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a b s t r a c t

This paper presents a new empirical model describing infrared (IR) stimulation phenomena in feldspars.
In the model electrons from the ground state of an electron trap are raised by infrared optical stimulation
to the excited state, and subsequently recombine with a nearest-neighbor hole via a tunneling process,
leading to the emission of light. The model explains the experimentally observed existence of two
distinct time intervals in the luminescence intensity; a rapid initial decay of the signal followed by
a much slower gradual decay of the signal with time.

The initial fast decay region corresponds to a fast rate of recombination processes taking place along
the infrared stimulated luminescence (IRSL) curves. The subsequent decay of the simulated IRSL signal is
characterized by a much slower recombination rate, which can be described by a power-law type of
equation.

Several simulations of IRSL experiments are carried out by varying the parameters in the model. It is
found that the shape of the IRSL signal is remarkably stable when the kinetic parameters are changed
within the model; this is in agreement with several previous studies of these signals on feldspars, which
showed that the shape of the IRSL curves does not change significantly under different experimental
conditions. The relationship between the simulated IRSL signal and the well-known power-law depen-
dence of relaxation processes in solids is also explored, by fitting the IRSL signal at long times with
a power-law type of equation. The exponent in this power-law is found to depend very weakly on the
various parameters in the model, in agreement with the results of experimental studies. The results from
the model are compared with experimental IRSL curves obtained using different IR stimulating power,
and good quantitative agreement is found between the simulation results and experimental data.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The phenomenon of “anomalous fading” in feldspar samples has
been studied extensively both experimentally and by modeling,
due to its importance in dating studies of these materials (Wintle,
1973; Visocekas, 1985; Templer, 1986; Duller and Bøtter-Jensen,
1993; Bøtter-Jensen et al., 2003). These 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, b; Li and Li, 2008; Kars et al., 2008; Larsen
et al., 2009; Li and Li, 2010 and references therein). Furthermore,
it has been shown that this ground state tunneling process in
: þ1 410 386 4624.
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various materials can be described by power-law decay (Delbecq
et al., 1974; Huntley, 2006). Some studies have suggested that in
K-feldspars the infrared stimulated luminescence (IRSL) signal
originates from a single trap corresponding to the thermolumi-
nescence peak atw400 �C (as measured with a heating rate of 5 �C/
s) (Baril, 2002; Baril and Huntley, 2003; Murray et al., 2009).

The experimental and modeling work by Poolton et al. (2002a,
b, 2009) and more recently by Ankjærgaard et al. (2009) and Jain
and Ankjærgaard (2011), provide solid understanding of the
transport processes giving rise to the IRSL from feldspars. These
complex processes are believed to consist of localized recombina-
tion by tunneling from the excited state of the trap, as well as
charge migration through the conduction band-tail states into the
recombination centre. The available experimental data is consistent
with band-tails occupying a continuum of energy states from
w0.4 eV below the conduction band (Poolton et al., 2009). The
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continuous-wave IRSL signals (CWeIRSL, also known as “infrared
shine down” curves) from feldspars, are known to have a remark-
ably stable shape. Their shape changes very littlewith experimental
conditions like the irradiation dose and preheat temperature.
However, significant changes take place in the CWeIRSL signal
shape when the intensity of stimulating IR light is varied
experimentally (Thomsen et al., 2008, 2011). It is also noted that
significant but smaller changes take place in the CWeIRSL when
the stimulation temperature is varied (see e.g. and Jain and
Ankjærgaard, 2011; and references therein).

CWeIRSL signals from feldspars are known to decay in a non-
exponential manner. Bailiff and Poolton (1991) showed that the
IRSL decay follows a power-law. Poolton et al. (1994) explained IRSL
in feldspars using a donoreacceptor model, in which electron
tunneling occurs from the excited state of the IRSL trap at about
1.4 eV Poolton et al. (1995, 2002a, b) refined thismodel by including
the possibility of charge transfer from the excited state of the IRSL
trap into the band-tail states. Thomsen et al. (2008) pointed out
that this model implies that the IRSL decay curve is a function of
tunneling probability, which is exponentially related to the
distance between the donoreacceptor recombination pair. These
authors also suggested that in this model, 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 this paper we present a new kinetic model based on localized
electronic transitions, in an attempt to describe the phenomenon of
tunneling in feldspars. This model is based on a new empirical
function used to describe variation in the tunneling probability
with time in feldspars. Our goal is to compare the results from the
model with experimental CWeIRSL data, and to attempt a charac-
terization of the different parts of the IRSL decay curves from
feldspars. Furthermore, the model provides us with an insight from
the various processes taking place during the measurement of IRSL
signals in feldspars at room temperature.

