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A B S T R A C T

Localized energy levels within the forbidden energy band are the source of various stimulated luminescence
phenomena. The present study deals with the case of electrons stimulated from localized levels and recombining
with a hole at a luminescence center, without the mediation of the conduction band. Previous research was
based on three different assumptions as follows. Firstly, it was assumed that the recombination rate is in-
dependent of the concentration of recombination centers, and is proportional only to the concentration of
electrons in the excited state of the trap. Secondly, it is assumed that the principle of detailed balance holds for
these localized transitions. A third common assumption is that the system is in quasi-equilibrium condition.
When these three conditions are applied to the system of differential equations describing the localized tran-
sitions, it was shown that the resultant thermoluminescence (TL) signals follow first order kinetics. This paper
examines the assumptions used in these previous studies, and extensive simulations are carried out for a wide
range of parameters in the localized transitions model. The results of the simulations show that the TL peaks in
the localized model have very similar characteristics with TL peaks derived from delocalized models, including
non-first order kinetic characteristics. The differential equations describing the localized transition model are
solved analytically using the Lambert W function, and the resulting analytical master equation can describe a
variety of optically and thermally stimulated phenomena.

1. Introduction

The models used to describe stimulated luminescence (SL) phe-
nomena are phenomenological models based on the energy band theory
of solids. Localized energy levels within the forbidden band are the
source of several stimulated luminescence phenomena [1,2]. Three
types of phenomenological models have been used extensively in the
literature: delocalized models based on transitions involving the con-
duction and valence bands, localized models usually involving different
energy levels of the traps/centers [1,3–5], and semilocalized models
which are based on a combination of localized and delocalized energy
levels [6,7]. For comprehensive historical summaries of these three
types of luminescence models, the reader is referred to the relevant
textbooks [1,2,8] and the recent review papers by Kumar et al. [9],
Horowitz et al. [10], and Pagonis et al. [11].

There have been several types of localized models in the literature.
In the original work by Halperin and Braner [3], during the thermal
excitation stage electrons are raised into the excited state of the electron
trap, from which they can either recombine at the recombination
center, or they can be de-excited into the ground state. In this model,
the conduction and valence bands participate in the kinetics only

during the irradiation stage, and direct transitions from the conduction
band into the ground or excited state of the trap are not allowed. Most
importantly for the purposes of this paper, the rate of recombination in
this model was assumed to depend on both the concentrations of elec-
trons in the excited state of the trap, and on the concentration of holes
in the center. Chen and Kirsh [1] suggested that each electron can only
recombine with its closest neighbor in the crystal, and modified the
differential equation of Halperin and Braner [3], so that the rate of
recombination is proportional only to the concentration of electrons in
the excited state. This assumption when combined with the assumption
of a quasi- equilibrium state, leads to an analytical first order kinetics
equation. Bull [4] used the same assumptions as Chen and Kirsh [1] and
the same system of differential equations, to simulate characteristic TL
glow curves in this localized model. The model parameters used by Bull
[4] resulted in TL peaks with peak maximum temperatures ranging
from 350 K to 2000 K. Bull [4] also noted some deviations from pure
first order kinetics in their results, and reported symmetry factors as
high as 0.48 for some parameters of their model.

A different type of localized tunneling recombination model has
been proposed by Jain et al. [12], in which the distances between
electron and hole traps are described by a specific spatial distribution.
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This model was solved analytically by Kitis and Pagonis [13], who
obtained a master equation describing stimulated luminescence phe-
nomena based on quantum tunneling. Using the resulting analytical
equations these authors were able to analyze a great number of ex-
perimental data [14–17].

During the past decade there has been extensive experimental and
simulation work on luminescence from nanodosimetric materials.
Recent Monte Carlo simulations have shown that in materials with very
high density of defects, the nearest neighbor approximation is not valid,
and therefore each electron may interact with several of its neighbors
(Pagonis and Truong [18]). In such cases of localized high densities of
electrons and holes, one might expect that the original model by Hal-
perin and Braner [3] would be a better approximation than the later
model by Chen and Kirsh [1].

