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A B S T R A C T

Feldspars are used as natural dosimeters to date geological and archaeological materials. These minerals are
widely used in dosimetric methods of dating using luminescence signals, such as Thermoluminescence (TL),
Optically Stimulated Luminescence (OSL) and Infrared Stimulated Luminescence (IRSL). The present work is an
effort to compare the Isothermal decay Thermoluminescence signals (ITL) to the IRSL signals from four K-
feldspar samples which belong to two different species, namely microcline, and sanidine. The experimental data
were fitted by analytical expressions coming from a tunneling recombination model. The results prove that all
ITL and IRSL signals can be fitted very accurately with the analytical equations and that only two tunneling
components are needed to obtain a high-quality fit. These tunneling components consist of a very fast and
intense component, which is followed by an extended slowly decaying component. Significant differences were
found between the best-fit parameters of the ITL and IRSL signals, indicating that thermal excitation processes
may reach different traps from optical excitation processes in these samples.

1. Introduction

During the past 20 years there has been a significant progress in
understanding the luminescence mechanism in feldspars. Both experi-
mental and modeling work has been carried out in order to understand
the origin of luminescence signals in these materials, such as
Thermoluminescence (TL) (Krbetschek et al., 1997), Optically Stimu-
lated Luminescence (OSL) and Infrared Stimulated Luminescence
(IRSL). These phenomena are closely associated with the phenomenon
of anomalous fading (AF) effect in dosimetric materials, which is det-
rimental for applications such as dosimetry and dating (Wintle, 1973).

Over the years, various models have been proposed on the way of
explaining the AF effect, such as the tunneling model (Visocekas et al.,
1976, 1977; Visocekas, 1985), the localized transition model (Templer,
1986; Tyler and McKeever, 1988) and a model based on competition
with radiationless transitions (Chen et al., 2000). The most pre-
dominant explanations of AF are based on quantum mechanical tun-
neling from either the ground or the excited trap’s state (Poolton et al.,
2002, 2009; Li and Li, 2008; Larsen et al., 2009; Jain, and Ankjærgaard,
2011).

Jain et al. (2012) have described the emission of light in a TL or
IRSL experiment on feldspars, using a semi-analytical model based on
tunneling recombination within a random distribution of donor-

acceptor pairs. According to this model, the stimulation excites the
trapping levels and the trapped electrons are raised to a higher energy
level. From this level tunneling to the nearest neighbor luminescence
center takes place, followed by recombination and light emission. This
model was termed as a localized tunneling recombination (LTR) model.
Within this model, Kitis and Pagonis (2013) have achieved quantifica-
tion of this semi-analytical model by developing analytical equations
that can describe these luminescence signals. Subsequently, Pagonis
et al. (2013) obtained approximate expressions for the time develop-
ment of nearest neighbor distribution during various types of lumi-
nescence experiments. At the same year, Polymeris et al. (2013) in-
vestigated the possibility of using TL for the structural characterization
of ten K-feldspar samples. They have found a relation between TL
sensitivity and individual K-feldspar structure. The properties of the
samples used by these authors make them ideal for investigating basic
TL, OSL and IRSL properties, in addition to possible corresponding
correlation (Sfampa et al., 2015; Kitis et al., 2016b).

Moreover, Correcher et al. (2000) made a thorough research over a
K-feldspar called adularia using luminescence techniques combined
with XRD measurements. These authors found changes in the shape of
the glow curve after different thermal pre-treatment, which was at-
tributed to thermal alkali self-diffusion through the twinning interfaces
of the lattice, tilting of the Al-Si crankshafts and partial phase changes.
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A few years after, Garcia-Guinea et al. (2003) used the thermo-
luminescence emission spectra in order to study volcanic sanidine and
they concluded that the characteristic 380 nm spectral band of sanidine
is may linked to thermal alkali self-diffusion mechanisms and the
anomalous fading of thermoluminescence signal. They also refer in
their paper that this trend to minimize the total free energy from a
metastable disordered lattice of sanidine to other re-ordered K-feldspar
phase is through the spontaneous coherence strain of the structure and
may also include local strain caused by cluster phases of Na-feldspars.

