Formation of dislocations and hardening of LiF under high-
dose irradiation with 5-21 MeV 12C ions
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Abstract The emergence of dislocations and hardening of LiF
crystals irradiated to high doses with 2C ions have been
investigated using chemical etching, AFM, nanoin-dentation,
and thermal annealing. At fluences ensuring the overlapping of
tracks (@ >6 x 1ot ions/cmz), the formation of dislocation-
rich structure and ion-induced hardening is observed. High-
fluence (10-15 ions/cmz) irradiation with 12C ions causes
accumulation of extended defects and induces hardening
comparable to that reached by heavy ions despite of large
differences in ion mass, energy, energy loss, and track
morphology. The depth profiles of hardness indicate on a
notable contribution of elastic collision mechanism (nuclear
loss) in the damage production and hardening. The effect
manifests at the end part of the ion range and becomes
significant at high fluences (21014 ions/cmz).

1 Introduction

Beams of swift heavy ions (SHI) have been shown to have
a potential for a modification of surface and bulk proper-
ties including formation of nanostructures, amorphization,
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interfacial mixing, phase transitions, hardening, and other
effects in various materials [1, 2].

In the studies of swift ion-induced damage, LiF crystals
play an important role due to their high-radiation sensi-
tivity and the significance for various applications (color-
center lasers, dosimeters, etc.) [3-5]. In contrast to many
insulators, LiF does not amorphize even under a high dose
of irradiation. This property is characteristic for materials
with a strong ionic bonding. Previous studies have shown
remarkable SHI-induced changes of structure, optical,
mechanical, and other properties in LiF [2-9]. At high-flu-
ence irradiations, an accumulation of extended defects (dis-
location loops and other aggregates of defects), nanostruc-
turing, and substantial hardening were observed.

At comparable fluences, light ions create less pro-
nounced changes in the structure and properties [5-7]. A
difference in the damage produced by heavy and light ions
manifests already in the structure of individual tracks. In
LiF, high-energy heavy ions exhibiting electronic energy
loss above the threshold of 10 keV/nm produce complex
tracks consisting of core region (radius about 1.5-2 nm)
composed of a continuous trail of small defect clusters and
a much larger (tens of nm) surrounding halo region-con-
taining color centers and their counterparts [3]. Such tracks
just like dislocations are chemically etchable. In contrast,
light ions in their trajectory create only the halo of color
centers. The radius of the halo of light ions is markedly
lower than that of heavy ions [3, 5].

However, previous studies have shown that in the ion-
induced modification of the structure and micro-mechanical
properties, the increase of the irradiation dose (fluence) can
partially compensate the difference in the ion mass, energy,
and energy loss. For instance, a strong hardening, forma-tion
of dislocation-rich structures and even nanostructuring has
been achieved in LiF after irradiation to high fluences



(up to 5 x 10'* ions/cm?) with 5-10 MeV gold ions, the
energy loss for which (<4 keV/nm) is below the threshold
for core damage [9]. It is of interest to elucidate weather
similar damage and modifications of properties can be
achieved by a high-fluence irradiation with light ions. The
tendency of aggregation of radiation defects in LiF at high-
fluence irradiation of *2C ions has been reported in [5, 10].

In this study, the changes of the structure and micro-
mechanical properties in LiF crystals irradiated to high doses

with light 12¢ jons have been investigated. The atten-tion has
been devoted to the role of the fluence, energy loss, and track
overlapping in the creation of dislocations as well as on the
thermal resistance of structures created under severe
irradiation. Unfortunately, the most informa-tive TEM
technique cannot be applied for dislocation stud-ies due to a
high-radiation sensitivity of LiF crystals. The dislocation
structure was revealed by selective chemical etching [11-13].
The evolution of damage was character-ized also by
nanoindentation, which is highly sensitive to dislocations and
other aggregates of radiation defects [7, 9].

