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a b s t r a c t

In this study, the fading mechanism of Seydis-ehir alumina in Turkey, which is considered to be used for

radiation dosimetric purposes, was investigated. The materials were first exposed to beta radiation and

then stored in dark and dry ambient conditions at room temperature (RT) at previously desired storage

periods. It was observed that the glow curve of Seydis-ehir alumina consists of four glow peaks between

RT and 400 1C. The glow peaks (peaks 1, 2 and 3) between room temperature and 250 1C possessed very

high levels of anomalous fading. However, the intensity of new glow peak at around 378 1C is highly

increased with time. As a result of the experimental studies, it was concluded that the reason behind

anomalous fading can be explained by means of tunneling (quantum tunneling) mechanism.

& 2011 Elsevier B.V. All rights reserved.

1. Introduction

An insulator and/or semi-conductor material absorbs energy when
irradiated. This absorption causes some electrons to be elevated from
the valence band to the conduction band and eventually leads to the
generation of some free electron–hole pairs in the material. As a
result of the movement of free electrons–holes at the conduction and
valence bands, respectively, free charge carriers of opposite signs
come across each other. Then they either recombine or get captured
by trapping states formed either due to crystal defects or doped
atoms. Trapped electrons stay in the traps for a while depending on
the temperature of the material and activation energy of the trap
level [1–6]. The half-life of a trapped charge carrier in a trap can be
calculated by the following equation [2];

t¼ s�1 expðEt=kTÞ ð1Þ

For example, the half-life of an electron is calculated as t¼318
years for a given trap depth of E¼1.28 eV and frequency factor
s¼1012 s�1 at room temperature (T¼20 1C) by means of this
equation. According to this equation, the half-lives of electrons in
deep traps have been calculated to be hundreds or even thousands
of years. If the temperature of material is increased, the half-life of
electron is decreased for given trapping parameters. However,
some of experimental studies have shown that the electrons
caught in the traps were released in shorter time than one would

expect according to the Eq. (1) [7–12] and some materials exhibit
an unexpected fading effect even if the materials are held at
temperatures well below that of the peak temperature of TL glow
peak. This phenomenon is known as the anomalous fading effect.

Anomalous fading was first reported by Bull and Garlick [8].
Later, Hoogenstraaten [9], Schulman et al. [10], Wintle [11,12],
Kieffer et al. [13], Bailiff et al. [14] and Spooner [15,16] reported
similar mechanisms. Visocekas et al. [17] reported for a mineral that
the fading rate had been measured and had shown to follow a
temperature independent, logarithmic decay law. According to
Visocekas [17], the tunneling recombination mechanism appears
to be more prospective than the others among all possible mecha-
nisms. Visocekas et al. [18,19] came up with an explanation for both
afterglow and anomalous fading using quantum mechanical tunnel-
ing effect. Templer [20,21] reported that above room temperature,
localized transitions are responsible for the anomalous fading
whereas tunneling predominates at lower temperatures. Visocekas
et al. [22] studied the tunneling effects leading to anomalous fading.
Wood et al. [23] reported that anomalous fading mechanism had
been observed in the absorption spectra of aluminum oxide.

Tyler and McKeever [24] reported that the anomalous decay in
a material is more precisely described by the localized transition
model of Templer [20–21] rather than by quantum mechanical
tunneling.

On the other hand, Chen and Hag-Yahya [7] and Chen et al. [5]
discussed the possibility that, in fact, anomalous fading may be in
some instances just a normal fading in disguise. The idea is that the
visible TL peak may look significantly narrower than anticipated
with the given activation energy (E) and the frequency factor (s) of
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the peak due to the presence of non-radiative centers. It is
important to point out that those electrons, which are thermally
released from traps are then captured by radiative and non-
radiative centers. Under such circumstances, it is possible to obtain
higher activation energy values compared to real values using
methods such as curve fitting or peak shape methods. Results
obtained via these methods demonstrated that the apparent trap
life-time values could be in orders of magnitude higher than the
real values. Thus, when one expects a longer life-time due to the
calculated parameters may in fact observe a shorter decay life-time,
which is referred to as anomalous fading.

This fading is known as loss of charge carriers from trap levels
via thermal or optical mechanisms. On the other hand, the
anomalous fading is known as loss of charge carriers from
thermally stable trap levels via athermal mechanism, i.e. by means
of quantum mechanical tunneling effect. Anomalous fading may
be due to many factors such as light, temperature or humidity.
Several models have been proposed to explain the reasons behind
anomalous fading. However, the quantum mechanical tunneling
model seems to be the most probable mechanism when the
anomalous fading is temperature independent.

According to this model, if the trap energy level and recombi-
nation centers are spatially located close to each other, the wave
functions of charge carriers in the traps can be superposed. In
such a case, charge carriers can move through traps and recom-
bination centers via tunneling mechanism. The possible recombi-
nation of the charge carriers before reaching high delocalized
energy levels is a crucial case, which has been observed for many
thermoluminescence materials [8–14]. The comparison of the
potential energy of electrons caught in traps and the holes in
recombination centers as a function of the distance is shown in
Fig. 1. As seen in the figure, an electron at distance r1 is placed at
the bottom of a potential barrier with depth E1.

