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a b s t r a c t

The shape of infrared stimulated luminescence signals (IRSL) from feldspars has been the subject of
numerous studies in the field of luminescence dating. Specifically linearly modulated IRSL signals (LM-
IRSL) are commonly assumed to consist of several first order components corresponding to distinct
optical stimulation cross sections. This paper models the shape of LM-IRSL signals using a recently
proposed kinetic model, which describes localized electronic recombination in donoreacceptor pairs of
luminescent materials. Within this model, recombination is assumed to take place via the excited state of
the donor, and nearest-neighbor recombinations take place within a random distribution of centers. The
model has been used previously successfully to describe both thermally and optically stimulated lumi-
nescence (TL, OSL). This paper shows that it is possible to obtain approximate solutions for the distri-
bution of donors in the ground state as a function of two variables, time and the distance between donors
and acceptors. Approximate expressions are derived for several possible modes of optical and thermal
stimulation, namely TL, OSL, linearly modulated OSL (LM-OSL), LM-IRSL and isothermal TL (ITL). Nu-
merical integration of these expressions over the distance variable yields the distribution of remaining
donors at any time t during these experimental situations. Examples are given for the derived distri-
butions of donors in each experimental case, and similarities and differences are pointed out. The paper
also demonstrates how LM-IRSL signals in feldspars can be analyzed using the model, and what physical
information can be extracted from such experimental data. The equations developed in this paper are
tested by fitting successfully a series of experimental LM-IRSL data for Na- and K-feldspar samples
available in the literature. Finally, it is shown that the equations derived in this paper are a direct
generalization of an equation previously derived for the case of ground state tunneling.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Localized transition recombination models (LTM) have been
used extensively to describe a variety of behaviors of luminescence
signals and in a wide variety of materials (see for example the

books by Chen and McKeever (1997), Bøtter-Jensen et al. (2003)
and Chen and Pagonis (2011)). These models are based on the
assumption of a fixed recombination probability between the
excited state of a trap and a recombination center (Chen, 1976; Bull,
1989; Mandowski, 2005; Sunta et al., 2006; Kumar et al., 2006,
2007). However, recent experimental and modeling studies sup-
port the notion that the recombination probability for localized
transitions inmanymaterials, such as feldspars, may varywith time
(Thomsen et al., 2011; Jain and Ankjærgaard, 2011; Jain et al., 2012;
Andersen et al., 2012).
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Quantum mechanical tunneling and the associated phenome-
non of “anomalous fading” of luminescence signals in feldspar has
received a lot of attention, due to the importance of this phenom-
enon in dating studies (Templer, 1986; Visocekas, 1985; Duller and
Bøtter-Jensen, 1993; Visocekas et al., 1994; Murray et al., 2009, and
references therein). Several studies have suggested that anomalous
fading is due to quantum mechanical tunneling from the ground
state of the trap (Huntley and Lamothe, 2001; Poolton et al., 2002a,
2002b; Li and Li, 2008, 2010; Kars et al., 2008; Larsen et al., 2009).
Furthermore, it has been shown that the ground state tunneling
process in various materials can be described by a power-law type
of decay (Delbecq et al., 1974; Baril, 2002; Baril and Huntley, 2003;
Huntley, 2006). The experimental and modeling work by Poolton
et al. (2002a, 2002b, 2009) and more recently by Jain and
Ankjærgaard (2011) and Ankjærgaard et al. (2009), provided
valuable information on the origin of infrared stimulated lumi-
nescence (IRSL) from feldspars, and supported the existence of
tunneling processes involving localized recombinations taking
place from the excited state of the trap, as well as charge migration
through the conduction band-tail states. In a recent paper Pagonis
et al. (2012) presented a new empirical kinetic model based on
localized electronic transitions, in an attempt to describe such
tunneling via the excited state in feldspars. The continuous-wave
IRSL signals (CW-IRSL) from feldspars are known to decay in a
non-exponential manner and the exact mathematical shape of
these curves is an open research question (Thomsen et al., 2008,
2011). Bailiff and Poolton (1991) and Baril (2002) showed that the
IRSL decay follows a power law, while Poolton et al. (2002a, 2002b)
explained IRSL in feldspars using a donoreacceptormodel, inwhich
electron tunneling occurs from the excited state and the band tail
states of the IRSL trap. Extensive linearly-modulated IRSL work
(LM-IRSL) on feldspars was also carried out by Fattahi and Stokes
(2003, 2006). Thomsen et al. (2011) suggested that the beginning
of the IRSL decay curve originates with the luminescence emitted
from close donoreacceptor pairs, while the end of the IRSL curve
most likely represents the tunneling of distant pairs.

