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A B S T R A C T

The understanding of the electron trapping and recombination processes is the key to successful applications
of materials in ionizing radiation dosimetry, which unfortunately are not well known yet. In this work, the
influence of the photoionization cross-section (𝜎) was investigated on the optically stimulated luminescence
(OSL) response of the lithium fluoride (LiF) compound. The 𝜎 has been predicted through the expression
proposed by Lima–Batista–Couto. In addition, OSL measurements were performed using the continuous-wave
stimulation mode (CW-OSL), with 60 s of light stimulation. The samples were submitted to 10 Gy and 15 Gy
of absorbed dose. Phonon dispersion and density calculations are presented by using the Density Functional
Perturbation Theory. The results, obtained by a combination of different methodologies, show that the low
sensitivity of LiF to the light stimulus (𝜆 = 470 nm) is due to the very low magnitude of 𝜎 at the used excitation
wavelength. A comparison with Al2O3:C was also carried out, showing that the intensity and the pattern of the
OSL curve decay are modified by the 𝜎. These results play an important role in understanding the luminescent
properties of this material, and they open a new opportunity to improve the light sensitivity of this detector.

1. Introduction

The use of ionizing radiation is a fact in many different appli-
cations as medical procedures (for both diagnostic and therapeutic
purposes) [1,2] and industry [3], for instance. Considering this fact,
ionizing radiation dosimetry has been an active research field for
many years. A common technique to estimate the absorbed radiation
dose involves the use of luminescent properties of specific insulators
and semiconductors. Two main exponents of the luminescence-based
techniques for radiation dosimetry are the optically stimulated lu-
minescence (OSL) [4] and the thermoluminescence (TL) [5,6]. Some
advantages of OSL over TL [7] have called attention to the applica-
tion of this technique in ionizing radiation dosimetry field in the last
decades. Among many researched materials that fit the requisites to
be used as TL dosimeters, Lithium Fluoride (LiF) doped with differ-
ent elements has received attention along the years (LiF:Mg,Ti - TLD
100; LiF:Mg,Cu,P; etc.) [8,9]. However, TL is a destructive technique,
and it is not suitable for high spatial resolution imagining. Regard-
ing OSL dosimeters, Carbon-doped Aluminum Oxide (Al2O3:C) can be
considered as one of the most used and studied.
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Even though the theoretical background of the two quoted tech-
niques can be considered as similar to each other, the differences in
the stimulation process (optical for OSL, thermal for TL) implicate in
different approaches both experimentally and in theoretical studies.

Lithium Fluoride is an insulator that crystallizes in fcc structure
with a band gap around 14 eV [10]. The interest in using LiF as a
matrix for TL dosimeters is based on characteristics as the effective
atomic number similar to the human tissue (7.7 [11]), potential use
for neutron detection (using Li-6), low fading, high levels of stimulated
luminescence signal when doped, etc. Considering the search for new
OSL dosimeters [12,13], several works have performed doping and
co-doping processes using different elements to study the dosimetric
behavior of LiF with optical stimulus [14–16]. Comprehending the
physical processes that underlie the OSL emission of different mate-
rials is an important and essential approach towards the evolution in
designing new dosimeters for different applications [17]. To the best
of our knowledge, a specific theoretical analysis and explanation to the
low OSL emission from the undoped LiF has not been presented yet.
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Several models have been used to describe the stimulated lumi-
nescence behavior of physical systems, for instance: one-trap/one-
recombination-center model (OTOR) and multiple trap levels and re-
combination centers [18]. In all cases, the OSL intensity is proportional
to the photoionization cross-section (𝜎) and other rate parameters.
Predicting the values of those parameters, as well as providing a
relation with the experimental data, there still remains a challenge in
some points. The arbitrary units in the experimental measures (which
make impossible a direct relation with the rate parameters) and the
fact that the number of parameters is greater than the number of rate
equations that describe the OSL mechanism (making impossible an
exact solution) are examples of why this challenge remains. For the
𝜎 prediction, this situation can be overcome by using the expression
proposed by Lima–Batista–Couto [19].

