
Fig. 6. The ratio of IRSL signal over the difference between the unbleached TL and
the R-TL bleached by infrared stimulation, as a function of stimulation time. For the
missing points at short stimulation times see Section 3.3.

Fig. 7. Growth of the integrated TL lost, OSL and IRSL signals as a function of the
bleaching time. The solid lines are the fitting using Eq. (4).
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included in this figure, because this was possible only for a few
points at long bleaching times.

The experimental points show a very smooth and continuous
behavior, which prompted us to search for an analytical expression
to fit them.

The luminescence intensity measured during each one of the
stimulation modes can be found as a function of the stimulation
time (tstim) as follows. In general the instantaneous luminescence
intensity is given by:

IðtÞ ¼ � dm
dt

; ð1Þ

where mðtÞ is the concentration of recombination centers. For a
localized transition described within the model of Jain et al. [27],
one assumes that the concentration of traps dn=dt � dm=dt, where
nðtÞ is the concentration of carrieres in the ground state. The inte-
grated luminescence signal Iintegrated for a stimulation time tstim can
then be found by integrating Eq. (1):

IintegratedðtstimÞ ¼
Z tstim

0
IðtÞdt ¼ �

Z tstim

0

dn
dt

dt ¼ nð0Þ � nðtstimÞ; ð2Þ

where nðtstimÞ is the concentration of trapped electrons in the
ground state at the end of the stimulation process. Kitis and
Pagonis [28] showed that within the model of Jain et al. [27], the
concentration of electrons during the stimulation process decreases
as a function of stimulation time t according to the equation:

nðtÞ ¼ n0 � exp �q0ðln½1þ zAt�Þ3
h i

; ð3Þ

with the quantity Aðs�1Þ representing the stimulation probability
for the infrared or optical stimulation process, and no is the concen-
tration of carriers at time t ¼ 0. The stimulation probability can also
be described as A ¼ k ¼ 1=s , where s is the characteristic time con-
stant of each stimulation mode. In this equation q0 is the dimen-
sionless concentration of charge carriers and z ¼ 1:8 is a constant.
The stimulation probability is also given by A ¼ r � I0, with r the
IRSL or OSL cross section and I0 the corresponding stimulation
intensity.



Fig. 8. An analysis example of the R-TL as a function of the OSL bleaching time,
using Eq. (5).
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Combining Eqs. (2) and (3):

IintegratedðtstimÞ ¼ n0 � 1� exp �q0ðln½1þ zAtstim�Þ3
h i� �

: ð4Þ

Eq. (4) is the analytical expression which was used in the pre-
sent work to fit the behavior of integrated OSL, IRSL and TL-lost sig-
nals as a function of the stimulation time, within the framework of
the model by Jain et al. [27].

The results of the fitting are shown by the solid lines through
the experimental points in Fig. 7, where one can see the very good
fits that are obtained for all signals and for all 10 samples studied.
The parameter values obtained from the fitting are listed in
Table 2. From the results of Table 2 it is very clear that the sanidine
samples sam2, bal2 and sam3 have very different values of A and q0

than the other two species of K-feldspars studied in this paper.
Furthermore, the q0 values of the OSL for seven of the ten samples
are almost an order of magnitude lower than those of the TL-lost
and IRSL.

It is not clear what causes this difference between the charge
densities. One possible explanation is that the lower values for
OSL signals reflect the influence of the band tail states, which
one may expect to play a significant role for OSL signals. A second
possible explanation is the presence of additional types of hole
centers which are accessed in a OSL experiment, but are less acces-
sible during a TL or IRSL experiment. Clearly more work using dif-
ferent samples and different wavelengths is necessary, in order to
explain these differences in the density values obtained from TL
and OSL experiments.

