Submitted to Chemical Physics Letters LBL-2760¢,ar"
Preprint

CLASSICAL TRAJECTORY STUDY OF ROTATIONAL EXCITATION IN
LOW ENERGY He - o AND He - H2 COLLISIONS

~

Stuart D, Augustin and William H, Miller

May 1974

Prepared for the u. S. Atomic Energy Commission
under Contract W-7405-ENG-48

N
p
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks.
For«a personal retention copy, call |
Tech. Info. Division, Ext. 5545
.
e

09.7-191

")



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



-iii-

CLASSICAL TRAJECTORY STUDY OF ROTATIONAL EXCITATION IN

: _ x
LOW ENERGY He - CO AND He - HZ COLLISIONS

.
Stuart D. Augustin and William H, Miller

‘Department of Chemistry, and Inorganic Materials Research Division,
Lawrence Berkeley Laboratory; University of California
: Berkeley, California 94720

ABSTRACT

Classical trajectory calculations for the fotétional
excitation of CO and HZ by collision with He have been carried
out and compared to the accurate quantum mechanical calculations
of other workeré. The agreement is reasonably encéuraging,
although some inherent limitations of thié strictly classical

approach are observed and discussed.
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I. INTRODUCTION

Rotational excitation in molecular collision systems is
typically a strong, or "cléssically allowed"l‘process,\meaning
simbly that there exists classical trajectories’ along which
the requisite amount of rotational excitation takes placeﬁ As
a function of initial_collisioﬁ energy, for example, a rotational
excitatidn-cross section usually risés from zero sharply at its
energetic threshold. This is in contrast to vibfétioﬁally
‘inelastic rfansitions‘which*aré typically weakg’“classically
forbidden"l processes; it often requires collisién energies
significantly above the energetic threshold fof these transitions
to have a sizeable cross section.

The most important quantum effects in claséiéally ailowead
processes are o£ an interference nature.2 Often, however, the
ayeraging.over impact parameter, m~components of rotational
states, etc;, quench this interference structure so that a |
completely classical treatment beéomes adequate, .The rule of
thumb, therefore, is that a‘complétely classical treatment
(eg. a quaéi—classical trajectory calculation)'isvadequate to
describe integral cross seétions for inelastic éoilision processes
that are_classically allowed.

"It is important to test the validity of the above '"rule of
thumb" by comparison of.classical calculations wifh accurate
quantum mechanical”results whenever thevlatter'are available.

La BuddeAancilﬂBernstein3 havé made such a compariéqﬁ‘for the 0 ~ 2

rptational excitation of H2

by collision with Lif;T Evén'though

~



only a few quantum states are involved in this process, they
nevertheless find quite good agreement between tﬁeir quasi-
classical trajectory calculation3 and the atcura;e qoupléd
channel Quéntum mechanical calculations of Lesﬁef and Schaefer.4
Green and‘Thaddeus5 have recently caéried out accurate
quantum mechanical coupled channel calculations.for rotational
excitation of CO by He, and this has motiv;ted Qs‘to generate
the élassical trajectory results to provide another comparison
pf dynamically exact classicgl mechanics with'dyﬁamiéally exact
quantum mechanics., To provide an even more stringent test of
the classical approach we have carried out a similar calculation

for the 0 » 2 rotational excitation of H, by He, comparing with

2

Shafeér and Gordon's6 and Green's7 accurate coupled channel cal-

culations. The He - H, system should be the weakest rotational

2

transition of any atom-diatom collision system -and the one for

which the purely"cléssical treatment is thus most questionable.



II. METHODOLOGY

The He ~ CO and He - H, collision systems are both treated

2
as rigid rotor-atom system, the potentials béing the same as
those used for the quantum calculations.s’,6 The classical
calculations were carried out in a way which is equivalent to

the now standard quasi-classical trajectory procedure.

The_rotationél quantum number'j is defined by -

: c oL 1.2 : '
Erot = B (j+ E) | (2.1)
‘'where Erot is the classical rotational energy of the rotor

60.99 cm T, = 1.9226 cm™Y).

il

and B the rotational constant.(B B
H2 Co

Trajectories were all beguh with j = 0, and after collision
the final rotational quantum numbér was dctermined by first
soiving fof'the final non-integral value of j froﬁ equation
(QQDand then assigningAthe cloéest intéger (the cloéest even
inﬁeger for HZ)' The cross section for the 0 -+ j transition
is then given by B

O. =T b (N

140 pax 3/ Neop) | R €255

tot

where bmax is the maximum impact parameter which defines the

max%’g R ‘where £

usual impact parameter sampling8 (i.e., b =0

is a random number), N is the total number of trajectories

tot
run, and'Nj is the number of these for which the fihal rotational

quantum number is j,



IIXI. RESULTS

Figure 1 shows the results of the trajectory calculations
for the O,& 2 rotational excitation of H2 by Hé; éompared with
the quantum mechanical results 6f Shafer and Gord6n6 and Green7;
this coﬁparison is entirely analogoﬁs to thét.made by La Budde
,and.Bernstgin3 for'Li+ + HZ' The agreement of the ciassicai'
and quantum results in Figure 1 is not as good as tﬂat for the

.+ . . o .
Li + H case,% but this is expected since the cross section

2

for He - Hé‘is much smaller and for Li+ - H2. Givgn the fact

that the He - H system should be as weak a rotational excitation

2

as for any molecular collision system, the agreement in Figure 1
is encouraging.

