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Abstract

Lithium fluoride (LiF) crystals are widely employed both as optical windows transparent
in the ultraviolet spectral region and as efficient personal dosimeters, with their application
scope recently expanding into lithium-ion technologies. Moreover, as an alkali halide
crystal (AHC), LiF serves as a model system for studying and simulating radiation effects
in solids. This work identifies radiation-induced defects formed in lithium fluoride upon
irradiation with swift heavy ion beams (N, O, Kr, U) and intense pulsed electron beams,
investigates their thermal stability, and performs computer modeling of annealing processes.
The theoretical analysis of existing experimental kinetics for F-centers induced by electron
and heavy ion irradiation reveals considerable differences in the activation energies for
interstitial migration. A strong correlation between the activation energy Ea and the pre-
exponential factor X(Ea) is observed; notably, X(Ea) is no longer constant but closely
matches the potential function Ea. Indeed, with increasing irradiation dose, both the
migration energy Ea and pre-exponential factor X decrease simultaneously, leading to an
effective increase in the defect diffusion rate.

Keywords: LiF; Frenkel defects; swift heavy ions; thermal stability; optical absorption

1. Introduction
For a long time, lithium fluoride (LiF) crystals have been utilized as optical windows

for the ultraviolet spectral region and as dosimetric materials in personal dosimeters de-
signed for detecting gamma radiation, electrons, and thermal neutrons. Consequently,
electron-hole and excitonic processes responsible for storing the absorbed radiation energy
have been extensively studied in these crystals. The thermally stimulated luminescence
(TSL) peak in the temperature range of 300–550 K serves as a measure of the absorbed
dose. Their high level of tissue equivalence has led to the development of effective personal
dosimeters [1]. Recently, the application domain of LiF has expanded to include lithium-ion
batteries, lithium-based optical and laser materials, and advanced materials for nuclear
applications [2–15]. The applications and future prospects of LiF have been thoroughly
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discussed in recent reviews, along with extensive references therein [16–18]. Furthermore,
as an alkali halide crystal (AHC), LiF constitutes a model system for the investigation and
simulation of radiation effects in solids [1,16–18]. Particle irradiation (neutrons, electrons,
ions) generates radiation-induced defects therein, often leading to a progressive degrada-
tion of its functional properties [17–26]. Swift heavy ion (SHI) irradiation of alkali halides,
as well as binary and complex oxides, induces not only isolated F-centers but also complex
aggregate F-type centers (Ft, t = 2, 3, 4) [27–42]. The optical absorption band maxima of
these electron centers are listed in Table 1.

Table 1. Absorption band maxima of F-type centers in LiF crystals. The absorption maximum λmax at a
certain temperature and the annealing temperature Ta and models are indicated [17,28,30,31,33,40–42].

Center Model
Absorption Maximum

λmax (nm) λmax (eV)

F V+
a + e− 250 (300 K) 4.96

F2 2V+
a + 2e− 445 (300 K) 2.79

F+
2 2V+

a + e− 625 1.98
F−

2 2V+
a + 3e− 950 1.31

F3(R1) 3V+
a + 3e− 317 (300 K) 3.91

F3(R2) 377 (300 K) 3.29
F+

3 3V+
a + 2e− 442 2.81

F−
3 2V+

a + 4e− 820 1.51
F4 (N1) 4V+

a + 4e− 518 (300 K) 2.39
F4 (N2) 540 (300 K) 2.3

Currently, the luminescent and optical properties of F-type defects induced in lithium
fluoride (LiF) under prolonged irradiation by ions of various masses and energies have
been extensively investigated [17,28,30,31,33,40–43]. The significance of this topic arises
from the widespread application of ion beams in science and technology, such as modifying
the surface layers of functional materials.

It is widely accepted today that, besides the collision (knock-on) mechanism, another
mechanism involving the excitation and ionization of the electronic subsystem by particles
or quanta occurs, resulting in the formation of elementary electronic excitations such as
excitons and electron-hole pairs. These electronic excitations relax to self-trapped states (es),
subsequently producing Frenkel pairs ((F − H), (α − I)), which constitute primary color
centers. In alkali halide crystals (AHCs), and specifically in LiF, the excitonic defect forma-
tion mechanism is significantly more effective than the elastic collision mechanism [44–50].
Furthermore, under heavy ion irradiation, the excitonic mechanism is also dominant [33,51].

Radiation-induced defect formation in AHCs subjected to heavy-ion irradiation
strongly depends on energy loss, irradiation temperature, and fluence (dose). Irradia-
tion to high fluences leads to the formation of more complex aggregate electronic defects,
accompanied by a decrease in the concentration of F and Fn centers [40]. Irradiation with
ions having energy losses above the critical threshold of approximately 10 keV/nm results
in track core damage and initiation of dislocations in individual ion tracks. Upon overlap-
ping of these tracks, the enlargement and ordering of dislocation loops occur, leading to
the formation of nanostructures [17].

Heavy ions with velocities corresponding to energy losses of approximately 10 keV/nm
induce core damage within tracks and initiate dislocations in individual tracks; as these
tracks overlap, dislocation loops enlarge and become ordered, facilitating nanostructure for-
mation [40,43,44]. It has been demonstrated that ion-induced damage significantly affects
mechanical properties due to the reduced mobility of dislocations and the modification of
nanostructures and ion-induced stresses [40,44].
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As previously noted, radiation-induced defects in LiF affect its functional properties.
To restore the original properties of LiF single crystals, thermal treatments must be carried
out, during which radiation-induced defects lose their stability and recombine. Thus, it is
crucial to investigate not only the processes of radiation-induced defect formation but also
their thermal stability and the annealing mechanisms.

The aim of this study is to identify radiation-induced defects formed in lithium fluoride
upon irradiation with swift heavy ion beams (N, O, Kr, U) and high-power pulsed electron
beams, to investigate the thermal stability of these defects, and to perform computer
simulations of the annealing processes.

2. Experimental and Theoretical Methods of Research
For the present study, high-purity LiF single crystals grown at JSC “INKROM” (GOI

Vavilov, St. Petersburg) were used. The transparency edge of the LiF crystals is at 11.5 eV,
indicating their high quality. The crystals were irradiated with electron beams and with
ions of 28 MeV 16O, 23 MeV 14N, 150 MeV 84Kr, and 2640 MeV 238U to various fluences
at room temperature (RT). Irradiation with 28 MeV 16O, 23 MeV 14N, and 150 MeV 84Kr
ions was carried out at the DC-60 cyclotron (Astana, Kazakhstan), while irradiation with
2640 MeV 238U ions was performed at the GSI accelerator facility (Darmstadt, Germany).

