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Moo ABSTRACT 

The sudden approximation i s  app l i ed  t o  the  computation of 

r o t a t i o n a l  t r a n s i t i o n  p r o b a b i l i t i e s  and i n e l a s t i c  t o t a l  c r o s s  

s e c t i o n s  f o r  t h e  s c a t t e r i n g  of polar and non-polar diatomic molecules 

( r i g i d  r o t o r s )  by atoms. 

a c t i o n  p o t e n t i a l  which inc ludes  both s h o r t -  and long-range a n i s o t r o p i e s .  

The c a l c u l a t i o n s  are based upon an  i n t e r -  

A t  thermal e n e r g i e s  t h e  long-range a t t r a c t i v e  p a r t s  of t h e  p o t e n t i a l  

are of p r i n c i p a l  importance i n  determining the i n e l a s t i c i t y ,  w i t h  

t h e  main c o n t r i b u t i o n  a r i s i n g  from the  quadrupole i n t e r a c t i o n  t e r m  

- 7  3 (va ry ing  as R cos  8 ). The 

of "dominant-coupling" behavior 

among a l l  close-coupled s t a t e s )  

(S/I[)' , where S i s  the  t o t a l  

computations show t h e  r a p i d  onse t  

(randomization of t r a n s i t i o n  p r o b a b i l i t y  

f o r  impact parameters below about 

i n e l a s t i c  t o t a l  c r o s s  s e c t i o n .  

- - - - -  
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1. In t roduckicn  

I n  paper Iv t h e  sudden approxiva t ion  was app l i ed  t o  t h e  

problem of e v a l u a t i n g  t r a n s i t i o r !  p r o b a b i l i t i e s  and c r o s s  s e c t i o n s  

f o r  r o t a t i o n a l  e x c i t a t i o n  and s c a t t e r i n g  of hcmonuclear d ia tomic  

molecules  by atoms. The approach w a s  based upon t h e  Alder-Winther V 
t heo ry  of Coulomb e x c i t a t i o n ,  taken i n  i t s  s imples t  form. The 

a n a l y s i s  was r e s t r i c t e d  t o  low-angle s c a t t e r i n g ,  s e n s i t i v e  p r i m a r i l y  

t o  t h e  long-range a t t r ac t ive  pa r t  of t h e  p o t e n t i a l  and i t s  an i so t ropy .  

Although t h e  r e s u l t s  of 1 were of l i m i t e d  p r a c t i c a l  va lue  due 

t o  the  n e g l e c t  of t h e  shor t - range  r e p u l s i v e  i n t e r a c t i o n s ,  t hey  

served t o  i l l u s t r a t e  t h e  main f e a t u r e s  of t he  sudden approximation 

as app l i ed  t o  t h e  problem of r o t a t i o n a l  e x c i t a t i o n  of molecules .  

It w a s  noted t h a t  c a l c u l a t e d  t r a n s i t i o n  p r o b a b i l i t i e s  do n o t  exceed 

u n i t y ,  and t h a t  t h e  r e s u l t s  reduce p rope r ly  i n  t h e  weak- in t e rac t ion  

l i m i t  t o  t hose  of convent iona l  f i r s t - o r d e r  p e r t u r b a t i o n  theory .  

It was a l s o  seen  ( i n  accord w i t h  expec ta t ion  v ) t h a t  w i t h  i n c r e a s i n g  

s t r e n g t h  of  i n t e r a c t i o n  t h e  " se l ec t ion  r u l e s "  become p r o g r e s s i v e l y  

weakened, and more and more "forbidden" channels  open up. I n  t h i s  

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

randomized, w i t h  e x p e c t a t i o n  valoes  given by t h e  r e c i p r o c a l  of t h e  

number of open c h a n n e l 3  

1. K. H. Kramer and R .  B .  Bernstein,  J, Chem. Phys. 40, 200 (1964) ,  
- - _ _ -  

h e r e a f t e r  r e f e r r e d  to as I .  

2 .  K. A l d e r  and A.  Winther,  Kgl. Danske Vidensk. S e l s k ,  Mat . - fys .  
Medd. 32> No. 8 (19601, 

3. R .  B .  Berns te in ,  A .  DalgsrRQ., H. S.  W .  Massey and I ,  C .  P e r c i v a l ,  
Proc.  Roy. Soc. (London), a, 427 (1963) .  
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t he  more gene ra l  case of c o l l i s i o n s  

> 

extended t o  
The p resen t  work (11) i s  d 

o f  he te ronuclear  d ia tomic  molecules w i t h  atcms, t a k i n g  account  of 

t h e  r e p u l s i v e  a s  w e l l  a s  the  a t t r a c t i v e  p a r t s  of t h e  p o t e n t i a l ,  

and thus  the la rge-angle  s c a t t e r i n g  a s s o c i a t e d  w i t h  "strong" 

c o l l i s i o n s .  

The t rea tment  i s ,  of course,, an approximation,expected t o  be 

v a l i d  only under c e r t a i n  r e s t r i c t i v e  cond i t ions .  The p r i n c i p a l  

assumption i s  t h a t  of  t h e  v a l i d i t y  of t h e  sudden approximation 

per se ;  a number of  a d d i t i o n a l  s i m p l i f y i n g  assumptions have been 

in t roduced  t o  make t h e  computations t r a c t a b l e .  Wi th in  t h e  

l i m i t a t i o n s  imposed by t h e s e  assumptions (which a r e  d e t a i l e d  below 

and which may be cons idered  t o  d e f i n e  t h e  p r e s e n t  model) t h e  

t rea tment  i s  r i g o r o u s .  

2 .  Assumptions 

(1) The sudden approximat ion :  

l i m i t  when the p e r t u r b a t i o n  Hamiltonian 

s t r i c t l y  valid\d only  i n  t h e  
A A 

Ho ' H '  ( t i  commutes w i t h  

t h e  unperturbed r o t o r  Hamiltonian. I n  t h e  i n t e r a c t i o n  p i c t u r e  V 
t h e  Schroedinger e q u a t i o n  

_ - - - -  
4 .  See, for example, E. Merzbacher, "Quantum Mechanics", J. Wiley 

and Sons, N . Y .  1961;Chap. 19; A .  Messiah, "Quantum Mechanics", 
J. Wiley and Sons, N . Y .  1962, Chap. 1 7 .  
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where U ( t , t O )  i s  t h e  propagator and 

?&I] = 8 9 

Thus i n  t h e  l i m i t  when 
0.4 

A 

> 
( 4 )  

where V, t he  i n t e r a c t i o n  p o t e n t i a l ,  i s  t h e   perturbation,^^ t h a t  

(5) 

and 

A s  i n  I, P ( 1  > O C  is the  W - P  t r a n s i t i o n  p r o b a b i l i t y .  

