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• I. Contract Description

The research is concerned with molecular collisions and how they

• manifest themselves in a variety of physical phenomena. Emphasis is on

• attaining a better fundamental understanding of molecular dynamics as

• well as on the study of practical applications .

II. Scientific Problem

The aim of this research is to achieve a detailed understanding of

the mechanism of energy transfer and chemical reaction dynamics at a

molecular level. This information is essential for engineering design

studies of many practical devices as well as being of fundamental concern

to molecular physics and chemistry . The research is focused on discerning

the fate of excited (particularly vibrationally and rotationally) molecules

in a gaseous medium . Such excited molecules could react or transfer their

excitation to other molecules upon collisional impact . In addition, an

exc ited polyatomic molecule could undergo self relaxation or scrambling of

its internal energy even without a collision . The basic computed quantities

are rate constants for these processes. A vigorous effort is underway to

map out the relationship between the temperature and quantum state behavior

of these rate constants and the underlying input forces between the molecules .

In addition to achieving a basic theoretical understanding of these processes,

th~ research is being used to provide a framework for the analysis and

inversion of appropriate laboratory measurements to yield detailed molecular

rate information . Appropriate experimental data has been inverted to yield

valuable excited state rate constants
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III. Scientific and Technical Approach

The varied nature of the research has necessitated a multi-faceted

approach. For the ~~ initio calculation of collision dynamics fas t and

accurate state-of-the-art computational codes have been assembled. This

work has been based on the use of effective Hamiltonian theory . In

addition, an entirely new stochastic theory applied to molecular dynamics

is being developed. This theory is designed to handle the commonly

arising cases with many strongly coupled m olecular levels. Both inter-

molecular and intra-molecular situations are being treated. A general

sensitivity theory is being developed to provide for critical parameter

analyses in macroscopic kinetics as well as in microscopic molecular

processes. The sensitivity theory is based on the use of special Green ’s

function methods, and the method shows promise for application to a number

of engineering and chemical physics problems .

IV. Research Progress

Outlined below are the specific areas of progress during the past year .

The cited references are to the list of publications resulting from this

contract.

1. Generalized effective Hamiltonians: Time scale separation within a

semi-classical formalism .1

A theory for collision-induced transitions in the subset of quantum

states was developed, where the full molecular basis is !ae nu).

The only assumption is that changes in a
~ 

occur much more quickly than

httIIriiL_i.* — — - - -  — 
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those in a
e 
. The choice of a

e and a~ 
is in general arbitrary, and

it was shown how to make this separation based on the type of experimental

measurement under consideration. For example, an evaluation of an atom-

vibrotor problem (i.e., a
e =n, 

a
~~
=Jm

~
) was considered. In conjunction

with this illustration an analysis of the breathing sphere (BS)

approximation was carried out. It was concluded that a modified BS

method (i.e., use of the diagonal rotational potential) should be valid

when the random phase approximation holds for the rotational scattering

amplitude.

2. Rapid and accurate evaluation of inelastic molecular cross sections .2

An inexpensive and accurate technique for computing inelastic cross

sections was developed by combining an exponential distorted wave (EDw)

approximation and an effective Hamiltonian. This procedure was

implemented through the use of uniformized WKB wavefunctions. It was

shown to yield cross sections in semi-quantitative agreement with those

from exact calculations representing a wide range of physical parameters .

The EDW cross sections can be used to compute raLe constants since good

results are obtained even near threshold . The EDW procedure therefore

provides a practical means for studying physical trends in cross sections,

rate constants and relaxation.

