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h i g h l i g h t s
� TL glow curves for four types of preheated feldspar samples were measured.
� The experimental data is analyzed using two different methods within a model of localized electronic recombination.
� The model deals with random distribution of donor-acceptor pairs, with nearest-neighbor interaction.
� Low temperature TL signal for preheat below 260 �C is consistent with the presence of a continuous distribution of energies.
� A single trap characterized by a single activation energy E ¼ (1.20 ± 0.09) eV at temperatures higher than 300 �C.
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a b s t r a c t

Thermoluminescence (TL) glow curves from feldspar samples have been studied extensively in lumi-
nescence dating and dosimetry applications. However, the mechanism responsible for their unusual
shape and behavior in preheated samples is not well understood. This paper presents new experimental
TL glow curves for four types of preheated feldspar samples; an orthoclase, a sanidine and two micro-
clines. Both the preheat temperature and the duration of the preheat are varied, before measurement of
the remnant TL glow curve. Kinetic analysis of the experimental results is carried out using a recently
proposed physical kinetic model which describes localized electronic recombination in a random dis-
tribution of donor-acceptor pairs, with nearest-neighbor interaction. The experimental data are analyzed
using two different methods within the model. In the first method one follows the development of the
distribution of nearest neighbor distances for each of the four stages of the experiment, namely irradi-
ation followed by heating to a temperature and holding the sample at this temperature for certain time,
and finally measurement of the TL glow curve. In the second method the TL glow curves are analyzed by
using a single adjustable parameter in the model, which characterizes the thermal history of the sample.
Good agreement is found between the two methods. However, the second method is much simpler to
use in practical situations, and in principle it can be applied for any thermally or optically pretreated
feldspar sample.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The kinetics of thermoluminescence (TL) signals from feldspars
have been studied extensively during the past 30 years, due to their
importance in luminescence dosimetry and dating applications
(see for example the books by Bøtter-Jensen et al., 2003; Chen and
olymeris).
Pagonis, 2011). These studies have established that the main
luminescence mechanism in feldspars is quantum mechanical
tunneling (Wintle, 1977; Visocekas et al., 1996), and that it can be
characterized by two types of trap depth, an optical trap depth
estimated to be ~2e2.5 eV, and a thermal trap depth estimated to
be in the range 1.6e1.8 eV with some estimates at ~2 eV (Clark and
Sanderson, 1994; Duller, 1995; Chru�sci�nska, 2001; Chru�sci�nska
et al., 2001; Murray et al., 2009; Poolton et al., 2009; Jain and
Ankjærgaard, 2011; Li and Li, 2013; Kars et al., 2013).

From a modeling point of view, the model developed by Jain
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et al. (2012) has been a major development in this research area,
and has contributed in the understanding of tunneling phenomena
in a random distribution of electron-hole pairs. Kitis and Pagonis
(2013) quantified the semi-analytical model of Jain et al. (2012)
by deriving exact analytical expressions for different experi-
mental stimulation modes. Pagonis et al. (2013) obtained approx-
imate expressions for the time development of nearest neighbor
distribution during various types of luminescence experiments. The
analytical equations by Kitis and Pagonis (2013) have now been
used to describe luminescence signals from a variety of feldspars
and apatites (Polymeris et al., 2013; Şahiner et al., 2014; Sfampa
et al., 2015; Kitis et al., 2016).

In regards to TL glow curves in feldspars, despite extensive
experimental and modeling work in the past few years, the exact
underlyingmechanism is still an open research question. A detailed
description of previous efforts to analyze TL glow curves in feld-
spars was given recently by Pagonis et al. (2014). These authors
studied TL glow curves in a plagioclase feldspar using the
TmaxeTstop and initial rise technique of glow curve analysis. Appli-
cation of these method of analysis showed the presence of a
continuous distribution of energy levels for samples preheated up
to ~260 �C, with energies between 0.8 and 1.5 eV. By contrast, when
the same samples were preheated at higher temperatures above
300 �C, it was found that the thermal activation energy was prac-
tically constant with a value of E~1.4e1.6 eV. This study suggested
that the TL glow curves in feldspars can be described by the pres-
ence of a continuum of energies in the range 0.8e1.2 eV, combined
with a single trap with an energy E~1.5 eV. This conclusion is
consistent with extensive time-resolved and OSL/TL studies in
feldspars (Jain and Ankjærgaard, 2011; Morthekai et al., 2012;
Pagonis et al., 2012, 2014; Kars et al., 2013).

