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Abstract
Annealing of color centers was studied in lithiumfluoride crystals, irradiatedwith 23-MeVnitrogen
and 28-MeVoxygen ions. Basing on the optical absorption spectroscopy and reaction-ratemodelling,
a new interpretation of the annealing kinetics at the practically important temperatures below 500 K is
suggested. Proposedmodel explains simultaneous decrease of the F and F2/F3

+ peaks as a result of
migration of the F centers and formation of larger aggregates, and does not include additional
assumptions about impurities and cation vacancies. It specifies themigration energy of the F centers in
the ground state to be about 1.3 eV, that corresponds to earlier studies.

1. Introduction

Lithiumfluoride is a very popular object of basic and applied researches due to its relatively simple structure,
which however provides a rich variety of properties, among those radiation defects—the color centers are of
particular interest. Similarly to the other alkali halides, LiF is very sensitive for ionizing irradiation, that creates
defects in the anion sublattice via decay of the electronic excitations [1]. Note, that in lithium fluoride the color
centers cannot be obtainedwith the additive coloration technique [2].

Investigations of the radiation damagewith swift ions are aimed to understanding of both peculiarities of the
materialmodification and interaction of swift projectiles withwide-band dielectrics in general [3–12]. Swift
ions, depositingmost of their energy to the electronic subsystemof targetmaterials, effectively create primary
Frenkel pairs in the fluorine sublattice of the lithium fluoride crystals. Further kinetics of the defects depends on
the irradiation conditions, in particularly on the temperature [13]. At room temperature constituents of the
Frenkel pairs can be actively separated due to diffusion, and form stable color centers [14–16]. Thus, the anion
vacancies capture electrons, forming stable F centers and their aggregates Fn.Meanwhile the singlefluorine
interstitials (Hcenters) are highlymobile at room temperature, and those, avoided recombination, form
aggregates or complex centers with impurities and cation vacancies [17]. Due to the strong ion binding of the
lithium fluoride even intensive ion irradiation does not cause amorphization, althoughXRD can reveal
nanostructuring of the crystals [18].

Our study is focused on the thermal stability of the color centers, formed in lithium fluoridewith energetic
nitrogen and oxygen ions. Accumulation of the stable defects and their annealing behavior is important for
functional properties of opticalmaterials and dosimetry application [19–22]. Results of the study can be valid for
other alkali-halide crystals, having similar kinetics of the point defects [5]. However they should be appliedwith
a caution to halides of alkali-earthmetals due to the considerably higher defect formation energy in the crystals,
which provide high radiation resistance of thematerials [10, 23–26].

UV–vis absorption spectroscopy, employed in our research, is a widely used and reliablemethod for
investigation of color centers. Supportedwith results of other techniques, it allows to attribute the absorption
peaks to the certain color centers [26–28]. Thus,modification of the absorption spectra because of the heating
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allows to estimate changes of the defects’ concentrations. However, themicroscopic interpretation of their
kinetics in some cases remains unclear. In particular, themain attention in our study is paid to the practically
important temperature range of 400–500 K.

2. Experimental procedure and results

Lithiumfluoride crystals were grown in vacuum from the pre-purified charge in JSC ‘Research and Production
Corporation S I Vavilova’ (S IVavilov StateOptical Institute, Saint-Peterburg, Russia). OurXRDmeasurements
confirmperfect crystallinity of the samples. Irradiationswith 23-MeV 14N and 28-MeV 16O ionswere carried
out atDC-60 accelerator (Astana, Kazakhstan) at room temperature. According to the SRIM code [29] the
stopping ranges R of the ions are 14.13 and 14.91microns correspondingly, which are less than sample
thicknesses. The electronic energy losses alongside the ion trajectories are plotted in the figure 1, the nuclear ones
are negligible till the very end of the ion paths. As the stopping power of the both projectiles remains fair below
10 keVnm−1, one should not expect the track core formation [30].

