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DYNAMICS OF COLLISIONAL IONIZATION ASSISTED BY JUDICIOUSLY CHOSEN 

(BUT NOT VERY STRONG) LASER FIELDS 

University of  Maryland, Department of  Chemistry, ColZege Park, Maryland 20742, 
U.S.A. 

R6sum6 - Ce papier pr6sente 1'6volution des expCriences 
entreprises dans le domaine de l'ionisation collisionnelle 
pour mettre en 6vidence et Ctudier l'influence d'un champ 
de radiation nodgrgment intense sur les processus de col- 
lisions entre atomes excitCs. 

Abst rac t -  Th is  review t r a c e s  t h e  e v o l u t i o n  of e x p e r i -  
ments i n  c o l l i s i o n a l  i o n i z a t i o n  des igned  t o  i l l u s t r a t e  
and e x p l o r e  t h e  i n f l u e n c e  of moderately  i n t e n s e  o p t i c a l  
r a d i a t i o n  on t h e  outcome of a tomic  c o l l i s i o n s .  

I - EARLY WORK 

My r e s e a r c h  group and I became i n t e r e s t e d  i n  l a s e r - s t i m u l a t e d  
e v e n t s  wi th  t h e  o b s e r v a t i o n  of L i  + and ~ i +  produced by c r o s s e d -  
beam c o l l i s i o n s  i n  t h e  p resence  o$ a p u l s e d  l a s e r  f i e l d  tuned t o  
t h e  a tomic  L i  resonance l i n e .  The e s s e n t i a l  e lements  of t h e  
exper imenta l  l a y o u t  a r e  i l l u s t r a t e d  i n  f i g u r e  1. Two e f f u s i v e  
a tomic  beams c r o s s  a t  90 i n  t h e  c e n t e r  of a n  evacua ted  chamber. 
Counterpropagat ing l a s e r  beams t r a v e r s e  t h e  i n t e r a c t i o n  c e n t e r  
i n  t h e  same p lane  a s  t h e  a tomic  beams a t  a n g l e s  of 45' and 135' 
w i t h  r e s p e c t  t o  t h e  r e f e r e n c e  a tomic  beam a x i s .  Ions  produced by 
c o l l i s i o n a l  p r o c e s s e s  a r e  a c c e l e r a t e d  v e r t i c a l l y  upward by a 
pu l sed  electr ic f i e l d  and mass ana lyzed  by t i m e - o f - f l i g h t  (TOF) 
mass spec t roscopy .  Photon emission can  a l s o  be d e t e c t e d  by an  
o p t i c a l  system mounted i n  t h e  same p lane  a s  t h e  l a s e r  and atomic-  
beams. Data i s  accumulated by e i t h e r  boxcar averag ing  o r  by 
waveform d i g i t i z a t i o n .  

F igure  2 shows t h e  r e l a t i v e  energy l e v e l s  of t h e  Li2 and ~ i ~ +  
g r o u n d s t a t e s .  The f i r s t  exper iment  employed on ly  a s i n g l e  l a s e r .  
When tuned t o  t h e  a tomic  resonance l i n e ,  c o l l i s i o n s  between 
e x c i t e d  Li*(2p) p a r t n e r s  r e q u i r e  a minimum a d d i t i o n a l  energy of 
about  0.41eV t o  produce Li2+ by a s s o c i a t i v e  i o n i z a t i o n  (A.I.) .  
Absorpt ion of a t h i r d  photon from the  l a s e r  beam prov ides  1.85eV, 
s u f f i c i e n t  n o t  on ly  f o r  A . I .  b u t  a l s o  f o r  Penning i o n i z a t i o n  (P . I . )  

Ion i n t e n s i t y  t h e r e f o r e  should be s t r o n g l y  peaked a t  t h e  a tomic  
resonance l i n e ,  Li2+ and ~ i +  should  bo th  be p r e s e n t ,  and t h e  
s i g n a l  shou ld  be l i n e a r  w i t h  l a s e r  i n t e n s i t y  i n  t h e  regime where 
t h e  a tomic  o p t i c a l  t r a n s i t i o n  i s  s a t u r a t e d .  The r e s u l t s ,  shown 
i n  f i g u r e s  3 and 4 ,  accord  w i t h  our  e x p e c t a t i o n s .  To f u r t h e r  
t e s t  t h e s e  i d e a s  we added a second l a s e r ,  counte rpropaga t ing  a s  
shown i n  f i g u r e  1, and tuned s e v e r a l  hundred wavenumbers o f f -  
resonance from t h e  a tomic  t r a n s i t i o n .  Since thethird photonneeds 
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DICITIZER 

Figure 1: Schematic outline of apparatus. 

Li(2p) + Li(2p) + fiw -+ ~ i :  

Figure 2: Relevant energy levels of Li2 and 



Figure 3: ~ i +  and ~ i ~ +  product ion vs. laser wavelength. 
peak at Li atomic resonance line. 

