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ABSTRACT 

Classical trajectory calculations for the rotational 

excitation of CO and H2 by collision with He have been carried 

out and compared to the accurate quantum mechanical calculations 

of other workers. The agreement is reasonably encouraging, 

although some inherent limitations of this strictly classical 

approa~h are observed and discussed. 
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I. IWfRODUCTION 

Rotational excitation in molecular collision systems is 
. 1 

typically a strong, or "classically allowed"process, \meaning 

simply that there exists classical trajectories along which 

the requisite amount of rotational excitation takes place. As 

a function of initial collision energy, for example, a rotational 

excitation cross section usually rises from zero sharply at its 

energetic threshold. This is in contrast to vibrationally 

inelastic .transitions which are typically \veak,"classically 

1 forbidden" processes; it often requires collision energies 

significantly above the energetic threshold for these transitions 

to have a sizeable cross section. 

The most important quantum effects in classically allowed 

2 processes are of an interference nature. Often, h6wever, the 

averaging over impact parameter, m-components of rotational 

states, etc., quench this interference structure so that a 

complet~ly classical treatment becomes adequate. The rule of 

thumb, therefore, is that a completely classical treatment 

(eg. a quasi-classical trajectory calculation) is adequate to 

describe integral cross sections for inelastic collision processes 

that are classically allowed. 

It is important to test the validity of the above "rule of 

thumb" by comparison of classical calculations with accurate 

quantum mec~anical·results whenever the latter are available. 
. 3 

La Budde and Bernstein have made such a comparison for the 0 -)- 2 

rotational excitation of H2 by collision with Li\ Even though 
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only a few quantum states are involved in this process, they 

nevertheless find ~uite good agreement between their quasi­

classical trajectory calculation3 and the accutate coupled 

channel quantum mechanical calculations of Lester and Schaefer. 4 

Green and'Thaddeus5 have recently carried out accurate 

quantum mechanical coupled channel calculations for rotational 

- excitation of CO by He, and this has motivated us to generate 

the classical trajectory results_to provide another comparison 

of dynamically exact classical mechanics with dynamically 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 H2 by lIe, comparing with 

. 6 7 -
Sharer and Gordon's and Green's accura~e c~upled channel cal-

culations. The He - H2 system should be the weakest rotational 

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

which the purely classical treatment is thus most questionable. 

-
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II. METHODOLOGY 

The He - CO and He - H2 collision systems are both treated 

as rigid rotor-atom system, the potentials being the same as 

those used for the quantum calculations. 5 ,6 The classical 

calculations were carried out in a way which is equivalent to 

. 8 
the now standard quasi-classical trajectory procedure. 

Th~ rotational quantum number j is defined by 

E = B (j + !2)2 
rot 

where E t is the classical rotational energy of the rotor ro 

(2.1) 

and B the rotational constant (B
H 

= 60.99 cm-
1 

2 

-1 
BC~ = 1.9226 em' ). 

Trajectories were all begun \-lith j 0, and after collision 

the final rotational quantum number ,,'as determined by first 

solving for the final non-integral value of j from equation 

(k~and then assigning the closest integer (the closest even 

integer for H2). The cross section for the ° -+ jtransition 

is then given by 

where b is the maximum impact max 

1 i 1 · 8 usua mpact parameter samp 1ng 

(2.2) 

parameter which defines the 

(i.e., b = b 'fr;:, where ~ max V 

is a random number), N
tot 

is the total number of trajectories 

run, and N. is the number of these for which the final rotational 
J 

quantum number is j. 
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Ill. RESULTS 

Figure I shows the results of the trajectory calculations 

for the 0+ 2 rotational excitation of H2 by He, compared with 

the mechanical results of and Gordon 6 and Green quantum Shafer 

this comparison is entirely analogous to that made by La Budde 

.and Bernsteir? for Li+ + H2' The agreement of the classical 

and quantum results in Figure 1 is not as good as that for the 

Li+ + H2 3 case,·. but this is expected since the cross section 

for He - H
2

' is much smaller· + and for Li - H2' Given the fact 

7 
; 

that the He - H2 system should be as weak a rotational excitation 

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

is encouraging. 

Cross sf'ctions for tpp 0 -+ It 0 -+- 2,0 -+- 3, .:lnd 0 + 4 

excitations of CO by He are shov.TIl in Figure 2as a -function· 

of initial translational energy, along with the quantum mechanical 

results of Green and Thaddeus,5 The overall agreement is quite 

reasonable, probably typical of what one should expect of a quasi-

classical trajectory calculation, 

A more interesting romparison, which' reveals some of the 

inherent limitations of a purely classical theory, is shown in 

Figure 3; here the cross s~ction for the 0 + j excitation is 

plotted as a function of j for a fixed initial translational 

energy. (The comparison is similar for other values of E.) 

The quantum mechanical results5 show an oscillatoiy structure 

which the .classical values do not repioduce; this is the reason 

that the classical cross sections foi the 0 + 2 ~nd 0 + 3 
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transitions in Figure 2 are consistently too small and too large, 

respectively. 