The photoionization cross-section is of fundamental importance to
understand the optical properties of insulators and semiconductors. It
has been used widely to characterize defects and impurities in crys-
talline materials [20,21], spherical quantum dots [22] and to interpret
hard X-ray photoemission spectroscopic spectra of NiO [23].

The aim of this work was to analyze the influence of the photoion-
ization cross-section on the OSL signal of LiF, using the expression
proposed by Lima–Batista–Couto. In addition, experimental results of
the OSL signal intensity versus time of stimulation are presented, and a
comparison between the signals obtained with LiF and Al2O3:C is pro-
vided. Phonon dispersion and density calculations are also presented by
using the Density Functional Perturbation Theory, and the influence of
the phonon frequency on the OSL signal is discussed.

2. Experimental procedure

Samples of lithium fluoride (LiF — prepared from the undoped LiF
powder produced by Merck, product number: 232-152-0, 25.94 molar
mass, as pellets with 6 mm diameter and 0.8 mm thickness) and carbon-
doped aluminum oxide (Al2O3:C - TLD-500, produced by Rexon, as
pellets with 5 mm diameter and 1.0 mm thickness) were used in order
to compare their optically stimulated luminescence signals.

OSL measurements were performed in a TL/OSL Risø Reader using
the continuous wave stimulation mode (CW-OSL), performed with 60 s
of light stimulation. A beta radiation source of 90Sr+90Y (dose-rate of
∼ 81.6 mGy/s at the sample position) coupled to the reader was used
in all irradiation procedures. Blue LEDs (emission peak at 470 nm, ∼
72 mW/cm2) and a filter Hoya U-340 (transmission between 290 nm
and 390 nm) were used as stimulation light and to discriminate OSL
emission and stimulation wavelength, respectively. The samples of LiF
were submitted to 10 Gy and 15 Gy of absorbed dose. The samples of
Al2O3:C were submitted to 170 mGy of absorbed dose. Relatively high
doses of radiation had to be used in case of the undoped samples in view
of getting a clear signal from those samples using the above mentioned
settings. The time spent between irradiation and OSL measurement was
0 s; all measurements were taken immediately after irradiation. This
time was adopted as a standard, and it was used for all the samples
of both materials (LiF and Al2O3:C), in order to avoid any unwanted
influence on obtaining the OSL signal. No collimator was used in the
measurements.

OSL reproducibility assessments were performed for groups of at
least 3 pellets from each composition. Emitted signals are presented as
the average of the utilized samples. In view of comparing the patterns of
OSL signal decay, normalized curves were plotted for each composition.

3. Theory

3.1. Single trap level model

Optically stimulated luminescence is a transient luminescence ob-
served during the light stimulus (generally in the blue region) of

Fig. 1. Representation of an OSL simple model with one trap and one recombination
center. P, A𝑛, A𝑚 and Aℎ are the rate parameters of the transition.

insulators and semiconductors that were previously exposed to ionizing
radiation.

In the simplest model of the OSL process only two levels are used
in the band gap of the material as shown in Fig. 1. One is the trap
where the electrons are accumulated during the exposure to ionizing
radiation, and the other is the hole trap that acts as a recombina-
tion center [4,24]. Assuming the first order kinetic approximation (no
retrapping), the concentration of trapped electrons (𝑛) will change
according to
𝑑𝑛
𝑑𝑡

= −𝑛𝜎𝜑 (1)

where 𝜎 is the photoionization cross-section (𝑚2) and 𝜑 is the stimu-
lated photon flux with wavelength 𝜆 (𝑚−2𝑠−1). Note that p=𝜎𝜑 repre-
sents the detrapping probability rate.

Solving Eq. (1) it is easy to show that 𝑛 decays exponentially with
the stimulation time. Thus,

𝑛(𝑡) = 𝑛0𝑒
−𝜎𝜑𝑡 (2)

where 𝑛0 is the initial concentration of trapped electrons at t=0. The
intensity of the emitted light is proportional to the rate of electrons
escaping from the trapping level, 𝑑𝑛∕𝑑𝑡. So, if combining Equations (1)
and (2):

𝐼𝑂𝑆𝐿(𝑡)∝|
𝑑𝑛
𝑑𝑡

| = 𝑛0𝜎𝜑𝑒
−𝜎𝜑𝑡 (3)

The OSL intensity decays exponentially during the light stimulus.
Eq. (3) shows a dependence between 𝐼(𝑡) and 𝜎. For some materials
(e.g. Al2O3:C, LiF:Mg,Ti and BeO) this behavior has already been
observed [25,26]. In fact, it is possible to determine the sensitivity of
the material through 𝜎.

