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A B S T R A C T

Magnesium borate (MgB4O7) is a material of interest for thermoluminescence (TL) dosimetry of ionizing ra-
diation, due to its low photon energy dependence and the possibility of developing neutron dosimeters, and its
potential as a temperature sensor in passive temperature sensing applications. Recent experimental and mod-
eling work has shown that TL glow curves and isothermal luminescence signals in MgB4O7:Dy,Na can be ana-
lyzed using a radiative tunneling model, based on localized recombination processes. This paper presents a
comprehensive analysis of TL signals in MgB4O7:Dy,Na dosimeters, based on a recently published model which
incorporates simultaneous irradiation and tunneling processes. Four different types of TL data are presented and
analyzed using the proposed model: (a) TL glow curves at different irradiation doses, (b) TL signals after sample
irradiation at different temperatures, (c) TL after isothermal heating for 500 s at various temperatures, and (d) TL
after room temperature irradiation, followed by heating to a temperature Tstop. We also present an alternative
fast and efficient Monte Carlo method of analyzing the data, which is very useful for quick analysis of experi-
mental data. The experimental data and modeling results show that the shape of the TL glow peaks remains
essentially the same in all four experimental protocols, while the height and temperature of maximum TL in-
tensity depends on the irradiation and preheating conditions.

1. Introduction

Magnesium borate (MgB4O7) doped with rare earth elements is a
material of interest in thermoluminescence (TL) dosimetry of ionizing
radiation ([1–7]). Some of the properties which make MgB4O7 attrac-
tive as a TL dosimeter is its low effective atomic number, low photon
energy dependence, and the possibility of developing neutron dosi-
meters based on its high neutron capture cross-section ([1,3,8]). There
has also been extensive recent interest in this material, as a possible
passive temperature sensor ([9–12]). A few systematic studies have
been carried out on the TL of MgB4O7 doped with a variety of rare earth
elements, and showed that different dopants were associated with TL
peaks at different temperatures, and with different trapping mechan-
isms ([9,12]).

In a recent extensive experimental and modeling study, Kitis et al.
[13] investigated and compared prompt isothermal decay (PID) of TL
signals in MgB4O7:Dy,Na and LiB4O7:Cu,In dosimeters, in order to
elucidate the luminescence mechanism in these two materials. These

authors showed that PID signals in MgB4O7:Dy,Na were consistent with
a localized radiative tunneling mechanism, while signals in Li-
B4O7:Cu,In were likely to be produced by a delocalized radiative re-
combination mechanism involving the conduction band.

In this paper, we extend the work of Kitis et al. [13], to TL signals
measured during four different types of experiments. Specifically the 4
types of TL signals are: (a) TL glow curves at different irradiation doses,
(b) TL signals after sample irradiation at different temperatures, (c) TL
after isothermal heating at various temperatures, and (d) TL after room
temperature irradiation, followed by heating to a temperature TSTOP.

The experimental data are analyzed using two models. Firstly, a
qualitative modeling study is carried out based on the work of Brown
et al. [14], which includes simulated multistage processes of irradia-
tion, heating and quantum tunneling. Secondly, a quantitative modeling
study is carried out based on the recently published simpler Monte
Carlo method of Pagonis et al. [15]. An important result from both the
experimental data and the modeling results is that the shape of the TL
glow peaks does not change significantly with the preheating
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conditions.
The specific goals of the paper are:

(a) To investigate experimentally the variation of the TL glow curves
with irradiation dose, irradiation temperature, preheating tem-
perature and isothermal preheating conditions.

(b) To provide a qualitative description of the experimental data, by
adopting the tunneling model developed by Brown et al. [14] for
feldspars.

(c) To provide a quantitative description of the experimental data, by
using the simpler Monte Carlo method of Pagonis et al. [15].

(d) To discuss possible implications of the experimental and simulation
results for thermochronology applications.

2. Experimental

This section describes the four types of TL experiments carried out
in MgB4O7:Dy,Na. The experimental data from Experiments #1 and #2
which are described in detail below, have been previously published by
Furetta et al. [16] and Kitis et al. [13], correspondingly. Experiments
#3 and #4 concern new unpublished data.

