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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 (@620 nm consisting mainly of
single color centers and the track cdfie-2 nm) identified by small-angle x-ray scattering.

In a great number of different materials, radiation inducesAbout half of the surface area was masked in order to quan-
considerable modifications such as a change of mechanicdify the swelling effects in direct comparison with a virgin
electric, optical, and thermal properties. Usually, the effect iarea of the same sample. In the given geometry, the ions
based on the ability of energetic radiation to displace atomsvere stopped in the upper part of the crystal and the free
directly or via electronic excitation from their equilibrium expansion of the irradiated volume is only limited by the
position and to destroy local order in a crystalline matrix. Asconstraint of the undamaged substrate. In some cases, thin
a consequence of the damage in the lattice, many irradiatesluminum foils were placed in front of the crystals to reduce
solids react by a change of their volume dimensions. In varithe energy of the ions when impinging on the sample sur-
ous materials, whether metals, semiconductors, or insulatorface. The projected ion range was determined with the com-
this effect has been studied extensively by using, e.g., x rayguter coderriM 89 (Ref. 10 and is in good agreement with
electrons, and neutrong. the thickness of the crystal layer in which color centers are

More recently, considerable swelling was also discoveredreated! Since the observed swelling will result from all
when irradiating different types of amorphizable oxide crys-defects created along the ion path, the energy ddsslx of
tals[Al,O; (Refs. 3—3, LiINbO; (Refs. 6 and ¥, Gd;Ga;O,,  a given ion was averaged along the full length of the range.
(Ref. 8, and a-SiO, (quart? (Ref. 9] with heavy ions of The most relevant parameters of the irradiations are listed in
energies in the MeV to GeV range. At such high energiesTable I.
elastic collisions between the projectile ion and the target The quantitative analysis of the out-of-plane swelling was
atoms can be neglected because the interaction is charact@erformed with a profilomete(Dektak 8000 where a high-
ized by almost pure electronic excitation. precision stage moves the sample beneath a diamond-tipped

In this paper, we report on the appearance of a remarkablkgylus over the border line between the virgin and irradiated
out-of-plane swelling in nonamorphizable lithium fluoride. areas of the crystal surface. The scans had typically a length
When irradiating single crystals with energetic ions, we hadf several hundred micrometers. For samples with very large
noticed that in many cases the sample surface had bulgevelling effects, strong bending of the whole crystal oc-
outward. At high ion fluences, the effect was sometimes saurred and sometimes microcracks at the borderline between
severe that spontaneous cleaving of the irradiated volumthe irradiated and virgin area disturbed the step height mea-
from the unirradiated substrate occurred. In the following,surements. The accuracy of the profilometer technique was
we will present the results of a systematic study using a widéimited by the roughnesgf. inset of Fig. 1 of the polished
selection of ion species of various energies. surface of approximately 10 nm that allowed us to measure a

We used 1-mm-thick single crystals of high-purity lithium minimum step height of 10-20 nm. Figure 1 shows the
fluoride cleaved along one of tHa00) planes with a pol- height profiles of samples irradiated with lead and carbon
ished surface(optical quality. The irradiations were per- ions (inse} of different fluences. The swelling induced by
formed with S and Cu ions at the 7 MV Van de Graaff the carbon ions (11.1 MeV) led to a step height of only a
tandem(Bruyeres-le-Chgel), with C, O, Mo, and Pb ions at few tens of nanometers, while a maximum step of more than
the medium energy line of the GANIL accelerat@aer), 700 nm was observed for Pb ions of 4 MeV/
and with Kr, Au, and U ions at the UNILAC of the GSI For each sample, a mean step height was extracted from
(Darmstadt. The flux of the ion beam was around several scans. In the case of light iof@, O, and $, this
10%ions s *cm 2 at the tandem Van de Graaff acceleratoraveraged step as a function of the ion fluence exhibits a
and between 2 and>10®ionsstcm 2 at the GANIL and  continuous linear increase, although an extremely high flu-
GSI accelerators. All samples were irradiated at room temence of 2< 10" ions cmi 2 was applied. For heavier ions, a
perature and under normal incidence to the sample surfacepical evolution of swelling is presented in Fig. 2. After an
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TABLE |I. Irradiation parametergion species, specific energy