2. The new tunneling model for feldspars

The purpose of this paper is to simulate IRSL signals from feld-
spars, also known as “infrared shine down” curves.

In the model shown in Fig. 1 we simulate IRSL experiments, by
assuming that IR stimulation does not raise any electrons into the
conduction band (CB), and by neglecting the effect of the band-tail
states. Instead, all transitions take place within the locality of the
electronehole (eeh) pair. The IR stimulation raises electrons from
the ground state into the excited state (transition 1); some of these
Fig. 1. The electronic transitions taking place during the infrared stimulation of feld-
spar samples. Electrons are excited by the IR stimulation from the ground state into the
excited state of the electron trap, and tunneling takes place from the excited state into
the recombination center.
electrons will be retrapped in the ground state (transition 2), while
others will recombine radiatively with holes (transition 3).

The various transitions in the model are shown in Fig. 1, and the
equations in the model are:

dnt
dt

¼ �lIRntðtÞ þ neðtÞs (1)

dne
dt

¼ lIRntðtÞ � neðtÞs� neðtÞG (2)

LðtÞ ¼ �dm=dt ¼ neðtÞG (3)

In these equations nt(t) and ne(t) represent the concentrations of
electrons at any instant in the ground state and the excited state,
correspondingly. The term lIRnt(t) represents the rate of change of
nt(t) due to the IR stimulation. Here lIR ¼ sIRI is the infrared optical
stimulation probability (s�1) which is proportional to the intensity I
of the IR light (photons per cm2 per s), and to the IR stimulation
cross section sIR (cm2). The term ne(t)s in equations (1) and (2)
describes the rate of change of the concentration of excited elec-
trons ne(t), due to the possibility of electronic transitions from the
excited state back into the ground state. The mathematical form of
this term is determined from the principle of detailed balance (see
for example, Chen and McKeever, 1997; Chen and Pagonis, 2011).

Equation (3) expresses the observed luminescence intensity as
the product of the concentration of electrons ne(t) in the excited
state, and the probability of recombination G (in s�1). The time-
dependent concentration of holes is denoted by m(t), and is
related to the electron concentrations at all times by the conser-
vation of charge:

mðtÞ ¼ ntðtÞ þ neðtÞ (4)

In published localized models for thermoluminescence (TL), the
probability of recombination G is usually considered to be
a constant quantity, since the electron in the excited state is
assumed to be able to interact only with the next neighboring
holes/recombination centers. In the case of feldspars this recom-
bination probability G varies according to the tunneling process
(see the extensive discussion in Thomsen et al., 2008).

From the quantum mechanical theory of tunneling, it is known
that the mean lifetime s of the tunneling process is related to
a frequency factor s0 and to the tunneling distance r by the equation
(Huntley, 2006):

s ¼ 1
s0
ear (5)

where a is a constant with the dimensions of inverse distance. The
probability of recombination G (in s�1) is given by the inverse of the
luminescence lifetime:

G ¼ s0e�ar (6)

From a physical point of view, we may expect that the tunneling
distance r between the electron and hole will depend on the
concentration of holes m(t) in the material. This suggests the
possibility of using a time-dependent empirical function GðtÞ of the
form:

