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a b s t r a c t

The main two trapping parameters in thermoluminescence (TL), the activation energy and the frequency
factor, are often calculated and used for the evaluation of the stability of the TL signal at a given tem-
perature. In several cases, “anomalous” values of these parameters, either very high or very low have
been reported in the literature. In practically all of these cases, the values reported have been recognized
to be effective values which resulted from some special circumstances related to the specific materials in
hand. Obviously, these effective values are not associated directly with the real rate of thermal release of
carriers from traps at the ambient temperature, prior to heating, and therefore, they do not indicate the
real decay time of the TL signal or, in other words, the stability of the signal which may be used in TL
dosimetry or dating of archaeological or geological samples. In the present paper, we discuss briefly some
of these cases and add, in more detail, a rather elementary situation of very low effective activation
energy and frequency factor. A model with two trapping states and one kind of recombination center is
used and the simulation includes the numerical solution of the relevant sets of coupled differential
equations in the three stages of the measurement, namely, excitation, relaxation and heating for a given
set of the trapping parameters. The parameters are chosen in such a way that two overlapping TL peaks
occur, which look together like a single first-order peak, but with anomalously low evaluated effective
activation energy and frequency factor. Implications regarding the possible results in glow curve
deconvolution are discussed.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In the study of thermoluminescence (TL), one may be interested
in the values of the relevant trapping parameters. These parameters
and the relation between them are of importance in determining
the temperatures of the TL peaks, their dose dependence as well as
other properties, in particular their stability at ambient tempera-
ture. The main parameters mentioned in the literature are the
activation energy, the escape frequency factor and the recombi-
nation and retrapping probability coefficients. The activation en-
ergy has to do with the energy required to release thermally a
trapped electron into the conduction band. As for the frequency
factor, according to Mott and Gurney (1948), the frequency factor s
(s�1) should be of the order of magnitude of the Debye frequency,
which has to do with the number of times per second that the
trapped electron interacts with the phonons. Also mentioned a lot
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in the literature is the order of kinetics of the peak; whereas first-
and second-order kinetics have rather simple physical meaning, the
intermediate order cases are always heuristic simplified pre-
sentations of more complex situations determined by all the rele-
vant trapping parameters.

A number of methods for evaluating the basic trapping param-
eters from a TL peak are based on the peak-shape. A simple example
(see Chen, 1969), yielding the activation energy for a first-order
peak is

E ¼ 2:52kT2m
.
u� 2kTm; (1)

where Tm is the temperature at the maximum and u ¼ T2�T1, the
full width at half intensity andwhere T1 and T2 are, respectively, the
low and high half-width temperatures and k (eV/K) is the Boltz-
mann constant. Note that the order of kinetics of a peak is usually
determined by its symmetry factor, defined as

mg ¼ d=u; (2)

where d ¼ T2�Tm.
As shown by Randall and Wilkins (1945), once the activation

energy of a first-order peak is determined, the frequency factor can
be easily determined by using the maximum condition

s ¼ bE
kT2m

expðE=kTmÞ; (3)

where b (K/s) is the constant heating rate. In the present work, we
discuss some difficulties in the use of conventional peak-shape and
curve fitting in evaluating the parameters, in particular in cases
where two or more TL peaks occur in close vicinity to each other.
Previously presented cases of very high apparent activation energy
and non-physically high frequency factor, the models of which are
based on the concept of competition, will briefly be mentioned
(Chen and Hag-Yahya, 1996; Chen and Pagonis, 2014). The effect of
anomalous fading has also been explained in the past by a similar
model of competition (Chen and Hag-Yahya, 1997). In the present
work, we demonstrate, using numerical simulations, that very low
effective values of the activation energy and frequency factor may
be evaluated due to the occurrence of two or more TL peaks in close
vicinity to each other. When this situation takes place, an apparent
anomalous stability may be deduced. Also will be discussed the
possible implications on the results obtained when numerical
deconvolution of a glow curve is used for separating individual
glow peaks and determining their trapping parameters.
2. Previous work on anomalous effective activation energies
and frequency factors