In a recent important development in this research area, Jain
et al. (2012) presented a new kinetic model which quantifies
localized electronic recombination of donoreacceptor pairs in
luminescent materials. Recombination is assumed to take place via
the excited state of the donor, and only for nearest-neighbors
within a random distribution of centers. Two versions of the
model were presented, an exact model that evolves in both space
and time, and an approximate semi-analytical model evolving only
in time. These authors found good agreement between the two
versions of their models, and simulated successfully both thermally
stimulated luminescence (TL) and optically stimulated lumines-
cence (OSL). Their model also demonstrated the power law
behavior for OSL signals. The semi-analytical version of the model
by Jain et al. (2012) was examined by Kitis and Pagonis (2013), who
showed that the system of simultaneous differential equations can
be approximated to a very good precision by a single differential
equation. These authors obtained analytical solutions for this single
differential equation, and for four different experimental modes of
stimulation: TL, OSL, linearly modulated OSL (LM-OSL) and
isothermal TL processes.

The present paper is concerned with the exact version of the
model developed by Jain et al. (2012), instead of the semi-analytical
version of the model studied by Kitis and Pagonis (2013).

The goals of the present paper are:

(a) To show that the time dependence of the equations developed
by Jain et al. (2012) can be integrated analytically, and that the
behavior of the system is described by an integral equation over
the distance variable only.

(b) To obtain approximate solutions for the distribution of donors
in the ground state as a function of time and of the distance
between the donoreacceptor pairs. These expressions are
derived for several possible modes of stimulation, namely TL,
OSL, LM-OSL (and LM-IRSL), and isothermal TL (ITL).

(c) To demonstrate how typical LM-IRSL signals can be analyzed
using the model of random defects interacting via the
tunneling mechanism, and what physical information can be
extracted from such experimental data.

(d) To test the equations developed in this paper by fitting a series
of experimental LM-IRSL data for Na- and K-feldspar samples
available in the literature.

(e) To show that the equations derived in this paper are a gener-
alization of the equation derived by Huntley (2006) for the case
of ground state tunneling.

2. Description of the physical system and model by Jain et al.
(2012)

The physical assumptions in the model of Jain et al. (2012) are
summarized in Table 1 of their paper. The main physical assump-
tion in the model is the presence of a random distribution of hole
traps in the luminescent volume, and an associated range of
random nearest-neighbor recombination probabilities. Further-
more, stimulated recombination takes place only via the excited
state of the electron trap, by either optical or thermal stimulation.
The concentration of holes is assumed to be much larger than the
concentration of electron traps, and an electron can tunnel only to
its nearest hole. In the exact form of the model presented by Jain
et al. (2012), the differential equations are:

vngðr0; tÞ
vt

¼ �Angðr0; tÞ þ Bneðr0; tÞ; (1)

vneðr0; tÞ
vt

¼ Angðr0; tÞ � Bneðr0; tÞ � neðr0; tÞ
sðr0; tÞ ; (2)

LðtÞ ¼�dm
dt

¼
ZN
0

neðr0;tÞ
sðr0;tÞ dr

0 ¼�
ZN
0

�
vngðr0;tÞ

vt
þvneðr0;tÞ

vt

�
dr0; (3)

dT
dt ¼ b ðfor TLÞ

dT
dt ¼ 0 ðfor isothermal TL; CW� OSL and LM� OSLÞ

; (4)

s ¼ s�1exp

 
r0

ðr0Þ1=3

!
: (5)

The following parameters and symbols are used in the model:
ng(r

0
,t) and ne(r

0
,t) are the instantaneous concentrations of electrons

in the ground state and in the excited state correspondingly. These
concentrations depend on both time t and on the dimensionless
separation distance parameter r

0
which is defined by r

0¼(4pr/3)1/3r,
where r represents the actual donoreacceptor separation distance.
The dimensionless number density of acceptors parameter r

