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ABSTRACT 

T h i s  Progress  Report d e s c r i b e s  r e s e a r c h  on t h e  

t h e o r y  o f  i s o t o p e  s e p a r a t i o n  produced b y  t h e  i l l u m i n a t i o n  of  

p o l y a t m i c  molecules  b y  i n t e n s e  i n f r a r e d  l a s e r  r a d i a t i o n .  

I t  i s  d e s i r e d  t o  i n v e s t i g a t e  t h i s  p r o c e s s  b y  i n t e g r a t i n g  

Newton’s e q u a t i o n s  o f  motion f o r  t h e  atoms o f  t h e  SF6 

molecule  i n c l u d i n g  t h e  l a s e r  f i e l d  i n t e r a c t i o n .  The  f i r s t  

y e a r ’ s  work h a s  been l a r g e l y  ded ica t ed  t o  o b t a i n i n g  a 

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

c o n f i g u r a t i o n s  o f  t h e  seven p a r t i c l e s .  T h i s  p o t e n t i a l  

g i v e s  t h e  c o r r e c t  symmetry o f  t h e  molecule ,  , t h e  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  f r equenc ie s  o f  t h e  s i x  d i s t i n c t  normal 

modes o f  o s c i l l a t i o n  and t h e  c o r r e c t  ( o r  assumed) va lue  of  

t h e  t o t a l  p o t e n t i a l  energy o f  t h e  molecule .  Other  

c o n d i t i o n s  can  e a s i l y  be imposed i n  o r d e r  t o  o b t a i n  a more 

r e f ined  p o t e n t i a l  energy f u n c t i o n ,  f o r  example, b y  making 

a l lowance  f o r  anhafmonici ty  d a t a .  

We have a l s o  obtained a s u i t a b l e  e x p r e s s i o n  f o r  t h e  

i n t e r a c t i o n  energy  between a l a s e r  f i e l d  and t h e  polyatomic 

molecule .  The e l ec t romagne t i c  f i e l d  is  t r e a t e d  c l a s s i c a l l y ,  

and it would be e a s i l y  p o s s i b l e  t o  t r e a t  t h e  c a s e s  o f  t ime  

dependent  p u l s e s ,  f requency modulation and n o i s e .  



. 

c . 
. ,_ 

1. I N T R O D U C T I O N  

T h i s  r e s e a r c h  invo lves  a t h e o r e t i c a l  and numerical  

s t u d y  o f  t h e  d i s s o c i a t i o n  of  t h e  SFg molecu1.e i n  h igh  

power l a s e r  r a d i a t i o n  b y  t h e  method desc r ibed  i n  t h e  p r o p o s a l  

da t ed  Narch 8 ,  1976. The o b j e c t  i s  t o  c o n s i d e r  t h e  polyatomic 

molecule  SF6 a s  a c l a s s i c a l  dynamical system obeying 

Newton's laws o f  motion, w i t h  f o r c e s  on t h e  atoms o b t a i n e d  

from a s u i t a b l e  i n t e r a t o m i c  p o t e n t i a l  energy f u n c t i o n .  The 

l a s e r  r a d i a t i o n  i s  a b l e  t o  e x e r t  f o r c e s  on t h e  atoms because 

t h e y  have e f f e c t i v e  charges  which can be  determined a s  

i n d i c a t e d  l a t e r .  The r e a l  s u l f u r  h e x a f l u o r i d e  molecule  

shou ld  be d e s c r i b e d  w i t h ,  t he  use o f  quantum mechanics.  

However, a s  was argued i n  the  o r i g i n a l  p r o p o s a l ,  i t  is 

expec ted  t h a t  i t  is  a v e r y  good approximation t o  t r e a t  the  

atomic dynamics c l a s s i c a l l y .  The on ly  a r e a  i n  which much 

need  f o r  c o r r e c t i o n  would be a n t i c i p a t e d  is  i n  t h e  e a r l y  

s t a g e s  o f  t h e  e x c i t a t i o n  process .  E v e n  t h e r e ,  i f  t h e  motion 

were s u f f i c i e n t l y  harmonic it can be shown t h a t  no 

c o r r e c t i o n s  a r e  needed. However, t h e  anharmonic i ty  o f  t h e  

. 

molecule  does  r e q u i r e  some c o r r e c t i o n s  t o  a c l a s s i c a l  

c a l c u l a t i o n .  Methods f o r  making t h e s e  were d e s c r i b e d  i n  t h e  

p r o p o s a l .  

One o f  t h e  b i g  advantages o f  t h e  c l a s s i c a l  approach 

i s  t h a t  we a r e  always working i n  an i n e r t i a l  frame o f  

r e f e r e n c e .  It is n o t  necessary  t o  t ransform t o  r o t a t i n g  

axes  f i x e d  i n  t h e  molecule. As a r e s u l t ,  no c e n t r i f u g a l  

d i s t o r t i o n s ,  C o r i o l i s  Forces o r  v i b r a t i o n - r o t a t i o n  

i n t e r a c t i o n s  have t o  be considered s e p a r a t e l y .  They a r e  
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' b u i l t  i n t o  t h e  Newtonian dynamics. Once a s u i t a b l e  

i n t e r a c t o m i c  p o t e n t i a l  has been chosen ,  i t  is  n o t  n e c e s s a r y  

t o  c o n s i d e r  t h e  normal modes o f  v i b r a t i o n  o r  t h e  

" r a d i a t i o n l e s s  t r a n s i t i o n s "  between them which a r i s e  from 

t h e  anharmonic f o r c e s .  I n  t h e  conven t iona l  "conve r sa t iona l1 '  

approach ,  much i s  s a i d  about t h e  e f f e c t  o f  "Rabi 

broadening , It  e x c i t a t i o n  u p  t h e  " v i b r a t i o n a l  l a d d e r , "  

" leakage  i n t o  t h e  llquasi-continuum , * I  l l d i f f u s i o n  through t h e  

quasi-continuuml1 i n t o  the  ' l real  continuum1' and u l t i m a t e  

d i s s o c i a t i o n .  A l l  of  t h e s e  t h i n g s  a r e  a u t o m a t i c a l l y  

d e s c r i b e d  q u a n t i t a t i v e l y  b y  t h e  Newtonian e q u a t i o n s  o f  motion.  

We f i r m l y  b e l i e v e  t h a t  our approach o f f e r s  t h e  b e s t  p o s s i b l e  

method t o  g e t  t h e o r e t i c a l  unders tanding  of  t h i s  ve ry  

impor t an t  problem f o r  l a s e r  induced i s o t o p e  s e p a r a t i o n  and 

photoc  hem is  t r  y . 
One o f  t h e  most i n t e r e s t i n g  a s p e c t s  o f  t h i s  problem 

is t h a t  it e x p l o r e s  t h e  b o r d e r l i n e  b e t w e e n  t h e  d y n a m i c a l  a n d  

s t a t i s t i c a l  t r e a t m e n t s  o f  a t e c h n i c a l l y  impor t an t  problem. 

No a p r i o r i  a s s u m p t i o n s  a b o u t  t h e  a p p l i c a b i l i t y  o f  

un imolecu la r  r e a c t i o n  theory  a r e  made. I f  s u c h  an approach 

t u r n s  out t o  be  v a l i d ,  t h e  r a t e  c o n s t a n t s  w h i c h  a r e  u s e d  i n  

i t  w i l l  have been eva lua ted  from f i r s t  p r i n c i p l e s .  The 

dynamical method i s  q u i t e  g e n e r a l  and can be extended t o  

many o t h e r  polyatomic molecules.  

I n  s e c t i o n s  2 - 6 ,  we d e s c r i b e  how t h e  cur ren t  

SFG p o t e n t i a l  is determined. Sec t ion  2 g ives  t h e  

i n i t i a l  approach i n  terms o f  a p a i r  of  Lennard-Jones 

p o t e n t i a l  f u n c t i o n s  w i t h  a r b i t r a r y  c o e f f i c i e n t s .  S e c t i o n  3 



F 

develops  a method f o r  de te rmining  t h e  p o t e n t i a l  c o n s t a n t s  

g iven  t h e  exper imenta l  normal mode, f r e q u e n c i e s  and 

e q u i l i b r i u m  c o n f i g u r a t i o n .  Limited t o  c e n t r a l  f o r c e s ,  t h e  

method dces n o t  r e p r o d m e  t h e  SFg spect:-urn p r e c i s e l y .  

