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Damage and track morphology in LiF crystals irradiated with GeV ions

K. Schwartz, C. Trautmann,* T. Steckenreiter, O. Geiß, and M. Kra¨mer
Gesellschaft fu¨r Schwerionenforschung, Planckstr. 1, 64291 Darmstadt, Germany

~Received 9 March 1998!

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 such asF and F2 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.
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I. INTRODUCTION

The creation of defects in lithium fluoride and in oth
alkali halides under various types of radiation~photons, elec-
trons, neutrons, and ions! has been intensively studied durin
the past decades. Without a doubt, the problem has owe
attraction to the simplicity of the ionic lattice of such crysta
and the ease with which the structure can be damaged.
radiation damage occurs mainly in the anion sublattice. T
primary defects are created via self-trapping of excitons
the subsequent nonradiative decay. At room temperature
most significant type of defects areF centers~an electron on
an anion vacancy!, F2 centers, and the complementary ho
centers.1–4 Depending on the material, such point defe
subsist up to a very high level of energy deposition, wh
allows the study of special effects, for instance, the devia
from linearity in the defect production, saturation effec
and the formation of complex aggregates~color centers, mo-
lecular anion clusters and vacancy clusters, metal collo
etc.!. Large aggregates and macrodefects can be created
above a critical defect concentration and at irradiation te
peratures where diffusion of single point defects
possible.5–7

The aim of this study is to gain a better understand
concerning the specificity of the damage produced in
when irradiated with swift heavy ions. At energies abo
about 1 MeV/u, elastic collisions between the projectile io
and the target atoms can be neglected. Therefore, the i
action of high-energy ions is characterized by almost p
electronic excitation of the target atoms. The primary ioni
tion and excitation processes and the following electron c
cades occur within a very short time of 10217 to 10214 s,
being much shorter than the time necessary to create de
via lattice relaxation (10212210211 s). Another significant
difference to low ionizing radiation~e.g., electrons, gammas
or x rays! is the final distribution of the absorbed dose. In t
case of ions, the spatial distribution of the energy depos
is not homogeneous, but each individual ion deposits its
PRB 580163-1829/98/58~17!/11232~9!/$15.00
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ergy with an approximately 1/r 2 dependence on the radia
distance from the trajectory.8 Such a dose gradient coul
have a strong influence on the defect creation mechani
and on the nature of the damage. In particular, close to
ion path, extremely high local doses are reached, unatt
able by any other energy deposition process.

In a wide range of materials, the irradiation with energe
heavy ions results in new effects. On a nanometer scale,
induce modifications such as local phase transitions, am
phization, or mechanical stress.9–15 In order to describe the
experimental results obtained in many different mate
classes, various models are considered. However, the dis
sion is controversial, and the contribution of elementary p
cesses~excitons or electron-hole recombination1,2! and col-
lective excitation processes~e.g., Coulomb explosion16,17 or
thermal spike18,19! is still an open question.

While special ion-induced effects have been studied i
wide range of insulating materials~e.g., polymers20–22 and
oxides23,24!, only a few investigations have been made
ion- irradiated alkali halides. In most cases, lighter ions
rather low-stopping powers were used.25–28 Perez et al.25

studied LiF crystals, irradiated at room temperature with N
Ar, Kr, and Xe ions in the energy regime between 30 a
60 MeV/u. By optical absorption spectroscopy it wa
shown that the main defects in tracks areF andF2 centers.
Moreover, for various alkali halides irradiated with hea
ions at low temperatures, Balanzatet al.26 demonstrated tha
the resulting exciton luminescence spectra and the de
dence of the efficiency on temperature are the same as u
x-ray or optical excitation. These results gave clear evide
that electronic excitations induced by ions play an import
role for the intrinsic luminescence and defect creation.1,2 At
that time, no special investigations of more complex defe
~e.g., aggregates ofF centers or colloids! were made.29 How-
ever, much earlier, Young had observed that latent track
uranium fission products can be revealed by chem
etching.30 This technique is based on the increased chem
reactivity of the damaged zone along the ion path compa
11 232 ©1998 The American Physical Society
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to the unirradiated surrounding crystal matrix. Interestin
enough, the etching of a single ion track and of an etc
dislocation lead to the same shape of etch pit.31 Recently, we
complemented this early observation by a systematic st
of track etching using various heavy ions in the energy
gime of several MeV per nucleon.32–34 It was found that
track etching is only possible if the ions have surpasse
critical energy loss of about 10 keV/nm. Although the natu
of this etchable damage has not been identified, it is s
posed to be related to the formation of larger defect agg
gates (F-center clusters, Li colloids, fluorine, and vacan
clusters!. This assumption is supported by earlier findin
that under high-dose irradiation with thermal neutrons o
larger defect aggregates but not single defects can
etched.6

