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A B S T R A C T   

Luminescence signals from feldspars are of importance in luminescence dosimetry and dating. The present study 
attempts a correlation between two specific experimental parameters, such as the lifetime of luminescence 
components and the dimensionless acceptor density parameter ρ0, as well as the influence of the crystal structure 
on the luminescence signals. The analysis of the above parameters was completed in three different K-feldspar 
samples, each one belonging to the structural group of microcline, sanidine and orthoclase. The stimulations in 
this manuscript were carried out using blue optically stimulated luminescence (BLOSL) and infrared (IRSL) 
optically stimulated luminescence, in two different two step experimental protocols. A comparison of these two 
step protocols is applied for the first time in the literature. A de-convolution analysis was completed with the use 
of two components, a slow component which can be described by general order kinetics (GOK), and a tunneling 
component which is necessary to describe the blue light stimulation. The GOK component describes recombi-
nation processes taking place only through the conduction band. In order to describe the results of the IR 
stimulation protocol, two tunneling components were used. The results from this study are encouraging and are 
in full correlation with published studies in the luminescence literature.   

1. Introduction 

Thermoluminescence (TL) glow curves, as well as blue optically 
stimulated luminescence (BLOSL) and infrared optically stimulated 
luminescence (IRSL) decay curves from feldspars and quartz, have been 
studied extensively in retrospective dosimetry applications, including 
archeological and geological dating and accidental dosimetry. Feldspars 
and quartz are the most widespread minerals in the crust of Earth, as 
well as the most established naturally occurring luminescence phos-
phors, due to their very good dosimetric properties. The feldspar mineral 
has a wide band-gap of around 7.7 eV [1] and contains many defects that 
can store charge over geological time scales. The TL and IRSL signals 
from feldspars have been extensively studied because of their excellent 
repeatability and sensitivity, and also because they can be found in 
various rock types, of igneous, sedimentary and metamorphic origin 
[2–4]. 

It has now been established that two different types of transitions can 
take place in these minerals; delocalized transitions occurring via the 

conduction and valence bands, and also localized transitions [5]. In 
localized transitions, electrons are optically or thermally stimulated 
from the ground state of the trap, and are subsequently transported 
either into the excited state of the trap, or to a band-tail, extending 
below the high mobility edge of the conduction band, from which they 
can either get re-trapped, or they can recombine with holes by a quan-
tum tunneling process [6]. According to Poolton et al. [7], the trap depth 
E of feldspars has been calculated around 2 eV, or even higher. This 
means that by stimulating the trap with blue light (470 nm) in which the 
energy is around 2.63 eV, BLOSL stimulation causes both direct transi-
tions into the conduction band as well as transitions into either the 
excited state or the band tails of the conduction band [6]. 

As far as stimulating the trap with IR light (880 nm) and energy 
around 1.43 eV, the possible transitions are exclusively of a localized 
nature, because electrons do not have the necessary energy to recombine 
through delocalized transitions involving the conduction band [5,7]. 

The use of feldspars for luminescence dating has been limited, 
because of a basic drawback known as athermal or anomalous fading 

* Corresponding author. 
E-mail addresses: vasilikiag@yahoo.gr, vaaggeli@auth.gr (V. Angeli).  

Contents lists available at ScienceDirect 

Journal of Luminescence 

journal homepage: http://www.elsevier.com/locate/jlumin 

https://doi.org/10.1016/j.jlumin.2020.117425 
Received 12 December 2019; Received in revised form 30 May 2020; Accepted 2 June 2020   

mailto:vasilikiag@yahoo.gr
mailto:vaaggeli@auth.gr
www.sciencedirect.com/science/journal/00222313
https://http://www.elsevier.com/locate/jlumin
https://doi.org/10.1016/j.jlumin.2020.117425
https://doi.org/10.1016/j.jlumin.2020.117425
https://doi.org/10.1016/j.jlumin.2020.117425
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlumin.2020.117425&domain=pdf


Journal of Luminescence 226 (2020) 117425

2

(AF hereafter) [8–14]. AF is associated with quantum tunneling-induced 
recombination, which leads to the loss of the measurable luminescence 
signal after irradiation [15,16]. Quantum tunneling can arise from 
either the ground state, from an excited state, or from the band-tail 
states. However, research has shown that IRSL measurements carried 
out at high temperature can reduce the effects of tunneling, so that the 
corresponding AF effect becomes negligible [17,18]. Several researchers 
have concluded that athermal fading can be circumvented by applying 
the following techniques (a) post-IR IRSL (pIR IRSL) protocols, namely a 
two-step protocol involving IRSL, (b) a multiple-step protocol, which 
contains IRSL measurements at sequentially increasing temperatures 
(termed multi-elevated-temperature post-IR IRSL, or MET pIR IRSL) 
[17–20] and (c) radiofluorescence [21,22]. 