S e c t i o n  4 succeeds  i n  reproducing t h e  spectrum by i n c l u d i n g  

three-body f o r c e s .  The p o t e n t i a l  is  a c c u r a t e ,  however, o n l y  

i n  t h e  r eg ion  about equ i l ib r ium.  By s p e c i f i c a t i o n  o f  

c e r t a i n  parameters  such a s  the  1/r6 F-F c o n s t a n t ,  and 

t h e  t o t a l  d i s s o c i a t i o n  energy o f  t h e  molecule,  S e c t i o n  5 

y i e l d s  a s a t i s f a c t o r y  g loba l  p o t e n t i a l .  S e c t i o n  6 deve lops  

t h e  l a s e r - m o l e c u l e  i n t e r a c t i o n  energy;  S e c t i o n  7 d e s c r i b e s  

t h e  computer f a c i l i t i e s  used i n  t h e  p r o j e c t .  
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2. INITIAL FORMULATION 

The SFG molecule has  seven p a r t i c l e s  and twenty 

one C a r t e s i a n  c o o r d i n a t e s  x i ,  i = 1 ,  2, ..., 21. We 

f i r s t  wrote a computer program LIS which al lowed u s  t o  

i n t e g r a t e  t h e  iu'ewtonian equat ior is  o f  motion f G r  t h e  seven  

p a r t i c l e s  m o v i n g  i n  a c o n s e r v a t i v e  p o t e n t i a l  e n e r g y  f i e l d  

c o n s i s t i n g  o f  a sum o f  two body i n t e r a c t i o n  p o t e n t i a l s  f o r  

t h e  seven  atoms. To g e t  s t a r t e d ,  w e  t ook  two' p o t e n t i a l  

ene rgy  terms f o r  each o f  t h e  15 l i k e  p a r t i c l e  p a i r s  F-F: 

a t t r a c t i v e  ones  vary ing  a s  t h e  i n v e r s e  s i x t h  power o f  t h e  

d i s t a n c e s ,  and r e p u l s i v e  ones w i t h  i nve r se  t w e l t h  powers. 

We t ook  two s i m i l a r  t y p e s  o f  p o t e n t i a l  energy t e r m s  f o r  each  

of t h e  s i x  u n l i k e  p a r t i c l e  p a i r s  S-F. I n  e f f e c t ,  we were 

i n t r o d u c i n g  one Lennard-Jones p o t e n t i a l  f o r  F-F ( l i k e )  and 

a n o t h e r  f o r  S-F ( u n l i k e )  p a r t i c l e  p a i r s .  The p o t e n t i a l  

ene rgy  o f  t h e  whole molecule cou ld  t h e n  be d e s c r i b e d  b y  

g i v i n g  fou r  c o n s t a n t  c o e f f i c i e n t s  B ( l  1, . . . , B ( 4 )  t o  measure 

t h e  s t r e n g t h s  o f  t h i  v a r i o u s  t y p e s  o f  i n t e r a c t i o n s .  A t  t h i s  

stage ,  o f  c o u r s e ,  we d i d  not  know t h e  c o r r e c t  v a l u e s  f o r  the 

four  c o n s t a n t s ,  and s i m p l y  assumed them a r b i t r a r i l y .  

Our  computer program LIS t h e n  sought  o u t  t h e  

e q u i l i b r i u m  c o n f i g u r a t i o n s  f o r  t h e  molecule .  I t  d i d  t h i s  b y  

s t a r t i n g  from an a r b i t r a r y  c o n f i g u r a t i o n  and i n t e g r a t i n g  t h e  

e q u a t i o n s  o f  motion of t h e  p a r t i c l e s  w i t h  v i s c o u s  damping 

i n t r o d u c e d  i n t o  t h e i r  e q u a t i o n s  o f  motion i n  a d d i t i o n  t o  t h e  

assumed i n t e r a t o m i c  f o r c e s .  If t h e  p o t e n t i a l  c o n s t a n t s  were 

s u i t a b l y  chosen ,  we found t h a t  t h e r e  was an e q u i l i b r i u m  

c o n f i g u r a t i o n  which had the  d e s i r c d  o c t a h e d r a l  symmetry. 
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P . . E v e n  i f  t h i s  were a s t a b l e  e q u i l i b r i u m ,  i t  was n o t  

n e c e s s a r i l y  t h e  one of  lowest  p o t e n t i a l  energy.  However, b y  

s imple  ad jus tmen t s  o f  t h e  c o n s t a n t s  we cou ld  make t h e  

molecule  have on ly  t h e  o c t a h e d r a l l y  symmetric e q u i l i b r i u m  

c o n f i g u r a t i o n .  

We t h e n  app l i ed  the  theo ry  o f  s m a l l  v i b r a t i o n s .  The 

p o t e n t i a l  energy V ( x l ,  x 2 ,  ..., x 2 1 )  needs t o  be 

expanded i n  a T a y l o r ' s  s e r i e s  around t h e  e q u i l i b r i u m  

c o n f i g u r a t i o n .  The  r e s u l t i n g  mat r ix  PV o f  21x21 second 

p a r t i a l  Ca r t e s i an  coord ina te  d e r i v a t i v e s  p l a y s  a c e n t r a l  

r o l e  i n  t h e  t h e o r y  o f  smal l  v i b r a t i o n s .  O u r  computer 

program LIS c a l c u l a t e d  t h i s  ma t r ix .  It  a l s o  found t h e  

e i g e n v a l u e s  and the  s i m i l a r i t y  t r a n s f o r m a t i o n  ma t r ix  S which 

d i a g o n a l i z e s  t h e  PV matr ix .  The  ma t r ix  S g i v e s  t h e  

r e l a t i o n s h i p  between the  Car tes ian  c o o r d i n a t e s  and t h e  

normal mode c o o r d i n a t e s .  The 21 e i g e n v a l u e s  o f  PV a r e  

p r o p o r t i o n a l  t o  t h e  squa res  o f  t h e  f r e q u e n c i e s  o f  t h e  normal 

modes o f  v i b r a t i o n  of  t h e  molecule.  (Fo r  t h e  sake  o f  a 

s i m p l e r  d i s c u s s i o n ,  we a r e  over looking  t h e  impor t an t  f a c t  

t h a t  because t h e  masses o f  t h e  p a r t i c l e s  a r e  not  a l l  equa l  

t o  one a n o t h e r  i t  is  necessary  t o  f i r s t  t r ans fo rm from 

C a r t e s i a n  t o  mass-normalized Car t e s i an  c o o r d i n a t e s  b e f o r e  

t h e  making t h e  mat r ix  d i a g o n a l i z a t i o n . )  As was t o  be  

e x p e c t e d ,  t h r e e  o f  t h e  e igen f requenc ie s  came o u t  t o  be z e r o  

co r re spond ing  t o  the  t h r e e  t r a n s l a t i o n a l  normal modes. 

L ikewise ,  a n o t h e r  t h r e e  of  t h e  normal mode f r e q u e n c i e s  were 

z e r o  cor responding  t o  the  t h r e e  r o t a t i o n a l  normal modes. 

T h e  remaining 1 5  nonzero v i b r a t i o n a l  f r e q u e n c i e s  showed t h e  

- 5 -  
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. d e g e n e r a c i e s  w h i c h  a r e  r e q u i r e d  b y  t h e  o c t a h e d r a l  s y m m e t r y  
'i 

of  t h e  m o l e c u l e .  H e r z b e r g  uses g r o u p - t h e o r e t i c a l  

d e s i g n a t  i o n s  A l g ,  F l g f  F2g and  F l g  

f o r  t h e s e  modes .  

r e p r e s e n t s  t h e  h i g h l y  s y m m e t r i c a l  " b r e a t h i n g  mode.11 Mode 

Mode A l g  i s  n o n - d e g e n e r a t e  a n d  

E, i s  t w o - f o l d  d e g e n e r a t e  w h i l e  t h e  r e m a i n i n g  modes  a r e  

e a c h  t h r e e - f o l d  d e g e n e r a t e .  T h e s e  normal modes  a r e  a l s o  

d e s i g n a t e d  b y  t h e  n u m b e r s  1 ,  2, ..., 6 r e s p e c t i v e l y .  Modes 

3 a n d  4 a r e  t h e  o n l y  o p t i c a l l y  a c t i v e  o n e s ,  a n d  mode t h r e e  

i s  i n  c lo se  r e s o n a n c e  w i t h  t h e  r a d i a t i o n  from a CO2 

l a s e r .  . 

N a t u r a l l y ,  s i n c e  a t  t h i s  p o i n t  we were o n l y  g u e s s i n g  

t h e  fou r  p o t e n t i a l  c o n s t a n t s ,  we o b t a i n e d  i n c o r r e c t  

e i g e n f r e q u e n c i e s ,  b u t  a t  l e a s t  t h e y  showed t h e  r i g h t  p a t t e r n  

of d e g e n e r a c i e s .  It  was a lmos t  i n e v i t a b l e  t h a t  t h e  

e q u i l i b r i u m  S-F d i s t a n c e  would h a v e  t h e  wrong v a l u e .  T h i s  

c o u l d  e a s i l y  b e  t a k e n  c a r e  o f  b y  r e s c a l i n g  d i s t a n c e s .  Our 

c o m p u t e r  p r o g r a m  a l s o  a l l o w e d  a r e p r e s e n t a t i o n  of t h e  

molecular  c o n f i g u r a t i o n  t o  b e  d i s p l a y e d  on t h e  s c r e e n  of  a 
. 

