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The nature of the regions that are favorable for chemical reactions has been investigated for a pure amorphous
water ice substrate following energetic bombardment y &@d Auw cluster projectiles using molecular
dynamics (MD) simulations. The simulations show that both projectiles, especigllpr6duce regions where

a plethora of reactions occur at elevated densities indicating that multiple atoms or molecules are involved
simultaneously in the reactions initiated by cluster bombardment. The total number of reacted water molecules
is significantly less than the total sputtering yield, which confirms that both cluster projectiles are useful for
molecular depth profiling experiments.

1. Introduction largest G cluster bombardment simulation to date using this
potential was limited to only 500 eV bombardment because of
sample size constraints and still took 6 months to calcidfate.
Even though the REBO/AIREBO potential may include reason-
able ground state chemistry, no excited states are included in
ethe description.

The use of cluster beams has reinvigorated the experimental
approach of secondary ion mass spectrometry (SIMS) of
molecular solid$:® The cluster beams eject more material per
incident ion than atomic particles. In addition, there appears to
be less chemical damage left in the sample, thus presenting th N ) . . .
possibility of performing molecular depth profiling experiments. The objective of the §|mulat|pns presented here is to elucidate
Concomitant with the increased experimental interest in cluster € nature of the reaction environment fapp@nd Au cluster

bombardment has been a bevy of computer simulations aimedbomba}rdment of molecullar solids. The system of interest is
at understanding crater formati&hi24 ejection mechanisnis; 18 water ice as MD calculations of the sputtering process far C
ejection yields112.19-23 sybstrate mixing®-2022.24.25and pro- and Ay bombardment have been previously performed for a

jectile energy depositio2326-2° The majority of these com- system in which the molecules are rigff>3"” The previous

putational studies have been aimed at elucidating the physicalc@lculations show that the majority of the energy of the beam
processes that occur for atomic solids. is deposited within a fraction of a ps and in a volume that is

The exciting applications in cluster SIMS, however, revolve ~2.5 nm W'de. on the sgrfa_ce. Computationally then, we can
around molecular substrates that can undergo chemical trans-f.OCUS our stu¢es on the initial stages of the even'g using shorter
formations due to the bombardment events. There have bee |me_scale _S|mul_at|ons and a smaller system size than used
only a small number of simulations of cluster bombardment on previously in which a full trajectory at 5 keV bombardment
molecular solids. The studies by Krantzman ePalnd Smiley (00K several months of CPU time.
et al3! confined their simulations to cluster beams with less ~ As previously discussed, the motion of the projectiles into
than 500 eV because it was not computationally tractable to the substrate is quite differefft The Au atoms, since they are
use sufficiently large samples to contain all the motion associ- much more massive than the water molecules, traverse a near
ated with cluster beams of several kiloelectron volts. In the case Straight line trajectory into the solid, coming to rest at about 10
of Ceo bombardment of benzene, the energy of 500 eV is hm for 5 keV bombardment. The C atoms in th&) Cluster
insufficient to dissociate theggmolecule3l and thus the motion ~ have less energy per particle than the Au atoms ig, And
cannot be extrapolated to higher incident energies. An estimatethey have nearly the same mass as the water molecules; thus,
of damage was made for simulations of fullerene bombardment all the C atoms lose most of their energy and stop withitb4
of a coarse-grained model of benzéAn this case it was found ~ nm of the surface. The spatial distribution of the energy loss is
that the ratio of ejected intact yield to the number of damaged quite different, and so there is the possibility for differences in
molecules was about & 1, a value in reasonable agreement the nature of the reaction environments.
with experimental dat&.No detailed analysis of the reaction There is no known potential for any molecular system that
events due to cluster bombardment was made, however. fully describes all the possible chemistry for ground and excited-

