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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 4He to 238U 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 Fn

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

The study presented here is dedicated to defect creation in
single crystals of lithium fluoridesLiFd irradiated with swift
heavy ions in the MeV to GeV energy range. The basic dam-
age process consists in the production of Frenkel pairs which
finally transform into more complicated defect and defect
clusters. In contrast to many insulators, LiF does not amor-
phize, even not when exposed to high doses. This property is
characteristic for materials with strong ionic binding and di-
rected orientation of the interatomic bonds, such as the alkali
halides.1

The very first damage study on LiF crystals exposed to
heavy projectiles was published by Young, who revealed
tracks of fission fragments by chemical etching.2 Later, more
detailed investigations by Perezet al.3,4 and Thévenardet
al.5 focused on electron color centers created along the paths
of mainly light ions. They demonstrated that the concentra-
tion of single defects is directly proportional to the stopping
power of the projectiles. Balanzatet al. studied color center
creation in LiF, NaCl, and KBr crystals at low temperatures,6

giving evidence that in alkali halides the exciton mechanism
known from experiments with classical radiation sources is
also responsible for ion-induced luminescence and color-
center creation. More recently, experiments with a large
number of different heavy ions and MeV-GeV energies
showed the existence of threshold effects that are linked to
swelling,7 formation of surface hillocks,8,9 sputtering,10

chemical track etching,11 change of electron density,12 and
hole clusters.13 From a large data set obtained by various
methods, it was concluded that tracks induced by heavy pro-
jectiles of large stopping power can be described by a core
region(radius 1–2 nm) with complex defect aggregates,12,13

surrounded by a large zone of defects responsible for
swelling.7 Furthermore, there is an extended track halo(ra-
dius 5–30 nm) with mainly simple color centers.12,14,15This
nonhomogeneous defect distribution is a consequence of the
1/r2 profile of the deposited energy(where r is the radial
distance from the ion path).12

In alkali halides and alkaline earth halides, radiation cre-
ates, almost exclusively, damage in the halogen sublattice,
whereas the alkali sublattice remains nearly intact. Under
irradiation, the primary defects in LiF are Frenkel pairs con-
sisting of neutral(F and H centers) or charged(a and I
centers) color centers. The most dominant defects are F cen-
ters [an electron localized at a fluorine vacancysva

+d] to-
gether with the complementary interstitial hole centers(H
center), e.g., an anion molecule consisting of a neutralX0 and
a chargedX− halogen atomsX2

−d at a regular anion lattice
position.16,17 In ionic crystals, defect formation processes are
governed by the high mobility of the primary hole centers,
which is, in general, orders of magnitude larger than that of F
centers. At low temperatures, the defect formation under
conventional irradiation is limited because electron and hole
centers can not be separated spatially and thus easily annihi-
late by recombination. At room temperature, diffusion in par-
ticular of hole centers plays a dominant role, and H centers
are transformed to stableV3 centers of typeX3

−.18,19

Damage creation becomes more complicated at high irra-
diation doses, where the concentration of single defects be-
comes large, and neighboring defects can easily coaggulate
forming more complex defects. In the case of electron color
centers, these are point defects(e.g., F2-, F3-, and F4-centers)
and F-center aggregates such asnF centers(wheren denotes
the number of F centers in the cluster) and Li colloids. For
energetic ion beams, aggregation processes occur in each
single track, but they also take place when neighboring
tracks overlap. In preirradiated areas, electron color centers
sF,Fn,Fn

+,Fn
−d may interact with charge carriers[electrons

se−d and holesse+d] or lattice vacancies.20–25 Such processes
have different kinetics, being fast for charge carriers and
slow for vacancy diffusion. In addition, they depend on sev-
eral parameters such as the irradiation temperature, fluence,
and energy loss. Diffusion plays not only a crucial role for
defect aggregation but also for recombination of electron and
hole centers.