The tunneling occurs when the electron overcomes the poten-
tial barrier and moves to the recombination center. The prob-
ability of an electron to move between a trap and a recombination
center pair separated with a distance r via tunneling is given by
Eq. (2) [2] and luminescence intensity is given by Eq. (3) [25];

PðrÞ ¼ P0 exp �
r

a

h i
¼ P0 exp �ar½ � ð2Þ

ITLðtÞ ¼�PðrÞn0 exp½�PðrÞt� ð3Þ

where P0 is the frequency factor, a is a constant (roughly assumed
to be the Bohr radius for the electron), no is the initial density of
trapped charge and t is the time. The parameter a can be given by
the following Eq. (4) [2,25]:

a¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2mnE1Þ

p
_

ð4Þ

where m* is the effective mass of electrons, h is the Planck
constant and _¼h/2p. As a result, the probability of an electron
to move between a trap and a recombination center pair via
tunneling decreases over time once the irradiation is stopped.
This in fact appears as TL signal loss (fading) in the readout phase.

2. Experimental studies

In order to investigate the fading characteristics of all peaks in
the glow curves of alumina samples obtained by Seydis-ehir in
Turkey, the following experimental procedures were conducted.

The inorganic phases within the samples were first isolated
from the samples and sieved to obtain a grain size between 45
and 63 mm. Before the thermoluminescence analysis, samples
were annealed at 600 1C for 15 mins to erase any residual
information before the subsequent irradiation. All annealing
treatments were carried out with a specially designed micropro-
cessor controlled electrical oven, which is able to control the
temperature to within 71 1C. The powder was spread on stain-
less steel disks, about 20 mg on each one. Sample was irradiated at
room temperature using the beta rays from a calibrated 90Sr–90Y
source. The typical strength of the source is about 2.4 Gy/min. The
samples were exposed by b-ray during 2 min in each experiment.
After first time irradiation, the glow curve of the sample was
recorded without storing the samples. The time duration between
irradiation and first TL reading was always kept constant at about
1 min. After the glow curve measurement, the samples were re-
annealed at 600 1C for 15 min and irradiated by b-ray during
2 min and then they were stored in dark conditions and dry
environment at room temperature, between 25 and 30 1C, over
desired periods (6 h, 1, 7, 14, 30 and 60 days). The glow curves of
irradiated sample were measured at a linear heating rate of 1 1C/s
between room temperature and 400 1C using a Harshaw QS 3500
manual type reader, which has an S-11 response photomultiplier
tube and that is interfaced to a PC where the signals were studied
and analyzed. A standard clean glass filter was always put in the
reader between sample and photomultiplier tube. This filter
permits the light whose wavelength is between E250 and
E1000 nm to pass through the filter and so, unwanted infrared
light that is emitted from the heater is eradicated. Each sample
was readout twice during each experimental measurement. The
second readout was considered to be the background of the reader
and sample; this was subtracted from the first one and all of the
analyses have been carried out after the subtraction. Finally, the TL
glow curves were again recorded at the end of desired period. All
the recorded glow curves were analyzed using a glow curve
analyzing program, which was developed at the Reactor Institute
at Delft, The Netherlands. [26].

3. Experimental results

Before the investigation of fading characteristics of glow peaks
in the glow curve of Seydis-ehir alumina, one of the glow curves of
this material was analyzed by computerized glow curve decon-
volution program. A typical analyzed glow curve of this material
is shown in Fig. 2. As seen, the Seydis-ehir alumina has 4 glow
peaks between 100 and 400 1C. They are situated at 11771.8 1C
(P1), 17571.8 1C (P2), 196.671.8 1C (P3) and 32671.8 1C (P4).
The sum of peaks 2 and 3 can be referred to as the main peak.

Many dosimetric characteristics of TL materials mainly depend
on kinetic parameters quantitatively describing the trapping-
emitting centers responsible for the TL emission. Thus, the
determination of the kinetic parameters is an active area of
research. For example, the simultaneous estimation of the dose
rate and the time elapsed since exposure are closely related to the
position of the trapping levels within the band gap, and therefore
it is necessary to have a good knowledge of these parameters.
There are various methods for evaluating the trapping parameters
from TL glow curves such as initial rise, additive dose, peak shape,
various heating rate, Tm–Ts and CGCD [1,4]. In this study, the
trapping parameters of all glow peaks of Seydis-ehir aluminas
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Fig. 1. Tunnelling mechanism with energy levels [6].
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have been studied using initial rise, additive dose, peak shape,
various heating rate, Tm–Ts and CGCD methods. As a result, the
obtained kinetic parameters were given in Table 1 [1]. The
parameters given in Table 1 are the average values of the results
of all the calculation methods mentioned previously and the
values given in last column are calculated using E and s values
from Table 1 and Eq. (1) at room temperature.