(MeV per nucleol, range, maximum applied fluenee,,.,, aver- |
aged energy lossdE/dx)] and experimental data of the initial _
swelling per ionAl/AD. g
Energy Range @4 dE/dx Al/AD g" _
lon  (MeV/u) (um) (ionfcn?) (keV/inm) (cm®) = |
2
Bc 11.1 246 x 101 0.6 3.3x10° % ” .
8o 9.5 166 K10t 1.0 6.1x1071° -
5.7 76 X103 1.4 3.9x1071°
323 1.6 12 108 4.3 1.8x10718 0.0 4.0x10''  8.0x10!!  1.2x10"2
36g 11.2 133 & 1012 3.0 4310718 fluence (ions/cm 2)
5.2 46 4x 10% 4.0 3.3x10718
63Cy 1.0 10 2 103 6.1 3.0< 10718 FIG. 2. Step height as a function of the fluence for irradiations
SGKr 11.4 98 ®<1011 10.0 9.0 10—17 with (a) Pb (4 MeV/U), (b) Pb (14 MeVU), and (C) Mo
Mo 43 3B 1x102 116 6107 (43MeVi)ions.
1.6 17 1x 108 8.8 7.6x10°18
1975, 29 25 4 10H 17.3 4.6<10°Y7 same range, the swelling scales with the mean energy loss
5.4 49 6x 1011 21.8 1.1x10-6  (cf. curvesa andc in Fig. 2) and for ions of approximately
10.7 89 <10 237  1210°16  the same mean energy Idss. Table 1,%°S (1.6 MeV/u) and
208p}y 40 38 H 102 21.9 11x10-%  °°S(5.2MeVW)], the step height per ion is higher for larger
_ ranges. Th rvations are in reement with ear-
18 21 ax 10 17.8 4_5<10_17 Iingfas(,jin Sgys;a_gobse ations are in good agreement with eal
1.4 18 1x102 165  6.x10°Y 9 . . . .
2005, 3 23 7% 10M 20.3 6.1 10- 17 In ord_er to compare the sw_ellmg_of different ion species,
9 77 7% 101 24.6 1.9¢10°16 the relative contribution of_a single ion plottgd as a function
239 24 20 ¢ 101 10.3 5 8¢ 1017 of. the mean energy Ios; is presented in Figtt® uncer- _
3'6 29 o 1OM 21'8 8'3( 1017 tainty of the energy loss is assumed to be 15% and for clarity

reasons not shown for all datdor this, the initial swelling
rateAl/A® was deduced from the slope of the step height in
S . . ._the linear fluence regimef. Table ). In a first approxima-
initial linear increase, the swelling approaches saturatiog,, " ths value was normalized by the projected ion range.
aboye flue_nces of several leons cm - The saturation e_f- \We chose a semilogarithmic scale to underline the extremely
fect is attributed to the continuous increase of the irradiated | swelling effect of carbon ions and the increase by two
part of the sample surface finally reaching a state when ove, e orders of magnitude for heavier ions of energy iosses

lapping of the damage zones of single tracks be?OfSﬁS S9arger than 4 keV/nm. In a linear presentation, a straight line
nificant. Such a situation can be described by a Poissott lawsjis"14 the experimental data intercepting the abscissa at an

from which the radius of the damage zone contributing toenergy loss of §E/dx).= 3.2+ 1.1 keV/nm. This value can
c=3.2+1. .

