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Vacuum ultraviolet absorption and ion track effects in LiF crystals irradiated with swift ions

A. T. Davidson® K. SchwartZ2 J. D. Comins A. G. Kozakiewiczt M. Toulemondé', and C. Trautmarfn
Department of Physics, University of Zululand, Kwadlangezwa 3886, South Africa
2Gesellschaft fuSchwerionenforschung (GSI), Planckstr. 1, D-64291 Darmstadt, Germany
SMaterials Physics Research Institute and School of Physics, University of the Witwatersrand, Johannesburg, Wits 2050, South Africa
“Centre Interdisciplinaire de Recherche lons Lasers (CIRIL) Laboratoire CEA-CNRS-ISMRA, B.P. 5133,
14070 Caen-cedex 5, France
(Received 16 August 2002; published 10 December 2002

LiF crystals were irradiated with various light and heavy igN§ Zn, Au, Pb, Bi, and | of MeV to GeV
energy. The radiation damage was studied by optical spectroscopy from the vacuum ultraviolet to the visible
spectral region and by small angle x-ray scattering, in combination with optical bleaching and thermal anneal-
ing. In addition to the well-known electron centefs éndF, center$ and the hole centers responsible for the
previously observed band at 114 nm, a new absorption band was observed at 121 nm. The new band appears
prominently in crystals irradiated with the heaviest projecti#ss, Pb, Bi, U), is small for Zn ions, insignifi-
cant for the lighter Ni ion and absent in case of gamma irradiation. Under optical bleaching, F- and 114-nm
centers are destroyed whereas the 121-nm band is relatively stable. The decay of the 121-nm band on thermal
annealing coincides with the reduction of the small-angle x-ray scattering signal. It is considered that the
121-nm band is directly linked to hole-center clusters complementary to the electron-center aggregates in the
core region of ion tracks. Evidence is presented to associate an absorption band at 275 nm formed after thermal
annealing with the formation of small quasi-colloidal aggregates.
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[. INTRODUCTION (1) Single point defects such &andF, electron centers
are created in a large cylindrical halo with a radius up to 30

The specific properties of damage creation in solids undenm. The cross section of this halo is deduced from optical
swift heavy ion irradiation are a direct consequence of theabsorption studies whefeandF, centers versus ion fluence
high excitation densityup to several keV/nf) and the ra-  exhibit saturation. Damage in this region is produced by the
dial dose distribution following approximately the inverse well-known excitonic mechanism which creates primary
square of the radial distance from the ion path. Owing to thé=renkel pairs F andH center$ and the characteristic elec-
strong dose gradient, defect creation and interaction proron and hole color centefs?
cesses are quite different in the region close to the ion path (2) An intermediate track region with a radius up to about
(track corg@ compared with the more extended track halo.10 nm is ascribed to a pronounced ion-induced volume
Comprehensive studies of the track damage exist for a largiacreasé.
number of materiafsincluding radiolytic materials such as (3) A much smaller track core region with a radius of 1-2
polymerg+ and alkali halide$° These include lithium fluo- nm is deduced from SAXS experiments, which examine a
ride (LiF), an ionic crystal with a large band gap energy ofcylindrical track region of modified electron density. The
14 eV that is widely used as a sensitive radiation detector otypical scattering pattern appears only for ions heavier than

for color-center laser¥. Cu? There are strong indications that track etching is also
The radiation damage in LiF and in other alkali or alka- directly linked to this damage in the coté.
line earth halides due to classical radiation soufgasnma- In contrast to the creation of the well-established color