The overall purpose of this paper is to provide a quantitative
description of a series of TL glow curves obtained for feldspars
which underwent high temperature preheating above 300 �C.

The specific goals of the paper are:

(a) To investigate the nature of the traps responsible for the TL
glow curves, and specifically whether the experimental data
supports a continuous distribution of energy levels, or a
single energy level, or both.

(b) To carry out a detailed quantitative analysis of a series of TL
glow curves obtained by thermally bleaching the TL signal at
different preheating times, and at a fixed temperature of
300 �C.

(c) To repeat this kinetic analysis using the same kinetic pa-
rameters as in (b), for different samples which were pre-
heated at several temperatures, while keeping the preheat
time fixed.

(d) To compare the results of the kinetic analysis from different
feldspar samples.

(e) To develop a new simpler method for analyzing a series of TL
glow curves measured in preheated feldspar samples.
2. 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.

The experimental setup, sample preparation and experimental
conditions for the present paper were described previously in
Polymeris et al. (2013), and will not be repeated here. Four of the
samples studied previously in Polymeris et al. (2013) are used in
this paper, namely microcline samples KST4 and ELD1, sanidine
sample SAM3, and orthoclase sample VRS3 (see Polymeris et al.,
2013, their Table 1).

The first experimental protocol used in this paper was as fol-
lows. An irradiated aliquot of the material is heated to a fixed
preheat temperature of 300 �C for a variable preheating time tPH,
followed by measurement of its TL signal. The specific steps in the
protocol are:

1. Test dose 40 Gy.
2. Preheat at temperature TPH ¼ 300oC and for a preheat time
tPH ¼ 0,1,3,5,10,17,25,37,50,75 s.
3. Measurement of TL signal by heating up to 500 �C with a
linear heating rate b ¼ 1 K/s.
4. Repeat steps 1e3 for a new preheat time tPH.

In the second experimental protocol, the same irradiated sample
was preheated to TPH ranging between 125 �C and 350 �C and for a
fixed preheating time tPH ¼ 10s, followed by measurement of its TL
signal. The purpose of this second set of experiments is to inves-
tigate whether the same kinetic parameters in the model can
describe the TL glow curves measured with either a variable pre-
heat time, or with a variable preheat temperature. Both the con-
ditions of TL measurements and the irradiation dose are same as
presented above.

These two experimental protocols were applied using a single
aliquot, and this makes it necessary to test for sensitivity changes
which may occur during repeated heating and irradiation. The
sensitivity test was performed by measuring the TL signals before
and after the end of the protocols. As in the previous studies by
Polymeris et al. (2013), it was found that the sensitivity of all
samples showed excellent stability, and that the reproducibility of
the signals was better that 2%. It was concluded that there was no
need for applying sensitivity corrections in these experiments.
3. General characteristics of the TL glow curves-the initial rise
method

Fig. 1 shows the TL glow curves for all four samples, measured
using the second protocol with a fixed preheat time of 10 s for a
variable preheating temperature TPH, followed by measurement of
the TL signal. Fig. 2 shows the TL glow curves for all four samples,
measured using the first protocol with a fixed preheat temperature
of 300 �C and for a variable preheating time tPH, followed by
measurement of the TL signal. There are clear inflection points
indicated by the arrows in Fig.1a and b, supporting the idea that the
TL signal is due to multiple energy levels.

In both Figs. 1 and 2, the TL glow curves shift towards higher
temperatures as either the preheat time or the preheat tempera-
ture are increased. However, in all these sets of TL glow curves one
observes that the high temperature side of the TL glow curves re-
mains unaffected, while the lower temperature side gradually gets
reduced. This observation is consistent with the tunneling model of
Jain et al. (2012), which describes the TL signals within the
framework of a random distribution of door-acceptor pairs, and
with nearest neighbor interaction. As one increases either the
preheat time or the preheat temperature, one expects that nearby



Fig. 1. TL glow curves measured in the second experimental protocol for four feldspar samples, with a fixed preheat time t ¼ 10 s at variable preheat temperatures between 125 �C
and 350 �C, in steps of 25 �C.

