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We report on first results obtained with femtosecond laser pulses applied to 
molecular beam studies of the dynamics and the pathways of ionization, auto- 
ionization and fragmentation of highly excited molecular states of Na2. Electronic 
autoionlzatlon of doubly excited molecular states and fragmentation of highly 
excited neutral and ionic states of Na2 are hardly investigated and generally not 
well understood. This is mainly because (1) the final continuum states are usually 
not analyzed and (2) the dissociative ionization is not distinguished from neutral 
fragmentation with subsequent photoionization of excited fragments. To study the 
dynamics of multlphoton processes leading to excitation, autoionization and fragmen- 
tation we have applied ultrashort laser pulses to induce the transitions and Time- 
Of-Fllght spectroscopy to determine the mass and initial kinetic energies of the 
fragments and the energy and angular distributions of ejected electrons. The 
experiments were carried out with "cold" molecular beams to ensure that only the 
lowest vibrational level v"=0 in the molecule is predominantly populated. 
Femtosecond pulses are generated in a home-built collidlng-pulse-mode-locked ring 
dye laser (CPM) with 4 intracavity prisms to adjust for the group velocity 
dispersion. The emission peak has been shifted to 616.0 nm by adjusting the DODCI 
absorber concentration. The output of the CPM laser was amplified at a rate of 100 
Hz in a N~ -laser pumped dye amplifier to produce pulses of 10 nJ energy and t=150 
fs time duration. The pulse length was measured using the autocorrelation by second 
harmonic generation (SHG) in a nonlinear crystal. 
The T O F - s p e c t r u m  in fig.1 c l ea r ly  shows  t h e  o b s e r v a t i o n  of Na~ ÷, Na2 ÷ and  "slow" Na ÷ 
as  well a s  " fas t"  Na ÷ f r a g m e n t  ions  from s u b - p s  l a s e r  e x c i t a t i o n  wi th  ~t =616.0  nm. 
"Fas t"  and  "slow" Na ÷ ions  o r ig ina t e  from f r a g m e n t a t i o n  p r o c e s s e s  occur ing  a t  smal l  
i n t e r n u c l e a r  d i s t a n c e s  of Na2. P r e d i s s o c i a t i o n  of Na2* and  p h o t o i o n i z a t i o n  of Na* as  
t he  or igin  of o b s e r v e d  Na ÷ ions  can  be ru led  out  cons ide r ing  t he  t ime d u r a t i o n  of 
t h e  150 fs  l a s e r  pu l se .  Based on t h i s  r e s u l t ,  which  is r a t h e r  d i f f i cu l t  to ob t a in  
from o t h e r  e x p e r i m e n t s ,  and  wi th  t he  known molecu la r  p o t e n t i a l  c u r v e s  we comple te ly  
d e t e r m i n e d  for t h i s  model case  t h e  m u l t i p h o t o n  e x c i t a t i o n  and  - f r a g m e n t a t i o n  
p a t h w a y s .  With a p u l s ed  t u n a b l e  dye l a s e r  we obse rve  in the  w a v e l e n g t h  d e p e n d e n t  
i on i za t i on  s p e c t r a  a v e r y  p r o m i n e n t  peak  a t  616.08 nm in bo th  t he  Na2 ÷ and  in t h e  
Na ÷ c h a n n e l .  This  is  due to a r e s o n a n c e  e n h a n c e d  t h r e e - p h o t o n  ion i za t i on  of Na2 
which  is  shown  in t h e  p o t e n t i a l  e n e r g y  d iagram in fig.2. Dimer ions  a p r e f e r e n t i a l l y  
formed in  t h e  v÷=24,25 and  v÷=14,15 s t a t e s  of t he  e lec t ron ic  g round  s t a t e  X (2I~÷) 
l ead ing  to e l e c t r o n s  wi th  k ine t i c  e n e r g i e s  of E=810+10  meV and E=940+10  meV which  
are  a c t u a l l y  o b se rv ed  in t he  e l ec t ron  spec t rum.  By a bso rp t i on  of one more pho ton  
from th e  f s - l a s e r  p u l s e  t h e  Na2÷-ion u n d e r g o e s  t h e  b o u n d - f r e e  t r a n s i t i o n  Na2÷(X,v ÷) 
+ hv  - - >  Naz÷*(2Iu ÷) - - >  Na ÷ + Na(3s) + W. Tak ing  in to  a c c o u n t  t he  popu la t ed  v ÷- 
l e v e l s  and  t h e  known p o t e n t i a l  c u r v e s  for  t h e  ionic g round  and  f i r s t  exc i t ed  s t a t e s  
t he  c o r r e s p o n d i n g  b o u n d - f r e e  t r a n s i t i o n s  lead  to recoil  e ne rg i e s  W be tween  10000cm-~ 
and  11000 cm -1. The e n e r g y  W=10500 + 500 cm -~ o b t a i n e d  from the  a n a l y s i s  of t he  TOF-  
s p e c t r u m  p e r f e c t l y  a g r e e s  wi th  t h a t .  