Additionally, pulsed electron beams with a pulse duration of 10 ns and an average
electron energy of 250 keV were used for irradiation. The energy density per pulse was
15 mJ

cm2 . The electron penetration depth was 0.2 mm. The absorbed dose per single pulse in
the LiF crystal was 8 × 102 Gy. Electron irradiation was conducted using a pulsed electron
spectrometer (Astana, Kazakhstan).

The parameters of the 28 MeV 16O, 23 MeV 14N, 150 MeV 84Kr, and 2640 MeV 238U
ions were calculated using the SRIM code [52] and are presented in Table 2.

Table 2. Radiation parameters of 16O, 14N, 84Kr, and 238U ions in LiF crystals.

Ion Energy
(MeV)

Range
(µm)

E
R ,

KeV/nm

Electronic Stopping
Power, Se
KeV/nm

Nuclear Stopping
Power, Sn
KeV/nm

16O 28 14.91 1.88 1.76 0.0013
14N 23 14.13 1.63 1.52 0.0011
84Kr 150 17.76 8.45 12.12 0.022
238U 2640 94.02 28.08 0.03 0.0026
16O 28 14.91 1.88 1.76 0.0013

The maximum energy of an electron ejected during the interaction of an ion with a
solid is determined by the following expression:

Ee
max =

4meEion
M

, (1)

where me is the electron mass, Ee
max is the ion energy, and M is the ion mass.

The calculated maximum electron energies Ee
max for oxygen ions (16O) is 3.84 keV, for

nitrogen ions (14N) is 3.61 keV, for krypton ions (84Kr) is 3.91 keV, and for uranium ions
(238U) is 24.34 keV. The maximum energy of electrons ejected by ions, based on scaling
factors, for 16O is Ee

max = 22 × 1.75 = 38.5 keV; for 14N: Ee
max = 22 × 1.65 = 36.1 keV; for 84Kr:

Ee
max = 22 × 1.79 = 39.38 keV; and for 238U: Ee

max = 22 × 11.09 = 244 keV.
These primary electrons, upon further interactions within the solid, can produce

secondary or so-called δ-electrons. For these ions, the energy of the δ-electrons is typically
less than 50 eV, and the free path of such low-energy electrons is approximately 1 nm.
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According to electron energy-loss spectra, δ-electrons are capable of generating anionic
excitons, separated electrons and holes, plasmons, and cationic excitons.

It should be noted that electronic energy losses are dominant for 16O, 14N, and 84Kr
ions. The ratio of electronic to nuclear stopping powers is 1354, 1382, and 551, respectively,
which is sufficiently large that the displacement of lattice ions (Li+, F−) by the incoming ion
can be neglected. For uranium ions, this ratio is 12, and thus, nuclear (collision) processes
cannot be ignored in defect formation.

Optical absorption spectra were measured in the energy range of 1.5–6.5 eV using
a SPECORD 250 UV VIS spectrophotometer (Analytik Jena, Germany) and a PERSEE
T8DCS spectrophotometer (Beijing, China). Spectra were recorded after irradiation at room
temperature (RT).

Stepwise annealing of the irradiated LiF crystals was carried out in a muffle
furnace–SNOL (Vilnus, Lithuania), on an aluminum substrate, in air. After cooling the
samples down to room temperature, absorption spectra were measured. These multiple
“heating–cooling–measurement” cycles were performed under identical conditions at a
heating rate of 5 K per second. All presented spectra were measured at room tempera-
ture (RT).

Theoretical modeling was performed on a supercomputer at the Institute of Solid State
Physics, University of Latvia (ISSP UL). The Latvian Supercluster (LASC) has the following
technical specifications: Linux (CentOS) operating system; total available resources include
2376 CPUs, with a theoretical peak performance of approximately 157 TFlops, 12 TB of
RAM, and 127 TB of total disk storage. LASC is used for (a) computational modeling of
advanced materials; (b) modeling and interpretation of experimental results.

3. Results and Discussion
3.1. Experimental Investigation

The thermal stability of various defects in LiF crystals irradiated with heavy ions
depends on both the ion energy loss and the fluence [53–57]. During thermal treatment,
two distinct processes occur: (1) the thermal decay of color centers, and (2) the diffusion
of color centers or their decay products. Since hole-type color centers are thermally less
stable than electron-type color centers, their decomposition with the formation of H centers
and vacancies occurs at the initial stages of annealing. The generated H centers are mobile
and recombine with electron-type color centers. Anion vacancies (V+

a ), which are more
mobile than F centers, may also participate in the annealing process. The diffusion of V+

a
and F centers can lead to the formation of complex electron-type color centers such as
F + F → F2 , F + F2 → F3 , and etc. and larger aggregates [53].

Figure 1 shows the optical absorption (OA) spectra of LiF crystals irradiated with
28 MeV 16O, 23 MeV 14N, 150 MeV 84Kr, and 2640 MeV 238U ions after stepwise heating to
specific temperatures T in the range from 293 K to 870 K.

Figure 2 presents the optical absorption spectra of LiF crystals irradiated with an
electron beam to doses ranging from 184 Gy to 800 Gy at room temperature, after stepwise
annealing to specific temperatures in the range of 293 K to 870 K.
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Figure 1. (a) Optical absorption (OA) spectra of LiF crystals irradiated with 28 MeV 16O ions to a
fluence of Φ = 1 × 1013 ions/cm2 after stepwise annealing in the range of 293–623 K; (b) OA spectra
after irradiation with 23 MeV 14N ions to a fluence of Φ = 4× 1012 ions/cm2 and stepwise annealing
in the range of 293–748 K; (c) OA spectra after irradiation with 150 MeV 84Kr ions to a fluence of
Φ = 1 × 1014 ions/cm2 and stepwise annealing in the range of 293–870 K; (d) OA spectra after
irradiation with 2640 MeV 238U ions to a fluence of Φ = 1 × 1014 ions/cm2 and stepwise annealing
in the range of 293–723 K.
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Figure 2. (a) Optical absorption (OA) spectra of LiF crystals irradiated with electrons to a dose of
184 Gy after stepwise annealing in the range of 293–673 K; (b) OA spectra of LiF crystals irradiated
with electrons to a dose of 800 Gy after stepwise annealing in the range of 293–523 K.
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3.2. Annealing Analysis of Defects

The integrated absorption of F and Fn color centers were determined in the spec-
tral ranges of 4.13–5.90 eV for F centers and 1.77–4.13 eV for Fn centers according to
Equations (2) and (3). The energy range for F and Fn color centers is consistent for irra-
diation with 84Kr, 14N, 16O, and 238U ions, as well as for electrons at doses of 184 Gy
and 800 Gy. Therefore, the following formulas were used to calculate the integral optical
absorption values [29]:

AF =

5.90∫
4.13

D(ε) dε (2)

AFn =

4.13∫
1.77

D(ε) dε, (3)

where DF and DFn are the optical densities at the absorption maxima of the F and Fn centers,
respectively, and ε is the photon energy (eV).