Im Intensity ' ~ i +  Production vs. Loser Fower Density 
(Arb. Units) / 

Laser Intensity 
( Arb. Units) 

Ion Intensity 
 b. Units) 1 3 ~ ' :  Production vs. Laser Power Density 

Note 

Figure 4: Linearity of signals from laser-induced Penning 
and associative ionization. 
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n o t  t o  be r e s o n a n t  t o  p r o v i d e  sufficient energy f o r  A . I .  and P . I . ,  
one might  e x p e c t  enhancement of i o n  s i g n a l s  from nonresonan t  pho- 
ton a b s o r p t i o n  b u t  only when t h e  f i r s t  l a s e r  i s  r e s o n a n t l y  tuned.  
F i g u r e  5 demons t ra tes  c l e a r l y  t h a t  nonresonan t  enhancement indeed  
t a k e s  p l a c e  a s  expec ted  when (and o n l y  when) t h e  f i r s t  l a s e r  h a s  
p o p u l a t e d  t h e  f i r s t  e x c i t e d  L i  l e v e l .  These i n i t i a l  exper iments  
t e l l  us  l i t t l e  a b o u t  t h e  n a t u r e  of l a s e r - i n d u c e d  c o l l i s i o n  dyna- 
m i c s .  They s e r v e  on ly  t o  demons t ra te  t h a t  i t  e x i s t s !  

I both lasers 

no l ase r  

Figure  5: Augmentation of l a s e r - i n d u c e d  s i g n a l  when a second,  
nonresonan t  l a s e r  f i e l d  i s  added t o  f i r s t  l a s e r  
r e s o n a n t  w i t h  L i  a t o m i c  t r a n s i t i o n .  

We chose  nex t  t o  s t u d y  c o l l i s i o n s  between two d i s s i m i l a r  a l k a l i  
atoms i n  a second exper iment  t o  see i f  t h e  e f f e c t  observed i n  
Li-Li  w a s  somehow unique t o  homonuclear s p e c i e s .  One might 
e x p e c t  s o  s i n c e  t h e  long-range electric d i p o l e - d i p o l e  i n t e r a c t i o n  
g i v e s  r i s e  t o  p o t e n t i a l  energy  s p l i t t i n g s  v a r y i n g  as t h e  i n v e r s e  
cube of t h e  i n t e r n u c l e a r  s e p a r a t i o n  f o r  homonuclear c o l l i s i o n s ,  
w h i l e  t h e  same i n t e r a c t i o n  i n  h e t e r o n u c l e a r  c o l l i s i o n s  produces  
p o t e n t i a l  s h i f t s  v a r y i n g  as t h e  i n v e r s e  s i x t h  power of t h e  i n t e r -  
n u c l e a r  d i s t a n c e .  S ince  t h e  d i p o l e - d i p o l e  e f f e c t  i s  l e s s  pro-  
nounced i n  h e t e r o n u c l e a r  s p e c i e s ,  t h e  o v e r a l l  l a s e r - i n d u c e d  
c o l l i s i o n  phenomenon might be more d i f f i c u l t  t o  observe.  F i g u r e  
6 shows t h e  r e l e v a n t  energy l e v e l s  i n  Na-Li system.  When t h e  
l a s e r  i s  tuned t o  t h e  ~ a ( 3 s - 3 p )  t r a n s i t i o n  f i g u r e  7 shows t h a t  
~ a L i +  p roduc t ion  t a k e s  p l a c e 2  and f i g u r e  8 shows t h a t  t h e  i o n  
i n t e n s i t y  i s  l i n e a r  i n  l a s e r  power. Thus l a s e r - i n d u c e d  A . I .  
can be demons t ra ted  f o r  h e t e r o n u c l e a r  c o l l i s i o n  systems and i s  
n o t  r e s t r i c t e d  t o  t h e  homonuclear s i t u a t i o n .  But having p e r -  
formed t h e s e  s imple  o b s e r v a t i o n a l  exper iments  "pour me t t r e  
l ' e f f e t  e n  ec idence"  i t  i s  n e c e s s a r y  t o  examine more c l o s e l y  t h e  
n a t u r e  of the  c o l l i s i o n  dynamics. 



l 
L ~ N O / L ~  Pofential Curves 8 Tronsitlons 

Figure  6: Re levan t  energy l e v e l s  and t r a n s i t i o n s  i n  NaLi and 
~ a L i + .  

N~L~'INTENSITY vs LASER FREQUENCY 

F i g u r e  7: ~ a L i +  s i g n a l  vs.  laser frequency.  Note t h a t  peaks 
a p p e a r  a t  Na a tomic  resonance p o s i t i o n s  i n  accord  
w i t h  i n t e r p r e t a t i o n  of f i g u r e  6 .  
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Figure  8: L i n e a r i t y  of ~ a ~ i +  v s .  l a s e r  power d e n s i t y .  