S t r i c t l y  speaking,  t h e  requirement \2%5/ t h a t  t h e  commutator 

[GO> G’W] must van i sh  demands t h a t  t h e  energy levels  

of t h e  unperturbed system be degenerate ,  ~ . e . ~  t h a t  

5 .  D.  W. Robinson, Helv. Fhys. Acta 140 (1963) .  

EP - E o c = O  
- - o - -  



f o r  a l l  O(,P . However, i t  is u s u a l l y  assumed \td t h a t  Eq. 6 i s  

a p p l i c a b l e  i f ,  f o r  t h e  p a r t i c u l a r  l e v e l s  considered,  

where i s  some c h a r a c t e r i s t i c  "co l l i s ion - t ime"  ( f o r  example, we 

may consider  r, C/% where C i s  the c o l l i s i o n  

diameter and Ue t he  i n c i d e n t  r e l a t i v e  v e l o c i t y ) .  I n  o the r  words, 

t h e  " c o l l i s i o n  time" i s  assumed s h o r t  compared t o  the  c l a s s i c a l  

r o t a t i o n  pe r iod  of t h e  molecule. 

A s  i n  I, Eq. 6 is  used i n  the  form 

where j , m  and j ' , m '  a r e  the i n i t i a l  and f i n a l  va lues ,  

r e s p e c t i v e l y ,  of t h e  r o t a t i o n a l  and magnetic ( p r o j e c t i o n )  quantum 

numbers of t he  r o t o r .  A s  before,  t h e  ma t r ix  element i s  eva lua ted  

d i r e c t l y  by quadrature ,  without  approximation. 

( 2 )  Classical  t r a j e c t o r y :  i n  order t o  e v a l u a t e  t h e  a c t i o n  

i n t e g r a l s  needed i n  connect ion w i t h  Eq. 8, a simpilif ied c l a s s i c a l  

t r a j e c t o r y  i s  employed, based upon an assumed c e n t r a l  ( o r i e n t a t i o n -  

averaged)  i n t e r a c t i o n  p o t e n t i a l .  For t h i s  purpose,  t h e  convenient  

two-parameter L. -J. (12,6) form has been adopted: 
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where the  symbols hsve t h e i r  usual meanings. Such a c e n t r a l  

p o t e n t i a l ,  of course,  imp l i e s  a planar t r a j e c t o r y  i n  t h e  c e n t e r - o f -  

mass system (the plane i s  crimen such that i n  F i g .  1 of I).  @"= o 

Y e t  i t  i s  obvious t h a t  an-transit ions n e c e s s a r i l y  in t roduce  an 

out-of-plane component t o  t h e  motion, F o r t u n a t e l y ,  t h e  d i h e d r a l  

ang le  between " inc iden t "  a n d  "outgoing" p l anes  i s  u s u a l l y  q u i t e  

small ( 5 IAmI/&A << 1) f o r  the  physj.caI s i t u a t i o n  

under consideration\5/, i . e . ,  "fast"  c o l l i s i o n s  of heavy pCr t i c l e s  

(high k), molecules i n  low J states, and not-too-small  impact 

parameters (b)y 
(3) Form of t h e  angle-dependent i n t e r a c t i o n  p o t e n t i a l :  it 

is d e s i r a b l e  t o  choose the  s implest  f u n c t i o n a l  form which can 

d e s c r i b e  both t h e  long-range a t t r a c t i o n  w i t h  i t s  angular  an i so t ropy  

and a short-range r e p u l s i o n  with a p p r o p r i a t e  asymmetry. For t h i s  

purpose t h e  fo l lowing  atom-molecule p o t e n t i a l  has  been adopted, 

which, upon or ientat ion-averaging,  r educes  t o  t h e  simple L. -J. 

(12,6) form (Eq. 9): 

- e - - -  

6 .  Thus, i f  5 = 4 +k r e p r e s e n t s  t he  t o t a l  angular  momentum 
(conserved i n  the  c o l l i s i o n ) ,  t hen  f o r  l o w b  and t h e  u s u a l l y  d 
l a r g e  4 ( 4 * J ) >  J .6 bk s> j; lgmI ~ l g j l  
and 1AmI <i bk. 
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Here 8 i s  t h e  angle  between 5 and t h e  molecular axis, 
* 

'" = 4 E C c  C") = 6 w p  QY E and 

a r e  t h e  L . - J ,  (12,6) wel l -depth and s i z e  parameters ,  oC i s  

ta 
= 4 € . 6  s c  

t h e  atom p o l a r i z a b i l i t y ,  /u and Q t h e  molecular e l e c t r i c  

d i p o l e  and quadrunole moments, r e s p e c t i v e l y .  The Pn(cos e) are 

Legendre func t ions .  Of the  t h r e e  an i so t ropy  parameters  a2' b1 

and b2, unfor tuna te ly ,  only one (a ) may be e s t i r n a t e g w i t h  any 

degree of r e l i a b i l i t y .  For t h e  homonuclear case ,  of course ,  i t  

2 

= 0.  
17) is assumed t h a t  = C  

3. Act ion  Integrals- 

I n  order t o  eva lua te  t h e  a c t i o n  i n t e g r a l s ,  i a e a 9  t h e  i n t e g r a l s  

over t h e  t r a j e c t o r y  needed i n  Eq. 8, i t  is  convenient  t o  express  

t h e  equat ion  f o r  t h e  p o t e n t i a l  i n  a s l i g h t l y  d i f f e r e n t  form, i . e . ,  

t o  e l imina te  6 i n  favor  of t h e  ang le s  4 4 and e' e' 
( r e f e r  to Fig .  1 of I).  Making use of t h e  a d d i t i o n  theorem far 

spher  Ecal harmonics and in t roduc ing  c e r e a l 3  "reduced notat ion",  

E q .  10 may be r e - w r i t t e n :  

- e - - -  

7 .  J. P. Toennies 

8. J.  0. Hi rschfe lder ,  C .  F.  C u r t i s s  and R .  B.  Bird,  "Molecular 

[Z. Physik.  =, 257 (1965)l has  shown t h e  need 
f o r  t h e  Anderson R-7cos3e an i so t ropy  term. 

Theory of Gases and Liquids", S. Wiley and Sons, N.Y., 1964 
(Second P r in t ing ) ,  Chaps. 13 and 14. 



c 
where t h e  C func t fon  i s  t h a t  o f  Racah Y ~ 

For a given impact parameter b, a ”reduced a c t i o n ”  G(6,#) is  

de f ined  and evaluated : 

where use  has  been made’of the r e T a t i o n w  d t  = AR/y f(R) 

where 

As usua l ,  F(Ro) = F(xo) = 0 d e f i n e s  t h e  c l a s s i c a l  t u r n i n g  

p o i n t  Ro (or x0). E = * - %  i s  the  i n c i d e n t  r e l a t i v e  

k i n e t i c  energy, E* E F / E  by< 5 b / 6  are t h e  reduced 

2 

- 
energy and impact parameter,  r e s p e c t i v e l y ,  and V ( R )  i s  t h e  

o r i en ta t ion -ave raged  p o t e n t i a l  (Eq.  9 ) .  