CRT t e r m i n a l  ( T e k t r o n i x  4 0 1 3 ) .  We c o u l d  s t a r t  t h e  m o t i o n  

off i n  some n o n - e q u i l i b r i u m  c o n f i g u r a t i o n  a n d  w a t c h  t h e  

m o t i o n  o f  t h e  p a r t i c l e s .  Some of  t h e  m o t i o n s  s e e n  i n  t h i s  

m a n n e r  were s u r p r i s i n g l y  c o m p l e x ,  We a l s o  p u t  i n t o  t h e  

p r o g r a m  a r u d i m e n t a r y  f a c i l i t y  f o r  h a v i n g  a p e r i o d i c  l a s e r  

f i e l d  exe r t  f o r c e s  on t h e  p a r t i c l e s .  I n  t h i s  way,  i t  was  

p o s s i b l e  t o  d e m o n s t r a t e  how t h e  l a s e r  d i s t u r b e d  t h e  mo t ion .  

Ne d i d  n o t  fo l low u p  t h i s  a p p r o a c h  v e r y  f a r  b e c a u s e  n o n e  o f  

our  c o n s t a n t s  were s u f f i c i e n t l y  r e a l i s t i c  a t  t h i s  s t a g e  of  

- 6 -  
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3. DETERMINATION OF CENTRAL FORCE POTENTIAL CONSTANTS 

T h e  n e x t  p r o b l e m  was t o  d e t e r m i n e  a s e t  o f  p o t e n t i a l  

c o n s t a n t s  f o r  w h i c h  t h e  six e i g e n f r e q u e n c i e s  w o u l d  h a v e  t h e  

o b s e r v e d  v a l u e s ,  w h i c h  i n  wave n u m b e r s  a r e  782, 649,  966,  

620, 528 a n d  352 f o r  modes  1 ,  2, 3, 4 ,  5 and  6 ,  

r e s p e c t i v e l y .  A t  t h i s  p o i n t  we had  n o  i d e a  how many 

p o t e n t i a l  e n e r g y  c o n s t a n t s  B ( i )  h a d  t o  b e  d e t e r m i n e d  t o  

s p e c i f y  t h e  i n t e r a t o m i c  p o t e n t i a l  e n e r g y  f u n c t i o n .  F o r  a n y  

g i v e n  p o t e n t i a l ,  we c o u l d  c a l c u l a t e  t h e  c o r r e s p o n d i n g  

e i g e n f r e q u e n c i e s .  T h e  i n v e r s e  p r o b l e m  o f  d e t e r m i n i n g  

p o t e n t i a l  c o n s t a n t s  w h i c h  would  l e a d  t o  t h e  d e s i r e d  

e i g e n f r e q u e n c i e s  w o u l d  b e  a f o r m i d a b l e  p r o b l e m  i f  a p p r o a c h e d  

i n  a d i r e c t  m a n n e r .  It wou ld  be v e r y  much l i k e  l o o k i n g  f o r  

a n e e d l e  i n  a n  n - d i m e n s i o n a l  h a y s t a c k  w h e r e  t h e  number  o f  

d i m e n s i o n s  n i s  unknown! F o r t u n a t e l y ,  h o w e v e r ,  we were a b l e  

t o  d e v i s e  a s i m p l e  and  e f f e c t i v e  m e t h o d  f o r  d e a l i n g  w i t h  

t h i s  o t h e r w i s e  d i f f i c u l t  p r o b l e m .  The  c o m p u t e r  p r o g r a m  f o r  

d o i n g  t h i s  i s  c a l l e d  LISFIT.  
I 

I n  s o l v i n g  t h e  p r o b l e m  of t h e  2 1 ~ 2 . 1  ma t r ix  of  s e c o n d  

p a r t i a l  d e r i v a t i v e s  o f  t h e  i n t e r a t o m i c  molecular  p o t e n t i a l  

f u n c t i o n ,  t h e  c o m p u t e r  p r o g r a m s  SIMTRAN a n d  S I M E I G E N  g i v e  

t h e  2 1 x 2 1  t r a n s f o r m a t i o n  m a t r i x  S b e t w e e n  t h e  C a r t e s i a n  

c o o d i n a t e  r e p r e s e n t a t i o n  and  t h e  n o r m a l  mode c o o r d i n a t e s .  

I t  t u r n s  o u t  t h a t  t h e  form of t h i s  m a t r i x  i s  d e t e r m i n e d  t o  

an amazing  d e g r e e  b y  t h e  h i g h  s y m m e t r y  o f  t h e  SFg 

molecule.  

T h e  s i t u a t i o n  i s  somewhat  a n a l o g o u s  t o  w h a t  o n e  
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w o u l d  h a v e  f o r  t h e  2x2 m a t r i x  r e p r e s e n t i n g  r o t a t i o n s  i n  a 

p l a n e  a b o u t  a f i x e d  a x i s .  A l l  four  elements o f  t h e  r o t a t i o n  

ma t r i ces  a r e  s i m p l y  c h a r a c t e r i z e d  b y  a s i n g l e  p a r a m e t e r  

r e p r e s e n t i n g  t h e  a n g l e  o f  r o t a t i o n .  I n  t h e  ca se  o f  t h e  

21x21 m a t r i x  w i t h  wh ich  we a r e  c o n c e r n e d ,  i t  t u r n s  o u t  t h a t  

a l l  of t h e  4 4 1  elements a r e  c h a r a c t e r i z e d  b y  two p a r a m e t e r s  

w h i c h  we c a l l e d  a l p h a  and d e l t a .  I t  i s  p o s s i b l e  b y  a s i m p l e  

a n d  s y s t e m a t i c  p r o c e d u r e  t o  wri te  down a l l  o f  t h e  e l e m e n t s  

of  t h e  t r a n s f o r m a t i o n  m a t r i x .  One can s t a r t  b y  p u t t i n g  i n t o  

t h e  l a s t  t h r e e  c o l u m n s  t h e  n u m b e r s  w h i c h  i n t u i t i v e l y  

c o r r e s p o n d  t o  t h e  r o t a t i o n a l  m o d e s ,  a n d  i n t o  t h e  n e x t  t o  

l a s t  t h r e e  c o l u m n s  t h e  c o r r e s p o n d i n g  n u m b e r s  f o r  t h e  t h r e e  

t r a n s l a t i o n a l  modes .  The n u m b e r s  w h i c h  w o u l d  r e p r e s e n t  t h e  

b r e a t h i n g  mode c a n  b e  p u t  i n t o  t h e  f i r s t  c o l u m n .  From h e r e  

o n ,  o n e  c a n  p r o c e e d  co lumn b y  column, u s i n g  a l i t t l e  

i n t u i t i o n  a b o u t  wha t  t h e  n o r m a l  modes  m i g h t  b e ,  a n d  m a k i n g  

use o f  o r t h o g o n a l i t y  c o n d i t i o n s  f o r  p a i r s  o f  , c o l u m n s  a n d  

n o r m a l i z a t i o n  f o r  e a c h  co lumn.  Whenever  o n e  comes a c r o s s  a 

number which o n e  does  not know, i t  is denoted b y  some 

s y m b o l .  Most o f  t h e s e  s y m b o l s  c a n  b e  d e t e r m i n e d  i n  terms o f  

o t h e r s  b y  u s i n g  o r t h o g o n a l i t y  c o n d i t i o n s .  I n  t h e  e n d ,  o n e  

h a s  o n l y  two unknown p a r a m e t e r s  d e l t a  and  a l p h a  r e m a i n i n g .  

T h e  p a r a m e t e r  a l p h a  i n v o l v e s  t h e  d o u b l y  d e g e n e r a t e  m o d e s  E 

a n d  c a n  b e  a s s i g n e d  a r b i t r a r i l y  w i t h o u t  a n y  l o s s  o f  

g e n e r a l i t y .  T h e  3 a n d  4 modes a r e  v e r y  s i m i l a r  ( a p a r t  from 

b e i n g  o r t h o g o n a l ! )  t o  o n e  a n o t h e r : .  C o n s i d e r  a t r i a t o m i c  

l i n e a r  c o m p l e x  F-S-F w h i c h  l i e s  a l o n g  one o f  t h e  C a r t e s i a n  

axes  x ,  y o r  z .  I n  e q u i l i b r i u m ,  t h e  r e m a i n i n g  four  F atoms 
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. l i e  a t  t h e  c o r n e r s  o f  a square i n  a p lane  a t  r i g h t  a n g l e s  t o  

t h e  chosen a x i s .  The square has the  s u l f u r  atom a t  i ts  

c e n t e r .  I n  both modes 3 and 4 ,  a l l  o f  t h e  mot ions  o f  t h e  

t r i a t o m i c  and o f  t h e  square complexes a r e  a long  such a 

chosen a x i s ,  t h e  two F atoms on' t h e  a x i s  move t o g e t h e r ,  by 

e q u a l  amounts, and the  modes d i f f e r  on ly  i n  r e s p e c t  t o  t h e i r  

d i f f e r i n g  r e l a t i v e  motions o f  t h e  S atom and t h e  squa re  

a r r a y  o f  F atoms. The r a t i o s  depend on d e l t a .  Work a t  Los 

Alamos ( k i n d l y  communicated b y  D r .  C. D. C a n t r e l l )  h a s  

determined t h e  va lue  o f  d e l t a  by c o n s i d e r i n g  t h e  observed 

r o t a t i o n a l  p r o p e r t i e s  of  t h e  molecule ,  s o  we may r e g a r d  i t  t o  

be d e t e r m i n e d  e x y e r i m e n t a l l y .  