As pointed out above, according to Mott and Gurney (1948), the
frequency factor s should be of the order of magnitude of the Debye
frequency, which has to do with the number of times per second
that the trapped electron interacts with the phonons. Indeed, many
results reported by various authors over the years gave values of s in
the range of 1010e1013 s�1. In some cases, anomalously high values
of the frequency factor, accompanied by high values of the activa-
tion energy, were reported. Taylor and Lilley (1978) reported a
frequency factor of 2 � 1020 s�1 and an activation energy of 2.06 eV
of peak V of LiF:Mg, Ti (TLD-100). Even larger values were reported
by Gorbics et al. (1967) and by Pohlit (1969). Fairchild et al. (1974)
suggested that the kinetics of this peak and other peaks with un-
usually large s might be complicated and the apparent first-order
behavior is an approximation of a more complex kinetics
situation. One should note that peak V in LiF:Mg, Ti is part of a
complex glow curve, usually separated by some kind of
deconvolution.

Chen and Hag-Yahya (1996, 1997) presented a model of one trap
and three recombination centers, one radiative and two non-
radiative, to explain the possibility of high activation energy and
very high frequency factor. They wrote the relevant sets of simul-
taneous differential equations for the excitation and heating stages
and solved them numerically. As a result of the competition of the
two radiationless centers, the apparent curve which simulates the
measurable TL peak looks like a very narrow first-order peak. With
regard to Eq. (1), this means that u is very small and, as a result, the
apparent activation energy is very high, around twice as large as the
value inserted into the simulations. Once this high value is inserted
into Eq. (3), the effective frequency factor is many orders of
magnitude higher than the one used for the simulation. In an
example given by Chen and Hag-Yahya (1996), the inserted pa-
rameters are E ¼ 1.2 eV and s ¼ 2.5 � 1011 s�1 and the evaluated
parameters are Eeff ¼ 2.24 eV and seff ¼ 9.3 � 1021 s�1. Mandowski
(2006) has offered another possible explanation to the occurrence
of very high frequency factors and high activation energies in first-
order-shaped TL peaks, which is based on the concept of cascade
detrapping (CD).

In the literature, there are also reports on very small frequency
factors, accompanied by small activation energies. Haake (1957)
reported results of activation energies and frequency factors of TL
in ZnS,ZnO-Cu, Pb, Cl and ZnS-Cu, Cl, in which values of the fre-
quency factor between 1 and 2 � 103 s�1 were found. He also
mentions previously found values of the frequency factor of TL in
ZnS determined by Hoogenstraaten and Klasens (1953) and
Dropkin (1954), in which the frequency factor s was found to be
between 300 and 5 � 104 s�1, again non-physically low values.
Hickmott (1972) studied a TL peak at ~380 �C in sputtered SiO2 films
and found an activation energy of E ¼ 0.66 eV and a frequency
factor of s ¼ 104 s�1. Unusually low values of the activation energy
and frequency factor have been reported for the associated effect of
thermally stimulated conductivity (TSC). Br€aunlich (1967) and
Sunta et al. (1999) pointed out that within the one-trap-one-
recombination-center model (OTOR), if retrapping is strong and if
the traps are filled to saturation, the standard initial-rise method as
well as the peak-shape methods and glow peak fitting yield very
low effective values of the activation energy. Br€aunlich (1967)
showed by numerical solution of the relevant set of differential
equations that for saturated trap and An/Am~1000 where An is the
retrapping probability coefficient and Am the recombination prob-
ability coefficient, the initial-rise method yields a value of ~0.43E
where E is the real activation energy. Sunta et al. (1999) tested two
models, OTOR and interactive multitrap system (IMTS) inwhich the
occurrence of an additional thermally disconnected deeper trap
(TDDT) is assumed. Using peak shape methods (similar to Eq. (1)
above) as well as a best-fit method, they found for cases of satu-
rated trap and high retrapping low values of the effective activation
energy down to ~0.466E. These authors have not dealt with the
effective frequency factor, but it is obvious that in this case, the
effective frequency factor found by Eq. (3) would be several orders
of magnitude lower than the “real” one. Also should be mentioned
the work by Kierstead and Levy (1991) who simulated a series of
rather closely located TL peaks, due to a series of activation en-
ergies, and analyzed them using the repeated initial-rise method.
Their conclusion is that the first and sometimes last activation
energies in the series could be accurately determined. As for the
other peaks, the analysis yielded a continuum of activation en-
ergies, usually in the same range as the inserted discrete ones.
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3. Simulation with the present model

