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Chapter 4

Simulations of sub-keV Light
Particle Interactions with PAH
Molecules

4.1 Introduction
Polycyclic Aromatic Hydrocarbon molecules, or PAHs, are thought to be a common molecu-
lar constituent of the interstellar medium. They are found in all directions of observation and
seem to be distributed over great distance scales. The interstellar medium affects these PAHs
through the interstellar radiation field, through stellar winds, shock waves, and hot ionized
gas. Since PAHs are observed over great distances, it is of interest to determine their interac-
tion dynamics in these processing mechanisms. This may shed some light on whether or not
PAHs might survive the harsh environments of interstellar space or if they would have to be
protectively incorporated into larger (supra-molecular) structures in order to survive.

The origin and further (ion-)chemistry of PAHs is not fully understood. One pathway
of formation might be that PAHs are formed in regions of high C content through chemical
reaction mechanisms as might occur in cool stellar winds [67]. Another proposed mecha-
nism is the erosion of dust grains in shock waves originating for example from supernova
explosions [68]. PAHs present in these regions are also processed again by the hot post shock
gas [11]. Shock velocities of this kind are relatively low (50-200 km/s) and since hydrogen
and helium are by far the most abundant particles present in the gaseous state (90.8% and
9.1% by number, respectively [69]) in the interstellar medium this suggests to model the in-
teractions of PAH molecules and gas particles in the sub-keV range of 10-500 eV projectile
energies.

In a recent article Micelotta et. al. [11] described the processing of PAH molecules in
a framework of binary collision approximations of projectiles and carbon atoms. The weak
point of such an approach is that it cannot, by definition, take into account the molecular
nature of the target.

In our group we have built a new experimental setup dedicated to detailed, kinematically
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44 Ion-PAH sub-keV Interactions

complete studies of ions interacting with molecules using reaction microscope techniques.
This is described in detail in chapter 5. These high resolution, kinematically complete mea-
surements require a more accurate modeling than a binary collision approximation of inter-
acting ions and atoms. For these reasons we have opted to develop a molecular dynamics
simulation program to study the interactions of sub-keV projectiles with polycyclic aromatic
hydrocarbon molecules.

In this chapter we will thus focus on the interaction of sub-keV light particles (hydrogen
and helium) with PAHs using a molecular dynamics approach, taking as an example the
anthracene molecule (C14H10).

4.2 Theory of Molecular Bonding and Collisions

4.2.1 Introduction

Since the discovery of the atomic nature of substances it has been attempted to model the in-
teractions between atoms. The most straightforward way of starting with this, is to view the
total of atoms in a pairwise way. This means that interactions between atoms are determined
for every pair and the total interaction is determined by summing the individual pairwise in-
teractions. One example of such a pairwise interaction model is the Lennard-Jones potential.

The modeling of molecules beyond the complexity of a dimer, however, requires more so-
phisticated interaction potentials. Molecules are formed by covalent bonding between atoms.
Covalent means that atoms share valence. So, the bonding depends on valence electron dis-
tributions. This implies that in atomic interaction models one can naturally assume that at
least angular terms should be included. In modeling carbon compounds one usually requires
the correct description of single, double, and triple bonds. This means that four-body terms
are needed. In addition to the correct description of bonding interactions between atoms one
would like the model to be able to handle the breaking of bonds as well. These models are
known as reactive potentials. One of the few interatomic potentials that correctly describe
hydrocarbons, including bond formation and breakage up until now is the Tersoff-Brenner
reactive bond-order potential (REBO) [70].

4.2.2 Abell-Tersoff

The original development of bond order potentials starts with the work of Abell [71]. Abell
attempted to explain universalities observed in binding energy curves. Beginning the analysis
with a basis of local atomic orbitals it was found that the binding energy could be expressed as
a sum over near(est) neighbor pair interactions. These pairwise interactions could be modeled
by attractive and repulsive potential functions, VA and VR respectively, being a function only
of the separation of the constituents. The effect of the local environment is captured in a bond
order term Bi j multiplying the attractive potential part,

Eb =
1
2 ∑

i
Ei, (4.1)
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Ei = ∑
j ̸=i

VR(ri j)−Bi jVA(ri j), (4.2)

where Eb is the total binding energy, Ei the pairwise potential energy, and ri j the interatomic
separation of the pair i j. From there, a relation is developed in which a scaled binding energy
as a function of a scaled distance depends only weakly on parameters in the attractive and
repulsive potential functions. Abell notes in his paper that Bi j, in a first approximation, can
be expressed as a function of the local coordination number Z, which gives the number of
neighbors of the particular atom,

Bi j ∝ Z−δ , (4.3)

where δ depends on the particular system. For a Bethe lattice, which is a lattice in which
all atoms are connected, but has no closed loops, δ is calculated to be δ = 1/2 [71]. Such a
lattice may be a bit artificial, but it often allows for exact statistical physics solutions.

Following Abell, Tersoff [72] devised a functional form for the bond order term Bi j,

Bi j = exp(−ξi j/a), (4.4)

ξi j = ∑
k ̸=i, j

[
fC(rik)

fC(ri j)

]n

exp [nλ (ri j − rik)]G(θi jk), (4.5)

G(θi jk) =
[
c+ exp(−d cos(θi jk))

]−1
. (4.6)

ξi j is a measure for the number of bonds competing with the bond i j and modulating it.
The exponential function in ξi j is what Tersoff calls the ‘bare bonding potential’ between
the atoms i and j, and i and k. fC is a cut-off function to ensure that only nearest neighbor
interactions are taken into account. ri j and rik are the interatomic distances between atom
pairs i j and ik. The function G(θi jk) is a function of the bond angle θi jk between the atoms
pairs i j and ik. a, n, λ , c, and d are free parameters. Using data from experiment and
quantum mechanical ab initio calculations, these free parameters in the potential form are
fitted to reproduce the correct results. With this empirical potential, Tersoff succeeded in
correctly calculating a number of observables in various structures of silicon. In later papers,
with slightly modified forms of the potential [73–75], he improved on this work by, next to
silicon, also incorporating other group IV elements. The great success of this work is that it
is able to describe a number of structures using the same set of potential parameters whereas
a many-body expansion like

E = ∑
i

Vi(ri)+∑
i j

Vi j(ri j)+∑
i jk

Vi jk(ri jk)+ . . . (4.7)

seems to be much more limited in describing diverse bonding geometries [76].
Although Tersoff’s potential was very successful in describing diverse geometries using

the same set of parameters, it still has some shortcomings. Because its functional form is
expressed using sums over nearest neighbors and bond angles it is very difficult, if not im-
possible, to describe conjugate bonds. This can be seen by looking at the two bonds in fig.
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Figure 4.1: A conjugate bond in naphtalene,
with the same local geometry as in fig. 4.2.