The most recent model describing the effect of athermal fading is the 
localized tunneling recombination (LTR) model. According to this model 
electron traps and luminescence centers are considered as pairs sepa-
rated by a distance, which follows the nearest-neighbor distribution [23, 
24]. Kitis and Pagonis [24] quantified the model of Jain et al. [23], by 
deriving exact analytical expressions for different experimental stimu-
lation modes. Polymeris et al. [25] have analyzed the kinetics of TL 
signals from feldspars. 

There are very few reports in the literature concerning possible 
correlations among the various luminescence signals in feldspar sam-
ples. Firstly, a correlation between BLOSL and IRSL with TL was 
attempted by Sfampa et al. [26], for ten different K-feldspars. Later, Kitis 
et al. [27] showed that if a feldspar sample was stimulated using a 
two-step protocol (initially with IR stimulation and subsequently with 
blue light), the IR stimulation would influence the part of the BLOSL 
decay curve corresponding to the fast BLOSL component. This study was 
performed using the same Hoya U340 filter for the detection of both 
IRSL and BLOSL signals. 

Recently, Angeli et al. [28] established a quantitative correlation 
between the IRSL signal and the tunneling component of the BLOSL 
signal for different geological materials, namely gypsum and fluo-
rapatite of various grain size fractions. These authors reported that the 
electrons responsible for the IRSL emission, may also be responsible for 
the fast BLOSL components. In this study, different detection filters were 
used for the IRSL and BLOSL signals. 

The present paper follows on directly from these two studies, and 
concerns the IRSL and BLOSL signals in three different K-feldspars. In 
fact, the present study is an extended version of the work of Kitis et al. 
[27]; moreover it includes two different two-step stimulation protocols. 
Similar to the study of Angeli et al. [28], different detection filters were 
used for the IRSL and BLOSL signals. Although the physics of IRSL and 
BLOSL phenomena are different, there are strong arguments that these 
stimulation modes act on the same set of trapped electrons. The complex 
luminescence mechanisms in feldspar samples require a detailed anal-
ysis of the complex BLOSL and IRSL signals, using a computerized 
deconvolution analysis. In the case of BLOSL signals, the data have been 
processed using a combination/superposition of tunneling and general 
order kinetic equations, while for the IRSL signals the processing of data 
was carried out using tunneling equations solely, with the details given 
later in this paper. 

Based on this rationale, the aims of the present study are:  

a. To check the validity and robustness of the deconvolution approach, 
for both BLOSL and IRSL signals in K-feldspar samples;  

b. To understand the mechanism of BLOSL and IRSL signal production, 
by studying the corresponding deconvolution parameters (the life-
time of components, the dimensionless acceptor density parameter ρ0
etc) of the LTR model, by using two-step stimulation protocols;  

c. To investigate the possible dependence of these parameters on the 
structural properties of K-feldspars;  

d. To attempt a correlation between the luminescence signals. 

2. Experimental procedure 

2.1. Samples and crystal structure 

Three different potassium feldspar samples were the subject of the 
present study. Alkali feldspars consist of a three dimensional array of 
corner-sharing AlO4 and SiO4 tetrahedra. Three out of the four T-cation 
sites (representing small-sized cations mostly Siþ4 and Alþ3) in their unit 
cell are occupied by Si-cations, while the fourth is occupied by an Al- 
cation. The probability of an Al-cation occupying one of the T1 sites 
(Σt1 ¼ t10þt1m) was calculated using appropriate equations [29]. Ac-
cording to both X-ray powder diffraction (XRPD) and Fourier Transform 
Infrared (FTIR) spectroscopy patterns, K-feldspars are divided in three 
different groups: sanidines, orthoclases and microclines. It should be 
noted that the Σt1 value is lowest for the sanidine group, and highest for 
the microcline group, while the orthoclase group shows intermediate 
values. The examined samples were selected in order to cover the entire 
region of the potential Σt1 values [30]. 

This study involves three different feldspar samples, a microcline 
sample (with laboratory code name ELD1), a sanidine sample (code 
name MRK4) and an orthoclase sample (code name VRS3). These three 
samples are almost identical in their physical properties, and it is 
impossible to distinguish between them without either XRPD or FTIR 
analysis. The only difference is their crystal structure, as microcline 
crystallizes in the triclinic system, and orthoclase and sanidine crystal-
lize in the monoclinic system. 