2.1. Experiment #1: prompt TL measurements at different irradiation doses

Furetta et al. [16] presented an extensive study of the dosimetric
properties of MgB4O7:Dy,Na detectors. Some of their experimental data
are reproduced in Fig. 1a. This experimental data was obtained using a
Model 2000 TL Analyser manufactured by the Harshaw Chemical Co.,
with a heating rate of 5oC/s. The dosimeters were exposed to 60Co
gamma radiation and the TL measurements were carried out on solid
sintered pellets of 4.6 mm in diameter and 0.95mm in thickness. The
dosimeters were protected from direct light during handling, irradia-
tion and read-out procedures. There was no significant time delay be-
tween the irradiation and read-out of the samples.

It is noted that the experimental data in Fig. 1 shows a single TL
peak at ∼190oC. The TL glow curves from other batches of this dosi-
metric material contain additional smaller peaks at either lower and/or
higher temperatures. For example, the TL glow curves shown in
Figs. 2–4 of this paper are from a different batch of this material, and
they contain an additional smaller peak at 350oC.

2.2. Experiment #2: Remnant-TL (RTL) measurements, after irradiation
and isothermal decay for 500 s at various constant temperatures

Kitis et al. [13] studied prompt isothermal decay signals from
MgB4O7:Dy,Na detectors. A subset of their experimental RTL glow
curves is shown in Fig. 2, for TISO=88-193oC, in steps of 7oC.

The experimental protocol of Kitis et al. [13] was as follows:
Step 0: Dose of 1 Gy, and TL measurement up to 450oC, to clear the

traps.
Step 1: The same aliquot is irradiated with a dose of 1 Gy, in order to

populate the traps.
Step 2: TL measurement up to a temperature TISO at 2oC/s. The

sample is held for 500 s at this temperature, and the corresponding
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 2oC/s in order to obtain the remnant-TL
glow curve (RTL).

Step 5: Repeat steps 1–4 for a new decay temperature TISO.
The RTL measurements shown in Fig. 2 were carried out using a

Risø TL/OSL reader (model TL/OSL-DA-15), equipped with a90Sr/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 a Corning 7–59 blue filter (320-440 nm) were used
for light detection. All measurements were performed in a nitrogen

Fig. 1. Experimental data from Furetta et al. [16]. (a) The prompt TL glow
curves for a sample irradiated at 5 different doses in the range 1-6 Gy (b) The
same experimental data as in (a), with the TL glow peaks normalized along the
y-axis, showing that the irradiation dose does not change significantly the shape
and width of the glow curve.

Fig. 2. The remnant-TL (RTL) glow curves from the prompt isothermal decay
experiment by Kitis et al. [13]. Irradiation takes place at room temperature,
followed by isothermal heating for 500 s at a temperature TISO, followed by
measurement of RTL glow curves. The experimental RTL glow curves were
measured for TISO=88-193oC, in steps of 7oC. The direction of the arrow shows
increasing values of TISO.
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atmosphere with a low constant heating rate of 2oC/s, and the samples
were heated up to the maximum temperature of 450oC.

2.3. Experiment #3: RTL after irradiation at elevated temperatures TIRR

The protocol for this new type of experiment was as follows:
Step 1: Heat the sample up to preselected irradiation temperature

(TIRR), with a heating rate of 2o C/sec. Leave the sample at this tem-
perature for 1min, in order to attain the required TIRR

Step 2: Irradiate the sample at TIRR, with a dose of 0.15 Gy. This is
the crucial step, where irradiation takes place at an elevated tempera-
ture.

Step 3: Immediately after the end of irradiation, the heating is
stopped and the sample is cooled to room temperature.

Step 4: TL measurement at 2oC/s in order to obtain the remnant-TL
glow curve (RTL).

The experimental RTL glow curves from this third type of experi-
ment are shown in Fig. 3, for irradiation temperatures TIRR=40-220oC,
in steps of 10oC.

