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Abstract. We studied by means of an atomistic model based on molecular dynamics the thermal evolu-
tion of surface atoms in amorphous silica under high electronic excitation produced by irradiation with
swift heavy ions. The model was validated with the total and differential yields measured in sputtering
experiments with different ions and ion energies showing a very good quantitative prediction capability.
Three mechanisms are behind the evolution of the surface region: (1) an ejection mechanism of atoms
and clusters with kinetic energy exceeding their binding energy to the sample surface, which explains the
experimentally observed angular distributions of emitted atoms, and the correlation of the total sputtering
yield with the electronic stopping power and the incidence angle. (2) A collective mechanism of the atoms
in the ion track originated by the initial atom motion outwards the track region subsequently followed by
the return to the resulting low-density region in the track center. The collective mechanism describes the
energy dissipation of bulk atoms and the changes in density, residual stress, defect formation and optical
properties. (3) A flow mechanism resulting from the accumulation and subsequent evolution of surface

atoms unable to escape. This mechanism is responsible for the crater rim formation.

1 Introduction

High electronic excitation induced in dielectric mate-
rials, such as silica and quartz, by ions with energies
exceeding 0.1 MeV/amu has gained interest for a num-
ber of new applications, e.g., waveguide manufacturing,
etching techniques and fine tuning of physical proper-
ties [1-7]. High electronic excitation also plays a role
in a number of important phenomena in new irradi-
ation facilities, e.g., nuclear fusion research facilities,
large accelerators and intense laser facilities [8-12] and
it is the basis for studies of interstellar objects wan-
dering in space for millions of years before impacting
on Earth [13, 14]. Tons in this regime transmit their
kinetic energy to the electronic system of the irradi-
ated materials through ion—electron collisions that pro-
duce high energy electrons (8-electrons). Subsequently,
a myriad of events takes place in a sub-ps timescale:
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impact ionization, carrier scattering, Auger recombi-
nation and exciton formation [15-18]. Energy stored
in the electronic system is eventually transmitted to
the atomic system at longer times (from tens to hun-
dreds of ps) [15]. We can consider that the energy
transfer to the lattice and the subsequent evolution
takes place in a much longer timescale than the ini-
tial electronic evolution. This evolution eventually leads
to electronic sputtering, defect formation and changes
in the physicochemical properties of the material [10,
12, 15, 19] and it is the object of our study. These
final changes can be characterized by several experi-
mental techniques [10-12, 19-23] and described with
different theoretical models [23-32]. Unfortunately, no
model can accurately describe all the processes due to
the disparate timescales involved. Thus, a description
of the electronic evolution can be done through ab initio
models, appropriate for sub-ps times and small systems
(thousands of atoms) [33-35]. With a lesser degree of
accuracy, kinetic models can follow the electronic evo-
lution for longer timescales and larger systems [36]. On
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the other hand, atomistic models based on molecular
dynamics are useful to describe hot lattice evolution
and therefore, effects such as amorphization, defect pro-
duction, modification of properties or emission of sur-
face atoms [37-43].

We discussed ion irradiation-induced high electronic
excitation effects in bulk silica in a previous paper [44]
with the aid of an atomistic model that provides quan-
titative results on track formation and explains the
observed density changes, stress generation, defect pro-
duction and, consequently, the modification of the opti-
cal properties. The model was successfully validated
with experimental results.

Surface effects on amorphous silica were experi-
mentally characterized by atom emission distributions
[19-22, 3740, 45, 46]. These works analyzed the influ-
ence of the electronic stopping power, ion charge, inci-
dence angle, polar and azimuthal emission angle, etc.
A thermal emission was inferred from the results, as
opposed to the jet emission observed in other mate-
rials, like LiF [19-22, 3740, 45, 46]. In addition, the
final crater structure was observed at different fluences
[47, 48] and it was related to the density variations and
residual stress [5]. However, the mechanisms responsi-
ble for these surface effects are not well described. The-
oretical models were developed to this aim, but they
provided only a partial explanation [19, 25, 32, 46].

