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Abstract. Collisions between S®and O are investigated through Molecular Dynamics/Quéassical Trajectories
(MD/QCT) calculations, for S@internal energies and relative collision velocities thed af interests to the atmospheric
dynamics study of lo. Three possible dissociation reastame modeled, and reaction cross sectiongp, and the equiva-
lent variable hard sphere (VHS) cross sectiang,smp, are obtained based on the MD/QCT results. The ratio;@fp to
dyHsmp indicate that in high collision velocity regime the dissa@n reaction is the dominant process. Reaction probabili
ties are further obtained by using the sum of the reactiosscsection and equivalent VHS cross section as the totaiooll
cross section. This method provides the consistent toti$iom cross sections and reaction probabilities that lwampplied

in direct simulation Monte Carlo (DSMC) for large range ofaiocollisional energies whereas the VHS cross section laad t
reaction probability from the total collision energy (TOEpdel cannot be applied in high collision velocity regimattheeds

to be modeled.
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INTRODUCTION

The nature of the lo’s atmosphere has attracted substanigadtific interests ever since the discovery of its ion@sph
by the Pioneer spacecraftin 1973 and the detection ¢fl§®he Voyager spacecraft. The relative composition of l0’s
atmosphere is not well known, but SO;,(5 and O are expected to be created from $@the photon and gas phase
chemistry. Collision induced SQlissociation is considered as an important process leadi8®, O and S formation,
and the collision model for S©and O is desired as part of the atmospheric model to be impitaden the DSMC
simulation that models the vertical structure and compwsidf [0’s atmosphere. [1] However, the applicability oéth
VHS cross section and the TCE reaction probability that arezentionally used in DSMC is questionable in certain
conditions in lo’s atmosphere where fast neutrals reach Wédocity levels of up to 80 km/s.

In this work, MD/QCT method [3, 4] is employed to simulatelsibns between S@and O and obtain the reaction
and collision cross section for applications in DSMC. MDcedditions are in effect the solution of Hamiltonian
equations of motion for a specified initial state and an aialgf the obtained trajectory results. To perform MD
calculations, one has to know how the molecular system piategnergy changes as a function of internuclear
distances. The potential energy surface (PES) represealsa change, which can be obtained either using semi-
empirical methods or as a fit to a series of quantum mechaasingle energy point calculations. When the PES
is obtained using fits to a series of quantum mechanical esiagergy point calculations, the MD calculations are
referred to as quasi-classical trajectories calculatidine MD/QCT calculations based on reasonably accurate PES
can provide a better estimate for the energy-based regutadability.

The details of the MD/QCT calculation will be explained irethext section, followed by the description of the
method to obtain the reaction and viscosity cross sectiasedon the MD/QCT results. The MD/QCT results will be
then discussed in comparison with the VHS cross section &teiréaction probability and conclusions will be given
in the end.

DESCRIPTION OF THE MD/QCT METHOD

The MD/QCT calculations are the solutions of Hamilton’s &dpns. Hamilton’s equations of motion are
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where the dotted symbol denotes a time derivative, V repitesbe total potential for the system of n atomg, gnd
ri,j are the Cartesian momenta and coordinates for the i-th atattmei j-th direction, and fris the mass of the i-th



atom. These coupled equations can be solved for the codediaad momenta of the n-atom system using a fourth
order Runge-Kutta method. [7] The masses of atoms, theialicioordinates and momenta are needed as input. The
integration is performed for a fixed length of time or until gesified condition is met.g., the dissociation of the
target molecule occurs, and the final states of each atomtheecoordinates and momenta, are recorded for further
analysis.

A PES has been developed for the modeling o680 collisions [6] which assumes that $@olecule has a
potential of the central force field type. [8] For the collisipair system, the total potential is separated into

V(dy, ..., 012) = Vimol +Vint 3)

where q,....,g12 denote the coordinates of the atoms of,SMd O,V is the molecular potential, andy is the
collisional interaction potential. In this work/i, were modeled by using three Morse bond potentials as follows

Vimol = @12('12) + @ra(r13) + @3(r23) (4)
whereqj(rij) is the pair potential between atoms i and j with a separaifor). The Morse potential is defined as