2.4. Experiment #4: RTL after irradiation and partial heating to elevated
temperatures TSTOP

The experimental protocol for this new type of experiment was as
follows:

Step 1: Irradiate sample with a dose of 0.15 Gy.
Step 2: Heat the sample up to a temperature TSTOP, with a heating

rate of 2oC/sec.
The heating is stopped and the sample is cooled to room tempera-

ture.
Step 3: RTL measurement up to 450oC with a heating rate of 2oC/s.
Step 4: Repeat the sequence for a new temperature TSTOP in Step 2.
The experimental RTL glow curves from this fourth type of experi-

ment are shown in Fig. 4, for temperatures TSTOP=40-200oC, in steps of
10oC.

3. Experimental results

3.1. Experiment #1: prompt TL measurements at different irradiation doses

In the experimental data of Fig. 1a, the sample is irradiated with 5
different doses in the range 1-6 Gy and the prompt TL signal is mea-
sured immediately after. As the dose is increased, the temperature of
maximum TL intensity does not change, and the maximum TL intensity
is proportional to the irradiation dose. Fig. 1b shows the same experi-
mental data as Fig. 1a, with the TL glow peaks normalized along the y-
axis. The results of Fig. 1b show that the normalized TL glow peaks
coincide almost completely, indicating that the irradiation dose does
not change significantly the shape or the width of the glow peak.

Furetta et al. [17] analyzed the main dosimetric peak in this ma-
terial by using the empirical general order kinetics. They found that
both the activation energy E and the kinetic order b increased with the
storage time after irradiation. They concluded that the TL emission is
due to a quasi-continuous trap distribution. The recent detailed study of
Kitis et al. [13] confirmed this quasi-continuous distribution of en-
ergies, and established that the TL glow peaks can be described within
the tunneling model of Jain et al. [18]. The physical assumptions of this
model are the presence of a random distribution of defects in the ma-
terial, and that luminescent recombination takes place via localized
transitions, instead of proceeding by delocalized transitions involving
the energy bands.

3.2. Experiment #2: RTL measurements, after irradiation and isothermal
decay for 500 s at variable constant temperatures

Fig. 2 shows the experimental RTL glow curves obtained after iso-
thermal decay of the TL signal for 500 s, and for different temperatures
TISO=88-193oC, in steps of 7oC. As the isothermal temperature is in-
creased in the direction of the arrow, the height of the TL glow peak
decreases, and the temperature of maximum TL intensity shifts towards
higher temperatures.

This behavior is exactly similar to that reported by Pagonis et al.
[19] and Sfampa et al. [20] for feldspars, which are materials exhibiting
the anomalous fading effect due to quantum tunneling processes. Fur-
thermore, such a behavior is predicted by the localized tunneling re-
combination model by Jain et al. [18].

3.3. Experiment #3: RTL after irradiation at elevated temperatures TIRR

Fig. 3 shows the experimental RTL glow curves measured for irra-
diation temperatures TIRR=40-220oC, in steps of 10oC. The trend is
very similar to the behavior seen in Fig. 2; as the irradiation tempera-
ture increases in the direction of the arrow, the TL glow peaks decrease
in height and shift towards higher temperatures, while the high tem-
perature part of the TL glow curve remains unaffected.

To the best of our knowledge, this is the first experimental report of

Fig. 3. RTL curves obtained by irradiating the sample at different irradiation
temperatures TIRR=40-220oC, in steps of 10oC. The trend is very similar to the
behavior seen in Fig. 2, and the direction of the arrow shows increasing values
of TIRR.

Fig. 4. RTL curves obtained by irradiating the sample at room temperature,
then heating up to a temperature TSTOP, followed by measurement of RTL up to
450oC with a heating rate of 2oC/s. The temperatures TSTOP=40-200oC, in steps
of 10oC.
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the behavior of TL signals in this material as a function of the irradia-
tion temperature.

3.4. Experiment #4: RTL after irradiation and partial heating to elevated
temperatures TSTOP

The experimental RTL glow curves from this fourth type of experi-
ment are shown in Fig. 4, for temperatures TSTOP=40-200oC, in steps of
10oC. This set of data is very similar to the experimental data from a
microcline sample, reported by Pagonis et al. [19].