GðtÞ ¼ ge�f ðmÞ; (7)

where g is an empirical constant to be determined by fitting the
experimental data, and the time-dependent function f(m) repre-
sents some algebraic function of the concentration of holes m(t) at
any instant t.
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Fig. 2. (a) The simulated IRSL signal as a function of time on a semilog scale. The inset
shows the same simulated data on a linear-log scale. The two distinct time regions can
be clearly seen. (b) The same simulated data as in (a), on a logelog scale. The dashed
line indicates a power-law fit to the data according to equation (11).
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We further require that this recombination probability GðtÞ vary
according to the following physical properties: at very long times t
the concentration of holesm(t) should approach zero, and therefore
the corresponding recombination probability GðtÞ should also
approach zero. Also at time t ¼ 0 the concentrations of available
holes and electrons nt(0) ¼ m(0) must be at a maximum, hence the
recombination probability GðtÞ should also be at its maximum
value. These conditions lead us to use the following simple empir-
ical mathematical form for the recombination probability:

GðtÞ ¼ ge
�a

��
mð0Þ
mðtÞ

�1=3
�1

�
(8)

where a is a dimensionless positive proportionality factor which
characterizes an unknown physical property of the electronehole
pair.

Equation (8) has the desired mathematical form similar to
equation (6), and also has the required physical properties at large
and small times:

Gð0Þ ¼ g ¼ maximum; and GðNÞ ¼ 0: (9)

The constants g and a in equation (8) are treated as adjustable
parameters in the model, in order to obtain the best possible fit to
the experimental data.

It is emphasized that as in all empirically derived models, it is
not possible to “prove” that equation (8) is the “correct” mathe-
matical form of the recombination probability. We introduce this
specific expression on an empirical basis, and its usefulness is
shown by comparing it with the experimental data.

Perhaps the most detailed study of the applicability of the
power-law type decay in luminescence signals from feldspars has
been carried out by Baril (2002). Huntley (2006) developed amodel
for tunneling processes in solids, and showed that the lumines-
cence intensity I(t) observed during the tunneling process follows
a power-law type expression of the form:

IðtÞ ¼ ct�k (10)

where c is a constant, and the power-law exponent k has a value
around 1.0. By taking the logarithms of both sides in equation (10)
we obtain:

lnI ¼ lnc� klnt: (11)

In this paper we show that the results from the simulations are
consistent with the experimentally reported power-law decay of
luminescence from feldspars at longer times. Furthermore, we
investigate how the power-law exponent k in equation (11)
depends on the kinetic parameters of the model.
3. Results from the model

We simulate the IR stimulation of the feldspar sample by solving
the system of differential equations (1)e(4), for the time interval
t ¼ 0 to t ¼ 5000 s. The numerical values chosen for the parameters
in the model are: lIR ¼ 0.06 s�1, s ¼ 105 s�1, g ¼ 105 s�1, a ¼ 35 and
the initial conditions are nt(0) ¼ m(0) ¼ 6 � 1012 cm�3,
ne(0)¼ 0 cm�3. The numerical values of the various parameters and
their effect on the results of the simulation are discussed in the next
section of this paper.

Fig. 2a shows the simulated IRSL signal with the above
parameters, on a semilog scale. The inset of Fig. 2a shows the same
simulated data on a linear-log scale. The simulated data in Fig. 2a
shows clearly the existence of two distinct time intervals. The first
interval corresponds to short IR stimulation times (at an
approximate value of t < 10 s), and is characterized by a very fast
initial decay of the signal with time. The second interval for t > 10 s
shows a much slower decay of the luminescence intensity with
time. The existence of these two distinct time intervals in the
simulation is in agreement with experimental results of Thomsen
et al. (2011).

Fig. 2b shows the simulated data from Fig. 2a on a logelog scale.
For large stimulation times, the lnI vs lnt graph is linear, indicating
that the decay of the IRSL signal at large times follows a power-law
type of decay, as described above in equations (10) and (11). The
dashed line in Fig. 2b shows the best fit of the simulated data at
large times with a power-law exponent k ¼ 1.09.