2 Experimental

For the irradiation experiments, high-purity LiF crystals
which have been grown from a melt in an inert atmos-
phere by the Stockbarger method (Optical institute, St.
Petersburg, Russia) were used. The dislocation density in
these crystals was determined to be around 10-"-10

cm 2. The crystals were transparent in the spectral range
from 190-1100 nm with the absorption cefficient x = 0.05
cm L. Small (5 x 5-10 x 10 mm) LiF platelets (thickness
<1 mm) were prepared by cleaving from larger LiF single-
crystal blocks.

Irradiation was performed at the cyclotron DC-60
(Astana, Kazakhstan) using 4.8, 12, and 21 MeV 12¢ jons
at fluences (®) from 5 x 107 to -10*° ions/em?
determined with an accuracy of 10% (Table 1). For all
irradiations, the density of the ion current was kept at 10
nA/em?. The temperature of samples during irradiation did
not rise above 360 K. All irradiations were performed
under nor-mal incidence of the ions to the (100) face of
crystals. The ion range and energy loss was calculated
using SRIM 2013 freeware package [14].
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Fig.1 Hardness on the frontal surface as a function of indentation
depth for LiF irradiated with 21 MeV 12 jons at different fluences.
The hardness for an unirradiated crystal at the indentation depth of
1.5 umis 1.3 GPa

Nanoindentation was performed by an instrumented
indentation unit G200 (Agilent, USA) using a Berkovich
diamond tip (tip curvature <20 nm) in ambient air at room
temperature. The strain rate was 0.05 s . The area func-
tion of the indenter tip was calibrated using a Corning
glass reference sample. For the calculation of hardness and
Young’s modulus, the Oliver—Pharr model was used [15].
The results have been averaged from at least 10 individual
measurements, which at a given surface roughness provide
adequate statistics. The values of hardness, modulus, and
standard deviation of measurements were calculated from
experimentally obtained loading—unloading curves using
the MTS TestWorks 4 software.

For the characterization of the induced damage along the
ion trajectory irradiated platelets of LiF were cleaved along
the direction of the ion beam thus revealing fresh surfaces
suitable for indentation. In the following text, these surfaces
will be regarded as profile surfaces in order to distinguish
them from the irradiated or frontal surfaces which are
oriented normally to the ion beam. For the prob-ing of
hardness on profile surfaces, a basic measurement
technique with an indenter penetration depth of 150 nm was
utilized. The measurement errors were in the range of 0.04—
0.05 GPa. For the hardness measurements on the irradiated
frontal surface, a continuous stiffness technique was
employed. The variation of errors with indentation depth is
shown in Fig. 1. The main source of errors is the

Fluence ions/cm®

Table 1 Irradiation parameters lon /charge  lon energy Calculated ion  Ejon/R (keV/nm) ~ Max. irrad. dose
Eion (MeV) range R (um) (at 10* ions/cm®)
(MGy)
12C+ 48 5x 101%-10"° 419 1.15 695
12Cr2 12 5x1010-10% 8.74 1.35 833
12C+3 21 5x 108010 160 1.31 797




surface roughness which in our samples includes cleavage
steps and other surface irregularities. The errors related to
influence of vibrations and drift processes in the measure-
ment system were minimized using recommended testing
procedures.

The distance between the irradiated surface and an
indentation imprint on a profile surface was determined by
means of optical microscopy (Eclipse L150, Nikon) with an
accuracy of 1.5 um.

In some experiments, the indentation hardness was sup-
plemented with the dislocation mobility technique, based
on the measurements of the size of dislocation rosettes
around indentations [16]. In order to distinguish between
the hardness and dislocation mobility data, the latter were
performed using Vickers indenter.

The dislocation structure in irradiated LiF samples was
revealed by a short-time (~1 s) selective chemical etching
in a saturated aqueous -FeCl3 solution and a subsequent
imaging by atomic force microscope (AFM) CPII (Veeco,
USA) in the tapping-mode.