The aim of this study is to identify various stages of ag-
gregation and recombination processes of color centers when
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LiF crystals are exposed to heavy ions of different beam
parameters. We concentrate on electron color centers because
they are easily accessible by means of optical absorption
spectroscopy in the UV and visible spectral region, whereas
V3 hole centers absorb in the vacuum ultraviolet
region.13,18,19Ion projectiles between helium and uranium of
MeV to GeV energy were used covering a wide range of
fluence and energy loss values. The large data set allows us
to make a detailed analysis of color-center creation for indi-
vidual tracks at low fluences and for overlapping tracks at
high fluences. We also evaluate the efficiency of color-center
creation for different ion beams and compare this to irradia-
tions with 60Co g rays.

II. EXPERIMENTAL

A. Irradiation

Samples were obtained from a single-crystal LiF block
grown from a melt in an inert atmosphere(Korth Kristalle,
Germany). Thin platelets were cleaved from the crystal block
along one of the(100) planes with size,10310 mm2 and
thickness between 0.1 and 1 mm. Ion irradiations were per-
formed either at the UNILAC linear accelerator of GSI
(Darmstadt, Germany) or at the GANIL accelerator(Caen,
France). The energy of the various projectiles(from C up to
U) was between 30 and 2640 MeV with a beam flux of the
order 109 ions s−1 cm−2 for light ions and 4
3108 ions s−1 cm−2 for heavy ions. Additional irradiations
with 5-MeV a particles were carried out at a smaller 7 MV
Van-de-Graaff accelerator(Frankfurt/M, Germany). All
samples were irradiated at room temperature and at normal
incidence, with fluences between 109 and 1015 ions/cm2. The
ion range was in all cases less than the sample thickness, i.e.,
the beam was stopped in the crystals. The interaction of the
energetic projectiles with the target is characterized by al-
most pure electronic excitations while elastic collisions are
dominant only at the stopping end of the ion path(less than
1 mm). Since the optical spectroscopy data results from de-
fects along the entire ion path, we use the mean energy loss
(total energy divided by ion range) which varies from 0.27
for a particle up to to 26.9 keV/nm for U ion. Table I lists
the beam parameters of different irradiation experiments.

For comparative studies in the low-dose regime, some LiF
crystals were exposed tog rays with a dose rate,2 Gy/s
using thePANORAMA 60Co source at the IOM(Leipzig, Ger-
many).

B. Fluence and dose measurements

The dose of theg irradiation was determined by graphite
calorimetry with an accuracy of about ±10%. In the case of
ion beams, the fluence accumulation during irradiation was
measured by recording the signal from a secondary-electron-
emitting Al-foil detector placed in front of the samples. The
electron signal was calibrated to the ion current via a Faraday
cup leading to an accuracy of about 20%. We additionally
crosschecked the fluence offline by track etching of polycar-
bonate foils27 irradiated under identical beam conditions. The
homogeneity of the defocused ion beam within an area of

about 434 cm2 was of the order 10–20%. For some se-
lected sampless2310 MeV Pbd, the precision of the fluence
determination was betters,8%d because the polymer test
foil was mounted directly in front of the given crystal.

For a comparison of radiation effects between different
ions, and between ions andg rays, the applied fluence was
transformed into a mean doseD by using the following for-
mula:

D = 1.63 10−103 E 3 F/sr 3 Rd, s1d

whereD is given in Gy,E is the total ion energy in MeV,F
denotes the fluence in ions/cm2, r=2.635 g/cm3 is the mass
density of LiF, andR is the range in cm.

C. Optical absorption spectroscopy

Optical absorption measurements were performed with a
double-beam spectrometer(ATI Unicam UV4) in the spectral
range of 200–700 nm. The most significant electron defects
are F centers and F2 centers(two localized electrons at two
neighboring anion vacancies) with absorption maxima at
,250 and,445 nm, respectively. The total number of F and
F2 centers within a unit area of the sample(areal density)
was determined by applying the Smakula-Dexter formula
with respective oscillator strengths offF=0.6 andfF2

=0.3:4

TABLE I. Irradiation parameters: The energy loss averaged
along the entire ion path is calculated from the total energy divided
by the ion rangesE/Rd. The range values are estimated with the
TRIM 92 code(Ref. 26).