3.2. Photoionization cross-section

The photoionization cross-section is one of the most important phys-
ical quantities to understand the transition mechanisms in metastable
levels containing the media. Recently, Lima–Batista–Couto [19] have
proposed a model to calculate the 𝜎 based on the time-dependent
perturbation theory. This expression is obtained considering that the
radiation field which interacts with the trapped electrons is semi-
classical and linearly polarized. Thus, the probability of the electron
to be promoted to the conduction band is described by the 𝜎 which is
a function of the photon energy and is given by Eq. (4) [27]

𝜎 = 4𝜋2ℏ
𝑚∗2𝜔

(

𝑒2

ℏ𝑐

)

|⟨𝑛|𝑒𝑖(𝜔∕𝑐)(𝐧̂.𝐱)𝐞̂.𝐩|𝜓0⟩|
2𝜌(𝐸𝑛)|𝐸𝑛≅𝐸𝑖−ℏ𝜔 (4)

where 𝜔 is the angular frequency of the incident electromagnetic radi-
ation, 𝐸𝑖 is the activation energy of the donor impurity level, 𝐸𝑛 is the
energy of the final state, 𝑚∗ is the electron effective mass, 𝐩 is the elec-
tron linear moment vector, 𝐞̂ and 𝐧̂ are the polarization and propagation
directions, respectively. |𝜓0⟩ and |𝑛⟩ are wave functions of the trap state
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and the continuum final state, respectively. ⟨𝑛|𝑒𝑖(𝜔∕𝑐)(𝐧̂.𝐱)𝐞̂.𝐩|𝜓0⟩ is the
transition matrix element and 𝜌(𝐸𝑛) is the final density of states.

As the electron moves almost freely in the conduction band, |𝑛⟩ can
be described approximately as a plane wave in the continuum final
state. The plane wave function used in another theoretical methodol-
ogy [22] for calculating 𝜎 is given by

|𝑛⟩ = 1
√

𝐿3
𝑒𝑖𝐤.𝐱 (5)

where 𝐿3 is the volume of the system, and 𝐤 is the wave vector of the
electron. From the energy conservation, one has

𝑘2 = 2𝑚∗

ℏ2
(ℏ𝜔 − 𝐸𝑖) (6)

The electron promoted to the conduction band, by the ionizing
radiation, undergoes various collisions with other electrons. Instead
of returning to the valence band, the electron is captured by impu-
rity levels which are created by defects and vacancy in the material.
Electron levels in the potential well may be considered like localized
states, and the electron in this states oscillates locally with an angular
frequency, 𝜔0, which depends on the phonon vibrations of the crystal
lattice. In this way, the donor impurity wave function can be described,
approximately, as the ground state of a three-dimensional isotropic
harmonic oscillator of angular frequency 𝜔0 (see Fig. 1). In the ground
state, the electron remains in the lowest energy state, and the lifetime
is infinite if there is not the action from external forces. Thus, |𝜓0⟩ is
given by

|𝜓0⟩ =
(

𝑚∗𝜔0
𝜋ℏ

)3∕4
𝑒
−𝑚∗𝜔0

2ℏ 𝑥2 (7)

where 𝐱 is three-dimensional vector in the Cartesian space.
The final density of states 𝜌(𝐸𝑛) in the conduction band can be

obtained by using a simple box normalization convention, of side L,
for the plane wave states. Thus, 𝜌(𝐸𝑛) within a solid angle 𝑑𝛺 is given
by

𝜌(𝐸𝑛) =
( 𝐿
2𝜋

)3 𝑚∗

ℏ2
𝑘𝑑𝛺 (8)

By using the Fermi’s golden rule and the wave functions (Eq. (5)
and Eq. (7)) in Eq. (4):