0
is

defined by r
0¼(4pr/3)a�3, where r represents the actual number

density of acceptors and a is the potential barrier penetration
constant (Huntley, 2006). m is the instantaneous concentration of
acceptors (holes), n is the instantaneous concentration of all the
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donors, and N represents the instantaneous concentration of elec-
trons in thermally disconnected states, such that charge is
conserved, i.e.m¼ nþN¼ (ngþ ne)þN. It is noted that the variables
m and r

0
are not independent, but they are directly related; if the

concentrations ng,ne are known as a function of time, then m can
also be calculated as a function of time via this charge conservation
equation. The parameter A represents the excitation rate from the
ground to the excited state, and is equal to A ¼ sexp(�E/kT) and
A ¼ s(l)I for the cases of thermal and optical excitation corre-
spondingly. Here E ¼ thermal activation energy, s is the frequency
factor, b is the linear heating rate, l is the optical stimulation
wavelength, s(l) is the optical absorption cross-section and I is the
light intensity. Additional parameters in equation (5) are the
dimensionless number density of acceptors r

0
, and s is the

tunneling lifetime. B is the relaxation rate from the excited into the
ground state, and L(t) is the instantaneous luminescence resulting
from recombination taking place via the excited state. If the
equivalence principle is assumed to be valid, one also has B ¼ s.
However, this is not a necessary condition for obtaining the
approximate solutions in this paper.

Jain et al. (2012) developed also an approximate semi-analytical
model to describe the behavior of the system. This second version
of the model evolves only in time, and the approximation is based
on introducing a critical tunneling lifetime sc. These authors found

good agreement between the exact and the approximate semi-
analytical version of their model, and simulated successfully both
thermally stimulated luminescence (TL) and optically stimulated
luminescence (OSL). The model also demonstrated the power law
behavior for simulated OSL and ITL signals. However, the approxi-
mate semi-analytical model was found to disagree with the exact
solution of the model in the case of low values of the optical exci-
tation probabilities A ¼ 1e10 s�1 (Jain et al. (2012), their figure 7a
and 7b).

In the next section a partial analytical solution is obtained for
the system of equations in the original model of Jain et al. (2012).
The derivation proceeds as follows:

(a) Firstly an approximate equation is derived which describes the
distribution of donors in the ground state, as a function of both
time and distance (t and r

0
respectively).

(b) Secondly, specific forms of this equation are developed, which
are applicable for several possible experimental situations
involving either optically or thermally stimulated
luminescence.

(c) Next, by numerically integrating the derived equation over the
distance variable r

0
, the distribution of remaining donors is

obtained at any time t. Examples are given for the distributions
of donors for several types of experiments.
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Fig. 1. (a) Examples of the distribution of electrons in the ground state ng(r
0
,t) from

equation (20), for the case of isothermal TL experiments at a temperature of
T ¼ 500 �C, and at different times t from the start of the experiment. The parameters
used are E ¼ 1.2 eV, s ¼ 1012 s�1, and r

0¼3�10�4. (b) Example of the three functions in
equation (20) discussed in the text: the “moving tunneling front” in the isothermal
process (dashed line), the sharp rising double exponential function (dotted line) and
the peak-shaped distribution function (solid line). These three functions are shown for
time t ¼ 1 s after the start of the isothermal experiment.
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Fig. 2. (a) The concentration ng(t) of remaining electrons in the ground state, obtained
by numerically integrating equation (20) over the possible range of values of
normalized distances r

0¼0�2. The solid line is the exact solution of equations (1)e(5)
with no approximations. (b) The luminescence intensity L(t) obtained by numerically
evaluating the derivative of the concentrations shown in (a). The same data is shown in
the inset on a logelog scale, demonstrating the power law with a coefficient
k ¼ 1.102 � 0.001.

V. Pagonis et al. / Radiation Measurements 58 (2013) 66e7468



Author's personal copy

(d) Finally, by numerically calculating the derivative of the distri-
butions in part (c) with respect to time t, the luminescence
intensity L(t) is obtained as a function of time.

