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I h 

T h i s  r e p o r t  is submit ted t o  r eques t  the  renewal of NASA Grant NAGW 1 4 0 4  
c 

f o r  t he  second year of f u n d i n g ,  September 1 ,  1989-October 31, 1990. 

I. Progress Report 

Our c u r r e n t  e f f o r t s  have focused on the  d i s s o c i a t i v e  recombinat ion ( D R )  

Of O:, a process  of g r e a t  importance i n  p l ane ta ry  atmospheres. T h i s  p rocess  

is d i f f i c u l t  t o  s t u d y  exper imenta l ly  because of t he  need t o  determine the  
. 

dependence of t he  product e l e c t r o n i c  s t a t e s  and k i n e t i c  e n e r g i e s  upon t h e  

v i b r a t i o n a l  d i s t r i b u t i o n  of the ion and the  e l e c t r o n  temperature.  The 

knowledge of t h e s e  c h a r a c t e r i s t i c s  of DR is needed t o  a c c u r a t e l y  model 

p l a n e t a r y  ionospheres.  Using a t h e o r e t i c a l  quantum chemical approach, we 

have s t u d i e d  i n  d e t a i l  t he  gene ra t ion  of O ( * S )  from D R ,  

0: + e- + O ( ' S )  + O(rD), 

where e' is an e l e c t r o n ,  both 0 atom products  a r e  e x c i t e d ,  and t h e  0; 

molecular ion may be v i b r a t i o n a l l y  exc i ted .  B u i l d i n g  upon e a r l i e r  

which showed t h a t  ( 1 )  occurs  along a '1: molecular s t a t e ,  we 

have now included the  i n d i r e c t  d i s s o c i a t i v e  recombinat ion mechanism. The 

l a t t e r  process  is s i m i l a r  t o  ( 1 )  except t h a t  i n s t ead  of d i r e c t  e l e c t r o n  

cap tu re  i n t o  a r e p u l s i v e  molecular s t a t e  l ead ing  t o  d i s s o c i a t i o n  t o  atoms, 

e l e c t r o n  cap tu re  first occurs  i n t o  an in t e rmed ia t e  v i b r a t i o n a l l y  e x c i t e d  

Rydberg s t a t e  followed by  p r e d i s s o c i a t i o n  i n t o  atoms a long  the  r e p u l s i v e  

s t a t e  used i n  t he  d i r e c t  mechanism, 



where O,(n,v) is a n e u t r a l  Rydberg s t a t e  w i t h  p r i n c i p a l  quantum number n and 

v i b r a t i o n a l  l e v e l ,  v. These v i b r a t i o n a l l y  e x c i t e d  Rydberg l e v e l s  l i e  above 

t h e  v-0 l e v e l  o f  0: and are  resonances i n  t h e  e l ec t ron - ion  continuum. When 

the energy of the incoming e l e c t r o n  c o i n c i d e s  wi th  the p o s i t i o n  of the  

Rydberg v i b r a t i o n a l  l e v e l  a marked p e r t u r b a t i o n  o c c u r s  i n  t h e  DR cross 

s e c t i o n .  We have found t h a t  t h e  DR r a t e  can a l s o  be a l tered by these Rydberg 

s ta tes .  

The c a l c u l a t i o n  of  t h e  f u l l  DR c r o s s  s e c t i o n  inc lud ing  both the  d i rec t  

and i n d i r e c t  p rocesses  has r e q u i r e d  the  c a l c u l a t i o n  o f  the  quantum defect Of 

t h e  '.Zt Rydberg ser ies  and t h e  a u t o i o n i z a t i o n  wid th ,  both as  a f u n c t i o n  of 

the i n t e r n u c l e a r  d i s t a n c e .  The c r o s s  s e c t i o n s  have been c a l c u l a t e d  u s i n g  

molecular quantum defect theory.4 Fur the r  d e t a i l s  on these c a l c u l a t i o n s  a r e  

g iven  i n  the  f i rs t  semi-annual p rogres s  r e p o r t .  

Figure 1 shows t h e  c r o s s  s e c t i o n s  f o r  both the  d i rec t  and i n d i r e c t  DR 

p rocesses .  The lower cu rve  a t  low e l e c t r o n  e n e r g i e s  is r e l a t i v e l y  smooth 

across the  range of e l e c t r o n  e n e r g i e s  p l o t t e d  and corresponds t o  t h e  d i rec t  

D R  c r o s s  s e c t i o n ,  i .e .  there  a re  no Rydberg e x c i t e d  v i b r a t i o n a l  l e v e l s  

included i n  t h e  c a l c u l a t i o n .  However, t h e  d i r ec t  DR cu rve  has s e v e r a l  a b r u p t  

decreases a t  0.23eV, 0.46eV, 0.68eV, and 0.90eV. These e n e r g i e s  correspond 

t o  the  p o s i t i o n s  of  t h e  v=1,2,3 and 4 v i b r a t i o n a l  i o n  l e v e l s  above t h e  v=O 

ion  l e v e l .  A t  each of these v i b r a t i o n a l  l e v e l s ,  a new channel  fo r  e m i t t i n g  

t h e  e l e c t r o n  opens up and the  DR c r o s s  s e c t i o n  consequent ly  drops.  Some of 

these sudden decreases a re  p a r t i a l l y  obscured by the i n f i n i t e  series Of 

resonances below each ion  v i b r a t i o n a l  t h re sho ld  which c o n t r i b u t e  t o  t h e  
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i n d i r e c t  D R  p rocess  which is a l s o  p l o t t e d  i n  the Figure.  When the  e l e c t r o n  

is emi t t ed ,  the ion  can be  l e f t  i n  an exc i t ed  v i b r a t i o n a l  l e v e l .  The n e t  

r e s u l t  is e l e c t r o n  impact v i b r a t i o n a l  e x c i t a t i o n .  Cross s e c t i o n s  f o r  the  

l a t t e r  process  have a l s o  been calculated and are d iscussed  below. 

The f u l l  c r o s s  s e c t i o n  curve  desc r ib ing  both the  d i r ec t  and i n d i r e c t  

p rocess  is a l s o  shown i n  F igure  1 .  T h i s  curve has  a very r i c h  resonance 

s t r u c t u r e  g i v i n g  rise t o  r a p i d  v a r i a t i o n s  i n  the  c r o s s  s e c t i o n  over narrow 

energy i n t e r v a l s .  The f u l l  c r o s s  s e c t i o n  curve is above the  d i r e c t  c r o s s  

s e c t i o n  curve even a t  low ene rg ie s ,  where it  is fa r  from t h e  f irst  

d i s c e r n a b l e  resonance a t  0.36eV. The source  of the  h ighe r  f u l l  c r o s s  s e c t i o n  

curve  is the Rydberg l e v e l  w i t h  p r i n c i p a l  quantum number n=6 and v=2. T h i s  

l e v e l  ac tua l ly  f a l l s  0.0147eV below t h e  v=O l e v e l  of the  ion. However i t  is 

broadened by p r e d i s s o c i a t i o n  by the  d i s s o c i a t i n g  'Cc s t a t e .  The broadening 

a l lows  a wing o f  t h i s  resonance t o  appear above threshold .  T h i s  resonance  

p l a y s  a l a r g e  r o l e  i n  inc reas ing  t h e  D R  c r o s s  s e c t i o n  a t  t y p i c a l  ionospher ic  

temperatures  (see below). The f irst  resonance appears  a t  0.036eV and 

corresponds t o  t he  n=9 Rydberg 'C: s t a t e  i n  t he  v=1 v i b r a t i o n a l  l e v e l .  The 

resonance has  a t y p i c a l  Beutler-Fano p r o f i l e  corresponding t o  a p o s i t i v e  

