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Dynamics of Cluster-Surface
Collisions

Charles L. Cleveland and Uzi Landman

The structure, energetics, and dynamics of shock conditions generated in a nano-cluster
upon impact on a crystalline surface are investigated with molecular-dynamics simulations
for a 561-atom argon cluster incident with a velocity of 3 kilometers per second onto a
sodium chloride surface. The “piling-up” shock phenomenon occurring upon impact,
coupled with cascades of energy and momentum transfer processes and inertial confine-
ment of material in the interior of the cluster, creates a transient medium lasting for about
a picosecond and characterized by extreme local density, pressure, and kinetic temper-
ature. The nano-shock conditions and impulsive nature of interactions in the newly formed
compressed nonequilibrium environment open avenues for studying chemical reactivity

and dynamics catalyzed via cluster impact.

Studies of impact phenomena have a long
and interesting history (I, 2), notably the
investigations by Galileo (3) and Newton
(4). Although early studies were concerned
with the impact of rigid macroscopic bod-
ies, later treatments allow for deformation
processes (5). More recent work focused on
impact processes involving finite aggregates
(clusters) incident on target surfaces, with
an emphasis on energy conversion to inter-
nal degrees of freedom (2) (vibrational,
rotational, deformational, and electronic).

Collisions of particles with solid surfaces
have been used extensively in modern in-
vestigations of surface structure and dynam-
ics as well as in studies of the energetics,
kinetics and dynamics of molecule-surface
interactions, adsorption processes, reac-
tions, and surface catalysis (6). Further-
more, techniques for surface processing and
surface modification and methods of epitax-
ial film growth that make use of single-
particle and particle-clusters impinging on
surfaces have been proposed and imple-
mented (7).

In this article we report the investiga-
tion of the dynamics of a collision between
a finite medium-size atomic cluster and a
solid surface. Motivating our study is the
idea that energetic collisions of a many-
body but finite, nanometer-scale, atomic or
molecular aggregate (or “nano-cluster”)
with a surface (or between two such aggre-
gates) could result in transient nonequilib-
rium conditions, akin to those occurring
under shock conditions [as found in shock
tubes, although as we show in the following
the characteristic shock times in our case
are orders of magnitude shorter than the
microsecond times found in shock tube
experiments (8)]. These extreme condi-
tions and the impulsive nature (that is,
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dominated by momentum transfer) of inter-
actions in the new cluster environment
thus created may in turn initiate new modes
of chemical reactions, occurring in a medi-
um characterized by extreme density, pres-
sure and kinetic-temperature conditions.
Furthermore because of the extreme condi-
tions that can develop in the cluster during
the collision and the short transient char-
acteristic times involved, the catalyzed re-
actions may well evolve in channels differ-
ent from those governed by equilibrium
kinetics. Considerations of reactions under
shock conditions are not confined to labo-
ratory shock-tube experiments, however.
For example, it has been suggested (9) that
synthesis of large molecules in interstellar
clouds involves high-energy collisions be-
tween large clusters containing few thou-
sand atoms, or between such clusters and
solid grain surfaces. In addition, impact-
shock synthesis of organic molecules on the
early earth has been investigated (10).
Moreover, shock waves have been invoked
in studies of nuclear reactions, fusion, the
nuclear equation of state, and heavy-ion
collisions (11).

In an earlier study (12) we demonstrated
that collisions between reactants embedded
in clusters and incident reactants can be
“catalyzed” by the cluster environment that
serves as an extended third body (or local
heat reservoir). Furthermore, we have sug-
gested that this cluster-catalyzed reactivity
(CCR), which may be nonelectronic in
nature, may offer means for controlling the
reaction pathways and branching ratios via
variations in cluster size and the relative
translational energy of the collision part-
ners (12). Therefore, our study can be
regarded as a continuation of our investiga-
tions of the avenues in chemical reactions
and dynamics, and other physical processes,
which cluster collisions may open (12-14).
In this work we focus on consequences of
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the collision process pertaining to atomic
(and ionic) motions, not including elec-
tronic excitations. Such excitations have
been observed in recent experiments (13).