Fig. 1 depicts the energy level diagram of a model with two
trapping states and one kind of recombination center. The meaning
of the different magnitudes is given in the caption. The differential
equations governing the flow of carriers during the excitation,
relaxation and heating stage are as follows

dn1
dt

¼ An1ncðN1 � n1Þ � s1n1 expð � E1=kTÞ; (4)

dn2
dt

¼ An2ncðN2 � n2Þ � s2n2 expð � E2=kTÞ; (5)

dm
dt

¼ BðM �mÞnv � Ammnc; (6)

dnv
dt

¼ X � BðM �mÞnv; (7)

dnc
dt

¼ dm
dt

þ dnv
dt

� dn1
dt

� dn2
dt

: (8)

Equations (4)e(8) govern the three stages of the process. During
excitation, a constant ambient temperature is used (e.g. room
temperature) and the value of X is associated with the dose-rate of
the irradiation. In the second stage of relaxation, the temperature is
still kept constant and X is set to zero. The final values of the con-
centration functions in the excitation stage are used as initial values
of the relaxation stage and the process continues until nc and nv
decrease to practically zero. Finally, the final values of the relaxa-
tion are used as initial values for the heating stage. The equations
are solved, still with X¼ 0 using a linear heating function T¼ T0þ bt
where T0 (K) is the initial temperature, T (K) the variable temper-
ature, t (s) is the time and b (K/s) is the constant heating rate. As
implied from Fig. 1, the emitted TL light during heating is propor-
tional to the rate of recombination of free electrons with trapped
holes, i.e.
M, m

N2,n2,E2,s2

X

B

Am

N1,n1,E1,s1

An2An1

nv

TL

Fig. 1. Energy-level diagram of the model with two traps and one center. N1 (cm�3)
and N2 (cm�3) are the concentrations of the shallow and deeper electron traps,
respectively, with occupancies of n1 (cm�3) and n2 (cm�3). E1 (eV) and E2 (eV) are the
activation energies and s1 (s�1) and s2 (s�1) are, respectively, the frequency factors. M
(cm�3) is the concentration of hole centers with occupancy of m (cm�3). nc (cm�3) and
nv (cm�3) are the instantaneous concentrations of free electrons and free holes. An1

(cm3 s�1) and An2 (cm3 s�1) are the trapping/retrapping probability coefficients. B
(cm3 s�1) is the trapping probability coefficient of holes from the valence band into the
centers and Am (cm3 s�1) the recombination probability coefficient of free electrons
with holes in centers. X (cm�3 s�1) is the rate of production of electron-hole pairs by
the irradiation, proportional to the dose rate.
IðTÞ ¼ Ammnc: (9)

