature produces Z; centers.

Different sets of models for the Z-centers were proposed by several
authors. The model of the 21, Z; and Z, centers suggested by Pick, is shown
in figure 6. Accordmg to PICk the Z, center is the lmpunty-caﬂon vacancy pair
which has captured an electron. On warming the crystals, Pick argued that the
vacancy migrates away frém the center and a singly charged divalent impurity
M* (M stands for Mg. Ca, Sror Ba) left over forms the Z, centers. The Zycenter
was assumed to be a Z, center which has captured another electron at a
substitutional divalent ion. Later in 1951 Seitz revised the model, in which the
Z, centeris a smgly charged dlvalent ion WhICh is the identical to Pick’s model
for the Z, center. He suggested that the Z, and Z; centers consist of one and
two electrons respe¢tively tr,appe& at a ‘vacancy pair adjacent to a
substitutional divalent ion. These models together with other models proposed

by different workers are aiso shown in figure 6. Okhura made a very through
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Figure 6. Different models proposed for the Z centers.
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ESR study of the Z, and Z, centers and came to the conclusion that the Z;
center is not paramagnetic but the Z; center is paramagnetic. He suggests
that the Z5 center is formed by the removal of one of the two electrons from the
Z, centers. The Z, center is the divalent impurity ion associated with an anion

vacancy.

As mentioned previously, the Z-centers are produced only under
appropriate optical and thermal treatment after irradiations. However, some
authors have suggested that they have been obtained immediately after

irradiation.

C-) Trapped Hole Centers

Trapped hole centers, usually called "V-centers", are produced by
similar techniques to trapped electron centers. High-energy radiation
produces both electrons and holes so it is reasonable to expect bands
associated with trapped positive charges. V centers can also be produced by
an excess of halogen. Vi centers are produced at temperatures below 80 °K
by irradiation of alkali halide crystals with irradiations. Its structure can be
considered as a hole localized between two adjacent halide ions. To a good
approximation it is simply an X;” molecule ion, where X is a halogen, created

from two X ions and the hole as shown in figure 7.

Figure 7. Models of the trapped hole color centers in alkali halide crystals.
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If an alkali halide is irradiated with X, o, y or B rays at room temperature,
or if it is irradiated at low temperature and warmed to room temperature, the V>
and V; bands are observed. If the crystals is irradiated at -180 °C and
measured at this temperature without warming up, the V; band is observed.
The models of the V centers have been the cause of much speculation. Their

structure are shown in figure 7.

Another hole-type center produced by irradiation at liquid helium
temperature has been discovered optically and positively, and identified by
electron spin resonance. The structure of the H center is shown in figure 7.
The H center is known to be a hole trapped at an interstitial halide ion and it

has <110> symmetry as Vi center.

D-) Chemical Defects

Alkali halides as well a_sdother materials are normally impure. They
have to be purified and doped to be suitable for investigation of chemical

defects.
OH‘ ﬁons

Another important impurity which is generally present in the alkali
halide is the hydroxide ion (OH’). Hydroxyl ion impurities have been shown to
influence some properties of the alkali halides such as TL, optical absorption
and etc. It can be suggested that the OH" ions are present as a background
impurity in the alkali halide ‘_crystals. But, determination of OH ion
concentrations in the crystals is a problem. In some cases, the optical
absorption techniciue can be used to determine the OH" contents. However,
optical absorption, in particular, is influenced by the combined state of the OH"
in the sample, and the values obtained can thus only be regarded as
estimates. The free OH’ ions also cause infrared absorption due to stretching

vibration and ultraviolet absorption due to charge transfer. During irradiation,
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OH" impurities decompose to substitutional oxygen ions, U centers and F
centers. The oxygen ion remains in the anion site previously occupied by the
OH ion.

Hydrogen Centers

The atomic hydrogen is found in the alkali halides in three different
modifications (figure 8). The U band is due to substitutional Hs ions, the U,
belongs to interstitial H; ions, and the U, center stands for atomic hydrogen in
an interstitial position H’. They can be produced probably by breaking of OH
jons or by heating an additively colored crystals in hydrogen gas or by
growing a crystal with an addition of an alkali hydride. They have been
identified with the aid of optical experiments and electron spin resonance

techniques.
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Fiqure 8. Atomic structure of U centers in the alkali halide‘crystals.
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2.1.6_Transition Metal Impurities in the Alkali Halide Crystals

When an alkali halide doped with transition metal impurity ions, new
energy levels are formed by the mixing of the wave functions of the impurity
and the surrounding ions of the host lattice, and the transitions which are
forbidden in the free ions become partially allowed inside the crystal. The
interaction of transition metal impurity with the lattice defects, phonons and the
crystal field removes some of the degeneracy of the impurity ions and splits

the energy levels.

The transition metals are those from the three series in the periodic
table with incomplete inner shells: the iron group (3d"), the rare earths (4f")
and the actinides (5f"). Many of their properties are governed by the partly
filled shell of inner electron orbits. Therefore, the energy level structure of d"
and f" ions, which are called magnetic ions in the ionic compound crystals,
can be explained, to a large extent, by crystal field theory. The 3d" transition
metals occupy a zone of the periodic table with atomic numbers 21-30. When
they enter in an ionic crystal as impurities, they lose the electrons of the 3d
shell. The partly empty 3d shell, responsible for the magnetic properties of the
ions, is the outermost shell which is strongly exposed to the action of the
neighbouring ions. This fact is the cause of the greatest difference between
the energy levels of the ions in crystals and the energy levels of the free ions.

In an ionic crystal, each electroh feels the influence of the electrons
belonging to the other ions (a repulsion) and of the nuclei belonging to the
ions (an attraction). This influence is known as crystalline field action. The
electronic transition between the inner electron shells of the transition metal
ions is called as crystalline field spectra. In addition to the crystal field spectra,
the magnetic ions in crystals may present charge transfer spectra. According
to this model, the electron is removed from the ligand and transferred to the
metal ion or, more correctly, transferred to a molecular orbital, which is largely
concentrated on the metal. The intensity of charge transfer spectra is hundred

or thousand of times greater than crystal field spectra.
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2.1.7 Measurement Techniques of Defect Centers in the Alkali
Halide Crystals

The nature of crystal defects have been studied over the past 60 years.
Some properties such as defect concentrations, energies of formation,
activation energies, frequency factor, charge nature, defect models, defect
interactions and relevant parameters are generally investigated by ﬁsing
optical absorption, electron spin resonance, x-ray diffraction,
photoconductivity, thermoluminescence, phototransfer, ionic conductivity,
dielectric loss, photoluminescence, emission spectra and many more
techniques. In this thesis we utilize thermoluminescence, phototransfer,
emission spectra and optical absorption techniques to investigate the model
(structure), activation energies, frequency factor and charge nature of defects
in LiF:Mg,Ti (TLD-100). Therefore, in the next sections we will only explain the
theories of these models.
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2.2 THERMOLUMINESCENCE KINETICS

2.2.1 Introduction

Thermoluminescence (TL) method is a relatively complex process
since it involves traps and luminescence centers. When an insulator or
semiconductor is exposed to ionizing radiation at room or at low temperature,
electrons are released from the valance band to the conduction band. .This
leaves a hole in the valance band. Both types of carriers become mobile in
their respective bands until they recombine or until they are trapped in lattice
imperfections in the crystalline solids. These lattice imperfections play very
crucial role in the TL process. The trapped electrons may remain in the traps
for a long period when the crystals are stored at room temperature. They can
be released due to the sufficient energy given to the electron when the crystal
is heated. These electrons may move in the crystalline solid until they
recombine with suitable recombination centers that contain holes with the
emission of TL light. This process of light emission by thermal stimulation
from a crystalline solid after irradiations is called as "thermally stimulated

process" or simply “thermoluminescence”.

The nature of crystal defects has been investigated over the past 60
years. In principle, TL measurements provide a very sensitive indication of
complex defects in insulators and some semiconductors. But the study of
defect structure (model) in solids using only this method is perhaps the most
difficult. In fact, this fechnique has only limited value in arriving at a true
characterization of the defect structure of the solid under study. Therefore, this
type of measurement has been supplemented by many other experimental
techniques. The analysis of the TL glow curves also provides different kinds of
basic information in a large variety of crystal such as charge trap
concentrations, trap Adepths, frequency factor, carrier mobility, capture cross

section of traps and other details of the light-emission kinetics.
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2.2.2 Simple Models for Thermoluminescence

The simplest model for TL. consists of a single type of electron defect
level and a single type of hole defect level in the forbidden gap, as depicted in
figure 9. It is required to remember here that the two energy level band model
is the minimum number needed in order to describe the thermoluminescence
mechanism. But, the band model of an actual specimen may be much more
complex than this simple model. However, this simple model is enough to
explain the fundamental features of TL production. If the electron level is
relatively shallow in the forbidden gap, the hole center is thermally stable

during the heating while electrons are thermally released and move to the
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Ev ......
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Figure 9. Simple band model for TL emission. Ty and T, are electron traps, R,
and Ry are the excited and ground state of a recombination (luminescent)
center, E4 and Ez are the energy difference between the band edge of the
conduction band and egectron trap T and Tz, respectively. Allowed transitions:
(1) and (2) thermal release, (3) fnigraﬁon, 4 nen.-radiative recembination, 5)

radiative recombination.
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conduction band. Eventually they recombine with the hole centers to produce
TL. The shallower level is called “"trap” and the other one "recombination

center” or “luminescent center”.

The probability p per unit time of the release of an electron from the
trap to the conduction band can be calculated by the Arrhenius equation

E
=l = e en
p=7, =sexp( kT) .(1)

where 1, is defined as the lifetime of an electron in the trap, E ‘(activation
energy) is the vertical energy separation between the trap and the conduction
band which is frequently calied as the trap depth (eV), s (sec™) is the attempt
to escape frequency from the trap which is frequently called as “frequency
factor” or "pre-exponential factor®, k is the Boltzmann's constant and T is the

temperature.

As can be understood from Arhenius equation, if the trap depth E is
greater than kT, where Ty is the irradiation temperature, then any electron
which has been trapped will remain there for a long period of time. If the
temperature of the specimen is raised above T, such that E<kT, this will
increase the probability p and the electron will now be released from the trap
into the conduction band. Therefore, the recombination rate increases at first
because more trapped charge carriers are released per second. As the
electron traps are progressively emptied, then, after reaching a maximum, the
rate of recombination decreases and thus the TL intensity decreases
accordingly. Thus, it can be said that TL is highly depend on the trap depth E
(eV) and frequency factor s (sec™).

2.2.3 Trap Filling Process

The trap filling process during the irradiation is described by the Chen,
McKeever and Durrani (1981) [149] by the following four equations:
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dn. _
»—cﬁ—f -neArny - nc(N-n)A

dn
i n.(N-n)A

dn,
dt

=f - ny(Nn - Nn) An

dn
?dt—h =Ny (Nn - Nn) An =N Nh Ar

“where f is the electron hole generation rate, n. is the concentration of

electrons in the conduction band (per unit volume, m™), n, is the concentration

of holes in the valance band, n is the concentration of electrons in traps, N is

the concentration of available electron traps (of depth E below the conduction

band), n, is the concentration of holes in the recombination centers, N, is the

concentration of available hole centers, A is the transition coefficient for

electrons in the conduction band becoming trapped volume per unit time

(m®sec’), A, is the transition coefficient for holes in the valance band

becoming trapped in the hole centers and A, is recombination transition

coefficient for electrons in the conduction band with holes in centers.

2.2.4 Trap Emptying Process

Assuming a single electron trap and a single hole center, the rate

equations describing the flow of charge between various energy levels and
bands during trap emptying have been ‘described by Adirovitch (1956) [150],
Haering and Adams (1960) [151], and Halperin and Braner (1960) [152] as
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<

dn E
— = nsexp(~ﬁ)-nc(N-n)A NN A, (6)

dt
dn E
. Me(N-mA - nsexp(--— ) , )
Z.dm_
|TL - dt ncmAr (8)

where Ir, is the TL intensity (photons/sec).

According to Eq. 8, |y, is equal to the rate of recombinations, which is
proportional to the number of recombination centers and the number of free
electrons. Unfortunately, there is no general analytical solution of these Eqs.6,
7 and 8, however, an approximate solution can be achieved by making some
assumptions. Alternatively, numerical solutions can be found for a given set of
the parameters E, s, A, A, N, N, n,, n and n, [153-185]. These numerical
solutions are quite useful for studying the dependence of the TL curve on

various parameters.

In order to obtain an analytical solution of Egs. 6-8, the following two

assumptions may be used

dnc dn
B < ©)

Ne<<n,

it was also assumed that the charge neutrality condition becomes
n.+n=np (10)

which for n. ~ 0 means n=n; and dn/dt ~ dn,/dt. Since dn./dt~ 0, one

gets from Eqs.6-8;

E
dn, nsexp(-ﬁ
& = N-mA (11

7
1 A,
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Although EqQ.11 is simpler than Eqs.6-8, it cannot be solved
analytically without additional assumptions. When retrapping can be
neglected, i.e., (N-n)A<<nA,, one gets (by substituting n,=n) the famous first-
order kinetics (Randal & Wilkins 1945a,b) [144,156]

=-—E=nsexp(—— (12)

if the coefficients for retrapping and recombination are equal i.e., A=A, and the
assumptions n<<N and n=n;, the Eq. 11 yields the second-order kinetics
(Garlick and Gibson 1948) [157]

O o E
I-~dt-n sexp(—kT (13)

where s=sA/NA,, the power of n in Egs.12 and 13 indicates the order of
kinetics. When the simplifying assumptions do not hold, the TL peak will fit
neither the first- nor the second-order equation. The general-order kinetic
equation is given as

dn E
I—ed—t n°s exp(~— (14)

where b is the kinetic order, s” has a dimension of (sec'm®?). Equation 14 is
called the general-order kinetics which was first proposed by May and
Patridge (1964) [158]. Equations 12 and 13 are known as the special cases of
the general order kinetic with b=1 and b=2, respectively.

The solution of Eq.12, assuming a linear heating rate programme B

(°Clsec), gives the famous first-order equation of Randal & Wilkins,
(1) = e S exp(—) exp(- [ exn(- ST (15)

The solution of Eq.13 gives the second-order equation of Garlick &
Gibson (1948) as

I(Ty= nbs exp(--= )[1+M T exp(- —)dT] (16)
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and the solution of Eq.14 for b =1 is

b-1)s
2 R e

(M =nes” exp( —%)dT' ]'b% 17

where Tg and ng are the initial temperature and initial concentration of trapped
electrons, respectively, and s'=s/N, s"=s'n,®". The values of b lies in general
between 1 and 2 but, in principle, values of b outside this range are also

possible.

2.2.5 Methods For Determining The Trapping Parameters

There are various methods for evaluating the trapping parameters
namely; activation energies E (trap depth), frequency factor s (attempt-to-
escape frequency or pre-exponential factor), kinetic order b, and the number
of trapped electron concentrations ng. Some of the various methods are listed
below:

(1) Initial rise method,

(2) Heating rate method,

(3) Peak shape method,

(4) Isothermal decay method, and

(5) Computer curve fitting method

In addition to these methods, there are also more methods to evaluate the

trapping parameters from TL glow curves.

