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� The IR method is very accurate in single peaks.
� In complex TL glow curves the accuracy of IR depends on the competition between active traps.
� In presence of strong deep trap competitors the competition between active traps is eliminated.
� The IR method is very accurate in absence of competition among active traps.
� The IR method underestimates E of an active trap which acts as competitor.
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a b s t r a c t

The initial rise (IR) method is a widely used method to evaluate the activation energy of complex
thermoluminescence (TL) glow-curves. It is generally accepted that competition effects take place among
the various electrons traps responsible for the TL peaks of a glow curve. In the present study the potential
influence of such competition effects on the IR method is studied. The simulation is divided in two parts.
In the first part it is assumed that retrapping probabilities are lower than recombination probability. This
simulation was carried out assuming either strong or weak competition from a thermally disconnected
deep trap (TDDT). In the second part of the simulation the retrapping probabilities are assumed to be
greater than the recombination probability. The simulation results showed that competition has serious
effects on the resulting glow-curve shapes. Furthermore, the simulation showed that in most cases the IR
method is able to reproduce accurately the input values of the activation energies of the three TL peaks.
However, it was found that the IR method underestimated the activation energy of the last peak cor-
responding to the highest temperature by 8e20%, when the retrapping probabilities were higher than
the recombination probability.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The thermoluminescence (TL) glow curves of natural and syn-
thetic materials consist of many TL peaks showing various degrees
of overlap. The theoretical description of complex TL glow-curves is
attempted by using phenomenological models based on the energy
band theory in solids. The main characteristic of all these models is
the existence of competition effects among the various trapping
saloniki, Physics Department,
ection, 54124, Thessaloniki,
levels during both irradiation and during TL readout to record the
TL glow curve. However, strictly speaking, when dealing with
experimental TL glow-curves, there are no criteria to decide
whether competition effects were present during recording of the
TL glow curve. On the other hand, the assumption of competition
effects is necessary in order to explain various TL effects, especially
the superlinear TL dose response in some of the most widely used
TL materials, like quartz (Chen et al., 1988) and LiF (Mische and
McKeever, 1989).

The experimental TL glow-curves contain all the information
about the kinetic parameters and populations of electron traps
responsible for each individual glow peak. There are several
methods used to extract the kinetic information from glow curves.
The initial rise method (IR) is a widely applied method to evaluate
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activation energies of thermoluminescence peaks and is presented
in detail in textbooks (Chen and Kirsh, 1981; Chen and McKeever,
1997). Historically the method was introduced by Garlick and
Gibson (1948). Later the method was generalized as the fractional
glow technique (FGT) by Gobrecht and Hofmann (1966) and Tale
(1981). Although the method was widely used, to the best of our
knowledge the only simulations available in the literature are those
by Kierstead and Levy (1991).

As the IR method involves many partial heatings on the same
material, it is logical to assume that competition effects are present
at each IR cycle. Taking into account the importance of the IR
method itself, as well as the existence of competition effects, it is
very useful to simulate the response of the IRmethod under various
degrees of competition.

The goals of this work are:

1. To test the validity of IR on simulated glow curves derived by
either elementary phenomenological models (like general order
kinetics), or by more complex phenomenological models.

2. To investigate in detail the influence of competition on the
initial rise method by varying the parameters in the models.

3. To simulate the potential use of the IRmethodwhen one uses an
exponential heating function, instead of the commonly used
linear heating function.
2. Phenomenological model

A common and very general phenomenological model, which
can describe a TL glow-curve consists of a number of electron traps
and one recombination center. The system of differential equations
in such a model are:
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where the index i ¼ 1::n stands for active the electron traps, EiðeVÞ
is the activation energy, siðs�1Þ the frequency factor, Niðcm�3Þ is the
concentration of available electron traps, niðcm�3Þ the concentra-
tion of trapped electrons,Mðcm�3Þ is the concentration of available
luminescence recombination centers, mðcm�3Þ concentration of
tapped holes. Nd; ndðcm�3Þ are the concentrations of available and
occupied thermally disconnected deep traps (TDDT), ncðcm�3Þ and
nvðcm�3Þ are the concentration of electrons in the conduction and
holes in the valence band, Aiðcm3s�1Þ are the trapping probabilities
in electron traps Ni, Amðcm3s�1Þ is the recombination probability,
Ahðcm3s�1Þ the trapping probability of holes in luminescence cen-
ters, Adðcm3s�1Þ trapping probability in TDDT, b ðK=sÞ the heating
rate and R is the rate of production of electron-hole pairs (e-h) per
second (e� h=s) which it is assumed to be proportional to the dose
rate.

In the above model all traps having the index i can trap and
release electrons by thermal stimulation, and they are referred to as
active traps. On the other hand, the trap with index d can only trap
electrons but thermal stimulation is not allowed, so these traps are
called thermally disconnected deep traps (TDDT).