rays, X rays, electrons, neutrgnisas been investigated in centers, ion-induced swelling and chemical track etching re-
great detail predominantly in the fifties and sixties, usingquire a critical stopping power of the ions of about 4 and 10
various  techniques such as optical absorptiorkeV/nm, respectivel§® To date, the nature of the damage in
spectroscopy ™ 1* x-ray diffraction!®!® electron spin the core has not been identified, but it is reasonable to as-
resonancé!*® and nuclear magnetic resonartéé® In the  sume that defect clusters such as molecular fluorine com-
more recent past, growing interest in the effects of ion bomplexes or small lithium colloids play an important role. At
bardment has led to numerous investigations mainly usingresent, metallic colloids could not be identified by nuclear
optical absorptio?~?® Damage processes specifically as-or electron spin resonance and it is not clear if such Li clus-
cribed to swift heavy ions were evidenced by additionalters are too small in order to exhibit metallic properties or if
methods including chemical etchifig® small-angle x-ray their density is not sufficient to be registered. Unfortunately
scattering(SAXS),* swelling measurementsscanning force  an increase of the ion fluence for a suitable track density is
microscopy’® surface sputtering and computational problematic because severe overlapping effects of the track
modeling®#3® Presently, the complete microstructure of thehalo regions also lead to defect clustering, superimposing
damage in ion tracks is far from being resolved. Howeverdefects in the track core. Due to the fact that clusters of the
drawing on existing results, the following phenomenologicalelectron defects in the track core are difficult to access, we
description of different defect regions can be given: decided to obtain information about the complementary hole
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centers created simultaneously and in equal numbers as tliRefs. 36,37 and 42he dominant defects are larger halogen

electron centers. molecular clusters of the formX(),, and associated with the
In view of the relevance to our study, we briefly discussy, optical absorption band. Thé; andX; type defects are

current models foW centers, the hole center complements offormed in negligible concentrations. In NaBr and KBr irra-

electron centersH centers and their aggregateShe pri-  giated at room temperature the three types of cluster are ob-
mary halogen defect formed together with fheenter is the  garyed in significant concentratioffs®®
H center being structurally equivalent to an interstitial halo- (iv) In KI there is a progressive development of the)

n

0,34 i . ;
gen atom.”** SinceH centers _becor_ne mo_b|le at quite low clusters and a reduction iK¥; andX; as the temperature of
temperatures, the stable configuration of interstitial halogen

i .~ “irradiation is raised from 200 to 300 K. Th¢, band is
defects at higher temperatures &reenter aggregates. Using S . 4= i
near-resonance Raman spectroscopy, the characteristic Vibl{§ placed by a steadily increasiig band, these being quite

plac 0
tions of particular halogen molecular structures were de- O‘T’ﬁégewsi\tljzlizggt?c')vide 2 quide for LiE where similar Ra-
tected in irradiated alkali iodides and bromitfe4® and P 9

linked to these halogen aggregates. The dominant forms d&o experiments on V' centers have not been performed, as
9 ggreg : . ?hey would require vacuum ultraviolet excitation. It is noted

That the prominent band at 114 nm in L{Refs. 23 and 24
was labeled/; based on its relative spectral position by anal-

. ; : ogy with other more widely studied alkali halides such as
g(lesrftléfsilr??r?e\/\g;hs;hgf LSE of the symiidlo stand for the- KBr and KCI, but without a definite knowledge of the form

(i) Around 200 K in KI, Rbl, and KBF**! the major of halogen aggregates responsitfie.

s e T i 105 P s e e e
bonded to a lattice anionX®X~X°) or X3 as modeled by Y 9 P p Py

) - vacuum ultraviolet(VUV) spectral region where processes
Catlow etal®* Higher-order halogen clusters(;,, n (VUV) sp g P

~ : linked to the formation and aggregation of hole centers can
=5,7,... arealso present. The well-knowt, optical ab-  pe gyydied. Since the irradiation with ions induces Frenkel

sorption band results collectively from the, andX, de-  gefects i.e. an equal number of electron and hole centers,
fects. o o such investigations directly complement the existing knowl-
(i) For room temperature irradiation of alkali iodides a”dedge of electronic defects obtained in the UV-vis spectral
bromides with large cations Rb and Cs, #g and X, de-  regjon.
fects are formed?****The neutral interstitial halogen mol- | our VUV-absorption experiments, we observe a promi-
eculexg is identified in very small concentration in RHiIt nent new band at 121 nm which is formed efficiently in LiF
is noted that this latter defect was predicted to have a slightlhombarded with the heaviest projectiles, is insignificant for
larger binding energy thakK; 34 the lighter ions, and is absent for gamma ray irradiation.
(i) However, for room temperature irradiation of KI Complementary SAXS measurements in combination with

clusions are summarized as folloywse shall use the generic
symbol X to stand for halogen to avoid confusion in later

TABLE I. Parameters of the ion irradiation and the appearance of 121-nm absorption band. * For ions, the
averaged dose DGy) is given by D=1.6x10 1 E®/(pR), where E (MeV) is the total ion energy,
®(ions/cnt) is the fluencep=2.635 g/cm is density of LiF, ancR (cm) is the range. The projectile range
can be extracted by dividing the energy by the average energy loss.