I1 - ALKALI-ALKALINE EARTH EXPERIMENTS 

The n e x t  s e t  of e ~ ~ e r i m e n t s , ~ , ~  was designed t o  i n v e s t i g a t e  t h e  
r o l e  of long-range f o r c e s  i n  l ase r - induced  phenomena. Two 
complementary exper iments  were performed: 

F i  u r e  9 shows t h e  energy l e v e l  and coupl ing  scheme f o r  p rocess  
(17.  I n  essence  t h e  sequence of e v e n t s  i s  a s  fo l lows .  An i n i -  
t i a l  l a s e r  p u l s e  p o p u l a t e s  t h e  Na(3p 2 ~ 3 / 2 )  l e v e l .  Th is  r e s o -  
n a n t l y  e x c i t e d  atom approaches  a ground state Ba and p e r t u r b s  i t  
through a long-range van d e r  Waals i n t e r a c t i o n .  The c o l l i s i o n a l  
p e r t u r b a t i o n  can be thought of a s  producing a v i r t u a l  s t a t e  i n  
t h e  Ba atom wi th  t h e  energy of t h e  ~ a ( 3 p )  l e v e l .  Now a second 
l a s e r  p u l s e  (hw2) completes  the  Ba t r a n s i t i o n  from t h e  v i r t u a l  
s t a t e  t o  t h e  f i n a l  e x c i t e d  s t a t i o n a r y  l e v e l  Ba* (6p2 IS,). Th is  
e x c i t e d  l e v e l  i s  immediately pho to ion ized  i n  t h e  f i e l d  of t h e  
second l a s e r  p u l s e  which y i e l d s  t h e  f i n a l  i o n  p roduc t .  Note t h a t  
hw2 should be v e r y  c l o s e  t o  the  d i f f e r e n c e  between ~ a ( 6 ~ ~  l s 0 )  
and Na(3p 2 ~ ~ / ~ )  energy l e v e l s  and t h a t  the  o v e r a l l  Ba t r a n s i t i o n  
is  from the  ground s t a t e  ~ a ( 6 s ~  IS,) t o  Ba(6p2 IS,) -- a f o r b i d -  
den t r a n s i t i o n  i n a c c e s s i b l e  by c o n v e n t i o n a l  s i n g l e  photon absorp-  
t i o n .  The exper imenta l  r e s u l t  i s  shown i n  f i g u r e  10. The peak 
i n  t h e  c r o s s  s e c t i o n  indeed f a l l s  c l o s e  t o  t h e  expec ted  wave- 
l e n g t h .  I f  t h e  van d e r  Waals i n t e r a c t i o n  between two c o l l i d i n g  
s p e c i e s  is dominant,  however, a d i s t i n c t  asymmetry i n  t h e  l i n e  
shape should ex tend  about  10-20 A t o  the  long wavlength s i d e  
of t h e  peak. Although a s l i  h t  asymmetry can be d i s c e r n e d ,  i t  
d rops  o f f  much more s h a r p  T-afi- y t an p r e d i c t e d  by s imple  theory.5  
F i g u r e  11 shows t h a t  t h e  photon s t o i c h i o m e t r y  i s  q u a d r a t i c  
because the  two-step p rocess  r e q u i r e s  one photon f o r  t h e  energy 
t r a n s f e r  and one photon f o r  t h e  p h o t o i o n i z a t i o n .  



F i g u r e  9: Energy l e v e l s  of weakly i n t e r a c t i n g  a tomic  c o l l i s i o n  
between ~ a " ( 3 ~ )  and Ba. Note t h a t  peak i n  Ba+ produc- 
t i o n  occurs  a t  t h e  energy d i f f e r e n c e  between 
~ a * ( 6 ~ ~  IS,) and N ~ " ( ~ P ~ / ~ ) .  

The r o l e s  p l a  ed by t h e  two c o l l i d i n g  s p e c i e s  can be r e v e r s e d .  I f  
t h e  Ba (6sbp  YP1) l e v e l  i s  popu la ted  by the  f i r s t  l a s e r  and t h e  
second l a s e r  t r a n s f e r s  t h e  energy t o  Na"(4d) w i t h  subsequent  pho- 
t o i o n i z a t i o n ,  t h e  p r o c e s s  would appear  as d e p i c t e d  i n  f i g u r e  12.  
Here we have shown t h e  quas imolecu la r  c u r v e s  n e a r  t h e i r  asymp- 
t o t i c  l i m i t s  -- a  p i c t u r e  e q u i v a l e n t  t o  t h a t  of f i g u r e  9. The 
r e s u l t  i s  shown i n  f i g u r e  13. A s  expec ted  a peak a p p e a r s  n e a r  
t h e  ~ a * ( 4 d ) - ~ a ( 6 s 6 ~  lp1) d i f f e r e n c e  energy but  a g a i n  t h e  l i n e  
shape i s  narrower  than expec ted .  The f a i l u r e  of s imple  t h e o r y  t o  
accoun t  f o r  t h e  l i n e  shape means t h a t  t h e  c o l l i s i o n a l  c o u p l i n g  
mechanism cannot  be d e s c r i b e d  s imply by a van d e r  Waals i n t e r a c -  
t i o n .  These r e s u l t s  i n d i c a t e  t h a t  a l t h o u g h  the  photon i n t e r a c -  
t i o n  i s  we l l -unders tood ,  the  c o l l i s i o n a l  e f f e c t s  a r e  n o t .  