In this paper, we present the results of a series of inv
tigations providing a better understanding of the dam
morphology and microstructure of ion tracks in LiF. W
complement earlier spectroscopic studies ofF- and
F2-centers using light ions25,27 by experiments with much
heavier ions. Furthermore, small-angle x-ray scatter
~SAXS! measurements were performed from which the
ameter of the ion tracks can be deduced. In order to tes
thermal stability of the damage induced, irradiated crys
were annealed step by step and analyzed by both techniq
We are also reporting about Monte Carlo model calculati
determining the spatial dose distribution perpendicular to
ion trajectory. Using these simulations, a critical dose will
deduced, which is required to create a damage sufficie
large to induce an anisotropic SAXS pattern and the etcha
ity of tracks.

II. EXPERIMENTAL METHODS

A. Irradiation

Single crystals of high-purity lithium fluoride wer
cleaved into platelets of a thickness between 200mm and 1
mm and of an area around 1 cm2. The crystals were irradi-
ated with U, Bi, Pb, Au, Xe, Kr, Se, Zn, and Ni ions of
specific energy of up to 11.4 MeV/u at the linear accelerato
UNILAC of the GSI ~Darmstadt, Germany! and with Pb of
4 MeV/u at the medium energy line of GANIL~Caen,
France!. In several cases, aluminum degraders of differ
thicknesses were used in order to decrease the initial en
of the ions. All irradiations were performed at room tempe
ture and under normal incidence to the cleavage plane o
crystals. The total fluence of the ions varied between
3109 and 1012 ions/cm2. In order to avoid an increase o
the sample temperature, the flux of the ions was limited
about 53108 s21 cm22. The most relevant parameters of th
irradiations are listed in Table I. The given ion range and
electronic energy loss (dE/dx) i at the crystal surface wer
calculated with the computer codeTRIM 89.35 The projected
range of the ions was in all cases less than the thicknes
the crystals, so that the ions were stopped in the crystals.
that reason, we used the energy loss averaged along the
ion path, by dividing the initial energy by the range of th
ions as given by theTRIM code.
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B. Optical spectroscopy

The creation of color centers was studied using a U
visible double-beam spectrometer~ATI Unicam UV4!. Ab-
sorption spectra of the irradiated crystals were typically
corded in the spectral range between 200 and 600 nm w
the absorption of the electron color centers are locali
~hole centers that are stable at room temperature, have
absorption bands in the vacuum ultraviolet spectral regio!.
As quoted in the literature, the absorption band ofF andF2
centers was found at a wavelength of 245 and 445 nm,
spectively. The concentrationnF (cm22) of the F centers
andnF2

(cm22) of the F2 centers was determined with th
Smakula-Dexter formula using an oscillator strength of,
spectively, 0.6 and 0.3:25,36–38

nF59.48310153A, ~1!

nF2
54.42310153A, ~2!

whereA5 ln I0 /I is the optical absorbance at the band ma
mum. If we are interested in the volume concentrationNF
andNF2

, i.e., the number ofF andF2 centers per cm3, it has
to be taken into account that the color centers are create
a crystal layer of a thickness that corresponds to the
rangeR (NF5nF /R).

C. Small-angle x-ray scattering„SAXS…

In order to complement the results obtained by opti
spectroscopy, which mainly allowed us to analyze single
fects, we also performed small-angle x-ray scattering exp
ments. They were carried out with a setup in transmiss
geometry, in most cases with an angle of 45 ° between
ion trajectories and the x-ray beam. The distance from
sample holder to the position-sensitive area detector
310 cm2) was around 120 cm. We used theKa- Cu radia-
tion of a rotating anode generator~49 kV and 200 mA! with
a pinhole collimation. The efficiency correction, the smoo
ing of the scattered intensity, and the analysis of the SA
data was performed with theGADDS software~Siemens!.