𝜎 = 4𝛼ℏ2𝑘3

𝑚∗2𝜔𝜔0

√

𝜋ℏ
𝑚∗𝜔0

exp
{

− ℏ
𝑚∗𝜔0

[

𝑘2 +
(𝜔
𝑐

)2
]}

×4𝜋
(

1
𝛾(𝜔)

)3
[𝛾(𝜔) cosh (𝛾(𝜔)) − sinh (𝛾(𝜔))] (9)

where 𝛾(𝜔) = 2𝑘ℏ𝜔∕𝑚∗𝜔0𝑐 is an energy function [19]. This model
was obtained using all multipole terms in the Hamiltonian, without
considering the approximation of electric dipole.

Eq. (9) describes the probability of the trapped electron to be
promoted to the conduction band and, subsequently, to be recombined
with a hole, in the luminescent center, through the stimulus of the
electromagnetic radiation. Note that Eq. (9) takes into account the com-
petition between the radiative and non-radiative transitions through
the dependence with 𝜔 and 𝜔0. It is important to understand the
sensibility of the trapped electrons to the light stimulus. Furthermore,
there is a dependence with the electron effective mass which takes into
account the mobility of the electrons in the host material.

3.3. Density functional theory

The framework adopted for the present calculations is the Density-
Functional Theory (DFT), using a Plane-Wave basis set and pseu-
dopotentials for the Fluorine and Lithium atoms, within its general-
ized gradient approximation (GGA) for exchange–correlation energy
as improved by Perdew–Burke–Ernzerhof [28]. The calculation of
phonons was carried out after the self-consistent calculation, using
the Density-Functional Perturbation Theory as implemented in the

Table 1
Physical quantities used to predict 𝜎 and the reference from where it was taken from.
me stands for the electron mass.

Quantity LiF Al2O3:C

E𝑖 (eV) 0.97 [32] 2.4 [33,34]
m∗ (me) 2.16 [35] 0.22 [36]
𝜔0 (THz) 65.8 (This work) 1.63 [37]

Quantum Espresso code [29,30]. The Kinect-energy cutoff was 50.0 Ry,
charge density cutoff 200.0 Ry. The system adopted for the simulations
was the Lithium Fluoride, a cubic structure, space group F m 3̄ m,
containing two atoms in the unit cell, and a lattice constant of a =
4.0270 Å. Such size for the cell was adopted for fast calculation to
phonon dispersion.

4. Results and discussion

The reproducibility of the batch of pellets used in the analysis was
studied. At least three samples of each composition were submitted to
five cycles or more of the irradiation-reading process. For each batch
of samples, no more than 12% of variation regarding both the total
emitted signal represented by the integral value below the OSL curve
and the emission on the very first 0.24 s (minimum integration time
in the value of the counts during obtaining the OSL signal, taking into
account the maximum time of 60 s and the number of points equal to
250 (points of the OSL curve)) was verified.

As expected, Fig. 2a shows that even though the absorbed dose
is greatly lower in the case of Al2O3:C, its OSL emission intensity is
significantly higher than the one from LiF. Fig. 2b shows different
patterns of decays represented with normalized curves, in which a
faster decay pattern from Al2O3:C is seen than in LiF. Normalization
was performed based on the highest value of emission during light
stimulation.

Fig. 3a shows that the emitted OSL intensity from LiF is higher when
the samples are submitted to 15 Gy than to 10 Gy. At the same time it
is seen that regarding the pattern of decay, there is no such difference
when the normalized OSL curves are analyzed (Fig. 3b).

Parameters as the initial concentration of trapped charge carriers
(n0) in the trapping center, the wavelength-dependent photoionization
cross-section 𝜎(𝜆), and the stimulation photon-flux reaching the detec-
tor 𝜑(𝜆) are important in the considerations of the mechanisms behind
the OSL signal characteristics. By using the theoretical approach of the
photoionization cross-section of the trapping centers in both materials,
LiF and Al2O3:C, it is possible to explain the OSL decay pattern as well
as the reason why the intensity of the OSL emission signal of LiF is
significantly lower than of Al2O3:C. This discussion will be based on
the first-order kinetic model for OSL, which assumes the absence of
retrapping process. In fact, this analysis is valid no matter the energy
of the ionizing radiation, that was used in both materials, because the
peak of maximum temperature on TL signal does not shift with the
energy of the ionizing radiation in most of the dosimeter materials [31]
as well as the OSL decay pattern remains the same for both doses (10
and 15 Gy for LiF).

