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Quadratic Friction Model for Cluster Bombardment of Molecular Solids
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Molecular dynamics simulations of energetic cluster bombardmest Qso, Ci20, Cis0) are performed in the

range of 5-20 keV on a solid benzene substrate. The goal is to study the trends exhibited by these bombardment
events and to develop a simple analytical model that explains the general dynamics associated with cluster
projectiles. These results indicate that the dynamics of these clusters can be described by a macroscale quadratic
friction model and thus can provide an interpretation for the dependencies on cluster mass and size, as well
as the observation that velocity of the cluster relative to its initial value decays exponentially with time with

a decay constant that linearly depends on the initial velocity.

Introduction be fit to the experimental data, the snapshots from the simula-
tions of cluster bombardment showing a large crater suggest a

been shown in experimental and computational studies to hav cooperative motion among the atoms, not a superposition of
een sho experimental and computational Studies 1o haveg, o o by individual atoms, is playing a key role in the dynamics

unique f_eatures frpm bombardment by atomlg projectiles. The of this process. Thus, a need still exists for a better model which
interest in energetic cluster bombardment has increased recently

A escribes cluster bombardment dynamics so that the communit
due to the stellar advancements cluster projectiles have affordedoI y y

¢ ic/bioloaical i o dary i ¢ of researchers can sort out and focus upon the important
0 organicibiological Imaging In seconaary 1on mass spectrom- properties which govern the overall bombardment and sputtering
etry (SIMS). Although there have been many molecular dynam-

) ) . ; " event. The catalyst for an appropriate model can be found in a
ics simulations of cluster bombardment aimed at unravelling y pprop

. . . previously performed set of simulations involvinge@nd Au
the unique properties of energetic cluster bompardment, thosebombardmen'[ of water ice as a function of incident kinetic
simulations have primarily focused on atomic, rather than

lecul idd-14 The f ulati ¢ lecul energy from 5 to~100 keVZ2° Figure 4 in that study gives the
molecu ar,_ls70| ’ € few simulations for molecular g, ign of energy transferred to the substrate as a function of
substrate/$~17 have been limited to incident energies in the

. . R time for all of the incident particles. It is apparent from that
range of only a few kiloelectronvolts. This restriction is due to P PP

the | | ¢ tion d : It of th hdata that the trends for each cluster projectile are nearly
e larger volume of reaction dynamics as a result of the muc independent of incident energy.

lower mass/bond strength versus atomic metal substrates, the The simplest model that would explain this common behavior

greater computatlor)al costs d_ue to more cpmplex potepnals,is that of a friction applied on an object moving through a
and the necessary increases in substrate size to contain thes

ts. Th s iive to the i faati £ th fhedium. In general, the friction force can be expressed as a
events. 1hus, 1t 1S imperafive o the investigation of these power series in the velocity, with the linear term associated with
systems to continue to develop simple analytical models that

. . viscosity and the quadratic term associated with drag at high
describe the fundamenta] behavior of the cluster b.ombardmem\/elocities?l We tested both factors and concluded that the
event so that full simulations are not always required.

h Vi h . | viscosity term is negligible for the data presented here. Newton'’s
The current analytic approach used to describe cluster equation of motion is thus

bombardment is based upon a thermal spike m8de. this

model, the authors assume a thermalized spike in the substrate dv 1

and derive an expression for the yield that depends on the energy MG = 2PV AG 1)
deposited in the surface region. The implementation of this

model for cluster bombardment is exemplified in the study by which integrates to

Bouneau et al? To obtain the energy deposited in the surface

Bombardment of a solid by energetic cluster projectiles has

region due to bombardment by a cluster withumber of atoms, v _ 1 2
they assume it to be times the energy deposited by one atom vy 1 prACH @)
at the same velocity. Although the analytic yield expression can 1+ Tm

*Tg whom  correspondence should be addressed. E-mail: bjg@ \yherem is the mass of the particle, is the velocity,t is the
Psy pe::lm State University. time, o is the velocity at = 0, p is the de_nsny of the supgtrate,
* Jagiellonian University. A'is a reference area of the cluster, &dis a drag coefficient.
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Figure 1. Ln(v/vo) versus time. Each fullerene projectile is identified by a specific color and each energy by a specific shape as shown in the
legend. (a) All four fullerene projectiles at the four energies with the time in femtoseconds. (b) Scaled timet(ti2fc) Scaled time, (1/2)-
puoACot/m, using fit value ofACy for four projectiles at 20 keV. The dashed line is from eq 2.

TABLE 1: Friction Parameters; The Product ACp was 0.0
Determined from the Slopes of the Lines in Figure 1b. The o1l 1
Radius, a, is the Initial Radius Plus an Effective Interaction 1 ]
Radius of 1.95 A 02 ]
ACD/A2 a/A CD 03 _‘ '_
Czo 45.6 3.95 0.93 04 7
Cso 99.5 5.49 1.05 05 4
Ciz0 165 6.94 1.09 > t ]
Ciso 187 8.07 0.91 s 06f .
£ 07 4
For short times, we can use the approximation that #a¢d ~ o8l ]
x; thus, eq 2 can be transformed to 0’9. ]
1 PUACt ol ]
In v = __L (3) |
vy 2 m A1t ]
This model predicts that the fraction of velocity (and KE) the Radius of Gyration / A

particles have relative to their initial values approximately
follows exponential decay, but with the exponent depending
on the initial velocity.