The main objective of the present study is to use the analytical ex-
pressions of Kitis and Pagonis (2013) to describe isothermal TL (ITL)
and IRSL signals from several K-feldspar samples, as well as to quan-
titatively compare those signals. At present, it is unknown if thermal
and infrared stimulations of feldspars access the same luminescence
trap and whether the tunneling recombination takes place via the same
pathways. These commonly made assumptions are tested in this study.
Furthermore, in the framework of the LTR model by Jain et al. (2012)
these two phenomena are described by the same main analytical ex-
pressions; however, the expression for the stimulation probability dif-
fers. The present work aims to investigate their correlation and mainly
to examine if they are expressed through the same experimental values
of the model parameters.

2. Experimental procedure

2.1. Materials

The samples used in this study include a selection from the feldspars
used by both Polymeris et al. (2013) and Sfampa et al. (2015); these are
listed in Table 1. Four naturally occurring K-feldspars from igneous
rocks of Northern Greece were studied. The K-feldspars were separated
from mafic and felsic minerals with the use of Franz (model L-1)
magnetic separator and Sodium Polytungstate (SPT) heavy liquid, re-
spectively. X-ray powder diffraction (XRPD) has been used in order to
(a) identify the purity of K-feldspars, (b) estimate the unit cell para-
meters, as well as, calculate refinements, using the CHEKCELL software
(Laugier, Bochu), (c) calculate the probability Σt1 (t10+t1m) of an Al-
cation occupying one of the T1 sites using the Kroll and Ribbe equation
(1987), and (d) classify the samples and divide them into different
groups. According to the XRPD patterns of the examined samples, they
are divided into three groups-types, namely sanidines, orthoclases, and
microclines. The probability Σt1 has the lowest values for sanidine and
the highest values for the samples of the sanidine group. More details
about the XRPD results are found in Polymeris et al. (2013). Two
samples from the sanidines and two samples from the group of micro-
clines have been selected. Structural classification of K-feldspars is
summarized by Deer et al. (1992) and spectral information from feld-
spars relevant for luminescence dating was previously presented by
Krbetschek et al. (1997).

2.2. Apparatus

Luminescence measurements were performed by a Risø TL/OSL
reader (model TL/OSL DA 15), equipped with a90Sr/90Y beta particle
source, delivering a nominal dose rate of 0.075 Gy/s and a 9635QA
photomultiplier tube. The detection optics consisted of a combination

of the 2mm Schott BG 39 and the 4mm Corning 7-59 (known as the
blue filter pack) (Şahiner et al., 2017); this former combination was
used, since it consists of the optimum filter combination for the cases of
feldspar luminescence using Risř TL/OSL reader models TL/OSL DA 15
and DA 20. The measurements were executed in a nitrogen atmosphere
with a heating rate of 2 °C/s, to avoid significant temperature lag, and
the samples were heated up to the maximum temperature of 500 oC. For
IRSL, the stimulation wavelength is 875 (± 40) nm and the maximum
power delivered at the sample was ∼135 mW/cm2.

2.3. The experimental protocols

The experimental procedure is divided into two different protocols.
Three aliquots of each sample were prepared, of almost 7mg each, in
order to ensure the reproducibility of the results. Protocol #1 is termed
hereafter as the post ITL-IRSL protocol, while Protocol #2 is termed
hereafter as the post IRSL-IRSL protocol.

• Step 0: Test dose and TL measurement up to a temperature T=500
oC at 2 oC/s, to empty the traps and measure the initial sensitivity of
the sample.

• Step 1: Test dose

• Step 2: Isothermal Decay (ITL) measurement at a temperature Ti for
500 s for Protocol #1, and Continuous-wave IRSL (CW-IRSL) mea-
surement at a temperature Ti for 500 s for Protocol #2.

• Step 3: CW-IRSL measurement at a temperature (Ti -10) oC for 500 s,

• Step 4: TL measurement up to a temperature T=500 oC at 2 oC/s, to
measure the remnant-TL signal (RTL).

• Step 5: Repeat steps 1–4 for a new temperature Ti , in steps of 10 oC

• Step 6: Test dose and TL measurement up to a temperature T=500
oC at 2 oC/s, to measure the final sensitivity of the sample.

