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Color-center creation in LiF under irradiation with swift heavy ions: Dependence on energy loss
and fluence
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Single crystals of LiF exposed to swift heavy ions respond by the creation of color centers and defect
aggregates. We present a comprehensive study by means of optical absorption spectroscopy using various
MeV-GeV ions from“He to 2%%U and a broad range of fluences. In the single-track regime, the defect
characteristics such as the F-center concentration as a function of fluence and energy loss are analyzed. At large
fluences, track overlapping occurs and the damage process is dominated by the formation of complex F
centers and defect aggregates. The evolution of F-center and defect clusters is discussed in terms of aggrega-
tion as well as recombination of electron and hole centers. Limited efficiency for defect creation with heavy
ions is mainly ascribed to annihilation processes of electron and hole centers.
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I. INTRODUCTION In alkali halides and alkaline earth halides, radiation cre-

The study presented here is dedicated to defect creation ffes, almost e>|<ISILIJ'siveI)|/, d'amage in the ha:og'en sublattice,
single crystals of lithium fluoridéLiF) irradiated with swift ~Whereas the alkali sublattice remains nearly intact. Under
heavy ions in the MeV to GeV energy range. The basic daml_r_raQ|at|on, the primary defects in LiF are Frenkel pairs con-
age process consists in the production of Frenkel pairs whicfiSting of neutral(F and H centepsor charged(a and |

finally transform into more complicated defect and defectCeNters color centers. The most dominant defects are F cen-

clusters. In contrast to many insulators, LiF does not amorters [an (_alectron localized at a _ﬂuonng_ vacan@y)] to-
phize, even not when exposed to high doses. This property @ether with the cpmpler?entlc':lry interstitial fhole cent(éﬂds
characteristic for materials with strong ionic binding and di- C€NteY €.9., an anion molecule consisting of a neurain
rected orientation of the interatomic bonds, such as the alkaft chgrgle6di(7 halogen atom(X;) at a regular anion lattice
halides! position=>=7In ionic crystals, defect formation processes are
The very first damage study on LiF crystals exposed tgdoverned by the high mobility of the primary hole centers,
heavy projectiles was published by Young, who revealedVhich s, in general, orders of magnitude larger than that of F
tracks of fission fragments by chemical etchirigater, more ~ C€Nters. At low temperatures, the defect formation under
detailed investigations by Perez al3* and Thévenardt conventional irradiation is limited because electron and hole
al.® focused on electron color centers created along the patrfsenters can not be. separated spatially and thl.JS easﬂy annihi-
of mainly light ions. They demonstrated that the concentraiaté bY recombination. At room (tjemperaturel, dlfoZIOH In par-
tion of single defects is directly proportional to the stoppingtICUIar of hole centers plays a dominant role, and H centers
s . are transformed to stabl; centers of typex;.18:19
power of the projectiles. Balanzat al. studied color center

tion in LiE. NaCl. and KB tals at low t tf Damage creation becomes more complicated at high irra-
creation In LiF, INatl, and KBr crystals at low 1emperatures, qiation doses, where the concentration of single defects be-

giving evidence that in alkali halides the exciton mechanism.q g large, and neighboring defects can easily coaggulate
known from experiments with classical radiation sources isforming more complex defects. In the case of electron color
also responsible for ion-induced luminescence and colorgenters, these are point defe@sy., K-, Fs-, and F-centers
center creation. More recently, experiments with a largeand F-center aggregates suchiscentergwheren denotes
number of different heavy ions and MeV-GeV energiesthe number of F centers in the clustand Li colloids. For
showed the existence of threshold effects that are linked t@nergetic ion beams, aggregation processes occur in each
swelling/ formation of surface hillock®® sputtering!®  single track, but they also take place when neighboring
chemical track etchind} change of electron density,and tracks overlap. In preirradiated areas, electron color centers
hole clusters® From a large data set obtained by various(F,F,,F,,F,) may interact with charge carrief@lectrons
methods, it was concluded that tracks induced by heavy pra€™) and holege")] or lattice vacancie®’?° Such processes
jectiles of large stopping power can be described by a corbave different kinetics, being fast for charge carriers and
region(radius 1-2 nmwith complex defect aggregatés'®  slow for vacancy diffusion. In addition, they depend on sev-
surrounded by a large zone of defects responsible foeral parameters such as the irradiation temperature, fluence,
swelling” Furthermore, there is an extended track h@e  and energy loss. Diffusion plays not only a crucial role for
dius 5—30 nmwith mainly simple color center$:'415This  defect aggregation but also for recombination of electron and
nonhomogeneous defect distribution is a consequence of th®le centers.

