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a b s t r a c t

During luminescence dosimetry and luminescence dating applications it is often necessary to precon-
dition the geological samples by applying a thermal or optical treatment before measuring the lumi-
nescence signal. In luminescence applications using apatites or feldspars, measurement of continuous-
wave infrared or optically stimulated signals (CW-IRSL and CW-OSL) are customarily preceded by
either an isothermal heating of the samples at a fixed temperature for a short time interval, or alter-
natively by optically bleaching the samples using light from LEDs with the appropriate wavelength. This
paper presents new analytical equations which can be used to describe these commonly employed
double experimental procedures. The equations are based on a recently published model which assumes
that tunneling processes are taking place in random distributions of donoreacceptor pairs. The con-
centration of charge carriers during the CW-IRSL or CW-OSL experiment is expressed in terms of the
parameters of the preceding thermal or optical bleaching procedure, and depends also on the distri-
bution of distances between electron and hole pairs. The analytical equations in this paper are compared
with experimental data from a feldspar sample which undergoes an isothermal procedure followed by
measurement of the CW-IRSL signal. Additional comparisons with experiment are provided using a
feldspar sample which undergoes an infrared bleaching process, followed by measurement of the CW-
OSL signal. These results and conditions under which the equations can be used are discussed within
the framework of the model.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

During the past decade there has been significant progress in
our understanding of luminescence processes in feldspars. In
particular recent experimental and modeling work has helped re-
searchers understand the non-exponential shape of continuous-
is).
wave infrared stimulated luminescence (CW-IRSL) signals from
feldspars (Li and Li, 2013; Morthekai et al., 2012; Jain and
Ankjærgaard, 2011; Thomsen et al., 2011; Bailiff and Poolton, 1991).

Specifically the model developed by Jain et al. (2012) has been a
major development in this research area, and has helped in the
understanding of tunneling phenomena in a random distribution of
electronehole pairs. Kitis and Pagonis (2013) quantified the semi-
analytical model of Jain et al. (2012) by deriving exact analytical
expressions for different experimental stimulation modes. This was
used to describe luminescence signals from a variety of feldspars
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and apatites (Polymeris et al., 2014; Sfampa et al., 2014; Pagonis
et al., 2013). In a recent comprehensive study Pagonis et al.
(2014a) examined CW-IRSL signals from a variety of feldspars and
described mathematically the shape of these signals in terms of the
kinetic parameters in the model of Jain et al. (2012). Kitis and
Pagonis (2014) simulated the geometrical shape factor of thermo-
luminescence (TL) glow curves within the model, and showed that
standard kinetic methods of initial rise and variable heating rate
can be used to obtain the kinetic parameters for the TL process.
Pagonis et al. (2013) obtained approximate expressions for the time
development of nearest neighbor distribution during various types
of luminescence experiments, and compared their analytical ex-
pressions with experimental data on linearly modulated IRSL
(Bulur, 1996).

During luminescence dosimetry and luminescence dating ap-
plications it is often necessary to precondition the geological
samples by applying a thermal or optical treatment before
measuring the luminescence signal. In luminescence applications
using apatites or feldspars, measurements of CW-IRSL or optically
stimulated signals (CW-OSL) are customarily preceded by either an
isothermal heating of the samples at a fixed temperature for a short
time interval, or alternatively by optically bleaching the samples
using light from LEDs with the appropriate wavelength. Murray
et al. (2009) reviewed previous research on the effect of preheat-
ing on the IRSL signal from feldspar (Bøtter-Jensen et al., 2003;
Duller and Bøtter-Jensen, 1993; Duller, 1994; Duller and Wintle,
1991). These authors concluded that IR stimulation is changing
the luminescence recombination probability. They proposed that
electrons are not necessarily stimulated from the TL traps by IR, but
the loss of recombination sites during measurement of the IRSL
signal causes a reduction of the photon yield during subsequent
measurement of the luminescence signal. Recently Pagonis et al.
(2014b) reviewed previous research on the shape and kinetics of
TL glow curves in feldspars, on possible correlations between TL
and IRSL signals and on the effect of IR illumination on the TL signal
(Duller, 1995; Visocekas et al., 1994; Chru�sci�nska, 2001).