The photoionization cross-section (𝜎) of both materials was pre-
dicted through the model proposed by Lima–Batista–Couto [19], based
on time-dependent perturbation theory, as described in section Theory.
Eq. (5) depends on some physical quantities (such as activation energy,
electron effective mass, phonon frequency) and one variable (the fre-
quency of electromagnetic radiation used as stimulus). For Al2O3:C, a
detailed discussion about 𝜎 was carried out in a previous work [19] by
using three different activation energies and electron effective masses.
The purpose of using it here is for comparison purposes with the
LiF compound. Table 1 presents these physical quantities for both
materials.
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Fig. 2. (a) OSL emission curves for the Al2O3:C and LiF samples irradiated using different absorbed doses values; (b) Normalized OSL curves.

Fig. 3. (a) OSL emission from LiF irradiated with 10 Gy and 15 Gy; (b) Normalized curves.

Fig. 4. (a) Phonon dispersion and (b) Phonon density of LiF compound.

In particular, for the LiF compound the phonon frequency has been
obtained through the Density-Functional Perturbation Theory as imple-
mented in the Quantum Espresso code. Fig. 4a and 4b show the phonon
dispersion and phonon density, respectively. In the interval between
300 cm−1 and 350 cm−1, there is a contribution peak of the lithium
atom and in the interval between 350 cm−1 and 400 cm−1, there is
a greater contribution of the atom of fluorine. Note that the atom of
fluorine has a major contribution to the non-radiative transitions in
this compound. The phonon frequency (Table 1) obtained here shows

a close agreement to literature predictions [38], and it was used for
calculating 𝜎.

In order to analyze the behavior of Eq. (9), the photoionization cross
section was plotted as a function of the electromagnetic radiation en-
ergy for both materials. Note that in Fig. 5 the probability distribution
curve presents one maximum about 2.6 eV for the Al2O3:C (red line),
and another about 1 eV for the LiF (blue line). These peaks correspond
to the maximum probabilities of the electron in the trapping centers to
be excited to the conduction band and, subsequently, to be recombined
with a hole in a recombination center emitting a luminescent signal.
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Fig. 5. Photoionization cross-section vs. electromagnetic radiation energy for two
materials: LiF and Al2O3:C.

The maximum peak of the Al2O3:C presents one 𝜎 about 4 times greater
than LiF.

It is possible to see that the peak maximum from 𝜎 of the Al2O3:C
coincides with the frequency of the electromagnetic radiation in the
blue range. The predictions of the present work agree well with the
experimental data, in which the maximum emission of the OSL signal
occurs in the blue stimulus for this material [39].

The magnitude of 𝜎 was also predicted to the specific wavelength,
𝜆=470 nm, the same wavelength used to stimulate the samples. In this
case, the magnitude of 𝜎 for the Al2O3:C is much greater than for LiF:
8.4 × 10−21 m2 and 6.9 × 10−50 m2, respectively. In fact, this difference
is displayed in the OSL emission signal from both materials, as shown
in Fig. 2a. In addition, it is also possible to see that LiF samples were
submitted to 10 Gy and 15 Gy of absorbed dose, while Al2O3:C samples
were submitted to 170 mGy. LiF was submitted to a much larger dose
because it was not possible to see clearly the emission signal for lower
doses. In general, as the dose deposited in the material increases, the
number of electrons in trapping centers increases, and the intensity of
the OSL emission signal is improved, showing its connection with the
absorbed dose. It was not possible to irradiate both materials with the
same dose because, to higher doses, the OSL signal of Al2O3:C could
damage the photomultiplier, with no use of additional filtration. This
makes a more accurate comparison difficult.