Figure 4.2: A double bond in tetramethylethylene,
with the same local geometry as in fig. 4.1.

4.1 and 4.2. The CC bonds in these two structures have a similar environment, but are clearly
very different. One bond is conjugated and the other is a double bond. This shows that the
bond order of a certain atom does not only depend on the number of neighbors, but also on
the local geometry.

4.2.3 Tersoff-Brenner
Brenner [70], in modeling the chemical vapor deposition of diamond films, modified Ter-
soff’s potential to overcome these kinds of problems. He devised a functional form for the
potential, which is able to model a great number of hydrocarbon structures. It closely re-
sembles Tersoff’s final form, but has a number of modifications. It is parametrized in the
following way:

Eb = ∑
i

∑
j>i

VR(ri j)−Bi jVA(ri j), (4.8)

with

VR(ri j) = fi j
D(e)

i j

Si j −1
e−

√
2Si jβi j(ri j−Re

i j), (4.9)

VA(ri j) = fi j
D(e)

i j Si j

Si j −1
e−

√
2/Si jβi j(ri j−Re

i j). (4.10)

The functions VA and VR are attractive and repulsive pair potential terms. When the parameter
Si j is set to Si j = 2 the terms form the familiar Morse-potential [77]. The shape of a Morse
potential well is shown in fig. 4.3.
Here it may be seen that the parameter D(e)

i j represents the well depth or equilibrium bond

energy of the potential and R(e)
i j is the equilibrium internuclear separation. The parameter βi j

is a measure of the force constant.
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Figure 4.3: Schematic representation of a Morse potential well.

The function fi j acts as a smooth cut-off function, which restricts the interactions to near-
est neighbors only. Atoms with separations greater than R(2)

i j are considered non-interacting

( fi j(r)= 0). Atoms with separations smaller than R(1)
i j are considered fully interacting ( fi j(r)=

1). The cut-off function ensures a smooth transition between these regimes,

fi j(r) =


1 r ≤ R(1)

i j ,[
1+ cos

(
π(r−R(1)

i j )

R(2)
i j −R(1)

i j

)]
/2 R(1)

i j < r < R(2)
i j ,

0 r ≥ R(2)
i j .

The environment dependence is captured in the bond-order function Bi j. It is a many-body
coupling between the atoms i and j depending on the local surrounding. When summing the
energy over bonds, it can be written as an average of the contributions of the atoms in the
bond and an additional correction function Fi j,

Bi j =
Bi j +B ji

2
+

Fi j(N
(t)
i ,N(t)

j ,Ncon j
i j )

2
, (4.11)

where

Bi j =

[
1+ ∑

k ̸=i, j
Gi(θi jk) fik(rik)e

αi jk

[
(ri j−R(e)

i j )−(rik−R(e)
ik )
]
+Hi j(N

(H)
i ,N(C)

i )

]−δi

. (4.12)
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The function Gi(θi jk) depends on the angle θi jk between the bonds i− j and i− k and it is
parametrized as follows:

Gi(θ) = a0

(
1+

c2
0

d2
0
− c2

0/[d
2
0 +(1+ cos2 θ)]

)
. (4.13)

The parameters αi jk, a0, c0, and d0 are free parameters to be fit to known molecular structures.
Values for these fitting parameters can be found in ref. [70].

The Abell-Tersoff potential has a few shortcomings. One is that it tends to overbind
radical structures. This is very problematic when describing for example vacancy defects
in diamond where there are four radicals. It does not seem possible to fit the Abell-Tersoff
potential to both graphite and diamond with vacancy defects [70]. Another issue is that it
is unable to handle conjugation, illustrated in fig. 4.1 and 4.2. The overbinding of radi-
cals and the conjugation problems are corrected for by the correction functions Fi j and Hi j.
Hi j(N

(H)
i ,N(C)

i ) is a function of the number of hydrogen and carbon neighbors of atom i and
it is only non-zero when atom i is a carbon atom,

N(H)
i = ∑

j∈H
fi j(ri j), (4.14)

N(C)
i = ∑

j∈C
fi j(ri j). (4.15)

Using the function fi j makes the functions continuous in their arguments.
Fi j(N

(t)
i ,N(t)

j ,Ncon j
i j ) is a function of the total number of neighbors of atom i (N(t)

i ), the total

number of neighbors of atom j (N(t)
j ), and of the parameter Ncon j

i j . The value of Ncon j
i j assesses

whether or not the bond is part of a conjugated system. Fi j is only non-zero for carbon-carbon
bonds,

N(t)
i = N(H)

i +N(C)
i , (4.16)

Ncon j
i j = 1+ ∑

k∈C ̸=i, j
fikF(xik)+ ∑

l∈C ̸=i, j
f jlF(x jl), (4.17)

where

F(xik) =

 1 xik ≤ 2,
(1+ cos [π(xik −2)])/2 2 < xik < 3,
0 xik ≥ 3,

and
xik = N(t)

k − fik. (4.18)

xik is the number of neighbors of atom k excluding atom i. When a bond is not conjugated
Ncon j

i j = 1. This value increases when the bond i j is part of a conjugated system.
The determination of the full potential function is now achieved by fitting to a number of

known hydrocarbon structures in order to obtain values for the parameters in the potential.
The potential function then transfers rather well to structures that were not included in the
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fitting procedure [70]. Of course the fitting procedure only gives values for the correction
functions Hi j(N

(H)
i ,N(C)

i ) and Fi j(N
(t)
i ,N(t)

j ,Ncon j
i j ) at integer values of their arguments. So, to

make the potential fully continuous, the correction functions are interpolated between integer
argument values using bicubic and tricubic interpolation:

HCH(x,y) =
3

∑
i=0

3

∑
j=0

ai jxiy j, (4.19)

HCC(x,y) =
3

∑
i=0

3

∑
j=0

bi jxiy j, (4.20)

FCC(x,y,z) =
3

∑
i=0

3

∑
j=0

3

∑
k=0

ci jkxiy jzk. (4.21)

The construction of the bicubic and tricubic splines is outlined in appendix B.