3. Approximate solutions of the exact model by Jain et al

Jain et al. (2012, their Fig. 4(b)) showed that for typical numer-
ical values of the parameters in the model, ne is many orders of
magnitude smaller than ng. Careful consideration of the numerical
solutions of the system of equations (1)e(4) shows that the nu-
merical values of the term vne(r

0
,t)/vt on the left hand side of

equation (2) is many orders of magnitude smaller than either of the
terms Ang(r

0
,t) and �Bne(r

0
,t)�ne(r

0
,t)/s(r

0
,t) on the right hand side of

this equation. On the basis of this observation (which is verified for
a wide range of values of the parameters in the model), one can set

vneðr0; tÞ
vt

z0; (6)

and hence equation (2) can be solved for ne to yield:

neðr0; tÞ ¼ Angðr0; tÞ
Bþ 1

sðr0;tÞ
: (7)

It is noted that from a strictly mathematical point of view, the
condition vne(r

0
,t)/vtz0 used here is a rather ad-hoc assumption,

which is eventually justified from the numerical results of the
simulation. It is possible that in a different physical system this
assumption may not be valid. However, from a physical point of
view one might expect that excited states in feldspar relax quite
rapidly compared to the time scales of TL and OSL experiments, and
therefore the time scale for electronic relaxation processes
involving the excited states (term vne/vt in equation (2)) can be of
the order of ns or ms, while the time scale for TL processes can be of
the order of ms or s. It is noted that a mathematically similar
approximating method was used in the recent paper by Chen et al.
(2012), to obtain semi-analytical solutions for a different system of
differential equations.

Substituting equation (7) into (1) one obtains:

vngðr0; tÞ
vt

¼ �Angðr0; tÞ þ B
Angðr0; tÞ
Bþ 1

sðr0;tÞ
¼ �Angðr0; tÞ

Bsðr0; tÞ þ 1
: (8)

For typical physically reasonable values of the parameters, the
numerical value of the quantity Bs(r

0
,t) in the denominator of this

equation is much larger than 1, hence we can approximate

vngðr0; tÞ
vt

¼ �Angðr0; tÞ
Bsðr0; tÞ : (9)
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Fig. 3. (a) Examples of the analytical equation (22), for the case of LM-OSL (or LM-
IRSL) experiments. The parameters used in this simulation are b ¼ 10 s�1,
T ¼ 3000 s, B ¼ s ¼ 1012 s�1 and r

0¼3�10�4. The “moving tunneling fronts” for ng(r
0
,t)

during the LM-OSL experiment are seen for several times t ¼ 0e104 s from the start of
the experiment. (b) Examples of the analytical equation (25), at several times t from
the start of the TL experiment. The parameters used are E ¼ 1.2 eV, s ¼ 1012 s�1, and
r
0¼3�10�4.
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have been normalized to the maximum intensity for comparison purposes.
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Substituting equation (5) into (9):

vngðr0; tÞ
vt

¼ �Angðr0; tÞ
Bs�1exp

�
r0

ðr0Þ1=3
� ¼ �Angðr0; tÞ

exp
�

r0

ðr0Þ1=3
� ; (10)

where the equivalence principle B ¼ s was used. The parameter A
can be a function of time, and depends on the type of stimulation
mode used during the experiment.

Equation (10) can be considered a partial differential equation
with respect to the time variable t. This equation can be formally
integrated (by assuming a fixed distance r

0
) with respect to time t, to

yield a decaying exponential function ng(r
0
,t) which varies with

time t according to:

ngðr0; tÞ ¼ ngðr0;0Þexp
�
� exp

�
� ðr0Þ�1=3r0

�Zt
0

Adt0
�
; (11)

where ngðr’;0Þ represents the initial concentration of electrons in
the ground state at time t ¼ 0 corresponding to a distancer’ be-
tween the donor and acceptor. As discussed in Jain et al. (2012, their
equation (6)), this initial distribution of electrons in the ground
state at time t ¼ 0 is given by the peak-shaped probability density
function (PDF):

ngðr0;0Þ ¼ 3n0ðr0Þ2exp
h
� ðr0Þ3

i
: (12)

Finally by combining (11) and (12) one obtains the desired
partial analytical solution:

ngðr0;tÞ ¼ 3n0ðr0Þ2exp
h
�ðr0Þ3

i
exp

�
�exp

�
�ðr0Þ�1=3r0

�Zt
0

Adt0
�
:

(13)

Equation (13) describes the evolution of the distribution of
electrons in the ground state as a function of the time t elapsed
since the beginning of the optical or thermal stimulation. It is
valid for several types of excitation used in typical TL or OSL
experiments. As discussed in subsequent sections, the integralR t
0Adt

0 can be evaluated for the different excitation modes, and it
is possible to obtain a closed approximate form for the distri-
bution ng(r

0
,t) in equation (13). It is noted that the same integral

appears in the analytical equation developed in Kitis and
Pagonis (2013), who examined the semi-analytical version of
this model.