TABLE I. Parameters of the ion irradiations.

Ion Energy Range (dE/dx) i Mean (dE/dx)
(MeV/u) (mm) ~keV/nm! ~keV/nm!

58Ni 11.4 96 5.4 6.9
68Zn 11.4 96 6.0 8.1
82Se 11.4 104 7.4 9.0
84Kr 11.4 98 8.0 9.8
130Xe 11.4 91 14.3 16.3
197Au 11.4 96 24.0 23.4

5.4 49 27.0 21.7
208Pb 11.4 96 24.9 24.7

5.4 49 27.9 22.9
4.0 38 27.9 21.9

209Bi 11.4 95 25.4 25.1
10.9 91 25.7 25.0

238U 11.4 100 28.8 27.1
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11 234 PRB 58K. SCHWARTZ et al.
For the analysis of the intensity distribution, it was a
sumed that each track can mathematically be described
cylinder of a Gaussian radial density variation with thez axis
of the cylinder corresponding to the ion trajectory. For su
a configuration, the intensity distributionI (kr ,kz) in the re-
ciprocal space is given by

I ~kr ,kz!5dr234p23a43sin2~kz3R/2!/kz
2

3exp~2kr
23a2/2!, ~3!

whereR is the length of the cylindrical track correspondin
to the ion range.kz andkr are the length of the momentum
vector parallel and perpendicular, respectively, to the
path. Here,kr is obtained from the relationkr54p/lsinf
where 2f denotes the scattering angle andl (1.54 Å) is
the wavelength of the x-ray beam.dr is the maximum elec-
tron density difference between the damaged material of
track and the virgin crystal, anda defines the Gaussian radiu
of the track at whichdr decreases to 1/e.39

D. Chemical etching

Since specific details of track etching in LiF have be
published elsewhere,32 we give only a short description o
the experimental conditions. As etchant, a solution of c
centrated hydrofluoric acid~50 vol%! and glacial acetic acid
~50 vol%! saturated with ferric fluoride (FeF3) was used, as
recommended in Refs. 30 and 31. On the irradiated cry
surface, successful etching leads to the appearance
pyramidal-shaped etch pit for each individual track. Some
the samples were cleaved prior to etching perpendicula
the sample surface. In this geometry, the damage along
ion trajectories is revealed as long striated structures.32

III. RESULTS

A. Creation of F and F 2 centers

In LiF, the irradiation with heavy ions leads to a stron
coloration of the crystals between yellow and dark bro
depending on the fluence and range of the ions. The dep
the colored zone was compared with the ion range as ca
lated by theTRIM code.35 At the given accuracy of our opti
cal microscope, it was for all ions between 10% and 2
smaller than the projected range. This effect is in agreem
with the experience that theTRIM code generally overesti
mates the ranges of ions in this energy regime.32,40 A quan-
titative evaluation of the color centers was performed w
the optical spectrometer analyzing the absorption peak
the F and F2 centers at 245 and 445 nm, respectively.
typical spectrum is shown in Fig. 1~curve a) for a crystal
irradiated with 1010 Bi ions/cm2 at 11.4 MeV/u. At higher
fluences, the spectrum became more complex, exhibi
peak shoulders at around 315, 375, 518, and 540 nm
demonstrated in Fig. 1~curveb) for a sample irradiated with
231011 Bi ions/cm2 at 10.9 MeV/u. These bands can b
assigned to color center aggregates such asF3 centers~316,
374 nm!, F4 centers~518, 540 nm!,41 and possibly to Li
colloids. The position of the colloid absorption bands a
expected in the range between 450 and 500 nm,5,42and there-
fore they overlap with the bands of other color centers
should be mentioned that the dependence on shape and
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of the colloids is not known in sufficient detail to perform
straightforward 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 fl
ences. The analysis was in most cases limited to ion fluen
below 231011 ions/cm2, because at a typical thickness
the irradiated layer of about 100mm, the optical absorbanc
became too high to be measured. The number ofF centers
per single track is about 105 and 106 for Zn and U ions,
respectively.

