PHYSICAL REVIEW A 71, 044702(2005

Prediction of the energy dependence of molecular fragmentation cross sections for collisions
of swift protons with ethane and acetylene
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We report the energy-dependent fragmentation cross sections for several of the more likely fragmentation
channels for protons with up to 10 keV impact energy colliding with acetylene and ethane. We find that the
predominant channels are those which involve the dissociation of a carbon-hydrogen bond, and we find that the
cross sections for these channels are maximum in the low-projectile-energy region. The cross sections for
fragmentation involving dissociation of a C-C bond are an order of magnitude smaller and peak at somewhat
higher projectile energy. Although there are no experimental values with which to compare, it appears that
selection of projectile energy can be used to influence branching ratios in proton-hydrocarbon collisions and,
by implication, in other ion-molecule and atom-molecule collisions.
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The damage to materials caused by projectiles such aand ethane molecules in collisions with protons at projectile
electrons, protons, ane particles involves, depending on the energies from 10 eV to 10 keV. Although these molecules
system under investigation, the formation of intermediateare chemically simple, they present a sufficiently large num-
species, such as radicals, secondary ions gailéctrons. Via  ber of degrees of freedom that the number of possible prod-
a number of mechanisms, these participate in reactive praict channels is substantial and the expected fragmentation
cesses that cause further damage. For charged particles, itgeocesses are far from trivial.
well known that the greatest damage—that is, the largest To calculate fragmentation cross sections at a given en-
energy deposition—occurs when projectiles are slowed tergy, one needs to determine the dynamics of the collision
kinetic energies comparable to molecular ionization ancbver an appropriate range of impact parameters and to deter-
bond energies. Some projectiles, particularly electrons, camine the fragmentation products for each trajectory.
cause great damage, including bond rupture, down to thermal The cross section for collisional fragmentation of a mo-
energies. lecular system into a particular set of products labeled by

Understanding the mechanisms for fragmentation of mofor projectile energyE, is designatedr;, which can be writ-
lecular targets by swift ions is important in many fields of ten as an integral over the impact paramétéor all trajec-
study, including radiation therapy, radiation hardening oftories yielding products of the sairtimes the probabilityP;

micro-electronics, and atmospheric chemistry. Some workhat, at a given energy, those products are produced. Thus
has been done on fragmentation processes involving charge-

induced fragmentation of nucleobases, where multiple ion-
izations of a single base are caused by distant collisions with ai(E) = 277[ Pi(Ep,b)bdb. 1)
slow, highly charged xenon ior{d]. Other studies of frag-
mentation dynamics involve phenomena such as field- In this work, we report fragmentation cross sections for
induced ionization by laser ligh2]. The fragmentation dy- protons colliding with acetylene and ethane for low to inter-
namics of water, methanol, and benzene have beemediate energies using a scheme where electron and nuclear
investigated in this manner. dynamics are fully coupled.
A theoretical treatment of ion-induced fragmentation Electron-nuclear dynamics has several attributes that
should be able to treat all accessible fragmentation channeisake it appropriate for this applicatiota) The method pro-
on an equal footing and ideally apply to a wide range ofvides a time-dependent treatment of all electrons and nuclei.
collision energies. (b) Instantaneous forces are calculated from the Coulombic
Obviously, a fully nonadiabatic quantum mechanicalHamiltonian.(c) No precalculated potential energy surfaces
treatment is not practical when target systems of some comare needed(d) Cartesian laboratory coordinates are used,
plexity are considered: Computational resources become exnd thus no transformation to internal coordinates is required
cessive. In this paper we adopt an approach to dynamics thdtiring the dynamicse) The wave function is parametrized
employs a coupled quantum mechanical description of thén terms of the complex molecular orbital coefficiemtz+,
electrons and nuclei. In this implementation, the nuclearaverage nuclear positio®, and momentd, which are the
wave functions are reduced to zero widthassical nuclgi dynamical variables of the problen) The method con-
This method, called electron nuclear dynamigsID), which ~ serves energy, momentum, and total angular momeirigym
is fully nonadiabatic, has been described in some detail in th&he method makes no assumptions concerning which chan-
literature [3-5] and has been applied to several ion-atomnels are open or on the topology of the trajectories. The last
[6,7] and ion-molecule reactive collision systefs9]. of these points is the most significant for this work, as it
We have chosen to study the fragmentation of acetylenanplies that we are not looking for a particular mode of
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decomposition, but rather for whatever reaction products that b z
might result from a given set of initial conditions. We do A /
note, however, that in this implementation of the END s PY
theory, we do not treat unbound electrons adequately, and so v l B | B
we report results only up to impact energies below the | SR
collision-induced ionization limit of the target. "

Our approach for analysis of the energy loss and charge D
transfer processes is based on application of the time-
dependent variational principlefDVP) to the Schrddinger ! .
equation, where the wave function is described in a coherent- 1 D e

state representation. As the details of the END method have 1 C
been reported elsewhef@-5], we present here only a very ; ®
brief description of the fundamental features of the theory. i