Fano q ,  i .e .  the  c r o s s  s e c t i o n  f irst  dec reases  and then  i n c r e a s e s  as  t h e  

energy is increased  through the  resonance p o s i t i o n .  The next  resonance f o r  

n=lO,v=l appears a t  0.076eV w i t h  a similar shape t o  t h a t  f o r  n=9. As t h e  

e l e c t r o n  energy approaches t h e  v=l ion l e v e l  a t  0.23eV, t h e  i n f i n i t e  series 

of v=l  resonances i n t e r f e r e s  w i t h  resonances due t o  n=7,v=2 and n=4,v=6 a t  

0.12eV l ead ing  t o  a complex c r o s s  s e c t i o n  shape i n  t h i s  reg ion .  

F igure  2 shows t h e  DR r a t e  cons t an t  f o r  e l e c t r o n  tempera tures  up t o  

3000K. The upper curve is from t h e  f u l l  DR c a l c u l a t i o n  and t h e  lower curve 
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is f o r  only d i r e c t  DR i n  which t h e  resonance s t a t e s  have been omit ted.  The 

f u l l  DR r a t e  is 3.0 t imes l a r g e r  t h a t  the  d i r e c t  DR r a t e  a t  300K and 2.6 

t imes  g r e a t e r  nea r  800K. The inc rease  is p r i m a r i l y  due t o  the  n=6, v=2 

resonance d iscussed  above. 

F igure  3 shows t h e  c a l c u l a t e d  v i b r a t i o n a l  e x c i t a t i o n  c r o s s  s e c t i o n  

corresponding t o  the  fo l lowing  process:  

The c r o s s  s e c t i o n  f o r  process  (3)  is c a l c u l a t e d  s imul taneous ly  wi th  the  

c a l c u l a t i o n  of t h e  DR c r o s s  s e c t i o n s .  Direct  v i b r a t i o n a l  e x c i t a t i o n  by 

e l e c t r o n  impact is o f t e n  thought of a s  a slow process.  However, i ts ra te  can 

be s u b s t a n t i a l l y  increased  i f  e l e c t r o n i c  resonance s t a t e s  can a c t  a s  

i n t e rmed ia t e  states.  T h i s  is well  known t o  be t h e  case  i n  the  analogous 

e x c i t a t i o n  of n e u t r a l  molecules where nega t ive  ion s t a t e s  p l a y  t h e  

in t e rmed ia t e  r o l e .  There is very l i t t l e  i n  the  l i t e r a t u r e  on the  e x c i t a t i o n  

of molecular i o n s  us ing  n e u t r a l  resonance s t a t e s  t o  assist the  process .  I n  

t h e  case of O:, t he  c r o s s  s e c t i o n  f o r  e x c i t a t i o n  of t h e  v=1 ion l e v e l  has  a 

sudden o n s e t  a t  the  energy of the  v-1 l e v e l ,  O.23eV. Both the  d i r e c t  cross 

s e c t i o n ,  shown a s  the  lower curve i n  F igure  3 ,  and t h e  f u l l  c r o s s  s e c t i o n ,  

i nc lud ing  both the  d i r e c t  and i n d i r e c t  processes ,  a r e  shown. The d i r e c t  

c r o s s  s e c t i o n  has ab rup t  breaks a t  t he  onse t  of h igher  e x c i t e d  v i b r a t i o n a l  

l e v e l s .  A t  t he  breaks,  the c r o s s  s e c t i o n  f o r  v=l e x c i t a t i o n  d rops  a b r u p t l y  

s i n c e  a h ighe r  v i b r a t i o n a l  l e v e l  can a l s o  be e x c i t e d  a t  t h e s e  ene rg ie s .  A t  

e n e r g i e s  j u s t  below threshold ,  the  c r o s s  s e c t i o n  f o r  t he  f u l l  D R  p rocess  is 

cons iderably  h igher  than t h a t  f o r  d i r e c t  DR and shows s t r u c t u r e  due t o  many 



i n t e r f e r i n g  resonance s ta tes .  

The v i b r a t i o n a l  e x c i t a t i o n  r a t e s  a re  shown i n  F igu re  4 .  The lower cu rve  

does n o t  i nc lude  the  Rydberg resonances while  t h e  upper cu rve  i n c l u d e s  both 

d i r ec t  and i n d i r e c t  DR. C lea r ly ,  t he  resonances p l ay  an  important  r o l e  i n  

determining t h e  magnitude o f  t h e  e x c i t a t i o n  ra te .  The r a t e  has a va lue  Of 

about 1.7 x 10-1 

important  t o  remember t h a t  t h e  r e p u l s i v e  '1: s t a t e ,  which is s t u d i e d  here, 

does n o t  c r o s s  t he  ion  w i t h i n  the t u r n i n g  p o i n t s  of the  v-1 v i b r a t i o n a l  

l e v e l .  However, there are o t h e r  s t a t e s  which are t o  c r o s s  t h e  ion 

w i t h i n  these t u r n i n g  p o i n t s ,  e.g. 'Z, and ' A u .  These s t a t e s  could lead t o  

h i g h  v i b r a t i o n a l  e x c i t a t i o n  f o r  v= l .  S t u d i e s  o f  r o l e  of these s ta tes  i n  

v i b r a t i o n a l  e x c i t a t i o n  a re  c u r r e n t l y  i n  progress .  

cm3/sec a t  800K. While t h i s  ra te  is n o t  very large,  it is 

11. Plan of Work for 9/1/89-10/31/90 

The p l a n  o f  work f o r  t h e  n e x t  funding per iod w i l l  proceed i n  accord w i t h  

t h e  research d i s c u s s e d  i n  t h e  o r i g i n a l  proposal.  The p l a n  i n c l u d e s  the  

completion of the  ab  i n i t i o  c a l c u l a t i o n  of t h e  Rydberg and va lence  p o t e n t i a l  

cu rves  needed f o r  the s tudy  of  bo th  d i r e c t  and i n d i r e c t  D R  l e a d i n g  t o  'P 

atoms. Only s t a t e s  having s i g n i f i c a n t  e l e c t r o n  c a p t u r e  widths  w i l l  be 

determined. These s t a t e s  w i l l  b e  used t o  c a l c u l a t e  cross s e c t i o n s  and ra tes  

for  0: DR l e a d i n g  t o  3P atoms, using techniques developed du r ing  t h e  first 

yea r  o f  funding.  The e l e c t r o n i c  wid ths  of s t a t e s  l e a d i n g  t o  'D atoms w i l l  be 

c a l c u l a t e d .  For those s t a t e s  w i t h  l a r g e  w i d t h s ,  the p o t e n t i a l  c u r v e s  w i l l  

a l s o  be determined. The important Rydberg s t a t e s  c o n t r i b u t i n g  t o  i n d i r e c t  

recombination i n  t he  gene ra t ion  of  'D atoms w i l l  be  determined. DR cross 
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s e c t i o n s  and ra tes  f o r  gene ra t ing  r D  atoms w i l l  be c a l c u l a t e d  f o r  both t h e  

d i rec t  and i n d i r e c t  processes .  The resu l t s  w i l l  y i e l d  a d e t a i l e d  p i c t u r e  of 

t h e  DR of 0; and w i l l  be inva luab le  f o r  the modelling of the  chemistry o f  

p l a n e t a r y  ionospheres.  The k i n e t i c  e n e r g i e s  and quantum y i e l d s  of e x c i t e d  

and ground s t a t e  atoms w i l l  be determined as a f u n c t i o n  of e l e c t r o n  

temperature  and ion v i b r a t i o n a l  e x c i t a t i o n .  
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ABSTRACT 