4.2.4 Modeling of Fast Particle (Screened-)Coulomb Interactions
The potential between atomic particles is, in general, a complex function. It depends on the
interatomic distance, relative velocities, electron cloud distributions, and other parameters.
A fully quantum mechanical treatment is only possible in a few situations. At higher colli-
sional energies (. 1 keV/amu), when nuclei approach each other closely, one may treat the
interaction between atomic particles rather well by a repulsive screened-Coulomb potential
function:

V (r) =
Z1Z2e2

r
Φ(r/a), (4.22)

where Z1 and Z2 are the atomic numbers of the collision partners, e is the electronic charge
of a proton, and r the internuclear separation of the particles. The function Φ, dampening the
pure Coulomb potential, is the so-called screening function. It models the degree of screening
due to the electron clouds of the collision partners. The parameter a is the screening length,
setting the length scale for screening. Over the years many screening functions have been
devised. Some examples are Thomas-Fermi [78], Molière [79], and Lens-Jensen [80, 81].
The most widely used screened-Coulomb potential is the one due to Ziegler, Biersack, and
Littmark [82]. They were able to construct a potential that fitted a large database of atom-
pairs quite well to experimental results. This potential is known as the ZBL or ‘universal’
interatomic potential,

V (r) =
Z1Z2e2

r

4

∑
i=1

aie−bix , x = r/aU , (4.23)

where

aU =
0.8854a0

Z0.23
1 +Z0.23

2
. (4.24)

The parameter a0 = 0.0592 nm is the Bohr radius. The parameters in the ZBL potential are
given in table 4.1.
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Table 4.1: ZBL potential coefficients ai and bi appearing the screening function.

i a b
1 0.1818 3.2
2 0.5099 0.9423
3 0.2802 0.4029
4 0.02813 0.2016

4.3 Molecular Dynamics Simulations

4.3.1 Introduction
Atomic and molecular systems, in general, contain many particles and a full quantum me-
chanical treatment of such a system is computationally not always feasible. In many cases
one may, however, quite accurately, treat these systems using analytical potential functions
modeling the interactions between the constituents. This is the realm of analytical potential
molecular dynamics. In molecular dynamics simulations one allows a system of particles to
interact through such potential functions and the time evolution of the system variables such
as positions and momenta is governed by the classical equations of motion,

F⃗ = ma⃗ =−∇V (⃗r). (4.25)

An analytical solution to such a set of coupled differential equations is not available for
systems with more than two particles so, one generally has to resort to numerical methods. In
these numerical methods one determines the potential function values and their derivatives at
some initial point such that finite difference schemes may generate an estimate of the system
variables at a next time step and this procedure is repeated.

4.3.2 Potential Derivatives
In this section we will elaborate on the derivation of the potential functions that were used in
the molecular dynamics simulations. The potential function is, in general, a function of all
the coordinates of the individual atomic constituents of the molecule. The force on the nth
particle is:

F⃗n(r1, . . . ,rn, . . . ,rz) = −∇nV (r1, . . . ,rn, . . . ,rz)

= − ∂V
∂ |ri j|

(∂ |⃗ri j|
∂ rnx

,
∂ |⃗ri j|
∂ rny

,
∂ |⃗ri j|
∂ rnz

)
= − ∂V

∂ |ri j|
r⃗i j

|⃗ri j|
δi jn, i ̸= j, (4.26)

where

δi jn =

 1 n = j
−1 n = i

0 otherwise.
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The r⃗i j’s are interatomic distance vectors, where

r⃗i j = r⃗ j − r⃗i and |⃗ri j|2 = r⃗i j · r⃗i j. (4.27)

So, for the Tersoff-Brenner interaction potential the force per particle becomes:

F⃗n = −∇n

[
1
2 ∑

i j
VR(ri j)−Bi jVA(ri j)

]

= −1
2 ∑

i j

[
∇nVR(ri j)−Bi j∇nVA(ri j)−∇Bi jVA(ri j)

]
(4.28)

The attractive and repulsive potential derivatives are straightforward to determine:

∂VR(ri j)

∂ |⃗ri j|
=

∂ fi j

∂ |⃗ri j|
Di j

Si j −1
e−

√
2Si jβi j(r−R(e)

i j )

− fi j
Di j

Si j −1

√
2Si jβi je

−
√

2Si jβi j(r−R(e)
i j ) (4.29)

∂VA(ri j)

∂ |⃗ri j|
=

∂ fi j

∂ |⃗ri j|
Di jSi j

Si j −1
e−

√
2/Si jβi j(r−R(e)

i j )

− fi j
Di jSi j

Si j −1

√
2/Si jβi j

Di j

Si j −1
e−

√
2/Si jβi j(r−R(e)

i j ) (4.30)

where

∂ fi j

∂ |⃗ri j|
=


0 r ≤ R(1)

i j[
−sin

(
π(r−R(1)

i j )

R(2)
i j −R(1)

i j

)]
π

2(R(2)
i j −R(1)

i j )
R(1)

i j < r < R(2)
i j

0 r ≥ R(2)
i j

The derivation of the bond order term is slightly more involved. We rewrite it slightly avoid-
ing a too verbose derivation:

Bi j =
[
Ci j +Hi j(N

(H)
i ,N(C)

i )
]−δi

, (4.31)

where

Ci j = 1+ ∑
k ̸=i, j

Gi(θi jk) fik(rik)e
αi jk

[
(ri j−R(e)

i j )−(rik−R(e)
ik )
]
. (4.32)

The derivatives then become:

∇nBi j = −δi [Ci j +Hi j]
−δi−1 [∇nCi j +∇nHi j]

= −δiB
1+ 1

δi
i j [∇nCi j +∇nHi j] , (4.33)
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∂Ci j

∂ ri j
= ∑

k ̸=i, j

[
∂Gi(θi jk)

∂ ri j
fikeαi jk[...]+Gi(θi jk) fikαi jkeαi jk[...]

]
, (4.34)

∂Ci j

∂ rik
= ∑

k ̸=i, j

[
∂Gi(θi jk)

∂ rik
fikeαi jk[...]+Gi(θi jk)

∂ fik

∂ rik
αi jkeαi jk[...]

− Gi(θi jk) fikαi jkeαi jk[...]

]
, (4.35)

∂Ci j

∂ r jk
= ∑

k ̸=i, j

[
∂Gi(θi jk)

∂ r jk
fikeαi jk[...]

]
. (4.36)

The derivative of the bond angle dependent function gives

∂Gi(θi jk)

∂ rpq
=

∂Gi

∂ cos(θ)
∂ cos(θi jk)

∂ rpq

=
2a0c2

0(1+ cosθ)[
d2

0 +(1+ cosθ)2
]2 ∂ cos(θi jk)

∂ rpq
. (4.37)

As a final step the derivatives of the correction functions for conjugated bonds and radicals
need to be determined:

∇nHi j =
∂Hi j

∂Ni
∇nNi =

∂Hi j

∂Ni
∑
p

∂ fip

∂ rip

r⃗ip

rip
δipn. (4.38)

This is done for both arguments of Hi j(N
(H)
i ,N(C)

i ) and similarly for the arguments of
Fi j(N

(t)
i ,N(t)

j ,Ncon j
i j ).