Before attempting to analyze the experimental data in Experiments
#1-#4 in a detailed manner, we selected 4 TL glow curves from each of
Figs. 1–4, and examined the shape of the TL glow curves by shifting
them along the temperature axis, and also normalizing them along the
y-axis. The result of this shifting and normalizing procedure for the
16 TL glow curves is shown in Fig. 5. The TL glow peaks practically
coincide within experimental error, indicating that the width of the TL
glow peak remains essentially unchanged under the experimental
conditions in the 4 experiments. The margins of error in the FWHM of
the glow peaks shown in Fig. 5 can be estimated by fitting with a
symmetric Gaussian curve on an empirical basis. The results of such a
fit are FWHM= (68±5) K (1σ). This practically unchanging shape of
the TL glow peaks is discussed further in Sections 4 and 5, and a the-
oretical explanation was presented recently elsewhere (Pagonis and
Brown [21]).

In the next two sections of this paper, the experimental data in
Figs. 1–4 are analyzed using two different approaches. Section 4 pre-
sents qualitative simulations based on the work by Brown et al. [14] in
feldspars. While this type modeling work can be used to describe the TL
data in a quantitative manner as well, it is not suitable for quick ana-
lysis of the experimental data, since it requires several consecutive
numerical integrations. Therefore, in Section 5 we present an additional
simpler quantitative analysis of the experiments, based on the Monte
Carlo method recently suggested by Pagonis et al. [15] for feldspar
samples.

4. The model by Brown et al. [14]-Comparison with experiment

Brown et al. [14] investigated the simultaneous effects of irradiation
and quantum tunneling on the TL glow curves in materials within a
random distribution of defects. These authors extended the original
model by Jain et al. [18], to include irradiation processes. Fig. 6 shows
a schematic diagram of the model in [14], indicating the various

processes which are involved during natural or laboratory irradiation of
a feldspar sample. Process (i) represents the sample irradiation process,
which can take place in one of two different ways: either in nature with
a very slow natural dose rate of the order of 1 Gy/Ka, or in the la-
boratory with much higher dose rates of the order of 0.1 Gy/s.

Process (ii) in Fig. 6 represents thermal excitation of electrons from
the ground into the excited state of the trapped electron, followed by
either de-excitation into the ground state possibly by phonon emission
(process iii), or by tunneling into the recombination center shown as
(iv) in Fig. 6. The model implicitly assumes that electrons transporta-
tion to the band tail states and also to the conduction band is a much
smaller effect than the effect of the excited state.

Brown et al. [14] investigated the simultaneous effects of irradiation
and tunneling by using the differential equation:

∂ ′

∂
= ′ − ′ − ′ −

′

′ +

n r t
t

D
D

N r n r t n r t ΔE k T P r s
P r s

( , ) ˙
[ ( ) ( , )] ( , )exp[ / ] ( )

( )o
B

(1)

where ′n r t( , ) (m-3) is the instantaneous concentration of trapped
electrons in the ground state; this concentration depends on both the
elapsed irradiation time t and on the dimensionless distance parameter
′ =r πρ r(4 /3)1/3 , where r (m) is the separation distance r between donor
and acceptor, and ρ (m-3) represents the actual density of recombination
centers in the material. Similarly, one introduces the dimensionless
density parameter ′ρ of recombination centers, as ′ =ρ πρ a(4 /3) 3, where
a (m) is the potential barrier tunneling length (Jain et al. [18]). The
parameter T represents the temperature of the sample, kB is the Boltz-
mann constant, s (s-1) is the trap frequency factor and ΔE (eV) is the
thermal activation energy of the trap from the ground state to the ex-
cited state. ′N r( )(m-3) is the total concentration of trapped electrons
corresponding to a distance parameter ′r , Ḋ(Gy/s) is the irradiation rate
and Do (Gy) is the characteristic dose of the material.

The total concentration of trapped electrons ′N r( ) corresponding to
a distance ′r is given by the well known nearest neighbor distribution:

′ = ′ − ′N r N r r( ) {3( ) exp[ ( ) ]}2 3 (2)

where N (m-3) is the total concentration of traps in the material. The
excited-state tunneling probability ′P r( ) in Eqt.(1) decreases with ′r
according to:

′ = − ′ ′−P r P ρ r( ) exp[ ( ) ]o
1/3 (3)

where Po (s-1) is the frequency characterizing the tunneling process.
The term ′ − ′N r n r t[ ( ) ( , )]D

D
˙

o
in Eqt.(1) represents the rate of in-

crease of the concentration ′n r t( , ) due to irradiation, while the second
term ′ −

′

′ +
n r t ΔE k T( , )exp[ / ]B

P r s
P r s

( )
( ) in Eqt.(1) represents the decrease in

the concentration ′n r t( , ) due to the combined effect of tunneling and
thermal excitation processes. These equations are valid for samples ir-
radiated in nature with a very slow dose rate Ḋ(Gy/s), but also for
samples irradiated with much higher dose rates in the laboratory.

