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ABSTRACT 

I 
Exact quantum mechanical r e a c t i v e  cross sec t ions  a r e  reported f o r  

a t h r e e  dimensional angle dependent model surface.  The surf  ace  simu- 

l a t e s  an atom-heteronuclear diatom system A + BC -+ AB + C where atom 

B is  much heavier  than A 4r C. The molecules BC and AB a r e  taken t o  

be r o t a t i n g  v i b r a t o r s  which can d i s soc ia te .  Results  f o r  two angle 

dependent p o t e n t i a l s  a r e  i i v e n .  
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Exact quanta1 c a l c u l a t ~ o n s  f o r  models serve  important functions 

by providing ins igh t  which &an a i d  i n  t r e a t i n g  more complex problems, 
1 

providing "benchmark" c a l c u ~ a t i o n s  s o  t h a t  various methods f o r  t r e a t i n g  
I 

I 

d i f f i c u l t  problems may be t e s ted  and compared inexpensively and sug- 

gest ing simple p ic tu res  which a r e  use fu l  i n  cor re la t ing  complex phenomena. 
I 

This has been especia l ly  t r p e  i n  t h e  case of quantum mechanical r eac t ive  

s c a t t e r i p g  studies. '  With !a view toward f u t u r e  treatments of f u l l  th ree  

dimensional r e a c t i v e  s c a t t e i i n g  using smooth p o t e n t i a l s ,  exact qpantum 

mechanical r e a c t i v e  sca t ter l 'ng  cross  sec t ions  f o r  a f u l l  t h r e e  dimensional P 
angle dependent model rearrkngement c o l l i s i o n  process have been ~omputed. 

! I 
I 

The model was chosen to simulate react ions  of an atom with gi 

9 h e t e  puc lea r  diatomic BC, with t h e  mass of B being much l a r g e r  tfian 

t h a t  of t h e  other two.  he i n t e r a c t i o n  su r face  employed represepts  a 

system where atoms A and B a r e  a t t r a c t e d  whereas A and C r e p e l 1  one 

another. The diatomic mole u l e s  a r e  t r e a t e d  as r o t a t i n g  v i b r a t o r s  and f 
t h e i r  i n t e r n a l  s t a t e s  numerically determined. Tota l  r e a c t i v e  cross 

sec t ions  summed over a l l  po.ksible f i n a l  states have been obtaine?. 
I 

The model p o t e n t i a l  i s  given by 



where r i s  t h e  d i s t a n c e  between B and C ,  R is t h e  d i s t a n c e  between B 

and A, 8 is  t h e  ang le  formed by t h e  t r i a n g l e  A-B-C, V i s  t h e  binding 
0 

energy of t h e  diatomic molecules,  v 
0 

i s  a b a r r i e r  and vl i s  

taken t o  b e  approximately v0/2 . Thus t h e  b a r r i e r  v a r i e s  from 

3vo/2 f o r  equa l  8 equal  0' t o  vo/2 f o r  8 equal  IT . 
For t h e  s c a t t e r i n g  c a l c u l a t i o n s ,  coupled channel r ope ra to r s  

were employed. ly2 The zero po in t  energy of t h e  molecule was 0.0747 eV 

and c a l c u l a t i o n s  were performed over an energy range from 0.16 t o  

0.56 eV. A t o t a l  of 5 v i b r a t i o n a l  s t a t e s  were employed i n  a l l  t h e s e  

c a l c u l a t i o n s  ( a t  l e a s t  t h r e e  v i b r a t i o n a l  s t a t e s  were closed channels) .  

For t h e  open channel  v i b r a t i o n a l  s t a t e s ,  a l l  open r o t a t i o n a l  s t a t e s  p l u s  

two c losed  r o t a t i o n a l  s t a t e s  were included wh i l e  f o r  t h e  h ighe r  v ibra-  

t i o n a l  s t a t e s ,  only one r o t a t i o n a l  s t a t e  w a s  r equ i r ed  (namely t h a t  s t a t e  

which s a t i s f i e d  t h e  "angle independent" r e a c t i v e  s e l e c t i o n  r u l e  

A j  = R i  - j ,  AJ? = ( j i  - 2 ) ) .  A t  t h e  h igher  ene rg i e s ,  t h i s  r e s u l t e d  

i n  i n c l u s i o n  of 4 molecular j va lues  f o r  t h e  ground v i b r a t i o n a l  state, 

3 molecular j va lues  f o r  t h e  f i r s t  exc i t ed  v i b r a t i o n a l  s t a t e  and one 

molecular j va lue  f o r  each of t h e  next  t h r e e  v i b r a t i o n a l  s t a t e s  ( t h i s  

is  of course  f o r  both t h e  a and 6 arrangement molecules) .  