Quantum c h e m i c a l  c a l c u l a t i o n s  o f  t h e  d i s s o c i a t i v e  
recombination o f  0; and N; are repor ted .  An approach f o r  
c a l c u l a t i n g  a u t o i o n i z a t i o n  wid ths  from h i g h  p r i n c i p a l  
quantum number Rydberg s t a t e s  is summarized and a n  
example  is p r e s e n t e d  f o r  t h e  lowest  311g d i s s o c i a t i v e  
s ta te  of  0,. For O:, t h e  'E: s t a t e  is the  s o l e  sou rce  of 
O('S) from t h e  lowest  10 v i b r a t i o n a l  l e v e l s  o f  the  ion. 
For O( 'D), the B 3 C i ,  'Et, and 1 'Au  s ta tes  are the sources  
of O ( ' D )  from the  lowest  three v i b r a t i o n a l  l e v e l s .  Rate 
c o e f f i c i e n t s  f o r  gene ra t ing  O('S) and O('D) a t  ionospher- 
i c  tempera tures  are repor t ed .  For N:, s t a t e s  of  'nu, 'E: 
and 3 A g  symmetries i n t e r s e c t  the ion a t  t h e  v=O l e v e l .  
The c o n f i g u r a t i o n a l  s t r u c t u r e  of these s ta tes  i n d i c a t e s  
that  t h e  311u s ta tes  are l i k e l y  t o  be the most important  
r o u t e s  f o r  d i s s o c i a t i v e  recombination from v=O. 

1 .  INTRODUCTION 

I n t e r e s t  i n  d i s s o c i a t i v e  recombination ( D R )  first a r o s e  o u t  of t h e  
need  t o  u n d e r s t a n d  t h e  p r o p e r t i e s  of  the Earth's ionosphere.  1 I ,21 
I n i t i a l  a t t e n t i o n  focused on the  DR of O:, N: and NO'. While there has 

been much p rogres s  i n  the measurement o f  the  t o t a l  DR ra te  c o e f f i c i e n t s  
of these ions ,  t h e  dependence o f  t h e  quantum y i e l d  o f  e x c i t e d  and 
ground s ta te  atoms upon the  e l e c t r o n  temperature  and ion  v i b r a t i o n a l  
l e v e l  is on ly  c u r r e n t l y  being unraveled. Impediments t o  exper imenta l  
p rogress  have included the  d i f f i c u l t y  o f  gene ra t ing  ions  i n  spec i f ic  

v i b r a t i o n a l  l e v e l s  and s imultaneously i d e n t i f y i n g  the atomic products .  

. 



I 31,Ql ,51 Never the less  there has been r e c e n t  progress toward t h i s  goa l .  
An a l t e r n a t i v e  t h e o r e t i c a l  approach based on spectroscopic i d e n t i f i c a -  
t i o n  o f  t h e  p o t e n t i a l  cu rves  which provide r o u t e s  f o r  DR is d i f f i c u l t  
s i n c e  these s t a t e s  o f t e n  do n o t  have d i p o l e  allowed t r a n s i t i o n s  from 
t h e  ground state.  Furthermore,  e l e c t r o n  cap tu re  o c c u r s  a t  high e n e r g i e s  

on the r e p u l s i v e  w a l l ,  w e l l  above the  d i s s o c i a t i o n  asymptote and o u t  Of 

range  of t h e  RKR approach. Addi t iona l  d i f f i c u l t i e s  i nc lude  the pauc i ty  

o f  information on e l e c t r o n  capture w i d t h s  a l though p rogres s  has been 
m a d e  i n  s p e c t r o s c o p i c  a n a l y s i s  o f  R y d b e r g - v a l e n c e  
i n t e r a c t i o n s  6],7],81,9] from which widths  can be der ived .  

1 -  

Here, I rev iew r e c e n t  t h e o r e t i c a l  ab i n i t i o  r e s u l t s  ob ta ined  i n  t h i s  

l a b o r a t o r y  f o r  t h e  DR of 0; and describe some pre l iminary  r e s u l t s  on 
the DR of N:. For O:, p o t e n t i a l  cu rves ,  e l e c t r o n  capture wid ths  and 

r a t e  c o n s t a n t s  have been obta ined  f o r  gene ra t ing  'S and ' D  atoms, the 

upper states o f  t h e  g reen  and r ed  l i n e s  r e s p e c t i v e l y .  For N:, poten- 
t i a l  curves  f o r  D R  o f  t h e  v=O ion l e v e l  have been computed. 

2. WAVE FUNCTIONS 

The wave f u n c t i o n s  c a l c u l a t e d  here are based on o r b i t a l s  determined 

i n  e i ther  mult iconf  i g u r a t i o n  o r  complete a c t i v e  space se l f  c o n s i s t e n t  
f i e l d  (MCSCF o r  CASSCF) c a l c u l a t i o n s .  Each of t he  o r b i t a l s ,  4 j ,  is 

expanded i n  a large s e t  o f  Gaussian basis  func t ions ,  x i ,  

Some o f  t h e  x i  are  i n d i v i d u a l  Gaussian p r i m i t i v e s l O ]  while  o t h e r s  are 

f i x e d  combinat ions ( c o n t r a c t i o n s )  o f  Gaussian basis f u n c t i o n s  deter- 
mined from atomic c a l c u l a t i o n s . l 1 ]  The o r b i t a l s  are used t o  c o n s t r u c t  

large scale c o n f i g u r a t i o n  i n t e r a c t i o n  (CI) wave f u n c t i o n s  con ta in ing  
many c o n f i g u r a t i o n s ,  each of which describes a p o s s i b l e  d i s t r i b u t i o n  o f  

the  e l e c t r o n s  i n  the molecular o r b i t a l s  f o r  a p a r t i c u l a r  s t a t e  symme- 

t r y .  For example, f o r  t he  * C i  ground s t a t e  of N,, the most important  

conf igu ra t ion  n e a r  the  equ i l ib r ium s e p a r a t i o n  is: 