Optical absorption spectra of the irradiated samples weremeasured in the range of 1.5–6.5 eV bymeans of
the spectrophotometer SF-2000 (Russia). The spectra reveal absorption peaks of various color centers, which are
listed in the table 1.Without thermal annealing or optical excitation (bleaching) these centers are known to be
stable at room temperature [31, 32]. Their behavior during thermal annealing was studied by heating an
irradiated sample in themuffle furnace in atmosphere up to increasingly higher temperatures (T ) and holding
there for a certain timeDt (15 minutes for the samples irradiatedwith 14N, and 10 min for 16O). The
temperaturewas controlled by the chromel-alumel thermocouple,mounted close to the sample holder. The
heating rate was 5 K per second, so the heating times were noticeable less thanDt.Then the sample was cooled
down the room temperature, and the corresponding absorption spectrumwasmeasured.

Figure 1.Electronic energy losses of the nitrogen and oxygen ions in lithiumfluoride according to SRIM [29].

Table 1.Color centers in lithium
fluoride at room temperature [31].

Center
Absorptionmaximum

(nm) (eV)

F 248 5.00

F2 444 2.79

F2
+ 685 1.81

F3 317, 377 3.91, 3.29

F3
+ 448 2.77

F3
− 950 1.31

F4 518, 540 2.39, 2.30
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Absorption spectra of the lithium fluoride crystals after irradiation and subsequent annealing steps are
shown in the figures 2 and 3. All spectra until annealing above 550 K contain F peakwithmaximumat 5 eV,
which is slightly distorted, presumably due to cation defects [33–35]. Various Fn centers (see the table 1) form the
absorption band in the range 1.77–4.13 eV [31]. Further aggregation of the F centers ( >n 4) leads to formation
of nF aggregates—precursors of Li colloids with the absorptionmaximumat 2.79 eV [31, 32, 36].

In thefigure 2 one can see the absorption spectra of LiF crystals, irradiatedwith 23-MeVnitrogen ions. The F
peak is dominating since the projectile energy and applied fluence of 4× 1012 ions cm−2 are not high enough to
provide active aggregation process [27, 28]. Similarly in thefigure 3(a) the spectrumof the samples after
irradiationwith 28-MeVoxygen ions demonstrates higher F peak for the fluence of 1× 1013 ions cm−2.
Contrarily in the figure 3(b), corresponding to thefluence of 1× 1015 ions cm−2, the Fn band is dominating.

Themain contribution to the Fn band is given by F2 and F3
+ centers, possessing very close absorption peaks

(table 1). They can be better distinguished by luminescent spectroscopy [37–39], including the ion-beam
luminescentmeasurements [40, 41]. However, one can see that F3

+ peak is decreasing faster than F2with the
heating treatment, especially for high fluence (figure 3(b)).

3. Analysis and discussion

Optical density at the F-peak absorptionmaximum ODF allows to evaluate the surface concentration of the F
centers according to the Smakula-Dexter formula [42, 43], which at room temperature gives [3]:

= ´ ´-[ ] ( )n ODcm 9.48 10 1F F
2 15

The average volume concentration of the F centers in the irradiated layer can be estimated as n R,F/ and the
average distance between them correspondingly as

= -( ) ( )d n R 2F
1
3/

For the irradiated samples before annealing with spectra shown in the figures 2 and 3 the equation (2)
evaluates d of 3.8–4.8 nm, thatmeans 13–17 interatomic (F-F ion) distances. Note, that the actual distribution is
not uniform, and close to the ion trajectories the color centers can be separated by just a few interatomic
distances [44].

From the other hand, the number of diffusional hops at a constant temperature is

⎜ ⎟⎜ ⎟
⎛
⎝

⎛
⎝

⎞
⎠

⎞
⎠

n= D - ( )M t
E

k T
exp 3F

B

1
2

where n is the attempt frequency factor about 1013 s−1 [45], EF—the activation energy of the F centers, and
kB—the Boltzmann constant.

