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� Isothermal decay of TL in MgB4O7:Dy, Na and LiB4O7:Cu, In is studied.
� The TL of LiB4O7:Cu, In is due to delocalized transitions.
� The TL of MgB4O7:Dy, Na is due to tunneling transitions.
� Recent TL expressions for delocalized and localized transitions are used to explain the results.
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a b s t r a c t

According to standard delocalized kinetic models of thermoluminescence (TL), when an irradiated
sample is held at a high temperature T, the isothermal TL signal will decay with a characteristic thermal
decay constant l which depends strongly on the temperature T. This prediction of standard delocalized
kinetic theory is investigated in this paper by studying two TL dosimeters, MgB4O7:Dy, Na and LiB4O7:Cu,
In (hereafter MBO and LBO correspondingly). In the case of LBO it was found that the thermal decay
constant l of the main dosimetric TL peak follows exactly the predictions of standard delocalized kinetic
theory. Furthermore, the thermal activation energy of the main peak evaluated by the isothermal decay
method is in full agreement with values obtained from initial rise and glow curve fitting methods.
However, in the case of MBO it was found that the thermal decay constant l varies little with the
isothermal decay temperature T. In order to explain these unusual results for MBO, the TL glow curves
and isothermal decay curves were analyzed using analytical expressions derived recently from a radi-
ative tunneling recombination model. Based on the different behavior of the two TL dosimeters, it is
suggested that the isothermal decay of TL at high temperatures can be used to discriminate between
radiative delocalized recombination and radiative localized recombination processes.

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

Magnesium borate (MgB4O7) is a host matrix of interest for
thermoluminescence (TL) dosimetry of ionizing radiation
(McKeever et al., 1995). This material has been reported since the
1980s and 1990s as being attractive for dosimetry because of its low
effective atomic number (Zeff~8.4), which implies a small photon
energy dependence (Prokic, 1980; Prokic, 1993; Prokic, 2007, 1993;
Driscoll, 1981; Furetta et al., 2000; Lochab et al., 2007). Moreover,
the possibility of developing neutron dosimeters based on these
materials has also been suggested, because of the high neutron
capture cross-section for 10B (McKeever et al., 1995; Prokic, 1993;
Price et al., 1998). Most of the literature on the TL properties of
MgB4O7 is focused on its dosimetric properties when a variety of
dopants is used.

Despite this high interest in the past, there has been no sys-
tematic study on the luminescence properties of MgB4O7. Recently
Yukihara et al. (2014a) performed a systematic study of the TL
properties of magnesium borate doped with lanthanides, in order
to elucidate the thermally stimulated and recombination processes

mailto:gkitis@auth.gr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.radmeas.2015.11.002&domain=pdf
www.sciencedirect.com/science/journal/13504487
http://www.elsevier.com/locate/radmeas
http://dx.doi.org/10.1016/j.radmeas.2015.11.002
http://dx.doi.org/10.1016/j.radmeas.2015.11.002
http://dx.doi.org/10.1016/j.radmeas.2015.11.002
https://www.researchgate.net/publication/229885081_Nanocrystalline_MgB4O7Dy_for_high_dose_measurement_of_gamma_radiation?el=1_x_8&enrichId=rgreq-83ed08b8-b1ae-4c52-bb5a-46f385a2e52f&enrichSource=Y292ZXJQYWdlOzI4Njg2Mjk0NjtBUzozMDY0ODQ3MDgwODU3NjJAMTQ1MDA4MzA1NzA4Nw==
https://www.researchgate.net/publication/229885081_Nanocrystalline_MgB4O7Dy_for_high_dose_measurement_of_gamma_radiation?el=1_x_8&enrichId=rgreq-83ed08b8-b1ae-4c52-bb5a-46f385a2e52f&enrichSource=Y292ZXJQYWdlOzI4Njg2Mjk0NjtBUzozMDY0ODQ3MDgwODU3NjJAMTQ1MDA4MzA1NzA4Nw==
https://www.researchgate.net/publication/238935865_Neutron_response_of_a_laser-heated_thermoluminescence_dosimetry_system?el=1_x_8&enrichId=rgreq-83ed08b8-b1ae-4c52-bb5a-46f385a2e52f&enrichSource=Y292ZXJQYWdlOzI4Njg2Mjk0NjtBUzozMDY0ODQ3MDgwODU3NjJAMTQ1MDA4MzA1NzA4Nw==
https://www.researchgate.net/publication/238935865_Neutron_response_of_a_laser-heated_thermoluminescence_dosimetry_system?el=1_x_8&enrichId=rgreq-83ed08b8-b1ae-4c52-bb5a-46f385a2e52f&enrichSource=Y292ZXJQYWdlOzI4Njg2Mjk0NjtBUzozMDY0ODQ3MDgwODU3NjJAMTQ1MDA4MzA1NzA4Nw==
https://www.researchgate.net/publication/262372528_Thermally_stimulated_and_recombination_processes_in_MgB4O7_investigated_by_systematic_lanthanide_doping?el=1_x_8&enrichId=rgreq-83ed08b8-b1ae-4c52-bb5a-46f385a2e52f&enrichSource=Y292ZXJQYWdlOzI4Njg2Mjk0NjtBUzozMDY0ODQ3MDgwODU3NjJAMTQ1MDA4MzA1NzA4Nw==


G. Kitis et al. / Radiation Measurements 84 (2016) 15e2516
in this material. Their results showed that different dopant were
associated with TL peaks at different temperatures, involving
different trapping mechanisms depending on the dopant element.
These results stand in good agreement with Karali et al. (2002),
who reported spectrally resolved TL curves which differ for MgB4O7
dosimeters variously dopedwith one or two rare earth (RE) dopant.
These results provided further evidence that RE ions could form
part of large complex defects, and/or long range interactions
involving the charge trapping and recombination processes in TL.