In this work, we study silica surface emission induced
by irradiation with ions of high electronic stopping
power (Se > 4 keV/nm). We use an atomistic model to
quantify the atom emission induced by electronic sput-
tering and to study the resulting crater formation. The
model was validated with experimental results obtained
with different ions over a broad range of ion energies.
We ascribe the observed surface evolution to a ther-
mal process consisting of three mechanisms: (1) an ejec-
tion mechanism characterized by a dissipation of energy
based on atom emission; (2) a flow mechanism produced
by the surface atom energy dissipation and (3) a collec-
tive mechanism of energy dissipation in bulk silica by
radial displacements.

2 Swift ion-induced atom emission
experiments on silica

In this section, we briefly summarized the available
experimental data on surface emission upon swift ion
irradiation. The total atom emission yield is directly
measured by means of in situ ERDA (elastic recoil
detection analysis) experiments during irradiation [49].
Experiments to determine differential emission yield are
based on a catcher to capture the emitted atoms [19-23,
46, 50]. A schematic drawing of a catcher for this kind of
experiments is shown on Fig. 1a. The catchers are ana-
lyzed ex situ with different techniques, e.g., ion beam
techniques as ERDA, RBS (Rutherford backscattering
spectrometry) or NRA (nuclear reaction analysis).
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A few experimental campaigns were devoted to the
study of emission from silica surface upon swift ion irra-
diation. For modeling purposes, the most interesting
ones were performed with the ion charge state in equi-
librium, [21-23, 49, 50] because in this situation the
electronic stopping power (S.) can be estimated with
the SRIM code [51]. The results show that the emit-
ted oxygen to silicon ratio is 2:1, i.e., the stoichiometric
relation of the material is preserved [23]. In the case of
glancing incidence (o < 30°), one can find experiments
carried out with ions of stopping powers in a broad
range (up to Se ~ 20 keV/nm) [22, 23, 49]. There are
fewer reported experiments for higher incidence angles
due to the significant difficulties associated with those
experiments. However, some experiments are available,
even at normal incidence (o = 90°), which requires,
a special annular detector located a few mm over the
irradiation spot [21, 50]. As shown in Fig. 2, the total
emission yield becomes important only above a certain
threshold value for electronic stopping power. The rela-
tion between the total emission yield (Y) and the stop-
ping power follows the expression:

Y =ES?, (1)

where E is a fitting parameter and n ~3, typically,
according to experiments [24].

The incidence angle plays a very important role, as
shown in Fig. 2. The analysis of series obtained with
constant stopping power (ion energy) and varying inci-
dence angle, indeed, show that the lower the incidence
angle, the higher the emission that is measured. In this
case, we can describe the dependency through the fol-
lowing expression:

Y = Yyosin~%(a), (2)

where Ygq is the total yield in normal incidence exper-
iments and d~1.65 according to Ref. [23]. We fitted the
experimental values obtained with o = 19°-20° with the
aid of Eq. (1). The result is the continuous line in Fig. 2.
Then, by means of Eq. (2), we obtained a curve for
Ygo (purple dashed line). The few experimental points
obtained for o = 90° fairly follow the curve, as expected.
Once we obtained a curve for Y g, we can find the yield
for any incidence angle by means of Eq. (2), as shown
for o = 25°—40° (dashed curves). This way, we were able
to predict the total yield for any incidence angle using
the existing experimental values.

A few experimental series were carried out to mea-
sure the differential emission yield dY/df2 as a function
of the emission angle 6 [19, 23]. In all these cases, a
catcher perpendicular to the incidence plane was used,
schematically shown in Fig. la. In this configuration,
a symmetric emission is observed, as expected due to
the symmetry of the arrangement. In Fig. 3b, the sym-
metric emission is shown for silica experiments irradi-
ated with 190 MeV Au ions (S, = 17.1 keV/nm) at an
incidence angle a = 19°. The differential yield in this



Eur. Phys. J. D (2023)77:18 Page 3 of 10 18

(a) 4 (b)

(c)