An e q u i v a l e n t  express ion  of  t h e  p rev ious  paragraph  

would be t o  s t a t e  t h a t  t h e  s e c u l a r  equa t ion  o f  t h e  21x21 

ma t r ix  PV o f  p a r t i a l  d e r i v a t i v e s  o f  t h e  p o t e n t i a l  energy  

f u n c t i o n  can be f a c t o r e d  i n t o  1 5  l i n e a r  e q u a t i o n s  and t h r e e  

r e p e a t e d  s e t s  o f  one q u a d r a t i c  equat ion  f o r  t h e  normal mode 

f r e q u e n c i e s .  T h i s  f a c t o r i n g  of t h e  s e c u l a r  equa t ion  has  

been known s i n c e  t h e  1930's ,  a t  l e a s t  f o r  t h e  c a s e  o f  

c e n t r a l  f o r c e s ,  and we red iscovered  it independent ly  4 0  

y e a r s  l a t e r .  

T h e  foregoing  f a c t s  mean t h a t  we can de te rmine  t h e  

t r a n s f o r m a t i o n  ma t r ix  q u i t e  independent ly  o f  what t h e  

p o t e n t i a l  energy f u n c t i o n  i s ,  us ing  only  i t s  o c t a h e d r a l  

symmetry p r o p e r t i e s .  When the  p o t e n t i a l  energy m a t r i x  i s  

d i a g o n a l i z e d ,  i t s  s i x  d i s t i n c t  nonzero elements  a r e  s i m p l y  

r e l a t e d  t o  t h e  normal mode f r e q u e n c i e s  o f  t h e  molecule .  

These a r e  known expe r imen ta l ly .  T h i s  means t h a t  we can  
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t r a n s f o r m  t h e  e x p e r i m e n t a l l y  m e a s u r e d  d i a g o n a l  m a t r i x  i n  t h e  

normal mode r e p r e s e n t a t i o n  "back"  t o  t h e  PV m a t r i x  of t h e  

C a r t e s i a n  b a s i s  a n d  t h e r e b y  a s s i g n  e x p e r i m e n t a l  v a l u e s  t o  

all o f  t h e  4 4 1  e lements .  S u p p o s e  t h a t  t h e  p o t e n t i a l  e n e r g y  

f u n c t i o n  i s  w r i t t e n  down a s  a sum o f  e l e m e n t a r y  terms a s  we 

h a v e  d e s c r i b e d  p r e v i o u s l y .  F o r  i n s t a n c e ,  f o r  t h e  l i k e  

p a r t i c l e s  we wou ld  h a v e  a term o f  t h e  a t t r a c t i v e  i n v e r s e  

s i x t h  p o w e r  v a n  d e r  Waals t y p e .  The  f u n c t i o n  of d i s t a n c e  i s  

m u l t i p l i e d  b y  a s t r e n g t h  c o n s t a n t  w h i c h  m i g h t  b e  d e n o t e d  b y  

B ( 1 ) .  T h e  21x21  m a t r i x  PV(1)  o f  s e c o n d  p a r t i a l  d e r i v a t i v e s  

can b e  c a l c u l a t e d  f o r  t h i s  s i n g l e  p o t e n t i a l  e n e r g y  term, and  

n a t u r a l l y  a l l  o f  i t s  elements  a r e  d e p e n d e n t  on  B ( 1 )  i n  a 

l i n e a r  f a s h i o n .  T h e  p o t e n t i a l  e n e r g y  o f  t h e  m o l e c u l e  w o u l d  

b e  a sum of s u c h  power  law t e rms ,  e a c h  m u l t i p l i e d  b y  i t s  own 

s t r e n g t h  c o e f f i c i e n t  B ( i ) .  If t h e  p o t e n t i a l  e n e r g y  o f  t h e  

e n t i r e  molecule ,  w r i t t e n  a s  a sum o f  s u c h  terms, i s  

d i f f e r e n t i a t e d  w i t h  r e s e p c t  t o  e a c h  o f  t h e  p o s s i b l e  p a i r s  o f  

C a r t e s i a n  c o o r d i n a t e s  o f  t h e  7 p a r t i c l e s ,  we o b t a i n  t h e  2 1 x 2 1  

m a t r i x  PV of t h e  t h e o r y  o f  s m a l l  v i b r a t i o n . s ,  a n d  t h e  m a t r i x  

is a s u m . o f  l l i n f l u e n c e l l  m a t r i c e s  P V ( i )  f o r  t h e  i - t h  

e l e m e n t a r y  t y p e  o f  p o t e n t i a l  i n t e g r e d i e n t ,  e a c h  m u l t i p l i e d  

by t h e  c o r r e s p o n d i n g  B ( i ) .  We can  t h e n  write down a s  many 

as 441 s i m u l t a n e o u s  a l g e b r a i c  e q u a t i o n s  f o r  t h e  B ( i )  w h i c h  

l e a d  t o  a f i t  o f  t h e  f l e x p e r i m e n t a l t t  m a t r i x  e l e m e n t s  t o  t h e  

v a l u e s  c a l c u l a t e d  from t h e  a s sumed  f o r c e  law.  I t  t u r n s  o u t  

t h a t  o f  t h e  4 4 1  mat r ix  e l e m e n t s  a s s o c i a t e d  w i t h  t h e  

p o t e n t i a l  ene rgy  f u n c t i o n  o n l y  e i g h t  a r e  l i n e a r l y  

i n d e p e n d e n t  o f  e a c h  o t h e r .  I n  f a c t ,  t h e r e  a r e  e l e v e n  w h i c h  
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. .  may h a v e  d i f f e r i n g  a b s o l u t e  v a l u e s ,  b u t  t h o s e  t h r e e  w h i c h  

a r e  on  t h e  m a i n  d i a g o n a l  a r e  l i n e a r  c o m b i n a t i o n s  o f  

n o n - d i a g o n a l  e l e m e n t s  ( a n  e x p r e s s i o n  of t h e  p r i n c i p l e  o f  

c o n s e r v a t i o n  of  l i n e a r  momentum f o r  t h e  w h o l e  molecule . )  

W i t h  some t h o u g h t  one can b e  c o n v i n c e d  t h a t  t h e  n u m e r o l o g y  

g i v i n g  t h e  number  e i g h t  i n v o l v e s  c o u n t i n g  t h e  s i x  d i s t i n c t  

nonzero n o r m a l  mode e i g e n f r e q u e n c i e s ,  a n d  a d d i n g  o n e  f o r  

t r a n s l a t i o n  a n d  o n e  f o r  r o t a t i o n .  One c a n  a l s o  c o n c l u d e  

t h a t  i t  is  n o t  n e c e s s a r y  t o  e x p l i c i t l y  r e q u i r e  t h a t  t h e  

molecule b e  i n  e q u i l i b r i u m  a t  t h e  c h o s e n  S-F d i s t a n c e s .  

I n f o r m a t i o n  o n  t h e  a tomic  s p a c i n g  is  a l r e a d y  c o n t a i n e d  i n  

t h e  e l e m e n t s  o f  t h e  PV matr ices .  The  f a c t  t h a t  t h e  PV 

m a t r i x  h a s  zero rotational eigenvalue f r e q u e n c i e s .  

i m p l i e s ,  b y  a s u b t l e  a r g u m e n t ,  t h a t  t h e  m o l e c u l e  i s  i n  

e q u i  1 i b r  i urn. 

T h i s  m e a n s  t h a t  we c a n  wr i te  e i g h t  s i m u l t a n e o u s  

l i n e a r  a l g e b r a i c  e q u a t i o n s  t o  d e t e r m i n e  e i g h t  p o t  e n  t i a1  

e n e r g y  c o n s t a n t s  B ( i )  w h i c h  a r e  t h e  s t r e n g t h s  o f  t h e  e i g h t  

u s e d  t y p e s  o f  e l e m e n t a r y  p o t e n t i a l  t e r m s .  T h e  8 x 8  m a t r i x  o f  

t h e s e  s i m u l t a n e o u s  e q u a t i o n s  i s  d e n o t e d  b y  CR. It h a s  rows 

w h i c h  r e f e r  t o  o n e  o f  t h e  e i g h t  i n d e p e n d e n t  e l e m e n t s  o f  t h e  

PV m a t r i x  and  c o l u m n s  w h i c h  l a b e l  t h e  v a r i o u s  p o t e n t i a l  

t y p e s .  

T h e  f o r e g o i n g  d i s c u s s i o n  wou ld  s u g g e s t  t h a t  we 

s h o u l d  t a k e  a p o t e n t i a l  e n e r g y  f u n c t i o n  f o r  t h e  l i k e  

p a r t i c l e  p a i r s  h a v i n g  i n v e r s e  p o w e r s  o f  r w i t h  e x p o n e n t s  

h a v i n g  v a l u e s  p e r h a p s  e q u a l  t o  6,7,8 and  1 2  w i t h  a s i m i l a r  

s e t  f o r  t h e  u n l i k e  p a r t i c l e  p a i r s .  T h i s  w o u l d  make a t o t a l  
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o f  e i g h t  p o t e n t i a l  e n e r g y  c o n s t a n t s  B ( 1 ) ,  B ( 2 ) ,  ... B ( 8 ) .  