The TDVP requires that the quantum action should be e
stationary. Therefore, application of the variational principle y o

yields the time-dependent Schroédinger equation when varia-
tions of the wave functiohé) over the entire state space are  FIG. 1. Schematic representation of the coordinate system used
performed. Variations over a subspace yield the TDVP aphere.
proximation for the time evolution over that subspace of the
Schrédinger equation. We use a parametrization of the wavg minimum of three initial orientations of the target with
function in a coherent-state manifold, which leads to a sysrespect to the direction of the incoming beam. These orien-
tem of Hamilton's equations of motiof#]. The variational  tations yield a coarse set of grid points for numerical rota-
wave function|¢) is a molecular generalized coherent statetipnal averaging. The three basic target orientations place the
[10,11] |£=|z,R,P)|R,P)=[2)|¢) where|z) and|¢) are the  molecular bond along the, y, and z axes. We will label
coupled electronic and nuclear wave functions, respectivelfthese three orientationg&=0, 8=0), for the molecular C-C
The simplest implementation of the END approach em+ong aligned parallel to the incoming beam; (#=0,
ploys a single spin-unrestricted electronic determinant writ=gq), for the molecular C-C bond perpendicular to the beam,
ten in terms of nonorthogonal spin orbitas which are in - pyt with the impact parameter measured along the bond; and
turn expressed in terms of a basis of augmented Gaussiaf); (4=90, =90, for the molecular bond perpendicular to
atomic-type orbitals of rank< with complex coefficients the peam, as well as to the impact parameter direction. We
{z;}. The Gaussian-type orbitals are centered on the averaggyte that orientations | and Il require both positive and nega-
positions R of the participating atomic nuclei which are tjve impact parameters on tixeaxis due to the asymmetry of
moving with a momentun?. This representation takes into the CH, center where the projectile collides. This provides us
account the momentum of the electrons explicitly throughwith a total of five initial target configurations. We rotation-
electron translation factor&ETF’s) [12]. ally average to obtain a target property averader a ran-

The nuclear part of the wave function is represented byjomly oriented sample. For the particular case of three ori-
localized Gaussian functions which, in the narrow wave-entations one obtains

packet limit(w— 0), become classical trajectori€R,,Py).
Application of the TDVP then yields the dynamical equa-
tions which include the nonadiabatic coupling terms between g=
the electrons and nuclei. Solving the set of equations for
{z,R,P} as a function of the time yields the evolving mo-
lecular state that describes the processes that take place dwhereg; is the property of interest at orientation5].
ing the collision. The electronic basis sets used consistbg,/3:2,] [15]
For the purpose of discussing charge exchange, we maker hydrogen andi6.3,/3:2,] for carbon, giving a basis set of
use of the Mulliken population analysi43] for the projec- rank K=35.

Sl

[(7=2)g + (g +9u)], (2

tile and target. In these calculations the protonic projectile is initially set
This scheme has been implemented in En®YNE pro-  at an distance of 30 a.u. from the target and in the self-
gram packagél4]. consisten{SCH electronic ground state. If the time it takes

Analysis of the collision requires the specification of ini- for the projectile to reach the targettis then the trajectory
tial conditions of the system under consideration. In Fig. 1js continued until the total time from the start of the trajec-
we show a schematic representation of the projectile-targdory is ti=2t; or until there is no further change in the
arrangement for a proton & impinging on a GHg mol-  electronic structure of the collision fragments. The impact
ecule. The initial projectile velocity is set parallel to the parameteb is chosen in the rang®, 24 a.u. in steps of 0.1
axis and directed towards the stationary target with an impadtom 0.0 to 4.0, of 0.5 from 4.0 to 8.0, and of 1.0 from 8.0 to
parametem. In the case of atomic projectiles, we need t020.0. This gives a total of 60 fully dynamical trajectories for
consider the initial orientations of only the target. The targeteach projectile energy.
center of mass is initially placed at the origin of a Cartesian At the conclusion of each calculated trajectory, one ob-
laboratory coordinate system and its orientation is specifietins the total system wave function, the nuclear positions
by the anglesy and 8. For the GHg molecule, we consider and momenta, the charge exchange, and the kinetic energy
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FIG. 2. Energy dependence of the fragmentation cross section FIG. 3. Energy dependence of the fragmentation cross section
for the observed channels for protons colliding with acetylene.  for the dominant channel H- C,Hg (C,Hs+2H)™.