The optical absorption spectra at various annealing stages are shown in Figure 3 for
samples (a) irradiated with 28 MeV 16O ions to a fluence of Φ = 1 × 1013 ions/cm2;
(b) irradiated with 23 MeV 14N ions to a fluence of Φ = 4 × 1012 ions/cm2; (c) irradiated
with 2640 MeV 238U ions to a fluence of Φ = 1 × 1014 ions/cm2; and (d) irradiated
with 150 MeV 84Kr ions to a fluence of Φ = 1 × 1014 ions/cm2. The curves in Figure 4
indicate the spectral regions where absorption decreases or, conversely, increases during
the annealing process. Analysis of these figures using Equations (2) and (3) allowed us to
make the following assessments, as presented below.

Annealing at 400 K for LiF crystals irradiated with 150 MeV 84Kr ions to a fluence
of Φ = 1 × 1014 ions/cm2 leads to a reduction in F center absorption (AF = 12%) and a
general increase in Fn( F2

F+
3

) centers (AFn = 15%) (Figure 3c). The next step at 480 K results

in a significant decrease in the integral absorption of F centers (AF = 32%); a decrease in
AFn by 7% is also observed (relative to 400 K). At 480 K, the absorption bands of F+

3 and F2

centers can be clearly distinguished (Figure 3c). F+
3 and F2 centers are annealed at around

590 K. Below 500 K, the primary process is the diffusion of H centers. With increasing
temperature, F centers become mobile and form more complex Fn centers according to the
reaction Fn + F → Fn + 1. At annealing temperatures of around 600 K, impurity and lithium
colloids are formed (Figure 3d). Complete annealing occurs at approximately 850 K.

Annealing at 323 K for LiF crystals irradiated with 28 MeV 16O ions to a fluence of
Φ = 1 × 1013 ions/cm2 results in little change in F center concentration (a decrease of
AF = 4%), and also a reduction in Fn( F2

F+
3

) centers (AFn = 6%). Annealing at 423 K for these

samples leads to a decrease in F center absorption (AF = 33%) and an increase in Fn( F2
F+

3
)

center absorption (AFn = 6.83%) compared to the previous annealing at 373 K. At 623 K, F
centers and Fn( F2

F+
3

) centers are almost completely annealed.

Annealing at 413 K for LiF crystals irradiated with 23 MeV 14N ions to a fluence of
Φ = 4 × 1012 ions/cm2 decreases the absorption of both F centers (AF = 24%) and Fn( F2

F+
3

)

centers (AFn = 15%) to a similar extent. The subsequent step at 463 K also reduces the
absorption of F centers (AF = 23%) and, similarly, Fn( F2

F+
3

) centers (AFn = 17%). At 463 K,

the absorption peaks of F+
3 and F2 centers can be clearly resolved. F+

3 and F2 centers are
annealed at approximately 590 K.
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(a) (b) 

  
(c) (d) 

Figure 3. (a) Absorption spectra after thermal annealing of LiF crystals irradiated with 28 MeV
16O ions to a fluence of Φ = 1 × 1013 ions/cm2, following stepwise annealing in the range of
293–623 K; (b) after irradiation with 23 MeV 14N ions to a fluence of Φ = 4 × 1012 ions/cm2 and
stepwise annealing in the range of 293–748 K; (c) after irradiation with 2640 MeV 238U ions to a
fluence of Φ = 1 × 1014 ions/cm2; (d) after irradiation with 150 MeV 84Kr ions to a fluence of
Φ = 1 × 1014 ions/cm2 and stepwise annealing in the range of 293–870 K.
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(a) (b) 
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Figure 4. (a) Difference absorption spectra after thermal annealing of LiF crystals irradiated with
23 MeV 14N ions to a fluence of Φ = 4 × 1012 ions/cm2, for the (423–293) K interval; (b) differ-
ence spectra for the (423–293) K interval after irradiation with 28 MeV 16O ions to a fluence of
Φ = 1 × 1013 ions/cm2; (c) difference spectra for the (400–293) K interval after irradiation with
150 MeV 84Kr ions to a fluence of Φ = 1 × 1014 ions/cm2; (d) difference spectra for the (423–293) K
interval after irradiation with 2640 MeV 238U ions to a fluence of Φ = 1 × 1014 ions/cm2.

Annealing at 423 K for LiF crystals irradiated with 2640 MeV 238U ions to a fluence
of Φ = 1 × 1014 ions/cm2 results in a decrease in F center absorption (AF = 13%) and an
increase in Fn( F2

F+
3

) centers (AFn = 7%). At the next step of 473 K, both F center absorption

(AF = 24%) and Fn( F2
F+

3
) center absorption (AFn = 7.4%) decrease compared to 423 K. As in

the case of Kr ion irradiation, the formation of more complex aggregates and colloids is
observed. Almost complete annealing is observed at 723 K.

A similar analysis was carried out for LiF crystals irradiated with electron beams.
Heating the crystals leads to the destruction of color centers. Figure 2a presents the results
of thermal stability studies of accumulated color centers in LiF crystals irradiated with
electron fluxes to a dose of 184 Gy. As in the case of ion-irradiated samples, the crystal was
heated to elevated temperatures, held for 10 min, and then cooled to room temperature.
The absorption spectra were measured at room temperature. Examination of the absorption
spectra of LiF crystals irradiated with electron beams to a dose of 184 Gy revealed only the
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F center band. With increasing annealing temperature, the F centers are destroyed, while
no Fn centers are formed.

