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Swelling effects in lithium fluoride induced by swift heavy ions
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Using profilometry, large out-of-plane swelling was found when irradiating lithium fluoride with MeV to
GeV heavy ions. The effect scales with the range of ions and is linked to the electronic energy loss. Above a
critical energy loss of 4.2 keV/nm, ion-induced swelling increases by two to three orders of magnitude. The
threshold is much lower than 10 keV/nm required for track etching, suggesting swelling measurements as a
suitable technique for testing in particular nonamorphisable material sensitivity versus swift heavy-ion irradia-
tion. A quantitative comparison with data available from x-ray and neutron irradiations indicates that swelling
in LiF results from an intermediate defect zone in between the track halo~10–20 nm! consisting mainly of
single color centers and the track core~1–2 nm! identified by small-angle x-ray scattering.
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In a great number of different materials, radiation induc
considerable modifications such as a change of mechan
electric, optical, and thermal properties. Usually, the effec
based on the ability of energetic radiation to displace ato
directly or via electronic excitation from their equilibrium
position and to destroy local order in a crystalline matrix.
a consequence of the damage in the lattice, many irradi
solids react by a change of their volume dimensions. In v
ous materials, whether metals, semiconductors, or insula
this effect has been studied extensively by using, e.g., x r
electrons, and neutrons.1,2

More recently, considerable swelling was also discove
when irradiating different types of amorphizable oxide cry
tals @Al2O3 ~Refs. 3–5!, LiNbO3 ~Refs. 6 and 7!, Gd3Ga5O12

~Ref. 8!, and a-SiO2 ~quartz! ~Ref. 9!# with heavy ions of
energies in the MeV to GeV range. At such high energ
elastic collisions between the projectile ion and the tar
atoms can be neglected because the interaction is chara
ized by almost pure electronic excitation.

In this paper, we report on the appearance of a remark
out-of-plane swelling in nonamorphizable lithium fluorid
When irradiating single crystals with energetic ions, we h
noticed that in many cases the sample surface had bu
outward. At high ion fluences, the effect was sometimes
severe that spontaneous cleaving of the irradiated volu
from the unirradiated substrate occurred. In the followin
we will present the results of a systematic study using a w
selection of ion species of various energies.

We used 1-mm-thick single crystals of high-purity lithiu
fluoride cleaved along one of the~100! planes with a pol-
ished surface~optical quality!. The irradiations were per
formed with S and Cu ions at the 7 MV Van de Graa
tandem~Bruyères-le-Chaˆtel!, with C, O, Mo, and Pb ions a
the medium energy line of the GANIL accelerator~Caen!,
and with Kr, Au, and U ions at the UNILAC of the GS
~Darmstadt!. The flux of the ion beam was aroun
109 ions s21 cm22 at the tandem Van de Graaff accelera
and between 2 and 43108 ions s21 cm22 at the GANIL and
GSI accelerators. All samples were irradiated at room te
perature and under normal incidence to the sample surf
PRB 620163-1829/2000/62~1!/13~4!/$15.00
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About half of the surface area was masked in order to qu
tify the swelling effects in direct comparison with a virgi
area of the same sample. In the given geometry, the
were stopped in the upper part of the crystal and the f
expansion of the irradiated volume is only limited by th
constraint of the undamaged substrate. In some cases,
aluminum foils were placed in front of the crystals to redu
the energy of the ions when impinging on the sample s
face. The projected ion range was determined with the co
puter codeTRIM 89 ~Ref. 10! and is in good agreement wit
the thickness of the crystal layer in which color centers
created.11 Since the observed swelling will result from a
defects created along the ion path, the energy lossdE/dx of
a given ion was averaged along the full length of the ran
The most relevant parameters of the irradiations are liste
Table I.

The quantitative analysis of the out-of-plane swelling w
performed with a profilometer~Dektak 8000! where a high-
precision stage moves the sample beneath a diamond-ti
stylus over the border line between the virgin and irradia
areas of the crystal surface. The scans had typically a len
of several hundred micrometers. For samples with very la
swelling effects, strong bending of the whole crystal o
curred and sometimes microcracks at the borderline betw
the irradiated and virgin area disturbed the step height m
surements. The accuracy of the profilometer technique
limited by the roughness~cf. inset of Fig. 1! of the polished
surface of approximately 10 nm that allowed us to measu
minimum step height of 10–20 nm. Figure 1 shows t
height profiles of samples irradiated with lead and carb
ions ~inset! of different fluences. The swelling induced b
the carbon ions (11.1 MeV/u) led to a step height of only a
few tens of nanometers, while a maximum step of more th
700 nm was observed for Pb ions of 4 MeV/u.

