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MULTIPHOTON I O N I Z A T I O N  OF ATOMS 

G. Mainfray 

Service de Physique des Atomes e t  des Surfaces, Centre dlEtudes NucZdaires de 
Saclay, 91292 Gif-sur-Yvette Cedex, France 

Resume - L ' i o n i s a t i o n  mu l t i pho ton ique  d'atomes a un e l e c t r o n ,  t e l  que l ' h y -  
drogene atomique e t  l e s  a l c a l i n s ,  e s t  ac tue l l emen t  un s u j e t  accompl i  qu 'on  
peu t  t r a i t e r  pa r  des modeles t heo r i ques  r i gou reux .  Cet  a r t i c l e  e s t  consacre 

l ' a n a l y s e  de l ' i o n i s a t i o n  mu l t i pho ton ique  d'atomes ayant  p l u s i e u r s  e l e c -  
t r o n s  s u r  l a  couche ex terne,  e t  t o u t  p a r t i c u l i e r e m e n t  l e s  gaz r a r e s .  I 1  en 
r e s u l t e  116miss ion  de p l u s i e u r s  e l e c t r o n s ,  e t  l a  p roduc t i on  d ' i o n s  m u l t i -  
charges. Dans l e  xenon, p a r  exemple, on peu t  c r e e r  des i o n s  j u s q u ' a  ~ e 5 + .  
Les i o n s  doublement charges s o n t  formes, s o i t  pa r  e x c i t a t i o n  s imul tanee de 
deux e l e c t r o n s  de l ' a tome ,  s o i t  p a r  1 1 i n t e r m 6 d i a i r e  d ' i o n s  charges une f o i s ,  
se lon  1  ' ec la i remen t  e t  l a  f requence du rayonnement l a s e r  u t i l i s e .  Les p ro -  
cessus fondamentaux mis  en j e u  son t  beaucoup p l u s  complexes que dans l e  cas 
d'atomes a un e l e c t r o n .  Un nouveau modele t h e o r i q u e  devra  e t r e  e labore ,  pour  
i n t r o d u i r e  l e s  c o r r 6 l a t i o n s  d ' e l e c t r o n s .  En f i n ,  l a  d e r n i e r e  p a r t i e  de c e t  
a r t i c l e  e s t  consacree une d e s c r i p t i o n  s u c c i n c t e  de l a  c o m p e t i t i o n  o u i  
a p p a r a i t  a haute p ress ion  e n t r e  l ' i o n i s a t i o n  mu l t i pho ton ique  resonnante e t  
l a  gene ra t i on  d ' une  frequence harmonique impa i re  du l a s e r  u t i l i s e .  

A b s t r a c t  - Mu l t i pho ton  i o n i z a t i o n  o f  one -e lec t ron  atoms, such as a tomic  
hydrogen and a l k a l i n e  atoms, i s  w e l l  understood and c o r r e c t l y  descr ibed by  
r i g o r o u s  t h e o r e t i c a l  models. The p resen t  paper w i l l  be devoted t o  c o l l i -  
s i o n l e s s  m u l t i p h o t o n  i o n i z a t i o n  o f  many-e lec t ron atoms as r a r e  gases. It 
induces removal o f  severa l  e l e c t r o n s  and t h e  p r o d u c t i o n  o f  m u l t i p l y  charged 
ions .  Up t o  ~ e 5 +  i ons  a r e  produced i n  Xe atoms. Doubly charged i o n s  can be 
produced, e i t h e r  by s imultaneous e x c i t a t i o n  o f  two e l e c t r o n s ,  o r  by  a  
s tepwise process v i a  s i n g l y  charged ions .  T h i s  depends on t h e  l a s e r  i n t e n -  
s i t y  and t h e  photon energy. The b a s i c  i n t e r a c t i o n  processes i n v o l v e d  a r e  
cons ide rab l y  more compl ica ted than f o r  one-e lec t ron atoms. A new theore-  
t i c a l  model has t o  be developed t o  t ake  i n t o  account e l e c t r o n  c o r r e l a t i o n  
e f f e c t s .  F i n a l l y ,  t h e  l a s t  p a r t  o f  t h e  p resen t  paper w i l l  g i v e  a b r i e f  
d e s c r i p t i o n  o f  t h e  c o m p e t i t i o n  which occurs  a t  h i g h  a tomic  d e n s i t y  between 
resonant  m u l t i p h o t o n  i o n i z a t i o n  and gene ra t i on  o f  odd harmonics o f  t h e  
l a s e r  r a d i a t i o n .  