All previous modeling research on localized transitions has been
based on the following three different assumptions:

(a) The recombination rate is independent of the concentration of re-
combination centers, and is proportional to the concentration for
electrons in the excited state of the trap.

(b) The principle of detailed balance is assumed to hold for these lo-
calized transitions.

(c) The system is in quasi-equilibrium condition.

When these three conditions are applied to the system of differential
equations describing the localized transitions, it was shown that the
resultant thermoluminescence (TL) signals follow exclusively first order
kinetics [8].

The aims of the present work are:

• To examine critically the assumptions used in these previous studies.

• To simulate the localized transition model using the original version
of the model by Halperin and Braner [3], without the simplifications
leading to first order kinetics.

• To examine if existing analytical expressions previously developed
for delocalized models, can also describe luminescence signals si-
mulated within localized transition models.

• To evaluate in detail the peak shape characteristics of the TL peaks,
for a wide range of values of the parameters in the model.

• To derive new analytical expressions by solving the system of dif-
ferential equations in the localized transition model, by following
the method used by Kitis and Vlachos [26] for delocalized models,
and by Kitis and Pagonis [13] for localized models.

• To investigate the role of the principle of detailed balance in the
localized transition models.

• To investigate whether the localized transition model can describe
additional stimulated luminescence phenomena, such as Linearly
modulated optically stimulated luminescence (LM-OSL), continuous
wave OSL (CW-OSL), isothermal TL (ITL).

2. The model

Lawless et al.[19] demonstrated that in order for a simulation to
describe properly experimental results, it must contain all three stages
of irradiation, relaxation and heating. The irradiation stage must always
be followed by a relaxation stage, because carriers can build up to
significant levels in the conduction and valence bands at the end of the
irradiation stage. The relaxation stage provides the necessary time for
the concentrations of charge carriers to decay to zero before the heating
stage. Sadek and Kitis [20] showed that inclusion of the three stages is
also a critical requirement for simulations. These authors examined
critically the TL results of Kelly et al. [21] and Opanowitz [22], and
found that most of the parameters used by these authors are not com-
patible with the irradiation stage, and therefore their pessimistic point
view on the analysis of TL glow curves is not warranted.

It must be noticed, however, that one could in principle carry out

the simulations in this paper by assuming equal initial concentrations of
electrons and holes at the start of the heating stage; nevertheless, we
have preferred to include all three stages for completeness.

In the present work we examine critically the original model of
Halperin and Braner [3], by including the differential equations for the
irradiation, relaxation and heating stages. More importantly, our study
uses the original model without the later modifications by Chen and
Kirsh [1] and Bull [4], which lead to first order kinetics.

The energy band diagram for the localized transition model is
shown in Fig. 1. During irradiation electrons and holes are created in
the conduction and valence bands, and are subsequently trapped into
the ground state of the trap and the recombination center correspond-
ingly. These transitions are indicated by Atr and Ah in Fig. 1. During the
heating stage electrons are raised into the excited state of electron trap,
from which they can either recombine at the recombination center
(transition Am), or they can be de-excited into the ground state (tran-
sition AD). As mentioned above, in this model the conduction and va-
lence bands participate in the kinetics only during the irradiation stage.