After irradiation of LiF crystals with a pulsed electron beam to a dose of 800 Gy
and subsequent stepwise annealing in the temperature range of 293–523 K, pronounced
changes are observed in the optical absorption spectra, associated with the relaxation
of radiation-induced defects—primarily F centers. In the absorption spectra (Figure 2b),
the maximum intensity of the F center band is retained at the early stages of thermal
treatment (up to ~400 K), indicating a high thermal stability of these defects at relatively
low temperatures. However, with further increase in temperature, the band intensity
decreases sharply, especially after annealing at 473 K and above, which indicates the
thermal annihilation of F centers. This process is also clearly manifested in the differential
spectra (Figure 5b), where the difference in optical density between consecutive annealing
steps illustrates the decrease in the concentration of absorbing centers: the maximum in
the F center region decreases significantly with increasing temperature, particularly in
the range from 473 to 523 K. This behavior indicates that the most intensive relaxation of
radiation defects occurs in this temperature range.

 
(a) (b) 

Figure 5. (a) Change in absorption (∆D) after thermal annealing of LiF crystals irradiated with
electrons to a dose of 184 Gy, following stepwise annealing in the range of 293–673 K; (b) change in
absorption after irradiation to a dose of 800 Gy and subsequent stepwise annealing in the range of
293–523 K.

Annealing at 373 K for LiF crystals irradiated with electron fluxes to a dose of 800 Gy
results in a significant decrease in F center absorption (AF = 7%) compared to the previous
annealing temperature of 323 K. Further annealing at 473 K leads to a reduction in absorp-
tion by an additional AF = 32% relative to the value at 373 K, and at 523 K—up to 50%,
indicating a substantial elimination of F centers.

A comprehensive analysis of the absorption spectra, their differential changes, and
the integral intensity of the F center band demonstrates that the main processes of thermal
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relaxation of radiation defects in LiF crystals occur at temperatures above 470 K. It is in this
range that a sharp decrease is observed in both the amplitude and the integrated intensity
of the F center band, reflecting the efficient annealing of radiation defects formed as a result
of electron irradiation.

From Figures 1a–d and 2a,b, it is evident that the primary defects formed under SHI
irradiation are F centers and Fn centers (n = 2, 3, 4), as well as their complementary hole
centers (Vn), which have an absorption band maximum in the vacuum UV region [17]. Dur-
ing annealing, some defects recombine while others participate in aggregation processes,
as indicated by the increased absorption in the spectral region associated with Fn centers.
Similar defects are observed under irradiation with pulsed electron beams, although the
efficiency of defect creation and the aggregation processes are less pronounced.

In our case, ion tracks are formed under irradiation with 150 MeV 84Kr ions, and
hillocks also appear on the surface [58]. Track formation occurs under irradiation with
both 150 MeV 84Kr and 2640 MeV 238U ions, with hillock structures also forming on
the surface [17,57,58].

3.3. The F-Type Center Annealing Analysis

In this study, the theoretical model of stepwise annealing in MgF2 crystals [59] is
employed, which is based on the phenomenological theory of diffusion-controlled re-
combination kinetics of single-electron centers in irradiated ionic crystals [60,61]. This
phenomenological theory has previously been applied to the annealing of F centers un-
der gamma [62] and neutron [63] irradiation of MgF2 crystals, as well as to the thermal
annealing and transformation of F2 centers.

In reference [59], the phenomenological theory was further developed, demon-
strating how it is fitting to the experimental un annealed curves allows one to extract
two control parameters: the migration energy of interstitial ions Ea and the pre-exponential
factor X = N0a0Do

β , where N0 is the initial defect concentration, a0 is the recombination
radius, Do is the diffusion pre-exponential factor, and β is the heating rate.

The results of the theoretical analysis of F-center annealing in LiF are presented in
Figures 3 and 4 and Table 3 is shown in Figures 6 and 7.

Table 3. Obtained values of the migration energy Ea of interstitial ions and the pre-exponential factor
X for different types of irradiation and various fluences.

№
Experiment Modeling

Methods Source Dose (Gy) Ref. Ea (eV) X
(
K−)

1 Optical absorption O ions 28 MeV
Fluence 1 × 1013 cm−2 1.13 × 107 This work 0.37 2.4 × 102

2 Optical absorption N ions 23 MeV
Fluence 4 × 1012 cm−2 3.9 × 107 This work 0.43 1.1 × 102

3 Optical absorption Kr ions 150 MeV
Fluence 1 × 1014 cm−2 5.13 × 105 This work 0.28 3.3 × 101

4 Optical absorption U ions 2640 MeV
Fluence 1 × 1011 cm−2 1.7 × 107 This work 0.86 2.8 × 107

5 Optical absorption Electrons 250 KeV 1.84 × 102 This work 0.29 3.6

6 Optical absorption Electrons 250 KeV 8 × 102 This work 0.71 1.8 × 105

7 Optical absorption C ions 130 MeV
Fluence 1 × 1012 cm−2 3.34 × 108 [54] 0.32 5.8 × 10−1
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Table 3. Cont.

№
Experiment Modeling

Methods Source Dose (Gy) Ref. Ea (eV) X
(
K−)

8 Optical absorption C ions 130 MeV
Fluence 1 × 1011 cm−2 3.34 × 109 [54] 0.60 2.4 × 103

9 Optical absorption Electrons 10 MeV 0.5 × 106 [54] 1.07 4.5 × 106

10 Optical absorption Au ions 709 MeV
Fluence 1 × 1012 cm−2 1.16 × 106 [54] 0.31 5.8 × 10−1

11 Optical absorption Au ions 709 MeV
Fluence 1 × 1011 cm−2 1.16 × 107 [54] 0.28 4.3 × 10−1

12 Optical absorption Xe ions 800 MeV
Fluence 3 × 1011 cm−2 2.97 × 107 [54] 0.30 8.5 × 10−1

13 Optical absorption Pb ions 2300 MeV
Fluence 5 × 1010 cm−2 7.19 × 108 [54] 0.27 2.1 × 10−1

14 Optical absorption U ions 2640 MeV
Fluence 5 × 1010 cm−2 8.53 × 108 [54] 0.41 8.6

15 EPR Neutron irradiation
1 × 1016 n/cm−2 12.6 × 106 [55] 0.40 8.5

Figure 6. Dependence of F-center concentration on the temperature of intermediate annealing steps
for LiF crystals irradiated with oxygen, nitrogen, krypton, and uranium ions at various fluences.

From Table 3, a correlation was observed between the activation energy Ea and the
pre-exponential factor X(Ea), where X(Ea) is no longer constant but shows very good
agreement with an exponential function of Ea, as illustrated in Figure 8.