Thermal annealing experiments were performed on
samples irradiated with 21 MeV ~“C ions to fluence of
10'® ions/em? in air atmosphere with the duration of ther-
mal exposure of 10 min.

Measurements of optical absorption were performed
using UV/VIS spectrometer Specord M250 (Analytik Jena)
in the spectral range 190-700 nm. All absorption measure-
ments were carried out against a non-irradiated LiF crystal.

3 Results

3.1 lon- induced hardening on frontal and
profile surfaces

Nanoindentation tests on the frontal surface oriented nor-
mally to the ion beam showed a remarkable hardening
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effect in LiF crystals irradiated with 4.8, 12, and 21 MeV

12¢ ions. The hardness vs. indentation depth curves for
sample irradiated with 21 MeV ions at different fluences
are shown in FI% 1. The hardness values after |r2rad|at|on to
fluences 5 x 10 0 and 6 x 10 |ons/cm within the
experimental errors comude with the hardness of the unir-
radiated crystal. Dislocation mobility measurements also
did not show any effect. The hardening effect appears at
fluences above 6 x 10~ ions/cm~, increases with the flu-
ence, and reaches saturatlon around 140% at fluences
above 6 x 10%3 jons/em?. A slight increase of the hardness
with decreasing the indentation depth can be related to the
indentation size effect [17] and partially also to irradiation-
induced surface modifications [18].

The nanoindentation results on the frontal surface also
show an ion-induced increase of Young’s modulus. How-
ever, the magnitude of the effect is comparatively small
(about 18%) and lies in the range of commonly observed
modulus data for LiF which has been exposed to various
kinds of irradiations.

In order to characterize the damage along the ion path,
the measurements of hardness were performed on profile
surfaces. Comparatively small indents (depth 150 nm) were
used to ensure a reasonably large number of data points
with still acceptable errors. Results presented in Fig. 2a, b
show the evolution of hardness on cross -section of sam-ples
irradiated with 12 and 21 MeV “°C ions at different
fluences. At fluences 5x 10~ and -10 1 Ionslcm2 no
detect-able hardenmg was observed. At fluences of 3% 10
and 6 x 10* |0ns/cm the hardening on profile surface
appeared only in the region of Bragg’s maximum. At higher
fluences, the effect of hardening increases and its variation
along the ion path approximately follows the change of the
electronic energy loss calculated by SRIM. This tendency is
clearly seen in Fig. 2b.

The depth profiles of nanohardness reveal some impor-

tant details of damage. A strong hardening is observed at
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Fig.2 The depth profiles of hardness of LiF irradiated with 12 MeV (a) and 21 MeV 12¢ jons (b) to different fluences. For the comparison, the
calculated depth profiles of electronic energy loss (dashed line) and nuclear loss (solid line) are plotted



the end of the ion range despite of the fact that the values of
calculated electronic energy loss decrease to low values. At
high-fluence irradiation, the region of maximum harden-ing is
extended toward the end of the ion range, where the nuclear
energy loss displays a maximum (Figs. 2, 3). Simi-lar effect
was observed earlier in LiF irradiated to high flu-ences with

MeV energy 131x¢ jons and in MgO irradiated with 84r and

14N ions. It was explained by the contribution of the elastic
collision mechanism (nuclear stopping) in the ion-induced
damage [19, 20]. We can conclude that under conditions of
severe irradiation light, 12¢ jons are also able to produce a
strong damage and hardening via the elastic collision
mechanism. The effect manifests at high fluences in a narrow
zone close to the end of the ion range.