By integrating equation (13) over the distance variable r
0
, one

finds the remaining number of electrons in the ground state at
time t :

ngðtÞ ¼
Z2
0

3n0ðr0Þ2exp
h
� ðr0Þ3

i
exp

�
� exp

�

� ðr0Þ�1=3r0
�Zt
0

Adt0
�
dr0: (14)

The time-dependent luminescence intensity L(t) is evaluated
from equation (3). By using the approximations ne<<ng, neþngzng,
and vneðr0 ;tÞ

vt <<
vngðr0;tÞ

vt one obtains:

LðtÞ ¼
ZN
0

neðr0; tÞ
sðr0; tÞ dr0

¼ �
ZN
0

�
vngðr0; tÞ

vt
þ vneðr0; tÞ

vt

�
dr0z�

ZN
0

�
vngðr0; tÞ

vt

�
dr0;

(15)

or by substituting (13) into (15):

LðtÞz�
ZN
0

vngðr0; tÞ
vt

dr0

¼ �
ZN
0

v

vt

�
ngðr0;0Þexp

�
� exp

�
� ðr0Þ�1=3r0

�Zt
0

Adt0
��

dr0:

(16a)

By carrying out the differentiation symbolically:

LðtÞ ¼
ZN
0

Aexp
�
� ðr0Þ�1=3r0

�
ngðr0;0Þ

exp
�
� exp

�
� ðr0Þ�1=3r0

�Zt
0

Adt0
�
dr0: (16b)

This integral expression allows a numerical calculation of the
luminescence intensity L(t), by integrating numerically over the
possible range of the dimensionless variable r

0 ¼ 0 to r
0¼N.

Although it is not possible to obtain a closed analytical form of
the luminescence intensity L(t) as a function of time, L(t) can be
easily evaluated by numerically integrating equation (16b) over the
distance r

0
.

3.1. Discussion of equation (14)

It is instructive to compare equation (14) with the equation
derived by Huntley (2006) for the case of ground state tunneling.
During an isothermal TL, a CW-OSL or a CW-IRSL experiment the
probability A of excitation into the excited state is constant with
time, so that

R t
0 Adt

0 ¼ At and equation (14) becomes:

ngðtÞ ¼
ZN
0

3n0ðr0Þ2exp
h
� ðr0Þ3

i
exp

h
� exp

�

� ðr0Þ�1=3r0
�
At
i
dr0: (17)

By substituting equation (5) for the tunneling lifetime into
equation (17), it becomes:

ngðtÞ ¼
ZN
0

3n0ðr0Þ2exp
h
� ðr0Þ3

i
exp

�
�At
ss

�
dr0: (18)

This equation is identical in form to the following expression
derived by Huntley (2006), equation (4) in that paper:

nðtÞ
no

¼
ZN
0

3ðr0Þ2exp
h
� ðr0Þ3

i
exp½�t=s�dr0; (19)
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with the quantity seff¼(ss/A) in equation (18) representing an
“effective lifetime” for stimulation into the excited state, and the
subsequent recombination process.

It is concluded that equation (18) in this paper is a direct
generalized form of equation (4) in the work by Huntley (2006).
While the Huntley equation is applicable for ground state
tunneling, equation (18) in this paper is more general and can
describe tunneling from the excited state of the physical system.
Most importantly, equation (18) can be used to describe the time
variation of the concentration of donors during various cases of
optical or thermal excitation.