The feldspar samples used in this paper were included in a previous 
study by Polymeris et al. [30], who investigated the possibility of using 
TL for structural characterization for a total of ten K-feldspar samples. 
These authors found a good correlation between the TL sensitivity and 
individual K-feldspar structure, and suggested that these samples are 
ideal for investigating basic TL, BLOSL and IRSL signals and possible 
correlations among them. Two of the three samples in the present study 
were previously studied by Pagonis et al. [31] and Polymeris et al. [25]. 
However, the feldspar samples used in this paper are not the same as 
those studied by Kitis et al. [27]. The sample preparation was described 
previously in Refs. [30], and will not be repeated here. 

2.2. Apparatus 

All luminescence measurements were carried out using a RISØ TL/ 
OSL reader (model TL/OSL-DA-20, Reader ID: 267 [32]) equipped with 
a high power blue LED light source (470 nm, FWHM 20 nm), delivering 
at the sample position a maximum power of 40 mW/cm2, an infrared 
solid state laser (880 nm, FWHM 75 nm, maximum power 135 mW/cm2) 
and a90Sr/90Y beta particle source, delivering a nominal dose rate of 
0.1083 Gy/s. An EMI 9235QB photomultiplier tube was used for the 
detection of all luminescence signals. For the case of blue OSL mea-
surements, a Hoya (U-340) filter was used for light detection (340 nm, 
FWHM 80 nm). For IRSL, the conventional, most commonly used filter 
combination of the 2 mm Schott BG 39 and the 4 mm Corning 7–59 
(known as the blue filter pack) was used for detection of blue emission in 
feldspars [20]; this latter combination was used, since in the present 
study only blue stimulated OSL was studied [6]. All measurements were 
performed in a nitrogen atmosphere with a low constant heating rate of 
2 

�

C/s, in order to decrease the temperature gradient between the 
sample and the sample holder [33], and the samples were heated up to 
the maximum temperature of 500 �C. A test dose of 50 Gy was used for 
all samples. 

2.3. Experimental protocols 

Two different two-step protocols were used in the framework of the 
present study, involving a combination of IR and blue light stimulation. 
The difference between the two protocols is which of these two stimu-
lations is applied first. Such a comparison of the two-step protocols is 
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applied for the first time in the literature. 
In the first two-step experimental protocol, IR stimulation is applied 

first for various stimulation times ti, followed by the blue light stimu-
lation for a fixed time interval of 1 ks. The experimental procedure used 
is as follows: 

Step 1: Test dose (50 Gy) 
Step 2: CW- IRSL at the continuous wave mode for time ti (initial 
stimulation, denoted as the IRSL signal in the rest of the paper) 
Step 3: Residual blue CW-OSL for 1000 s (denoted as post-IR BLOSL 
in the rest of this paper) 
Step 4: Measurement of Residual TL signal 
Step 5: Repeat steps 1–4 for another time ti in step 2 

The stimulation times used in step 2 of the first protocol are 0, 5, 10, 
25, 35, 50, 75, 100, 250 and 500 s. 

The second two-step protocol includes the following steps: 

Step 1: Test dose (50 Gy) 
Step 2: CW-OSL stimulation for time ti (initial stimulation, denoted 
as BLOSL signal in the rest of the paper) 
Step 3: CW-IR stimulation for 300 s, measuring the Residual IRSL 
signal (denoted as post-BL IRSL in the rest of this paper) 
Step 4: Measurement of Residual TL signal 
Step 5: Repeat steps 1–4 for a different stimulation time ti in step 2. 

The stimulation times used in step 2 of the second protocol are 1, 2, 
4, 8, 16, 30, 50 and 100 s. 

These two protocols were carried out in a single aliquot mode for the 
three feldspars samples. This makes it necessary to test for sensitization, 
or sensitivity changes following consecutive cycles of irradiation and 
heating [27,31]. However, no sensitivity changes were detected for the 
luminescence signal of feldspars [25,31]. Finally, it is noted that a 
similar two-step protocol was used by Sfampa et al. [34], and included 
an isothermal TL and a residual IRSL stimulation. 

2.4. Methods of analysis 

Taking into consideration that recombination can take place via both 
localized and de-localized transitions, a computerized curve deconvo-
lution analysis was used which includes two different analytical 
equations. 

The first equation is based on general order kinetics (GOK hereafter) 
[35,36], to describe a delocalized transition through the conduction 
band: 

IðtÞ¼ Io

�

1þ
ðb � 1Þt

τ

�� b=ðb� 1Þ
(1)  

where I(t) is the intensity of luminescence signal as a function of time, I0 
is the initial luminescence intensity, τ is the component lifetime and b is 
the order of kinetics which is allowed to vary between 1.001 and 2.05. 

