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Damage and track morphology in LiF crystals irradiated with GeV ions
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The nature of the radiation damage in lithium fluoride crystals irradiated with various ion species between
nickel and uranium was studied by techniques such as optical absorption spectroscopy, small-angle x-ray
scattering(SAXS), and chemical etching complemented by annealing experiments. The results indicate a
complex track structure and defect morphology: Single defects suéhaasl F, centers are produced in a
large halo with a radius of several tens of nanometers around the ion trajectory. Above a critical energy loss of
about 10 keV/nm, new effects occur within a very small core region of about 2—4 nm in diameter, resulting in
a strong anisotropic x-ray scattering and in the etchability of tracks. It is concluded that in this core region, the
defects are complex aggregates such as small Li colloids, and fluorine and vacancy clusters. Using Monte
Carlo calculations, the spatial distribution of energy deposited around the ion trajectory is compared with the
track radius as extracted from the SAXS experiments. For all ion species, this radius corresponds to a critical
dose, which can be regarded as a threshold for the creation of defect aggregates in the core region.
[S0163-182698)01141-3

[. INTRODUCTION ergy with an approximately 4? dependence on the radial
distance from the trajectofySuch a dose gradient could
The creation of defects in lithium fluoride and in other have a strong influence on the defect creation mechanisms
alkali halides under various types of radiatigrhotons, elec- and on the nature of the damage. In particular, close to the
trons, neutrons, and iohhas been intensively studied during ion path, extremely high local doses are reached, unattain-
the past decades. Without a doubt, the problem has owed ittble by any other energy deposition process.
attraction to the simplicity of the ionic lattice of such crystals In a wide range of materials, the irradiation with energetic
and the ease with which the structure can be damaged. Theavy ions results in new effects. On a nanometer scale, ions
radiation damage occurs mainly in the anion sublattice. Thénduce modifications such as local phase transitions, amor-
primary defects are created via self-trapping of excitons anghization, or mechanical stre$3° In order to describe the
the subsequent nonradiative decay. At room temperature, trexperimental results obtained in many different material
most significant type of defects aFecentergan electron on classes, various models are considered. However, the discus-
an anion vacangy F, centers, and the complementary hole sion is controversial, and the contribution of elementary pro-
centers-™ Depending on the material, such point defectscessegexcitons or electron-hole recombinatich and col-
subsist up to a very high level of energy deposition, whichlective excitation processés.g., Coulomb explosidfi'’ or
allows the study of special effects, for instance, the deviatiothermal spiké®9 is still an open question.
from linearity in the defect production, saturation effects, While special ion-induced effects have been studied in a
and the formation of complex aggregateslor centers, mo- wide range of insulating materiale.g., polymer®-?? and
lecular anion clusters and vacancy clusters, metal colloidoxide$>?%, only a few investigations have been made in
etc). Large aggregates and macrodefects can be created oribn- irradiated alkali halides. In most cases, lighter ions of
above a critical defect concentration and at irradiation temsather low-stopping powers were used?® Perezet al®
peratures where diffusion of single point defects isstudied LiF crystals, irradiated at room temperature with Ne,
possible>~’ Ar, Kr, and Xe ions in the energy regime between 30 and
The aim of this study is to gain a better understandingg0 MeV/u. By optical absorption spectroscopy it was
concerning the specificity of the damage produced in LiFshown that the main defects in tracks &e@ndF, centers.
when irradiated with swift heavy ions. At energies aboveMoreover, for various alkali halides irradiated with heavy
about 1 MeVl, elastic collisions between the projectile ion ions at low temperatures, Balanzdtal 2 demonstrated that
and the target atoms can be neglected. Therefore, the inteihe resulting exciton luminescence spectra and the depen-
action of high-energy ions is characterized by almost purelence of the efficiency on temperature are the same as under
electronic excitation of the target atoms. The primary ionizax-ray or optical excitation. These results gave clear evidence
tion and excitation processes and the following electron caghat electronic excitations induced by ions play an important
cades occur within a very short time of 18 to 10 4 s, role for the intrinsic luminescence and defect creatidrt
being much shorter than the time necessary to create defedtsat time, no special investigations of more complex defects
via lattice relaxation (10'>—10"1! s). Another significant (e.g., aggregates & centers or colloidswere made?® How-
difference to low ionizing radiatiofe.g., electrons, gammas, ever, much earlier, Young had observed that latent tracks of
or x rays is the final distribution of the absorbed dose. In theuranium fission products can be revealed by chemical
case of ions, the spatial distribution of the energy deposite@tching This technique is based on the increased chemical
is not homogeneous, but each individual ion deposits its enreactivity of the damaged zone along the ion path compared
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to the unirradiated surrounding crystal matrix. Interestingly TABLE |. Parameters of the ion irradiations.
enough, the etching of a single ion track and of an etched
dislocation lead to the same shape of etci¥pRecently, we 100 Energy Range  dE/dx), Mean (dE/dx)
complemented this early observation by a systematic study (Mev/u) — (um)  (keV/inm) (keV/nm)
of track etching using various heavy ions in the energy ressy; 114 9 5.4 6.9
gime of several MeV per nucledfi* It was found that es,, 114 96 6.0 8.1
track etching is only possible if the ions have surpassed axgq 114 104 74 9.0
critical energy loss of about 10 keV/nm. Although the naturess, 114 98 8.0 98
of this etchable damage has not been identified, it is supssoy, 114 91 14.3 16.3
posed to be related to the formation of larger defect aggresor,, 11.4 % 24.0 23.4
gates F-center clusters, Li colloids, fluorine, and vacancy 5.4 49 27.0 21.7
clusterg. This assumption is supported by earlier findings zoepy, 114 9 24.9 247
that under high-dose irradiation with thermal neutrons only 5.4 49 27.9 229
larger defect aggregates but not single defects can be 4.0 38 27.9 219
etched? 209g; 11.4 95 25.4 25.1
In this paper, we present the results of a series of inves- 10.9 o1 25 7 250
tigations providing a better understanding of the damagess 11.4 100 28.8 27.1