111 - OFFRESONANT Na2+ PRODUCTION I N  SODIUM VAPOR 

I n  a n  e a r l y  exper iment6 we r e p o r t e d  e x t e n s i v e  s t r u c t u r e  i n  
Na2+ p r o d u c t i o n  under c r o s s e d  beam c o n d i t i o n s  i n  t h e  p resence  of 
two l a s e r  f i e l d s  -- one tuned t o  t h e  Na resonance l i n e  and t h e  
o t h e r  scanned over  the  range from a b o u t  6100 A t o  5750 A .  
F i g u r e  14 shows t h i s  r i c h  s t r u c t u r e  i n  a  more r e c e n t  v e r s i o n  of 
t h e  exper iment7 -- t h i s  time w i t h  only one l a s e r  scann ing  o v e r  
t h e  red-orange-yel low-green range  of t h e  spectrum.  The l a b e l e d  
s t i c k  spectrum above t h e  d a t a  i n d i c a t e  p o s i t i o n s  of s t r o n g  t r a n -  
s i t i o n s  i n  Dopple r - f ree ,  two-photon a b s o r p t i o n  exper iments  
c a r r i e d  o u t  r e c e n t l y  by schawlow8, e t  a l .  The q u e s t i o n  is:  Does 
t h e  NaZ+ s t r u c t u r e  come from mul t ipho ton  i o n i z a t i o n  (MPI) of t h e  
s m a l l  amount of Na2 i n  t h e  a tomic  sodium beams o r  i s  i t  due 
l a s e r - i n d u c e d  a s s o c i a t i v e  i o n i z a t i o n  between sodium atoms? I n  
o r d e r  t o  answer t h i s  q u e s t i o n  we embarked on a  two-pronged s t u d y .  
F i r s t  we performed a s e r i e s  of exper iments7  t o  t e s t  t h e  sen-  
s i t i v i t y  of t h e  Na2+ s i g n a l  t o  t h e  a tomic  o r  dimer p o p u l a t i o n  i n  
t h e  r e a c t a n t  beams. Secondly,  we uiiZSX5ok t o l y z e  t h e  MP1 
mechanism9 i n  Na2 dimer s o  as t o  de te rmine  whether o r  n o t  i t  
a l o n e  cou ld  e x p l a i n  t h e  N a 2 +  spectrum.  

We t e s t e d  t h e  a tomic  o r i g i n  of Na2+ by s e l e c t i v e l y  removing Na 
p o p u l a t i o n  (by a tomic  p h o t i o n i z a t i o n )  and obse rv ing  t h e  e f f e c t  on 



JOURNAL DE PHYSIQUE 

(arb. units) I 

Figure 10 : Experimen tal result of laser-induced, two-photon 
Penning ionization in Na -Ba collisions (collisional 
process (1) in text). 

8a(6s2!S,,) + ~ a ( ~ E $ + 2 f i w  - 
Ba'+ Na(2Pd + e  

O 0.30 0.60 0.90 Optical Density 

Figure 11: Photon stoichiometery confirming that process ( 1 )  
requires two photons. 



Figure  12: Quasimolecular  energy  l e v e l s  r e l e v a n t  t o  p r o c e s s  ( 2 ) .  

16500 16600 cm-' 

F i g u r e  13: Experimental  r e s u l t  showing Na+ peak a t  l a s e r  f r e -  
quency c o r r e s p o n d i n ~  t o  energy  d i f f e r e n c e  between 
Na*(4d) and ~ a " ( 6 s  6p l p l ) .  
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Figure 14: ~ a 2 +  spectru vs. 1 ser wavelength. Peak pulse power 4 density = logl W cm- . 
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Figure 15: Experiment testing sensitivity of off-resonant ~ a 2 +  
signal to Na atomic population. 