The second equation is the analytical equation of Kitis and Pagonis 
[24], which is based on the LTR model of Jain et al. [23]; the probability 
of tunneling in this model varies with the donor–acceptor distance. 
According to this model, trapped electrons are raised to a higher energy 
level, from which they can tunnel to the nearest neighbor luminescence 
center. In this manner, the electrons recombine with holes and light is 
emitted. The analytical equations are: 

IðtÞ ¼ 3noρ0 zFðtÞ2

1þ zt
exp
�
� ρ0FðtÞ3

�

(2)  

FðtÞ¼ ln
�

eþ
zt

τtun

�

(3)  

τtun¼ðσ ϕÞ� 1 (4)  

where I(t) is luminescence intensity as a function of time t; no is the 
initial concentration of the donors; z ¼ 1.8 is a constant; τtun is the 
tunneling luminescence lifetime for recombination processes taking 
place via the excited state; ρ0 is a dimensionless parameter representing 
the constant acceptor density; σ is the photo-ionization cross section, 
and ϕ the stimulation flux. Equations (2)–(4) were used for the analysis 
of the localized (tunneling) components. 

All curve fittings were performed using the software package 
Microsoft Excel, with the Solver utility [37], while the goodness of fit was 
tested using the Figure Of Merit (FOM) of Balian and Eddy [38] given by: 

FOM¼
X

i

�
Yexper � Yfit

A

�

(5)  

where Yexper is the experimental data, Yfit is the fitted data and A is the 
area of the fitted curve. 

3. Results and discussion 

3.1. Bleaching effects on the OSL and IRSL decay curves 

In the framework of the first protocol, blue light stimulation follows 
IR stimulation; thus we measure the IRSL signal followed by post-IR 
BLOSL. Fig. 1 presents a selection of the post-IR BLOSL curves for 
different IRSL stimulation times (0, 35, 100 and 500s), and for all three 
feldspars (Fig. 1a, c and 1e). According to these plots, the IRSL stimu-
lation has a minor effect on the measured post-IR BLOSL signal, with the 
effect visible only for stimulation times up to 100s; for higher IR stim-
ulation times, the change in the decay curve is negligible. This feature 
suggests that the IRSL stimulation does not influence the entire post-IR 
BLOSL decay curve, but only the component that decays faster. Similar 
experimental features were also presented in Ref. [27], for different 
feldspars samples, as well as by Angeli et al. [28] for both apatite and 
gypsum samples. 

In the second protocol, the feldspars were exposed initially to a blue 
stimulation, followed by measurement of the post-BL IRSL decay curves. 
Fig. 1b, d and 1f present a selection of these post-BL IRSL curves, for 4 
different BLOSL stimulation times of 0, 8, 30 and 100 s. These figures 
show clearly that the BLOSL stimulation influences the post-BL IRSL 
signal throughout the post-BL IRSL curve. As the OSL stimulation in-
creases, the entire post-BL IRSL curve is shifted to lower intensities; the 
intensities of the total post-BL IRSL curve (plots b, d and f) are two 
orders of magnitude lower than the corresponding intensities of the 
post-IR BLOSL curves (plots a, c, e), according to the second and first 
protocol respectively. In other words, stimulation using blue light affects 
both components of the post-BL IRSL curves. 

An additional effect seen in Fig. 1b, d and 1f, is that in all cases the 
post-BL IRSL curves do not have the usual monotonically decaying 
shape. Instead, the post-BL IRSL curves include an initially increasing 
part for the first few seconds of stimulation, followed by the expected 
decaying part. This type of non-monotonic behavior has been reported 
for complex IRSL measurements at higher temperatures, such as the pIR 
IRSL or MET pIR IRSL protocols. Recently, similar IRSL decay shapes 
were reported by Şahiner et al. [20,39] for pure K-feldspar samples 
recovered from igneous rocks of Northern Greece [30] and from 
Sakarya, Turkey, respectively. This is the first time in the literature that 
similar shapes are reported for IRSL measurements carried out at room 
temperature. 

3.2. Number of components 

Fig. 2 shows an example of the deconvolution analysis (on sample 
ELD1) for the different signals measured in both two-step protocols, 
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namely IRSL/post-IR BLOSL for the first protocol, and BLOSL/post-BL 
IRSL for the second protocol. Two components were required for a 
satisfactory fitting during the deconvolution analysis of all decay curves, 
and for all three feldspars. Specifically, for the BLOSL and post-IR BLOSL 
stimulations, the components used include one tunneling and one GOK 
component. These components are hereafter called CBLOSL_tun and 
CBLOSL_GOK as well as Cpost-IR BLOSL _tun and Cpost-IR BLOSL _GOK respectively. 