Absorption spectra in thefigures 2 and 3 demonstrate that above 400 Kboth F and Fn peaks are starting to
decrease. In this paper we suggest, that the early stage of annealing can be described as a result of the F centers’

Figure 2.Absorption spectra of LiF crystals after irradiationwith 4× 1012 23-MeV 14N ions per cm2 and subsequent annealing.
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diffusion, assuming theirmigration energy in the ground state of about 1.10–1.40 eV (figure 4), which seems
quite plausible.We suppose the following reactions, comprising themobile F centers:

+  +  + + - ( )F F F , F F F , F H H 42 n n 1 n n 1

The following equations describe kinetics of the F centers and their aggregates [9, 46]:
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Figure 3.Absorption spectra of LiF crystals, irradiatedwith 23-MeV 16O ions and stepwise annealed. Fluences of 1× 1013 (a) and
1× 1015 ions cm−2 (b)were applied.
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where f ,1 f ,2 fn are the distribution function for F, F2 and Fn centers correspondingly. For >n 4 we assume nF
aggregates.

Reaction F+H2→Hreleasesmobile interstitials, and those further interactions should be considered.
Thus, for distributions ofH centers (h1) and their aggregates (h ,2 hn)wehave:
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Here DF and DH are the diffusion coefficients, rF and rH are the reaction factors, describing interaction of
the corresponding aggregates withmobile defects.We assume [46]

= =( ) ( ) ( )r n n r n n, 7F H
2
3

2
3

as a simplemodel of the reaction rates, proportional to the aggregate surface areas.
Initial distribution of the color centers can be taken from themodelling of irradiation at room temperature

[46], then equations (5), (6) should be solved tofind their concentration after a given time of annealing, which
can be expressed as the number of diffusional hops M according to the equation (3). Typical results of the
calculations are presented in thefigure 5.

Below 500 Kwe do not take into account possible evaporation of the single F centers fromFn centers and
smaller nF aggregates, that would result in theOstwald ripening, leading to formation of larger nF aggregates and
metal colloids [5, 32, 47, 48].

Themodelling confirms our suggestion that the reactions (4), caused bymobility of the single F centers,
provide decrease of both F and F2 centers in favor to larger aggregates. In earlier investigations such
simultaneous decrease of both absorption peakswas attributed to decay of the interstitial aggregates [45], release
of theH centers and their subsequent recombinationwith F and Fn centers. Alternatively, decay of complexes,
composed of the anion vacancy and a trace element (e.g. oxygen) or cation vacancy, and appearance of the
mobile anion vacancies was proposed in [31]. Anyway, the F centers were supposed to be immobile until 500 K
to explain the effect formerly. But assuming the reactions (4) thosemechanisms become unnecessary. TheH
centers, despite their highmobility, seemingly do not initiate the annealing reactions below 500 Kdue to strong
bindingwithin their aggregates.

Figure 4.Number of diffusional jumps of F centers during the annealing stepDt = 600 s versus temperature for differentmigration
energies EF according to the equation (3).
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Additional decrease of the F2/F3
+ peak can be associatedwith reactions of the F3

+ centers, providing new
color centers, whereas appearance of the new charged F3

+ centers is very unlikely during annealing.

4. Conclusion

Optical absorption spectra of the lithium fluoride crystals, irradiated at room temperature with 23-MeV
nitrogen and 28-MeVoxygen ions, comprise of the F and Fn peaks, and both are decreasing during the thermal
annealing, starting fromabout 400 K. The new interpretation of the effect is suggested.

We assume that below 500 K the annealing process is originated bymobility of the single F centers, their
mutual interactions, and reactions with other color centers. Proposedmodel does not assume additional
mechanisms, like release of the anion vacancies [31], for this annealing stage. Reaction-rate kineticmodelling of
the color centers during annealing confirms this interpretation and givesmigration energy of the F centers about
1.3 eV, that is consistent with the earlier data [24]. It also explains faster decrease of the F3

+ (2.77 eV) peak relative
to the F2 (2.79 eV).