Figure 2 shows the number ofF centers as a function o
the fluence for some selected ion species. In the low flue
regime, theF-center concentration exhibits a linear increa
while at sufficiently high fluences, it saturates. This obser
tion gives evidence that overlapping of individual ion trac
occurs. From the saturation curve, we can estimate the ra
dimension around the ion path in whichF centers are create
by using the model proposed by The´venardet al.27 In order
to simplify the problem, the distribution ofF centers is rep-
resented by a homogeneous cylindrical volume around
ion trajectory in which the concentration ofF centers is satu-
rated. Whenever two neighboring tracks overlap, singleF
centers are assumed to aggregate and the creation of
tional singleF centers is neglected. Depending on the size
the track, the concentration ofF centers as a function of th
fluence will reach saturation, when the entire crystal surf
is covered by tracks. The mathematical description of t
evolution is given by

FIG. 1. Absorption spectra of LiF crystals irradiated with B
ions at a fluence of~a! 1010 cm22 and ~b! 231011 cm22.

FIG. 2. The concentration ofF centers as a function of the io
fluence for samples irradiated with Zn (11.4 MeV/u), Au
(5.5 MeV/u), and Pb (11.4 MeV/u) ~the data point at the highes
fluence of the Zn irradiation is not shown!. The curves are fits to the
data based on Eq.~4!.
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nF5ns@12exp~2pr F
23f!# ~4!

wherenF(cm22) is the experimentally observed number ofF
centers per unit of the sample surface irradiated with an
fluencef (ions/cm2), ns (cm22) is the saturation density
of F centers, andr F is the radius of the cylindrical region in
which singleF centers dominate. This kind of data analys
was possible for samples where the irradiation conditi
allowed us to reach sufficiently high fluences such as for
Zn (11.4 MeV/u), Au (5.5 MeV/u), and Pb ~4.0 and
11.4 MeV/u) ion beams.

The curves in Fig. 2 result from a fit of the experimen
data by means of Eq.~4!. The corresponding track radiir F of
various ions are given in Table II, where the listed erro
correspond to the fit quality and do not include systema
uncertainties of the experiment. It should be noted that
deduced parameters represent integral average values
taking into account that the track size may vary along
depth in the crystal due to a dependence on energy los
ion velocity. We found that the radiusr F increases with the
atomic number and with the velocity of the ions from 15 n
for Zn up to almost 30 nm for Pb.

Another interesting parameter deduced from the fit of
F-center curves in Fig. 2 is the saturation levelns ~Table II!
between 3 and 531016 cm22. This corresponds to a volum
concentration of about 1019 cm23 and a mean distance be
tween twoF centers of the order of 70 Å~i.e., 17 lattice
distances!. It is interesting to see that for the Au and Pb io
of lower energy, the saturation concentration is sligh
smaller than for the faster Zn and Pb ions. The value
in good agreement with earlier observation using ligh
ions.25,27 Furthermore, for LiF and other alkali halides und
gamma or electron irradiation in the high dose regime, s
a concentration ofF centers is typical for the onset of aggr
gation processes.7,27,41–46

A data analysis ofF andF2 centers up to complete satu
ration was possible only for one set of samples irradia
with Pb ions of an energy of 4.0 MeV/u. The low energy
has the advantage of producingF centers only in a thin re-
gion of 38 mm below the crystal surface, allowing us
follow the concentration up to very high fluences. Under t
condition, we could study also the evolution of theF2 cen-
ters, which is difficult at low fluences mainly because of t
low production rate in combination with a small oscillat
strength. It became evident that the concentration of theF2
centers saturates at a higher fluence than singleF centers
~Fig. 3!.

For fluences below about 1010 ions/cm2, the concentra-
tion of F2 centers is directly proportional to the square of t
F center concentration@NF5const3(NF2

)2#. The exponent

TABLE II. Track radiusr F and saturation concentrationns for
various ion species.

Ion r F ns

(MeV/u) ~nm! (1016 cm22)

Zn ~11.4! 15 ~1! 5.4 ~5!

Au ~5.5! 20 ~2! 3.3 ~2!

Pb ~4.0! 19 ~1! 3.6 ~1!

Pb ~11.4! 29 ~2! 4.5 ~2!
n
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of 2 gives evidence that in the nonoverlapping track regim
F2 centers are formed by pairing of randomly neighboringF
centers.

