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h i g h l i g h t s
� The general order kinetics does not yield reliable parameters when the quasi-equilibrium approximation does not hold.
� The general order kinetics yields more reliable parameters if it is employed for analyzing glow curves.
� The general order kinetics yields reliable parameters if the kinetics is of first order.
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a b s t r a c t

The parameters characterizing trap and recombination centers, such as activation energies, recombi-
nation and trap probabilities, involved in thermoluminescent materials can be found by analyzing
phosphorescence curves with an adopted model consisting of trap and recombination centers, and
assuming the mechanisms involved in the carrier traffic (kinetics). Nowadays the most employed kinetics
is the General Order kinetics (GO). Since this model is heuristic, this article reports how successful it is in
providing reliable values for the traps parameters. The equations describing the traffic of carriers were
used to generate simulated phosphorescence curves for specific values of trap and recombination pa-
rameters. These simulated phosphorescence curves were later analyzed with the GO kinetics, and the
resulting parameters compared to the correct ones in order to evaluate the validity of the model.

� 2013 Published by Elsevier Ltd.
1. Introduction

Analysis of phosphorescence curves is an alternative procedure
to thermoluminescent glow curve analysis in order to obtain in-
formation about the parameters characterizing traps and recom-
bination centers involved in the thermally stimulated emission of
light, such as trap and recombination probabilities, frequency fac-
tors, and activation energies of traps (Chen and Mckeever, 1997).

Phosphorescence curves are obtained by heating a previously
irradiated sample so fast as possible to a given temperature, and
recording the emitted light as function of time. The analysis con-
sists of adopting amodel, and deriving a theoretical expression Ith(t,
a) for the phosphorescence light emitted at a given temperature.
Ith(t, a) contains the parameters to be found, which are indicated
with a, t stands for the time. The theoretical curve is then fitted to
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the experimental one by adjusting the parameters. The fitting is
acceptable if the factor of merit (FOM) given by

FOM ¼
PN

j¼1
��Ith�tj;a�� Iexp

�
tj
���

PN
j¼1

��Iexp�tj��� $100% (1)

is less than 5% (Horowitz and Yossian, 1995). In Eq. (1) Iexp (t)
stands for the experimental phosphorescence curve, and N for the
number of measurements at a given number of times. This proce-
dure is performed for several temperatures, and from the set of
parameters obtained for each temperature, the activation energies
and frequency factor of the traps included in the chosen model are
found (Chen and Mckeever, 1997). Usually the fitting is performed
by resorting to algorithms such as the LevenbergeMarquardt
method (Horowitz and Yossian, 1995).

The most general tractable model consists of one trap, one
recombination center and a thermally disconnected trap, i.e., a trap
that can capture electrons (or holes), but that for the temperatures
the phosphorescence curves are recorded do not release electrons
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Fig. 1. Model having one active trap, one thermally disconnected trap, and one
recombination centre.
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(or holes). Traps which can release and capture electrons (or holes)
are called active traps. The model is depicted in Fig. 1, and it is
dubbed interactive multitrap system (IMTS).

In Fig. 1 N stands for the concentration of active traps, n for the
concentration of trapped electrons in active traps, M for the con-
centration of thermally disconnected traps,m for the concentration
of trapped electrons in thermally disconnected traps, H stands for
the concentration of recombination centers, and h is the concen-
tration of holes in the recombination centers. An stand for the
retrapping probability, p is the released probability from the active
trap, and Ah is the recombination probability. CB and VB indicate
the conduction and valence band respectively.

The escape probability p from an active trap is given by:

p ¼ s exp
�
� E
kT

�
(2)

where the factor s is known as the frequency factor, E is the acti-
vation energy, and k the Boltzmann constant.

Then the equations describing the kinetics of the model shown
in Fig. 1 are:

dnðtÞ
dt

¼ �nðtÞ$s$exp
�
� E
kT

�
þ An$½N � nðtÞ�$ncðtÞ (3-a)

dhðtÞ
dt

¼ �Ah$ncðtÞ$hðtÞ (3-b)

dmðtÞ
dt

¼ Am½M �mðtÞ�$nc (3-c)

hðtÞ ¼ nðtÞ þ ncðtÞ þmðtÞ (3-d)

nc (t) stands for the concentration of electrons in the CB.
Themost general procedure to analyze a phosphorescence curve

is to employ the equation, which gives the light intensity, namely,

IðtÞ ¼ �dhðtÞ
dt

along with a fitting algorithm, such as the Levenberg Marquardt
(Sakurai anad Gartia 2003), or the genetic (Adamiec et al., 2006).
These procedures are seldom employed. Instead closed expressions
for the phosphorescence light are used. They are obtained by
making the following assumptions:

1) the thermally disconnected trap are fully occupied, i.e. m ¼ M.
2)
���dnc
dt

��� � j:dndt j:; j:dhdt j:. This assumption is termed quasi-equilibrium
approximation (QE).