Lithium tetraborate Li2B4O7 is also a material of interest for TL
dosimetry (McKeever et al., 1995), which has attracted a great deal
of attention as a radiation resistant optical material and as a tissue-
equivalent material for radiation dosimetry (Zeff~7.25) (Park et al.,
2003; Prokic, 2001a, b). In addition, lithium borate based crystals
are convenient materials for neutron dosimetry due to the presence
of Li and B (Tiwari et al., 2010). The original undoped material had
some disadvantages like poor sensitivity, hygroscopic nature and
relatively large fading rate. To improve its sensitivity, different
dopant and preparation methods have been introduced by several
researchers (Furetta et al. (2001); Prokic (2001a, b)). Single crystals,
polycrystals and glass forms of Lithium tetraborate doped with
rare-earth, copper and manganese ions are used effectively as TL
dosimeters (Takenaga et al., 1980; Chandra and Bhatt, 1981; Kutomi
and Takeuchi, 1996; Martini et al., 1996; Prokic, 2001a). The TL
properties of Li2B4O7 tend to vary with the synthesis method,
preparation, dopant, and dopant concentrations (Wall et al., 1982).
Generally, the TL curves tend to have a low temperature peak
around 100 �C and a main dosimetric peak around 200 �C
(Takenaga et al., 1980; Wall et al., 1982; Furetta et al., 2001; Prokic,
2001a, b). In some cases, a high temperature peak around 300 �C
has been also reported (Kutomi and Takeuchi, 1986).

Both materials have regained scientific interest during the last
few years, mostly for their possible use for passive temperature
sensing using thermoluminescence (Yukihara et al., 2014a;
Yukihara et al., 2014b; Doull et al., 2013, 2014), due to their low
light sensitivity and, therefore, of potential application as a tem-
perature sensor.

Among the various methods used to evaluate the kinetic pa-
rameters of a trap responsible for a TL glow-peak is the isothermal
decay method (Chen and McKeever, 1997). There are two
commonly used experimental versions of the isothermal decay
technique. The first version is the residual isothermal decay
method (RID) in which the irradiated sample is post irradiation
annealed in a furnace and then the residual TL glow-curve is
measured. The second version is the prompt isothermal decay (PID)
inwhich TL is measured directly while the sample is held at a stable
temperature in the TL reader. The basic measured parameter in an
isothermal experiment is the thermal decay constant l¼1/t, where
t represents the thermal lifetime. According to standard TL models
involving delocalized transitions, in the case of first order kinetics
the parameter l is expected to vary exponentially with the sample
temperature T, according to l¼s exp(�E/KT). In this expression s is
the frequency factor, E is the thermal activation energy and T is the
absolute temperature of the sample.

In a recent study Sfampa et al. (2014) reported a PID study of
Durango apatite, which is a material exhibiting strong anomalous
fading (AF). AF consists of the anomalous loss of TL and optically
stimulated luminescence (OSL) signals after irradiation, which
contradicts the predictions of standard luminescence kinetic the-
ory, and is commonly attributed to a quantum tunneling effect
(Wintle, 1977; Visocekas et al., 1976; Kitis et al., 1991). Sfampa et al.
(2014) reported that the decay constant l of the PID curves in
Durango apatite was practically independent of isothermal tem-
perature T, instead of the strong dependence expected from stan-
dard delocalized kinetic models. These authors analyzed
successfully the PID curves of their experiment using analytical
expressions for PID derived by Kitis and Pagonis (2013). These
analytical expressions were based on the recently developed
tunneling kinetic model of Jain et al. (2012).

The PID results of Sfampa et al. (2014) confirmed the prevalence
of radiative tunneling recombination processes in Durango apatite.
It is interesting to investigate whether this behavior is restricted in
Durango apatite, or whether it exists in other natural material like
feldspars, which also suffer from AF effects. Equally interesting is to
investigate if a similar PID behavior exists in synthetic TL
dosimeters.

The aims of this work are to investigate the behavior of PID
signals in MgB4O7:Dy, Na and LiB4O7:Cu, In dosimeters, and to
examine whether the PID behavior can be used to discriminate
between delocalized radiative recombination and localized radia-
tive tunneling recombination processes.

2. Experimental procedure

2.1. Sample details

The samples used in these experiments were MgB4O7:Dy,Na
(hereafter termed as MBO) and LiB4O7:Cu,In (hereafter termed as
LBO) obtained from the same production batch used by Furetta
et al. (2000) and Kitis et al. (2000). Furetta et al. (2000) pre-
sented a complete dosimetric characterization of these materials,
whereas Kitis et al. (2000) determined their characteristic kinetic
parameters.

2.2. Apparatus and measurement conditions

TL measurements were carried out using a Risø TL/OSL reader
(model TL/OSLeDAe15), equipped with a 90Sr/90Y beta particle
source, delivering a nominal dose rate of 0.105 Gy/s. A 9635QA
photomultiplier tube with a combination of Pilkington HA-3 heat
absorbing and Corning 7-59 (320e440 nm) blue filter were used for
light detection. All measurements were performed in a nitrogen
atmosphere with a low constant heating rate of 2 �C/s, in order to
avoid significant temperature lag, and the samples were heated up
to the maximum temperature of 350 �C.

The PID method of isothermal luminescence is used in all ex-
periments described in the present work.

2.3. Experimental protocols

The experimental procedure for the PID study of TL was per-
formed according to the following protocol.

� Step 0: Test dose and TL measurement up to T ¼ 350 �C for LBO
and T ¼ 450 �C for MBO at 2 �C/s.

� Step 1: The previously annealed aliquot is irradiated with a test
dose TD ¼ 1 Gy, in order to populate the traps and centers.

� Step 2: TL measurement up to a temperature Tdec at 2 �C/s. The
sample is left to decay thermally for 500 s at this temperature,
and the isothermal decay signal is measured.

� Step 3: After the end of the decay period, the sample is cooled
down to room temperature.

� Step 4: TL measurement at 2 �C/s in order to obtain the residual
TL glow curve (R-TL).

