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Abstract

The possible defect structure of peak 1 of LiF:Mg,Ti (TLD-100) was studied in the present work
after different pre-irradiation heat treatments between 80°C and 150°C using the computer glow curve
deconvolution (CGCD) method. It was shown that the defect structure of peak 1 is based on colloid
centers, TiT*-30; -mixed centers and U;-centers.
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1. Introduction

Lithium Fluoride has ionic crystal structure and, when doped with Magnesium and Titanium (Lit!F~!:
Mg*2,Tit*) becomes a phosphorescence material that is now widely used in the thermoluminescence dosime-
try of ionizing radiations. Owing to its application in personnel dosimetry, thermoluminescence (TL) studies
on LiF:Mg,Ti have received wide attention [1] and many investigations have been made to understand the
basic TL mechanism of this material during the past 45 years [2]. A large number of papers have been
published to describe its basic TL mechanism and dosimetry properties, among which are [1-10]. In spite of
the extensive works devoted to the identification of the lattice defects responsible for the different TL peaks
in LiF:Mg,Ti, its TL mechanism is still not well understood [10-12]. Despite improvements in recent years,
there are still many contradictions in the structure of the defects [13-14]. Tt is well known that, if the defect
structure of in LiF:Mg,Ti were better known, then the TL mechanism will be better understood. Therefore,
many experimental methods, such as optical absorption, dielectric loss, ionic conductivity, electron spin
resonance and TL emission, have been employed to understand the nature of defects in this material along
with-or without-pre- and post-thermal annealing treatments [2]. Thus data obtained by these methods has
resulted in the development of many models, of which two have become particularly well-known. One model
interprets the dipoles formed by Mg*2-cation vacancies as acting trapping centers [15], while the other model
is based on Z-centers formed by pairs of Mg*2-electron occupied anion vacancies [16].

In general, there are two kinds of glow peaks in the glow curve of TL materials, i.e. long- and short-lived
peaks. For example, if the glow curve of LiF:Mg, Ti is measured immediately after irradiation, it exhibits a
multi-peak structure with low and high temperature peaks between room temperature and 250°C and all
of the individual glow peaks are numbered starting from peak 1 to 5. Peak 1 is a short-lived peak in the
glow curve of LiF:Mg,Ti. Despite the many disagreements about its decay time in the literature, it is largely
expected that decay time is approximately 30 min following irradiation. Therefore, it is required to state
that this peak is useless in dosimetric investigations due to the its short-life. Moreover, it is well known
there are high relationships between the responsible defects and peaks in LiF:Mg,Ti. For example, it has
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been suggested that peak 2 and 3 were directly related to Mgt? dipoles and peak 4 and 5 were related to the
higher-order clusters of Mg*2dipoles according to the first model [15]. However, the structure of defect of
peak 1 was not considered in all published materials up to now. But, we think that if the structure of defect
responsible with this peak can be better understood then it could suggest better defect models to the other
glow peaks between 2 and 5 due to the high relationships between them. In the present work, we inrestigated
to understand the possible structure of defect of peak 1 using TL and phototransfer thermoluminescence
(PTTL) methods after suitable heat treatments.

2. Methods

Thermoluminescence method is a relatively complex process since it involves both a trap and a lumi-
nescence center. 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 a very
crucial role in the TL process. The trapped electrons may remain 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 resulting in the emission of TL light, the spectrum of which is
called the TL glow curve. This process of light emission by thermal stimulation from a crystalline solid
after irradiation 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
structures (model) in solids using only this method is perhaps the most difficult. In fact, this technique
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.

After incomplete annealing of an irradiated TL sample, the residual trapped charge carriers remain in
the deep traps. In the phototransfer 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 second heating cycle. The phenomenon is called phototransfer thermo-
luminescence. The deep traps in the phototransfer process act as donors and the shallow traps as acceptors.

Often illumination with ultraviolet light induces 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, shows the appearance of a transfer of charge between centers. Therefore,
the phototransfer thermoluminescence technique can be used in order to understand the electronic charge
nature of defect centers in the crystalline solid. If the lower-temperature glow peak is regenerated and the
size of the high-temperature peak is decreased, they can be thought of as having electron type defect centers
otherwise they can be considered as hole centers.