The l a  and 2a o r b i t a l s  are m o s t l y  N atom 1s and 2 s  o r b i t a l s ,  respec-  
t i v e l y .  The 3ag o r b i t a l  is a bonding combination c o n s i s t i n g  mostly o f  
t h e  N atom 2p o r b i t a l s  l y i n g  a long  t h e  bond a x i s .  The 1ru o r b i t a l s  are 
ou t  of  p l ane  bond o r b i t a l s  c o n s i s t i n g  mostly o f  the N 2p o r b i t a l s  t h a t  
are perpendicular  t o  t h e  bond axis .  Each conf igu ra t ion  can have one o r  
more s p i n  coupl ings  (referred t o  below as  terms) f o r  a g iven  t o t a l  Spin 
symmetry. A wave func t ion  is cons t ruc t ed  c o n s i s t i n g  o f  a s u p e r p o s i t i o n  
of  many terms, @i, each of  which has t h e  same t o t a l  s p i n  and s p a t i a l  
symmetry , 

N 

I n  t h e  CASSCF12] approach a set  of  a c t i v e  o r b i t a l s  is def ined  and 

N(CASSCF) terms are  genera ted  i n  ( 3 )  by t ak ing  a l l  p o s s i b l e  e x c i t a t i o n s  
of the  e l e c t r o n s  wi th in  t h i s  s e t  while  r e s t r i c t i n g  each term t o  have 
t h e  t o t a l  s p i n  and s p a t i a l  symmetry of  i n t e r e s t .  Both t h e  c j , i  and t h e  

C j , i  are determined by v a r i a t i o n a l l y  opt imiz ing  t h e  t o t a l  energy of $j. 

The MCSCF approach is i d e n t i c a l  except  t h a t  u s u a l l y  a s u b s e t  of t he  

f u l l  a c t i v e  space  is used. S ince  the o r b i t a l s  are expanded i n  large 
basis sets ,  x i ,  t he  number of  o r b i t a l s  used i n  the  CASSCF is o n l y  a I 

s u b s e t  of the o r b i t a l s  t h a t  can be formed from the basis  set .  The C I  

wave f u n c t i o n s  are cons t ruc t ed  by e x c i t i n g  e l e c t r o n s  o u t  of a small set  
o f  r e f e r e n c e  conf igu ra t ions  i n t o  the remaining ( v i r t u a l )  o r b i t a l s .  The 

r e fe rence  c o n f i g u r a t i o n s  o f t e n  c o n s i s t  of  a l l  t he  c o n f i g u r a t i o n s  needed 
t o  proper ly  d i s s o c i a t e  t h a t  par t icu lar  s t a t e  t o  the proper separated 

atoms l i m i t .  T h i s  approach leads t o  wave f u n c t i o n s  t h a t  are n o t  biased 

t o  favor  p a r t i c u l a r  i n t e r n u c l e a r  d i s t ances .  Some o f  the  wave f u n c t i o n s  
r epor t ed  here f o r  N 2  inc lude  t h e  20 o r b i t a l s  i n  t h e  a c t i v e  space  and 
use the e n t i r e  CASSCF wave func t ion  as  a r e fe rence  s e t .  Taking a t  most 
one or two e l e c t r o n s  from each of  t h e  r e fe rence  c o n f i g u r a t i o n s  and 

promoting them t o  t h e  v i r t u a l  and o t h e r  valence o r b i t a l s  leads t o  a 
s i n g l e s  and doubles  C I  denoted C I S D .  The C I  wave f u n c t i o n s  are expanded 
o v e r  t h e  CASSCF o r b i t a l s  a n d  h a v e  t h e  f o r m  o f  ( 3 )  w i t h  



N(CI)>>N(CASSCF). Some o f  c a l c u l a t i o n s  used here employ l a r g e  scale 
wave f u n c t i o n s  having mre than 100,000 terms w i t h  the  C I  c o e f f i c i e n t s  
determined by direct  CI t echniques .  l33 C a l c u l a t i o n s  have r e c e n t l y  been 
completed on s e v e r a l  s t a t e s  of N, and 0, which provide examples o f  the 

s o r t  of accuracy  which can be expected w i t h  these techniques ,  For the 

ground s ta te  of N,, 1 4  r e f e r e n c e  conf igu ra t ions  (needed t o  p rope r ly  
d i s s o c i a t e  t h e  ground s t a t e  t o  “S atoms) are used i n  t h e  C I  wi th  a 

bas is  s e t  c o n s i s t i n g  of  6s ,3p,2d and I f  type  c o n t r a c t e d  G a u s s i a n s  
leading t o  a CI wave func t ion  having 176,536 terms. The c a l c u l a t e d  

(exper imenta l l  lr3 1 spec t roscop ic  c o n s t a n t s  are 2340.57(2356.56cm-l) f o r  
W e n  1 4 . 2 7 ( 1 4 . 3 2 4 4 ~ m - ~ )  f o r  and  2.0856(2.074347a0)  for  t h e  

equ i l ib r ium d i s t a n c e ,  Re. S i m i l a r  c a l c u l a t i o n s  on t h e  ground s t a t e  of 
02 us ing  a bas i s  se t  of t h e  same s ize  leads t o  a 228,036 term wave 
func t ion .  The c a l c u l a t e d  (experimental’  53 r e s u l t s  are  1565.47( 1580.19 ) 
f o r  w e ,  10 .93 (11 .98~m-~)  f o r  @exes and 2.2999(2.2819ao) f o r  Re. For O,, 
a series o f  v e r t i c a l  e x c i t a t i o n  e n e r g i e s  have been c a l c u l a t e d .  The 
c a l c u l a t e d  (exper imenta l ly  de r ived )  r e s u l t s  are 5.8982(5.90*0.05eV) f o r  
Xu; 6.1  3 1 8 ( 6.1 1 f O  .05 eV ) f o r  ’ A u ,  6.2766( 6.19+_0.05eV) f o r  C s ,  and 

8.66(8.61+0.05eV1 61) f o r  ’Iu: A l l  t h e  experimental  e n e r g i e s  are  d e r i v e d  
from Ref.15 (except  f o r  ’1; by extending t h e  RKR results wi th  a n  ab 

i n  it i o  r e p u l s i v e  wall. 
R e c e n t  r e s u l t s  have  been obta ined  f o r  N, us ing  a C4s ,3p12d , l f l  

contractecj  Gaussian bas i s  s e t  and a CISD r e f e r e n c e  set c o n s i s t i n g  of 
the CASSCF c o n f i g u r a t i o n s  wi th  2a i n  t h e  a c t i v e  space. For t h e  C311u 

s t a t e  the c a l c u l a t e d  (expcr imenta l )14]  results are  11.01 (11.05eV) f o r  

Te,  1 9 8 6 ( 2 0 4 7 c m - ’ )  f o r  we, 2 5 . 0 5 ( 2 8 . 4 4 c m - ’ )  for W e X e ,  a n d  
2 . 1 9 3 2 ( 2 . 1 7 0 7 a 0 )  f o r  Re. For  t h e  w l A u  s t a t e  t h e  r e s u l t s  a r e  

1 

8.83(8.84eV) f o r  Te, 1532(1559cm-’) f o r  we, 1 1 . 6 7 ( 1 2 . 0 1 ~ 1 ~ - ~ )  for  W e X e ,  

and 2.4192(2.3977a0) f o r  Re. The h igh ly  accurate va lues  o f  the excita- 
t i o n  e n e r g i e s  and the  o t h e r  spec t roscop ic  c o n s t a n t s  g i v e  us confidence 
t h a t  t h e s e  r e p u l s i v e  cu rves  w i l l  be loca t ed  q u i t e  a c c u r a t e l y  r e l a t i v e  

t o  t h e  ion  p o t e n t i a l  curve.  