The differential equations governing the traffic of free carriers
during both the irradiation and heating stage are:

=dT
dt

β, (1)

= − + + −dn
dt

n p t A n A N n n( ) ( ) ,D e tr c (2)

= − −dm
dt

A M m n A m n( ) ,h v m e (3)

= − −dn
dt

n p t A n A m n( ) ,e
D e m e (4)

= − −dn
dt

X A M m n( ) ,v
h v (5)

= − −dn
dt

X A N n n( ) .c
tr c (6)

The symbols on the diagram are: −N (cm )3 is the concentration of
available electron traps, −n cm( )3 the concentration of trapped electrons,−M (cm )3 is the concentration of available luminescence centers,−m (cm )3 concentration of trapped holes. −n (cm )c 3 and −n (cm )v 3 are
the concentration of electrons in the conduction and holes in the va-
lence band. −A (cm s )tr 3 1 is the trapping coefficient in electron traps and−A (cm s )h 3 1 is the trapping coefficient of holes in luminescence centers.
E (eV) is the thermal activation energy, −s (s )1 is the frequency factor
and k the Boltzmann constant, β K s( / ) is the heating rate and− −X (cm s )3 1 is the rate of production of ion pairs per second and per−cm 3. This quantity is proportional to the dose rate. If the time of ex-
citation is te, the total concentration of produced electron–hole pairs is
X t· e ( −i p. . cm 3), a quantity which is proportional to the total dose
applied.

Fig. 1. Energy band diagram for the localized transition model.
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ne is the concentration of electrons in the excited state of the trap,
p t( ) is the rate of excitation from the ground state energy level of the
trap to the excited state, from which the electron can either recombine
with a recombination coefficient −A (cm s )m 3 1 or it can de-excite back
into the ground state with a de-excitation coefficient −A (s )D 1 . The rate
of excitation p t( ) depends on the type of experiment (LM-OSL, CW-OSL
etc), and is of course different for thermal and optical excitation. For
example, in TL experiments the rate of thermal excitation is= −( )p t s exp( ) E

k T , while in CW-OSL experiments the rate of optical
excitation is constant −λ (s )1 , which depends on the optical cross section
of the trap and on the intensity of the stimulating light source. In the
case of LM-OSL experiments, the rate of excitation is varied linearly
with time according to =p t λt P( ) / , where −λ (s )1 is the rate of optical
excitation and P is the total stimulation time during the LM-OSL ex-
periment. The three stages are simulated with the above system of
equations by using =β 0 for the irradiation stage, =β 0 and =X 0
for the relaxation stage, and = = =X A A0, 0, 0tr h for the heating
stage.

An important point to note in these equations is that the re-
combination rate is written here in the form −A m nm e, in agreement
with the original model of Halperin and Braner [3]. In the later versions
of the model by Chen and Kirsh [1] and Bull [4], this term is written as−γ ne, where γ is a constant with dimensions of −s 1. In addition, the de-
excitation term in the above equations is written here as −A nD e, while
in these previous publications it is written as −s ne , based on the as-
sumption that the principle of detailed balance is valid for the model
(i.e. =A sD ).

According to the principle of detailed balance (PDB), the de-ex-
citation rate coefficient AD must be equal to the frequency factor s.
However, the PDB has been derived for a system in thermal equilibrium
(Chen and Pagonis [8], Chapter 2), and experimental studies have
raised the question whether it is applicable for systems in non-thermal
equilibrium (Lloyd and Pake [23]). Furthermore, theoretical work has
shown that the PDB principle applies only to cyclic systems (Klein [24],
Thomsen [25]). As a consequence of these theoretical studies, the PDB
will not be applicable in a multiple level model such as the localized
model in Fig. 1.

In this paper we assume that the PDB does not apply, and study the
consequences of this assumption on the model. Secondly, we use the
original version of the model as written by Halperin and Braner [3], by
writing the recombination rate in the form −A m nm e.

3. Analytical solution based on the Lambert W function

In this section the above system of differential equations is solved
analytically, in order to obtain an expression for luminescence signals
in the localized transition model.