3. The competition and its consequences

A simulation study using the above general model involves
basically three stages: the irradiation stage, the relaxation stage
and the heating stage. The irradiation is simulated by creating
electron-hole pairs at a rate R. The holes from the valence band are
trapped at luminescence centers, whereas all electron traps
compete with each other in trapping electrons from the conduction
band. After the irradiation the materials is allowed to relax for a
relaxation period, to allow electrons and holes in the conduction
and valence band to settle into the various energy levels. During the
heating stage the trapped electrons are thermally stimulated into
the conduction band. The conduction band electrons have three
alternatives routes: (a) to be re-trapped in the active trap from
which they were thermally released, (b) to be re-trapped in any
other existing deeper active trap, as well as to the TDDT, and (c) to
recombine with a hole in a luminescence center producing the TL
signal.

It is obvious from the above discussion that competition effects
take place during the irradiation, relaxation and heating stages. The
competition effects are the basis of explaining many experimental
results, with the most important one being the TL dose response in
natural and synthetic dosimetric materials. In the present work the
influence of competition effects on the IR method will be investi-
gated in detail.

4. The initial rise (IR) method

The IR method is the most valuable technique for the evaluation
of the activation energy of an electron trap responsible for a TL
peak. The method was introduced Garlick and Gibson (1948), and is
described in some detail below.

The analytical expression describing a single TL peak following
general order kinetics andmeasured using a linear heating rate b, is
(May and Partridge, 1964; Chen and Kirsh, 1981; Chen and
McKeever, 1997):
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pðTÞ ¼ s
b
exp

�
� E
kT

�
(8)

FSTðTÞ ¼

2
641þ b� 1

b
F s

ZT

T0

exp
�

E
kT

dT 0
�375

b
b�1

(9)

F ¼
�n0
N

�b�1
(10)

For the sake of simplicity it is assumed in the simulation that
n0 ¼ N. Eqs (7)e(9) are plotted in Fig. 1(a) showing howa TL peak is
produced (Chen and McKeever, 1997). According to the detailed
description in Chen and McKeever (1997), the initial rise method is
applied at the very low temperature side of the TL peak, where the
population of the trapped electrons (represented by the n=n0) is
negligibly disturbed. From a practical point of view, the theoretical



Fig. 1. (a) The graphical approach of the conditions for the initial rise method. (b) Validity of the “rule of thumb” for IR method for first and second order TL peaks.
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requirements for negligible disturbance of n=n0, is expressed by the
following rule of thumb (Chen and McKeever, 1997). Any initial rise
cycle has to be ended at the temperature at which the TL intensity
(IIR) is no more than 15% of the TL intensity Imax at the TL peak
maximum temperature, Tmax. The bars on the TL peak in Fig. 1(a)
correspond to the temperatures at which the ratio IIR=Imax varies
from 4% up to 40%. The bars on the curve representing n=n0 in
Fig. 1(a) have one to one correspondence with the temperatures on
the TL curve. According to the initial rise principle suggested by
Garlick and Gibson (1948) the TL intensity in the region of negli-
gible disturbance of n=n0 is given by:

IðTÞ ¼ n0 s exp
�
� E
kT

�
(11)

From Eq. (11) the Arrhenius plot of lnðTÞ versus 1=kT is a straight
line with a slope representing the activation energy E. The Arrhe-
nius plot was applied for IIR=Imax values between 4% and 40%, and
by using either first order kinetics for b ¼ 1:001, or using second
order kinetics for b ¼ 2. The results concerning the activation en-
ergy are shown by the left axis in Fig. 1(b). The validity of the 15%
rule of thumb is very well verified, since the activation energy is
evaluated with an accuracy better than 0.1% in this range.
Furthermore, the accuracy drops only to 3% for IIR=Imax ¼ 40% for
both first and second order kinetics. Fig. 1(b) shows the ratio of the
integrated TL under each initial rise cycle, i.e. nIR, over the inte-
grated signal of whole TL peak (equal to n0). Obviously, this ratio
represents a practical measurement of the amount of reduction of
the trap filling ratio n=n0. The simulation indicates that
IIR=Imax ¼ 15% corresponds to a partial electron release of the order
of 6% and 4% for first and second order kinetics correspondingly.
Furthermore, when IIR=Imax ¼ 40% the partial electron release
during the initial rise cycle is of the order of 16% and 11%.

A generalized version of the initial rise method named fractional
glow technique (FGT) (Gobrecht and Hofmann, 1966; Tale, 1981), is
simulated according the following Protocol 1:

� Step 1: Irradiation at a rate of R ¼ 107 e-h./s.
� Step 2: Relaxation at room temperature (RT) for 100 s.
� Step 3: Readout up to a temperature T near the beginning of the
TL glow curve with a linear heating rate b1 K/s, so that
IIR=Imax ¼ 15%, and recording the emitted TL signal.

� Step 4: Cool down to room temperature with a linear cooling
rate b2 K/s, and recording the emitted TL signal.