3. On the use of various scaling theories in the deconvo].ution of

rotational relaxation data: Applicatior to pressure-broadened

linewidth measurements .~~

The inversion of pressure-broadened spectral linewidth data to yield

______________________ - • - • - - - •-~~~~~~ .- S-- -—--- - _ _ _ _ _ _ _ _ _ _ _ _



~~~~~~~~~~~~~~~~~~ — 
5~~~’ - —

-4-

state-to-state rotationally inelastic rate constants was considered .

Deconvolution procedures were presented based on the rate relationships

given by information theory (IT), infinite order sudden (jos), and

dynamic coupling theory (DcT) formalisms. In addition, a statistical

analysis for the lOS and DCT inversion methods was developed . The

three scaling theories were applied to the inversion of experimental

data for the CO-He, CO-Ne, HC1-He and HCl-Ne systems. The results

indicated that the IT formalism is inappropriate for deconvoluting

linewidth data. For the lOS method the extreme sensitivity of the

rates to uncertainties in the measurements can often make the extracted

rates unreliable. The DCT inversion procedure was shown to be stable

and to yield reliable rates. The application of the DCT method to

simulated linewidth data for the He-HCN system yielded rates in

excellent agreement with ab initio calculated values and correctly

predicted the propensity for even rotational changes in this near

homonuclear system . The necessary input for an inversion is the width

as a function of rotational level . We conclude that accurate linewidth

measurements contain a wealth of detailed state-to-state collisional

information which can now be obtained directly by use of the DCT

inversion technique .

Ii. Direct inversion of pressure-broadened halfwidths to yield rotationally

inelastic rate constants.4

The direct extraction of state-to-state rotationally inelastic rate

constants ~~~~~ from pressure-broadened halfwidth measurements has

k ~~~~~~~— - - -
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generally been considered an intractable problem. In this work two

new developments were presented which allow, for the first time, the

deconvolution of experimental data to yield the individual rates

~~~~~ without recourse to any dynamical calculations. The application

of these developments provides for (a) the elimination of the redundan-

cies in the rates, and (b) the assessment of the information content

in the experimental data. From an experimental viewpoint the latter

condition was shown to imply that the amount of experimental information

is directly related to the dependence of the halfwidth on rotational

quantum number . Data from the HCI-He, HF-He and hF-Ar systems was used

to illustrate these points .

5. The effect of elastic and reorientation collisions on vibration -

rotation lineshapes: A semi-empirical approach .5

Collisional broadening of rotation-vibration spectral lines was

investigated . The contributions from inelastic and elastic-reorientation

collisions were separated using a semi-empirical inversion procedure .

The basis for this deconvolution was the derivation of a relationship

between the inelastic W”~ and elastic-reorientation ~
e l r  

contributions

to the width which depends on a sing le unknown parameter . It was shown

that the experimental lincwidth ~
exp 

~
el_r 

+ W~
’i suffices to

uniquely determine this parameter which then is used to calculate the

individual components W
lfl 

and ~
e l r  

Results of applications to the

CO-, 1W- and lid -rare gas systems were presented.
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6. On the correlation of relaxation data: A scaling theoretical

analysis 6

The direct inversion of vibration-rotation linewidth data to yield

detailed state-to-state information was demonstrated in 3 - 5 above.

Central to this procedure is the existence of scaling theories or

factorizations that relate different inelastic rates. This present

extended work shows that such a scaling relationship has an important

additional application as a means of data correlation, reduction and

prediction . This method of data analysis has an extremely desirable

property: the collisional information is contained in a single

column of the physically measured rate matrix . This new methodology

was successfully app lied to the analysis of recent fluorescence data

on the Xe-Na2(A’~u
) system.

7. Multiple time scale stochastic formulation for collision problems

with more than one degree of freedom .7

Individual molecular collisions have been described by non—

equilibrium statistical mechanics in our previous work. The present

research deals mainly with refinements and extensions of the theory

for systems with more than one internal degree of freedom . For example,

it was shown how quantum mechanics for one internal mode can be

combined with stochastic equations for the other kinds of motion . A

multiple time sca]c stochastic formulation which allows each degree of

freedom its own natural time scale was also developed. It was shown,

by an application to vibration-rotation inelasticity in the He-H2

- - 
- -



_ _ _  - ~—--~~~~~-—•~~~ 5-5— —-5 ~~~~~55  V 
_ _ _  _ _ _ _

-7-

system, that this method gives results in good agreement with full

quantum calculations and experimental measurements. A computationally

simple technique for restoring microscopic reversibility to time-

dependent quantum calculations that employ the classical path formulation

was also described.