Annealing at the temperatures above 500 K demonstrates further decrease of the absorption peaks and
should include decay of the complex color centers and defect aggregates, that will be considered elsewhere.

Acknowledgments

Authors deeplymiss Prof. DrKurt Schwartz—our patient teacher, dear colleague, and kind friend, passed away
last year. Hewas a real expert in the field of radiation defects in ionic crystals, andwe try our best to followhis
dedication to science.MVS desperately sorrows over his dear son, friend, and co-author [9]Anton Sorokin,
who has suddenly passed away at the age of 22.

This work has been carried out using computing resources of the federal collective usage center Complex for
Simulation andData Processing forMega-science Facilities at NRC ‘Kurchatov Institute’, http://ckp.nrcki.ru/.

Data availability statement

All data that support thefindings of this study are includedwithin the article (and any supplementary files).

ORCID iDs

MVSorokin https://orcid.org/0000-0002-5308-8515
ZhBMalikova https://orcid.org/0000-0002-5434-9975
AKDauletbekova https://orcid.org/0000-0003-0048-0959
GBaubekova https://orcid.org/0000-0003-0662-428X

Figure 5.Calculated concentrations of the F centers and their aggregates (Fn, nF) as irradiated and after annealing, providing M
hopping distances for the single F centers.

6

Mater. Res. Express 11 (2024) 076201 MVSorokin et al

http://ckp.nrcki.ru/
https://orcid.org/0000-0002-5308-8515
https://orcid.org/0000-0002-5308-8515
https://orcid.org/0000-0002-5308-8515
https://orcid.org/0000-0002-5308-8515
https://orcid.org/0000-0002-5434-9975
https://orcid.org/0000-0002-5434-9975
https://orcid.org/0000-0002-5434-9975
https://orcid.org/0000-0002-5434-9975
https://orcid.org/0000-0003-0048-0959
https://orcid.org/0000-0003-0048-0959
https://orcid.org/0000-0003-0048-0959
https://orcid.org/0000-0003-0048-0959
https://orcid.org/0000-0003-0662-428X
https://orcid.org/0000-0003-0662-428X
https://orcid.org/0000-0003-0662-428X
https://orcid.org/0000-0003-0662-428X


GMAralbayeva https://orcid.org/0000-0002-6827-5567
ATAkilbekov https://orcid.org/0000-0001-6366-6705

References

[1] Kumar F et al 2005 Swift heavy ion induced structural and opticalmodifications in LiF thin film J. Phys. D: Appl. Phys. 38 637–641
[2] Sonder E and Sibley WA 1972 Defect Creation by Radiation in Polar Crystals. PointDefects in Solids ed JH Crawford and LM Slifkin

(Springer) 220–69
[3] Schwartz K et al 2008 Effect of electronic energy loss and irradiation temperature on color-center creation in LiF andNaCl crystals

irradiatedwith swift heavy ions Phys. Rev.B 78 024120
[4] TrautmannC, Schwartz K andGeiss O 1998Chemical etching of ion tracks in LiF crystals J. Appl. Phys. 83 3560–4
[5] DubinkoV I, TurkinAA, VainshteinD I and denHartogHW2000Theory of the late stage of radiolysis of alkali halides J. Nucl.Mater.

277 184–98
[6] Rusakova A et al 2012Color centers and structural damage in LiF induced by 150MeVKr ions IOPConf. Ser.:Mater. Sci. Eng. 38

012040
[7] LushchikA et al 2008 Stabilization and annealing of interstitials formed by radiation in binarymetal oxides and fluoridesNuclear

Instruments andMethods in Physics Research SectionB 266 2868–71
[8] Tachibana T,HoshiD andNagashimaY 2023Molecular ion desorption fromLiF(110) surfaces by positron annihilation Physical