3. POTENTIAL CURVES FOR 0, 

P o t e n t i a l  c u r v e s  desc r ib ing  D R  i n  0, and based on a C3s,2p, ldI  



con t rac t ed  Gaussian bas i s  s e t  and f i r s t  o rde r  C I  wave f u n c t i o n s  have 
been described previous ly .  73 These c a l c u l a t i o n s  showed t h a t  t h e  ' Zi 
s ta te  is the  o n l y  s ta te  t h a t  can  gene ra t e  O('S) from the  low v ib ra t ion -  
a l  l e v e l s .  It  c r o s s e s  t he  ion  between the o u t e r  t u rn ing  p o i n t s  of the 

v=l and v=2 v i b r a t i o n a l  l e v e l s  and d i s s o c i a t e s  t o  t h e  ' D  + 'S asymp- 
t o t e .  The nex t  accessible s t a t e  is 5'IIg which c r o s s e s  the o u t e r  t u r n i n g  
po in t  o f  1-10. Among t h e  s t a t e s  d i s s o c i a t i n g  t o  O('S) t h e r e  are  three 
r o u t e s  which c r o s s  t he  a411u metas tab le  s t a t e  between t h e  t u r n i n g  p o i n t s  

f o r  PO. These r o u t e s  w i t h  t he i r  d i s s o c i a t i o n  limits shown i n  parenthe- 
ses are 5'IIg('P + 'SI, 5'll,('P + 'SI, and 4 ' I I g ( ' D  + 'SI. Because o f  its 
s p i n  symmetry, the s t a t e  w i l l  have only a small DR r a t e  c o e f f i -  

c i e n t  from the metastable s ta te .  The remaining two s t a t e s  can lead t o  
h o t  0 a t o m s ,  e a c h  w i t h  3.4eV k i n e t i c  ene rgy .  Future  experiments  

designed t o  measure t he  'S quantum y i e l d  must be c a r e f u l  t o  be c e r t a i n  
t ha t  no a4nU 0; is genera ted  which would i n t e r f e r e  wi th  the determina- 
t i o n  o f  t he  'S genera ted  from the  ion ground state. 

For gene ra t ing  O('D), i n  a d d i t i o n  t o  t h e  'Cs s ta te ,  t h e  B'Z; s t a t e  

c r o s s e s  t he  ion near  the inner  t u rn ing  po in t  of  v=O and leads t o  'P + 

' D  atoms. A ' A u  s t a t e  l ead ing  t o  two 'D atoms c r o s s e s  t h e  i o n  nea r  the 

o u t e r  t u rn ing  p o i n t  of v-0. The lowest valence s t a t e  of  'IIg symmetry 

c r o s s e s  the  ion  nea r  t h e  inner  t u rn ing  po in t  of  v=O and can lead t o  ' D  

atoms v i a  a curve c ros s ing  wi th  the 2'IIg s ta te .  A t  h ighe r  e n e r g i e s ,  t h e  
lowest  'ifg s ta te  c r o s s e s  the ion  near  the  inne r  t u rn ing  p o i n t  of t h e  

v=3 ion  l e v e l  and can l ead  t o  'D atoms v i a  an avoided c r o s s i n g  wi th  the 

2'11g state. The next  a c c e s s i b l e  s t a t e s  f o r  'D product ion are 2 ' C p  + 

' P I ,  2'IIg('D + ' P I ,  and 2 ' l l U ( ' D  + 'PI near  t h e  o u t e r  t u r n i n g  p o i n t  o f  
v=3, 3'IIg('D + 'P) and 2'IIg('D + ' D )  near  the o u t e r  t u rn ing  p o i n t  of 

v=4. A s  has been poin ted  ou t  e a r l i e r l 7 1 ,  s e v e r a l  o f  these r o u t e s  are  

expected t o  have small e l e c t r o n  capture wid ths .  

The reader is referred t o  Ref. 17 for a d i scuss ion  of a d d i t i o n a l  
r o u t e s  t h a t  lead t o  only  ground s t a t e  atoms. 

The important  B'ZI;, 'Au, and 'Zt s t a t e s  i d e n t i f i e d  above have been 

t h e  s u b j e c t  of  l a r g e r  scale c a l c u l a t i o n s  i n v o l v i n g  [ 6 s , 3 p , 2 d , l f I  
con t r ac t ed  Gaussian basis  s e t s  and C I  wave f u n c t i o n s  t h a t  i nc lude  a l l  

s i n g l e  and double e x c i t a t i o n s  t o  the  v i r t u a l  ~ p a c e . l ~ 1 , ~ ~ 1  Second o r d e r  



Fig.  1 .  D i s s o c i a t i v e  f i rs t  o r d e r  (dashed) and second o r d e r  
( s o l i d )  p o t e n t i a l s  f o r  0, p l o t t e d  with the  ion p o t e n t i a l  
from Ref. 15. 

c u r v e s  f o r  t h e  llg s t a t e s  have no t  been obta ined  because of  their  small 

widths ( s e e  below). Both the e a r l i e r  cu rves  and the  l a r g e  s c a l e  cu rves  
are p l o t t e d  i n  Figure 1 .  The ion curve is t h e  RKR15] curve p l o t t e d  a t  

t h e  exper imenta l  i o n i z a t i o n  p o t e n t i a l  above the l a r g e  s c a l e  c a l c u l a t e d  
ground s t a t e .  The ion curve  has been s h i f t e d  t o  l a r g e r  R t o  compensate 
f o r  the d i f f e r e n c e  between the  c a l c u l a t e d  and exper imenta l  ground s ta te  

, 

Re. In orde r  t o  p l o t  t h e  first o rde r  cu rves  on the  same f i g u r e  they  

have be tn  s h i f t e d  t o  l a r g e r  R t o  c o r r e c t  f o r  the d i f f e r e n c e  between the 

f i r s t  o rde r  and second o rde r  c a l c u l a t e d  Re's. Also, t h e  f i r s t  o r d e r  
cu rves  a r e  s h i f t e d  i n  energy so as t o  be p l o t t e d  r e l a t i v e  t o  the f irst  
o rde r  g ound s t a t e .  R e l a t i v e  t o  the  ion ,  a f t e r  t h e  s h i f t  i n  t h e  energy 

and d i s t a n c e  c o o r d i n a t e s ,  the  curves  are q u a l i t a t i v e l y  similar. The 
l a r g e s t  d i f f e r e n c e  is f o r  ' A u  f o r  which the  second o r d e r  curve is 

s h i f t e d  by about 0.02a0 t o  sma l l e r  R near v=O r e l a t i v e  t o  t h e  f i r s t  
o r d e r  r I ? s u l t .  