1/r? profile of the deposited energwherer is the radial The aim of this study is to identify various stages of ag-
distance from the ion patf? gregation and recombination processes of color centers when
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LiF crystals are exposed to heavy ions of different beam TABLE I. Irradiation parameters: The energy loss averaged
parameters. We concentrate on electron color centers becatgleng the entire ion path is calculated from the total energy divided
they are easily accessible by means of optical absorptioBy the ion rangegE/R). The range values are estimated with the
spectroscopy in the UV and visible spectral region, whereadRM 92 code(Ref. 26.

V3 hole centers absorb in the vacuum ultraviolet

region31819on projectiles between helium and uranium of Energy  Range fluence
MeV to GeV energy were used covering a wide range ofon ) E/R i
fluence and energy loss values. The large data set allows §gecies ~ (MeV) — (um)  (keV/nm) (ions/cnf)
to make a detailed analysis of color-center creation for indi4 o 5 19 0.27 18—10'5
vidual tracks at low fluences and for overlapping tracks a 137 255 05 191013
high fluences. We also evaluate the efficiency of color-centey, 31 1 2'5 5 10113 1013
creation for different ion beams and compare this to irradia-36 € i B s
tions with ®°Co 7 rays. S 410 136 3.0 19-10
%8N ;8 :; ;'g 10°-2x 1012
IIl. EXPERIMENTAL 647, 710 03 77 18102
A. Irradiation 825e 910 101 9.0 fo-10°
Samples were obtained from a single-crystal LiF block®*Mo 400 35 11.6 5 10'0-10'
grown from a melt in an inert atmosphegi€orth Kristalle, 129 300 20 15.0 )
Germany. Thin platelets were cleaved from the crystal block € 1400 88 16 10°-10
along one of thg100) planes with size~10x 10 mnt and 197, , 2190 93 235 19- 1042
thickness between 0.1 and 1 mm. lon irradiations were per- 830 38 21.8
formed either at the UNILAC linear accelerator of GSI 2%pp ’ 10°-10t2
(Darmstadt, Germanyor at the GANIL accelerato(Caen, 2310 93 24.8
France. The energy of the various projectilésom C up to 2095 1170 51 22.9 10P—1042
U) was between 30 and 2640 MeV with a beam flux of the 2320 93 24.9
order 1@ionsslcm? for light ions and 4 1400 57 24.6 )
X 1% ions s cm™? for heavy ions. Additional irradiations U 2640 98 26.9 10°-10¢

with 5-MeV « particles were carried out at a smaller 7 MV
Van-de-Graaff acceleratoFrankfurt/M, Germany All

samples were irradiated at room temperature and at normahout 4x 4 cn? was of the order 10—20%. For some se-
incidence, with fluences between’idhd 16° ions/cnf. The  |ected sample$2310 MeV Pb, the precision of the fluence
ion range was in all cases less than the sample thickness, i.@etermination was better~8%) because the polymer test
the beam was stopped in the crystals. The interaction of thg)j| was mounted directly in front of the given crystal.
energetic projectiles with the target is characterized by al- gqor 5 comparison of radiation effects between different
most pure electronic excitations while elastic collisions aregns, and between ions andrays, the applied fluence was

dominant only at the stopping end of the ion pdtss than  {ransformed into a mean dogeby using the following for-
1 um). Since the optical spectroscopy data results from dep,yla:

fects along the entire ion path, we use the mean energy loss
(total energy divided by ion rangevhich varies from 0.27
for « particle up to to 26.9 keV/nm for U ion. Table | lists D=1.6X 10X EX ®/(p X R), (1)
the beam parameters of different irradiation experiments.