Moreover, it becomes clear from these Tables that for all three
types of luminescence signals the A value shows a decreasing
trend, while the q0 values show in general an increasing trend, with
either unit volume or the classification structure parameter RT1.
This correlation becomes very obvious especially for the case of
the CW-IRSL signals. These results provide a further argument
towards the existence of a correlation between the luminescence
features and the structural characteristics of K-feldspars.
4.2. Analysis of the decay of R-TL signal with bleaching time

Fig. 8 shows the area under the R-TL glow curves as a function
of the bleaching rime.

These curves were also analyzed by fitting them with an analyt-
ical expression derived from Eq. (3) as follows. At the end of stim-
ulation process at time tstimul, the number of trapped electrons left
in the traps is given by Eq. (3). If one assumes that the TL heating
process releases all these electrons and that they recombine with
holes, then one would expect the integral of TL glow curves shown
in Figs. 1–3 to be proportional to the total number of trapped
Table 2
Parameter values of the stimulation parameter A ¼ 1=s and q0 resulted from the
fitting of the growth of the integrated signals of TL-lost, OSL, and IRSL as a function of
the stimulation time using Eq. (4). The dimension of A is s�1.

TL lost OSL IRSL

Sample A q0 A q0 A q0

bal2 43.50 0.0018 27.84 0.00001 0.94 0.0018
sam2 69.80 0.0016 30.29 0.00015 2.11 0.0012
sam3 81.11 0.0015 17.78 0.00013 0.94 0.0018
mrk4 5.43 0.0028 26.96 0.00014 0.63 0.0035
xan8 3.10 0.0034 36.05 0.00012 0.79 0.0024
vrs4 3.44 0.0032 1.61 0.00029 0.17 0.0057
eld1 6.84 0.0042 10.35 0.0011 0.21 0.0066
vrs3 6.01 0.0034 11.35 0.0014 0.31 0.0042
vrs8 3.37 0.0041 8.11 0.00019 0.21 0.0056
kst4 6.78 0.0034 11.36 0.0015 0.48 0.0024
electrons nðtstimulÞ. Therefore the R-TL signals in Fig. 4 should also
follow the same Equation i.e.

RTLðtstimul:Þ ¼ RTLð0Þ � exp �q0ðln½1þ zAtstimul:�Þ3
h i

; ð5Þ

where RTLð0Þ represents the signal at stimulation time t ¼ 0. Eq. (5)
is used to fit the R-TL decay curves of Fig. 8 using z = 1.8 and
A ¼ k ¼ 1=s, where s is a constant representing lifetime. The con-
stant s requires some clarification for the present experiments. In
the case of CW-OSL or IRSL process the bleaching decay constant
k ¼ 1=s is equal to r � I0, where r the photoionization
cross-section and I0 the light intensity. In the case of R-TL although
the experimental data concern an integrated TL signal, the R-TL
decay curve in Fig. 4 represents the OSL and IRSL bleaching
dynamics.

Fitting examples using Eq. (5) along with a stable background
are given in Fig. 8. In most case the values of the stable background
was negligible as it is seen from the last column of Table 3 which
lists the background parameter values resulting from the fitting.
In the example of Fig. 8 for sample kst4, the stable background
has the second highest contribution of 8%. The highest background
contribution observed in this study was for the case of sample vrs3,
and was of the order of 20%. On the other hand the lowest contri-
bution of less than 0.1% was observed for samples vrs4 and vrs8.

From the parameter values of Table 3 it is very clear that sani-
dine samples sam2, bal2 and sam3 have very different values of A
and q0 from the other two species of K-feldspars, in agreement
with the results of Table 2 discussed in the previous Section 4.1.
Once more, it is not clear what causes this difference between
the charge densities. One possible explanation is that the different
density values are an artifact of the fitting procedure, since a rather
Table 3
Parameters values of the stimulation parameter A and q0 , resulted from the fitting of
the R-TL versus OSL bleaching time using Eq. (5). The dimension of A is s�1.