Ion
species

Energy

sMeVd

Range

smmd
E/R

skeV/nmd

fluence

sions/cm2d

4He 5 19 0.27 1011–1015

12C 137 255 0.5 109–1013

22Ne 31 12 2.5 531011–331013

36S 410 136 3.0 109–1013

58Ni
170 21 7.8

109–231012

640 92 7.0
64Zn 710 93 7.7 109–1012

82Se 910 101 9.0 109–1010

96Mo 400 35 11.6 531010–1012

129Xe
300 20 15.0

109–1012

1400 88 16
197Au 2190 93 23.5 109–1012

208Pb
830 38 21.8

109–1012

2310 93 24.8

209Bi
1170 51 22.9

109–1012

2320 93 24.9

238U
1400 57 24.6

109–1012

2640 98 26.9
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nF = 9.483 1015 3 Dopt and nF2
= 4.423 1015 3 Dopt,

s2d

where nF and nF2
are given in cm−2, and Dopt denotes the

baseline-corrected optical density at the absorption maxi-
mum, assuming that the full width at half maximum
(FWHM) of the band does not change.

The absorption measurement has an upper limit given by
the maximum optical density ofDopt ø4, which corresponds
to a total number of F centers of about 431016 cm−2. Mini-
mum measurable concentrations are of the order of
1014 cm−2 sDopt,0.01d.

For samples irradiated with higher fluences, the spectra
become rather complicated because single defects aggregate
to more complex Fncenterssn=2,3,4d with bands in the
spectral region between 300 and 600 nm. Most of the ab-
sorption bands of these aggregate centers are known from
experiments with various ionizing radiation sources(Table
II ).3,16,25,28–31An exception are colloids, which are not defi-
nitely identified by optical spectroscopy due to the fact that
LiF can not been colored additively.25 Since the different
bands in the 300–600 nm region strongly overlap, it is im-
possible to analyze individual contributions separately. At
high fluences, we therefore determined the integrated absorp-
tion

A =E
300

600

Dopt dl. s3d

The oscillator strengths of the different Fn and Fn
+/− centers

are rather similar,20,25,31thusA gives a useful approximation
to compare the evolution of all complex electron color cen-
ters for different irradiations.

III. RESULTS

The optical spectrum of irradiated LiF is dominated by
the strong F-center band at 250 nm and the F2-center band at
445 nm. The character of the spectra clearly depends on the
applied ion fluence(Fig. 1). We therefore treat the low- and
high-fluence regime separately. At low fluences the F-center
concentration increases approximately linearly with fluence,
whereas at high fluences saturation effects appear and the
absorption bands become broader.

A. Low ion fluence

For irradiations at low fluences, the absorption band of the
F and the F2 center are well separated and can be analyzed

individually, except for some samples exposed to light ions
where the F2-center absorbance was extremely weak and dif-
ficult to quantify [Fig. 1(a)]. We note that the low-fluences
regime includes values around 1011 cm−2 for light projectiles
(e.g., He), but a maximum of,53109 cm−2 for the heavy
ions.

For a quantitative comparison of the F-center creation in-
duced by different ions, we analyzed the optical data accord-
ing to Eq.(2) and determined the concentrationNF scm−3d by
normalizingnF by the ion range

NF = nF/R. s4d

In order to discuss the F-center efficiency, we determine
the total number of F centers per single ion track by

TABLE II. Absorption bands of various electron color centers and Li colloids due to high dose irradia-
tions according to Refs. 3, 25, and 28. The parameterslmax andEmax 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− F2 F2
+ F3 F3

+ F4 Colloid

lmaxsnmd 250 950 445 625 317 377 660 790 518 540 450 530

EmaxseVd 4.96 1.31 2.79 1.98 3.91 3.29 1.88 1.57 2.39 2.30 2.76 2.34

FIG. 1. Absorption spectra of LiF crystals irradiated with light,
medium, and heavy ions of different fluence(and corresponding
dose). (a) Low-fluence irradiation with 5-MeV He ions
s1011 cm−2,18 kGyd, 170-MeV Ni ions s109 cm−2,5 kGyd, and
2310-MeV Pb ions s109 cm−2,15 kGyd; the inset shows the
F2-center bands at higher magnification.(b) High-fluence irradia-
tion with 5-MeV He ionss1014 cm−2,16 MGyd, 31-MeV Ne ions
s1013 cm−2,15 MGyd and 830-MeV Pb ions s1.2
31012 cm−2,16 MGyd.
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nF
s = nFF. s5d

Figure 2(a) shows thenF
s data of various low-fluence irra-

diation experiments as a function of the mean energy loss,
increasing steadily from a few 105 for light ions up to more
than 23106 for the heaviest projectiles.