For comparative studies in the low-dose regime, some LiF
crystals were exposed tp rays with a dose rate-2 Gy/s  whereD is given in Gy,E is the total ion energy in MeVp
using theranoRrAMA °°Co source at the IOMLeipzig, Ger-  denotes the fluence in ions/&mp=2.635 g/cm is the mass
many). density of LiF, andr is the range in cm.

B. Fluence and dose measurements . .
C. Optical absorption spectroscopy

The dose of they irradiation was determined by graphite
calorimetry with an accuracy of about £10%. In the case of Optical absorption measurements were performed with a
ion beams, the fluence accumulation during irradiation waslouble-beam spectromet@T| Unicam UV4) in the spectral
measured by recording the signal from a secondary-electromange of 200—700 nm. The most significant electron defects
emitting Al-foil detector placed in front of the samples. The are F centers and,Feenters(two localized electrons at two
electron signal was calibrated to the ion current via a Faradageighboring anion vacanciewith absorption maxima at
cup leading to an accuracy of about 20%. We additionally~250 and~445 nm, respectively. The total number of F and
crosschecked the fluence offline by track etching of polycarf, centers within a unit area of the samgkreal density
bonate foild’ irradiated under identical beam conditions. Thewas determined by applying the Smakula-Dexter formula
homogeneity of the defocused ion beam within an area ofvith respective oscillator strengths §f=0.6 andfFZ:O.S.4
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TABLE Il. Absorption bands of various electron color centers and Li colloids due to high dose irradia-
tions according to Refs. 3, 25, and 28. The parameigrsandE ., denote, respectively, the wavelength and
energy at band maximum. Some of the defect centers have two absorption bands according to specific
structural positions. The two colloid bands correspond to different colloid sizes.

Center F F Fsy F, Fs Fs Fy Colloid

Amax(NM) 250 950 445 625 317 377 660 790 518 540 450 530
EmaxeV) 496 131 279 198 391 329 188 157 239 230 276 234

Ng=9.48X 10" X D,y and N, = 4.42X 10" X Dypp, individually, except for some samples exposed to light ions
2 where the B-center absorbance was extremely weak and dif-
& ficult to quantify [Fig. 1(a)]. We note that the low-fluences
whereng and ng, are given in cri?, and Dy denotes the regime includes values aroundt@m2 for light projectiles
baseline-corrected optical density at the absorption maxic€-9- H8, but a maximum of~5x10° cm? for the heavy

mum, assuming that the full width at half maximum ONS. o . o
(FWHM) of the band does not change. For a quantitative comparison of the F-center creation in-

The absorption measurement has an upper limit given bffuced by different ions, we analyzed the optical data accord-
the maximum optical density d,,, <4, which corresponds INg t0 Eq.(2) and determined the concentratilip (cnm™) by
to a total number of F centers of abouk40'® cm 2 Mini-  hormalizingng by the ion range
mum measurable concentrations are of the order of
10" cm2 (Dgp~ 0.01).

For samples irradiated with higher fluences, the spectra Nr = ng/R. (4)
become rather complicated because single defects aggregateIn order to discuss the F-center efficiency, we determine

to more complex feenters(n=2,3,4 with bands in the : ;
spectral region between 300 and 600 nm. Most of the al the total number of - centers per single ion track by

sorption bands of these aggregate centers are known from
experiments with various ionizing radiation sourgd@sble 03

