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A b s t r a c t  The 326.1 nm emiss ion c ross  s e c t i o n  f o r  the  c01 1 i s i o n  process 
Cd+ +Na + ~ d ( 5 ~ ~ ~ )  + ~ a +  was measured i n  t h e  energy range 1.5-4.9 keV. 
I t  decreases monoton ica l l y  f rom 5 t o  2 x l 0 - l ~  cm2. Due t o  a nea  r de- 
generacy i n  energy, t h i s  channel p resen ts  a much l a r g e r  c ross  s e c t i o n  
than a1 1 o t h e r s  (except 5 3 ~ ~  and 5 3 ~ 2 ,  which a r e  h i g h l  y metastable) .  
Th is  j u s t i f i e s  t h e  n e g l e c t  o f  t h e  cascade mechanism f o r  p o p u l a t i n g  t h e  
5 3 ~ 1  s t a t e  and, consequently,  a l l o w s  the  i d e n t i f i c a t i o n  o f  the  326.1 nm 
emiss ion c ross  s e c t i o n  wi  t h  the  s3P1 charge-exchange e x c i t a t i o n  c ross  
sec t ion .  The measured va lues agree w e l l  w i t h  t h e o r e t i c a l  es t imates  ob- 
t a  ined wi t h  Ol son's  model f o r  near- resonant charge exchange. 

1. INTRODUCTION 

The c o l l i s i o n  process s t u d i e d  here i s  

where a1 1 p a r t i c l e s ,  except t h e  cadmium atom, a r e  i n t h e i  r g r o u n d  

s t a t e s .  The p r o j e c t i l e  ( t h e  cadmium ion)  has l a b o r a t o r y  energy i n  t h e  

range 1.5 - 4.9 keV, wel 1 i n s i d e  t h e  low energy reg ion  (v<<ccc). T h i s  

i s  a near- resonant charge-exchange c o l l i s i o n .  

Th is  work i s  d i v i d e d  i n t o  f o u r  sec t ions :  theory ,  exper imenta l  

arrangement, r e s u l t s  and conclus ions.  I n  t h e  f i r s t  s e c t i o n  we d iscuss  
+ 

the  p a r t i c u l a r  f e a t u r e s  o f  the  Cd -Na case, w i t h  t h e o r e t i c a l  es t imates  

o f  the  c ross  s e c t i o n  o f  i n t e r e s t  ( f o r  a recen t  rev iew o f  l o w  e n e r g y  

atomic c o l l i s i o n s  :ee ~ e l o s ' .  Next, we descr ibe  t h e  apparatus and t h e  

severa1 c a l i b r a t i o n  procedures. F i n a l l y  we p resen t  t h e  r e s u l t s ,  thecon-  

c l u s i o n s  and an appendix w i t h  the  c ross  s e c t i o n  formulae. 

2. CROSS SECTION CALCULATIONS 

Low energy c o l l i s i o n s  A+B-tC+D a r e  u s u a l l y  c l a s s i f i e d  by t h e i r  
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energy d e f e c t  AEw. T h i s  parameter i s  the  l i m i t ,  a t  l a r g e  i n t e r  - nuclear  

separa t ions  R, o f  the  d i f f e r e n c e  AE(R) between p o t e n t i a l  energ ies  o f  

the  incoming -AB- and ou tgo ing  -CD- q u a s i m l e c u l e s :  

where 

AE(R) 

As t h e  i n t e r a t o m i c  p o t e n t i a l s  

% = E  (A P 

van ish  a t  l a r g e  R values,  one obta 

2 - 1 3  
A c o l l i s i o n  i s  near- resonant  when hEw i s  smal l .  Demk 

shown t h a t ,  i n  t h i s  case, a  t r a n s i t i o n  happens when R l i e s  i n  a  

r e g i o n  around a  c r i t i c a l  i n t e r n u c l e a r  d i s t a n c e  

l i n g  m a t r i x  element HI~(R) s a t i s f i e s  

A good approx imat ion  f o r  &(R) i s  

Aa AE(R) = AEw + - 
R' 

b be ing  t h e  d i f f e r e n c e  between t h e  p o l a r i z a b i  

atoms. I f  AEm i s  sma l le r  than 0.5 eV, R  i s  so 
C 

term i n  t h e  RHS o f  (2e) may be neg lec ted 3,  as 

o f  l e s s  than 10%. 

Olson e t  az4 showed t h a t  H lz (R)  c o u l d  

na r row 

Rc, such t h a t  t h e  coup- 

i t i e s  o f  t h e  n e u t r a 1  

l a r g e  t h a t  t h e  second 

t a m u n t s  t o a  c o r r e c t i o n  

be f i t t e d  by a  semi-em- 

p i r i c a l  f u n c t i o n  which reproduced 83% o f  the  data w i t h i n  a  f a c t o r  o f  3. 

T h i s  a l l o w s  one t o  s o l v e  equa t ion  (2d) o b t a i n n i n g  R  and a l s o  t o o b t a i n  
C '  

i t s  lower  and upper bounds, r e s p e c t i v e l y  R" and R:: 
C 
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4 I n  a subsequent paper O l  son c a l c u l a t e d  a u n i v e r s a l  charge ex- 

change c ross  sec t  i o n  (see append i x )  : 

where f was a t a b u l a t e d  f u n c t i o n  

c a l  dependence on  The f u n c t  i' 

a t  

and k a parameter w i t h  a g iven  a n a l y t i -  

on f presented a maximum v a l u e  o f  1  .O8 

where A k a n d  I, the  i o n i z a t i o n  p o t e n t i a l  o f  t h e  incoming atom, a r e  g iven  

i n  eV. 

For t h e  c o l l i s i o n  descr ibed  by eq . ( l ) ,  f o u r  q u a s i r n o l e c u l a r  

l e v e l s  a r e  v e r y  c l o s e  t o  each o t h e r ,  favour ing  charge exchange i n t o  t h e  
3 

5  P l e v e l s ,  (see f i g . l ) .  The energy d e f e c t s  f o r  l e a v i n g  the  cadmiumatom 

i n  t h e  5 3 ~ , ,  s3p1 o r  5 3 ~ 2  s t a t e s  are,  r e s p e c t i v e l y ,  0.120, 0 .053  and 

-0.067 eV, w h i l e  the  d e f e c t  i s  3.854 eV f o r  the ground s t a t e  and l a r g e r  

than 1.5 eV f o r  any o t h e r  e x c i t e d  s t a t e .  T r a n s i t i o n s  a t  N=O cannot be 

r u l e d  o u t  b u t  they popu la te  rna in ly  t h e  ground s t a t e  ( thereby n o t  p ro-  

ducing cascades) . I n  any case, these processes have smal l cross  sect ions 

assoc ia ted  w i t h  thern. Another p o s s i b i l i t y  i s  t h a t  o f  a  c r o s s i n g  a t  a  

f i n i t e  R between the  e l a s t i c  and the  51p1 charge exchange channels, b u t  

t h e  decay o f  5 ' ~ ~  does n o t  popu la te  t h e  5 3 ~  l e v e l s  and aga in  t h e r e  i s  no 

cascade c o n t r i b u t i o n .  As t h e  c roçs  sec t ions  f o r  slow c o l l i s i o n  w i t h o u t  

l e v e l  c r o s s i n g  a r e  much sma l le r  than o therw ise ,  we may n e g l e c t  t h e  cas- 

cade p o p u l a t i o n  o f  the 5 3 ~  s t a t e s  and cons ider  the  c ross  s e c t  i o n s  f o r  

the 326.1 nm emiss ion and f o r  cd(s3p,) p r o d u c t i o n  t h r o u g h  c h a r g e  e x -  

change as i d e n t i c a l  t o  each o t h e r .  