3.2. Isothermal TL, CW-OSL and CW-IRSL experiments

In the case of isothermal TL experiments (ITL), the quantity
A¼sexp(�E/kTo) ¼ constant, where To is the temperature at which
the isothermal experiment is carried out. From equation (13) one
finds:

ngðr0;tÞ ¼3n0ðr0Þ2

exp
h
�ðr0Þ3

i
exp

h
�exp

�
�ðr0Þ�1=3r0

�
st expð�E=kToÞ

i
:

(20)

Fig. 1(a) shows examples of the distribution of electrons in the
ground state ng(r

0
,t) obtained using equation (20), for the case of

isothermal TL experiments. The distributions ng(r
0
,t) are shown for

isothermal TL signals measured at a temperature of T ¼ 500 �C, and
at different times t from the start of the experiment. The parame-
ters used in this simulation are activation energy E ¼ 1.2 eV, fre-
quency factor s¼ 1012 s�1, and the dimensionless number density of
acceptors r

0¼3�10�4.
The rising part of the curves in Fig. 1(a) represents the “moving

tunneling front” in the isothermal process, which were discussed in
some detail in Huntley (2006) for the case of ground state
tunneling. These can be compared with the corresponding fronts
for ground state tunneling shown in Fig. 1 of Huntley (2006). The
rather sharp rising part in the functions in Fig. 1(a) is due to the
double exponential function in equation (20). This double expo-
nential function is multiplied by the peak-shaped distribution
function 3ðr0Þ2exp½�ðr0Þ3� in equation (20), resulting in the char-
acteristic shape of the “moving front”. These three functions are
shown in Fig. 1(b) for time t ¼ 1 s after the start of the isothermal
experiment. In the approximate semi-analytical version of the
model of Jain et al. (2012), one introduces a critical lifetime and a
corresponding critical radius which describe the behavior of the
physical system.

Fig. 2(a) shows the corresponding concentration ng(t) of
remaining electrons in the ground state, which is obtained by
numerically integrating equation (20) over the possible range of
values of normalized distances r

0¼0�2. As seen in this figure, there
are still about 25% of electrons remaining in the ground state of the
system, even after t ¼ 1000 s from the start of the experiment. The
solid line in Fig. 2(a) is the exact solution of equations (1)e(5) in
this paper describing the original model of Jain et al. (2012), with no
approximations. Good agreement is seen between the numerical
solution of equations (1)e(5) and equation (20) derived in this
paper.

Fig. 2(b) shows the corresponding luminescence intensity L(t),
which is obtained by numerically evaluating the derivative of the
concentrations shown in Fig. 2(a). The same data is shown in the
inset of Fig. 2(b) on a logelog scale; at large times t > 100 s the data
behaves linearly on a logelog scale (solid line), and they fit a power
law with a coefficient k ¼ 1.102 � 0.001. This is in agreement with
the simulations of Jain et al. (2012) and Kitis and Pagonis (2013),

who showed that for large times t the CW-OSL, IRSL and isothermal
TL data should follow a modified power law of the form L(t)f1/tk,
with a power law coefficient k very close to unity.

The case of CW-OSL or CW-IRSL excitation mode is similar to the
isothermal TL experiments, with A¼l ¼ constant representing the
optical excitation probability. From equation (13) one finds:

ngðr0; tÞ ¼ 3noðr0Þ2exp
h
� ðr0Þ3

i
exp

h
� exp

�
� ðr0Þ�1=3r0

�
lt
i
:

(21)

Kitis and Pagonis (2013) showed analytically that the simulated
luminescence intensity L(t) in these two cases of CW-OSL or CW-
IRSL excitation mode, follows the power law of luminescence for
large times t, with the power law coefficient k very close to unity.

3.3. LM-OSL and LM-IRSL experiments

In the case of linearly modulated OSL (LM-OSL) and LM-IRSL
excitation modes, the probability of optical excitation is varied
linearly with time in the form A ¼ bt/T, where T ¼ total excitation
period and b is a constant. In this case equation (13) becomes:

ngðr0; tÞ
no

¼ 3ðr0Þ2exp
h
� ðr0Þ3

i
exp

�
� exp

�
� ðr0Þ�1=3r0

�bt2
T

�
:

(22)

Fig. 3(a) shows examples of equation (22), for the case of LM-
OSL or LM-IRSL experiments. The parameters used in this simula-
tion are b ¼ 10 s�1, T ¼ 3000 s, B ¼ s ¼ 1012 s�1 and the dimen-
sionless number density of acceptors r

0¼3�10�4. The “moving
tunneling fronts” for ng(r

0
,t) during the LM-OSL experiment are seen

in Fig. 3(a) for several times t ¼ 0e104 s from the start of the
experiment.