11).3162528-31a exception are colloids, which are not defi- e
nitely identified by optical spectroscopy due to the fact that = EOf\ | Ni E
LiF can not been colored additively.Since the different g 02F He E
bands in the 300—600 nm region strongly overlap, it is im- ° g 3
possible to analyze individual contributions separately. At g g 1
high fluences, we therefore determined the integrated absorp- 8 01 3 E
tion 2
600 0.0 E o P AN
A= Do d\. 3 200 300 400 500 600
f a0 3) Wavelength (nm)
The oscillator strengths of the different, Bnd F,ﬁ/' centers 40 FTANTTTTT w1 e
are rather similaf®253thus A gives a useful approximation > o Y {p— Ne ]
to compare the evolution of all complex electron color cen- ‘e 30 | He -
ters for different irradiations. 3 E o ]
= 20 [}/ ]
g _ :
lll. RESULTS 8 1o f)i 1 E
The optical spectrum of irradiated LiF is dominated by = ‘ \ 3
the strong F-center band at 250 nm and theénter band at 0'0200‘ a0 400 500 600
445 nm. The character of the spectra clearly depends on the Wavelength (nm)

applied ion fluencéFig. 1). We therefore treat the low- and

high-fluence regime separately. At low fluences the F-center FIG. 1. Absorption spectra of LiF crystals irradiated with light,

concentration increases approximately linearly with fluencemedium, and heavy ions of different fluen¢and corresponding

whereas at high fluences saturation effects appear and thiesg. (a) Low-fluence irradiation with 5-MeV He ions

absorption bands become broader. (10* cm 2,18 kGy), 170-MeV Ni ions (10° cm™2,5 kGy), and

2310-MeV Pb ions(10° cm™2,15 kGy); the inset shows the

Fo-center bands at higher magnificatiaip) High-fluence irradia-

tion with 5-MeV He ions(10* cm2,16 MGy), 31-MeV Ne ions
For irradiations at low fluences, the absorption band of thg10'® cm™2,15 MGy) and  830-MeV  Pb  ions (1.2

F and the K center are well separated and can be analyzeck 10'? cmi 2,16 MGy).

A. Low ion fluence
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FIG. 2. Number of F centens:® and defect clustera® per ion
track [see EQ.(8)] as a function of mean energy los&) low- FIG. 3. Absorption spectra of LiF crystals irradiated with 400
fluence andb) high-fluence regimesithe lines are guides to the -MeV Mo ions. The different fluences are indicated in units of
eye. ions/cnf.
NS =ned. (5) the F-center absorption decreases at highest fluence, whereas
) < _ ) that of the F; centers(300—600 nm saturates.

Figure 2a) shows then:" data of various low-fluence ima-  por g quantitative comparison of defect formation of dif-

diation experiments as a function of the mean energy |0Sgerent jon species, the F-center bands are analyzed as a func-
increasing steadily from a few 1@or light ions up to more o of the doseFig. 4; due to saturated optical density, the
than 2x 10° for the heaviest projectiles. _ two He data points at highest fluence were extrapolated from
The accuracy of the data is determined by the inhomogeryy v estimations We selected the dose instead of fluence
neity of the ion irradiation and by the uncertainty of the 55 parameter, because it takes into account the energy and
absolute fluence. We estimate the following errors: 15% forrange of the different iongsee Eq.(1)]. In the low-dose
ng mainly due to the beam inhomogeneity20% forNg due  regime N increases linearly with a similar initial slope for
to thesaddmonal range uncertainty, and a total error80% g projectiles, while above a few MGWg follows a satura-
forng ) o o tion curve. At highest dose, the Pb data surpass a maximum
As typically done for classical radiations, the efficiency anq then decrease, whereas the data of the light ions such as
for the creation of single F centers is deduced from the totalje and Ne exhibit a weak linear rise. It should be mentioned
energy deposition and the numbeg” of stable F centers hat a low-slope increase at high dose is also known from
produced. Since in the low-fluence regime, the concentratiog|assical radiations using electronsays, or neutron:32.33
of F centers is much larger than that of alj&ggregates, the pest fits to theNg-versus-dose data can be obtained by an
mean energ\AEg per F centeor more precisely per F-  exponential law(in the case of He and Ne superimposed by
pair) is calculated by a linear functiom:

AER=E/ng’, (6) NE=No[1 = exlog X D)], (7)

AEg is ~500 eV for carbon ions and scatters aroundwhereN, describes a saturation level anglis related to the
1100 eV for all heavier projectiles, probably due to the largetrack cross section. Figure 4 clearly shows tNgtis higher
error given by the experimental uncertainties discussegor lighter ions, indicating that for smaller deposited energy
above. In the experiment with 2310-MeV Pb ions, the precidensities, the volume concentration of stable F centers is
sion was better(+8%) yielding an energy of AE¢

=960x80 eV, which is more than twice as large &B¢ AL B B BRI B
=440+40 eV for®°Co v rays or for the light C ions. As we 20 He
will discuss later in more details, this lower efficiency is a
direct indication for additional processes such as recombina-
tion of electron and hole centers and aggregation of single to
more complex defectd-— F, and F— nF).

B. High ion fluence

With increasing fluences, the optical spectra become more 0 10 20 30 40
complex as illustrated in Fig. 3 for a sample irradiated with Dose (MGy)
400-MeV Mo ions. Compared to low fluences, the following
important effects appear: the overall absorption in the wave- F|G. 4. Volume concentration of F centers as a function of ap-
length regime 300—600 nm around thg Band increases plied dose. At 8 MGy, the corresponding fluence of the different ion
significantly, and the evolution of the F- and the-tfand  species is X 10" (He,5 Me\), 5.3x10'2 (Ne,31 MeV}, 1.7
intensities as a function of fluence are quite differ@ft, 6  x 102 (Ni,170 MeV), 9x10* (Xe,300 MeV}, and 6
X 10 and 1x 102 ions/cnt in Fig. 3. We note, e.g., that x 10" ions/cn? (Ph,830 MeV.
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TABLE Ill. Beam parameters and optical data of various irra-
diations at a dose of~-8 MGy close to the saturation regintef.
Fig. 4). The concentration of single F centers is characterizea:by
andng® analyzed according to Eg€2) and(5), respectively. Defect
aggregates per trac are described by the integrated absorbance
in the wavelength range 300-600 rjifaq. (3)] divided by the flu-
ence. The F-center track radiuswas deduced from the evolution
of Ng vs fluence by applying the Thévenard mopisle section after
Eq. (7)]. The parametet, denotes the critical fluence where 66% 0.0
of the irradiated sample is modifigd—exgo X ®.)=0.66].

Optical density

e b e e b 0 1
200 220 240 260 280

Wavelength (nm)

lon ‘He #Ne °WNi Xe pp 3 b ‘ T '
5 0.8F _
E (MeV) 5 31 170 300 830 e}
E/R (keV/nm) 03 25 78 150 21.8 2 %6r .
Fluence (102 cm?) 50 53 17 0.9 0.6 8 04l ]
ne (10% cm?) 33 2 29 20 3 2
Radiusr (nm) 2 4 14 16 18 e 02 i N
neS (10%) 07 38 14 20 50 £ oo . LN
A (nm) 160 86 104 70 128 200 220 240 260 280
A (nm) 135 90 126 100 238 Wavelength (nm)
a (107 nnv) 0.9 13 63 82 347 FIG. 5. Optical absorption spectra in the wavelength range
ne (10° 19 12 48 [ 240 around the F-center banda) Spectrum of sample irradiated with
AE (keV) 2.6 2.6 35 3.9 35 31-MeV Ne ions(10'% cm™2,15 MGy) and with 830-MeV Pb ions
. (102 cm™?) 8 2 016 0.12 0.1 (1.2x 10" cm 2,16 MGy). For better comparison, the data are nor-

malized to equal band maximunib) differential spectrum(d,
,) of irradiation with 400-MeV Mo ions atP;=5x 10 and

larger probably because primary recombination processes ﬁi:loﬂ ions/cnf. The dotted curves result from deconvolution.

electron and hole centers are less dominant.