2.2.5.1 The Computation of s

The second exponential term in Egs.15, 16 and 17 become more
important than first exponential term at high temperatures. Thus a maximum
Tm temperature is always observed at a certain temperature in glow curves. At

the maximum intensity |, by equating the derivative of | with respectto T to
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zero (dl/dT=0) when T=T,, or the derivative of In(l) (dIin(1)/dT=1/I(dl/dt)=0 at
T=T,), Eq.15 yields

PE
s=i7 exp( ) (18)

Similarly, from Eq.17 for the general order kinetics, one gets

2 kTm

s-——[eXP( kT.,,)(1+(b )= (19)

Once the value of E is determined, the frequency factor s can be obtained
from the Eq.18 for first order glow peaks. However, for other kinetics, the
values of b are required to be known previously. Therefore, the value of b‘
must be obtained by other methods previously. Then using the Eq.19, one

can obtain the value of s.

2.2.5.2 Calculation of Activation Enerqy E

i-) Initial Rise Method

At first, the trap depths of the glow peaks were obtained by the initial-
rise method (Garlick & Gibson 1948 [157]) for the glow peak intensity I(T). In
the region, where T<<T, (up to 10 to 15 % of |,) all factors other than exp(-
E/KT) in the Egs.15, 16 and 17 do not show an appreciable variation with T
and therefore the intensity is proportional to exp(-E/kT) according to the

expression for either type of kinetics

Io exp(- ) (20)

Thus, plotting In(l) as a function of 1/T produces a straight line with a

slope equal to -E/k from which the value of E can be found.
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When s depends on the temperature with s=s,T°, a correction factor
comes to the activation energy with E=E-akT,,, where E is the true activation
energy and E; is the value measured by the initial rise method and the value
of a usually ranges from -2 to +2. If ignoring this correction factor, the true

activation energy may distort from the real value by 5 to 10 %.

The initial rise method does not give any information on b. Actually the

low temperature side of the peak is not very sensitive to the kinetic order b.

ii-) Heating Rate Method

Another important method to determine E is the heating rate methods.
Bohun (1954) [159] and Booth (1954) [160] suggested that T, in a first order
peak depends on the heating rate B according to Eq.18. Therefore, if a sample
is heated at two different linear heating rates, By and B, the peak
temperatures will be different. Equation 18 can, therefore, be written for each
heating rate and dividing the equation 18 with B, (and Tn¢) by the equation
with B, (and Tn2) and rearranging, one gets an explicit equation for the

calculation of E

- Tmle2 Bl
E me T,,,zln[ 2(Tm1 ] (21)

Similarly, another way was suggested by Hoogenstraaten (1958) [161]. When
various heating rates for the first-order kinetics are used, the following

expression is obtained:

T2, E 1

ln(—ﬁ—) =(E)(T—m)+constant (22)
A plot of In(T%/B) versus 1/T,, should yield a straight line with a slope E/k,
then E is found. Additionally, extrapolating to 1/T,,=0, a value for In(sk/E) is
obtained from which s can be calculated by inserting the value of E/k found

from the slope.
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Chen & Winer (1970) [162] proved that the same method is also

applicable to general order peaks. They showed that for the general order

case, one can plot In[l,” ' (Tw2/B)"] versus 1/Tm, whose slope is equal to E/k.

iii-) Peak Shape Method

This method based on the shape of the peak utilizes just two or three

points from the glow-curve. Usually, these are the maximum of the peak T,

and either or both, the low and high-temperature half-heights at T, and T, (see

figure 10).
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Figure 10. A typical glow curve shape. 1=T,-Ty, 8=T2-Tm, W=T2-Ty. The

ordinate shows TL intensity.

The peak shape method explained in this thesis were those of
Grossweiner (1953) [163], Lushchik (1956) [164], Halperin & Braner (1960)

[152] and Chen (1969a,b).

50



Grossweiner [163] has suggested the following approximate equation

to calculate the activation energy by means of t

e @3

where t=T.-T{, a=1.41 and 1.68 for first and second-order kinetics,

respectively.

Lushichik [164] obtained two different expression for the first and
second order kinetics based on the measurement of 8=T,-T,. For the first and
second order kinetics, the Eq.(23) was modified by Chen (1969b) [146] as

E= 0.976%‘3" (b=1)
, (24)
E= 1.7065;;'E (b=2)

Halperin & Braner [152] suggested a method based on the
measurement of T, and T, for the both first and second order cases.
Considering t and the correction by Chen [148], the expressions were as

follows:

E= 1.5251—"13-3.161&m (b=1)
g (25)

2

kTa
E= 1.813? -4.0kT, (b=2)

In addition to these formulas, Chen (1969a,b) also analyzed these
methods to their fullest extent. Chen (1969a) gives three equations each for
first and second order peaks, using total-half width w=T»-T;, low-temperature
half-width t=T»-Ty and high-temperature half-width 8=T.-T,,. A general
formula for E was given as:

T
E. =ca“7-ba<zkm 26)
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where o stands for 8, T or w and the values of coefficients ¢, and b, for the

three methods are:

¢, = 1.51+3.0(s, -0.42)
cs = 0976+ 7.3(s, -0.42)
Cw = 2.52+10.2(1t, -0.42)
b, = 1.58+ 4.2(n, - 0.42)
b =0

b =1

@7)

If the temperature dependence of the frequency factor of the type s=soT" is
suspected, then a term a/2 must be added to the constants b,. Chen has also
discussed the determination of the geometrical factor pg=8w for different
values of b. The resultant variation of pg with b has been used to determine

the value of kinetic order b from the experimental glow curve.

iv-) Isothermal Decay Method

Another method for determining trapping parameters is the isothermal
decay method, which is not exactly a TL method. It deals with
phosphorescence rather than TL. According to this method, if a TL material is
hold at a constant temperature, the luminescence emission can be recorded
as a function of time while the TL material is held at a constant temperature,
rather than being heated up. For the first order kinetic, by solving Eq.16 for
constant T, the decay in intensity is given by

E E
It) = nsexp(- ) expl-stexp(-; ) 28)

A plot of In(l) against time is linear and the slope m is given by

E
m = sexp(- T (29)
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If the experiment is carried out at two different constant temperatures T and
T,, two different slopes, m; and m,, are obtained and from these two slopes

one obtains

oo E 11 %
(mz) (-kXTl-Tz) (30)

v-) Computerized Curve Fitting Method

The trapping parameters E, s, ng, b for the individual peaks can be
calculated by a method of computerized curve fitting. In this method, a
theoretical curve is computed using the initial values of the trap parameters
which are based on the first or second or general-order kinetics and compared
with the experimental curve. The computer program uses a least square
minimization procedure to determine the peak area, activation energy and
frequency factor for first-order kinetics. The trapping parameters of each peak
in the experimental glow curve can be set independently. Then the values of
the parameters are then sequentially varied until a "best-fit' between the
computed and experimental curves is obtained, (i.e.the rms (root mean

square) deviation is minimized).
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2.3 PHOTOTRANSFERRED THERMOLUMINESCENCE (PTTL)

2.3.1 Introduction

After incomplete annealing of an irradiated thermoluminescence (TL)
sample, the residual trapped charge carriers remain in the deep traps. In the
phototransfer (PT) process, during the illumination of the sample with
ultraviolet light, the residual electrons from the deep traps can be transferred
into empty shallow trapping sites and this process can induce regeneration of
the filled shallow traps. Then the filled shallow traps give regenerated lower-
temperature glow peaks during the second heating cycle. The phenomenon is
called phototransfer thermoluminescence (PTTL). The deep traps in the
phototransfer process act as donors and the shallow traps as acceptors of

carriers.

Often the illumination with ultraviolet light induce low-temperature glow
peaks but it is also seen to diminish high-temperature glow peaks (residual
deep traps). This can be interpreted as the release of charge from the deep
traps. This increase in lower temperature glow peaks at the expense of a
decrease in the high-temperature glow peaks is appearance of a transfer of
charge between centers. Therefore, the phototransfer thermoluminescence
technique can be used to understand the electronic charge nature of defect
centers in the crystalline soiid. If the lower-temperature glow peak is
regenerated and the size of high-temperature peak is decreased, they can be
considergd that they are electron type defect centers otherwise they can be

considered as hole centers.

PTTL technique has been used over the years for ultra-violet dosimeter
(Oberhofer & Schafmann 1981) 1 65] and more importantly, in the dating of
geological and archéeological samples (Aitken 1978) [166]. It has been also
investigated in various materials. Sunta & Watanable (1976) [114] studied
PTTL in LiF (TLD-100) as a function of the residual glow curve intensity, the
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photon energy of the incident light and the temperature of the sample during
light exposure. They find that the PTTL glow peaks have the same
temperatures in the original glow curves and their relative intensities depend
considerably on the residual glow curve and the energy of photons causing
the charge transfer. They plot the UV induced glow peak intensity as a
function of UV energy. The maxima in the plot occurring at an energy Eqy is ‘
known as the optical trap depth or optical activation energy of the donor traps
and they showed only one clear maximum at 5.25 eV photon energy in
addition to two humps at 4.27 eV and 4.66 eV in TLD-100. '

2.3.2 Band Model of Phototransferred Thermoluminescence

The energy band model of a crystal phosphor showing transfer of

electron from deep trap to shallow trap is shown in figure 11.
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Figure 11. Energy band model of phototransfer thermoluminescence (PTTL).

The D; is the concentration of 'thermally stable deep trap level, D, is the

concentration of shallower trap levels, then carrier transitions from deeper to
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shallower traps under the influence of photo-excitation will be governed by the

following equations:

dn,
—— =P,Di+p,n-B,n(D;-n)-an.R

dt

dn

5t~ Ppne(Dz2-m)-Pyn 1)
'd—t = -omcR

where n. is the concentration of electrons in the conduction band, o is the
probability of recombination, B, is the probability of trapping, p; is the
probability of stimulation of an electron into the conduction band from the
deep traps, p. is the probability of stimulation of an electron into the
conduction band from shallow electron level, R is the concentration of holes in
the recombination centers, n is the concentration of electrons in the shallower

trap levels and n, is the concentration of electrons in the shallower trap levels
D..
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2.4 THERMOLUMINESCENCE EMISSION SPECTRA

2.4.1 Introduction

The simultaneous measurement of the light emission during heating of
the TL materials as a function of sample temperature and in terms of emitted
photon energy gives the information on the TL mechanism, trapping
parameters for the individual defects and the influence on the reactions. For
example, in order to obtain information on the position (in terms of energy) of
the recombination (luminescent) center, it is necessary to revert to
measurements of the spectra of the emitted thermoluminescence. The energy
of the emitted light is governed by the energy difference between the excited
state (or conduction band) and the ground state of the recombination center.
Then usual procedure is to perform a wavelength scan at a given glow-curve
temperature (or over a narrow range of temperatures). In addition, it gives an
idea about the structure of defects within the insulator and semiconductor
when this type of measurement has been supplemented by many other

techniques such as optical absorption and ESR measurements.

The fundamentals of models for emission and absorption spectra of
luminescent centers in crystalline solid derived from the theory of molecule
spectra, although there are many sophisticated models for emission

originating from solids in literature [167].

2.4.2 Line Shape of a TL Emission Spectra

The shape of an emission band of a recombination center in the
crystalline solid can be explained by the use of a configuration coordinate
model which is drawn in the Section 2f5.3. According to this model, the TL
and PL emission sbectra have been ?ﬁtted to Gaussian components using the

general expression for Gaussian bands:
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-4In(2) 2
I(E) = I(Eo) eXP[——Wz (E-Eo )] (32)
where I(E) is the intensity at the energy E, I(Eo) is the intensity at the band
maximum, Ey is the photon energy at the band maximum, W is the full-width

at half-maximum.

it is usual for alkali halide color center absorption bands and emission

Spectra to be Sllghﬂy asymmetl ic
Eo =C;~ Cz th(—— (33)
('I') 1 co ( ” )

where C; and C, are constants, w/2n is the effective vibrational frequency in
sec’'. This expression predicts that the emission band maximum should

decrease slowly and monotonically with increasing temperature.

The data for the full-width at half-maximum W, behaves in an
analogous non physical manner. For a single emission band, the full-width is
given by

W2 = 8In(2)(hw)’S coth(;z—l:v]:) (34)

where S, the only underfined symbol, is the Huang-Rhys factor. This
expression indicates that the full-width should increase monotonically with

increasing temperature.
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2.5 OPTICAL ABSORPTION

2.5.1 Iintroduction:

it is clear that the colorations produced by various techniques in
normally transparent crystals are due to centers formed by the trapping of
electrons or holes at lattice defects. Therefore, a large number of absorption
bands can be shown when investigating optical absorption measurement,
corresponding to the large number of defects, or combinations of defects, that
can act as electron traps or hole traps. The investigation of optical absorption
bands in the alkali halides will be very helpful to understand the properties of
these centers. The optical absorption spectrum of lattice defects provides the
most direct information about electronic properties of these centers and also
presents the most direct information on the electronic defect structure. The
optical absorption bands in the alkali halide, in general, have been designated
as the F-center absorption band, F-center absorption bands and etc.

corresponding to the their defect model.

2.5.2 Measurement of the Absorption Coefficient

The terms of the absorption coefficient in crystals explain the fraction of

the light transmitted through the crystal at a particular wavelength.

In the optical absorption measurement, the absorption of an irradiated
crystal which contains defect centers is cdmpared with an unirradiated crystal
that contains no defect centers. This comparison is made as a function of the
wavelength of the measured light. If Iy is the intensity of light transmitted by
the unirradiated crystal and | is the intensity transmitted by the irradiated

crystal, the quantity of absorbance A can be described as
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=lo !9
=a,X

where |/l is the ratio of incident to transmitted photon intensity, X is the optical
path length in cm, and a, is the absorption coefficient related to trap center
concentration. Therefore, the absorbance (optical density) is directly
proportional to the number of absorbing centers per cm? of the sample and is
independent of the distribution of these centers along the direction of the light
path. If the concentration of centers does not vary with depth, the number of

centers per cm® can be calculated from the absorption constant o.

If the centers giving rise to the absorption band do not interact with one
another, the area under the optical absorption curve is directly proportional to

the concentration of the absorbing centers by the relation [168]

N, = 0.87 *10‘7&;’“—2%., Wiz (36)

+2)

Where N is the concentration of defects per cubic centimetres, f; is the
oscillator strength of an absorption band, a factor which is related to the
probability of the optical transition producing absorption, n; is the index of
refraction of the crystal at the wavelength of the absorption band peak |yax,
W,y is the full-width at half maximum of the band in eV and o is the
absorption coefficient in cm™ at the peak of the absorption band. In order to
determine N, the values of oscillator strength and the refractive index of the

crystal at the peak wavelength must be known.