Fig. 4 shows the effect of the parameters r
0
and A on the shape

of LM-IRSL signals. The simulated LM-IRSL signals in Fig. 4 were
normalized to the maximum intensity for clarity. Fig. 4(a) shows
that the charge density r

0
affects mostly the “tail” of the LM-IRSL

signals, while it also has a smaller effect on the rising part of
the curve and on the peak location. The simulation in Fig. 4(b)
shows that the optical probability A affects rather strongly all parts
of the LM-IRSL curve: the rising part, “long tail” and the peak
location.

3.4. Thermal excitation with a linear heating rate

In the case of heating with a linear heating rate b, the temper-
ature varies as T ¼ Toþbt where To is the room temperature and t is
the time. In this case the integral appearing in equation (13)
becomes:

Zt
0

Adt0 ¼
Zt
0

sexpð�E=kTÞdt0 ¼
Zt
0

s exp
�
� E
kðTo þ bt0Þ

�
dt0:

(23)

This expression is the well-known exponential integral of TL
theory, which can be approximated accurately by the first two
terms of its series (see for example the book by Chen and Pagonis
(2011), Chapter 15):

Zt
0

Adt0 ¼ skT2

bE
e�

E
kT

�
1� 2kT

E

�
: (24)
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In this case equation (13) becomes:

Expression (25) gives the instantaneous distribution ng(r
0
,t) of

electrons in the ground state at temperature T (or time t), during a
TL experiment carried out with a constant heating rate b. Fig. 3(b)
shows examples of equation (25), at several times t from the start of
the TL experiment. The parameters used in this simulation are
activation energy E ¼ 1.2 eV, frequency factor s ¼ 1012 s�1, heating
rate b ¼ 5 K/s and the dimensionless number density of acceptors
r
0¼3�10�4.

4. Comparison of derived equations with experimental data

In this section we give several examples of fitting experimental
LM-IRSL data for feldspars using the equations in this paper.

Figs. 5 and 6 reproduce the experimental LM-IRSL data for two
feldspar samples studied by Bulur and Goksu (1999). These au-
thors studied fine powders of K and Na feldspar standards

(samples NBS-70a and NBS-99a) by using IR LEDs with a light
intensity of 40 mW/cm2. The sensitivity of the samples was
monitored using the corresponding TL signal, and was found to
remain constant during the experiments. Fig. 5(a) in this paper
shows the LM-IRSL data in Fig. 1(a) of Bulur and Goksu (1999),
obtained after a dose of 11.25 Gy and a preheat of 5 min at 200 �C
to remove the unstable components. The LM-IRSL signal from Na-
feldspar was found to be much more intense than the corre-
sponding output from the K-feldspar, and the peak maximum
from Na-feldspar occurred at a shorter time. These authors fitted
both signals using three first order components, each with a
distinct optical cross section.

The solid line in Fig. 5(a) represents the solution in equation (22)
derived in this paper, showing good agreement with the experi-
mental data. The parameters used in this simulation are b ¼ 0.5 s�1,
T ¼ 400 s and the dimensionless number density of acceptors
r
0¼11�10�3. In another series of LM-IRSL measurements, Bulur and
Goksu (1999) changed the ramping time T of the LM-IRSL experi-
ment, while keeping the LED intensity fixed. A measurement of the
TL signal after each measurement ensured that there were no
appreciable changes in the sensitivity of the sample. The results of
their measurements are reproduced in Fig. 5(b), together with the
results of carrying out the simulation with a variable period T in
equation (22) while keeping all other parameters fixed. Once more,
reasonably good agreement is seen between the simulation and the
experiment.

One uncertain factor in fitting the sets of data in Figs. 5e6 of this
paper is the magnitude of the background signal during the LM-
IRSL signal, since Bulur and Goksu (1999) did not report on its
size. The fits shown in Figs. 5e6 assume that the background signal
is negligible, an assumption that may or may not be correct.
Another fact that may be influencing the accuracy of the fits in
these Figures is the scattering in the original data.

