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MOLECULAR COLLISIONS. X V I .  COMPARISON OF GPS WITH CLASSICAL TWECTORY 
t 

CALCULATIONS OF ROTATIONAL INELASTICITY FOR THE Ar-N2 SYSTEM 

M. D. P a t t e n g i l l ,  R. A. La Budde, R. B. Berns te in  and C.  F. Cur:tiss 

Theore t i ca l  Chemistry I n s t i t u t e  and Chemistry Department 

Univers i ty  of Wisconsin, Madison, Wisconsin 53706 

AB STRACT 

The c l a s s i c a l  l i m i t  of t h e  " i n f i n i t e  order"  genera l ized  phase 

s h i f t  (GPS) t reatment  of r o t a t i o n a l l y  i n e l a s t i c  atom-molecule c a l l i s i o r i s  

was pu t  i n t o  computat ional ly f e a s i b l e  form i n  paper XV of t h i s  s e r i e s ,  

It is  now app l i ed  t o  a model problem intended t o  approximate thermal 

3 s c a t t e r i n g  of t h e  Ar-N2 system ( c o l l i s i o n a l  energy of - kT a t  3 0 0 " ~ )  , 2 

a t  t h e  same time comparing i ts  p r e d i c t i o n s  wi th  exact  c l a s s i c a l  

t r a j e c t o r y  (CT) r e s u l t s .  This  comparison i n d i c a t e s  t h a t  t h e  present  

ve r s ion  of t h e  GPS method overes t imates  t h e  r o t a t i o n a l  e x c i t a t i o n  and 

underest imates  t h e  de-exc i ta t ion ,  whi le  maintaining t h e  t o t a l  i ne l a s t i c i t g r  

a t  approximately t h e  c o r r e c t  (CT) va lue .  An approximate "quant izat ions '  
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of t h e  c l a s s i c a l  r e s u l t s  l eads  t o  an  e s t ima te  of t h e  quanta1 cross 

s e c t i o n s  corresponding t o  changes by 2 2 ,  4 and - + 6 from an  initial 

r o t o r  quantum s t a t e  7 = LO. It i s  found t h a t  most of t h e  t o t a l .  h e l a s t l c  

02 cross  (of some 32 A ) a r i s e s  from t h e  f i rs t -order-al lowed t r a n s i t i o n s  

(AR = - + 2).  



I 
I n  paper  XV of t h i s  s e r i e s ,  t h e  c l a s s i c a l  Limie of the sc- - r 

Z 
" i n f i n i t e  o rder"  approximat ion of t h e  genera l i zed ,  phase s l i i f  .c 

t r e a t m e n t 3  of r o t a t i o n a l  i n e l a s t i c i t y  was a p p l i e d  t o  the case 

r i g i d  r o t o r  s c a t t e r i n g .  The method of c a l c u l a t i o n  c o n s i s t e d ,  o f  

a s p e c i f i e d  a r b i t r a r y  number of moments of t h e  r o t a t i e n a l  i 

p r o b a b i l i t y  d e n s i t y  f u n c t i o n  (A EPo i  a t  v a r l o u s  impact 

b . I n v e r s i o n  of a  g iven  s e t  of moments t h e n  y i e l d e d  .@ (b 

a f u n c t i o n  of b . These curves  could  t h e n  b e  i n t e g r a t e d  ovex ; 

o b t a i n  r o t a t i o n a l  i n e l a s t i c i t y  c r o s s  s e c t  i o n s  $ $ [ s* E r d )  ,$A:',; 
f u n c t i o n s  of Eppstt 

Although paper  IN demonstra ted t h e  computa t iona l  feas%l~iL:iz:.\~ 

economy of t h e  c l a s s i c a l  GPS t r e a t m e n t  and estab1.ished th 

q u a l i t a t i v e l y  c o r r e c t  t r e n d s ,  i-t was n o t  p o s s i b l e  t o  a s s e s s  t!z 

of t h e  approximat ions  inheren. t  i n  t h e  method, One purpose  ui 

paper  i s  t o  p r o v i d e  such  an  assessment ,  

U t i l i z i n g  a  model a n i s o t r o p i c  i n t e r a c t i o n  p o t e n t i a i ,  