Most theoretical investigations of im-
pact phenomena of projectiles on surfaces
are of macroscopic nature (15). It has been
recognized that proper treatment of colli-
sions between clusters containing of the
order of hundreds or thousands of molecules
and solid surfaces requires considerations of
atomic-scale energetics and dynamics to
adequately account for energy deposition
and redistribution as well as mass transport
processes and to properly describe the spa-
tial and temporal evolution of the system.
Nevertheless, the number of investigations
of cluster impact phenomena on the micro-
scopic scale is rather small (16), and a full
description of the dynamical evolution of
such processes is lacking.

To explore the atomic-scale dynamics of
the impact of a cluster on a surface it is
natural to employ computer-based molecu-
lar dynamics simulations where the equa-
tions of motion of the interacting particles
are integrated, and the analyses of the so
obtained atomic phase-space trajectories
yield information about the energetics,
structure, and dynamics of the process with
refined spatial and temporal resolution. Our
molecular dynamics simulations of the col-
lision of an initially vibrationally cold (T%,,
= 50 K) Ars, cluster impinging with a
velocity of 3 km s™! (a translational kinetic
energy of 1.863 eV per particle) on a room
temperature dynamic crystalline (001) sur-
face of NaCl reveal major transfer of energy
to the substrate and the formation of shock
conditions in the cluster via a “piling-up”
(or avalanche) process whereby the inci-
dent velocity of atoms in the front of the
cluster is significantly reduced while the
cluster atoms behind them continue their
forward motion. The nano-shock phenom-
enon, expected to occur for other choices of
collision partners, leads to severe compres-
sion of the cluster accompanied by extreme
pressure (up to 10 to 12 GPa, where 1 GPa
= 10* atm) and kinetic heating, propagat-
ing in a shock wave-like manner on a time
scale of 1 to 2 ps. These conditions could
induce and catalyze chemical and physical
processes in a new, transient, nonequilib-
rium cluster environment, as well as acti-
vate surface modifications.

Molecular dynamics simulations. To
investigate the atomic-scale mechanisms of
energy conversion and redistribution and
the dynamics of formation of shock condi-
tions during the collision of a vibrationally
cold Argg, cluster with the (001) surface of
a room temperature NaCl crystal, we have
used molecular dynamics simulations. In
this method the Newtonian equations of
motion of a system of interacting particles
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are integrated by a computer, yielding
phase-space trajectories (particles positions
and momenta) and allowing exploration of
the microscopic energetics, structure, and
dynamics of the system.

In our molecular dynamics simulations
the intracluster interactions between the
argon atoms were described by pairwise
6-12 Lennard-Jones potentials (17) with a
well depth € = 0.01028 eV and a length
parameter & = 6.435 a, (where g, is the
Bohr radius, 0.529 A). The range of inter-
action was cut off at 20 a,. The cluster
system was equilibrated at 50 K outside the
range of interaction with the substrate.

The calculational cell of the crystalline
NaCl substrate (judiciously chosen to simu-
late a wide band gap material, thus minimiz-
ing substrate electronic excitations) consist-
ed of six layers of dynamic particles with 784
particles per layer, arranged in the structure
of a NaCl lattice and exposing the (001)
surface. These layers were positioned on top
of four layers of a static NaCl crystal of the
same crystallographic orientation. The lat-
tice parameter of the static substrate was
chosen to be that of a NaCl bulk crystal at
300 K (10.66 ay). The substrate calcula-

Fig. 1. Selected atomic configurations obtained via a molecular dynamics
simulation of the collision of an Arg, cluster with a (001) surface of NaCl. Two
views of the system are shown: a side view (in A) and a view from the top (in
B) down the direction of incidence of the cluster onto the surface (z axis),
illustrating cluster shape changes, wetting, spreading, and substrate defor-
mations. The top six layers of the NaCl system are dynamic, and the bottom
four layers are static. The atomic configurations are shown (starting from top
left and proceeding counterclockwise) at t, = 0.275ps, t, = 0.525ps, t; =
0.775 ps, t, = 1.025 ps, t5 = 1.275 ps, and tg = 1.525 ps. Large red
spheres correspond to argon atoms; small yellow and green spheres
represent Na* and CI~ ions, respectively. The sizes of the spheres are not
scaled to the atomic or ionic radii, in order to aid visualization.
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tional cell was repeated periodically in the
two directions parallel to the (001) surface
plane, with no boundary condition applied
in the normal (z) direction (the cluster was
not periodically repeated). The pairwise in-
teractions between the ions of the NaCl
substrate were described via potentials devel-
oped by Catlow et al. (18), which include
Coulomb and Born-Mayer repulsion terms,
and provide a good description of the solid.