3.1. Analysis with the peak-shape method

The results of such simulationwith the chosen parameters given
in the caption are shown in Fig. 2. Although the glow curve results
from two traps, the curve looks like a single peak. Its symmetry
factor mg is 0.425, typical of a first-order peak (see e.g., Chen, 1969).
However, when Eq. (1) is used, one gets Eeff ¼ 0.78 eV, significantly
lower than the inserted values of E1 ¼ 1.21 eV and E2 ¼ 1.39 eV.
Using Eq. (3) we get seff ¼ 5.72� 105 s�1, orders of magnitude lower
than the inserted values of s1 and s2 of 1012 s�1. A note should be
made regarding the choice of the parameters. As seen in the caption
of Fig. 2, N1 is somewhat larger than N2 and An1 is 100 times larger
than An2. The reason for this choice is that had we chosen the
probabilities of the two traps to be of the same order of magnitude,
with the given choice of the other parameters, more or less equal
numbers of electrons would have been trapped in the two traps.
However during the heating stage most of the electrons released
from N1 would have been trapped in N2 and, as a result, the second
component would have been very significantly stronger than the
first one. With the present choice of these parameters, the two
components come out to have about the same size and therefore,
the combined curve may look like a single broad peak. An inter-
esting feature of the results of the simulation with the given set of
parameters is shown in Fig. 3 in which the concentration of elec-
trons in trap #2 is shown as a function of temperature. The unusual
behavior here is that due to the given set of parameters, with
electrons released thermally from trap #1 and retrapping several
times before trapping into #2 or performing recombination, a
sizeable number of electrons are preferably trapped in trap #2
during heating. Only at higher temperatures, the rate of release of
electrons from trap #2 increases. The concentration of electrons in
trap #2 reaches a maximum and starts to decrease at higher tem-
peratures, showing a peak-shaped curve. The electrons released
from trap #2 obviously contribute to the recombinations with
trapped holes, thus contributing to the emitted TL light. Note that
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Fig. 2. Glow curve simulated with the three stages of excitation, relaxation and
heating, using the simultaneous differential equations pertaining to the model in Fig. 1
and using the following set of parameters: E1 ¼ 1.21 eV; E2 ¼ 1.39 eV; s1 ¼ 1012 s�1;
s2 ¼ 1012 s�1, N1 ¼ 1017 cm�3, N2 ¼ 9 � 1016 cm�3; M ¼ 1019 cm�3; X ¼ 1014 cm�3 s�1,
Am ¼ B ¼ 10�12 cm3 s�1; An1 ¼10�13 cm3 s�1; An2 ¼ 10�15 cm3 s�1; the heating rate used
was b ¼ 2 K/s; the excitation time was tD ¼ 1 s and the relaxation time was 100 s.
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Fig. 3. The temperature dependence of the concentration of electrons in the trap N2 in
the simulation with the same parameters as in Fig. 2.

Fig. 4. Deconvolution of the curve given in Fig. 2 using GlowFit into four components.
E1 ¼ 0.72 eV; s1 ¼ 1.69 � 105 s�1; E2 ¼ 1.04 eV; s2 ¼ 2.72 � 108 s�1; E3 ¼ 1.05 eV;
s3 ¼ 1.07 � 109 s�1; E4 ¼ 1.36 eV; s4 ¼ 4.91 � 1012 s�1; FOM ¼ 1.40%.
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up to ~430 K, the concentration of electrons in N2 is constant before
electrons released from N1 are trapped in trap #2 in significant
numbers.

3.2. Analysis with glow-curve deconvolution

A method rather broadly used in the analysis of TL is the nu-
merical deconvolution of the glow curve in hand. To describe it
briefly (see e.g. Chen andMcKeever,1997, p. 272), let us assume that
we know (or guess) the number of individual glow peaks present in
the glow curve; the glow curve can be represented as

IðTÞ ¼
Xn

i¼1

aifiðTÞ; (10)

where ai are scaling constants, fi(T) is the chosen mathematical
function of the individual glow peaks, e.g., first order or general
order, and n is the assumed number of individual peaks. The fitting
parameters for each peak are ai, si, Ei and possibly, the kinetic orders
bi. A total of 4n fitting parameters are thus involved. One starts by
guessing the values of the parameters, evaluates I(T) by Eq. (10) and
compares with the experimental glow curve. The parameters are
now changed until a minimum error is reached between the
evaluated and experimental signals. A rather popular routine used
is the Marquardt nonlinear least squares fitting.

Let us consider a proposed fitting function

y ¼ f ðx; aÞ; (11)

where a¼ (a1,a2,a3,…am) is a vector of the m adjustable parameters.
We aim at the best fit of this function to the n data points (x1,yi,…
xn,yn). We therefore wish to minimize the function

S ¼
Xn

i¼1

ðf ðxi; aÞ � yiÞ2: (12)

From here, we choose any minimization method and get the
“best” values of the parameters, a*. It should be noted, however,
that there is no knownway of reaching a global minimum of such a
function, and in most cases, the algorithm gets stuck in a local
minimum. One way of dealing with this is to run the procedure
several times with different initial guesses of the parameters and
choose the best result.
In order to check the goodness of the final result, one often uses
the Figure of Merit (FOM) defined as

FOM ¼
Xjfinal

jinitial

100jf ðxi; a*Þ � yij
D

; (13)

where D is the integral over the region of interest, from jinitial to jfinal.
FOM values of a few percent usually indicate acceptable fit.