Closed expressions are obtained for the following cases:

a) recombination prevails over trapping
b) trapping prevails over recombination
c) Ah ¼ An

Depending on the assumptions employed the kinetics are
dubbed first order (FO), second order (SO) and mixed order (MO).

An important limitation of the aforementioned kinetics is that
they are valid for just one trap, a situation that seldom occurs. From
observed glow curves it can be inferred that for most materials two
or more trap centers are usually present.

May and Partridge (May and Partridge, 1984) put forward a
heuristic expression with the aim of describing kinetics comprised
between first and second order. The starting equation is:

IðtÞ ¼ nðtÞbs exp
�
� E
kT

�
(4)

For b ¼ 1 results the FO kinetics, and for b ¼ 2, the SO kinetics. The
parameter b is loosely related to the degree of retrapping.

A problem with Eq. (4) is that the units of s changes with the
kinetics order b. To overcome this problem Rasheedy (Rasheedy,
1993) proposed the following expression

IðtÞ ¼ nðtÞb
Nb�1

s exp
�
� E
kT

�
(5)

The expression for the phosphorescence light is then given by:

IðtÞ ¼ nb0
Nb�1

s exp
�
� E
kT

��
1þ ðb� 1Þs exp

�
� E
kT

�
nb�1
0 t

� �b
b�1

(6)

By making the following change x(t) ¼ n(t)/N, and resorting to
Eq. (2) Eq. (6) turns into

xðtÞ ¼ xb0p
h
1þ ðb� 1Þp$xb�1

0 t
i �b
b�1 (7)

where x0 stands for x(t ¼ 0).
Certainly this model is limited since it provides the activation

energy, the frequency factor, and the parameter b, whose meaning
is supposed to be related to retrapping.

Several authors have investigated the validity of the GO model
for the case of glow curve analysis. According to the reported re-
sults the GO kinetics suffers from several flaws:

1) Investigations have been carried out to find a connection be-
tween b and physically meaningful models, but a clear rela-
tionship could not been established (Sunta et al., 1997; Sunta
et al., 2002).

2) Sunta investigated how the GO and the MO kinetics fitted syn-
thetic glow curves computed with the set of coupled differential
equations (Sunta et al., 2002). The authors concluded that the
MO kinetics is a better alternative to the GO kinetics.

3) Moharil and Opanowicz found that the kinetic order is usually
not constant during thermal stimulation and should not be used
for characterization of thermoluminescence (Moharil, 1982;
Opanowicz, 1989).

4) It has been reported that the GO model has limitations for
determination of the activation energy (Sunta et al., 1999)



Table 1
Parameters obtained by employing the GO kinetics and the model shown in Fig. 1.
The parameters employed for integrating the differential equations are given in the
text, and M0 ¼ 0.

T (K) x0 p (s�1) b FOM

450 0.009 1.67 2.05 1.0%
460 0.009 3.37 2.09 0.2%
470 0.009 6.14 2.11 0.4%
480 0.007 10.07 2.12 0.8%
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5) Sakurai has shown by resorting to computer simulation that the
GO kinetics can yield wrong parameters (Sakurai, 2001). Further
he states that one of the defects of the GO kinetics arises from
the fact that traffic of electrons (or holes) among traps is ignored
(Sakurai and Gartia, 2003).

6) Marcazzó et al. have shown that it is incorrect to assume be-
forehand that a peak is related to a specific trap, as the GOmodel
does (Marcazzó et al., 2007).

7) Basun et al. have shown that the interaction among traps affects
the shape of glow curves, thus affecting the parameters yielded
by the GO kinetics (Basun et al., 2003).

8) Mandowski and Swiatek investigated the validity of the GO ki-
netics (Madowski, 2000). They concluded that GO kinetics may
be used in the two limiting cases of FO and SO kinetics.