@;(rij) = Dij [1—exp{—Bij(rij — r{}) }] ()
where ﬁ is the equilibrium internuclear distance. The parametarsHis representation are given in the Table 1. [9]
The Morse parameters are chosen so that the dissociatiogyetiee equilibrium bond lengths, and the bond angle can
be reproduced. The normal mode frequencies in Table 1 asénaot from power spectra of low energy trajectories of
an isolated S@molecule with harmonic pair potentials.
Furthermore, the collisional interaction is modeled by jpateractions of the form

2

Vint = @ua(r14) + @a(r24) + @34(r34) (6)

This has been shown to be a good approximation by Redehaln [10] The pair interactions are computed by using
the standard Lennard-Jones 6-12 pair potentials as fallows

@;(rij) = 48 l(%)lz— (%’)j (7)

As an approximation, all Lennard-Jones parameters for then-@entered pair interactions are taken to be identical
and they are obtained by following the combining rules

1 )
J50,-0 = 5(J50, + J0) = 3.668A2 (8)
&so,—0 = (830280) =17368K (9)
TABLE 1. Parameters for the Spotential energy surface.

SO equilibrium distance in SO o053 1.4321 A
0O-0 equilibrium distance in SO rSs 24742 A
0-S-0 equilibrium bond angle 68 s o 119.5
Morse range parameters B12,13,623 24 A1
Morse dissociation energies 1BxD13=Dso 100 kcaJmole
Morse dissociation energy B 30.5 kcafmole
dissociation energy € 0=DsotDoo  130.5 kcalmole
vibration frequency asymmetric stretch 1213¢m
vibration frequency symmetric stretch 1187 ch
vibration frequency bend 394 crh

In order to perform MD/QCT calculations, the initial coridits of the collision pairi.e., the collider O and each
atom of the target S£) have to be specified. The specification of the initial cdodi& depends on the problem to be
solved. For the future use of the MD/QCT results in DSMC skttioh, this is usually done by sampling the initial
conditions of the target molecule with the same internakgneavhile fixing the relative collision velocity for the
collider.

Microcanonical sampling [3] is employed in this work to geate the initial conditions for the target molecule, in
which the coordinates and momenta are determined sepatfabela triatomic molecule such as g@he microcanon-
ical sampling may be summarized as follows. In order to $alex Cartesian coordinates, the weighting factor for
selecting a triatomic molecule with a specified set of intietear distances $,r13 and angled is obtained as

W = [r1or13(Ein — V(r12,113,0)))? - sin® (10)



where k> and k3 are the left and the right O-S internuclear distances, sy, 6 is the angle between them, and
Ein is the desired value of the internal energy. To find the maxmaeighting factor, Eq. 10 is evaluated f@warying
from 0 to rrand internuclear distances from 0 to a maximum valyg. iThe latter is chosen to ensure that all possible
molecule configurations with;gE>V are included. Once the maximum weighting factor, A is determined, 1
and r3 values are selected randomly ag Rwax and 0 values as R- 11, where R, is a random number between O
and 1. The ratio W/Wx is evaluated using a standard acceptance-rejection tpobbd determine whether a specific
geometric configuration should be accepted as the initiadlitimn. The integration of the trajectory equations regsii
nine initial Cartesian coordinates for 3rhese can be determined by imposing the requirement teahtilecules
have an isotropic spatial distribution. First, a convehgai of Cartesian coordinates is seleceed.,, a SGQ molecule
can be placed in the x-y plane with the center of mass at tiggnaaind the central atom S on the y axis. The molecule
is then rotated in a general manner using an Euler rotatidnxnahich is defined in terms of the three Euler angles.
The Cartesian coordinates for each atom are thereby coohpisieg the randomly chosen directional cosine angles
Rn - 21in the analytic expression for the Euler rotation matrices.

