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lon-induced formation of colloids in LiF at 15 K
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LiF has been irradiated with energetic heavy i¢asout 1 GeV at temperatures between 15 and 300 K. In
all cases, the ion tracks exhibited preferential chemical etching. This surprising observation gives clear evi-
dence that the formation of etchable aggregétésolloids) takes place even at 15 K, although at such low
temperatures all diffusion processes of primary defects are frozen. Quantitative analysis of the size of the
colloids using small-angle x-ray scattering shows that the radius of the cylindrical aggregate zone is only
slightly influenced by the irradiation temperature. Possible mechanisms for ion-induced colloid formation are
discussed taking into account the high-excitation-energy density in the track 86663-182807)02441-7

In LiF and in other alkali halides, the formation and trans-crystal'® More recently, we have reinvestigated this effect in
formation of defects upon excitation of the electron sub-more details showing that track etching is only in those cases
system has been studied for many years. It has been showccessful where the linear energy transfer of the ions sur-
that under various types of radiation, defects are createfassed a critical threshold of about 1.2 ke\/&® The na-
when self-trapped excitons decay or when electrons anglire of this etchable damage has never been analyzed. How-
holes recombine. The primary Frenkel defectsreenters  ever, based on the following arguments, we assume that the
(an electron at an anion vacan@nd hole-interstitiaH cen-  etchability of tracks is strongly related to the formation of
ters(a covalent halogen molecul, at a regular anion sife  defect aggregates.

In LiF, F centers are stable up to a temperature of 500 K (j) Gilman and Johnston demonstrated that in LiF crystals
whereas thed centers thermally disappear above about 6Gyradiated with thermal neutrons, macroscopic aggregates can

K. The nature and concentration of the color centers angle etched whereas evidence for the etchability of microde-
their aggregates strongly depend on the dose, dose rate, apg

 SUDTP L _ 3f¥tts has never been fouh®.
temperature during .|rrad|at|o.n. At a high dose, complex mi- (i) The etchability of tracks is maintained up to a tem-
crodefectsaggregation of primar§ - andH c_enters toF - perature of about 700 K while single defects anneal at lower
andV, center$ and macrodefectdransformation ohF cen-

> . . temperature$>*®
ters to metallic Li colloid} covalent molecular anior(kalo- . .
gen molecules §, and vacancy clusters can be creafet. (if)Small-angle  x-ray-scattering SAXS) experiments

However, in all cases where radiation induced formation o22"c & scattering pattern of high contrast only in those cases
el . i ibfe.
colloids was observed, the aggregation process was theWhere track etchmg was possibl .
mally activated either by irradiating above room temperature ' 10m the quantitative analysis of the SAXS data, it was
or by a postirradiation treatment of the samgfe&To the concluded thgt the Li CO||0I.dS are formed within the track
best of our knowledge, colloids have never been observed &0T€ Of a radius of 15 APb ions of 5.9 MeV per nuclegn
low irradiation temperatures where the mobility of color cen-This track core is more than one order of magnitude smaller
ters is frozen and the aggregation process induced by diffthan the outer zonérack halg in which mainly color cen-
sion is not possible. Here, we are reporting on experimentters are created up to a saturation concentrafion.
giving clear evidence that the formation of colloids in LiF  This knowledge of colloids in tracks of GeV ions was the
becomes possible, even at irradiation temperatures as low &gse for the here described investigation. We tested if the
15 K, if irradiated with swift heavy ions. formation of colloids using energetic ions is possible at
When irradiating LiF crystals with energetic ions, it has lower temperature than required during conventional radia-
been demonstrated that the exciton mechanism also takéisn. Several crystals were irradiated at different low tem-
place. In a number of studies, primary defects such-aand  peratures in the range between 15 K and room temperature.
F, centers were investigated using MeV idn$’More com-  The selection of the irradiation temperatures was based on
plex macrodefects were reported only in those cases whetbe fact that specific processes mandatory for defect creation
radiation was combined with thermal annealiign the case  are hindered at the following temperatuté$: at 15 K,
of GeV ions, the production df centers and smali-center the color centers of the primary Frenkel pairs are not
aggregates was studied along the penetration depth of theobile. Therefore, the probability of-center-interstitial-
incident ionst®? In the late fifties, Young reported that in recombination is very high restricting the creation of stable
LiF single tracks of fission fragments can be revealed bydefects. The efficiency to produce defects is expected to in-
chemical etching whereby the etchant attacks the damage ofease step by step at 90 K, where thecenters are con-
the ion impact zone at a higher rate than the unirradiatederted intoVy centers(self-trapped holgsand at 150 K,
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FIG. 1. Scanning electron micrograph of an etched surface of a F|G. 2. Etch pits of pyramidal shape in LiF, resulting from