� Step 5: Relaxation at room temperature (RT) for 100 s

Then repeat steps 3 and 5 by increasing the readout temperature
T by a preselected constant step DT , up to the end of the glow curve.
In all cases, the final results of each step are the input values for the
next step in the protocol.
Unless otherwise stated, the values b1 ¼ 1 and b2 ¼ 5 K/s are

used in the simulations.
A critical detail for practical applications is the cooling rate in

step 4, which has to be also linearly controlled (Gobrecht and
Hofmann, 1966; Tale, 1981; Pietkun et al., 1992; Strichertsson,
1982). However, all available commercial TL readers do not sup-
port the controlled cooling rate. In these readers the cooling can be
described by an exponential cooling function (ECF) exactly similar
to the exponential heating function (EHF) used in the commercial
stable temperature hot gas readers (Osada, 1960; Kitis et al., 2006).
The temperature during an EHF (Kitis et al., 2006) is given by the
expression:

TðtÞ ¼ TRT � ðTRT � TIRÞ e�a t (12)

where TRT is the room temperature, TIR the readout temperature for
each IR cycle, and a (s�1) is a constant.

The cooling rate can be obtained by differentiation of Eq. (12)
over t, i.e.

b2 ¼ dT
dt

¼ a ðTRT � TÞ (13)

Eq. (13) replaces Eq. (1) in the set of differential equation when
the simulation is run under EHF.

Based on Eq. (13) it is possible to extract some useful conclu-
sions about the practicality of existing readers for application of
FGT. Let us evaluate the cooling rate at the first second of the
cooling down to RT after a TL readout. Assuming TRT ¼ 393Kð200CÞ
and a typical value of a ¼ 0:2 (s�1) then for an initial rise heating
cycle up to 373 K (100 �C) the value of b2 will be 16 K/s, for an initial
rise cycle up to 473 K (200 �C), will be b2 ¼ 36 K/s and for an initial
rise cycle up to 573 K (300 �C) will be b2 ¼ 56 K/s. Keeping these
values in mind and taking into account that (a) the sampling time is
1 s and (b) the temperature region needed for the application of
Arrhenius plot is about 50e70 K, it is concluded that a very small
number of experimental points are recorded. Therefore, in order for
the FGT to be applicable in commercial TL readers, these readers
should (a) be able to record TL during a cooling down period and (b)
the sampling time must be dropped into the 1e10 ms region, in
order to achieve a temperature resolution of around 1 K.

5. The Tstop � Tmax method

The initial rise is a method involving many heating cycles.
However, many materials are very sensitive to thermal treatments
showing sensitivity variations, which can influence the IR results.
These effects can be minimized by appropriate selection of the IR
heating step (see next section 6), or they can be made negligible by
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using the Tstop � Tmax method suggested by McKeever (1980); Chen
and McKeever (1997). Since this method can be applied to either a
single sample or to many samples, the simulation offers a good
opportunity to study the initial rise method when thermal effects
could influence the TL sensitivity. The protocol for the Tstop � Tmax

simulations is as follows, and will be referred to as Protocol 2 in the
rest of this paper:

� Step 1: Irradiation at a rate of R ¼ 107 e-h./sec.
� Step 2: Relaxation for 100 s at RT.
� Step 3: Readout up to a temperature Tstop at b1 K/s.
� Step 4: Cool down to room temperature and relaxation for 100 s.
� Step 5: TL readout again up to the end of the glow curve to
obtain the residual TL glow curve.

Repeat steps 1e5 by increasing the Tstop in step 3 by a pre-
selected step DT , in order to scan the whole glow curve. The final
results of each step are, as in the case of protocol 1, the input values
for the next step in the simulation. In the case of linear heating in
step 3 the rate is b1 ¼ 1K=s.

In the present work the IR method is applied at the lower rising
part of the residual TL recorded in step 5, while in the original form
suggested by McKeever (1980) the first Tstop is selected to be just
before the last TL peak of the glow-curve. The protocol used here is
a combined Tstop � IR protocol.

All simulations are performed by solving the system of differ-
ential equations for all three stages of irradiation, relaxation and
heating. The output value of the activation energy E is evaluated
using several different methods:

� Arrhenius plot of Eq. (11) i.e lnðIÞ ¼ lnðn0 sÞ � E
kT. It is applied in

step 3 of protocol 1 and step 5 of the protocol 2.
� Direct fit to Eq. (11) in step 3 of Protocol 1, and in step 5 of
Protocol 2.

� Arrhenius plot of the cooling part, in step 4 of Protocol 1.
6. Simulations of single TL peaks and dependence of IR
method on D T T

The first step of the simulation was twofold: (i) to simulate the
IR method on single TL peaks and (ii) to investigate the effect of the
temperature increment DT used in the simulation protocols, on the
value of the activation energy. This twofold simulation was per-
formed once in a first order kinetics TL peak. This peak was simu-
lated using the model of Eq. (13) for one trap (i ¼ 1) and zero
competition from the TDDT i.e Ah ¼ 0. The required parameters
values are listed below:

A1 ¼ 10�9cm3s�1, Am ¼ Ah ¼ 10�7cm3s�1,
E ¼ 1.25 eV, s ¼ 1.4,1012 s�1, N1 ¼ 1010 cm3,

It must be noticed that with the above parameter values the
phenomenological model of Eq. (13) becomes the most elementary
TL model of the one trap one recombination (OTOR) center model.

