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ABSTRACT 

This final report describes research on the theory of isotope separa- 

tion produced by the illumination of polyatomic molecules by intense 

infrared laser radiation. This process is investigated by treating the 

molecule, sulfur hexafluoride, as a system of seven classical particles 

that obey the Newtonian equations of motion. A minicomputer is used to 

integrate these differential equations. 

interatomic forces, and by the time-dependent electric field of the laser. 

We have a very satisfactory expression for the interaction of the laser 

and the molecule which is compatible with infrared absorption and spectro- 

scopic data. The interatomic potential is capable of improvement, and 

progress on this problem is still being made. We have made several com- 

puter runs of the dynamical behavior of the molecule using a reasonably 

good model f o r  the interatomic force law. 

we find that typically the molecule passes quickly through the resonance 

region into the quasi-continuurnand even well into the real continuum before 

dissociation actually occurs. 

tions are exceedingly complex. As an aid to the visualization of the 

process, we have made a number of 16 mm movies depicting a three-dimensional 

representation of the motion of the seven particles. 

clearly the enormous complexity of the motions, and make clear the desir- 

ability of finding ways of characterizing the motion in simple ways without 

giving all of the numerical detail. One of the ways to do this is to intro- 

duce statistical parameters such as a temperature associated with the 

distribution of kinetic energies of the single particle. 

The particles are acted on by 

For the laser parameters chosen, 

When viewed on a display terminal, the mo- 

These show even more 

We have made such 
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an a n a l y s i s  o f  ou r  d a t a  runs ,  and have found f avorab le  i n d i c a t i o n s  t h a t  

such methods w i l l  prove u s e f u l  i n  keeping track o f  t h e  dynamical h i s t o r i e s .  



This final report describes research on the theory of isotope separa- 

tion produced by illumination of polyatomic molecules by intense infrared 

laser radiation. Such processes are investigated by integrating Newton's 

classical equations of  motion for the atoms of the SFB6S molecule taking 

into account the effect of interatomic forces and the interaction of the 

particles with the laser field. The support under contract EN-77-S-02- 

4294 A001 was for the period May 7, 1979 to September 30, 1979 with a 

no-cost extension through December 31, 1979. 

Reference may be made to the application proposal leading to this 

contract, dated July 11, 1978, f o r  background information. The general 

plan for the research was as follows: A series of computer programs was 

developed for the purpose of  integrating the Newtonian equations of motion 

of  the seven atoms. The goal was to find a suitable interatomic potential 

and a realistic form for the laser-molecule interaction. The data base 

required f o r  representation of the long-term dynamical motion of a system 

of seven particles could easily run to over a million computer words. 

Therefore, it was important to find ways to deal with the expected large 

amount of computer output so as to be able to develop intuition and gain 

understanding of  the complex physical processes involved in multiphoton 

molecular excitation. 

At the start of the research period, we had a satisfactory expression 

for the interaction of the lasers and the molecule. The interatomic po- 

tential mainly involved a number of two-body forces. 

inverse powers of the distances, making a generalization of a Lennard-Jones 

6-12 potential. As explained in the proposal, it was also necessary to have 

These were based on 
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some non-cen t r a l  f o r c e s ,  and t h e s e  were inc luded  by i n t r o d u c t i o n  of  t h r e e -  

body Axi l rod -Te l l e r  p o t e n t i a l s .  The v a r i o u s  terms i n  t h e  p o t e n t i a l  energy 

were given numerical  c o e f f i c i e n t  m u l t i p l i e r s .  

as t o  p r o p e r l y  d e s c r i b e  a number o f  important  molecular  p r o p e r t i e s .  Among 

t h e s e  were e q u i l i b r i u m  c o n f i g u r a t i o n ,  t h e  s i x  d i s t i n c t  f r equenc ie s  of  t h e  

15 normal modes of  v i b r a t i o n ,  and t h e  d i s s o c i a t i o n  energy o f  t h e  molecule .  

