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Elucidation of the dynamics of the interaction of energetic
particles with solids has been of long-standing fundamental

scientific interest. Knowledge about the details of these inter-
actions is important for understanding such diverse phenom-
ena as the doping of semiconductor devices and the shaping of
the topography of extraterrestrial surfaces. The emergence of
cluster ion sources has expanded the scope of this field even
further to include the smoothing and modification of semi-
conductor surfaces,1�4 the cleaning of specific polymers,5

biological mass spectrometry,6�8 depth profiling of molecular
solids,9�12 and three-dimensional chemical imaging on the
nanoscale.13,14

The unique nature of the cluster/solid interaction has been
elegantly illustrated using molecular dynamics (MD) computer
simulations.1,15�17 A key feature is that the kinetic energy of each
incident particle in the cluster is equal to the total energy of the
cluster divided by the number of atoms. For 20 keV C60, for
example, each C atom imparts only 333 eV into the solid. Since
there are a large number of lower energy collisions occurring
nearly simultaneously, traditional analytical theories based upon
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ABSTRACT: The angular distribution of intact organic molecules
desorbed by energetic C60 primary ions was probed both experimen-
tally and with molecular dynamics computer simulations. For benzo-
[a]pyrene, the angular distribution of intact molecules is observed to
peak at off-normal angles. Molecular dynamics computer simulations
on a similar system show the mechanism of desorption involves fast
deposition of energy followed by fluid-flow and effusive-type emission
of intact molecules. The off-normal peak in the angular distribution is
shown to arise from emission of intact molecules from the rim of a
crater formed during the cluster impact. This signature is unique for
molecules because fragmentation processes remove molecules that
would otherwise eject at directions near-normal to the surface.
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binary collisions in atomic cascades18 cannot be applied to this
situation. The first correction to this approximation focused
upon developing nonlinear cascades.19 However, MD calcula-
tions of clusters ranging from Au3 to C60 show an alternative
description in which during the initial stages of energy deposi-
tion, the dynamics can be approximated by a single large particle
impacting the surface.20,21 Subsequent to the energy deposition
by the pseudosingle large particle, a crater of several nanometers
in depth and width results from a single impact. The energy is
deposited very near the surface, resulting in high sputtering yields
and low subsurface damage when compared to other projectiles.

Many aspects of the MD approach have been verified by
experiments for elemental solids, but the full simulations are
challenging for molecular solids. There are hints, however, of
characteristics of molecular ejection due to cluster bombard-
ment from partial MD simulations followed by analytic models.
For example, an analytical scheme has been developed that
takes advantage of the fluid-like motion exhibited by particles
seen in MD studies. This mesoscale energy deposition footprint
(MEDF) approach incorporates parameters from MD calcula-
tions obtained after just a few tens of femtoseconds and extends
the time-prediction to a range where sputtering has ceased.21

This model has been used successfully to predict yields of
molecules when C60 bombards water ice22 and benzene23 at
kinetic energies up to 120 keV. Short-time (1.5 ps) simulations
of C60 bombardment of octane and octatetraene also indicate
that intact molecules flow from the edge of the crater with low
internal energies.24 The proposal of intact emission by a fluid-
flow mechanism rather than a traditional energetic sputtering
mechanism is worthy of testing.

To elucidate the mechanism of molecular emission due to
energetic cluster bombardment, here we experimentally mea-
sure the trajectories of energy- and angle-resolved neutral
(EARN) molecules desorbed from a molecular solid by 20
keV C60 bombardment and compare these trajectories to those
calculated on a closely related system by MD computer
simulations. This comparison reveals that molecular desorption
occurs by two distinct mechanisms. These include a fluid-flow-
like process at higher kinetic energies,21,24 and an effusive-type
desorption at lower ejection kinetic energies.25 It is possible to
arrive at this conclusion by examination of the anisotropy
associated with the polar angle distribution of the ejected
molecules and by a molecular level comparison of these
trajectories to those computed by MD using a simplified
description of the internal structure of the molecule. Even
though different molecules are used in comparing experiment
and theory, previous simulations have shown that the mechan-
ism of intact emission is similar, regardless of the specific
molecule, under C60 bombardment.22�24,26,27 These findings
are important for refining existing models of cluster/solid
interactions and for providing guidance to elucidate mechan-
isms of desorption over a wide time scale.