We can obtain some physical insight into the nature of these
two distinct time intervals in the IRSL signal, by examining the
variation of the concentrations of electrons as a function of time.
In Fig. 3a we show the concentration of trapped electrons nt(t) in
the ground state and the corresponding concentration ne(t) of
electrons in the excited state, as a function of time during the IR-
stimulation process. The concentration ne(t) has been multiplied
by a factor of 106 for easier visualization of the data. The
concentration nt(t) in the ground state decreases continuously
with time, due to the recombinations taking place between eeh
pairs. The corresponding concentration ne(t) in the excited state
increases initially, reaches a maximum at w10 s, and subsequently
decreases continuously with time at approximately the same time
rate as nt(t).
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Fig. 4. (a) Simulated results showing the percent of remaining electronehole pairs
during the IR stimulation process, for different IR-stimulation probabilities. Experi-
mentally this type of measurement is carried out by varying the power of the IR
stimulating source. (b) Simulated IRSL curves for different IR-stimulation probabilities.
The overall shape of the curves does not change significantly at longer stimulation
times.
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state ne(t)as a function of time during the IR stimulation. The latter is multiplied by
a factor of 106 for visualization purposes. (b) The two terms appearing in equation (1)
are plotted as a function of time.
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Fig. 3b shows a similar behavior for the two terms lIRnt(t) and
ne(t)s appearing in equation (1), as a function of time. For small
times (t < 10 s), the infrared stimulation term lIRnt(t) decreases
with time, while the excited-to-ground state transition term ne(t)s
increases within the same time interval. At tw100 s the two terms
become practically equal and for t > 100 s they remain practically
equal to each other, while they both decrease at the same rate. After
the initial interval in which rapid change takes place, the two
terms�lIRnt(t) and ne(t)s in equation (1) reach equilibrium. For long
times these two terms remain in equilibrium, while they both
decrease at a much slower rate.

We conclude that the simulated data of Fig. 3 explain the exis-
tence of two distinct time intervals in the IRSL signal. The initial fast
decay corresponds to the two terms in equation (1) gradually
reaching equilibrium. After equilibrium is reached between the two
terms, the decay of the simulated IRSL signal is characterized by
a much slower recombination rate, which can be described by
a power-law type of equation.

Further insight into the processes taking place during the
tunneling transitions is obtained from Fig. 4a, which shows the
time variation of the percent ratio nt(t)/nt(0) of the remaining
electronehole pairs (eeh) during the simulated IRSL process.
Several simulated curves nt(t)/nt(0) are shown in Fig. 4a; these
were obtained by changing the probability of IR stimulation lIR in
equation (1), by a few orders of magnitude. Fig. 4b shows simi-
larly several of the corresponding IRSL signals obtained by
varying lIR.
By inspection of the dotted curve obtained with lIR ¼ 0.12 s�1 in
Fig. 4a, we can obtain a physical insight into how the rate of the
recombination processes changes along the IRSL curves. During the
initial time interval, the percent ratio of remaining electronehole
pairs decreases rapidly, from 100% at time t ¼ 0 decreasing to
65% of electronehole pairs remaining at longer times t ¼ 200 s.
Clearly in this initial time interval only 35% of the initial concen-
tration of eeh pairs have tunneled through the energy barrier, and
have recombined radiatively. For large IR stimulation times the
tunneling process takes place at a very reduced rate, so that the
percent ratio of remaining eeh pairs decreases tow50% within this
large time interval. Therefore only an additional 15% of eeh pairs
has tunneled within the time interval t ¼ 200 s to t ¼ 5000 s. Most
notably, Fig. 4a shows that even after a time interval of 5000 s there
are stillw40% of eeh pairs remaining in the system. This very slow
recombination process occurring at long times explains why it is so
difficult to completely erase the IRSL signal from feldspars; initially
a large percentage of trapped electrons and holes recombines
rapidly, but at longer times the tunneling process becomes very
slow. In the next sectionwewill show that within the simple model
presented here, the slowly decaying part of the IRSL signal always
follows a power-law type of decay.

Experimentally the type of measurement shown in Fig. 4b is
carried out by varying the power of the IR stimulating source.
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Fig. 5a shows experimental data obtained by Thomsen et al. (2011),
using different IR-stimulation powers in their LED system. A coarse-
grain sedimentary K-feldspar sample was measured (lab code:
981014). An aliquot of sample 981014 was given a dose of 7 Gy,
preheated at 280 �C for 60 s and stimulated with IR at 50 �C for
10,000 s using LED power settings ranging between 1 and 100%
(w1.35ew135 mW/cm2).