Projectile Energy Energy loss Average Fluence Dose* 121-nm band
(MeV) at surface energy loss (ions/&m  (MGy)
(keV/nm) (keV/Inm)
gamma 1.2-1.3 - - - 0.5 absent
&\ 640 5.4 7.0 1.6x 101 0.42 very small
687n 100 10.4 7.1 6.810° 0.03 small
8.0x 10 0.35 small
5.0x 10* 2.15 small
o\ 2070 24.4 235 4R101° 0.57 dominant
208pp 830 28.0 21.8 1810 2.0 dominant
6.0x 101 7.9 dominant
1.2x 1012 15.9
2310 25.2 24.8 78101 1.13 dominant
209B;j 2040 26.3 24.9 6.8 10 1.03 dominant
6.8x 10™ 10.3 dominant
28y 1300 31.4 24.3 5R10° 0.74 dominant
8.0x 10%° 1.18 dominant
2500 29.3 26.7 19109 0.16 dominant
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thermal annealing and optical bleaching allow us to ascribe 24 [ + FE U (@
this 121-nm band to the track core. A preliminary report on .
some of the present work was presented at a recent o
conferencé?® g
e}
Il. EXPERIMENT <
A. Irradiation
A single crystal block of high purity lithium fluoride was 200 300 400 500

cleaved along thé€100) plane into 0.5-1 clarge platelets Wavelength (nm)
of thickness 0.2-0.3 mm. The crystals were irradiated with
Ni, Zn, Au, Pb, Bi, and U ions of energies between 100 and 24!
2500 MeV at the UNILAC of GSI in DarmstadGermany 20k
or at the GANIL in Caer(France. All irradiations were per- 8 )
formed at room temperature applying fluences from1®’ g 167
to 1x10%ions/cnf. Under these conditions, the samples ‘é 1.2+
were uniformly colored in a thin surface layer corresponding ﬁ 0.8 1V
to the projected ion range as calculated bytheo2 code?® 04 LY
Details of the irradiation parameters are presented in Table I. 00 L
In addition, some selected samples were exposed to gamma ' ‘ ‘ ,
rays at the Co-60 source of the Institute for Surface Modifi- 100 150 200 250 300
cation (IOM) in Leipzig (Germany. A total gamma dose of Wavelength (nm)

0.5 MGy was applied which is about three times more than

for the irradiation with 2500-MeV U ions at a fluence of FIG. 1. Absqrpt'on spectra qf '."F crys_tals_ iradiated at room
10 e 2. temperature with 580-MeV Ni ions(solid line) of fluence

10" cm~2 and with 1300-MeV U iongdashed lingat a fluence of
5x10'° cm™2. (@) In the UV-visible spectra, the two most promi-
nent bands correspond EbandF, centers(b) In the vacuum and
) o near UV spectra, bands dueFocenters(245 nm and the comple-
After irradiation, some of the samples were exposed to thehentary hole centeré14 nm are identified. In case of irradiation
||ght of a xenon |am[XLX175'UV from URC) or alterna- with U ions, a new band appears at 121 nm.
tively to a deuterium lamgDUV-100W, Micropachk with a
guasicontinuous spectrum in the spectral region from 200 t . .
500 nm. The bleaching time varied between several minute eavier prOJectlles.due to the larger halo and therefore stron-
and one hour depending on the size of the crystal and th@€" track-overlapping effects. , o
illumination geometry. A few irradiated crystals were ther- Absorption data in the VUV region are presented in Fig.
mally annealed in ambient atmosphere to a temperature d{b) showing as the most prominent peak fhdéand at 245

700 K. The duration of each temperature cycle was about 1M as in the UV-vis spectra. Near the band gap of the crystal,
min. all irradiated samples exhibit a band around 114 nm with

about half of the= band peak intensity. As discussed in Sec.