The results obtained in this study demonstrate a wide variation in the parameters Ea

and X depending on the irradiation dose. An increase in the electron irradiation dose from
1.84 × 102 Gy → 8 × 102 Gy → 0.5 × 106 Gy leads to a sharp increase in Ea from 0.29 eV
(X = 3.6 × 100 K−1) to 1.07 eV (X = 4.5 × 106 K−1). Similar effects are observed under
irradiation with light ions, such as 28 MeV 16O and 130 MeV 12C. The increase in diffusion
energy is accompanied by an orders-of-magnitude increase in the pre-exponential factors.
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These results confirm the conclusion drawn in [59] that the observed dependence of the
diffusion parameter on irradiation dose, as well as the correlation between Ea and X, is
associated with the increasing disorder of the material at high irradiation doses.

Figure 7. Dependence of F-center concentration on the temperature of intermediate annealing steps
for LiF crystals irradiated with electron beams.

Figure 8. Correlations for LiF.

A strong correlation is observed between the activation energy Ea and the pre-
exponential factor X, where X is no longer constant but agrees very well with a potential
(power-law) function of Ea. Indeed, with increasing irradiation dose, both the migration en-
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ergy Ea and the pre-exponential factor X decrease simultaneously, resulting in an effective
increase in the defect diffusion rate.

A similar correlation has been reported for several irradiated ionic materials—Al2O3 [64–67],
MgO [68], and MgF2—which suggests that this phenomenon may be rather widespread [59].
Indeed, such a regularity has been experimentally observed even in materials such as
MgAl2O4 [69], diamond [70] and theoretically predicted in SiO2 [71].

4. Conclusions
Irradiation of LiF with swift heavy ions (N, O, Kr, U) predominantly produces F centers

together with aggregate electron centers (Fn) and their complementary hole defects, whereas
under the electron-irradiation conditions explored, the defect spectrum is dominated by
F centers (no Fn bands resolved at 184 Gy). Thermal analysis shows that the principal
relaxation of radiation damage proceeds above~470 K, with a sharp decrease in the F-
band amplitude and integral intensity between ~473–523 K, followed by near-complete
recovery at higher temperatures depending on the projectile: ~590–623 K for O and N,
~723 K for U, and up to ~850 K for Kr. In the mid-temperature regime (~600 K), defect
migration fosters aggregation reactions and the emergence of lithium/impurity colloids;
for high-electronic-stopping projectiles (Kr, U), this accompanies ion-track formation and
surface hillocks.

Kinetic analysis of stepwise annealing yielded the activation energy Ea and the cor-
responding pre-exponential factor for the dominant recovery process. Across irradiation
types, these parameters span a broad range, e.g., Ea ≈ 0.28–0.43 eV for 150 MeV Kr, 28 MeV
O, and 23 MeV N; ~0.86 eV for 2640 MeV U; and ~0.29–1.07 eV for electron-irradiated sam-
ples depending on energy/dose. A robust correlation between Ea and the pre-exponential
factor is observed, evidencing dose-dependent changes in defect transport consistent with
disorder-controlled diffusion; this trend holds across LiF datasets and aligns with behavior
reported for other ionic crystals.

Overall, the results define practical temperature windows for recovery of LiF after irra-
diation, clarify how electronic stopping governs defect aggregation versus recombination,
and establish quantitative kinetic parameters (Ea and pre-exponential factor) for defect
annealing that can guide post-irradiation thermal treatments and the controlled tuning of
color-center concentration in LiF-based optical and dosimetric applications.
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the low-temperature lifetime-based luminescence thermometry. Opt. Commun. 2019, 452, 342–346. [CrossRef]

10. Umar, Z.; Kurboniyon, M.S.; Khyzhun, O.; Yamamoto, T.; Ma, C.G.; Brik, M.G.; Piasecki, M. First-principles calculations of
the electronic structure and mechanical properties of non-doped and Cr3+-Doped K2LiAlF6 under pressure. J. Lumin. 2024,
266, 120278. [CrossRef]

11. Kenzhina, I.E.; Kozlovskiy, A.L.; Tolenova, A.; Begentayev, M.; Askerbekov, S. The connection between the accumulation of
structural defects caused by proton irradiation and the destruction of the near-surface layer of Li4SiO4–Li2TiO3 ceramics. Opt.
Mater. X 2024, 24, 100367.

12. Zhang, J.; Zeng, L.; Li, C.; Huang, W.; Umar, Z.; Khyzhun, O.; Piasecki, M.; Chen, P.; Zhou, L.; Liu, W.; et al. Vivid and stable red
pigment using octahedral coordinated Mn3+ as chromophore in Sr2LiScB4O10. Ceram. Int. 2025. [CrossRef]

13. Shlimas, D.I.; Khametova, A.A.; Kozlovskiy, A.L.; Zdorovets, M.V. Study of defect formation mechanisms in Li2ZrO3/MgLi2ZrO4

ceramics using EPR spectroscopy. Opt. Mater. X 2025, 25, 100396. [CrossRef]
14. Abyshev, B.K.; Giniyatova, S.G.; Kozlovskiy, A.L. Effect of irradiation temperature on the mobility of structural and vacancy

defects in the damaged layer of Li2ZrO3 ceramics. Opt. Mater. X 2024, 24, 100376. [CrossRef]
15. Shlimas, D.I.; Borgekov, D.B.; Kozlovskiy, A.L. Application of EPR spectroscopy method for comparative analysis of structural

damage accumulation kinetics in two-phase lithium-containing ceramics. Opt. Mater. X 2025, 25, 100387. [CrossRef]
16. Sharopov, U.; Juraev, T.; Kakhkhorov, S.; Juraev, K.; Kurbanov, M.; Karimov, M.; Saidov, D.; Kakhramonov, A.; Akbarova, F.;

Rakhmatshoev, I.; et al. LiF: Past, present, and future in advanced material applications—Insights into battery technology: A
review. Ionics 2025, 31, 7535–7563. [CrossRef]

17. Schwartz, K.; Maniks, J.; Manika, I. A Review of Colour Center and Nanostructure Creation in LiF under Heavy Ion Irradiation.
Phys. Scr. 2015, 90, 094011. [CrossRef]

18. Sharopov, U.; Juraev, T.; Kakhkhorov, S.; Juraev, K.; Kurbanov, M.; Karimov, M.; Abdurakhmonov, O. New challenges for lithium
fluoride: From dosimeter to solid-state batteries. Next Mater. 2025, 8, 100548. [CrossRef]

19. Shunkeyev, K.; Kenzhebayeva, A.; Sagimbayeva, S.; Syrotych, Y.; Zorenko, Y. Luminescence of CsI: Na crystal scintillator under
synchrotron radiation excitation. J. Lumin. 2025, 284, 121308.