. Cross sections for tbé 0~>1,0~2, 0> 3, and 0 ~ 4
excitations of CO by He are shown in Figure 2 as a function -
of initial translational energy, along with the guantum mechanical
results of Green and Thaddeus,5 The overall agreement is quite
reasonable, probably tybical of what one should éxpect of .a quasi-
classical trajectory calculation. | |

A more interesting comparison, which:reveals séme 6f the

inherent limitations of a purely classical théory,.is shown in
Figure 3; here the cross section for the 0 - j excitation is
pldtted as a fﬁnétion of j for a fixed initial trénslational
energy. (The comparison is similar for other values of E.)
' The quantum mechanical resﬁltés show an oscillatory étructufe‘
‘which thé.classical values do not reproduce; tﬁis is the reason

that the-claésical_cross sections-fof the 0 - 2band 0~+3



transitions in Fiéure 2 are consistently tooAsmalliahd too iarge,
respectively.‘

This interference effect seen'in Figure 3 can be understood
as the remnant of the A} = 2 selection rule that would exist if
CO were a homonuclear molecule; i.e., if CO were homonuclear
the 0> érosg sections would be identically 0 for odd j,
rather than.simply diminished. ' This means that thé_P2 term in
the He_; QO potent}al is somewhat stronger than the Pl term.

For the homdnuclear'caSe Pl term is’compietely’éﬁsent.)

Classiéal S-matrix theoryl’z——a semiclassicdal approach
which uses classicalltrajectories but which also iﬁcorpofétes the
superposition principle of quantum mechanics--is able to
account for the Aj = 2 selection rule for the homonéclear case
quite naturally: classical trajectories with odd Aj exist in
‘the homonuclear case, but the addition of the appropriate
vamplitudes‘results in totally destructive interference and thus
a net amplitude of zero for thése‘tfansitions. For the "almost
homonuciear"‘case there will still be this type of interference,
which diminishes--but does not completély'annihilatee—the odd

4] transitions. It is clear, therefore, that a classica1 S-matrix
calcuiatiéﬁ_would produce the iﬁterferenée structure seen in
Figure 3; such a célculation, however, is mere difficult to carry

‘out than thé present purely classical ones.



IV. CONCLUDING REMARKS

This paper has presented two more compafisohs df exact
classicai and exact quantum'mechanics for a tﬁree'dimensional
atom—dlétbm collision. The results tend to support the thesis
that a pureiy classical approach is quite useful fér describing
1nélastic collision processes that are claséically allowed. It
has also been noted thgt rotational eXCitationjis.almost always
a classically allowed process, éven for perhapé’;he weakest of
all possiblé cases, the excitation of H2 By He. Purely class-
ical approaches cannot, of course, produce quantum interference effects,
such as those seen in Figure 3;vif it is necesséry to describe
these effects correctly, then a more sophisticatedwtheory will
be vequived, eg. a purely yuantum tréatmcnt, or an -approach such
- as classicai S-mafrix theory. |

Finally, we have not addressed the question of which approach--
coupled channél or classical trajectory*—is easier computationally,
i.e,, takes less compﬁger time. The quahtum calﬁulations become
easier the lower the collision enérgy.because fewer channecls are
required in the coupled channel expansion. The gléésical calculations,
on the other hand, become easier with increasiﬁg energy because the
trajectoriés rﬁn faster. (A typical He - CO trajectory ﬁook 1.0 and 0.4
seconds at an energy of 10 and 150 cm—l, respeCtively;on a CDC 7600;
aIHe - H,

2

trajectory required 0.08 -0.09 seconds for the éntire
energy range 600-5000 - cm-l.) At what energy the computational

advantage switches from the quantum to the classical approach 1is

.

not clear, and it will of course depend on the pafticular system



under study. The important point is that there seems to be a
broad overlap of the regions for which the quantum and the

classical calculations can both be carried out with reasonable
i . o

effort and for which the classical treatment is‘moderately

reliable."
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Figure 1.

Figure 2, -

Figure 3.

FIGURE CAPTIONS

&8 cross section for the 0 »> 2 rotationéi exéitatién :
Qf.Hz by'ﬁe, as a function of initial translational
energy. The solid curve shows the accurate quantum
mechanical calculations of Shafer and Gordon§ and
Gréen,7 and the dashed curve the classical‘trajectory

results.

The cross section for the 0 > j, j = 1 = 4, rotational

excitation of CO by He, as a function of initial trans-

lational energy. The solid curve is the accurate

quantum mechanical result of Green and Thaddeus,s

and the dashed curve the results of the classical
trajectory calculation.

The same quantity as inuFigure 2 (solid line = quantum,
dashed iine = classical) but shown as a function of
final rotational quantum number ] for a giVen initial

translational energy E = 100 Cm—l.
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