9) Marcazzó et al. investigated the kinetics involved in the ther-
moluminescence of Mg2SiO4:Tb compounds employing both
the GO and a model that takes into account interactions among
traps. The dependence of the glow curve shape on dose is only
correctly described if interaction among traps is included in the
analysis (Marcazzó et al., 2009).

In spite of its limitations, the GO kinetics is nowadays the most
employed kinetics for analyzing phosphorescence and glow curves
(Cruz-Zaragoza et al., 2011; Lovedy Singh and Gartia, 2011;
Chitambo, 2012; Cruz-Zaragoza et a., 2012; Singh et al., 2012;
Robindro Singh and Dorendrajit Singh, 2012; Seth et al., 2012;
Guler Yildirim et al., 2012; Manjunahta, 2013; Bahl et al., 2013;
Subedi et al., 2012; Zahedifar et al., 2012). It is supposed that it is
apt for kinetics different from FO, SO and MO kinetics. Further the
GO kinetics is considered to be valid for phosphorescence and
thermoluminescence models having several traps.

Since the GO kinetics is heuristic the purpose of the investiga-
tion reported in this article was to assess its validity for determine
the parameters, such as E and s. To the best of our knowledge the
validity of the GOmodel for the analysis of phosphorescence curves
has not been made so far.
0 20 40 60 80 100

0,0

0,1

0,2

0,3

0,4

0,5

x(
t)

t (s)

 T=450
 T=460
 T=470
 T=480

Fig. 2. Simulated phosphorescence curves for the model shown in Fig. 1 and
employing the parameters given in the text.
2. Phosphorescence simulations for a model with one active
trap

First we consider the model shown in Fig. 1. By making the
following changes of variables.

x ¼ n/N, h0 ¼ h=N, and M0 ¼ M=N
The set of Equation (3) can be reduced to two equations, which

read:

dxðtÞ
dt

¼ �p$xðtÞ þ An$½N � xðtÞ�½h0ðtÞ � xðtÞ �M0� (8)

dh’ðtÞ
dt

¼ �Ah$N$h0ðtÞ$½h0ðtÞ � xðtÞ �M0� (9)

The integration of this set of equations requires the initial value
of x, say x0, and the initial value of h0, which because of charge
conservation is h00 ¼ x0 þM0.

For the simulations we have chosen x0 ¼ 0.01, i.e., the concen-
tration of trapped electrons amounts to 0.01N.

The capture cross sections of traps and recombination centers
are comprised between 10�19 and 10�16 m2 (McKeever, 1985).
Taking as an estimation of the thermal velocity of electrons
vth ¼ 105 m/s, retrapping and recombination probabilities are
comprised between 10�14 and 10�11 m3/s. We chose the following
set of parameters to find the simulated phosphorescence curves:

Ah ¼ 2.10�11 cm3/s, An ¼ 4.10�11 cm3/s, N ¼ 10121/cm3 M0 ¼ 0,
x0 ¼ 0.01, and p(T) ¼ 10121/sexp(1.04 eV/kT).
2.1. Analysis of the phosphorescence curves with the GO kinetics

Table 1 shows the values of p for four temperatures. They were
obtained by fitting Eq. (7) to the simulated phosphorescence curves
shown in Fig. 2. From the fitting were also obtained both the
fraction of occupation x0, and the parameter b. As stated above, the
resulting parameters of a deconvolution depend on the guess
values. Usually different set of parameters yield nearly similar
values for the FOM. Thus one has to resort to information at hand
for choosing the set of parameters, such as the fraction of occupa-
tion. Since the correct values are known, they were used as guess
values.

By fitting ln(p(T)) versus 1/kT to a straight line the activation
energy and the frequency factor according to the GO model are
E¼ 1.33 eV and s¼ 8.0$1014 s�1. Thus, the energy foundwith the GO
model differs from the correct value by nearly 27.9%, while the
frequency factor is two orders of magnitude larger. The parameter b
has values near to 2, which reflects that retrapping overcomes
recombination.

The next simulation has been made employing the same pa-
rameters, except that M’ ¼ 2. Table 2 depicts the results.