B. Small-angle x-ray scattering

The scattering patterns of all irradiated crystals studied
SAXS exhibited an anisotropic intensity distribution. Figu
4 shows a typical scattering pattern on the 10310 cm2

position-sensitive detector for a crystal irradiated w
1010 Xe ions/cm2 (11.4 MeV/u). The high contrast along
the vertical axis of the detector plane reflects the elect
density difference of the damage in the tracks and the
rounding unirradiated crystal. Compared to the heavier io
the contrast of the anisotropy of the scattering pattern of
Zn and Se ions was extremely weak, so that the data co
not be evaluated quantitatively.

FIG. 3. Concentration ofF centers~circles! andF2 centers~tri-
angles! as a function of the fluence of Pb ions of 4.0 MeV/u.

FIG. 4. Anisotropic scattering pattern of a crystal irradiated w
1010 Xe ions/cm2 (11.4 MeV/u) on the 10310 cm2 position sen-
sitive detector. The gray scale is a measure of the x-ray inten
The light spot in the center originates from the catcher of the
mary x-ray beam.
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Whenever possible, the scattered intensity was analy
along the vertical cut through the center of the detec
plane. Using a Guinier presentation~Fig. 5!, the logarithm of
the scattered intensityI (kr) was plotted as a function of th
square of the scattering vectorkr . By fitting a straight line to
the scattering data, the Gaussian track radius was determ
from the slope according to Eq.~3!. From the excellent fit of
a straight line, we conclude that the geometry of the dam
along the ion path is well represented by a cylinder. Furt
evidence for this shape is provided by SAXS experime
where the x-ray beam was oriented perpendicular to the
tracks. Under this condition, we obtained the same an
tropic scattering pattern indicating that the damage ha
quasicontinuous structure rather than consisting of isola
damage zones. In this latter case, e.g., spherical de
would lead to an isotropic scattering pattern that was
observed here.

Figure 6 displays the SAXS radius of various ion spec
increasing as a function of the mean energy loss from 1.0
for Kr ions to 1.8 nm for U ions. Each data point represe
a mean value of several measurements using different c
tals. Within the studied fluences regime between 53109 and
231011 ions/cm2, no significant influence on the radius of
given ion was observed. It should be pointed out that for t

FIG. 5. The logarithm of the scattered intensity as a function
the square of the scattering vectorkr for crystals irradiated with Xe
and Au ions.

FIG. 6. Track radii of various ion species obtained from SAX
experiments as a function of the mean energy loss. The initial
ergy of all ion species was 11.4 MeV/u.
ed
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analysis, the density profile of the tracks was assumed
have a Gaussian distribution. If we would consider a den
profile with a steplike transition instead, the track radius d
duced from the same scattering data would be larger b
factor of 1.4.

Comparing the data with those obtained from the opti
analysis of theF centers, it is evident that the SAXS radii a
about one order of magnitude smaller. Obviously, tracks
LiF have a microstructure, i.e., a small core of a few nan
meters surrounded by a much larger halo consisting ma
of single F centers and hole centers. Since SAXS does
allow the analysis of the damage giving rise to anisotro
x-ray scattering, the question about the nature of the def
remains open.

C. Annealing behavior

In order to investigate the thermal stability of the defe
in ion tracks, irradiated LiF samples were annealed un
argon atmosphere for 20–30 min in the range from ro
temperature to 500 °C. The behavior of the defects was s
ied by absorption spectroscopy, chemical etching, and
some cases by SAXS. For samples irradiated with a
fluence of around 53109 ions/cm2, the concentration of
singleF centers decreased by a factor of 2 at a tempera
of about 240 °C. From an Arrhenius plot, the activation e
ergy for annealing ofF centers was determined to be abo
0.35 eV. This value corresponds well with the activati
energy of temperature-induced mobility of hole centers41,45

and suggests that annealing occurs via recombination oF
centers and hole centers. During the annealing procedure
F2 centers disappeared at a lower temperature than singF
centers. The situation was different for samples irradiate
higher fluences. Already before the thermal treatment,
absorption spectra of such samples exhibited a complex b
structure due to aggregated defects~e.g.,F3 andF4 centers!,
which result from overlapping of individual ion tracks~Fig.
1!. At around 300 °C, we observed a transition from t
complex spectrum to a spectrum with only one broad pea
275 nm~Fig. 7!. Without changing the position of the max
mum and the halfwidth of the peak, this band was stable
to 360 °C. At higher temperatures, its intensity started
decrease and finally, the signal disappeared at 450 °C. F
this observation, we conclude that the band can be ascr