I, this was previously labeled thé; band, but in view of the
Ill. OPTICAL ABSORPTION SPECTROSCOPY uncertainty of its relationship to thé; band in other alkali
halides, and the more recent conclusions from Raman spec-

visible spectral regiori200-700 nm was performed with a troscopy, we shall refer to it as the 114-nrr_1 band. Very cl_ose
conventional UV-vis spectrophotomet@icole). In the less 0 the 114-nm band, an absorption band is observed with a
investigated VUV region(100-300 nmy a Rank Hilger E ~ Maximum at 121 nm. This band is prominent in crystals
760 monochromator with a sodium salicylate sensitized Emirradiated with the heavier ior.g. Au, Pb, Bi or U, is very
9558 B photomultiplier was used. small for irradiations with lighter ion species such as Ni or
The UV-vis spectra of crystals irradiated either with ionsZn and is absent for irradiation with gamma ragé Tab.].
or gamma rays typically exhibit two prominent absorption For a better understanding of the origin of the 121-nm
bands[Fig. 1(a)], namely, at 245 and 445 nm, assigned~to absorption band, optical bleaching experiments were per-
centers(halogen-ion vacancy with a trapped elecjrand to  formed. In the VUV region, the effect is quite obvious for
F, centers(two F centers at nearest neighbor positipnie-  crystals irradiated with heavier ions where the new 121-nm
spectively. At higher irradiation fluences when the halo ofpand survives the bleaching procd$sg. 2(b)]. Note that
single tracks start to overlap, the spectra become more conefore bleaching the maximum of the 121-nm band is too
plex and additional small aggregates are present, suély as high to be measured quantitative{gptical density above
centerg315 and 375 nm F, centerg518 and 540 nmpand  2.5). Bleaching of the Ni-ion irradiated sample causes the
F. andF, (n=2) centers. For a given fluence, the creationdestruction of the prominent 245-nm bdtg. 2(a)] and the
of aggregates is more pronounced in samples irradiated withear disappearance of the 114-nm band. However, the small

B. Thermal annealing and optical bleaching

Optical absorptiofOA) spectroscopy in the ultraviolet to
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FIG. 2. Vacuum and near UV spectra of LiF crystals irradiated =
with (a) 640-MeV Ni ions and(b) 2040-MeV Bi ions of fluence g
10" cm™2, before (dashed curyeand after(solid curve optical g 60 | &
bleaching for 10 and 14 min, respectively. The new absorption band z s & 250 300 nm
at 121 nm survives the bleaching process. & 0 |—e—275 um

€ 20| & 2451m
shoulder on the 114-nm band around 121 nm remains nearly X SAXS ¢ B x
0 - - - )

constant. _ _ o o 300 400 500 600 700

In the UV-vis region, bleaching induces a significant de- temperature (K)

crease of absorption in the entire spectral rafigg. 3. The

band of theF, centers disappears completely and, in Ehe FIG. 4. (a) Vacuum and near UV spectra of a LiF crystal irra-
center region, only some residual or background absorptiofliated with 1300-MeV U ions (& 10'° cm™?) at room temperature
persists. The residual bands are more numerous in the Bi-ioifiashed curveand after annealing at 470 and 67040lid curves.
irradiated sample occurring at wavelengths of 246, 285, anép) UV-vis absorption spectra after isochronal annealing gt §80 K.
295 nm[the latter doublet has more fine structure when mealhe spectra were measured at room temperafife and at liquid
sured at liquid nitrogen temperatufieNT)], and at 362 nm. nitrogen temperaturéLNT). The irradiations were performed with

LA : ; 300-MeV U ions (810 cm 2) and with 640-MeV Ni ions
In the Ni-ion irradi mpl ne resi | band remain
22t7 ﬁm on irradiated sample, one residual band remains 10' cm™2). (c) Intensity of F center§245 nmy, 275-nm band, and

We also performed isochronal thermal annealing experi_normalize_d SAXS sig_nal as afunction_of annealing temperature for

samples irradiated with 710-MeV Pb ions {1@m 2). The inset
shows the corresponding absorption spectra for annealing tempera-
Y362 tures at various stage858, 508, 558, 693, and 774)KThe de-
crease of thé& centers correlates with the appearance of the 275-nm
band.