One needs t o  be sure t h a t  e q . ( l )  desc r ibes  w e l l  the  c o 1 ) i s i o n ;  

thus,  each o f  i t s  terms deserves some comments, as f o l l o w s .  I )  c~+('s,,): 

t h e  ~ d +  ions  a r e  i n  t h e  ground s t a t e  ( t h e  longes t  l i v e d  metastable s tate,  

C ~ + ( ' D , ~ ~ ) ,  l a r t i n g  f o r  0.79us, w i l  l decay b e f o r e  reaching t h e  c o l l  i s i o n  

c e l l ) .  I I )  ~ a ( 3 ' ~ , / , ) :  these atoms a r e  i n  t h e  ground s t a t e  because t h e  

c e l  l temperature i s  l e s s  than 6 0 0 ~ ~  (average k i n e t i c  energy o f  0.07 eV), 

w h i l e  the  f i r s t  e x c i t e d  l e v e l  has an e n e r g y  o f  2 eV. I 11)  c d ( S 3 p , ) :  
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u n i  t e d  
atoms 

( R  = O )  

+ 
Cd, Na 

separa t e d  
a toms 

Fig.1 - Quasi-molecular  en- 
+ 

e rgy  1 e v e l  s o f  t h e  CdNa 

system I )  ~ d ( 5 ~ ~ , ) ,  Na+ (g 
9 

denotes ground s t a t e ) ;  I I )  

cd(S3p,), ~ a ' ~ ;  I I I )  cdtg, 

C d ( 5 3 ~ 2 ) .  V) 
+ , Na - VI) ~ d ( 6 ~ ~ ~ ) ,  

g '  
P ~ + ( s  I,); b) ~ r + ( ~  1 5 ) ;  

' I 

these atoms a r e  de tec ted  thrbugh t h e  emiss ion o f  l i g h t  d u r i n g  t h e i r  de- 
+ 

cay t o  t h e  ground s t a t e .  IV) Na ( 2 l S O ) :  any p o s s i b i  l i t y  o t h e r  than t h e  

ground s t a t e  f o r  t h i s  i o n  w i l l  r e s u l t  i n  energy d e f e c t s  103 times l a r g e r  
+ 

( t h e  energy o f  t h e  Na f i r s t  exc i  t e d  s t a t e  i s 32 eV, compared wi t h  an 

energy d e f e c t  o f  53 MeV f o r  t h e  process ( 1 ) ) .  

A11 5 3 ~  s t a t e s  o f  Cd a r e  metastable,  n o t  be ing a l lowed t o  de- 

cay i n t o  t h e  ground s t a t e  siso because AS i s  nanzero. The p a r t i a 1  break- 

down o f  t h e  LS coupl i n g  f o r  heavy atoms mixes t h e  s1P1 and 5 3 ~ i  s ta tes ,  

t h e  l a t t e r  decaying w i t h  a l a r g e  b u t  f i n i t e  l i f e t i m e 1 4  ( 2 . 3 9 ~ 5 ) .  The 

s3Po and 5 3 ~ 2  s t a t e s  decay much more s ~ o w l ~ ~ ~  (90 and 140ps, r e s p e c -  

t i v e l y )  because t h e i r  m i x i n g  w i t h  S1P1 and 5 3 ~ 1  i s  ve ry  smal l ( n o n z e r o  

A J ) .  The s lowest  cadmium ions  have 1.5 keV k i n e t i c  energy, r e s u l t i n g  i n  

a decay l e n g t h  l a r g e r  than  10 m and i n  a decay p r o b a b i l i t y  f o r  S3P0 and 
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5 3 ~ 2 s m a l l e r  than 0 . 2 x 1 0 - ~  i n s i d e  t h e  a c c e l e r a t o r ,  whose l e n g t h  i s  o f  t h e  

o r d e r  o f  2m. These l a r g e  l i f e t i m e s  make i t  p o s s i b l e  t o  n e g l e c t  t h e  de- 

cay o f  5 3 ~ o 1 2 .  

S o l v i n g  computa t iona l l y  eq. (3a) f o r  cd(!i3pJ) we o b t a i n  Rc equal 

t o  8.638. 7.528 and 8.38, r e s p e c t i v e l y  f o r  J=1,0 and 2, l ead ing  t o  

Taking i n t o  account the  u n c e r t a i n t y  i n  (R), eqs. (3b) and (3c) 

g i v e  a  lower  bound R'' = 6.898 and an upper bound R; = 10.078 and s 3 p i .  
c 

W i t h i n  83% p r o b a b i l i t y ,  these va lues  lead  t o  the  s3p1  c r o s s  s e c t i o n  

maximum l y i n g  between 3.0 and 6 . 4 ~ 1 0 - l 5  cm2. I n s e r t i n g  t h e  most probable 

Rc va lue  f o r  each S3pJ s t a t e  i n t o  eq. (4a) we o b t a i n  t h e  respec t i ve  c ross  

(see f i g u r e  5 ) .  

Near-resonant charge-exchange c o l l i s i o n s  a r e  e a s i e r  t o  descr ibe  

f o r  the  quasi one electron systems, p r e s e n t i n g  one va lence e l e c t r o n  and 

two c losed  cores,  t h e  t y p i c a l  example being an a l k a l i  i o n  - a l k a l i  atom 
+ 

c o l l i s i o n .  As the  i n i t i a l  c o n f i g u r a t i o n s ,  t h e  Cd i o n  and t h e  Na atom, 

a r e  (5s ) '  and (3s ) '  r e s p e c t i v e l y ,  our  system i s  a  quasi two-eZectron 

one. Almost a1 l the  t h e o r e t i c a l  and exper imenta l  e f f o r t 2 - l 3  ha s  b e e n  

p laced  on t h e  s imp le r  quasi one-electron systems, p a r t i c u l a r l y  on t h e  

a l k a l  i dimers. Using s imple a n a l y t i c a l  express ions f o r  t h e  c o u p l  i n g  

m a t r i x  element H12, base on hydrogenic  wave f u n c t i o n s ,  one i s  a b l e  t o  
2 - 4 , 8 - 1 3  

o b t a i n  r e l a t i v e l y  s imple formulae f o r  the  c ross  s e c t i o n  . Speci - 
f i c  may be more a c c u r a t e l y  c a l c u l a t e d  w r i t e  LCAO m o l e c u l a r  

wave f u n c t i o n s  i n  o r d e r  t o  o b t a i n  t h e  many i n t e r a c t  i ng  hami 1  tonian matr ix  

elements ( i n  some cases us ing  m u l t i - s t a t e  approx imat ions b u t  w i t h  no 

g r e a t  improvement over  2- on 3 - s t a t e  LCAO c a l c ~ l a t i o n s ' ~ ) .  