Considering only the heating stage and assuming that the system is
in quasi-equilibrium state [2], we set =dn dt/ 0e in Eq. (4), to obtain the
concentration of electrons in the excited state ne:

= +n n p t
A A m

( ) .e
D m (7)

By substituting this value of ne into Eq. (3):

= − = − +dm
dt

A m n p t n m A
A A m

( ) .m e
m

D m (8)

and the luminescence intensity ILOC in the localized transition model
will be:

= − = +I dm
dt

p t n m
r m

( ) ,LOC

where the ratio r was defined as:

=r A
A

.D

m (9)

We now make the common assumption that only a few electrons are in
the excited state at any given moment, i.e. ≪n ne and therefore from
the conservation of charge = +m n ne one obtains ≈m n. With this
approximation,

= − = +I dn
dt

p t n
r n

( ) ,LOC
2

(10)

Eq. (10) has the exact same mathematical form as the following general
one trap (GOT) equation of the OTOR model (Kitis and Vlachos [26],
their Eq. (11)):

= + −I p t n
NR n R

( )
(1 )

,DEL
2

(11)

where the parameter R in Eq. (11) is a dimensionless quantity, ex-
pressing the ratio of the retrapping and recombination coefficients An
and Am in the delocalized OTOR model:

=R A
A

.n

m (12)

Kitis and Vlachos [26] showed that the solution of Eq. (11) for the
delocalized OTOR model is given in terms of the Lambert W z( ) function
(Corless et al. [27]):

= − +I p t RN
R W k e W k e

( )
(1 )

1
[ , ] [ , ]DEL z z2 2 (13)∫= − − ⎡⎣ − ⎤⎦ + −z RN

n R
ln n R

NR R
p t dt

(1 )
1 | 1

1
( )DEL t

t

0

0
0 (14)

where =k 0 or = −k 1 for the two real branches of the W z( ) function,
and no is the initial concentration of trapped electrons.

From this point on, one follows closely the method of Kitis and
Vlachos [26], and Eq. (10) can be integrated. After some extended but
simple algebra, the following analytical solution is obtained for the
localized model:

= +I t p t r
W k e W k e

( ) ( )
[ , ] [ , ]LOC z z 2 (15)∫= − ⎡⎣ ⎤⎦ +z r

n
ln n

r
p t dt( )LOC t

t

0

0
0 (16)

Eqs. (15) and (16) are master equations, similar to those obtained by
Kitis and Vlachos [26] for the OTOR model, and by Kitis and Pagonis
[13] for the localized tunneling recombination model of Jain et al. [12].
They are termed master equations because they provide a mathematical
description for several types of stimulated luminescence phenomena, by
selecting the appropriate expression for the excitation rate p t( ), as
discussed above.

For TL and LM-OSL phenomena in the localized model, Eq. (16) for z
becomes correspondingly:∫= − ⎡⎣ ⎤⎦ + ⎛⎝− ⎞⎠z r

n
ln n

r
s exp E

k T
dTLOC TL T

T
-

0

0
0 (17)

= − ⎡⎣ ⎤⎦ +z r
n

ln n
r

λ t
P2LOC LMOSL-

0

0 2

(18)

It is important to note that the r ratio in Eq. (9) is not a di-
mensionless quantity, but has units of −cm 3. By contrast, the parameter
R in Eq. (12) is a dimensionless quantity expressing the ratio of the
retrapping and recombination coefficients in the delocalized OTOR
model (Kitis and Vlachos [26]). It is also noted that Halperin and Braner
[3] assumed that the principle of detailed balance holds, so that=r s A/ m in their model. In the present paper, r is used in the more
general form of Eq. (9).

It is also necessary to note an important difference between the
solutions of delocalized and localized models. In the case of delocalized
model due to the presence of the term −R(1 ) in denominator and of the
logarithmic argument in Eq. (14), the solution is based on both real
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branches of the Lambert W function. On the other hand, in the case of
localized model the solution in Eq. (15) is based only on the first real
branch of the Lambert W function, for any value of r.