chosen t o  s i m u l a t e  t h e  Ar-N sys tem,  s c a t t e r i n g  r e s u l t s  are  
2 

at  " thermalqs  c o n d i t i o n s  u s i n g  t h e  c l a s s i c a l  I t n i t  of t h e  '' 

order"  GPS t r e a t m e n t .  These r e s u l t s  a r e  t h e n  compared with rl?.os:- 

from a n  e x a c t  c l a s s i c a P  t r a j e c t o r y  (CT) Monte C a r l o  s r u d : ~  f o r  

c a s e o  The comparison thus  o b t a i n e d  s e r v e s  a s  a d i r e c t  t e s t  of  

v a l i d i t y  of t h e  approx imat ions  e n t e r i n g  t h e  pre,  c e n t  version 

t r e a t m e n t ,  t h e  p r i n c i p a l  one b e i n g  t h a t  of a curved,  planar 

governed by t h e  c e n t r a l  ( o r i e n t a t i o n - a v e r a g e d )  p o r t i o n  ef t h e  

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



I n  S e c t i o n  I, t h e  i n t e r a c t i o n  p o t e n t i a l  and paramete rs  chosen f o r  

t h e  Xr-N system a r e  d i s c u s s e d ;  i n  S e c t i o n  11, t h e  computa t iona l  pro- 
2  

cediu:res a r e  d e s c r i b e d .  S e c t i o n  111 p r e s e n t s  a  comparison of r e s u l t s  

o b t a i n e d  from t h e  GPS and CT s t u d i e s .  Comments and c o n c l u s i o n s  r e g a r d i n g  

t h e  v a l i d i t y  of t h e  GPS method a r e  s m a . r i z e d  i n  S e c t i o n  IV. I n  a d d i t i o n ,  

r e s u l t s  o b t a i n e d  from t h e  f i r s t - o r d e r  approx imat ion  of t h e  s e m i c l a s s i c a l  

4 
l i m i i t  of  t h e  GPS t r e a t m e n t  ( a s  d e s c r i b e d  i n  paper  X I V  of t h i s  s e r i e s  ) 

a r e  p r e s e n t e d  i n  t h e  Appendix, 

The o v e r a l l  purpose  of t h i s  paper  is  twofo ld ,  F i r s t ,  as n o t e d  above,  

i t  s e r v e s  as a d i r e c t  comparison of t h e  GPS approximat ion method w i t h  

t h e  e x a c t  CT r e s u l t s  f o r  t h e  same model problem. Second, i t  is  a n  

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

f o r  a n  e x p e r i m e n t a l l y  a c c e s s i b l e  system, v i z . ,  t h e  s c a t t e r i n g  of Ar by 

I, LNTE?ACTION POTENTIAL AND Ar-N2 PARAMETERS 

The i n t e r a c t i o n  p o t e n t i a l  chosen t o  r e p r e s e n t  t h e  Ar-N system i s  2 

t h e  s i m p l e s t  one c o n s i s t e n t  w i t h  t h e  a v a i l a b l e  i n f o r m a t i o n  on t h i s  

atan-molecule p a i r ,  It c o n s i s t s  of a  Lennard-Jones (92,6) c e n t r a l  

-12 -6 p o t e n t i a l w i t h  r P2(cos  @ ) r e p u l s i v e a n d r  P2(cos  @ ) 

a t t r a c t i v e  a n i s o t r o p i e s :  

As u s u a l ,  r i s  t h e  Ar-N c.m. s e p a r a t i o n ,  @ is  t h e  a n g l e  be- 

tween t h e  l i n e  j o i n i n g  t h e  c e n t e r s  of m a s s  and t h e  N a x i s ,  and P p ( x )  
2 



i s  t h e  Legendre polynomial. I n  add i t i on ,  C 1 2  ' 6 @ l b  and 

C L z  Y E  r L  w h e r e  and (P a r e ,  r e s p e c t i v e l y ,  

t h e  usua l  L-J(12,6) well-depth and s i z e  parameters .  