The challenge of modeling cluster bombardment to extract state reactions. We thus chose a potential that has a high
chemical effects with computer simulations such as molecular activation for dissociation in order to test the upper energetic
dynamics (MD) is daunting, as one needs an interaction potentiallimits of types of reactions that are possible. This potential has
that realistically models the chemistry and can be evaluated in previously been used to describe for collision induced dissocia-
a reasonable time. One potential that incorporates realistiction of water molecules into ior§.The high activation energy
ground state chemistry for hydrocarbon species is the AIREBO of 17.2 eV for this process acts as an indicator for the wide

potentiaf that is based on the Brenner REBO poteritalhe range of reactions and electronic events that are energetically
accessible during the cluster bombardment process. It is within
* Corresponding author. E-mail: bjg@psu.edu. these limitations that we use this dissociation potential as a guide
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for defining the differences in reaction events in energets C 700 T 7 T " T " T
and Ay bombardment of a molecular solid. I
¢ 600 -
2. Computational Details ‘g” I
MD simulations were performed to model the reaction g 500
dynamics of pure amorphous water ice followingg@nd A 4 I
bombardment. As mentioned above a potential originally S 400 -
designed for modeling the dissociation of water into ions was <5 I
used for the waterwater interactiond® The remainder of the & 00T
interaction potentials are the same as in the previous simulations @ I
of Cso and A, bombardment of rigid watéf:353"The interac- 3 2000
tions between the projectile atoms and the substrate atoms were g 100 L
described using Molie potentials. The AdtAu interactions z
were described using potential energies and forces from the 0 P

embedded atom method (EAM) potenfidland the G-C 0 200 400 600 800 1000
interactions were described using the REBO potential of Brenner Time / fs

i 40
dei'%ned forlhydroca;boﬁé. | . Figure 1. The number of broken ©H bonds as a function of time

S Nm>x 15nmx 15nm sampg containing 298 545 .at.oms for 15 keV Gy and Ay bombardment of pure amorphous water ice.
(99 515 water molecules) was equilibrated\®00 K, and rigid
and stochastic layers were employed along the bottom and sideg; ihe Ay particles. There are many occurrences of individual
of the substrate in order to prevent the reflection of pressure gissociated molecules although there are some regions in which
waves during the collision cascatfeTrajectories using pro-  geyeral nearby molecules have fragmented. Thebbmbard-
jectile kinetic energies of 2.5, 5, 10, and 15 keV were performed ant shows a near linear increase in the number of broke O
for both G and Aw. Each projectile was aimed normal to the  ,n4s opserved as a function of the incident projectile kinetic
surface, and each simulation was run for 3 ps with the exception energy as seen in Figure 3. In contrast to the Au atom motion
of 15 keV Gs bombardment which was extended t0 5.7 ps. he C atoms from the fullerene cluster stop withinstnm of

The time scale of these simulations will be discussed later in e gurface. Thus, the reaction events are confined to a very
the Results and Discussion section. Briefly, we have determined yonse region near the point of impact as shown in Figure 2.

that 3 ps is sufficient for our analysis which focuses strictly on e number of broken ©H bonds exhibits a nonlinear increase
the reaction dynamics of pure amorphous water ice. There are;q 5 function of increasing projectile energy (Figure 3),
other areas of interest following energetic particle bombardment indicating that there is cooperation among the motions of the
such as emission yields, ejection mechanisms, and projectilec 5toms in terms of influencing the reaction probability. The
energy deposition, which may require a larger time scale, but 4iure of the reaction environment forgdChombardment,

these topics have been addressed previously for simulationsggpecially at the higher incident energies, warrants a closer
similar to those discussed hefe5-37.42.43Therefore, we will examination.