_ - - - -  
9.  Notat ion i s  t h a t  of A ,  R .  Edmonds, “Angular Momentum i n  

Quantum Mechanics“, P r ince ton  Univ. P r e s s ,  P r ince ton ,  N.J. 
(1957), Chap. 2 .  

10.See Ref.  8, Chap. 1 and Appendix. 

7 
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Thus t h e  reduced a c t i o n  may be expressed:  

where the Ah ‘‘I are given by the  fol lowing r e l a t i o n s :  

‘n) a r e  i n t e g r a l s  de f ined  as fo l lows :  5 m 
t h e  twe lve  

The ang le  8’ is i t s e l f  a f u n c t i o n  of y, i . e . ,  an  i n t e g r a l  over t h e  t r a -  

j e c t o r y  (Eq. 21). 

of b* and E* , and are independent of t h e  p o t e n t i a l  parameters .  

It i s  noted t h a t  t h e  i n t e g r a l s  are f u n c t i o n s  

G I $  4) i s  r e - w r i t t e n  i n  a form more s u i t a b l e  f o r  

computation: 



. 
& 

where A' 9 A/C ( Z - E ) "  is the 'quantum parameter: 

The B coefficients are functions of the integrals Ilm (*J (and 

thus b* and E*) and the anisotropy parameters: 

I " , 

9 
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The i n t e g r a l s  which were a c t u a l l y  ccrnputed d i f f e r  s l i g h t l y  . 
by simple numerical factors; they a r e  def ined (4 

=4?n from t h e  

where 

10 
such t h a t  t h e  c l a s s i c a l  d e f l e c t i o n  anglewX i s  given by 

= e- a eyy., 

(n) 
The conversion f a c t o r s  r e l a t i n g  I ( n , p , q )  t o  Ilm are given 

i n  Appendix I. w 
* * 

I n  t h e  l i m i t  of l a r g e  b and E ( t h e  r e g i o n  of v a l i d i t y  

of t h e  " s t r a i g h t - l i n e "  approximation used i n  I), t h e s e  i n t e g r a l s  

become independent of E and can be eva lua ted  a n a l y t i c a l l y .  

These asymptot ic  forms ( l i s t e d  i n  Appendix I) have proven u s e f u l  

* 

i n  checking t h e  computed i n t e g r a l s  and i n c o n s i d e r i n g  t h e  problem 

of s e l e c t i o n  r u l e s .  

- - - - -  
11. These i n t e g r a l s  may be o f  i n t e r e s t  i n  connect ion w i t h  p r e s s u r e -  

broadening theory.  For e a r l y  work, s e e  €'. W. Anderson, 
Phys. Rev. 76, 647 (1949) ;  80, 5 1 1  ( 1 9 5 0 ) ;  M. Baranger, i b i d . ,  
- 111, 4 8 1 ,  4 9 4  ( 1 9 5 8 ) ;  more r e c e n t l y ,  e . g . ,  s e e  K r i s h n a j i  and 
S. L. S r i v a s t a v a ,  J. Chem. Phys. 42, 1546 ( 1 9 6 5 ) .  

'-. 
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4 ,  Matrix Elements and Trans i t  i o n  P r o b a b i l i t i e s  

As i n  I,  t h e  ma t r ix  e lements  and t r a n s i t i o n  p r o b a b i l i t i e s  a r e  
b 

evalua ted  by d i r e c t  numerical  i n t e g r a t i o n .  To t h i s  end, Eq. 8 i s  

pu t  i n t o  t h e  form: 

The angulai itSnc' t i o n s  %,(@;  (obtained d i r e c t l y  by 

cons ide ra t ion  of a t a b l e  o f  s p h e r i c a l  ha rmmics )  are l i s t e d ,  f o r  

r e fe rence ,  i n  Appendix 11, A b r i e f  o u t l i n e  of t h e  quadra tu re  

technique L S  presented i n  Appendix 111. Note t h a t  

5. S e l e c t i o n  Rhles  

It is convenient  f i r s t  t o  cons ider  a n  i d e a l i z e d  exper fmenta l  \v 
s i t u a t i o n  i n  which t h e  polar  diatomfc ( t a r g e t )  molecules  a r e  

e s s e n t i a l l y  at r e s t  i n  a homogeneous e l e c t r i c  f i e l d  E- (which 

e s t a b l i s h e s  t h e  axis of space q u a g t i z a t i o n ) .  The beam of ( p r o j e c t i l e )  

atoms (of mass equal  t o  t h e  reduced mass of t h e  atom-molecule system) 

is d i r e c t l y  wi th  the  v e l o c i t y  v a long  t h e  f i e l d  a x i s  ( t h e  z - a x i s ) ;  

i . e . , F i g .  I o f  I .  

j , m  --)I j , m  t r a n s i t i o n s  which apply under t h e s e  c i rcumstances .  

N O  

It 1 s  d e s i r e d  t a  develop t h e  s e l e c t i o n  r u l e s  f o r  

$ 1  
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To t h i s  end i t  i s  i n s t r u c t i v e  t o  expand t h e  exponen t i a l  i n  

pm E q .  8. Successive terms i n  the  r e s u l t i n g  development f o r  

are then  examined. The f i r s t  t e r m  y i e l d s  d i r e c t l y  t h e  f a m i l i a r  

r e s u l t  of f i r s  t -o rde r  time-dependent p e r t u r b a t i o n  theory.  

I n  t h e  l i m i t i n g  case  ( t h a t  d e a l t  w i t h  i n  I )  of a s t r a i g h t  l i n e  

t r a j e c t o r y  a long  a l l  a c t i o n  i n t e g r a l s  4, (*' van i sh  except  t hose  

f o r  which 1+ lql i s  even (by symmetry of t h e  C m  (1) (eo)), 
Thus what remains is the matrix element OE the sum 

<?$> 

Taking i n t o  account higher order  terms i n  t h e  expansion, 

one o b t a i n s  '%armonics", i n  e .  



even 

odd 
r u l e  1 - " p a r a l l e l "  

odd even 3 c o n f i g u r a t i o n  

w i t h  odd-even combinations forbidden. 

However, i n  another  type of experimental  arrangement t h e  

p r o j e c t i l e  beam 

o r i e n t a t i o n  axis ( ) . Using t h e  same arguments as above one 

o b t a i n s  the s e l e c t i o n  r u l e s  f o r  t h e  f i r s t  o rde r  approximation: 

( re ) could be d i r e c t e d  pe rpend icu la r  t o  t h e  

Taking i n t o  account higher  order  terms, one f i n d s  

even 

odd 
t u l e  2 - 
"perpendicular  

con f i g u r  a t  i on 

even 

i . e . ,  "odd" t r a n s i t i o n s  i n  m are forbidden.  