5.  Estimated va lues  used f o r  t h e  parameters i n  Eq. (1) were . 

E = 1.65 ( - + 0.05) x 10-14 e rg ,  = 3.5 ( + 0.1) x m a >  

a2 = 0.13 ( + 0.01) and b2 = 0.5  - . The va lue  of E i.s 

6 
taken from a r e c e n t  a n a l y s i s  of molecular beam s c a t t e r i n g  d a t a ,  The 

s i z e  parameter tT is  est imated from molecular beam s c a t t e r i n g  

6 d a t a  and t r a n s p o r t  p r o p e r t i e s .  The a t t r a c t i v e  an iso t ropy  parameter 

8 
a2 i s  taken  from the  p o l a r i z a b i l t t y  an iso t ropy  of N 2 .  A l l  t h e s e  

q u a n t i t i e s  a r e  r a t h e r  well-known. Unfortunately,  t h e  r e p u l s i v e  anisow- 

t ropy  parameter b2 
i s  q u i t e  unce r t a in ,  y e t  i t  p lays  a s t rong  :role 

i n  t h e  p red ic t ed  i n e l a s t i c  s c a t t e r i n g .  The va lue  used f o r  b2 was 

9 based on a  modi f ica t ion  of t he  well-known "dumbbell-model". The ro t a -  

-1 t i o n a l  cons tan t  f o r  N Be = 2.010 cm , and i ts  equi l ibr ium bond 
2 

length ,  r = 1.094 x em, were taken from I3erzberg.lo Using these  
e  

q u a n t i t i e s  one ob ta ins  A* = 0.1993 f o r  t h e  deBoer quantum parameter 

and M ~ ~ / I  = 24.07 f o r  t h e  moment of i n e r t i a  parameter.  1 

For t h e  p re sen t  computations, t h e  i n i t i a l  t r a n s l a t i o n a l  energy, 

E t r ans  and r o t a t i o n a l  energy, Erot9 were taken t o  be t h e  average 

c l a s s i c a l  va lues  a t  300°K. Thus, E - - - kT = 6.212 x lo-L4 e rg  t r a n s  2 

and E = kT = 4.141 x 10-l4 e rg .  r o t  

11. COMPUTATIONAL PROCEDURES 

The computational procedures employed t o  ob ta in  r o t a t i o n a l  inelasti-. 

c i t y  p r o b a b i l i t y  dens i ty  func t ions  by t h e  GPS method were iden.*%ical 



t o  those  used i n  paper XV. For each s e t  of i n i t i a l  condi t ions ,  i . e . ,  

for given E 
t r a n s '  E r o t '  

and t h e  requi red  genera l ized  

a c t i o n  i n t e g r a l s  S  (2) were evaluated a s  descr ibed i n  paper XIV. The 
n , a , s  

f i r s t t e n  moments M (n = 1, . . . , 10) of t h e  dens i ty  func t ion  were n  
11 then  ca l cu la t ed  from Eq. (XV, C1) by u s e  of t he  16,000 po in t  method 

of opt imal  c o e f f i c i e n t s  quadra ture .  Invers ion  of t h e  moments was 

accomplished by t h e  Gram-Charlier technique ( c f .  Eqs. (XV. 29) and 

(XY. 30) ) .  A s  i n  paper XV, convergence t e s t s  e s t a b l i s h e d  t h e  v a l i d i t y  

of t h e  moments t o  about 3 s i g n i f i c a n t  f i g u r e s  and t h e  " inverted" dens i ty  

func t ion  curves t o  b e t t e r  than  about  10%. 

For t h e  exact  CT Monte Carlo computations, t h e  c l a s s i c a l  equat ions 

12 
of motion were in tegra ted)  by techniques descr ibed  elsewhere, t o  an 

accuracy of 3  o r  4 f i g u r e s  i n  t h e  coord ina tes  and momenta, I n i t i a l  

condi t ions  f o r  t h e  t r a j e c t o r i e s  were s e l e c t e d  by u s e  of a  s e t  of number 

t h e o r e t i c a l  l a t t i c e  poin ts .13  Depending on t h e  impact parameter,  

batclnes of e i t h e r  98, 135 o r  222 t r a j e c t o r i e s  were used i n  t h e  de t e r -  

minat ion of t h e  moments of t h e  dens i ty  func t ions .  Convergence t e s t s  

Eadi~zated t h a t  t h e  i n t e g r a t i o n s  over t he  t r a j e c t o r i e s  t o  ob ta in  t h e  

rnome:ats were a t  l e a s t  a s  a c c u r a t e  a s  t h e  t r a j e c t o r i e s  themselves ( i . e , ,  

v a l i d i t y  t o  3  o r  4 f i g u r e s ) .  A s  f o r  t h e  GPS r e s u l t s ,  i nve r s ion  of t h e  

f i r s t  t e n  CT moments w a s  c a r r i e d  out  by t h e  Gram-Charlier technique.  

