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We report on the observation of a fine structure in ion tracks in amorphous SiO2 using small angle x-ray
scattering measurements. Tracks were generated by high energy ion irradiation with Au and Xe between
27 MeV and 1.43 GeV. In agreement with molecular dynamics simulations, the tracks consist of a core
characterized by a significant density deficit compared to unirradiated material, surrounded by a high
density shell. The structure is consistent with a frozen-in pressure wave originating from the center of the
ion track as a result of a thermal spike.
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When penetrating a solid, swift heavy ions (SHI) lose
their energy predominately through inelastic interactions
with the target electrons. The resulting intense electronic
excitation can produce a narrow trail of permanent damage
along the ion path, a so called ion track. Tracks have been
observed in many materials, including semiconductors
[1,2], insulators [3–6] and various metals [7,8], beyond a
material dependent threshold value of electronic energy
loss [9,10]. The nature of ion track damage ranges from
subtle differences between track and matrix material such
as densification and plastic deformation in amorphous
materials (e.g., SiO2 [11] and glassy metals [12]), point
defect and defect cluster formation in ionic crystals (e.g.,
LiF [6] and CaF2 [13]) to amorphization of crystalline
materials (e.g., InP [2] and quartz-SiO2 [3,11]). Though
average structural properties of ion tracks can often be
inferred from macroscopic measurements (e.g., in amorphous SiO2 (a-SiO2 ) [11,14]), the inner track structure
remains extremely difficult to retrieve due to the lack of
sufficient contrast inherent with most techniques. Small
angle x-ray scattering (SAXS) provides an interesting
technique for determining structural details in ion tracks.
It has previously been used to study tracks in polymers, LiF
and mica [15–17]. In this Letter we report on new results
on ion track formation in a-SiO2 using synchrotron SAXS
measurements and molecular dynamics (MD) simulations.
The ion tracks were produced in thermally grown
a-SiO2 , 2 m thick, on Si(100) substrates by irradiation
with Au ions at energies between 27.4 and 185 MeV at the
ANU Heavy Ion Accelerator Facility and Xe ions with 0.64
and 1.43 GeV at the UNILAC accelerator at GSI in
Darmstadt, Germany. Fluences ranged between 3  1010
and 3  1011 ions=cm2 . Irradiation was performed at room
temperature with the incident ion direction normal to the
0031-9007=08=101(17)=175503(4)

sample surface. Details of the irradiation conditions are
listed in Table I. Thin SiO2 layers were utilized to achieve a
reasonably uniform energy loss over the extent of the layer
and hence uniform ion tracks. The average energy loss
given in Table I was estimated by SRIM2006 calculations
[18] and is virtually entirely due to electronic interactions.
The track structure was studied using synchrotron SAXS in
transmission geometry. The measurements were performed
at beam line 15ID-D of the Advanced Photon Source,
Argonne National Laboratories, USA, using an x-ray
wavelength of 1.1 Å (11:27 keV) and camera lengths of
555 and 1894 mm. Samples were prepared by locally
removing the Si substrate to isolate the thin SiO2 film
[19]. This enables measurements on the thin film only
and negates artifacts due to irradiation induced inhomogeneities in the Si substrate. Measurements were
performed with the sample surface aligned normal to the
x-ray beam, i.e., parallel to the ion tracks. The resulting
isotropic images were radially integrated around the beam
center. Scattering from an unirradiated SiO2 standard was
subtracted from all spectra. Figure 1 shows the scattering
intensities of samples irradiated with (a) Au and (b) Xe.
For the given fluence range, track overlap was negligible as
confirmed by an overlap model [20]. In this range the
scattering intensity scales with the ion fluence which corresponds to the number of tracks generated in the SiO2 [19]
and thus analysis of the scattering yields information about
the inner track structure of the (virtually) identical tracks.
The presence of oscillations in the scattering intensities is
indicative of a narrow distribution of track sizes with well
defined boundaries in the internal track structure. We assumed a cylindrically symmetric density distribution
within a track, consistent with continuous track formation
and approximately constant energy loss throughout the
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TABLE I. Ion irradiation parameters and fitting results from the SAXS analysis. Eirr denotes the initial ion energy, Eav the average
ion energy in the 2 m SiO2 layer, dE=dXav the average electronic energy loss, Rc the (mean) track core radius, Ts the (mean) shell
thickness, R ¼ Rc þ Ts the (mean) total track radius, s the density contrast in the shell with respect to the track core, and  the width
of the distribution in rc . The errors in the fitting parameters were estimated from systematic analysis of the correlations between them.
Ion
197