The EARNdistribution of material removed from surfaces by
energetic ion beams provides a powerful diagnostic signature
that allows the mechanisms responsible for atomic, molecular,
and cluster emission to be unraveled. The experimental and
calculated kinetic energy distributions are shown in Figure 1.
The signal intensities are normalized and plotted as a function
of the ratio between the molecule’s kinetic energy to the peak
emission energy from the distribution. The peak emission
energies are 0.63 and 0.21 eV for benzo[a]pyrene (b[a]p)
and coarse-grained (cg-) benzene, respectively. The peak in

the energy distribution is related to the cohesive energy of the
system. Since b[a]p has a cohesive energy ∼2.5 times larger
than benzene,28 these relative peak positions are consistent with
this relationship.

The polar angle distributions of ejected molecules are shown
in Figure 2 for the experimentally measured neutral b[a]p
molecules (Figure 2a) and the calculated cg-benzene molecules
(Figure 2b). In both cases, the integrated kinetic energy polar
angle distribution is further split into two distributions represent-
ing low and high kinetic energy molecules. The dividing energy is
indicated by the vertical line shown in Figure 1. The position of
this line is selected so as to optimize the anisotropy visible at high
kinetic energy. Note that due to differences in the cohesive
energy between b[a]p and benzene, the cutoff energy is not the
same for both cases.

The polar angle distribution over all kinetic energies exhibits
a peak at ∼30� superimposed on an overcosine type back-
ground. After resolving the kinetic energy into two regimes, it is
clear that the off-normal emission at ∼30� consists mainly of
high energy molecules, while the overcosine component is
comprised of molecules of low kinetic energy. Experimentally,
the polar angle distributions are unique since off-normal emis-
sion has not previously been predicted or measured within the
keV energy regime of medium-sized cluster projectiles. The
polar angle distributions for atoms from an amorphous or
polycrystalline metal and organic molecules under atomic
bombardment have been experimentally measured to be
overcosine,29�32 and for atoms to be near cosine for Au2 and
Au3 cluster bombardment.32 Only in the case of very large
clusters such as Ar2000 and Ar3000 have off-normal emission
angles been measured for atomic systems.2�4,33 The mechan-
ism for this case is lateral sputtering of material due to a
blockade from the cluster, a mechanism not applicable to
medium-sized clusters such as C60.

The mechanisms giving rise to the two main features in
Figure 2a,b can be discerned from the MD simulations and then
used to interpret the experimental results. To begin, vector plots

Figure 1. The kinetic energy distribution for neutral intact b[a]p
molecules (black line, experiment) and cg-benzene molecules (red line,
calculated) desorbed by 20 keV C60 primary ions with an impact angle of
0� to the surface normal. The abscissa uses a ratio of the molecule’s
kinetic energy to the kinetic energy of the peak position, 0.63 eV for
b[a]p and 0.21 eV for cg-benzene.
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are shown in Figure 3 for times of 2 and 8 ps after the impact
illustrating the direction of motion for cg-benzene molecules and
fragments as the crater develops. The tail of the vector is the
position of the species (molecule or fragment) at the given time,
and the head of the vector is the position 0.3 ps later. The length of
the vector corresponds to the velocity, and the angle corresponds
to the direction of motion. In the 2 ps snapshot, the kinetic
energies of the ejecting cg-benzene molecules tend to be greater
than 2 eV, and themolecules are primarily emitted from the edges
of the crater, reflecting the off-normal peak for the polar angle
distribution of intact cg-benzene molecules shown in Figure 2b.
Note that only fragments are emitted along the surface normal
and are confined to a region that is centralized around the point of
impact. The 8 ps snapshot shows a fully developed crater in which
both cg-benzene molecules and fragments with kinetic energies
less than 1 eV are moving with motions that emit at various polar
angles giving rise to the overcosine shape in Figure 2b.