The activation energy evaluated from the step 3 of the IR pro-
tocol 1, plotted as a function of the upper temperature of each IR
cycle (TIR) is shown in Fig. 2(a) As it is seen from Fig. 2(a) the input
value of 1.25 eV is evaluated accurately by the IR method using
protocol 1, and the results are exactly similar for the case of protocol
2. Note that the Y-axis is scaled in 0.1 eV, so that very fine details in
the accuracy of the evaluated activation energy values can be seen.
The only results available in the literature which are similar with
those in Fig. 2(a), are the results of Kierstead and Levy (1991).
However, their Y-axis is scaled from 0 eV to 2 eV, and one cannot
see fine details in the accuracy of their simulations.
Fig. 2(b) shows the integrated TL signal under each IR cycle as a

function of TIR, which has the shape of the TL peak. As it is seen the
temperature position of this peak depends on DT and it is shifted to
lower temperatures relative to the temperature of the TL peak,
which is shown by the solid line. This result was also found in the
simulation by (Kierstead and Levy, 1991). The results of Fig. 2(b) are
very useful in the application of the IR method to complex exper-
imental TL glow curves, because they help to achieve a one to one
correspondence between IR activation energies and individual TL
peaks of the complex TL glow curves. It will be also useful for the
discussion in next sections.

Additional simulation results similar to Fig. 2(a) were carried
out for many other numerically generated single TL peaks, by using
a wide range of parameter values. Single peaks were simulated
assuming retrapping probability less and greater than the recom-
bination probability, with n0=N ranging between 0.001 and 1 and
for full width at half maximum (FWHM) ranging between 25 and
45 K. In all cases the results are similar to those shown in Fig. 2. In
conclusion, these simulations show that the IR method evaluates
the activation energy of single TL peaks with an accuracy better
than 0.1%.

7. Complex TL glow curve

The TL glow curves of real systems consist of multiple peaks,
which in many cases strongly overlap. In this simulation study it
was decided that instead of generating artificial TL glow-curves
using random parameters in the system of Eq. (6), that it was
preferable to generate a TL glow curve similar to the widely used
material LiF:Mg, Ti. This is good example because the values of the
kinetic parameters E; s; b for this material are well known and
widely accepted by the TL community. Furthermore, its very
familiar glow-curve shape will serve as an ideal reference glow-
curve shape, helping us recognize easily the influence of the
competition effects on the glow curve shape. However, it is
emphasized that the glow-curve shape of LiF:Mg, Ti is used here as
an example only, and that the present work is not at all a simulation
of the behavior of LiF:Mg, Ti.

The simulation of the IR method in the glow-curve of LiF:Mg, Ti
requires a decision about the appropriate parameter values. The TL
glow curves of LiF:Mg, Ti consist of almost ten individual glow-
peaks (Bos et al., 1993, 1994). However, the majority of studies
concern the part of LiF:Mg, Ti curve consisting of the peaks 2, 3, 4
and 5. The system of peaks 2e5 of LiF:Mg, Ti give a glow curve with
a sufficient degree of complexity, which is an ideal reference for the
simulation aims of the present work.

The parameter values for the activation energies E and fre-
quency factors s of the traps are kept constant during all simula-
tions in this paper, and are taken from the literature (Bos et al.,
1993, 1994). Furthermore, the relative number of available elec-
tron traps for peaks 2, 3, 4 and 5 were selected in order to agree
with the relative intensities of peaks 2e5 in experimental TL glow
curves. Their values are:

Activation energies: E2 ¼ 1.38, E3 ¼ 1.48, E4 ¼ 1.6, E5 ¼ 2.01 eV.
Frequency factors: s2 ¼ 3.9 1016, s3 ¼ 2.0 1016, s4 ¼ 2.0 1016,
s5 ¼ 4.0 1019 s�1

Available electron traps: N2 ¼ 0.2 N5, N3 ¼ 0.25 N5, N4 ¼ 0.55 N5,
N5 ¼ 1010 cm�3.

Dose rate R ¼ 107 e-h./s and irradiation times of 1, 10, 100 and
1000 s.

According to this dose rate and the maximum irradiation time,
the maximum number of created e-h will be 1010 cm�3. Taking into



Fig. 2. Dependence of the activation energy results of IR and Tstop � Tmax methods on the temperature increment DT . (a) Activation energy results from the IR protocol 1. (b)
Integrated signal under each IR cycle up to TIR as a function of TIR for DT values 0.5, 1, 2, 4. The solid line TL peak is obtained after a typical TL readout with b1 ¼ 1 K/s.
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account that the total available concentration of active traps are
2 _1010 cm�3, it becomes obvious that the traps in this system are
never saturated and the trap occupancy denoted by the ratio ni=Ni
is always less that unity. This is a practical choice because in the
majority of the experimental works the doses used are less than the
saturation dose. The reason is that if a complete saturation of any
kind of trap is simulated during irradiation, then during heating
there is no place for any trap competition, so the only route left to
all electrons thermally released into the conduction band is the
recombination route.

The variable parameter values in the simulation are the trapping
probabilities of electron traps Ai, the trapping probability of holes
Ah, the recombination probability Am, the trapping probability of
TDDT Ad, the concentration of TDDT and finally the irradiation dose
in terms of electron-hole, which controls the ratio ni0=Ni. This ratio
gives the trap occupancy and is very crucial for the simulation. All
these parameter values will be given separately during each special
simulation case, and they are not known for LiF:Mg, Ti.