(For any in t e rmed ia t e  a n g l e  between - E and c0 , no 

"general"  r u l e  exis ts . )  



c 
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Returning now t o  t he  f i r s t  experimental  arrangement, b u t  t a k i n g  

cognizance of t he  non-l inear  t r a j ecco ry ,  me  e x p e c t s  t h e  fol lowing 

behav io r :  f o r  l a r g e  b* s e l e c t i o n  r u l e  1 should dominate, b u t  

as b* i s  decreased and a l l  the 

r u l e  w i l l  be o p e r a t i v e ;  c o l l i s i o n s  w i l l  populate  a l l  ( e n e r g e t i c a l l y  

tn) become important  no s e l e c t i o n  5 In 

a c c e s s i b l e )  r o t a t i o n a l  s ta tes  t o  a g r e a t e r  o r  l e s s e r  e x t e n t .  

I n  order  t o  d e a l  w i th  an  a c t u a l  experimental  arrangement, one 

must t a k e  i n t o  account  t h e  f i n i t e  v e l o c i t y  and w s s  of  t h e  molecules 

and t h e  atoms, and t h e  p o s s i b i l i t y  of an a r b i t r a r y  ang le  between t h e  

1 beam d i r e c t i o n  and t h e  o r i e n t a t i o n  axis. One may r o t a t e  e i the r  t h e  

C t )  (#if) or t h e  e fgenfanc t ions  of t h e  r o t o r  i n  t h e  d i r e c t i o n  

of t h e  re la t ive  v e l o c i t y  v e c t o r .  .With the  a i d  o f  t h e  a c t i o n  

i n t e g r a l s  now eva lua ted  (which r ep resen t  a complete set  f o r  t h e  

in t e rmolecu la r  p o t e n t i a l  considered)  e i t h e r  procedure can be 

c a r r i e d  out .  

6 .  I n e l a s r i c  T o t a l  Cross Sect ions.  
I .  I* *x 

The t o t a l  c r o s s  s e c t i o n  rm for t h e  o'+P t r a n s i t i o n  i s  

g iven  s e m i c l a s s i c a l l y  by t h e  i n t e g r a l  

s o  t h a t  t h e  "reduced" c r o s s  s e c t i o n  i s  simply 

0 
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Thus 5: i s  r e a d i l y  evaluated by i n t e g r a t i n g  p l o t s  of p a r t i a l  

t o t a l  c r o s s  s e c t i o n s  b* P(b9C) vs. - b* (analogous t o  F i g .  3 of I) .  

It i s  a l s o  of i n t e r e s t  t o  o b t a i n  the  t o t a l  i n e l a s t i c  t o t a l  

c r o s s  s e c t i o n  from s t a t e  , i . e . ,  t he  q u a n t i t y  

where 

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

7.  Parameters 

A t  the  p re sen t  t i m e ,  i t  i s  d i f f i c u l t  t o  f i n d  a system (atom-polar 

diatomic molecule) €or which a meaningful t h e o r e t i c a l  (or even semi- 

e m p i r i c a l )  e s t ima te  of bo th  t h e  s h o r t -  and long-range a n i s o t r o p i c  

i n t e r a c t i o n  i s  a v a i l a b l e .  It would t h e r e f o r e ,  be f u t i l e  a t  t h i s  

s t a g e  t o  a t t e m p t  a d e t a i l e d  computation of r o t a t i o n a l  t r a n s i t i o n  

p r o b a b i l i t i e s  and c r o s s  s e c t i o n s  f o r  some s p e c i f i c  system wi th  t h e  

1 2 .  Recently,  H. G. Bennewitz ( p r i v a t e  communication) has  c a r r i e d  
out cer ta in  e l a s t i c  s c a t t e r i n g  experiments i n v o l v i n g  p o l a r i z e d  
beams of Til? which have bea r ing  on the  r e p u l s i v e  a n i s o t r o p y .  
Earlier work by H. G .  Bennewih, K. H.  Kramer, W. Pau l  and 
J. P. Toennies LZ. Physik.  177, 84 (196411 
r e l i a b l e  value of t h e  a2  c o e f f i c i e n t  f o r  ’C.1F - rgre  gas .  

has  l e d  t o  a f a i r l y  



dependence o f  t h e  ca:rz2rzted r t a - - s f t l c n  prch;bzlitzes cpon the  v a r i o u s  

reduced "iriterrLaY' - , a r r ~ . e t e r s  (A%, 
t he  i n t e r a c t i o n ,  kop%ryg ta e s t a b 1  l s n  t h e  main c w s a l  r e l a t i o n s h i p s  

(and a l " w w  t h e  poss;bi;5ty of FCjtciIe s n r e r p o l a t k c n j  and ( 2 )  s tudy  t h e  

b L P  b2J  c )  which c h a r a c t e r i z e  

dependence q o n  t h e  red, iced ' ' externalQr parameters (b*j E*) c h a r a c t e r i z i n g  

the c o l l i s i o n ,  for a few s e l e c t e d  sets  of i n t e r n a l  parameters .  

connect ion t h e  following a r b i t r a r y  choices  have been made: 

I n  t h i s  

- S e t  1: HomQnuclear diatomic;  long-range an i so t ropy  only (corresponding 

t o  a case considered in I, but  w i t h  f u l l  t r a j e c t o r y  and a c t i o n  

t r ea tmen t ) :  A = 7.4022, a2 = 0.28527, bl  = b2 = c = 0 . 
As i n  S e t  1, b u t  with A = 0.1, a2 = 0.3, bl = b2 = c = 0 . * 

I S e t  2: 

S e t  3: Homonuclear d ia tomic ;  both long- and shor t - r ange  i n t e r a c t i o n s  : 

0.1, a2 = 0.3, b = 0.5, bl = c = 0 2 

nuclear  diatomic,  long-range a n i s o t r o p i e s  only:  

.1, a2 = 0.3, bl = b2 = 0 , c = 2. 