2.5.3 Line Shape of Absorption Band

Optical absorptions at a lattice defect are determined by the ground

and excited energy states of the defect center. This results in an absorption
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spectrum with lines at a certain energy and a certain line shape. It is clear that
the most obvious difference between various types of defects is the energy of

a specific absorption line.

However, to understand the shape of optical absorption of lattice
defects requires a knowledge of the basic elements of its electronic structure
in relation to the band structure of the surrounding lattice. The electronic

energy levels of a center is affected with its lattice surrounding ions.

A convenient way to describe the shape of optical absorption and
emission curves is by a configuration co-ordinate diagram as shown in figure
12. A configuration coordinate diagram consists of a potential energy curve of
the ground state of a center and a potential energy curve of the excited state of
this center. In this diagram x-axis represents the configuration coordinate Q
and y-axis represents the total potential energy. The potential energy of the
system varies quadratically with the magnitude of the coordi'nate position Q.

The system can be treated as a harmonic oscillator.

Qa a—
Figure 12. The configuration coordinate diagram of a defect center in
crystalline solid.
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When the center is excited by a light, the electronic transitions between
the ground state and excited state is described by the Franck-Condon
principle. According to this principle, only vertical transition allowed and
during the transitions there is no change in the configuration coordinate. In
figure 12 absorption will occur between point A, the ground state equilibrium
position and point B, the point on the excited state curve with the same
configuration coordinate Qa. A photon must have the energy Ep-Ea to produce
this excitation, The equilibrium energy state of the excited state is the Ec, then
the excited electron move its equilibrium position by loss its excess energy Eg-
Ec. This energy appears as heat, i.e., as lattice vibrations. The electron from
point C can jump to D on the ground state with the emission of a photon of
energy (Ec-Ep). There is a wavelength shift between the absorption and

emission wavelength. This shift is called as Stokes shift.

According to the quantum mechanics, the system in the ground state
will have hwgy/2 zero point energy and a distribution of vibrational levels in
coordinates is Gaussian. If the excited state curve at B is approximated by a
straight line, the configuration coordinate model predicts that the absorption
band is also approximately Gaussian the same as emission band with

different half-width and peak wavelength value.

The Gaussian line shape frequently is used to explain the optical -
absorption spectra of a deep center. The line shape function for a Gaussian

line is given by

1 V-v .
Foa) = N exp[~ 2 )2] (37)
with a line width at half of its maximum strength

Wy; = 24/2In 26 = 2.355 (38)



There is another typical line shape, the Lorentzian line shape, which is

observed for shallower center semiconductor. It is given by the line-shape

function
c 1
Fow=0r— "5, (39)
(v-v) "‘(5)
which yields a line width at half of its maximum strength
Win =0 (40)

Both line shapes are distinguished by their tails which the Gaussian line wider
than the Lorentzian line shape. The damping factor in Eqs.37 and 39 can be

related to the lifetime of the excited state, and in simple cases given by o=1/1.

Although the Eqs.37 and 38 did not considered a temperature
dependent factor, the half-width of the absorption band depends on the
temperature. The band becomes narrower with deacresing temperature and
its peak position shifts to shorter wavelengths. At higher temperatures the
band width varies as T'?, but at low temperatures the width approaches a
limiting value of a few tenths of an electron volt. The half-width W1, should be
proportional to A[coth(hv9/2kT)]”2, where A is a constant and the quantity v, is
a vibrational frequency, which was found to be 4.1*10'% s™ for LiF.

2.54 The Characteristics of the Defect Center Absorption

The spectral position and width of an absorption band depend on the
nature of the alkali halide and the temperature. For an alkali halide with the
NaCl structure the positions of the peaks of the optical absorption band Amay of
the F center at room temperature are given by the empiricall Mollwo-lvey

relation

Aunex = 7033134 (41)
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where d is the lattice constant of the alkali halide. Table 3 lists the

wavelengths of the peaks of the various trapped- electron and trapped-hole

Table 3. Wavelengths of the absorption peaks arising from various trapped-

electron and trapped-hole centers in the alkali halides [168].

Center K F F Ry R, M v Vi Vs |
Temperature of 93 300 170 300 300 300 90 77 300
observation (K)

LiF 250 313 380 444 348

LiCl 385 580 650

NaF 341 415 505 131

NaCl 458 510 545 S96 725 174 210

NaBr 540 199

Nal 588

KF 455 570

KCI 457 556 750 658 727 825 177 365 212

KBr 626 625 700 735 790 918 201 385 265

Kl 585 689 238 404

RbCI 523 609

RbBr 583 694 805 859 957 205

Rbl 646 756 240

CsCl 605

CsBr 680

centers in several alkali halides. The centers have been designated as the

F.F'.\M, etc., whose defect models are discussed in the section 2.1.5.
The F-band shape is mainly Gaussian [4]. If the absorption band has a

shape of Gaussian, then it must have a symmetric shape for which W=W,, for
E>En and W=W,_ for E<E, where E, is the absorption band peak energy.
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However, in LiF, Davson and Pooley [169] have shown that the shape
of the absorption band of the F-center has an asymmetric shape and high
energy width W, becomes larger than the low energy width W,. But it can be
noted that the inaccuracies introduced by assuming a normal Gaussian shape
are minor compared to the height of the peak and that the value of E,, is

approximately the same in both cases.

Careful measurements have shown that on the short wavelength side
of the F-band there are small addition bands KLy L,,Ls. These bands belong

to transition to higher excited bound (K,1s-3p) and conductive (L) states.

In addition to these bands, also there are other absorption bands on the
high energy side of F-band closer to the fundamental lattice absorption when
an alkali halide crystal is colored with F-centers. These have been named as
o and B bands. Their absorption corresponds to the production of exciton
states and these exciton states give rise to discrete absorption bands near the

fundamental absorption edge.

If an additively colored crystal is illuminated in its F band at low
temperature, the F absorption is reduced in intensity. Simultaneously a new
broad absorption band, poorly resolved from the F band, appears at longer
wavelengths. This new absorption is called the F'-band. It is not stable at high

temperatures and fades below room temperature even in the dark.

When the alkali halides are subjected to prolonged irradiation near
room temperature, in addition to the F-band, several new absorption bands
situated at longer wavelengths than the F absorption are formed. These
bands, therefore, are due to the electron-trapped centers. An empirical
relations between the wavelength of the absorption maximum of these bands

and the lattice constant of the alkali halide are given as:

Ame = 816d"*  (for R))
Az = 884d'¥  (for Ry) (42)

Ama = 14004 (for M)
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Trapped hole centers, usually called "V-centers", are produced by
similar techniques to trapped electron centers. Irradiation of the alkali halides
can produce V-bands in the ultraviolet region of the spectrum. However, it is
found experimentally that unlike the trapped-electron bands, the V-bands do
not follow a Mollwo-lvey relation. Some of these bands are produced only at
very low temperature and are not stable at or above room temperature, i.e., V,
band is observed only below -180 °C. Its absorption band, in general, is
situated at longer wavelength than the V, and V, bands. In the irradiated
crystal an absorption is also produced in the short-wave ultraviolet region; i.e.,
V. and V, absorption band. Similarly, these bands again are not stable near
room temperature. Finally, it can be represented that only V5 center is stable
near or above room temperature and its absorption band is situated near to
the fundamental lattice absorption. The other hole-trapped centers are the Vi
and H centers which are produced at temperatures below 80 °K by irradiation

of the alkali halide crystal with high energetic radiation.

In the previous paragraphs, we introduced the characteristics of
absorption bands in the pure crystal. In contrast to this, if the crystals contain
foreign impurities, the new absorption bands are produced which can also
affect the color center absorption band that occurs when there are no

impurities.

As an example” of impurity centers in alkali halides, the U centers are
formed by the addition of hydrogen to the lattice. The absorption band of an U
band is in the ultraviolet region whose magnitude is proportional to the amount
of the hydrogen impurities. Its location in various alkali halide crystals follows

a Mollwo-Ivey relation of the form
Penx = 61531 43)

The fundamental optical absorption of the U-centers may be viewed as the

transfer of an electron from the hydrogen ion to an alkali halide ion. Since the

electron affinity of hydrogen is appreciably less than that of the halogens, it is

reasonable to associate the U band with the transfer of an electron from the
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hydrogen ion to a neighbouring alkali ion. The U band bleaches with light
absorbed in the band. During the U band bleaching, the hydrogen ion may
lose its electron or ion may escape from it place. The high temperature

bleaching follows a reaction

U+hy —» U2+F

where U, center is a natural hydrogen atom in an interstitial site. At low
temperatures a different reaction is produced by the bleaching light and the
entire hydrogen ion becomes interstial and does not thermally dissociate. The

final defects are the U, center and an empty halogen vacancy, i.e.,

U+hv - U +o

All synthetic crystals of alkali halides contain OH ions. OH centers
give rise to optical absorption bands in the different spectral regions. The
electronic absorption consists of a broad band in the UV region, The peak
position of the OH" absorption band in the UV region satisfies an Ivey relation

in the form
P = 691d°% (44)

The vibrational absorption in the infrared region has a small absorption

strength due to the stretching vibrations.

The influence of divalent cation impurities on the electrical and optical
properties of alkali halides have been studied for many years. With the proper
thermal and optical treatments of the alkaline earth doped crystals, it is
possible to produce color centers that are characteristics of the divalent
impurity. The location of Z-bands have always controversy but in principle, it
has been suggested that Z,, Z;,and Z; bands lies on the high -wavelength
side of F-band and Z; band lies on the short wavelength side of the F-band.
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CHAPTER 3

Experimental Procedure

" The experimental procedure, equipments and materials utilized in this

work are described below.

3.1 Materials

The samples used in this work were LiF:Mg.Ti (TLD-100) single
crystalline chips with dimensions of 3x3x0.9 mm?® obtained from Harshaw

Chemical Company.

The concentration of Mg and Ti impurities in these specimens have
been found by different workers to vary from 150 to 250 ppm and 10 to 20
ppm, respectively [28]. In addition to these impurities, recent studies indicate
that TLD-100 also contains considerable amount of hydroxyl ions (OH’) which
combine with Ti and Mg impurities [49]. It is well known that their presence in
the LiF:Mg,Ti (TLD-100) influences the TL glow curves, emission and

absorption spectra.
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3.2 Annealing Ovens and General Heat Treatment

The experiments were carried out to observe the effect of the pre- and
post-irradiation heat treatment on the glow curves and absorption bands. The
annealing procedures were done at different temperatures with a
microprocessor controlied Nuve FN 501 type electrical oven for different
intervals ranging between 1 min to 36 hours. The temperature is measured
with a Chromel-Alumel thermocouple placed in close proximity to the samples.
Temperature of the electrical oven was continuously monitored during the
annealing period. The temperature sensitivity of the oven was estimated to +1
%C for the whole temperature range employed from room temperature to 350
°c.

The standart annealing process was done for all samples to remove
any trapped defect centers which can interfere with subsequent emission and
absorption measurement prior to every irradiation. In this case, the samplés
were held at 410 °C for 30 minutes in a microprocessor controlled Nuve MF
120 type electrical oven. This oven is used for the high temperature annealing
between 400 °C and 1200 °C with a relatively low sensitivity such as 10 °C.
The samples were quenched to room temperature by a rapid cooling rate at
approximately 50 °C per second following every annealing process by

withdrawing the samples from the oven onto a cold glass (=0 °C).

3.3 Radiation Source and Irradiation Procedure

The samples were irradiated at room temperature immediately after
quenching. All irradiations were carried out with *°Sr-*°Y -source. The activity
of B-source is about 100 mCi. It is calibrated by manufacturer on March, 10
1994. The recommended working life-time is about 15 years. Stronium-90
emit high energy beta particles from their daughter products (**Sr p-0.546
MeV together with *°Y p-2.27 MeV). Beta radiation is absorbed by air, so its
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intensity declines with distance much more rapidly than inverse square law
calculations would indicate. The maximum range of Y-S0 beta particles in air
is approximately © meter. The typical strength of a 100 mCi Sr-90 p-source
installed in a 9010 Optical Dating System is 2.64 Gy/minute=0.0438 Gy/Sec
for fine grains on aluminium, or 3.3 Gy/min=0.055 Gy/sec for 100 m quartz on
stainless still. The irradiation equipment is an additional part of the 9010
Optical Dating System which is purchased from Little More Scientific
Engineering, UK [170]. The irradiation source equipment interfaced to a PC
computer using a serial RS-232 port. During the investigation of ’pre-
irradiation effects on the TLD-100, the irradiation durations were adjusted to 3

minutes for TL spectra and 24 hours for absorption spectra measurements.

3.4 TL Analyzer and TL Measurements

The glow curve measurements were made using a Harshaw TLD
System 3500 Manual TL Reader [171]. It economically provides high
reliability. The technical architecture of the system includes both the Reader
and a DOS-based IBM-compatible computer connected through a standard
RS-232 sérial communication port to control the 3500 Reader. The basic
block diagram of reader is shown in figure 13. All functions are divided
between the reader and the specialized TLDShell software that runs on the
PC. All data storage, instrument control, and operator inputs are performed on
the PC. Signal acquisition and conditioning are performed in the reader. In
this way, each glow curve can be analyzed using a best-fit computer program
based on a Marquardt algorithm minimisation procedure, associated to first-
order and general-order kinetic expressions. The program resolves the
individual peaks present in the curve, giving the best values for the different

peak parameters.

The instrument includes a sample change drawer for inserting and
removing the TLD elements. The reader uses contact heating with a closed
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Figure 13. Basic block diagram of TL reader.

loop feedback system that produces adjustable linearly ramped temperatures
from 1°C to 50°C per second accurate to within + 1 °C to 400 °C in the
standard reader. The Time Temperature Profile (TTP) is user defined in three
segments: Preheat, Acquire, and Anneal, each with independent times (Pre-
read anneal: adjustable 0 to 1000 sec, Linear ramp: adjustable from 1 ® to 50 °
per second, Post-read anneal: 0 to 1000 sec) and temperature (Pre-read
anneal:room temperature to 200 °C, Post-read anneal: up to 400 °C). The

typical time temperature profile is shown in figure 14.

To improve the accuracy of low-exposure readings and to extend
planchet life, the 3500 provides for nitrogen to flow around the planchet. By
eliminating oxygen in the planchet area, the nitrogen flow eliminates the
unwanted oxygen-induced TL signal. Nitrogen is also routed through the
photo-multiplier tube (PMT) chamber to eliminate moisture caused by

condensation.
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Figure 14. Typical time temperature profile (TTP).

Glow curve readout procedures in the investigation of pre-irradiation
heat treatment were carried out using a linear heating rate 2 °C/sec™ up to 400
°C. This particular condition was chosen to correspond to the heating rate
used by Bradbury et al. [8] in their study of the effect of cooling rate on the
precipitation of 6LiF:MgF,. A heating rate of 2 °C per sec is also a convenient
compromise between the requirements of adequate glow curve resolution and
speed of readout. At high heating rates, peak 4 tends to merge into peak 5
and its deconvolution from peak 5 becomes very problematic [140-141]. The
time duration between irradiation and TL readout was always kept constant

about 45 sec.