t h e  ~ a 2 +  i n t e n s i t y .  F igure  15 summarizes t h e  exper iment  and t h e  
r e s u l t .  The l e f t  s i d e  of the  f i g u r e  shows two pathways f o r  pho- 
ton a b s o r p t i o n .  The f a r  l e f t  i s  a  sugges ted  r o u t e  t o  ~ a 2 +  and 
Na+ t a k i n g  p l a c e  d u r i n g  t h e  c o u r s e  of a n  a tomic  c o l l i s i o n .  Laser  
2 ('hw2) i s  tuned i n t o  t h e  b l u e  wing of t h e  Na resonance l i n e .  
Long-range r e s o n a n t  d i p o l e  f o r c e s  produce a  p o t e n t i a l  curve  
s p l i t t i n g  which b r i n g s  t h e  photon i n t o  a  b r i e f  t r a n s i e n t  r e s o -  
nance w i t h  t h e  time-dependant d i f f e r e n c e  p o t e n t i a l .  A second 
photon i s  immediately absorbed i n t o  the  dense manifold of s t a t e s  
a s s o c i a t e d  w i t h  t h e  Na(3p), Na(4d),  and Na(5s) l e v e l s .  From t h i s  
p o i n t  t h e  system has enough energy t o  undergo a s s o c i a t i v e  i o n i z a -  
t i o n ,  but  we have d e p i c t e d  i t  absorb ing  y e t  a  t h i r d  photon t o  
s u g g e s t  t h e  p o s s i b i l i t y  of an  open Penning i o n i z a t i o n  channe l  a s  
w e l l .  In  t h e  exper iment  we tune %m2 t o  some a r b i t a r y  p o s i t i o n  i n  
t h e  r e d  o r  b l u e  wing and monitor NaZ+ i n t e n s i t y .  Th is  s i g n a l  i s  
i n d i c a t e d  on t h e  f a r  r i g h t  of t h e  f i g u r e .  Now t h e  pathway 
c e n t e r - l e f t  i n  f i g u r e  15 shows what happens i f  l a s e r  1 ('Kml) i s  
tu rned  on to  t h e  Na(3p) resonance l i n e .  Laser  1 s a t u r a t e s  t h e  
t r a n s i t i o n ;  removing about  two- th i rds  of t h e  a tomic  p o p u l a t i o n  
from the  ground s t a t e  t o  t h e  e x c i t e d  l e v e l .  I n  t h e  p resence  of 
t h e  i n t e n s e  f i e l d  of l a s e r  2  t h i s  popula t ion  i s  photo ion ized  by a  
two-photon process .  I n  e f f e c t  t h e  a c t i o n  of t h e  two l a s e r s  o p t i -  
c a l l y  pumps t h e  e n t i r e  a tomic  p o p u l a t i o n  from t h e  ground s t a t e  
i n t o  t h e  i o n i z a t i o n  continuum. The r e s u l t  on t h e  ~ a 2 +  i n t e n s i t y  
of t h i s  a tomic  depopula t ion  is shown on t h e  r i g h t  hand s i d e .  The 
d r a m a t i c  d iminu t ion  of t h e  peak l a b e l e d  ".2iwl on resonance" o c c u r s  
only when l a s e r  1 i s  tuned t o  t h e  a tomic  resonance l i n e .  We 
I n t e r p r e t  t h i s  o b s e r v a t i o n  t o  mean t h a t  t h e  a tomic  MP1 process  
e f f e c t i v e l y  " s h o r t - c i r c u i t s "  t h e  l ase r - induced  A. I. pathway by 
p r o v i d i n g  a  more r a p i d  channe l  t o  i o n i z a t i o n .  Note t h a t  the  
s i g n a l  does n o t  d i s a p p e a r  e n t i r e l y  which indeed may i n d i c a t e  a  
r e s i d u a l  c o n t r i b u t i o n  due t o  molecu la r  MPI. I n  o r d e r  t o  i n v e s t i -  
g a t e  t h i s  p o s s i b i l i t y  more c l o s e l y  we performed exper iments  on a  
dimer beam i n t e r n a l l y  coo led  by f r e e - j e t  expansion.  

F igure  16 i s  a  schematic  of t h e  a p p a r a t u s  which i s  e s s e n t i a l l y  
an  a d a p t a t i o n  of t h e  s e t - u p  used i n  t h e  crossed-beam work. Here 
we have on ly  one s u p e r s o n i c  beam. The probe l a s e r  i s  e i t h e r  
scann ing  through t h e  v i s i b l e  range  t o  g e n e r a t e  an MP1 spectrum 
o r  i s  a t  f i x e d  UV wavelength w i t h  s u f f i c i e n t  energy t o  p h o t o i o n i z e  
d i r e c t l y  bo th  t h e  atom and dimer s p e c i e s .  The UV beam moni to rs  
t h e  r e l a t i v e  Na - Na2 popula t ion  i n  t h e  f r e e - j e t  expansion.  On 
good days t h e  source  i s  capab le  of producing a  beam w i t h  approx i -  
mate ly  50% dimer c o n c e n t r a t i o n .  The coo led  dimer MP1 spectrum i s  
shown i n  t h e  bottom h a l f  of f i g u r e  17. Note t h e  s t r i k i n g  s i m p l i -  
f i c a t i o n  over  t h e  s t r u c t u r e  e x h a i b i t e d  i n  f i g u r e  14. I n t e r n a l  
c o o l i n g  of t h e  v i b r a t i o n a l  s t a t e s  t o  t h e  lowes t  l e v e l  and 
r o t a t i o n a l  c o o l i n g  t o  about  60°K ( v e r i f i e d  by l a s e r - i n d u c e d  
f l u o r e s c e n c e )  a r e  r e s p o n s i b l e  f o r  c l e a r i n g  up t h e  spectrum. The 
top  h a l f  of f i g u r e  1 7  i s  a  c a l c u l a t e d  spectrum based on a  model 
of MP1 i l l u s t r a t e d  i n  f i g u r e  18. The agreement ,  a l t h o u g h  n o t  
p e r f e c t ,  i s  s u f f i c i e n t  t o  show t h a t  the  model i s  e s s e n t i a l l y  
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F i g u r e  16: Schemat ic  of a p p a r a t u s  used t o  s t u d y  MP1 of jet- 
c o o l e d  dimer.  Source produces  f r e e - j e t  expans ion  
r a t h e r  than  e f f u s i v e  beam. 