The molecular emission angles can be understood based on
the physics of the motion that is initiated following the C60

impact. Upon impact, C60 swiftly penetrates and disintegrates
into carbon atoms while depositing its kinetic energy in less
than 100 fs in the top 2�3 nm, creating an energized region that
is mostly composed of fragments. The energized region plays
two roles in the emission of molecules. The first role is that it
expands outward into the surrounding intact molecules, which
ultimately begin to develop a crater. During the expansion, the
energized region laterally pushes on adjacent molecules causing
an upward sweeping motion of intact molecules that initiates
the emission of molecules from the surface at off-normal angles.
Previous studies have described the sweeping motion to follow
the concepts of fluid dynamics in which material flows from the
surface into vacuum with fluid-like motions. In this simulation,
the motion of the emitted molecules matches those from
previous simulations21�24 and therefore can be characterized

Figure 2. The polar angle distribution of organic molecules desorbed by 20 keV C60 primary ions. The molecular signal intensity is plotted versus the
emission angle and as a function of emission energy: (a) measured b[a]p molecules with all energies (black line), 0�3.8 eV (red line), and above 3.8 eV
(blue line), and (b) calculated cg-benzene molecules with all energies (black line), 0�1.26 eV (red line), and above 1.26 eV (blue line).

Figure 3. Time snapshots from the MD computer simulations of the emission of cg-benzene molecules (black) and fragments (red) represented as a
vector plot at (a) 2 ps and (b) 8 ps upon C60 impact. The vector tail depicts the particle’s position at the given time, while the vector head depicts its
position 0.3 ps later. The direction of the vector indicates the particle’s emission angle and/or lateral relocation, while the length corresponds to its
kinetic energy.
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as molecular emission by fluid flow. The second role the
energized region plays is related to the emission of fragments.
As the energized region expands, there are collisions between
the carbon atoms from the disintegrated C60 cluster and
fragments that cause the emission of fragments along the
surface normal. Since the region is composed mainly of frag-
ments, very few intact molecules are able to eject along the
surface normal. For atomic solids, these energetic particles
emitted in a normal direction would be the same as those
emitted off-normal, and the angular distribution would appear
as overcosine. In fact, if all ejected material is counted instead of
only intact molecules, we find the angular distribution to be
overcosine. Therefore, the appearance of the off-normal peak in
molecular ejection is caused by the fragmentation of molecules
that are emitted in the direction normal to the surface. Finally,
once the expansion of the energized region is completed, the
crater is fully developed, and the fluid-like motions cease, but
the emission of intact molecules and fragments continue due to
effusive-type motions.25 At this point, only interactions be-
tween weakly bound fragments and intact molecules along the
walls of the fully developed crater can occur. These interactions
cause an effusive-type desorption of weakly bound intact
molecules with very low kinetic energies and emission angles
that are overcosine. In fact, there are molecules seen in the
vector plots that eject directly from beneath the impact region.

One issue is whether there is a significant difference between
the experimental system of b[a]p and the computational
system of cg-benzene. First, the fact that the energy-resolved
angular distributions show similar characteristics without any
fitting of the calculation to the experiment suggests that the
essential physics in the two systems is similar. Second, for the
emission due to fluid flow, the only significant difference
between the different systems is the relative number of mol-
ecules ejected.21,22,24 The simulations show that the volume of
material that flows from the system is similar. Hence, more
intact molecules of benzene are expected to be emitted because
of their smaller size. All molecules desorbed by fluid flow
should have low internal energies and are not expected to
fragment. Third, for the effusive mechanism, we expect more of
the larger b[a]p to be damaged and more of the intact benzene
molecules to eject. None of these considerations, however,
lead one to conclude that the essential physics of emission of
b[a]p should be different from that of benzene. Moreover, we
have focused on only the major features of the energy-resolved
angular distributions and not on small differences such as the
local maximum of the total polar distribution of benzene in the
normal direction.