Equation (1) can be solved numerically to simulate the multistage
Experiments #1-#4, with the final concentrations of ′n r t( , ) at the end
of each stage, being used as the initial concentrations for the next stage
in the simulations.

In order to simulate the TL glow curves in Experiments #1-#4, Eqt.
(1) must be solved with a constant heating rate β (K/s), and the time-
dependent TL intensity L(t) is evaluated numerically by integrating the
rate of change of the concentration ∂ ′ ∂n r t t( , )/ over all possible values
of the variable ′r [15]:

∫= −
∂ ′

∂
′

∞
L t n r t

t
dr( ) ( , ) .

0 (4)

In Experiment #1, the prompt TL glow curve is measured im-
mediately after the irradiation process in the laboratory. Therefore,
simulation of Experiments #1 involves only two stages:

Fig. 5. Selected experimental data from Figs. 1–4; the TL glow peaks are shifted
along the temperature axis, and also normalized along the y-axis. The resulting
16 shifted/scaled TL glow peaks practically coincide within experimental error,
indicating that the shape/width of the TL glow peaks remains essentially un-
changed under the experimental conditions in the 4 experiments.
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(a) Irradiation stage: integrate equation (1) for a certain irradiation
time tIRR to obtain the concentration n( ′r , tIRR) at the end of the
irradiation process, and

(b) TL stage: integrate equation (1) with a constant heating rate using
concentration n( ′r , tIRR) as the initial conditions, then integrate
equation (4) to obtain the TL glow curve.

In Experiment #2, the simulation involves these four stages:

(a) Irradiation stage, as above
(b) Heating stage to temperature TISO: integrate equation (1) with a

constant heating rate of 2oC/s, using concentration n( ′r , tIRR) as the
initial conditions.

(c) Isothermal stage: integrate equation (1) for a total time of 500 s at a
constant temperature TISO.

(d) TL stage, as above.

In Experiment #3, the simulation involves these two stages:

(a) Irradiation stage, at a constant irradiation temperature TIRR.
(b) TL stage, as above.

In Experiment #4, the simulation involves these three stages:

(a) Irradiation stage, as above
(b) Heating stage to temperature TSTOP: integrate equation (1) with a

constant heating rate of 2oC/s, using concentration n( ′r , tIRR) as the
initial conditions.

(c) TL stage, as above.

Examples of this rather complex type of numerical analysis were
given previously in Polymeris et al. [22]. These authors provided a
quantitative analysis of the TL glow peaks for feldspar samples that
were preheated at various elevated temperatures, and for various pre-
heating times.

The results of simulating Experiments #1-#4 are shown in
Fig. 7a–d, for samples irradiated with a high dose rate in the laboratory.
The parameters used in all these simulations are ′ρ =0.01, ΔE
=1.02 eV, s=2x1011 s-1, β=2 Κ/s, laboratory dose rate =Ḋ 0.1 Gy/s,
characteristic dose Do =1600 Gy.

Fig. 7e is a different type of simulation, showing the simulated TL
glow peaks for a sample irradiated in nature and for different time in-
tervals in the range tIRR=102-105 y. These simulations are carried out
with a very slow natural dose rate of =Ḋ 2.85 Gy/Ka, and the irradiation
temperature was TIRR=20 oC. Fig. 7e shows that as the irradiation time

is increased, the RTL glow peaks increase gradually to saturation, and
shift towards higher temperatures. From a physical point of view, this
means that for long irradiation times more proximal electron-hole pairs
have recombined, and that the average distance between pairs gets
larger. Saturation of the RTL signal is clearly seen at high irradiation
times of ∼106 y. The elapsed time until saturation will depend on the
ratio Do/Ḋ.