By following the method of Kitis and Vlachos [26], one can now
easily obtain the following condition for the temperature Tm of max-
imum TL intensity:

⎜ ⎟= ⎛⎝− ⎞⎠β E
k T

F s exp E
k Tm

TL
m

2 (19)

= ++( [ ])F W e
W e

1 2 [ ]
1TL

z

z 2
m

m (20)

The corresponding condition for the time tm of maximum LM-OSL in-
tensity is:

=t F P
λm OSL

2
(21)

= ++( [ ])F W e
W e

1
1 2 [ ]OSL

z

z

2m

m (22)

In both of these expressions, zm is the value of z at =T Tm and =t tm, for
TL and LM-OSL correspondingly.

4. Simulation results

4.1. The range of parameters used in the simulations

As discussed above, this paper presents a more general form of the
localized model, in which the PDB principle does not apply, i.e. the
condition =A sD is not valid. The values of AD in the simulations were
then varied starting from a low value of = − −A 10 sD 2 1 and increasing
towards the value of =A sD , which is predicted by the PDB.

The fixed parameter values used in the model were: = −N 10 cm10 3,= × = =− − −M A A1.01 10 cm , 10 cm sh tr10 3 7 3 1, thermal activation en-
ergy =E 1 eV, frequency factor = −s 10 s13 1, dose rate= − −X 10 (cm s )7 3 1 .

The following detailed protocol was followed in the simulations:

• For given values of Am, the AD values were varied in the range− −10 –10 s2 7 1 i.e. they cover 9 orders of magnitude. This AD sequence
was simulated for 4 different values of Am : − − −10 , 10 , 108 7 6 and− −10 cm s5 3 1.

• For a given value of AD, the dose was varied from 106 to
1010 (cm−3). The dose sequence was simulated for AD values in the
range −− −10 10 s2 7 1. In these simulations the value = − −A 10 cm sm 7 3 1

was kept constant.

4.2. Simulation as function of de-excitation probability A( )D

An important question about the localized model in this paper, is
whether the model can produce non-first order kinetics. The answer is
not obvious, since the values of the parameters are such that the PDB is
not applicable in our simulations. To answer this question, the values of
the de-excitation constant AD are varied first, while the value of Am is
kept constant. Then the simulations are repeated for various Am values.

The primary purpose of these simulations was to see the effect of the
PDB not being fulfilled in the localized model. A second goal of these
simulations was to see how the temperature of maximum TL intensity
Tm and the symmetry factor µg of the simulated peaks behave as a
function of the dose. A third goal was to investigate whether non-first
order kinetics is possible within the model.

Fig. 2 shows characteristic TL peaks obtained by keeping the value= − −A 10 cm sm 7 3 1 constant, and varying the value of AD to obtain peaks
(1): − −10 s1 1, (2): −10 s0 1, (3): −10 s3 1, (4): −10 s4 1 , (5): −10 s4 1, (6): −10 s6 1

and (7): −10 s13 1. All peaks derived with AD from − −10 s2 1 up to −10 s0 1

were identical with TL peak labeled (1) in Fig. 2. Their symmetry factor

was =µ 0.42g , which corresponds to first order kinetics. As the value of
AD exceeds −10 s0 1 and increases towards −10 s13 1, the peak maximum
temperature starts to shift to higher temperatures, with a simultaneous
broadening of the peak. Borrowing a term from the delocalized OTOR
model, this is a clear indication of the increase of the kinetic order.

Fig. 3 shows the behavior of Tm as a function of AD. For values of AD
up to −10 s1 1, there is no shift of the value of Tm , which is characteristic
of first order kinetics. As AD exceeds the value of −10 s1 1, a shift of Tm
towards higher temperatures emerges. Furthermore, this shift in Tm
depends also on the value of recombination probability Am. The curves
in Fig. 3 corresponds to Am values of (1): − −10 cm s5 3 1 (2): − −10 cm s6 3 1,
(3): − −10 cm s7 3 1 and (4): − −10 cm s8 3 1.