In an important recent work Jain et al. (2015) extended their
localized transition model to include Arrhenius analysis and for
truncated nearest neighbor distributions. Their extended model
successfully described the thermal and optical kinetic behavior of
IRSL signals from preheated feldspar samples, and was tested using
experimental data. These authors found that different infrared
stimulated luminescence emissions (UV, blue, yellow and far-red)
follow the same kinetics, and most likely involve the same elec-
tron trap. A key result of their analysis is that a prior-treatment
results in a shifted time domain of the luminescence data.

Pagonis et al. (2013) examined the exact version of the model
developed by Jain et al. (2012), and developed analytical equations
for the concentration of carriers during measurement of lumines-
cence signals, as a function of two parameters, namely the distance
between electronehole pairs and the stimulation time.

This paper uses the analytical equations developed by Pagonis
et al. (2013), in an attempt to describe double experimental pro-
cedures commonly used during luminescence dating and lumi-
nescence dosimetry protocols.

The goals of the present paper are:

(a) To develop an alternative mathematical approach to the
work by Jain et al. (2015), by starting from the analytical
equations derived by Pagonis et al. (2013).

(b) The specific goal of this newapproach is to develop analytical
equations for the intensity of continuous-wave stimulated
luminescence (CW-IRSL or CW-OSL) signals for samples
which have been pre-treated either optically or thermally.
The equations developed in this paper are shown to be a
special case of the more general formalism of Jain et al.
(2015).

(c) To test the analytical equations by comparing with experi-
mental data from a feldspar sample which undergoes an
isothermal procedure, followed by measurement of the CW-
IRSL signal. Similarly, the equations are tested for a sample
which is first bleached using IR, followed by measurement of
the CW-OSL signal.

(d) To discuss the experimental results within the framework of
the model, and to also consider the conditions under which
the analytical equations can be used to analyze experimental
data.
2. Analytical equations for double experimental procedures

In this section analytical equations are developed for the time
dependent concentration of charge carriers during two
commonly used experimental procedures. In Section 2.1 we
consider a freshly irradiated sample which undergoes an
isothermal procedure (heating at a fixed temperature for a
certain amount of time), followed by measurement of the CW-
IRSL signal. In Section 2.2 a freshly irradiated sample undergoes
an optical bleaching, followed again by measurement of the CW-
IRSL or CW-OSL signal.

2.1. Isothermal procedure followed by measurement OF CW-IRSL
signal

Kitis and Pagonis (2013) showed that the concentration of
charge carriers during optical or thermal stimulation in the model
by Jain et al. (2012) is given by

nðr0;tÞ¼n03ðr0Þ2 exp
h
�ðr0Þ3

i
exp

2
4�exp

�
�ðr0Þ�1=3r0

�Zt

0
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3
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(1)

where A represents the probability of thermal/optical stimulation
and r0 is the dimensionless charge density. Equation (1) describes
the evolution of the distribution of electrons nðr0; tÞ in the ground
state as a function of two parameters, namely the time t elapsed
since the beginning of the optical or thermal stimulation, and the
dimensionless distance parameter r0. This equation is valid for
several types of excitation used in typical TL or OSL experiments,

and the integral
Z t

0
Adt0 can be evaluated for the different experi-

mental excitationmodes. During an isothermal preheat experiment
the probability of thermal excitation A ¼ APH ¼ constant, and
Equation (1) becomes:

nðr0; tÞ ¼ n03ðr0Þ2 exp
h
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where no is the total initial concentration of charge carriers, and the
quantity APH (s�1) represents the probability of thermal stimulation
given by:

APH ¼ sthermale
�Ethermal=kTPH ; (3)

where TPH is the preheat temperature and sthermal, Ethermal represent
the thermal kinetic parameters of the trap. At the end of the pre-
heat process at a temperature TPH and for a time interval tPH, the
distribution of remaining electronehole pairs are then:
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The key point in this section is that this distribution of carriers
nðr0; tPHÞ will act as the initial concentration of carriers for the
second stage of the double procedure during which one measures
the CW-IRSL signal.