For each sample, a mean step height was extracted f
several scans. In the case of light ions~C, O, and S!, this
averaged step as a function of the ion fluence exhibit
continuous linear increase, although an extremely high
ence of 231013 ions cm22 was applied. For heavier ions,
typical evolution of swelling is presented in Fig. 2. After a
13 ©2000 The American Physical Society
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14 PRB 62BRIEF REPORTS
initial linear increase, the swelling approaches satura
above fluences of several 1011 ions cm22. The saturation ef-
fect is attributed to the continuous increase of the irradia
part of the sample surface finally reaching a state when o
lapping of the damage zones of single tracks becomes
nificant. Such a situation can be described by a Poisson la11

from which the radius of the damage zone contributing
swelling can be deduced. A fit to our Pb data~solid line in
Fig. 2! gives a swelling radius of about 7 nm. For most oth
irradiations, the number of high-fluence data is too limit
for a quantitative analysis.

Another interesting observation concerns the influence
the irradiation parameters. For ions with approximately

FIG. 1. Profilometer scans from virgin~left! to irradiated~right!
area of crystals exposed to Pb~4 MeV/u! of ~a! 1.231011 cm22,
~b! 331011 cm22, ~c! 631011 cm22, and ~d! 1.231012 cm22

and to C ions~11.1 MeV/u! of 631012 cm22 ~inset!.

TABLE I. Irradiation parameters@ion species, specific energ
~MeV per nucleon!, range, maximum applied fluenceFmax, aver-
aged energy loss (dE/dx)] and experimental data of the initia
swelling per ionD l /DF.

Ion
Energy

~MeV/u!
Range
~mm!

Fmax

~ion/cm2!
dE/dx

~keV/nm!
D l /DF
~cm3!

13C 11.1 246 131013 0.6 3.3310219

18O 9.5 166 131013 1.0 6.1310219

5.7 76 131013 1.4 3.9310219

32S 1.6 12 231013 4.3 1.8310218

36S 11.2 133 431012 3.0 4.3310218

5.2 46 431012 4.0 3.3310218

63Cu 1.0 10 231013 6.1 3.0310218

86Kr 11.4 98 631011 10.0 9.0310217

92Mo 4.3 35 131012 11.6 6.0310217

1.6 17 131013 8.8 7.6310218

197Au 2.2 25 431011 17.3 4.6310217

5.4 49 631011 21.8 1.1310216

10.7 89 431011 23.7 1.2310216

208Pb 4.0 38 131012 21.9 1.1310216

1.8 21 931011 17.8 4.5310217

1.4 18 131012 16.5 6.7310217

209Bi 3 33 731011 20.3 6.1310217

9 77 731011 24.6 1.9310216

238U 2.4 30 231011 19.3 5.8310217

3.6 39 231011 21.8 8.3310217
n
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same range, the swelling scales with the mean energy
~cf. curvesa andc in Fig. 2! and for ions of approximately
the same mean energy loss@cf. Table I,32S ~1.6 MeV/u! and
36S (5.2 MeV/u)#, the step height per ion is higher for large
ranges. These observations are in good agreement with
lier findings.3,7–9

In order to compare the swelling of different ion specie
the relative contribution of a single ion plotted as a functi
of the mean energy loss is presented in Fig. 3~the uncer-
tainty of the energy loss is assumed to be 15% and for cla
reasons not shown for all data!. For this, the initial swelling
rateD l /DF was deduced from the slope of the step heigh
the linear fluence regime~cf. Table I!. In a first approxima-
tion, this value was normalized by the projected ion ran
We chose a semilogarithmic scale to underline the extrem
small swelling effect of carbon ions and the increase by t
to three orders of magnitude for heavier ions of energy los
larger than 4 keV/nm. In a linear presentation, a straight l
fits to the experimental data intercepting the abscissa a
energy loss of (dE/dx)c53.261.1 keV/nm. This value can
be regarded as a threshold that has to be surpassed befo
dimensional change can occur. It also tells us that for a
gion of typically 1–3mm close to the stopping end of the io
path~and for the36S ions of 11.2 MeV/u also a larger region
close to the crystal surface!, the critical energy loss is no
reached and therefore does not contribute to swelling. T
effect was taken into account by subtracting for each ion

FIG. 2. Step height as a function of the fluence for irradiatio
with ~a! Pb (4 MeV/u), ~b! Pb (1.4 MeV/u), and ~c! Mo
(4.3 MeV/u) ions.