� Step 5: Repeat steps 1e4 for a new decay temperature Tdec.
� Step 6: Repeat step 0.

The peak maximum temperature (Tm) of LBO is 200 �C, whereas
the corresponding value of Tm for MBO is 190 �C. In the case of LBO
the sample was pre-heated before step 2 at 2 �C/s, up to a
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temperature of 150 �C, in order to erase a low temperature peak
present in the data.

For both LBO andMBO the lowest isothermal decay temperature
Tdec was 90 �C, and the highest value of Tdec was 170 �C, i.e ~
20e30 �C below the Tm. Higher Tdec values were avoided for the
following reasons:

(a) The percentage of trapped electrons thermally released
during the TL readout up to Tdec must be kept in a relatively
low level, in order for the isothermal decay to represent
accurately the decay of the population of trapped electrons.

(b) The thermal decay constant l is expected to depend very
strongly on the isothermal temperature Tdec, so that at
temperatures close to or higher than the peak maximum
temperature Tm the isothermal decay will become extremely
short lived and difficult to measure.

The positions of the prompt isothermal TL decay temperatures
Tdec on the glow-curve of each dosimeter can be seen in Fig. 1.

The protocol run in single aliquot mode for both materials. Step
0 and step 6 measure the initial and final sensitivity of each sample.
The sensitivity tests in steps 0 and 6 were also applied two more
times after the Tdec s of 120 and 150 �C. In all cases the results
verified the already known excellent stability of these materials
(Furetta et al., 2000; Kitis et al., 2000) to repeated irradiationeTL
readout cycles. Negligible sensitivity changes were observed for all
samples.
3. Preliminary remarks

The results obtained in the present work show appreciable
Fig. 1. Residual TL glow-curves of LBO and MBO after prompt isothermal decay for
500 s at the temperatures shown by the arrows. The perpendicular bars show the
position of the decay temperatures on the first R-TL glow curve.
differences between the two dosimeters. Fig. 1 shows the residual
TL (R-TL) glow curves measured after prompt isothermal decay at
various decay temperatures Tdec, which are noted as perpendicular
bars along the first R-TL glow-curve. It is clear that the R-TL glow-
curves for LBO decrease as a function of Tdec, in a manner very
different from that of MBO. Specifically, as the isothermal decay
temperature Tdec is increased, the R-TL glow-curves for MBO shift
systematically towards higher temperatures, while the higher
temperature part of the glow curves remains unchanged. This
behavior is exactly similar to that reported by Pagonis et al. (2014)
and Sfampa et al. (2015) for feldspar, which are materials exhibiting
the anomalous fading effect. Furthermore, such a behavior is pre-
dicted by the localized tunneling recombinationmodel by Jain et al.
(2012) proposed to explain the anomalous fading in feldspar. By
contrast, the R-TL glow curves for LBO in upper Fig. 1 retain their
shape as Tdec is increased, and there is no systematic shift of the
peakmaximum. This behavior of LBO glow curves is consistent with
standard kinetic models of TL.

However, the differences between the two materials become
evenmore prominent in their PID curves shown in Fig. 2. According
to the standard kinetic models the decay constant of the PID curves
depends exponentially on the Tdec. In the case of LBO the PID curves
seem to fulfill this property, because they show a strong depen-
dence of the PID rate on Tdec. As Tdec is increased, the isothermal
decay signals for LBO decrease by about two orders of magnitude.
On the other hand the decay rates of the PID curves of MBO in Fig. 2
are negligible within a broad region of temperatures Tdec. Therefore,
they do not follow the predictions of standard TL kinetic theory. As
Tdec is increased, the isothermal decay signals for MBO decrease
slightly above one order of magnitude. Furthermore, the experi-
mental behavior of PID curves of MBO is exactly similar to the
Fig. 2. Series of prompt isothermal decay curves of LBO samples (upper figure) and
MBO samples (lower figure), for a broad region of decay temperatures.
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recently reported PID results on Durango apatite, which exhibits
strong anomalous fading, obtained by Sfampa et al. (2014), using
the same exactly protocol as in the present work. Concerning the
fading of different batches of MBO dosimeters at room tempera-
ture, it was found to be 10% in three months by Furetta et al. (2000)
and 40% in fifteen days by Furetta et al. (1999).

From these preliminary remarks based on Figs. 1 and 2, it
became clear that since the standard kinetic models can not predict
the non-exponential dependence of the PID curves of MBO on Tdec,
alternative models should be considered for analysis of MBO
experimental data. The detailed methods of analysis used in this
work will be described in the next section.

4. Methods of analysis

The following three different types of analytical expressions
have been used in the present work to analyze the experimental
results:

1. The TL glow curves and isothermal decay curves (PID) for LBO
were analyzed by assuming that the TL and isothermal decay
processes follow standard general order kinetics. These equa-
tions are presented in Section 4.1.

2. As a further check of the results obtained using general order
kinetics, the experimental data for LBOwere also analyzed using
analytical expressions for TL and PID, which were derived from
the solution of the system of differential equations for the one
trap one recombination center model (OTOR) (Kitis and Vlachos,
2012). These equations are described in Section 4.2.

3. In the case of MBO it was found that standard general order
kinetics could not describe the experimental data. In this ma-
terial the experimental data were analyzed using analytical
expressions for TL and PID derived from the model by Jain et al.
(2012). These equations are described in Section 4.3.

It must be noted that in this paper the term delocalized model
represents only the OTORmodel, and not tomore advancedmodels
like the interactive or non interactive multitrap system models
(IMTS and NMTS models correspondingly). Similarly, the term
localized model in this paper represents only the localized
tunneling recombination model by Jain et al. (2012).

