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Abstract: XRD, SEM-EDS and FTIR were used for studying stable products of nuclear reactions of “branching decay” in LiF exposed to 

intensive 1.17 and 1.33 MeV 60Co -radiation to dose 109 R and mixed neutron+-fluxes of WWR to fluencies 1017-1018 cm-2: 19F9 +   11B5 

+ 7Li3 + 1H1 or  16О8 + 3Т1  and 19F9 + 1n0  20Ne10  or 210B5 in addition to the known 6Li(n,)3T. The main part of impact radiation is 

absorbed in micron subsurface layer, so the following radiation induced structure-phase transformations are highly inhomogeneous: hillocks 
of LiF-B2O3 and LiBH, LiO2 nanofilm and LiH nanocones are detected on LiF surface. It explains impossibility of annealing LiF-detectors. 
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1. Introduction  

     LiF crystals have been used as scintillators, tunable laser 

elements on color centers, and thermal-luminescence dosimeters of 
nuclear radiation; but aggregation of anion vacancies and 

assembling of Li colloids at long-term radiolysis restrict to the low 
dose limit of multiple use the detectors in the irradiation – thermal 

anneal repetition mode [1-4]. Tritium fuel was suggested to be bred 

in-reactor by Li transmutation reactions 6Li(n,)T and 7Li(n,n’)T 
[2]. Various oxide ceramics such as Li2O, Li2SiO3, Li2ZrO3, LiAlO2 

were considered for using in the breeding blanket. But 

microstructural damages (swelling, sintering, microcracking, 
decomposition) can affect tritium diffusion mechanism.  

     The earliest (1950-1970 years) articles described inhomogeneous 
defect production at irradiations of thin and thick LiF crystals with 

fluencies of thermal neutrons within 1016–1018 cm-2 inducing 

reactions 6Li(n,)3T and 7Li(n,)2He, incompatible changes of X-

ray lattice parameters and macroscopic density (measured from 

dilatation due to vacancy generation) for neutron irradiated thin LiF 
crystals. The authors estimated the interstitial atom concentration as 

8600 per one Li fission [5]. Seitz suggested that 2.1 MeV -

particles emitted from Li produce atom displacements, derived 

relation (1900/2) t ~ 710-20t (integral fluency in cm-2) and 

calculated the number of Li replaced by tritium (initial energy 2.7 

MeV upon emission) in the distance of 10 m, so at the fluency 

51019 cm-1 each atom is displaced once [6]. But experiments did 

not confirm it. Microscopic examination of the high dose slow (<0.1 

MeV) neutron irradiated samples after 24 hours annealing at 700 C 
has found bubbles (helium gas pockets) six microns in size and 

square cross-section [7]. Residual low angle scattering is believed 
to be due to 3H and 4He formed by fission of Li that can’t be 

annealed. Later Li colloids and vacancy aggregates were found after 
higher fluencies by means of XRD and SEM [1,2,8-12].  

   Besides irradiations in atom reactors, Frenkel pairs and defect 

aggregates in anion sublattice were induced with soft X-rays and 
even with vacuum UV-photons and detected by optical 

spectroscopy [2,3,9,12]. Therefore alternative non-elastic 
mechanism for Frenkel defect production became dominant, namely 

non-radiative decay of the localized excitons [13,14]. Compton 

scattering of 662 keV -radiation in lithium fluoride was used for 

studying the electron momentum distribution [15]. Our earlier 

experimental XRD analysis showed that after 60Co -irradiations at 

500-1000 R/s 300 K to doses 108 - 109 R (such irradiations simulate 

the effect of -component of the reactor with the maximum of 

energy distribution at 1.3 MeV) there appeared weak reflections of 

Li nanocrystals of 8 nm size in LiF:Cu scintillator crystals, and the 
reflection of  LiOH nanophase of 28 nm in LiF:OH laser mode lock 

[16,17]. Non-linear laser effects in LiF:OH were attributed to 

aggregated anion vacancy centers generated by 60Co -flux [18].  