Fig. 7f shows the results of shifting the 20 TL glow peaks from
Fig. 7a–e along the x-axis, and also scaling them along the y-axis. When
the TL glow peaks in Fig. 7a–e are shifted and scaled in this manner,
they become practically identical, showing that the shape of the TL
glow peaks remains essentially unchanged.

The results of Fig. 7 demonstrate that the experimental results in
Figs. 1–4 can be described by using the multistage simulation method
by Brown et al. [14]. However, this multistage simulation method is
rather cumbersome and tedious, requiring several consecutive numer-
ical integrations. In the next section we provide an alternative method
of analyzing the experimental data, by using a recently published effi-
cient Monte Carlo method [15].

5. 4. The Monte Carlo method of Pagonis et al. [15] -comparison
with experiment

The sequence of TL glow peaks in Figs. 1–4 can be described
quantitatively by using a Monte Carlo (MC) method recently described
in Pagonis et al. [15], their equation (11). The MC method evaluates the
total concentration of remaining electrons and the luminescence in-
tensity simultaneously, by using the following difference equations for
the discrete variable n( ′r ,t) in the general form:
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′ ′

′

= −
−

′ ′
′
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−
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r 0

2

(6)

∑= −
′

′
′=

L t Δn r t
Δt

Δr( ) ( , )

r 0

2

(7)

The various symbols in these equations are defined as follows.
′n r t( , ) is the instantaneous concentration of remaining trapped elec-

trons in the system, and is a function of time t (s) and of the di-
mensionless distance parameter ′ =r πρ r(4 /3)1/3 , where ρ (m-3) re-
presents the actual density of recombination centers in the material and

Fig. 6. Schematic diagram of the model by Brown
et al. [14], showing the various processes assumed
involved during natural or laboratory irradiation of a
feldspar sample. Process (i) represents the sample
irradiation process, either in nature with a slow
natural dose rate of the order of 1 Gy/Ka, or in the
laboratory with much higher dose rates of the order
of 0.1 Gy/s. Process (ii) represents thermal excitation
of electrons from the ground into the excited state of
the trapped electron, followed by either de-excita-
tion into the ground state (process iii), or by tun-
neling into the recombination center shown as
(process iv), depending on which transition is more
probable given the distance between donor and ac-
ceptor.
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r (m) is the distance between donors and acceptor pairs. Similarly, one
introduces the dimensionless density of recombination centers

′ = −ρ πρ α(4 /3) 3, where α (m-1) is the potential barrier penetration
constant (Jain et al., [18]).

In the above equations stun (s-1) is the frequency factor character-
izing the tunneling process taking place from the excited state of the
system (transition iv, Fig. 6). = −A s E k Texp( / )th B (s-1) is the thermal
excitation rate from the ground to the excited state (transition ii, Fig. 6),
where E (eV) is the thermal activation energy and sth (s-1) is the pre-

exponential factor for the thermal excitation process, which is propor-
tional to the lattice vibration frequency. B (s-1) is the rate of de-ex-
citation from the excited state back to the ground state (transition iii,
Fig. 6). From a physical point of view, there is no relationship between
the three different frequency factors sth, B and stun. In a TL experiment,
the sample is heated with a linear heating rate β (K∙s-1), from a starting
temperature To up to a high temperature around 500 oC, so that the
temperature varies as = +T t T βt( ) o . Furthermore, it is noted that the
three frequency factors sth, B and stun do not appear as separate

Fig. 7. (a) – (d) The results of simulating Experiments #1-#4, for samples irradiated with a high dose rate in the laboratory. The parameters used in all these
simulations are ′ =ρ 0.01, ΔE =1.02 eV, s=2x1011 s-1, β=2 Κ/s, laboratory dose rate =Ḋ 0.1 Gy/s, characteristic dose Do =1600 Gy. (e) The simulated TL glow peaks
for a sample irradiated in nature and for different time intervals tIRR=102-105 y, with a slow natural dose rate of =Ḋ 2.85 Gy/ka, and at an irradiation temperature
TIRR=20 oC. (f) The results of shifting the 20 TL glow peaks from Fig. 7a–e along the x-axis, and also scaling them along the y-axis. The shifted-scaled TL glow peaks
are practically identical, showing that the shape and width of the TL glow peaks in (a)-(e) stays practically the same.
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quantities in Eqt.6, but rather as the combination s s B/th tun , which de-
fines an “effective frequency factor” =A s s B/TL th tun for the TL process.
Therefore Eqt.5 can be written in the simplified form:

′ = −
−

′ ′
′

−
Δn r t

A ΔE k T
ρ r

n r t Δt( , )
exp[ /( )]

exp[( ) ]
( , )TL B

1/3 (8)

In the Monte Carlo procedure ′Δr is an appropriate distance in-
terval, e.g. ′ =Δr 0.02, and Δt is an appropriate time interval, e.g.

=Δt s1 . As was discussed in Pagonis et al. ([15]), software im-
plementation proceeds by following the evolution of the system for both
the time variable t , and for each value of the dimensionless distance ′r .
The rate P for an electron to recombine radiatively within the time
interval Δt and for certain distance ′r is given by the function

− ′ ′−A ΔE k T ρ rexp[ /( )]/exp[( ) ]TL B
1/3 in the right hand side of equation

(7). One chooses a suitable value of Δt so that < <PΔt 1, and a random
number r is generated, which is uniformly distributed in the unit in-
terval 0≤ r< 1. If r≤ P the electron recombines radiatively, other-
wise it does not; the contributions from all distances ′r are added ac-
cording to Eqts. (6) and (7), resulting in the simultaneous evaluation of
the discrete-value functions n t( ) and L t( ). The MC simulations reach a
precision of 1 % rather quickly, by repeating N=10–20 cycles of 200
electrons each.

Although the above Eqns. (5)–(8) were strictly derived for freshly
irradiated samples, Pagonis et al. [15] demonstrated how they can also
be used for samples which were exposed to optical and thermal pre-
treatments. Examples of such combined treatments are an IR bleaching
followed by TL measurement, an IR treatment followed by isothermal
decay, a partial heating followed by TL measurement etc. For such pre-
treated samples, one can approximate the nearest neighbor distribution
with a truncated distribution function, which extends from a minimum
critical radius ′r c up to infinity ([15]). This critical radius can be treated
as an adjustable modeling parameter when fitting experimental data.
For such truncated distributions, the summations in Eqts. (6) and (7)
will extend from a minimum critical radius ′r c, instead of starting at
′r c=0 ([15]).

The results of using this MC technique are shown in Figs. 8–11,
where they are compared with the results from Experiments #1-#4
respectively. The agreement between the Monte Carlo model and the
four sets of experimental data is very good, indicating that the model
provides a satisfactory quantitative description of the luminescence

Fig. 8. The solid lines represent Monte Carlo simulations of Experiment #1, and
are compared with selected experimental data from Fig. 1. The MC simulations
were carried out using the method of Pagonis et al. [15], andEqts.(5)-(7). The
model parameters are =E 1.01 eV, = × −A 2 10 sTL

11 1 and ′ =ρ 0.019. The value
of the critical distance in these simulations was ′ =r 0c , since the samples were
not treated thermally after irradiation.

Fig. 9. The solid lines represent Monte Carlo simulations of Experiment #2
(RTL after isothermal heating), and are compared with selected experimental
data from Fig. 2. MC was carried out with the slightly modified set of para-
meters =E 1.02 eV, = × −A 2 10 sTL

11 1 and ′ =ρ 0.01. The value of the critical
distance for the 4 RTL graphs shown here are ′ =r 0, 0.8, 0.95, 1.1c .

Fig. 10. The solid lines represent Monte Carlo simulations of Experiment #3
(irradiation at different temperatures), and are compared with selected ex-
perimental data from Fig. 3. MC was carried out with the same set of para-
meters as in Fig. 9. The value of the critical distance for the 4 RTL graphs shown
here are ′ =r 0, 0.7, 1.0, 1.28c .
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process for this subset of TL glow curves.
The MC simulations in Fig. 8 were carried out with the parameters:

=E 1.01 eV , = × −A 2 10 sTL
11 1 and ′ =ρ 0.019. The values of the cri-

tical distance for the four MC simulations in Fig. 8 was taken as ′ =r 0c ,
since the samples were not treated thermally after irradiation.