LiF crystal iradiated through a structured mask with Pb ions' (10 chemical etching of ion tracks. Each pit correspond to a single ion
cm?) of 5.9 MeV per nucleon af =15 K. In the unirradiated  track.

region (upper righ} the pyramidal etch pits correspond to disloca-
tions. became visiblgFig. 3. According to theTriM code® the
projected ion range is 5Z2m. Taking into account the un-
whereV center are not stable, and all primadflycenters are  etchable length of the ion path of aboutisn, where the
transformed into more complex hole centex, centers. energy loss drops below the critical etching threshold of 1.2
Thin platelets (16&10x 0.5 mnt) were cleaved from a keV/A and the etchable range, we obtain a maximum range
single-crystal block of high purity lithium fluoride grown in of 45+2 um. We ascribe this discrepancy of more than 10%
argon atmosphere. They were irradiated under normal incito a range overestimation by th&im code which has also
dence with?%Pb ions of a specific energy of 5.9 MeV per been observed in various other solids.

nucleon at the linear accelerator Unilac of the GSarms- In order to determine the size of the defect aggregates,
tadt, Germany The fluence was f0and 18° ions/cnt for  small-angle x-ray scattering was performed on crystals irra-
etching and for SAXS experiments. diated with 18° ions/cn?f. The experiments were carried out

After irradiation, the crystals were warmed up to roomunder transmission geometry with an angle of 45° between
temperature. It is assumed that this procedure does not inflthe sample surface and the x-ray beam. The rotating Cu-
ence the structure of the macroscopic aggregates, since theyode generaton(=1.54 A) had a pinhole collimation and
are stable up to a temperature of 700 K and the diffusion ofvas operated at 49 kV and 200 mA. The ion tracks produced
the F centers takes place only above 500 K. a characteristic scattering pattern on a position sensitive area

Chemical etching was performed in a solution of concen-detector. From the scattering intensity registered as a func-
trated hydrofluoric acid50 vol %) and glacial acetic acid tion of the scattering vector, the radius of the tracks was
(50 vol %) saturated with ferric fluorid&® The etched sur- deduced. It was assumed that each tack can mathematically
face of a sample irradiated at 15 K with”1Bb ions per cth  be described by a continuous cylinder of a Gaussian radial
is shown on a scanning electron micrograph in Fig. 1. Sincelensity variation with the axis of the cylinder along the ion
the sample was irradiated through a structured grid, somgajectory. For such a configuration, the intensity distribution
areas(upper right corner of Fig. )lwere not irradiated. In [(k, ,k,) in the reciprocal space is given by
this region, only etch pits of dislocations of a typical density
of several 10 per cnf were found. In the irradiated area, the
number of etch pits corresponded to the applied ion fluence.
Etching of each single ion track resulted, as in the case of
dislocations, in an etch pit of pyramidal shape owing to the
cubic symmetry of the LiF latticéFig. 2). Track etching was
observed for all tested irradiation temperatures, giving clear
evidence that the formation of etchable aggregates along ion
tracks takes place even at a temperature as low as 15 K. The
only significant difference of the etching results concerns the
mean size of the etch pits which was in the case of the
irradiation at 15 K slightly smaller than that of the irradiation
at room temperature. The smaller pit size indicates that the
damage zone is somewhat smaller resulting in a slower
growth rate at the initial stage of the etch pit formation.
Chemical etching was also performed on samples which FIG. 3. lon tracks (18 cm™?) in a LiF crystal(irradiation tem-
were cleaved parallel to the ion trackise., normal to the perature 15 Kcleaved parallel to the ion beam after etching for 20
irradiated crystal surfageBy etching the defects along the min. The length of the etched structures is 4t and corresponds
ion trajectory, the etchable track with a length oftA®Dum  to the ion range where etchable aggregates are created.
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18 | excitation?*~*However, in the case of ion tracks in LiF, the

17 - creation of Li colloids, in particular the aggregation process,

16 |- - is still an open question. The coagulation of singleenters
@ 15 | ¢+ to F center aggregates and finally to Li colloids requires that
2 14+ } i F centers and their complementary hole centers must be
3 3L 4 separated in space and do not annihilate during the aggrega-
" 12 4 } i tion process. In LiF, both the coagulation Bfcenters and