During a CW-IRSL measurement the probability of optical (IR)
excitation is A ¼ AIR ¼ constant, and Equation (1) becomes:

nIRðr0; tÞ ¼ N0ðr0Þexp
h
� exp

�
� ðr0Þ�1=3r0

�
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i
: (5)

where N0ðr0Þ ¼ nðr0; tPHÞ is the initial distribution of charge carriers
at the beginning of the CW-IRSL measurement, and the quantity AIR

(s�1) represents the probability of infrared stimulation. The value
ofAIR ¼ sI depends on the infrared photostimulation cross section
s(cm2) and on the intensity I (photons. cm�2. s�1) of the optical
source.

By substituting (4) into (5), one obtains:
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or
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This equation can be written as:

nIRðr0; tÞ ¼ n03ðr0Þ2 exp
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where we have defined the constant time parameter

T ¼ sthermal

AIR
e�Ethermal=kTPH tPH: (9)

Equation (9) is a new result derived in this paper for preheated
samples, and similarly Equation (21) is the corresponding new
equation derived for optically bleached samples.

For an untreated sample, one sets tPH ¼ 0 in Equation (8), to
obtain the corresponding concentration of charge carriers during
the CW-IRSL measurement:

nIR�UNTREATEDðr0; tÞ ¼ n03ðr0Þ2 exp
h
� ðr0Þ3

i
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Direct comparison of Equations (8) And (10) shows that the two
distributions nIRðr0; tÞ and nIR�UNTREATEDðr0; tÞ, for the preheated
sample and for the untreated sample correspondingly, have the
exact same mathematical form, with the time variable shifted by
the constant factor T given in Equation (9). This shifting T of the
time variable depends linearly on the preheat time tPH, and de-
pends also on the preheat temperature TPH via the Boltzmann factor
e�Ethermal=kTPH .

By integrating Equation (8) over the distance variable r0, one
finds the remaining number of electrons in the ground state at time
t during the CW-IRSL experiment:
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or by using the shifted time variable t0 ¼ T þ t:
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This is the well-known equation that appears for example in
Huntley (2006, Equation (4)) in the form:
nIRðtÞ¼
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In a recent work Pagonis et al. (2015, accepted) showed that
based on a series expansion introduced by Tachiya and Mozumder
(1974), the numerical integration in Equation (13) can be approxi-
mated to a great degree of accuracy by the expression:

nðtÞ ¼ no exp
h
� r0flnðzstÞg3

i
: (14)

where z ¼ 1.8 represents a numerical constant whose value was
explained mathematically by Pagonis et al. (2015, accepted, the
Appendix A). From a physical point of view, Jain et al. (2012, 2015)
provided a physical meaning for this factor z, as representing the
time derivative of the critical lifetime tc in the semi-analytical
version of their model, i.e. z z dtc/dt.

Comparison of Equations (12) and (13) shows that the solution
of (12) can be obtained from the solution of Equation (13) by
replacing s withAIR, and t with t0. Therefore by making these sub-
stitutions in Equation (14), the solution of Equation (12) is given to a
good approximation by:

nIRðtÞ ¼ no exp
h
� r0flnðzAIRt

0Þg3
i
: (15)

The corresponding expression for the untreated sample is found
by setting tPH ¼ 0 or t0 ¼ t , to obtain:
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nIR�UNTREATEDðtÞ ¼ no exp
h
� r0flnðzAIRtÞg3

i
: (16)