4.1. TL and PID expressions based on general order kinetics (GOK)

The experimental TL glow-curves were fitted using the well-
known general order kinetic equation by May and Partridge
(1964), in the form proposed by Kitis et al. (1998) (see for
example Chen and McKeever (1997)). In the case of general order
kinetics, Kitis et al. (1998) derived the following expression:
IðTÞ ¼ Imb
b
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In this expression E is the activation energy (in eV), T the tem-
perature (in K), k the Boltzmann constant (eV K�1), Im themaximum
intensity of the glow peak, Tm the temperature at peak maximum
(in K). b is the kinetic order of the TL process, D ¼ 2kT/E and
Zm ¼ 1þ(b�1)2kTm/E. The advantage of using these equations to
describe the TL glow curve is that they involve two quantities,
which are measured experimentally, namely the maximum TL in-
tensity and the corresponding temperature (Im and Tm). The acti-
vation energy E and the kinetic order b are treated in these
expressions and during the computerized fitting procedure as
adjustable parameters.

The experimental PID curves were analyzed using the following
general order kinetics expression for isothermal TL (Chen and
McKeever (1997)):

IðtÞ ¼ I0

�
1þ ðb� 1Þt

t

�� b
b�1

; bs1: (2)

where I(t) is the intensity of the luminescence signal as a function
of time, t¼1/l (s) is the lifetime for isothermal decay, and b is the
order of kinetics. The kinetic order b was left to vary freely in the
region 1.053b32.05.
4.2. TL and PID expressions based on the solution of the OTOR
model

The case of general order kinetics can be considered as an
empirical approach to the elementary OTOR model (see for
example the recent work by Sadek et al. (2015)). These authors
found that for retrapping coefficients An lower than the recombi-
nation coefficient Am (An&Am), the greatest deviation between
OTOR generated TL peaks and general order kinetics is less than 4%
of the TL intensity at all temperatures along the glow curve. This 4%
theoretical deviation between these OTOR cases and GOK is rather
small, so the empirical general order expression has shown to be
very effective in analyzing experimental TL glow-curves. However,
in cases where An > Am, it was found that general order kinetics fails
in most cases to describe an OTOR generated TL peak.

Recent work by Kitis and Vlachos (2012) showed that analytical
solutions of the system of differential equations for the OTOR sys-
tem can be obtained by using the Lambert function W(z). The ex-
pressions derived by Kitis and Vlachos (2012) are advantageous,
because the analytical solution of the OTOR model gives a general
equation which can describe many commonly used stimulation
modes for luminescence signals. Specifically these authors found
that the same equations can describe TL, isothermal TL, continuous
wave optical stimulated luminescence (CW-OSL), linearly modu-
lated OSL (LM-OSL), and TL measured using variable heating rates
(as for example in the case of the exponential heating rate used in
stable temperature hot gas TL readers).

The original equation derived by Kitis and Vlachos (2012) as a
solution of the OTOR model is:

IðTÞ ¼ N R

ð1� RÞ2
pðt; TÞ

WðzÞ þWðzÞ2
(3)
where N is the total concentration of trapping states andW(z) is the
LambertW function (Corless et al., 1996), and R¼ An/Amwith An, Am

being the retrapping and recombination coefficients correspond-
ingly. As discussed by Kitis and Vlachos (2012) and by Sadek et al.
(2015), this equation is most useful for fitting experimental data
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for cases R < 1. The function p(t,T) in Eq. (3) describes the stimu-
lation mode used during the experiments, which for the case of TL
is p(T)¼sexp(�E/kT).

The argument z of the Lambert function W(z) for the case of TL
is:

z ¼ exp

0
B@R
e
1� R� ln

�
1� R
R

�
s

bð1� RÞ
ZT
T0

e�
E
kTdT

1
CA (4)

In the case of TL the original Eq. (3) was transformed by Sadek
et al. (2015), so that the parameters N and s were replaced by the
maximum TL intensity of the peak Im and by the temperature of the
peak maximum Tm. This is a very useful substitution, since these
two quantities Im and Tm can be obtained directly and accurately
from the experimental TL glow curves.

The final equation given by Sadek et al. (2015) is:
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where z is now approximated by the expression:

z ¼ exp
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and zm is the value of z for T ¼ Tm.
Equations (5) and (6) are the analytical equations used to fit the

experimental TL glow curves, with the two adjustable fitting pa-
rameters being the activation energy E and the ratio R (with R < 1).

The function F(T,E) in this expression is the exponential integral
appearing in TLmodels and is expressed in terms of the exponential
integral function Ei[�E/k T] as (Chen and McKeever, 1997; Kitis
et al., 2006):

FðT ; EÞ ¼
ZT
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For the case of PID experiments the function p(t,T) in Eq. (3) is
given by p(t)¼l¼sexp(�E/kTdec), where Tdec is the isothermal decay
temperature. The argument z of the Lambert W(z) function for PID
processes takes the form:

z ¼ exp
�

R
1� R
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�
1� R
R

�
þ l t
1� R

�
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Equations (3) and (8) are the analytical equations used to fit the
experimental PID glow curves, with the two adjustable fitting pa-
rameters being the decay constant l and the ratio R (with R < 1).

The application of the Lambert function W(z) is quite compli-
cated when one has to use analytical approximations for it (Kitis
and Vlachos, 2012). On the other hand its application is very sim-
ple in software packages (for example MATHEMATICA, MATLAB)
which contain it as a built-in function, similar to any other tran-
scendental function like sine, cosine etc. In the present work the
ROOT data Analysis Framework was used (ROOT, 2015). All fittings
were performed using the MINUIT program (MINUIT, 2015)
released in ROOT, which is a physics analysis tool for function
minimization. The Lambert function W(z) and the exponential in-
tegral function Ei[�E/kT] are implemented in ROOT through the
GNU scientific library (GNU GSL) (GNU, 2015).
4.3. TL and PID expressions based on the localized tunneling model
by Jain et al. (2012)

The PID curves for sample MBO shown in Fig. 2 show charac-
teristics, which are very similar to those observed in Durango
apatite by Sfampa et al. (2014). These authors found that the PID
decay constant l did not follow the expected exponential depen-
dence as a function of the decay temperature Tdec, and used a
different approach based on a localized tunneling recombination
model (Jain et al., 2012; Kitis and Pagonis, 2013). The same model
will be used in this paper to analyze the PID curves for the MBO.