For PTTL measurements, the irradiated sample was annealed at 280
C for 30 sec in the annealing oven to remove the low-temperature glow
peaks, and then cooled quickly to room temperature. During this process, the

all glow peaks except peak Xl disappear. It was then exposed to UV light
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(254.7 nm) using a spectrophotometer and then the PTTL glow curve was

recorded.

Additionally, the emission spectra was recorded using the above
explained TL reader. The bandwidth and I,.x of employed filters in this reader
was measured by using a Jasko 7800 Model spectrohotometer. We only used
those filters that have less than 10 nm bandwith. The measurements were
performed between 300 and 1000 nm. All the spectra were recorded at a

heating rate 1 °C/sec.

3.5 Spectrophotometer and Optical Absorption Measurements

The Jasko (Model 7800) spectrophotometer was used to measure the
optical absorption spectra [172]. This instrument measures the absorption of a
sample in the ultraviolet/visible/near infrared region of 200 to 1100 nm
wavelengths. Figure 15 shows the optical system of this instrument. It uses a
deuterium lamp in the ultraviolet region and a tungsten iodine lamp in the
visible-to-near infrared region as the light source. The light from the light
source, after passing through a high order light cut-off filter, goes to the
monochromator that uses a concave diffraction grating. The light is
monochromated by the monochromator and is split into two beams by the
beam splitter. One of the beams passes through the reference sample and the
other passes through the sample and is incident on the silicon photocell
detector. After the light signal is converted into an electrical signal by detector
and amplified, the logarithm of the ratio of reference intensity to transmitted

sample intensity, log(l/l), is plotted as the absorbance versus wavelength.
Prior to any optical absorption measurements, the blank absorbance

(air vs. air) at 520 nm was set to zero and the absorption spectrum was

measured at room temperature from 200 nm to 520 nm. After each general
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thermal treatment, as explained earlier, the crystal background absorption was
performed and subtracted from the irradiated crystal absorption spectra.

W,=Tungsten iodine lamp

D,=Deuterium lamp
M; to M4=Mirror
F=Filter

G=Concave diffraction
grating

BS=Beam splitter

D=Dedector
Sy, S,=Slit

Figure 15. The block diagram of the optical absorption spectrophotometer

system.

3.6 Glow curve and Optical Absorption Deconvolution Procedure

The studies of thermally stimulated processes like
thermoluminescence (TL) and optical absorption bands yield information on
defect centers in solids. TL has been recognized that information about the
trapping levels can be extracted from the glow curve [173-176] and absorption
spectra gives the models about the defect structure in the crystalline solids
[168]. Computerized glow curve analysis is now used not only for extraction of
physical parameters but also for dosimetric purposes. Since the avability of
the personalvcomputer the decomposition of the glow curve in its individual

glow peaks has become very popular [177-183). However, it can be noted that
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different models, approximations and minimization procedures are used for
the glow curve analysis. As a consequence one may wonder whether the
results of the glow curve analysis reflect properties of the TL material and/or
irradiation conditions or should be ascribed to artifacts of the analysis

procedure used in the computerized glow curve fitting.

In this study, the TL glow curves and also optical absorption spectra
were analyzed using a computerized glow curve and absorption spectra
deconvolution technique (CGCD-CASD) developed at the IRI, Delft,
Netherlands [184]. Each peak in the glow curve is fitted to the first-order
Randal-Wilkins model. Additionally, each band in the absorption spectra is
fitted to the Gaussian function given in Eq.37. The computer program is
based on the Marquardt algorithm to obtain minimum chi-squared. A
computerized curve fitting program constructs an absorption spectra or glow
curve using the initial values of the input parameters and compares the
computed curve with the experimental curve. The values of parameters are

then sequentially varied until a best fit is obtained.

As a measure of the 'goodness-of-fit' the figure of merit (FOM) has
been used. This quantity is defined as [185-186};

Y- y(x))

FOM = x 100

Jaem

where FOM=figure of merit in per cent, jsas=first channel in fitting region,
jsop=last channel in fitting region, y=content of channel j, y(x)=value of fitting
function in the middle of channel j, and A=the integral of the fitted glow curve.
The reason for taking this value instead of the well known chi squared is that
the standard deviation o; of the TL intensity in channel j is not a priori known. It
is worthwhile noting that all programs in the intercomparision used a ‘chi
squared' in which the factor (1/0)® was set equal to one. This means that the

value of this chi squared will vary with the intensity and that its value in
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general will not be equal to one for a good fit. As the FOM value is expressed
in per cent it is a more suitable measure for comparing the fit resuits of

different glow curves.
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CHAPTER 4

The Investigation of Defect Structures in
LiF:Mg,Ti (TLD-100) after B-irradiations

4.1 Introduction

LiF:Mg,Ti (TLD-100) is a thermoluminescence (TL) material developed
by Harshaw Chemical Company for use in dosimetry. Pure LiF is a poor TL
emitter, but the addition of Mg and Ti impurities makes it an efficient TL
phosphor. Owing fo its application in TL dosimetry, TL studies on LiF:Mg, Ti
have received a wide attention. In the last years many efforts have been made
to understand the basic mechanism of TL. These studies are expected to
provide guideline for understanding the TL process in other alkali halide as

well.

The knowledge of the authentic structure of defects in the LiF:Mg,Ti
thermoluminescence dosimetry material would promote the understanding of
the TL process, but incorrect structure identification can be misleading.
Therefore, in the last years, numerous investigations have been carried out
concerning the nature of the trapping centers and as a result two distinct
models have been developed, both based on Mg*? impurity ions as part of

centers acting as electron traps. The detail informations about these models
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were given in the literature survey and in the theory sections of this thesis.
However, suffice it to say that, one models interprets dipoles formed by Mg*?-
cation vacancies [5-16] as acting trapping centers, and the other model is
based on Z-centers formed by pairs of Mg*>-electron occupied anion

vacancies [69-85].

In determining the nature of the trapping centers in LiF:Mg,Ti, there are
two problems. One is the atomic nature of the trap, and the other is whether it
is an electron or hole that is trapped. To understand the mechanism of TL and
nature of the trapping centers in LiF:Mg,Ti, a correlation is often attempted
between TL and optical absorption bands. However, the interpretation of the
data has not proved to be straightforward owing to extreme complexity of both
the optical absorption and the thermoluminescence data of this material. On
the other hand, unambigous correlations between given TL peaks and given

absorption peaks have rarely proved possible [20, 28-29,107-108].

It has become well established that post and pre-irradiation ‘thermal
annealing of TLD-100 drastically alters both the optical absorption and TL
curves. In a post-irradiation isothermal (65 °C) ageing study of the optical
absorption and TL, Jackson and Harris [56] found an apparent correlation
between the decay of TL peaks 2 and 3 and the absorption band at 380 nm
and between peak 4 and 5 and the band at 310 nm. In an earlier study, Grant
and Cameron [5] monitored the pre-irradiation isothermal (67 °C) decay of
Mg*?-cation vacancy pairs using dielectric loss and TL measurements and
found a correlation between TL peak 2 and the Mg*’-cation vacancy pair
concentration. The close similarity between the two decay curves promoted
Grant and Cameron to suggest that peak 2 (and peak 3) and the 380 nm band
were directly related to free Mg*-cation vacancy pairs. Furthermore, these
and other similar studies maintained that peak 5 (and peak 4) and the 310 nm
absorption band were related to higher-order clusters of the Mg*?-vacancy

pairs.
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First Dryden and Shutter [6] and then Taylor and Lilley [14-16]
demonstrated that at higher annealing temperatures the behaviour of the TL
peak deviated markedly from the behaviour of the dipoles. In particular, if
precipitation of the impurities can be induced the low temperature TL peak is
actually seen to increase when at the same time the dipole concentration is
clearly decreasing. These observations promted Taylor and Lilley to suggest
that the TL peak 2 is not related to Mg at all but is in fact caused by a defect
associated with Ti only. Furthermore, Townsend et al. [27], McKeever [28],
and Yuan and McKeever [29] examined the emission spectra, the spectra of
X-ray induced luminescence, ionic thermocurrents and optical absorption and
showed that the TL peak 2 was in fact associated with a complex of a Mg-

vacancy dipole/Ti while peak 5 associated with trimer/Ti complex.

The second model was developed by Kos and Nink [69] that they have
experimentally identified the absorption band in TLD-100 at 310 nm and 225
nm as due to Z; and Zs-centers, respectively. They have also discovered Z,
centers, which was formed after 10 hr of F-band bleaching. Mehta et al. [83)]
added to this Z, center hypothesis that the band at 380 nm due to Z; center
in which Z, center has _céptured an additional electron. According to Z-center
model, when the sample is heated, electron is released from the Z,-center and

yield TL peak 5, as follows

%220°C -

7Z,—C 37 +¢

Therefore, the 310 nm band was assigned to the TL peak 5, while 380 nm
band was related with peak 2. However, this model has been the subject of
substantial criticisms [86-91].

In this chapter, the possible defect structure and nature of trapping
centers in LiF:Mg,Ti will be studied with suitable pre-irradiation and post-
irradiation heat treatment. By using these treatments, the change in the

thermoluminescence glow curves will be matched with the change in the
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optical absorption such that some correlation may be derived. However, the
results of the post-irradiation heat treatments alone can not be used to
determine the structure of the defect centers, but it can provide information

about the trapping parameters.

4.2 Results

4.2.1 Curve Fitting

In order to obtain more detailed informations on the number of present
bands, we have carried out computerised curve fitting of the absorption data
using a non-linear least-squares fitting routine for a collection of bands. In the
curve fitting routine we assumed each absorption peak to have the form of a
Gaussian shape. Each band in the absorption spectra is examined by using

’

the following expression

v

o)

1= = exp[-(-=-0)’] (45)

()
no 20

o

where | is the peak intensity at the wavelength, I, is the peak intensity at the

maximum of band and
FWHM = 2421n20 = 2.355% (46)

The TL glow curves were analysed using again a computerized glow
curve deconvolution technique (CGCD). This program is capable of
simultaneously deconvuluting as many as nine glow peaks from glow curve.
Each peak shape is approximated from the first-order TL kinetics by the

expression

| E, s kT?
D)= nosexp(-ﬁ)exp[—g E
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or with the general order TL kinetics by the expression

2 b
® Bl)s kT Xp(- )(09920 1620k—)]"b (48)

where the symbols have the usual meaning.

I(T) = nosexp(—E M1+

The optical absorption spectrum of B-irradiated TLD-100 at room
temperature following a standard heat treatment noted in the caption is shown

in figure 16. There are two prominent absorption bands with peak wavelength
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Figure 16. The deconvoluted optical absorption spectrum measured at room
temperature into individual Gaussian peaks. The samples were subjected to
a standart annealing at 410 °C for 30 min and rapidly cooled to room
temperature. It has then been irradiated with %°Sr-*Y B rays for 24 hours.
Dashed lines: Set of calculated Gaussian-shaped single absorption bands;
solid line: theoretical spectrum as the sum of Gaussian bands. The values for

the peak position are indicated in the figure.
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250 nm and 310 nm. Additionally, the smaller absorption bands peaked at
380 nm and 225 nm are observed if an additional pre- and post-irradiation
annealing heat treatment is not applied to the samples. The energetic

positions E and the full-width at haif-maximum (FWHM) are represented in

table 4.

Table 4. Peak position and FWHM of B-ray induced optical absorption
band in LiF:Mg,Ti (TLD-100) at room temperature.

Peak Peak Full-Width at Half
Wavelength Energy Maximum
(nm) @ (FWHM)
(eV)
225 5.52 0.93
250 4.97 0.85
310 400 0.91
380 3.26 0.73

The absorption band centered at 250 nm, which is also produced in the
irradiated pure LiF, is known to be due to F centers [168]. The characteristics
of this band obtained from the optical absorption of irradiated LiF showed that
its absorption band is somewhat asymmetric about A.,=250 nm (E,=4.97
eV), as the high-energy side of this band (E>E,,) was about 20 % wider than
the low-energy side (E<E,). However, Landreth and McKeever [98] examined
the inaccuracy introduced by assuming a symmetrical Gaussian shape band
for this center in a pure LiF and showed that the inaccuracies introduced by
assuming a normal Gaussian shape are minor compared to the height of the

peak and that the value of E, is approximately the same in both cases.
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Therefore, in view of the fact that the inaccuracy of the Gaussian fits is minor,
compared with the peak heights, we proceeded to fit the complete absorption

curve of figure 16 assuming a normal Gaussian shape for each peak present.

To see the inaccuracy of the Gaussian fits, firstly, we tried to fit the
experimental data in figure 16 to five peaks. However, the computer curve
fitting program indicated that the fifth band have always minor importance
when compared with the interstitial of the other bands. The best-fit is always

obtained when the experimental results are fitted with four bands.

4.2.2 Annealing Studies

The samples were subjected to the pre and post-irradiation annealing
sequence at different temperatures with different times to examine the
possible defect structure in LiF:Mg,Ti. When the absorption spectras are
deconvoluted into their peak components, the variation in the height of the
individual peaks can be seen more clearly as a function of pre-irradiation and

post-irradiation annealing temperature.