The accuracy of the data is determined by the inhomoge-
neity of the ion irradiation and by the uncertainty of the
absolute fluence. We estimate the following errors: 15% for
nF mainly due to the beam inhomogeneity,,20% forNF due
to the additional range uncertainty, and a total error of,30%
for nF

s.
As typically done for classical radiations, the efficiency

for the creation of single F centers is deduced from the total
energy deposition and the numbernF

s of stable F centers
produced. Since in the low-fluence regime, the concentration
of F centers is much larger than that of all Fn aggregates, the
mean energyDEF per F center(or more precisely per F-V3
pair) is calculated by

DEF = E/nF
s, s6d

DEF is ,500 eV for carbon ions and scatters around
1100 eV for all heavier projectiles, probably due to the large
error given by the experimental uncertainties discussed
above. In the experiment with 2310-MeV Pb ions, the preci-
sion was better s±8%d yielding an energy of DEF

=960±80 eV, which is more than twice as large asDEF
=440±40 eV for60Co g rays or for the light C ions. As we
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 defects(F→Fn and F→nF).

B. High ion fluence

With increasing fluences, the optical spectra become more
complex as illustrated in Fig. 3 for a sample irradiated with
400-MeV Mo ions. Compared to low fluences, the following
important effects appear: the overall absorption in the wave-
length regime 300–600 nm around the F2 band increases
significantly, and the evolution of the F- and the F2-band
intensities as a function of fluence are quite different(cf., 6
31011 and 131012 ions/cm2 in Fig. 3). We note, e.g., that

the F-center absorption decreases at highest fluence, whereas
that of the Fn centerss300–600 nmd saturates.

For a quantitative comparison of defect formation of dif-
ferent ion species, the F-center bands are analyzed as a func-
tion of the dose(Fig. 4; due to saturated optical density, the
two He data points at highest fluence were extrapolated from
FWHM estimations). We selected the dose instead of fluence
as parameter, because it takes into account the energy and
range of the different ions[see Eq.(1)]. In the low-dose
regime,NF increases linearly with a similar initial slope for
all projectiles, while above a few MGy,NF follows a satura-
tion curve. At highest dose, the Pb data surpass a maximum
and then decrease, whereas the data of the light ions such as
He and Ne exhibit a weak linear rise. It should be mentioned
that a low-slope increase at high dose is also known from
classical radiations using electrons,g rays, or neutrons.20,32,33

Best fits to theNF-versus-dose data can be obtained by an
exponential law(in the case of He and Ne superimposed by
a linear function):

NF = N0f1 − expssd 3 Ddg, s7d

whereN0 describes a saturation level andsd is related to the
track cross section. Figure 4 clearly shows thatN0 is higher
for lighter ions, indicating that for smaller deposited energy
densities, the volume concentration of stable F centers is

FIG. 2. Number of F centersnF
s and defect clustersas per ion

track [see Eq.(8)] as a function of mean energy loss:(a) low-
fluence and(b) high-fluence regimes;(the lines are guides to the
eye).

FIG. 3. Absorption spectra of LiF crystals irradiated with 400
-MeV Mo ions. The different fluences are indicated in units of
ions/cm2.

FIG. 4. Volume concentration of F centers as a function of ap-
plied dose. At 8 MGy, the corresponding fluence of the different ion
species is 531013 sHe,5 MeVd, 5.331012 sNe,31 MeVd, 1.7
31012 sNi,170 MeVd, 931011 sXe,300 MeVd, and 6
31011 ions/cm2 sPb,830 MeVd.
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larger probably because primary recombination processes of
electron and hole centers are less dominant.