S\_/velling_ can be doilquceda_A fit tobour Pb désalid line in h be regarded as a threshold that has to be surpassed before the
Fig. 2) gives a swelling radius of about 7 nm. For most othery;ansional change can occur. It also tells us that for a re-

irradiations, the number of high-fluence data is too Iimitedgion of typically 1~3um close to the stopping end of the ion

for a quantitative analysis. _ _ ath(and for the®s ions of 11.2 MeW also a larger region
Another interesting observation concerns the influence o lose to the crystal surfagethe critical energy loss is not

the irradiation parameters. For ions with approximately thee,cheq and therefore does not contribute to swelling. This
effect was taken into account by subtracting for each ion the
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and to C iong11.1 MeVd) of 6x 10*2cm™2 (insed. range vs the mean energy loss.
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subthreshold part of the trajectory from the projected rangedata due to conventional radiation. In a dose regime that is
As in earlier studie&? the value for the normalized swelling dominated by the creation of single Frenkel defects, detailed
and for the mean energy loss was adjusted in several steps bxperimental data are available from x-ray diffraction,
an iterative procedure. It finally leads to a slightly higherdilatometry, and high-precision density measuremé&htie
threshold value ofdE/dx).= 4.2+ 1.4 keV/nm. Local varia- contribution of single Frenkel defects in our samples was
tions of track parameters such as discontinuity, inhomogenededuced by measuring tliecenter concentration using op-
ity of the damage, or change of the track radius along the iotical absorption spectroscopy. If we assume that the relative
path do not influence this result since the volume swelling ichangeAl/l of the linear dimension of the crystal corre-
an effect integrated along the full length of the damaged iorsponds to the relative volume change, theenters due to
path. the irradiation with carbon and oxygen ions lead to a step
We tried to complement the present profilometer meaheight in good agreement with our profilometer measure-
surement by using other physical characterization techment. The situation is quite different for heavier ions with a
niques, e.g., Rutherford backscattering under channelingtopping power larger than 4 keV/nm where the volume ex-
condition (RBS/O. Unfortunately, a reliable analysis turned pansion due to the creation of color centers is by one or two
out to be problematic because LiF crystals are very radiatio@rders of magnitude smaller than the swelling observed. The
sensitive and therefore easily damaged under the bombarg@ontribution of small aggregate centdesg.,F, or F5 cen-
ment with« particlest? The same argument applies for high- ters is also not significant because their concentration is al-
resolution electron microscopy, making direct imaging ofways much smaller. We conclude that single defects
tracks in LiF very difficult. Finally, the surface of ion- Ssmall aggregatgsn the track halo of heavier-ion species do
iradiated LiF was studied by atomic force microscopynot give a significant contribution to the swelling observed
(AFM),*%imaging the impact zones of single ions as hillockshere.
with a few nanometers in height and several tens of nanom- Another estimation can be made, considering data avail-
eters in diameter. The volume of such hillocks is by oneable from high-dose irradiations with thermal neutrons up to
to two orders of magnitude smaller than the volume change fluence of 1&cm 225 The radiation damage mainly
per ion observed when scanning with the profilometer tiporiginates froma and tritium particles from fission processes
from the virgin to the irradiated crystal aréef. AI/A® in [6Li(n,a) 3H], resulting in a homogeneous dose distribu-
Table ). tion in the entire crystal volume. It was demonstrated that up
In this section, we shall discuss possible explanations foto a fluence of % 10" neutrons cm? (corresponding to a
ion induced swelling. In the case of oxide materipdsg., dose of about 10 MGy and a volume increase of less than
GdGa0,, (Refs. 8, 14, and )5and «-SiO, (Refs. 9 and  0.6%), swelling increases linearly with the number of Fren-
16)], the situation is rather straight forward because swellingel pairs, whereas at higher doses nonlinear effects appear.
can be interpreted as a change of density due to a transitiorhey are ascribed to the formation of more complex defects
from the crystalline to the amorphous pha&e-’In addition,  such as molecular fluorine inclusions and lithium colloids.
the energy loss threshold of swelling is in good agreemenkor a comparison of our results with the neutron data, we
with the threshold for amorphisation as determined byconsider the Pb irradiation in the linear fluence regifcie
RBS/C (Refs. 8, 9, and 14—16n combination with high- Fig. 2) at 3x 10**ions cm?, corresponding to a total dose of