For both t h e  GPS and CT methods, i n t e g r a t i o n s  of t he  dens i ty  

func t ion  curves over b  t o  ob ta in  c ros s  s e c t i o n s  were performed 

>? 
g r a p h i c a l l y  (dens i ty  curves had been computed a t  increments i n  b  (= b / ~ )  

rt. 

of 0 . 1  over t h e  range 0.3 - < b" 1.3) wi th  a  r e s u l t i n g  accuracy of a  few - 

perc~snt  . 



111. RESULTS AND DISCUSSION 

Values o b t a i n e d  f o r  t h e  second th rough  t h e  s i x t h  moments (14X-1d1G 

of t h e  r o t a t i o n a l  i n e l a s t i c i t y  p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  a r e  p l c ~ c e e  

ik 
vs,  b  i n  F i g .  1; h e r e  F i g .  l ( a )  i l l u s t r a t e s  t h e  GPS c a l ~ u l a t i o ~ ~ s  31- 1 - 

l ( b )  t h e  CT r e s u l t s .  As expec ted ,  t h e  moments r a p i d l y  appro-ck z+c:  
9e >k ; 

f o r  l a r g e  b . At moderate  and s m a l l  impact pa ramete rs  QS -. I , C S ,  

t h e  GPS method c o n s i s t e n t l y  o v e r e s t i m a t e s  t h e  magnitudes of the  ?~oa~er  ts. 

It should  b e  no ted  t h a t  w h i l e  t h e  GPS moments a r e  a l l  y o s i t i v e ,  ti1.e C C 

v a l u e s  f o r  t h e  odd moments, M and M are n e g a t i v e .  Fig.2 presnnirs 3 5 '  

comparat ive  p l o t s  of M and M showing t h e  r a t h e r  marked discrep3nc-y I 2 
$e 

between t h e  GPS and CT r e s u l t s  at low b  

:c 
F i g .  3 shows p r o b a b i l i t y  d e n s i t y  f u n c t i o n s  @ ( h f ) a t r  = : 1 ~ 3  

and 1 . 0  ( a s  i n  paper  X V ,  Af = AErot/Etrans i s  t h e  f r a c t i o n a l  ens rgy  

t r a n s £  e r )  o b t a i n e d  i n  t h r e e  d i f f e r e n t  ways. F i r s t ,  CT histogram,,  wl- _,I. 

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

f u n c t i o n  @ (Af) ,  a r e  shown. Second, a c u r v e  (Labe l led  CT), 

was o b t a i n e d  by i n v e r s i o n  of t h e  f i r s t  t e n  CT moments, i s  super L T I I ~ ~ S C - I  

The r e s u l t s  i n  F i g s .  3 ( a )  and 3 ( b )  correspond r e s p e c t i v e l y  zo i X 2  ,-nd 

135  t o t a l  t r a j e c t o r i e s  (h i s togram i n t e r v a l s  have approximately  eqda L 

s t a t i s t i c a l  w e i g h t s ) .  It i s  a p p a r e n t  t h a t  @ (A£) curves  obta-ixte3 1 

t h e  CT moment i n v e r s i o n s  p r o v i d e  q u i t e  a c c u r a t e  r e p r e s e n t a t i . o n s  o: 

t h e  h i s togram d a t a ,  T h i s  agreement a t t e s t s  t o  t h e  accuracy  of L!:e 

Gram-Charlier moment i n v e r s i o n  t e c h n i q u e .  T h i r d ,  f o r  comparisor~,  prc:>a- 

b i l i t y  d e n s i t y  f u n c t i o n  c u r v e s  o b t a i n e d  by i n v e r s i o n  of the  firs^ cer 

GPS moments a r e  shown. 