Figures 17a and 17b show the effect of the pre-irradiation annealing
treatment at 80 °C for sfx hours and 24 hours on the absorption spectra. As
can be clearly seen that the _MQ related absorption on the high-wavelength
side of the .F-band (A=250 nm) shows a strong temperature dependence. A
major change can be seen on the 380 nm band. This band highly decreased
with pre-irradiation heat treatment at 80 °C for both 6 and 24 hours cases.
The band at 310 nm increases with heat treatment at 80 °C for 6 hours, but a
small decrease seen if the sample is held at 80 °C for 24 hours. There is no
remarkable change in the band at 225 nm for both treatments. Similar effects
are observable when the samples are subjected pre-irradiation heat treatment
at 100 °C, except that the 310 nm band decreased for both cases as shown in
figures 18a and 18b. |
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Figure 17. The effect of the pre-irradiation heat treatment on the optical
absorption spectra of LiF:Mg,Ti at 80 °C for an annealing time a-) 6 hours b-)
24 hours. Dashed curves (a) 225 nm, (b) 250 nm, (c) 310 nm, (d) 380 nm

show the resolved bands.
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Fiqure 18. The effect of the pre-irradiation heat treatment on the optical
absofption spectra of LiF:Mg,Ti at 100 °C for an annealing time a-) 6 hours b-)
24 hours. Dashed curves (a) 225 nm, (b) 250 nm, (c) 310 nm, (d) 380 nm

show the resolved bands.
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The drastic effects on the absorption spectras are seen when the
samples are annealed at temperatures between 100 and 200 °C for six and
24 hours. The bands at the high wavelength sides of F-band are highly
decreased, whiie the band at low wavelength side of F-band always increased
with annealing time. The effect of the pre-irradiation heat treatment on the 250
nm (F-band) is not efficient. However, when the band height is normalised, it
can be seen that there is a small increase in the F-band. The computer curve
fitting program indicates that a new optical absorption band grows at around
the 282 nm (4.4 eV) after these temperature treatments as shown in figures 19
to 22. This new band (282 nm) is always resolvable when the samples are
annealed at 125 °C or higher temperatures for 24 hours before the irradiation.
The height of this band is always higher for 24 hours annealing than that for 6
hours annealing at 125 °C and 175 °C. The height of this band increases with
pre-irradiation heat treatment temperature up to 175 °C and then seems to
decrease with further increase in the annealing temperature. It should be
pointed out that this band was not resolvable when the pre-irradiation heat
treatment is not applied to the samples. However, Critteden et al. [23, 64]
indicate that it can be clearly resolved when the measurements are done at

liquid nitrogen temperature.
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Figure 19. The effect of the pre-irradiation heat treatment on the optical
absorption spectra of LiF:Mg,Ti at 125 °C for annealing time (a) 6 hours; (b)
24 hours. Dashed curves (a) 225 nm, (b) 250 nm, (c) 310 nm, (d) 380 nm,
(e) 282 nm show the resolved bands.
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Figure 20. The effect of the pre-irradiation heat treatment on the optical
absorption spectra of LiF:Mg,Ti at 150 OC for annealing time (a) 6 hours; (b)
24 hours. Dashed curves (a) 225 nm, (b) 250 nm, (c) 310 nm, (d) 380 nm,
(e) 282 nm show the resolved bands.
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Figure 21. The effect of the pre-irradiation heat treatment on the optical
absorption spectra of LiF:Mg,Tiat 175 9C for annealing time (a) 6 hours; (b}
24 hours. Dashed curves (a) 225 nm, (b) 250 nm, (c) 310 nm, (d) 380 nm,

(e) 282 nm show the resolved bands.
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Figure 22. The effect of the pre-irradiation heat treatment on the optical
absorption spectra of LiF:Mg,Ti at 200 °C for annealing time (a) 6 hours; (b)
24 hours. Dashed curves (a) 225 nm, (b) 250 nm, (c) 310 nm, (d) 380 nm,
(e) 282 nm show the resolved bands.
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Figures 23a and 23b show the variation of the heights of the 380 nm ,
310 nm , 282 nm, 250 nm and 225 nm bands as a function of the pre-
irradiation annealing temperature for 6 and 24 hours, respectively. The new
band which appears at about 125 °C increases with annealing temperatures
up to 150 ° C and then decreases with higher temperatures. Pre-irradiation
heat treatment made very little influence on the 250 nm band. The 225 nm
band first slowly increases with temperature up to 150 °C and then starts to
decrease slowly for both annealing temperatures. Remarkable changes occur
on the 310 and 380 nm bands. The 310 nm band first makes an initial
increase at 80 °C, sharply decreases with increasing temperature up to 150
°C and then starts to return to its original height. The 380 nm band shows a
similar trend. It first decreases with temperature and then starts increasing
with temperature above 150 °C. These changes take place more profoundly at

6 hours than that of 24 hours annealing.

The effect of a combination of pre- and post-irradiation heat treatment
on the absorption spectrum of TLD-100 samples is presented in figures 24a
to 24d. The samples were first preannealed at 125 °C for 6 hours then beta
irradiated and then post-annealed at different temperatures. As expected, the
absorption spectra decreases with increasing post-annealing temperatures.
As seen from figures 24a-24d the bands b, ¢, and d at the high wavelength
side of F-band decreases, while the band a at the low wavelength side of F-
band increases with temperature. The new band e appearing at about 282 nm
shows a slow increase up to 125 °C and then steadily decreases with a
further increase in temperature. The variation in the height of bands can be
seen more clearly in figure 25. The bands seem to follow two different paths;
the 225, 282, and 310 nm bands first increase with temperature and then
decrease, while 250 nm and 380 nm band, always decrease with

temperatures.
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Figure 23. Variation of the optical absorption band heights with pre-irradiation
annealing temperature for annealing time (a) 6 hours and (b) 24 hours.
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Figure 24a-24b. Optical absorption spectra of LiF:Mg,Ti after a pre-irradiation
heat treatment at 125 °C for 6 hours and given subsequent post-irradiation
annealing cycles for 5 min at {(a) 80 °C and (b) 125 °C. Dashed curves: (a)
225 nm, (b) 250 nm, (c) 310 nm, (d) 380 nm, (e) 282 nm.
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Figure 24c-24d. Optical absorption spectra of LiF:Mg,Ti after a pre-irradiation
heat treatment at 125 °C for 6 hours and given subsequent post-irradiation
annealing cycles for 5 min at (c) 200 °C and (d) 275 °C. Dashed curves: (a)
225 nm, (b) 250 nm, (c) 310 nm, (d) 380 nm, (e) 282 nm.
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Figure 25. Variation of the optical absorption band heights with post-

irradiation annealing temperature for § min.

A typical glow curve of a TLD-100 sample received a standard heat
treatment and beta irradiation is shown in figure 26. Each peak number is
illustrated on the glow curve. The observed peak temperatures depend on the
heating rate. For a 2 °C/s heating rate, the peak temperatures are obtained at
approximately 65 °C (Peak 1), 118 °C (Peak 2), 160 °C (Peak 3), 190 °C
(Peak 4), 220 °C (Peak 5), and 287 °C (Peak 7).

The composite set of glow curves readout at the same heating rate (2
°C/sec), annealed for various times at various temperatures is shown in
figures 27a-27c¢. During all of these measurements, an intermediate heating
rate 2 °C/s was used, because, at this heating rate, the peaks are resolved by
a little effort using computer curve fitting program. Additionally, at this heating
rate, the height of the peaks 4 and 5 are always obtained at the maximum

values [8].
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Fiqure 26. Glow curves of LiF:Mg,Ti (TLD-100) measured after a standart
annealing procedure at 400 °C for 1 hour and rapidly cooled to room
temperature. It has then been irradiated with *°Sr-%°Y p-rays then analysed by
computer glow curve fitting program. In the figures: dots represent
experimental data; continues lines is the sum of the deconvoluted peaks and

dashed lines are represent deconvoluted individual glow peaks.
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Figure 27a-b. Set of thermoluminescence glow curves for LiF:Mg,Ti (TLD-
100) crystals measured after different pre-irradiation heat treatment at (a) 80
%C and (b) 100 °C. All glow curves were read out at 2 °C/sec.
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Figure 27c. Set of thermoluminescence glow curves for LiF:Mg,Ti (TLD-100)
crystals measured after pre-irradiation heat treatment at 150 °C. All glow

curves were read out at 2 °C/sec.

The height of each peak varies from the batch to batch of the crystals
when also the same heating rate is used. Therefore, in this study, only one

crystal chip is used for only one annealing temperature.

From figures 27a and 27b, it is clearly seen that at low annealing
temperatures (<100 °C), the peaks 1, 2, and 3 have decreased and 4 and 5
firstly increased and then decreased with annealing time. During the
annealing procedure, peak 4 exhibited very complex behaviour, with the peak
becoming significantly narrower and moving towards higher temperature
following pre-irradaition heat treatment at low temperature. Therefore, the
seperation of peak 4 from peak 5 is very difficult and the physical
interpretation of merging of the peak 4 and 5 following annealing procedure at

low temperature is very difficult. In some cases, in order to overcome this
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problem, some authors proposed that if the half-width temperature of peak 4
obtained from the unannealed glow curve is kept constant, peaks 4 and 5 can

be easily separated from each other by fitting program [187).

Figure 27c shows a set of the glow curves aged for different times at
intermediate temperatures 150 °C. At this temperature for long annealing
times, a new peak grows around the peak 3 and 4. Therefore, the resolution of
glow curves at higher annealing times becomes very difficult due to this new
glow peak. The normalized peak areas of the glow peaks are presented in
figures 28a-28¢ as a function of pre-irradiation annealing time. The peak
areas of the low temperature peaks first decrease, then increase to a
maximum value, and then start to decrease again with higher annealing times.
However, the first decreasing period takes very long times for annealing
temperatures less than 150 °C. At around 150 °C, the decaying period of low
temperature peaks takes place very rapidly, therefore, it can be stated that at
this temperature (150 °C), the variation of defect structure is more effective

than at other temperatures.

The decrease in the intensity of peak 2 and 3 at low annealing
temperatures (<80 °C) follows the same pattern of the decrease in Mg**-
vacancy dipoles. Therefore, Grant and Cameron [5] thought that these peaks
are related with Mg*?-vacancy dipoles. At the same time, Harris and Jackson
[20] examined the optical absorption band and interpreted that the band at
380 nm follows the same pattern wifh peaks 2 and 3. Therefore, they
concluded that there is a direct relationship between 380 nm absorption band
and TL peaks 2 and 3. However, our reults showed that the correlations
between Mg*?-vacancy dipoles, peak 2 and 3 intensity and optical absorption
band at 380 nm and are not satisfied at higher annealing temperatures for the
long annealing times. Examination of the optical absorption bands reveal that
the 380 nm band is seen to exhibit the similar behaviour with peak 2 and 3 at
low annealing‘ temperatures, espeéially up to ~100 °C. After passing this

temperature, probably a high aggregation takes place and the band at 380
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Figure 28c. Normalized intensity of deconvoluted glow peaks as a function of

annealig time at 150 °C.

nm drops to its minimum value. At higher annealing temperatures (>150 °C),
this band again returns back to its original value probably with trimer
dissociation. These results are contrary to the TL peak 2 and 3 intensities,
because, according to our results, the band at 380 nm does not follow the
same pattern of peak 2 and 3 at these high annealing temperatures. In some
cases, the behaviour of TL peak 2 and 3 deviated markedly from the
behaviour of 380 nm band and also di,pole" concentrations. Generally at higher
temperatures, the intensities of peak 2 and 3 are first decrease, then increase
and reach to a maximum, and then again start to decrease with longer
annealing times. This behaviour is not seen on the optical absorption band at
380 nm and dipcle concentrations. During the annealing cycles, they always
continue to decrease. Thus, it is thought that the peak 2 and 3 is not directly
related with dipoles in( LiF:Mg,Ti and with the band at 380 nm.
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Furthermore, the similar studies maintained that peak 4 and 5 and the
310 nm absorption band are related to higher-order clusters of the Mg-
vacancy pairs. If, as suggested, the 310 nm band is related to TL peak 4 and
5, then it will be instructive to examine the decay rate of the 310 nm band and

compare it with the pre-irradiation annealing decay of the TL peaks.

The intensity of peak 5 slightly increases and then decreases whereas
the peak 4 considerably increases and then decreases at low pre-irradiation
annealing temperature. However, at high pre-irradiation annealing
temperature (=125 °C), the intensity of peak 4 and 5 immediately decrease. In
the previous paragraphs and chapters, we mentioned that optical absorptions
are of the assistance in further determining the identities of specific traps. In
this manner, if we again examine the behaviour of the band at 310 nm, its
decaying process is similar to the decaying process of peak 5. Really, at lower
annealing temperature (<100 °C), the peak intensity of peak 5 increases as
well as the intensities of the band at 310 nm. Therefore, we can conclude that
the peak S is probably due to the trap at 310 nm band or at least this trap
contributes to the intensity of peak 4 and 5.

It is clearly seen from the optical absorption data after high-temperature
annealing (125-175 6C) that the initial values of the absorption band at the
high-wavelength sides of the F-band (250 nm) is non-zero. Additionally, a new
band always becomes evident at around 282 nm. The existence of this band
is very effective after thermal annealing at 125 °C and 175 °C above 20 hours

and at 150 °C above six hours.

In the previous paragraphs, we also pointed out that for long annealing
times at higher annealing temperétures a new glow peak grows between peak
2 and 4. Kathuria and Moharil (1983) [134] have employed the same thermal
treatments (23 h at 150 °C) to measure the 'trapping parameters for peak 4.
These authors found that this annealing procedure reverses the relative
intensities of peak 4‘and} 5, thus producing a glow curve in which, apparently,
peak 4 is preponderant. In anbther paper, Moharil and Kathuria (1985) [115]
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worked on the Tl and PTTL glow curves and they reported that peak 4 can be
found in PTTL glow curves when this material is annealed for 23 h at 150 °C.
However, Delgado et al. (1987-1988) [118-119), recently, pointed out that
annealing treatments at 150 °C induce a new glow peak to appear at
temperatures between those of peaks 2 and 4. This new peak shouid not be
confused with peak 4, which is effectively destroyed by these thermal
treatments, as is also other previously peaks 2, 3, and 5. This doubt was also
supported by the relatively important difference in peak temperature between
the peak 4 in unannealed TLD-100 and the peak produced by the above
mentioned heavy annealing treatment. They also pointed out that this new
peak is repopulated by UV light, contrary to peak 4. If it is so, it can be
considered that this new peak originating with an electron-type trap.

Figure 29 presents two PTTL glow curves corresponding to
unannealed and 6 h annealed LiF:Mg,Ti samples at 150 °C._ The unannealed
PTTL curve is formed by an intenise peak S plus two additional very weak
distributions centred at about the same temperatures as peak 2 and 3 in TL
glow curve. No trace of peak 4 is found in this PTTL glow curve. Second
curve, corresponding to treatment at 150 °C for 6 h, shows that a peak, at a
temperature with an activation energy identical to those of new TL peak, is the
main peak of.thé curve. Peak_ 5 is rpresent' but shows a considerably
decreasing intensi‘ty..As in the case of the TL measurements, some additional
modifications can be detected in PTI“L annealed curve, such as the increase
in intensity of both peak 2 and the light emission occurring at higher

temperatures than peak 5.

Now, if the samples are subjected to a post-irradiation annealing
sequence, as seen in ﬁgures 24a-24d, the band at 282 nm shows a marked
increase at low temperatures followed by a sharp decrease up to
approximately 200 °C. A region of stability is then followed by a further
decrease at temperatures beyond 300 °C. The first decay process of this band
follows the same battern of the new peak between peak 2 and 4. Therefore, it
can be concluded that the band at 282 hm and glow curve at 175 °C are

103



i - ° ,,,'_ﬁT_.,ni-r__’..‘P_,-.r.__,_.

related to the same trap. At the same time, the intensity of the high
temperature glow peak above peak 5 increases during the annealing
procedure. The second decaying process of band at 282 nm can be

considered to be related with high temperature glow peaks.

50 160 159 200 250

Temperature {°C)
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Figure 29. (a) The PTTL glow curve for unannealed TLD-100. (b) The PTTL
glow curve for 360 min, 150 °C annealed samples. Open circles, experimental

points; broken curves, resolved glow peaks; full curves, fitted glow curves.

4.3 Discussion

It is well-known that Z-centers are not always formed in alkali halides
doped by divalent metals. Generally alkaline-earth ions (Ca*?, Sr'2, Ba*?) and
rare-earth ions (Eu*?, Yb*2, Sm*) do not trap electrons directly and form Z
centers due to their relatively low second ionisation potentials as a first
approximation. The second ionisation potential of Mg lies between the typical
electron trapping and Z center forming metals (see table 5).
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Table 5. Second ionisation potentials (eV) of some divalent metals.