In a third series of experiments, Bulur and Goksu studied the
effect of increasing the stimulation temperature. The IR-stimulated
luminescence in Na- and K-feldspars is enhanced by increasing the
sample temperature and the activation energy for this process can
be estimated by using an Arrhenius plot (Hutt et al. (1988); Hutt
and Jaek, 1993; Bailiff and Poolton (1991);

Bøtter-Jensen et al. (1994); Duller (1997). This activation process
has been explained previously using a two-stage excitation of
trapped electrons, with the first stage from the ground state into a
meta-stable excited state by photon absorption, and in the second
stage absorption of phonons causing release of electrons into the
conduction band.

In a fourth experiment Bulur and Goksu (1999) measured the
LM-IRSL signal of the two feldspar samples sequentially 15 times,
and their data are reproduced in Fig. 6 of this paper. By the time the
signal was measured for the 15th time, the observed luminescence
curve was reduced to a line. The results of the experiment showed
that the first measurement was relatively intense and contained a
peak structure with the maximum occurring at relatively short
times. In the second and the following LM-IRSL measurements the
luminescence output decreased gradually and the peak position
shifted to longer times, as seen in Fig. 6(a). Bulur and Goksu
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Fig. 5. (a) The experimental LM-IRSL data for K-feldspar from Bulur and Goksu (1999)
are fitted using the analytical solution derived in this paper (solid line). (b) The LM-
IRSL data of Bulur and Goksu (1999) in which they changed the ramping time T,
while keeping the LED intensity fixed. The solid lines represent the simulated results as
discussed in the text.
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interpreted and fitted their data by assuming the presence of three
separate first order components. They concluded that the third
component of the signal was partially depleted by the first
measurement.

In this paper we offer an alternative explanation of the behavior
seen in the data of Bulur and Goksu (1999), by using the following
simulation procedure. The result of the first LM-IRSL measurement
is simulated using equation (22). Since the duration of each mea-
surement in Fig. 6(a) is 400 s, the distribution of remaining elec-
trons ng(r

0
,t) at the end of the first LM-IRSL measurement is

calculated using equation (22) with time t¼ 400 s. This distribution
ng(r

0
,t¼400s) is used as the initial distribution ng(r

0
,0) of electrons

the second LM-IRSL measurement. By using this new initial dis-
tribution as ng(r

0
,0) in equation (11), the time variation of ng(r

0
,t) and

the corresponding luminescence intensity L(t) can be calculated as
outlined previously, and yields the solid curve 2 in Fig. 6(a). This
complete simulation procedure is repeated for each new measure-
ment cycle, by estimating the new initial distribution of electrons
ng(r

0
,0), the time variation of ng(r

0
,t) and the corresponding lumi-

nescence intensity L(t) 15 times, with the results shown as solid
lines in Figure 6(a) and 6(b). Once more, reasonably good agree-
ment is seen between the simulation and the experimental data.

5. Conclusions

In this paper it was shown that the time dependence of the
system of differential equations developed by Jain et al. (2012) can
be partially integrated analytically, by using certain physical ap-
proximations for the excited state of the donoreacceptor system.
By integrating explicitly the time dependence it is possible to
obtain expressions for the distribution of donors in the ground state
as a function of time and distance, for several possible modes of
stimulation, namely TL, OSL, LM-OSL, LM-IRSL and isothermal TL.

It was demonstrated how typical LM-IRSL signals can be
analyzed using the model of random defects interacting via the
tunneling mechanism, and what physical information can be
extracted from such experimental data. The equations developed in
this paper were tested by fitting a series of experimental LM-IRSL
data for Na- and K-feldspar samples available in the literature.
Furthermore, it was shown that the equations derived in this paper
are a generalization of the equation derived by Huntley (2006) for
the case of ground state tunneling.

The simulations in this paper provide strong evidence that LM-
IRSL signals from at least some types of preheated feldspar samples
may consist of a single component, instead of the usual assumption
made by researchers that these signals contain three first order
components with distinct optical cross sections.

Clearly further experimental work needs to be carried out with
different types of thermal and optical treatments of feldspar sam-
ples, in order to ascertain whether the conclusions drawn from the
model apply to other types of samples.
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