The forces due to the interaction between the projectile and the molecule are rather
straightforward to derive:

∂VZBL

∂ r
=−VC

[
∑4

i=1 aie−bix

r
+

∑4
i=1 biaie−bix

aU

]
. (4.39)

VC is the unscreened Coulomb potential function. The overall minus sign in eq. (4.39) shows
that this potential is universally repulsive when the negative gradient is taken to form the
force vector.

4.3.3 Finite Difference Integration Schemes
To observe the time evolution of the ion-molecule system one needs to solve the differential
equations of motion. For a system of more than two particles this has to be done using nu-
merical methods. One of the most popular algorithms in the molecular dynamics community
for doing this is the group of Verlet algorithms [83]. These are based on summing truncated
Taylor expansions about the current position
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r(t +δ t) = r(t)+ v(t)δ t +
1
2

a(t)δ t2 +
1
6

b(t)δ t3 +O(δ t4), (4.40)

r(t −δ t) = r(t)− v(t)δ t +
1
2

a(t)δ t2 − 1
6

b(t)δ t3 +O(δ t4). (4.41)

Adding and rearranging these two equations gives the basic Verlet algorithm:

r(t +δ t) = 2r(t)− r(t −δ t)+a(t)δ t2 +O(δ t4). (4.42)

This is a simple equation for determining the propagation in time and the truncation error
is O(δ t4), but it has some drawbacks. One is that the velocities of the particles are not
generated. Certainly in many molecular dynamics simulations one needs a knowledge of
the velocities of the particles for example in determining the kinetic energies. They can be
determined afterwards through a central difference approximation,

v(t) =
r(t +δ t)− r(t −δ t)

2δ t
. (4.43)

This is accurate up to O(δ t2), but lags behind the positions. A more commonly used algo-
rithm is the velocity-Verlet algorithm. It has the same local error terms, but computes the
positions and velocities synchronously,

Velocity-Verlet:

r(t +δ t) = r(t)+ v(t)δ t +
1
2

a(t)δ t2, (4.44)

v(t +δ t) = v(t)+
a(t)+a(t +δ t)

2
δ t. (4.45)

The equivalence of the algorithms may be shown by writing down the series for r(t + 2δ t),
rearranging r(t + δ t) to r(t) from eq. (4.44), adding the two, and substituting v(t + δ t)
from eq. (4.45). This procedure returns the basic Verlet algorithm. Velocity-Verlet has the
advantage that it computes the positions and velocities at the same time. The local truncation
errors are O(δ t4) for the positions and O(δ t2) for the velocities.

There exist more accurate algorithms, one of which is Beeman’s Algorithm [84]. Beeman
proposed a very stable and efficient algorithm, which computed the velocities up to O(δ t3),

Beeman:

r(t +δ t) = r(t)+δv(t)+
δ t2

6
[4a(t)−a(t −δ t)] , (4.46)

v(t +δ t) = v(t)+
δ t
6
[2a(t +δ t)+5a(t)−a(t −δ t)] . (4.47)

We have incorporated this integration algorithm in our molecular dynamics simulations. The
Beeman algorithm is not self-starting so, we generate the first integration step using the
Velocity-Verlet method.
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4.4 Results and Discussion

4.4.1 Molecular Dynamics: Setup and Validation
The molecular dynamics simulation program may be run with or without a projectile. The
simulation geometry, including a projectile, is displayed in fig. 4.4. The ion, being assigned a
certain energy and initial velocity components, starts a fixed distance away from the molecule
where there is negligible interaction between the two. The system is then allowed to evolve
over time. To make sure the C++ code is programmed correctly we ran the simulation for a
few situations for which the results are known. First the molecular structures in the paper by
Brenner [70] were run evolving those structures to their lowest energy geometry. The results
are shown in table 4.2. As is clear from the table all atomization energies are reproduced
except the one for ethynylbenzene. The energy of 68.4 eV in our work is, however, most
likely to be the correct one. Other authors [85] also find this value.

A situation, which can be solved analytically is an elastic head-on binary collision. The
energy transferred between the projectile and a target particle in this case is [82]:

Tm =
4MpMt

(Mp +Mt)2 E0 ≡ γE0, (4.48)

where Mp and Mt are the projectile and target masses respectively, E0 is the initial projectile

Figure 4.4: Simulation geometry.
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Table 4.2: Energies of atomization (eV) of a number of molecular structures. The columns ‘Brenner’
and ‘Experiment’ are adopted from ref. [70].

Structure This work Brenner Experiment
Alkanes
methane 17.57 17.6 17.6
ethane 29.72 29.7 29.7
propane 41.99 42.0 42.0
n-butane 54.26 54.3 54.3
i-butane 54.27 54.3 54.4
n-pentane 66.54 66.5 66.6
isopentane 66.54 66.5 66.6
neopentane 66.79 66.8 66.7
cyclopropane 35.51 35.5 35.8
cyclobutane 48.65 48.7 48.2
cyclopentane 61.35 61.4 61.4
cyclohexane 73.63 73.6 73.6
Alkenes
ethylene 23.63 23.6 23.6
propene 36.23 36.2 36.0
1-butene 48.50 48.5 48.5
cis-butene 48.83 48.8 48.6
isobutene 48.39 48.4 48.7
(CH3)2C=C(CH3)2 73.15 73.2 73.4
cyclopropene 28.19 28.2 28.8
cyclobutene 42.41 42.4 42.4
cyclopentene 55.75 55.7 55.6
1,4-pentadiene 55.00 55.0 54.8
CH2=CHCH=CH2 41.84 41.8 42.6
CH3CH=C=CH2 40.42 40.4 42.1
H2C=C=CH2 27.82 27.8 29.6
Alkynes
acetylene 17.15 17.1 17.1
propyne 29.42 29.4 29.7
1-butyne 41.69 41.7 42.0
2-butyne 41.69 41.7 42.2
Aromatics
benzene 57.47 57.5 57.5
toluene 69.63 69.6 70.1
1,4-dimethylbenzene 81.79 81.8 82.6
ethylbenzene 81.90 81.9 82.5
ethenylbenzene 76.19 76.2 76.5
ethynylbenzene 68.39 69.8 69.9
naphtalene 91.39 91.4 91.2
anthracene 125.30 - -
Radicals
CH2 7.77 7.8 7.8
CH3 12.71 12.7 12.7
H3C2H2 25.67 25.7 25.5
H2C2H 18.88 18.9 18.9
C2H 12.24 12.2 12.2
CH2CCH 24.45 24.5 25.8
n-C3H7 37.94 37.9 37.8
i-C3H7 38.25 38.3 38.0
t-C4H9 50.47 50.5 50.5
phenyl 72.71 52.7 72.7
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kinetic energy and Tm is the maximum transferred energy of the projectile to the target parti-
cle. When run in this configuration the simulations reproduce the correct energy distribution
between projectile and target particle. For example, when a 100 eV He projectile collides
head-on with a stationary C atom as the target particle, the C atom gains a kinetic energy
of 75.0 eV. The simulation results approach the analytical results more closely with decreas-
ing time step size, up to 10 decimal digits, using a rather small time step of 1 a.u. Many
processes, however, do not require such a small time step.