Jain et al. (2012) presented a new general kinetic model which
quantifies localized electronic recombination of donor-acceptor
pairs in luminescent materials. The main physical assumption in
the model is the presence of a random distribution of hole traps in
the luminescent volume, and an associated range of random
nearest-neighbor recombination probabilities. Stimulated recom-
bination takes place only via the excited state of the electron trap,
by either optical or thermal stimulation. The concentration of holes
is assumed to be much larger than the concentration of electron
traps, and an electron can tunnel only to its nearest hole.

Recently, Kitis and Pagonis (2013) obtained analytical solutions
of the set of differential equations in the model of Jain et al. (2012)
by using certain mathematical and physical simplifications. These
authors presented analytical expressions describing thermally and
optically stimulated luminescence signals within this model. The
following analytical equation for TL glow curves was derived by
Kitis and Pagonis (2013), within the framework of the tunneling
recombination model by Jain et al. (2012):

LðTÞ ¼ 3n0r
0zse�

E
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where the function F(T) for TL processes is given by
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In these equations n0 is the initial concentration of trapped
electrons, z a constant, E the activation energy, s the frequency
factor, k is the Boltzmann constant, r0 a dimensionless parameter
representing the normalized donor-acceptor density and T the
temperature of the sample given by T ¼ Toþbt for an experiment
carried out with a linear heating rate b.

The application of Eq. (9) in fitting experimental data depends
strongly on the initial values of its free parameters. Kitis and
Pagonis (2014) transformed it as in the case of Eq. (5), i.e they
replaced the initial parameters n0 and s by the experimentally
known quantities Im and Tm. The transformed equation given by
Kitis and Pagonis (2014) is:
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with the function F(T) given by Equation
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and Fm is the value of F(T) at T ¼ Tm. The parameters fm and Fm are
related to each other by the equation:

Fm ¼ ln
�
1þ 1

fm
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1� 2kTm

E
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(13)



Fig. 3. CGCD analysis of TL glow-curve for LBO using general order kinetics Eq. (1) and
the expression Eq. (5) based on the OTOR solution. Both equations gave excellent fit.
The figure contains the main TL peak resulting from both equations. The differences
between the two expressions are restricted at the high temperature end of the glow-
peak indicated by the arrows. Arrow (a) represent general order kinetics and arrow (b)
represents the OTOR solution function.
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Eq. (11) is the fitting equation used to fit PID curves in the
localized model, with the free fitting parameters E and fm (or Fm ),
and with the quantities Im, Tm known from the experimental data.
The exact procedure for fitting experimental TL glow curves with
these analytical equations is given in Kitis and Pagonis (2014).
Although this equation seems more complicated than the original
Eq. (9), it has been proved to be extremely powerful in analyzing
experimental TL glow-curves (see for example Pagonis et al. (2014)
for analysis of experimental TL glow curves in feldspars).

Using the condition for the TL maximum, Kitis and Pagonis
(2014) obtained the following expression for the dimensionless
density parameter r0:

r0 ¼ fmFmeFm � Fm þ 2
3F3m

(14)

For the case of PID curves, the corresponding equation for the
isothermal intensity was given by Kitis and Pagonis (2013):

LðtÞ ¼ 3 n0r0FðtÞ2 e�r0ðFðtÞÞ3

1þ z l t
(15)

with

FðtÞ ¼ lnð1þ z l tÞ (16)

This is the equation used to fit the PID curves for sample MBO,
and the free fitting parameters are the isothermal decay constant l
and the dimensionless density parameterr0.
5. Results and discussion

In the present work all experimental results were analyzed us-
ing a computerized glow curve deconvolution (CGCD) procedure
using the MINUIT program (MINUIT, 2015), which is a physics
analysis tool for function minimization, released in ROOT (ROOT,
2015).

The goodness of fit was tested using the figure of merit (FOM)
(Balian and Eddy, 1977) which is given by

FOM ¼
X
i



YExper: � YFit




A
; (17)

where YExper. is the experimental glow-curves, YFit the fitted glow
curves and A is the area of the fitted glow-curves.
Fig. 4. Activation energies of the main peak of LBO evaluated using the initial rise
method, the CGCD analysis using general order kinetics and the CGCD analysis using
OTOR solution function.
5.1. LBO

5.1.1. Analysis of residual-TL glow curves (R-TL)
The TL glow-curve of LBO was analyzed by Kitis et al. (2000)

using a two step procedure. In the first step the glow-curve was
analyzed, with the goal to achieve the best fit with the lowest
possible number of TL peaks. In the second step the analysis of the
TL glow-curve was based on activation energy values obtained by
the Tstop-Tmax method, and also from the variable heating rate
method (VHR). In the case of LBO only minor differences were
observed between the two steps. It must be noted that during the
VHR method it was found that the integrated signal of the main
peak was increased by a factor of two by varying the heating rate
between 1 and 20 �C/s.

All R-TL glow-curves shown in Fig.1 were deconvolved using the
general order kinetics Eq. (1) (Kitis et al., 1998), as well as Eq. (5),
which is based on the OTOR solution using the LambertW function.
An example of a deconvolved TL glow-curve of LBO is shown in
Fig. 3. This figure has to be explained inmore detail. First of all, both
the general order kinetics Eq. (1), as well as the alternative Eq. (5)
derived from the OTOR solution, gave excellent fits to the experi-
mental glow-curves, with FOM values of around 1%. For comparison
reasons, the figure shows the analysis of the main peak using both
types of equations. Arrow (a) shows the result from the general
order equation, whereas arrow (b) shows the result using the
equation based on the solution of the OTORmodel. As it seen in this
figure, Eq. (1) and Eq. (5) differ only at the very high temperature
part of the glow peak, with the general order peak tending much
faster to zero. It must be noted that this situation is exactly similar
with the results obtained from a comparison between general or-
der and mixed order kinetics reported by Kitis et al. (2000).