Metals Second ionization Potential Metals Second lonization Potential
Ba 10.00 Pb 15.03
Sr 11.03 Mg 15.04
Sm 11.07 Mn 15.64
Eu 11.25 Cd 16.91
Ca 11.87 Zn 17.96
Yb 1217 Hg 18.76

The identification of the absorption band at 282 nm (4.4 eV) is thought

to be a Z, center. The Mollwo-Ivey relationship for the Z, center is given as
E=16d"% (49)

where E (in eV) is the maximum of the optical absorption of the Z, center and
d is the nearest neighbour interionic distance in Angstrom. The calculated
value for the Z, center in LiF:Mg,Ti from this equation is 4.4 eV which is
consistent with the experimental results. Additionally, according to the Mollwo-
Ivey relationship, the energy position of the Z center in LiF:Mg,Ti is calculated
to be 225 nm. This theoretical calculation is also good agreement by the

experimental data.

However, the existence of a Mollwo-lvey relationship alone does not
seem to be satisfactory in a center identification, especially not in those cases
when the crystal is uncontrolled for impurities like OH", or Ti Which seems to
be very effective in many respects, even in a very low concentration.
Therefore, a large number of controversy about the center identification in the
alkali halide crystals exists when they contain divalent impurities. It is known
that the Z-centers can be obtained only under specific conditions. In as-

irradiated crystals only F centers are produced at the room temperature,
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sometimes along with a small number of Z; center. When the crystal is
warmed to 100 °C, Z, band is produced. Z; center is formed by the prolonged
optical bleaching at liquid nitrogen temperature (LNT). Except Zs3 centers, the
other results are consisted with our results. It can be seen that Z, center (282
nm band) is not produced immediately by B-irradiation in LiF:Mg,Ti (see figure
16). It can be produced only when samples are held above the 100 °C for few
hours previous to the irradiation. On the other hand, the Z; center (225 nm)
is produced immediately following irradiation. This result is not expected for
the Z; center. However, the other behaviours of this band at 225 nm is
consisted with Z-type center. We note that the increase in the defect
concentration occurs over the range where F-center and 282 nm are all
decreasing. Also, the 310 nm center is decreasing rapidly over the same
range (see figure 25). One might speculate that F-centers are becoming
mobile and associating with Mg-related band over this temperature region to
form Z-type defects. Additionally, in the region 2 (125-200 °C) , the Z, centers
convert thermally to the Z;3 center according to the following relation Z,—»Zs+e’
The 225 nm band is seen to be produced only very weakly if monitored
immediately after irradiation and is essentially dose independent. Also, if the
sample is post-irradiation annealed beyond 250 °C it is observed to grow
markedly. Figures 24a-24d show this effect clearly. The thermal stability of
this center in the absence of UV illuminAation reaches up to 400 °C. About the
center at 282 nm, we want to point out that this center is probably related with
new peak growing at around 175 °C between peak 2 and 4 and also with the
new peak at the high-temperature tail of “peak 5 during the pre-irradiation heat

treatment.

In general, there are two kinds of peaks in a glow curve, i.e., long- and
short-lived peaks. If the glow curve is measured immediately after irradiation, it
exhibits a multipeak structure with low and high temperature peaks. Peak 1 is
one of them in the glow curve of LiF:Mg,Ti. Due to the its short-life, it has been
thought to be useless in the dosimetric investigations. In the literature, there is
large controversy about its decaying time [188-189]. However, it is largely

expected that its decaying time following irradiation is to be 15 min.
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Recent investigations on the TLD-100 represented that this sample
contains OH" ions as background impurities and TL glow curve shape of TLD-
100 highly depends on these ions. During the irradiation, due to the irradiation
effect, OH" ions decompose to substitional oxygen, F and U-type centers. In
the previous chapters we mentioned that there are three type U centers in the
alkali halide crystals. The U, center belongs to interstitial H; ions. It is not
stable at room temperature. During the room temperature storage or readout
cycle, probably, it combines with F-center and converts to U-center by the

following relation
U +F—U

Therefore, we think that peak 1 in LiF:Mg,Ti is related with U, center.

The structure and nature of the trap of peaks 2, 3 , 4, and 5 is very
mystery. Despite an overwhelming amount of data on this subject a
satisfactory description is still lacking. Before the irradiation, the possible
defect structures in LiF:Mg,Ti are Ti-OH, Mg*2-vacancy type defects. After
irradiation there could be a combination of the following defect types in the
crystal: () Mg*?, F center and interstitials; (i) (Mg*?V)-F centers-interstitial
atom; (iii) Ti-related -F center-interstitial atom; (iv) Ti-related-(Mg**V)s-F
center-interstitial atom; (v) Mg*-F center; (vi) Ti-related-Mg-F center etc. Some
of these could give optical absorption bands, but they do not necessarily give

thermoluminescence peaks.

A more satisfactory interpretation of our experiments can be made by
assuming that the traps are not simply based on Mg*? ions but other
impurities such as Ti* , Ti**, Ti*? and OH are also involved. Ti** is an
essential ingredient of TLD-100 and it must be charge compensated. Ti** can
be bound to three cation vacancies at near-neighbour positions, or to three

OH’ or three O ions, or to a combination of vacancies, O;" and OH ions. On
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the basis of ESR studies, Davies [36] proposed that three O, ions were bound
to the Ti™ ion. Watterich et al. (1980) [40] and Wachler et al. (1980) [46] have

suggested that some Mg centers contain OH’ ions.

(Mg*2-\/ ) dipoles or trimers are neutrai defects. During the irradiation,
from their electrostatic considerations they would not be expected to act as
traps for electrons. They could, however, be converted to other type of defects

by radiation.

As seen from figure 23, during the low temperature annealing the
concentration of F centers are increased. From this clue, we can understand
that low temperature glow peaks (2 and 3) are related to traps that may
contain F-centers. These defects are probably related with Ti-related-F center.
Ti-related defect is possibly combination of V' vacancies, OH or.OJions at
neighbouring sites of Ti impurity. During the pre-irradiation heat treatment at
low temperatures, Ti related defects may be converted to other types of
defects. Therefore, after the irradiation, they do not form Ti-related-F centers.
The free Ti reacts with Mg-related defects which possibly give the peak 5.

Finally we want to postulate that the peak 2 trap is related with Ti-
related-F centers and the peak 5 trap is a combination of Ti ions with (Mg*%-V)

pairs.

Consequently we think that TL and optical absorption measurements
alone are unable to explore the exact nature of defect centers in LiF:Mg,Ti
crystals. Much more attention should be paid to obtaine better controlled
materials especially concefning imburities, for example OH' ions. A complex
re-examiﬁation without any unproved preconceptions, including a wide range
of investigation methods as e.g. ESR, ENDOR, Faraday rotation, etc, may

lead to correct conclusions.
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CHAPTER 5

The Effect of Pre-Irradiation Heat
Treatment on the Evaluated Trapping
Parameters of LiF:Mg,Ti (TLD-100)

5.1 Introduction

Lithium fluoride continues to be one of the most popular
thermoluminescent materials used in radiation dosimetry [190]. In particular,
LiF:Mg,Ti (TLD-100), marked by Sollon Technologies, Harshaw Inc. is so
widely known that it is used as a standard material. The enriched form of this
material is also available as the isotope °Li (TLD-GOO) or ’Li (TLD-700) [191].

Although this material (TLD-100) has been successfully used over the
past decades for the determination of absorbed dose by dosimetry services on
a large scale, there is a lack of understanding of the thermoluminescence
mechanism. The TL process is commonly described in terms of traps, mobile

entities (charge carriers) and recombination centres.

When a specific lattice defect traps electrons, which are relased on

heating to give rise to a glow peak, the electrons may be described by a
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trapping depth (activation energy) below the conduction band E, and a
frequency factor (pre-exponential factor) s which is in the order of lattice
vibrations 10%-10'® s in the crystalline solids [192). A significant part of
research on LiF:Mg,Ti has involved in analysing the glow curves to obtain E
and s values for peaks 2 to 5 [122-148]. There are many methods available to
determine the trapping parameters from the glow curves [156-164]. For
example, the trapping parameters can be determined by isothermal decay,
glow curve fitting, peak shape, initial rise and heating rate methods . However,
the published values of the trapping parameters calculated by these models
show wide discrepancies even when the same method is used [142]. The
observed variations may be atiributed to the composition, the impurity
concentrations of the samples used and the experimental conditions. More
recently, Bos et al. [127] investigated the effects of the cooling rate and
readout heating rate on the trapping parameters of the samples treated with
only a high temperature annealing procedure. The results showed that the
activation energies for all glow peak vary strikingly indicating that the deffect
structure, which constitutes the traps for the charge carriers, is changing.
Furthermore, the earlier observations demonstrated that the clustering and
precipitation of defect structures_. during cooling and heating have a

pronounced effect on the values of trapping parameters [15, 29].

In this work the mﬂuence of the pre-irradiation heat treatment on the
trapping parameters has been lnvestrgated as a function of anneallng time at
125 °C by computerlsed glow curve analysis. In the previous investigations,
the effect of the pre-irradiation heat treatmerrt on the glow curves was
investigated without deconvolution of the glow curve into rts individual glow
peak by computerised glow curve analysis. In some cases, small but
important changes in the shape of the glbw curve may not be understandable
without resolving the individual glow peaks from the glow curve. In this study,
these problems were overcome with computer curve fi ttmg programs obtained
from Piters and Bos [1 84] and modlf ed by us. Although there are a lot of
models, approxrmatlons and mlnlmlsatlon procedure in the computer curve

fitting programs, the glow curve analysus technique has become very popular
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method to evaluate trapping parameters from TL glow curves in recent years

[124-131].

5.2 Results

it is well known that all the glow peaks of TLD-100 can be fitted with
first-order kinetics [127]. However, in the past years, there is large controversy
about the kinetic order of glow peaks , especially on the dosimetric peak S
[148]. In this study, very good fits are obtained for the samples not subjected
to the pre-irradiation heat treatment when the first-order TL kinetics is used. A
set of glow curves measured immediately following irradiation after pre-
irradiation heat treatment at 125 °C is shown in figure 30. It can be seen that
the shape of the glow curves are highly changed as a result of the pre-
irradiation heat treatment. Especially, for the prolonged annealing period, new

peaks seem to be exist in the glow curves.
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Fiqure 30. Set of tﬁermoluminescence glow curves for LiF:Mg,Ti (TLD-100)
crystals with pre-irradiation heat treatment time at 125 °C for different

annealing time. All glow curves were read out at 2 °C/sec.
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A typical deconvoluted glow curve measured at a heating rate of 2 °C/s
following only the standard heat treatment at 410 °C for 30 min and rapid
cooling to room temperature is shown in figure 31. In the figure 31, both the
experimental points and the fitted glow peaks are presented. Best fit results
have been obtained by assuming six peaks due to the first-order kinetic. The

number of peaks in this study agrees well with the previous results[125-131).
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Figure 31. Fitted glow curve of LiF:Mg, Ti (TLD-100) measured after an
annealing procedure of 30 min at 410 °C followed by a rapid cooling and read
out at a linear heating rate p=2 °C/sec. in the figure: dots are the experimental
points, the global fitting is continuous lines and the fitted peaks are

represented in broken lines.
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Fairchild et al. (1978) [123] and Sagastibelza and Alvarez Rivas (1981) [18]
report an extra peak between peak 3 and 4, which is not found in this study, if
there is no pre-irradiation heat treatment after standard annealing and rapid
cooling. The evaluated peak temperatures, activation energies, frequency
factor are tabulated in table 6. They are reasonably good agreement with
those found in the earlier works [122-131].

Table 6. Trapping parameters for TLD-100. Obtained from

computer curve fitting program.

Peak Number | ng E (eV) In(s) Tm (C)
Peak 1 259 0.8136 25.8 69
Peak 2 947 1.210 33.89 120
Peak 3 850 1.299 32.91 160
Peak 4 914 1.293 30.60 187
Peak 5 2268 2.002 4559 219
" Peak? 568 08668 | 15.18 288

Figure 32 presents the analysed glow curves corresponding to pre-
irradiation heat treatment for 40 hours at 125 °C. This figure shows that there
are important changes in the glow curves with respect to normal TL curve in
Figure 31. Howéver, the good' fits can also be obtainable for the glow curves of
the samples annealed at 125 °C for different time by the first-order kinetic |

except peak 1.

The normalised peak areas of glow peaks 1-6 with respect to annealing
time at 125 °C are shown in figure 33. The trend of the peak areas are as
follows; the peak iritehsity of peak 1, 2, and 3 immediately decreased. After
approximately ten minutes, the intenSity of peak 1 slightly increases up to 5 hr.
Then its intensity shows a sharp increase up to a saturation point at about 20
hours. At the same time its trapping parameters, especially, kinetic order is

highly varied from 1.0 to ~2.5. On the other hand, peak 2 intensity continues
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Figure 32. Glow curves of LiF:Mg,Ti (TLD-100) measured after a standart
annealing procedure followed by rapid cooling and annealed additionally at
125 °C for 40 hours. p=2 °C/sec. Dots: experimental points. Continuous lines:

global fitting. Broken lines: fitted individual peaks.

to decrease slightly. Between 4 and 16 hours, the peak 2 intensity shows a
slight increase and after 16 hours a slight decrease. The peak 3 shows a
similar trend as the peak 1 does. The only difference is that while the peak 1
slightly increases between 10 min and 5 hr, the peak 3 slightly decreases.
Two decay stages of peak 4 intensity are seen in the figure 33. One of them
is seen at around one hour and the other is at around four hours. Following a
slightly initial growth up to 15 min, the main peak S intensity continously
decrease. The behaviour of peak 7 is very interesting. Firstly its intensity
slightly increases and then decreases up to 5 hr. For progressively increasing
annealing time again a remarkable increase is seen as much as to the
saturation point. |
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Fiqure 33. Normalized peak area versus log of annealing time at 125 C for

glow peaks from glow curves registered at a linear heating rate of 2 %C/sec.

The vaiues of the activation energy E found by glow curve fitting are
shown in figure 34. The Qaers of E for the analysed glow peaks show
remarkably interesting resuits. The dramatic changes start immediately and
continue throughout the annealing pericd. Peaks 1 to 3 exhibit similar
behaviour. In this manner, their E values first decrease to a minimum and then
start increasing with time. Especially, the variation in the activation energy of
peak 4 is very interesting. First it sharply increases from 1.3 eV to 1.9 eV, then
sharply decreases to 1.25 eV and then starts increasing again with annealing
time to 2 eV. Up to 120 min, the activation energy of peak 5 decreases very

slightly and then sharply increases with time.
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In the thermoluminescence ‘f:@xeory, for the first-order kinetic the peak
temperature of the glow curve peaks arc expected o change only with the =
heating rate. Hence for a consta:ntviheaténg rate, the peak maxima should not
be affected by other experimental paraieters and be fairly constant values in
the range of experimental errqfs. However, this is not the case for LiF:Mg,Ti
crystal. As seen from figure 35, the peak maximas of TLD-100 glow curves
are shifted to higher temperatures with pre-itradiation:. annealing time,
although a constant heating faﬁ-e was applied. Peak tempeatures of peak 1
and 2 are observed to be not affected by the pre-irradiation annealing time. -

The behaviour of peak-3-and 4-is simila:, cxcept that peak 4 shows a

mysterious decrease at about 200 mirates, Otherwise both peak temperatures
slightly increase up to 200 minutes zn¢ then sharply increase to a constant
value. Peak temperature cf peak 5 seer:s to be constant up to 200 minutes.