As it becomes obvious from Fig. 2, both CBLOSL_GOK and Cpost-IR BLOSL 

_GOK components have long lifetimes, much larger than the corre-
sponding lifetimes of the tunneling components. The GOK component is 
a long term component which requires prolonged bleaching times in 
order to decay substantially. In addition, the lifetime τ of these GOK 
components is found to be independent of the various stimulation times 
used during the IRSL stimulation step of the protocol. 

It is worth emphasizing that deconvolution analysis of BLOSL signal 
was also attempted using just two GOK components. In the framework of 

Fig. 1. (a), (c), (e) Post-IR BLOSL decay curves for ELD1, MRK4 and VRS3, obtained after IRSL bleaching for 0s (unbleached sample), 35s, 100s and 500s in the first 
two-step protocol. (b), (d), (f): Post-BL IRSL decay curves for ELD1, MRK4 and VRS3, obtained after blue light bleaching for 0s (unbleached sample), 8s, 30s and 100s 
in the second two-step protocol. 
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such analysis, the results indicated that the lifetime of the fast GOK 
BLOSL component increases with increasing stimulation time. This 
latter result is rather remarkable, if we consider that the temperature 
and all the experimental conditions remain the same. This is another 
indication of the existence of tunneling effects inside the crystal struc-
ture of all the three K-feldspars. These results stand in good agreement 
with those reported by Kitis et al. and Angeli et al. [27,28] respectively. 

On the other hand, each of the IRSL and post-BL IRSL curves 
measured according to both experimental protocols, requires two 
tunneling components for an acceptable fit. The number of components 
used here stands in good agreement with previous reports [20,26–28, 
40]. Hereafter, these IRSL/post-BL IRSL components will be referred to 
as CIRSL1, CIRSL2 and Cpost-BL IRSL1, Cpost-BL IRSL2 respectively. Fig. 2 shows 
that the decay of these two components depends strongly on the stim-
ulation time used in step 2 of � the protocols. In both IRSL and post-BL 
IRSL curves, the first component is the dominant one, while the second 
IRSL component is quite faint in intensity. The FOM value for the 
analysis of all samples and for both protocols was less than 2%, indi-
cating a good fit to the experimental data. 

3.3. Results for the parameters τ, ρ0 of the LTR model 

3.3.1. Lifetimes of tunneling components of all signals 
Following the deconvolution analysis described above, Fig. 3 

presents the dependence of the lifetime of each tunneling component, on 
the duration of the initial stimulation in step 2 of the two protocols. 
Each plot of Fig. 3 corresponds to a different feldspar sample, and 
consists of six curves. Four curves represent the lifetimes of the two 
tunneling IRSL components for both protocols, while the remaining two 
curves represent the lifetimes of the tunneling BLOSL component. 
Following the nomenclature of the previous section, the lifetimes of 
BLOSL tunneling components are termed hereafter as τBLOSL_tun and τpost- 

IR BLOSL_tun for the second and first protocol respectively, while the 
lifetimes of the tunneling IRSL and post-BL IRSL components are termed 
as τIRSL1, τIRSL2 according to the first protocol,and τ post-BL IRSL1, τpost-BL 

IRSL2 according to the second experimental protocol. 
As Fig. 3 shows, all tunneling lifetimes increase systematically with 

the stimulation time of step 2 in both protocols. In some cases, plateaus 
are also formed at prolonged stimulation times. This latter feature stands 
in good agreement with the corresponding behaviour reported by Kitis 
et al. [27]. This increase of the tunneling lifetime parameter can be 
interpreted within the LTR model, as follows: as the stimulation time in 
step 2 is increased for both protocols, pairs of electrons and positive 
charges corresponding to shorter distances recombine first, and only 
more distant pairs remain in the system. These larger tunneling dis-
tances lead to an increase of the effective tunneling recombination 
lifetime. It is worth mentioning that in both protocols, the second 
components of all post-BL IRSL signals are of low intensity, and the first 

Fig. 2. Deconvolution examples of decay curves for the case of ELD1 feldspar sample. (a), (b)IRSL and post-IR BLOSL decay curves from protocol 1, as a function of 
stimulation time. (c), (d) BLOSL and post-BL IRSL decay curves from protocol 2, as a function of stimulation time. Experimental data are presented as unfilled dots, 
while GOK and tunneling components and their sum are presented as continuous lines. 
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post-BL IRSL component is the dominant one. Consequently, due to this 
low intensity, the errors of the corresponding tunneling recombination 
lifetimes are quite enhanced. 