Obviously the glow curve shape of LiF:Mg, Ti can be derived by
many different combinations of these parameters. Therefore, it is
necessary to use as simple as possible of a strategy, which allow
control of the complicated simulation processes, and to manipulate
the huge amount of derived data. The simulation strategy was as
follows:

Case (I) Ai <Am and case (II) Ai >Am.
Two sub-ceases for each case. Sub-case (i) Strong retrapping in
TDDT and sub-case (ii) Weak retrapping in TDDT.
The glow curve obtained in case (I) and sub-case (i) will be used
as our reference numerical glow-curve for the simulations.
8. Case of Ai <Am

The parameters values listed in Ref.7 along with the parameter
values listed below are the simplest set of parameters which can
generate numerically a TL glow curve similar to the experimental
glow curve of LiF:Mg, Ti:

Electron trapping probabilities: A2¼ A3¼ A4¼ A5¼10�9 cm3s�1

Hole trapping probability Ah ¼ 10�7 cm3s�1

Recombination probability Am ¼ 10�7 cm3s�1
8.1. Strong TDDT competitor

In this sub-case the available concentration of TDDT is taken as
Nd ¼ 2 1010cm�3 (i.e 2,N5) and its trapping coefficient as
Ad ¼ 10�7cm�3s�1. These values ensure a strong competition of
TDDT to active traps. The results of the simulation in the normal-
ized form of ni=ni0 are shown in Fig. 3. Fig. 3(a) shows the
numerically generated TL glow curve of LiF:Mg, Ti, which is exactly
similar to the experimentally observed glow curve; it also shows
the behavior of the trap occupancy ni=ni0 of each individual TL
peak. As the temperature releases electrons from the active trap
responsible for TL peak 2 into the conduction band, it is clear that
these electrons are not retrapped into any of the deeper peaks 3, 4,
and 5. Some of these electrons recombine giving rise to TL peak 2,
and part some them are retrapped into the TDDT. The same exact
situation describes the behavior of the active traps responsible for
TL peaks 3, 4 and 5. It is concluded is that in the presence of a strong
competing TDDT, there is very little competition between active
traps.

Fig. 3(b) shows the results of the simulated IR method. The
horizontal lines represent the values of the input activation en-
ergies. The plateau region on the initial rise values coincide with
the horizontal lines giving rise to the general observation that the
IR method evaluates very accurately the activation energy. There
are two sets of IR simulation results. The four curves corresponding
to IR, are based on the evaluation using the IR in protocol 1, and also
the IR results using the Tstop � Tmax method in protocol 2. The three
solid lines were obtained using Arrhenius plot for the heating
curve, for the cooling curve using linear heating and for the cooling
curve using an ECF. The dots correspond to the direct fit of Eq. (11)
showing that even in this case the can predict the correct values of
activation energy. It is differentiated only at the transition tem-
perature region between two successive peaks.

The temperature region of the plateau in the IR values from the
Tstop method in Fig. 3(b) coincides with the temperature region of
individual peaks in the numerical glow-curve shown in Fig. 3(a). On
the other hand, the temperature regions of the plateau in the IR
curve from protocol 1 in Fig. 3(b) are shifted towards lower tem-
peratures relative to the plateau of IR curve from Tstop in agreement
with the results of section 6 and Fig. 2(b). The same results were
already observed in the simulation study of Kierstead and Levy
(1991) and were verified experimentally by Kitis (2000).

The reference TL glow-curve structure, is identical for all irra-
diation times (doses). This is in full agreement with the experi-
mental stability of LiF:Mg, Ti from the lowest experimental doses
up to the doses in the superlinearity region (Kitis et al., 2012).

Finally, a very important result of the simulation under strong
TDDT is that all results presented in this section hold for all irra-
diation times i.e. all doses. This is a very useful result, because
during an experimental application of the IR method there is no
need for any constraint for the dose which can be used during the
experiment, and the IRmethod is expected to stay valid at all doses.



Fig. 3. (a) Simulation results of active trap occupancy during readout using the parameters values listed in section 8.1. (b) Simulated IR results for activation energy against the IR
temperature showing four plateaus, one for each of the active traps. The horizontal lines correspond to the input values of activation energies.

Fig. 5. Numerically generated glow-curve under weak TDDT, using the parameter
values listed in section 8.2.
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The most important conclusion from this section is that in the
presence of high competition from a TDDT, any competition effects
between the active traps are completely eliminated. This conclu-
sion has the very serious consequence that it makes any of the
active traps behave in a manner independent of the behavior of the
other traps. Furthermore, as it was shown by Pagonis and Kitis
(2012), that under strong competition the kinetic order of the
active traps tends to first order kinetics.