morphology and microstructure of ion tracks in LiF. We
complement earlier spectroscopic studies Bf and
F,-centers using light iof8% by experiments with much B. Optical spectroscopy

heavier ions. Furthermore, small-angle x-ray scattering The creation of color centers was studied using a UV-

(SAXS) measurements were performed from which the di-yisible double-beam spectromet@T| Unicam UV4). Ab-

ameter of the ion tracks can be deduced. In order to test the,ption spectra of the irradiated crystals were typically re-

thermal stability of the damage induced, irradiated crystalgorged in the spectral range between 200 and 600 nm where

were annealed step by step and analyzed by both techniquegie absorption of the electron color centers are localized

We are also reporting about Monte Carlo model calculationghole centers that are stable at room temperature, have their

determining the spatial dose distribution perpendicular to theibsorption bands in the vacuum ultraviolet spectral région

ion trajectory. Using these simulations, a critical dose will beAs quoted in the literature, the absorption bandcandF,

deduced, which is required to create a damage sufficientlgenters was found at a wavelength of 245 and 445 nm, re-

large to induce an anisotropic SAXS pattern and the etchabilspectively. The concentration= (cm™?) of the F centers

ity of tracks. and NE, (cm™?) of the F, centers was determined with the
Smakula-Dexter formula using an oscillator strength of, re-
spectively, 0.6 and 0.336-38

IIl. EXPERIMENTAL METHODS

A. Irradiation ng=9.48< 105X A, (1)
Single crystals of high-purity lithium fluoride were _ 5
cleaved into platelets of a thickness between 200 and 1 Ng,=4.42¢ 10X A, @

mm and of an area around 1 €nihe crystals were irradi-
ated with U, Bi, Pb, Au, Xe, Kr, Se, Zn, and Ni ions of a
specific energy of up to 11.4 MeW/at the linear accelerator
UNILAC of the GSI (Darmstadt, Germanyand with Pb of
4 MeV/u at the medium energy line of GANILCaen,
France. In several cases, aluminum degraders of differenf ©"
thicknesses were used in order to decrease the initial enerd@ng
of the ions. All irradiations were performed at room tempera-
ture and under normal incidence to the cleavage plane of the C. Small-angle x-ray scattering(SAXS)

crystals. The total fluence of the ions varied between 5 |5 order to complement the results obtained by optical

X 10’ and 107 ions/cnt. In order to avoid an increase of spectroscopy, which mainly allowed us to analyze single de-
the sample temperature, the flux of the ions was limited tdects, we also performed small-angle x-ray scattering experi-
about 5<10°s™* cm™2. The most relevant parameters of the ments. They were carried out with a setup in transmission
irradiations are listed in Table I. The given ion range and thegeometry, in most cases with an angle of 45° between the
electronic energy lossdE/dx); at the crystal surface were ion trajectories and the x-ray beam. The distance from the
calculated with the computer codeim 89.%° The projected sample holder to the position-sensitive area detector (10
range of the ions was in all cases less than the thickness of 10 cnf) was around 120 cm. We used tKer- Cu radia-