A notable feature of Fig. 3 concerns the tunneling recombination 
lifetimes of the consecutive-sequential stimulation modes. Specifically 
the lifetime parameter of the first stimulation mode always yields lower 
values than the tunneling recombination lifetimes corresponding to the 
respective residual signals. As recombination is a stochastic process, it is 
likely to occur anywhere and the proximity of a recombination centre 
does not mean that recombination will be restricted only to a limited 
area. Nevertheless, Fig. 3 provides evidence supporting the idea that the 

first stimulation o step 2 takes mostly advantage of the closest pairs of 
donors and acceptors, while the second stimulation of step 3 can take 
advantage of more distant charge pairs. This feature is valid indepen-
dently of the stimulation sequence. Similar conclusions were also re-
ported by Şahiner et al. [20] for IRSL, post-IR IRSL and MET pIR IRSL 
signals measured at various combinations of temperatures, as well as by 
Sfampa et al. [34] for IRSL and ITL signals. 

However, it is quite important to note two more features of entire 
Fig. 3:  

i) The recombination lifetimes of the tunneling component for both 
BLOSL (blue triangles) and post-IR BLOSL (black squares) signals are 
the same, independent on whether the blue stimulation mode is 
applied first or not. These lifetimes are unaffected by the order of the 
two stimulations in the protocols.  

ii) The recombination lifetimes of the post-BL IRSL signals in protocol 2 
yield the largest values of all signals; this is the case for all potassium 
feldspars that were the subject of the present study. 

During BLOSL stimulation, a conduction band recombination process 
has a measurable probability and the outcome of the blue stimulation is 
the same, independent of whether infrared stimulation precedes it, or 
not. This is the reason why for both protocols, the tunneling components 
of both BLOSL and post-IR BLOSL signals yield identical recombination 
lifetimes. Of course, in the case where the infrared stimulation follows 
the blue light stimulation, the post-BL IRSL components yield much 
higher lifetimes, as the electrons travel longer distances in order to find 
positive charges and recombine. 

Fig. 4 presents the recombination lifetimes for a selection of 
tunneling components, for all three K-feldspars, for the post-IR BLOSL 
tunneling component (plot a), as well as for the dominant C post-BL IRSL1 
and CIRSL1 components of the IRSL signals (plots b and c, respectively). 
As the post-IR BLOSL and BLOSL analyses yield almost identical values 
of this parameter, only one plot is presented. 

An important conclusion from Fig. 4 is the possible dependence of 
the tunneling component lifetimes on the crystal structure. Specifically, 
this dependence is seen for τBLOSL_tun, τpost-IR BLOSL _tun and τ post-BL IRSL1. 
According to Fig. 4, in the K-feldspar with the largest cell unit volume, 
namely ELD1 (719.45 Å3), the electrons travel for longer times before 
recombination, while in the MRK4 which corresponds to the lowest unit 
cell volume (711.92 Å3) the electrons travel for shorter times before 
recombining [34]. In the ELD1 sample with the largest unit cell volume, 
electrons must travel larger distances (and for longer times) [41]. 
Similar experimental results are presented in Fig. 4b, although the 
correlation between the lifetime of the tunneling components and the 
crystal structure is not so clear. 

On the other hand, Fig. 4d shows that no apparent correlation was 
found between the crystal structure and the tunneling post-BL IRSL 
component 2 (τ post-BL IRSL2). The lifetime of this component seems to be 
independent of the crystal structure. A safe conclusion cannot be 
reached with this data, possibly due to the large error in the values of the 
lifetime of this second component. 

3.3.2. The dimensionless density parameter ρ0
According to the LTR model of Jain et al. [23], the concentration of 

acceptors in feldspars is much larger than the concentration of electrons, 
and therefore one expects that the dimensionless density of acceptors ρ0
would stay constant throughout the experiment. This dimensionless 
density is the second important parameter (besides the lifetimes), which 
is extracted by the deconvolution of the various signals in this paper. 

The donor-acceptor density was discussed only in a limited number 
of works. Şahiner et al. [20] have reported that in their IRSL, post-IR 
IRSL and MET pIR IRSL signals, the values of the ρ0 parameter for 
each luminescence component are constant, and that the ρ0 values are 
independent of the stimulation temperature. In these types of experi-
ments the density parameter yields a consistent Gaussian distribution. 