The o b s e r v a t i o n  of "slow" Na ÷ ions  howeve r  c a n n o t  be e xp l a ine d  wi th in  t h i s  f ramework  
s ince  p h o t o i o n i z a t i o n  of v*=20 of t h e  1rig Rydberg s t a t e  d i r ec t ly  in to  t he  2Iu+- 
c o n t i n u u m  is  e n e r g e t i c a l l y  fo rb idden  for t he  appl ied  l a s e r  w a v e l e n g t h .  Based on t h e  
m e a s u r e d  e l ec t ro n  e n e r g y  d i s t r i b u t i o n  and  t h e  recoi l  e ne rgy  W=900~500 cm-L ob t a ine d  
from th e  a n a l y s i s  of  t h e  "slow" Na ÷ f r a g m e n t  ions ,  a c o n s i s t e n t  e x p l a n a t i o n  is found  
by c o n s i d e r i n g  t h e  e x c i t a t i o n  of doubly  exc i t ed  molecu la r  s t a t e s  of Na2. The doubly  
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exc i t ed  s t a t e s  Na=** ( n l , n T )  form a Rydberg  s e r i e s  c o n v e r g i n g  v e r s u s  t he  =flu s t a t e  
of Na=+, whose p o t e n t i a l  cu rve  is  known t h e o r e t i c a l l y .  A s s u m i n g  t h a t  the  s h a p e  of a 
lrl. s t a t e  p o t e n t i a l  cu rve ,  co r r e l a t ed  to N a ( 3 p ) + N a ( 4 s ) ,  is s imi la r  to the  ionic =n. 
cu rve  and t h a t  i t  h a s  a p o t e n t i a l  ba r r i e r  a t  large  i n t e r n u c l e a r  d i s t a n c e s  l ike t he  
BIRu s t a t e  from Na(3s)+Na(3p) ,  we be l i eve  t h a t  in t he  r e s o n a n c e  e n h a n c e d  t h r e e -  
pho ton  p rocess  v lbronic  l eve l s  c lose to t he  d i s s o c i a t i o n  l imit  of t he  doubly  e xc i t e d  
I R . ( 3 p + 4 s ) s t a t e  are  exc i ted .  The w a v e f u n c t i o n s  of t h e s e  v ib ron ic  l e ve l s  e x t e n d  from 
3 A to a p p r o x i m a t e l y  10 A. These  doub ly  exc i t ed  l eve l s  may au to ion ize  in to  t h e  
X(=~g *) g round  s t a t e  of  Na=+ g iv ing  r i se  to e l ec t ron  e n e r g i e s  be tween  260 meV and  
500 meV which are  a c t u a l l y  obse rved .  For i n t e r n u c l e a r  d i s t a n c e s  g r e a t e r  t h a n  6 A the  
v ib ron ic  l e v e l s  c ross  in to  t he  c o n t i n u u m  of the  r e p u l s i v e  2~.+ s t a t e  of Na=+. 
There fo re  for  R > 6 A t h e r e  is  a s econd  open a u t o i o n i z a t i o n  c h a n n e l  which  is  
r e s pons ib l e  for  t h e  o b s e r v e d  e l ec t rons  h a v i n g  ene rg i e s  in t h e  r ange  from 0 meV to 
160 meV. Th i s  a u t o i o n l z a t i o n  p rocess  

Na=** lnu(Op+4s) - - >  Na=+*(2~. +) + e-  
- - >  Na+ + Na(3s) +W 

of course  s i m u l t a n e o u s l y  p roduces  "slow" Na+- ions  whose k ine t i c  e ne rg i e s  depend  on 
the  i n t e r n u c l e a r  d i s t a n c e  R where  the  a u t o i o n i z a t i o n  t a k e s  place.  
In conc lus ion ,  t h i s  is t he  f i r s t  r epo r t ed  e x p e r i m e n t  where  a f s - l a s e r  ha s  been  u se d  
in combina t ion  wi th  i o n - a n d  e l ec t ron  s p e c t r o s c o p y  to c l a r i fy  t he  ion iza t ion  and  
f r a g m e n t a t i o n  p a t h w a y s  of a m u l t i p h o t o n  p roces s  i n v e s t i g a t e d  in a molecu la r  beam 
exper imen t .  
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Fig.2: P o t e n t i a l  en e rg y  d iagram e x p l a i n i n g  
t he  or igin  of " fas t"  Na ÷ ions  
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Fig . l :  T i m e - o f - F l i g h t  s p e c t r u m  of a sod ium 
molecu la r  beam exc i t ed  by f e mtose c ond  
l a s e r  p u l s e s  a t  X = 616.0 nm 
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