The maximum temperatures Ti used for ITL and IRSL decays were
dependent on the position of the temperature Tm of maximum intensity
for the main dosimetric peak of the sample. The value of Tm is different
for the four samples, as shown in Fig. 1. For the case of sample BAL-2,
the range was chosen as Ti= 40-200 oC, for KST-4 and VRS-8 samples
the range Ti= 40-130 oC and finally for SAM-3 sample Ti= 40-170 oC.
The main rationale behind selecting these temperatures is to measure
both IRSL and ITL signals at temperatures just below Tm. It is important
to highlight the fact that step 3 is the same for both protocols, in order
to be able to compare the same type of signals. The temperatures se-
lected on that step are connected with the temperatures Ti used on step
2 and specifically they are (Ti -10 °C). The aim of that is to minimize any
further thermal excitation during the IRSL measurement and keep that
signal as clearer as possible.

Table 1
K-feldspar samples studied in the present work.

Sample Kfs Species Unit cell volume (A3) Σt1

BAL-2 Sanidine 706.47±0.37 0.58± 0.02
SAM-3 Sanidine 708.55±0.28 0.60± 0.02
VRS-8 Microcline 719.21±0.37 0.88± 0.02
KST-4 Microcline 720.51±0.40 1.01± 0.03

Fig. 1. Typical glow curves of the four samples used in the experiments.
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Both the ITL and CW-IRSL protocols run in a single aliquot, since it
was recently established by Pagonis et al. (2015) that the luminescence
signals from the same potassium feldspars do not become sensitized
when they undergo cycles of irradiation and heating. In the framework
of both protocols of this paper, additional sensitivity tests were also
applied two more times, in steps 0 and 6 of the protocol. The results
verified once again the excessive stability of these materials to suc-
cessive irradiation–TL readout cycles and almost negligible sensitivity
changes.

3. Method of analysis

The experimental data were analyzed by applying a curve-fitting
approach based on the analytical equations presented below. In the
computerized curve deconvolution analysis of ITL and CW-IRSL curves,
the goodness of fit was tested by the figure of merit (FOM) of Balian and
Eddy (1977). Microsoft Excel along with the Solver add-on feature
(Afouxenidis et al., 2012) has been utilized for all curve fittings.

Both IRSL and ITL curves were analyzed using the analytical solu-
tions of the set of differential equations in the localized transition which
were derived by Kitis and Pagonis (2013). The analytical expressions
used in the present paper are the following:

=
+

−I t C F t
zAt

ρ F t( ) [ ( )]
1

·exp ( ΄[ ( )] )
2

3
(1)

= +F t zAt( ) ln (1 ) (2)

where C is a constant related to the initial concentration of trapped
electrons and the quantity A (s−1) represents the stimulation prob-
ability for either the ITL or the IRSL stimulation process. The stimula-
tion probability can also be described as A=1/τ, where τ is the char-
acteristic time, typical for each stimulation mode, and I(t) represents
the intensity of the signal as a function of time. The time parameter in
the case of ITL represents the duration of the isothermal experiment,
while in the case of the IRSL signal it represents the optical bleaching
time.

In the above-mentioned equation, ρ′ is the dimensionless con-
centration of charge carriers and z= 1.8 is a constant numeric value.
The stimulation probability for the IRSL process is given by A= σ · Iο,
where σ is the IRSL cross-section, and Iο is the corresponding IR sti-
mulation intensity. In the case of the ITL experiments A= s · exp (-E/
kT), where T is the constant temperature, E the activation energy, s is a
frequency factor and k is the Boltzmann constant.

Moreover, instead of Eq. (2), the empirical modified form,was used.
This empirical modification is based on the requirement that the in-
tensity of the normalized Eq. (1) should be unity for t=0. Nevertheless,
this problem is restricted to a few seconds at the beginning of the sti-
mulation, while its impact becomes negligible for long stimulation
times; moreover, the modified equation (2a) has already been suc-
cessfully applied in previous cases (Polymeris et al., 2018a; Angeli
et al., 2019).

= +F(t) ln (e zAt) (2a)

An example of a component-resolved ITL decay curve is shown in
Fig. 2a. It was found that a unique tunneling component is required to
obtain a high-quality fit. The use of one tunneling component for the
cases of ITL signals stands in good agreement to previous related studies
in Durango apatite (Sfampa et al., 2014). The FOM value for the ana-
lysis of all samples was less than 2%.