f

n-

FIG. 7. Optical absorption spectra of LiF crystals irradiated w
Pb 11.4 MeV/u ions at a fluence of 1011 ions/cm2: ~a! before an-
nealing;~b! after annealing at 300 °C for 20 min.
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to rather stable aggregates formed due to increased diffu
of single F centers at temperatures above 300 °C. The
thors of Refs. 5 and 47 also report on a band at 275
obtained after annealing of irradiated LiF crystals~ion im-
plantation and thermal neutrons!. Since they could not ob
serve any signal due to electron spin resonance, they
clude that this band corresponds to nonparamagn
aggregates.

We also tested the etchability of tracks on the surface
irradiated crystals and on a cleaved plane along the ion
jectories. In contrast to the color centers, the etchability w
maintained to much higher temperatures. Below 300 °C,
etch pits of crystals irradiated with various ions between6

and 107 ions/cm2 exhibited no significant change. Betwee
300 and 400 °C, the number of etch pits continuously
creased with the disappearance of mainly smaller etch
Finally, for temperatures above 400 °C, we could not fi
any etch pits.

Results from SAXS experiments of annealed crystals
dicate a very similar behavior: Up to 300 °C, the SAXS r
dius did not change significantly compared with the u
treated tracks. Between 300 and 400 °C, the anisotrop
the scattered intensity could still be identified but was
weak to be evaluated, and above 400 °C the typical pat
disappeared completely. Obviously, the stability of the da
age responsible for the SAXS pattern and the etchability
tracks is maintained up to a higher temperature thanF cen-
ters.

D. Correlation of the radial dose distribution with SAXS radii

In order to quantify the radial extension of the radiati
damage, the spatial distribution of the deposited energy
to be included. Since this parameter is not provided by
TRIM code, we used the Monte Carlo simulation codeTRK,48

which models the interaction of the ions with the electrons
the target by the binary encounter approximation. Cross
tions for elastic scattering, ionization, and excitation of t
target atoms by secondary electrons were taken from s
empirical formulas. Since detailed experimental data e
only for collision processes of ions in gas targets, the ca
lations were performed for ions in water vapor. The resu
were adjusted to LiF taking into account the difference
density, mass, and atomic number, however, without con
ering the electronic structure of the solid. The evolution
the electron cascade was calculated by treating each ion
event individually, until the energy of the electrons dropp
below the ionization threshold. Finally, the thre
dimensional distribution of the ionizing events along the i
trajectory is obtained as shown in Fig. 8 for a uranium ion
11.4 MeV/u. Due to the large number of low-energy ele
trons, most of the ionizations occur in a small cylinder clo
to the ion path, while at larger distances they result from
slowing down of energetic electrons.

In order to deduce the spatial distribution of the deposi
energy, the irradiated volume of a single track was divid
into cylinder shells concentrical around the ion path. T
dose absorbed in each shell was calculated by integrating
energy of all ionization events in the given shell volume. T
absorbed dose~i.e., the deposited energy per volume! as a
function of the radial distance is displayed in Fig. 9 for va
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ous ion species of 11.4 MeV/u. It shows a typical 1/r 2 de-
pendence. We estimated that in the case of Au ions ab
30% of the total energy is deposited within the SAXS rad
of 1.5 nm, while the remaining 70% is available for the mu
larger track halo. On the abscissa of Fig. 9, we additiona
marked the values of the SAXS radii by vertical lines. Co
paring the experimental data with the model calculations,
find that the SAXS radius of each ion species correspond
the same critical dose of about 2.160.4 MGy ~hatched area
in Fig. 9!. This value drops down to about 1.060.2 MGy, if
we use SAXS radii deduced from a track model with a rad
density distribution represented by a sharp step function
stead of a Gaussian curve.

IV. DISCUSSION

The results obtained independently by optical absorpt
spectroscopy and by SAXS indicate that the damage z
around the trajectory of an energetic ion can be character
by a small core region with complex defect aggregates s
rounded by a much larger halo consisting mainly of sim
color centers. It is not possible to study both regions with
same experimental technique due to the fact that SAXS

FIG. 8. Ionization events along the ion trajectory (z axis! of a
uranium ion (11.4 MeV/u) vs the distance from the ion path (x
axis! simulated by the Monte Carlo codeTRK ~Ref. 48!. Each dot
corresponds to a single ionization event.