The activation energy E of the main TL peak was evaluated by
application of three differentmethods: by the initial rise method on
the rising part of the R-TL glow-curves, by the CGCD analysis using
the GOK Eq. (1), and by using the OTOR solution Eq. (5). The
resulting values from these three types of analysis are shown in
Fig. 4, with all three methods giving very similar E-values.

The kinetic order obtained from the fit using the general order
equation was b ¼ 1.16 ± 0.014, whereas the parameter R resulting
from the fit with Eq. (5) was R ¼ An/Am ¼ 0.11 ± 0.02. These values
of b and R correspond to the shape of a TL peak very close to first



Fig. 6. Analysis of isothermal decay data for LBO. The kinetics order b is obtained from
the general order isothermal expression Eq. (2), and the parameter R¼An/Am is ob-
tained from the OTOR solution Eq. (5), as a function of the decay temperature.

Fig. 7. Evaluation of the activation energy of the main TL peak of LBO using the values
of t resulting from the analysis of the PID curves using general order kinetics and OTOR
solution equations. The activation energy is evaluated from the slope of ln(t) versus 1/
kTdec plot.
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order kinetics.
Concerning the second TL peak around 250 �C, the mean values

of the fitting parameters from the CGCD analysis are: (a) General
ordermethod: Tm¼ 244± 0.5 �C, E¼ 1.44± 0.05 eV and b¼ 1.3 ± 0.1
(b) OTOR solution method: Tm ¼ 245 ± 0.5 �C, E ¼ 1.54 ± 0.1 eV and
R ¼ 0.13 ± 0.04. The net conclusion is that there is excellent
agreement between the conventional method based on general
order kinetics, and the TL peak expressions based on the OTOR
solution function.

The kinetic parameters of the third TL peak around 285 �C are
not given, due to the very low statistics of this peak relative to the
other two.

All attempts to fit the R-TL glow-curves of LBO using the TL
tunneling expression Eq. (11), failed. This was expected, because
the shape of the experimental TL glow curves for LBO are very close
to first order kinetics, while the lowest symmetry factor (mg) pre-
dicted by Eq. (11) is greater than 0.52 (Kitis and Pagonis, 2014),
which corresponds to a kinetic order value of b ¼ 2.

5.1.2. Analysis of PID curves
An example of a PID curve for LBO analyzed using the GOK Eq.

(2) and also with Eqs. (3) and (8) based on the OTOR solution
function, is shown in Fig. 5. Both equations gave identical fits. The
values of the kinetic order b and the parameter R are shown in
Fig. 6. At low PID temperatures the statistics are very poor, so an
accurate evaluation of the kinetic parameters is not possible. This is
the reason that the kinetic order b and parameter R do not follow
the same trend, since the kinetics order tends steadily to the value
of second order. However, for PID temperatures above 130 �C the
fitting provides accurate values of the kinetic order b and of the
parameter R, so Fig. 6 shows clearly that these two parameters
follow an identical evolution as a function of the isothermal decay
temperature.

The values of the lifetime t evaluated from fitting all PID curves,
allow the evaluation of the activation energy from the slope of the
ln(t) versus 1/kTdec plot shown in Fig. 7. As it is seen, the t values
from general order kinetics and from Eqs. (3) and (8) using the
OTOR solution function coincide for PID temperatures above 120 �C.
The resulting value of the activation energy from both plots is
E ¼ 1.17 ± 0.01 eV, which is very close to the values shown in Fig. 4.
All these activation energy values are also in close agreement with
the values reported by Kitis et al. (2000).

All attempts to fit the PID curves of LBO using the tunneling Eq.
(15) failed. In conclusion, the experimental data for LBO has been
shown to be in good agreement with the predictions of the
Fig. 5. An example of a PID curve for LBO analyzed using the GOK Eq. (2) and also with
Eqs (3) and (8) based on the OTOR solution function. Both equations gave identical fits.
The analysis gives the values of t¼s�1 exp(E/kTd) as a function of decay temperature
Tdec, which were used to evaluate the activation energy using PID method (see Fig. 7).
standard kinetic theory of TL. Furthermore, very good agreement is
obtained between the parameters obtained by analyzing PID TL
curves and by fitting TL glow curves.
5.2. MBO

5.2.1. Analysis of R-TL glow curves
The TL glow-curve of MBO was analyzed by Kitis et al. (2000)

using a two step procedure. In the first step the glow-curve was
analyzed, with the goal of achieving the best fit with the lowest
possible number of TL peaks. In the second step the analysis of the
TL glow-curve was based on activation energy values obtained by
the Tstop-Tmax method and by the variable heating rate method
(VHR). During the VHR method it was found that the integrated
signal of the main peak was decreased by less that 10% between the
heating rates of 1 and 20 �C/s. In the case of this material (MgB4
O7:Dy,Na) important differences were observed between the two
steps. In the first step the main peak was approached as a single
general order TL peak, and the result was a poor fit. In the second
step based on the results of the Tstop-Tmax method, five peaks were
used to obtained a very good fit of the main TL peak.

In the present study a CGCD analysis will be applied to MBO
glow-curves looking for the best fit with the lowest possible
number of TL peaks, i.e. by following the first method presented in
Kitis et al. (2000). The aim of the present work is different from the



Fig. 8. Comparison of the CGCD analysis of the TL glow-curve of MBO using general
order kinetics (upper figure) and the tunneling expression given by Eq. (11) (lower
figure). The residuals of both fitting evaluated through 100*(TLexp.�TLfit.)/TLexp. are
shown in the down figure. The x symbol represents the fit with general order whereas
the þ symbol represents the fit with tunneling equations. It is clear that the fitting
using the tunneling equation is superior than that of the general order equation.