In order to analyze the pattern of OSL decays of both materials
through the predictions of 𝜎, the OSL intensity curve was plotted as
a function of time by using the first-order kinetic model (Eq. (3)). The
stimulated photon flux 𝜑 with wavelength 𝜆 is the same for both mate-
rials. As the dose deposited in both samples are significantly different,
the maximum value of 𝜎 (𝜎 of the Al2O3:C is 4 times greater than LiF)
has been considered with the goal of showing the entire tendency of
the OSL decay pattern. Fig. 6 shows the normalized theoretical OSL
curve based on Eq. (3). The theoretical predictions are very similar
to the experimental results presented in Fig. 2b. The strong over-
response of the initial intensity of the CW-OSL from Al2O3:C dosimeter
is not shown in Fig. 6, because it is being considered the first-order
kinetic (no retrapping) approximation in Eq. (3). This shows that the
photoionization cross-section plays an important role in understanding
the OSL decay curve. In addition, the results show that just linear effects
are enough to describe the luminescent properties of these detectors.

Some points deserve special comments for the low OSL signal of LiF
samples:

Fig. 6. Normalized OSL curves for the Al2O3:C and LiF samples. In this case, the
maximum 𝜎 has been used in both materials. The solid line represents the normalized
OSL experimental curves for Al2O3:C and LiF samples, irradiated with 170 mGy and
15 Gy respectively.

∙ The magnitude of the electron effective mass in this material is
about 10 times greater than in the Al2O3:C. The magnitude of m∗

influences the mobility of the electrons in the crystal lattice. As shown
in the Ref. [19], 𝜎 increases with the decrease of m∗;

∙ Although the phonon frequency is less in fluoride crystals, and
in this case, 𝜔0 is about 2.5 times smaller than the Al2O3:C, it is not
enough for causing major changes in the 𝜎;

∙ Thermoluminescence measures have shown shallow traps close to
the edge of the conduction band (about 1 eV for LiF) [32]. Shallow traps
are generally associated with the phosphorescence phenomena, which
occur immediately after the irradiation. As the energy used to stimulate
this material is about 2.6 times greater than the activation energy, the
probability of transition is very low, according to the Fermi′s golden
rule. This makes the 𝜎 very low for the LiF;

∙ The magnitude of 𝜎 is maximum to 𝜆=1240 nm, because the
activation energy of the trapping center corresponds to this wavelength;

∙ The low OSL signal of the LiF, even being irradiated with a high
dose, is due to the photoionization cross-section that is very low. Both
the intensity and the pattern of the OSL curve decay are governed by
𝜎 (see Eq. (3)). This behavior is shown in Figs. 2 and 6, in which the
OSL curve slowly decays as well as the intensity is low.

The theoretical approach in this work based on the photoionization
cross-section of the trapping center combined with the experimental
data explains the main reasons for the low OSL signal emitted from LiF.
For this, Al2O3:C, a commercial dosimeter, was used for comparison.
From these results, it is possible to list some future perspectives to
improve the OSL signal from this material.

One of them is to analyze the effect of dopants in this compound,
because it may create traps or move them to deeper positions relative
to the edge of the conduction band. Another mechanism is to analyze
the behavior of the magnitude of the electron effective mass as well as
the phonon frequency with the doping concentration.

5. Conclusions

In summary, in this work the photoionization cross-section (𝜎) of
trapped charge carriers in the trapping center was predicted for both
compounds, LiF and Al2O3:C. For the same wavelength (𝜆=470 nm)
used to stimulate the samples, the magnitude of 𝜎 for the Al2O3:C is
much greater than LiF: 8.4 × 10−21 m2 and 6.9 × 10−50 m2, respec-
tively. In addition, measurements of OSL show that even though the
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absorbed dose is greatly lower in the case of Al2O3:C (submitted to
170 mGy), its OSL emission intensity is significantly higher than the
one from LiF (submitted to 10 Gy and 15 Gy). For lower doses (in
order of mGy), it was not possible to see the emission signal in LiF. The
theoretical predictions of the OSL decay curve combine well with the
experimental data. The combination of different methodologies shows
that the low OSL signal of LiF is due to the very low magnitude of 𝜎
at the used excitation wavelength. Both the intensity and the pattern
of the OSL curve decay are governed by 𝜎. Finally, other factors as
electron mobility and deep traps are crucial for improving the intensity
of the OSL signal in this detector.
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