9: Q (Af) curves  f o r  v a r i o u s  b o b t a i n e d  by b o t h  t h e  GPS and CT 

methods are d i s p l a y e d  i n  F i g .  4. (As u s u a l )  t h e  @ (Af ) curves  were  

o b t a i n e d  by i n v e r s i o n s  of t h e  f  i r s t t e n  nonlents . ) F i g .  4 ( a )  shows t h e  

GPS and 4(b)  t h e  CT r e s u l t s .  The GPS c u r v e s  d e v i a t e  from t h e  CT ones  

main ly  by t h e i r  p e r s i s t e n c e  t o  Large p o s i t i v e  v a l u e s  of Af ( r o t a t i o n a l  

e x c i t a t i o n ) .  

Also  shown i n  F i g .  4 are r e p r e s e n t a t i v e  p l o t s  of 2?rb @ - v s  

b f o r  v a r i o u s  v a l u e s  of Af, t h e  l e f t  and r i g h t  p a n e l s  cor responding  

t o  d e - e x c i t a t i o n  and e x c i t a t i o n  r e s p e c t i v e l y ,  As i n  Paper XV, the p a r t i 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  c r o s s  s e c t i o n  i s  defined: 

s o  t h a t  t h e  t o t a l  i n e l a s t i c  c r o s s  s e c t i o n  f o r  energy t r a n s f e r  exceeding 

some minimum v a l u e  of /A£ I is  g i v e n  by: 
1 

where Af2 is  determined by t h e  energy  c o n s e r v a t i o n  l i m i t .  The a r e a  

under each such  c u r v e  of 2irb @ vs b t h u s  g i v e s  - dQ ( A f )  i n  u n i t s  
d(Af) 

02 
cf A . F i g .  5 p r e s e n t s  t h e s e  i n t e g r a l s ,  dQ(Af)  as f u n c t i o n s  of ~ f .  

d @ f )  

To b e  no ted  is  t h e  " t a i l "  o f  t h e  GPS c u r v e  ex tend ing  t o  h i g h  A£. 

I n t e g r a t e d  v a l u e s  of t h e  c u r v e s  i n  P i g ,  5 as f u n c t i o n s  of t h e  lower 

l i m i t  Af, ( c f .  E q .  ( 3 ) )  are shown14 i n  F i g .  6 .  Thus, having s p e c i f  Zed 

a v a l u e  of Afl, t h e  t o t a l  i n e l a s t i c  c r o s s  s e c t i o n  f o r  energy t r a n s f e r  



g r e a t e r  than t h i s  lower l i m i t  can be  obtained d i r e c t l y  from the  ordi i - ia tes  

of t h e  curves15 i n  F ig .  6 .  Cons is ten t  wi th  t h e  preceding r e s u l t s  s f  

Fig.  5,  and r ega rd l e s s  of t h e  choice of 
Ofl 

t h e  GPS method overest::i- 

mates t h e  c ross  s e c t i o n  f o r  p o s i t i v e  Af ( r o t a t i o n a l  e x c i t a t i o n )  and 

underest imates  i t  f o r  nega t ive  Af ( r o t a t i o n a l  de -exc i t a t i on ) ,  

A l l  t h e  r e s u l t s  descr ibed thus  f a r  a r e  of a  purely c l a s s i c a l  

n a t u r e .  Nowhere has t h e  concept a r i s e n  of a  d i r e c t  s t a t e - to - s t ake  

t r a n s i t i o n  p r o b a b i l i t y  o r  c ros s  s e c t i o n .  For purposes of ob ta in ing  2xn 

impression of t h e  importance of t h e  dev ia t ions  of t h e  GPS from t a e  C' i  

r e s u l t s ,  however, i t  i s  i n t e r e s t i n g  t o  at tempt  t o  "quantize" the r2sd%'ts, 

even though t h e  correspondence i s  no t  r igorous  (however, based on the 1~-or2z 

of Mi l le r16  and Marcus17 a  wel l-defined c l a s s i c a l  correspondence can he 

e s t a b l i s h e d ) .  