This interference effect seen in Figure 3 can be understood 

as the remnant of the ~j ~ 2 selection rule that would exist if 

CO were a homonuclear molecule; i.e., if CO were homonuclear 

the 0 -+ j cross sections would be identically 0 for odd j, , 

rather than simply diminished. This means that the P2 
term 

the He - CO potential is 
I' 

somewhat stronger than the PI term. 

Itor the homonuclear case PI term is comp1.etely absent.) 

Classical S-matrix theoryl,2_-a semiclassical approach 

in 

which uses classical trajectories but which also incorporates the 

superposition principle of quantum mechanics--is able to 

account fOr the ~j = 2 selection rule for the homonuclcar case 

quite naturally: classical trajectories with odd ~j exist in 

the homonuclear case, but the addition of the appropriate 

amplitudes results in totally destructive interference and thus 

a net amplitude of zero for these transitions. For the "almost 

homonuclear" case there will still be this type of interference 

which diminishes--but does not completely annihilate--the odd 

~j transitions. It is clear, therefore, that a classical S-matrix 

calculation would produce the interference structure seen in 

FiGure 3; such a calcula~ion, however, is ~ore difficult to carry 

out than the present purely classical ones. 
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IV. CONCLUDING REMARKS 

This paper has presented two more comparisons of exact 

classical and exact quantum mechanics for a three dimensional 

atom-diatom collision. The results tend to support the thesis 

that a purely classical a~proach is quite useful for describing 

inelastic collision processes that are classically allowed. It 

has also been noted that rotational excitation is . almost ahvays 

a classically allowed process, even for perhaps the weakest of 

all possible cases, the excitation of H2 by He. Purely class-

ical approaches cannot, of course, produce quantum interference effects, 

such as those se~n in Figure 3; if it is necessary to describe 

these effects correctly, then a more sophisticated ~heory will 

bE "L6quil:f!d, ego ii pun~ly 4uantUlfi tr~atm~ut, or an approach such 

as classical S-matrix theory. 

Finally, we have not addressed the question of which approach--

coupled channel or classical traj ectory"'-ls easier computa"tionally, 

Le., takes less computer time. The quantum calculations become 

easier the lower the collision energy because fewer charmels are 

required in the coupled channel expansion. The classical calculations, 

on the other hand, become easier with increasing energy because the 

trajectories run faster. (A typical He - CO trajectory took 1.0 and 0.4 

-1 
seconds at an energy of 10 and 150 cm ,respectively,on a CDC 7600; 

a He - H2 trajectory required 0.08 -0.09 seconds for the entire 

energy range 600-5000 -1 
cm .) At what energy the computational 

advantage switches from the quantum to the classical approach is 

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

effort and for which the classical treatment is moderately 

• 
reliable. 
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FIGURE CAPTIONS 

Figure 1. Thl cross section for the 0 + 2 rotational excitation 

of H2 by He, as a function of initial translational 

energy. The solid curve shows the accurate quantum 

mechanical calculations of Shafer and Gordon6 and 

7 
Green, and the dashed curve the classical trajectory 

results. 

Figure 2. 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 t:he results of th~ classical 

trajectory calculation. 

Figure 3. The same quantity as in Figure 2 (solid line = quantum, 

dashed line = classical) but shown as a function of 

final rotational quantum number j for a given initial 

-1 translational energy E = 100 cm • 



-10-

0 
0 

CD \ 0 
d \ to 

"\ 
\ 
\ 0 to \ 0 · 0 \ 0 

\ ¢ 

\ 
\ 

~ \ 
· -1\ 0 0 u \ 0: - , 0 I 

>- , r<> E 
Q) , 0 - -r<> 

, 
~ w , w· d 00 , .,.; 
r... , g , , 0 

" (\J 

N " · " 0 " N '" '" I- -', -0 
+ " 0 

0 Q) 

d I 



-11-

0 
en 
(\J , CD 
I 

I 10 

(\J I 
~ 

t 
r--

I J 

I 
m 

0 
0 )( 

I - 0 
II I -J / I I 

I E 
u 

I '-" 

I w 
1 - 0 
I L() 

/ 
/ 

/ 
\ 

.FI,;," 
........... 

0 
0 N 

L() 
00 

£'01 .~ 

t I 
~ 

0 1 , 
t I 0 
0 

, 
0 

1 - -
II I I 
J J E 

J u 
'-" 

I 
I W 
I 0 

-I .\0 
I' I / 

" ....... -
./ ---

----; 

0 
0 0 0 00 0 
rt') (\J 

(z'J').D Cit) .D 



-12-

14~----~-----'~--~r-----~----1 

12 
He + CO 
E = 100 em-I 

, . 

10 

/"-. 
/" " ,....... 

8 /" ~ 
0::{ /" 
......... 

0 

+ 6 
0--
b 

4 

2 

0 
1 2 3 4 5 6 

° 
J '. 

., 

XBL 745-6291 I . 
Fig. 3 



r------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
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. 



" 
TECHNICAL INFORMA TION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 