Review Lett. 131 143201
[9] SorokinMV, Schwartz K, Aisida SO, Ahmad I, SorokinAMand IzerroukenM2020Distribution of color centers around swift ion

trajectories in lithiumfluoride crystalsNucl. Instrum.Methods Phys. Res.B 191 246–50
[10] Müller C, CranneyM, El-Said A, IshikawaN, Iwase A, LangMandNeumannR 2002 Ion tracks on LiF andCaF2 single crystals

characterized by scanning forcemicroscopyNucl. Instrum.Methods Phys. Res.B 485 32–5
[11] SharopovU et al 2023Comparative researchfluorine and colloidal aggregate formation on the surface lithium fluoride thin films

during electronic, ionic and thermal treatmentsVacuum 213 112133
[12] Nebogin SA, IvanovNA, Bryukvina L I, ShipitsinNV, Rzhechitskii A E and Papernyi V L 2018 Photoluminescence ofmagnesium-

associated color centers in LiF crystals implantedwithmagnesium ions Photonics Nanostruct. Fundam. Appl. 29 36–41
[13] Schwartz K et al 2007Damage creation in LiF andNaCl crystals irradiatedwith swift heavy ions at 8 and 300 K Physica Status Solidi (c) 4

1105–9
[14] LisitsynVM,KorepanovV I andYakovlevVY 1996 Evolution of primary radiation defects in ionic crystalsRuss. Phys. J. 39 1009–28
[15] Bradford JN,WilliamsRT and FaustWL 1975 Study of F-center formation inKCl on a picosecond time scale Phys. Rev. Lett. 35 300–4
[16] Yoshinari T, IwanoH andHiraiM1978 F-H center formation by the optical conversion in self trapped excitons in KCl crystal J. Phys.

Soc. Jpn. 45 936–43
[17] LushchikA, LushchikC, KirmM,Nagirnyi V, Savikhin V andVasil’chenko E 2006Defect creation caused by the decay of cation

excitons and hot electron–hole recombination inwide-gap dielectricsNuclear Instruments andMethods in Physics Research sectionB 250
330–6

[18] Maniks J,Manika I, Zabels R,Grants R, Tamanis E and Schwartz K 2012Nanostructuring and strengthening of LiF crystals by swift
heavy ions: AFM,XRD and nanoindentation studyNuclear Instruments andMethods in Physics Research SectionB 282 81–4

[19] BaubekovaG et al 2020Thermal annealing of radiation damage produced by swift 132Xe ions inMgO single crystalsNucl. Instrum.
Methods Phys. Res.B 462 163–8

[20] PiccininiM,Nichelatti E, PimpinellaM,DeCosteV andMontereali RM2022Dose response of visible color center
radiophotoluminescence in lithium fluoride crystals irradiatedwith a reference 60Co gammabeam in the 1–20Gy dose rangeRadiat.
Meas. 151 106705

[21] SankowskaM, Bilski P,Marczewska B andZhydachevskyy Y 2023 Influence of elevated temperature on color centers in LiF crystals and
their photoluminescenceMaterials 16 1489

[22] Horowitz Y S,Oster L andEliyahu I 2019The saga of the thermoluminescence (TL)mechanisms and dosimetric characteristics of LiF:
Mg,Ti (TLD-100) J. Lumin. 214 116527

[23] StrelkovaAV, LisitsynVM, Lisitsyna LA,Koketai TA,MussakhanovDA, Karipbayev ZT andZhunusbekov AM2023
Characterization and luminescence dynamics ofMgF2:Wceramics Eurasian Journal of Physics and FunctionalMaterials 7 239–48

[24] Kotomin EA, PopovA I andEglitis R I 1992Correlated annealing of radiation defects in alkali halide crystals J. Phys. Condens.Matter 4
5901–10

[25] KuzovkovVN,Kotomin EA and PopovA I 2018Kinetics of dimer F2 type center annealing inMgF2 crystalsNucl. Instrum.Methods
Phys. Res.B 435 79–82