For quanta1  r o t o r  s c a t t e r i n g ,  t h e  i n i t i a l  N r o t a t i o n a l  energy used 
2 

i n  t h e  present  c a l c u l a t i o n s  would correspond t o  an  i n i t i a l  quantum 

number Q of 9 .69.  I n  t h e  c l a s s i c a l  t r ea tmen t ,  only t h e  product of 
- Je 
!L with  t h e  deBoer quantum parameter 4 (= h / r = )  e n t e r s  t h e  ; u o b - ~ e m  

Jt 
Thus, i t  i s  convenient t o  change s l i g h t l y  ( i . e , ,  reduce i t :  by 

some 3%) so  a s  t o  make R an i n t e g e r ,  i .e . ,  10. (This s l i g h t  a l t e r a t i s n  

Je 
i n  would correspond t o  varying t h e  L-3 (12,6) parameters 

s l i g h t l y .  ) One may then c a l c u l a t e  Af va lues  corresponding t o  l c i e g e r  

changes i n  t h e  r o t a t i o n a l  quantum number. I n  a n t i c i p a t i o n  of t h ~ s  

a n a l y s i s ,  such "quantized" va lues  of Af have been ind ica t ed  by marks 

on t h e  a b s c i s s a e  of P i g s .  4-6. Moreover, s i n c e  by symmetry only ever 

AR changes a r e  allowed f o r  N i t  i s  assumed t h a t  t h e  c ros s  sesrion 
2 ' 



f o r  a  s p e c i f i e d  A& change i s  g i v e n  by i n t e g r a t i n g  dQ'Af '  between Af 
d  'Af) 

v a l u e s  cor responding  t o  t h e  odd quantum numbers which b r a c k e t  t h e  even 

f i n a l  number (u,, t h e  c r o s s  s e c t i o n  f o r  a 10 -. 8 t r a n s i t i o n  is  

ob ta ined  by i n t e g r a t i n g  between s t a t e s  7 and 9 ,  e t c . ) .  The i n n e r  r e g i o n  

near Af = 0  corresponding t o  9 R ; 11 is cons idered  e l a s t i c  s c a t t e r i n g ,  

For  t h e  p r e s e n t  problem, t h i s  p rocedure  l e a d s  t o  e s s e n t i a l l y  f o u r  

a l lowed d e - e x c i t a t i o n  and t h r e e  a l lowed e x c i t a t i o n  channe l s  f o r  M 2 " 

The r e s u l t s  o b t a i n e d  froni F i g ,  6 a r e  su~nmarized i n  T a b l e  l. 

Adding t o g e t h e r  t h e  c o n t r i b u t i o n s  f r o x  e x c i t a t i o n  and d e - e x c i t a t i o n  

O 2 
l e a d s  t o  a t o t a l  i n e l a s t i c  c r o s s  s e c t i o n L a  of 33.29 f o r  t h e  GPS method 

compared t o  31.4 from t h e  CT r e s u l t s ,  I n  t h e  Appendix a comparison i s  

mad12 w i t h  t h e  f i r s t - o r d e r  semi@lass ica l .  GPS p r e d i c t i o n  of t h i s  q u a n t i t y .  

IV. SUMMARIZING DISCUSSION 

The twofold  purpose  of t h i s  paper  h a s  been mentioned i n  t h e  

I n t r o d u c t i o n .  With r e g a r d  t o  t h e  assessment  of t h e  GPS approximat ion,  

i t  is hoped t h a t  t h e  r e s u l t s  p r e s e n t e d  h e r e  f o r  t h e  model problem 

are t y p i c a l  of t h e  accuracy  which may b e  expec ted  from t h e  c l a s s i c a l  

l i m i t  of t h e  " i n f i n i t e  order12EPS t r e a t m e n t  of r o t a t i o n a l  i n e l a s t i c i t y ,  

usii lg t h e  l i n e a r i z e d  e x p r e s s i o n  f o r  t h e  g e n e r a l i z e d  phase  s h i f t  g i v e n  

by lag. (XI I ,  72) .  As is  e v i d e n t  from F i g s .  4-6, t h i s  approximat ion of 

the GPS method c o n s i s t e n t l y  f a v o r s  e x c i t a t i o n  a t  t h e  expense  of de- 

e x c i t a t i o n ,  Any actempt  t o  c a t e g o r i z e  t h e  GPS approximat ion i s  

complicated by t h e  many l e v e l s  a t  which comparison w i t h  t h e  e x a c t  CT 

r e s u l t s  may be  made, If a t t e n t i o n  i s  r e s t r i c t e d  t o  t h e  observabkes ,  