loss experi_enced by the projectile. These guantities y!eld thenannel H— C,Hg0 (C,Hs+2H)*, but with a hydrogen
fragmentation patterns and fragmentation cross sections fqf,,ecyle formed. The cross section for this channel quickly

theAi}éStt?é?{eC H, is a linear molecule with a strong triple falls to zero at impact energies over 100 eV.
Y 2" 2 g rip As the impact energy increases, other fragmentation chan-

bond; thus high-energy transfer is required between the pro-

jectile and the C-C bond to dissociate it. On the other handr,]els become important, and we see the-+C,HsU (CHy

since the bonding energy betwea C and a H atoms is +CHs*H)" as well as the F'_:CZHGD (CHz+CHp+2H)*
smaller, the probability for dissociation of a hydrogen atom@nd H —C5Hgl (CHz+C+4H)" channels appearing at im-
from the parent carbon is higher. This is observed in Fig. 2Pact energies of from 100 eV to 10 keV. These involve dis-
where we present the total fragmentation cross sections faiociation of the C-C bond. Channels requiring SPeC'f'C ori-
protons colliding with acetylene as a function of projectile €ntations to occur, such as"H- CHg[J (CH;+CH,)", have
energy. Here, we observe that the largest cross section occf8ry small cross sections over the entire energy range. We
for the channel H—C,H,0 (2H+CH)*, with a peak Presume this is because such reactions are highly sensitive to
around 50 eV. The next group of channels involves dissociathe orientational relations of the collision partners, as well as
tion of the C-C bond, where the fragmentation cross sectiof the energetics of the process. As the total energy and mo-
peaks at energies between 100 eV and 1 keV. These chaffiéntum of the system must be conserved in any collision
nels are H—C,H,O (H+2CH)*, H*—C,H,0 (2H+C  Process, it is more difficult to form new chemical bonds in
+CH)*, and H — C,H,0 (3H+20)*. Incidentally, the latter the process than to fragment a projectile or target and carry

two channels have a maximum around the same energ§XCESS €nergy away as fragment kinetic energy.

(=1 keV), since both require energy energy transfer enough Many of the fragmentation cross section curves shown in
to break the C-C and C-H bond Figs. 3 and 4 show some structure. The structure is attributed

do a complicated interplay of target orientation, charge ex-

change, and energetic resonance with the chemical bonds.

We have not been able to deconvolute these contributions.
Of the many possible fragments that one might expect

Note that the product charge is not assigned to any sp
cific fragment. After the collision, Mullikan population
analysis[13] is used to identify charges. This procedure

gives a probability for finding the excess charge on each oéorn a H'—C,H, collision with projectile energies in the

the centers, and since those probabilities are not integral, S ;
indicate only that the charge is distributed quantum mechani-2"9¢ from 10 eV to 10 keV, which is unrestricted as to tar-

cally over all the fragments. . .
Ethane The channel with the highest cross section is the 14 (gﬁ..HiﬂH

charge exchange or electron capture channef H S sl (C&Ct'&né:‘z‘ﬁgi B

— CyHgO (H+C,Hg)* [9], which has a cross section Bj, Oy 2CH )" -

=10 eV of approximately 48 1076 cn?. This compares to

the dominant fragmentation cross section, shown in Fig. 3

for H*— C,HgO (C,Hs+2H)*, hydrogen atom abstraction
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combined with charge exchange, of about X B 6 cn?,

nearly an order of magnitude less. The cross section is 0.4

clearly highest at low impact energy and decays at higher 02 F

impact energies, with a resonance nEgr2 keV. . , ‘_ )
The only other fragmentation patterns with nonvanishing %.0‘; ; . - 10

probabilities, which have cross sections again an order of E, (keV)
magnitude lower, are presented in Fig. 4.

At 10 eV, the channel with highest cross section is H  FIG. 4. Energy dependence of the cross sections for the remain-
— C,Hg (CoHs+H,)*, similar to the high-cross-section ing channels observed in the"H: C;Hg collision.
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get orientation, only a very few are actually found. For ex-projectile energy, and we report the energy-dependent frag-
ample, for collisions of protons with ethane, one might ex-mentation cross sections for those processes with the largest
pect that all species such as,HG, (n=0-6,7, CH, (0 cross sections. We find that the most likely channel involves
=0-4,9, and H, (n=1-3 all could be observed. In addi- dissociation of a C-H bond with a high probability at lower
tion, each of the fragments could be either neutral or with grojectile energies followed by the dissociation of the C-C
positive charge or two. All combinations which satisfy the hond at higher projectile energies. The method used in this
stoichiometry are possible products. Although the variousstydy does not impose any restrictions on possible trajecto-
fragmentation channels are all possible, we note that only fies or reaction channels and preserves the conservation
few of them have probabilities large enough to yield a nonqays_ |t is well suited for studies where the reaction channel

vanishing cross section. is not predetermined.
From the foregoing, it is evident that product branching

ratios for collisions of the sort discussed here can easily be This work has been supported in part by OlNRant No.
affected by a judicious selection of projectile energy. N0014-96-1-0707 to J.R.S and Grant No. N0014-00-1-0197

In summary, we have studied the fragmentation patterngo N.Y.O.) and by an IBM SUR grant to the Quantum Theory
for the H*— C,H, and GHg systems over three decades of Project. This support is gratefully acknowledged.
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