Then it increases wiih increasing time.
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Figure 35. Variation of temperature at peak maximum for peak 3, 4, and 5 as

a function of pre-irradiation heat;‘t‘reatment time at 125 °C.
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As seen from the figure 31-35, the deconvolution of the glow curves to

its individual glow peak reveals;

(a) considerable change in the kinetic ordet b-and trapping parameters
Ng, E and s of the peak 1.

(b) an important decrease in the peak 4 and 5 area.

(c) a presence of a new peak as a shoulder on the low temperature side
of peak 3 which we label this as 2a. This peak - -seems to appear after

approximately seven hours pre irradiation heat treatment at 125 °C.

(d)—important variations—in-the trapping parameters of all the glow

peaks.
(e) an important shift of the peak maxima of peak 3, 4, and 5 to the

higher temperatures.

(f) also creation of a new peak at the high temperature tail of peak 5.

5.3 Discussions

In earlier studies, the glow curve deconvolution analysis was not
applied to separete the glow peaks. Instead of this technique, because of
easily separation of the glow peaks 2 and 5 from the glow curves, researchers
paid attention especially on these glow peaks and responsible defects with
these peaks. However, the deconvolution analysis of the glow curves as a
function of annealing times, gives us clear pictures of the alteration in not only
the shape and relative intensities of glow peak 2 and 5 but also all glow peaks
with the pre-irradiation heat treatment. The following two factors might be
used to explain the alterations in the glow curve shapes. The first is that
during the pre-irradiation heat treatment, cooling and heating cycle the
important defect reactions occur between the defects and second is that the
trap structures themselves are undergoing important trap modifications.

Therefore, defect reactions highly influence the TL mechanism.
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The peak areas can be considered {o be related to the concentrationof . =

defects in TLLD-100. Therefore, during the heat treatment, the peak areas are
changed due to the defect reactions. Qur results indicate that the defect
reactions not only exist between the defects that give rise to peak 2 and 5 but
also between all of the defects in TLD-100 during the heat treatment. Although
there is almost a total lack of consensus regarding to the responsible specific
defects of glow peaks, in principles, it is accepted that peak 2 is related with
Mg?*-V. dipoles and peak 5 with Mg®*-V, trimers. During the heat treatment

the dipoles can change their position in the lattice and associate with other

— dipoles which give rise to clusters of dipoles or other defect types which in =

turn, give rise to defect complexes.

The alteration in the activation energies and peak temperature with
annealing treatment is not expected to occur for some alkali halide crystals.
However, defect clusters and precipitate phase in impurity doped alkali halide
crystals affect lattice orientations of the crystals. The small change in the
lattice orientations and lattice constant of the crystal causes the change in the
band gap energies _,ova the crystals and als§ the change in the trapping
parameters of the traps. In the present experiments during the annealing
cycle, the Mg and Ti related de}ecfs interact with each other and form defect
complexes in the crystal. Most perhaps these defect complexes affect the
band gap and consequently due to the change in the lattice, the perturbations
in the activation enéfgiés of all glow p;eak‘i‘n TLD-1OO can be expected.

Recently, Piters and Bos (1993) [193] report a model in which defect
reactions are incorporated, such as the interacting defect model which may
help us to get more insight into the TL process. According to interactive defect
model, the dependence of trapping parameters on annealing procedure and
impurity concentration is possible and the change in the concentration of
defects means a change in the rate of defect reactions and, therefore, this
influence the shape of the glow peak. The glow peak is still fitted by the first-
order TL kinetics, however, the trapping parameters are affected by annealing

procedure and impurity concentrations.
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In conclusion, it has been shown that the pre-irradiation heat treatment
strongly influences the values of trapping parameters of all glow peaks in
TLD-100 as determined by computerised glow curve analysis. These
influence can be understood qualitatively in terms of defect interactions in the

crystals.
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CHAPTER 6

A New Simple Model for the Shape of
Thermoluminescence Emission Bands:
Application to LiF:Mg,Ti (TLD-100)

6.1 introduction

Knowledge of the mechanism of thermoluminescence (TL) is of great
importance for the developmeni of thermoluminescent materials. The basic
model for the mechanism of thermoluminescence comprises three steps: (1)
the trapping of charge carriers during irradiation with ionization radiation, (2)
the release of charge carriers out of traps due to thermal heating, and (3) the

capture of charged particles in luminescent centers under photon emission.

The simultaneous measurement of the light emission during heating of
the TL materials as a function of sample temperature and in terms of emitted
photon energy gives information on the TL mechanism, kinetic parameters'for
the individual defect and the influence on the defect reactions. In addition, it
gives the structuré of defects within the insulator and semiconductor when this
type of measurement has been supplemented by many other techniques such

as optical absorption, electron spin resonance measurements [194].
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However, both glow curve and emission spectrum obtained from TL
sample are the summation of many overlapping bands. The separation of
individual bands from each other is very difficult. There are many methods to
distinguish these bands. The famous one is the computerized curve-fitting
procedure which constructs a glow curve or emission band- using the initial
values of the parameters and compares' the computed curve with the

experimental curve [148].

In this study, we developed a new simple model-to describe the

emission band based on a classical ireatment of the lattice vibrations and the
Franck-Condon principle. In order to see the success of developed model, we
also measured the emitted light as a function of both temperature and
wavelength from LiF:Mg,Ti (TLD-100) sample.

6.2 Theory

The simplest band model in crystalline solids for the TL emission is
shown in figure 8. According to this model there are at least two distinct
localized energy levels, one acts as a trap (T) and the other acts as a

recombination (luminescent) center (R) [195].

In general, there are several types of electron transitions between the
traps and recombination centers that have been reviewed by Chen and Kirsh
in their excellent text book [196]. Some of transitions were represented in

figure 9.

in order to observe TL luminescence, the electron in the trap must be
excited to the excited state of trap and/or to the conduction band (CB)
(transitions 1 and 2). These electrons then migrate in the CB (3) and
recombine with a hole in the luminescent center by the emission of a photon

(transition 4 and 5).
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The transition 4, based on the transfer of the extra energy of electron to
the lattice via phonons, is called as multi-phonon emission. This process has

been renewed by Passler usi

According to this process, there is a strong-cot
the lattice vibrations. If an electron approaches to the luminescent center, the
electron settles down to this center due to the vibration of the lattice around
the luminescent center. The electron is: still in the excited state of luminescent

center after the transition 4. The second recombination process is the direct

luminescent centers and/or is the transition from the excited state to the
ground state of luminescent ceriter via emitting a photon. If the emission of
light takes place between the excited and ground state, a characteristic time is

required in the excited state around 10 s [198].

The excited and ground state configuration of a luminescent center in

crystalline solid are shown in figure 36 for one-dimension. The potential
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Figure 36. The excited and ground state configuration of a luminescent center
in crystalline solid for one-dimension. (a) in the excited state, (b) in the ground
state.
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energy of a luminescent center in the excited state and also_in the ground
state interacts with its neighbours atoms (ligand) in the lattice, which means
that when the center is excited, its electron' moves to the outermost orbits.

These orbits can overlap with the electron orbits of the ligand. The bigand
small circles around the center in Fi';g.36 represent the approximate effect of
the electron wave functions in the excited and ground state of the center,
respectively. The difference between the excited state and ground state
depends upon the strong electron-lattice interaction. The distance Q between

~ the luminescent center and its nearest neighbour atom is often used to

characterize the configurafion cocrdinate (CC) diagram.

The shape of an emission band of a luminescent center in the
crystalline solid can be explained by the use of a CC model. Additionally, the
electron transitions between an excited state and ground state within the same
center and the potential energy of interaction of the center is the best
instructive from a CC diagram. The CC representation is also used to depict
the coupling between the vibration lattice energy and the electron lattice

inteyactidn energy.

A CC ‘scheme is represented in figure 37".YThe horizontal axis shows
the CC diétance Q) and vertical axis shows the total energy levels of the
luminescent center, i.e.,. the electronic {E.) pius the vibration excitation energy
(Em). In this model each energy state of a center is represented by a
wavefunction that consists of product of an electronic wavefunction and a
vibrational wavefunction. The electronic wa\}efunctions are expressed in terms
of electrons of the center, whereas the vibrational wavefunctions are the
wavefunctions of the center in a potential due to the presence of the ligand

atom.

The first assumption in this work is that as the electron approaches to
the luminescent center, it behaves as a simple harmonic oscillator. In a simple
harmonic oscillator, the lattice energy can be explained by the vibrating
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Figure 37. The configuration coordinaie diagram of the luminescent center
with potential energy curves as function of the configuration coordinate Q for

the excited state U, and ground state U,,.

configuration of a luminescent center. The potential energy of the excited
state(U,) and the ground state (Ug) of a harmonic oscillator is quadratic and its

curves can be expressed with configuration coordinate Q as;

UQ-= %k,Q’ +E,
: : _. (50)
U, (Q =2k, (Q-Q)’

where ks and kg are the force constants in the excited state and in the ground
state, respectively. E, is the energy difference between the excited and ground
states and Qq is the minimum potential energy in the ground state equilibrium
of luminescent center. It is noted that in. the CC diagram the minima of the

ground and excited states occurs at different values of the coordinates.
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According to the Franck-Condon principle the transitions between the
excited and ground states are verticai. During these transitions, the CC

position does not change and also the kinetic energy K, of the configuration is

preserved.

In principle, it can be considered that during the radiative transition the
emitted light photon energy is equa! to the energy difference between the
excited and ground states. The non-radiative transitions .only occur between

the vibrational levels (n) in the ground state or vibrational Ievels (m) |n the

%d&ﬁesih&nmnbuoﬁnmmﬂnatwe fransifions beTweeW
. levels in the ground state or excited state are assumed to be much higher than

that of the radiative transitions between the excited and ground state. The
distribution of vibrational levels in both state is assumed to be equal to each

other.

The shape of emission band of a luminescent center has a Gaussian
line shape and depends on the distribution of the number of emitted photons
with different energies Ef.'The number of emitted photons with an energy
between E,ﬁand Es + dEy is pro.portionali to the probability A(E;dE¢ of photon
emission. A(EgdEs is the surﬁ of the tdtél emitted photon with an energy
between E;and E; + dE;. In order to obtain A(E)dE, it is required to find firstly
all transitions with a photor: energy beiween E; and E¢ + dE; and secondly the
probabilities P(E,Q)dE_dQ of these transitions. .

if the 'pétehtiél energy curvés in the ground and éi(cited state are
reasonably parabolic functions of the CC, S0 fhe difference between the
potential energy is also a parabd{ic function. The difference between the
potential en_ergy of the excited and ground state can be used to find the

emitted photon energy‘durihg the light emission process.

E;=U/(Q-U,(Q 1)
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If we insert Eq.(50) into Eq.(51), we obtain

1

11
—Er=Gk 2*” 2

Following the assumptions (1/2)k,=F,, (1/2)ks=F4 and E0=E,-(1/2)k9Q02, the

above equation becomes

Ef = (Fc _Fg)'Qz +2Fg®0 +E0 - (53)

where E, is the central emitted photon energy of the emission band.

In general, it can be accepted that the force constant F, and Fy is equal
to each other (Fe=F4=F). Then;

E; = 2FQQ, +E, (54)
it can be seen from the CC diagram, there is only one unique coordinate for a
certain photon energy during the transition and by using the above equation,

- this coordinate can be written as

E;-E

T (55)

Q=

When we take the integral over all vibrational levels at a certain
coordinates, the sum of all probabilities of transition with photon energy E; can

be found

A(Ef)dEf= TS(E,Q)dEdQ (56)
i

where P(E,Q)dEdQ is the probability of finding the configuration in the interval
dEdQ at coordinate Q and energy level E.
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In order to calculate the probability P(E,Q), the integral in the above
equation can be separated into two parts; P(E) and P(E,Q)|e, where P(E) is
the probability of finding the luminescent center at a certain vibration level and
P(E.Q)|e is the probability of finding the luminescent center at a certain CC
when the vibration level is fixed at a specified energy E. The product of these
two probability gives us P(E,Q)

P(E,Q) = P(E)P(E,Q)|; (CY)

P(E) can be determined by using the Boltzmann statistics as in the form

E

Exp(-77)
P(E)dE:I }‘;T dE (58)
Exp(-—)dE
JExp5p

The above equation gives the probability of finding the luminescent center in

an energy interval dE at a vibration level E.

P(E.Q)|e can be calculated using the theory of harmonic oscillator as

E. .
Q(Eat)= w2m sm(wet)

Q_ |Ea

i - Vm cos(w t) (59)
2n

5=

where w, =V(Fo/m), m is the effective mass of the configuration, T, is the time
required for one period of the oscillation cycle and E,, is the vibration energy

in the excited state which is equal to

(60)



The probability of finding the configuration between Q and Q+dQ is equal to

the time configuration in this interval during one cycle divided by T,

d
P(E,Q)-dQ= T 1)

| 4

The time dt that the configuration is in the interval dQ is equal to the
number of times the configuration passes Q two times the length of the
interval dQ divided by the absolute value of the velocity v of the configuration

= F - )
i\

24Q
~ V(QE)

(62)

where

dQ_ VQE)
dt 2 (€3)

From Eq.59, one obtain

Q*(E,1)
E

sin?(w t) =

wim

aQ., (64)

cos? (w,t)=

If we substitute these equations into the below equation,

sin®(w t) +cos?(w t) =1 (65)

again one can obtained the value of dQ/dt
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o= (©6)

If the expressions of T, and dt from Eq.59 and Eq.62 are substituted into
Eq.61, we obtain

We
.
P(E,Q)pdQ= 1 = 35 6Q ©7)
P T—
dt

Consequently, if Eq.66 is substituted into Eq.67, the expression of P(E,Q)|e

can be obtained as

P(E,Q); = —=—— (68)

Intruducing Eq.68 and Eq.58 into Eq.57 yields

E
Exp(-+—
kT
P(E,Q) =
. 2n E"’—Q2 ]IExp(-E—)dE
F, < ; PUkT

The shape of emission band depends on the number of vibrational

(69)

energy levels in the excited state. Thus by integrating P(E,Q) over all energy
levels in the excited state it can be determined as

E
B
7 Flﬂ_Qz
\[ F,
J pEQeE- | p ey 70)
U@ U, (Q) TEXP(_ ﬁ)dE
E,
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The integral in the denominator of the above expression is computed

by using a computer program. The solution is given by

kT

E
Exp(--—=)dE = 71
Jeso @)

Exp(ﬁ:)

If Eq.60 and Eq.71 are substituted into Eq.70 and then by changing the

boundaries of integral, the simple expression can be obtained as

n
LAPA\™ )
— E— TeEromp- 21— kE— S 7 7. W—
PUABESA C b B & kT o E ——m A Y 7
U,(Q U, (Q)-E, 7 == _ Q2
FG

In order to evaluate the above integral, the best appropriate substitution of E,

can be expressed as
E, =kTx+F.Q (73)

Then the substitution of Eq.73 and Eq.50 into Eq.72 and by adjusting the limit

of integral one can obtain

Exp(- o2 22) E

i - ’ —

P(E,Q)dE = kT XP& %)
0

’kT
U,(Q)
. 2n

F,

The solution of integral in the above equation can be given as

dx (74)

Exp(-x)
;i: B0 o= vk (75)

Then Eq.74 becomes
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F.Q*

Exp(-—-7)

kT
T P(E,QME = ——p===— (76)
U@ T

F

According to this equation, the shape of the emission spectrum
appears to be a Gaussian function of Q. If we take the derivative of Eq.55 with
respect to E; and then substitute this and Eq.55 into Eq.56 we obtain A(Ey)

- : 1—  —(E; E,.)L

AE)= ZUJ—EXP(- 0 (77)
where
E,=E, -FQ}
U? = 4FQXKT (78)
C=FQ,

The emission band generally measures the number of emitted photon |
as a function of energy. Thus the product of A(E;) by the number of emitted

photon at the peak maximum gives the expression of a TL emission band

E.-E.)?
IE,)= I(J ‘/‘;—[’ Bxp(- o) (79)

According to this expression, the shape of the emission band is also in

Gaussian form and it depends on just two parameters, Eoand U.