4. ELECTRON CAPTURE WIDTHS FOR 0, 



e l e c t r o n  capture o r  a u t o i o n i z a t i o n  wid th ,  r ,  a mat r ix  element of  t h e  
Hamiltonian ope ra to r ,  H ,  g iven by Fe rmi ' s  golden r u l e :  

Y p  is the wave func t ion  of  t h e  proper ly  antisymmetrized product  of  a 
Itfree" e l e c t r o n  i n  a coulomb l i k e  o r b i t a l  and t h e  wave func t ion  f o r  t h e  
ion. Yf  is the  e l e c t r o n i c  wave func t ion  f o r  t h e  n e u t r a l  s ta te  which 

d e s c r i b e s  t h e  DR products  and p is t he  d e n s i t y  o f  states. Rydberg 
o r b i t a l s  wi th  h igh  p r i n c i p a l  quantum numbers, n ,  have been used t o  
d e s c r i b e  t h e  coulomb l i k e  o r b i t a l .  Except f o r  the Rydberg o r b i t a l ,  a l l  
the o r b i t a l s  i n  ( 4 )  are bound and have l a r g e  ampli tude only  n e a r  t h e  

molecule. As a r e s u l t ,  i t  is only  important t o  know the  ampli tude of 
t h e  Rydberg o r b i t a l  n e a r  t h e  molecule. The i n n e r  part  o f  coulomb 
o r b i t a l s  are well known t o  be very similar t o  the  inner  p a r t  of h igh  
Rydberg o r b i t a l s . 2 0 ]  With t he  coulomb o r b i t a l  r ep resen ted  as a h igh  

Rydberg o r b i t a l  a l l  t h e  o r b i t a l s  i n  ( 4 )  are  bound and are  r ep resen ted  
i n  terms o f  Gaussian bas i s  func t ions .  

For n*>>R, where R is t h e  angular  momentum quantum number, the 

mat r ix  element i n  ( 4 )  can be c l o s e l y  represented  by 

I <Yf I HI Y p >  I - ( 1  /n*3) kexp(-c/n*) ( 5 )  

where k and c are c o n s t a n t s  determined from the  c a l c u l a t i o n  of the  

mat r ix  e lements  on the  l e f t  s i d e  of ( 5 )  f o r  t h e  h i g h e s t  Rydberg s ta tes .  
These Rydberg s t a t e s  are n e a r l y  hydrogenic and the  e n e r g i e s  can be 

represented  as E=-(1/2(n*I2)  where n*=n-6 and 6 is the  quantum d e f e c t .  
The dens i ty  of  s t a t e s  can be  w r i t t e n  as 

p = l / (E(n*-1/2)  - E(n*+1/2)) 

which can be c l o s e l y  r ep resen ted  as  



r - 21rkexp(-(c/n*)-(.5/n*~)). 
Taking the  l i m i t  of' n* -+ g i v e s  t h e  th reshold  cap tu re  width,  

r = 21rk. (9 1 

The Rydberg wave func t ions  have been r e f i n e d  f u r t h e r  by opt imiz ing  them 

i n  the f i e l d  of  an o p t i c a l  p o t e n t i a l  due t o  t h e  Yf states. Feshbach 

p r o j e c t i o n  opera tors21]  have been def ined  which p a r t i t i o n  the t o t a l  

space such t h a t  Y = P I  + QY where PY c o n t a i n s  t he  Rydberg states t o  be 

o p t i m i z e d  and  Q Y  a r e  t h e  Yf s ta tes  described above. I n  t h e  u s u a l  

Feshbach p r o j e c t i o n  ope ra to r  formalism,  a n  e i g e n v a l u e  e q u a t i o n  is 
d e r i v e d  f o r  P I  t h a t  is d i f f i c ' u l t  t o  s o l v e  because it c o n t a i n s  a n  

ene rgy-dependen t  o p t i c a l  p o t e n t i a l .  However, u s i n g  p a r t i t i o n i n g  
PY can easi ly  be  determined by so lv ing  the u s u a l  C I  

problem. Wri t ing the  t o t a l  wave func t ion  as Y = PY + Q Y ,  we can write 
t h e  Schroedinger  equat ion  i n  matrix form a s  

("u :::) I:) = E [I) 
where Hpp = PHP, HQP = QHP, e t c .  

Mul t ip ly ing  the ma t r i ces  i n  ( 1 0 )  leads to :  

HppPY + H ~ Q Q Y  = EPY 

and 
HQPPY + HQQQY = EQY. 

(10) 

From Eq.(12)  we have,  

QY - HgpPY/(E - HQQ).  (13)  

S u b s t i t u t i n g  Eq. (1  3) i n t o  Eq. ( 1  1 ) le.ads t o  a mat r ix  o p t i c a l  p o t e n t i a l  
f o r  PY, 



, I t  is d i f f i c u l t  t o  s o l v e  ( 1 4 )  d i r e c t l y  f o r  PY s i n c e  E is on both s ides  

o f  t h e  equat ion.  Never the less ,  PY can be determined by r e t a i n i n g  the  

c o e f f i c i e n t s  o f  t he  PI terms r e s u l t i n g  from the  d i a g o n a l i z a t i o n  of the  

H mat r ix  i n  Eq.(lO). Before d i agona l i z ing  H we must p r o j e c t  o u t  the low 

energy QY r o o t s  i n  o r d e r  t o  prevent  them from mixing i n t o  PY. There- 

- 
~ 

f o r e ,  i t  is necessary  t o  first s o l v e  f o r  the  QY r o o t s  by d i agona l i z ing  
HQQ. The HQQ p o r t i o n  of t h e  H matrix i n  Eq.(lO) is transformed t o  
p r o j e c t  ou t  the  p h y s i c a l l y  meaningful Q Y  roo t s .  PI is then determined 
by d i agona l i z ing  the  new H mat r ix  w i t h  t h e  transformed HQQ. The n e t  

effect  is t o  provide  a d d i t i o n a l  c o r r e l a t i o n  t o  the PY space from the 

nonphysical r o o t s  i n  t h e  Q space ,  PY's f o r  success ive  p r i n c i p a l  quantum 
numbers are used t o  r e p r e s e n t  Y E  i n  Eq.(4). The widths  ob ta ined  by t h i s  

procedure are  then  ex t r apo la t ed  t o  the  continuum as described above. 
The importance of  t h e  c o r r e l a t i o n  added t o  t h e  P space  from t h e  h i g h e r  

terms i n  Q space has been emphasized by Hazi who has described an 
approach similar t o  t h a t  used here.23] 

An a p p l i c a t i o n  of t h i s  approach t o  the  c a l c u l a t i o n  of  the w i d t h s  of 
t h e  B and  L 'II states  of  NO has a l r e a d y  been An 
a d d i t i o n a l  example of  t h i s  approach is given i n  Table 1 .  for t h e  0, 3JIg 

width.  T h i s  is the  only 0, width f o r  which there a re  exper imenta l ly  
der ived  mat r ix  e lements  f o r  comparison. An a n a l y s i s  of the released 
k i n e t i c  energy l i n e  width f o r  the v=l l e v e l  of  t he  C 3 n g  s t a t e  of 0, 

i n d i c a t e s  t h a t  t he  e l e c t r o n i c  matr ix  element between the  C Rydberg 
s t a t e  and t h e  lowes t  va lence  311g s t a t e  is 0.079eV.8] An a d d i t i o n a l  
de te rmina t ion  based on the  experimental  l i n e  wid ths  of  t h e  lowest  4 
v i b r a t i o n a l  l e v e l s  o f  t h e  C s t a t e  o b t a i n s  a matrix e l e m e n t  o f  
0.0625(+0.006, -0.004) e V  .93 

, 

A l l  c a l c u l a t i o n s  i n  T a b l e  1 .  have been done a t  R=2.2819a0. A 