The defect data of various irradiations close to the satura-
tion regimesD,8 MGyd is presented in Table III. We note
that within 30% all ions induce approximately the same F
center concentration ofnF,331016 cm−2. Thévenardet al.
proposed an analysis of the absorption-versus-fluence data
by using an exponential function similar to Eq.(7).28 The
doseD is replaced by the fluenceF, andsd is substituted by
s representing the cross section of a cylindrical track in
which the F centers are created. The F-center concentration
in each track is supposed to be saturated and to have a ho-
mogeneous lateral distribution. Track overlapping occurs
when the distance of two different ion impacts is smaller
than the track diameters2 rFd, leading to complex Fn centers
via F-center aggregation. Applying this simplified model to
our data, we deduces=psrFd2, whererF denotes the F-center
track radius(track cylinder filled with F centers). The rF
values increase from,2 nm for He ions to,18 nm for Pb
projectiles(see Table III). It is interesting to mention, that at
a dose ofD,8 MGy, the mean distance between tracksfd
=2spFd−1/2g is slightly smaller thanrF, 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 isG,37 nm
s0.76 eVd, in agreement with literature.31,34 At higher flu-
encesG increases; the effect is more pronounced for samples
exposed to heavier ions of higher energy loss[Fig. 5(a)].
When subtracting two spectra of different fluences from each
other, we directly see the asymmetric band broadening as
illustrated in Fig. 5(b). Deconvolution of the peak identifies
the shoulder as a new band with maximum at,225 nm. A

defect band at this wavelength was observed by Delbecq and
Pringsheim in LiF crystals irradiated with a high dose of
x-rays. The band could reversibly be converted into F centers
by illumination in the 225 nm absorption band and was thus
assigned to specific nF-center clusters and not to large
colloids.29

Between 300 and 600 nm, the high-fluence spectra show a
significant change as illustrated in Fig. 6 for samples irradi-
ated with Ne and U ions, and for comparison withg rays. In
the latter case, the F3 and F4 bands appear rather well sepa-
rated from the F2 band, whereas ion beams induce an overall
broadening of the entire region 350–500 nm region. The ef-
fect is stronger for higher fluences and for heavier projec-
tiles.

TABLE III. Beam parameters and optical data of various irra-
diations at a dose of,8 MGy close to the saturation regime(cf.
Fig. 4). The concentration of single F centers is characterized bynF

andnF
s analyzed according to Eqs.(2) and(5), respectively. Defect

aggregates per trackas are described by the integrated absorbance
in the wavelength range 300–600 nm[Eq. (3)] divided by the flu-
ence. The F-center track radiusrF was deduced from the evolution
of NF vs fluence by applying the Thévenard model[see section after
Eq. (7)]. The parameterFc denotes the critical fluence where 66%
of the irradiated sample is modified[1−expss3Fcd=0.66].

Ion 4He 22Ne 58Ni 129Xe 208Pb

E sMeVd 5 31 170 300 830

E/R skeV/nmd 0.3 2.5 7.8 15.0 21.8

Fluence s1012 cm−2d 50 5.3 1.7 0.9 0.6

nF s1016 cm−2d 3.3 2 2.9 2.0 3

RadiusrF snmd 2 4 14 16 18

nF
s s103d 0.7 3.8 14 20 50

AF snmd 160 86 104 70 128

A snmd 135 90 126 100 238

as s102 nm3d 0.9 13 63 82 347

ne
s s103d 1.9 12 48 77 240

DEe skeVd 2.6 2.6 3.5 3.9 3.5

Fc s1012 cm−2d 8 2 0.16 0.12 0.1

FIG. 5. Optical absorption spectra in the wavelength range
around the F-center band:(a) Spectrum of sample irradiated with
31-MeV Ne ionss1013 cm−2,15 MGyd and with 830-MeV Pb ions
s1.231012 cm−2,16 MGyd. For better comparison, the data are nor-
malized to equal band maximum.(b) differential spectrumsF2

-F1d of irradiation with 400-MeV Mo ions atF1=531010 and
F2=1012 ions/cm2. The dotted curves result from deconvolution.