This results are E¼ 0.956 eV and s¼ 4.8$1010 s�1. This time bz1,
i.e., the kinetics is nearly of FO. The energy found with the GO
model differs from the value employed in the simulation by 8.1%
and the frequency factor is two orders of magnitude lesser than the
correct one. As M0 increases both the resulting energy and fre-
quency factor approach the correct values. For M0 ¼ 10 the energy
obtained with the GOmodel amounts to 1.03 eV, and the frequency
factor to 6.7$1011 s�1 Thus when the kinetics tends to FO as M0

increases, the parameters yielded by the GO kinetics tend to the
correct values. This result is surprising because the GO model was
devised to describe kinetics, which differ from FO and SO kinetics,
and the results reported in this article show that only when the
kinetics is of FO the GO kinetics yields the correct parameters.



Table 2
Parameters obtained by employing the GO kinetics and the model shown in Fig. 1.
The parameters employed for integrating the differential equations are given in the
text, and M0 ¼ 2.

T (K) x0 p (s�1) b FOM

390 0.016 0.027 1.06 1.4%
400 0.016 0.048 1.00 2.0%
410 0.013 0.100 1.00 2.2%
420 0.012 0.200 1.06 4.4%

Fig. 4. Model having two active trap, one thermally disconnected trap, and one
recombination centre.
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This result can be understood from the results shown in Fig. 3(a)
and (b), where x(t) ¼ n(t)/N, and the normal concentration of
electrons in the CB, namely nc0(t) ¼ nc(t)/N, are depicted for
T ¼ 450 K and T ¼ 480 K.

First it should be remembered that the GOmodel is an empirical
interpolation between the FO and SO kinetics, which were derived
by resorting to the QE approximation. Then one would expect that
the GOmodel will yield correct parameters if the QE approximation
is satisfied. As can be seen in Fig. 3(a) and (b) the QE does not hold.
It is worth noting that the relative concentration of electrons in the
conduction band with respect to the concentration of trapped
electrons becomes larger as the phosphorescence temperature in-
creases, as can be seen in Fig. 3(a) and (b). The higher the phos-
phorescence temperature the larger will be the concentration of
electrons injected suddenly in the conduction band. Thus, if both,
the recombination and retrapping probabilities do not depend on
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Fig. 3. x(t) ¼ n(t)/N, and nc0(t) ¼ nc(t)/N for a) T ¼ 450 K, and b) T ¼ 480 K.
temperature, the higher the phosphorescence temperature the
larger will be the concentrationn0c.

3. Phosphorescence simulations for a model with two active
traps

Simulations were also performed with a model having two
active traps, one thermally disconnected trap, and one recombi-
nation centre. This model is a generalization of the IMTSmodel. The
first step in the simulation is the calculation of the concentration of
trapped electron after irradiation. The traffic of electrons for the
model shown in Fig. 4 is described by the equations:

dx1ðtÞ
dt

¼ An1ðN1 þ N2Þ½1� x1ðtÞ�$½h0ðtÞ � f $x1ðtÞ � ð1� f Þ$x2ðtÞ
�M0�

(10)

dx2ðtÞ
dt

¼ An2ðN2 þ N2Þ½1� x2ðtÞ�$½h0ðtÞ � f $x1ðtÞ
� ð1� f Þ$x2ðtÞM0� (11)

dh’ðtÞ
dt

¼ AvðN1 þ N2Þ$n0vðtÞ$½H0 � h0ðtÞ�
� AhðN1 þ N2Þ$h0ðtÞ$½h0ðtÞ � f $x1ðtÞ � ð1� f Þ$x2ðtÞ
�M0�

(17)

dn0vðtÞ
dt

¼ X � AvðN1 þ N2Þ$nvðtÞ½H0 � h0ðtÞ� (18)

where xi ¼ ni/Ni, i ¼ 1,2, h0 ¼ h=ðN1 þ N2Þ, f ¼ N1/(N1 þ N2),
H0 ¼ H=ðN1 þ N2Þ and n0v ¼ nv=ðN1 þ N2Þ

The following values for the parameters were employed in the
simulations:

x1 (tirradiation ¼ 0) ¼ x2 (tirradiation ¼ 0) ¼ 0, M0 ¼ 0 (no thermally
disconnected trap is present), which entails h0ðtirradiation ¼ 0Þ ¼ 0,
f ¼ 0.2, N1 þ N2 ¼ 5.1012 (N1 ¼ 1.1012 and N2 ¼ 4.1012),
An1¼ An2¼ 2.10�13 cm3/s,Ah¼ 1.10�11 cm3/sH0 ¼ 4, and X¼ 10�51/
s. An irradiation time of 400 s has been chosen. After the irradiation
stops, a relaxation is allowed for 2000 s. The following values were
obtained for the initial values employed in generating the phos-
phorescence curves: x1ð0Þ ¼ x2ð0Þ ¼ h0ð0Þ ¼ 3:6� 10�3.