O n e  c o u l d  t h e n  t r y  t o  s o l v e  t h e  e i g h t  s i m u l t a n e o u s  e q u a t i o n s  

i n  t h e  e i g h t  unknowns  B ( i )  a s  d e s c r i b e d  i n  t h e  l a s t  

p a r a g r a p h .  U n f o r t u n a t e l y ,  t h e  d e t e r m i n a n t  o f  t h i s  8x8 G R  

ma t r ix  v a n i s h e s  s o  t h a t  n o  m e a n i n g f u l  s o l u t i o n  c o u l d  b e  

o b t a i n e d  i n  t h i s  way. 

One  s h o u l d ,  a t  t h i s  p o i n t ,  e x a m i n e  t h e  e l e m e n t s  o f  

t h e  8x8 G R  m a t r i x  o f  t h e  a l g e b r a i c  e q u a t i o n s  f o r  d e t e r m i n i n g  

t h e  B ' s  i n  o r d e r  t o  f i n d  o u t  why t h e  d e t e r m i n a n t  v a n i s h e s .  

I n s p e c t i o n  of  t h e  p a t t e r n  o f  ze ros  and  a l i t t l e  t h o u g h t  

l e a d s  t o  t h e  c o n c l u s i o n  t h a t  a l a r g e r  number  o f  t h e  d i s t i n c t  

n o n z e r o  e l e m e n t s  o f  t h e  21x21 PV m a t r i x  a r e .  a s s o c i a t e d  w i t h  

l i k e  p a r t i c l e  p a i r s  t h a n  w i t h  u n l i k e  p a r t i c l e  p a i r s .  One 

can t r y  t o  a l l o w  f o r  t h i s  b y  t a k i n g  more o f  t h e  e i g h t  

p o t e n t i a l  e n e r g y  c o n s t a n t s  B ( i )  t o  r e f e r  t o  l i k e  p a r t i c l e  

p a i r s  r a t h e r  t h a n  t o  u n l i k e  p a r t i c l e  p a i r s .  T h i s  i n s i g h t  is  

h e l p f u l  b u t  n o t  s u f f i c i e n t l y  s o .  T h e  d e t e r m i n a n t  s t i l l  

v a n i s h e s .  T h e  r e a s o n  i s  t h a t  f o r  t h e  c a s e  o f  p u r e l y  c e n t r a l  

fo rce  p o t e n t i a l s  b e t w e e n  t h e  p a r t i c l e s ,  t h e r e  i s  a n  e q u a l i t y  

b e t w e e n  two of e i g h t  n o r m a l l y  l i n e a r l y  i n d e p e n d e n t  e l e m e n t s  

of t h e  PV m a t r i x .  T h i s  l e a d s  t o  a l i n e a r  d e p e n d e n c e  o f  t h e  

e i g h t  ' l i n d e p e n d e n t l f  e l e m e n t s  o f  t h e  PV m a t r i x ,  a n d  a ze ro  

d e t e r m i n a n t  f o r  t h e  l i n e a r  e q u a t i o n s  w h i c h  m u s t  b e  s o l v e d  

for t h e  B - l s .  A f u r t h e r  c o n s e q u e n c e  o f  t h e  a b o v e  e q u a l i t y  o f  

P V  elements i s  t h a t  t h e r e  i s  a s i m p l e  l i n e a r  r e l a t i o n s h i p  

b e t w e e n  t h e  s q u a r e s  o f  t h r e e  (1 ,  2 a n d  5 )  of  t h e  s i x  n o r m a l  

mode f r e q u e n c i e s .  The  e x i s t e n c e  o f  s u c h  a r e l a t i o n s h i p  c a n  

b e  seen i n  1930 p a p e r s  on  SF6 w h i c h  made use o f  h a r m o n i c  
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c e n t r a l  f o r c e s .  These had the  r e l a t i o n s h i p ,  b u t  d i d  no t  

s t r e s s  i t s  importance.  T h e r e  were o t h e r  e a r l y  c a l c u l a t i o n s  

w h i c h  used non-cent ra l  f o r c e s ,  and they  d i d  no t  Lead t o  t h e  

a l g e b r a i c  r e l a t i o n s h i p  i n  ques t ion  between t h e  e i g e n v a l u e s .  

I t  was t h e n  c l e a r  t h a t  we had t o  have a t  l e a s t  some 

non-cen t r a l  p o t e n t i a l  i n g r e d i e n t .  Non-central  f o r c e s  have 

been u s e d  i n  t h e  t h e o r y  o f  t h e  v i b r a t i o n s  o f  polyatomic 

molecules  f o r  many y e a r s .  T y p i c a l l y ,  one would i n t r o d u c e  

terms depending on t h e  a n g l e s  between a d j a c e n t  bonds 

connec t ing  atoms i n  t h e  molecule.  Such d i s c u s s i o n s  a r e  

u s u a l l y  in t ended  t o  d e a l  w i t h  smal l  e x c u r s i o n s  from 

e q u i l i b r i u m .  I n  t h e  work on t h e  l a s e r  induced d i s s o c i a t i o n  

o f  polyatomic molecules  i t  is  v e r y  impor t an t  t o  have a 

"g loba l t t  p o t e n t i a l  which works wel l  f o r  a r b i t r a r i l y  l a r g e  

d e p a r t u r e s  from e q u i l i b r i u m ,  s i n c e  t h e  u l t i m a t e  o b j e c t  i s  t o  

have t h e  molecule  d i s s o c i a t e .  I t  t h e r e f o r e  seemed impor t an t  

t o  us t o  have p o t e n t i a l s  which i n  t h e  l i m i t  o f  l a r g e  

p a r t i c l e  s e p a r a t i o n s  behaved c o r r e c t l y .  For t h e  c a s e  o f  two 

body p o t e n t i a l s ,  t h i s  s u g g e s t s  t h a t  t h e  inverse s i x t h  power 

p o t e n t i a l  should dominate a l l  o t h e r s  a t  l a r g e  d i s t a n c e ,  

s i n c e  i t  is  known t h a t  t h a t  is  t h e  c o r r e c t  asymptot ic  form 

o f  t h e  van d e r  Waals i n t e r a c t i o n .  N a t u r a l l y ,  i f  we had 

charged p a t i c l e s ,  Coulomb f o r c e s  would be u s e d .  E v e n  though 

t h e r e  may be c h a r g e s  which can be  ass igned  t o  t h e  S and F 

atoms when tHey a r e  c l o s e  t o g e t h e r ,  t h e s e  c h a r g e s  w i l l  f a l l  

o f f  e x p o n e n t i a l l y  w i t h  i n c r e a s i n g  - sepa ra t ion ,  which w i l l  g i v e  

a p o t e n t i a l  energy f a l l i n g  o f f  a s y m p t o t i c a l l y  f a s t e r  t han  

w i t h  t h e  i n v e r s e  s i x t h  power of  t h e  d i s t a n c e .  
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4. INCLUSION OF THREE-BODY POTENTIALS 

The nex t  s t e p  i n  complexity beyond two p a r t i c l e  

i n t e r a c t i o n s  would b e  t h r e e  p a r t i c l e  ones.  Consider  t h r e e  

atoms a t  t h e  c o r n e r s  o f  a t r i a n g l e  w i t h  s i d e s  a ,  b and c ,  

w i t h  t h e  o p p o s i t e  e n g l e s  denoted r e s p e c t i v e l y  by A ,  B and C.  

I n  t h e  l i m i t  o f  l a r g e  d i s t a n c e s  t h e r e  would be t h e  usua l  

d i p o l e -  d i  po l e ,  d ipo  le-q uad rupo l e ,  quad rupo le-q uad rupo 1 e ,  

..., e t c .  b i n a r y  i n t e r a c t i o n s .  S u b j e c t  t o  some 

assumpt ions ,  Margenau has  shown a d d i t i v i t y  o f  t h e s e  f o r c e s .  

There i s  a good d i s c u s s i o n  of  n o n - a d d i t i v i t y  o f  van d e r  

Waals f o r c e s  i n  t h e  book b y  Margenau and Kess l e r .  I n  

a d d i t i o n ,  t h e r e  w i l l  be genuine t h r e e - b o d y  f o r c e s .  The  ones  

which appear  i n  l owes t  o r d e r  p e r t u r b a t i o n  theo ry  were f i r s t  

cons ide red  by Axilrod and T e l l e r .  The long range l i m i t  o f  

t h e  t h r e e  body i n t e r a c t i o n  p o t e n t i a l  is  

(1  + 3 cosA cosB c o s C ) / ( a  b 

T h i s  i s  t h e  a s y m p t o t i c a l l y  dominant th ree-body i n t e r a c t i o n .  

T h e r e  would, o f  c o o r s e ,  be a whole sequence o f  o t h e r  te rms  

which would appear i n  h ighe r  o r d e r s  o f  p e r t u r b a t i o n  t h e o r y .  