FIG. 6. Absorption spectra of samples irradiated withg rays
s275 kGyd, 31-MeV Ne ionss750 kGy,531011 cm−2d, and 1400-
MeV U ions s150 kGy,1010 cm−2d. The band positions of different
color centers and colloids are indicated.
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At high fluences, the large integral absorption of the com-
plex defect shows us that the Fn concentration becomes com-
parable or even larger than that of single F centers. In order
to analyze the number of defect aggregates per track, we
define, in analogy tonF

s, the integral absorption per ion in
units of nm3 (Table III):

as = A/F. s8ad

The evolution ofnF
s andas as a function of the fluence is

shown in Figs. 7(a) and 7(b). While nF
s decreases steadily,as

increases in the initial phase and then reaches a maximum at
a certain fluence. For heavier particles, this maximum ap-
pears at a lower critical fluence than for light ions(e.g., at
531011 cm−2 for Ni and ,231011 cm−2 for Xe ions). Be-
yond this,as also decays in a similar way asnF

s.
To compare quantitatively how the defect concentrations

evolve for different ion species, we plotnF, nF
s, andas as a

function of dose on a semilogarithmic scale[Figs. 8(a) and
8(b)]. For all ions,nF first increases and then reachessNed or
surpasses a maximumsPbd at about 10 MGy. In contrast to
that, nF

s decreases continuously in the entire dose regime.
Similar to the data of Fig. 7,as exhibits an initial increase,
then has a broad maximum at around 1.5 MGy for Pb ions
and around 10 MGy for Ne ions and, and finally also decays.
The dependence ofas on the mean energy loss of the projec-
tiles is shown in Fig. 2(b), following the same evolution as
nF

s. Note that at a given dose,as of Pb ions is more than two
orders larger than fora particles(Table III).

In order to discuss the efficiency for defect creation at
high fluence, the energy needed for a Frenkel pair cannot be
calculated from Eq.(6), because the large number of com-
plex defectsas has to be included in the energy balance. We
therefore estimated the concentration of all electron color

centersne by summing up single F centerssnFd and complex
Fn centers according to

ne = nF + 2nFsA/AFd, s8bd

whereA is the integral absorption in the 300–600 nm spec-
tral range as defined in Eq.(3), andAF is the corresponding
value for the F-center band from 210–290 nm. The factor
two takes into account that the oscillator strength of F2 and
other Fn centers is about half as large as that of F centers.25,31

From ne we can estimate the number of all electron centers
per single track and the energy to create a Frenkel pair in the
high-fluence regime

ne
s = ne/F and DEe = E/ne

s, s8cd

From the values listed in Table III, we note that at high
fluences, the efficiency does not strongly depend on the ion
beam and is much smaller than at low fluences.

IV. DISCUSSION

Similar to classical radiation withg rays, electrons, and
neutrons, the irradiation with energetic ion projectiles in-
duces single defects and also more complex defect aggre-
gates. The evolution of the electron center concentration sig-
nificantly depends on the beam parameters such as dose,
fluence, and energy loss.

First, we will discuss the low-fluence regime, character-
ized by the mean distance between ion trajectories being
much larger than the track radiusrF in which the F centers
are created. The interaction of defects with neighboring
tracks is in this case neglected, and the spectroscopic mea-
surements describe the properties of individual tracks. The
optical spectra are dominated by the absorption of simple
point defects such as F and F2 centers, without a significant
contribution of more complex Fn centers(with n=3,4). The

FIG. 7. Number of F centerssnF
sd and defect clusterssasd per

ion as a function of fluence for irradiations with(a) 170-MeV Ni,
and (b) 300-MeV Xe ions. The lines are guides to the eye.

FIG. 8. Evolution of F-center concentration per tracksnF
sd,

of total F-center concentrationsnFd, and of defect clusters per track
sasd vs dose for irradiations with(a) 31-MeV Ne and(b) 830-
MeV Pb ions. The lines are guides to the eye.
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ratio between F2 and F centers is around 0.03, similar to the
irradiation withg rays or fast electrons.

With increasing fluence, individual ion tracks start to
overlap leading to saturation ofnF and simultaneously to a
decrease ofnF

s. For all ion projectiles, the saturation value of
nF is within 30% around 331016 cm−2 s±30%d. The F-center
track radiusrF grows with the energy loss from,2 nm for
He ions up to,18 nm for Pb projectiles. Although this ra-
dius value is deduced with a simplified model(ignoring the
inhomogeneous dose distribution around the ion path) it ex-
plains why the track overlapping phenomena occur for light
projectiles at higher fluences than for heavy ions.