8.2. Weak TDDT competitor

In this sub-case the concentration of TDDT is taken as
Nd ¼ 109cm�3 (i.e 0:1,N5) and its trapping coefficient
Ad ¼ 10�10cm�3s�1. These values ensure that the TDDT acts as a
very weak competitor to the active traps. The results of the simu-
lation in the normalized form of ni=ni0 are shown in Fig. 4. Fig. 4(a)
corresponds to an irradiation time of 1 s, whereas Fig. 4(b) to an
irradiation time of 1000 s. In the absence of competition, the
behavior of ni=ni0 during the heating and cooling rates (curves
P2�5) and of the TL glow curve shape are very different. Let us
describe step by step the case of an irradiation time of 1 s. Curve P2
shows that the depletion of active trap 2 is as expected; however,
the intensity of peak 2 around 400 K, is much lower than expected.
The reason is that a major part of electrons from trap 2 are
retrapped into the deeper active traps. This is the reason why the
curve P3 has values greater than unity. In the same manner when
active trap 3 is depleted, the expected TL intensity is again lower
and curve P4 has values even larger. Finally, when active trap 4 is
depleted amajor part of its electrons are retrapped in the last active
trap 5, and curve P5 takes the highest value above unity. The situ-
ation is exactly similar for irradiation times of 10 s and 100 s, with a
Fig. 4. (a) Simulation results of active trap occupancy during readout using the parameters
irradiation time of 1000 s.
trend towards decreasing competition. For an irradiation time of
1000 s the active traps are highly populated, although they are not
in saturation. The result is the behavior in Fig. 4(b), which is similar
to the behavior shown in Fig. 3.

Fig. 5 shows the simulated TL glow curves for various irradiation
times. According to the discussion in the previous paragraph, there
is a strong competition at low doses, due to the availability of many
empty active traps. As the dose increases, the number of available
electron traps decreases, and the competition decreases too; as a
result, the TL glow-curve takes gradually the familiar shape of curve
4. Note, also, that as the dose increases there is a shift towards
lower temperatures of the peak maximum temperature of the last
values listed in section 8.2 for the lowest irradiation time of 1s. (b) As in (a), but for an
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TL peak 5. This is in agreement with the predictions of the Chen and
Pagonis (2013) that the last peak in as series of interactive multi
trap system along with aweak TDDT, will have a behavior similar to
that of a second order TL peak.

The results of Fig. 5 are of course very different from the known
properties of LiF:Mg, Ti, at least in the linear and superlinear dose
response region. Therefore, the simulation conditions simulated in
this section are not appropriate to explain the experimental results
of LiF:Mg, Ti.

The simulation results concerning the IR method are shown in
Fig. 6 for all irradiation times. The irradiation time has a minor
effect on the resulting activation energy values. The simulation
evaluates accurately the activation energy of the TL peak 2 corre-
sponding to the first plateau, while the activation energies of TL
peaks 3 and 4 correspond to the next two plateaus and are only
slightly underestimated. Finally, the activation energy of TL peak 5
in the fourth plateau is underestimated by 15% at the lowest dose
and by 10% at the highest dose.

The most important conclusions are (i) in the absence of strong
competition from a TDDT trap, there are strong competition effects
between the active traps, (ii) the competition among active traps is
reduced (but does not disappear) only when the active traps are
saturated by irradiation and (iii) the IR method is valid for all active
traps, but may fail for the last active trap, which plays the role of the
most effective competitor.

9. Case of Ai >Am

In this case the retrapping coefficients are taken to be greater
than the hole trapping and recombination coefficients as follows:

Electron trapping probabilities: A2¼ A3¼ A4¼ A5¼10�7 cm3s�1

Hole trapping probability Ah ¼ 10�8 cm3s�1

Recombination probability Am ¼ 10�8 cm3s�1
9.1. Strong TDDT

The concentration of TDDT is taken as Nd ¼ 2 1010cm�3 (i. e
2,N5) and its trapping coefficient Ad ¼ 10�7cm3s�1. These values
ensure a strong competition of TDDT to the active traps. The results
of the simulation are shown in Fig. 7, and can be compared directly
with the results of Fig. 3 in section 8.1. As the readout depletes
active trap 2 (curve P2), some of its electrons recombine giving rise
to the glow peak 2 and some are retrapped by the deeper active
Fig. 6. Simulated IR results for the parameters values listed in section 8.2 and weak
TDDT. The horizontal lines correspond to the input values of activation energies.
traps. The same holds for active traps 3 and 4, so that finally elec-
trons accumulated in the last active trap 5 (curve P5). This leads to a
very clear and important conclusion.When retrapping probabilities
are greater than recombination probabilities, then competition
between active traps is not eliminated, even in the presence of
strong competition from TDDT. The consequences become visible
in the evaluated activation energies using both protocols 1 and 2,
shown in Fig. 7(b). The activation energies of TL peaks 2, 3 and 4 are
satisfactorily evaluated but the activation energy of active trap 5 is
underestimated by almost 20%. The activation energies in Fig. 7(b)
represent the evaluation through the Arrhenius plot of the heating
IR cycles. It must be also noted that the results of Fig. 7(b) are the
same for all irradiation times between 1 and 1000s.

The basic conclusion is that when retrapping probabilities are
higher than the recombination probability, there are competition
effects between the active traps, even in the presence of strong
competition from TDDT in the material.