The luminescence intensities for the thermally treated and the
untreated sample correspondingly are found from the time de-
rivatives of Equations (15) and (16):

LðtÞ ¼ �dnIRðtÞ
dt

¼ C
exp

�� r0flnðzAIRt0Þg3
	flnðzAIRt0Þg2

t0
(17)

LUNTREATEDðtÞ ¼ �dnIR�UNTREATEDðtÞ
dt

¼ D
exp

�� r0flnðzAIRtÞg3
	flnðzAIRtÞg2

t
; (18)

with C, D representing constants.
Equations (17) and (18) lead to the obvious conclusion that the

CW-IRSL luminescence intensities for the thermally treated and the
untreated samples are described with the same equation, with the
time-axis shifted by the quantity T given in Equation (9). This is the
same result obtained previously by Jain et al. (2015) by considering
the semi-analytical version of their original model. Specifically
Equation (17) is a special case of the more general equation derived
by Jain et al. (2015), by considering truncated distributions of
nearest neighbors.

The kinetic parameters in Equation (17) are r0;AIR and can be
obtained by fitting the time-shifted experimental data.

Furthermore, when the luminescence decay curve L(t) for the
thermally treated sample with different preheating times are
shifted along the time-axis by the quantity T, the CW-IRSL decay
curves can be expected to fall on top of each other, at least within
the experimental uncertainties of the data. This is again the same
result previously derived by Jain et al. (2015).

It is also noteworthy that Equation (18) for thermally untreated
samples is almost identical to the following analytical equation
derived by Kitis and Pagonis (2013) by examination of the semi-
analytical version of the model by Jain et al. (2012):

LðtÞ ¼ B
exp

�� r0flnð1þ zAIRtÞg3
	½lnð1þ zAtÞ�2

1þ zAt
: (19)

The extra (1þ) factor appearing in Equation (19) is often several
orders of magnitude smaller numerically than the term zAt, so for
all practical purposes Equations (18) and (19) give the exact same
numerical results, for thermally untreated samples.

2.2. Optical bleaching procedure followed by measurement of the
luminescence signal

In this section we consider a second type of experiment, in
which the freshly irradiated sample is optically bleached in the first
part of the experiment by exposure to either infrared light, or to
blue light from LEDs (~470 nm). The analytical expressions are
derived in this section for the case of an irradiated sample which is
bleached optically by exposure to blue light for a time interval
tBLEACH (CW-OSL), followed by measurement of its CW-IRSL signal.
However, the exact same equations can be derived for the reverse
type of double procedure, in which the irradiated sample is first
exposed to IR (CW-IRSL) for a time interval tBLEACH, followed by
measurement of its CW-OSL signal.

The main assumption in deriving the equations in this section is
that the blue light (CW-OSL) accesses the same charge density r0 as
the IR light (IRSL), but with a different optical stimulation proba-
bility. This is a reasonable yet arbitrary physical assumption, which
needs to be verified by the experimental data.
During the optical bleaching part of the double experiment, the
probability of optical (blue light) excitation A ¼ ABLEACH ¼ constant,
and the optical bleaching process takes place for a time interval
tBLEACH. We can now follow the same procedure as in Section 2.1, by
assuming that the distribution of remaining electronehole pairs at
the end of the bleaching interval tBLEACH will act as the initial con-
centration of carriers for the second stage of the double procedure,
during which one measures the CW-IRSL signal. The probability of
optical (IR) excitation during the CW-IRSL measurement is denoted
once more by A ¼ AIR ¼ constant. By following the same steps as in
Section 2.1, we obtain:

nIRðr0; tÞ ¼ n03ðr0Þ2 exp
h
� ðr0Þ3

i
exp

h
� exp

�

� ðr0Þ�1=3r0
�
AIRfTOPTICAL þ tg

i
; (20)

where we have defined the constant time parameter

TOPTICAL ¼
ABLEACHtBLEACH

AIR
: (21)

Equation (21) is the second new result derived in this paper for
bleached samples, similar to Equation (9) derived for preheated
samples.