3. Experimental Procedures

In this study, LiF:Mg,Ti single crystalline chips which were obtained from Harshaw-Bicron Chemical
Company with dimensions 3.2 x 3.3 x 0.89 mm?>. Samples were heat-treated using a microprocessor controlled
electrical oven operated at different temperatures for different intervals ranging between 1 min to 72 hours.
The temperature was measured and continuously monitored during the annealing period with a thermocouple
that was placed in close proximity to the samples. The temperature sensitivity of the oven was estimated
to be £1°C for the whole temperature range at which the samples were heat-treated. All samples were first
annealed at 410 £1°C for 30 min followed by fast quenching to room temperature (approximately 500°C /min)
and then re-annealed for selected times at a desired temperature before irradiation. After annealing, the
samples were exposed to 3-rays from a 2°Sr-°°Y-source. The irradiation equipment is an additional part of
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the 9010 Optical Dating System and is interfaced to a PC computer via a serial RS-232 port. The time
duration between irradiation and TL readout was always kept constant at about 45 sec. Glow curve readout
was carried out on a platinum planchet at a linear heating rate of 2°Cs™! up to 400°C using a Harshaw QS
3500 Manual type TL reader which is interfaced to a personnel computer, where all recorded glow curves
were analyzed. In this way, each glow curve can be analyzed using a best-fit computer program that was
developed at the IRI, Delft, The Netherlands [17], based on a Marquardt algorithm minimization procedure.
The program resolves the individual peak present in the curve, giving the best values for the different peak
parameters. Two different models were used in the computer program. In the first model, the glow curve is
approximated from the first order TL kinetics by the expression

E, s kT? E, kT
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whereas in the second model the glow curve is approximated with the general order TL kinetics by using
the expression
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where ng (m~2) is the number of trapped electrons at t=0 sec, s (sec™!) is the frequency factor, E, (eV) is
the activation energy, T (K) is the absolute temperature, k (eV/K) is Boltzmann’s constant, 8 (K/sec) is
the heating rate and b is the kinetic order.

For PTTL measurements, the irradiated samples were first annealed at 180°C for 10 sec in the TLD
reader to remove glow peaks 1—5 and then cooled to room temperature. The samples were, then, put kept
in a liquid nitrogen vacuum cryostat which was placed into a Aminco-Bowman-2 luminescence-spectrometer.
The spectrometer applied a monochromatic UV illumination using its 150 W high pressure Xe lamp and
grating monochromator. PTTL glow curves were measured at a heating rate of 20 K/min.

I =ngsexp(—

4. Results

A typical glow curve of a TLD-100 sample, which received only standard heat treatment (410 £1°C for
30 min) and then beta irradiated for 2 Gy, is shown in Figure 1. Each peak number is illustrated on the
glow curve. For a 2°C/s heating rate, the peak temperatures are obtained at ~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 with same heating rate (2°C/sec), annealed for selected times
at various temperatures, is shown in Figures 2a-d. The height of each peak varies from batch to batch of
the crystals when also the same heating rate was used. Therefore, in this study, four crystal chips were used
at each annealing temperature, but their average was taken into consideration.

From Figures 2a and 2b, it is clearly seen that at low pre-annealing temperatures (<100°C), the intensity
of peak 1 is first quickly decreased with increasing annealing time. It is also clearly seen from these glow
curves that the other low temperature glow peaks 2 and 3 also decreased with increasing annealing time.
The separation of peak 4 from peak 5 is very difficult due to the merging of peak 4 into 5 following annealing,
at low temperatures (<100°C). Figures 2¢ and 2d show sets of the glow curves aged for different times at
intermediate temperatures 125°C and 150°C, respectively. At these temperatures for long annealing times,
some new glow peaks grow between peak 3 and 4, and peak 5 and 7. Therefore, the resolution of glow curves
for long annealing times at high annealing temperatures becomes very difficult.

The normalized peak area of some glow peaks, as a function of pre-irradiation annealing time at 80, 100,
125 and 150°C, are shown in Figure 3a-d, respectively. The trends observed for the peak areas are as follows:

The peak areas of the low temperature glow peaks (1—3) first decrease, then start to increase with
increasing annealing times at low annealing temperatures below 100°C. The intensity of peak 5 slightly in-
creases and then decreases, whereas peak 4 considerably increases and then decreases at low pre-irradiation
annealing temperatures. However, at 125 and 150°C, the intensity of peaks 4 and 5 immediately decrease
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with annealing times, except a slightly initial growth up to 15 min at 125°C. However, the trends of low
temperature glow peak areas are very different from each other at high pre-irradiation annealing tempera-
tures. At 125°C, after a slight decrease, the intensity of peak 1 continuously increases up to performed time.
On the other hand, the intensity of peak 2 continuously decreases with increasing annealing time. Peak 3
represents a similar trend with peak 1, except that after approximately 5 hours it becomes approximately
constant. At 150°C, the intensity of peak 1 immediately starts to increase and reaches a saturation point
where it is approximately four times greater than the intensity without any annealing treatment. On the
other hand, the intensity of peaks 2 and 3 sharply decreases with increasing annealing times; and peak
3 is completely converted to another type of peak, namely peak 3a [18], after approximately 30 minutes.
However, the decay time of peaks 2 and 3 at 150°C take place more rapidly than at 125°C. From Figure
3, it can be understood that peak 1 has different defect structure character than other peaks yet they are
completely related to each other.
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Figure 1. An analyzed glow curve of TLD-100 after an annealing at 400°C for 1 h followed by rapid cooling
(8=2°Cs™1). In the figure, dots denote experimental points, continuous lines show global fitting and the fitted peaks
are represented by broken lines.