11 L i the separation of hole centers by thermal diffusion are im-

10 TR TR R R N possible aff =15 K. Since we did observe track etching and

0 50 100 150 200 250 300 350 high contrast SAXS pattern at such a low irradiation tem-

perature, we assume that the colloid formation results from a

nonconventional process in the track core. An increase of

temperature along the ion path has been postulated as a con-
FIG. 4. Radius of ion tracks in LiF as a function of the irradia- Sequence of the high energy depositiofi® At the present

tion temperature determined by small-angle x-ray scattering. Thétate, reliable calculations are difficult since various pro-

samples were irradiated with Pb ions of an energy of 5.9 MeV percesses such as the electron-phonon coupling and the transient

irradiation temperature (K)

nucleon and a fluence of 1Vions/cnt. thermal properties of the solid have to be known and effects
due to radiation enhanced diffusion have to be included.
L (k, ,k,)=Ap?X 4w X a*X sirt(k,x L)/k§ However, we will discuss two possible scenarios for the for-

mation of colloids along highly excited ion tracks.
(a) The aggregation of point defects can take place in the
solid state if diffusion and aggregation Bf centers andH

whereL is the length of the cylindrical track, andk, are ~ centers is stimulated by a local temperature increase finally
the momentum vectors respective|y perpendicu|ar and para|eading to the creation of Li colloids and molecular fluorine
lel to the ion trajectoryA p is the maximum electron density (F2 or nF,).?® The spatial separation of tie-center aggre-
difference between the damaged and undamaged materigiates for the molecularF, clusters must occur in the cylin-
anda defines the radius of the track at whidlp decreases drical zone of increased temperature. As a result, the Li col-
to e 1.2 loids and the fluorine clusters are separated but coexisting in
For all tested irradiation temperatures, the crystals showethe track core.
a highly anisotropic scattering pattern owing to the cylindri- (b) Due to the extremely high excitation density in the
cal geometry of the tracks. Applying E@l), the radius of track, the situation may be described by a plasma like state
the ion tracks was extracted from the slope of the logarithntonsisting of free electrons and fully ionized Li and F atoms.
of the scattered intensity as a function of the scattering vectovarious fast relaxation processes take place within this
k.. Figure 4 shows the track radii for the investigated irra-plasma region without a strong interaction with the surround-
diation temperatures between 15 K and room temperaturéng crystalline lattice which only occurs at a later stage.
The slightly smaller track size for lower irradiation tempera-The direct recombination of Li ions with free electron is
tures correlates with the smaller size of the etch pits obtainedominant leading to the formation of neutral fluorine and
after chemical etching. Furthermore, the contrast of the scatreutral lithium atomgthe electron affinity of fluoring3.4
tering pattern was more pronounced for higher irradiatioreV) is smaller than the ionization energy of lithiufs.4
temperatures. From this observation, it can be concluded tha)]. At this phase, the neutral fluorine and lithium atoms
the local electron density is smaller at lower irradiation tem-are separated and F atoms rapidly diffuse out of the plasma
peratures. region due to their high mobility. The driving force for such
The experimentally obtained radius and length of the iora process is possibly the different concentration of fluorine
track allows us to calculate the volume of the cylindrical atoms inside and outside of the plasmas region. Outside of
track core in which the aggregates were created. At the irrathe plasma region, the neutral fluorine atoms can be trans-
diation temperature of 15 K, this radius is 12.4 A corre-formed into molecular fluorine @ or into hole centers. The
sponding to a volume of about>210 % cm?®. In such a Li atoms remain in the plasma region and coagulate to me-
volume, the LiF crystal contains about’airs of Li* and  tallic colloids. As a result, Li colloids are mainly in the track
F~ ions. Assuming that all i ions in this region are trans- core whereas the halogen clusters must be localized in the
formed into lithium colloids, the track core consists of 10  track halo.
atoms in the upper limit. In reality, the concentration of Li Combining the observation of track etching with the
atoms is probably smaller due to an inhomogeneous sizguantitative analysis of the size of the track core by SAXS,
distribution of the colloids and a density possibly smallerfirst evidence was found that Li colloids can be formed at
than for lithium as bulk material. Nevertheless, the estimatedradiation temperatures as low as 15 K. Varying between 12
number of Li atoms in the track core is comparable with theand 15 A for the 15 and 300 K irradiation, respectively, the
number of singleF centers (16 per ion track in the track  size is extremely small and is not significantly influenced by
halo. This demonstrates that the efficiency for the creation othe temperature at which the sample is kept during irradia-
colloids in the track core is very high. tion. It should be noted that such small colloids were never
Various models have been suggested in order to describ@served under conventional radiation. The small size of
the formation of ion tracks in insulators upon electronicthe colloids and the weak influence of the irradiation

X exp( —k;2x a?/2), )
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temperture seem to be strongly related to the properties diple excitation and ionization events within an extremely

energetic heavy ions. For the creation of colloids requiring ashort time of about 10'° s

remarkable reorganization of the primary defects, energetic (b) The strongly inhomogeneous spatial distribution of the

ions seem to be a unique type of radiation mainly for twoenergy around the ion path leads to a local dose in the track

reasons. core which is several orders of magnitude higher than doses
(a) The high amount of deposited energy results in mul-typically applied by conventional radiation.
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