Sample A q0 Bgr/Eq. (5)

bal2 44.03 0.0018 0.003
sam2 71.88 0.0016 0.05
sam3 81.93 0.0015 0.02
mrk4 10.62 0.0020 0.04
xan8 4.56 0.0027 0.05
vrs4 3.19 0.0034 0.0
eld1 10.11 0.0035 0.048
vrs3 13.46 0.0023 0.2
vrs8 5.09 0.0033 0.0
kst4 20.70 0.0020 0.08
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small number of experimental data points is used. A second possi-
ble explanation is the presence of several distinct components in
the OSL growth and OSL bleaching signals, which would make
the accurate determination of the density values less reliable.
Fig. 9. A component resolved analysis examples of CW-OSL decay curves using
Eq. (6).

Table 4
Fitting parameter values of the CW-OSL decay curves using Eq. (6). The dimension of
A ¼ 1=s is the dimension of s (s).

Sample A1 q01 A2 q02 C2/C1

bal2 28.57 0.00065 0.0079 0.00014 0.47
sam2 21.73 0.0006 0.0082 10�5 0.27

sam3 21.73 0.0015 0.015 10�5 0.90

mrk4 31.25 0.00008 0.0074 10�5 0.32

xan8 11.49 0.0007 0.0025 0.099 0.14
vrs4 1.754 0.001 0.0019 0.095 0.26
eld1 1.75 0.0058 0.0028 0.099 0.019
vrs3 2.32 0.0047 0.0027 0.096 0.08
vrs8 2.08 0.0027 0.0002 0.099 0.20
kst4 2.44 0.0041 0.0027 0.078 0.06
4.3. Analysis of CW-OSL and CW-IRSL decay curves

To every bleaching time ti used in the experimental protocol,
corresponds a CW-OSL and a CW-IRSL decay curve. The CW-OSL
bleaching can cause either photoionization and then recombina-
tion through the conduction band, or excitation to a higher energy
level followed again by tunneling recombination. However, the
CW-IRSL stimulation can cause only excitation to an excited energy
level followed by tunneling recombination. The difference in the
efficiency of these processes is clearly shown in Figs. 1–3 especially
for long bleaching times.

In this paper we analyze these curves using the localized tran-
sition model by Jain et al. [27]. Kitis and Pagonis [28] obtained ana-
lytical solutions of the set of differential equations in the model of
Jain et al. [27] by using certain mathematical and physical simpli-
fications. These authors presented analytical expressions describ-
ing several thermally and optically stimulated luminescence
signals within this model. In the case of Continuous wave (CW)
simulation the derived analytical expression is:

IðtÞ ¼ C FðtÞ2

1þ zAt
� expð�q0 FðtÞ3Þ: ð6Þ

FðtÞ ¼ lnð1þ zAtÞ: ð7Þ

A ¼ k ¼ 1
s
; ð8Þ

where C is a constant related to the initial concentration of trapped
electrons, and the rest of the symbols have the same meaning as
previously defined.

An example of component-resolved CW-OSL decay curve is
shown in Fig. 9. As it is seen in Fig. 9 only two tunneling compo-
nents are needed in order to obtain a high quality fit. The FOM val-
ues for the analysis of all samples was less than 1% with a mean
around 0.7%. The experimentally measured background was at
the level of (45 ± 15) counts/s and has a negligible contribution
to the CW-OSL curves. The parameter values resulting from the fit-
ting are listed in Table 4, from which the following conclusions are
drawn.

(i) The differentiation in the A and q0 values of the sanidine
feldspar samples observed in Tables 2 and 3 is verified again.

(ii) The q0 values of the fast component are smaller than the q0

values of the slow component for the orthoclase and micro-
cline feldspars.

(iii) With the exception of bal2 and sam3 samples, the intensity
of the fast component is higher than that of the slow compo-
nent, as it is seen in the last column of Table 4.