2 TABLE 1. "Quantized" R o t a t i o n a l  T r a n s i t i o n  Cross  S e c t i o n s  (A ) 

T o t a l  16.4  20.8 

E x c i t a t i o n :  

GPS Q ( ~ + R )  - - C T  

10 -t 12 9 . 8  9.6 

10 -t 1 4  4 .8  1 .O 

10 4 1 6  2  .O 0.0 

T o t a l  I n e l a s t i c  Cross  S e c t i o n :  

GP S  - CT - 
33.2 31 .4  

- - 
T o t a l  1 6 . 8  10.6 



u,, c ros s  s e c t i o n s ,  p red ic ted  by t h e  theory,  t h e  s i t u a t i o n  is not, 

c lear -cu t .  Although t h e  Q ( 1 ~f I > 1 Afl 1 ) curves f o r  t h e  GPS and CT method. 

presented i n  F ig .  6 d i f f e r  s i g n i f i c a n t l y ,  t h e  t o t a l  i n e l a s t i c  c ros s  

s e c t i o n  is wel l -predic ted  by t h e  GPS method. I n  a d d i t i o n ,  cons ider ing  

the present  l e v e l  of unce r t a in ty  i n  knowledge of atom-molecule i n t e r -  

aetj-on p o t e n t i a l s ,  t h e  comparison obtained f o r  t h e  "quantized" c ros s  

s e c t i o n s  (Table 1 )  is  perhaps encouraging. It is  t o  be  expected, 

however, t h a t  an exact  a p p l i c a t i o n  of t h e  GPS method3 of Paper X I I ,  

using t h e  f u l l  expression f o r  t h e  genera l ized  phase s h i f t ,  Eq.  XII-89, 

wou1.d lead  t o  r e s u l t s  i d e n t i c a l  wi th  t h e  CT r e s u l t s .  More exact  

computational a p p l i c a t i o n s  of t hese  methods w i l l  be  considered i n  

Later papers .  

With regard  t o  t h e  problem of p r e d i c t i o n  of "observable" i ne l a s t i c :  

cross s e c t i o n s  f o r  an a c t u a l  system it  is be l ieved  t h a t  u n t i l  f u r t h e r  

and more accu ra t e  information on t h e  i n t e r a c t i o n  p o t e n t i a l  f o r  t h e  

Ar-N system becomes a v a i l a b l e ,  t h e  p re sen t  (CT) c a l c u l a t i o n s  a r e  t o  
2 

b e  considered of p r e d i c t i v e ,  i f  only semi-quant i ta t ive ,  va lue .  



APPENDIX 

It is  of i n t e r e s t  t o  consider  t h e  p r e d i c t i o n s  of t h e  f i r s t - o r d e r  

s e m i c l a s s i c a l  GPS treatment  f o r  Ar-N A s  given by Eq.  (xIv. 2.32 , 2  ' 

t h e  f i r s t - o r d e r  t r a n s i t i o n  p r o b a b i l i t y  f o r  an  i n t e r a c t i o n  poteE@FaE 

- - 
conta in ing  a  pure P  (cos @ ) aniso t ropy ,  ~ 2 )  ( t ; t  + 2) , i s  a s i m p l e  2  

combination of t h e  gene ra l i zed  a c t i o n  i n t e g r a l s  (which a r e  requi red  

i n  t h e  " i n f i n i t e  o rde r f t  c l a s s i c a l  GPS t rea tment ) .  F ig .  7 p re sen t s  a 

I 
p l o t  of P?) (x;% - + 2) ob ta ined  v i a  Eq. (XIV. 13) - v s  b  ( I n  a l l  calm- 

% 
l a t i o n s  presented i n  t h e  Appendix, has  been s e t  equal  t o  that 

(0.1933) used i n  t h e  "quantizedff v e r s i o n  of t h e  c l a s s i c a l  r e s u l t s  ,) 

>'c 
It has been shown19 t h a t  f o r  l a r g e  b ( i . e .  , weak coupling) t h e  fol- 

lowing r e l a t i o n s h i p  e x i s t s  between P?) (%;x - + 2) and t h e  second moment 

of t h e  " i n f i n i t e  order"  c l a s s i c a l  GPS r o t a t i o n a l  i n e l a s t i c i t y  probability 

dens i ty  func t ion  
M2 : 