The t o t a l  c ros s  s e c t i o n  as a func t ion  of t o t a l  energy is  shown i n  

F igure  1. An i n t e r e s t i n g  propens i ty  r u l e  f o r  r e a c t i o n  was found t o  be  

A j  = (  - j i )  and s i m i l a r l y  AJ? = ( j i  - R.) f o r  t h e  p o t e n t i a l  
1 

2.3 -I- 1.33  cos 8 . For a n  ang le  independent p o t e n t i a l ,  t h i s  would be  

a  r i go rous  s e l e c t i o n  r u l e  and i n  f a c t ,  t h e  r e s u l t s  f o r  a n  ang le  inde- 

pendent p o t e n t i a l  wi th  v Z 0 a r e  q u i t e  s i m i l a r  t o  those  f o r  t h e  
0 



p r e s e n t  a n g u l a r  dependent p o t e n t i a l  w i t h  t h e  same v 
0 

The a n g l e  

dependence of t h i s  p o t e n t i a l .  l e a d s  t o  a v a r i a t i o n  i n  b a r r i e r  heigl r t  fr:ir 

3 .63 f o r  8 = 0" t o  0 .97  f o r  0 = T ( i n  u n i t s  of energy e q u a l  t o  t h e  z e r o  

p o i n t  energy of t h e  molecule)  , I f  one assumes t h a t  t h e  r e g i o n  i n  
& 

F i g u r e  1 f o r  e n e r g i e s  E 2 corresponds t o  p r i m a r i l y  t u n n e l i n g  reze t i .~~:  , 

then  t h e  r e s u l t s  sugges t  an e f f e c t i v e  b a r r i e r  f o r  t h e  a n g l e  dependen]:: 

problem of - 2 . 2 ,  This is  e s s e n t i a l l y  t h e  same as what would occur  i f  

v 
l 

were z e r o ,  One i n t e r p r e t a t i o n  of t h i s  i s  t o  s u g g e s t  a preferrc:?. 

- 
a t t a c k  of 0 - T T / ~  f o r  r e a c t i o n  t o  occur  ( s i n c e  t h e n  v cos  8 = O), 1 

I n  F i g u r e  2 we p r e s e n t  some example r e s u l t s  on dependence of 

2 ] T I  f o r  r e a c t i o n  on t h e  t o t a l  a n g u l a r  momentum quantum number J . Fc)r 

t h e s e  c a l c u l a t i o n s ,  t h e  p o t e n t i a l  i s  t a k e n  t o  be  1,3J cos 8 s o  t h a t  

now t h e  p o t e n t i a l  changes from a b a r r i e r  of E,33 f o r  8 = 0' t o  a w e l l  

of - 1 .33  f o r  8 = TT , Again,  f o r  t h e  a n g l e  independent  p o t e n t i a l  

v = 0, v = 0 , t h e  1 T 1 v a l u e s  a r e  independent  of t h e  v a l u e  of J 0 I 

and t h i s  h a s  been shown t o  l e a d  t o  complete ly  i s o t r o p i c  s c a t t e r i n g ,  3 

I n  t h e  p r e s e n t  c a s e ,  i t  i s  c l e a r  t h a t  t h e  s c a t t e r i n g  w i l l  now b e  angre 

dependent (on t h e  a n g l e  @ between t h e  i n c i d k n t  and e x i t  wave 

v e c t o r s ) .  The appearance  of 1112 v a l u e s  e s s e n t i a l l y  e q u a l  t o  one 

s u g g e s t s  t h a t  o r i e n t a t i o n s  of t h e  sys tem w i t h  a n g l e s  8 s a t i s f y i n g  

0 - < 0  IT/^ must b e  impor tan t  s i n c e  i t  is  known t h a t  f o r  s i m i l a r  

c o l l i n e a r  models,  r e a c t i o n  p r o b a b i l i t i e s  f o r  p o t e n t i a l  w e l l s  a r e  usually 

q u i t e  s m a l l .  l y 4  This  is a s s o c i a t e d  w i t h  t h e  dependence of t h e  react ion 

p r o b a b i l i t y  on t h e  l e n g t h  of t ime  atom A is w i t h i n  a d i s t a n c e  R 
(3 

of atom B. The p r e s e n c e  of a w e l l  speeds  up atom A s o  t h a t  it 



leaves t h e  r e a c t i o n  zone before  atom B thereby reducing t h e  r e a c t i m  

p robab i l i ty .  

More d e t a i l e d  r e s u l t s  and a n a l y s i s  w i l l  be  presented i n  a paper 

t o  be published elsewhere. 
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Figure  1. Tota l  r e a c t i v e  cross  s e c t i o n  (summed over a l l  f i n a l  s t a t e s )  

02 i n  u n i t s  of A p l o t t e d  versus  t o t a l  energy i n  u n i t s  of t h e  molecu- 

l a r  zero  poin t  energy (0 .0747e~) .  The i n i t i a l  s t a t e  is n  = 1, 

j = 0 (ground s t a t e ) .  The p o t e n t i a l  parameters a r e  v  = 2.3 and 
0 

v1 = 1.33 ground state u n i t s .  Vo i s  taken a s  5 eV,  t h e  masses of 

0 
p a r t i c l e s  A and C a r e  1. H atom mass and Ro i s  0.5 A . 

Figure 2. Reaction p r o b a b i l i t i e s  f o r  J = 0 and J = 2 as a  funct ion  of 

t o t a l  energy (expressed i n  u n i t s  of t h e  i n i t i a l  s t a t e  = 0.157 eV). 

The p o t e n t i a l  parameters a r e  v  = 0, vl = 1.33. The curve (---) 
0 

is f o r  n  = 1, j = 1, R = 1, J = 0 and t h e  curve (-) is f o r  
/ 

n = 1, j = 1, R = 1, J = 2 .  The masses of A and C , VO and 

Ro a r e  the  same a s  f o r  F igure  1. 