[26] DitterM, BecherM,Orth S, Schwartz K, TrautmannC and Fujara F 2019 Spatially resolvedmagnetic resonance studies of swift heavy
ion induced defects and radiolysis products in LiF crystalsNucl. Instrum.Methods Phys. Res.B 441 70–8

[27] Fowler BW1968Physics of Color Centers (Academic Press Inc)
[28] ItohN and StonehamAM2001MaterialsModification by Electronic Excitations (CambridgeUniversity Press)
[29] Ziegler J F 2013 SRIM -The stopping and range of ions inmatter http://srim.org/
[30] TrautmannC, Schwartz K, Costantini JM, Steckenreiter T andToulemondeM1998Radiation defects in lithiumfluoride induced by

heavy ionsNucl. Instrum.Methods Phys. Res.B 146 367–78
[31] DauletbekovaA, Schwartz K, SorokinMV,Maniks J, Rusakova A, KoloberdinM,Akilbekov A andZdorovetsM2013 LiF crystals

irradiatedwith 150MeVKr ions: peculiarities of color center creation and thermal annealingNucl. Instrum.Methods Phys. Res.B 295
89–93

[32] Schwartz K, Volkov AE, SorokinMV,NeumannR andTrautmannC 2010 Effect of irradiation parameters on defect aggregation
during thermal annealing of LiF irradiatedwith swift ions and electronsPhys. Rev.B 82 144116

[33] MayhughMR,Christy RWand JohnsonNM1970Thermoluminescence and color center correlations in dosimetry LiF J. Appl. Phys.
41 2968–76

[34] Radyabov EA andNepomnyachikh A I 1981Magnesium color centers at 3.5 and 5.0 eV in lithiumfluoride Physica Status Solidi (a) 68
77–81

[35] Stoebe TG andWatanabe S 1975Thermoluminescence and lattice defects in LiFPhysica Status Solidi (a) 29 11–29
[36] Mussi V et al 2003Optical investigation ofmetallic colloids in ion-irradiated lithiumfluoride (LiF) crystalsRadiat. Eff. Defects Solids 158