A good measure of the kinetic order is the symmetry factor µg of the
peak [3,28–31]. The value of µg is evaluated and its values as a function
of AD are shown in Fig. 4. The obvious conclusion is that for all AD
values up to −10 s0 1 the resulting TL peaks have =µ 0.42g , which cor-
responds to first order kinetics. For higher values of AD one sees a trend
towards second order kinetics and a value of =µ 0.52g , depending upon
the values of Am. This is the exact same behavior shown in the simu-
lations of Fig. 3.

4.3. Simulation as function of dose

The second series of simulations investigates the behavior of TL
peaks as a function of dose, which is one of the main characteristics of a
dosimetric material. The goal here is to examine how Tm varies as a

Fig. 2. Glow peak shape simulated using = − −A 10 cm sm 7 3 1 and a variable−A (s )D 1 (1): −10 1, (2): 102, (3): , (4): 104, (5): 105, (6): 106, (7): 107.

Fig. 3. Peak maximum temperature as a function of AD using a variable−A (cm s )m 3 1 (1): −10 5, (2): −10 6, (3): −10 7, (4): −10 8.
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function of dose in the localized model of this paper.
The TL peaks obtained from the simulation as a function of the dose

are shown in Fig. 5, which shows the shift of theTm as a function of dose
for a fixed values of = − −A 10 cm sm 7 3 1. The simulated curves are for
values of AD (1): − −10 s7 1, (2): −10 s0 1, (3): −10 s2 1, (4): −10 s4 1, (5):−10 s6 1. The general behavior is a shift toward lower temperatures as the
dose increases; this behavior is very similar to that observed previously
in the delocalized OTOR model.

Fig. 6 shows the symmetry factor µg as a function of the dose using
the same parameters as in Fig. 5. It is interesting to note that the curves
(1) and (2) which correspond to low AD values correspond to first order
kinetics (see these curves in Figs. 2–4). Furthermore, when the value of
AD approaches the value of s (in which case the PDB is satisfied), the µg
values tend to 0.52 which corresponds to second order kinetics, using
the terminology of delocalized models.

5. Analysis of TL peaks using peak shape methods (PSM) and
computerized glow curve deconvolution (CGCD)

In this section we will investigate and analyze in detail the simu-
lated TL peaks from the localized transition model, by using well-known
methods previously developed for delocalized models.

In TL peaks derived in a delocalized model, the activation energy E
is evaluated using either the peak shape methods (PSM), or using a
computerized glow curve deconvolution (CGCD) analysis.

5.1. Peak shape methods

PSM methods are based on general order kinetics [28–30], and on
mixed order kinetics [31]. In this section we apply these well known
methods of analysis to the TL peaks generated by the localized model in
this paper.

The software used for the simulations can evaluate any geometrical
characteristic of the simulated peak, and the mean values of all eval-
uated E values are listed in Table 1. In all cases the E values from the
PSM methods agree with the input E values, with an accuracy better
that 1%. Therefore, all geometrical characteristics of TL peaks eval-
uated in the localized transition model, behave exactly in the same way
as the corresponding characteristics of TL peaks evaluated from the
delocalized models.

5.2. CGCD method

In a similar manner, we apply CGCD methods to the simulated TL
peaks, by using the analytical general order kinetic equation [32], and
the GOT analytical equation obtained using the Lambert W function
[26,33].

In modern software packages, the Lambert function W z( ) is a built-
in function, similar to any other transcendental function like sine, co-
sine etc. In the present work the ROOT data Analysis Framework was
used [34]. All fittings were performed using the MINUIT program [35]
released in ROOT, which is a physics analysis tool for function mini-
mization. The Lambert function W z( ) and the exponential integral
function ⎡⎣− ⎤⎦Ei E

kT are implemented in ROOT through the GNU scientific
library (GNU GSL)[36].