Ion Damer Spectrum. 
Free Jet Expoorion 

F i g u r e  17  : Top spectrum: model c a l c u l a t i o n ;  bottom spectrum: 
measured MP1 i n  j e t .  



Ionizat ion 
Pa thway  

Figure 18: Pathway throu h  exc i t ed  s t a t e s  of Na2, producing 
three-photon $resonant ly  enchanced) i on i za t ion .  Note 
t h a t  Na2 A ( ~ E ~  supp l i e s  the v i r t u a l  s t a t e  coupling 
between the X ing and ligt 4d S t a t e s .  

Ion Dlmer Spectrum- 
Efflrrtue ~ a o m  

v- 

Figure 19 : Top spectrum: rnodel c a l c u l a t i o n ;  bottom spectrum: 
measured MP1 i n  e f f u s i v e  beam. 
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c o r r e c t 9 .  F i g u r e  19 compares t h e  o f f  - r e s o n a n t  spec t rum o f  f i g u r e  
14  t o  t h e  same MP1 model b u t  w i t h  t h e  v i b r a t i o n a l - r o t a t i o n a l  t e m -  
p e r a t u r e s  r a i s e d  t o  t h o s e  t y p i c a l  of  a n  e f f u s i v e  beam. Agreement 
i n  t h e  r e g i o n  between 60008 and 59508 i s  n o t  t o o  bad,  b u t  
e l s e w h e r e  t h e  model f a i l s  t o  a c c o u n t  f o r  many obse rved  s t r u c t u r a l  
f e a t u r e s .  We c o n c l u d e  t h e n  t h a t  a t  l e a s t  some of t h e  Na2+ 
s t r u c t u r e  i s  due  t o  d imer  MP1 bu t  n o t  a l l  of i t .  F u r t h e r  e x p e r i -  
ments  need t o  be performed under  c o n d i t i o n s  of n e g l i g i b l e  d imer  
c o n c e n t r a t i o n  s o  a s  t o  c o m p l e t e l y  remove t h e  i n f l u e n c e  of d i m e r s  
f  rom t h e  s i g n a l .  

I V  - ASSOCIATIVE IONIZATION DYANMICS BY TOF PHOTOFKAGMENTATION 
S P E C T R O S C ~  

Another  f a c e t  i n  t h e  o v e r a l l  problem of l a s e r - i n d u c e d  dynamics i s  
t h e  d i s t r i b u t i o n  of i n t e r n a l  s t a t e s  o f  t h e  p r o d u c t  ~ n o l e c u l e  i o n s .  
We have s t u d i e d  t h e  i n t e r n a l  s ta te  d i s t r i b u t i o n  of two A . I .  p ro -  
cesses, 

by measu r ing  t h e  d i s t r i b u t i o n  of r e c o i l  e n e r g y  i n  t h e  N a +  
f r a g m e n t s  when t h e  Na2+ formed i n  ( 3 , 4 )  i s  p h o t o d i s s o c i a t e d  by 
monochromatic l i g h t  