The chosen trap energies and frequency factors were:
s1 ¼ s2 ¼ 1$1012 s�1, E1 ¼ 0.95 eV and E2 ¼ 1.0 eV.



-10 0 10 20 30 40 50 60 70 80

0,0

0,5

1,0

1,5

2,0

2,5

3,0

I(t
) 

t (s)

 T=390K
 T=420K

Fig. 5. Phosphorescence curves for the model shown in Fig. 4 Shown are the curves for
T ¼ 390 K and T ¼ 420 K.

0 10 20 30 40 50

0,0000

0,0005

0,0010

0,0015

0,0020

0,0025

0,0030

n1
(t)

, n
2(

t),
 n

c'
(t)

t (s)

 n1(t)
 n2(t)
 nc'(t)

0 10 20 30 40 50

0,0000

0,0005

0,0010

0,0015

0,0020

0,0025

0,0030

n1
(t)

, n
2(

t),
 n

c'
(t)

t (t)

 n1(t)
 n2(t)
 nc'(t)

 

a

b

Fig. 6. Relative concentration of trapped electrons and electrons in the conduction
band for T ¼ 390 K and T ¼ 420 K.

F. Ortega et al. / Radiation Measurements 59 (2013) 1e7 5
Phosphorescence curves were calculated for the following
temperatures: 390, 400, 410 and 420 K. Fig. 5 the curves for T¼ 390
and 420 K are shown.

The parameters obtained by fitting the phosphorescence curves
with the GO kinetics are shown in Table 3. By fitting ln(p1(T)) vs 1/
kT and ln(p2(T)) vs 1/kT the resulting activation energies and fre-
quency factors are: s1¼5.7$108 s�1, E1¼0.69 eV, s2¼ 2.2$1014, and
E2¼ 1.19 eV. The activation energy of the trap #1 is underestimated
by nearly 26.8%, and the activation energy of trap #2 is over-
estimated by nearly 19.3%. The frequency factors differ significantly
from the correct values.

Fig. 6(a) and (b) show the relative concentration of trapped elec-
trons and electrons in the conduction band with respect to the con-
centration of traps N1 þ N2, i.e., n1ðtÞ ¼ n1ðtÞ=N1 þ N2 ¼ f $x1ðtÞ,
n2ðtÞ ¼ n2ðtÞ=N1 þ N2 ¼ ð1� f Þ$x2ðtÞ, andnc0ðtÞ ¼ ncðtÞ=N1 þ N2.
As can be seen in both figures the QE approximation does not hold.
Further, for T ¼ 420 K, after several seconds the concentration of
electrons in the conduction band is larger than the concentration of
trapped electrons (Fig. 7).

The results reported above indicate that the GO kinetics does
not yield reliable frequency factors and activation energies when
the kinetics deviates from FO. The reason from this surprising result
could lie in the fact that the GO model is a heuristic interpolation
between FO and SO kinetics, which were derived assuming that the
QE approximation holds. Since phosphorescence experiments
consists in heating so fast as possible a sample to a given temper-
ature, for which a significant proportion of trapped electrons are
suddenly promoted to the conduction band, the QE approximation
will not hold unless recombination be high enough for draining
electrons from the conduction band so that the QE approximation
holds. Since electrons are promoted into the conduction band more
slowly in thermoluminescence than in phosphorescence, we
investigated whether the parameters obtained by fitting a glow
Table 3
Parameters obtained by employing the GO kinetics and the model shown in Fig. 4.
The parameters employed for integrating the differential equations are given in the
text.

T (K) x1(0) p1 (s�1) b0 x2(0) p2 (s�1) b2 FOM (%)

390 0.004 0.796 1.43 0.004 0.109 1.34 1.1
400 0.004 1.014 1.43 0.004 0.243 1.37 0.5
410 0.004 1.380 1.43 0.003 0.543 1.43 1.1
420 0.002 3.720 1.40 0.004 1.378 1.5 1.7
curve are better than those obtained by phosphorescence experi-
ments. Fig. 7 shows the glow curve obtained with the parameters
employed for generating the phosphorescence curves for one trap
along with the resulting peak from the fitting with the GO model.
The parameters obtained with the GO kinetics are: s ¼ 1.3$012 s�1,
E ¼ 1.03 eV, and b ¼ 2.27. The FOM amounts to 4%. As can be seen
Fig. 7. Glow curve obtained for the model shown in Fig. 1 and the parameters given in
the text (solid line), and curve obtained by fitting with the GO kinetics (dash line).