181–4

7

Mater. Res. Express 11 (2024) 076201 MVSorokin et al

https://orcid.org/0000-0002-6827-5567
https://orcid.org/0000-0002-6827-5567
https://orcid.org/0000-0002-6827-5567
https://orcid.org/0000-0002-6827-5567
https://orcid.org/0000-0001-6366-6705
https://orcid.org/0000-0001-6366-6705
https://orcid.org/0000-0001-6366-6705
https://orcid.org/0000-0001-6366-6705
https://doi.org/10.1088/0022-3727/38/4/018
https://doi.org/10.1088/0022-3727/38/4/018
https://doi.org/10.1088/0022-3727/38/4/018
https://doi.org/10.1007/978-1-4684-2970-1
https://doi.org/10.1007/978-1-4684-2970-1
https://doi.org/10.1007/978-1-4684-2970-1
https://doi.org/10.1103/PhysRevB.78.024120
https://doi.org/10.1063/1.366572
https://doi.org/10.1063/1.366572
https://doi.org/10.1063/1.366572
https://doi.org/10.1016/S0022-3115(99)00207-X
https://doi.org/10.1016/S0022-3115(99)00207-X
https://doi.org/10.1016/S0022-3115(99)00207-X
https://doi.org/10.1088/1757-899X/38/1/012040
https://doi.org/10.1088/1757-899X/38/1/012040
https://doi.org/10.1016/j.nimb.2008.03.132
https://doi.org/10.1016/j.nimb.2008.03.132
https://doi.org/10.1016/j.nimb.2008.03.132
https://doi.org/10.1016/j.vacuum.2023.112133
https://doi.org/10.1016/j.photonics.2018.01.005
https://doi.org/10.1016/j.photonics.2018.01.005
https://doi.org/10.1016/j.photonics.2018.01.005
https://doi.org/10.1002/pssc.200673839
https://doi.org/10.1002/pssc.200673839
https://doi.org/10.1002/pssc.200673839
https://doi.org/10.1002/pssc.200673839
https://doi.org/10.1007/BF02436146
https://doi.org/10.1007/BF02436146
https://doi.org/10.1007/BF02436146
https://doi.org/10.1103/PhysRevLett.35.300
https://doi.org/10.1103/PhysRevLett.35.300
https://doi.org/10.1103/PhysRevLett.35.300
https://doi.org/10.1143/JPSJ.45.936
https://doi.org/10.1143/JPSJ.45.936
https://doi.org/10.1143/JPSJ.45.936
https://doi.org/10.1016/j.nimb.2006.04.133
https://doi.org/10.1016/j.nimb.2006.04.133
https://doi.org/10.1016/j.nimb.2006.04.133
https://doi.org/10.1016/j.nimb.2006.04.133
https://doi.org/10.1016/j.nimb.2011.08.042
https://doi.org/10.1016/j.nimb.2011.08.042
https://doi.org/10.1016/j.nimb.2011.08.042
https://doi.org/10.1016/j.nimb.2019.11.013
https://doi.org/10.1016/j.nimb.2019.11.013
https://doi.org/10.1016/j.nimb.2019.11.013
https://doi.org/10.1016/j.radmeas.2022.106705
https://doi.org/10.3390/ma16041489
https://doi.org/10.1016/j.jlumin.2019.116527
https://doi.org/10.32523/ejpfm.2023070404
https://doi.org/10.32523/ejpfm.2023070404
https://doi.org/10.32523/ejpfm.2023070404
https://doi.org/10.1088/0953-8984/4/27/009
https://doi.org/10.1088/0953-8984/4/27/009
https://doi.org/10.1088/0953-8984/4/27/009
https://doi.org/10.1088/0953-8984/4/27/009
https://doi.org/10.1016/j.nimb.2017.10.025
https://doi.org/10.1016/j.nimb.2017.10.025
https://doi.org/10.1016/j.nimb.2017.10.025
https://doi.org/10.1016/j.nimb.2018.11.040
https://doi.org/10.1016/j.nimb.2018.11.040
https://doi.org/10.1016/j.nimb.2018.11.040
http://srim.org/
https://doi.org/10.1016/S0168-583X(98)00427-3
https://doi.org/10.1016/S0168-583X(98)00427-3
https://doi.org/10.1016/S0168-583X(98)00427-3
https://doi.org/10.1016/j.nimb.2012.11.004
https://doi.org/10.1016/j.nimb.2012.11.004
https://doi.org/10.1016/j.nimb.2012.11.004
https://doi.org/10.1016/j.nimb.2012.11.004
https://doi.org/10.1063/1.1659346
https://doi.org/10.1063/1.1659346
https://doi.org/10.1063/1.1659346
https://doi.org/10.1002/pssa.2210680110
https://doi.org/10.1002/pssa.2210680110
https://doi.org/10.1002/pssa.2210680110
https://doi.org/10.1002/pssa.2210680110
https://doi.org/10.1002/pssa.2210290102
https://doi.org/10.1002/pssa.2210290102
https://doi.org/10.1002/pssa.2210290102
https://doi.org/10.1080/1042015021000052052
https://doi.org/10.1080/1042015021000052052
https://doi.org/10.1080/1042015021000052052
https://doi.org/10.1080/1042015021000052052


[37] Russakova A, SorokinMV, Schwartz K, DauletbekovaA, AkilbekovA, BaizhumanovM,ZdorovetsM andKoloberdinM2013Color
center accumulation in LiF crystals under irradiationwithMeV ions: optical spectroscopy andmodelingNucl. Instrum.Methods Phys.
Res.B 313 21–5

[38] Montereali RM,NigroV, PiccininiM,VincentiMA,Nenzi P, Ronsivalle C andNichelatti E 2024Visible proton Bragg curve imaging
by colour centre photoluminescence in radiation detectors based on lithiumfluoridefilms on silica J. Phys. Condens.Matter 13 28996-
29007