When tracks start to overlap, the aggregation of single F
centers forming Fn andnF centers becomes more and more
dominant. This effect is evident by the increase of defect
clusters per track as in the initial high fluence stage. At even
higher fluences,as reaches a maximum, and finally drops off
at highest fluences(similar to the evolution ofnF

s). When-
ever an additional projectile hits a preirradiated region, the
recombination of primary hole centers(characterized by their
high mobility) with F or Fn centers is efficient. The total
concentration of all electron centers in the saturation region
according to Eq.(8) for all ions is around 4–531019 cm−3.
Because electron and hole centers always appear in pairs, the
total defect concentration is as large as,8–1031019 cm−3.
This leads to a mean distance between individual defect cen-
ters of around 4 nm(,14 interatomic distances). Due to the
nonuniform dose deposition, the real distance between elec-
tron and hole centers close to the ion trajectory is probably
even smaller. From low-temperature experiments with KCl
crystals,30 it is known that stable F and H centers have a
spacing of 4–5 interatomic distances, whereas at smaller dis-
tances, complete recombination can occur via tunneling
processes.15,16,20

The dominance of recombination and aggregation pro-
cesses is also reflected in the F-center efficiency, which is
only for light ions comparable tog rays. In the nonoverlap-
ping fluence regime, we interpret the lower efficiency of
heavy projectiles as a direct signature of instantaneous re-
combination of primary Frenkel pairs as well as recombina-
tion of mobile primary hole centers with electron color cen-
ters in each track.16,17,20 These processes occur
predominantly close to the ion path where the density of
Frenkel pairs is high and the short distance between indi-
vidual defects facilitates recombination and aggregation. The
decrease of the F-center creation efficiency at higher fluences
(e.g., for Pb ions: at high fluenceDEe=3.5 keV compared to
DEF,1 keV at low fluence) can also be ascribed to more
pronounced recombination and aggregation processes taking
additional place in overlapping track regions.

We finally address the problem of identification and quan-
tification of defect complexes such as point defects(Fn cen-
ters), defect aggregates(nF centers), and metallic colloids. In
particular at high fluences, the bands of the different Fn cen-
ters strongly overlap and therefore can not be quantified. The

broad absorption in the relevant wavelength region also
makes the detection of small colloids impossible, which(ac-
cording to classical radiation experiments) should form when
a larger aggregate of halogen vacancies “collapses” to a me-
tallic alkali complex. In principle, colloid identification in
LiF can be performed by electron spin resonance(ESR).
However, several ESR tests did not reveal any clear signal.15

Assuming that colloid formation occurs exclusively in the
high-dose zone of the track core, we expect that the colloid
size and concentration is extremely small and probably be-
low the ESR sensitivity. In the track-overlapping regime, we
can identify the 225-nm band that was already earlier as-
signed to more extendednF aggregates and which does not
appear for single tracks. It should be mentioned that in an-
nealing experiments using high-fluence samples, there was
another band identified at 275 nm, which is also attributed to
defect aggregation in overlapping track regions13.

V. CONCLUSIONS

Optical spectroscopy of color centers created in LiF crys-
tals under room-temperature irradiation with MeV-GeV ions
shows several characteristic phenomena. In the low-fluence
regime, single ion tracks are well separated and the damage
process is dominated by the formation of simple color cen-
ters such as F and F2 centers. For heavy ions.Xed, the
efficiency for the creation of stable F centers is,1 keV,
which is about a factor of 2 lower than for light ionssøCd
andg rays. The energy density in ion tracks produced at high
stopping power is larger, and consequently the defect con-
centration increases significantly. At higher defect densities,
the distance between single defects is smaller facilitating ag-
gregation of individual electron(or hole) centers to defect
clusters and also defect annihilation by recombination of
hole and electron centers. The latter process determines the
limited efficiency of color-center creation under heavy-ion
irradiation.

At larger fluences where individual tracks overlap, the
total F-center concentration saturates as a function of ion
fluence, and thus the number of F centers per track de-
creases. The formation of defect aggregates becomes more
and more important and clearly depends on the stopping
power of the ions. The number of aggregates per track of
heavy projectiles is up to two orders of magnitude larger than
for light ions. It increases with fluence and finally surpasses
a maximum, similar as the single defects.
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