F i g u r e  20 shows t h e  r e l e v a n t  e n e r g y  l e v e l  d i ag ram.  I n  t h e  c a s e  
o f  ( 3 )  we s e e  t h a t  v i b r a t i o n a l  l e v e l s  from a b o u t  v  = 40 a r e  
e n e r g e t i c a l l y  a c c e s s i b l e .  For f i x e d  hv ( f rom t h e  p h o t o d i s s o -  
c i a t i o n  Lase r )  t h e  a c t u a l  d i s t r i b u t i o n  of v i b r a t i o n a l  p o p u l a t i o n  
w i l l  be r e f l e c t e d  i n  t h e  pho to f ragmen t  r e c o i l  e n e r g y ,  W. The 
e x p e r i m e n t a l  s e t - u p  i s  shown i n  f i g u r e  21. F i r s t  a  l a s e r  t uned  
t o  a n  a t o m i c  t r a n s i t i o n  p r e p a r e s  t h e  c o l l i d i n g  p a r t n e r s  i n  s t a t e s  
s u i t a b l e  f o r  A . I .  t o  t a k e  p l a c e .  The c o l l i s i o n a l  i n t e r a c t i o n  
r e g i o n  i s  t h e n  sampled by a  p u l s e d  e l e c t r i c  f i e l d  t h a t  draws t h e  
i o n s  v e r t i c a l l y  i n t o  a  s e c o n d ,  d r i f t  r e g i o n  where t h e  i o n  p a c k e t  
i s  p h o t o d i s s o c i a t e d .  The TOE spec t rum of bo th  t h e  f r a g m e n t s  and  
t h e  p a r e n t  a r e  f i n a l l y  d e t e c t e d  a t  t h e  end of t h e  d r i f t  r e g i o n .  
F i g u r e  22 shows a  t y p i c a l  p a r e n t -  i n d i c a t i n g  t h e  
narrow t ime d i s p e r s i o n  i n  t h e  Na $eaEns$b::YY9 F i g u r e s  23  and  24 
show t h e  r e s u l t s  f o r  p r o c e s s e s  ( 5 , 4 ) .  I n  b o t h  c a s e s  t h e  r e c o i l  
e n e r g y  peaks  a t  t h e  maximum i n  t h e  Maxwell-Boltzmann d i s t r i b u t i o n  
of r e l a t i v e  c o l l i s i o n  e n e r g i e s  and  t h e  W d i s t r i b u t i o n  i s  smooth 
w i t h  a p p a r e n t l y  a l l  e n e r g e t i c a l l y  a v a i l a b l e  v i b r a t i o n a l  e n e r g y  
l e v e l s  f i l l e d .  I n  p a r t i c u l a r  f i g u r e  24 shows no e v i d e n c e  o f  a  
p r e v i o u s l y  s u g g e s t e d  b imodel  i n t e r n a l  e n e r g y  d i s t r i b u t i o n  i n  
p r o c e s s  ( 4 ) .  



Figure  20: Molecular  c u r v e s  r e l e v a n t  t o  pho tof ragmenta t ion  of 
Na2+ formed by a s s o c i a t i v e  i o n i z a t i o n .  The q u a n t i t y  
W 1 s  t h e  r e c o i l  energy from which t h e  i n t e r n a l  s t a t e  
d i s t r i b u t i o n  of p a r e n t  N a Z f  can  be i n f e r r e d .  
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F i g u r e  21: Schematic of Na2+ photof ragmenta t ion  exper iment .  



JOURNAL DE PHYSIQUE 

TIME-OF- FLIGHTIpsec) - 15 2(r 25 30 35 

i > c --L+[- --, c 14s nsec 

- 
V) z - 
W 
C 
Z - NO: 
z 
0 

Figure  22 : P a r e n t  peaks i n  ~ a ~ +  photo£ r a  menta t ion  exper iment .  
Note narrow time d l o p e r s i o n  of N a Z t  i o n  packe t .  

RESULTS FROM 
Na(3pl t Na(3p) A . I .  

Figure  23: R e c o i l  v e l o c i t y  d i s t r i b u t i o n  of ~ a +  f ragment  from 
p r o c e s s  ( 3 ) .  
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F i g u r e  24: R e c o i l  v e l o c i t y  d i s t r i b u t i o n  of Na+ f ragment  from 
p r o c e s s  (4 ) .  

V - HALF-COLLISION SPECTKOSCOPY AND DY S  -- DETERMINATION OF 
THE ELE- BAKKLEK HELGH'L' L N  Na2 ( 

The f i n a l  t o p i c  i n  t h i s  r e p o r t  concerns  t h e  u s e  of f r e e - j e t  
expans ions  and h i g h - r e s o l u t i o n  l a s e r s  t o  r e v e a l  s u b t l e  a s p e c t s  of 
both  t h e  s t r u c t u r e  and dynamics of c o l l i s i o n a l  quas imolecu les .  
The s p e c i f i c  problem i s  d e t e r m i n a t i o n  of t h e  b a r r i e r  h e i g h t  i n  
Na2 (ginU), but  t h e  t echn iques  a p p l i e d  t o  i t s  s o l u t i o n  p o i n t  t h e  
way t o  a  f r u i t f u l  l i n e  of r e s e a r c h  on t h e  d i s s o c i a t i o n  dynamics 
of e x c i t e d  molecules .  I n t e r a c t i o n s  such  a s  s p i n - o r b i t ,  hyper- 
f i n e ,  o r  C o r i o l i s  c o u p l i n g  between a d i a b a t i c  s t a t e s  can pro-  
found ly  i n £  l u e n c e  t h e  f i n a l  s t a t e s  of t h e  d i s s o c i a t e d  p a r t n e r s .  
By measuring t h e s e  f i n a l  s t a t e s  we can begin t o  unders tand  h a l f -  
c o l l i s i o n  p r o c e s s e s  which undoubtedly p l a y  a n  impor tan t  r o l e  i n  
l a s e r - i n d u c e d  p r o c e s s e s  as w e l l .  