Thermal evolution Bath (300 K) @

Control surface

Evolution region

~
.
N . So
of "=~ N TSS
. ~. ~
R 1S
-f — _._'r\":hllr'_--_

g S
Silica SO

wu g

wu9'1e

Evolution region

wu 8¢

Control surface

Initial Hot Cylinder

Fig. 1. Geometrical description of the simulation box used in molecular dynamics calculations. a Catcher used for electronic
sputtering experiments, according to Refs. [19, 23]; « is the ion incidence angle and 6 the emission angle. b Schematic 3D
representation of the simulation box showing the typical emission cone characterized by a polar emission angle (¢) and an
azimuthal emission angle (¢). ¢ Top view of the simulation box. The incidence angle («) of the ion beam is arbitrary. Thus,
the generated hot cylinder is inclined. The ellipse is the intersection of the inclined hot cylinder and the sample surface. A
thermal bath at 300 K is set at the 4 lateral sides. d Side view of the simulation box. The height is 21.6 nm, which includes
the silica atoms in the center (10 nm high) and two regions of 5.8 nm for evolution of the emitted atoms. The atoms that
reach the control surfaces located 5.8 nm over the sample top and back surfaces are removed from the simulation
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Fig. 2. Total emission yield (Y) as function of the electronic stopping power for different incidence angles, a (in brackets).
Experimental results (solid symbols) were obtained by Qiu et al. [50], Matsunami et al. [21], Sugden et al. [49], Arnoldbik
et al. [22] and Toulemonde et al. [23]. The MD results (hollow symbols) were obtained with a hot cylinder radius a =
3.0 nm. The continuous line corresponds to the fit of the experimental data obtained for o = 19°-20° to Eq. (1). From this
line, we obtained the yield in the normal direction (purple dashed line) by means of Eq. (2). Once the yield in the normal
direction is obtained, we can find the yield for any incidence angle by means of Eq. (2), as shown for o = 25°-40° (with the
same color code as the MD labels). The error bars correspond to a conservative value of 10%
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Fig. 3. Differential emission yield (dY/d{2) as a function of the emission angle formed by a cone of 0.1 sr oriented along
a catcher with respect to the normal direction (Z). Results for a catcher in the incidence plane in the left panel and for a
catcher in a perpendicular plane in the right panel. Hollow symbols are simulation results obtained with an incidence angle
a = 20°. The experimental values (solid symbols) were obtained with 190 MeV Au ions impinging on silica surface with an
incidence angle a = 19° [23]. This energy corresponds to a stopping power S. = 17.1 keV/nm. The continuous and dashed
lines are the fit of the experimental and simulation results, respectively, to Eq. (3)

configuration can be described by the expression:

dY

m(@) = Acos®(h), (3)

where A and b are fitting parameters and the exponent
b > 1

3 Atomistic model

Surface effects produced by ion irradiation-induced high
electronic excitation on amorphous silica were sim-
ulated with an atomistic model based on molecular
dynamics (MD). The atomistic model was described
in our previous paper [44] to study the bulk prop-
erties of silica under ion irradiation. Some changes
were included in this work to account for surface
effects. The simulations were carried out with the
parallel computing code MDCASK. We used the
Feuston—Garofalini [52] inter-atomic potential modified
by the Ziegler—Biersack—Littmark (ZBL) potential to
represent close range interactions [53]. The silica sam-
ples were rectangular prisms containing more than 1.1
x 10% atoms (60 x 30 x 10 nm?) in a simulation box
larger than the sample to provide free space for atom
emission. The simulation times reached 100 ps with a
time step of 0.5 fs, found to be appropriate to avoid
convergence problems [44, 53]. Simulations were per-
formed on the supercomputer CESVIMA-MAGERIT-2
(UPM) using 512 processors, which provided a compu-
tation time per run of ~20 h. The initial silica sample
was made from a cristobalite structure. It was heated to
7000 K during 25 ps. Then, it was cooled down to 300 K
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by a repetitive process consisting of reducing the tem-
perature in steps of 1000 K, keeping each temperature
constant for 25 ps. This process was performed with
periodic boundary conditions (PBC) as described in the
previous paper [44] and elsewhere [54, 55]. Finally, the
temperature was maintained at 300 K for 25 ps with
non-PBC in Z direction, in order to obtain two free
surfaces. The box center coincided with the origin of
the coordinate system. Such a thin box is appropriate
to simulate thin samples irradiated with ions impinging
on the front surface parallel to the plane XY. In such a
configuration, both the front and back surfaces paral-
lel to the plane XY are emission surfaces. Since we are
interested in surface effects, using a thin box is a good
way to reduce the number of atoms and, therefore, the
computation time. In addition, the emission from both
surfaces is equivalent due to the symmetry of the sys-
tem. Thus, combining the emission results from both
surfaces is a way to improve the statistics. The sample
length along the Z direction (normal to the irradiation
surface) was 10 nm, chosen to be as small as possible
but in such a way that the emission from both surfaces
is not affected by each other as confirmed by studying
the initial and final positions of every atom.