A s y s t e m a t i c  procedure i s  a v a i l a b l e  f o r  de te rmining  t h e  numerical  c o e f f i -  

c i e n t s .  

o f  unpleasant  s u r p r i s e s  cou ld ,  and d i d ,  occur .  The above-mentioned expe r i -  

mental  q u a n t i t i e s  can be f i t t e d  wi th  r e l a t i v e  ease. 

t h e  p r o p e r t i e s  o f  t h e  molecule n e a r  i t s  equ i l ib r ium c o n f i g u r a t i o n s .  

e a s i l y  t u r n s  ou t  t h a t  when t h e s e  are  f i t t e d ,  t h e  p o t e n t i a l  can behave badly  

i n  o t h e r  r e g i o n s  o f  t h e  molecular  c o n f i g u r a t i o n  space.  

These had t o  be chosen so  

Although i d e a l l y  t h i s  method should succeed,  i n  p r a c t i c e  a number 

They most ly  involve  

I t  

In  p a r t i c u l a r ,  t h e  

p o t e n t i a l  may have lower va lues  a t  some o t h e r  c o n f i g u r a t i o n  than  t h e  

exper imenta l  equ i l ib r ium one. Also,  t h e  f o r c e s  may misbehave i n  v a r i o u s  

ways a t  long and a t  s h o r t  d i s t a n c e s .  Despi te  t h i s ,  w e  were a b l e  t o  f i n d  a 

p o t e n t i a l  t h a t  gave reasonably  good e igen f requenc ie s  f o r  t h e  t w o  o p t i c a l l y  

a c t i v e  normal modes. 

o f  t h e  LIS p rocess  should be  f a i r l y  w e l l  de sc r ibed  under t h e s e  c i rcumstances .  

On t h e  o t h e r  hand, t h e  n o n l i n e a r  i n t e r a c t i o n s  between a l l  normal modes a r e  

v i t a l  f o r  escape i n t o  t h e  "quasi-continuum" and u l t i m a t e  d i s s o c i a t i o n .  So 

The important  resonance phenomena i n  t h e  e a r l y  s t a g e s  

we cont inued t o  s t r i v e  f o r  a b e t t e r  p o t e n t i a l .  

e r a l  method would work much b e t t e r  i f  we t r i e d  t o  make up t h e  two-body 

p o t e n t i a l  f u n c t i o n s  o u t  of  more s u i t a b l e  b u i l d i n g  b locks  than  i n v e r s e  power 

law terms. 

I t  was c lear  t h a t  our  gen- 

Also,  t h e  Ax i l rod -Te l l e r  p o t e n t i a l s  are expected t o  be v a l i d  
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only  a sympto t i ca l ly  f o r  l a r g e  p a r t i c l e  s e p a r a t i o n s  and they  become s i n g u l a r  

f o r  small d i s t a n c e s .  

accord wi th  chemical i n t u i t i o n ,  and w e  had t o  pay more a t t e n t i o n  t o  g e t t i n g  

an  adequate  d e s c r i p t i o n  of t h e  v a r i o u s  molecular  f ragments  SFBSS, SFB4S, ... 
In  p a r t i c u l a r ,  i o n i c  f o r c e s  p l a y  a ve ry  s t r o n g  r o l e  i n  t h e  behavior  of  SFB6S. 

We needed t o  b r i n g  i n  some p o t e n t i a l  types  more i n  

We have now incorpora t ed  a number o f  new p o t e n t i a l  types i n t o  our  

computer programming. These inc lude  an i o n i c  p o t e n t i a l  t h a t  r e a l i s t i c a l l y  

d e s c r i b e s  t h e  effect  o f  charges  on t h e  S and F atoms. This  depends on t h e  

r e l a t i v e  p o s i t i o n s  of a l l  seven p a r t i c l e s .  

exponent ia l  f u n c t i o n  two and three-body p o t e n t i a l s  t h a t  can more r e a l i s t i c a l l y  

d e s c r i b e  i n t e r p a r t i c l e  r e p u l s i v e  f o r c e s .  