Another peculiarity is the upper limit of hardening. The
hardness values at the highest fluences for all applied ion
energies saturate approaching nearly the same values (~3.2
GPa) and become almost independent of the ion energy,
energy loss, and fluence. First, this limit is reached at the
Bragg’s maximum and with a further increase of flu-ence the
zone of maximum hardening broadens toward the incoming
side of ions. The dislocation mobility in heavily irradiated
samples is strongly suppressed, and the deforma-tion zone at
indentation becomes localized in shear bands close to the
indents (Fig. 4). Such limit of hardening in LiF was observed
in earlier studies for different projectiles [5, 21]. The
saturation of the ion-induced hardening is ascribed mainly to
the exhaustion of the dislocation mechanism of the plastic
deformation and activation of a non-dislocation mechanism
based on local atomic rearrangements. Such mechanism
requires high applied indentation pressures. It should be noted
that the pressure over indents on heavily irradiated LiF by a
factor of two exceeds that for a virgin crystal. From a
methodological point of view, the hard-ness after reaching this
upper limit becomes uninformative
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Fig.3 The depth profiles of hardness and calculated nuclear energy
loss in LiF irradiated with 4.8 and 21 MeV *2C ions at fluence 10>
ions/cm?

Fig.4 AFM image of dislocation rosettes around indentations per-
formed at a constant load (4.9 mN) inside the irradiated zone (on the
left) and on the adjacent non-irradiated surface (on the right). Dashed
line denotes the end of the ion range. Irradiation was performed with
21 Mev Y2c ions, @ = 10** ions/cm?

about the evolution of structure and properties at a further
increase of fluence.

The results show a slight increase of hardness also in the
adjacent non-irradiated zone up to 3 pum beyond the ion
range (Figs. 2, 3). The effects of color-center forma-tion

and hardening beyond the range of swift 12¢ ions were
observed earlier [7, 22] and have attracted attention in the
recent studies [23]. However, the observed enlargement of
the hardened zone, which manifests at high fluences, in our
case is small (few um) and can be considered rather as a
well-known edge effect in hardness tests caused by a defi-
nite size of the deformation zone around indents. In favor
of this statement is also that the coincidence of the calcu-
lated ion range with the size of the damaged zone revealed
by etching.

3.2 Evolution of dislocation structure

revealed by chemical etching

Irradiation with light ions, which in contrast to swift heavy
ions do not create etchable tracks, provides an opportunity
for the study of structural damage by chemical etching
directly on frontal surface. The etching on samples which
were irradiated to high fluences reveals numerous etch-ing
pits thus indicating the presence of defect aggregates.
Based upon the following considerations, we assigned such
aggregates mainly to the prismatic interstitial dislocation
loops (schematically shown in Fig. 5):

1.\ Prismatic interstitial dislocation loops in alkali halide
crystals including LiF have been observed by in-situ
TEM studies under irradiation with electron beam [24,
25]. Also swift ions in solids induce ionization events
along the ion path and create J-electrons with a broad
spectrum of kinetic energies;
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Fig.5 Schematic of a cross-section of perfect interstitial disloca-tion
loop in LiF with a (110) slip plane and Burgers vector a/2 [110].
Large circles denote anions (F ) and smaller circles cations -(Li+).
Perfect dislocation is constructed by inserting two extra-planes of
ions (filled circles). Chemical etching at intersection points of the
loop line with surface reveals two etching pits (marked by overlaid
squares)

2.\ At room temperature irradiation, formation of alterna-
tive aggregates, e.g., colloids seems to be unlikely tak-
ing into account that F—centers under such conditions
are practically immobile [26];

3.\ lon-induced dislocation loops are directly observed by
TEM in related ionic crystals (MgO and spinels) [27]; 4.\
It is experimentally shown that etching pits in ion-
irradiated LiF belong to defect aggregates which can move
under applied stress [6]. Among different kinds of defect
aggregates, only dislocations have such abil-ity. The
experiments were performed on LiF irradiated with 410

MeV 38 ions, the energy loss of which in the major part
of the range is below 5 keV/nm. Irradiated samples were
subjected to indentation and then etched. The results
showed the change in the layout of etchable

aggregates in the stress field of indentations.

Of course, at the highest irradiation doses formation of
some amount of other aggregates, such as small colloids,
vacancy and fluorine bubbles could be possible even at
room temperature irradiation.