Fig. 2. TL glow curves measured in the first experimental protocol for the same four feldspar samples as in Fig. 1, with a variable preheat time t ¼ 0e75 s, at a fixed preheat
temperature 300 �C.
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donor-acceptor pairs will recombine first, while more distant pairs
will remain unaffected. This in turn will lead to a reduction of the
luminescence signal in the low temperature side of the TL glow
curves, since it is reasonable to assume that this part of the TL glow
curve corresponds to shorter pair distances. This effect of thermal
or optical stimulation on the low temperature side of the TL glow
curveswas previously demonstrated by Jain et al. (2012, their Fig. 9)
who showed that the high temperature side of the TL glow curve
remains unaffected.

Fig. 3a and b shows the results of applying the well-known
initial rise method of analysis to the TL glow curves in Figs. 1 and
2, correspondingly. Fig. 3a shows that samples preheated at low
temperatures below 260 �C show a remarkably consistent set of
gradually increasing E-values from 0.8 eV up to 1.2 eV, for all four
samples. These results are consistent with the analysis carried out
in a microcline sample by Pagonis et al. (2014), who found a
continuous distribution of energies in the same temperature and
energy range. By contrast, Fig. 3b shows that for samples preheated
above 300 �C one observes an almost constant value of the acti-
vation energy, with an average of E¼(1.30± 0.09) eV obtained for all
preheat times and all four samples. This again is consistent with the
experimental results by Pagonis et al. (2014).
Fig. 3. (a) The initial rise method of analysis is applied to the experimental data in
Fig. 1. A continuous increase of the activation energy E is seen for preheat temperatures
below 260 �C for all 4 feldspar samples. This supports the presence of a continuous
distribution of thermal activation energies between 0.8 and 1.2 eV. A single value of E
is observed for preheat temperatures above ~260 �C, within experimental error.
(b) The initial rise method applied to the data in Fig. 2. A single value of E is observed
for all preheat times within statistical error, supporting the presence of a single trap
with an average thermal activation energy E¼(1.30 ± 0.09) eV.
4. The model: effect of preheating on TL glow curves

There are three versions of the model by Jain et al. (2012) in the
literature. These three versions of the model were recently sum-
marized by Kitis and Pagonis (2013), and will not be repeated here.
The analysis of the TL glow curves in this paper is based on the
version proposed by Pagonis et al. (2013), and this version of the
model has been shown to produce the same results as the exact
system of differential equations in the original model by Jain et al.
(2012). These authors showed that the concentration of charge
carriers during optical or thermal stimulation in the model is given
by:

nðr0; tÞ ¼ n03ðr0Þ2 exp
h
� ðr0Þ3

i
exp

2
4� exp

�

� ðr0Þ�1=3r0
�Zt

0

Adt0
3
5 (1)

where A represents the probability of thermal/optical stimulation,
no is the total initial number of donors and r0 is the constant
dimensionless density of acceptors in the system. Equation (1)
describes the evolution of the distribution of electrons n(r0,t) 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 in equation (1) can be evaluated for the different
experimental excitation modes.

In order to simulate accurately the effect of preheating on a TL
glow curve, one needs to include the detailed experimental pro-
cedure which involves the following distinct stages:

Step 1: Irradiation stage.
Step 2: Sample is heated up to a preheat temperature TPH with a
linear heating rate.
Step 3: After the sample reaches the preheat temperature TPH , it
is kept there for a preheat time tPH . This is the isothermal part of
the experiment.
Step 4: The sample is heated from room temperature up to
500 �C with a linear heating rate b ¼ 1 K/s in order to measure
the remnant TL signal (R-TL).

The key point in the simulations is that the final distribution of
remaining charge carriers n(r0,t) at the end of each step will act as
the initial concentration of carriers for the next stage of this mul-
tiple step procedure. For example, the values of n(r0,t) at the end of
stage 2 will be used as the initial values of n(r0,t) for stage 3, etc.