The crystalline substrate was initially
equilibrated at 300 K. During the subse-
quent simulations of the collision of the
cluster with the surface the temperature of
the surface was controlled via application of
stochastic collision thermalization (19) at
300 K to the bottom dynamic layer of the
surface region (that is, the one closest to
the static part of the substrate and away
from the top surface region) with a stochas-
tic collision frequency of 7.75 x 1073 fs~1.
The interactions between Ar atoms and the
Na* and Cl~ ions of the substrate were
described via the potentials developed by
Abhlrichs et al. (20).

Subsequent to equilibration of the sepa-
rated collision partners, a velocity of 3 km
s~! (that is, a kinetic energy of 1.863 eV
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per atom) was assigned to the cluster atoms
(positioned outside the interaction range
with the substrate) in the normal direction
of incidence onto the substrate, and the
equations of motion of the system were
integrated using the fifth order Gear algo-
rithm (21) with a time step At = 0.25 fs,
which assures conservation of energy
throughout the collision process. The nu-
merically generated dynamical phase-space
trajectories, and several other properties of
the system, were recorded and subsequently
analyzed. Among these properties we note
the calculation of the pressure that was
obtained from one-third of the trace of the
atomic stress tensor, containing both a
kinetic energy and virial contributions
(22). In computing the atomic stress tensor
the mass flow component of the velocity of
a set of particles, here the velocity of their
center of mass, was excluded (that is, only
the “thermal” contributions are considered,
see below).

Energetics of the system. A sequence of
simulated atomic configurations was recorded
at selected times during the interaction of the
cluster with the surface (Fig. 1). The general
characteristics of the evolution of the defor-




mation and shape of the cluster during the
collision with the surface are reminiscent of
those portrayed in photographs of a macro-
scopic liquid droplet colliding with a solid
surface (23). However, owing to the rela-
tively high incident velocity in our case, the
impact of the cluster on the surface causes a
large deformation of the substrate, localized
about the impact area of the cluster with the
surface. This deformation, extending several
layers deep into the surface, involves pene-
tration of cluster argon atoms into the sub-
strate, collision cascades, local disruption of
the lattice structure, and some mixing of the
solid and cluster atoms. Additionally the
strong perturbation at the surface region
propagates into the solid as well as the
cluster, resulting in spreading and partial
evaporation. However, much of the cluster
maintains its original shape up tot ~ 0.5 ps.

Fig. 2. Contours of prop-
erties of the dynamic
NaCl (001) surface at t
= 520 fs (left column)
and t = 1020 fs (right
column) during the colli-
sion of Arg, with the
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In discussing the energetics of the system
it is instructive to distinguish a kinetic
energy component representing overall flow
in the system (K') from an internal kinetic
energy (K™) component corresponding to
particles’ “thermal” motion. This decompo-
sition is particularly useful for the cluster.
Therefore, when we refer to the total ener-
gy of the cluster or substrate atoms (E_ or
E,, respectively), the energy is the sum of
potential and kinetic energy contributions
with the latter calculated from the actual
particle velocities obtained via the integra-
tion of the equations of motion. The inter-
nal kinetic energy we take to be the kinetic
energy in a coordinate system co-moving
with the cluster’s center of mass, so that the
“internal energy” (E ™) is just the sum of
its potential energy and internal kinetic
energy. In equilibrium steady-state condi-

substrate. In calculating
the contours of a proper-
ty at any given region the
value of the property
was weighed by a Gaus-
sian of width 3 a, (24).
Contours of atomic dis-
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placements from the ini-
tial positions (A and A’)
in the z direction (s.)
and (B and B’) in direc-
tions parallel to the (001)
surface  (s). Dashed
contours correspond to
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s, downward displace-
ments along the direc-
tion of incidence of the
cluster. Note the in-
crease in s (B") when
compared to the earlier
time (B), and the bulging
of the substrate at the
periphery of the impact
area at the later time.
The increment between
neighboring contours A
= 05 a, (C and C)
Density contours  (in
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units of 1073 x a,79),
with anincrement A = 5
x 107* a,73. The accu-
mulation of contours
near the surface is due
to the transition from fi-
nite density of ions in-
side the substrate to
vanishing values out-
side. (D and D’) Pres-
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sure contours (in units of gigapascals) with an increment A, = 0.6 GPa. (E and E’) Kinetic-
temperature contours (in units of degrees kelvin) with an increment A, = 200K. (F and F’) Potential
energy contours (per particle, in units of electron volts) with an increment A, = 5 x 1072 eV.