20. Tale, I.; Millers, D.; Kotomin, E. Role of tunnelling recombination in radiation-induced F-centre creation in alkali halide crystals at
liquid helium temperatures. J. Phys. C Solid State Phys. 1975, 8, 2366.

21. Shunkeyev, K.; Sagimbayeva, S.; Kenzhebayeva, A. Deformation-induced enhancement of Ex-emission in RbI and KI single
crystals. Opt. Mater. X 2025, 27, 100416. [CrossRef]

22. Kotomin, E.A.; Popov, A.I.; Eglitis, R.I. Correlated annealing of radiation defects in alkali halide crystals. J. Phys. Condens. Matter
1992, 4, 5901. [CrossRef]

23. Shunkeyev, K.; Sagimbayeva, S.; Kenzhebayeva, A.; Serikkaliyeva, Z. The Nature of High-Temperature Peaks of Thermally
Stimulated Luminescence in NaCl: Li and KCl: Na Crystals. Crystals 2025, 15, 67. [CrossRef]

24. Chernov, S.A.; Trinkler, L.; Popov, A.I. Photo-and thermo-stimulated luminescence of CsI—Tl crystal after UV light irradiation at
80 K. Radiat. Eff. Defects Solids 1998, 143, 345–355. [CrossRef]

https://doi.org/10.1016/0020-708X(66)90067-6
https://doi.org/10.1016/j.jpowsour.2023.233953
https://doi.org/10.1016/j.nanoen.2023.108985
https://doi.org/10.15826/chimtech.2021.8.1.01
https://doi.org/10.1007/s11148-021-00618-0
https://doi.org/10.1016/j.optmat.2021.110971
https://doi.org/10.1016/j.jallcom.2020.158297
https://doi.org/10.1016/j.optmat.2017.05.032
https://doi.org/10.1016/j.optcom.2019.07.056
https://doi.org/10.1016/j.jlumin.2023.120278
https://doi.org/10.1016/j.ceramint.2025.02.113
https://doi.org/10.1016/j.omx.2024.100396
https://doi.org/10.1016/j.omx.2024.100376
https://doi.org/10.1016/j.omx.2024.100387
https://doi.org/10.1007/s11581-025-06491-y
https://doi.org/10.1088/0031-8949/90/9/094011
https://doi.org/10.1016/j.nxmate.2025.100548
https://doi.org/10.1016/j.omx.2025.100416
https://doi.org/10.1088/0953-8984/4/27/009
https://doi.org/10.3390/cryst15010067
https://doi.org/10.1080/10420159808214037


Materials 2025, 18, 4441 15 of 16

25. Shunkeyev, K.; Sagimbayeva, S.; Ubaev, Z.; Kenzhebayeva, A. Mechanisms for Enhancing Luminescence Yield in KBr Crystals
under the Influence of Low-Temperature Uniaxial Elastic Deformation. Crystals 2024, 14, 698. [CrossRef]

26. Shunkeyev, K.S.; Sergeyev, D.M.; Sagimbayeva, S.Z.; Ubaev, Z.K.; German, A.E.; Litskevich, A.Y. Facility for Registration of
Deformation-Stimulated Luminescence of Crystals. Instrum. Exp. Tech. 2024, 67, 511–518. [CrossRef]

27. Itoh, N.; Stoneham, A.M. Materials modification by electronic excitation. Radiat. Eff. Defects Solids 2001, 155, 277–290. [CrossRef]
28. Thevenard, P.; Perez, A.; Davenas, J.; Dupuy, C.H.S. Coloration of LiF by 56 MeV α-particles and 28 MeV deuterons I. Observation

of colour centres produced at room temperature. Phys. Status Solidi (a) 1972, 9, 2, 517–522. [CrossRef]
29. Kimura, K.; Kaneko, J.; Sharma, S.; Itoh, N. Stimulated emission and exciton complex in some insulator crystals irradiated by

heavy ions. Nucl. Instuments Methods Phys. Res. B 1999, 154, 318–324. [CrossRef]
30. Skuratov, V.A.; Gun, K.J.; Stano, J.; Zagorski, D.L. In situ luminescence as monitor of radiation damage under swift heavy ion

irradiation. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2006, 245, 194–200.
31. Schwartz, K.; Sorokin, M.; Lushchik, A.; Lushchik, C.; Vasil’chenko, E.; Papaleo, R.; de Souza, D.; Volkov, A.; Voss, K.-O.;

Neumann, R.; et al. Color center creation in LiF crystals irradiated with 5- and 10-MeV Au ions. Nucl. Instrum. Methods Phys. Res.
Sect. B Beam Interact. Mater. At. 2008, 266, 2736–2740. [CrossRef]

32. Popov, A.I.; Balanzat, E. F centre production in CsI and CsI–Tl crystals under Kr ion irradiation at 15 K. Nucl. Instrum. Methods
Phys. Res. Sect. B Beam Interact. Mater. At. 2000, 166, 545–549. [CrossRef]

33. Schwartz, K.; Volkov, A.E.; Sorokin, M.V.; Trautmann, C.; Voss, K.O.; Neumann, R.; Lang, M. Effect of electronic energy loss and
irradiation temperature on color-center creation in LiF and NaCl crystals irradiated with swift heavy ions. Phys. Rev. B Condens.
Matter Mater. Phys. 2008, 78, 024120. [CrossRef]

34. Lushchik, A.; Kuzovkov, V.N.; Kudryavtseva, I.; Popov, A.I.; Seeman, V.; Shablonin, E.; Vasil’chenko, E.; Kotomin, E.A. The Two
Types of Oxygen Interstitials in Neutron-Irradiated Corundum Single Crystals: Joint Experimental and Theoretical Study. Phys.
Status Solidi B 2022, 259, 2100317. [CrossRef]

35. Koshimizu, M.; Kimura, K.; Fujimoto, Y.; Asai, K. Fast luminescence in vacuum ultraviolet region in heavy-ion-irradiated α-Al2O3.
Nucl. Instuments Methods Phys. Res. B 2015, 365, 540–543. [CrossRef]

36. Lushchik, A.; Karner, T.; Lushchik, C.; Schwartz, K.; Savikhin, F.; Shablonin, E.; Shugai, A.; Vasil’chenko, E. Electronic excitations
and defect creation in wide-gap MgO and Lu3Al5O12 crystals irradiated with swift heavy ions. Nucl. Instuments Methods Phys.
Res. B 2012, 286, 200–208. [CrossRef]