An impor tant  parameter v . F 
ma x  

pected t o  d e c l i n e  s low ly ,  be ing n e a r l y  

c ross  s e c t i o n  (except f o r  a  s t a t i s t i c a  

'or  u>u t h e  c ross  s e c t i o n  i s  ex- 
ma x 

equal t o  t h e  e x a c t l  y  resonant  

1 f a c t o r ) ,  and decl  i n i n g  s h a r p l y  
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f o r  v e l o c i t i e s  below v Based on the  a d i a b a t i c  r u l  e p r o p o s e d  by max' 
  asse^' 

~ a s t e d ~  ob ta ined  t h e  best  f i t  o f  eq.(7) t o  the  e x p e r i m e n t a l  d a t a  f o r  

a = 7 8 .  I n  our  case t h i s  g i v e s  E = 47 eV. 
ma x 

Hasted a l s o  n o t i c e d  the  inadequacy o f  eq. (7)  t o  descr ibe  ex- 

perirnents w i t h  heavy i o n  p r o j e c t i  l e s  t h e  o b t a  i n e d  an e rnp i r i ca l  expres-  

s i o n  f o r  v which g i v e s  i n  t h e  present  case E = 280 eV. 01son4 ob- 
ma x ma x 

t a i n e d  a good f i t  f o r  V by paramet r i z ing  i t  aga ins t  ~ ( 1 )  l", s i m i -  
ma x 

l a r l y  t o  a t w - r e g i m e  f i t  made by Pere l  and  ale^^; t h e i r  r e s u l t s  a r e  

r e s p e c t i v e l y  E 669 and 1540 eV. Rapp and ~ r a n c i s '  f o l l o w s  the  Massey 
ma x 

-Hasted a d i a b a t i c  c r i t e r i o n  as w e l l  as ~ e m k o v ~  who n e v e r t h e l e s s  sug- 

ges ts  a equal t o  t h e  r a d i u s  o f  the  o u t e r  e l e c t r o n  s t a t e .  CIernkov2 a n d  
8 

Rapp and Franc is  , due t o  t h e  numer ica l  comp lex i t y ,  s t a t e d  t h e c r i t e r i o n  

w i t h o u t  a c t u a l l y  comparing i t s  p r e d i c t i o n  w i t h  t h e i r  c ross  s e c t i o n  c a l -  

c u l a t i o n s .  Lee and ~ a s t e d ' ,  a f t e r  s i r n p l  i f y i n g  Rapp a n d  ~ r a n c i  s 8  

equat ions,  ob ta ined  an a n a l y t i c a l  express ion  f o r  vmax g i v i n g ,  i n  our  

case, Emax = 840 ev. 

I t  i s  n o t  p o s s i b l e  i n  t h e  p resen t  experiment t o  t e s t  the  above 

va lues f o r  E as the  beam o p t i c s  does n o t  a l l o w  f o r  beam energ ies be- 
max 

low l500.eV. T h i s  procedure would be m r e  d e c i s i v e  than the  measurement 

o f  0 f o r  v > v m a x  where t h e  p r e d i c t i o n s  o f  the  d i f f e r e n t  models p resen t  

a much sma l le r  disagreement among themselves. Never the less,  i t  i s  pos- 

s i b l e  t o  e s t i m a t e  t h e  c ross  s e c t i o n  us ing ,  bes ides O lson 's  a l ready  men- 

t i o n e d  c a l c u l a t i o n s 4 ,  more r e f  i ned  ones by ~ o t t c h e r ~  and Dinterman and 

~ e i o s ' ~ .  

~ o t t c h e r ~  proposed an express ion  f o r  ~ 1 2 ( r )  which,when i n s e r t e d  
- 1 5  2 

i n t o  eq. (3a), r e s u i t s  i n  a cross s e c t i o n  maximum equal t o  I .6x10 cm . 
T h i s  v a l u e m a y  b e c o m p a r e d w i t h O l s o n ~ s v a l u e o f  4 . 7 ~ 1 0 - "  cm2, g iven  

by eq. (6) ; i t i s  impor tan t  t o  n o t  i c e  the g r e a t e r  r e l  i a b i  1 i t y  o f  the l a t -  

t e r ,  due t o  the  presence o f  two empi r i c a l  l y  a d j u s t e d  parameters i o n  the  

express ion f o r  H12 (r). Dinterman and ~ e l o s "  propose 
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A and A be ing  ob ta ined  from exact  p o t e n t i a l  energy cu rves 3'" .  T h e i r  
+ 

r e s u l t s  agree w e l l  w i t h  the  observed t h e  L i  -Na, charge exchange c ross  

sec t ion .  Olson 's  r e s u l t  underest imates t h i s  cross s e c t i o n  by n e a r l y  

20% because o f  the  use o f  a  u n i v e r s a l  H12( r )  express ion.  As t h e  po- 
+ 

t e n t i a l  energy curves f o r  the  (Cd-Na) molecule have n o t ,  as f a r a s t h e  

au thor  i s  aware, been c a l c u l a t e d ,  Dinterrnan and Delos '  method cannotbe 

appl i e d  here. 

Another purpose o f  t h i s  work was t o  look  f o r  p e r i o d i c  o s c i l l a -  

t i o n s  i n  the  t o t a l  cross sec t ion .  The sirnple two- s ta te  case does n o t  

a l l o w  such o s c i l l a t i o n s ,  g i v i n g  ins tead  a  broad and s w o t h  c ross  sec- 

t i o n  curve.  The f i r s t  exper imenta l  evidence o f  t h i s  phenomenon was ob- 

ta ined16  i n  1967, f o l  lowed by qual  i t a t i v e "  and q u a n t i t a t i v e 1 8  models. 

These o s c i  1 l a t i o n s  a r e  produced by i n t e r f e r e n c e  between t h r e e  p o t e n t i a l  

energy curves d u r i n g  the  co 

I n  1972 Shpenik and 

t i o n  va lues,  i n  the 0-1 keV 

1 i s i o n .  

co-workers19 

range, f o r  d  

measured r e l a t i v e  c ross  sec- 

i r e c t  e x c i t a t i o n  o f  ~ d ( 5 ~ ~ ~ )  

T h i s  i s  a  non-resonant process and a  smooth energy dependence 

was ob ta ined .  I t  was measured i n  abso lu te  va lues  by A q u i l a n t i  and co- 

-workersZ0 i n  1981, con f i r rn ing  the  l a c k  o f  s t r u c t u r e  and the  absenceof  

p o l a r i z a t i o n .  These r e s u l t s  were i n t e r p r e t e d  a s  due  t o  a  weak sp in -  

- o r b i t  c o u p l i n g  i n  the  cadmium atom, lead ing  t o  R ( J  p r o j e c t i o n  on the  

i n t e r a t o m i c  a x i s )  n o t  be ing  a good quantum number. Th is  may e x p l a i n  the  

absence o f  p o l a r i z a t i o n  (a s t a t i s t i c a l  p o p u l a t i o n  f o r  t h e  sub leve ls  

w i t h  mJ = O,?]) but  n o t  t h e  d isc repanc ies  w i t h  t h e i r  own r e s u l t s 2 '  f o r  

d i r e c t  e x c i t a t i o n  o f  ~ ~ ( 6 ~ ~ 1 ) .  I n  t h i s  metastable s t a t e  o f  r n e r c u r y  

the re  were s t rong  c ross  s e c t i o n  o s c i  l l a t i o n s ,  a  t t r i bu t e d  t o  i n t e r -  

ference wi t h  nearby channel s  (probabl l ead ing  t o  6 3 ~ o  , 2 ) .  The cadmi um 

and mercury atomic s t r u c t u r e s  a r e  v e r y  s i m i l a r  and i t  i s  h a r d t o u n d e r -  

s tand the  ex is tence  o f  o s c i l l a t i o n s  o n l y  i n  one case. Thenon-ex is tence 

o f  s t r u c t u r e  i n  the  ~ d ( 5 ~ ~ ~ )  d i r e c t  e x c i t a t i o n  c ross  sec t ion ,  as v e r i -  

f i e d  by Shpenik and A q u i l a n t i ,  aroused i n t e r e s t  i n  the  charge exchange 

channel . 
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3. APPARATUS DESCRIPTION AND EXPERIMENTAL PROCEDURES 

3.1 - General d e s c r i p t i o n  of t h e  apparatus 

The exper imenta l  arrangements i s  shown i n  f i g u r e  2, be ing f u l l y  

desc r ibed  e lsewhereZ2.  Cadmium ions  a r e  produced i n  the RF i o n  source. 