Distance is in units of a,.

~ SCIENCE * VOL.257 * 17]JULY 1992

RESEARCH ARTICLE

tions the equipartition of energy between
the various degrees of freedom results in a
direct relation between the internal tem-
perature (or temperature for short) of a set
of particles and the average of the internal
kinetic energy (3NkgT/2 = (K ), where
kg is the Boltzmann constant, and K J* is
the internal kinetic energy of the N parti-
cles). Throughout most of the collision
process we do not expect that equilibrium
conditions will be achieved. Nevertheless,
for comparative purposes we often express
the kinetic energy of a set of particles as
their kinetic temperature (both for internal
and flow kinetic energies).

Substrate. We start with an analysis of
the dynamics of the substrate during the
collision. The impact of the cluster causes a
significant deformation in the surface re-
gion of the substrate accompanied by some
degree of implantation of argon atoms (Fig.
1). From Fig. 2, A and A’, we observe that
at early times the major downward displace-
ment of substrate particles along the direc-
tion of incidence of the cluster are localized
under the area of impact with a certain
amount of bulging-up in regions surround-
ing this core region. The outside region is
also seen to displace in the lateral direction
(Figs. 2, B and B’). At the later time the
core region is still displaced inwards (that
is, the surface is indented) and the side-
bulging develops further (see Fig. 2, A’ and
B’, for r = 35 a), as the deformation
propagates in the substrate. These observa-
tions are also reflected in other quantities
such as the density and pressure whose time
and spatial variations are exhibited in Fig.
2,Cand C’ and D and D’; these figures also
make evident the compression of the sub-
strate caused by the cluster impact. As seen
the transient compression results in densi-
ties up to 40 percent above the normal
density of NaCl and the generation of a
strong pressure pulse (up to ~10 GPa). The
duration of these extreme density and pres-
sure pulses is ~0.5 ps < 7 < 1 ps.

Accompanying the compression is an
increase in the energy of the perturbed
substrate region. Although the potential
energy behaves in a transient manner sim-
ilar to that of the density and pressure, the
temperature in the region increases rapidly
to over six times room temperature, and the
region remains thermally excited for a
much longer time. Additionally, we ob-
served that the kinetic temperature of par-
ticle motions in the z direction achieves a
higher value than that associated with mo-
tions in directions parallel to the surface
plane, and the relaxation of the latter is
somewhat slower. The spatial propagation
of the heat pulse in the substrate is evident
from a comparison of Fig. 2, E and E'.

Finally, the contours of the surface po-
tential energy at the two selected times
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follow the spatial pattern of the displace-
ment, density, and pressure (Fig. 2, F and
F’). At both times the values of the poten-
tial energy at the central core region of the
substrate (a cylindrically shaped region
around the z axis of a radius and height of
~15 a,) are the highest in the substrate
(less negative) because of the pronounced
compaction of the region.

Cluster. To explore the local dynamical
evolution during the collision process, we
have monitored properties of the system at
various regions of the cluster. These probe
regions are defined as follows. Region R, is
a sphere with a radius R = 9.2 a,, centered
at any time about the instantaneous center
of mass of the cluster (initially this region
contains the central atom and its 12 neigh-
bors, and the initial number density in the
region is 0.004 a,™>); regions R_ and R,
are defined in a similar manner with the
center of regions ®_ and R, shifted with
respect to the center-of-mass of the cluster
along the axis normal to the surface (z) by
—R (region R_) and +R (region R,).

The time variation of the flow kinetic
energy in the various probe regions, ex-
pressed in units of temperature, Tf, shown
in Fig. 3 (that is, the kinetic energy asso-
ciated with the average velocity of the
particles in a given region) illustrates the
“piling-up” process. As seen, the transla-
tional flow kinetic energy, which at time ¢
= 0 is equal to the incident energy corre-
sponding to a velocity of 3 km s~!, decreas-
es sharply on impact. The onset time of the
sharp decrease in T is offset from one region
to the other, occurring earlier in the region
closer to the front of the cluster (that is,
closer to the solid surface). The decrease in
Tf corresponds to conversion of the inci-
dent cluster translational energy to other
energy components (potential and kinetic),
and the offsets in the onsets of the sharp
declines in Tf reflect the avalanche, or
piling-up process, akin to shock formation
and propagation. In order to further illus-
trate the sequential delayed nature of the
process in the cluster in regions of increas-
ing distance away from the solid surface we
included in Fig. 3 the variation of Tf in an
additional region in the cluster which is
displaced with respect to the center-of-mass
probe region (R,) by +2R = 18.4 a,.