The defect data of various irradiations close to the saturagefect band at this wavelength was observed by Delbecq and
tion re_glr_ne(D0~8 MGy) is presented in Table Ill. We note pyingsheim in LiF crystals irradiated with a high dose of
that within 30% all ions induce approximately the same Fy_rays. The band could reversibly be converted into F centers

: - 6 o2 Tha ys. 11e ban ;

center concentration of.~3x10'° cn?. Thévenarcet al. by jjlymination in the 225 nm absorption band and was thus
proposed an analysis of the absorption-versus-fluence dafsigned to specific nF-center clusters and not to large
by using an exponential function similar to E).2 The  .oj10ids2®

doseD is replaced by the fluence, andoy is substituted by Between 300 and 600 nm, the high-fluence spectra show a
o representing the cross section of a cylindrical track ingignificant change as illustrated in Fig. 6 for samples irradi-
which the F centers are created. The F-center concentratiofjeq with Ne and U ions. and for comparison withays. In

in each track is supposed to be saturated and to have a hge |atter case, thesfand F, bands appear rather well sepa-
mogeneous lateral distribution. Track overlapping occUrgateq from the Fband, whereas ion beams induce an overall
when the distance of two different ion impacts is smallery oadening of the entire region 350—500 nm region. The ef-
than the track diameteP re), leading to complex Fcenters  foct s stronger for higher fluences and for heavier projec-
via F-center aggregation. Applying this simplified model to jjes.

our data, we deduce=7(rg)?, whererg denotes the F-center

track radius(track cylinder filled with F centejs The rg 0.4 e

i Ne| o
a dose ofD ~8 MGy, the mean distance between traglls 03 ,'

=2(w®)Y?] is slightly smaller tharrg, indicating that the
F-center-containing track zones already overlap.

Another interesting observation concerns the shape of the
F-center band. At low fluences, the FWHM G~ 37 nm — T
(0.76 eV}, in agreement with literatur®:34 At higher flu- 0%% 400 500 600
enced’ increases; the effect is more pronounced for samples
exposed to heavier ions of higher energy I1§6gy. a)].
When subtracting two spectra of different fluences from each FIG. 6. Absorption spectra of samples irradiated witirays
other, we directly see the asymmetric band broadening a@75 kGy), 31-MeV Ne ions(750 kGy,5x 10!t cmi ), and 1400-
illustrated in Fig. 8b). Deconvolution of the peak identifies MeV U ions (150 kGy, 18° cm™). The band positions of different
the shoulder as a new band with maximum~&25 nm. A color centers and colloids are indicated.

values increase from2 nm for He ions to~18 nm for Pb = IJ F2HC°” ]
projectiles(see Table II). It is interesting to mention, that at " h

Optical density

Wavelength (nm)
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“2 \'\as f:
- AN -
12| b Xe 300 MeV 16 &5 o s 3
& : 2 -5"‘ Fo—f"'%\’n” gu
= =) e -t s O ~
-~ S z L
~ = ® AE,
» 3 ' oL M. ALY W 0
e R 1 10
Dose (MGy)
(0 )0 ) S A A A A A S A S W FIG. 8. Evolution of F-center concentration per tragk°),
0 510" 110" of total F-center concentratiomg), and of defect clusters per track
Fluence (cm) (a5 vs dose for irradiations with{a) 31-MeV Ne and(b) 830-

MeV Pb ions. The lines are guides to the eye.
FIG. 7. Number of F centeré®) and defect clusteréa®) per

ion as a function of fluence for irradiations witg) 170-MeV Ni,

and(b) 300-MeV Xe ions. The lines are guides to the eye. centersn, by summing up single F centefs) and complex