This shifting TOPTICAL of the time variable depends linearly on the
optical bleaching time tBLEACH, and is also proportional to the ratio of
excitation probabilities ABLEACH

AIR
.

Equations (20) and (21) are completely analogous to (8) and (9),
and lead to the same equations for the intensity of the CW-IRSL
signal, with the only difference being that the amount of shifting
along the time-axis is now given by Equation (21) instead of
Equation (9).

The experimental data in the next two sections will be used to
test the following predictions from these analytical equations:

(a) The luminescence intensities for the thermally/optically
treated and the untreated samples can be fitted with the
same equation.

(b) When the luminescence decay curve L(t) for the thermally/
optically treated sample is shifted along the time-axis by a
quantity T, the two luminescence decay curves (either CW-
IRSL or CW-OSL, depending on the experiment) can be ex-
pected to fall on top of each other.

(c) The amount of shifting T of the time-axis is predicted to
depend linearly on the preheat time tPH or on the optical
bleaching time tBLEACH, depending on the type of experiment
being carried out.

An additional prediction which is not tested in this paper is that
the amount of shifting T of the time-axis will depend also on the
preheat temperature TPH via the Boltzmann factor e�Ethermal=kTPH . This
prediction was tested recently by Jain et al. (2015) and is discussed
in the Discussion section of this paper.
3. Experimental

The luminescence signals from the feldspar samples used in this
paper have been studied previously in Polymeris et al. (2013). These
authors investigated the possibility of using thermoluminescence
(TL) for structural characterization of ten K-feldspar samples. They
found a good correlation between TL sensitivity and individual K-
feldspar structure and suggested that these samples are ideal for
investigating basic TL, OSL and IRSL signals. The group of samples
studied by these authors consisted of 3 sanidine, 4 orthoclase and 3
microcline feldspars.



Fig. 1. Typical example of fitting the CW-IRSL curves from protocol #1 with Equation
(17), for a freshly irradiated aliquot of feldspar sample KST4, measured at 50 �C. The
CW-IRSL curve is fitted using Equation (17), with residuals of the fitting procedure
shown underneath the graph.
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The experimental setup, sample preparation and experimental
conditions for the present paper were described previously in
Polymeris et al. (2013, 2014). TL measurements were carried out
using a Riso TL/OSL reader (model TL/OSL-DA-15), equipped with a
90Sr/90Y beta particle source, delivering a nominal dose rate of
0.075 Gy/s. A 9635QA photomultiplier tubewas usedwith a 7.5 mm
Hoya U-340 filter (~340 nm, FWHM ~80 nm). All necessary heating
was performed in a nitrogen atmosphere with a low constant
heating rate of 2 �C/s, in order to avoid significant temperature lag.
The OSL stimulation wavelength is 470 (±20) nm for the case of
blue stimulation, delivering at the sample position a maximum
power of 40 mW/cm2. For IRSL, the stimulation wavelength is 875
(±40) nm and the maximum power ~135 mW/cm2.

Two of the samples studied previously in Polymeris et al. (2013)
are used in this paper, namely microcline sample KST4 and
orthoclase sample VRS3 (see Polymeris et al., 2013; their Table 1).

Two different experimental protocols were used in order to test
the equations in the previous sections, as follows.

3.1. Protocol #1

This is a double procedure as described in Section 2.1. An irra-
diated aliquot of feldspar sample KST4 is first exposed to a fixed
preheat temperature of 300 �C for a variable preheating time tPH,
followed by measurement of its CW-IRSL signal. The specific steps
in the protocol are:

Step 1 Test dose 40 Gy
Step 2 Preheat at temperature TPH ¼ 300 �C for preheat time

tPH ¼ 0, 1, 3, 5, 10, 17, 25, 37, 50, 75 s. The case of tPH ¼ 0
corresponds to the unheated sample.