    When the energy of -quanta is >1.022 MeV, then interacting 

with a nucleus field such a quant is transformed into an electron-

positron pair, in this way a localized long living positronium was 

found in KCl/NaCl [19]. One should mention that at low Z nuclei 

photo-effect and Compton scattering of -quanta are not effective, 

therefore in the case of 60Co the absorption of -quanta 1.17 and 

1.33 MeV by light nuclei may be dominant followed by generation 

of electron-positron pairs and beta-decays. No paper was found 

related to possible nuclear reactions with F, however odd nucleus 
19F9 (following the magic 16O8) needs much less energy for 

releasing a nucleon:  such as peripheral reaction 19F(p,)16O or 
19F(n,)2(10B5). Nobody studied LiF where both Li and F would 

transmute under neutron and -irradiation and how it could affect 

the breeding and phase composition [2]. So -flux accompanying 

the neutron flux could contribute to the lattice defect production, 

but nobody took into account it, except lattice heating effect [19]. 

2. Experiments  

     The aim of this research was to elucidate separately the 

contribution from nuclear reaction to radiolysis and 
structure-phase transformations in undoped LiF under 

influence of the fission neutron (mean square energy 1.3 

MeV) fluencies within 1017-1018 cm-2 (when the maximal 

lattice expanding occurred [5-8]) and -quanta (0.1-6 MeV) 

fluencies 1018-1019 cm-2 in the center of WWR-SM reactor 

core and the maximal 60Co -ray (1.17 and 1.33 MeV) dose 

of 109 R (simulating the -component of reactor irradiation to 

1018 cm-2). The set of complementary surface sensitive 

techniques including X-ray diffraction (XRD), local element 

analysis by K-lines (EDS), scanning electron microscopy 

(SEM), infrared reflection and transmission (FTIR) 

spectroscopy. In order to determine local defect structures a 

crystal or powder sample is rotating [20]. It should be 

mentioned that EDS cannot detect Li, He and H [21], 

however it can determine B, C, O and F loss from ratios. 

        

3. Results  

     We first compared the element and phase composition of 

external and internal cut surfaces of crystals and powders 

prior and after irradiations and found significant 

inhomogeneity at the scale of mm, which is close to the 

calculated by Seitz penetration depth ~2-3 mm in LiF [6].  

3.1 XRD and EDS   

All measurements were done 1 year after irradiation so as to 

get stable isotopes and relaxed equilibrium phase mixture.  
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Figure 1. XRD spectra (with Ni filter) of  cleaved surface of 

LiF crystal: 1- pristine and 2- -irradiated to109 R: A) (200) 

reflection of cubic LiF and Li2F2B6O9; B) orthorhombic 

Li2O2 and LiO2; C) both weak peaks belong cubic LiH aside 

strong (400) peak of the dominant phase. Y-axis are given in 

counts with the factors 103 and 106 respectively.  

 

Table 1 Phase and element composition of LiF powder and 

crystal after gamma and neutron irradiations respectively. 

Irradiation induced phases are marked with red bold font. 

XRD data EDS data from 4 spots 

Phase 

composition 

Content,  

vol % 

 Element   Mass % 

Non –irradiated crystal and powder sample (reference) 

LiF   

LiH    

Li2O2  

97 

3 

<1 

 С+B 

O 

F 

2.49 – 3.74 

0.52 – 0.81 

95.45 – 96.84 

Powder sample -irradiated to 109 R 

Li2F2B6O9 

LiH     

LiO2   

84 

4 

12 

 С+B 

O 

F 

24.89 – 46.42 

2.71 – 22.70 

35.61 – 72.39 

Neutron fluency 1017 cm-2 in the WWR core 2 hours 

LiF 

Li/LiH 

LiBH2-4 

B/B2O3 

Li2F2B6O9 

62 

3/24 

3 

1/4 

3 

 C+B 

O 

F 

2.80 – 15.21 

0.72 – 5.62 

79.17 – 96.48 

1018 cm-2 20 hours 

LiF 
LiB3O5 

LiBH4 

LiB0.88 

53 
35 

8 

4 

 C+B 
O 

F 

22.07 – 25.46 
2.53 – 3.13 

71.54 – 74.81 

 

 

Figure 2. XRD spectra of LiF crystals after irradiation in 

WWR to the fast neutron fluencies: 1) 1017, 2) 1018 cm-2, 3) 

0.7×1018 cm-2 irradiated at the maximal flux in WWR core. 