F, centers according to

At high fluences, the large integral absorption of the com- Ne=nNg + 2n(A/Ap), (8b)
plex defect shows us that thg Eoncentration becomes com-
parable or even larger than that of single F centers. In ord
to analyze the number of defect aggregates per track,
define, in analogy to:°, the integral absorption per ion in
units of nn? (Table 1)

whereA is the integral absorption in the 300—600 nm spec-
Vst'ial range as defined in E¢3), andA¢ is the corresponding
Value for the F-center band from 210—290 nm. The factor
two takes into account that the oscillator strength gfaRd
other F, centers is about half as large as that of F cerftets.
as=AlD. (8a)  Fromn, we can estimate the number of all electron centers
per single track and the energy to create a Frenkel pair in the

The evolution ofn® anda® as a function of the fluence is high-fluence regime

shown in Figs. 7a) and 1b). While n.° decreases steadilg;
increases in the initial phase and then reaches a maximum at ne=nd® and AE.=E/nS’ (80
a certain fluence. For heavier particles, this maximum ap-

- s From the values listed in Table Ill, we note that at high
pears at a lower critical fluence than for light iofesg., at - ’ g
5% 101 cmi2 for Ni and ~2 X 101 cni? for Xe ions. Be- fluences, the efficiency does not strongly depend on the ion

yond this,a® also decays in a similar way as®. beam and is much smaller than at low fluences.

To compare quantitatively how the defect concentrations
evolve for different ion species, we plot, n:°, anda® as a
function of dose on a semilogarithmic scafegs. §a) and
8(b)]. For all ions,n first increases and then reaclidi) or Similar to classical radiation withy rays, electrons, and
surpasses a maximuffb) at about 10 MGy. In contrast to neutrons, the irradiation with energetic ion projectiles in-
that, n=° decreases continuously in the entire dose regimeduces single defects and also more complex defect aggre-
Similar to the data of Fig. 7a° exhibits an initial increase, gates. The evolution of the electron center concentration sig-
then has a broad maximum at around 1.5 MGy for Pb ionsiificantly depends on the beam parameters such as dose,
and around 10 MGy for Ne ions and, and finally also decaysfluence, and energy loss.

The dependence @f on the mean energy loss of the projec-  First, we will discuss the low-fluence regime, character-
tiles is shown in Fig. &), following the same evolution as ized by the mean distance between ion trajectories being
n:". Note that at a given dose; of Pb ions is more than two much larger than the track radiug in which the F centers
orders larger than fow particles(Table IlI). are created. The interaction of defects with neighboring

In order to discuss the efficiency for defect creation attracks is in this case neglected, and the spectroscopic mea-
high fluence, the energy needed for a Frenkel pair cannot bgurements describe the properties of individual tracks. The
calculated from Eq(6), because the large number of com- optical spectra are dominated by the absorption of simple
plex defectsa® has to be included in the energy balance. Wepoint defects such as F and Eenters, without a significant
therefore estimated the concentration of all electron colocontribution of more complex fFcenterswith n=3,4). The

IV. DISCUSSION
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ratio between Fand F centers is around 0.03, similar to thebroad absorption in the relevant wavelength region also
irradiation with y rays or fast electrons. makes the detection of small colloids impossible, whiatr
With increasing fluence, individual ion tracks start to cording to classical radiation experimengsiould form when
overlap leading to saturation of and simultaneously to a a larger aggregate of halogen vacancies “collapses” to a me-
decrease ofi°. For all ion projectiles, the saturation value of tallic alkali complex. In principle, colloid identification in
N is within 30% around & 10'® cm™2 (+30%). The F-center  LiF can be performed by electron spin resonaESR).
track radiusrg grows with the energy loss from2 nm for  However, several ESR tests did not reveal any clear signal.
He ions up to~18 nm for Pb projectiles. Although this ra- Assuming that colloid formation occurs exclusively in the
dius value is deduced with a simplified mod#gnoring the  high-dose zone of the track core, we expect that the colloid
inhomogeneous dose distribution around the ion piitex-  size and concentration is extremely small and probably be-
plains why the track overlapping phenomena occur for lightiow the ESR sensitivity. In the track-overlapping regime, we
projectiles at higher fluences than for heavy ions. can identify the 225-nm band that was already earlier as-
When tracks start to overlap, the aggregation of single Fsigned to more extendatF aggregates and which does not
centers forming fandnF centers becomes more and moreappear for single tracks. It should be mentioned that in an-
dominant. This effect is evident by the increase of defechealing experiments using high-fluence samples, there was
clusters per track as in the initial high fluence stage. At everanother band identified at 275 nm, which is also attributed to
higher fluencesa® reaches a maximum, and finally drops off defect aggregation in overlapping track regitns
at highest fluencegsimilar to the evolution oh:°). When-
ever an additional projectile hits a preirradiated region, the V. CONCLUSIONS