They a r e  e x t r a c t e d ,  a c c e l e r a t e d  and focused by fh ree  c y l i n d r i c a l  e i e c -  

t rodes .  The t a r g e t  c e l l  c o n s i s t s  o f  a  c o l l i s i o n  r e g i o n  1.78 cm long  and 

an oven, where atomic sodium i s  generated. The e x c i t e d  cadmium atoms i n  

t h e  5 3 ~ 1  s t a t e  decay, w i t h  decay leng ths  going from 12.1 t o  21.9cm ( f o r  

beam energ ies  rang ing  from 1.5 t o  4.9 k e ~ ) .  The 326.1 nm r a d i a t i o n  i s  

de tec ted  by two photomul t i p l  i e r s  ( ~ ~ 1 9 6 8 9 ~ 0 )  wi  t h  broad band f i l t e r s  i n  

f r o n t  o f  each o f  them. To o b t a i n  t h e  cadmium beam, p e l l e t s  a r e  p laced  

i n s i d e  t h e  RF i o n  source. 
I m p u r i t i e s  i n  t h e  cadmium plasma a r e  detected by the  spec t ra l  

a n a l y s i s  o f  t h e  v i s i b l e  l i g h t  emi t ted .  I n  a f i r s t  stage t h e r e  i s an, 

a u x i l i a r y  he l ium d ischarge  and i t  i s  p o s s i b l e  t o  have Hel and I I  atomic 

l i n e s  mixed w i t h  mo lecu la r  spec t ra  con t inua  f rom r e s i d u a l  gases. The 

he l ium l i n e s  disappear a few seconds a f t e r  t u r n i n g  o f f  the  he l ium sup- 

p l y  ( t h e  p a r t i a 1  pressure a l s o  f a l l s  t o  z e r o ) .  Data a r e  taken when there  

a r e  o n l y  Cdl l i n e s ,  

The t a r g e t  c e l l  i s  formed by a hea te r ,  a  c o l i i s i o n  reg ion ,  an* 

oven and a c y l i n d r i c a l  suppor t  (see f i g u r e  3 ) .  A h o r i z o n t a l  c y l i n d r i c a l  

h o l e  o f  1.27 cm diameter  i s  bored through i t ,  being ended by two caps 

(1 mm c o l l i m a t i o n  d iameter)  and d e f i n i n g  a c o l l i s i o n  r e g i o n  1.78cmlong. 

The oven i s  made i n  molybdenum, w i t h  a copper d i s c  around i t .  A thermo- 

couple f i t t e d  t o  the d i s c  (copper-constantan) p e r m i t s  the  de te rmina t ion  

o f  the  vapour pressure and the  t a r g e t  d e n s i t y .  The thermal EMF measure- 

ment has a 2pV u n c e r t a i n t y  ( l e s s  than O:lOc e r r o r ) .  

The t a r g e t  element i s  ob ta ined  by the  thermal decornposition o f  

sodium a z i d e  (NaN3), which happens a t  275O~.  T h i s  method makes easy the  

load ing  (there i s  no o x i d a t i o n )  and a l l o w s  the  bak ing o f  t h e  c e l i  a t  a  

temperature below decomposit ion, i n c r e a s i n g  the  vacuum q u a l i t y  d u r i n g  

o p e r a t i o n .  A f t e r  decomposit ion the  sodium az ide ,  the  c e l l  i s  a l l owed t o  

c o o l .  The c a l c u l a t e d  vapour pressure was checked i n  t h r e e  p r e l  i m i n a r y  

runs by the  f o l  l ow ing  experiment: a  su r face  i o n i z a t i o n  d e t e c t o r  was 
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[YJ -b 
Fig.3 - Scheme o f  the  c o l l i s i o n  c e l l .  
a)  t o p  p l a t e  ( s t a i n l e s s  s t e e l ) ;  b) 
c011 i s i o n  r e g i o n  ( s t a i n l e s s  s t e e l ) ;  c )  
molybdenum oven; d) copper d isc ;  e) 
h o l l o w  c i l i n d e r  ( s t a i n l e ~ s ~ s t e e l ) ;  
f )  cooper b l o c k  coo led  t o  12 C. 

f 

aced i n  f r o n t  o f  one o f  t h e  c e l l  openings, me a s u r i n g  t h e  sodium f l o w  

i n  r e l a t i v e  u n i t s .  The r a t i o n  o f  t h i s  f l o w  (p ropor t iona !  t o  t h e  t a r g e t  

d e n s i t y )  t o  the c a l c u l a t e d  vapour pressure i s  cons tan t  w i t h i n  25% f o r  

d e n s i t i e s  v a r y i n g  by a  f a c t o r  o f  1000, showing a  ve ry  good agreement be- 

tween c a l c u l a t è d  and measured t a r g e t  d e n s i t i e s .  

3.2 - Detec t ion  and c a l i b r a t i o n  procedures 

The 326.1 nm photons a r e  de tec ted  by  t w o  p h o t o r n u l t i p l i e r s  

p laced o p p o s i t e  t o  each o t h e r  and or thogonal  t o  t h e  beam. The anode c u r -  

r e n t  i s  f e d  i n t o  an o p e r a t i o n a l  ampl i f i e r  w i t h  a  feedback r e s i s t o r  o f  1  

MR, r e s u l t i n g  i n  a  c u r r e n t / v o l t a g e  t ransduc ing  r a t i o  o f  1.00 V/pA. 

The number o f  photons a r r i v i n g  a t  the  p h o t o m u l t i p l i e r  window i s  

g iven  by 

where z  i s  the  beam a x i s ,  S t h e  exposed area o f  t h e  window, N t h e  f l o w  

o f  atoms i n  the  S 3 p 1  s t a t e  and R t h e  so l  i d  ang le  de f ined  by a  p o i n t  o f  

the  beam a x i s  and the  area S. An anal y t i c a l  express ion was obta inedZ3 f o r  

IT, namel y, 

IT = N o  exp(-L/zo){3.18 + 3.96 zò21z,' ( 1  O) 

where zo ( i n  cm) i s  t h e  decay l e n g t h  o f  t h e  5VP, rnetastables, N o  t h e i  r 
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beam - - - -  
axis 

F ig .2  - Experimental arrangement. A - Cadmium r e s e r v o i r ;  B - lon source 
(RF d r i v e n ) ;  C - Plasma p o t e n t i a l  e lec t rode ;  D - E x t r a c t i o n  e l e c t r o d e ;  
E - Magnet (windings i n s i d e  t h e  hatched r e g i o n ) ;  F - Heat d i s s i p a t o r  f o r  
the  magnetic;  G - Focusing e l e c t r o d e ;  H - Grounded e l e c t r o d e ;  I - Col -  
1  imato r  (0.79 mm diameter,  water  coo led) ;  J - Copper b l o c k  ( a l s o  , water  
coo led) ;  K - Target  c e l l ;  L  - C o l l  ima to r  (3.05 mm diameter, watercooled); 
M - Brass p i p e  (10 cm inner  d iameter) ;  N - Aluminurn a1 l o y  cube (Dura l )  
(15 cm, w i t h  t h r e e  10 cm I.D. ho les  bored th rough) ;  O - S l i t  system (op- 
t i o n a l  c o l  1  imato r )  ; P - Opera t iona l  Ampl i f i e r  ( t ransduces t h e  anode c u r -  
r e n t  t o  v o l  tage) ; Q - Photomul t i p l  i e r  tube (EM1 9689QB) ; R - Broad band 
f i l t e r ,  w i t h  a 3.05 mm c o l l i m a t o r ;  S - Faraday cup; T - B u t t e r f l y  valve; 
U - Output t o  t h e  roughing r o t a r y  pump; V - L i q u i d  N p  t r a p ;  W - ~ 0 6  d i f -  
f u s i o n  pump; X - B u t t e r f l y  va lve ;  Y - Water cooled b a f f l e ;  Z - 403 d i f -  
f u s i o n  pump; a - O u t l e t  o f  b o t h  d i f f u s i o n  pumps; b - Booster  pump; c - 
Backing r o t a r y  pump (op t iona l . ) ;  d  - Backing r o t a r y  pump; e - Roughing 
r o t a r y  pump. ( ~ h e  ho lder  o f  t h e  t a r g e t  assembly was o m i t t e d  f o r  reasons 
o f  c l a r i t y ) .  
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f l o w  through the  c e l l  e x i t ,  and L t h e  d i s t a n c e  f rom t h i s  e x i t  t o  the  

c e n t r e  o f  t h e  d e t e c t i o n  r e g i o n  (16.9 cm). For low t a r g e t  d e n s i t i e s ,  N O  

i s  g i ven  by 
I  N, = - n oL e C (11) 