Au
Au
197
Au
197
Au
129 Xe
129 Xe
197

Eirr (MeV)

Eav (MeV)

dE=dXav (keV/nm)

Rc (Å)

Ts (Å)

R (Å)

s

 (Å)

27.4
54
89
185
644
1430

22.7
46.1
77.6
168.4
627.7
1426

4
7.5
11
16.5
16
13.6

5  1:5
10  1:5
13  1
16  1
12  2
92

19  2
32  1
36  1
38  2
31  2
31  3

24  2
42  1
49  1
54  1
43  2
40  3

0:12  0:05
0:2  0:08
0:3  0:05
0:45  0:10
0:41  0:15
0:3  0:15

1:4  0:2
1:5  0:3
1:8  0:2
2:1  0:2
2:7  0:3
2:0  0:3

SiO2 layer. This is further substantiated by measurements
of the tracks tilted with respect to the x-ray beam [19].
Radial symmetry was assumed in the amorphous material.
The simplest model that adequately fits the experimental
data requires a cylindrical core and shell with different
densities indicating the presence of a fine structure in the
ion track radial density distribution. The scattering amplitude for the given geometry can be written as [19,21]:

r
fðqr Þ ¼ 2L ð0  s Þ c J1 ðrc qr Þ
qr

rc þ ts
J1 ððrc þ ts Þqr Þ ;
þ s
qr
where L is the track length, 0 is the density contrast in the
core, s the density contrast in the shell, rc the core
diameter, ts the shell thickness, and J1 the Bessel function
of first order. The scattering intensity can then be written as


Z 1
ðrc  Rc Þ2
Iðqr Þ / pﬃﬃﬃﬃﬃﬃﬃ exp 
jfðqr Þj2 drc ;
22
2
assuming a narrow Gaussian distribution of track core radii
with a mean value of Rc . The distribution of shell thicknesses ts with a mean value of Ts was then fixed by scaling
the distribution in rc to Ts =Rc . The distributions account
for deviations from the model of perfectly aligned, monodisperse cylinders with abrupt boundaries. For the fits,
0 :¼ 1 was assumed and as such s describes the relative
density contrast in the cylinder shell with respect to that in
the core as compared to unirradiated a-SiO2 . The fits,
plotted as solid lines in Fig. 1, show excellent agreement
with the scattering data. The fitting parameters are listed in
Table I. A negative s is apparent for all irradiation conditions and represents an underdense core and an overdense shell (or vice versa) when compared to unirradiated
SiO2 . Given the net compaction of a-SiO2 under swift
heavy ion irradiation [22], the results are consistent with
a lower density core and a higher density shell.
We now discuss how these observations fit within existing models of track formation. It is widely accepted that
the later stages of track formation in insulators are well
described by a thermal spike (TS) formalism [23–26].

Within these models, the energy transferred to the substrate
electrons is dissipated to the lattice via electron-phonon
coupling resulting in a rapid increase in the local temperature surrounding the ion path. For comparison with our
measurements we have used an inelastic TS (i-TS) model
to calculate the ion track radii in a-SiO2 as a function of the
irradiation energy for Au and Xe [24–26]. These calculations were performed including the scenario of superheating, where the latent heat during the melting or boiling
phase transitions was ignored, leading to higher temperatures and faster cooling rates [27]. The values for Au
irradiation are shown in Fig. 2(a) together with our experimental results for the total track radii R ¼ Rc þ Ts (the
inset of Fig. 2(a) shows the corresponding calculations and
experimental data for Xe irradiation). In the TS model the
ion track is assumed to result from a rapid quench of the
molten phase, freezing in the related density changes. The
total track radii are thus associated with a cylinder where
the temperature exceeds the melting temperature of the
material. For a-SiO2 , where a gradual transition to the
molten phase occurs, an energy of 1.14 eV per molecule
of SiO2 (corresponding to a critical flow temperature of
2100 K) was chosen to calculate the total track radii and
yields good agreement with the total measured track radii.
Figure 2(b) shows the total measured track radii as a

FIG. 1 (color online). SAXS spectra of a-SiO2 as a function of
irradiation energy for (a) 197 Au and (b) 129 Xe irradiation. The
solid lines show the corresponding fits to the core-shell cylinder
model.
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FIG. 2 (color online). (a) Calculations of molten (R-TS) and
boiling (Rboil -TS) radii of Au irradiation (inset: Xe irradiation) in
a-SiO2 using an i-TS model. The symbols show measurements
of total track radii (R-SAXS, circles) and core radii (Rc -SAXS,
triangles). (b) Total track radii as a function of electronic energy
deposition measured by SAXS and obtained from MD simulations.