All IRSL decay curves obtained in the present study also consist
of two tunneling components, a very fast and intense component,
followed by an extended slowly decaying component. In some
samples these IRSL decay curves have a peak-shaped form, as
shown for selected examples in Fig. 10. This figure shows also
the results of the component analysis for typical IRSL decay curves,
where one can see that the achieved fittings are excellent. The FOM
values for the analysis of all samples were less than 3%. These are
higher than the FOM values of CW-OSL signals, due to the lower
statistics in the experimental data. The experimentally measured
background was about (80 ± 15) counts/s, and is represented by
the horizontal line for the bal2 sample, while it is negligible for
the eld1 sample.
The parameter values resulting from the fitting are listed in
Table 5. The general conclusions form this table are that.

(i) the differentiation of the sanidine family is not observed in
the case of the IRSL signals.

(ii) The q0 values are at least an order of magnitude higher than
those of the OSL signals.

(iii) The q0 values of the slow components are higher than those
of the fast component and

(iv) the relative intensities of the two components listed in the
last column of Table 5 vary strongly from sample to sample.

4.4. Behavior of the parameters A and q0

The parameter A is related to the stimulation cross section of
the luminescence process. In the case of the integrated signals



Fig. 10. A component resolved analysis examples of CW-IRSL decay curves using
Eq. (6).
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(see Tables 2 and 3), the cross section represents a total stimula-
tion cross section for the luminescence signal. In the case of
Tables 4 and 5 the parameter A is proportional to the stimulation
cross sections from two different energy levels undergoing tunnel-
ing recombination. The stimulation cross sections of the fast OSL
component for all K-feldspar samples are greater than those of
the fast IRSL component, whereas the opposite is true for the slow
components. For both components the stimulation cross section of
the sanidine feldspars are clearly differentiated from those of the
orthoclase and microcline feldspars.

The parameter q0 is a dimensionless parameter representing the
concentration of the luminescence centers. The model of Jain et al.
[27] requires that its value must be constant for a given random
concentration of donor–acceptor pairs. This is not experimentally
verified by the results in this paper, and the q0 values obtained in
Table 5
Fitting parameter values of the CW-IRSL decay curves using Eq. (6). The dimension of
A ¼ 1=s is the dimension of s (s).

Sample A1 q01 A2 q02 C2/C1

bal2 3.22 0.0087 0.064 0.03 0.25
sam2 11.9 0.0004 0.066 0.025 1.4
sam3 4.17 0.0015 0.059 0.037 1.01
mrk4 2.56 0.0230 0.14 0.013 0.09
xan8 2.86 0.0160 0.093 0.016 0.013
vrs4 3.44 0.0000 0.038 0.044 0.37
eld1 4.55 0.0008 0.047 0.035 0.37
vrs3 0.89 0.0840 0.10 0.014 0.03
vrs8 1.28 0.0990 0.12 0.013 0.016
kst4 1.08 0.0001 0.035 0.089 2.52
the present work show a clear variation for the same K-feldspar
sample. Furthermore, the numerical values of q0 obtained in the
present work are in general larger than the values used by Jain
et al. [27] for their simulations. The very low numerical q0 values
used by Jain et al. [27] resulted in extremely broad TL glow peaks
starting from conventionally low temperatures of 100 �C and end-
ing at extremely high temperatures of 1000 �C. The TL glow-peaks
of samples exhibiting anomalous fading (see Figs. 1–3) show nor-
mal broad glow peaks, which contain several overlapping TL peaks.
Pagonis et al. [44] obtained q0 values of the order of 0.02–0.03 from
fitting of experimental TL glow-curves of feldspars using an analyt-
ical expression for TL derived from the model of Jain et al. [27].
Kitis and Pagonis [47] carried out a simulation study of the geo-
metrical properties of TL peaks in the model by Jain et al. [27],
and found that the symmetry factor of 0.6 for TL peaks with very
low q0 values drops to a value of 0.5 when q0 values are increased
to a value of about 0.01.