+ 
where I i s  t h e  Cd c u r r e n t ,  e t h e  e l e c t r o n  charge, a the  c ross  sect ion,  

n the  average t a r g e t  d e n s i t y  i n  t h e  beam p a t h  i n s i d e  t h e  c e l  l a n d  
=c 

t h e  c e l l  e f f e c t i v e  leng th ,  d e f i n e d  as t h e  d e n s i t y  i n t e g r a t e d  a long  a11 

t h e  beam p a t h  and d i v i d e d  by n (Lc i s  n e a r l y  equal t o  t h e  sum o f  t h e  

geometr ic l e n g t h  o f  the  c e l l  and the  ent rance and the  e x i t  d iameters) .  

A broad band f i l t e r  i s  used i n  o r d e r  t o  s e l e c t  a  bandwidth cen- 

t e r e d  a t  32508 (model UG-11, O r i e l ) ,  c u t t i n g  o f f  comp le te ly  1 i g h t  o u t -  

s i d e  the  2600-39008 range. 

The r a d i a t i o n  reaches the  photocathode a t  a n g  l e s  sma l l e r  than 

30'. Below t h i s  angle,  the  r e f l e c t i o n  losses a r e  small  and f a i r l y  con- 

s t a n t  ( r e f l e c t i v i t y  a t  30' i s  4% l a r g e r  than a t  normal inc idence) .  To 

achieve t h i s  ang le  l i m i t a t i o n  a  3.2 mm c o l l i m a t o r  was g lued t o  t h e  f i l -  

t e r  and another  p laced  f a r t h e r  a p a r t .  T h i s  3,2 mm c o l l i m a t o r  def ines the  

exposed a  rea . 
The o v e r a l l  e f f i c i e n c y  o f  d e t e c t i o n  E f o r  t h e  system formed by 

p h o t o m u l t i p l i e r ,  f i l t e r  and the  3.2 mm c o l l i m a t o r  i s  ob ta ined  u s i n g  a  

c a l  i b r a t e d  D2 lamp (ob ta ined  f rom NPL, Teddington, UK). I t s  va lue  i s 

(3.00 ' O . O ~ ) X I O ~  f o r  t h e  o p e r a t i o n  p h o t o m u l t i p l  i e r  b i a s  (1.15 kV) and 

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

anode per  incoming photon, be ing  then the p roduc t  o f  the  window and t h e  

f i l t e r  t r a n s m i s s i v i t i e s ,  t h e  cathode quantum e f f i c i e n c y  and t h e  photo- 

m u l t i p l  i e r  ga in .  

The measured s i g n a l  i s  g i ven  by the  p roduc t  IT€;  u s i n g  eqs. ( lO)  

and (I I )  t h e  charge exchange c ross  sec t  i o n  i s  

where S i s  the  t ransducer  o u t p u t ,  I i s  t h e  beam c u r r e n t  and F t h e  p r o -  

duct  o f  the  remain ing cons tan ts .  
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3 . 3  - Measurements procedures 

For a given target  density the beam energy i s  lowered frorn 4.9 

to  1.5 keV by s teps  of 0.1 keV. The signal in tens i ty  f o r  each energy 

value (photomultiplier  output) i s  divided by the  beam current and t h i s  

normalized signal plotted versus the target  density (a typical  graph i s  

shown i n  f igure  4 ) .  From the low density l i r n i t  of the  der ivat ive  we ob- 

ta in  the cross  section fo r  process ( I ) .  The l i n e a r i t y  a t  low target  den- 

s i t i e s  j u s t i f i e s  the neglect of cascading, a s  cascades would cause a 

parabol ic dependence. 

I n  order t o  obtain a meaningful to t a l  c ross  section measurement 
+ 

one needs the  detection of the incident Cd beam and t h e  s c a t t e r e d  

Cd (S3 P1 ) bearn. The incident bearn i s c01 1 irnated before reaching the  cel l 

by a 0.79 mm coll imator and the  entrance and e x i t  of the ce l l  have 1.00 

mm diameter. The alignment of  col l imator ,  ce l l  and ion source extraction 

i s  done w i t h  a He-Ne l a se r .  After leaving the  target  the bearn crosses 

one c01 1 imator (6.35 rnm) and the photomultipl i e r  detection region (12.70) 

mm w i  de) before reaching the  Faraday cup. T h i  s i s enough to  accommodate 

space-charge e f f e c t s  (even i n  the  lowest energy - 1.5 keV - and w i  thout 

neutra1 ization by electron t rapping).The angular spread o f  the ~ d ( 5 ~ ~ , )  

beam is negl igi ble a s  the beam i s  focused a t  the target  (see f igure  21, 

i n  order t o  maximize the  current  a t  the  Faraday cup, r e s u l  t i n g  i n  a 

cyl indr ica l  beam envelope which s u f f e r s - t h e  cbllírnation before the t a r-  

ge t .  The angular spread of the  c ~ C ~ ~ P ~ )  beam i s  due to t h e  c01 l i s ion  

process and any f i n i t e  c e l l  e x i t  diameter w i l l  cause losses.  The centre  

of the  t a rge t  and the  cel l exi t define a 3.2O angle. As the charge ex- 

change cross  section presents a maxirnum fo r  large impact  p a r a r n e t e r s  

(where the pseudo-crossing occurs) , th'e angular spread of the sca t tered  

p ro jec t i l e  i s  small (of order 1'). For instance,  one such process i s  the 

near-resonant charge sxchange L ~ + - N ~ ( A E ~  = 0.253 eV). LosZ3 measured i t s  

d i f f e ren t i a l  cross section a t  0.5 keV obtaining non-zero values onlyfor 

angles srnaller than 0.3'. To estirnate the importante of  the cd(!i3p1) 

losses the ce l l  and collirnator system were rotated,  allowing an angle 
o 

(up to 1.2 ) between the  incident ions and the sca t tered  r n e t a s t a b l e s .  

Within *10% there i s  no var ia t ion  of the normal ized s ignal ,  showing that  

most of the atorns a r e  sca t tered  by less  than 1'. Thus the contribution 
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Fig.4 - Typ ica l  cu rve  o f  n o r m a l  i zed s i g n a l  
( m ~ / n ~ )  versus t a r g e t  densi t y  ( 1  0 ' cm- 3 ,  

(E = 3.5 k e ~ ) .  

o f  the  angular  spread t o  the  e r r o r  i n  t h e  c ross  s e c t i o n  rneasurement i s  

est irnated as 10%. 

3.4 - E r r o r  a n a l y s i s  

Equat ion (12) must be c o r r e c t e d  f o r  severa l  e f f e c t s  which, be- 

s ides changing i t s  measured va lue,  w i l l  increase i t s  s tandard dev ia t ion .  

Each p o i n t  i n  the  normal i zed  s i g n a l  (s/I) versus t a r g e t  d e n s i t y  

( R )  graph i s  an average over  severa l  va lues o f  S / I  f o r  g i ven  t a r g e t  den- 

s i t y  and beam energy. P o i n t s  s c a t t e r e d  more than 5% from t h i s  average 

were n o t  considered ( they  appeared when t h e  i o n  beam c u r r e n t  was e i  t h e r  

too  srnal 1  o r ,  due t o  i o n  source condensation, too  u n s t a b l e ) .  