- S e t  5: onuclear  d i a tomic ;  both long- and shor t - r ange  i n t e r a c t i o n s ,  
-7 

b u t  a e g l i g i b l e  R ~ 0 5 ~ 8  term ( i e e o 9  6 )  : 

%g A = C o 1 7  a = 3 , 3 ,  bl =: b, = Oo5, c =z 0 "  2 /I 

S e t  6 :  Heteronuelzar po lar  d:atcmi:: A s  ~n S e t  5 3  bb;t wi th  

appreciable Rm7 t e rn .  = C U P :  a = 0-3, b = b = 0 - 5 ,  

c = 2, 

2 B 2 

( I w t e d e d  t o  spproximate the  s y s t e a  TPF- AP I) 1 



8. R e s u l t s  

A. Action I n t e g r a l s .  

Tables A I V  1-12  (Appendix IV) summarize the r e s u l t s  of 

t h e  computations of t h e  a c t i o n  i n t e g r a l s  

of b* (from 0.01 t o  5) and E (from 1 t o  100): Tables  A I V  1 3  

I(n,p,q)  as a f u n c t i o n  

* 

and 14 l i s t  a n c i l l a r y  r e s u l t s ,  i . e . ,  reduced r e c i p r o c a l  t u r n i n g  

p o i n t s  (yo) and d e f l e c t i o n  a n g l e s  ( 

w e l l  w i t h  the  l i t e r a t u r e  

), which are found t o  accord 

The i n t e g r a l s  are p l o t t e d  i n  F i g s .  1-3, which show t h e  

dependence of I (6,p,q), I ( 7 , p J q )  and 1(12,p,q) upon b* a t  

E* = 10, and i n  F igs .  4-6, which show something of t h e  energy 

dependence of t h e  twelve i n t e g r a l s  I (n,p, q )  . 
* * 

Having the  f u l l  s e t  of I (n ,p ,q )  as a f u n c t i o n  of b and E 

a v a i l a b l e  (once and f o r  a l l )  on punched ca rds ,  t hey  could be 

r e a d i l y  combined w i t h  any of v a r i o u s  sets of a n i s o t r o p y  parametdra 

t o  y i e l d  ( f o r  a chosen b* and E*) a se t  o f  B c o n s t a n t s  (Eq. 9 ) .  

Then, upon s e l e d e i o n  of A* G( 0 , ~ )  ) is  completely determined 

(Eq. 18). 

B. T r a n s i t i o n  P r o b a b i l i t i e s .  

Appendix V summarizes t h e  computed t r a n s i t i o n  p r o b a b i l i t i e s ;  

Table AV 1 l i s t s  v a l u e s  f o r  t r a n s i t i o n s  i n v o l v i n g  t h e  0,O s t a t e  

( i . e . ,  0,O -0,O; 1,O; 1,&1; 2,O; 2,& 1; 2 , t 2 ;  3,O; and 4,0),  whi le  

Table  AV 2 gives  r e s u l t s  f o r  t h e  1 ,0  s t a t e  ( i . e .  1,0 + 1,o ;  1,21; 

2,O; 2,Ll; 2,+2 ; and 3,O). 
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The quadra tu res  for  t he  t r a n s i t i o n  p r o b a b i l i t i e s  a r e  be l i eved  W 

t o  be numerical ly  a c c u r a t e  i n  a l l  ca sesg  t o  b e t t e r  than 20.001; 

for  any given e n t r y  t h e  penultimate d i g i t  l i s t e d  can be considered 

a c c u r a t e .  By way of confirmation,  it i s  noted t h a t  for  a l a r g e  

number of ca ses  t h e  sum of t h e  computed t r a n s i t i o n  p r o b a b i l i t i e s  

(even f o r  t h e  l imi t ed  number o f  t r a n s i t i o n s  cons ide red )  t o t a l s  as 

much a s  0.999; y e t  i n  no case  does i t  exceed u n i t y .  

For l a t e r  r e f e r e n c e ,  a t t e n t i o n  i s  d i r e c t e d  t o  t h e  important 

"null-" or "pseudo-e l a s t i c - t r ans i t i ons" ,  i , e . ,  0,O * 0,O and 

1,0 --z 1 , 0  , which s e r v e  as a monitor of t h e  t o t a l  i n e l a s t i c  component. 

The sum of t h e  i n e l a s t i c  t r a n s i t i o n  p r o b a b i l i t i e s  from s t a t e  OL 

i s  given by 

Thus, even when t h e  number of j ' m '  s ta tes  considered i n  t h e  

computation i s  inadequate,  t h e  t r u e  sum of a l l  t h e  i n e l a s t i c  

t r a n s i t i o n  p r o b a b i l i t i e s  ( d  + a l l  p ) may be found d i r e c t l y  

from the single computation P, . 
Figs .  7-9 i l l u s t r a t e  the dependence of t h e  v a r i o u s  t r a n s i t i o n  

upon each of t h e  " i n t e r n a l "  parameters pPw p r o b a b i l i t i e s  

A*, a2, b l ,  b2 and c a t  s t a t e d  E* and b" ; Figs .  10-12 summarize 

t h e  dependence of PPM 

F i g s .  13-14 shaw the  r e s u l t s  for 

f i g u r e s  t h e  v e r t i c a l  l i n e  ( for  

va lue  of b*2, designated 

upon b*' f o r  v a r i o u s  parameter sets, wh i l e  

Pinel, Qc a 

In  each o f  the l a t t e r  

Pinel,cy = Poco(= %) d e f i n e s  an important  
* 

' inel ,  o(' 

C .  I n e l a s t i c  T o t a l  Cross Sect ions 

F i g s .  15-18 show the p a r t i a l  t o t a l  c r o s s  s e c t i o n s ,  i . e . ,  
- - - - -  
13. On t h e  b a s i s  of ex tens ive  checking w i t h  d i f f e r e n t  se t s  of 

i n t e g r a t i o n  i n t e r v a l s  f o r  widely d i f f e r e n t  integrand c a s e s .  
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p l o t s  of b*x P (b") 3. b* , for  c e r t a i n  parameter se t s ;  these  

a r e ,  of course, c l o s e l y  r e l a t e d  t o  t h e  i n e l a s t i c  angular  d i s t r i b u t i o n  
pa 

f u n c t i o n s .  Resu l t s  of g r a p h i c a l  i n t e g r a t i o n s  of t h e s e  p l o t s  (G. 
Eq. 26) are  presented i n  Table 1, which l i s t s  v a r i o u s  reduced i n e l a s t i c  

t o t a l  c ros s  s e c t i o n s W ' G  a t  E -. P and 10. 
Jr 

vs .  b*2 a t  s e v e r a l  va lues  ' inel ,= F i g s .  19 and 20 a r e  p l o t s  of 
* 

of  E , for  parameter S e t  6.  The a r e a s  under these  curves (and those 

of F i g s .  1 3  and 14) y i e l d  d i r e c t l y  the  t o t a l  i n e l a s t i c  t o t a l  c r o s s  

s e c t i o n  

s e t s  are tabulated toge the r  w i t h  t h e  values  of 

For obvious r easons  

* (v i a  Eq. 2 7 ) ;  t h e s e  and r e s u l t s  f o r  o the r  parameter 

i n  Table 2 .  
%Id, aL * 

i n e  1, * 
C n e 1  0 

Sinel i s  a good approximation t o  

The energy dependence of 6 (parameter s e t  6 )  i s  shown i n e  1,d 
g r a p h i c a l l y  i n  F ig .  21 .  Table 3 l i s t s  correspondingly t h e  i n e l a s t i c  