We a l s o  have a number o f  

The method f o r  de te rmining  t h e  c o n s t a n t s  i n  t h e  p o t e n t i a l  f u n c t i o n  o r i g -  

i n a l l y  worked only  f o r  c o n s t a n t s  t h a t  en te red  l i n e a r l y  as mul t ip ly ing  f a c t o r s  t o  

t h e  v a r i o u s  terms. 

meters i n  a Morse p o t e n t i a l ,  e n t e r  n o n l i n e a r l y .  In  p r i n c i p l e ,  such c o n s t a n t s  

could  be determined by a n o n l i n e a r  r e g r e s s i o n  scheme, i n  which some s u i t a b l e  

measure of  t h e  d iscrepancy  would be  minimized. 

o f  squa res  of d i f f e r e n c e s  between experimental  and c a l c u l a t e d  q u a n t i t i e s .  

Such a procedure  would be ve ry  time consuming, and l i k e l y  l e a d  t o  a l a r g e  

number o f  l o c a l  minima i n  t h e  mul t id imens iona l  c o n f i g u r a t i o n  space.  (Imagine 

t r y i n g  t o  f i n d  t h e  lowest  p o i n t  i n  t h e  s t a t e  of  Arizona. 

be a t  t h e  bottom o f  an uncapped d ry  o i l  wel l ,  and very  ha rd  t o  f i n d ,  espe- 

c i a l l y  i n  a mult idimensional  g e n e r a l i z a t i o n . )  We have r e c e n t l y  extended our  

f i t t i n g  procedure so  t h a t  it can be a p p l i e d  t o  moderate v a r i a t i o n  o f  o u r  

n o n l i n e a r  parameters .  There a r e  good r easons  t o  expect  t h a t  t h i s  procedure 

Such t h i n g s  as exponent ia l  decay c o n s t a n t s ,  o r  t h e  pa ra -  

This  measure could be  a sum 

I t  would probably 
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w i l l  l e a d  t o  a cons ide rab ly  improved p o t e n t i a l  f u n c t i o n  t h a t  makes use  of  

more s u i t a b l e  b u i l d i n g  b locks  than  we have h i t h e r t o  used.  

We had hoped t o  make many more computer runs  us ing  a s u i t a b l e  p o t e n t i a l  

However, dur ing  some o f  t h e s e  runs  w e  d e t e c t e d  unsuspected inade-  f u n c t i o n .  

quac ie s  of t h e  then  a v a i l a b l e  p o t e n t i a l s .  

postpone t h e  e x t e n s i v e  number crunching u n t i l  we could  a r r i v e  a t  a r e a l l y  

good p o t e n t i a l .  The changes desc r ibed  above had t o  be inc luded  i n  ou r  

Hence, w e  dec ided  t h a t  w e  should 

computer programs, which were a l r e a d y  r a t h e r  complex. We have made good 

p rogres s  on t h e  r e w r i t i n g  and t h e  necessa ry  debugging, and are  conf iden t  

t h a t  w e  can soon a r r i v e  a t  t h e  d e s i r e d  s t a r t i n g  p o i n t  f o r  t h e  product ion  

r u n s .  

Neve r the l e s s ,  t h e  computer runs  t h a t  w e  d i d  make tu rned  up some i n t e r -  

e s t i n g  phenomena. I w i l l  d i s c u s s  t h e  r e s u l t s  ob ta ined  wi th  a p a r t i c u l a r l y  

s imple  p o t e n t i a l ,  which made it p o s s i b l e  t o  run t h e  dynamical i n t e g r a t i o n s  

much more qu ick ly  than  with a r e a l i s t i c  force .  

c e n t r a l  b i n a r y  f o r c e s .  

of t h e  SF molecule.  The FF i n t e r a c t i o n  was taken from t h e  F2 molecule.  

The experimental  normal mode (harmonic) f r equenc ie s  f o r  SFB6S are 782, 649, 

966, 620, 528 and 352 wave numbers, i n  t h e  usua l  way o f  numbering modes. 