Chemical etching on the frontal (001) surface reveals the
first signs of defect aggregates in the form of rounded
etching pits at fluences above 6x 10 ions/em?. Such pits
(Fig. 6a, c) can be attributed either to nuclei of dislocations
or to small (5-7 nm) dislocation loops. Clearly recogniz-
able pyramidal etching pits typical for dislocations appear
after irradiation to fluences above 10-2 jons/cm? (Fig. 6b).
The uniform orientation of etching pits with sides along
<100> direction speaks about maintained single-crystal-line
state of irradiated samples. The density of dislocations on
the irradiated surface increases with the fluence and at 10
ions/cm? reaches around 1.5 x 1020 cm 2. At the maxi-
mum fluence (10—15 ions/cmz), the resolution of the
disloca-tion structure deteriorates due to decrease of the
selectivity of etching and superimposition of numerous
small etching pits.

FRONTAL

PROFILE

PROFILE surf.

Fig.6 AFM images of dislocation structure in LiF exposed to irradi-
ation with 21 MeV 12C ions at different fluences: a and b frontal sur-

face at @ = 10'% and @ =121013 ions/cmfs corresp02r1dingly, cand d—
profile surface at @ = 10™" and @ = 107" ions/cm”, correspondinglils

Images e and f show profile surfaces, irradiated at @ = 10
ions/cm”, and annealed at 590 and 680 K, correspondingly

In the analysis of the obtained dislocation structures,
following points should be taken into account. First, when
such loop intersects the surface under investigation, the
etching reveals a mutually related pair of etching pits [6].
During chemical etching, pits of the smallest loops might
merge forming almost square shaped or slightly elongated
rectangular figures. Larger loops can form well separated
pairs of etching pits. The distance between their centers
approximately characterizes the size of the loop. Etch-ing
pits and their pairs can be seen in Fig. 6b. Second, the
shape of etching pits depends on the impurities and radia-
tion defects that are segregated on dislocations. It is com-
monly observed that fresh dislocations free from atmos-
pheres of impurities or radiation defects in LiF etch as
square-based pyramids, while those with atmospheres etch
rounded [12, 13].

At moderate fluences, the size of observed pits var-ies
along the ion trajectory being smaller and rounded in the
incoming and end parts of the range compared to that
around the Bragg’s maximum. However, at the highest flu-
ences, we can see densely packed small pits all over the
range (Fig. 6d).



The comparison of results of dislocation etching and
nanoindentation allows us to conclude that ion-induced
hardening and formation of dislocation- r|ch structures in
LiF crystals irradiated with 4.8-21 MeV C ions appears
at fluences @ > 6 x 10! jons/cm®. The resolution of the
selective chemical etching technique was insufficient to
answer the question, whereas dislocations or their nuclel are
formed in individual far standing tracks of 12¢ jons.
Further effort for solving this task is required.

3.3 Thermal recovery of structure produced by
severe irradiation with 22C ions

The recovery behavior of optical absorbance, structure, and
hardness under annealing has been studied in LiF samples
irradiated with 21 MeV 12C ions at fluence 10-1° ions/cm?.
The optical absorption spectra at different stages of
annealing are presented in Fig. 7. Before annealing irra-
diated samples show an absorption spectrum typical for
irradiated LiF in which the strongest absorption bands at

245 and 445 nm belong to F and F2 centers, respectively.
At the first step of annealing (590 K), the 245 nm absorp-
tion band disappears, while the 445 nm band is reduced and
broadened. Such transformation is related to annealing of
single defects as well as to their aggregation and formation
of Li colloids [4, 7]. The absorption band at 275 nm typi-
cal for Mg impurity colloids is absent for the investigated
high-purity crystals. During further annealing (680 K), the
absorption maximum is reduced even more due to decom-
position of colloids and shifted toward higher wavelength
that according to [4] confirms the change in colloid size.
The absorption bands in spectra disappear after annealing
above 740 K.