Y * 
f r a c t i o n  of t he  t o t a l  s c a t t e r i n g  c r o s s  s e c t i o n ,  

9. Discussion 

A Action I n  t e gr a 1 s 

The gene ra l  behavior of t h e  a c t r o n  i n t e g r a l s  I ( n , p , q )  

(F igs .  1-6)  i s  i n  accord wi th  expec ta t ion .  However, t h e  s u b s t a n t i a l  

magnitudes of t h e  f i v e  i n t e g r a l s  which involve odd powers of cos  0' 

(and t h e r e f o r e  van i sh  i n  t h e  s t r a i g h t - l i n e  t r a j e c t o r y  approximation) 

even a t  r e l a t i v e l y  l a r g e  b* should be noted.  Thus, a s  a consequence 

of the curved t r a j e c t o r i e s ,  odd Am t r a n s i t i o n s  a r e  allowed, even 

when t h e  p o t e n t t a l  involves  only a n i s o t r o p i e s  of even p a r i t y  ( e . g . ,  

S e t s  1 - 3 ) ;  t h i s  i s  i n  c o n t r a s t  t o  t h e  r e s u l t s  of t h e  s t r a i g h t - l i n e  

approximation ( c f .  I>  

14. These resu l t s  a r e ,  of course,  somewhat t o o  sma l l  due t o  t h e  
n e g l e c t  of t h e  c o n t r i b u t i o n  from low impact parameters ,  
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B. T r a n s i t i o n  P r o b a b i l i t i e s  and S e l e c t i o n  Rules 

From t h e  parameter -var ia t ion  s t u d i e s  a number of p l a u s i b l e  

in fe rences  may be drawn. A t  l a rge  bdc t h e  long-range an i so t ropy  

parameters  C 

a n i s  o tr opies  

a s i g n i f i c a n t  

w i t h  t h e  a 2 

and a dominate;  as  b* i s  decreased the  r e p u l s i v e  2 

bl and b2 become important .  The s i g n  of b2 P lays  
* 

r o l e  ( a t  smal l  b ) due t o  " d e s t r u c t i v e  i n t e r f e r e n c e "  

term. Of a l l  t h e  a n i s o t r o p i e s ,  t h a t  a s s o c i a t e d  wi th  

t h e  Anderson dipole-quadrupole  term c o s 3  8 ) e x e r t s  t h e  

g r e a t e s t  i n f l u e n c e  upon- t h e  t o t a l  i n e l a s t i c i t y ,  i n  accord w i t h  t h e  

f i n d i n g s  of T o e n n i e s y  Of course,  t h e  smal-ler t h e  va lue  of t h e  

quantum. parameter A , i . e . ,  t h e  more " c l a s s i c a l "  t h e  system, t h e  
* 

more i n e l a s t i c i t y  ( a l l  o t h e r  f a c t o r s  assumed c o n s t a n t ) .  

For p r a c t i c a l  purposes  the re  a r e  no g e n e r a l  s e l e c t i o n  r u l e s ;  

as b* i s  decreased  from l a r g e  va lues  success ive  i n e l a s t i c  

t r a n s i t i o n s  become i t a n t ,  reach  a peak p r o b a b i l i t y ,  t hen  decrease  

i n  s ; upon e n t e r i n g  the  dominant - c o u p l i n g v r e g i o n ,  t h e  

t iun p r o b a b i l t t i m  approach a c o n d i t i o n  of  randomness, 

The sha rp  onse t  of "dominant-coupling" i s  i l l u s t r a t e d  i n  
13,14,19 and 20, 

Figs.i ~ which show 

as b*2 i s  decreased .  As b becomes apprec i ab ly  smal le r  than  

t h e  r a p i d ,  sigmoid "growth-curves" f o r  Pine,, cc 
*z  

1 fl) "a t h e  randomness c o n d i t i o n  

1 

* 
S i n r h d  f . e . 9  b (SineLM 

, where 

N i s  t h e  number of c lose-coupled ( j , m ; j ' m ' )  s t a t e s .  

- -  - 
becomes appa ren t :  < t i d >  <%d} N 

From Tables  1 and 2 of Appendix V, i t  i s  seen  t h a t  va lues  of 

<sd> as sma l l  as a r e  common a t  b* % 1 . Since 
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, where i s  the  h ighes t  j ’  of t h e  close-coupled 

group, t h i s  i m p l i e s  a ” e 20 ( i . e a 9  t r a n s i t i o n s  w i t h  

aJ’ 6 20 a r e  of comparable p r o b a b i l i t y  w J *rAU . 
One may c o n c l u d e v t h a t  t h e  very complexity of t he  behavior of 

t h e  t r a n s i t i o n  p r o b a b i l i t i e s  i n  the r o t a t i o n a l  e x c i t a t i o n  problem 

i s  one of i t s  p r i n c i p a l  v i r t u e s .  

C.  Cross Sec t ions  

Inspec t ion  of Table 1 r e v e a l s  a number of obvious r e g u l a r i t i e s  

and i n t e r - r e l a t i o n s h i p s  i n  the  behavior of t h e  v a r i o u s  i n e l a s t i c  c r o s s  

s e c t i o n s  f o r  t r a n s i t i o n s  from both 00 and 10 s t a t e s .  

The t o t a l  i n e l a s t i c  t o t a l  c r o s s  s e c t i o n  i s  seen  t o  be w e l l  
* 

approximated by S inc/, o< , where 

and t o  be governed e s s e n t i a l l y  by the  long-range a n i s o t r o p i e s  ( a t  

l eas t  a t  moderate c o l l i s i o n  e n e r g i e s ) .  With i n c r e a s i n g  E t h e  

r e p u l s i v e  a n i s o t r o p i e s  p l a y  a more s i g n i f i c a n t  r o l e ;  however, i t  

appears  a s  though t h e  d e t a i l s  of t he  sho r t - r ange  i n t e r a c t i o n s  a r e  of 

secondary importance i n  determining t h e ’  t o t a l  e l a s t i c i t y .  

rk 

The resu l t s  shown i n  Table 3 suggest  t h a t ,  a l though t h e  i n e l a s t i c  
* c r o s s  s e c t i o n  dec reases  w i t h  i n c r e a s i n g  E , t h e  f r a c t i o n a l  i n e l a s t i c  

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

independent of t h e  c o l l i s i o n  energy. 

10. Concludinp Remarks 

The present  r e s u l t s  have shown c e r t a i n  o v e r a l l  p a t t e r n s  of 

behavior f o r  r o t a t i o n a l  e x c i t a t i o n  according t o  t h e  sudden approxima- 

t i o n .  