Fig. 3. The lifetimes of each tunneling component are presented for the ELD1, 
MRK4 and VRS3 samples, as a function of the duration of the initial stimulation 
in step 2 of both protocols. The nomenclature is explained in detail in section 
3.3.1. Note the logarithmic y-axis. 
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However, as the number of consecutive stimulations is increased, as in 
the MET pIR IRSL protocols, these Gaussian distributions became quite 
wide and formed rather scattered histograms. Recently Sfampa et al. 
[34] also reported values of ρ0 parameter which are independent of the 
stimulation temperature, for both IRSL and ITL signals. It is quite 
important to note that in both of these two previous studies, the only 
parameter that changed experimentally was the stimulation tempera-
ture, while the duration of the stimulation duration was kept fixed. 

Fig. 5a and b presents the dependence of the dimensionless param-
eter ρ0, on the initial stimulation of the two-step protocols. The param-
eters are denoted by ρ0IRSL1 and, ρ0BLOSL_tun for the first and second 
protocol, respectively. As the stimulation duration increases in both 
protocols/stimulation modes, so does the value of the dimensionless 
parameter ρ΄. Throughout the entire range of stimulation duration in 
step 2, the values of the parameter ρ0 increase smoothly and not 
abruptly, while plateaus are also formed at extended stimulation times. 
Moreover, as Fig. 5a and b shows, these increasing ρ0 values depend on 
the unit cell volume of the feldspar sample. In addition, this dependence 
is different for the ρ0IRSL1 and ρ0BLOSL_tun parameters; the former param-
eter is decreasing with increasing stimulation duration, while the latter 
increases. 

On the contrary, for the case of the second (residual) signal measured 
in step 3 of both protocols, analysis of both post-BL IRSL and tunneling 

post-IR BLOSL components yield a stable value of the ρ0 parameter, 
which is independent of the duration of the prior stimulation. Fig. 5c and 
d presents the average values of the ρ0post-IR BLOSL_tun and ρ0post-BL IRSL1 
components for the first and second protocol respectively, plotted versus 
the unit cell volume of the K-feldspars. The errors shown correspond to 
1σ over the average value. Fig. 5c also contains the results of Kitis et al. 
[27], obtained with a similar analysis of four additional K-feldspars. 

The insets of Fig. 5c and d present examples of histograms of the 
corresponding acceptor density. Each histogram is accompanied by the 
corresponding Gaussian distribution presented as a solid line, as was 
done by Şahiner et al. [20]. Note the very narrow Gaussian distributions. 

The combined data from the two different studies indicate that the 
values of the ρ0post-IR BLOSL_tun parameter fall clearly in three groups, each 
one corresponding to the groups of sanidines, orthoclases and micro-
clines. In other words, the values of these parameters are clearly 
correlated to the crystal structure of the K-feldspar. On the contrary, the 
three values of the parameter ρ0post-BL IRSL1 reported here seem inde-
pendent of the crystal structure. Moreover, it becomes obvious from 
Fig. 5 that the second stimulation yielding the residual signal, gives 
larger values of ρ΄. Similar results were also reported by Şahiner et al. 
[20]; Kitis et al. [27] and Sfampa et al. [34], in their two-step stimula-
tion protocols. Finally, it is worth mentioning that all values of ρ0 re-
ported in all these studies do not exceed a maximum of ρ΄�0.01. 

Fig. 4. The recombination lifetimes of the tunneling components for all three K-feldspars for the post-IR BLOSL tunneling component (plot a), as well as the 
components Cpost-BL IRSL1, CIRSL1 and Cpost-BL IRSL2 of the IRSL signals (plots b, c and d respectively), as a function of the initial stimulation time. Plots a and b indicate 
a correlation between the lifetimes of these tunneling components and the crystal structure of these feldspars, while plots c and d are characteristic examples for the 
absence of any similar correlation. 
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Fig. 5. (a),(b): The dimensionless density parameter ρ0IRSL1 and ρ0BLOSL tun as a function of the initial stimulation of step 2 in both protocols. (c), (d) The average 
values of ρ0post-IR BLOSL_tun and ρ0post-BL IRSL1 plotted versus the unit cell volume of the corresponding K-feldspars. Fig. 5c includes also the results from Kitis et al. 
(2016). The insets of show the data in the form of a histogram. 