Scale factors ~0.002 for cubic LiH and Li oxides (Table 1) 

are much less than 0.297 for LiF, which means that these 

phases are thin and situated on the surface of LiF, as will be 

shown below by SEM. After the -irradiation the phases 

formed on the surface are thin (scale factors 0.054 for 

Li2F2B6O9 and 0.011 for LiO2), however the matrix LiF 

cannot be detected underneath. The dominant cubic phase 

turned out the best fitting the reflection profiles and angular 

positions. Unlike early XRD experiments, when only Li 

phase was found and the shifted (h00) reflections after heavy 

irradiation were attributed to the defect induced lattice 

deformation [5,7,9] and abnormal scattering by tiny 

inclusions [8,10,11], modern profile High Score code and 

data base PDF2 (2013) allowing precise lattice and phase 

analysis found 3%Li and 1%B phases. Decay of F and 

generation of B and O is confirmed by the local EDS, listed 

in right columns. Unfortunately SSD (129 eV) cannot resolve 

K-lines of B (0.1834 keV) and C (0.277 keV). Since XRD 

did not find carbonate, C+B line can be ascribed to B. Table 

1 demonstrates highly inhomogeneous element distribution 

over the irradiated surface as compared to the pristine, and 

also increase of B content due to the related decrease of F. It  

shows that in 2 hours of irradiation in the reactor core ~30% 

F disappears even more effectively (due to fission initiated 

both by neutrons and 6 MeV -quanta from Oxygen in water 

moderator) than Li considered in [1-12]. More 18 hours 

make obviously less effect in fission of F (only 10%).      

Significant decrease in (400) reflection of LiF after the 

neutron fluency 1017 cm-2 (may be because of small sample 

or density decrease due to generation of gaseous product – 

He from Li [11] and Ne from F). Maximal small angle 

scattering and broadening occurs after higher fluencies. 

INTERNATIONAL SCIENTIFIC JOURNAL "MATERIALS SCIENCE. NON-EQUILIBRIUM PHASE TRANSFORMATIONS" WEB ISSN 2534-8477; PRINT ISSN 2367-749X

61 YEAR VII, ISSUE 2, P.P. 60-63 (2021)



Neutron irradiation to the fluency of 1017 cm-2 caused the 

growth of Li/LiH, generation of B/B2O3, LiBH2-4 and  

(LiF)2(B2O3)3. A higher fluency of 1018 cm-2 increases 

significantly the level of incoherent scattering at lattice 

defects and anisotropic broadening of the basic reflections. 

 

3.2 FTIR 

 

Figure 3 FTIR transmission (%) spectra of LiF crystals: 1-

non-irradiated, 2- 60Co -irradiated to the dose 109 R, 3- 

irradiated in WWR to the fast neutron fluency 1017 cm-2.  

Non-irradiated sample has weak bands at 3750 - 3650 cm-1 

relate to monomer OH groups, and weak doublet at 2800-

2900 cm-1 attributes to LiH, and basic Li-F stretching band at 

1000 cm-1 and weak Li-F deformation band at 1300 cm-1. 

After exposure to -109 R very broad scattering region is 

caused by LiO2 nanophase, and intensive band at 2000 cm-1 

and also band at 1500 cm-1 appeared due to B2O3 and B-H 

bonds. Since the neutron fluency 1017 cm-2 made much less 

damage than 109 R gamma, the intensities of the induced 

bands are small too. These FTIR data are in a good 

agreement with XRD and EDS  listed in Table 1.  

3.3 SEM and local EDS 

 A 

B 

C 

Figure 4. SEM image of LiF powder: A) pristine, B) 60Co -

irradiated to 109 R, C) fast neutron 1018 cm-2. Inset: profile. 