We have analyzed the curve shown in Fig. 2 by two deconvo-
lution programs, GlowFit prepared by Puchalska and Bilski (2005),
which assumes that all the individual components are of first order
and a program by Kitis et al. (1998) which allows the individual
peaks to be of general order. In both cases, the procedure has been
run several times with different initial guesses for the parameters,
and the best results reached are reported. With GlowFit, we have
tried to fit the “experimental” glow to one, two, three and four first-
order components. The best result with FOM ¼ 1.40% includes four
components and is shown in Fig. 4. Note that for deconvolution into
one, two and three components, the values of FOM are 14.40%,
5.76%, and 3.80%, respectively. These rather unexpected results will
be discussed below. It should be mentioned that in very many
papers, the routine use of deconvolution into first-order compo-
nents only has been reported; a list of such papers can be found at:
https://scholar.google.com/scholar?q¼GlowFit.

The analysis of the same curve using the method allowing for
general-order peaks is seen in Fig. 5. The agreement with the sum
of two peaks seems to be quite convincing here. The parameters
reached by the Kitis et al. (1998) method are given in the caption.
The E and s values here are rather close to those used in the
simulation, and the effective orders of kinetics of the first and
second components are rather close to first and second orders,
respectively. This point will also be discussed below.
3.3. Analysis with the TmaxeTstop method

As pointed out before, the deconvolution method is sometimes
limited in particular if one tries to separate rather close peaks. Since
all minimization algorithms used for deconvolution do not guar-
antee global minima, the minimum reached is usually a local op-
timum only, which is dependent on the initial guess of the relevant
parameters. One strategy used frequently is to repeat the runs
several times with different starting guesses and choose the best

https://scholar.google.com/scholar?q=GlowFit
https://scholar.google.com/scholar?q=GlowFit


Fig. 5. Deconvolution of the curve given in Fig. 2 using the general-order based pro-
gram into two components. E1 ¼1.17 eV; s1 ¼ 5.65 � 1011 s�1; T1max ¼ 525.1 K; b1 ¼1.0;
E2 ¼ 1.43 eV; s2 ¼ 2.12 � 1012 s�1; T2max ¼ 564.9 K; b2 ¼ 2.14; FOM ¼ 2.4%. (a) and (b)
are the first and second order components, respectively. In (c), the circles are the
simulated data and the solid line is the best fit.

Fig. 7. The single glow peak reached following heating to Tstop ¼ 600 K and its best
fitted curve which turned out to be of second order.

Fig. 8. The evaluated activation energies following heating-simulation to different Tstop
temperatures. Note that as of Tstop~550 K, only the high-temperature peak is seen and
therefore, only one activation energy is found.
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solution. Another method which can be used has to do with partial
bleaching of the low component or components in a complex glow
curve, thus increasing the likelihood of getting better values of the
parameters of the higher temperature components. The method is
called the TmaxeTstop method, also termed the E-Tstop method (see
e.g., McKeever, 1980 and Pagonis et al., 2006). This is an experi-
mental procedure that we can simulate in the numerical work. In
the present case, it consists of irradiation, then relaxation and then
heating from room temperature (RT) to a chosen temperature Tstop.
The next step is cooling the sample to RT and then heating it all the
way to 750 K. This procedure is repeated for different values of Tstop.
Results of such simulations are shown in Fig. 6 where the “un-
heated” curve is the same as in Fig. 5 and the other three curves are
for Tstop ¼ 543, 558 and 600 K. Fig. 7 shows the curve for
Tstop ¼ 600 K on an enlarged scale and it is quite obvious that it
looks like a single second-order peak. The figure also shows its best
fitted second-order curve. Fig. 8 depicts the activation energies
reached by this analysis as a function of Tstop. It can be seen that up
to Tstop~540 K, the deconvolution yields two activation energies, not
too far from the inserted values of 1.21 and 1.39 eV. The single peak
received following heating to Tstop yields, quite surprisingly an
Fig. 6. The glow curves simulated with the same parameters, but following heating to
different Tstop temperatures.
activation energy of ~1.26 eV, not much higher than that of the
inserted shallower trap. This occurs because the parameters
strongly favor electron retrapping into the first trap and conse-
quently it is the shallower trap's activation energy that dominates.
4. Discussion