As runs f o r  d i f f e r e n t  t a r g e t  d e n s i t i e s  were performed a t  d i f -  

f e r e n t  dates, t h e r e  a r e  d i f f e r e n t  plasma boundary c o n d i t i o n s  i n  the  i o n  

source. T h i s  may cause a maximum beam displacement o f  '0.4 rnm i n  f r o n t  

o f  the pho to rnu l t i p l i e r ,  i n t r o d u c i n g  a 3.5% c o n t r i b u t i o n  t o  t h e  s tandard 
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d e v i a t i o n .  

The t a r g e t  pressure i s  ob ta ined  f rom the  thermocouple EMF u s i n g  

semi -empi r i c a 1  vapour pressure cu rves z4.  These curves agree wi t h  o t h e r  
o 

cu rves z5 w i t h i n  - + l . s O ~ .  A t  500 K, t h i s  d iscrepancy would cause a 7.5% 

e r r o r  i n  the  d e n s i t y .  A q u a n t i t a t i v e  e s t i m a t e  o f  t h i s  e r r o r w a s o b t a i n e d  

w i t h  an a u x i l i a r y  experiment, as a l r e a d y  descr ibed  i n  3.1, y i e l d i n g  a 

va lue  o f  5%. 

Other l e s s  impor tan t  e f f e c t s  are:  the  c o l l i s i o n  r e g i o n  iswarmer 

than t h e  oven, as i t  i s  c l o s e r  t o  t h e  heater ;  the  in te rna1  gas conduc- 

tances o f  t h e  c e l l  be ing n o n - i n f i n i t e ,  t h e r e  i s  a  decrease i n  t h e  gas 

densi t y  as i t f l o w s  f rom t h e  oven on t h e  c e l l  opening. The temperature 

g r a d i e n t  was measured and, f o r  t h e  temperature range used, r e s u l  t s  i n  

the  a c t u a l  d e n s i t y  be ing l a r g e r  than 

1 t o  3%. The gas conductance e f f e c t  

s i t y  o f  the  c o l l . i s i o n  r e g i o n  t o  be O 

two secondary e f f e c t s  were accounted 

d e n s i t y  i n  the  c o l l i s i o n  reg ion .  

t h a t  i n  t h e  oven by amounts from 

i s  smal ler ,  causing t h e  average den- 

. 5 % l o w e r t h a n c a l c u l a t e d .  These 

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

The o v e r a l l  s tandard d e v i a t i o n  o f  each i n d i v i d u a l  p o i n t  o f  t h e  

graph i s  6.5%, b u t  the  two rnain e f f e c t s  - beam displacement a n d  o v e n  

temperatura - a r e  p a r t i a l l y  compensated when the  s lope i s  t h e  low den- 

s i t y  r e g i o n  i s  ob ta ined .  The wors t  est i rnate f o r  t h e  s tandard d e v i a t i o n  

o f  t h e  l i n e  s lope  i s  then equal t o  6.5%. 

The l e n g t h  L i n  express ion (11) must t a k e  i n t o  a c c o u n t  t h e  
c. 

beaming o f  t h e  ou tgo ing  sodium vapour f l ow.  The pressure does n o t  f a l l  

t o  zero immediately a f t e r  l e a v i n g  t h e  c e l l  and the  e f f e c t i v e  Lc i s  t h e  

geometr ic  va lue  (17.8 mm) added t o  t h e  surn o f  t h e  c e l l  openingdiameters 

(2.0 mm). T h i s  increases the  c e l l  l e n g t h  by 11% 1%, i n t r o d u c i n g  a 1% 

e r r o r .  

Besides these sources o f  e r r o r  r e s u l  t i n g  i n a s t a n d a  r d  d e v i -  

a t i o n  o f  4.7%, t h e r e  a r e  two o t h e r s :  t h e  a n i s o t r o p y  o f  emiss ion ( n o n -  

- zero p o l a r i z a t i o n )  and t h e  angu la r  s c a t t e r i n g  o f  metastables.  

The d e t e c t i o n  system accepts l i g h t  e m i t t e d  a t  angles ( w i t h  t h e  

beam d i r e c t i o n )  ranging f rom 60' t o  120'. The angu la r  a n i s o t r o p y  i n -  

troduced by an eventual  p o l a r i z a t i o n  P o f  the  s3p, s t a t e  would r e s u l  t 

i n  a d i f f e r e n c e  between t h e  measured s i g n a l  and the  i s o t r o p i c  one 



Revista Brasileira de Física, Vol. 17, n? 3, 1987 

- 1-0.09P - -  [ I-P,, I (s/4lT) 

where S  i s  the  s i g n a l  i n t e g r a t e d  over  a l l  d i r e c t i o n s .  If P i s  -1 o r  +I 

the  c o r r e c t i o n  f a c t o r  on the  RHS o f  eq.(13) w i l l  be, r e s p e c t i v e l y ,  0.82 

and 1.36. As t h i s  a n i s o t r o p y  was n o t  inc luded  i n  the  s o l i d  ang le  c a l c u-  

l a t i o n ,  the  measured c ross  s e c t i o n  should be d i v i d e d  by a  number l y i n g  

between 0.82 and 1.36. A semi- c lass ica l  argument p o i n t s  t o  P equai to- 1:  

charge exchange c o l l i s i o n s  norma l l y  happen a t  l a r g e  impact parameters, 

where the  two quasi-molecule energy p o t e n t i a l  curves have a  pseudo-cros- 

s ing  a t  RC. As R i s  l a r g e  t h e  e l e c t r o n s  w i l l  come f rom the  t a r g e t  t o  
C 

the p r o j e c t i l e  mos t l y  a t  a  r i g h t  ang le  t o  t h e  beam, p o p u l a t i n g  p r e f e r -  

e n t i a l l y  the  two 3 ~ 1  o r b i t a l s  perpend icu la r  t o  t h e  beam and r e s u l t i n g  i n  

P=-I.  Never the less,  a  v e r y  s i m i l a r  c o l  l i s i o n  process21 p o i n t e d  t o  t h e  

absence o f  p o l a r i z a t i o n  o f  t h e  326.1 nm l i g h t .  As the  P v a l u e  l i e s  be- 

tween O and -1 (probably  c l o s e r  t o  zero) the  va lues c a l c u l a t e d  assuming 

i s o t r o p y ,  may a t  worst  case be d i v i d e d  by 0.82 (a 22% increase)  and a t  

best  remain unchanged, then i n t r o d u c i n g  an u n c e r t a i n t y  o f  11% and an 

increase o f  11% i n  the  a b s o l u t e  va lues o f  the  c ross  sec t ions .  

A l a s t  e r r o r  source, a l r e a d y  mentioned i n  3.3, i s  the angu la r  

s c a t t e r i n g  o f  the  metastables and c o n t r i b u t e s  w i t h  *]O%. 

Tha accumulated e r r o r  (an overes t imate  o f  the  s t a n d a r d  d e v i -  

a t i o n )  i s  due t o  the  angular  s c a t t e r i n g  losses,  t h e  p o l a r i z a t i o n  an iso-  

t r o p y ,  the  vapour pressure curves,  the  s t a t i s t i c s  o f  measurement a n d t h e  

beam displacement e f f e c t .  As these e f f e c t s  a r e  i n d e p e n d e n t ,  a n d  as-  

suming gaussian d i s t r i b u t i o n s ,  the  overest imated t o t a l  s tandard d e v i -  

a t i o n  i s  15%. 