resolution electron microscoﬁi}.‘16 In LiF, the situation is about 4 MGy. In this situation, the ion induced swellifaty|
different because amorphization is not expected for crystalss around 1.2%. If we assume that tii$/| corresponds to
with such a strong ionic binding character. It is more likely the total volume increase relaxed towards the sample surface,
that swelling originates from the formation of specific de-such a swelling is reached by neutron irradiation only for a
fects. In a series of recent experimehitd®*°it was shown dose above 30 MGy. Concluding this estimation, it should be
that ion tracks in LiF have a rather complex damage strucemphasized that a direct comparison of the ion and neutron
ture, namely, a track core with defect clusters surrounded bifradiation is certainly problematic because it does not con-
a much larger halo with mainly single color centers. Similarsider that each ion deposits the energy with a radial distribu-
as under conventional radiation, all species of ions creattion of approximately ¥? (wherer is the radial distance
single defects around the ion trajectory in a region of up tdrom the ion trajectory.
several tens of nanometers. The situation is different for the In order to take into account the radial distribution of the
track core which is exclusively created by heavy projectilesdeposited energy, some known parameters of the track size
The existence of this core has been evidenced by a highlgan be used for a quantitative estimate of the swelling of a
anisotropic small-angle x-ray scatteri@@AXS) pattern and  single track. According to SAXS experiments, the track core
is ascribed to a change of the electron density within a cylof Pb ions has a radius of about 1.5 AhBased on model
inder radius of 1-2 nm**® Most likely, defect clusters in calculations:>?"%jt can be assumed that for each individual
this narrow track zone are also responsible for the fact thatrack only 30% of the total energy is deposited in this small
above a critical energy loss of 10 keV/nm, tracks of heavycylindrical core. For Pb ions of 4 MeVj this corresponds to
ions can be attacked by a suitable etctfdnt’ Although the a dose of about 70 MGy. At such a high dose, neutron-
nature of this specific damage induced by heavy ions has natduced volume swelling has reached a saturation value of
been uncovered so far, it is assumed that defect aggregatapproximately 20%, whilé\l/l (as estimated from the data
such as small Li colloids and fluorine and vacancy clustersn Table |) gives almost 60% for the track core of Pb ions.
are responsible for the observed effects. Such a large value of swelling does not seem to be of real-
For a more quantitative analysis of the here describedstic significance strongly suggesting that the zone contribut-
swelling, we compared our results with structural expansionng to swelling must be larger than the SAXS radius. A first
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evidence for such an intermediate swelling radius is obtained A quantitative comparison with data from conventional
from the fit of the swelling data of Pb ions in Fig. 2, where aradiations and track parameters known from SAXS experi-
radius of about 7 nm can well describe the saturation behavments indicates that the zone responsible for swelling corre-
ior. In addition, assuming intermediate swelling radius, thesponds to a cylinder with an intermediate radius, i.e., smaller
volume increase of each track corresponds to 2(68%6a than the zone in which mainlf centers are created, but
dose of 6 MGy deposited in the tra¢kwhich seems to be significantly larger than the SAXS radius.
more reasonable. _ _ The second important finding is that specific radiation ef-
Concluding our results, it has to be pointed out that abovgects due to collective electronic excitation processes in
alllnear energy transfer of 4.2 keV/nm, the irradiation of LiF heavy-ion tracks can be evidenced via swelling experiments.
with heavy ions leads to an unexpected large volume expans, | e this occurs at a much lower energy loss than revealing

sion. The resulting out-of-plane swelling scales with the fi - : _
. . > ion tracks by chemical etchingdg/dx=10keV/nm). It
range and with the energy loss of the projectiles. The eﬁeC?hould be empzasized that profilgjrfetry as an extrerr)1ely sen-

is about one to two orders of magnitude larger than expected.,,. . . d
from single Frenkel pairs. Consequently, it is reasonable tc?'t'.ve and destructlon—free method seems 'to be in 'pr.:\rtlcular
assume that single defects do not contribute significantly blﬁ,wtable for nonamorphizable materials which are difficult to
mainly defect clusters such as small Li colloids and vacancf‘tUdy by other means.

and molecular fluorine clusters are responsible for ion- We would like to thank F. Eisele for his contribution to
induced swelling. the profilometer measurements.
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