37. Zdorovets, M.V.; Kozlovskiy, A.A.; ZhMoldabayeva, G.; Ivanov, I.A.; Konuhova, M. Radiation-induced degradation effects of
optical properties of MgO ceramics caused by heavy ion irradiation. Opt. Mater. X 2025, 26, 100406. [CrossRef]

38. Kozlovskiy, A.L.; Konuhova, M.; Borgekov, D.B.; Anatoli, P. Study of irradiation temperature effect on radiation-induced
polymorphic transformation mechanisms in ZrO2 ceramics. Opt. Mater. 2024, 156, 115994. [CrossRef]

39. Ryskulov, A.E.; Ivanov, I.A.; Kozlovskiy, A.L.; Konuhova, M. The effect of residual mechanical stresses and vacancy defects on the
diffusion expansion of the damaged layer during irradiation of BeO ceramics. Opt. Mater. X 2024, 24, 100375. [CrossRef]

40. Dauletbekova, A.; Maniks, J.; Manika, I.; Zabels, R.; Akilbekov, A.T.; Zdorovets, M.V.; Bikhert, Y.; Schwartz, K. Color centers and
nanodefects in LiF crystals irradiated with 150 MeV Kr ions. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At.
2012, 286, 56–60. [CrossRef]

41. Schwartz, K.; Trautmann, C.; Steckenreiter, T.; Geiss, O.; Krämer, M. Damage and track morphology in LiF crystals irradiated
with GeV ions. Phys. Rev. B 1998, 58, 11232. [CrossRef]

42. Zabels, R.; Manika, I.; Schwartz, K.; Maniks, J.; Grants, R. MeV–GeV ion induced dislocation loops in LiF crystals. Nucl. Instrum.
Methods Phys. Res. Sect. B 2014, 326, 318–321. [CrossRef]

43. Manika, I.; Krasta, T.; Maniks, J.; Bikse, L.; Susinska, J.; Leimane, M.; Trausa, A.; Grants, R.; Popov, A.I. Effect of ion-induced
nuclear reactions on structure modification and radiolysis in LiF irradiated by 410 MeV 36S ions. Opt. Mater. 2023, 138, 113686.

44. Itoh, N. Creation of lattice defects by electronic excitation in alkali halides. Adv. Phys. 1982, 31, 491–551. [CrossRef]
45. Itoh, N.; Tanimura, K. Formation of interstitial-vacancy pairs by electronic excitation in pure ionic-crystals. J. Phys. Chem. Solids

1990, 51, 717–735. [CrossRef]
46. Lushchik, C.; Lushchik, A. Evolution of Anion and Cation Excitons in Alkali Halide Crystals. Phys. Solid State 2018, 60, 1487–1505.

[CrossRef]
47. Popov, A.I.; Kotomin, E.A.; Maier, J. Basic properties of the F-type centers in halides, oxides and perovskites. Nucl. Instrum.

Methods Phys. Res. Sect. B 2010, 268, 3084–3089. [CrossRef]
48. Kotomin, E.; Shluger, A. Quantum-chemical simulation of Frenkel pairs separation in a LiF crystal. Solid State Commun. 1981,

40, 669–672. [CrossRef]
49. Shluger, A.L.; Gavartin, J.L.; Szymanski, M.A.; Stoneham, A.M. Atomistic modelling of radiation effects: Towards dynamics of

exciton relaxation. Nucl. Instrum. Methods Phys. Res. Sect. B 2000, 166, 1–12. [CrossRef]
50. Shluger, A.L.; Itoh, N.; Puchin, V.E.; Heifets, E.N. Two types of self-trapped excitons in alkali halide crystals. Phys. Rev. B 1991,

44, 1499. [CrossRef] [PubMed]

https://doi.org/10.3390/cryst14080698
https://doi.org/10.1134/S0020441224700854
https://doi.org/10.1080/10420150108214126
https://doi.org/10.1002/pssa.2210090214
https://doi.org/10.1016/S0168-583X(99)00044-0
https://doi.org/10.1016/j.nimb.2008.03.107
https://doi.org/10.1016/S0168-583X(99)00789-2
https://doi.org/10.1103/PhysRevB.78.024120
https://doi.org/10.1002/pssb.202100317
https://doi.org/10.1016/j.nimb.2015.07.118
https://doi.org/10.1016/j.nimb.2011.11.016
https://doi.org/10.1016/j.omx.2025.100406
https://doi.org/10.1016/j.optmat.2024.115994
https://doi.org/10.1016/j.omx.2024.100375
https://doi.org/10.1016/j.nimb.2011.12.030
https://doi.org/10.1103/PhysRevB.58.11232
https://doi.org/10.1016/j.nimb.2013.10.043
https://doi.org/10.1080/00018738200101408
https://doi.org/10.1016/0022-3697(90)90145-6
https://doi.org/10.1134/S1063783418080164
https://doi.org/10.1016/j.nimb.2010.05.053
https://doi.org/10.1016/0038-1098(81)90616-5
https://doi.org/10.1016/S0168-583X(99)00734-X
https://doi.org/10.1103/PhysRevB.44.1499
https://www.ncbi.nlm.nih.gov/pubmed/9999683


Materials 2025, 18, 4441 16 of 16

51. Balanzat, E.; Bouffard, S.; Cassimi, A.; Doorhyee, E.; Protin, L.; Grandin, J.P.; Doualan, J.L.; Margerie, J. Defect creation in
alkali-halides under dense electronic excitations: Experimental results on NaCl and KBr. Nucl. Instrum. Methods Phys. Res. Sect. B
1994, 91, 134–139. [CrossRef]

52. Ziegler, J.F.; Ziegler, M.D.; Biersack, J.P. SRIM–The stopping and range of ions in matter. Nucl. Instrum. Methods Phys. Res. Sect. B
2010, 268, 11–12, 1818–1823. [CrossRef]

53. Schwartz, K.; Volkov, A.E.; Sorokin, M.V.; Neumann, R.; Trautmann, C. Effect of irradiation parameters on defect aggregation
during thermal annealing of LiF irradiated with swift ions and electrons. Phys. Rev. B—Condens. Matter Mater. Phys. 2010,
82, 144116. [CrossRef]

54. Shvarts, K.K.; Vitol, A.Y.; Podin, A.V.; Kalnin, D.O.; Ekmanis, Y.A. Radiation effects in pile-irradiated LiF crystals. Phys. Status
solidi (b) 1966, 18, 897–909. [CrossRef]