We assume that the energy is transferred from the
incoming ion to electrons in silica in a very short time.
Therefore, we ignore the details of the process. We sim-
ply define a cylindrical region (hot cylinder) around the
ion trajectory and increase the total kinetic energy of
the atoms in the hot cylinder according to the electronic
stopping power (S.) of the ion. The hot cylinder radius
(¢ = 3.0 nm) is related to the deposited energy den-
sity, which, in turn, is related to the specific energy of
the ion [44]. The hot cylinder axis coincides with the
irradiation direction, and it is defined by the incidence
angle («), as indicated in Fig. 1. In order to simulate the
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Fig. 4. Trajectories of atoms from the silica surface to the control surface: (left) a single oxygen atom moving in a straight
trajectory and (right) a silicon atom belonging to a cluster and thus, moving in a helical trajectory around the center of
mass of the cluster. The straight lines (red) are obtained by means of least squares minimization making use of a singular
value decomposition algorithm. The blue lines connecting two consecutive atom positions are simply a guide to the eye

energy dissipation from the ion track to the surround-
ing massive material, we set a thermal bath reset to
300 K every 10 steps, i.e., 5 fs, by rescaling the velocity
of the atoms in a layer of 0.716 nm at the four lat-
eral surfaces [44]. The ion arrival was simulated with
PBC for lateral surfaces and non-PBC otherwise. In
order to study atom emission, we let emitted atoms and
atom clusters move freely in a 5.8 nm thick empty layer
around the (front and back) emission surfaces (Fig. 1).
The sputtered atoms are characterized by their polar
(p) and azimuthal (¢) angles, see Fig. 1b. Once single
atoms (or the first atom of a cluster) reach a control
surface (5.8 nm above the front surface or below the
back surface), we consider that the atom or cluster has
escaped the sample and will keep on moving in a rec-
tilinear trajectory. Therefore, these atoms or clusters
are removed from the simulation. After the simulation,
we can calculate the total yield as the total number of
atoms reaching the control surfaces from the front and
back surfaces divided by two (thus, every simulation
is equivalent to irradiation with two ions). To obtain
the differential emission, we follow the trajectories of
the emitted particles approaching the control surfaces
and calculate the trajectory coordinates in the spherical
coordinate system defined in Fig. 1b by means of least
squares minimization using a singular value decomposi-
tion algorithm. Note that the trajectories of free atoms
are straight lines; however, atoms forming part of clus-
ters follow a helical orbit around the straight trajec-
tory of the center of mass (Fig. 4). This trajectory is
the relevant one because it reproduces the experimental
trajectory of emitted clusters and it can be well esti-
mated by the fitting procedure. The problem of these
fits is that, due to in-flight collisions, sudden trajectory

changes take place. The goodness of the fit makes possi-
ble to identify and filter these events. In this paper, we
excluded the trajectories with a coefficient of determi-
nation R? < 0.93. This value is a compromise to leave
out trajectories that underwent in-flight collisions but
avoiding to exclude atoms in clusters following orbits
too far from the linear trajectory of the center of mass
(which translates to a lower R?). Following this proce-
dure, we assign a straight trajectory to every atom (if
not excluded because R? < 0.93). In case of single atom
emission, the fit provides the straight atom trajectory
and in case of cluster emission, we assign the trajectory
obtained from the fit (good approach to the trajectory
of the center of mass). Once we have the trajectory of
every individual atom and every cluster, we can easily
estimate the number of particles emitted per solid angle
unit in any given direction. In particular, to obtain the
differential emission (Fig. 3), we calculate the number
of particles emitted in cones (solid angle ~0.1 sr) ori-
ented toward a catcher parallel or perpendicular to the
incidence plane, as in the experiments. A schematic rep-
resentation of a catcher perpendicular to the incidence
plane with an emission cone forming an angle 8 with
the normal direction to the irradiation surface is shown
in Fig. la.