Fig. 8. Concentration of trapped electrons and concentration of electrons in the con-
duction band for the glow curve shown in Fig. 7.

Fig. 10. Concentration of electrons in trap #1 (solid line), in trap #2 (dash line), and in
the conduction band (dot line).
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the agreement of both the activation energy and the frequency
factor with the correct values is excellent.

This result may be explained by the results shown in Fig. 8,
where the concentration n of trapped electrons, and electrons in
the conduction band, nc, as functions of the temperature are
depicted.

Contrary to what happens with phosphorescence, where the
concentration of electrons in the conduction band compared to the
concentration of trapped electrons is significant for the whole time
interval (see Fig. 3(a) and (b), in thermoluminescence the concen-
tration of electrons in the conduction band is only significant for
temperatures higher than 460 K. Thus the QE approximation does
not hold only for the highest temperature part of the peak, not
affecting most of its shape.

The glow curve of the model with two traps has been also
computed and analyzedwith the GO kinetics. Fig. 9 depicts both the
generated glow curve and that obtained by analyzing the glow
curve with the GO kinetics. The FOM amounts to 2.3%.

The parameters obtained with the GO kinetics are: s1 ¼ 1.8
1012 s�1, E1 ¼ 0.79 eV, s2 ¼ 1$1012, and E2 ¼ 0.94 eV. In spite of the
excellent fit the agreement between the activation energies ob-
tained from the fit with the GO kinetics and the activation energies
employed for generating the glow curve is not good. Fig. 1,0 shows
Fig. 9. Computed glow curve (solid line) and glow curve obtained by deconvolution
with the GO kinetics (dot line).
the concentration of electrons in both traps and in the conduction
band. As can be seen part of the electrons released from trap 1 are
captured by trap 2. The reason for the disagreement between the
energies may be the fact that the GO kinetics does not consider
interaction among traps (Sakurai and Gartia, 2003)

The aforementioned results show that for analyzing phospho-
rescence curves the GO kinetics might yield incorrect trap param-
eters if the quasi-equilibrium approximation does not hold. The net
flow of electrons in the conduction band is given by:

s$expð�E=kTÞ$nðtÞ � An$ncðtÞ$ðN � nðtÞÞ � Ah$ncðtÞ$mðtÞ

where m(t)is given by m(t) ¼ n(t) þ nc(t) þ M. If the net flow is
positive for the most part of the time interval, it is possible that the
concentration of electrons in the conduction band be not negligible
against the concentration of trapped electrons, i.e., the quasi-
equilibrium approximation does not hold. If this happens the GO
kinetics will not be appropriate for analyzing phosphorescence
curves. Chen and Pagonis have reported calculations showing that
the accumulation of electrons in the conduction band is related to
low values of both An and Ah (Chen and Pagonis, 2013).
4. Conclusions

The results reported in this article make clear that in phos-
phorescence experiments, because of the sudden injection of
electrons in the conduction band, the quasi-equilibrium approxi-
mation does not hold, except if the kinetics approach FO kinetics.
Thus the GO kinetics with b > 1 yields incorrect parameters.

As shown above, the analysis of the glow curve with the GO
kinetics for a model having one trap yields satisfactory parameters.
This result might be due to the fact, as can be seen in Fig. 9, that the
QE approximation does not hold only for the highest temperature
part of the peak, thus not affecting most of its shape. Thus, if the
kinetics differs from FO, and one trap is present, analysis of the
glow curve should be preferred to the analysis of the phosphores-
cence curves if the GO kinetics is employed.

If two or more peaks are considered, because of the interaction
among traps, analysis of phosphorescence or glow curves may yield
incorrect parameters. Then it is necessary to resort to the system of
differential equations describing the kinetics. Programs to perform
deconvolutions of thermoluminescence and phosphorescence
curves by solving the set of coupled differential equations can be
found in the web (Kiisk, 2013).
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