55. Izerrouken, M.; Guerbous, L.; Meftah, A. Thermal annealing study of F center clusters in LiF single crystals. Nucl. Instrum.
Methods Phys. Res. Sect. A 2010, 613, 9–14. [CrossRef]

56. Izerrouken, M.; Meftah, A.; Nekkab, M. Color centers in neutron-irradiated Y3Al5O12, CaF2 and LiF single crystals. J. Lumin.
2007, 127, 696–702. [CrossRef]

57. Dauletbekova, A.; Schwartz, K.; Sorokin, M.V.; Maniks, J.; Rusakova, A.; Koloberdin, M.; Zdorovets, M. LiF crystals irradiated
with 150 MeV Kr ions: Peculiarities of color center creation and thermal annealing. Nucl. Instrum. Methods Phys. Res. Sect. B 2013,
295, 89–93. [CrossRef]

58. Müller, C.; Benyagoub, A.; Lang, M.; Neumann, R.; Schwartz, K.; Toulemonde, M.; Trautmann, C. SFM study of ion-induced
hillocks on LiF exposed to thermal and optical annealing. Nucl. Instrum. Methods Phys. Res. Sect. B 2003, 209, 175–178. [CrossRef]

59. Popov, A.I.; Elsts, E.; Kotomin, E.A.; Moskina, A.; Karipbayev, Z.T.; Makarenko, I.; Pazylbek, S.; Kuzovkov, V.K. Thermal
annealing of radiation defects in MgF2 single crystals induced by neutrons at low temperatures. Nucl. Instrum. Methods Phys. Res.
Sect. B 2020, 480, 16–21. [CrossRef]

60. Kuzovkov, V.N.; Popov, A.I.; Kotomin, E.A.; Moskina, A.M.; Vasilchenko, E.; Lushchik, A. Theoretical analysis of the kinetics of
low-temperature defect recombination in alkali halide crystals. Low Temp. Phys. 2016, 42, 588–593. [CrossRef]

61. Kotomin, E.A.; Kuzovkov, V.N.; Popov, A.I.; Vila, R. Kinetics of F center annealing and colloid formation in Al2O3. Nucl. Instrum.
Methods Phys. Res. Sect. B 2016, 374, 107–110. [CrossRef]

62. Mussaeva, M.A. Radiation-Stimulated Processes in MgF2 Crystals Doped with Rare-Earth Impurities. Ph.D. Thesis, National
University of Uzbekistan, Tashkent, Uzbekistan, 2000.

63. Nakagawa, M.; Okada, M.; Atobe, K.; Itoh, H.; Nakanishi, S.; Kondo, K. Color centers in irradiated MgF2. Radiat. Eff. Defects
Solids 1991, 119, 663–668. [CrossRef]

64. Lushchik, A.; Lushchik, C.; Schwartz, K.; Vasil’chenko, E.; Papaleo, R.; Sorokin, M.; Trautmann, C. Creation of nanosize defects in
LiF crystals under 5-and 10-MeV Au ion irradiation at room temperature. Phys. Rev. B 2007, 76, 054114. [CrossRef]

65. Trautmann, C.; Schwartz, K.; Costantini, J.M.; Steickenreiter, T.; Toulemonde, M. Radiation defects in lithium fluoride induced by
heavy ions. Nucl. Instrum. Methods Phys. Res. Sect. B 1998, 146, 367–378. [CrossRef]

66. Kuzovkov, V.N.; Kotomin, E.A.; Popov, A.I. Kinetics of the electronic center annealing in Al2O3 crystals. J. Nucl. Mater. 2018,
502, 295–300. [CrossRef]

67. Shablonin, E.; Popov, A.I.; Prieditis, G.; Vasil’chenko, E.; Lushchik, A. Thermal annealing and transformation of dimer F centers
in neutron-irradiated Al2O3 single crystals. J. Nucl. Mater. 2021, 543, 152600. [CrossRef]

68. Baubekova, G.; Akilbekov, A.; Kotomin, E.A.; Kuzovkov, V.N.; Popov, A.I.; Shablonin, E.; Vasil’chenko, E.; Zdorovets, M.;
Lushchik, A. Thermal annealing of radiation damage produced by swift 132Xe ions in MgO single crystals. Nucl. Instrum. Methods
Phys. Res. Sect. B 2020, 462, 163–168. [CrossRef]

69. Lushchik, A.; Feldbach, E.; Kotomin, E.A.; Kudryavtseva, I.; Kuzovkov, V.N.; Popov, A.I.; Seeman, V.; Shablonin, E. Distinctive
features of diffusion-controlled radiation defect recombination in stoichiometric magnesium aluminate spinel single crystals and
transparent polycrystalline ceramics. Sci. Rep. 2020, 10, 7810–7819. [CrossRef]

70. Kotomin, E.A.; Kuzovkov, V.N.; Lushchik, A.; Popov, A.I.; Shablonin, E.; Scherer, T.; Vasil’chenko, E. The Annealing Kinetics of
Defects in CVD Diamond Irradiated by Xe Ions. Crystals 2024, 14, 546. [CrossRef]

71. Kuzovkov, V.; Kotomin, E.; Vila, R. Theoretical analysis of thermal annealing kinetics of radiation defects in silica. J. Nucl. Mater.
2023, 579, 154381. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/0168-583X(94)96203-0
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.1103/PhysRevB.82.144116
https://doi.org/10.1002/pssb.19660180242
https://doi.org/10.1016/j.nima.2009.11.057
https://doi.org/10.1016/j.jlumin.2007.04.005
https://doi.org/10.1016/j.nimb.2012.11.004
https://doi.org/10.1016/S0168-583X(03)00518-4
https://doi.org/10.1016/j.nimb.2020.07.026
https://doi.org/10.1063/1.4959018
https://doi.org/10.1016/j.nimb.2015.08.055
https://doi.org/10.1080/10420159108220799
https://doi.org/10.1103/PhysRevB.76.054114
https://doi.org/10.1016/S0168-583X(98)00427-3
https://doi.org/10.1016/j.jnucmat.2018.02.022
https://doi.org/10.1016/j.jnucmat.2020.152600
https://doi.org/10.1016/j.nimb.2019.11.013
https://doi.org/10.1038/s41598-020-64778-8
https://doi.org/10.3390/cryst14060546
https://doi.org/10.1016/j.jnucmat.2023.154381

	Introduction 
	Experimental and Theoretical Methods of Research 
	Results and Discussion 
	Experimental Investigation 
	Annealing Analysis of Defects 
	The F-Type Center Annealing Analysis 

	Conclusions 
	References