function of electronic stopping power. The values for the
Xe irradiations are approximately 10 Å smaller than those
for the Au irradiations at the same stopping powers. This
demonstrates the influence of the ion velocity in addition to
the ion energy and reflects the differences in the associated
energy densities (often referred to as the ‘‘velocity effect’’
[28]). Figure 2(a) also shows calculated radii where the
boiling point of SiO2 is exceeded (chosen as 5.1 eV per
molecule corresponding to a temperature of 7000 K) along
with the experimental results for the track core radii. This
criterion was previously applied to successfully describe
sputtering yields from quartz-SiO2 using swift heavy ions
[27]. The good agreement supports the simplistic view of a
frozen-in pressure wave originating from the center of the
track with a dilatation around the hot track core. We note
that in the context of the highly nonequilibrium process of
ion track formation, the use of equilibrium quantities must
be taken with some reservation. The agreement between
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experimental results and calculations, however, supports
the applicability of the i-TS model for a simple yet effective approach to estimate ion track dimensions in a-SiO2 .
Our formalism does not include a description of the
mass transport. Trinkaus [29] and Klaumünzer [23] have
developed a model combining the TS approach with mechanical equations describing ion tracks in amorphous
solids as frozen-in thermoelastic inclusions. Consistent
with our observation, an acoustic shock wave is emitted
caused by the sudden thermal expansion in the track center
[29]. The model can describe phenomena such as ion
hammering; however, to calculate the observed permanent
density changes in the track structure the constitutive
equations require modification and the dynamics of the
material transport must be included. To also model mass
transport during track formation, we have performed MD
simulations in amorphous and crystalline (quartz) SiO2
using the classical MD code PARCAS [30]. The atomic
interactions were calculated using the Watanabe Si-O
mixed system many-body potential [31,32]. The electronic
energy loss of the swift heavy ions inducing the tracks was
implemented by an instantaneous deposition of kinetic
energy in a random direction to the atoms in the simulation
cell. The cell sizes were 11:5  11:5  5:8 nm3 for a-SiO2
and 10:6  10:5  5:5 nm3 for quartz, with periodic
boundary conditions and a computation time of 50 ps.
The a-SiO2 was obtained with a Monte Carlo method
that ensured an ideal bonding environment, previously
shown to yield radial and angular distribution functions
in very good agreement with experiments [33]. In the x and
y directions, the last 0.5 nm at the borders of the computation cell were cooled by Berendsen temperature control
[34] to mimic the heat conduction further into the material.
The energy deposition profile was deduced from an i-TS
calculation for Au ions with 1:1 MeV=u energy at the
initial stage of the energy deposition (at about 100 fs).
This kinetic energy distribution was then scaled linearly to
approximately match the experimental irradiation conditions. The simulations reveal a glass transition temperature
of 2500  500 K and boiling temperature of 5500 
500 K for a-SiO2 under superheating conditions, both in
good agreement with the values used in the i-TS calculations. Figure 3 shows the radial density profiles derived
from the simulations for irradiated a-SiO2 . For all but the
lowest energy deposition (3:6 keV=nm) a track is formed
both in a-SiO2 and quartz, the latter not shown. All tracks
were comprised of a low density core and a higher density
shell in agreement with the SAXS measurements. The
dotted line shows for comparison a density profile extracted from SAXS measurements of the 185 MeV Au
irradiation. The track radii obtained from the MD simulations (determined as the radial distance where the density
of the shell falls to that of the unirradiated material) are
plotted in Fig. 2(b) and agree extremely well with the
measurements particularly given the approximative nature
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FIG. 3 (color online). Radial density profiles obtained from
MD simulations for a-SiO2 . The dashed line denotes the density
of unirradiated material. The dotted line shows for comparison a
density profile extracted from SAXS measurements of the
185 MeV Au irradiation.

of the initial energy deposition profile in the simulations.
Though the MD results did somewhat depend on the choice
of the energy deposition model, our tests of different
models (including time-dependent ones) showed that the
qualitative features of an underdense core and an overdense shell always remain the same above the track formation threshold.
In conclusion, synchrotron SAXS measurements and
MD simulations reveal a fine structure in swift heavy ion
tracks in a-SiO2 consisting of a core lower and a shell
higher in density when compared to unirradiated SiO2 . The
questions as to whether this fine structure is also present in
other materials or can be attributed to the density anomaly
existent in a-SiO2 remains open. In previous investigations
of ion tracks using SAXS, no comparable density profile
has been observed; however, our combination of thin film
technologies and synchrotron SAXS offers enhanced sensitivity to radial density variations and can be readily
applied to other materials.
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