In Step 1 it is assumed that a freshly irradiated sample is
described by a full distribution of electron-hole pairs, described by
the following symmetric probability distribution function n(r0,t¼ 0)
(Jain et al., 2012):

nðr0;0Þ ¼ 3n0ðr0Þ2 exp
h
� ðr0Þ3

i
(2)

In Step 2 the sample is heated up to the preheat temperature TPH
with a linear heating rate b ¼ 1K/s. During this preheat stage the
rate of thermal excitation is ATL¼ sexp(-E/kT), where the parameters
s and E are the frequency factor and thermal activation energy of
the trap correspondingly. The temperature T(t) is increased linearly
with a constant heating rate b according to T(t) ¼ To þ b t, with To
representing the starting temperature in the heating process.
During Step 2, the distribution of charge carriers is found by
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substituting ATL ¼ s exp(-E/kT) in equation (1) to obtain:

nPHðr0; tÞ ¼ nðr0;0Þexp
2
4� exp

�
� ðr0Þ�1=3r0

�Zt

0

s exp
�

� E
kðTo þ bt0Þ

�
dt0

3
5 (3)

where n(r0,0) is given by equation (2). The integral in equation (3) 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):
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By substituting (4) into equation (3), and by setting T ¼ TPH, one
obtains the concentration of remaining carriers at the end of Step 2:

nPHðr0; TPHÞ ¼ nðr0;0Þexp
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After the sample reaches the preheat temperature TPH, it is kept
there for a preheat time tPH. During this isothermal part of the
experiment the rate of thermal excitation APH ¼ sexp(-E/kTPH) is
constant and therefore the distribution of remaining electron-hole
pairs at the end of Stage 3 is:

nðr0; tPHÞ ¼ nPHðr0; TPHÞexp
h
� exp

�
� ðr0Þ�1=3r0

�
s expð�E=kTPHÞtPH

i
(6)

where n(r0, TPH) is given by equation (5).
During Stage 4 of the experiment, the sample is heated again

with a linear heating rate from room temperature up to 500 �C, in
order to measure the remnant-TL signal. One can use again equa-
tion (1) with the probability of thermal excitation
ATL ¼ s expð�E=kTÞ and the temperature increases again linearly
with time. The concentration of remaining carriers during this TL
measurement is found from:

nðr0; tÞ ¼ nðr0; tPHÞexp
2
4� exp
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where n(r0,tPH) is given by equation (6). By using once more the
approximation of the exponential integral, the last equation
becomes:

nðr0; tÞ ¼ nðr0; tPHÞexp
�
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Equation (8) (with the associated equations (2), (5) and (6)) is
the desired analytical equation containing the experimental pa-
rameters tPH, TPH, b and the adjustable parameters r0,E, s which
characterize the physical properties of the sample.

By numerically integrating equation (8) over the dimensionless
distance variable r0, one finds the total number of electrons in the
ground state at time t during the TL experiment:

nTLðtÞ ¼
Z∞
0

nðr0; tÞ dr0 (9)

The luminescence intensity LR-TL(t) of the R-TL signal is the time
derivative of equation (9):

LR�TLðtÞ ¼ � dnTLðtÞ
dt

(10)

Equations (2), (5), (6) and (8) are the analytical equations for
evaluating the distribution n(r0,t) of electrons in the ground state of
the system, at the different stages 1e4 of the simulation. Once n(r0,t)
is calculated using equation (8), the TL intensity is calculated using
numerical integration of equation (9) over the distance r0, and by
using numerical differentiation of equation (10) over the time
variable t.

Fig. 4a shows the simulated distribution of distances n(r0,t) at the
end of the different stages 1e4 of the simulation. The parameters
used in this simulation are tPH ¼ 10 s, TPH ¼ 300oC, b ¼ 1 K/s,
r0 ¼ 0.013, E ¼ 1.45 eV, s ¼ 3.5 � 1012 s�1. Fig. 4a shows that the
initially symmetric distribution of distances in the electron-hole
pairs becomes gradually asymmetric, while overall it shifts to-
wards larger distances. Physically this means that close by donor-
acceptor pairs recombined first, and more distant pairs remain in
the system at longer times.

Fig. 4b shows the simulated distribution of distances n(r0,tPH) at
the beginning of stage 4, i.e. immediately before measurement of
the TL glow curves, for a fixed preheat temperature of TPH ¼ 300oC
and for variable preheating time tPH ¼ 10,20,50 s. The rest of the
parameters in the model are identical to those in Fig. 4a.