The velocity of the piling-up process and
the resulting shock in the cluster can be
estimated from the differences in the times
when the sharp declines in Tf begin to
occur in the various probe regions (Fig. 3)
and the known distances between the cen-
ters of these regions. From these data we
estimate that the average velocity of shock-
front propagation in the lower half of region
R, is ~6.5 km 571, decreasing to 3.9 km
s~! in the lower half of ®,, and further
decreasing to 2.8 km s™! in the upper half
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of R . Underlying the decrease in the front
velocity in the direction away from the
substrate surface is the fact that the lower
part of the cluster is colliding with an ionic
material that, while deforming, is stiffer
than the cluster material (argon). Further-
more, the properties of the cluster influenc-
ing the velocity of propagation of disturb-
ances in it (such as density, pressure, and
internal kinetic temperature) are neither
constant nor uniform during the collision,
with the amplitude of these quantities de-
creasing as the disturbance reaches regions
further away from the surface.

The overall energetics and the spatial
and temporal evolution of the properties of
the cluster during the collision are shown in
Figs. 4 and 5. The energy in the cluster
translational motion is converted partly to

deformation, disruption of order, and vibra-
tional excitation energy of the substrate
(Fig. 4, E and F) and partly into potential
and internal kinetic energy (heating) of the
cluster atoms (Fig. 4, B and D). As seen
from Fig. 4, A, B, and D, the decrease in
the cluster translational energy is accompa-
nied by an increase in the cluster potential
energy, turning positive at ¢t = 0.4 ps and
subsequently dropping sharply to a value
below the initial potential energy of the
cluster atoms, owing to the strong, attrac-
tive interaction between the argon atoms
with the substrate ions. At the same time,
the internal kinetic energy of the cluster
increases markedly. These changes are
caused by a compression of the system for t
< 0.75 ps (as indicated by the density and
pressure contours in Fig. 5) causing the

Fig. 3. Time histories of the flow
kinetic energy expressed as tem-
perature, T, in four probe-re-
gions in the cluster; (solid line)
region & _; (long dashed line) re-
gion R, (short dashed line) re-
gion R, ; and (dotted line) a re-
gion whose center is displaced
upwards by 18.4 g, with respect
to region &,. Note the time delay
between the onset of slowing
down which starts earlier in the
region closest to the target sur-
face (region ®&_). In the inset, we
show the time variation of the lo-
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atoms to experience repulsive interactions
and less binding, and the subsequent de-
crease occurs on relaxation and spreading of
the cluster. Indeed, the potential energy of
interaction between the argon atoms and
the substrate ions is attractive throughout
(U, in Fig. 4C). Associating half of U
with cluster atoms and half with substrate
ions, and noting that the total potential
energy of the cluster, U,, contains contri-
butions from both intracluster interactions
and U_, we conclude (from Fig. 4, B and

cs?

C) that the increase in the potential energy

is associated with largely repulsive intraclus-
ter interactions, while the relaxation of the
cluster, accompanied by spreading and in-
creased binding to the surface ions, underlies
the decrease of U, starting at t = 0.7 ps
(Fig. 4B). The relaxation of the potential
energy, pressure, and density occurs at the
faster rate than the internal kinetic energy of
the cluster atoms. Throughout the simula-
tion the substrate acts as if in contact with a
thermal reservoir, via thermalization to 300
K at the bottom layer of the dynamic part of
the substrate.