Needless to say, molecular dynamics simulations should also obey the law of conserva-
tion of total energy. Fig. 4.5 shows the results of a simulation of the anthracene molecule
during which kinetic energy, potential energy and total energy of the molecule were recorded
over every time step. These are plotted in red, blue, and black, respectively. The atoms in
the molecule were assigned random initial velocities drawn from a Maxwell-Boltzmann dis-
tribution with kBT = 0.025 eV. The time step in this simulation was 0.2 fs and it was run for
10000 time steps i.e. 2.0 ps. The level of conservation of energy is below 10−5.

Figure 4.5: Conservation of energy in an anthracene molecule. Plotted in blue, red, and black are
potential energy, kinetic energy, and total energy, respectively.

4.4.2 Results for H and He Colliding with Anthracene: Direct Frag-
mentation

Fig. 4.6 and 4.7 show a series of frames of a He projectile colliding head-on with a C atom
in the anthracene molecule. The frames are separated in time by 1000 a.u. (1 a.u. equals
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(a) t=0 a.u. (b) t=1000 a.u.

(c) t=2000 a.u. (d) t=3000 a.u.

(e) t=4000 a.u. (f) t=5000 a.u.

(g) t=6000 a.u. (h) t=7000 a.u.

(i) t=8000 a.u. (j) t=9000 a.u.

Figure 4.6: 40 eV He on anthracene.
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(a) t=0 a.u. (b) t=1000 a.u.

(c) t=2000 a.u. (d) t=3000 a.u.

(e) t=4000 a.u. (f) t=5000 a.u.

(g) t=6000 a.u. (h) t=7000 a.u.

(i) t=8000 a.u. (j) t=9000 a.u.

Figure 4.7: 50 eV He on anthracene.



4.4 Results and Discussion 59

2.42 · 10−17 s.). Fig. 4.6 displays a collision of a 40 eV He ion interacting with anthracene.
Fig. 4.7 shows the same situation, but now for a 50 eV He ion. The first collision situation
leaves the molecule excited, but intact. The second collision leads to the ejection of the hit
atom.

In fig. 4.8 an atom numbering scheme for the anthracene molecule is shown. In the
following a few special interaction situations will be described, which use this numbering
scheme for the atoms.

Figure 4.8: Numbering of atoms in the anthracene molecule. H atoms are numbered 0-9, C atoms
10-23.

The first set of special ion impact parameters are those for perpendicular, head-on col-
lisions with a carbon or hydrogen atom or with bonds (halfway the interatomic distance) in
the molecule. For reasons of symmetry one does not need to consider collisions with all
carbon and hydrogen atoms and bonds, but only those in one quadrant e.g. the lower left
corner, namely C22, C20, C16, C12 and H8, H6, and H0, as displayed in fig. 4.8. In table
4.3 we listed the results for perpendicular head-on collisions of a 100 eV He projectile with
the anthracene molecule. The projectile started at a distance of 35 a.u. from the molecular
center where there is negligible interaction. The time step was equal to 10 a.u. (0.24 fs) and
the simulation lasted for 250 time steps, finalizing when there is again negligible interaction
between the projectile and the molecular constituents. The first column of the table indicates
the target atom or bond. The second column contains the kinetic energy loss of the projectile
due to the collision (∆Ekin). The third column of the table shows the vibrational excitation
energy of the remainder of the molecule (Evib). The fourth column contains the energy of the
knocked-out fragment (E f rag). The last column shows which effects occurred during the col-
lision. As can be seen from table 4.3 a substantial amount of the projectile energy is carried
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away by the fragment produced in the collision. The collisions through the bonds shown in
table 4.3 and following tables are halfway between the atoms forming the bond.

Table 4.3: 100 eV He on anthracene: Perpendicular head-on collisions. The first column contains the
target, the second column contains projectile kinetic energy losses, the third and fourth column contain
the molecular vibrational excitation and the energies of the fragments, respectively.

Target Projectile
∆Ekin (eV)

Molecule
Evib (eV)

E f rag (eV) Effects

C atoms
C22 70.60 16.25 54.35 CH loss
C20 70.57 15.90 54.67 CH loss
C16 69.77 16.85 52.92 C loss
C12 70.52 15.55 54.97 CH loss
H atoms
H8 59.48 5.21 54.27 H loss
H6 59.38 5.17 54.21 H loss
H0 59.27 5.15 54.12 H loss
CC bonds
C22-C23 12.18 12.18 - Bond scission
C20-C22 12.15 12.15 - Bond scission
C16-C20 11.44 11.44 - Bond scission
C16-C18 10.59 10.59 - Bond scission
C16-C12 11.55 11.55 - Bond scission
CH bonds
C22-H8 25.77 12.30 13.47 H loss
C20-H6 25.74 12.28 13.46 H loss
C12-H0 25.71 12.23 13.48 H loss
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Table 4.4 shows the results of a similar situation, but now for a 1 keV He projectile. The
time step used in this case is 1 a.u. Projectiles this fast colliding with the molecule transfer
much less of their kinetic energy to the remaining molecule. In the case of collisions with
an atom a great deal of the kinetic energy is transferred to that particular atom. The atom is
kicked out of the molecule perturbing the remainder only little. In collisions with a C atom
in the molecule, for example, one can see that the C atom is kicked out with a substantial
amount of energy, whereas the hydrogen that was attached to it is more or less stationary,
close to the molecule.

Table 4.4: Same setup as table 4.3, but for 1 keV He on anthracene: Perpendicular head-on collisions.