6.3 Results

The glow curves constructed from LiF:Mg,Ti at different wavelengths

are shown in figure 38. The usual peak labeling is employed in this figure. It is
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Figure 38. The glow curves from LiF:Mg,Ti at different wavelengths.

obviously seen from this figure that relative TL peak intensities are highly
changed with emitted photon wavelength. The peak temperatures obtained
from the most intense glow curve are; peak 2 (113 °C), peak 3 (151 °C), peak
4 (190 °C), peak 5 (217 °C), peak 6 (282 °C).

The emission spectra of glow peaks that have been recorded as a
function of emitted photon energy at their peak temperatures is represented in
figure 39. The relative values of emission spectrum intensity have been
obtained from their individual glow curves peak height by using a computer
glow curve deconvolution program. The kinetic value of the computed glow
curve is the first order kinetic. The main emission is seen to be the peak at
~420 nm and this is in general agreement with the similar spectra recorded by
previous authors [26-27). From the shape of curves it is clear that there are in
fact several emission components in the spectra. Thesebands have been
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'Figure 39. TL emission spectra measured at the maxima of different glow
peaks from LiF:Mg,Ti. (a) Glow peak 2, {b) Glow peak 3, (c) Glow peak 4, (d)
Glow peak 5, (e) Glow peak 6.

resolved by using the developed simple expression (Eq.7S). However, the
previously recorded emission band arcund 620 nm is not present in this
study. Probably this band appears at higher irradiation doses. The separation
procedures have been performed by means of a computerized curve-fitting
program. The best-fit program was modified by us according to our developed

expression.

The emission spectrum of whole glow peaks was successfully fitted
with two emission bands. But there is a small systematic shift in the central
photon energy and relative intensity of emission band as the peak
temperature increases. At 113 °C (peak 2) the 2.7 eV component is dominant.
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With increasing temperature, this band broadens and its intensity decreases.
Therefore, at 217 °C (peak 5) the 3.02 eV is the main component. This
behaviour is in general agreement with the resuits of previous studies [15-16].

We observed that the peaks and their emission maxima are peak 2 at ~450

nm, peak 3 at ~434 nm, peak 4 at ~426 nm, peak 5 at ~419 nm, peak 6 at

~410 nm. The kinetic parameters of emission bands obtained from the

emission spectrum of glow peak 2 and peak 5 are shown in table 7 which also

contains some kinetic parameters of emission bands recorded in the previous

publications.

Table 7. Kinetic parameters of TL emission spectrum of LiF:Mg,Ti (TLD-100).

Authors Peak | Band Eq C C, C
No No | (V) | €V) | (eV) | (eV) eV)
Fairchild and et al.”® 5 1 301 | 090 | 307 | 0.04 -
2 280 | 072 | 294 | 0.04 -
. 271 | 096 | 275 | 004 -
Delgado and et
al® 5 1 3.01 - - - .
1 27 288 . . . -
3 2.70 - - : - -
Yazicit -
2 | 1 298 | 051 . 1.95
2 270 | 038" . 1.08
5 i | 302 | 040 - - 0.95
2 | 277 | 046" . 1.21
EIRef.[26]
PRef.[43]
EiThis Work
‘U=FWHM

“"FWHM=2V(In(2))U
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6.4 Discussion

Earlier investigations of the emission spectra of LiF:Mg,Ti have been
made by several authors [4, 20, 23, 25 -27). Especially four emission band
regions have been observed at approximately 300 nm, 420 nm, 520 nm and
620 nm. All of them found out a broad line emission at approximately 420 nm.
Additionally, Townsend et. al. (1983) [27] have observed a gradual shift in the
gth- with -increasingpeak-temperature. — -

emission maximum tc

principal emission is also in the region of 400-420 nm [31]. The other peculiar

properties such as the effect of the ageing period duration and heating rate on
the emission bands have been investigated previously [43,199-200). Delgado
and Delgado (1984) showed that there are no changes in the emission
spectrum but Piters and Bos (1993) observed only very small changes with
heating rate. However, in most of these studies, the emission spectra were
recorded at large dose levels on the order of 10° Gy (at least 10? Gy). But it is
well known that at these high dose levels, the shape of glow curves alter and
some néw peaké appear at the higier side temperature [18]. in the previous
studies, the TL emission spectra has been fitted to a single Gaussian
components'..“Thve exact form of this Véxﬁ:':;-ssioﬁ can be gfven by equation 32.
In this equation, Eq and U are dle«pend, on the temperature. This equation
predicts that the emission band maximum éhquld decrease slowly and
monotonically with increésing téfnpergture and the fdll-width at half maximum

should increase monotonically with increasing temperature.

Fairchild et al.[ZGj point out that the emission spectrum of TLD-100 can
not be explained with the weli known above expressions. They also criticized
the number of bands in the emission specira and they suggested that two
bands are more _plausible‘ thaﬁ three bands. However, they have obtained
three bands because of the Eq.32 from their fitting program.
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Therefore, firstly we tried to fit the experimental results with three

emission bands according to the developed model to obtain best-fit results.

However, third band always drifts away from the region of experimental data

points or the computer program indicates that the additional band was minor

importance when compared with the intensities of the other two bands.

Secondly, the emission spectra is tried to fit with one band. However, there

were large differences between experimental and computed spectra in both

cases. When we tried to fit the experimental results with two bands instead of
————————0ne orthree-bands a best-fit was always obtained.

Although there is a controversy in the number of fitting bands between
our and previous results, thers is a h?gh agreement in the pgrameters.-of the
‘most intense band between ihe tesulis which have been represented in the
table 7. We think that these incompatibles probably arise from the different
behaviour of the temperature dependency of Eq and U or from the different

irradiation dose levels.

We point out that the develobed simple model in this study gives better
results than the resultéhobtained previously developed models to explain the
emission spectra of an associated pair trap. model in the solids. According to
this trap model, the trap and iuminescent ce‘r\ter._are the same center. During
heaﬁng, the electron in the ground‘ state raises to the excited state of
luminescent centers froni which it may either be retrapped or, alternatively,
emit photon by returning tolthe ground state of the luminescent centers.
Finally, in our opinion this model is the better model to explain the emission
spectra than previous rriodeis particularly for LiF:Mg,Ti.
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CHAPTER 7

Conclusion -

The highly complex nature of the optical absorption and TL glow
curves in LiF doped with Mg and Ti makas the identification of the individual
peaks and their related defects extremely difficult. There are four important
trap centers in an irradiated LiF:Mg,Ti (see Fig.16) with peak absorbance at
380 nm, 310 nm, 250 nm, and 225 nm and five glow peaks in the glow
curves. When the optical abscrption spectra and also -glow curve are
deconvoluted into their absorption bands and glow peak cofnponents, the
height of the individual bands and areas of the individual peaks can be seen

more clearly.

Thermal depletion of these bands and glow curves occur at different
temperatures. The usual pre-itradiatior: heat treatment of TLD-100 at and
above 400 °C for 1 h disperses all of the Mg-impurity in dipole form.
Subsequent annealing at lower temperatures (<100 °C) results in the
clustering of dipoles into trimers and even in the formation of some Mg-
precipitates. Under this pre-annealing treatment, the 380 nm band decays,
whereas the height of the optical absorption band at 310 nm increases as well
as peaks 4 and 5 in the glow curves.iWh‘en ﬁhe §amples are subjected to the
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heat treatment above 100 °C before the irradiation, the height of the optical
absorption bands at the higher wavelength side of the F-band and area of
peaks 4 and 5 are considerably decreased. The band at 380 nm continuously
decays in the region between approximately 70 °C and 150 °C, whereas the
310 nm band at first increases (perhaps due to Mg-dipole clustering) and
decays in the region approximately between 100 °C and 150 °C. Above 150
9C, they start to return to their original heights. Over the same temperature
regions, the decaying periods of peaks 4 and 5 are similar to the decaying
period of 310 nm. Therefore, it can be thought that the band at 310 nm and
glow peaks 4 and 5 are probably belong to ‘the same trap, namely Mg-

~trimer/Ti-complex. However, the lack of correspondence between the peak 2, — -
- Mg-dipoles and 380.nm band led us conclude that peak 2 is not related to Mg,

but it is possibly Ti-related/F-center combinations.

Before irradiation, when the crystals are subjected to heat treatment
above the 125 °C for long times, a new optical absorption band is clearly
resolved at around 282 nm. Furthermore, when a composite heat treatment
(before irradiation at 125 °C for 6 hours and after irradiation at different
annealing temperatures) applied to the samples, the band at 282 nm firstly
shows an increase at low temperatures (<125 °C). The thermal depletion of
this band occurs over two different temperature regions. The first depletion
region is between 150 °C and 200 °C and second region is between 275 °C
and 300 °C. Under the same heat treatments, a new glow peak appears
between the peak 3 (=160 °C) and peak 4 (=190 °C). The similar thermal

decaying properties of this glow peak and optical absorption band at 282 nm

- leads to a conclusion that they may be belong to the same trap center. The

Mollwo-Ivey relationship and other thermal and optical properties indicate that

the behaviour of this center is consisted with Z-type center.

The hydroxyl impurities (OH") enter to crystal as background. impurities
during the crystal growth cycles. Therefore, in this study, it is considered that
all samples contain OH' ions. Before irradiation, these OH" ions are probably
connected with Ti-impurities and may form Ti-OH" defects. During irradiation,
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this bond breaks due to the irradiation effects and forms U-centers in the
crystals. These centers are not stable at room-temperature and decay rapidly.
The peak 1 also rapidly decays at room temperature. Therefore, the peak 1
can be considered to be related with U-type centers.

Trapping pafameters of LiF:Mg,Ti (TLD-100) determined by glow curve
analysis are strongly dependent on the thermal history of the samples before

and after irradiations.

It has been shown that annealing stages before irradiation strongly
— — — — influence the values of the trappingparametersof the glow peaks 1 to 7 in — — —

LiF:Mg,Ti as determined by computerized glow curve analysis. These
observation can be understood qualitatively in terms of clustering and
precipitation of defects involved in the production of thermally stimulated
luminescence. When TLD-100 crystals are pre-annealed for some time at low
temperature (after annealing at 410 °C for 30 min followed by a rapid cooling
at 50 °C/sec) the trap concentration of the peaks 2 and 3 decreases. The
peaks 4 and 5 initially increase due to clustering and decrease at longer

annealing times due to precipitation.

The results showed that the activation energies (trapth depth) E and

frequency factor s for all glow peaks vary strinkly indicating that the defect

structure, which constitutes the traps for charge carriers, is changing. It has

been suggested that the variation in the activation energy at the trapping

centers could be caused by the band gap narrowing near precipitates. Band
~gap narrowing influences all electron energy levels regardless to the type of —

trapping centers or luminescent centers.

The Mg precipitate phases in LiF will undoubtedly have a different
band gap to that of LiF. Additionally, the region surrounding the precipitate
surfaces will exhibit substantial strain caused by the mismatch between
crystal structures. As a result, at these places one should expect a

perturbation in the crystal potential and a distortion of the band gap (band
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bending) in the vicinity of the precipitate particles extending over several
lattice constants. Thus, both the static and dynamic disorder within solids can
alter trapping parameters (E and s). In the present work we are altering both
the static and dynamic disorder by varying the annealing time before
irradiation at different temperature and thus perturbations in the trapping

parameters of the various TL peaks can be expected.

As a result, the process described in this thesis clarify to some extent
the wide variation in the published trapping parameters and fading properties
of different TL samples. The present data reveals that the trapping parameters

--highly-depend-upon-the-experimental conditions such-as cooling rate;, heating———— -

rate, pre-irradiation and also post-irradiation heat treatment. Furthermore,
even under the same cooling and heating rates, if annealing procedures were
dissimilar then different E and s values would still result. These features may
go someway to explain why there are wide variation in the published trapping
parameters values and calculated fading rates (determined from E and s

values) and actual fading rates measured in the laboratory.

In chapter 6, a new simple model for the shape of thermoluminescence
emission band is described. According to this model, the lattice vibrations are
classically treated and the electronic transitions are assumed to occur directly
(Franck-Condon principle). To see the success of the developed model, we
measured TL emission spectra of LiF:Mg,Ti. At low dose levels (=1 Gy) the
measured emission spectra of LiF:Mg,Ti shows one main emission band

around 420 nm. This is in agreement with previous studies. The emission

~— spectra of all glow peaks was successfully fitted with two emission bands by
the developed expression. HoWever, for high dose levels the extra emission
bands would also be expected at different wavelengths, which were not
observed in our measurements. Additionally, at high dose levels extra peaks
in the glow curves of LiF:Mg,Ti also appear. Probably at high dose levels
luminescent centers and trapping centers are coupled or at least one type of
defect centers is converted to thé 6ther type centers. In chapter 5, we
represented that pre-irradiation heat treatment affects the shape of the glow
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curves due to the defect reactions during the annealing procedure. In this
manner, the defect reaction between the luminescent centers would be

expected
Although the measurements of emission spectra provide more
informations about the defects and TL mechanism in the alkali halide crystals,

the interpretation of the results of these measurements are not enough unless

they are not supplemented with other type of measurements.
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