Fig. 9. Activation energies of the main TL peak of MBO evaluated from the initial rise
method and CGCD analysis using the tunneling Eq. (11).
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older work on these materials, and includes a comparison between
TL analytical equations originating from delocalized and localized
recombination models.

The CGCD analysis of the TL glow-curves of MBO was attempted
using three different TL peak expressions. The upper part of Fig. 8 is
an example of a fit using either conventional general order kinetics
(Kitis et al., 1998), or by using the OTOR solution expression given
by Eq. (5). Both expressions gave identical results, but both of them
failed to fit the glow-curve using a single TL peak in the tempera-
ture region of the main peak centered at 190 �C. The example glow-
curve corresponds to the R-TL glow-curve measured after the PID
measurement at 95 �C. The FOM values are ~ 6%. The fitting of the R-
TL glow-curves obtained at higher PID temperatures gave again
FOM values greater than 6%.
After the fitting failure of these TL expressions obtained from
the standard TL kinetic models, all R-TL glow-curves were fitted
using the TL peak expression given by Eq. (11), which is derived
from the localized tunneling model of Jain et al. (2012). A fitting
example is shown in the middle part of Fig. 8. The FOM values
obtained were in the range 0.8e1.5%, which are obviously highly
improved relative to the FOM of about 6% obtained by using general
order kinetics and by using the OTOR solution expression Eq. (5).
The improvement becomes more clear by the comparison of the
fitting residuals from the two methods shown in the lower Fig. 8.

The activation energy of the main peak was evaluated as in the
case of LBO, by applying the initial rise method on the rising part of
the R-TL glow-curves. It is also evaluated from CGCD analysis using
Eq. (11). Both sets of values are shown in Fig. 9. As it is seen, the
values obtained by the initial rise method are about 10% higher. It is
not clear what causes this 10% discrepancy, and it is conceivable
that it is due to systematic errors introduced by the least squares
fitting routines.

In the framework of the model by Jain et al. (2012), the values of
the parameter r0 shown in Fig. 10 are of special importance. Basi-
cally, the model by Jain et al. (2012) requires this parameter to be
constant. Fig.10 shows that this requirement is more or less fulfilled
up to a Tdec of 140 �C, and that the value of r0 increases at higher
decay temperatures Tdec. The horizontal straight linewith error bars
corresponds to the mean value and its standard deviation, i.e.
r0 ¼ 0.01 ± 0.002, and provides an indication of the range within
which this parameter can be considered a constant.

Concerning the second TL peak around 355 �C, the mean values
of the trapping parameters resulting from CGCD analysis of all R-TL
glow-curves are: E ¼ 1.31 ±0.06 eV, Tm ¼ 351 ± 1 �C and
r0¼0.023 ± 0.002.
5.2.2. Analysis of PID curves with general order kinetics Eq. (2) and
with the OTOR Eqs. (3) and (8)

The analysis of PID curves for MBO samples requires two
isothermal components for an acceptable fit. All PID curves were
fitted using (a) general order kinetic Eq. 2, (b) OTOR equation Eqs.
(3) and (8) and (c) the tunneling Eq. (15). Fitting examples for the
first two methods are shown in Fig. 11, and in all cases the fits were
excellent. Furthermore, in the case of PID curves for Tdec above
110 �C (when the statistics becomes satisfactory), the FOM values
dropped down below 1%.

The values of the fitting parameters are:
Component 1: Mean value of kinetic parameters for Tdec be-

tween 100 and 170 �C (a) using general order kinetics, t ¼ 62 ± 5 s
and b ¼ 1.93 ± 1.15. (b) using Eqs. (3) and (8), t¼62.±7 s and



Fig. 10. The value of the parameter r0 of the main TL peak of MBO resulting from the
CGCD analysis using Eq. (11). The horizontal straight line with error bars corresponds
to the mean value and its standard deviation r0 ¼ 0.01 ± 0.002.

Fig. 11. Examples of component resolved PID curves of MBO analyzed using the
general order kinetics Eq. (2) (upper figure), by the OTOR solution Eqs (3) and (8)
(middle figure), and by the localized tunneling recombination model Eq. (15) (lower
figure).
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R ¼ 0.81 ± 0.04. Therefore, the two methods of analysis gave
essentially the same results.

Component 2: This component becomes appreciable for
Tdec > 125 �C. In the PID temperature region 125e170 �C, the
Arrhenius plot of ln(t) versus 1/kTdec was a very good straight line
with its slope representing the activation energy, i.e. (a) general
order kinetics Eq. (2): E ¼ 0.37 ± 0.02 eV and (b) OTOR Eqs. (3) and
(8): E ¼ 0.35 ± 0.01 eV.

The conclusions are:
Conclusion 1: The complete independence of the value of t from

on temperature for the first component verifies the preliminary
remarks in Section 3. This is a result in complete disagreement with
the standard kinetic models. Note the value of t¼62 ± 5 s.

Conclusion 2: The t of the second component shows a veryweak
dependence on temperature, which, however, is far from that ex-
pected according to the standard kinetic models. However, the
standard kinetic models gave the correct E value in the case of LBO,
as discussed in Section 5.1.2.

5.2.3. Analysis of PID with the tunneling model Eq. 15
The results of fitting the PID curves using the tunneling Eq. (15)

are shown at the lower part of Fig. 11, and can be summarized as
follows:

Component 1. As in the case of the empirical general order ki-
netics and Eqs. (3) and (8) presented above, the lifetime does not
show any temperature dependence on Tdec interval between 100
and 150 �C. Its mean value is found at t¼0.38±0.03 s sec. However,
at the highest Tdec region and specifically between 140 and 170 �C,
the lifetime becomes temperature dependent. The Arrhenius plot of
ln(t) versus 1/kTdec was a very good straight line with
slope E¼ 0.34 ± 0.04 eV.