9.2. Weak TDDT competitor

In this sub-case the available concentration of TDDT is
Nd ¼ 109cm�3 (i.e 0:1,N5) and its trapping coefficient
Ad ¼ 10�10cm�3s�1. These values ensure a weak competition of
TDDT to the active traps. As can be seen in Fig. 8, the competition
effects between active traps are even stronger. Fig. 8(a) corresponds
to an irradiation time of 1 s; the high availability of empty electron
traps and the high retrapping probability favor the re-trapping of
electrons from shallow active traps into deeper active traps, and a
net accumulation of the majority of electrons takes place in the last
active trap 5 (curve P5).

Furthermore, another effect, indicated by the arrows, appears.
The trap occupancy curves of active traps P1; P2; P3 show a
maximum between 500 and 650 K, which is the temperature re-
gion of the last active trap 5. However, the values of P1; P2; P3 should
be zero at these temperatures, due to their complete thermal
depletion. This effect can be explained as follows: when the readout
temperature approaches 500 K, the active traps 2, 3 and 4 have
been emptied, whereas the thermal release of electrons from active
trap 5 is starting. The electrons released form active trap 5 are first
re-trapped to shallower active traps, then rapidly released and
finally recombine. Note that this effect weakly appears in the re-
sults of Fig. 4 in section 8.2. As the dose increases the effect be-
comes weaker, and at the higher dose of 1000 s we arrive at the
situation described by Fig. 8(b). This retrapping effect weakens but
does not disappear, even near saturation doses.

The TL glow curves obtained for four doses are shown in Fig. 9. In
the case of 1 s irradiation, glow curve 1, the competition from the
last active trap 5 is so strong that the heights of TL peaks 2, 3 and 4
are very small. Only at an irradiation time of 1000 s, when the
competition from active trap 5 decreases, the TL peaks 2 and 3 can
be discriminated in the glow-curve. The resulting activation en-
ergies are given in Fig. 10, where only the results of the Arrhenius
plot on the heating part are given, because the activation energies
evaluated from the rest of the methods are exactly the same. Curve
(a) corresponds to the irradiation time of 1 s and curve (b) to
irradiation time of 1000 s. The results of Fig. 10 are peculiar, in the
sense that five plateaus are obtained instead the four expected.
Plateau 4 corresponds to active trap 5 with activation energy
underestimated by more than 20% relative to the input value of
2 eV, shown by the upper horizontal line. The plateau around 550 K
can be explained by the strong competition among the active traps.
Specifically in the temperature region of TL peak 5, the emitted
light is due to two different pathways. Electrons escaping from
active trap 5 can recombine directly, while other electrons from
trap 5 are retrapped many times before finally recombining, in a



Fig. 7. (a) Simulation results of active trap occupancy during readout using the parameters values listed in section 9.1. (b) Simulated IR results for activation energy against the IR
temperature showing four plateau each one for every active trap. The horizontal lines correspond to the input values of activation energies.

Fig. 8. (a) Simulation results of active trap occupancy during readout using the parameters values listed in section 9.2 for the lowest irradiation time of 1s. (b) As in (a) but for an
irradiation time of 1000s.

Fig. 9. Numerical generated glow-curve under weak TDDT using the parameter values
listed in section 9.2.

Fig. 10. Simulated IR results for the parameters values listed in section 9.2 and weak
TDDT. The horizontal lines correspond to the input values of activation energies.
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phenomenon known as delayed recombination.

10. Simulation using exponential heating function and
exponential cooling function

A major class of commercial TL readers use an exponential
heating function for recording the TL signal. Due to this special
heating rate condition, the glow-curve recorded by these readers
can not be described by the usual TL expressions derived assuming
a linear heating. Their extensive use prompted early trials to
analyzed their glow curve through a computerized glow curve
deconvolution (CGCD) analysis (Gomez Ros et al., 1993; Dijk van
and Julius, 1993). Kitis et al. (2006) derived analytical TL
expressions describing a TL peak measured with EHF. Later Kitis
and Vlachos (2013) derived new analytical expressions based on
the Lambert W function, while Sadek et al. (2014a,b) developed
peak shape methods to evaluate the kinetic parameters of TL peaks
recorder under EHF.

In the present work a simulation attempt was made to verify
that the initial rise method holds also for an EHF, which is used in
commercial stable temperature hot gas TL readers. The simulation
was performed for the same parameter values used for linear
heating presented in the previous sections. The simulation results
were the same as that of linear heating, verifying the validity of the
IR method under EHF using both protocols. The results for the
parameter values used in section 8.1 are shown in Fig. 11. In



Fig. 12. Simulated peaks 5 trap occupancy state for one case of strong TDDT (param-
eter values of section 8.1 and three cases of weak TDDT (parameters values of section
9.2).
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Fig. 11(a) the TL glow curve given by the solid line is numerically
evaluated using an EHF with the parameter a in Eq. (12) equal to
0.2 s�1. It is similar to the experimentally obtained glow-curves
(Sadek et al., 2014a,b). On the other hand the TL glow curve given
by the solid circles is formed by plotting the integral under each IR
cycle as a function of the maximum cycle temperature, TIR (see also
section 8.1, Fig. 2(a and b)).