These would be i n c r e a s i n g l y  impor tan t  f o r  smal l  v a l u e s  o f  a ,  

b and c .  Because we w i s h  t o  have a p o t e n t i a l  t h a t  works 

we l l  a t  l a r g e  s e p a r a t i o n s ,  we have conten ted  o u r s e l v e s  w i t h  

non-cen t r a l  p o t e n t i a l s  o f  t h e  k i n d  considered b y  Axilrod and 

Tel le r .  

' A t  t h i s  p o i n t ,  we t y p i c a l l y  l o o k  f o r  t h e  

l i k e - p a r t i c l e  b i n a r y  i n t e r a c t i o n s ,  t h e  i n v e r s e  powers 6, 7, 8 

a n d  12,and f o r  t h e  un l ike  p a r t i c l e  p a i r s  6 and 12. We 

brought  t h e  t o t a l  number o f  i n t e r a c t i o n s  up t o  e i g h t  b y  
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a d d i n g  i n  an A x i l r o d - T e l l e r  term f o r  l i k e  p a r t i c l e  t r i p l e t s  

F-F-F a n d  a n o t h e r  f o r  u n l i k e  t r i p l e t s  S-F-F. We no l o n g e r  

h a d  t h e  d i f f i c u l t y  o f  a v a n i s h i n g  d e t e r m i n a n t  and a s e t  o f  

t h e  B ( i )  c o u l d  b e  d e t e r m i n e d .  U s u a l l y ,  t h e r e  w o u l d  b e  

s o m e t h i n g  u n p l e a s a n t  a b o u t  t h e  i n d i c a t e d  s o l u t i o n .  F o r  

i n s t a n c e ,  a l t h o u g h  we would t y p i c a l l y  h a v e  a n  a t t r a c t i v e  

i n v e r s e  s i x t h  power  term Cor l i k e  p a r t i c l e s ,  f o r  u n l i k e  

p a i r s  i t  w o u l d  b e  r e p u l s i v e .  

A t  t h i s  p o i n t  t h e  p o t e n t i a l  was d o i n g  e v e r y t h i n g  we 

a s k e d  it t o  d o  ( c o r r e c t  normal mode f r e q u e n c i e s  a n d  

d e g e n e r a c i e s ,  c o r r e c t  e q u i l i b r i u m  d i s t a n c e s  a n d  c o r r e c t  

v a l u e  o f  t h e  p a r a m e t e r  d e l t a . )  However ,  t h e s e  t h i n g s  d e p e n d  

on t h e  p r o p e r t i e s  o f  t h e  p o t e n t i a l  i n  a v e r y  l i m i t e d  r e g i o n  

o f  t h e  w h o l e  e i g h t  d i m e n s i o n a l  s p a c e  of  t h e  B ' s  and i t  is  

n o t  s u r p r i s i n g  t h a t  one of  t h e  i n v e r s e  s i x t h  power  terms 

s h o u l d  h a v e  a p h y s i c a l l y  u n r e a s o n a b l e  s i g n .  

5. SPECIFICATION OF C E R T A I N  POTENTIAL CONSTANTS 

I n  o r d e r  t o  g e t  a r o u n d  t h i s  d i f f i c u l t y ,  we a p p e a l e d  

t o  e x i s t i n g  d a t a  on t h e  SF and F2 molecules, and  

e x t r a c t e d  ( r o u g h )  v a l u e s  f o r  t h e  i n v e r s e  s i x t h  power  terms. 

We t h e n  p u t  t h e s e  terms i r , t o  o u r  p o t e n t i a l  w i t h  t h e  

e x p e r i m e n t a l  c o e f f i c i e n t s .  T h i s  " l i b e r a t e d 1 '  two more 

unknown B- 's ,  s o  we a d d e d  a n  i n v e r s e  n i n t h  power  term f o r  

l i k e  p a r t i c l e s  a n d  a n  i n v e r s e  s e v e n t h  power  term f o r  u n l i k e  

p a r t i c l e  p a i r s .  Aga in  we c o u l d  g e t  a good s o l u t i o n  f o r  t h e  

e i g h t  unknown B ' s .  T h i s  t ime we had t h e  " r i g h t 1 1  i nve r se  

s i x t h  p o w e r  terms. However, t y p i c a l l y ,  one o f  t h e  i n v e r s e  

t w e l t h  p o w e r  terms was a t t r a c t i v e .  Not o n l y  t h a t ,  b u t  i n  
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many c a s e s  t h e  l l p o c k e t l l  i n  t h e  p o t e n t i a l  e n e r g y  f u n c t i o n  

w h i c h  c o r r e s p o n d s  t o  t h e  s m a l l  v i b r a t i o n  a n a l y s i s  wou ld  b e  

l o c a t e d  on t h e  s t e e p  s i d e  o f  a b o t t o m l e s s  p i t .  We g o t  

a r o u n d  t h i s  d i f f i c u l t y  b y  f o r c i n g  i n ,  b y  h a n d ,  a r e p u l s i v e  

i n v e r s e  t w e l t h  power  r e p u l s i o n  ar~c! made u p  t h e  t o t a l  of  

e i g h t  l lunknownll  B ' s  b y  p u t t i n g  i n  a n o t h e r  power  l a w  

p r e v i o u s l y  s k i p p e d  o v e r .  D e p e n d i n g  on t h e  m a g n i t u d e  o f  t h e  

c o e f f i c i e n t  o f  t h e  t w e l t h  power  term we f o u n d  a p o t e n t i a l  

w i t h  o n e  o r  two e q u i l i b r i u m  c o n f i g u r a t i o n s .  F o r  a r ange  o f  

v a l u e s  o f  t h i s  c o e f f i c i e n t  we g o t  a p o t e n t i a l  w i t h  

r e a s o n a b l e  p r o p e r t i e s .  U l t i m a t e l y ,  we w i l l  a p p e a l  t o  

i n f o r m a t i o n  on t h e  a n h a r m o n i c i t y  o f  t h e  p o t e n t i a l  i n  o r d e r  

t o  p i c k  t h e  l f b e s t l l  amount o f  t h e  imposed  i n v e r s e  t w e l t h  

power r e p u l s i o n .  O f  cou r se ,  t h e r e  i s  n o  f u n d a m e n t a l  

t h e o r e t i c a l  r e a s o n  f o r  c h o o s i n g  t h e  t w e l t h  p o w e r .  

L e n n a r d - J o n e s  s i m p l y  w a n t e d  t o  h a v e  some s h o r t  r a n g e  

r e p u l s i o ' n  a n d  h a p p e n e d  t o  c h o o s e  t h e  : e x p o n e n t  ,12. 

I n  o r d e r  t o  f u r t h e r  " t a c k  down t h e  p o t e n t i a l  

function a r o u n d  t h e  e d g e s "  w e  a d d e d  a n o t h e r  l l e x p e r i m e n t a l "  

q u a n t i t y  t o  t h e  e i g h t  PV m a t r i x  elements p r e s e n t l y  b e i n g  

f i t t e d :  t h e  t o t a l  d i s s o c i a t i o n  e n e r g y  o f  t h e  m o l e c u l e .  As a 

guess ,  t h i s  was  t a k e n  t o  b e  s i x  t imes t h e  e n e r g y  ( a b o u t  30 

mode 3 l l p h o t o n s l l )  r e q u i r e d  t o  a d i a b a t i c a l l y  remove o n e  F 

atom from SFg. 

fo rce  l aw w i t h  a s t r e n g t h  c o e f f i c i e n t  B ( 9 ) ,  a n d  a 9x9  G R  

A t  t h i s  s t a g e ,  we h a v e  a n i n t h  t y p e  o f  

m a t r i x .  

Some g e n e r a l  r e m a r k s  on t h e  s e a r c h  f o r  a g l o b a l  

p o t e n t i a l  a r e  i n  o r d e r .  I t  i s  c l e a r  from t h e  u s u a l  
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. Born-Oppenhe imer  d i s c u s s i o n  t h a t  s u c h  a p o t e n t i a l  e x i s t s .  