Figure 4 shows the PTTL glow curve of LiF:Mg,Ti samples which were illuminated by monochromatic
UV lights at 195 nm at liquid nitrogen temperature for 30 min. As shown in this figure, peak 1 is clearly
present in the PTTL glow curve but its peak temperature is approximately 10°C lower than recorded glow
curves in TL measurements. This difference is due to the heating rate difference between the TL and PTTL
measurements. In this study, we have also applied different wavelength to the samples and we have observed
that, after each illumination, PTTL glow curves are similar to each other but with small differences in the
intensity of glow peaks. From the results of PTTL glow curves, one can easily draw the conclusion that peak
1 completely arises from electron-type traps.

5. Discussion and Conclusions

In determining the nature, of the trapping centers in TL materials, there are two main problems. One
is the atomic nature of the trap; and the other is its electronic charge nature whether it is an electron or
hole type of trap. The PTTL is a very useful technique to understand the electronic charge nature of defect
centers in the TL materials. It is the best candidate to show that the regenerated glow peaks in PTTL
glow curves are due to the electron type of traps. In this study, we have observed that peak 1 is always
regenerated after UV illumination at all applied wavelengths in PTTL measurements. So, peak 1 has a
completely electron type of trap because of its regeneration after PTTL measurements.
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Figure 2. A set of thermoluminescence glow curves for TLD-100 samples after pre-irradiation heat treatments at

(a) 80°C; (b) 100°C; (c) 125°C; (d) 150°C for different annealing times (3 = 2°Cs™* and dose level 2 Gy).

In the literature, many experimental techniques have been employed to understand the atomic nature of
the trapping centers in TL materials [2]. However, interpretation of the obtained data using these methods
has not proved to be straightforward due to the extreme complexity of the data for LiF:Mg,Ti. In recent
years, a new defect model, which is based of the specially correlation of Mg/Ti-related defects, has been
widely used to explain the relation between glow peaks and their corresponding defects [6]. According to

this new model, TL peak 5 arises from Mg-trimer/Ti-related defect complexes.
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Figure 3. Normalized peak areas versus log of annealing at (a) 80°C; (b) 100°C; (c) 125°C; (d) 150°C for all glow
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peaks registered from glow curves at a linear heating rate of 2°Cs™!.

The role and structure of hydroxyl (OH)-ions in the alkali halide crystals have been studied over the
forty years and it was shown that these ions play critical roles both in TL trapping and recombination
(luminescence) process [2]. Recent investigations have shown that LiF:Mg, Ti contains a high concentration
of OH-ions as background impurities and they have nearly the same mass and atomic radii as Fluorine (F~)
ions and therefore easily diffuse into the LiF lattice during crystal growth or by annealing the samples in air
at elevated temperatures [19—20]. These experimental investigations have also shown that TL glow curve
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shapes and sensitivity of LiF:Mg,Ti are highly dependent on the concentration of OH-ions, because, both Ti
and Mg-ions are highly desirous in that they easily form defect complexes with OH-ions. On the other hand,
OH-ions firstly prefer to combine with available Ti-ions and, after the saturation of all Ti-ions, the additional
OH-ions would form complexes with Mg-ions. Therefore, the TL sensitivity of this material increases with
increasing the concentration of OH-ions up to saturation of all Ti ions by OH-ions and then starts to decrease
at higher OH-levels [21]. Experimental investigations on the OH-doped alkali halide crystals have shown
that OH-ions decompose into substitutional oxygen ions, hydrogen ions and F centers during irradiation [22].
In spite of the unclear situation of Ti-ions in the LiF lattice, it has been accepted that Ti-ions usually enter
into the lattice substitutionally for Lit in Ti** state owing to the absence of ESR signals. However, the ESR
spectra of Ti containing LiF samples are yet not fully understood due to its very complex superposition.
Moreover, Ti*T-related defects were detected by EPR after irradiation but disappeared again during the
thermoluminescence readout [23]. Using ESR and EPR signals, Davies considered that the possible defect
structure model could be Ti**-ions bound to three OH™ ions at or near neighbor positions as Ti**-30H~
before irradiation and as Ti**F; Oy after irradiation [23]. On the other hand, He et al. have concluded
that the possible charge states of Ti-ions depend on the experimental parameters (i.e. annealing) before
irradiation and therefore Ti?*-ions were also observed by them using optical absorption experiments after
heat treatment [24].