[3 s ,2p , ld ]  basis  se t  on each c e n t e r  was supplemented with a s e t  a 18 
d i f f u s e  s Gaussians a t  t h e  midpoint and the  Rydberg o r b i t a l s  were 
determined by t he  Improved V i r t u a l  O r b i t a l  meth0d.~5]  The 'lIg va lence  
s t a t e  was descr ibed  w i t h  a f u l l  valence C I  c o n s i s t i n g  o f  46 terms. For  
the C s t a t e ,  a valence C I  on the  ion ground s t a t e  was coupled w i t h  t he  

Rydberg o r b i t a l  and  each of  t he  three valence v i r t u a l  ag o r b i t a l s  
l ead ing  t o  a 636 term C I .  Using the  procedure o u t l i n e d  above leads t o  



the widths shown i n  Table  1 .  Using the  widths  for n=8,9 g i v e s  the 

express ion ,  rp 0.00217exp~1.39/n*-(0.5/n*z)). The e x t r a p o l a t e d  w i d t h  

f o r  n*- is 0.00217eV. Th i s  width is about  two o r d e r s  of magnitude 

smaller than the w i d t h s  f o r  t h e  three important  d i s s o c i a t i v e  r o u t e s  
i d e n t i f i e d  above. As a r e s u l t ,  the Illg s t a t e  was n o t  included i n  the DR 

r a t e  c o e f f i c i e n t  c a l c u l a t i o n s  d i scussed  below- 

Table 1 .  Electron-Ion Capture  Widths ( r )  from Rydberg States  

n n* p(eV-- ')  r W >  

9 7.8897 17.903 0.00257 
8 6.8896 11.892 0.00263 
7 5.8902 7.4022 0.00272 
6 4.891 3 4.21 10 0.00285 
5 3 A930 2.0972 0.0031 1 
4 2.8959 0.84005 0.00367 
3 1.8984 0.21774 0.00522 

The ma t r ix  element c a l c u l a t e d  here fo r  na3 is 0.0617eV. S ince  t h e  

e l e c t r o n i c  mat r ix  element v a r i e s  with R ,  the exper imenta l ly  de r ived  
ma t r ix  element is an averaged value.  However, s i n c e  t h e  v a r i a t i o n  of 

the mat r ix  element w i t h  R over  t h e  r e l e v a n t  range of n u c l e a r  v i b r a t i o n s  
is estimated t o  be less than  about  l o % ,  the  r e s u l t s  show t h a t  rela- 
t i v e l y  small wave f u n c t i o n s  can y i e l d  i n t e r a c t i o n  mat r ix  e lements  tha t  
are i n  good agreement with experiment.  

5. DR RATE COEFFICIENTS FOR 0, 

The expres s ion  f o r  t h e  direct  DR c r o s s  s e c t i o n  de r ived  by Giusti261 

has been used t o  c a l c u l a t e  c r o s s  s e c t i o n s  and ra te  c o e f f i c i e n t s  for 
g e n e r a t i o n  of  O(lS) and O('D) a long  the  'Z;, BIZ;, and ' A u  d iaba t ic  
p o t e n t i a l  cu rves  descr ibed  above. For DR l ead ing  t o  O('S), 181 t h e  v=2 

l e v e l  of the  ion has t h e  h ighes t  r a t e  c o e f f i c i e n t  f o r  the lowes t  e i g h t  
v i b r a t i o n a l  l e v e l s  and is a f a c t o r  o f  78 greater than  the c o e f f i c i e n t  
from v=O a t  an e l e c t r o n  temperature (Te) of 300K. A comparison o f  t h e  

c a l c u l a t e d  r a t e  c o e f f i c i e n t s  t o  those deduced from atmospheric  models . 

shows t h a t  t he  atmospheric models a p p l y  t o  molecular i o n s  which are n o t  



% i n  a Bol tzmann d i s t r i b u t i o n  b u t  which  a r e  i n s t e a d  s i g n i f i c a n t l y  
populated i n  t h e  v>O l e v e l s .  I n  c o n t r a s t  t o  t h e  s i t u a t i o n  f o r  O(’S) 
g e n e r a t i o n ,  t h e  t o t a l  r a t e  c o e f f i c i e n t 1 9 ]  f o r  producing O(’D) is 
greatest  from v=O and is a f a c t o r  of 1.9 greater than the c o e f f i c i e n t  
from v=2 a t  Tez300K. The ra te  c o e f f i c i e n t  f o r  v=O is i n  good agreement 

w i t h  those  deduced from atmospheric models. The c a l c u l a t i o n s  show tha t  
t h e  dominant route f o r  producing O ( ’ D )  from v=O is ’ A u  and ’Z; is t h e  

Table 2. DR Rate C o e f f i c i e n t s  f o r  Product ion o f  O(’S) f o r  6006TeS1000K. 

Ion V i b r a t i o n a l  Level Rate Coef f i c i en t  ( c rn ’ / se~)~  

0 0.24(+. 12,-.08) C-0.141 
1 5.0(+1.2,-1 .1 )C-0.361 
2 15.(+2. ,-3. )C-0.501 
3 4.8(+3.3,-2.3>C-0.771 
4 4.9 (+0.6,  -1 .2)  [-0.321 
5 1.2(+1.9,-0.9)c-0.901 
6 5.1 (+0.6,-1 .1)[-0.56] 
7 1.4(+0.9,-0.9)[+0.06] 

a. A l l  r a t e  c o e f f i c i e n t s  have been m u l t i p l i e d  by T O 9 .  The exponent o f  
the temperature  dependence is i n  square bracke ts .  The r a t e  c o e f f i c i e n t  
f o r  v=O is 2.4(+1.2,-0.8)x10-’0x((Te/800)-0~’~)~ms/se~. 

dominant r o u t e  from v=l and v=2. 
S ince  the  e l e c t r o n  tempera tures  i n  ionospheric  models are nea r  800K, 

we list i n  Table 2. t he  r a t e  c o e f f i c i e n t s  f o r  producing O(’S) f o r  
600STeSlOOOK f o r  each  o f  t h e  lowest  e i g h t  ion v i b r a t i o n a l  l e v e l s .  

Table 3. DR Rate C o e f f i c i e n t s  f o r  Product ion of  O(’D) f o r  60OSTeS1000K. 

Ion V i b r a t i o n a l  Level Rate Coeff icient(cm’ /secIa 

0 1.37(+.14,-.16)C-0.511 
1 1.09 (+ .12 ,-. 1 4 )  C-0.551 
2 0.78 (+ . 1 3 ,-. 1 6 )  [ -0.4 1 1 

a.  A l l  r a te  c o e f f i c i e n t s  have been mul t ip l i ed  by 10’. The exponent of 
t h e  tempera ture  dependence is i n  square  brackets. The r a t e  c o e f f i c i e n t  
f o r  v=O is 1 .37 (+  . I  4 ,-. 1 6)xi  O-’X( (T,/800)” 

Because o f  t he  p o s i t i o n  of  the i n t e r s e c t i o n  o f  t he  d i s s o c i a t i v e  curve 
w i t h  t he  v=5 l e v e l ,  t h e  c o e f f i c i e n t  from v55 is h igh ly  s e n s i t i v e  t o  an  
e n e r g e t i c  displacement  of  t he  d i s s o c i a t i v e  r o u t e  wi th in  i ts  expected 
u n c e r t a i n t y  (0.leV).  Table 3 has t h e  O ( ’ D )  r a te  c o e f f i c i e n t s  i n  t he  

)cm’/sec. 



same temperature  range from each o f  t h e  lowest  three ion v i b r a t i o n a l  
l e v e l s .  