Because of charging LiF dielectric surface under focused 

electron beam figures 4 show submilli-fragments of powder 

and micrometer profiles. Thin phases on the irradiated 

surface look as multiple hillocks (B) and walls of open 

bubbles and stripes (C). These gamma and neutron doses 

seem to produce comparable damages. The image (C) 

resembles earlier photo of LiF crystal surface coated with 

carbon after 109 R [23]. Stripes of LiH and LiBH phases are 

electric conductors and decrease charging by e-beam. 

4. Discussion  

4.1 Gamma-induced nuclear reactions in LiF 

     Unlike -particles and electromagnetic radiation of ~ keV 
producing high ionization during linear energy loss, ~1 MeV 

-quanta can transfer the total energy in one interaction with 

one nucleus, especially a light one with A<40, called 

“branching decay” or “stripping decay” [19]. To explain our 

results, the following reactions are suggested:  19F9 +   
11В5 + 23Т1 + 21Н1 or 11B5 + 7Li3 + 1H1 or  16О8 + 3Т1 or 

 18О8 + 1Н1 and 16O8 +   10В5 + 6Li3 and 18O8 +   11В5 

+ 7Li3 . Indeed, the nuclear fission barrier E~A/Z2 for F(0.23) 

and O(0.25) is much less than that of Li(0.77) and B(0.44).  

     Gamma-radiation in the WWR reactor with various 

energies > 0.1 MeV includes electron-positron annihilation 
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band at 0.511 MeV, line 2.2 MeV characteristics of p+n  

D+, lines 4.4 MeV of 12C (graphite) and 6.1 MeV of 16O 

(water), and lines of other nuclei recoils from excited states 

[19]. So it seems incorrect to consider reactions only with 

thermal neutrons [2,5-9] and ignore -component from 0.5 up 

to 6 MeV capable of nuclei disintegration, and not only 

electron subsystem [3,13,14]. Quantum theory was 

developed for chemical reactions of LiF molecules with H 

atoms and HF molecules with Li atoms excited in the 

presence of electromagnetic fields at low temperatures [22]. 
The authors showed that electric fields may enhance the 

probability of chemical reactions and modify reactive 

scattering resonances by coupling the rotational states of the 

reactants. The nuclear reactions excite rotation of nuclei too. 

4.2 Neutron-induced nuclear reactions in LiF 

    Besides well known reactions of Li with thermal neutrons 

mentioned in the introduction [2,5-9], we also considered 

reactions of slow neutron with F: 19F9 + 1n0  20Ne10 210B5 

resulting in Ne bubbles or B solids. In very rigid LiF ionic 

lattice -particles after Li decay can be captured by a 

neighbor:  19F9 + 42  23Na11 and make an anti-site 

replacement defect. But due to charge instability it will move 

to the nearest vacant Li site and make impurity cation Na+.  

     Radiation induced H, B and O nuclei being in excited 

state effectively form chemical compounds with Li in thin 

subsurface layer of neutron penetration. Boron having much 

larger neutron capture cross-section than Li finally decays 

into Li and H. Such nuclear reactions provide reasonable 

explanation for the measured phase composition.  

5. Conclusion  

     Gamma-quanta 1.17 and 1.33 MeV from 60Co source are 

absorbed by Li and F nuclei and produce stable isotopes H, 

He, B and O by the “branching” reactions. Then being in the 

excited state they easily make chemical compound and form 

crystal phases, observed on the irradiated surface of LiF. 

     At the neutron+gamma exposure in the WWR reactor 

core both neutrons and accompanied gamma-quanta are 

absorbed by Li and F nuclei and produce stable isotopes B 

and O by the reactions of neutron or alpha capture. 

    Besides Frenkel pairs, Li colloids and vacancy aggregates, 

usually called radiolysis, these nuclear reactions generate 

tiny phases under and on the surface, therefore the expired 

LiF detectors cannot be thermally annealed in principle.  

    Set of XRD, SEM-EDS and FTIR can be used for studying 

stable products of nuclear reaction without emission other 

than radioisotope 3T1 and the related structure-phase 

transformations in light element compounds exposed to > 1 

MeV 60Co -radiation and mixed neutron+-fluxes.   
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