The results of the curve fittings are also shown in Fig. 7. Using the
general order expression for TL, the fit of peaks with µg between 0.42
and 0.52 is excellent. In a similar manner, the fit with the analytical
GOT equation using the Lambert function was also very good, giving a
Figure of Merit value of FOM=0.0001. Furthermore, the behavior of
Tm and b for the general order fits, and of Tm and R for the GOT

Fig. 4. Symmetry factor as a function of AD, using a variable −A (cm s )m 3 1 (1):−10 5, (2): −10 6, (3): −10 7, (4): −10 8.

Fig. 5. Peak maximum temperature as a function of dose, using a constant= − −A 10 (cm s )m 7 3 1 and a variable −A (s )D 1 (1): −10 2, (2): 100, (3): 102, (4): 104,
(5): 106.

Fig. 6. Symmetry factor as a function of dose using = − −A 10 (cm s )m 7 3 1 and−A (s )D 1 (1): −10 7, (2): 100, (3): 102, (4): 104, (5): 106.

Table 1
Output activation energy values in (eV) evaluated using the general order ki-
netics (GOK) and mixed order kinetics (MOK) peak shape methods (PSM). The
reference value is =E eV1.0 .

Variable GOK PSM MOK PSM

AD E=1.006 ± 0.001 E=1.014 ± 0.005
Dose E=1.01 ± 0.01 E=1.01 ± 0.04

Curve Fitting GOK fitting Lambert W fitting
E=1.015 ± 0.02 E=0.999 ± 0.0004
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analytical equations is exactly the same as the one obtained from the
PSM method. The results are shown in Figs. 3–6. It is therefore con-
cluded that the PSM and CGCD methods can also be applied to localized
TL peaks.

6. Testing the analytical expressions for TL and LM-OSL

In the present work we derived analytical expressions given by the
master Eq. (15), representing peaks in the localized transition model. It
is important to test if these analytical equations give the same results as
the solution of the system of differential equations in the model. The
procedure followed is:

• A TL peak is generated from the numerical solution of the differ-
ential equations.

• The same parameters are used in the analytical expression given by
Eq. (15).

• The two peaks are compared with each other.

Examples of this comparison procedure are shown in Fig. 7 for TL
peaks, and in Fig. 8 for LM-OSL peaks. In both figures the open circles
correspond to the peaks generated by the numerical solution of differ-
ential equations, and the solid lines correspond to the peaks evaluated
using the master analytical expression given by Eq. (15), along with Eq.

(17) for TL and Eq. (18) for LM-OSL. In all cases the agreement between
numerically derived and analytically evaluated peaks is at the sixth
significant figure. This means that the master equation Eq. (15) is an
analytical expression which can describe accurately any stimulated
luminescence experiment within the localized transition model studied
in this paper.

7. Discussion

7.1. The numerical results of Bull [4]

In this section we discuss the numerical results of Bull [4], since
these are the standard example of presenting the localized model in
luminescence textbooks [1,2,8]. Bull [4] assumed applicability of the
PDB (i.e. =A sD ), and also assumed that only the nearest neighbor
recombination should be considered because the probability of re-
combination with holes farther away is significantly smaller. This is a
rather strict set of assumptions for several reasons. The first reason is in
cases of very high local electron and hole densities, electrons can in-
teract with several of their neighbors and are not restricted to their
nearest neighbor interactions (Pagonis and Truong [18]). The second
reason is that a single value of =γ A mm corresponds to a specific ir-
radiation dose, since the value of m depends on the irradiation condi-
tions. The third reason is that three differential equations with three
variables become three differential equations with two variables; as a
result of this simplification, the solution of the system of differential
equations follows first order kinetics. It is noted, however, that the
occurrence of first-order kinetics is not directly related with the prin-
ciple of detailed balance (PDB), since the equations given by Chen and
Kirsh [1] result in a first-order equation without the PDB assumption.