In summary, we have shown from a collective experimental
and theoretical approach that the emission of organic molecules
induced by C60 primary ions is characterized by a fast deposi-
tion of energy at the surface followed by desorption that
exhibits fluid-like and effusive-type motions. In the early stages
of emission, an energized region composed predominantly of
molecular fragments is created. Expansion of this region
initiates the ejection of fast moving intact molecules with
fluid-like motions that lead to off-normal emission angles.
The appearance of the off-normal peak arises due to lack of
molecules that would otherwise eject in the near-normal
direction but are fragmented instead. At later times, slow
moving molecules are desorbed by effusive-type motions,
causing emission angles broadly peaked about the surface
normal. This vision of molecular desorption affirms the

fundamental basis of the MEDF model and offers new oppor-
tunities for developing analytical theories that span multiple
time domains.

’EXPERIMENTAL DETAILS

The experiments were conducted in a unique time-of-flight
mass spectrometer which utilizes a gated, position sensitive
microchannel plate detector to collect EARN-particle distribu-
tions for material desorbed from ion bombarded surfaces.
Although details of the EARNmass spectrometer can be found
elsewhere,34 a brief description is highlighted. The EARN is
equipped with a fullerene ion source (Ionoptika, Ltd.) capable
of delivering 25 nA of C60

+ ions accelerated to 20 keV. A 200 ns
pulse of C60

+ ions was used to bombard at normal incidence a
400 nm film of b[a]p, C20H12 (Aldrich Chemical Co.). This
molecule was chosen since the film could be prepared by
physical vapor deposition35 resulting in a pure amorphous
molecular film with a uniform thickness large enough to avoid
substrate effects. Moreover, the photoionization cross section
is large enough to achieve the necessary sensitivity and the
rigidity of the molecule lessens the probability of photodis-
sociation.29,36�38 Thickness was monitored using a quartz
crystal microbalance (TM-400, Maxtek, Inc.) and verified with
an atomic force microscope (Nanopics 2100, TLA Tencor,
Inc.) to be 400 nm with a surface roughness of 2 nm rms. A Nd:
YAG-pumped dye laser (Lambda-Physik ScanMate Pro) pro-
ducing 280 nm36 of light with 6 ns pulses and focused into a
ribbon shape with peak power densities of 2� 105 W/cm2 was
employed to intersect and photoionize the sputtered neutral
flux. The kinetic energy and polar angle distributions were
measured by recording the mass-selected signal amplitude for
b[a]p as a function of position on the detector and time delay
between the C60 impact and photoionization event. To mini-
mize the photoionization of gas phase molecules and pre-
viously observed thermal effects in molecular sputtering,39,40

the b[a]p film was held at 85 K throughout the experiment. Any
interfering background signals were recorded and subtracted
for each time delay.

’COMPUTATIONAL DETAILS

MD calculations were performed using 20 keV C60 projectiles
to bombard at normal incidence a benzene crystal arranged in a
hemispherical shape with a radius of 25.7 nm. A heat bath
composed of rigid and stochastic molecules is employed to
maintain a temperature of 0 K and prevent the reflection of
C60-induced pressure waves from the boundaries. This choice of
model system for comparison to experiment was constrained by a
number of factors. First, this system has been optimized for
computational efficiency by implementation of a coarse-graining
approximation. This method provides an approach to under-
standingmolecular fragmentation by combining hydrogen atoms
with their nearest-bonded carbon atom into a bead identified as
CH.41 Second, for the simulations, it is desirable to utilize a
smaller molecule since there will be a higher intact molecular
yield needed to obtain statistically significant energy and angular
distributions.
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