Fig. 11(b) shows the results of the IR simulation, which have to
be comparedwith the corresponding results shown in Fig. 3(b). The
input activation energies are evaluated with very good accuracy, so
it is concluded that the IR method works excellently under EHF.

Fig. 11 is a very good example of how each one of the plateaus is
attributed to a specific TL peak. The four activation energy plateaus
of Fig. 11(b) have to correspond with each one of the TL peaks of the
glow curve denoted with the solid line in Fig. 11(a). However, this is
not obvious because the corresponding temperature positions do
not agree at all. For example the temperature maximum of the last
peak is around 520 K whereas the last plateau is centered around
450e460 K i.e. shifted by almost 70 K to lower temperatures. On the
other hand the positions of the peak maximum in the glow-curve
denoted by solid circles coincide with the temperatures of each
one of the plateau. Therefore, the one to one correspondence of the
activation energy plateau and individual TL peak is possible only
using the glow-curve formed by the integral of each IR cycle as a
function of the maximum cycle temperature, TIR.
11. Validity of IR method

In the previous sections it was shown that the IR method for
evaluating the activation energy gives accurate results for most
cases. An underestimation of the activation energy value of an
active trap takes place when this active trap plays the role of a
competitor for the rest of the active traps. The more serious un-
derestimation is of the order of 20% in the most extreme case of
competition in section 9.2. In order to understand the underesti-
mation caused by competition, it is necessary to follow the trap
occupancy ratio ni=noi during each IR cycle. An example of selected
results for ni=noi corresponding to IR cycles in the temperature
region of TL peak 5 are shown in Fig. 12.

Fig. 12 contains two representative cases. The first case is from
the simulations in section 8.1 in which the IR evaluates very accu-
rate the activation energy. The behavior of trap occupancy ratio
n5=no5 described by curve 1, is exactly similar to that shown in Fig.1
and therefore representative for all cases in which very accurate
values of activation energy are evaluated. The second case is from
the simulation in section 9.2 and it is described by the curves 2,3,
and 4 corresponding to IR cycles with TIR ¼ 483, 493 and 513 K.
Fig. 11. Simulation under exponential heating and cooling functions. (a) Solid circles represe
continuous line TL glow curve simulated by using an EHF with a ¼ 0:2. (b) Activation ene
corresponding to the activation energies of active electron traps.
These curves are representative for all cases giving underestimated
values of activation energy. Curves 2, 3 and 4 show clearly the
sources of underestimation, when they are compared with curve 1.
These sources are: (a) Due to competition effects, the trap occu-
pancy ni=noi takes values greater that unity and (b) the trap occu-
pancy decreases slower than curve 1. The basic difference between
curve 1 and curves 2, 3, and 4 is that the latter cause a variation of
the occupancy in a broader temperature region than in curve 1. In
an Arrhenius plot this means a smaller slope, and therefore a
smaller value of the activation energy.
12. Conclusions

� The IR method applied to single peaks gives always reliable
results.

� The IR results do not depend on the temperature increment DT
used in IR experiments

� Ai <Am strong TDDT: (a) In the presence of a strong TDDT, the
competition between active traps is eliminated, (b) the glow
curve structure is identical for all doses, (c) the simulation re-
produces the input values of activation energy with a high ac-
curacy, (d) The results of this case are in full agreement with the
experimental behavior of LiF:Mg, Ti.

� Ai <Am weak TDDT: (a) In the presence of a weak TDDT, the
competition is transferred to the active traps, (b) during readout
the competition results are gradually accumulated on the last TL
peak, (c) the TL glow curve structure varies strongly as a
nt the glow-curve formed by plotting the integrated TL signal under each IR cycle and
rgy values evaluated from the simulation of IR showing the four plateaus, each one
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function of dose, (d) the simulation reproduces accurately the
input values of activation energies of all traps except the last
one, for which the E values are underestimated by almost 10%.
(e) the simulation results of this case are not in agreement with
the experimental behavior of LiF:Mg, Ti.

� Ai >Am strong TDDT: (a) In the presence of a strong TDDT, the
competition between active traps is highly reduced, but not
eliminated, (b) The glow curve structure is stable as a function of
dose, and quite similar to the experimental glow curve of
LiF:Mg, Ti, (c) the simulation reproduces accurately the input
values of E of all traps except of the last one, for which the input
values are underestimated by almost 15%.

� Ai >Am weak TDDT: (a) In the presence of a weak TDDT, the
competition effects are more pronounced than in case with
Ai <Am, (b) During readout the competition results are gradually
accumulated on the last TL peak, (c) The TL glow curve structure
varies strongly as a function of dose, (d) Due to the strong
competition, the E-Tstop plot showed five plateau instead of the
expected four, (e) The simulation underestimated the E values of
all traps, with the underestimation being highest in the last trap,
inwhich case the E values are underestimated by almost 20%. (f)
The simulation results of this case fully disagree with the
experimental behavior of LiF:Mg, Ti.

� The activation energy obtained fromArrhenius plots of (a) linear
heating (b) linear cooling, (c) exponential cooling and (d) direct
fit to Eq. (11), are identical.

� The IR method is applicable to commercial stable temperature
hot gas readers, which use an exponential heating function for
TL readout.
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