The experimental data are compared with the simulated data
from the model, and very good agreement is found between the
model and experiment. The simulated solid curves in Fig. 5a have
been multiplied by an appropriate scaling factor, for comparison
purposes. By increasing the power of the IReLEDs, very significant
changes occur mostly in the initial part of the IRSL signal, in which
the rapid recombination rate prevails. The slower part of the IRSL
signal at longer times is affected much less by changes in the IR
power, in both the simulated and experimental data. The model
parameters used to obtain the simulated data in Fig. 5a are:
s ¼ 105 s�1, g ¼ 5 � 105 s�1, a ¼ 35 and the initial conditions are
nt(0) ¼ m(0) ¼ 6 � 1012 cm�3, ne(0) ¼ 0 cm�3.

Another detailed example of comparing experimental and
simulated data is shown in Fig. 5b, for a different feldspar sample.
The luminescence signals of this K-rich sediment extract (labora-
tory code 951020), were recently studied in Jain and Ankjærgaard
(2011). The sample was given a dose of 45 Gy and subsequently
Fig. 5. (a) The experimental data of Thomsen et al. (2011), obtained using different
powers of their IR LEDs. The simulated data are shown as solid lines. (b) A different set
of experimental data for a K-rich feldspar sample. The experimental IR power is set at
100%. The inset shows the same experimental data for short IR stimulation times, on
a linear scale. The offset is equal to the average of the last 100 channels in the IRSL
signal.
preheated to 250 �C for 60 s, prior to measurement of the IRSL
signal at 50 �C. An excellent fit shown as a solid line through the
experimental data is obtained using the model, for the complete
time interval t ¼ 0 to t ¼ 5000 s. The simulated and experimental
data in Fig. 5b are normalized to the first point in the experimental
data. A small but finite constant signal has been added to the
simulated data; this small signal could represent the experimental
“background”, but also could represent a significant contribution
from the band-tail states.

The model parameters used to obtain the simulated data in
Fig. 5b are: lIR ¼ 0.06 s�1, s ¼ 105 s�1, g ¼ 105 s�1, a ¼ 35, and the
initial conditions are nt(0) ¼ m(0) ¼ 6 � 1012 cm�3, ne(0) ¼ 0 cm�3.

In the next sectionwe study the effect of the various parameters
on the results from the model. Our goal is (a) to determine which
parameters have the most effect on the shape of the simulated IRSL
signals, and (b) to further investigate the power-law of decay of the
IRSL signal.

4. Effects of the various parameters on the simulated IRSL
signals

We start by examining the numerical values of the frequency
parameters lIR, s which appear in the system of equations (1)e(3).
What is important in describing the behavior of the system of
equations is not so much the absolute values of these parameters,
but rather their numerical dimensionless ratio g/s. These ratios
represent the ratios of possible transition probabilities for electrons
in the ground state and the excited state, correspondingly.

The value of the IR-stimulation parameter lIR ¼ 0.12 s�1 was
chosen in the simulation so that the simulated IRSL curve in Fig. 2a
decays at similar rates as in typical experimental IRSL curves. The
value of the frequency factors s¼ g¼ 105 s�1 was chosen arbitrarily
in the model, but is typical of frequency factors for localized
processes. The value of the dimensionless parameter a ¼ 35 in
equation (8) was chosen so that the simulated data fits best the
typical experimental data.

In Fig. 6a we show the effect of changing the ratio g/s on the
results of the model, by varying this ratio from g/s ¼ 10�3 up to
value of 102. The simulation results show that this ratio affects
mostly the initial part of the IRSL curve; for large stimulation times
t, all simulated IRSL curves in Fig. 6a exhibit the power-law of
luminescence decay. The values of the power exponent k obtained
by fitting the simulated data of Fig. 6a are practically constant, with
a very small random variation between k ¼ 1.03 and 1.08. We
conclude that within this model, the power-law exponent k
depends very weakly on the ratio g/s, even though this ratio is
varied over 5 orders of magnitude in the simulations. It is noted
that the quantity g/s does not depend on the experimental condi-
tions, but rather is a physical property of the eeh pair.