0.77 ps 1.52 ps

N
\\7‘;' ”Z
2%

44

N

LA LA B B B S B S B B S

2(a)

52.5

35

P R N RS

17.5

35 52.5

17.5

52.5 175 35 525 70

Fig. 5. Contours of density (p), pressure (P), internal kinetic temperature (T), and per particle
potential energy (U,) in the cluster (from top to bottom) at four selected times (across from left to
right), t, = 0.27 ps, t, = 0.52 ps, t, = 0.77 ps, and t, = 1.52 ps during the collision with a solid
surface [see (24) for a description of the construction of the contours]. In the pressure contour plots,
we have added a dash-dotted curve which outlines the density-periphery of the cluster where p = 5
x 107% a,72. Increments between neighboring contours are: A, = 3 x 107* a3 A, = 0.6 GPa, A,
=200K,and A, =5 x 1072 eV. Values of selected contours are shown. Distances are in units of &,.
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From the contours shown in Fig. 5 (for t,
= 0.27 ps, t, = 0.52 ps, t; = 0.77 ps, and
t, = 1.52 ps, after the initial interaction
between the cluster with the surface), we
observe first that, as discussed before, the
cluster penetrates the substrate region dur-
ing the collision (see in particular the den-
sity contours at the top of Fig. 5). Moreover
this process is accompanied by density and
pressure pulses which emanate from the
region of contact of the cluster with the
surface (see p and P contours), propagating
in a shock wave—like manner along the axis
of the cluster in the direction opposite to
the incident velocity as well as in approxi-
mately lateral directions corresponding to
spreading and flattening of the cluster on
the surface. However, the amplitudes of the
density and pressure pulses are larger in the
core region of the cluster near the g axis
owing to inertial confinement of particles in
the internal region of the cluster and the
kinematics of the collision process. At later
stages (t > t;), the density in the cluster
relaxes, dropping even below the original
density (4 x 1073 a3?) and is more uni-
formly distributed throughout the flattened
cluster (see p at t,). This sequence of events
is also portrayed by the pressure contours
shown in Fig. 5, where for t = 1.5 ps the
pressure throughout the cluster dropped to
below 1 GPa and is spread quite uniformly
inside the cluster.

The internal kinetic temperature con-
tours in the cluster exhibit also the propa-
gation of a “heat” pulse emanating from the
region of contact. However, we observe
that the internal kinetic temperature rises
at rather early stages (see T contours at t,
and t;) to high values (close to 3000 K)
even in regions located radially further
away from the axial internal region of the
cluster (the cylindrical region about the
axis of radius ~15 to 25 a,). This effect is
mainly caused by relaxation of the cluster,
starting in the peripherial regions of the
cluster, in response to the compaction and
pressurization of the cluster interior, cou-
pled with the continued conversion of in-
cident translational energy into thermal
motion. These relaxation processes, which
involve fast displacements of particles in
the outside regions of the cluster, are re-
flected in the associated internal (thermal)
kinetic temperature (T shown in Fig. 5).

Finally, from the potential energy con-
tours (U) of the cluster atoms, we observe
that at the initial stages of the collision (t <
t,) atoms at the bottom part of the cluster,
in particular in the internal part of that
region, acquire positive values, because of
compression, while the shrinking region at
the top of the cluster and the periphery of
the cluster, especially the region of the
cluster in contact with the surface, are
characterized by negative values (the neg-
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ative values at the cluster peripherial region
are seen only in potential energy contours,
since the increase in the kinetic energy in
this region results in positive values for the
total internal energy). Eventually, at about
t; when the shock reaches the upper part of
the cluster, most of the cluster is character-
ized by a positive potential energy except
for small regions at the bottom and on the
side of the cluster, where U < 0 owing to
extra binding interaction energy between
the substrate ions and the argon atoms and
partial lateral relaxation, respectively. At a
later stage (t4), the relaxation covers the
whole cluster (see negative potential energy
contours for that time in Fig. 5). The effect
is also exhibited in the total energy contours
since at this stage both the compression and
kinetic energy pulses have already traversed
the lower part of the cluster resulting in
negative values of the total energy.

It is of interest at this stage to contrast
the above results, obtained via simulations
where both the dynamics of the cluster and
substrate atoms were included, with those
where the substrate was treated as static.
Comparison of results obtained via simula-
tions for the two cases leads us to conclude
that to achieve a faithful description of the
collision process between a cluster and a
solid surface (such as an ionic substrate)
with incident velocities as high as used in
this study (3 km s™!) it is important to
include the dynamical response of the sub-
strate atoms in the simulation. Failure to do
so results in a seriously inadequate descrip-
tion of the dynamics and energy conversion
and distribution in the system, and conse-
quently overestimation of the energy con-
tent in the cluster and excessively high
values for the kinetic temperature and pres-
sure during the collision.