Similarly, it was found that the IRSL decay curves measured in the
present study consist of two tunneling components, a very fast and
intense first component (C1), followed by an extended slowly decaying
second component (C2). The use of two tunneling components for the
cases of IRSL signals stands in agreement to previous related studies in
feldspars (Pagonis et al., 2014; Sfampa et al., 2015; Kitis et al., 2016b;
Şahiner et al., 2017; Angeli et al., 2019). Fig. 2b shows the results of the

component analysis for a typical IRSL decay curve. The FOM values for
the analysis of all samples were less than 2.7%, which is considered as
truly satisfied result.

4. Results

4.1. General behavior of the ITL, IRSL signals

The ITL and IRSL signals were investigated by using normalized
curves over the maximum initial intensity at stimulation time t=0. The
behavior of these, normalized ITL and IRSL signals measured in the two
protocols for sample BAL-2, as a function of time are presented in Fig. 3.
This normalization was performed in order to investigate possible
changes taking place in the shape of the various ITL and IRSL curves.
The normalized curves show that with an exception of the first ITL
curves which were measured at low stimulation temperatures, within
the range 30-50oC, all the other curves coincide for the same stimula-
tion mode. This feature indicates that the shape of the ITL curves is
independent on the stimulation temperature, unlike what is usually
expected for a strong dependence of the ITL over the decay tempera-
ture. Similar behavior was monitored for all four samples of the present
study. This behavior of the signals is typical of tunneling recombination
processes, and has been reported in both natural and synthetic dosi-
metric materials, in the past. Specifically, a similar behavior was re-
ported in our previous study of isothermal TL curves in the same ma-
terial (Sfampa et al., 2015). The same method of analysis has been used
also for the ITL of synthetic materials by Kitis et al. (2016a), as well as
the thermally assisted OSL (TA – OSL) curves of both apatite and quartz
samples measured at the isothermal mode (Kitis et al., 2013b and
Polymeris et al., 2018b respectively). In all cases, the results indicate
the same trend as those in the present study.

The results in Fig. 3 provide strong qualitative experimental evi-
dence that the processes involved include mainly tunneling re-
combination, which has been also referred by Garcia-Guinea et al. for
the case of volcanic sanidine. The differences in the shapes of the
normalized signals for the low stimulation temperatures (30oC-50oC)
could be associated with unstable shallow trap contributions, as Fig. 1
reveals; nevertheless, further investigation is required for the verifica-
tion of this latter statement.

4.2. Results from protocol #1: ITL and post ITL-IRSL (pITL-IRSL) signals

Fig. 4 shows the results of analyzing the ITL signals using equations
(1) and (2a), where the characteristic time constant τ =1/A for the ITL
process is shown for the unique ITL component as a function of the
stimulation temperature for all 4 samples. For all samples the τ value
decreases abruptly after the first three initial stimulation temperatures.
In the case of the microcline samples, the τ value increases after 70oC,
reaching a plateau and finally the initial τ value is retrieved at higher
temperatures. For the sanidine samples, the τ values reach a plateau and
remain stable at higher temperatures. The lifetime averages calculated
from the plateau regions are τBAL-2= (0.52±0.056) s (representing the
mean value of the last 14 data points with uncertainty of 10%), τSAM-3=
(1.03±0.053) s (for the last 11 data points with uncertainty of 5%)
and finally for the VRS-8, τVRS-8= (1.014±0.1) s (for the last 7 data
points with uncertainty of 9.8%).

The dimensionless concentration of charge carriers (ρ΄) for the case
of the ITL procedure is presented in Table 2. All the samples show an
almost stable value of ρ΄ with an uncertainty less than 8%, except for
the sample VRS-8 which has a larger uncertainty of around 15.4%, with
the value ranging between 3.3 and 15.6 10-3.

The second part of protocol #1, including the pITL-IRSL signal, is
measured on step 3. The values for the corresponding fitting parameters
are presented in tabulated form (refer to Table 2). The first tunneling
component displays a stable τ=0.18s value for sample BAL-2, τ=0.48s
for sample SAM-3, τ=0.57s for KST-4 and τ=0.62s for VRS-8. In other
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words, the τ values are lower for the cases of pITL-IRSL signals for all
four samples, compared to those of the (previous) ITL signals. On the
other hand, the dimensionless concentration of charge carriers ρ΄ for the
case of the pITL-IRSL procedure results into values ranging between 8.5
and 17.3⋅10-3 namely higher than the corresponding of ITL signals. All
fitting parameters are also presented on Table 2 and yield uncertainties
less than 5%.