The stability of the stored signal at RT is an important factor in
many applications such as archeological and geological dating,
personal and environmental dosimetry. Any appreciable decay in
the stored signal will invalidate the relationship between TL emitted
and the radiation exposure that may have been delivered some
considerable time before readout. The extent of TL signal decay over
long periods is difficult if not impossible to measure directly,
particularly in archeological applications. Some of the measured
glow curves of Seydis-ehir alumina at the end of the planned storage
periods are shown in Fig. 3. As seen from this figure, the peak
intensity and area of glow peaks P1, P2, P3 and P4 are quickly
decreased while a new peak, which is observed at 37872 1C, is
highly increased from storage periods at RT. As seen, after the storage
at RT for 1 month, it can be assumed that P1 was removed from the
glow curves. In addition to this, the main dosimetric glow peak
(P2þP3) was faded (12%72), (35%71), (45%72) at the end of 6 h,
1 and 7 days storage periods, respectively. After 14, 21, 30 and 60
days, the amount signal losses of main glow peak were obtained as
(50%72), (53%73), (56%73) and (65%73), respectively. On the
other hand, the intensity of new peak at around 37872 1C is
continuously increased with increasing storage time (see Fig. 3). It
was observed that the increase in the intensity of this peak is
approximately equal to 125%75, 2150%750 at the end of 6 h and
30 days, respectively. The normalized relative responses of analyzed
glow peaks are shown in Fig. 4.

It can be seen from Fig. 4, while the fading level of peak
2 decreases the fading level of peak 3 increases and vice versa.
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Fig. 2. An analyzed glow curve of Seydis-ehir alumina at a heating rate of 1 1C/s

following b-ray exposure at room temperature for 2 min (E4.8 Gy).

Table 1
TL parameters of these peaks [1].

Peak Tm (1C) E (eV) ln [s] (s�1) t (day) Eq. (1)

1 117.071.8 0.85 22.2 1

2 175.071.8 1.28 26.5 360017

3 196.671.8 0.88 18.4 158

4 326.071.8 1.75 28.3 7.4�1012
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Fig. 3. (a) Some of the selected glow curves of Seydis-ehir alumina recorded after

different storage periods at RT in the dark room and (b) some of the selected glow

curves of Seydis-ehir alumina recorded after different storage periods at RT in the

dark room.
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This behavior can be interpreted that an interactive interaction
between peaks 2 and 3 is present. Thus, their fading ratios differ.
However the main glow peak (P2þP3) continuously fades with
time. This effect can also be explained via electron band diagram,
which was proposed for Seydis-ehir alumina, as seen in Fig. 5. In
the given figure, the transitions 1, 2, 4 and 5 represent the
thermal excitation mechanisms, which occurred during heating
stage and 3 represents the tunneling mechanisms.

In the given study, a set of differential equations, which are
representing the charge carrier transitions in the electron band
diagram of Seydis-ehir alumina in Fig. 5 is also derived. Numerical
analyses of these equations were performed via computer soft-
ware with the initial conditions given in Table 1. It is observed that
the calculated and experimental glow curves are consistent as
seen in Fig. 6 (FOM¼0.12). It was observed that the calculated and
experimental glow curves are very consistent with each other.

Half-lives of the charge carriers in traps were calculated using
Eq. (1) with the data from Table 1. Then, the surviving ratios of
the charge carriers in each trap were calculated by taking into
consideration their half-lives by neglecting the anomalous fading
effect. In addition , the peak heights of peaks 2 and peak 3 were
determined via CGCD at the end of every storage time and these
results are presented in Fig. 7. It was observed that the normal
fading ratio of peak 2 is very low so that it can be neglected while

its anomalous fading ratio is very high and increases minus
exponentially (see Fig. 7). According to Eq. (3), the tunneling
probability increases minus exponentially with increasing storage
time. In Fig. 7, it can be seen such characteristics of tunnel
mechanism has caused high level anomalous fading of peak 2.
Besides, peak 3 shows the same behavior for normal and anom-
alous fading ratios with the anomalous fading ratio being higher
than the normal fading ratio.

Moreover, simultaneously with the signal loss of the dosimetric
glow peak, it was observed that the density of the peak at high
temperature region (37872 1C) rapidly increased (see Fig. 8).

4. Discussion

The experimental results point out that even if the samples were
kept in a dry environment and no direct contact to light during
storage period, the glow peaks (P1–P4) of Seydis-ehir alumina have
very high levels of fading. These fading levels are so high that they
cannot be explained by thermal fading. Moreover, it was observed
that the intensity of the glow peak at high temperature regions
above 350 1C is continuously increased with time along with the
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Fig. 5. An electron-band diagram proposed for Seydis-ehir alumina.
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signal losses of the glow peaks below 250 1C. At the same time, the
amounts of fading of peaks 2 and 3 were irregularly altered with
time, i.e. one of them is increased the other decreased or vice versa.
This means that some of the electrons present in trap 2 moved into
trap 3 or from trap 3 to 2 via tunneling mechanism. As a result of
this observation, it was interpreted that the fading mechanism of
Seydis-ehir alumina cannot be explained by regular fading mechan-
ism, it can only be explained by anomalous fading mechanism.

Finally, we have concluded that the electrons generating the
dosimetric peak move into each others’ and deep electron traps
via tunneling mechanisms.
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