Target Projectile
∆Ekin (eV)

Molecule
Evib (eV)

E f rag (eV) Effects

C atoms
C22 744.82 16.64 C:728.00

H:0.18
C,H loss

C20 744.81 15.34 C:729.30
H:0.17

C,H loss

C16 744.38 16.09 C:728.28 C loss
C12 744.77 15.02 C:729.58

H:0.17
C,H loss

H atoms
H8 635.32 4.95 630.37 H loss
H6 635.25 4.92 630.33 H loss
H0 635.13 4.89 630.24 H loss
CC bonds
C22-C23 1.05 1.05 - -
C20-C22 1.05 1.05 - -
C16-C20 0.99 0.99 - -
C16-C18 0.92 0.92 - -
C16-C12 1.00 1.00 - -
CH bonds
C22-H8 2.78 2.78 - -
C20-H6 2.78 2.78 - -
C12-H0 2.77 2.77 - -
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Simulations with protons as projectiles were also performed. In table 4.5 one finds the
results of a 100 eV proton colliding with the anthracene molecule at various selected impact
sites. The time step for this simulation was 1 a.u. It may be seen that a proton of this energy,
traversing the bonds midway the atoms, does not induce bond scissions anymore. Vibrational
excitation does occur.

Table 4.5: 100 eV H on anthracene: Perpendicular head-on collisions. The first column contains the
target, the second column contains projectile kinetic energy losses, the third and fourth column contain
the molecular vibrational excitation and the energies of the fragments, respectively.

Target Projectile
∆Ekin (eV)

Molecule
Evib (eV)

E f rag (eV) Effects

C atoms
C22 27.37 18.68 8.69 CH loss
C20 27.36 17.99 9.37 CH loss
C16 27.24 21.31 5.93 C loss
C12 27.35 17.28 9.97 CH loss
H atoms
H8 90.32 4.95 85.37 H loss
H6 90.15 4.92 85.23 H loss
H0 89.96 4.88 85.08 H loss
CC bonds
C22-C23 0.95 0.95 - -
C20-C22 0.95 0.95 - -
C16-C20 0.90 0.90 - -
C16-C18 0.83 0.83 - -
C16-C12 0.90 0.90 - -
CH bonds
C22-H8 2.48 2.48 - -
C20-H6 2.48 2.48 - -
C12-H0 2.47 2.47 - -
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In table 4.6 the results for 1 keV protons are tabulated. The time step was 0.1 a.u. Also
in this case when a proton this fast collides with a C atom, the atom is kicked out of the
molecule and if there was a bond to a hydrogen atom, this hydrogen atom remains more
or less stationary close to the molecule. Also here bond scissions do not occur when the
projectile passes through the bond, halfway the two atoms.

Table 4.6: Same setup as table 4.5, but for 1 keV H on anthracene: Perpendicular head-on collisions.

Target Projectile
∆Ekin (eV)

Molecule
Evib (eV)

E f rag (eV) Effects

C atoms
C22 284.27 15.71 C:268.16

H:0.40
C,H loss

C20 284.27 15.39 C:268.48
H:0.40

C,H loss

C16 284.26 16.17 C:268.09 C loss
C12 284.27 15.07 C:268.80

H:0.40
C,H loss

H atoms
H8 969.85 4.90 964.95 H loss
H6 971.63 4.87 966.76 H loss
H0 971.99 4.84 967.15 H loss
CC bonds
C22-C23 0.081 0.081 - -
C20-C22 0.081 0.081 - -
C16-C20 0.077 0.077 - -
C16-C18 0.071 0.071 - -
C16-C12 0.078 0.078 - -
CH bonds
C22-H8 0.22 0.22 - -
C20-H6 0.22 0.22 - -
C12-H0 0.22 0.22 - -
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In the context of ion-induced PAH destruction in astrophysically relevant environments,
energy transfer of the projectile to the target, is a quantity that is often used to characterize the
interaction dynamics [11]. Moreover, the energy transfer threshold, T0 for direct knock-out
of a C-atom is a key quantity. In tables 4.7 and 4.8 these thresholds for vacancy formation
are listed for the different C atoms in anthracene. Included are the thresholds for coronene
(C24H12), a larger molecule and graphene, an infinite PAH so to speak, in order to determine
the effects of the local molecular geometry.

Table 4.7: Threshold energetics for vacancy creation with H projectiles (eV): The first column con-
tains the target atom, the second column contains the threshold kinetic energy of the ion for vacancy
formation at the target site, the third column contains the kinetic energy transfer of the projectile to the
molecule, which here, at the threshold for vacancy formation corresponds to T0. The fourth and last
column contain the fragment energy and the effects occurring in the collision, respectively.

Target Projectile
Ekin

Projectile
∆Ekin

E f rag Effect

anthracene
C22 91 −24.8 6.9 CH loss
C20 90 −24.5 5.8 CH loss
C16 99 −27.0 5.0 C loss
C12 89 −24.2 4.1 CH loss
coronene
C 94 −25.5 4.0 C loss
graphene
C 95 −25.8 4.7 C loss

Table 4.8: Threshold energetics for vacancy creation with He projectiles (eV): Same setup as table 4.7,
but for He projectiles.

Target Projectile
Ekin

Projectile
∆Ekin

E f rag Effect

anthracene
C22 42 −27.7 7.1 CH loss
C20 41 −26.9 5.1 CH loss
C16 43 −27.5 5.4 C loss
C12 41 −26.8 7.8 CH loss
coronene
C 42 −26.7 6.1 C loss
graphene
C 42 −26.7 6.4 C loss
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Figure 4.9: Molecular excitation energy vs. projectile energy for H (blue)and He (red) projectiles
colliding with C atom no. 16 in anthracene as displayed in fig. 4.8.

For carbon atom number 16, prompt bond scission already sets in at projectile energies a
few eV below the threshold for complete single knock out.

Fig. 4.9 shows the results of H and He ions colliding head-on with C atom number 16. The
plot displays the molecular excitation energy as a function of H (blue) and He (red) projectile
energies. It is clear that the excitation of the molecule is greatest when the projectile energy
lies close to the threshold energy for knock out of the C atom, indicated by the vertical lines
at 43 eV for He projectiles and 99 eV for H projectiles. The excitation energies in fig. 4.9
are exclusive the kinetic energy of carbon atom 16 if it is knocked out of the molecule. The
excitation energies are also corrected for any total translational center-of-mass kinetic energy
of the molecule after the collision, although these values are, in general, much less than 1
eV and peak around 2 eV when the projectile energy lies close to the threshold for carbon
knock out. For projectile kinetic energies exceeding the knock-out threshold, the excitation
of the molecule decreases asymptotically to the value of a vacancy in the otherwise unexcited
molecule. For C atom number 16 in anthracene this vacancy energy (Evac) is 16.0 eV using the
Brenner potential. For coronene this vacancy energy is 15.3 eV for an inner ring carbon atom.
The energy transfer of fast ions (Ekin ≫ Evac) thus goes almost exclusively to the C atom that
is knocked out of the molecule. The vacancy energy (Evac) is indicated by the horizontal line
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in fig. 4.9. However, particularly close to threshold, the removal of a carbon atom from a
PAH molecule requires an ion of higher energy than Evac and also much more energy than
the vacancy energy is deposited into the molecule. As may be seen from fig. 4.9 and tables
4.7 and 4.8 at the thresholds for knock out of C atoms the required ion kinetic energy losses
exceed 25 eV, peaking just below the knock-out threshold. It is this energy that may more
appropriately be called T0, the minimal ion kinetic energy transfer for carbon knockout. This
value is a great deal larger than the value of 7.5 eV quoted in ref. [11]. The simulation results
show that the projectile kinetic energy threshold for carbon knockout depends very much on
the projectile species and is certainly not a universal constant.