the crystals, so that the ions were stopped in the crystals. Fd¢ion of a rotating anode generat@9 kV and 200 mA with

that reason, we used the energy loss averaged along the fallpinhole collimation. The efficiency correction, the smooth-

ion path, by dividing the initial energy by the range of the ing of the scattered intensity, and the analysis of the SAXS
ions as given by therim code. data was performed with theapps software(Siemeng

whereA=Inly/l is the optical absorbance at the band maxi-
mum. If we are interested in the volume concentratign
andNFZ, i.e., the number of andF, centers per cA) it has

to be taken into account that the color centers are created in
ystal layer of a thickness that corresponds to the ion
eR (N,:=I’I|:/R).
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For the analysis of the intensity distribution, it was as- 4.0 .
sumed that each track can mathematically be described by a 3.5
cylinder of a Gaussian radial density variation with #exis » 30

. . . . Q . —
of the cylinder corresponding to the ion trajectory. For such g
a configuration, the intensity distributidifk, ,k,) in the re- -g z5 -
ciprocal space is given by Z 2.0
= 15
1(K, ,K,) = Sp2x Am?X a®x sir?(k, X RI2)/k> 2 ol
g L
X exp( —kZx a2/2), 3) % 05
|
whereR is the length of the cylindrical track corresponding 0'0200 300 400 500 600

to the ion rangek, andk, are the length of the momentum
vector parallel and perpendicular, respectively, to the ion
path. Herek, is obtained from the relatiok, =4 /A sing FIG. 1. Absorption spectra of LiF crystals irradiated with Bi
where 2p denotes the scattering angle and(1.54 A) is  ions at a fluence ofa) 10'° cm™? and(b) 2x 10" cm™2.

the wavelength of the x-ray bearfip is the maximum elec-
tron density difference between the damaged material of th
track and the virgin crystal, areldefines the Gaussian radius
of the track at whichSp decreases to &/*°

wavelength [nm]

of the colloids is not known in sufficient detail to perform a
§traightforward analysis of the spectra at high fluences.

In the following section, we will focus mainly on the
evolution of F centers in samples irradiated at lower flu-
ences. The analysis was in most cases limited to ion fluences

D. Chemical etching below 2x 10 ions/cntf, because at a typical thickness of

Since specific details of track etching in LiF have beenthe irradiated Igyer of about 10am, the optical absorbance
published elsewher®, we give only a short description of becar_ne too h|gh_ to be measured. The numbeF cbr_ners
the experimental conditions. As etchant, a solution of conP€" smgle track is about 20and 18 for Zn and U ions,
centrated hydrofluoric acitb0 vol%) and glacial acetic acid respecuvely. .

(50 vol% saturated with ferric fluoride (Fgfwas used, as Figure 2 shows the number_ §fcente.rs as a function of
recommended in Refs. 30 and 31. On the irradiated Crystépe.fluence for some selected lon Species. In.the lQW fluence
surface, successful etching leads to the appearance of "§9!Me, theF_-genter c_oncentratlon .eXh'b'tS allnea_r Increase,
pyramidal-shaped etch pit for each individual track. Some ot lle at suffu_:lently high fluences,_ It saturates. Th'.s observa-
the samples were cleaved prior to etching perpendicular tgon gives evidence that pverlapplng of |nd|V|d_uaI lon track;
the sample surface. In this geometry, the damage along t curs._From the saturation curve, we can estimate the radial
ion trajectories is revealed as long striated structtfes. imension around the ion path in whighcenters are created

by using the model proposed by Memardet al~* In order

to simplify the problem, the distribution d¥ centers is rep-
resented by a homogeneous cylindrical volume around the
A. Creation of F and F, centers ion trajectory in which the concentration Bfcenters is satu-
rated. Whenever two neighboring tracks overlap, sirigle

In LiF, the irradiation with heavy ions leads to a strong centers are assumed to aggregate and the creation of addi-
coloration of the crystals between yellow and dark browny;