For all cases of the IRSL signals, a second slow component is re-
quired in order to achieve better fittings. An example of that is pre-
sented on Fig. 2b. Lifetimes for these slow components are in the range
20-50s, while values of ρ΄ range between 0.0004 and 0.002 for the
microcline samples, and from 0.001 to 0.008 for the sanidines. The
large uncertainties in these values may be due to the fact that the ex-
perimental background contributes to the luminescence signal, and
especially to the second component.

4.3. Results from protocol #2, IRSL and post IR-IRSL (pIR-IRSL) signals

The second protocol consists of two IRSL measurements. Each initial
IRSL curve was once more fitted by two tunneling components. The first
one is the dominant component, with the corresponding fitting para-
meters shown in Table 2. These initial IRSL measurements present τ
values around τ=0.25s for BAL-2 and τ=0.73s for SAM-3, while for the
microcline samples the corresponding values were yielded as τ=0.95s
for KST-4 and τ=0.86s for VRS-8. Once again, the corresponding values
for the fitting parameters are also presented in Table 2. The di-
mensionless concentration of charge carriers ρ΄ for the case of the initial
IRSL measurements present an almost stable value ranging between 6.1
and 13.8 10-3. Similarly to the previous cases, the errors of the best
fitting parameters can be considered as very low. For the notable ex-
ception of the ρ΄ value of KST-4, where the uncertainty is almost 19%, it
is our belief that this difference may be attributed to the accuracy and
precision of the experimental data. Concerning the second (slow)

Fig. 2. Fig. 2: (a) Component-resolved analysis example of an ITL and (b) an IRSL decay curve for the sample BAL-2.

Fig. 3. Sample BAL-2: (a) ITL measurements according to the Protocol #1 for Ti=40oC-200oC, (b) IRSL measurements carried out after the ITL in (a), pIR-IRSL. These
are measured with Protocol #1 and for Ti=30oC-190oC, (c) initial IRSL measurements carried out with Protocol #2 and for Ti=40oC-200oC, (d) pIR -IRSL mea-
surements carried out after initial IRSL in (c) with Protocol #2 and for Ti=40oC-190oC.
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component in the IRSL signal, τ has again rather high values, with a
maximum of τ=300s, for sample SAM3, while ρ΄ is almost stable
around 0.0002.

The final step in the protocol includes again an IRSL measurement.
As it becomes obvious from Fig. 3d, this IRSL signal presents a very low
signal and poor statistics; therefore curve-fitting analysis was not at-
tempted.

5. Discussion

A first, notable result from the curve-fitting analysis in the present
study deals with the stability of the ρ΄ parameter for each stimulation,
throughout the entire temperature region, for each sample. According
to the initial model by Jain et al. (2012), the dimensionless density
parameter ρ′ should remain constant, and this is in agreement with the
experimental data not only in this study but also in previous studies
(Şahiner et al., 2017). Moreover, the values of this parameter stand in
excellent agreement with the values suggested by Pagonis et al. (2014,
2015). However, the stability of the τ parameters was not anticipated
and arises from the independence of the ITL and IRSL decay curves,
mostly on the stimulation temperature.

Both protocols include an initial stimulation (either using ITL or
initial IRSL) and a second IRSL measurement. Therefore, at first, one
can compare the fitting parameters of the two initial stimulations of
each protocol. According to Fig. 4 and Table 2, ITL decay curves in-
dicate higher τ values than those of the (initial) IRSL decay curves. A
higher value of τ parameter, in conjunction with the practically con-
stant dimensionless parameter ρ′, indicates that the recombination
process requires gradually more time since the electrons recombine
with more distant holes at higher stimulation temperatures. Regarding
the values of the dimensionless concentration of charge carriers ρ΄, ITL
decay curves indicate lower values than those of the (initial) IRSL decay
curves. The corresponding values of the fitting parameters indicate that
according to the LTR model, the tunnelling recombination during ITL
takes place from different pathways than in the case of the tunnelling
recombination during stimulation using infrared radiation. Moreover,
ITL stimulation takes more advantage of the most distant pairs of do-
nors and acceptors than the corresponding initial IRSL signal, by con-
suming more proximal pairs by recombination from around the excited
state of the trap. At the same time, ITL indicates lower values of the
dimensionless concentration of charge carriers ρ΄. It was suggested that
the value of this parameter could be related to the energy and mobility
of the band tail states; the lower these values get, the more dis-
connected these band tails are.