6. DISSOCIATIVE ROUTES FOR N, 

P r e l i m i n a r y  resul ts  are r epor t ed  here which i d e n t i f y  the important  
d i s s o c i a t i v e  r o u t e s  f o r  t he  v i 0  l e v e l  o f  t he  ground s ta te  of  N:. These 
results are based on large s c a l e  second o r d e r  C I  c a l c u l a t i o n s  Using 
atomic n a t u r a l  o r b i t a l  basis  ~ e t s . ~ 7 ]  The de t a i l s  w i l l  be r e p o r t e d  

s e par a t e 1 y . 
2 P ) ,  3lIIU('D + ' D ) ,  and C'Ag('S + 'D), are shown i n  Fig. 2. 

The dominant d i s s o c i a t i v e  routes from v=O, 2lL';('D + 'D) ,  C''Ilu('S + 

The dominant conf igu ra t ion  o f  t h e  2'L$ state  is 

where . . . . deno tes  (lag)2(lau)2(2ag)2(2u~)2. This c o n f i g u r a t i o n  dif fers  

by a t r i p l e  e x c i t a t i o n  from the dominant c o n f i g u r a t i o n  o f  the ion p l u s  
a "free" o r  Rydberg e l e c t r o n ,  

The mat r ix  element of the Hamiltonian between these two c o n f i g u r a t i o n s  
is z e r o  and these dominant terms w i l l  n o t  c o n t r i b u t e  t o  the e l e c t r o n  

c a p t u r e  width.  The magnitude o f  the  wid th  w i l l  be determined by mat r ix  
e lements  between secondary terms i n  both s t a t e s  and may be small. A s  a 

r e s u l t ,  2'Z; may make on ly  a smal l  c o n t r i b u t i o n  to  t h e  t o t a l  DR r a t e  
c o e f f i c i e n t  from v=O. 

The C s t a t e  a l s o  p a s s e s  through the  v-0 l e v e l  of t h e  ion and 

d i s s o c i a t e s  t o  'S + 'D g i v i n g  atoms w i t h  1.72eV k i n e t i c  ene rgy  from 
v=O. The dominant c o n f i g u r a t i o n s  of t h i s  s t a t e ,  

c 



d i f f e r  from t h e ' i o n  p l u s  a continuum e l e c t r o n  by a t r i p l e  e x c i t a t i o n .  
Therefore  as f o r  Z 2 Z i J  the  dominant conf igu ra t ions  w i l l  n o t  c o n t r i b u t e  

__ - -- _. - 

0 

1.7 2.1 2.5 
INTERNUCUAR DISTANCE 

Fig. 2 D i s s o c i a t i v e  r o u t e s  f o r  t h e  v=O l e v e l  of Nb. 
The ion p o t e n t i a l  is from Ref. 1 4 .  

t o  t he  width and t h i s  s t a t e  is l i k e l y  t o  have a small width and a small 

DR r a t e  c o e f f i c i e n t .  T h i s  is an important  conclusion f o r  the  escape of 
N atoms from Mars since this s t a t e  and possibly the C' state  ( through 

an avoided c r o s s i n g  wi th  the  C s t a t e )  a re  the  only s t a t e s  t h a t  can 
supply  enough k i n e t i c  energy f o r  escape from v=O. 

The primary conf igu ra t ion  of  t h e  C '  and 3'nU s t a t e s ,  

d i f f e r s  by a double  e x c i t a t i o n  from t h e  i o n  ground s t a t e  p l u s  a 
continuum e l e c t r o n .  The cap tu re  wid th  f o r  t h i s  s t a t e  may be l a r g e r  than  
t h a t  f o r  2lI; and G 3 A g  and it  appears  t h a t  these 'nu s ta tes  may be t h e  

dominant s ta tes  f o r  DR from 1-0. The importance of t h e  'II, states  is i n  



c 

good agreement wi th  the r e s u l t s  o f  Michels.28] The C' state  has a n  
avoided c r o s s i n g  w i t h  t he  lower C'nU s t a t e  which d i s s o c i a t e s  t o  'S + 'D 

atoms. The de termina t ion  o f  the  s ta tes  of the product  atoms due t o  
i n i t i a l  d i s s o c i a t i o n  a long  the  C' s t a t e  is c u r r e n t l y  under s tudy.  

7. THE ROLE OF RYDBERG STATES I N  DIRECT DR OF N i  

Rydberg s t a t e  p o t e n t i a l  cu rves  having the ground state of the ion  as 
core cannot  c r o s s  t h e  ground s t a t e  of  t he  ion and i n  a d d i t i o n  have very  
small e l e c t r o n  cap tu re  wid ths .  These states are u s u a l l y  n o t  important  
f o r  d i r ec t  DR e l e c t r o n  capture .  However, because t h e  first e x c i t e d  
s ta te  of N i  is only  1.1 eV above t h e  ground s ta te ,  Rydberg states having 
the e x c i t e d  s ta te  c o r e  can c r o s s  the  ground s ta te  of t h e  i o n  a n d  
provide r o u t e s  f o r  DR. 

For 'E; symmetry, an  N, Rydberg s ta te  can be formed by b inding  a m u  

Rydberg o r b i t a l  t o  t he  e x c i t e d  A 2 n U  state  of  N i .  Th i s  s ta te  w i l l  have 
an  avoided c r o s s i n g  w i t h  t he  2'E; s t a t e  desc r ibed  above and can provide  
a channel  f o r  DR. A comparison t o  analogous s ta tes  i n  0, i n d i c a t e s  
t ha t  t he  4pn 'E: s t a t e  having the  A c o r e  w i l l  p a s s  through t h e  ground 
s t a t e  of N: near  the equ i l ib r ium sepa ra t ion .  I f  t he  4pn s ta te  
should prove t o  have a l a r g e  cap tu re  width,  t h i s  r o u t e  could  be an  
important  r o u t e  f o r  D R  i n  N i .  The c a l c u l a t i o n  of t h e  p o t e n t i a l  cu rve  
f o r  t h i s  s t a t e  and the e l e c t r o n  cap tu re  width are i n  progress .  While 

t h e  Rydberg s t a t e s  are d i f f u s e ,  t he i r  primary c o n f i g u r a t i o n s  d i f f e r  

from t h e  ion by a double  e x c i t a t i o n  and they may have l a r g e r  e l e c t r o n i c  
wid ths  than  the  va lence  s ta te  which has  primary terms t h a t  d i f f e r  

from the  ion p l u s  a continuum e l e c t r o n  by a t r i p l e  e x c i t a t i o n .  I t  

appea r s  t ha t  a m u l t i s t a t e  t rea tment  involving both t h e  va lence  s t a t e s  
and the e x c i t e d  co re  Rydberg s t a t e s  may be needed t o  c a l c u l a t e  the  

c r o s s  s e c t i o n s  f o r  DR of N Z .  
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