4 Results and discussion

We carried out simulations as described in the previ-
ous section at incidence angles a = 20°, 25°, 40° and
90° with an initial hot cylinder of radius ¢ = 3.0 nm
and stopping powers from 4 to 20 keV/nm. The total
yield obtained in each case by counting the number of
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atoms that reach the control surfaces is plotted in Fig. 2
(open symbols). The vast majority of the experimen-
tal data were obtained at incidence angles o = 19°-20°
(fit represented by the continuous line). The agreement
of our results to these experimental data is very good,
especially considering the broad range of stopping pow-
ers. Fewer data (and with poorer quality) are available
for higher incidence angles. However, the dashed lines
obtained according to the procedure described in the
previous section are a good estimate of the experimen-
tal yield. Our simulations also reproduce fairly well the
expected trends shown in Fig. 2, i.e., our results on total
yield follow the power law dependence of the stopping
power according to Eq. (1) and the inverse sine law
of the incidence angle according to Eq. (2). Moreover,
our simulations also predict the oxygen to silicon ratio,
~2, i.e., following the material stoichiometry. A signif-
icant fraction of oxygen atoms escapes as single atoms
(around 1/4 of them at 12 keV/nm increasing up to
around 1/3 at 20 keV /nm for an incidence angle of 20°).
The rest escapes in clusters of different sizes dominated
by clusters of one silicon atom and two or three oxy-
gen atoms. For an incidence angle of 202 and stopping
power of 12 keV/nm, nearly 30% of the clusters are of
this type, while for a stopping power of 20 keV /nm the
fraction of these clusters reduces to 20% and a higher
fraction of larger clusters is observed. Increasing the
incidence angle leads to a higher fraction of single oxy-
gen atoms and prevents the formation of large clusters,
in this sense, the trend is similar to reducing the stop-
ping power.

The fact that the simulations predict the Si/O ratio
observed in experiments constitutes an additional val-
idation of our model. Recall that the only free param-
eter in our simulations was the initial radius of the
hot cylinder, set to a = 3.0 nm for all the simulations.
Considering the complicated underlying physical mech-
anisms and the broad range of experimental conditions,
it is quite impressive that our atomistic model can pro-
vide quantitative agreement with the experiments and
enables the use of the model to draw a picture about
the underlying mechanisms.

In addition to the total yield, we obtained from our
simulations the differential yield as described in the
previous section. We plotted on Fig. 3 all the differ-
ential yields obtained for two catcher orientations with
respect to the incidence plane. The dashed lines are the
best fit to Eq. (3). The exponent b is larger than 1,
indicating a preferential emission in the direction per-
pendicular to the irradiation surface but not so high as
to consider jet emission like in other materials, mainly
alkali halides [19-22, 37-40, 45, 46]. When the catcher
is oriented perpendicularly to the incidence plane, as
in Fig. 1la, one expects a symmetrical differential yield
distribution as observed. On the other hand, when the
catcher is contained in the incidence plane, one cannot
expect a symmetrical distribution in agreement with
our simulations. The good agreement between our sim-
ulations at 17 keV/nm (green symbols) and the only
available experimental dataset (190 MeV Au ions, S,
= 17.1 keV/nm) is remarkable. Indeed, the continuous
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line is the fit of the experimental data to Eq. (3) and
coincides fairly well with the fit of the simulation data.
We consider this an additional validation of our model
that makes possible to extract conclusions about the
underlying mechanisms as described next.

As mentioned above, our simulations show that only
oxygen atoms are emitted as single atoms, whereas sil-
icon atoms are always emitted as part of a cluster. The
most common type of cluster is the one formed by one
silicon atom and two or three oxygen atoms. This can
be explained by considering that oxygen atoms have
fewer bonds (two bonds per atom) than silicon atoms
(four bonds per atom), easing their emission as single
atoms. According to our model, the fraction of single
atoms increases with increase in stopping power, but is
nearly independent of the incidence angle.