TL Intensity (ar.un.)

200 300 400 500
Temperature (K)

Figure 4. The PTTL glow curve of LiF:Mg, Ti between 120 and 500 Kelvin.

The first decrease in the intensity of peak 1 at low annealing temperatures can be attributed to Ti**-
OH~ defect complexes that associate with Mg*2-cation vacancies (Mg-dipoles) and produce Ti**-OH~ /Mg-
trimer defect complexes which are responsible for high temperature peaks 4 and 5. Therefore, these peaks
immediately start to increase owing to the increase of Ti**-OH~ /Mg-trimer defect complex (LC/TC) at low
annealing temperatures below 100°C. However, for further annealing times, these peaks start to decrease
due to the beginning formations of higher order clusters of Mg-related defects, also showing an increase in
low temperature peaks. This situation can be explained that precipitate phases (colloid centers) start to
form with increasing annealing time. During the formation of colloid centers, firstly OH-ions and then Ti-
ions start to dissociate from these centers. At intermediate annealing temperature, 125°C, low temperature
peaks 1, 2 and 3 immediately start to decrease and then, after approximately ten minutes, the intensity of
peak 1 increase slightly for up to 5 hr. For further annealing times, its intensity shows a sharp increase
up to 20 hours and then the increase continues with a decreasing slope. High temperature peaks 4 and 5
show similar decay trends and following a slightly initial growth up to 15 min, the intensities continuously
decrease with increasing annealing time at low annealing temperatures. This situation can be explained as
that the association of Ti and Mg-related defects become faster at high annealing temperatures than at low
annealing temperatures and therefore low temperature peaks decrease while peak 5 increases. But, after
approximately 15 minutes, the formation of precipitate phase starts and therefore OH- and Ti-ions start to
dissociate from colloid centers. Therefore, peak 1 starts to increase whereas peaks 4 and 5 to decrease.

At around 150°C, the decay periods of high temperature peaks 4 and 5 immediately start and occur very
rapidly and, therefore, it can be stated that at this temperature (150°C) the variations in defect structures
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are more effective than the other temperatures. So, the formation of the precipitate phase immediately starts
and continues with increasing annealing time. Then, OH and Ti-ions are quickly dissociated from colloid
centers from which peak 1 immediately starts to increase. From these explanations, it is well understood that
the intensity of peak 1 is always directly related to the concentrations of colloid centers, OH-ions, Mg and
Ti-related defects. For example, the Ti and Mg-impurity related defects associate to form Ti*t-OH~ /Mg-
trimer (LC/TC) defect complexes for short annealing times at low annealing temperatures (i.e. below 100°C)
and therefore the intensity of peak 1 is quickly decreased. But, its intensity again started to increase at
the beginning of formation of colloid centers for long annealing times. Additionally, the concentration of
colloid centers immediately started to increase at high annealing temperatures and thereupon the intensity
of peak 1 immediately started to increase. The separated OH and Ti-ions from colloid centers settled down
in the place of Fluorine (F~) and Lithium (Li™)-ions just near the colloid centers, respectively. The OH-ions
decompose into three parts [O5 , U-based centers (Uy, U, Us), and F-centers] after irradiation. The oxygen
ions remain in the anion sites previously occupied by OH-ions and yielding Ti-ion complexes containing
oxygen ions and/or cation vacancies. The hydrogen atom can be found in the alkali halides in three different
forms. The U band is due to the substitutional H™-ions, the U; belongs to interstitial H™-ions, and the
U, center is due to atomic hydrogen in an interstitional position HY. The trapped entities of peak 1 should
be related with H-ions and Ti-related defects that are produced after irradiation. Because, the hydrogen
related U-based centers are no longer stable at room temperature as peak 1 and they quickly decay with
recombination with nearby Ti-related defects that are located at the near sites of colloid centers, yielding
TL emission that can be described by the relation

TL Process
Uy — centers + Tit4 —30; — mixed centers ———{Ti*3 — 305 }* + Us

TL Process

—Tit3 — 3(OH™) + hv

The U-based and Ti-related defects after irradiation should be electron and hole traps, respectively. The
U-based centers are reasonably interstitional H™ ions (Uj-centers), and during the TL process these ions,
indirectly, (by first emitting their electrons) or directly recombine with Ti-related defects that is probably
Ti**-305 mixed centers instead of Ti**F; or Ti**F; O3 centers which were proposed by Davies using
EPR measurements [23].

As a result, we point out in the present paper that the intensity of peak 1 in TLD-100 is directly related
with the concentrations of colloid centers, OH-ions, Mg and Ti-related defects. The U; and Ti*T-30, mixed
centers might be the electron and hole trapping defect structures of peak 1, respectively.
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