Our results show that different values of q0 can be expected
from analysis of complex TL glow-curves consisting of more than
one electron trapping levels. Therefore, more research is needed
in order to find the exact information content of the parameter
q0 in the K-feldspars. It is possible that the value of q0 is related
to the magnitude of the anomalous fading effect, which is the most
important experimental dosimetric property of feldspars.
5. Conclusions – Implications

The conclusions from the present work are summarized as
follows:

� The blue light influences simultaneously all electron traps
responsible for the TL signal, even from the lowest bleaching
time of 1 s. This is due to the ability of blue photons to raise
electrons from the traps to either the conduction band by a
delocalized transition, or to an excited energy level via a local-
ized transition. Infrared stimulation affects more the low tem-
perature part of the TL glow curve, and its influence decreases
gradually as the temperature increases along the TL
glow-curve (see Figs. 1, 2 and 4).
� The behavior of the residual TL as a function of OSL or IRSL

bleaching time seems to be related to the K-feldspar species
each sample belongs to. There is a homogeneous behavior of
the sanidine and orthoclase samples, whereas in the case of
microclines the behavior of each sample is slightly differenti-
ated, (see Fig. 4).
� Not all electrons escaping from electron traps during OSL and

IRSL stimulation contribute to the corresponding OSL or IRSL
signal. Therefore, the recombination pathways after thermal,
optical and infrared stimulation are different (see Figs. 5 and
6).)
� The growth of the integrated TL-lost, OSL and IRSL signals as a

function of bleaching time can be described accurately by the
newly developed expressions given by Eq. (4). From the fitting
parameters listed in Table 2 it is concluded that the q0 values
are of the order of 10�3 for TL-lost and IRSL signals, and of the
order of 10�4 for OSL. These differences in the q0 values may
be correlated with the anomalous fading rate of these samples.
� The decay of residual TL left after OSL and IRSL stimulation was

fitted successfully using Eq. (5).
� The OSL decay curves were fitted using Eq. (6). To the best of our

knowledge, this is the first reported fitting of an OSL decay
curve in K-feldspars using a localized tunneling recombination
model. From the fitting results listed in Table 4, the q0 values
of the fast component for microcline and orthoclase feldspars
are smaller than the q0 values of the slow component.
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� The IRSL decay curves were also fitted using the tunneling
Eq. (6). From the fitting results listed in Table 5, it is concluded
that the q0 values of the fast IRSL component is smaller than the
corresponding q0 values of the slow component.
� The stimulation cross sections, represented by the parameter A

of the fast OSL component for all K-feldspar samples are greater
than the A values of the fast IRSL component, whereas the oppo-
site is true for the slow components. For both components the
stimulation cross sections of the sanidine feldspars are clearly
differentiated from that of the orthoclase and microclines feld-
spars (see Tables 4 and 5).
� A close relation between the luminescencer properties and the

structure of individual feldspar sample in not established
clearly. However, the luminescence properties studied in the
present work show a very clear differentiation between the
three feldspar families.

It is important to note that the experimental data in this paper
was analyzed using the model by Jain et al. [27]. However, previous
research has shown that band-tail states exist in feldspars and that
they play an important role in the production of luminescence sig-
nals in these materials. The model used in this paper ignores tran-
sitions involving the band-tail states, from which the electrons can
recombine with holes via thermal hopping or tunneling. For exam-
ple, Li and Li [48] studied the thermal stability of the IRSL signal
from a sedimentary K-feldspar. They provided an alternative model
by considering direct transitions into the band-tail states, and
found that their model describes the experimental isothermal data
equally well. Also in a recent comparative study of several lumi-
nescence models for feldspars, Guralnik et al. [49] discussed sev-
eral luminescence models for feldspars, and tested these models
against isothermal and dose response experimental data. These
authors compared the models of Jain et al. [27], of Li and Li [48],
as well as a general-order kinetic model, and concluded that all
models can provide a reasonable description of the experimental
data. Clearly more experimental and modeling work is necessary
to obtain a more comprehensive description of luminescence sig-
nals in feldspars.
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