4. RESULTS AND CONCLUSIONS 

The exper imenta l  c ross  s e c t i o n s  a r e  d i s p l a y e d  i n  f i g u r e  5,  

toge ther  w i t h  our  t h e o r e t i c a l  c a l c u l a t i o n s  based on t h e  model presented 

by 01son3, showing a  ve ry  good agreement. 

A  more accura te  c a l c u l a t i o n  o f  a would take  i n t o  a c c o u n t  t h e  

o f  f o u r  nearby quasi-molecular  l e v e l s  (see f i g u r e  1) and n o t  o n l y  p a i r s  
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Fig.5 - Cross s e c t i o n  a,,, f o r  ~ d ( 5 ~ ~ , )  p roduc t ion  
( 25%) ( t h i s  paper, 0-0); c ross  s e c t i o n  010 f o r  
t o t a l  charge exchange ( M a r t i n  et a131 c-o); theor -  
e t i c a l  es t imates  f o r  S3po, s 3 p l  and 5 3 ~ 2  produc- 
t i o n  c ross  sec t ions  r e s p e c t i v e l y  i n d i c a t e d  by V--V, 
A--A and -- ( t h i s  paper) and t h e i r  sum i n d i -  
ca ted  by o--o. The cont inuous l i n e s  passed through 
t h e  p o i n t s  a r e  t o  g i v e  a  v i s u a l  he lp.  

+ 
o f  l e v e l s  ( i n i t i a l l y  Cd and Na i n  t h e i r  ground s t a t e s  a n d  f i n a l l y  

cd(s3p,) and ~ a '  ('s,). T h i s  may change the  t h e o r e t i c a l  va lues g iven  by 

eq. (6)  and f i g u r e  5 b u t  n o t  t h e i r  o r d e r  o f  magnitude. 

I n  the  s e c t i o n  2 we mentioned t h e  p o s s i b i l i t y  o f  p e r i o d i c  s t r u c -  

t u r e s  o f  the  c ross  sec t ion16 ,  exp la ined  by the  th ree  s t a t e  r n ~ d e l ' ~ " ~ .  

Here we w i l l  b r i e f l y  d iscuss  t h i s  model i n  o r d e r  t o  understand o u r  case, 

w i t h  f o u r  nearby competing channels. I n  a  c o l l i s i o n  w i t h  t h r e e  channels 

(two i n e l a s t i c  and one e l a s t i c ) ,  

ves being very  near each o t h e r ,  

between the  e i a s t i c  and any o f  

the  two 

the re  a r e  

i n e l a s t i c  

i n e l a s t i c  p o t e n t i a l  energy cu r -  

t r a n s i t i o n s  a t  t h e  c r o s s i n g  R'  
C 

s ta tes ,  and a t  t h e  c r o s s i n g  R: 
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between the i n e l a s t i c  s t a t e s .  As the  c o l l i d i n g  p a r t i c l e s  a p p r o a c h  and 

depar t ,  they may c ross  R' and R: tw ice ,  and one has severa l  ways t o  go 
C 

from the  e l a s t i c ,  f o r  example, t o  the  f i r s t  i n e l a s t i c ,  w i t h  i n t e r f e r e n c e  

between them. The main parameter i s  the  q u o t i e n t  o f  the  energy d e f e c t  

and the  v e l o c i t y ,  and the  cross s e c t i o n  has o s c i l l a t o r y  terms w i t h  a r -  

gument roughly  p r o p o r t i o n a l  t o  t h i s  parameter.  I f  the  energy de fec t  i s  

smal l ,  the  o s c i l l a t i o n s  i n  G ( E )  a r e  broader and m o r e  i n t e n s e ,  be ing 

e a s i e r  t o  d e t e c t .  

The ex is tence  o f  f o u r  nearby competing channels produces an i n -  

t e r f e r e n c e  p a t t e r n  more complex than t h a t  o f  the  th ree  s t a t e  m o d e l 1 8 .  

Th is  may be the  reason f o r  Shpenik and A q u i l a n t i  n o t  observ ing  c l e a r o s -  

c i  l l a t i o n s  i n  the  d i  r e c t  exc i  t a t i o n  o f  c d ( s 3 p l )  (non- resonant process, 

w i t h  t h r e e  nearby channels) ,  w h i l e  A q u i l a n t i  measured s t  r o n g  o s c i  1 - 
l a t i o n s  f o r  the  d i r e c t  e x c i t a t i o n  o f  the  metastable ~ ~ ( 6 ~ ~ 1 ) .  I n  mer- 

c u r y  the  gaps 6 3 ~ l - 6 3 ~ o  and 6 3 ~ 1 - 6 3 ~ 2  a r e  r e s p e c t i v e l y  3 . 3  and 4.8 t imes 

l a r g e r  than the  corresponding gaps i n  cadmium, producing i n  t h i s  l a t t e r  

case an i n t e r f e r e n c e  p a t t e r n  much weaker than i n  the  former. 

The presence o f  severa l  channels des t roys  the  coherence o f  t h e  

5 3 ~ 1  l i g h t  (as v e r i f i e d  by A q u i l a n t i  i n  the  d i r e c t  e x c i t a t i o n  o f  Cd)and 

the  i n t e r f e r e n c e  p a t t e r n  ( a l s o  v e r i f i e s  by A q u i l a n t i  and Shpenik).  T h i s  

i s  even more e v i d e n t  f o r  the charge-exchange e x c i  t a t i o n  o f  ~ d ( 5 ' ~ l )  i n -  

stead o f  th ree  t h e r e  a r e  f o u r  nearby channels) ;  o s c  i 1 l a t i  o n s  i n t h e  

t o t a l  cross s e c t i o n  were no t  exper imenta l l y  observed here. 

As f a r  as we a r e  aware, t h e r e  a r e  no measurements o f  low energy 

charge-exchange c o l l  i s i o n s  where the c o l l i s i o n  system i s  a q u a s i  - t w o -  

- e l e c t r o n  one and the  p r o j e c t i l e  i s  l e f t  i n  an e x c i t e d  s t a t e .  There a r e  

two s o r t s  o f  s i m i l a r  experiments however: low energy d i r e c t  e x c i t a t i o n  

c o l l i s i o n s  w i t h  the  c o l l i s i o n  system being e i t h e r  quas i- one- e lec t ron  2 6  

2 7 - 2 9 .  
o r  quasi - two-e lec t ron  , and low energy charge-exchange c o  l l i s i o n s  

w i t h  a quasi-one e l e c t r o n  c o l l i s i o n  system and the  p r o j e c t i l e  i n  an ex- 

c i  ted  f i n a l  s t a t e .  

D i r e c t  e x c i t a t i o n  i n  quasi -one-e lect rom system was thorough ly  

s tud ied  by the  Copenhagen group and they p resen t  a  recen t  r e ~ i e w ~ ~ .  A f -  

terwards they presented exper imenta l  resu l  t s  f o r  d i  r e c t  e x c i  t a t i o n  i n  the 
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quasi - two-e lec t ron  system ( ~ i ~ a )  ". Thei r own t h e o r e t  i c a l  descr ipt ionZ8 

and the one proposed by Kimura and 0 l s o n Z 9 ,  w h i l e  account ing f o r  t h e  

presence o f  two c ross  s e c t i o n  maxima ( a l s o  p resen t  i n  quasi-one- e l e c -  

t r o n  c o l l i s i o n  systems), f a i l  t o  descr ibe  t h e i r  p o s i t i o n  and i n t e n s i t y .  