• 8. Stochastic theory of intramolecular energy transfer.8

The problem of internal energy redistribution in an isolated poiy-

atomic molecule was treated by a stochastic theory approach . The

fundamental assumption of this work is that a random phase approximation

is valid at specific time intervals. This results in the replacement

of the Schr~$dinger equation by a master equation that governs the

evolution of a probability distribution in the quantum levels of the

molecule. No assumptions regarding the strength of the coupling are

made, and the problem of energy conservation is specifically considered .

A stochastic variable is introduced in order to satisfy the requirement

that the total energy remain fixed . The further approximation of the

V 

master equation by a Fokker-Planck diffusion-like equation was outlined .

The latter approach is particularly attractive for treating large

molecules . Finally, the master equation was applied to a model problem

representing a linearly constrained tn -atomic molecule and the time

evolution of an initially localized excitation was discussed .
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9. The Green’s function method for sensitivity analysis in quantum

dynamics .°

The Green’s function sensitivity method was applied to the

Schr~dinger equation in order to develop practical methods for

calculating sensitivity information in quantum dynamical problems.

- From molecular collisions it was shown that no additional equations

need to be solved in order to calculate sensitivities or partial

derivatives of the observable cross sections with respect to input

parameters in the Ramiltonian. A similar analysis was carried out

f or non-scattering systems having time-dependent Hamiltonians . The

collision theory was illustrated by a sensitivity analysis on an

atom-rigid rotor system. Sensitivity of the cross sections to the

potential coupling parameters was studied . A second example considered

a collision-free molecular beam entering a region containing arbitrary

electric and magnetic fields . The sensitivity of the molecular

transition probabilities to the field strengths was studied . Both of

V 
these examples yielded unique insight into the underlying dynamical

processes .

10. ~pplication and further development of the Green’s function method

of sensitivity analysis to chemical kinetics .10

An efficient numerical procedure was developed to implement the

Green ’s function method of sensitivity analysis for chemical kinetics .

The method was applied to three scts of chemical reactions: the

Chapman mechanism for ozone kinetics, a mechanism for methane combustion,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VS _ . V _ ~~~ _ VSV_:•V
_
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and a mechanism for formaldehyde oxidation in the presence of carbon

monoxide. Where possible, comparisons with alternative methods of

sensitivity analysis were made. It was shown how carefully analyzed

sensitivity profiles can be used in conjunction with experiments and/or

models to obtain useful information about chemical kinetic behavior.

A simple extension of the theory showed how to obtain an entire family

of sensitivity coefficients each of which had a unique interpretation

in terms of a particular laboratory measurement. A practical approximation

was suggested for obtaining higher order sensitivity information.

Finally the overall computational efficiency of the Green’s function

method was assessed and found to be quite promising.

11. The use of global wave functions in scattering theory .”

This work considered the potential savings associated with the use

of global wave functions in scattering theory . The normal close

coupling approach expands all variables except one in a chosen basis

and thereby leads to coupled ordinary differential equations . The

global approach expands all variables except two, and leads to fewer

coupled partial differential equations . With the availability of

efficient partial differential equation codes, the global approach has

an important advantage in cases where the extra coordinate would require

many basis functions by conventional close coupling. Within the global

theory it was shown how to obtain state-to-state as well as total cross

sections . The global approach has the attractive feature of allowing

for the computation of total cross sections directly without recourse

V •
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V to individual state-to-state cross sections. This aspect is particularly

significant for complex systems. The use of the finite element method

as a practical means 1~ur treating partial differential equations was

also discussed . As an example, the results of a model colinear reactive

scattering problem were shown to be in excellent agreement with exact

solutions.

12. Finite element methods for reactive scattering .’2

The finite element method was applied to collinear reactive

scattering problems . In this way no basis set expansion of the wave

function is required, and a direct solution of the two dimensional

partial differential equation is achieved . It was shown how to generally

formulate this approach and achieve fast and accurate results . As a test

calculation, the method was applied to H + 112 yielding excellent

agreement with close coupling results . Since no basis sets are used in

the finite clement calculation, no question of basis set convergence or

closed channel behavior arises . Some discussion on applications to

higher dimensions was also included .

- ~~~~~~~~ ~~~ • V V•~~~~~~~ -- - V ~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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