Following the same rationale, one can compare the fitting para-
meters of the two secondly stimulated IRSL signals. Unfortunately, this
was not possible, as the pIR-IRSL decay curves were not fitted, due to
their faint intensity. Nevertheless, according to the values presented in
Table 2, the fitting parameters of the pITL-IRSL of protocol #1 could be
compared to the corresponding parameters of the initial IRSL of pro-
tocol #2. Once again, the comparison indicates differences in both
values of all four samples. This latter conclusion indicates that the
tunnelling recombination depends strongly on the sequence of the sti-
mulations. It becomes obvious that when two sequential stimulations
take place, the initial stimulation gets consuming more proximal pairs
by recombination from around the excited state of the trap. This feature
does not depend on the type of stimulation (thermal, optical or com-
posite). These results stand in good agreement with the results of
Şahiner et al. (2017).

Regarding the τ values, for each stimulation modulus, the sample
BAL-2 gets the lowest values among the four feldspars of the present
study. The values yielded for the other three samples are similar, as
Table 2 indicates. Moreover, the values of the ρ΄ parameter for each
stimulation modulus indicates grouping, being quite low and similar for
both sanidine samples, and larger for the microcline samples VRS8 and
KST-4. The grouping of the ρ΄ parameters can be explained in terms of

Fig. 4. The dependence of the lifetime recombination parameter, τ, on the
stimulation temperature for the unique component of ITL curves of step 2 in
protocol #1.

Fig. 5. The values of ρ΄ is almost similar between the different procedures and it
slightly raises as a function of unit cell volume.

Table 2
The results for the τ and ρ΄ values yielded after the fitting analysis.

Sanidines

τ ρ΄ (x 10-3)
BAL-2 ITL (40-170oC) FIG.4 3.3 ± 0.14 (4%)

pITL-IRSL (C1) (60-
190oC)

0.18 ± 0.014 (7.8%) 8.5 ± 0.41 (5%)

IRSL (C1) (60-190oC) 0.25 ± 0.018 (7.6%) 6.1 ± 0.6 (9.8%)
SAM-3 ITL (60-170oC) FIG.4 5.8 ± 0.19 (2.4%)

pITL-IRSL (C1) (40-
160oC)

0.48 ± 0.011 (2.3%) 14 ± 1.2 (8.5%)

IRSL (C1) (40-160oC) 0.73 ± 0.014 (2.1%) 9.8 ± 0.8 (8.2%)
Microclines

KST-4 ITL (40-120oC) FIG.4 9.9 ± 0.7 (7.1%)
pITL-IRSL (C1) (30-
120oC)

0.45 ± 0.043 (9.5%) 14.5 ± 1.3 (9%)

IRSL (C1) (30-120oC) 0.95 ± 0.055 (5.8%) 12.1 ± 2.3 (18.9%)
VRS-8 ITL (40-120oC) FIG.4 15.6 ± 2.4 (15.4%)

pITL-IRSL (C1) (30-
120oC)

0.62 ± 0.063 (10.1%) 17.3 ± 0.73 (6.1%)

IRSL (C1) (30-120oC) 0.86 ± 0.1 (11%) 13.8 ± 1.2 (8.7%)
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unit cell volume; microclines indicate the largest unit cell volumes,
while the sanidines the smallest unit cell volumes. Consequently, the
concentration of donor-acceptor pairs depends strongly on the unit cell
volume and the Σt1 (see Fig. 5). This latter feature can also be supported
by Polymeris et al. (2013), where the microclines indicate the max-
imum integrated TL intensity among all samples. Basically, the present
study provides hints for the possibility of a straightforward correlation
between the values of the dimensionless concentration of charge car-
riers ρ΄, macroscopically obtained after curve-fitting of IRSL/ITL signals
within the LTR model of Jain et al. (2012) using the equations of Kitis
and Pagonis (2013) and the microscopically estimated structural
characteristics of K-feldspars, such as the volume of the unit cell as well
as the probability of Al cation to occupy one of the T1 sites (Σt1).
Further work is required in this direction, using more stimulation
modulus (ITL, IRSL, pIR-IRSL, etc) using all K-feldspar samples.