4.4.3 Monte Carlo Simulations: Cross Sections

To map the landscape of reaction pathways we performed Monte Carlo simulations of H and
He projectiles interacting with the anthracene molecule. The molecule was positioned in the
origin of the simulation geometry with a fixed orientation or with random orientations. The
ion started a fixed distance of 35 a.u. away from the origin, where the interaction energy
is essentially zero, with randomly generated impact parameters. Impact parameters were
generated in a window of 40 a.u. by 40 a.u.. The window size is such that interaction is
essentially zero at its borders. Random orientations of the molecule were generated from a
flat distribution of orientations such that each orientation is equally probable. Incidentally,
the distribution of orientations is not flat when standard rotation matrices for rotations around
the x,y,z axes are generated with randomly selected angles.

Random numbers are generated using the Mersenne Twister algorithm to ensure suffi-
cient randomness of the numbers over many trajectories. The Monte Carlo simulations were
performed in a parallel manner on the ”Millipede” computer cluster of the Center for High
Performance Computing and Visualization (HPCV) of the University of Groningen (RuG),
equipped with 3280 Opteron 2.6 GHz cores, capable of computing many ion trajectories in
parallel. Most simulations were performed on only a small section of the cluster using three
or four nodes with 12 cores per node. In this way millions of trajectories can be simulated in
a few hours of computing time. Demanding jobs with small and many time steps were run
using more nodes.

In fig. 4.10(a) and 4.10(b) we show the results of the energy transfer spectrum of He
ions of various kinetic energies interacting with the anthracene molecule. In fig. 4.10(a) the
molecule was oriented upright i.e. the ion trajectories were perpendicular to the plane of the
molecule. In fig. 4.10(b) the molecule was oriented randomly. In this figure for He projectile
energy transfers to randomly oriented anthracene we also display the binary collision ap-
proximation values of ref. [11], the values of which may be found in table 4.9. These values
are indicated by the vertical lines of the same color as the corresponding projectile energy.
For 10 eV projectiles no average energy transfer can be determined in the framework used in
ref. [11], because of a lower limit of applicability in the analysis.

In fig. 4.11(a) and 4.11(b) we show the differential cross section for energy transfer of a
He ion interacting with anthracene for various values of the kinetic energy of the ion. The
differential cross section is defined as
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(a) Upright orientation.

(b) Random orientations.

Figure 4.10: Energy transfer of He projectiles of various kinetic energies to the anthracene molecule for
upright (i.e. projectile trajectories perpendicular to the plane of the molecule) orientation and random
orientations. Bin size: 0.1 eV.
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dσ
dE

=
N(E)
L ∆E

, (4.49)

where N(E) is the number of events with energy transfer E, L is the integrated luminosity,
and ∆E the binwidth.

Fig. 4.12(a) and 4.12(b) show the total cross sections for energy transfer above 4.6 eV and
7.5 eV of He ions interacting with anthracene as a function of projectile kinetic energy for the
molecule in upright and random orientations respectively. In fig. 4.12(b) we included the total
cross section for He projectiles on carbon in the binary collision approximation, multiplied
by 14 in order to be able to make a comparison with the results for anthracene (C14H10).
The total cross sections in the molecular dynamics case are expected to be larger than those
in the binary collision approximation of ref. [11] (projectile-C atom) because the latter does
not take into account the contribution of the hydrogen atoms to the total cross section, which
may be large estimated from a geometrical point of view and also the molecular nature of the
target is not taken into account.

4.4.4 Dissociation
Using the results of the energy transfers of the projectile to the molecule one may determine
a dissociation probability for the molecule. Whenever a PAH interacts with an ion, the ion
excites the PAH. The following analysis has been adopted from [16].

In the excited molecule there is a competition between two relevant de-excitation mecha-
nisms: Infrared (IR) photon emission and dissociation of the molecule. Finding the probabil-
ity of dissociation, amounts to determining the rates for molecular dissociation in competition
with the rates for IR photon emission.

The rates for molecular dissociation can be found through an Arrhenius type relation,

kdiss = k0exp
[
− E0

kBTe f f

]
, (4.50)

Te f f ≈ 2000
(

TE(eV )

NC

)0.4(
1−0.2

E0(eV )

TE(eV )

)
,

where Te f f is the effective temperature of the system, NC the number of carbon atoms in the
molecule and E0 the binding energy of the fragment produced in the dissociation process. kB
is Boltzmann’s constant. TE is the energy that has been transferred to the molecule.

In the de-excitation mechanism of IR photon emission, the excited molecule will emit a
series of IR photons of energy ε at a rate kIR. The value of ε is assumed constant throughout
the emission cycle for simplicity and to have a value of ε = 0.16 eV, typical for a CC vibra-
tional mode. The probability that the excited molecule will dissociate between the nth and
(n+1)th photon emission equals:

ϕn = pn+1 · (1− pn) · (1− pn−1) · · ·(1− p0) = pn+1

n

∏
i=0

(1− pi) (4.51)

The unnormalized probability per step pi equals:
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(a) Upright orientation.

(b) Random orientations.

Figure 4.11: Differential cross section for energy transfer of He projectiles of various kinetic energies
to the anthracene molecule for upright (i.e. projectile trajectories perpendicular to the plane of the
molecule) orientation and random orientations.
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(a) Upright orientation: He - anthracene simulation (points), He-C in the binary collision
approximation multiplied by 14 (solid).

(b) Random orientation: He - anthracene simulation (points), He-C in the binary collision
approximation multiplied by 14 (solid).