Step 3 Measurement of CW-IRSL signal for 2000 s at 50 �C.
Step 4 Repeat steps 1e3 for a new preheat time tPH.
Fig. 2. A typical example of shifting a CW-IRSL curve measured with a preheating time
tPH ¼ 37 s along the horizontal time-axis, resulting in the shifted CW-IRSL curve falling
on top of the CW-IRSL curve for the reference curve (tPH ¼ 3 s).
3.2. Protocol #2

This is a double procedure similar to the one described in Sec-
tion 2.2. An aliquot of sample KST4 is first exposed to infrared light
(CW-IRSL) for a variable bleaching time TBLEACH, followed by mea-
surement of its CW-OSL signal. The specific steps in the protocol
are:

Step 1 Test dose 40 Gy.
Step 2 Optical bleaching using CW-IRSL at room temperature for

time TBLEACH ¼ TBLEACH ¼ 0, 5, 10, 25, 35, 50, 75, 100, 250, 500
and 1000 s. The case of TBLEACH ¼ 0 corresponds to the un-
bleached sample.

Step 3 Measurement of CW-OSL signal at room temperature for
1000 s

Step 4 TL measurement up to a temperature T ¼ 500 �C at 20 �C/s.
Step 5 Repeat steps 1e4 for a new CW-IRSL stimulation time

TBLEACH.

Both experimental protocols described above were applied us-
ing a single aliquot, and this makes necessary testing for sensitivity
changes which may occur during the experiments. The sensitivity
test for protocol #1 was performed by measuring the CW-IRSL
signals before and after the end of the protocol. The sensitivity
test for protocol #2 was performed by applying an additional TL
readout up to 500 �C between steps 4 and 5, after the stimulation
times 10,50, 250 and 1000 s. It was found that the sensitivities of all
samples showed an excellent stability and that the reproducibility
of the signals was better that 2%. It was concluded that therewas no
need for applying sensitivity corrections.
4. Experimental results

4.1. Results from protocol #1

Fig. 1 shows a typical CW-IRSL decay curve from a freshly irra-
diated sample KST4, measured at 50 �C during protocol #1. The
sample was preheated for 3 s at 300 �C and it is assumed that there
is no time-shift necessary for this set of data (T¼ 0 in Equation (9)).

Fig. 2 shows a typical example of shifting a CW-IRSL curve
measured with a preheating time tPH ¼ 37 s along the horizontal
time-axis, resulting in the shifted CW-IRSL curve falling on top of
the CW-IRSL curve for the reference curve (tPH ¼ 3 s). Fig. 3(a)
shows the result of shifting all the CW-IRSL curves measured at
different preheating times along the time-axis, resulting in all



Fig. 3. (a) Shifting all the CW-IRSL curves measured at different preheating times
along the time-axis results in all curves overlapping, within the accuracy of the
experimental data. The CW-IRSL curve for tPH ¼ 3 s is used as a reference curve. (b) The
experimentally determined time-shifts (tSHIFT) from (a), as a function of the preheating
times tPH. The linear dependence is in agreement with the derived Equation (9).

Fig. 4. (a) The results of fitting all experimental CW-IRSL curves obtained in protocol
#1 for different preheat times using Equation (17) and with the values of the time
shifting obtained from Fig. 3b. The fitted curves are shown by the solid lines. (b) The
fitting parameters obtained at different preheating times by analyzing the time-shifted
experimental data. The error bars are estimated from the best fitting procedure.
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curves overlapping, at least within the experimental accuracy of the
data. The first three measured CW-IRSL curves for preheat times
tPH ¼ 0,1,3 s were essentially identical, so we used the CW-IRSL
curve for tPH ¼ 3 s for our reference curve for the untreated sam-
ple. Fig. 3(b) shows the experimentally determined time-shifts
(tSHIFT) from Fig. 3(a) (by using the technique shown in Fig. 2), as
a function of the preheating times tPH. The linear dependence
shown in Fig. 3(b) is in agreement with the derived Equation (9).