In this work, we have shown, by the use of a simple two-trap-
one-center model that a curve which looks like a single TL peak
may be observed. The peak may have the typical symmetry of a
first-order peak and may be mistaken to be a single peak. However,
this peak can be, as shown in the given example, rather broad and
therefore, if one uses one of the peak-shape methods (e.g. Eq. (1)
above), a low effective activation energy, Eeff, significantly lower
than the inserted energies, E1 and E2, may be evaluated. Insertion of
this value into Eq. (3) would yield an effective frequency factor
which may be (as in the given example) orders of magnitude lower
than the physically acceptable values. This may explain the occur-
rence of such low values of the frequency factor as reported in the
literature and mentioned above. This may possibly account for an
effect of “anomalous stability” of TL peaks. In the simple first-order
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situation, onewould expect themean lifetime t (namely, the time it
takes to the intensity to reduce to 1/e of its initial value) to be
related to the measured activation energy and frequency factor by

t ¼ ð1=sÞexpðE=kTÞ: (14)

Inserting Eeff and seff in Eq. (14) and using the ambient temper-
ature (~300 K) at which the sample is held following excitation, one
gets the time teff which may be expected to be the mean lifetime of
the measured peak. Inserting into Eq. (14) the values of Eeff and seff
evaluated from Fig. 2, we get teff ¼ 2.5 � 107 s or ~10 months. Using
the same equation (14) for the inserted values of E1 and s1 yields
t1 ¼ 2.13 � 108 s~6.75 years and for E2, s2, one gets
t2 ¼ 2.25 � 1011 s~7130 years. Thus, the decay time is much longer
than that expected by the evaluation of the Eeff and seff values from
the measured glow curve. This may predict an effect of “anomalous
stability”, namely, the TL signal may be much more stable at room
temperature than expected. Note that the values of t1 and t2 have
actually to do only with the release of electrons from the traps.
However, due to retrapping, the mentioned values of t1 and t2 are
actually only lower bounds on the mean lifetimes. Furthermore,
with regard to the results presented in Fig. 3, it is obvious that once
electrons are freed from trap #1, they preferably get trapped in trap
#2. The figure shows this for the heating stage, however, it is
obvious that the same effect occurs when the sample is held at
ambient temperature, which further increases the effective value of
t2. It should be noted that another possible explanation of anom-
alous stability, being due to a two-stage thermal excitation of
electrons into the conduction band has been proposed by Chen
et al. (2012).

It should be mentioned that although the method used to
evaluate the activation energy was a peak-shape method, the same
features of the curve are used with any curve-fitting method.
Therefore, since the simulated peak is artificially broad, the evalu-
ated effective activation energy will be low with any curve-fitting
method and as a result the effective frequency factor will also be
very low.