Component 2. The lifetime does not show any temperature
dependence in the interval of Tdec between 100 and 150 �C, and its
mean value is t¼ 6.4 ± 1.05 s. However, at the highest Tdec values in
the interval between 140 and 170 �C the lifetime becomes tem-
perature dependent. The Arrhenius plot of ln(t) versus 1/kTdecwas a
very good straight line with slope E ¼ 0.35 ± 0.04 eV.

The conclusions from these results are summarized as follows:
Conclusion 1: Both components have a temperature indepen-

dent tunneling lifetime t, for a broad range of temperatures Tdec.
Conclusion 2: Both components show a weak temperature

dependent lifetime t at isothermal temperatures higher than
140 �C.

Conclusion 3: The tunneling lifetimes of 0.38 s and 6.4 s are
much lower that the corresponding lifetime of 62 s from standard
kinetic models presented in the previous Section 5.2.2.
Conclusion 4: The same activation energy of around 0.35 eV is
obtained from both OTOR and tunneling models, despite the very
different mathematical expressions used to analyze the PID curves.

Based on the conclusions of Sections 5.2.2 And 5.2.3, it is sug-
gested that the behavior of the PID curves of MBO can be explained
on the basis of the relative values of the tunneling lifetimes from
localized tunneling recombination model, and the thermal life-
times obtained from the delocalized recombination OTOR model.
The tunneling lifetimes of 0.38 s and 6.4 s are very low compared
with thermal lifetime of 62 s of the first component. In fact thermal
lifetimes of the order of 6.4 s exist only for temperatures greater
than the peak maximum temperature Tmax, which for MBO is
around 200 �C (473 K). However, this argument has to be verified.

The previous argument can be easily verified by a simple
simulation taking into account that from a theoretical point of view,
there is an infinite number of (E,s) pairs corresponding to the Tmax
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of 200 �C. A simulation was carried out which searched for (E,s)
pairs which would yield a glow peak maximum Tmax at 200± 2 �C,
with the heating rate of 2 �C/s used in the present work. The search
was performed in the intervals E[0.8e1.8] eV and s[108 � 1018]s�1.
The simulation was run for kinetics order b ¼ 1.05 and b ¼ 2,
resulting in 48 (E,s) pairs for each value of b. The values of tmax for
b ¼ 2 were 10.6 s for the lowest possible (E,s) pair (0.9 eV � 1.1
109 s�1), and 5.7 s for the highest possible (E,s) pair (1.75 eV � 8.9
1017 s�1). The corresponding values for b ¼ 1.05 were by about 10%
lower.

Therefore, the thermal lifetimes at the decay temperatures used
in the present work (see Fig. 1), are by one and two orders of
magnitude greater than the tunneling lifetime of 0.38 s and 6.4 s
obtained in this work.

During thermal excitation at a stable temperature the electrons
can be either excited to a higher energy level without escaping from
the trap, or can escape from the trap into the conduction band, and
subsequently they recombine in a luminescence center. When the
trap to luminescence center distance is large, only a delocalized
transition is observed. However, when the trap to luminescence
center distance is small, then a tunneling recombination from the
excited state is possible. According to the results of the present
work, the trap to luminescence center distance in MBO favors the
tunneling recombination. In fact the delocalized behavior is
completely absent for decay temperatures up to 140 �C. Above
150 �C the thermal lifetime remains still higher than the tunneling
lifetimes, but it becomes of the order of the tunneling lifetime of
the second component. This change causes the experimentally
observed weak dependence of the lifetimes on the decay temper-
ature Tdec.

The behavior of the dimensionless density parameter r0, which
is very important in the model by Jain et al. (2012), is shown in
Fig. 12 for both components (C1 and C2). The very low value r0 ob-
tained for component C2 is probably due to the poor statistics of this
component up to a PID temperature of 130 �C. The horizontal
straight line with error bars corresponding to the mean value of C1
and its standard deviation, i.e. r0 ¼ 0.0052± 0.0025, shows again the
range within which this parameter can be considered as constant.

6. Concluding remarks

The conclusions of the present work can be summarized as
follows:

� Both the TL glow-curves and the PID curves of LBO data are very
well described by either the general order expressions
Fig. 12. The values of the parameter r0 for the two components of the PID curve of
MBO. The horizontal straight line with error bars corresponds to the mean value and
its standard deviation r0 ¼ 0.0052 ± 0.0025.
representing delocalized radiation transitions, or by the recently
developed equations Eq. (5) based on the Lambert function.

� The value of the activation energy resulting from the PID anal-
ysis of LBO data, agrees very well with the values obtained by
initial rise and CGCD methods of analysis of TL glow curves.

� Both the TL glow-curves and the PID curves of MBO are poorly
described by either the analytical general order expression, or
by the expression based on the OTOR solution function.

� Both the TL glow-curves and the PID curves of MBO are verywell
described by the tunneling expressions representing localized
radiative transitions given by Eq. (11) and Eq. (15).

� The values of the activation energy derived from the isothermal
analysis of MBO are 10% lower than the values obtained by the
initial rise and CGCD methods.

The experimental data for MBO in this paper were analyzed
using the model by Jain et al. (2012). However, previous research
has shown that band-tail states exist in materials like feldspars and
that they play an important role in the production of luminescence
signals in these materials. The model by Jain et al. (2012) used in
this paper ignores these band-tail states, from which the electrons
can recombine with holes via thermal hopping or tunneling (Li and
Li (2013); Poolton et al. (2009, 2002a, 2002b)).

It is also noted that in a recent comparative study of several
luminescence models for feldspars, Guralnik et al. (2015) discussed
three luminescence models for feldspars, and tested these models
against isothermal and dose response experimental data. They
concluded that all models can provide a reasonable description of
the experimental data for their samples.

Based on the different behavior of the isothermal signals of the
two dosimeters, it is suggested that isothermal studies of TL at high
temperatures can be used to distinguish between materials whose
luminescence obey either transitions involving delocalized kinetics,
or transitions based on localized recombination processes.
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