The h igher  energy maximum may be rough ly  descr ibed  by the  Massey a d i a -  

b a t i c  c r i t e r i o n ,  which invo lves  t h e  va lence e l e c t r o n s .  The o t h e r  maxi- 

mum i s  assoc ia ted  w i t h  small  impact parameters and corresponds t o  the  

i n t e r p e n e t r a t i o n  o f  the  atomic cores promot ing one inner  e l e c t r o n  o f  

one atom t o  a va lence p o s i t i o n  i n  t h e  o t h e r .  As ~ n d e r s e n ~ ~  p o i n t s  ou t ,  

t h i s  second mechanism i s  more dependent on the  s p e c i f i c  c o l l i s i o n  sys- 

tem, as i t  cannot be exp la ined  w i t h  hydrogenic models, and o b v i o u s l y  

i t  i s  harder  t o  c a l c u l a t e .  The a l r e a d y  mentioned measurements o f  the  

d i r e c t  e x c i t a t i o n  o f  Cd by ~ a ' p r o j e c t i l e s  r e l a t e d  t o  the  quasi - two-  
+ 

- e l e c t r o n  system ( ~ d N a )  ( i n  our  case the  energy range f o r  charge ex- 
+ 

change e x c i t a t i o n  o f  Cd l a y  above the Massey maximum and we d i d  n o t  

expect t o  see t h i s  s t r u c t u r e ) .  

I n  o r d e r  t o  understand low energy charge-exchange c o l l i s i o n s ,  

l ead ing  t o  t h e  e x c i t a t i o n  o f  t h e  p r o j e c t i l e ,  a  system w e l l  s t u d i e d  r e -  

c e n t l y 3 '  i s :  
+ 

H+ + Na -t H(n=2) + Na . 

Atomic and mo lecu la r  o r b i t a l s  were used. We observe disagreements be- 

tween t h e  exper iments,  and between experiments and theory .  T h i s  p ro -  

cess, s i m i l a r l y  t o  the  d i r e c t  e x c i t a t . i o n  ones r e l a t e d  above, i s  non- 

resonant b u t  p resen ts  an energy d e f e c t  c l o s e  t o  1 eV. The energy de- 

f e c t s  l a r g e r  than i n  our  case lead  t o  the  Demkov crossings o c c u r i n g  a t  

small  R va lues ,  and hence the  hydrogenic  atomic o r b i t a l s  g i v e  a worse 

d e s c r i p t i o n  o f  the  va lence e l e c t r o n s  ( i n  o u r  case, f o r  instance,  the  

Olson formula f o r  H I 2 ( ~ )  i s  based on hydrogenic  systems). Besides t h i s  

e x t r a  d i f f i c u l t y ,  which leads t o  the  use o f  mo lecu la r  o r b i  t a l  s ,  the 

c ross  s e c t i o n  f o r  non-resonant processes i s  sma l le r ,  which may account 

f o r  d i  screpancies between the  exper imenta l  data.  

F i g u r e  5 shows o u r  exper imenta l  r e s u l t s  f o r  c h a r g e  exchange 

i n t o  the  5 3 ~ ,  s t a t e ,  exper imenta l  r e s u l  t s  o b t a  i n e d  b y  M a r t i  n ,  

McCul lough and G i  1 body 3 1  f o r  charge exchange i n t o  a1 l ruas and our  
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t h e o r e t i c a l  es t imates  f o r  u ( ~ P ~ )  and O ( ~ ~ P , , , ~ , ) .  As f a r a s  t h e  au thor  i s  

concerned these unpubl ished r e s u l t s  are,  besides ours ,  t h e  o n l y  ones 
+ 

i n v o l v i n g  charge exchange i n  the  ( ~ d ~ a )  system. 

Our exper imenta l  p o i n t s  agree reasonably  w e l l  w i t h t h e e s t i m a t e s  

o f  charge-exchange c ross  sec t  ion,  p r e s e n t i  ng however a sharper i n- 

crease towards low energ ies.  On the  o t h e r  hand, c o n s i d e r i n g  the  semi- 

e m p i r i c a l  n a t u r e  o f  t h e  coupl  i n g  m a t r i x  element H I Z  (R), which as po in ted  

o u t  i n  t h e  second p a r t  o f  t h i s  paper in t roduces  an e r r o r  o f  n e a r l y  30% 

i n  the  t h e o r e t i c a l  es t imates  t h e  agreement i s  v e r y  s a t i s f a c t o r y .  The 

t o t a l  charge-exchange va lues o f  M a r t i n  et a~~~ a r e  compared wi t h  the sum 

o f  the  charge-exchange c ross  sec t  ions f o r  5 3 ~ 0 ,  ,, 2, as c a l c u l a t e d  u s i n g  

O lson 's  model, be ing found t o  be n e a r l y  t w i c e  these t h e o r e t i c a l  va lues .  

T h i s  suggests a breakdown o f  t h e  a l r e a d y  mentioned assumption o f  t h e  

Demkov model ( t r a n s i  t i o n  between two nearby quasi -molecular  s t a t e s )  , a 

rough approx imat ion when t h e r e  are,  bes ides the  e l a s t  i c ,  t h r e e  near-  

-resonant i n e l a s t i c  channels. 

The au thor  wishes t o  thank Dr. J,M. Pendlebury f o r  s u g g e s t i n g  

t h i s  s u b j e c t  as p a r t  o f  a DPhi l  Thesis  a t  Sussex U n i v e r s i  t y  and f o r  

h e l p f u l  comments a t  severa1 stages o f  t h i s  work; P r o f .  H.B. G i lbody  f o r  
+ 

sending unpubl ished resu l  t s 3 1  f o r  the  charge exchange o f  Cd i n t o  a1 l 

s t a t e s  o f  the  cadmium atom; Dr. V. A q u i l a n t i  f o r  sending a complete c o l -  

l e c t i o n  o f  papers pub l i shed  by h i s  group i n  Cd, H g a n d a l k a l i  c o l l i s i o n s .  
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APPENDIX 

01son4 c a l c u l a t e d  a u n i v e r s a l  express ion f o r  the  near  - resonant 

charge-exchange c ross  s e c t i o n  
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Q* and 6-' being, respectivel y, the reduced cross section and the re- 

duced vel oci ty . 
As already mentioned the crossing point R is obtained by solv- 

C 
i ng 

2H12 (R,) = &(R& = mm 05a) 

A semiempirical expression4 for H , ~ ( R )  gives 

H12(~) = ( 1 ~ 1 ~ )  'I2 R* e-0'86Rk (1Sb) 

where 

1 1  and 1 2  are the effective ionization potentials of the initial and 

final atoms and all quantities are given in atomic unities. To obtain 

the reduced velocity one uses 

where V is the projectile velocity. 

The resul ting ~"(6-') values4 are shown in table 1. 

Table 1 - Calculated reduced cross 
section Q* versus reduced veloci ty 
6-I (ref. 4). 
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Resumo 

A seção de cho ue de emissão de 326.1 nm para o processo de CO- 9 l i s ã o  - ~ d +  + Na -+ ~ d ( 5  P ~ )  + Na - f o i  medida na f a i x a  de energ ia de 
1,s a 4,9 keV. Ela decresce monotonamente de 5 a t é  2 ~ 1 0 - ' ~  cm2. Devido 
à quase degenerescência em energ ia  e s t e  canal apresenta uma seção de 
choque mui t o  acima de todas as o u t r a s  (com excessão dos canais  de t r o c a  
de carga para 5 3 ~ o  e 5 3 ~ 2 ,  O S  qua is  são a l tamente metaestãveis) .  I s t o  
permi te  negl  i g e n c i a r  o mecanismo de cascata para o aumento da p o p u l a ç ~ o  
de átomos em 5 3 ~ 1  e, consequentemente, r e s u l t a  em i d e n t i f i c a r  a seçao 
de choque de emissão de 326.1 nm com a de exc i tação  do estado s3p1. O S  
v a l o r e s  medidos concordam bem com e s t i m a t i v a s  t e ó r i c a s  baseadas no mo- 
de lo  de Olson para t r o c a  de carga quase-ressonante. 