FIG. 9. Absorbed dose on a logarithmic scale as a function
the radial distance from the ion path~Zn, Se, Kr, Xe, Au, Pb, and U
in ascending sequence!. The vertical lines indicate track radii from
Fig. 6 as obtained by SAXS experiments. The dose correspon
to the SAXS radius is in all cases around 2.160.4 MGy ~hatched
area!.
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sensitive to the electron density difference between the
fect aggregates and the virgin crystal while optical spectr
copy mainly detects single defects. In the fluence regime
individual ~that means nonoverlapping! tracks, the concen
tration of larger defects is too small to be evaluated qua
tatively by this technique. If we try to observe the defe
clusters in the core region, extremely high fluences
needed. In such a situation, the halo regions would ove
significantly leading to a complex absorption spectrum.
such a situation, the signal of aggregated single defects in
halo cannot be separated from the defect clusters in the t
core. Information exclusively related to the damage in
halo can be obtained only if overlapping of neighbori
tracks is negligible, i.e., at fluences where the mean dista
of the ion trajectories is larger than the diameter of the h
region. This critical fluence is, for example, abo
231010 ions/cm2 for Bi ions and 1011 ions/cm2 for Zn
ions.

Due to the much smaller size, the track core can be s
ied by SAXS at much higher fluences without reaching ov
lap. This technique has the advantage that for the determ
tion of the core size, the scattering data does not depen
the ion fluence applied to the crystal. Unfortunately, we w
not able to measure the absolute value of the electron de
change in the tracks for three reasons:~1! the given experi-
mental conditions did not allow us to determine the abso
magnitude of the scattered x-ray intensity,~2! the scattering
intensity is a function of the square of the density chan
therefore, the sign of the density change cannot be deci
and~3! the scattering intensity is a function of the number
the scattering objects; as a consequence, only a mean v
can be deduced, which is averaging over the density cha
along each track and over all contributing tracks.

The formation of a damage strong enough to be dete
by SAXS seems to be related to a critical energy loss. T
same effect was found for chemical etching where tra
could be attacked only above a threshold of about
keV/nm. At around the same value, the SAXS contrast
comes very weak, indicating that both effects are poss
based on the same type of damage. Moreover, compa
results of the annealing experiments, both techniques see
test defects of comparable thermal stability. Another intere
ing observation was made earlier,49 when LiF crystals were
irradiated at low temperatures~15, 90, and 150 K!. Using
SAXS and chemical etching, it was found that the damag
the core region is formed almost independent of the irrad
tion temperature. This effect is surprising because at 15
the primary Frenkel defects in LiF crystals are not mob
and, therefore, cannot aggregate to larger defects.

From a combination of the SAXS results and the calcu
tion of the lateral dose distribution, we find that the SAX
radius is correlated with the deposition of a critical dose. F
various ion species, the SAXS radius corresponds to one
the same absorbed dose. This result can be interpreted a
minimum dose that is necessary to create larger defect
gregates in the track core. In the case of heavier ions,
dose is reached at a larger distance from the ion trajec
than for lighter ions. Due to the fact that the radius we d
duced from the SAXS data depends on the shape of the
sity distribution, it is not possible to determine the critic
dose with high accuracy.
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From annealing experiments, we conclude that the in
action of the defects in the core and in the halo of the trac
rather weak for the following reason. The SAXS radii did n
exhibit any notable growth at elevated temperature indica
that aggregation of a significant number ofF centers from
the halo to the core does not occur. Furthermore, the abs
tion band at 275 nm is exclusively observed under therm
treatment of samples irradiated at high fluences. We ass
that such colloids are formed only in the halo region of ov
lapping tracks and not in the core.