Fig. 4 shows the results of fitting all experimental CW-IRSL
curves obtained in protocol #1 for different preheat times tPH us-
ing Equation (17) and with the values of the time shifting obtained
from Fig. 3(b). The fitted curves are shown by the solid lines in
Fig. 4(a) indicating excellent fits to the experimental data. Fig. 4(b)
shows the fitting parameters r0;A obtained at different preheating
times by analyzing the time-shifted experimental data. The values
of the fitting parameters are seen to be practically constant at all
preheating times, with the average dimensionless charge density
given by r0 ¼ 0:006±0:002 and the average IR stimulation proba-
bility by AIR ¼ 6:5±1:3 s�1. The error bars in Fig. 4(b) are estimates
obtained from the best fitting procedure.

4.2. Results from protocol #2

Fig. 5(a) shows a typical CW-OSL decay curve from a freshly
irradiated sample KST4, measured during protocol #2. The CW-OSL
curve is also fitted using Equation (17) and it was found that this
equation provides excellent fits to all experimental CW-OSL curves
obtained in protocol #2 for different IR bleaching times tBLEACH, as
shown by the fitted curves in Fig. 7(a). Fig. 5(b) shows the fitting
parameters r0;A obtained at different IR bleaching times, with the
average dimensionless charge density given by r0 ¼ 0:0046±0:0004
and the average blue light stimulation probability by
A ¼ 3:9±0:8 s�1.

Fig. 6 shows a typical example of shifting a CW-OSL curve
measuredwith a bleaching time tBLEACH¼ 100 s along the horizontal
time-axis, resulting in the shifted CW-OSL curve falling on top of
the curve for the unheated sample (tBLEACH ¼ 0 s). Fig. 7 shows the
result of shifting along the time-axis all the CW-OSL curves
measured at different bleaching times tBLEACH, resulting in all curves
overlapping, at least within the experimental accuracy of the data.

Fig. 8 shows the experimentally determined time-shifts (tSHIFT)
from Fig. 7(b), as a function of the IR bleaching times tBLEACH. The
experimental data shows that the dependence is linear at least for
bleaching times tBLEACH � 100 s, with a non-linear dependence
shown in the inset of Fig. 8 for higher times tBLEACH. The linearity
shown in Fig. 8 is in agreement with the derived Equation (21), at
least for tBLEACH � 100 s.

As discussed in Section 2.2, the main assumption in deriving the
equations is that the blue light (CW-OSL) accesses the same charge
density r0 as the IR light (IRSL), but with a different optical stimu-
lation probability. This assumption is tested by fitting the CW-IRSL



Fig. 5. (a) A typical CW-OSL decay curve from a freshly irradiated sample KST4,
measured during protocol #2. The CW-OSL curve is fitted using Equation (17). (b) The
parameters r0;A extracted from fitting the experimental data in protocol #2, as a
function of the IR bleaching time tBLEACH.
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Fig. 6. A typical example of shifting a CW-OSL curve measured with a bleaching time
tBLEACH ¼ 100 s along the horizontal time-axis, resulting in the shifted CW-OSL curve
falling on top of the curve for the unheated sample (tBLEACH ¼ 0 s).

Fig. 7. (a)e(b) Shifting of all the CW-OSL curves measured at different bleaching times
along the time-axis, results in all curves overlapping, at least within the experimental
accuracy of the data. The CW-OSL curves in (a) are fitted using Equation (17), shown by
the fitted curves in (a).
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Fig. 8. The experimentally determined time-shifts (tSHIFT) from Fig. 7 are shown as a
function of the IR bleaching times tBLEACH. The dependence is linear at least for
bleaching times tBLEACH � 100 s, with a non-linear dependence shown in the inset for
higher times tBLEACH. The linearity shown here is in agreement with the derived
Equation (26).
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curve measured in step 3 of protocol #2, using Equation (17). The
fitting process of the CW-IRSL curve in Fig. 9 yields a charge density
value of r0 ¼ 0:0056±0:0001, which is in reasonably close agree-
ment with the value of r0 ¼ 0:0046±0:0004 obtained from the
analysis of the CW-OSL curves in Fig. 5(b). It is concluded that the
CW-OSL and CW-IRSL signals most likely stem from the same trap,
characterized by the same value of r0.