Figure 4.12: Total cross sections for energy transfer above Tco of He projectiles to the anthracene
molecule for upright (i.e. projectile trajectories perpendicular to the plane of the molecule) orientation
and random orientations.
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pi =
kdiss(Ei)

kIR(Ei)
, where Ei = TE − iε. (4.52)

The total probability for dissociation of the molecule is now the sum of the individual disso-
ciation probabilities at every photon emission step,

P(nmax) =
nmax

∑
n=0

ϕn. (4.53)

For simplicity we will ignore the dependence of kIR on Ei. We will also assume that
pi does not vary, but instead take it to be an average value pav. The total unnormalized
dissociation probability for the molecule is then

P(nmax) = (nmax +1)pav = (nmax +1)
k0 exp(−E0/kTav)

kIR
. (4.54)

The average temperature Tav is taken as the geometric mean
√

Tin ×Tnmax , where Tin is
the effective temperature immediately after excitation of the molecule by the ion and Tnmax is
the effective temperature after nmax IR photon emissions corresponding to an internal energy
of (TE -nmaxε). For truly constant pi’s nmax would equal (TE -E0)/ε , but the full analysis gives
nmax equal to 10, 20 and 40 for PAH sizes of 50, 100 and 200 C atoms [86]. For anthracene
this would give a value for nmax equal to 3.

kIR is estimated to be 100 photons s−1 [87] and the factor k0 is determined to be 1.4×
1016 s−1 [86]. The value for E0, the binding energy of the dissociation fragment, may now
be determined by fitting the Arrhenius rate to rates measured in experiment [87]. These
experiments measured appearance energies for PAH dissociation at a rate of 104 s−1. Doing
so, this procedure gives a value of E0 = 3.65 eV, which is a rather low value compared to the
binding energy of a C2H2 group in a PAH, which is some 4.2 eV for small PAHs [88]. Ref.
[86] suggests to determine the value for E0 by assuming a more astrophysically appropriate
rate of 1 s−1 for IR relaxation and an internal excitation energy of 12 eV corresponding to a
typical FUV photon absorption. That analysis leads to a value of E0 = 4.6 eV and this value
is also adopted here.

The total probability for dissociation is then finally

P =
k0 exp [−E0/kTav]

[kIR/(nmax +1)]+ k0 exp [−E0/kTav]
. (4.55)

In table 4.9 we have made a comparison between the average energy transfer of He pro-
jectiles to the anthracene molecule in our work using computer simulations and the binary
collision approximation of ref. [11]. The average energies obtained in this work are calculated
using the lower limit of integration or cut-off of Tco = 4.6 eV instead of the somewhat artifi-
cially chosen lower limit of Tco = 7.5 eV for direct single carbon knock-out, but as the range
of energy transfers grows larger this difference is felt less and less. At projectile energies of
55 eV for He the average energy transfers are already very similar.
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Table 4.9: Average energy transfers for He projectiles of various kinetic energies. The second column
shows the average energy transfers of projectile to molecule obtained in this work using simulations.
The third column shows average energy transfers in the binary collision approximation of ref. [11].

Projectile
Ekin (eV)

TE (eV)
This work (Tco=4.6)

TE (eV)
Ref. [11] Tco=7.5

10 5.4 -
25 9.8 12.0
40 14.2 15.2
55 17.6 17.9
70 20.2 20.2
85 22.2 22.3
100 23.9 24.1
250 33.7 36.1
500 42.1 46.1

Table 4.10: Total cross sections for He projectiles of various kinetic energies. The second column
contains total cross sections for interactions with energy transfers above 4.6 eV for He projectiles on
anthracene of random orientations. The third column contains the cross section of He projectiles on a
C atom in the binary collision approximation multiplied by 14.

Projectile
Ekin (eV)

σtotal (a.u.2)
This work (Tco=4.6)

σtotal (a.u.2)
Ref. [11] (Tco=7.5)

10 14.7 -
25 66.7 35.9
40 75.1 42.2
55 77.3 43.5
70 77.7 43.4
85 77.1 42.8
100 76.4 42.0
250 65.5 34.6
500 53.1 28.0

4.5 Conclusions

In this chapter we have studied the interactions of hydrogen and helium projectiles with
polycyclic aromatic hydrocarbon molecules using molecular dynamics simulations, taking
anthracene as a particular case for a more detailed study. In doing so, we have attempted to
make a comparison between the results from our work and the work of ref. [11] where the
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authors approach the problem using an analytical binary collision approximation between the
projectiles and a carbon atom.

The intra molecular interactions are modeled using a Tersoff-Brenner reactive bond order
potential. Projectile interactions with the molecular constituents are modeled through the
’universal’ ZBL screened-Coulomb potential.

When targeting specific atomic sites within the molecule it becomes apparent that direct
fragmentation as a result of projectile impact is greatly overestimated in the binary collision
approximation theory of ref. [11]. Direct fragmentation requires projectiles of kinetic ener-
gies much higher than 10 eV He, or equivalently a kinetic energy transfer of 7.5 eV to the
molecule. Rather, He projectiles with a kinetic energy of some 43 eV (H projectiles of 99
eV) are required for complete single knock-out of a carbon atom, or equivalently an energy
transfer to the molecule of some 27 eV.

Next to determining the energetics for direct fragmentation, we determined the range of
energy transfers of He projectiles of various kinetic energies to the anthracene molecule. This
allows one to determine a probability for dissociation of the molecule in competition with re-
laxation through infrared photon emission. The dissociation of the molecule is assumed to be
described by an Arrhenius process with a characteristic energy E0 = 4.6 eV. The tempera-
ture of the system is taken as the geometric mean of an effective temperature upon excitation
of the molecule and the effective temperature after a given number of IR photon emissions.
The probability for dissociation of the molecule is a function of an ’average’ energy transfer
of the projectile to the molecule. The average energy transfers in our work are taken to be
the average of the energy transfer spectrum using the minimum value of 4.6 eV. This proce-
dure yields similar excitation energies as in the work of ref. [11], which only deviate for low
kinetic energies.

The total interaction cross sections determined in our work are larger than those in ref.
[11]. This is to be expected though, because we determine total cross sections including all
events above a lower limit for energy transfer of the projectile to the molecule of 4.6 eV,
whereas in the work of ref. [11] a lower limit of 7.5 eV for energy transfer is assumed. A
second cause is that in anthracene there is an outer circumference of hydrogen atoms enlarg-
ing the geometric cross section compared to a carbon skeleton of just 14 carbon atoms. A
third point is that in our simulations the molecular nature of the target is taken into account
as well, whereas in [11], by definition, this is not the case.

In conclusion, energy transfers of the projectile to the molecule are similar in the models,
however, dissociation probabilities are sensitive to variations in the energy transfer parameter
through an exponential dependence in the Arrhenius equation. The collision rates in inter-
stellar environments are expected to be larger due to enhanced cross sections determined in
the computer simulations.