0.2} 295
285+ Bi ions
Y ments using crystals irradiated with 1300-MeV U ions of

fluence 8<10°cm 2 and 710-MeV Pb ions of fluence
10 cm™2. Figure 4a) shows the annealing behavior of the
F-, 114- and 121-nm bands for temperatures as high as 670
0.0 , , , K. The centers responsible for the new 121-nm band are
200 300 400 500 more temperature resistant than both Eheenters and the
Wavelength (nm) halogen defects resulting in the 114 nm band.
The UV-vis absorption spectrum of the same crystals ex-
FIG. 3. Residual OA bands in the UV-vis region for LiF crystals hibits a broad residual band produced at 275[fig. 4(b)].

irradiated with 640-MeV Ni ions (18 cm™2) and with 2040-MeV  Its half-width and peak position are unaffected when the
Bi ions (6.8< 10'° cm™2), bleached with UV light for about 10 and spectrum is measured at LNT, a typical behavior for metallic
20 min, respectively. colloids. A detailed study of the evolution of this 275-nm

01}

Absorbance
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band as a function of temperature was performed for samples
irradiated with Pb ion§Fig. 4(c)]. The decay of thé&-center
band and the growth of the 275-nm band are correlated,
whereas the final annealing of the latter bd@@5 nn) oc-

curs in the same range of temperatures as the SAXS signal. b
In the case of irradiation with the lighter ioi640-MeV Ni, & no anneal @ anneal 670 K
10t ions/cnt), the annealed sample did not produce the
band at 275 nm, at the relatively low fluence used here.
However, it was observed when annealing high fluence
samples irradiated with S ions (dons/cnf) or Zn ions
(5x10* ions/cnt).

In intensity (arb. units)

IV. SMALL-ANGLE X-RAY SCATTERING

As described earlier, ion-irradiated LiF can be studied by RN SR B S B B
small-angle x-ray scattering where the highly anisotropic Q0 05 L0 e
scattering pattern indicates the creation of the core region of scattering vector k> (nm)
tracks>’ When analyzing the scattered intensity, the shape of FIG. 5. SAXS data of a LiF crystal irradiated with 1300-MeV U
the track is assumed to have cylindrical geometry with the, o o2 fence of 8101 e 2. Top: anisotropic distribution of
z-axis Correspondlng_ fo the lon trz_ije_ctory. In addition, WEscattered x-ray intensity on (%0L0 cnf) area detector. Bottom:
suppose that the radial density variation follows a Gauss'agcattered x-ray intensity vs the square of the scattering vector before

distribution. The scattered x-ray intensity in the rec:iprocal(OIDen diamondsand after annealing at 670 Killed circles.
spacel (k; ,k,) is then given by

1(K, k,)=NAp2x 472X r4x sirf(k, X L/2)/k§ tion of the SAXS data and_the absorbance of the 121-nm
band shows a clear correlatidRig. 6).

x exp(—k?Xr?/2),
where L is the length of the track which corresponds ap- V. DISCUSSION

proximately to the range of the ion§ is the number of - . . et .
- Irradiation of LiF crystals with swift light and heavy ions
tracks, and, and,k, are the momentum vectors respectwelyI ads to the creation of primary Frenkel defedisH pairs

perperiuar and parale o e onpan The perpendidf 5 1 ton o e e teet our

wavelength of the x-ray beam and®2denotes the scattering ?ggt:riloare%gp?nc’f ;}i Kt)r?etrca(i:?\sdrigcfe eilgrcltg)rguann dd :;CIE
angle. The parametekp is the maximum electron density bp pars, Y 9

difference between the tracks and the undamaged surroun{f! trajectory should contain electron centefsdentersf,

ing material. The value r gives a mean track radius defineégmgi’ acr?(ljlotlr?:i’r e;):.arl:ad ;)tgf g&gﬁgﬂﬁ:;cnee nl?llii)(r:iﬂ%r
by the Gaussian radius at whidtp decreases te™*. Using gareg q )

a Guinier plot (Iri~k,2), the track radius can be determined From optical absorption studies of coloration versus ion flu-

from the slope of a straight line fitted to the intensity d4ta. ence, it is known that simplé and F, centers are located