We have also studied the possible impact on the results of the
broadly usedmethods of glow curve deconvolution. The underlying
assumption in these methods is that the glow curve is a super-
position of several single peaks each of which is of first-order,
general order or mixed order. However, due to trapping/retrap-
ping, it is quite obvious that in many cases, the components in a
glow curve resulting from two or more trapping states are coupled
to each other in a more complex way than mere superposition. It is
worth mentioning that Yukihara and McKeever (2011, p.45), while
discussing the deconvolution of an optically stimulated lumines-
cence (OSL) curve, have pointed out that due to interaction be-
tween trapping centers, the principle of superposition is not valid.
Sakurai (2001) has indicated the difficulty in using computerized
glow curve deconvolution when the relevant traps are coupled by
the occurrence of trapping/retrapping during the heating stage, and
termed this difficulty “fatal defect”. Note that the Sakurai model
slightly differs from the present one because he assumes the ex-
istence of a disconnected deep trap. Note also that in the example
given in Sakurai's paper, the parameters are such that in the glow
curve, the two separate peaks are seen whereas here, the envelope
curve looks like a single peak. Anyway, the results in the present
work partly support the “fatal defect” observation. The fact that
with the GlowFit program a satisfactory result with small FOM
occurs with four first-order components is intriguing. The situation
appears to be much better in the results of the program based on
general order where two components deconvolution yields rather
good results. Here, the first peak is very close to first order and the
second peak to second order, and the evaluated trapping
parameters are not too far from those inserted to the initial simu-
lation. The result also agrees with the conclusion by Pagonis and
Kitis (2012) and by Chen and Pagonis (2013) that in a series of
peaks resulting from a system with one center and a number of
traps, the last peak tends to be of second order whereas the pre-
vious peaks tend to be of first order.

It should be mentioned that in the present example, at the end
of irradiation and relaxation, ~99% of the electrons are in trap #1. It
is only during readout that a significant population is transferred to
trap #2 and this transfer happens in a way that makes the resulting
thermoluminescence quite deceptive. Note that Sakurai (2001) has
not included the excitation and relaxation stages and just made an
arbitrary choice of the carriers' occupancy at the beginning of
readout. In this sense, the present work has a more realistic dis-
tribution of the occupancies at the beginning of the heating stage.

Note also that in complex glow curves such as that of LiF:Mg, Ti
(TLD-100) the number of components is large (see e.g., Horowitz
and Yossian (1995)) and it is not always possible to determine
their number. If in the deconvolution process, the envelope of two
adjacent components is considered to be a single peak, the
conclusion concerning the trapping parameters may be entirely
wrong since the effective values of E and smay be very far from the
real ones as demonstrated in the present work. Anyway, the pre-
sent work along with that by Sakurai (2001) indicates that in
complex situations, the results of the trapping parameters reached
by peak-shape methods and by deconvolution should be taken as
just a first step. In order to get more reliable results, it is crucial to
analyze many TL glow curves measured under different irradiation
conditions, different heating rates, different pre-heatings etc. If
deconvolution of several such TL curves gives a consistent set of
parameters, one can have confidence in them. As pointed out
above, in order to get initially a good idea on the number of com-
ponents in the glow curve one may use the TmaxeTstop method,
which consists of repeating the thermal cleaning process in small
increments. By graphing the activation energy E obtained by this
process as a function of Tstop, one usually obtains a “staircase” type
of graph which may provide a good set of initial values of the
activation energies to the deconvolution process. Note that with the
present simulation results Fig. 8 has an apparent anomaly where
for high values of Tstop, where only a single peak is seen the eval-
uated single activation energy is closer to that of the inserted
shallow trap than to the deeper one. By examining the concentra-
tions of the electrons and holes in the model during the heating
from room temperature up to Tstop ¼ 600 K, the following qualita-
tive explanationwas found for the mechanism producing the broad
TL peak during the final heating stage. During heating up to
Tstop ¼ 600 K, trap #1 is thermally emptied only partially, and some
of these thermally released electrons are trapped in trap #2. Even
though one might expect that trap #1 would be completely empty
and only some electrons will survive in trap #2, it was found that
the concentrations remaining in both traps after heating to
Tstop¼ 600 K are comparable. This is clearly due to the presence of a
strong retrapping probability for both traps, even at these high
temperatures. During the final heating/readout stage from room
temperature up to 750 K, electrons from both traps are released
thermally, and both traps contribute to the simulated TL signal
shown in Fig. 8.

We are currently developing an analytical model describing
these strong retrapping effects which take place at high tempera-
tures during the readout stage of the TL process.

In conclusion, we strongly recommend great caution in the
analysis of TL curves. When the peak-shape methods are used, one
should make sure that the peak in hand is really a single peak.
When deconvolution is utilized, it is crucial that the correct number
of components be considered and that a reasonable first guess of
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the values of parameters of the individual component peaks be in
hand.
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