Fig. 9 shows the TL peaks simulated using the model and parameters
of Bull [4], in which the PDB is assumed to hold, and the recombination
rate is given by =A m γm =constant. It is noted that all the peaks
(4)–(8) in Fig. 9 obey the PDB and have peak maxima in the range
500–2000 K, while theactivation energy is only =E 0.8 eV. These re-
sults are in opposition to all experimental work, since no TL peaks have
been reported in this high temperature range with such a low activation
energy. It is simply very difficult to conceive that a temperature of
2000 K is needed to empty thermally a trap with =E 0.8 eV. The un-
likely physical explanation in this case would be that the electron will
be excited and trapped billions of times before recombining.

7.2. Further comments on the PDB

The localized model studied here describes not only TL, but also

Fig. 7. Comparison between peaks derived by numerical solution of differential
equation represented by the open circles with numerically evaluated from the
analytical solution based on Lambert W function with −A , (s )D 1 . (1) −10 –107 2,
(2): (3): 105 and 4: 107.

Fig. 8. Comparison of LM-OSL peaks derived by numerical solution of differ-
ential equations (open circles), with the analytical solution based on Lambert W
function (solid lines). (1) = −λ 0.2 s 1 and = − −A 10 –10 sD 7 0 1, (2): = −λ 2 s 1 and= −A 10 sD 3 1 (3): = −λ 4 s 1 and = −A 10 sD 5 1.

Fig. 9. TL peak sequence from the parameters and model by Bull [4], with= −n 10 cm0 10 3 and variable −A (cm s )m 3 1 (1): , (2): 100, (3): −10 1, (4): −10 4, (5):−10 6, (6): −10 8, (7): −10 9 , (8): −10 10.
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LM-OSL, CW-OSL, ITL etc. The fulfillment of PDB in TL requires the de-
excitation coefficient AD to be equal to the frequency factor s. This
raises the question, does the PDB apply to these other phenomena?.

Let us consider the case of continuous wave infrared stimulated
luminescence (CW-IRSL) in feldspars, which is described by a localized
model similar to the one in this paper. The rate of optical excitation in
these types of experiments is known to be of the order of = − −λ 1 5 s 1. If
we apply the PDB in such a system, then the de-excitation rate would be= = − −A λ 1 5 sD 1, corresponding to a luminescence lifetime of= = −τ λ1/ 0.2 1 s.

However, such a very long value of the luminescence lifetime would
contradict time-resolved experiments. In general, the luminescence
lifetime depends on the material and on the types of experiment in-
volved. Time-resolved measurements in quartz reveal that the lifetime
of electrons in the conduction band are in the region of milliseconds,
while internal transitions within the recombination center may have
luminescence lifetimes of the order of tens of microseconds [37]. On the
other hand, the measured lifetimes from time-resolved CW-IRSL ex-
periments in feldspars are in the region of microseconds up to a few
millisecond [38,39],while Clark et al. [40] measured lifetimes of the
order of nanoseconds.

Considering these experimental results, serious doubts are justified
about the applicability and validity of the PDB in TL, and in other sti-
mulated luminescence phenomena.

8. Conclusions

This work presented a re-appraisal of localized model in the lit-
erature, by lifting two previous restrictions in the model. First it is as-
sumed that the PDB does not apply in systems which are not in thermal
equilibrium, and the consequences were examined by extensive simu-
lations. In addition, it is assumed that electrons may interact with many
of their neighboring holes, so that the recombination rate depends on
both the concentrations of electrons and holes.

The conclusions from this study can be summarized as follows:

• The localized transition model can generate a great variety of single
peaks. The decisive parameter in the model is the de-excitation
constant AD , which was varied in the broad region of 10 orders of
magnitude.

• All TL peaks generated by the localized transition model were de-
scribed very well by the peak shape methods, and the analytical TL
expressions for the GOK and GOT expressions previously derived for
delocalized models.

• All peaks evaluated with the localized transition model have very
similar characteristics with the peaks evaluated using a delocalized
model.

• In the present work the differential equations describing the loca-
lized transition model were analytically solved using the Lambert W
function.

• The analytical solutions gave new analytical expressions for TL, LM-
OSL, CW-OSL and ITL experiments.
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