To be i n  w i t h  we employ a n  o p t i c a l  pumping scheme ( s t e p s  6 and 7 
below? t o  p r e p a r e  Na2 i n  v i b r a t i o n a l  s t a t e s  f a v o r a b l e  t o  
d i s s o c i a t i o n :  

~ a ~ ' ' '  (A l z U )  ~ a ~ t  ( X  1 ~ ~ ) ;  v" = 9 ,10 ,11  e t c  ( 7 )  
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Figure  25: Threshold f o r  p h o t o d i s s o c i a t i o n  of Na2 from B ( I n  ) 
state. Note quasibound v i b r a t i o n a l  level just bey o r e  
the  o n s e t .  
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Figure  26: Confirmat ion of r e s u l t  shown i n  f i g u r e  25 from 
s e v e r a l  d i f f e r e n t  pump t r a n s i t i o n s .  



S t e p  ( 8 )  i s  t h e  f i n a l  d i s s o c i a t i o n  t o  one  e x c i t e d  and one  ground 
s t a t e  atom. We e x p e c t  a  s h a r p  o n s e t  of ~ a "  ( 3 p )  f l u o r e s c e n c e  a s  
l a s e r  2  (hw ) i s  scanned  th rough  t h e  b a r r i e r  h e i g h t .  R e l a t i v e  
i n t e n s i t y  o$ D1 t o  D e m i s s i o n  w i l l  y i e l d  immedia t e ly  i n f o r m a t i o n  
on n o n a d i a b a t i c  coup?ing s i n c e  a p u r e l y  a d i a b a t i c  d i s s o c i a t i o n  
would r e s u l t  o n l y  i n  p o p u l a t i o n  of t h e  N a  ( 3 p  2 ~ 3 / 2 )  l e v e l .  
F i g u r e  25 shows t h e  s h a r p  o n s e t  of  D2 e m i s s i o n  between ( c )  and  
( d )  a s  e x p e c t e d .  The f e a t u r e  a t  (b) i s  t h e  l a s t  quas ibound  
v i b r a t i o n a l  s t a t e  of  Na (B Inu) .  Its p o s i t i o n  and  w i d t h  a l l o w  
u s  t o  i n f e r  t h e  ghape o$ t h e  b a r r i e r  n e a r  i t s  maximum. F i g u r e  26 
shows t h a t  by u s l n g  s e v e r a l  pump t r a n s l t l o n s  we c a n  s c a n  l a s e r  2  
o v e r  t h e  b a r r i e r  h e i g h t  a t  s e v e r a l  d i f f e r e n t  s p e c t r a l  p o s i t i o n s  
depend ing  on t h e  v i b r a t i o n a l  l e v e l  pumped by l a s e r  1. The v a l u e  
o f  t h e  b a r r i e r  h e i g h t  t u r n s  o u t  t o  be 367 c m - l  r 8  c m ' l  and  t h e  
o b s e r v a t i o n  of o n l y  D2 e m i s s i o n  i n d i c a t e s  a n  e s s e n t i a l l y  a d i a b a -  
t i c  d i s s o c i a t i o n .  The i n t e r e s t  i n  t h i s  e x p e r i m e n t ,  however,  i s  
i n  i t s  p o t e n t i a l  more t h a n  i n  i t s  r e s u l t .  By u s i n g  a laser w i t h  a 
r e s o l u t i o n  of a b o u t  20 MHz, i n d i v i d u a l  r o t a t i o n a l  s t a t e s  c a n  be 
p r e p a r e d  b e f o r e  d i s s o c i a t i o n .  P rob ing  i n d i v i d u a l  MJ s u b l e v e l s  o f  
Na ( 3 p  2~ 12) a f t e r  d i s s o c i a t i o n  as a  f u n c t i o n  of r o t a t i o n a l  
e n e r g y  b e q o r e  m c i a t i o n  w i l l  l e a d  t o  a d i r e c t  d e t e r m i n a t i o n  of 
t h e  impor t ance  of C o r i o l i s  c o u p l i n g  i n  n o n a d i a b a t i c  d i s s o c a t i o n  
dynamics .  We b e l i e v e  t h a t  e x p e r i m e n t s  a l o n g  t h i s  l i n e  p romise  to,  
y i e l d  a  c l e a r e r  u n d e r s t a n d i n g  of c o u p l i n g  p r o c e s s e s  which  i n  t u r n  
w i l l  i n f o r m  o u r  e x p e r i m e n t s  on l a s e r - i n d u c e d  c o l l i s i o n a l  i o n i z a t i o n .  
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