. . ) . mainly in the halo region which extends several tens of nm.
The SAXS data of LiF crystals irradiated with 1300-MeV U : S
jons at a fluence of 8 101° ions/cn? are presented in Fig. 5. There have been few investigations of the complementary

The radius analysis gives for the track core a value of l.émlogen defects responsible for the 114-nm band because the

nm, in good agreement with earlier resutts’

The same crystals were also exposed to optical bleaching 8 -~ opt. data
and thermal annealing over the range 300—670 K. After 50 § LOF e * saxs L0
min of bleaching, the= band completely disappeared, but g 08l ‘ﬁ.‘_ 108 v
most notably, the SAXS pattern did not exhibit any modifi- c %
cation either concerning the intensity or the deduced track % 0.6¢ 106 2
radius. Under thermal annealing for 15 min at 670 K, the 'g 04| a 104 cz”u
intensity of the scattering pattern becomes much weaker in- Fonl + N 02 é
dicating a decrease @ p?, while the extracted radius does S s 2 1™

not alter, as demonstrated by the unchanged slope of the two
data sets in Fig. 5. For a quantitative evaluation of this in-
tensity decrease, thep?(T) data were deduced for samples
annealed at  different  temperatures (Ap*(T) FIG. 6. Evoluton of normalized SAXS data
~I(T)r%(T)exdr¥(Mk/2]) and then normalized to [A,%(T)/Ap?(300 K)] and 121-nm band absorbance as a function
Ap?(300 K) of a room temperature sample. Figure 6 pre-of annealing temperatuk¢he dotted line is drawn to guide the ¢ye
sents theA p?(T)/Ap?(300 K) data as a function of the an- The LiF crystals were irradiated with 1300-MeV U ions at a fluence
nealing temperature. A comparison of the temperature evolwf 8 x 10° cm™2.

ol . . . .
300 400 500 600 700
Annealing temperature (K)
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experimental access via VUV spectroscopy is more compliaggregate$t®*Additional experiments and a detailed analy-

cated. sis of residual bleaching spectra may help to identify such
Optical bleaching using light within the band leads to defects.
the excitation ofF centers to becomie* centers. Owing to a Thermal annealing also leads to some interesting observa-

decrease of the activation energy in the excited state, tions, namely, the appearance of a band near 275 nm show-
centers exhibit an enhanced thermal diffusion. Their highing the properties of metallic colloids or F-center
mobility has a strong effect on secondary reactions such asggregates® Due to limited data, it is not immediately clear
recombination with V centers or aggregatior® Bleaching  if this band results from the halo or from the core of the
induced the disappearance of thdand at 245 nm together tracks. Based on the observation that the band was not ob-
with the drastic drop in intensity of the 114-nm band indicat-served with Ni-ion bombardment and only at high fluences
ing that the respective centers are strongly involved in thavith Zn and S ions, we consider it a reasonable supposition
recombination process occurring in the track halo. Thethat the band is associated with the core of the tracks. Finally
bleaching results strongly support interstitial halogen defect# should be mentioned that the 275-nm band has been re-
as being responsible for the 114-nm band. ported on several occasions in the literattfré®®’In an in-

As discussed in Sec. |, the detailed microstructure of thevestigation by Politov and Vorozheikina of neutron irradiated
defects responsible for the 114-nm band in LiF has not yeLiF,* the defects responsible were discussed in terms of the
been determined with any degree of certainty. Raman spedinest colloidal particles of lithium, a quasicolloidal precur-
troscopy performed on other alkali halides indicates severador consisting of clustered F centers. It is noted that these
possible structures for the responsible fluorine aggregateguasicolloidal centers do not yield an electron spin resonance
However, earlier experiments on KBr and K€r>*now fur-  signal. Also relevant are the recent computer simulaffons
ther interpreted in the light of the more recent Raman studearried out to investigate the formation Bf, or nF aggre-
ies, have shown that th¥; defects responsible for thé, gates in ion tracks during heavy ion bombardment of LiF.
band have lower thermal stability. Moreover, theég de-  For realistic values, thE-center aggregation process leads to
fects are readily reduced durirfgsband bleaching as com- extremely small clusters in the core region containing a few
pared with the interstitial cluster defects of the typé,), F centers or Li atoms. These model calculations appear to
responsible for theV; band that are resistant t6-band  have features in common with the quasicolloidal centers dis-
bleaching. Thus the mutual reduction of théband and the cussed in Ref. 56. In support, LiF crystals irradiated with
114-nm band during such bleaching suggests that the latter igavy ions did not show any electron spin resonance signal
more ||ke|y due to a smaller cluster type SUCh)@S. from metallic Li colloids. These ar'guments lend §upp0rt to