I - INTRODUCTION 

C o l l  i s i o n l e s s  mu1 t i p h o t o n  i o n i z a t i o n  o f  atoms i s  a  t y p i c a l  example o f  one o f  t h e  
new f i e l d s  o f  i n v e s t i g a t i o n  i n  a tomic  phys i cs  t h a t  l a s e r s  have opened up. The 
d i f f e r e n t  aspects  o f  t h e  mu l t i pho ton  i o n i z a t i o n  o f  one -e lec t ron  atoms have been 
w e l l  understood these l a s t  few years .  They can be c o r r e c t l y  desc r i bed  by r i g o r o u s  
t h e o r e t i c a l  models i n  t h e  framework of p e r t u r b a t i o n  t heo ry  when o n l y  one e l e c t r o n  
i s  assumed t o  be i n v o l v e d  i n  t h e  i o n i z a t i o n  / 1-5 /. A l k a l i n e  atoms which have o n l y  
one e l e c t r o n  i n  t h e  o u t e r  s h e l l ,  and of course a tomic  hydrogen, a r e  t h e  examples 
t h a t  bes t  s a t i s f y  t h i s  c o n d i t i o n .  Fo r  example t h e  d i f f e r e n t  aspects  o f  m u l t i p h o t o n  
i o n i z a t i o n  o f  cesium atoms now form a w e l l  developed f i e l d .  Accura te  measurements 
o f  abso lu te  va lues o f  t h e  two, t h r e e  and four -photon i o n i z a t i o n  c ross  s e c t i o n s  o f  
cesium atoms a r e  i n  good agreement w i t h  c a l c u l a t e d  values, and c l e a r l y  emphasize 
t h e  v a l i d i t y  o f  p e r t u r b a t i o n  t heo ry  / 6 /. I n  t h e  same way, t h e r e  i s  a l s o  a  good 
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agreement between t h e o r e t i c a l  and exper imenta l  r e s u l t s  on resonance e f f e c t s  i n  
mu1 t i p h o t o n  i o n i z a t i o n  o f  cesium atoms i n  t h e  moderate l a s e r  i n t e n s i t y  range, 107- 
l o 9  w.cm-2 / 7  /. Resonance e f f e c t s  emphasize t h e  impor tan t  r o l e  p layed  by l a s e r -  
induced a tomic  l e v e l  s h i f t s .  D e s t r u c t i v e  i n t e r f e r e n c e  e f f e c t s ,  which g i v e  r i s e  t o  
minima i n  t h e  m u l t i p h o t o n  i o n i z a t i o n  c ross  sec t i ons  o f  atoms, have been i n v e s t i g a t e d  
w i t h  a  h i g h  degree o f  accuracy  i n  t h e  two-photon i o n i z a t i o n  o f  Cs atoms / 8  /. T h i s  
e f f e c t  has been s u c c e s s f u l l y  used t o  check t h e  v a l i d i t y  o f  d i f f e r e n t  c a l c u l a t i o n  
models. Furthermore, l a s e r  temporal-coherence e f f e c t s  induced by c h a o t i c  f i e l d s  
i nc rease  t h e  non-resonant N-photon i o n i z a t i o n  r a t e  by N!, i n  good agreement w i t h  
t h e o r e t i c a l  c a l c u l a t i o n s  / 9  /. The resonance curves ob ta ined  by i ncohe ren t  l a s e r  
pu lses  a r e  s h i f t e d  and broadened w i t h  rega rd  t o  those induced by coherent  pu lses  
w i t h  t h e  same average i n t e n s i t y  / 9  /. F i n a l l y  abso rp t i on  processes above t h e  
f i r s t  i o n i z a t i o n  t h r e s h o l d  have been i n v e s t i g a t e d  r e c e n t l y  i n  Cs atoms a t  1064 nm, 
i n  t h e  101° - 1011 w.cm-2 range. Cs atoms which can be i o n i z e d  by t h e  abso rp t i on  
o f  4  photons can a l s o  absorb 5 photons. The r a t i o  o f  t h e  5-photon t o  t h e  4-photon 
abso rp t i on  r a t e ,  which i s  about  10-2, i s  i n  good agreement w i t h  a  c a l c u l a t i o n  
performed i n  t h e  framework o f  t h e  p e r t u r b a t i o n  t heo ry  / 10 /. 