We present in Fig. 5, by means of snapshots, two
examples of MD simulations to follow the surface evo-
lution upon irradiation. These examples correspond to
normal incidence, @ = 90°; (left) and glancing incidence,
a = 20°, (right). The snapshots correspond to a thin
central slab (thickness 2.5 nm), i.e., the region most
affected by the ion passage. By means of the snapshots,
we can qualitatively understand the irradiation effects.
Initially, 1 ps after depositing the energy in the hot
cylinder, massive atom displacement takes place out-
wards the hot cylinder. Bond rupture occurs to the
extent that we observe single oxygen atoms escaping
from both the front and back surfaces. Subsequently,
cluster emission takes place. The pressure exerted by
the hot cylinder atoms outwards produces surface defor-
mation and compression around the track. At 3 ps, the
collective atom displacement generates a crater. One
might be tempted to think that the crater has a cylin-
drical shape, but this is not the case because deep atoms
can hardly reach the surface level due to lattice recon-
struction. This way, the crater shape is roughly a double
cone with the vertex in the box center. Note that the
snapshots might be misleading in this point because,
for illustrative purposes, they correspond to a very thin
slab, which may look like a cylinder at a first glance.
The process continues until the atom energy is not high
enough to allow them to escape from the sample. The
result is a well-defined crater with a very evident crater
rim. The crater rim undergoes a continuous deforma-
tion as a consequence of the exerted pressure. In addi-
tion, it acts as a nucleation center for atoms escaping
with glancing trajectories. The continuous trapping of
these atoms increases the height of the rim. In the case
of glancing incidence (right panels), the rim is very
asymmetric due to the higher fraction of atoms and
clusters escaping toward the + X direction than toward
the — X direction. At 12 ps, the process is nearly over
and only lattice relaxation is observed further on. At
50 ps, the temperature is so low that no appreciable
changes occur any longer.

We can identify three mechanisms contributing to the
surface evolution:

(1) Ejection mechanism The observed ejection mech-
anism accounts for atom displacement toward the sur-
face followed by atom emission from the surface. This
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Fig. 5. Molecular dynamics simulations with a hot cylinder of radius ¢ = 3.0 nm for silica irradiated with ions of stopping
power 12 keV/nm. The incidence angle o = 90° (left) or 20° (right). The side views correspond to a 2.5 nm-thick slab
centered in the plane XZ for different times. The top panels are a 3D view obtained for times longer 50 ps to observe the
permanent crater formed upon irradiation. Colors indicate height along Z axis from 4 nm (red) to 8 nm (yellow). Red arrows
indicate the ion incidence direction
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is possible when the kinetic energy of atoms at the sur-
face exceeds the binding energy. Based on our results,
we can conclude that the ejection mechanism is consti-
tuted by two contributions. Firstly, the energy trans-
mitted by the ion is enough to produce bond rupture
releasing single oxygen atoms. These atoms are emit-
ted almost perpendicular to the irradiation surface, as
can be observed in Fig. 3 and for this reason b is > 1
in Eq. (3). The second contribution to the emission of
atoms is a consequence of the first one. The high exci-
tation generated leads to a secondary rupture of oxy-
gen bonds, but these atoms are affected by a dominant
radial displacement. Consequently, a broader differen-
tial sputtering yield is generated.

(2) Collective mechanism Atoms out of the surface
region and inside the hot cylinder move outwards the
hot cylinder dissipating their energy to the surround-
ing atoms. The collective motion in the radial direction
produces a mechanism originated by the dissipation of
the thermal energy introduced in the hot cylinder. This
mechanism is responsible for mass transport, residual
stress and defect generation, as explained for bulk sil-
ica in our previous paper [44].

(8) Flow mechanism The majority of the surface
atoms are not emitted due to the continuous energy
loss before reaching the sample surface. Part of the sur-
face atoms do not have enough energy to produce any
bond rupture. These atoms are displaced following a
heat transfer process. They dissipate their energy in
the axial direction, to the surface (this component is
negligible in bulk process), and in the radial direction,
to the bulk. The contribution of both components and
the displacements in both directions produces a spiral
movement, which is responsible for the energy dissipa-
tion. Thus, many atoms near the surface cannot escape
and are affected by a spiral displacement that we can
observe in Fig. 5.