On the supposition that optical bleaching eliminates thehe concept that the 275-nm band is associated with the track
better understood color centers formed in the halo, the recore. However, at sufficiently high fluences with sub or near
sidual spectra must arise from different electron- and holethreshold ions(S and Zn where clear track overlap effects
center aggregates unaffected by bleaching. In strong contra@€cur, the 275-nm band could also be produced by annealing.
to the 114-nm centers and the centers in the halo, the Thus additional high fluence experiments with Ni ions are
121-nm band is not destroyed under bleaching, indicating #ecessary to confirm the locatiérore or halo of the defects
correlation with the track core. This assumption is corroboJesponsible for the 275-nm band. Based on these arguments,
rated by the finding that the 121-nm band appears primariljt is likely that the formation of the 275-nm band is the
in crystals irradiated with the heavier ions and is small orconsequence of the presence of small aggregategre-
insignificant in samples irradiated with the lighter ions anddicted computationally to be formed within the track cores.
gamma rays. Moreover, the optical bleaching and thermal The defects responsible for the 121-nm band reported
annea“ng behavior of the 121-nm band shows a good agre@.ere are the first that are Clearly related to the track core. The
ment with the SAXS signal that is directly ascribed to theinterstitial fluorine clusters responsible are thus different
core damage. It is noted that chemical track etching for proffom those resulting in the 114-nm band and located in the
jectiles above a critical stopping power of about 10 keV/nmhalo region. In particular, they have a higher thermal stability
is observed. Table | indicates that for Zn this is achieved afind a substantial resistance to optical bleaching withirFthe
the surface and the small but measurable 121-nm band Band. As already discussed, we favor ¥ aggregate as the
consistent with this result. defect responsible for the 114-nm band. In view of the re-

To date, the details of the microstructure of the damage istricted geometry of the ion tracks and by analogy with the
the track core have not been identified. With regard to themall F center aggregates,, a possible structure for the
electron centers, the UV-vis spectra are dominated by thé21-nm defects would be a small or embryo form of the
strong absorption of andF, centers and at larger fluences molecular 5), clusters. These, when formed, have the re-
the higher ordeF; andF, centers; therefore the additional quired higher thermal stability and the resistancé-tband
optical absorption of the electron-center aggregates from thkleaching as compared with thé aggregates. In this con-
core is not easily accessible. There are some differences btext, it should be emphasized that the formation of gaseous
tween bleached samples irradiated with light Ni ions orhalogen molecules as discussed for various irradiated alkali
heavy Biions. The residual spectra exhibit a weak absorptiohalides is unlikely mainly because defects clusters created
band at 227 nm for Ni and some absorption bands aby, e.g., thermal neutrons are much larger compared to de-
285-295 nm and at 360 nm for Bi. These bands producetects induced by swift heavy ions at the present fluences. In
during bleaching are probably due to speciffecenter addition, the expected absorption spectrum from fluorine
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F,-gas molecules is quite different from the observedcomplementary to the electron- center aggregates, the latter
121-nm band®-®! being located in the core region of the ion tracks. Possible
structures are suggested for both the 121-nm band and the

VI. CONCLUSIONS 114-nm band. Studies of a band near 275 nm produced by

. o . . ] annealing irradiated crystals are reported. It is considered
LiF crystals were irradiated with various heavy ions of that quasicolloidal centers are responsible but their precise

MeV-GeV energy. Using VUV absorption spectroscopy, anjocation requires further investigations.
absorption band was discovered at 121 nm, located close to

the previously investigated 114-nm band. The new band has
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