In this paper, we will explore this quadratic friction model
and its applicability to fullerene bombardment of a molecular
solid represented by a coarse-grained benzene substitite.
choice of fullerene projectiles and the benzene substrate reflec
the current interest in SIMS experiments ofp®eams and
molecular substrates.

Figure 2. Ln(v/vo) versus the radius of gyration for the four fullerene
projectiles at the four energies.

illustrative interpretation. Following the prediction of the
quadratic friction model given in eq 3, the data given in Figure
la are plotted against the new time variable, (@/gjm, as
Shown in Figure 1b. The data sets for each energy overlay when
plotted against this new time variable. From the slopes of each
projectile at short times, we can determine a valueAGg for
each fullerene cluster (Table 1). As a test of the second-order
friction model, we plot In¢/vg) and eq 2 for each of the fullerene
Molecular dynamics simulations are performed to examine clusters at 20 keV against (12pACot/m in Figure 1c. The
the energy deposition of fullerene molecules bombarding a curves superimpose until a value of (W2)ACpot/m ~ 0.3. At
molecular solid, benzene. The details of the coarse-grainedthis point, the curves of the four fullerene particles diverge from
benzene system have been described previdisine four each other, and the short-time approximation, eq 3, produces a
fullerene molecules considered arg,Cso, C120, and Ggowith 14% error from eq 2. The reasons for the divergence will be
masses 240, 720, 1440, and 2160 amu. A total of four incident discussed below.
energies, 5,10, 15, and 20 keV, are considered for a total of 16 The two parametep& andCD, representing the size and Shape
simulations. The mesoscale energy deposition footprint (MEDF) of the cluster, cannot be unambiguously determined from our
model, which has been described previously, identifies that data. For illustration, we assume that= za2 wherea is a
nearly all of the projectile’s energy has been transferred to the radius equal to the initial radius of the fullerene cluster plus an
substrate within the first few hundred femtoseconds of the interaction radius. We fit the interaction radius so tﬁ;@t is
event!® Therefore, only very short time simulations on relatively  approximately constant. The best it is found for an interaction
small targets are needed in order to assess the applicability ofradius of 1.95 A when the drag coefficient ist10.1 for all of

Description of Calculation

the friction model for cluster bombardment. the projectiles. The values @fand Cp are given in Table 1.
) ) Without further information, it is not possible to determine
Results and Discussion precise values oA and Cp.

The results from the simulations are given in Figure 1a for  The quadratic friction model makes specific predictions about
the four fullerene projectiles at each of the four energies. For the motion of the cluster. The rate of the cluster’s deceleration
displaying the results, we use lii{o) as the quadratic friction  is proportional to the size of the cluster. This dependence is
model; egs 2 and 3 suggest that this quantity will provide an logical as there is more surface area for interacting with substrate
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C C determination of the parametefsand Cp, the energy transfer
20 180 within the substrate at short times, the factors that lead to the
o O breakup of the cluster, and the influence of the cluster
iﬂgg niad Lol Loy 120t ) 52 disintegration on the energy loss. For example, the quadratic
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friction model does not take into account the relative mass of

§ the individual atoms with respect to the mass of the substrate
g particles, an effect known to influence the dynaniie®:17.22

Conclusion

We have presented a quadratic friction model to describe
energetic fullerene bombardment in molecular solids. The model
explains the mass, size, as well as the observation that velocity

FUEICe, o FIEIINES ¢ relative to its initial value decays exponentially with time, with
bgggﬁ@‘a 023 _ . S5t a decay constant that linearly depends on the initial velocity.
»\@ng;.gf b FREI N 35 o WAL AT j The assumption of single-particle motion correlates with the
33232933 80 % Ener: Wtk ! behavior of_ the projecti_le atoms i_n the_substrate as monitore_zd
55&,52“&“&5& by t_he radlus_ of gyration and visual images. The quadran_c
REPFLESFVERFVES SV ES &9 & b €S ¢S €9 friction model is thus a comfortable representation for the basic
Figure 3. Snapshots of & and Gso at 20 keV at 50% (Inf/) = description of fullerene bombardment of molecular solids.
—0.35) and 80% (Infvo) = —0.8) energy loss. The C atoms are
represented by yellow spheres and the CH coarse-grained particles by Acknowledgment. Financial support from the Chemistry
red spheres. The gsnapshots are fa 6 A slice in the sample, and  Division of NSF, Grant No. 0456514, is gratefully acknowl-
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molecules. An increase in the mass, however, has the opposit&y;cher.
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