The annealing of irradiated samples strongly improved

the selectivity of etching. A better resolution and contrast
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Fig.7 Absorption spectra of irradiated LiF before and after anneal-
ing at different temperatures. Irradiation performed with 21 MeV 12¢

ions to fluence of 10—15 ions/cmz

as well as disappearance of the smallest etching pits was
reached already after annealing at 590 K (Fig. 6e). The
annealing at 680 K leads to a decrease of the density of
etching pits to 10- cm 2 (Fig. 6f). A gradual reduction of
the density of defects continues under annealing at higher
temperatures and a full recovery of the structure is reached
after annealing at T >810 K. Uniform orientation of etch-
ing pits of dislocations gives evidence for single-crystalline
state of annealed samples.

The obtained optical absorption data for annealed sam-
ples confirm the presence of lithium colloids. However, we
were not able to recognize colloids in the etching images at
different stages of annealing. Such peculiarity could be
related to specifics of colloid formation in dislocation-rich
crystals. As shown in [28], formation of intrinsic colloids in
LiF can occur in the vicinity of dislocations as preferen-tial
sites for metal precipitates. Our annealing experiments
were performed on heavily irradiated dislocation-rich crys-
tals and growth of complex defect aggregates seems pos-
sible at certain stage of annealing.

The depth profiles of hardness after annealing of irradi-
ated crystals in the range of 593-740 K are presented in
Fig. 8a. The recovery of hardness begins at temperatures
above 530 K and completes under annealing at about 810
K. The results show a faster recovery of the structure and
hardness in the incoming and the tail sides of the range as
compared to the region of Bragg’s maximum (Fig. 8b).
Besides, the maximum of residual hardening at tempera-
tures above 680 K shifts to the center of the irradiated zone.
Possible reasons of a non-uniform recovery along the ion
path could be the stronger damage at the Bragg maximum
and a sink role of the free surface and interface between
irradiated and unirradiated crystal for defects formed by
thermal decomposition of dislocations and other extended
defects. For the analysis of recovery processes in disloca-
tion and colloid subsystems, a further study of the recovery
kinetics at annealing times sufficiently long for achieving
the equilibrium conditions of recovery is required.

4 Discussion

The obtained results show that severe irradiation of LiF
crystals with light 12¢ jons in the energy range of 4.8-21
MeV creates strong structural damage and causes hardening
approaching that reached by irradiation with high-energy
heavy ions, despite of large differences in the ion mass,
energy, energy loss, and track morphology. A comparable
hardening with 12¢ ions is reached at ~ 2 orders of maglnltude
higher fluences than with heavy ions ( Xe
etc.) exhibiting stopping power >10 keV/nm.

Furthermore, for 12¢ ions, some peculiarities in the
damage behavior have been observed:
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Fig. 8 Depth profiles of hardness after annealing at different tem-
peratures for LiF irradiated with 21 MeV 126 jons to fluence of 10%°
ions/cm? (a) and the AFM image of an etched profile surface of

» Etching experiments on samples irradiated with L2¢
ions reveal only a dislocation-rich structure even after
applying the maximum fluences. In contrast, at high-
flu-ence irradiation with heavy ions, the dislocation
struc-ture at high doses becomes ordered and transforms
into a mosaic-type nanostructure [7].

. For ’c ions, a notable contribution of elastic collision
mechanism (nuclear loss) in the damage production and
hardening is observed. The effect manifests at high flu-

ences (21014 ions/cmz) at the end part of the ion range.

Individual tracks of “°C ions are weak obstacles for
indentation-induced dislocations. Neither hardness tests,
nor measurements of dislocation mobility as a more sensi-
tive method reveal the hardeninﬂ) effect in_samples irradi-
ated to lower fluences (<5% 107" ions/cm®) when mainly
individual tracks are formed (see Sect. 3.1). A similar

behavior is observed for 58Ni, 368, and other

comparatively light ions with electronic energy loss in LiF
below 10 keV/ nm [16, 29].