In addition to the coordinates, the initial momenta of thrgédmolecule atoms are specified by assuming that each
Cartesian momentum has the form

pij = f Rnij /M (11)

where R,; j represents nine random numbers that are distributed aogoaithe standard normal density function for
i-th atom in j-th direction, and is a proportionality constant that can be obtained by réogiconservation of energy
through following relationships. The total energy in thedeatory coordinate reference frame (the reference fraime i
which the collision trajectories are integrated) has threnfo

T+V=ER+EE+V (12)

where EGR and E[& represent the components of the kinetic energy of the cesftenass and relative motion,
respectively. Furthermore, because the microcanonics¢rable corresponds to a distribution of coordinates and
momenta with a specified internal enerf,, we have

Ein = E& +V(r) (13)
cm 1 3 2
Exe = M JZchm, i (14)

whereV (r) is the potential relative to its equilibrium value, M is thess of S@, andPm j = Z?:l Pij-

Once the initial conditions of the target molecule is defeed, the collider can be assigned with a set of coordinates
and momenta that are convenient for post-processing theQ@D/resultse.g., the O atom can be placed on the y-z
plane with a specified initial relative collision velocityrelcted along the z axis.

REACTION CROSS SECTION AND VISCOSITY CROSS SECTION

For a given target internal energy and relative collisiofouity, reaction cross section and viscosity cross section
are computed based on the MD/QCT results. In this work, tdesociation reactions are modeled in the MD/QCT
calculation. The occurrence of a certain type of reactismeiermined based on the internuclear distances of thettarg
SG,. The reaction cross sectioty; vp, is then obtained by following [4]

> N
max Nt
whereb is the impact parametére., the minimum distance between the center of mass of & the velocity vector
originated from O in the initial condition$; is the number of trajectories that result in a certain typeeattion, and
Ny is the total number of trajectories that are sampled. Theshparameter for each collision pair is randomly drawn
from a range between 0 arfg,x. Note thatbyax Needs to be sufficiently large so that beyond which the ioteEna
potential of the collision pair does not affect the trajeias of the collider and the results of the reaction crost@ec
and viscosity cross section. In our wobkgay is set to be 5A.

Because DSMC method uses the VHS model viscosity-basesigeotion, it is more consistent to obtain a collision
cross section accordingly. The equivalent VHS collisiarssrsectiongysvp, can be obtained based on the viscosity
cross sectiongy, mp, through following procedures. [5, 4, 11] First, vp is calculated by the Monte Carlo evaluation
of an integral based on trajectories that are not dissatfaten the MD/QCT calculations as follows.

OrMD = b (15)

OuMD = / (\%‘ sir? x + %(Aan)z — %(Aan)zsinzx> dr (16)



wherev,q is the dimensionless relative collision velocity that idided as./my /KT v;g with m; being the reduced
mass of S@ and O,Ae, is the dimensionless internal energy that is normalize@Thyandy is the deflection angle
that is defined as the change in the direction of the relatiésmon velocity between the states of the collision pair i
the beginning and end of the MD/QCT calculation. Tlgmsmp is derived by following

GUu,MD

OVHSMD = (17)

rel

RESULTS AND DISCUSSION

Based on the conditions of interests in l0’s atmosphere, IV calculations have been performed for a series of
target SQ internal energie<;n, and relative collision velocities;q, i.e., 0.5x 1071°,2.0 x 1071°,4.0x 1071°,6.0 x
107 1% J forEj, and 2, 4, 8, 16, 30, 45, 60 and 80 km/s fag. Three possible dissociation reactions for.Sisted
below, are modeled.

SO, +0 — SO+0+40 (18)
SO, +0 — S+0+0, (19)
SO, +0 — S+0+0+0 (20)

The MD/QCT results show that the first reaction is the domipaocess, and the reaction cross sections of the second
and the third reaction are one order and two orders of madaittmaller than those of the first reaction, respectively,
for the sameEj, andvyg. Figure 1 shows the reaction cross sectiangp, for the first reaction as a function gfy

for different SQ internal energies. For each internal energy, the reactiosscsection arises from zero rapidly\ag
increases from 0 to 30 km/s and then reaches its maximum ealymaptotically forv,g > 30 km/s. In addition, the
results demonstrate that the reaction cross section ighfghthe target S@with higherE;, at a givernv,q. The curve

of the VHS collision cross sectiomyys, is superimposed with the reaction cross section resulgnl, which is
obtained by following [2]

OVHS = Oref [{ZkTref/(mVrzd)}wAB_l/z

/T (5/2— eng)| (21)
wherek is the Boltzmann constant;; is the reference collision cross section at the refereno@égaturel,es, and
wag is the mean viscosity index of S@nd O from Ref. [2]. As shown in Fig. 1, the reaction crossisestbecome
larger thanoyys around 10 to 16 km/s, where the VHS model starts to fail forditions with highv,g.