Fig. 10(a) shows the result of repeating the measurements in
protocol #2 for a second sample, an orthoclase sample VRS3 pre-
viously studied by Polymeris et al. (2013). The results are shown in
Fig. 10(b), with the time-shifted CW-OSL curves falling on top of
each other. This second apatite sample also showed a linear
dependence of the time shifts on the IR bleaching time at least for
bleaching times tBLEACH � 100 s, similar to microcline sample KST4.

The experimental data in this section provided a rather sur-
prising result, by the application of the localized transitionmodel to
blue light stimulation. Since blue light can be expected to raise
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Fig. 9. Fitting of the CW-IRSL curve measured in step 3 of protocol #2, using Equation
(17).

Fig. 10. The experiment in Fig. 7 was repeated for a second feldspar sample VRS3, with
similar results.
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electrons into the conduction band, then the results of the exper-
iment should not strictly follow localized recombination. It is not
clear whether this experimental result will hold for different types
of samples and for different optical bleaching conditions. Perhaps
the best method of ascertaining the validity of these results is by
studying this effect using stimulating light from LEDs with different
wavelengths, ranging from blue to green.

5. Discussion and conclusions

Recently (Jain et al., 2015) extended their localized transition
model to include Arrhenius analysis and truncated nearest
neighbor distributions. Their extended model provided a better
understanding of charge depletion and of the shape of the
luminescence decay curves. An important difference between the
extended model of Jain et al. (2015) and the work in this paper is
that they consider the truncated distributions of nearest neighbors,
while our derivation is based on the analytical equations derived by
Pagonis et al. (2013) and on the series approximation by Tachiya
and Mozumder (1974).

The model of Jain et al. (2015) and the equations they derive are
more general than the luminescence intensity equations in this
paper. Specifically our results in Equation (17) are a special case of
the more general equation by Jain et al. (2015), with the sub-
stitutions b ¼ s and t ¼ zT, where T is an arbitrary parameter with
units of time. In the present paper we derived new analytical
equations for the time shifting of the CW-IRSL signals (Equations
(9) and (21)).

Jain et al. (2015) arrived at the conclusion that shifting the time-
axis in a double preheating/CW-IRSL experiment can cause the CW-
IRSL curves to lie on top of each other. This conclusion was also
reached in the work in this paper.

The experimental data in Jain et al. (2015) describe a situation in
which the preheat time is constant (10 s) and they varied the
preheat temperature TPH, while in our experiment the preheat
temperature was fixed at TPH ¼ 300 �C and the preheat time was
varied in the interval tPH ¼ 0e75 s.

There are several conditions which must be met when using the
analytical equations in this paper:

(a) The CW-IRSL or CW-OSL signals must contain a single
tunneling component, as determined by fitting the experi-
mental data with Equation (17). Many luminescence signals
from feldspars and apatites contain such a single tunneling
component, while other samples studied by us were found to
contain at least two tunneling components (Sfampa et al.,
2015, 2014; Polymeris et al., 2014).

(b) The equations should apply to any double procedure such as
those discussed in Section 2, as long as the stimulation
probabilities involved in the two stages are constant (e.g.
isothermal heating, optical stimulation with blue light LEDs,
infared stimulation).

Clearly more experimental work is required to decide whether
IRSL and OSL are indeed always accessing the same charge density,
and whether the results apply to feldspars as well as to apatite
samples.
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