; ) | singleF centers i lected. D di the si f
depending on the fluence and range of the ions. The depth (ﬂﬁ)na SIQ BF COnIers IS negiec’e ePENdIng on the 5iz€ o

h lored d with the i | e track, the concentration &f centers as a function of the
the colored zone was compared with the ion range as calClfence will reach saturation, when the entire crystal surface
lated by theTrRIM code:® At the given accuracy of our opti-

is covered by tracks. The mathematical description of this

lll. RESULTS

cal microscope, it was for all ions between 10% and 20%ayolution is given by
smaller than the projected range. This effect is in agreement

with the experience that theriM code generally overesti- 5 | I ‘ 7o
Pb

mates the ranges of ions in this energy regi® A quan-
titative evaluation of the color centers was performed with
the optical spectrometer analyzing the absorption peaks of
the F and F, centers at 245 and 445 nm, respectively. A
typical spectrum is shown in Fig. Ccurvea) for a crystal
irradiated with 18° Bi ions/cn? at 11.4 MeVWU. At higher
fluences, the spectrum became more complex, exhibiting
peak shoulders at around 315, 375, 518, and 540 nm, as
demonstrated in Fig. (curveb) for a sample irradiated with 0
2x 10" Bi ions/cnt at 10.9 MeVl. These bands can be

assigned to color center aggregates suck asenters(316,

374 nm, F, centers(518, 540 nm** and possibly to Li FIG. 2. The concentration d% centers as a function of the ion
colloids. The pOSitiOﬂ of the colloid absorption bands ar€fluence for samples irradiated with Zn (11.4 MeY/ Au
expected in the range between 450 and 500fifand there- (5.5 MeV/u), and Pb (11.4 MeMl) (the data point at the highest

fore they overlap with the bands of other color centers. Itfluence of the Zn irradiation is not showiThe curves are fits to the
should be mentioned that the dependence on shape and sit#ta based on Ed4).

F-centers [10!6 ¢cm2]

I, | | | |
0.0 0.5 1.0 1.5 2.0 25

fluence [1011 ions/cmz]
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TABLE Il. Track radiusrg and saturation concentratiaory for

w
o

various ion species o o — %
. ~ el
E 40 L < F-centers . Joa
lon re Ng 2 S
(MeV/u) (nm) (10*6 cm?) = 30 —03 5
Zn (11.4 15 (1) 5.4 (5) 2 20 102 2
[ * o
Au (5.5 20(2) 33(2) g 5
Pb (4.0 19 (1) 3.6(1) 10 F,-centers>» | 0.1 i’
Pb (11.4 29(2) 45(2)
0.0 | | | | l L o0
0 2 4 6 g§ 10 12
1 ; 2
ne=nJ 1—exp— 77_r'z:>< )] (4) | fluence [10 | ions/cm™“]

whereng(cm™2) is the experimentally observed numberFof
centers per unit of the sample surface irradiated with an ion |
fluence¢ (ions/cnt), ng (cm 2) is the saturation density
of F centers, and is the radius of the cylindrical region in i . ) ) )
which singleF centers dominate. This kind of data analysis©f 2 gives evidence that in the nonoverlapping track regime,
was possible for samples where the irradiation condition§ 2 centers are formed by pairing of randomly neighborfing
allowed us to reach sufficiently high fluences such as for th&€€nters.
Zn (11.4 MeVU), Au (5.5 MeViu), and Pb(4.0 and
11.4 MeV/M) ion beams. _

The curves in Fig. 2 result from a fit of the experimental B. Small-angle x-ray scattering

data by means of E@4). The corresponding track radii of The scattering patterns of all irradiated crystals studied by
various ions are given in Table Il, where the listed errorsSAXS exhibited an anisotropic intensity distribution. Figure
correspond to the fit quality and do not include systematicd shows a typical scattering pattern on thexti® cn?
uncertainties of the experiment. It should be noted that th@osition-sensitive detector for a crystal irradiated with
deduced parameters represent integral average values, @’ Xe ions/cnf (11.4 MeV/u). The high contrast along
taking into account that the track size may vary along thehe vertical axis of the detector plane reflects the electron
depth in the crystal due to a dependence on energy loss density difference of the damage in the tracks and the sur-
ion velocity. We found that the radiug increases with the rounding unirradiated crystal. Compared to the heavier ions,
atomic number and with the velocity of the ions from 15 nmthe contrast of the anisotropy of the scattering pattern of the
for Zn up to almost 30 nm for Pb. Zn and Se ions was extremely weak, so that the data could

Another interesting parameter deduced from the fit of thenot be evaluated quantitatively.
F-center curves in Fig. 2 is the saturation lemgl(Table II)
between 3 and % 10'® cm™2. This corresponds to a volume
concentration of about #» cm™2 and a mean distance be-
tween twoF centers of the order of 70 Ai.e., 17 lattice
distances It is interesting to see that for the Au and Pb ions
of lower energy, the saturation concentration is slightly
smaller than for the faster Zn and Pb ions. The value is
in good agreement with earlier observation using lighter
ions?>2” Furthermore, for LiF and other alkali halides under
gamma or electron irradiation in the high dose regime, such
a concentration oF centers is typical for the onset of aggre-
gation processe’s?’ 4146