9k 
where E ( = Etrans /E) is t h e  reduced i n i t i a l  t r a n s l a t i o n a l  energy and 

(1) - - i s  def ined  by E q .  (XIV.27). Values of P- ( t ; t  + 2 )  obtained 
h - 

from Eq.  (Al) a r e  a l s o  presented  i n  F ig .  7. The ex ten t  of agreement 

between t h e  two c a l c u l a t i o n s  a t  low impact parameter is somewhat 

s u r p r i s i n g  (however, s e e  Footnote  11 of Paper XV.) 

It i s  a l s o  of i n t e r e s t  t o  a t tempt  t o  e s t ima te  t h e  t o t a l  i n e l a s t i c  

c r o s s  s e c t i o n  from the  f i r s t - o r d e r  t r a n s i t i o n  p r o b a b i l i t y ,  fol lowing 

20 t h o  approximation of Fenstermaker and Berns te in  . Thus, i n  F i g ,  8, 



t he  sum P F )  (10; 8) + P?) (10; 12) (a. , 2~? '  (T;T - + 2) ) is  p l o t t e d  

2  
vs,  nb . This t r a n s i t i o n  p r o b a b i l i t y  sum a t t a i n s  a va lue  of 0.5 a t  - 

2  O2 a vb of about 43A . This g ives  a f i r s t - o r d e r  e s t ima te  of t h e  t o t a l  

i n e l a s t i c  c ros s  s e c t i o n ,  which is seen t o  be about  25% i n  excess of 

the c o r r e c t  va lue  ( c f .  Table 1 ) .  
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FIGURE LEGENDS 

>'e 
Figure  1. M2, Mg .. . , M v s  b . (a )  GPS, (b) CT. Note t h a t  ir 6 -  

( b ) ,  - Mg and - M have been p l o t t e d .  5 

F igure  2. Comparison of M and M2 va lues  obtained by t h e  GPS and CT 
1 

methods. (a ) :  MI, (b):  M2 . 
Figure  3. Comparison of CT histograms f o r  .@ (Af) w i th  curves obtained 

by inve r s ions  of t h e  f i r s t  t e n  CT and GPS moments of @ ( A f j ,  

Je 2k 
(a) :  b = 0.3,  (3) :  b = 1.0.  Energy conserva t ion  l i m i t s  

a r e  g iven  by marks on t h e  a b s c i s s a e  a t  Af = - 0,67 and + L O .  

Figure  4. ,@ (Af) - v s  Af obtained by inve r s ions  of t h e  f i r s t  t en  

I 0 (3 
moments f o r  va r ious  b . I n s e t s  g ive  21~b & ) ( A f )  i n  A vs b(ii)  - 

f o r  t h e  ind ica t ed  va lues  of Af . (a )  GPS (b) CT, Marks 

a t  A£ - -0.67 and 1.0 g i v e  energy conserva t ion  l i m i t s .  

Marks a t  Af = ... , - 0.35, - 0.24, - 0.13, 0 , 0.14, 0 - 3 0 ,  

0.46, ... e t c .  denote Af va lues  corresponding t o  t t a a s i -  

t i o n s  from R = 10 t o  r o t o r  s t a t e s  wi th  quantum numbers R 

7k 
of ... , 7 ,  8,9, 10, 1 1 , 1 2 ,  13 ,  ... e t c .  a t  /$=0,1933, 

Figure  5. 
O 2 i n  A vs  Af from t h e  GPS and CT methods. Markings 

d (AE) - 
on a b s c i s s a  i d e n t i c a l  t o  Fig.  4. 

O2 Figure  6.  Q(  /A£ I > /A£ / ) i n  A vs  Af from t h e  GPS and CT methods. - 

Markings on a b s c i s s a  i d e n t i c a l  t o  F i g s .  4 ,  5. 
- - 

Figure  7. P?) (2;2 - + 2) from Eqs . (XIV. 27) and ( A l )  vs . br . - 
(1) (1) - - 2 F igure  8. P?) (10; 8) + % (10;12) equal  t o  2% (k;k + 2) vs  (A 1 - - 


