FIG. 3. The initial swelling (D l /DF) normalized by the ion
range vs the mean energy loss.
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subthreshold part of the trajectory from the projected ran
As in earlier studies,8,9 the value for the normalized swellin
and for the mean energy loss was adjusted in several step
an iterative procedure. It finally leads to a slightly high
threshold value of (dE/dx)c54.261.4 keV/nm. Local varia-
tions of track parameters such as discontinuity, inhomoge
ity of the damage, or change of the track radius along the
path do not influence this result since the volume swelling
an effect integrated along the full length of the damaged
path.

We tried to complement the present profilometer m
surement by using other physical characterization te
niques, e.g., Rutherford backscattering under channe
condition ~RBS/C!. Unfortunately, a reliable analysis turne
out to be problematic because LiF crystals are very radia
sensitive and therefore easily damaged under the bomb
ment witha particles.12 The same argument applies for hig
resolution electron microscopy, making direct imaging
tracks in LiF very difficult. Finally, the surface of ion
irradiated LiF was studied by atomic force microsco
~AFM!,13 imaging the impact zones of single ions as hilloc
with a few nanometers in height and several tens of nan
eters in diameter. The volume of such hillocks is by o
to two orders of magnitude smaller than the volume cha
per ion observed when scanning with the profilometer
from the virgin to the irradiated crystal area~cf. D l /DF in
Table I!.

In this section, we shall discuss possible explanations
ion induced swelling. In the case of oxide materials@e.g.,
Gd3Ga5O12 ~Refs. 8, 14, and 15! and a-SiO2 ~Refs. 9 and
16!#, the situation is rather straight forward because swell
can be interpreted as a change of density due to a trans
from the crystalline to the amorphous phase.14–17In addition,
the energy loss threshold of swelling is in good agreem
with the threshold for amorphisation as determined
RBS/C ~Refs. 8, 9, and 14–16! in combination with high-
resolution electron microscopy.14–16 In LiF, the situation is
different because amorphization is not expected for crys
with such a strong ionic binding character. It is more like
that swelling originates from the formation of specific d
fects. In a series of recent experiments,11,18,19 it was shown
that ion tracks in LiF have a rather complex damage str
ture, namely, a track core with defect clusters surrounded
a much larger halo with mainly single color centers. Simi
as under conventional radiation, all species of ions cre
single defects around the ion trajectory in a region of up
several tens of nanometers. The situation is different for
track core which is exclusively created by heavy projectil
The existence of this core has been evidenced by a hi
anisotropic small-angle x-ray scattering~SAXS! pattern and
is ascribed to a change of the electron density within a c
inder radius of 1–2 nm.11,18 Most likely, defect clusters in
this narrow track zone are also responsible for the fact
above a critical energy loss of 10 keV/nm, tracks of hea
ions can be attacked by a suitable etchant.20–23Although the
nature of this specific damage induced by heavy ions has
been uncovered so far, it is assumed that defect aggreg
such as small Li colloids and fluorine and vacancy clust
are responsible for the observed effects.

For a more quantitative analysis of the here descri
swelling, we compared our results with structural expans
e.
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data due to conventional radiation. In a dose regime tha
dominated by the creation of single Frenkel defects, deta
experimental data are available from x-ray diffractio
dilatometry, and high-precision density measurements.24 The
contribution of single Frenkel defects in our samples w
deduced by measuring theF-center concentration using op
tical absorption spectroscopy. If we assume that the rela
changeD l / l of the linear dimension of the crystal corre
sponds to the relative volume change, theF centers due to
the irradiation with carbon and oxygen ions lead to a s
height in good agreement with our profilometer measu
ment. The situation is quite different for heavier ions with
stopping power larger than 4 keV/nm where the volume
pansion due to the creation of color centers is by one or
orders of magnitude smaller than the swelling observed.
contribution of small aggregate centers~e.g.,F2 or F3 cen-
ters! is also not significant because their concentration is
ways much smaller. We conclude that single defects~or
small aggregates! in the track halo of heavier-ion species d
not give a significant contribution to the swelling observ
here.