I t  is  a l s o  v e r y  u n l i k e l y  t h a t  we can e x p r e s s  i t  e x a c t l y  i n  

teems o f  a l i m i t e d  number o f  p o t e n t i a l .  t y p e s .  A t  most ,  we 

c a n  h o p e  t o  g e t  a r e a s o n a b l y  good a p p r o x i m a t i o n  w h i c h  

r e p r o d u c e s  a c h o s e n  s e t  o f  e x p e r i m e n t a l  p r o p e r t i e s .  We 

c o u l d  l a y  more e m p h a s i s  o n  t h e  SF and  F2 t w o - b o d y  

p r o b l e m s  a n d  b e g i n  w i t h  t w o - b o d y  terms w h i c h  wou ld  r e a l l y  

w o r k  f o r  t h e s e  molecules .  We c o u l d  l e t  ou r  n i n e  ( o r  more) 

unknown Be ' s  d e t e r m i n e  t h e  a d m i x t u r e  o f  t h r e e  ( a n d  more) body 

force  t y p e s .  P r e s u m a b l y  we would  e i t h e r  use s u i t a b l e  

g e n e r a l i z a t i o n s  o f  t h e  A x i l r o d - T e l l e r  p o t e n t i a l  f o r  h i g h e r  

o r d e r s  o f  p e r t u r b a t i o n  t h e o r y ,  o r  we c o u l d  s i m p l y  g u e s s  

s u i t a b l e  f u n c t i o n s  ( a s  h a s  b e e n  d o n e  i n  recent  work  o n  t h r e e  

atom m o l e c u l e s . )  We c o u l d  h a v e  many more t h a n  n i n e  s u c h  

terms b e c a u s e  we c o u l d  n o t  o n l y  r e q u i r e  a f i t  o f  t h e  normal 

m o d e s  o f  s u l f u r  h e x a f l u o r i d e ,  b u t  use w h a t e v e r  m i g h t  b e  

known of  t h e  o t h e r  molecules  w i t h  o n e  s u l f u r  atom and 2 ,  3 ,  

4 and  5 f l u o r i n e  a toms.  Many o t h e r  k i n d s  o f  d a t a  c o u l d  b e  

u s e d  a l s o ,  f o r  e x a m p l e ,  i s o t o p e  s h i f t s .  S u c h  a p r o g r a m  

w o u l d  b e  v e r y  w o r t h w h i l e ,  b u t  l e n g t h y .  It w o u l d  b e  

c o n s i d e r a b l y  s i m p l e r  f o r  a molecule l i k e  ammonia.  T h e  use 

of  many t h r e e - b o d y  f o r c e  terms would  add  e n o r m o u s l y  t o  t h e  

t ime r e q u i r e d  f o r  i n t e g r a t i o n  of  ' t h e  d y n a m i c a l  e q u a t i o n s  o f  

m o t i o n  f o r  t h e  m o l e c u l a r  d i s s o c i a t i o n .  We t h i n k  t h a t  f o r  

' t h e  m a i n  p u r p o s e  o f  our  p r o j e c t  t h a t  we a r e  a l r e a d y  f a i r l y  

n e a r  t o  a s a t i s f a c t o r y  g l o b a l  p o t e n t i a l .  I t  s h o u l d  b e  

r emembered  t h a t  our two-body  f o r c e s  a r e  d e s i g n e d  t o  work  i n  

t h e  SFg e n v i r o n m e n t ,  and  w i l l  n o t  work s o  well  i n  an 
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* F2, SF, SF2 o r  SF4 environment. However, we w i l l  b e  

i n t e r e s t e d  t o  s e e  how we l l  they do. (We only  used t h e  long  

r ange  i n v e r s e  s i x t h  power a t t r a c t i o n s  f o r  SF and F2.) 

a seve re  t e s t  o f  our  f lg loba l l f  p o t e n t i a l  we can de te rmine  t h e  

e q u i l i b r i u m  c o n f i g u r a t i o n s  and normal mode f r e q u e n c i e s  a s  

wel l  a s  t h e  d i s s o c i a t i o n  e n e r g i e s  o f  F2 and a l l  o f  t h e  

s u l f u r  f l u o r  i d e s .  

As 

We c l o s e  t h e  d i s c u s s i o n  o f  t h e  sea rch  f o r  a 

molecular  p o t e n t i a l  func t ion  w i t h  some more remarks o f  a 

g e n e r a l  n a t u r e .  We have g iven  a number o f  l e c t u r e s  on t h i s  

work ( a s  a t  t h e  Tenth I n t e r n a t i o n a l  Quantum E l e c t r o n i c s  

Conference i n  A t l a n t a  i n  May, 1978.) I t  almost  always 

happens t h a t  t h e r e  i s  a ques t ion  from t h e  audience :  Why do 

we t r y  t o  g e t  t h e  i n t e r a t o m i c  p o t e n t i a l  i n  t he  way 

d e s c r i b e d ?  I t  i s  we l l  known t h a t  t h e r e  a r e  very  g e n e r a l  

computer f lcodesl l  f o r  g e t t i n g  such p o t e n t i a l s .  It  seems t o  

us t h a t  t h i s  ques t ion  misses  some very  impor t an t  p o i n t s .  

( 1  1 I t  would enormQusly lengthen  the  dynamical c a l c u l a t i o n s  

t o  proceed i n  the way suggested.  ( 2 )  We would lose 

accuracy .  No s e l f - c o n s i s t e n t  f i e l d  treatm'ent o f  a 7 0  

e l e c t r o n  problem could p o s s i b l y  g i v e  p o t e n t i a l s  f o r  t h e  

atoms w i t h  t h e  p r e c i s i o n  of  t hose  which we borrow from t h e  

s p e c t r o s c o p i c  work. The resonance phenomena w h i c h  make t h e  

p r o j e c t  i n t e r e s t i n g  r e q u i r e  t h a t  good f r e q u e n c i e s  a r e  put 

i n t o  t h e  c a l c u l a t i o n s .  We do  n o t  b e l i e v e  t h a t  ab i n i t i o  

c a l c u l a t i o n s  could  be s u f f i c i e n t l y  a c c u r a t e .  T h e r e  would be 

more p o i n t  i n  us ing  them f o r  a molecule about which ve ry  

l i t t l e  was known. There a l s o  m i g h t  be some u t i l i t y  f o r  an 
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ab i n i t i o  c a l c u l a t i o n  of  t h e  long-range van d e r  Waals 

c o e f f i c i e n t s ,  o r  an e s t i m a t e  o f  s h o r t  r ange  r e p u l s i o n s .  

6. ELECTRIC F I E L D - M O L E C U L E  I N T E R A C T I O N  

We conclude  w i t h  a b r i e f  d i s c u s s i o n  of  how t h e  

i n t e r a c t i o n  of' t h e  molecule  w i t h  the  l a s e r  r a d i a t i o n  should 

be  t r e a t e d .  Because t h e  l a s e r  w a v e l e n g t h  i s  much l a r g e r  

t h a n  t h e  s i z e  o f  t h e  molecule ,  t h e  e l e c t r i c  d i p o l e  

approximation i s  a very  good one. The l a s e r  r a d i a t i o n  can 

b e  r ep laced  by an o s c i l l a t i n g  s p a t i a l l y  uniform e l e c t r i c  

f i e l d .  Such a f i e l d  e x e r t s  f o r c e s  on t h e  charged p a r t i c l e s  

i n  t h e  molecule .  The i n t e r a c t i o n  energy i s  a product  o f  

e l e c t r i c  f i e l d  and e l e c t r i c  d i p o l e  moment o f  t h e  molecule .  

A s i m p l e  t r e a t m e n t  would a s s i g n  a n e g a t i v e  cha rge  t o  each  F 

atom, and a p o s i t i v e  cha rge  o f  s i x  t imes  t h i s  much t o  t h e  S 

atom. Then  i t  would b e  a very  s imple  problem t o  g e t  t h e  

d i p o l e  moment o f  t h e  molecule  a s  a func t ion  o f  i t s  

c o n f i g u r a t i o n .  (The d i p o l e  moment would be ze ro  a t  

e q u i l i b r i u m  because o f  symmetry.) Because F atoms have a 

s t r o n g  tendency t o  f i l l  t h e i r  2p s h e l l ,  i t  would be n a t u r a l  

t o  t h i n k  t h a t  t h e  cha rge  on t h e  F atoms i n  s u l f u r  

h e x a f l u o r i d e  would be c l o s e l y  equal  t o  one e l e c t r o n i c  

cha rge .  Such an argument d o e s n ' t  seem s o  s t r o n g  when one 

wonders how t h e  S atom f e e l s  about t h e  l o s s  o f  s i x  

e l e c t r o n s .  I n  any c a s e ,  t h e  e l e c t r o n s  a r e  not  l o c a l i z e d  on 

t h e  n u c l e i .  O u r  model r e q u i r e s  f o r c e s  on the  atoms,  and 

would become confused by a f o r c e  on an extended e l e c t r o n i c  

d i s t r i b u t i o n .  F o r t u n a t e l y ,  a l l  we need t o  know i s  t h e  

e x p e c t a t i o n  va lue  o f  t h e  d i p o l e  moment o f  t h e  molecule  f o r  
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. -  a n y  s p e c i f i e d  configurat . ion of t h e  n u c l e i .  The product  o f  

t h i s  w i t h  t h e  l a s e r  f i e l d  g i v e s  a p o t e n t i a l  energy ,  and t h e  

f o r c e  on any n u c l e u s  is  obta ined  b y  t a k i n g  a s u i t a b l e  v e c t o r  

g r a d i e n t  o f  t h e  p o t e n t i a l  energy. 

I n  p r i n c i p l e ,  t h e  d i p o l e  moment f o r  any 

c o n f i g u r a t i o n  o f  t h e  n u c l e i  could be g i v e n  by an ab i n i t i o  

70 e l e c t r o n  c a l c u l a t i o n .  For r easons  ana lagous  t o  t h o s e  

g iven  b e f o r e ,  we p r e f e r  t o  make use o f  exper imenta l  d a t a  and 

a l i t t l e  guesswork t o  g e t  what we need f o r  t h e  dynamical 

c a l c u l a t i o n s .  