The nature of the etchable damage has never been id
fied. However, based on the following arguments, we assu
that the etchability of tracks and also the damage that ca
the SAXS signal is strongly related to the formation of larg
defect aggregates:~i! Gilman and Johnston demonstrated th
in LiF crystals irradiated with thermal neutrons, defect clu
ters can be etched whereas evidence for the etchabilit
single defects or small aggregates~e.g., F2 or F3 centers!
has, to our knowledge, never been found,6 ~ii ! the etchability
and the SAXS pattern of tracks exhibit the same depende
under annealing, and both properties are maintained u
much higher temperatures than the survival of single defe

If we assume that under ion irradiation, similar defe
processes occur as known from conventional radiation, it
be expected that above a critical dose, defect clusters suc
colloids, fluorine clusters, and vacancy clusters are form
with single defects (F centers andV centers! as precursors.
As a consequence of the coagulation ofF centers to larger
nF aggregates, the ionic lattice collapses and metallic c
loids of reduced density are formed. In this situation, the
colloids and the molecular fluorine clusters (F2 andnF2) are
produced with a stoichiometric ratio. Such a process requ
that theF centers and the hole centers are separated in sp
which normally occurs by diffusion at an increased level
the local temperature.5,41 Furthermore, a critical concentra
tion of F centers of the order of 1019 cm23 is needed. Along
the path of heavy ions, this should lead to a trail of meta
colloids. Using the information we obtained about the size
the track core and the number ofF centers in a single track
we can roughly estimate the number of Li atoms availa
for the colloid formation. For this, we have to assume th
the defect creation has the same efficiency in the track c
as in the halo. From the calculation of the lateral dose dis
bution we know that about 70% of the total energy is dep
ited in the halo region resulting in about 106 F centers per
single track. About the same total number of defects (F cen-
ters or Li atoms and their complementary hole centers
fluorine molecules! should be available in the track core
although they finally agglomerate to larger aggregates. C
sequently, the number of Li1 atoms involved should also b
around 106. Compared to the total number of Li ions in th
cylindrical track volume~radius 1.5 nm, length 80mm), the
number of Li atoms being available for the colloid formatio
reaches only a few percent. Such a small Li concentra
does not allow the formation of a continuous trail of Li co
loids. From this rough estimation, we expect that the tra
core consists of rather small defects with a distance of se
ration that is small enough to result in a quasicontinuo
structure.
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V. CONCLUSIONS

On their way through matter, energetic heavy ions dep
their energy mainly by excitation of the electron system
the target. The properties of this slowing down process
characterized by the dissipation of a considerable amoun
energy in a very small volume around the ion trajecto
within an extremely short time. The resulting large excitati
energy density leads to a dose distribution significantly d
ferent from that caused by gamma rays or electrons that
posit the energy homogeneously in the irradiated volu
leading to a uniform density of defects. In LiF crystals, t
nonuniform dose distribution of energetic ions is reflected
a quite complex defect structure. Using various experime
techniques, we come to the following conclusions.

~1! Ion tracks in LiF have a structure consisting of a n
row core surrounded by a much broader halo region.

~2! The track halo consists mainly of single electron a
hole centers. The radial extension of the halo increases
the atomic number and velocity of the ions and can re
several tens of nanometers. As soon as single tracks ove
Fn centers (n>2) and small aggregates of single defects
formed. Under annealing, singleF centers in the halo coagu
late to aggregates. The process of defect creation in the
is similar to that under conventional radiation.

~3! New phenomena occur above a critical energy loss
around 10 keV/nm. In a core region whose diameter is ab
one order of magnitude smaller than that of the halo, a n
type of damage is produced generating a characteristic an
tropic SAXS pattern. Moreover, it gives rise to the etchab
ity of ion tracks, forming etch pits of the same shape
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etched dislocations. Under thermal annealing, the etchab
and the damage that cause the SAXS contrast exhib
higher thermal stability than single defects in the halo. B
observations are correlated to a threshold of the dose de
ited around the ion path.

Finally, we want to emphasize, that the damage morp
ogy along the ion trajectories in LiF crystal owes its comp
structure to several specific properties of this alkali hali
i.e., the sensitivity against electronic excitations, the rat
high stability of point defects in the anionic sublattice, a
the fact that the lattice of a pure ionic crystal cannot
completely amorphized.

Several questions remain open and have to be solve
the future, for instance the formation mechanism and
nature of the damage in the core, and the underlying mi
chemistry of the etching process. In order to clarify definit
whether or not metallic colloids are formed, various expe
ments are in preparation; for example, it is intended to
the resulting change of electric and magnetic properties
conductivity and electron spin resonance experiments.
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