Based on Eq. 16, the equivalent VHS collision cross sectipAgmp, is related toy andAe, from the MD/QCT
results. The deflection angle distributions are shown in Eigr Ei, = 4.0 x 1019 J and three,q. The results suggest
that for a specifiedg more collisions where dissociation reactions do not ocawelsmallery, and that a larger
portion of the sampled trajectories leads to sma{lavhenv,q is higher. Figure 3 offers another way to exampne
showing it as a function of the normalized impact paramétee fact thaty reaches to zero wheybnx is close to
unity indicates that the appropridbeay is used in the MD calculations. As expected, collisions gitialler impact
parameters result in larggr, and instead of the head-on collision that leadg t0 180° from simpler collision models,
MD/QCT calculations yieldg < 180° atb = 0. The distributions ofgp, are shown in Fig. 4 foEj, = 6.0 x 10~ 1% at
two Vg Which are centered close f&,, = 0 in both cases.

OvHsMp IS shown in Fig. 5 as a function ofg for four internal energies, in comparison withyys. The results
indicate that the MD/QCT calculations predict greaterisah cross sections tham,ys whenvyg < 30 km/s, and a
trend ofoyHsmp similar to oyys that the collision cross section decreaseggsncreases and eventually reaches zero
asymptotically. The comparison betweenup andoynsmp shows that in higlv,g regime the dissociation reaction
is the dominant process. This is because when the impad\ea&the collider O becomes large ag increase, only
the collisions with large impact parameters do not resutti#sociation of S@, andx andAe, of those collisions are
small.

When the sum ob; mp and ovnsmp IS used as the total collision cross sectiorvp, the reaction probability
can be obtained agymp/0T Mp. Meanwhile, the reaction probability can be calculatechgghe TCE model by
following [2]

m/2eNT], F(Zi+5/2—wns) [ M ) Y2 (g, — g )n+0int1/2 22)

P (Ec) = in _
o) = 2 rer (KT )1 Trame F(Zi,+n+3/2) (ZkTref Edn+3/2-one

wherekE; is the total collisional energyg = 1 is the symmetry factofin is the mean number of internal degrees
of freedom,A is the pre-exponential facton is the temperature dependence, &ds the activation energy. The



Arrhenius parameters are listed in Table 2. [12] The vilordi degrees of freedom for $S@nd SO are fixed to
be the maximum value given by the simple harmonic oscilladodeli.e., Zr%toz =3, Z\fboz = 6. Figure 6 shows the
comparison of the reaction probabilities between the MDI@aethod and the TCE model as functiondgf For the
TCE model, the reaction probability arises from zero wikgn> E, and reaches unity quickly & = 1.6 x 10718

J, whereas the reaction probability based on the MD/QCT atkgitadually increases towards unity within the large

range of total collisional energies..
TABLE 2. Arrhenius parameters.

Reaction A [m3stmolecule’!] n EalJ Temperature Rang Source
SO;+0 — SO+0+0 2491x 10~ 14 0 7782x10°1° 2500-5200 Grillcet al [12]

CONCLUSIONS

The MD/QCT calculations have been performed to simulatésiah between target molecule $@nd collider O for

a series of S@internal energies and relative collision velocities thatef interests to the atmospheric dynamics study
of lo. Three possible dissociation reactions are modelédlamone in which S@becomes SO+0 is determined as the
dominantreaction. Reaction cross sectiangp, and the equivalent VHS cross sectiotigy,smvp, are obtained based
on the MD/QCT results. Comparisons betwegmp andovnsvp indicate that in highv,g regime the dissociation
reaction is the dominant process. For the future applioativche MD/QCT results in DSMC, reaction probabilities
as functions of S@internal energy and total collisional energy are calculdig using the sum of the reaction cross
section and equivalent VHS cross section as the total moilisross section. This method provides the consistenit tota
collision cross sections and reaction probabilities tteat be applied in DSMC for large range of total collisional
energies. Processes other than dissociation reactiohsasutie heavy particle impact ionization of S@ay also be
present at the high end of thgy range which could affect the dissociation reaction cross@es. Further investigation

is needed in this aspect.
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