The MC simulations in Figs. 9–11 were carried out with the fol-
lowing slightly modified single set of parameters: =E 1.02 eV,

= × −A 2 10 sTL
11 1 and ′ =ρ 0.01. The value of the critical distance for

the MC simulations in Figs. 9–11 are indicated in the legend of these
figures. The value of the kinetic parameter ′ =ρ 0.01 is in close agree-
ment with the value obtained for several feldspars samples by Poly-
meris et al. [22].

Fig. 10b shows the variation of the integrated TL intensity from
Fig. 3, as a function of the irradiation temperature TIRR, for Experiment
#3. As the irradiation temperature increases, the TL intensity decreases.
The solid line indicates the results of the MC simulations; these compare
very well with the experimental data, indicating that the thermal be-
havior of the sample at different irradiation temperatures is described
in a satisfactory manner. Similarly, Fig. 10b shows the variation of the
integrated TL intensity from Fig. 4, as a function of the temperature
TSTOP for Experiment #4. As the temperature TSTOP increases, the TL
intensity decreases. Once more, the MC simulations (solid line) agree
with the experimental data, with some small deviations observed at
lower temperatures TSTOP. These deviations are within the accuracy/
precision limits of these experiments.

6. Discussion and conclusions

In this paper, four different types of experiments were described
quantitatively with the MC method based on the single differential
equations (1) and (8), for both unheated and preheated samples. Un-
heated samples are described with a critical radius value ′r c=0, while
for preheated samples the values of the critical radius ′r c are finite.
Thermal treatment of the samples causes the TL glow peaks to appear
shifted towards higher temperatures, while they maintain their sym-
metric shape and width. A detailed theoretical justification of the un-
changing shape of TL glow peaks for pretreated samples is given in
Pagonis and Brown ([21]).

The results of this paper show that the Monte Carlo method of
Pagonis et al. [15] is an efficient simple method of fitting experimental
TL glow peaks in MgB4O7, feldspars etc. This method has the added
advantage that it is based on reasonable physical assumptions made
within the model by Jain [18], for a random pair distribution of donors
and acceptors interacting via tunneling processes.

The symmetric shape of the TL glow peaks in Experiments #1-#4 is
consistent with the simulations of Kitis and Pagonis ([23,24]) based on
the model by Jain et al. [18]. These authors showed that the width of
the TL glow curve depends rather weakly on the kinetic parameters E, s
and depends mostly on the concentration of acceptors ′ρ . For typical
experimental ′ρ values in the range ′ρ =0.005-0.02, the model predicts
very nearly symmetric TL glow peaks.

It is interesting to note that the unchanging shape of the TL glow
peaks was also observed for a variety of feldspars which exhibit
quantum tunneling phenomena including anomalous fading (Pagonis
et al., [25]).

Another important result from the model results from comparing
Fig. 7a and e. These two figures show that the behavior of irradiated
samples in the laboratory may be very different from that of samples
irradiated in nature, due to the much smaller natural irradiation rate.
We interpret this behavior to mean that sites which can populate at
high laboratory dose rates (and therefore high trapping rates) are un-
stable at low natural dose rates, despite the fact that the detrapping
rates may be the same. However, despite changes in the position of the
initial rise of the curve, the shape of the TL glow peaks again does not
depend on the dose rate. This result is of importance for thermo-
chronometry and temperature sensing applications; the unchanging
shape of the TL glow peaks means that the temperature of maximum TL
intensity (TMAX) can be used to quantify the thermal history of the
samples.

It is noted that similar series of TL glow curves have been reported
for other types of dosimetric materials by several researchers. Such
composite TL peaks were studied under different experimental condi-
tions, and have been investigated for example in
Ca5(PO4)3OH:Gd3+,Pr3+ by Mokoena et al. [27], and in SrA-
l2O4:Eu2+,Dy3+ by Chithambo et al. ([28,29]). The experimental data
in these studies have been interpreted on the basis of luminescence
mechanisms different from the quantum tunneling processes used in
this paper.

For additional recent discussions of the possibility of using doped
MgB4O7 and other materials for thermochronometry and temperature
sensing, the reader is referred to the work of Yukihara et al. [11], and
Biswas et al. [26].
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