15. However, the c o n t r i b u t i o n  t o  t h e  t o t a l  i n e l a s t i c  t o t a l  c r o s s  

The quest ion of t h e  degree of v a l i d i t y  of t h e  approximation - - - - -  
s e c t i o n  from any i n d i v i d u a l  t r a n s i t i o n  ( jm- j ’ m ’ )  i s  small, 
and is  dominated by the  one sma l l  peak i n  i t s  p a r t i a l  t o t a l  
c r o s s  s e c t i o n  curve ( i . e . ,  angular  d i s t r i b u t i o n ) .  
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i t s e l f  i s  l e f t  a n a n s w e r e d w  However, i t  i s  expected t h a t  a t  moderate 

e n e r g i e s  and f o r  s c a t t e r i n g  ang le s  not  too c l o s e  t o  0 or J[ , 
t h e  q u a l i t a t i v e  p i c t u r e ,  a t  l e a s t ,  has been c o r r e c t l y  po r t r ayed .  

Angular d i s t r i b u t i o n s  of t he  va r ious  i n e l a s t i c  c r o s s  s e c t i o n s  would 

be h e l p f u l  i n  deducing the  s e p a r a t e  a n i s o t r o p i e s ;  however, u s e f u l  

p r e d i c t i o n s  of i n e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n s  f o r  s p e c i f i c  

systems must await a f u l l e r  knowledge of t h e  complete, a n i s o t r o p i c  

in t e rmolecu la r  p o t e n t i a l  'function. 
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TABLE 2. 

T o t a l  I n e l a s t i c  To ta l  Cross Sec t ions  

A* = 0.1, a = 0 . 3 .  2 

E* bl b2 C jm 

1 0 0 0 00 

11 11 0.5 0.5 11 

11 0 0 2 11 

11 I1 0.5 0.5 11 

0 10 If I 1  I1 

11 2 li 11 I1  

00 11 It I1 3 

li 

I f  

ff 1 

10 

I 1  11 10 

I t  I I  30 

11 11 100 

* 
‘inel,  jm 

r* Inel, jm 

3.99 3.86 

4 .03  3.88 

5.08 5.15 

5. $0 .  5.15 

3.65 3.40 

4 .60  4.37_, _ ’  
I 

4.16 4.18 

2.96 ‘ 2.87 

2.43 2,42 

1.95 1.96 



TABLE 3 

TOTAL SCATTERING CROSS S E C T I O N S  

E* 

1 

3 

10 

30 

100 

17.78 

14 

11 

28 

22 

9.01 

7.08 

5 . 1 0  0.287 

4 .16  0.292 

3.31 0.295 

2 . 7 6  ' 0.306 

4 . 6 0  

3 .72  

2 .96  

2 . 4 3  

I. 95 

0 .259  

0 .261 

0 . 2 6 4  

0 .270  

0.  
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LEGENDS FOR FIGURES 

1. Dependence of a c t i o n  i n t e g r a l s  I (G,p,q)  upon t h e  reduced impact 

parameter b" a t  a reduced energy E* = 10 . 
2. Act ion i n t e g r a l s  

3. Action i n t e g r a l s  

4.  Energy dependence of a c t i o n  i n t e g r a l s  I (G,p,q) .  Computed p o i n t s  

1(7 ,p ,q)  vs. b", a s  i n  F ig .  1. 

1(12,p,q)  vs .  b*, as i n  F igs .  1 and 2 . 

have been connected wi th  s t r a i g h t  l i n e s .  

5. Energy dependence of 1(7 ,p ,q) ,  a s  i n  F ig .  4 .  

6 .  Energy dependence of 1(12,p,q) ,  as i n  F igs .  4 and 5. 

7 .  T r a n s i t i o n  p r o b a b i l i t i e s  from the 00 s t a t e  a s  a func t ion  of t h e  
* 

quantum parameter,  , f o r  t h e  ind ica t ed  va lues  of t h e  o ther  

parameters .  The lower curve i n  each case  i s  an expanded-scale 

p r e s e n t a t i o n  of t h e  upper one. Computed p o i n t s  have been 

connected wi th  s t r a i g h t  l i n e s .  

8. T r a n s i t i o n  p r o b a b i l i t i e s  from the  00 s t a t e  a s  a func t ion  of t h e  

long-range an iso t ropy  parameters a and c fo r  t h e  ind ica t ed  

va lues  of t h e  o the r  parameters ;  o therwise ,  a s  i n  F ig .  7 .  

2 

9. T r a n s i t i o n  p r o b a b i l i t i e s  from the  00 s t a t e  as a func t ion  of t h e  

sho r t - r ange  an iso t ropy  parameters bl  and b2 ; otherwise,  a s  

i n  F i g s .  7 and 8. 

10. T r a n s i t i o n  p r o b a b i l i t i e s  from the 00 s t a t e  as a func t ion  of 

t h e  reduced impact parameter 

Parameter s e t s  2 and 5 a t  E = 1 . 
b* ; otherwise,  a s  i n  F igs .  7-9. 

* 

11. T r a n s i t i o n  p r o b a b i l i t i e s  from the  00 s t a t e  v s .  b* fo r  

* 
parameter s e t s  4 and 6 a t  E = 1; otherwise,  a s  i n  F igs .  7-10. 



c 

4 .  

LEGENDS FOR FIGURES ( c o n t ' d )  

-k 1 2 .  T r a n s i t i o n  p r o b a b i l i t i e s  from t h e  10 s t a t e  v s .  b f o r  parameter 

* sets  5 and 6 a t  E = 1; otherwise,  a s  i n  F i g s .  7-11.  

13. T o t a l  i n e l a s t i c  t r a n s i t i o n  p r o b a b i l i t i e s  from the  00 s t a t e ,  

b*2, for  parameter se ts  2, 4, 5 a s  a func t ion  of 'ine1,Oo 

and 6 . a t  E* = 1 . The dashed v e r t i c a l  l i n e s  a t  P = % d e f i n e  

t h e  value of Sine, (zb*' a t  P = %). 

14. To ta  1 ine la$  t i c  t r a n s i t i o n  p r o b a b i l i t i e s ,  

* 

from t h e  ' inel ,  10 
*2 10 s t a t e  a s  a f u n c t i o n  of b , for  parameter s e t s  5 and 6 a t  

E* = 1; otherwise a s  i n  F ig .  13. 

15. P l o t s  of b * ~ P j , m l O O  v s .  b* for  parameter se ts  2 and 5 a t  

E* = 1 . From the  a r e a s  under the va r ious  curves the i n e l a s t i c  

t o t a l  c ros s  s e c t i o n s  a;,., a r e  obtained.  

v s .  b* for  parameter s e t s  4 and 6 a t  dt 16. P l o t s  O f  b a P j ~ m ~ O O  

E* = 1; otherwise same a s  F ig .  15. 