Fig. 6. (a) Comparison between the total integrated IRSL signal and the variation of the intensity of the Cpost-IR BLOSL_tun for various IRSL stimulation time. (b) 
Comparison between the total integrated tunneling component of the BLOSL signal and the variation of the intensity of the Cpost-BL IRSL1 component, for various OSL 
stimulation times. 
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3.3.3. Component resolved intensities 
The previous studies of Kitis et al. [27] and Angeli et al. [28], con-

tained only the first protocol of the present study. Both of these studies 
reported a qualitative correlation between the fast OSL component and 
the first IRSL component. This conclusion is also confirmed in the pre-
sent study, according to Fig. 1 a,c,e and also shown in Fig. 6a. This latter 
figure presents a comparison between the total integrated IRSL signal 
and the variation of the intensity of the Cpost-IR BLOSL_tun component, for 
various IRSL stimulation times in the first two-step protocol. It becomes 
obvious that the two curves lie very close to each other, indicating a 
connection between the IRSL signal and the fast BLOSL component. 
Since these two signals seem to be correlated both qualitatively and 
quantitatively, it is possible that this fast BLOSL component in feldspars 
is also a tunneling component. 

Fig. 6b presents a comparison between the total integrated tunneling 
component of the BLOSL signal and the variation of the intensity of the 
Cpost-BL IRSL1 component, for various BLOSL stimulation times in the 
second two-step protocol. It is evident that the tunneling BLOSL 
component could also be related quantitatively to the Cpost-BL IRSL2 
component. Fig. 6 shows results only for the VRS3 sample, however 
similar results were also obtained for the other two feldspar samples. 

Fig. 7 presents the total integrated intensity versus the stimulation 
time, for both signals and for both protocols, i.e. IRSL/post-IR BLOSL for 
the case of protocol 1, and BLOSL/post-BL IRSL for the case of protocol 
2. This figure shows that the total signal for the ELD1 sample (micro-
cline), is much more intense by almost one order of magnitude than the 

corresponding integrated intensities for the other two samples. This 
conclusion is independent of the stimulation modulus (blue light or IR). 
Furthermore, the total integrated signals for the sanidines and ortho-
clases are of comparable total intensities. These results are in good 
agreement with those reported by Sfampa et al. [26], for 10 different 
K-feldspar samples. These authors have indicated that for their two step 
protocols, the total integrated intensities of IRSL, BLOSL and Residual TL 
after BLOSL or IRSL signals are higher for microclines, and almost 
identical for sanidines and orthoclasts. Similarly, the residual levels after 
bleaching are lower for the cases of microclines. 

The results of this study are also in agreement with those of Sfampa 
et al. [26], who reported that microcline samples yield faster bleaching 
rates, while sanidines are less affected by bleaching. In this study only 
the intensity of the GOK component of the post-IR BLOSL signals in-
dicates a correlation with the structural features of the K-feldspar sam-
ples. The data for the other two groups of samples are not consistent 
enough to draw final conclusions. 

4. Conclusions 

It was observed that the lifetimes of the various components are 
independent of both the protocol and the stimulation sequence. Spe-
cifically, the first stimulation in the two-step protocols takes place with 
nearby electron-hole pairs, while in the second stimulation, the elec-
trons have to travel longer distances, in order to find positive charges 
and recombine, resulting in higher lifetimes. Also, according to the 

Fig. 7. (a), (b) Integrated IRSL and post-IR BLOSL signals versus the stimulation time (protocol 1). (c), (d) Integrated BLOSL and post-BL IRSL signals versus the 
stimulation time (protocol 2). A dependence of the intensity on the unit cell volume, and thus on the structure/type of the K-feldspars is apparent. 
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results from the first protocol (IR followed by blue light), the first IRSL 
component has the shorter lifetime, while the second component has the 
longer one. However, the results from the second protocol (blue light 
followed by IR), indicate that the post-BL IRSL components have longer 
lifetimes from the corresponding post-IR BLOSL tunneling component of 
the first protocol. A notable exception is noted for the blue stimulation, 
which yields the same recombination lifetimes of the tunneling 
component, irrespective of whether the BLOSL mode is first or second in 
the stimulation sequence. 

The dimensionless density parameter ρ0 seems to remain indepen-
dent of the protocol and of the stimulation sequence. Based on the 
above, this parameter shows the lowest values in the first stimulation 
and not on the respective residual signal, according to the first and the 
second protocol. 

Finally, it seems that several of the parameters depend on the crystal 
structure of the K-feldspars. Specifically, as presented in Fig. 4, the 
tunneling component lifetimes are related with the crystal structure and 
this correlation is stronger in the case of τBLOSL_tun, τpost-IR BLOSL_tun and 
τpost-BL IRSL1. On the other hand, the dimensionless density parameter ρ0
shows a clear dependence through the unit cell volume. On the contrary, 
the parameter ρ0post-BL IRSL1 seems to be independent of the crystal 
structure. 
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