Specifics of interaction of swift ions with solids are the
discrete nature of ion impacts and localization of dam-age
in tracks. The results for LiF crystals irradiated with 4.8-21
MeV 12C ions show hardening effect and emer-gence of
dislocations at fluences @> 6 x 10** jons/cm? at which the
overlapping of tracks (ions hitting pre-irra-diated areas)
might become significant. The first step in appraising the
role of track overlapping was the estima-tion of the surface
covering with tracks as a function of fluence for 21 MeV
12¢ jons (Fig. 9). The ratio of the irra-
diated area (A ) to nominal area (Ag) was calculated from

0 = 1-ExP (- RFZXQ))
, where @ is the fluence and rg is the average radius of the ion track,
which was estimated from the data of opti-cal absorption

spectroscopy [10] as re=1.6 £0.3 nm.thersson slaw{30]-AA

Distance from surface [um]

LiF after annealing at 680 K with an overlaid hardness profile, irra-
diation with 21 MeV *2C ions to fluence of 3% 10** ions/cm? (b)

However, the Poisson’s law characterizes the evolution of
irradiated area without distinguishing between individ-ual
and overlapped tracks, created at double or multiple
impacts of ions. According to investigations of areal dis-
persion of tracks based on statistical nature of events, the
probability of ion hitting pre-irradiated areas cannot be
neglected even at an early stage of surface covering with
tracks [31].

The formalism for calculation of track overlapping is
well developed and includes fluence dependencies for
probabilities of single, double, and following multiple hits
at different limiting conditions [31 —33 ]. Therefore, we
estimated the fluence dependency for (1) the probabil-ity of
double hit events and for (2) the percentage of over-lapped
areal fraction in double hits. The probability of
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double hit events, which showed a better correlation with
the experimentally obtained hardening data, accordlng to
[32], was calculated as P2 = 4(DPRF2 X EXP (— 4(DPRF ).
Here the overlapping by double impacts characterizes the
probability for all events where the track of incident ion at
least partly falls into the damage trail left by the previ-ous
ion. The result is also presented in Fig. 9 (right axis). As
seen, the curve of double hits (ApH/A, %) reaches a
maximum of ~36% at the fluence of 2 x 10™“ ions/cm
after which (dashed downward slope of the curve) con-
tribution of higher multiplicity hits becomes significant. It
should be noted that at the fluence @~ 6 x 10~ ions/ cm
for which an intense evolution of dislocation struc-ture and
undeniable hardening is observed, the calculated
contribution of double hits is noticeable (~20%, which
corresponds to ~1.5% of nominal area Ap) . We can con-
clude that tracks formed in LiF by double impact of 2c
ions are strong obstacles for indentation -induced disloca-
tions compared to individual tracks. A similar behavior
was reported in our previous stud 2/ on dislocation forma-
tion in tracks of swift heavy ions (“~ U) where dislocation
nuclei were revealed in individual far standing tracks,
while intense growth of dislocations was observed for
tracks in pre-irradiated areas [6]. We suggest that double
impacts of ions promote the growth of dislocation loops
also in the case of *°C ions.

Generally, the results of the present study confirm the
necessity of track overlapping in the modification of struc-
ture and mechanical properties of LiF crystals irradiated
with light 12¢ ions, electronic energy loss for which is far
below 10 keV/nm. The damage by double impact of ions is
considered as the initial stage of formation of stable dis-
location loops at which the ion-induced hardening is initi-
ated. The Hobb’s model provides a reasonable explana-tion
of the mechanism of dislocation growth [24]. Further
growth and accumulation of dislocations and other aggre-
gates of defects continues with ongoing ion impacts up to
saturation stage at @ > 10" ions/cm”.

In the light of the obtained results, a series of questions
regarding the mechanism of dislocation formation and the
damage behavior in overlapping tracks as well as property
modifications under severe irradiation remain open.
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