Fig. 4c shows the simulated distribution of distances n(r0,t) at the
beginning of stage 4, but for a variable preheat temperature of
TPH ¼ 300,325,350oC and for a fixed preheating time tPH ¼ 10 s. The
physical interpretation of Fig. 4b and c, is the same as for Fig. 4a: the
distribution of distances of the electron-hole pairs shifts overall
towards larger distances, since close by donor-acceptor pairs
recombine first, followed by more distant pairs which are more
stable over time.

5. Quantitative analysis of the TL glow curves

5.1. Analysis of the TL glow curves using equations (8)e(10)

We use the following procedure for fitting the series of TL glow
curves obtained in the two protocols in this paper.

a. Use the initial rise method to obtain an estimate of the activa-
tion energy E, as in Fig. 3b.

b. By using the known experimental parameters tPH, TPH, b,E and an
initial set of fitting parameters r0, s in the model, use equations
(8)e(10) to numerically evaluate the simulated TL glow curve. In
practice the integration is carried out for range of the dimen-
sionless distances r0 ¼ 0e2.

c. Adjust the parameters r0,E, s in the model until a good fit is
obtained in the model for the first curve in the set of experi-
mental TL curves. The values of E should only be adjusted
slightly, so that they remain consistent with the value of E from
the initial rise method.



Fig. 4. Simulations of changes taking place in the nearest neighbor distribution n(r0,t)
during measurement of the two experimental protocols in this paper.
(a) The distribution n(r0,t) at the end of each stage 1e3: irradiation, preheat up to
preheat temperature TPH, and isothermal decay at TPH for a preheat time tPH. The ki-
netic parameters used in the simulation are: tPH ¼ 10 s, TPH ¼ 300oC, b ¼ 1 K/s,
r0 ¼ 0.013, E ¼ 1.45 eV, s ¼ 3.5 � 1012 s�1.
(b) The simulated distribution n(r0,t) just before measurement of the TL glow curves in
the first experimental protocol, with a variable preheat time tPH ¼ 1e75 s and at a fixed
preheat temperature TPH ¼ 300oC.
(c) The simulated n(r0,t) just before measuring the TL glow curves for the second
experimental protocol, with variable preheat temperature TPH ¼ 300-350oC at a fixed
preheat time tPH ¼ 10 s.

Fig. 5. Comparison of experimental data for microcline sample KST4 with the model
described in the text. (a) TL glow curves measured with a variable preheat time
tPH ¼ 1e75 s and at a fixed preheat temperature of TPH ¼ 300oC. (b) TL glow curves for a
fixed preheat time tPH ¼ 10 s and a variable preheat temperature TPH ¼ 300,325,350oC.
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d. Using the same parameters simulate a TL glow curve which is
now compared with the second curve in the set.

e. Make minor adjustments to the parameters r0, s, E in the model
until a good fit is obtained for all curves in the experimental set
of TL glow curves.
Fig. 5a shows the results of fitting the series of TL glow curves for
microcline sample KST4, when using a fixed preheat temperature of
300 �C, and a variable preheating time tPH ¼ 0e75 s. The solid lines
in Fig. 5a were obtained from the analytical equations (8)-(10) by
using the procedure described above. The best fitting parameters
for all the curves are E ¼ 1.45 eV, s ¼ 3.5 � 1012 s�1, r0 ¼ 0.015.

Fig. 5b shows the experimental data for the second set of
measurements for KST4, obtained for the same sample with a fixed
preheat time tPH ¼ 10 s and a variable preheat temperature 300-
350 �C. The same kinetic parameters are used in both simulations
shown in Fig. 5a and b, although these describe a different type of
experiment.

These results show that the series of experimental TL glow
curves can be described accurately by considering the changing
distributions n(r0,t) for each stage of the experimental procedure.
Very good agreement is obtained between the model and the
experimental data, and for both types of experiments described in
this paper.
5.2. Analysis of the TL glow curves using a simplified method

Although the method used to fit the series of TL glow curves in
Section 5.1 is exact and accurate, it is also somewhat tedious. We
have therefore investigated the possibility of developing a faster
fitting method within the same model as follows. We suggest that
one can describe the changes taking place in n(r0,t) during stages
1e3 of the simulation by using a single dimensionless parameter a,
The same values of kinetic parameters are used for both sets of experimental data.