A data analysis of andF, centers up to complete satu-
ration was possible only for one set of samples irradiated
with Pb ions of an energy of 4.0 MeWu/ The low energy
has the advantage of producifgcenters only in a thin re-
gion of 38 um below the crystal surface, allowing us to
follow the concentration up to very high fluences. Under this
condition, we could study also the evolution of thg cen-
ters, which is difficult at low fluences mainly because of the
low production rate in combination with a small oscillator
strength. It became evident that the concentration ofRthe

centers saturates at a higher fluence than sikgtenters FIG. 4. Anisotropic scattering pattern of a crystal irradiated with

(Fig. 3. 10'° Xe ions/cn? (11.4 MeVAu) on the 10<10 cn? position sen-

For fluences below about Dions/cnf, the concentra- sitive detector. The gray scale is a measure of the x-ray intensity.
tion of F, centers is directly proportional to the square of theThe light spot in the center originates from the catcher of the pri-
F center concentratiopNg = constx (NFZ)Z]. The exponent mary x-ray beam.

FIG. 3. Concentration of centers(circles andF, centerg(tri-
gles as a function of the fluence of Pb ions of 4.0 MeV/
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FIG. 7. Optical absorption spectra of LiF crystals irradiated with

FIG. 5. The logarithm of the scattered intensity as a function of P 11.4 MeVii ions at a fluence Oof 16 |ons/crﬁ: (@ before an-
the square of the scattering vectorfor crystals irradiated with Xxe ~n€aling;(b) after annealing at 300 °C for 20 min.
and Au ions.
analysis, the density profile of the tracks was assumed to

Whenever possible, the scattered intensity was analyzed@ve a Gaussian distribution. If we would consider a density
along the vertical cut through the center of the detectopProfile with a steplike transition instead, the track radius de-
plane. Using a Guinier presentati¢fig. 5), the logarithm of duced from the same scattering data would be larger by a
the scattered intensity(k,) was plotted as a function of the factor of 1.4. _ _ _
square of the scattering vectar. By fitting a straight line to Comparing the data with those obtained from the optical
the scattering data, the Gaussian track radius was determin@galysis of thé= centers, it is evident that the SAXS radii are
from the slope according to E¢B). From the excellent fit of a_bout one orQer of magnltqde smaller. Obviously, tracks in
a straight line, we conclude that the geometry of the damagkiF have a microstructure, i.e., a small core of a few nano-
along the ion path is well represented by a cylinder. Furthef€ters surrounded by a much larger halo consisting mainly
evidence for this shape is provided by SAXS experiment®f Single F centers and hole centers. Since SAXS does not
where the x-ray beam was oriented perpendicular to the iof/loW the analysis of the damage giving rise to anisotropic
tracks. Under this condition, we obtained the same anisoX"fay scattering, the question about the nature of the defects
tropic scattering pattern indicating that the damage has £Mmains open.
quasicontinuous structure rather than consisting of isolated
damage zones. In this latter case, e.g., spherical defects
would lead to an isotropic scattering pattern that was not ) i .
observed here. _ !n order to investigate t_he thermal stability of the defects

Figure 6 displays the SAXS radius of various ion specied” 10N tracks, irradiated LiF sample;s were annealed under
increasing as a function of the mean energy loss from 1.0 nrfif90n atmosphere Ior 20-30 min in the range from room
for Kr ions to 1.8 nm for U ions. Each data point representd€mperature to 500 °C. The behavior of the defects was stud-
a mean value of several measurements using different cryé‘id by absorption spectroscopy, cher'mcal. etchmg, and in
tals. Within the studied fluences regime betweenl®® and ~ SOMe cases by SAXS. For samples irradiated with a low
2x 101 ions/cn?, no significant influence on the radius of a fluénce of around 510° ions/cnt, the concentration of

given ion was observed. It should be pointed out that for thi$ingleF centers decreased by a factor of 2 at a temperature
of about 240 °C. From an Arrhenius plot, the activation en-

ergy for annealing of centers was determined to be about

C. Annealing behavior

20 prer e T 0.35 eV. This value corresponds well with the activation
C ' ] energy of temperature-induced mobility of hole cerftets
— 150 , E' 'U_' and suggests that annealing occurs via recombinatiof of
E r AuPb ] centers and hole centers. During the annealing procedure, the
2 r 1 F, centers disappeared at a lower temperature than sihgle
g 10 + E _ centers. The situation was different for samples irradiated at
- C Kr Xe ] higher fluences. Already before the thermal treatment, the
ﬁ C ] absorption spectra of such samples exhibited a complex band
v 0.5+ . structure due to aggregated defe@sy.,F5; andF, centers,
L 8 which result from overlapping of individual ion trackBig.
00:' e .: 1). At around 300°C, we observed a transition from the

complex spectrum to a spectrum with only one broad peak at
275 nm(Fig. 7). Without changing the position of the maxi-
mum and the halfwidth of the peak, this band was stable up
FIG. 6. Track radii of various ion species obtained from SAXSto 360°C. At higher temperatures, its intensity started to
experiments as a function of the mean energy loss. The initial endecrease and finally, the signal disappeared at 450 °C. From
ergy of all ion species was 11.4 MeW/ this observation, we conclude that the band can be ascribed