[39] Nichelatti E, PiccininiM, Ampollini A, Picardi L, Ronsivalle C, Bonfigli F, VincentiMA andMontereali RM2019Modelling of
photoluminescence fromF2 and F3+ colour centres in lithiumfluoride irradiated at high doses by low-energy proton beamsOpt.
Mater. 89 414–8

[40] SkuratovVA, AbuAlAzmSMandAltynovVA2002 Luminescence of aggregate centers in lithiumfluoride irradiatedwith high energy
heavy ionsNucl. Instrum.Methods Phys. Res.B 191 251–5

[41] Batool A et al 2020 In-situ investigation of point defects kinetics in LiF using ion luminescence techniqueNucl. Instrum.Methods Phys.
Res.B 466 52–5

[42] DexterD L 1954 Shapes of absorption and emission lines of impurities in solids Phys. Rev. 96 615
[43] Bate RT andHeerCV1958 Some optical andmagnetic properties of irradiated LiF J. Phys. Chem. Solids 7 14–21
[44] SorokinMV, Schwartz K, TrautmannC,DauletbekovaA and El-Said A S 2014Modeling of defect accumulation in lithiumfluoride

crystals under irradiationwith swift ionsNucl. Instrum.Methods Phys. Res.B 326 307–10
[45] Kotomin EA, KashcheyevsV, KuzovkovVN, Schwartz K andTrautmannC 2001Modeling of primary defect aggregation in tracks of

swift heavy ions in LiFPhys. Rev.B 64 144108
[46] SorokinMV, Schwartz K, DubinkoV I, KhodanAN,DauletbekovaAK andZdorovetsMV2020Kinetics of lattice defects induced in

lithiumfluoride crystals during irradiationwith swift ions at room temperatureNucl. Instrum.Methods Phys. Res.B 466 17–9
[47] JainU and Lidiard AB 1977The growth of colloidal centres in irradiated alkali halidesPhilos.Mag. 35 245–59
[48] Davis S, González-Cataldo F, Gutiérrez G, Avaria G, Bora B, Jain J,Moreno J, Pavez C and Soto L 2021Amodel for defect formation in

materials exposed to radiationMatter Radiat. Extremes. 6 015902

8

Mater. Res. Express 11 (2024) 076201 MVSorokin et al

https://doi.org/10.1016/j.nimb.2013.08.007
https://doi.org/10.1016/j.nimb.2013.08.007
https://doi.org/10.1016/j.nimb.2013.08.007
https://doi.org/10.1016/j.optmat.2019.01.052
https://doi.org/10.1016/j.optmat.2019.01.052
https://doi.org/10.1016/j.optmat.2019.01.052
https://doi.org/10.1016/S0168-583X(02)00570-0
https://doi.org/10.1016/S0168-583X(02)00570-0
https://doi.org/10.1016/S0168-583X(02)00570-0
https://doi.org/10.1016/j.nimb.2020.01.021
https://doi.org/10.1016/j.nimb.2020.01.021
https://doi.org/10.1016/j.nimb.2020.01.021
https://doi.org/10.1103/PhysRev.96.615
https://doi.org/10.1016/0022-3697(58)90176-8
https://doi.org/10.1016/0022-3697(58)90176-8
https://doi.org/10.1016/0022-3697(58)90176-8
https://doi.org/10.1016/j.nimb.2013.10.033
https://doi.org/10.1016/j.nimb.2013.10.033
https://doi.org/10.1016/j.nimb.2013.10.033
https://doi.org/10.1016/j.nimb.2020.01.007
https://doi.org/10.1016/j.nimb.2020.01.007
https://doi.org/10.1016/j.nimb.2020.01.007
https://doi.org/10.1080/14786437708235986
https://doi.org/10.1080/14786437708235986
https://doi.org/10.1080/14786437708235986

	1. Introduction
	2. Experimental procedure and results
	3. Analysis and discussion
	4. Conclusion
	Acknowledgments
	Data availability statement
	References