In Fig. 6b we show the effect of changing the dimensionless
parameter a on the results of the simulation. This parameter
describes the unknown physical properties of the eeh pair relating
to the tunneling process. The values of the power exponent k ob-
tained by fitting the simulated data of Fig. 6b show a very small
systematic decrease with the value of a, from k ¼ 1.09 and k ¼ 0.96.
We conclude that within this model, the power-law exponent k
depends rather weakly on the kinetic parameter a.

Finally we consider the effect of changing the initial concen-
tration nt(0) ¼ m(0) of eeh pairs on the results of the model, by
varying this parameter within several orders of magnitude. The
simulations show that changing the initial concentrations affects
the magnitude of the IRSL signal, while the shape of the IRSL curve
remains the same.

In conclusion, the simulated data in this paper show clearly that
in all cases simulated here, and for awide range of numerical values



γ/s =

IR stimulation time, s
1 10 100 1000 10000

IR
SL

  (
a.

u.
)

107

108

109

1010

1011

1012

10-3

10-2

10-1

1
10
102

1 10 100 1000 10000

IR
SL

  (
a.

u.
)

107

108

109

1010

1011

1012

a=15
35
50
70
100

IR stimulation time, s

a

b

Fig. 6. (a) Simulated IRSL curves for different values of the ratio g/s, from 10�3 to 102.
(b) Simulated IRSL curves for different values of an unknown physical property of eeh
pair a in equation (9), on a logelog scale showing the linear regions of the power-law
decay. The power-law exponent k obtained by fitting the power-law equation (10) to
the simulated data in (a) and (b) depends only very weakly on the value of the
parameters g/s and a in the model.

V. Pagonis et al. / Radiation Measurements 47 (2012) 870e876 875
of the parameters in the model, the shape of the IRSL curves does
not change drastically. Of all the parameters varied in the model,
the dimensionless parameter a has the largest effect on the shape of
the IRSL curves.

5. Discussion and conclusions

The exact mathematical shape of the CWeIRSL curves is an
open research question. Specifically, it is unclear whether the
luminescence signals at long excitation times are better fitted with
the power-law, or with a stretched exponential function, or even
with some other “long-tailed” mathematical function. However, it
is interesting to note that there has been some previous work on
this subject: the PhD work by Baril (2002) contains a rather
extensive discussion and study of the power-law, as applied to
several types of luminescence signals from feldspars. In this paper
we examined the possibility of obtaining the luminescence decay
law based on the system of differential equations describing
electronic trafficking between the excited state, the ground state
and the luminescence center.

The model explains the experimental fact that the initial part of
IRSL decay curves does not follow the power-law of luminescence
decay. Two limitations of the current model are: (a) the absence
of a role in the model for the band-tail states which are known to
be present in feldspars, and (b) the absence of a mathematical
description of the effect of stimulating temperature on the shape of
CWeIRSL curves. For example, Poolton et al. (2009) and Jain and
Ankjærgaard (2011) demonstrated in their experimental work
that band-tail states play a substantial role in the IRSL mechanism.
At low temperatures w10 K it is believed that the band-tail states
are “frozen” and tunneling constitutes the main IRSL mechanism
(Poolton et al., 2009). It has also been suggested that at higher
temperatures the contribution of the band-tail states to the IRSL
signal becomes more important.

In the model presented in this paper, the initial fast decay of the
IRSL signal is explained on the basis of equilibrium being reached
gradually between the two mathematical terms in equation (1). In
the work of Thomsen et al. (2008), this initial fast decay was
interpreted as due to recombinations taking place between nearby
eeh pairs, while the slower part of the IRSL signal was due to
recombinations between pairs located farther apart. It is unclear
whether these two explanations of the shape of the IRSL curves are
equivalent from a physical point of view, and further experimental
and modeling work is necessary to clarify these points.

In this paper only experimental data obtained from K-feldspar
are used for comparison, and other types of feldspar IRSL signals
have not been tested. Clearly more extensive experimental and
simulation work is needed to ascertain whether the simple model
in this paper also describes the IRSL decay curves from other feld-
spar samples.
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