Amorphous silica irradiated with a high electronic
excitation exhibits permanent surface effects in the
form of craters. The craters are characterized by a vol-
ume loss due to atom emission (ejection mechanism), a
crater rim (flow mechanism) and a residual stress (col-
lective mechanism). The final structure of the crater is
classified by the electronic stopping power of the inci-
dent ion. We distinguish two different threshold values
for the stopping power: to produce permanent changes
in silica (damage threshold) [22, 46] and to produce
electronic sputtering (sputtering threshold), the first
one always being lower than the second one. The dam-
age threshold can be obtained from bulk irradiations
and it is between 2 and 5 keV/nm depending on the
specific ion energy (velocity effect, discussed in our pre-
vious paper [44]). The sputtering threshold is harder
to obtain because it is influenced by more parameters,
including incidence angle, velocity effect, surface prepa-
ration, preexisting defects, etc. An ion with electronic
stopping power above the damage threshold value, but
under the sputtering threshold, is able to produce a
surface depression caused by the residual stress [5], but
a crater rim is not formed. An ion with an electronic
stopping power higher than the sputtering threshold
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causes a crater depression due to the volume loss gen-
erated upon atom emission (ejection mechanism), and
the residual stress generated in bulk silica by energy
dissipation (collective mechanism). On the other hand,
surface atoms with enough energy to produce a partial
rupture of their bonds are emitted and relocated around
the depression, creating the crater rim. When electronic
stopping power of the ion is enough to produce abla-
tion, a hole is produced due to the large number of
atoms that are emitted. The final surface structure is
mainly influenced by the ejection mechanism.

5 Conclusions

Surface effects on amorphous silica irradiated with ions
in the regime of high electronic excitation were studied
with atomistic simulations based on molecular dynam-
ics. We analyzed the evolution of atoms in the surface
region upon swift ion irradiation with the aid of a sim-
ple model that provides good results as demonstrated
through quantitative validation to the total and differ-
ential emission yields obtained by means of sputtering
experiments. The fact that our model is able to quan-
titatively predict experimental results in a broad range
of stopping powers indicates that the surface evolution
is dominated by thermal effects. The predictive capa-
bility of our model led us to identify three mechanisms
responsible for the final fate of the involved atoms: (1)
an ejection mechanism originated by the gain of ther-
mal energy followed by bond rupture and emission of
single atoms and clusters; (2) a collective mechanism
originated by the initial atom motion in radial direction
outwards and then inwards the track region exchanging
energy with the surrounding atoms and producing per-
manent modifications in density, defect concentration
and optical properties; (3) a flow mechanism affecting
surface atoms that do not have enough energy to pro-
duce bond rupture and responsible for the crater rim
formation.

The methodology developed in this work can be
applied to other materials that experience surface evo-
lution upon irradiation dominated by the gain of ther-
mal energy. Thus, it is expected that good quantita-
tive predictions can be obtained on the important phe-
nomenon of electronic sputtering, provided that there
are appropriate inter-atomic potentials. On the other
hand, for materials with a surface emission dominated
by athermal effects, a more sophisticated approach than
that described in this paper is expectedly needed to
reach quantitative predictions and a good understand-
ing of the involved phenomena.

The results presented in this paper are relevant in dif-
ferent fields. For example, the model is able to predict
morphological changes at the nanometer scale (crater
and crater rim formation). Further work complemented
with AFM experiments of irradiated samples can pro-
vide useful information on the crater formation mecha-
nisms as well as quantitative predictions on the crater
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geometry, of interest for applications based on the fab-
rication of nano-pores [56]. Another application of this
work is related to the study of interstellar dust. In this
regard, this methodology can be applied, for instance,
to the analysis of iron ion irradiation of interstellar
origin. These ions can reach energies of 100 MeV and
larger (equivalent to a stopping power of ~7 keV/nm
in the silica surface) [57]. According to our results,
this has a significant impact on the irradiated mate-
rial because every impinging ion leads to an emission
yield of around 1000 atoms in grazing incidence. This
effect accumulated over millions of years could have a
significant influence on the interstellar dust evolution
[58]. The role of energetic particles in space weathering
is also important for debris disks [59] and for mate-
rial in our solar system [60]. Additionally, preferential
ejection of isolated O would impact dust charging and
astrochemistry evolution [61].
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