Moreover, the experimental data may be used to obtain a numerical
estimate of the dimensionless acceptor density ρ’, which is defined by:

′ =ρ πρα4 /33 (3)

where ρ is the actual acceptor number density (number of acceptors per
m3), and a is the tunneling length of the wavefunction.

Poolton et al. (2002a, b) considered the simplest possible electron-
trapping defect in a solid, which consisting of a single electron trapped
by a single positive charge located at the center of the defect. These
authors discussed how this simplified model would be consistent with
the crystal structure of a Na-feldspar crystal NaAlSi3O8, shown in
Fig. 2b of Poolton et al. (2002a). By using this simple hydrogenic
model, they were able to calculate the energy difference between the
ground state and the excited state as E=1.48 eV, in close agreement
with the experimental values in the range E= 1.41 1.47 eV from IRSL
experiments.

These authors considered tunneling processes taking place from
either the ground state of their hydrogenic system, or via transitions
involving the first excited state. They concluded that in freshly irra-
diated samples, recombination takes place mostly through tunneling
from the ground state of the electron trap, with holes trapped within the
unit cell.

In samples which are not freshly irradiated, Poolton et al. (2002a, b)
concluded that tunneling recombination will take place predominantly
from the excited state, at much larger distances, and at least one-unit
cell away from the electron trap.

Poolton et al. (2002a, b) evaluated the wavefunction for the ground
state of the hydrogen-like Na atom, given by:

= ⎛
⎝

− ⎞
⎠

ψ Αexp r
α (4)

The tunneling length a represents the distance r at which the wa-
vefunction drops to 1/e=37% of its maximum value, and is a ≈ 1.6 Å.
Fig. 2a in Poolton et al. (2002a) shows that the maximum tunneling
recombination probability occurs near this tunneling distance a.

We can also estimate the effective density ρ, by using our experi-
mental unit cell volumes in Table 1. The average unit cell volume for
the four feldspar samples is Vs=713.7 Å3, and we assume one Na ac-
ceptor atom per unit cell, as shown in the crystal structure in Fig. 2b of
Poolton et al. (2002a).

The effective charge density is then ρ = (1 acceptor/
Vs)= 1.4× 1027m−3 and from Eq. (3) we obtain:

′ = =
× ×

=
− −

ρ
πρα π m m4

3
4 (1.4 10 )(1.6 10 )

3
0.024

3 27 3 10 3

(5)

This value of ρ΄ is of the same order of magnitude as the average
value ρ΄=0.011 ± 0.004 obtained for all ρ΄ values in Table 1. It is also
in agreement with the average value of ρ΄=0.002 - 0.01 obtained by
Pagonis et al. (2014) by analyzing the CW-IRSL signals from a suite of
23 feldspars of different origin. In addition, this estimate of ρ΄ is of the
same order of magnitude as the values of ρ΄ obtained by Kitis et al.

(2016) from analyzing both TL data and CW-IRSL signals in feldspars.
In the case of TL, we might expect that the effective tunneling length

a may be somewhat larger, due to thermally assisted processes in the
crystal (Poolton, 2002b), and also due to tunneling from the excited
state of the defect.

6. Conclusions

• The normalized ITL and IRSL curves (Fig. 3) coincide, independently
on the stimulation temperature. This is considered a typical beha-
vior for tunneling recombination processes at elevated tempera-
tures.

• The difference in the shapes of the normalized IRSL curves for the
low stimulation temperatures Ti=40oC-50oC could be associated
with unstable shallow trap contributions.

• All fitting analysis with equation (1) yielded very good results.

• Significant differences were found between the parameters de-
scribing the ITL and IRSL signals, indicating that thermal excitation
processes may be reaching either different traps or different re-
combination pathways from optical excitation processes in these
samples.

• The present study provides hints for the possibility of a straight-
forward correlation between the values of the dimensionless con-
centration of charge carriers ρ΄, macroscopically obtained after de-
convolution of IRSL/ITL signals within the LTR model of Jain et al.
(2012) using the equations of Kitis and Pagonis (2013) and the
microscopically estimated structural characteristics of K-feldspars,
such as the volume of the unit cell as well as the probability of Al
cation to occupy one of the T1 sites (Σt1).
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