0 5 10 15 20 25 30
mean energy loss [keV/nm]
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to rather stable aggregates formed due to increased diffusion 100 T

of single F centers at temperatures above 300°C. The au-

thors of Refs. 5 and 47 also report on a band at 275 nm 80 e —
obtained after annealing of irradiated LiF crystéisn im- Co :

plantation and thermal neutronsSince they could not ob- 60 T -
serve any signal due to electron spin resonance, they con- < !
clude that this band corresponds to nonparamagnetic ~ 40 L —
aggregates.

We also tested the etchability of tracks on the surface of 20 -
irradiated crystals and on a cleaved plane along the ion tra- v o
jectories. In contrast to the color centers, the etchability was 0 Ll ' 4, 41 1 |
maintained to much higher temperatures. Below 300 °C, the -200 -150 -100 -50 0 50 100 150 200
etch pits of crystals irradiated with various ions betweeh 10 X (A)

and 10 ions/cnt exhibited no 5|gn|f|cant_ changg. Between 1. 8. Ionization events along the ion trajectomy dxis) of a
300 and 400°C, the number of etch pits continuously deyranjum ion (11.4 MeMt) vs the distance from the ion path (
creased with the disappearance of mainly smaller etch pitsxig simulated by the Monte Carlo codak (Ref. 48. Each dot
Finally, for temperatures above 400°C, we could not findcorresponds to a single ionization event.
any etch pits.

Results from SAXS experiments of annealed crystals in

: |2 : ous i ies of 11.4 MeW/ It sh typical 17 de-
dicate a very similar behavior: Up to 300 °C, the SAXS ra_ous 1on Species © sfows a lypica ©

. ) - - pendence. We estimated that in the case of Au ions about
dius did not change significanty con:pared W'th the un- 0% of the total energy is deposited within the SAXS radius
treated tracks.. Between 300 and 40(.) C,.t.he anisotropy qf¢ ; g5 nm, while the remaining 70% is available for the much
the scattered intensity could still be identified bgt was toolarger track halo. On the abscissa of Fig. 9, we additionally
weak to be evaluated, and above 400°C the typical patterf,, g the values of the SAXS radii by vertical lines. Com-
disappeared completely. Obviously, the stability of the dam, aring the experimental data with the model calculations, we
age responsible for the SAXS pattern and the etchability Oy that the SAXS radius of each ion species corresponds to
tracks is maintained up to a higher temperature taren- o same critical dose of about 220.4 MGy (hatched area
ters. in Fig. 9). This value drops down to about ®:@.2 MGy, if

we use SAXS radii deduced from a track model with a radial
density distribution represented by a sharp step function in-

stead of a Gaussian curve.
In order to quantify the radial extension of the radiation

damage, the spatial distribution of the deposited energy has
to be included. Since this parameter is not provided by the IV. DISCUSSION

; : 48

TRIM code, we used the Monte Carlo simulation caet, The results obtained independently by optical absorption

which models the interaction of the ions with the electrons Ofspectroscopy and by SAXS indicate that the damage zone
the target by the binary encounter approximation. Cross Segyround the trajectory of an energetic ion can be characterized
tions for elastic scattering, ionization, and excitation of theby a small core region with complex defect aggregates sur-
target atoms by secondary electrons were taken from semignded by a much larger halo consisting mainly of simple

empirical formulas. Since detailed experimental data existo|or centers. It is not possible to study both regions with the

on_ly for collision processes _of ior_15 in gas targets, the calcuzgme experimental technique due to the fact that SAXS is
lations were performed for ions in water vapor. The results

were adjusted to LiF taking into account the difference in
density, mass, and atomic number, however, without consid-
ering the electronic structure of the solid. The evolution of
the electron cascade was calculated by treating each ionizing

D. Correlation of the radial dose distribution with SAXS radii

|IIIIIIIIIIIIIIIlIIIIIIIII

event individually, until the energy of the electrons dropped g* ]
below the ionization threshold. Finally, the three- 2 .
dimensional distribution of the ionizing events along the ion 2 S DOT
trajectory is obtained as shown in Fig. 8 for a uranium ion of B3 ] §_
11.4 MeVM. Due to the large number of low-energy elec- \\\
trons, most of the ionizations occur in a small cylinder close N

H H H 111 I L1l | 1 1t 1 1 | L1l l i1 I N}
to the ion path, while at larger distances they result from the :

04 06 08 10 12 14 16 18 20

slowing down of energetic electrons.