Our p o t e n t i a l  func t ion  gave i n s t e a d  t h e  va lues  791, 852, 1247, 269, 260 and 

153. The real  equ i l ib r ium SF d i s t a n c e  i s  1.564 A, whi le  t h e  model molecule 

had 1.540 A.  The t o t a l  b inding  energy of  t h e  molecule is about  200 laser 

photons energy,  whi le  ou r  r e s u l t  was 219. A l l  i n  a l l ,  t h e  agreement i s  

This  p o t e n t i a l  had only  

The SF i n t e r a c t i o n  was s u i t a b l e  f o r  a d e s c r i p t i o n  

s u r p r i s i n g l y  good. 

and ga in  exper ience  wi th  t h e  numerical  i n t e g r a t i o n  o f  t h e  Newtoniai, 

The r e s u l t i n g  s imple p o t e n t i a l  was used t o  t e s t  ou t  
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equa t ions  o f  motion. 

p i c t u r e  o f  t h e  molecular  mot ion 'on  16 mm f i l m .  This  f i l m  has  been shown 

a t  conferences and l e c t u r e s  a t  a number of  p l a c e s :  

The r e s u l t i n g  d a t a  bank was used t o  make a moving 

Un ive r s i ty  o f  I l l i n o i s ,  

Arizona S t a t e  Un ive r s i ty ,  Los Alamos S c i e n t i f i c  Laboratory,  Oak Ridge Na- 

t i o n a l  Laboratory,  Lawrence Livermore Laboratory,  Un ive r s i ty  o f  C a l i f o r n i a  

a t  I r v i n e ,  conference  of  Nobel P r i z e  winners a t  Lindau i n  West Germany, and 

Fourth I n t e r n a t i o n a l  Conference on Laser Spectroscopy a t  Rottach-Egern i n  

West Germany. 

One of  t h e  features of t h e  f i l m  was t h a t  one saw v i v i d l y  t h e  enormous 

complexi ty  of t h e  motion. For t h e  laser parameters  used, one found t y p i c a l l y  

t h a t  t h e  molecule went r a t h e r  qu ick ly  i n t o  t h e  "quasicontinuwn," and even 

w e l l  i n t o  t h e  rea l  continuum, long b e f o r e  it a c t u a l l y  d i s s o c i a t e d .  From a 

s t u d y  o f  d i s t r i b u t i o n  f u n c t i o n s  f o r  k i n e t i c  energy va lues  dur ing  t h e  motion, 

w e  found t h a t  a meaningful "temperature" could be a s s igned  t o  t h e  s i n g l e  

p a r t i c l e  k i n e t i c  e n e r g i e s .  The t o t a l  energy o f  t h e  molecule went up and 

down i r r e g u l a r l y ,  b u t  on t h e  average it inc reased  i n  a r a t h e r  l i n e a r  f a sh ion  

i n  time. A t  t h e  end o f  one run ,  t h e  energy o f  t h e  molecule had reached a 

v a l u e  cor responding  t o  t h e  eventua l  escape o f  t h r e e  F atoms. 

There i s  cons ide rab le  advantage t o  be ing  a b l e  t o  c h a r a c t e r i z e  t h e  

v e r y  complicated motions by a few parameters  o f  s t a t i s t i c a l  d i s t r i b u t i o n s ,  

such as t h e  tempera ture .  Otherwise,  t h e  r equ i r ed  d a t a  s t o r a g e  w i l l  be 

enormous. Very l i k e l y ,  t h e  e f f e c t i v e  tempera ture  can be r e l a t e d  t o  an 

evapora t ion  r a t e  which would mean t h a t  i t  would n o t  be  necessa ry  t o  c a r r y  

t h e  numerical  i n t e g r a t i o n  ou t  n e a r l y  so fa r .  

We hope t o  cont inue  wi th  t h i s  r e sea rch  p r o j e c t  so t h a t  i t  can provide  
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an important method for getting insight into the mechanism of laser-induced 

molecular excitation and dissociation processes. These are important, not 

only for laser isotope separation, but also more generally for laser photo- 

chemistry and test laser photochemistry. A renewal proposal is being 

submitted to the Department of Energy. 
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