17. P l o t s  of b*xPjlm,10 vs. 

, 

b* f o r  parameter se ts  5 and 6 a t  

. E* = 1; otherwise same as Figs .  15 and 16. 
. f.. 3 

. ,  
vs .  .b* f o r  parameter s e t s  2 ,5;  4,6.  Also' DQPO -I 

. 18. P l o t s  -pf b?P . .  
b" f o r  parameter s e t s  5 and 6, a l l  a t  E" = 1 . 

1010 vs -  b*P 

19. Energy dependence of Pidel, oo (b*') 

20. Energy dependence of 

21. Log-log p.lot of the energy dependence of t h e  t o t a l  i n e l a s t i c  

f o r  parameter s e t  6. 

(b"2) f o r  parameter s e t  6.  Pine 1, 

t o t a l  c ros s  s e c t i o n s  b;o and fl:o . See a l s o  Table  3.  
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APPENDIX I 

The convers ion  f a c t o r s  r e l a t i n g  t h e  I (n ,p ,q )  t o  t h e  T1, 

are as fo l lows:  

(AI. 1 )  
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Asymptotic forms of t he  

I (12,0,0) - 
I (12,OJ) - 
I (12,0,2) - 

I (n ,p ,q )  i n t e g r a l s  are as fo l lows :  

- 231 n b*-" 
( A I .  2 )  

The o the r  f i v e  i n t e g r a l s  van i sh  i n  t h e  " s t r a i g h t - l i n e "  

approximat ion. 

I n  t h e  l i m i t  of small  b* and h igh  E* , G(B,l$) 'becomes 

independent of b* and approaches the  simple form 

independent of t h e  long range a n i s t r o p i e s  a 2 and c . 
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APPENDIX I11 

The d q u b l e  i n t e g r a l s  (Eq. 23) were obtained by Simpson's 

r u l e  quadra tu re  wi th  i n t e r v a l  s i z e  chosen t o  be small compared 

t o  t h e  "wavelength" of t h e  o s c i l l a t i o n s  of t he  in t eg rand .  Typ ica l ly ,  

600-800 i n t e r v a l s  were used f o r  each of  t he  v a r i a b l e s  over t h e i r  

angular  r anges  

number of convergence checks being made t o  demonstrate t h e  

O I 6 L, W , 0 6 4 L, 2ff , w i t h  a s u f f i c i e n t  

s i g n i f i c a n c e  of t h e  number of f i g u r e s  quoted. 
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APPENDIX I V  

Tables  A I V  1-12  l i s t  computed v a l u e s  of t h e  a c t i o n  i n t e g r a l s  

and Table A I V  14 
YO 

I ( n , p , q ) j  Table A I V  13 gives  r e s u l t s  f o r  

l i s t s  values  f o r  . 
The computations were c a r r i e d  o u t  as fol lows.  For a given 

w a s  determined by t h e  Newton-Raphson 
YO 

b* and E* t h e  r o o t  

method; then the  cumulative i n t e g r a l s  e’($ and I(n,p,q,y)  

were evaluated ( i n  p a r a l l e l )  by t r a p e z o i d a l  summation from y = 0, 

u s i n g  an  appropr i a t e  v a r i a b l e  i n t e r v a l  schedule  ( t y p i c a l l y ,  t h e  

t o t a l  number of i n t e r v a l s  used was 3,000) u n t i l  y reached yo . 
Then ftom 6’cYo) and I(n,p,q,yo) t h e  d e s i r e d  v a l u e s  of 

and I(n,p,q)  were p r i n t e d  o u t .  

The r e s u l t s  for  $ and I(n,p,q)  are be l i eved  t o  be 

a c c u r a t e  t o  w i t h i n  +0.0007 of t h e  va lues  l i s t e d .  F i g .  A I Y  1 

shows t h e  d e f l e c t i o n  ang le  x (b*) as a f u n c t i o n  of E* . 
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APPENDIX V 

The t a b l e s  of computed t r a n s i t i o n  p r o b a b i l i t i e s  a r e  too e x t e n s i v e  

t o  be included i n  t h i s  r e p o r t .  They a r e  presented i n  an a u x i l i a r y  

document (WIS-TCI-91G), a v a i l a b l e  on r e q u e s t .  Table A V . l  of t h e  

l a t t e r  r e f e r s  t o  t r a n s i t i o n s  f rom the 0,O s t a t e ,  while  Table AV 2 

l i s t s  those from the 1,0 s t a t e .  The energy dependencies of P(OOO0) 

and P(1010) a r e  summarized i n  Table AV3. 

The d i f f i c u l t y  i n  ob ta in ing  convergence i n  t h e  i n t e g r a t i o n  f o r  

t h e  t r a n s i t i o n  p r o b a b i l i t y  (Eq. 23) i n c r e a s e s  d r a s t i c a l l y  a s  t h e  
* *% * 

product & E  i s  decreased below about 0 . 1  and a s  b i s  decreased 

belaw about 0.9, due t o  t h e  i n c r e a s i n g l y  o s c i l l a t o r y  behavior of t h e  

in t eg rand .  This c o n s i d e r a t i o n  has  inf luenced t h e  choice of t h e  

range of t h e  v a r i a b l e s  s tud ied  and the  number of s i g n i f i c a n t  f i g u r e s  

quoted i n  t h e  r e s u l t s .  
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W I S - T C I - 9 1  Erratum, Sep t .  24, 1965 

"SUDDEN APPROXIMATION APPLIED TO ROTATIONAL EXCITATION OF 

MOLECULES BY ATOMS. 11. SCATTERING OF POLAR DIATOMICS"  

by 

R .  B. Bernstein and K. H. Kramer 

An e r r o r  has been discovered i n  the  expres s ion  f o r  t h e  

a c t i o n  which may have s e r i o u s  imp l i ca t ions  w i t h  r e s p e c t  t o  t h e  

computed t r a n s i t  i o n  p r o b a b i l i t i e s  and i n e l a s t i c  cross sect ions. 

Eqs. 14, 1 7  and 2 0  imply for t he  a c t i o n  a symmetry about 

t he  apse l i n e  which i s  n o t  j u s t i f i e d ;  i . e . ,  

The discrepancy i s  most important f o r  t h e  f i v e  a c t i o n  i n t e g r a l s  

which van i sh  i n  t h e  " s t r a i g h t - l i n e "  approximation. 

I(-- , 00 ) # 2 I(0, 0 0 ) .  

U n t i l  f u r t h e r  work (now i n  p r o g r e s s )  has  c l a r i f i e d  

(and c o r r e c t e d )  t h i s  d i f f i c u l t y ,  t h e  v a l i d i t y  of t h e  computed 

r e s u l t s  must be considered i n d a u b t .  However, i t  i s  l i k e l y  

t h a t  most of t h e  q u a l i t a t i v e  conclusions of t h e  Report  w i l l  

remain u n a l t e r e d .  