We assume t h a t  f o r  any c o n f i g u r a t i o n  o f  t h e  

molecule ,  t h e  t o t a l  e l e c t r i c  d i p o l e  moment i s  a sum o f  

d i p o l e  moments, one a s s o c i a t e d  w i t h  each S-F bond. We 

assume t h a t  each S-F bond has  a d i p o l e  moment a long t h e  

bond, and a magnitude which i s  some func t ion  f ( r )  o f  t h e  

l e n g t h  r o f  t h e  bond. We expec t  t h a t  f ( r )  f a l l s  o f f  

e x p o n e n t i a l l y  f o r  l a r g e  r ,  and t h a t  i t  v a n i s h e s  f o r  r = 0. 

Because o f  symmetry, t h e  t o t a l  molecule has  a ze ro  d i p o l e  

moment i n  i t s  e q u i l i b r i u m  c o n f i g u r a t i o n .  I f  t h e  molecule  i s  

d i s t o r t e d  by a mode 3 o r  mode 4 d i sp lacement ,  i t  a c q u i r e s  a 

d i p o l e  moment and t h e  l a s e r  f i e l d  can d r i v e  t h e s e  modes. 
I .  

We have a p p l i e d  t h i s  model t o  d a t a  on t h e  o p t i c a l  

a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  molecule f o r  t h e  3 and 4 

modes. T h i s  g i v e s  u s  t h e  va lue  of  t h e  f u n c t i o n  f ( r )  ' a t  t h e  

e q u i l i b r i u m  S-F d i s t a n c e  (1 ,5641)  and t h e  d e r i v a t i v e  f '  ( r )  

a t  e q u i l i b r i u m .  We then  assume a f u n c t i o n a l  form f o r  f ( r )  = 

( a  + b r )  r exp(- r /D)  w i t h  t h r e e  c o n s t a n t s  a ,  b and D. We 
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0 
' .  e x p e c t  t o  g u e s s  t h a t  t h e  d e c a y  d i s t a n c e  D i s  a b o u t  2 A .  T h e  

o t h e r  c o n s t a n t s  i n  f ( r )  a r e  d e t e r m i n e d  from t h e  i n t e n s i t y  

d a t a  on m o d e s  3 a n d  4 .  T h e  c o n s t a n t  D c o u l d  a l s o  b e  

d e t e r m i n e d  e x p e r i m e n t a l l y  i f  m e a s u r e m e n t s  o f  t r a n s i t i o n  

s t r e n g t h s  were a v a i l a b l e  f o r  t h e  h i g h e r  r u n g s  on t h e  

v i b r a t i o n a l  l a d d e r s  f o r  t h e  3 a n d  4 modes. 
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7. COMPUTER FACILITIES 

O u r  c a l c u l a t i o n s  a r e  b e i n k  made w i t h  a Data G e n e r a l  

ECLIPSE/230 m i n i c o m p u t e r .  T h i s  s i x t e e n  b i t  m a c h i n e  h a s  128K 

w o r d s  o f  core  and  s e m i c o n d u c t o r  memory ( s o o n  t o  b e  d o u b l e d  

w i t h  a s s i s t a n c e  from NSF), two 9 - t r a c k  1600 b p i  m a g n e t i c  t a p e  

d r i v e s  a n d  a 192 m e g a b y t e  d i s k  s t o r a g e  s y s t e m .  ( T h e  h e l p  o f  

E R D A  i n  t h e  a c q u i s i t i o n  o f  t h e  l a s t  item was d e c i s i v e ,  a n d  

h a s  g r e a t l y  e n h a n c e d  t h e  power  o f  t h e  w h o l e  f a c i l i t y . )  We 

have a M e g a t e k  6000 G r a p h i c s  D i s p l a y  S y s t e m  w h i c h  i s  

r e f r e s h e d  b y  a DGC NOVA3/12 m i n i c o m p u t e r  l i n k e d  t o  t h e  

ECLIPSE b y  a m u l t i p r o c e s s o r  c o m m u n i c a t i o n s  a r r a n g e m e n t .  

T h e r e  a r e  a l s o  a Versatec 1200 l i n e  p r i n t e r - p l o t t e r ,  a 

T e k t r o n i c s  4013 s t o r a g e  s c o p e  t e r m i n a l  and a number  o f  o t h e r  

t e r m i n a l s .  An a s y n c h r o n o u s  l i n e  m u l t i p l e x e r  s u p p o r t s  a n  

au tomat ic  a n s w e r  l i n e  and  s e v e n  o t h e r  r e m o t e  u s e r s .  A d u a l  

d r i v e  d i s k e t t e  h a s  j u s t  b e e n  a d d e d  f o r  c o n v e n i e n t  s y s t e m  and 

user  f i l e  b a c k u p .  

T h e  ECLIPSE i s  a v e r y  f a s t  and c o n v e n i e n t  c o m p u t e r .  

We h a v e  t h e  new Advanced  O p e r a t i n g  S y s t e m  ( A O S )  w h i c h  a d d s  

g r e a t l y  t o  t h e  power  and  f l e x i b i l i t y  o f  t h e  f a c i l i t y .  AOS 

is a m u l t i p r o c e s s ,  m u l t i t a s k i n g  s y s t e m .  Each  u s e r  h a s  

access  t o  h i s  own f i l e s ,  a n d  s e c u r i t y  a g a i n s t  o t h e r  users.  

He a l s o  h a s  a c c e s s  t o  s y s t e m  u t i l i t y  f i l e s  w h i c h  c a n  b e  u s e d  

o n  a s h a r e d  b a s i s  w i t h  o t h e r  users .  I t  is p o s s i b l e  f o r  t h e  

s y s t e m  m a n a g e r  t o  a s s i g n  t h e  r i g h t s  a n d  p r i v i l e g e s  o f  t h e  

v a r i o u s  users i n  a v e r y  f l e x i b l e  way. N o r m a l l y ,  a n y  user  

process  w i l l  a c q u i r e  s u i t a b l y  c h o s e n  t ime s l i c e s ,  a n d  e a c h  

process  c a n  b e  swapped from core t o  d i s k ,  b u t  i t  i s  p o s s i b l e  
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- t o  c r e a t e  p r o c e s s e s  which a r e  cor,e r e s i d e n t  and a r e  never  

swapped ou t  t o  d i s k .  T h i s  means t h a t  c e r t a i n  p r o c e s s e s  can 

be l a r g e l y  immune t o  t h e  presence  o f  o t h e r  u s e r s  w i t h  l e s s  

c r i t i c a l  t a s k s .  We have fou r  ba t ch  s t r e a m s ,  a t  l e a s t  one of  

which can be made c o r e  r e s i d e n t .  Hence a number of  j o b s  

a s s o c i a t e d  w i t h  t h e  LIS e f f o r t  can b e  r u n  s imul t aneous ly ,  

and t h e  computer w i l l  s t i l l  be a b l e  t o  be u s e f u l  t o  o t h e r  

peop le  i n  t h e  Op t i ca l  Sc iences  Center .  The FORTRAN 5 

compiler  is  ve ry  e f f i c i e n t ,  and t h e  language i s  a p l e a s u r e  

t o  use. 

T h e r e  a r e  s t i l l  a number of  a d d i t i o n a l  components 

which would make t h e  system e v e n  more u s e f u l .  Among t h e s e  

w o u l d  be  a DCU (Data Channel U n i t )  which would reduce t h e  

n e e d  f o r  i n t e r r u p t s  o f  t h e  CPU b y  h igh  speed t e r m i n a l s ,  a 

swapping d i s k  t o  c u t  down t ime l o s t  i n  swapping p r o c e s s e s  

out t o  d i s k  and an a r r a y  p rocesso r  which could enormously 

speed up our  s o l u t i o n s  o f  t h e  d i f f e r e n t i a l  e q u a t i o n s  o f  t h e  

dynamics o f  t h e  SFg d i s s o c i a t i o n .  We w i l l  need some 

k i n d  o f  f i l m  producing f a c i l i t y  i n  o r d e r  t o  make 

communicable r e c o r d s  o f  h i s t o r i e s  o f  t h e  molecular  

d i s s o c i a t i o n  p rocess .  
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C O M P L I A N C E  

I t  is  be l i eved  t h a t  t h e  work r epor t ed  r e p r e s e n t s  

r e a s o n a b l e  compliance w i t h  t h e  Con t rac t  requi rements  a s  

s t a t e d  i n  Appendix A o f  Con t rac t  No. EN-77-S-02-4294. 

PERCENTAGES OF TIME 

T h e  P r i n c i p a l  I n v e s t i g a t o r  expected t o  spend 8% of 

h i s  t ime f o r  10 months and 100% of  h i s  t ime f o r  2 months i n  

t h e  year  beginning J u l y  1, 1977. I n  f a c t ,  he s p e n t  much 

more than  8 %  dur ing  t h e  academic year .  T h e  budgeted summer 

compensation f o r  1978 could no t  b e  t aken .  Because o f  

unexpected requi rements  f o r  t h e  computer,  funds  had t o  be 

s h i f t e d  t o  p rov ide  a l a r g e r  amount o f  t ime f o r  a computer 

programmer's t ime.  Neve r the l e s s ,  t h e  above t ime committment f o r  

t h e  summer months h a s  b e e n  s a t i s f i e d .  
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