recombination of primary hole centdicharacterized by their Optical spectroscopy of color centers created in LiF crys-

Zggnhce??rzltliltt%)l Z)\:‘Itgll ':elgétgnccegrt\(teéfslfn ?Eleu:a?ttl:lr;'{ilgnt?éalior%als under room-temperature irradiation with MeV-Gev ions
. : : 9 . -3 9'9%ows several characteristic phenomena. In the low-fluence
according to Eq(8) for all ions is around 4—% 10'° cm3.

Because electron and hole centers always appear in pairs, fheame. smgle 'on tr%clgs arr]e ¥vel| se'para':ced_ anld thel damage
total defect concentration is as large-a8—10x 1019 cn 3, P 0C€SS 1S ominated by the formation of simple color cen-

This leads to a mean distance between individual defect certl?rS such as F and,Fcenters. For heavy iof>Xe), the

ters of around 4 nni~14 interatomic distanc@sDue to the efficiency for the creation of stable F centers~d keV,

nonuniform dose deposition, the real distance between eIe(Y‘-'h('jCh IS ab%l:t a factordof 2.tI0\{ve.r th?n fl(:r “ghé |0|(1§Ct) hiah
tron and hole centers close to the ion trajectory is probabl)?n Y rays. 1he energy density in 1on tracks produced at nig

even smaller. From low-temperature experiments with KClstoppin_g power is Iarg_er,_ gnd conseq_uently the defect_qon-
crystals®® it is known that stable F and H centers have aCentration increases significantly. At higher defect densities,
spacingyof 4—5 interatomic distances, whereas at smaller diéhe distance between single defects is smaller facilitating ag-

tances, complete recombination can occur via tunnelin regation of individual electro.mo.r ho@ centers to.deflect
processe&s16.20 lusters and also defect annihilation by recombination of

The dominance of recombination and aggregation Ioro_hol_e and gl_ectron centers. The latter process determlne_s the
mited efficiency of color-center creation under heavy-ion

cesses is also reflected in the F-center efficiency, which ilrra diation
only for light ions comparable te rays. In the nonoverlap- ) o
y 9 P 9 ray P At larger fluences where individual tracks overlap, the

ping fluence regime, we interpret the lower efficiency of ; : .
heavy projectiles as a direct signature of instantaneous r otal F-center concentration saturates as a function of ion

combination of primary Frenkel pairs as well as recombina-luence’ ?rr;]d :chus tthe nufrrcljb(?r (t)f F centfrs Ser track de-
tion of mobile primary hole centers with electron color cen-Ccr€ases. the formalion of delect aggregates becomes more

ters in each tracktl7? These processes occur and more important and clearly depends on the stopping
predominantly close to the ion path where the density of?°"€' of the ions. The number of aggregates per track of
Frenkel pairs is high and the short distance between indif €a¥Y projectiles is up to two orders of magnitude larger than

vidual defects facilitates recombination and aggregation. ThéOr I'ght lons. I.t INCreases W't.h fluence and finally surpasses

decrease of the F-center creation efficiency at higher fluencds Maximum, similar as the single defects.

(e.g., for Pb ions: at high fluenceE.=3.5 keV c_ompared to ACKNOWLEDGMENTS
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