In order to deduce the spatial distribution of the deposited
energy, the irradiated volume of a single track was divided |G 9. Absorbed dose on a logarithmic scale as a function of
into cylinder shells concentrical around the ion path. Themne radial distance from the ion pathn, Se, Kr, Xe, Au, Pb, and U
dose absorbed in each shell was calculated by integrating thg ascending sequencérhe vertical lines indicate track radii from
energy of all ionization events in the given shell volume. Therig. 6 as obtained by SAXS experiments. The dose corresponding

absorbed dosé.e., the deposited energy per volunas a  to the SAXS radius is in all cases around 2.4 MGy (hatched
function of the radial distance is displayed in Fig. 9 for vari- area.

radius [nm]
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sensitive to the electron density difference between the de- From annealing experiments, we conclude that the inter-
fect aggregates and the virgin crystal while optical spectrosaction of the defects in the core and in the halo of the track is
copy mainly detects single defects. In the fluence regime ofather weak for the following reason. The SAXS radii did not
individual (that means nonoverlappindgracks, the concen- exhibit any notable growth at elevated temperature indicating
tration of larger defects is too small to be evaluated quantithat aggregation of a significant number Bfcenters from
tatively by this technique. If we try to observe the defectthe halo to the core does not occur. Furthermore, the absorp-
clusters in the core region, extremely high fluences argion band at 275 nm is exclusively observed under thermal
needed. In such a situation, the halo regions would overlapreatment of samples irradiated at high fluences. We assume
significantly leading to a complex absorption spectrum. Inthat such colloids are formed only in the halo region of over-
such a situation, the signal of aggregated single defects in tHapping tracks and not in the core.

halo cannot be separated from the defect clusters in the track The nature of the etchable damage has never been identi-
core. Information exclusively related to the damage in thefied. However, based on the following arguments, we assume
halo can be obtained only if overlapping of neighboringthat the etchability of tracks and also the damage that causes
tracks is negligible, i.e., at fluences where the mean distanage SAXS signal is strongly related to the formation of larger
of the ion trajeCtorieS is Iarger than the diameter of the halqjefect aggregateé:) Gilman and Johnston demonstrated that
region. This critical fluence is, for example, aboutin |jF crystals irradiated with thermal neutrons, defect clus-
2x10' ions/ent for Bi ions and 16" ions/cnf for Zn  ters can be etched whereas evidence for the etchability of

ions. single defects or small aggregatésg., F, or F5 centery

Due to the much smaller size, the track core can be Stuqﬁas, to our knowledge, never been fOL?r(d) the etchability

led by SAXS at much higher fluences without reaching OVerynd the SAXS pattern of tracks exhibit the same dependence

Igp. This technque has the ad""’?mage that for the determln%-nder annealing, and both properties are maintained up to
tion of the core size, the scattering data does not depend on : . .
much higher temperatures than the survival of single defects.

the ion fluence applied to the crystal. Unfortunately, we were If that under ion irradiati imilar defect
not able to measure the absolute value of the electron densit Wwe assume that under ion irra |a_ on, 5|m| a_r e_ec
rocesses occur as known from conventional radiation, it can

change in the tracks for three reasofis: the given experi- .
mental conditions did not allow us to determine the absolutd® expected that above a critical dose, defect clusters such as
magnitude of the scattered x-ray intensitg) the scattering cgllo@s, fluorine clusters, and vacancy clusters are formed
intensity is a function of the square of the density changeWith single defectsk centers and/ center$ as precursors.
therefore, the sign of the density change cannot be decideds @ consequence of the coagulationFotenters to larger
and(3) the scattering intensity is a function of the number ofNF aggregates, the ionic lattice collapses and metallic col-
the scattering objects; as a consequence, only a mean vall@ds of reduced density are formed. In this situation, the Li
can be deduced, which is averaging over the density changmlloids and the molecular fluorine clustefs,(andnF,) are
along each track and over all contributing tracks. produced with a stoichiometric ratio. Such a process requires
The formation of a damage strong enough to be detectethat theF centers and the hole centers are separated in space,
by SAXS seems to be related to a critical energy loss. Thevhich normally occurs by diffusion at an increased level of
same effect was found for chemical etching where trackshe local temperature?' Furthermore, a critical concentra-
could be attacked only above a threshold of about 1Qjon of F centers of the order of & cm™2 is needed. Along
keV/nm. At around the same value, the SAXS contrast bethe path of heavy ions, this should lead to a trail of metallic
comes very weak, indicating that both effects are possiblyioids. Using the information we obtained about the size of
based on the same type of damage. Moreover, comparinge track core and the number Bfcenters in a single track,
results of the annealing experiments, both techniques seem {, -5 roughly estimate the number of Li atoms available
test defects of comparable thermal stability. Another interesty - +he colloid formation. For this, we have to assume that