Another estimation can be made, considering data av
able from high-dose irradiations with thermal neutrons up
a fluence of 1020cm22.25,26 The radiation damage mainl
originates froma and tritium particles from fission processe
@6Li ( n,a) 3H#, resulting in a homogeneous dose distrib
tion in the entire crystal volume. It was demonstrated that
to a fluence of 231017 neutrons cm22 ~corresponding to a
dose of about 10 MGy and a volume increase of less t
0.6%!, swelling increases linearly with the number of Fre
kel pairs, whereas at higher doses nonlinear effects app
They are ascribed to the formation of more complex defe
such as molecular fluorine inclusions and lithium colloid
For a comparison of our results with the neutron data,
consider the Pb irradiation in the linear fluence regime~cf.
Fig. 2! at 331011 ions cm22, corresponding to a total dose o
about 4 MGy. In this situation, the ion induced swellingD l / l
is around 1.2%. If we assume that thisD l / l corresponds to
the total volume increase relaxed towards the sample surf
such a swelling is reached by neutron irradiation only fo
dose above 30 MGy. Concluding this estimation, it should
emphasized that a direct comparison of the ion and neu
irradiation is certainly problematic because it does not c
sider that each ion deposits the energy with a radial distri
tion of approximately 1/r 2 ~where r is the radial distance
from the ion trajectory!.

In order to take into account the radial distribution of t
deposited energy, some known parameters of the track
can be used for a quantitative estimate of the swelling o
single track. According to SAXS experiments, the track co
of Pb ions has a radius of about 1.5 nm.11 Based on model
calculations,11,27,28it can be assumed that for each individu
track only 30% of the total energy is deposited in this sm
cylindrical core. For Pb ions of 4 MeV/u, this corresponds to
a dose of about 70 MGy. At such a high dose, neutr
induced volume swelling has reached a saturation value
approximately 20%, whileD l / l ~as estimated from the dat
in Table I! gives almost 60% for the track core of Pb ion
Such a large value of swelling does not seem to be of r
istic significance strongly suggesting that the zone contrib
ing to swelling must be larger than the SAXS radius. A fi
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evidence for such an intermediate swelling radius is obtai
from the fit of the swelling data of Pb ions in Fig. 2, where
radius of about 7 nm can well describe the saturation beh
ior. In addition, assuming intermediate swelling radius,
volume increase of each track corresponds to 2.6%~for a
dose of 6 MGy deposited in the track!, which seems to be
more reasonable.

Concluding our results, it has to be pointed out that ab
a linear energy transfer of 4.2 keV/nm, the irradiation of L
with heavy ions leads to an unexpected large volume exp
sion. The resulting out-of-plane swelling scales with t
range and with the energy loss of the projectiles. The ef
is about one to two orders of magnitude larger than expe
from single Frenkel pairs. Consequently, it is reasonable
assume that single defects do not contribute significantly
mainly defect clusters such as small Li colloids and vaca
and molecular fluorine clusters are responsible for i
induced swelling.
.

M

d

v-
e

e

n-

ct
d

to
ut
y
-

A quantitative comparison with data from convention
radiations and track parameters known from SAXS exp
ments indicates that the zone responsible for swelling co
sponds to a cylinder with an intermediate radius, i.e., sma
than the zone in which mainlyF centers are created, bu
significantly larger than the SAXS radius.

The second important finding is that specific radiation
fects due to collective electronic excitation processes
heavy-ion tracks can be evidenced via swelling experime
In LiF this occurs at a much lower energy loss than reveal
of ion tracks by chemical etching (dE/dx510 keV/nm). It
should be emphasized that profilometry as an extremely
sitive and destruction-free method seems to be in partic
suitable for nonamorphizable materials which are difficult
study by other means.

We would like to thank F. Eisele for his contribution t
the profilometer measurements.
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