Fig. 6. Same type of analysis as in Fig. 5 for microcline sample ELD1, but using the
simplified fitting approach described in the text. The same values of kinetic parameters
are used for both sets of experimental data in (a) and (b).
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which is defined below. This dimensionless parameter encom-
passes the thermal history of the sample. By systematically varying
this parameter a, one can describe a whole series of experimental
TL glow curves similar to those shown in Figs. 1 and 2.

By combining the exponential terms in equations (2), (5), (6)
and (8) we find:

nTLðr0; tÞ ¼ nðr0;0Þexp
h
� exp

�
� ðr0Þ�1=3r0

�n
a

þ
�
skT2

.
bE

�
expð�E=kTÞð1� 2kT=EÞ

oi
(11)

where

a ¼ skTPH
2

bE
e�

E
kTPH

�
1� 2kTPH

E

�
þ sthermale

�Ethermal=kTPH tPH (12)

Clearly the dimensionless factor a is a functional that depends
on the experimental parameters TPH, tPH, b and the kinetic param-
eters E,s of the sample.

In this type of simplified fitting procedure one proceeds as
follows:

a. Use the initial rise method to obtain an estimate of the activa-
tion energy E

b. By using the known experimental parameters b, E and an initial
set of fitting parameters r0, s, a in the model, use equations (9)
(10) and (11) to numerically evaluate the simulated TL glow
curve.

c. Adjust the parameters r0, E, s, a in the model until a good fit is
obtained in the model for the first curve in the set of experi-
mental TL curves. The values of E should only be adjusted
slightly, to remain consistent with the E value from the initial
rise method.

d. Using the same parameters and varying only a, simulate the rest
of the series of TL glow curves in the set.

Fig. 6 shows the results of this simplified fitting procedure. The
best fitting parameters for sample ELD1 and for the data in Fig. 6a
are E ¼ 1.452 eV, s ¼ 3.5 � 1012 s�1, r0 ¼ 0.015. As one may have
expected, the fitting process was found to be rather sensitive to the
values of the parameters E, s. The same parameters are used to fit
the experimental data in Fig. 6b, with a slightly adjusted value of
s ¼ 2 � 1012. The best fitting values of the dimensionless factor a
were a ¼ 0,3,6.5,9, 13,22,30,42 for the data in Fig. 6a, and
a ¼ 0,25,120 for the data in Fig. 6b. Excellent agreement is found
between the model and the whole series of TL glow curves for the
microcline sample ELD1.

It is estimated that the accuracy of the parameters determined
from the two methods presented in this paper is of the same order
of magnitude. Specifically, the estimated accuracy in the E value
from both methods is of the order of 0.01 eV, the accuracy for the
frequency factor is within a multiplicative factor or 5, and the ac-
curacy of the dimensionless density parameter is 0.001.

6. Discussion and conclusions

The method presented in Section 5.1 is completely general, and
can be used for numerical evaluation of the TL glow curves for a
sample which undergoes a complex series of either thermal or
optical treatments. One simply has to follow the evolution of the
functions n(r0,t) in each stage of the simulation, and set the final
distribution of distances in each stage to be the initial distribution
for the next stage. The method is exact, and in principle should be
applicable for any combination of optical and/or thermal
treatments.
However, the simpler method in Section 5.2 provides a much
more efficient method of fitting a series of TL glow curves, again
applicable for any type of pretreated sample. In this simpler
method one describes the thermal/optical history of the samples by
using the fitting parameter a, with an example given in equation
(12).

The quantitative analysis of a series of TL glow curves in this
paper is consistent with the following picture: the low temperature
TL signal for irradiated samples preheated to low temperatures
below 260 �C is consistent with the presence of a continuous dis-
tribution of energies between 0.8 and 1.2 eV. By contrast, the higher
temperature TL signal for irradiated samples preheated to tem-
peratures above 300 �C is consistent with the presence of a single
trap characterized by a single activation energy E¼(1.20 ± 0.09) eV.
These experimental results are consistent with time-resolved ex-
periments which supported the idea a single trap which is
embedded in a continuum of energy states, possibly related to the
band tail states in feldspars (Poolton et al., 2002; 2002b; 2009; Kars
et al., 2013).
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