:pr% dc?gtsee(;v:ttllogwwg Smm:g?utre;gg@rv;ger;rl;éFl%r(y)/s;(ala;/;/ﬁre the defect creation has the same efficiency in the track core
P Lo 9 asin the halo. From the calculation of the lateral dose distri-

SAXS and chemical etching, it was found that the damage in "~ .. !
the core region is formed almost independent of the irradia.pUtlon we know that about 70% of the total energy is depos-

tion temperature. This effect is surprising because at 15 K'ted in the halo region resulting in about16 centers per

the primary Frenkel defects in LiF crystals are not mobileSiNgle track. About the same total number of defeéien-
and, therefore, cannot aggregate to larger defects. ters or Li atoms and their complementary hole centers or

From a combination of the SAXS results and the calculafluorine moleculel should be available in the track core,
tion of the lateral dose distribution, we find that the SAXS although they finally agglomerate to larger aggregates. Con-
radius is correlated with the deposition of a critical dose. Fosequently, the number of Liatoms involved should also be
various ion species, the SAXS radius corresponds to one argfound 16. Compared to the total number of Li ions in the
the same absorbed dose. This result can be interpreted as ttyindrical track volumeradius 1.5 nm, length 8Qum), the
minimum dose that is necessary to create larger defect agrumber of Li atoms being available for the colloid formation
gregates in the track core. In the case of heavier ions, thieaches only a few percent. Such a small Li concentration
dose is reached at a larger distance from the ion trajectorgioes not allow the formation of a continuous trail of Li col-
than for lighter ions. Due to the fact that the radius we dedoids. From this rough estimation, we expect that the track
duced from the SAXS data depends on the shape of the denere consists of rather small defects with a distance of sepa-
sity distribution, it is not possible to determine the critical ration that is small enough to result in a quasicontinuous
dose with high accuracy. structure.
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V. CONCLUSIONS etched dislocations. Under thermal annealing, the etchability

On their way through matter, energetic heavy ions deposignd the damage thgt cause the SAXS cpntrast exhibit a
their energy mainly by excitation of the electron system of igher thermal stability than single defects in the halo. Both
the target. The properties of this slowing down process igbservations are correlated to a threshold of the dose depos-
characterized by the dissipation of a considerable amount dted around the ion path. _
energy in a very small volume around the ion trajectory Finally, we want to emphasize, that the damage morphol-
within an extremely short time. The resulting large excitation®9Y @long the ion trajectories in LiF crystal owes its complex
energy density leads to a dose distribution significantly dif-Structure to several specific properties of this alkali halide,
ferent from that caused by gamma rays or electrons that d .., the sensitivity against electronic excitations, the rather
posit the energy homogeneously in the irradiated volum igh stability of point defects in the_anilonlc sublattice, and
leading to a uniform density of defects. In LiF crystals, theth® fact that the lattice of a pure ionic crystal cannot be
nonuniform dose distribution of energetic ions is reflected incOMPpletely amorphized. _
a quite complex defect structure. Using various experimental S€veral questions remain open and have to be solved in

techniques, we come to the following conclusions. the future, for instance the formation mechanism and the
(1) lon tracks in LiF have a structure consisting of a nar-nature of the damage in the core, and the underlying micro-
row core surrounded by a much broader halo region. chemistry of the etching process. In order to clarify definitely

(2) The track halo consists mainly of single electron angWhether or not metallip colloids are forme_d, _various experi-

hole centers. The radial extension of the halo increases witfl€Nts are in preparation; for example, it is intended to test

the atomic number and velocity of the ions and can reacti€ resulting change of electric and magnetic properties by

several tens of nanometers. As soon as single tracks overlag?nductivity and electron spin resonance experiments.

F, centers (=2) and small aggregates of single defects are

formed. Under annealing, singkecenters in the halo coagu-
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