Future prospects. We have studied with
molecular dynamics simulations the colli-
sion of a medium-size atomic cluster con-
taining 561 argon atom, equilibrated ini-
tially at 50 K, with a room temperature
(001) surface of NaCl, with the cluster
impinging on the substrate with a velocity of
3 km s~ ! (energy of 1.863 eV per atom),
investigating the atomic-scale energetics,
structure, and dynamics of the process. Our
findings demonstrate that the impact of the
cluster on the surface results in a piling-up
phenomenon leading to high-energy colli-
sion cascades and the development of a new
transient medium in the cluster character-
ized by extreme density (up to 50 percent
above normal liquid argon), pressure (in
excess of 10 GPa), and temperature (kinetic
heating of up to 4000 K) conditions, prop-
agating in the cluster in a systematic shock
wave—like manner, on a time scale of <1 ps.

For the conditions of our simulations
(impact velocity of 3 km s™!) up to about
three-fourths of the incident translational
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energy of the cluster is absorbed within 2 ps
by the solid which undergoes severe defor-
mation and disordering in a region localized
about the impact area of the cluster and
extending several layers into the substrate.
Additionally we observe some degree of
“implantation” of argon atoms in the disor-
dered surface region of the surface. The
compression in the substrate region results
in densities of up to 40 percent above the
normal density of NaCl and the generation
of a strong pressure pulse (up to ~10 GPa).
The duration of these extreme density and
pressure pulses is 0.5 ps <= 7 < 1 ps.
Subsequent relaxation of the surface is ac-
companied by bulging of the substrate in a
region localized at the periphery of the
cluster impact zone.

In simulations where the incident veloc-
ity of the cluster was taken to be 10 km s~!
(an order of magnitude larger incident ener-
gy), we observed massive damage to the
surface and penetration of the cluster deep
into the substrate. On the basis of these
results we conclude that for the type of
systems that we investigated the lower range
of incidence velocities (1 to 3 km s™!) is
more appropriate in order to prevent exces-
sive penetration of the cluster into the sur-
face [note that even for the conditions of our
study both the substrate and cluster undergo
significant structural transformations (28)].
These consequences of the cluster-surface
collision are expected to occur for other
choices of the collision partners.

Our results suggest that in the presence
of reactants embedded in the colliding clus-
ter, or for clusters made of reactive constit-
uents, such collisions could catalyze chem-
ical reactions between cluster constituents
as well as between cluster atoms or mole-
cules and the surface material. Further-
more, because of the highly nonequilibrium
nature of the new chemical medium gener-
ated via the collision, such reactions may
well evolve in dynamic and kinetic path-
ways different from those governed by equi-
librium thermodynamics considerations. In
this study we focused on atomic dynamics
excluding electronic excitations. Although
such excitation effects will be included in
future investigations of reactions, our re-
sults pertaining to the dynamics of the
collision and the time development and
characteristics of the new extreme cluster
environment that evolves during the pro-
cess are not expected to be modified in a
substantial way by these effects.

Experimental realizations of collision
systems such as the one investigated theo-
retically by us are possible. For example,
several methods for generating charged
clusters, which can be then accelerated to a
desired impact velocity and impinge onto a
solid surface, have been implemented and
employed in the past several years, includ-
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ing the use of laser ablation (25), multi-
photon ionization (26), and electron in-
duced ionization (27). As possible choices
of reactants and reactions we mention: O,
and N, to yield NO, the dissociation of
N,O, the hydrogen-oxygen reaction, de-
composition of ozone, the hydrogen-bro-
mine reaction, H, and N, to yield ammo-
nia, and pyrolysis and oxidation of hydro-
carbons [this is just a short nonexhaustive
list selected from shock-tube chemistry ex-
periments (8)]. In addition “atomic ther-
mometry” of the cluster during the collision
process could be achieved via detection of
light emission from atoms solvated (embed-
ded) in the incident cluster and excited
during the collision via impact with sur-
rounding atoms. Such experiments would
provide information about the degree of
energy conversion and localization (in vol-
umes of atomic or molecular dimensions)
which while transient (s1 ps) could be
long enough (several vibrational periods) to
allow for chemical processes to occur (bar-
rier crossing, bond breaking, isomerization,
and so forth).
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