not reiterate those studies. Snapshots of the positions of the atomsai 2 nmslice of
the sample at the time when the reaction rate is greatest for 15
keV bombardment are given in Figure 4. The particles shown
The dissociation of an OH bond is chosen to be the indicator as fragmented are only those that dissociated during the 10 fs
that a reaction has occurred. A conservative definition has beeninterval centered about 95 fs and only those within the 2 nm
applied, namely that the OH separation distance must be at leasslice. The (g projectile has moved through3 nm of material
2.29 A, where the value in intact water is 0.96 A. According to creating a crater. The molecules initially in the volume where
the model, dissociation is complete when the separation distancethe crater has formed have been compressed into the bottom
is greater than 2.46 A; thus, there must be almost completeand sides of the crater forming a dense region. It is within this
dissociation for a bond to be considered broken in our analysis. dense region that multiple and adjacent molecules are reacting.
The total number of OH bond cleavages is shown in Figure 1 In contrast, for Ay bombardment the crater that eventually
for the simulations for 15 keV bombardment. The largest rate forms®3%is not yet apparent. The reaction events are more
of increase of broken bonds occurs~at00 fs, and then the isolated although there are a few regions where multiple
rate of increase of the number of bond cleavages diminishesreactions have occurred. In order to assess the completeness of
above about 500 fs; thus, both cluster beams create the majorityreactions for G bombardment at 15 keV, we estimate the center
of the broken bonds at the initial stages after impact. of origin of dissociated molecules to be about 2.4 nm deep.
An overview of the trajectories illustrating the fragmented The fraction of molecules that reacted was determined as a
molecules is given in Figure 2 for a time of 0.5 ps, a value function of distance from this point and is shown in Figure 5.
chosen from Figure 1 as when the majority of reaction events For molecules that were originally in the center of this region,
have occurred. The gray dots represent intact water moleculesvirtually all of them reacted. Moreover, the reactions are
in a 2 nmslice of the sample through the center of the substrate confined to a region with a radius of approximately 1.5 nm.
below the projectile impact. The colored spheres represent all  The reaction region needs to be put in perspective with respect
the ions that have formed, regardless of whether they are in theto the total volume of material that ejects. In addition, an
2 nm slice or not. The fragmented species are placed graphicallyassessment is featured of how much larger the reaction volume
at their original position in the sample. The positions where might be if reactions with lower activation energies are included.
the reaction events occur follow the motion of the respective In a previous study, we have used the mesoscale energy
projectiles®® For Aus bombardment, as the kinetic energy of deposition footprint (MEDF) model and short-time MD simula-
the cluster increases, the penetration depth of the Au atomstions to analyze the region where the energy is deposited in the
increases. The fragmented molecules occur along the motionsample and the volume of ejectiéf3” For 15 keV Go

3. Results and Discussion
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Figure 2. Time snapshots of 2.5, 5, 10, and 15 ke¥,@nd Ay

bombardment of pure amorphous water ice. Gray and yellow spheres

represent intact water molecules and projectile atoms, respectively,
within a 2 nmslice through the center of the substrate at 0.5 ps. Orange,
green, and blue spheres represent the fragment species placed back
their initial positions and overlaid on the substrate at 0.5 ps.

bombardment on a sample of water ice using a potential that
considers the water molecule to be rigid, we predict that 90%
of the energy of the incident particle is deposited in a cylindrical

region of radius 2.5 nm and that the ejected material comes
from a conical volume with a base radius of 6.2 nm and a depth
of 2.5 nm as shown in Figure 6. The predicted volume of ejected
material, as illustrated by the red region, is approximately 100
nm? and contains 2790 molecules. The number of reacted
molecules is 175, which is only 6% of the total volume. If we

assume that lower activation energy reactions can occur in the

Ryan et al.
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Figure 3. The number of broken ©H bonds as a function of incident
projectile kinetic energy for both dgand Ay bombardment of pure
amorphous water ice.
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Figure 4. Time snapshots showing species that have dissociated only
in a 10 fs interval centered about 95 fs. The color scheme is the same
as shown in Figure 2, although the projectile atoms are now gray dots,
and only material withi a 2 nmslice through the center of the substrate

is shown.
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Figure 5. The fraction of reacted vs nonreacted molecules as a function
of distance from the center of mass of the reaction zone for 15 keV
Cso bombardment.

entire energized track, represented by the blue region, then 36%

of the ejected molecules would be reacted. Thus, there still

in Figure 6. In this case, the volume of the ejection cone is

remains a considerable number of molecules that can eject intactapproximately 28 nrf containing 811 molecules and has

A similar analysis for Agbombardment at 15 keV is also shown

approximately the same width as the energized region. Only
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Ceo Au, 4. Conclusions

MD simulations of Gy and Aw bombardment of pure
amorphous water ice using an interaction potential that incor-
porates chemical reactions have been performed. The simula-
tions clearly show that a new reaction paradigm exists in which
multiple adjacent molecules simultaneously react. In addition,
the geometries of the molecules can be compressed, especially
for Ceo bombardment, from that of a normal liquid. Any
experiment, theory or simulations aimed at understanding
reactions including ionization processes must consider this new
reaction paradigm. The total number of reacted molecules is
significantly less than the total sputtering yield, indicating less
damage to the substrate, and thus confirming the experimental
observations that molecular depth profiling is possible with both
types of cluster beams.

15nm

15nm

Figure 6. Snapshots of the reaction zones created by 15 ke\ad

Ausz at 0.5 ps. The red triangle outlines the conical ejection region as

identified by the MEDF model and implicitly includes the blue and .

yellow regions. The blue region represents the energized track created Acknowledgment. The authors would like to thank the
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