New t r e n d s  i n  m u l t i p h o t o n  i o n i z a t i o n  a r e  now : mu l t i pho ton  i o n i z a t i o n  o f  atoms 
which have severa l  e l e c t r o n s  i n  t h e  o u t e r  s h e l l ,  m u l t i p h o t o n  i o n i z a t i o n  and d i sso -  
c i a t i o n  o f  molecules,  and t h e  c o m p e t i t i o n  o f  resonant  m u l t i p h o t o n  i o n i z a t i o n  w i t h  
t h e  gene ra t i on  o f  odd harmonics a t  h i g h  a tomic  d e n s i t y .  Mu l t i pho ton  processes i n  
molecu les  w i l l  n o t  be d iscussed here .  The p resen t  paper w i l l  be devoted t o  c o l l i -  
s i o n l e s s  m u l t i p h o t o n  i o n i z a t i o n  o f  r a r e  gases. Th i s  process induces t h e  removal o f  
severa l  e l e c t r o n s  and t h e  p r o d u c t i o n  o f  m u l t i p l y  charged i ons .  The b a s i c  i n t e r a c -  
t i o n  processes i n v o l v e d  a r e  cons ide rab l y  more comp l i ca ted  than f o r  one-e lec t ron 
atoms. A  new t h e o r e t i c a l  model has t o  be developed t o  t a k e  i n t o  account e l e c t r o n  
c o r r e l a t i o n  e f f e c t s .  F i n a l l y ,  t h e  l a s t  p a r t  o f  t h e  p resen t  paper w i l l  g i v e  a  b r i e f  
d e s c r i p t i o n  o f  t h e  s i t u a t i o n  when a  c o m p e t i t i o n  occurs between resonan t  m u l t i -  
photon i o n i z a t i o n  and a  t h i r d  harmonic genera t ion .  

2  - MULTIPLY CHARGED IONS PRODUCED BY MULTIPHOTON ABSORPTION IN  RARE GAS ATOMS 

2.1 - Exper imental  r e s u l t s  

Recent exper iments have emphasized t h e  p r o d u c t i o n  o f  m u l t i p l y  charged i o n s  by 
m u l t i p h o t o n  a b s o r p t i o n  i n  r a r e  gas atoms / 11-14 /. A mode-locked Nd-YAG l a s e r  i s  
used t o  produce a  50-psec p u l s e  which i s  a m p l i f i e d  up t o  5  GW a t  1064 nm. The 
second harmonic can be genera ted a t  532 nm up t o  1.5 GW when needed. The l a s e r  
p u l s e  i s  focused i n t o  a  vacuum chamber by an asphe r i c  l e n s  c o r r e c t e d  f o r  s p h e r i c a l  
a b e r r a t i o n s .  The vacuum chamber i s  pumped t o  10-8 T o r r  and then f i l l e d  w i t h  a  
s p e c t r o s c o p i c a l l y  pure  r a r e  gas a t  a  s t a t i c  pressure  o f  5  x  10-5 To r r .  A t  t h i s  
pressure ,  no c o l l i s i o n a l  i o n i z a t i o n  occurs,  and no comp l i ca t i ons  f rom charge 
exchange r e a c t i o n s  a r e  expected. Only  c o l l i s i o n l e s s  m u l t i p h o t o n  i o n i z a t i o n  occurs.  
The i o n s  r e s u l t i n g  f r om t h e  l a s e r  i n t e r a c t i o n  w i t h  t h e  atoms i n  t h e  f o c a l  volume 
a r e  e x t r a c t e d  w i t h  a  t r ansve rse  e l e c t r i c  f i e l d  o f  1  kV cm-1, separa ted by a  20 cm 
l e n g t h  t i m e - o f - f l i g h t  spect rometer ,  and then de tec ted  i n  an e l e c t r o n  m u l t i p l i e r .  
The l a s e r  i n t e n s i t y  i s  a d j u s t e d  i n  o r d e r  t o  produce 1  t o  105 i ons .  The exper iment  
c o n s i s t s  o f  t h e  measurement o f  t h e  number o f  i o n s  cor respond ing t o  d i f f e r e n t  charges 
formed as a  f u n c t i o n  o f  t h e  l a s e r  i n t e n s i t y .  

2.1.1 - M u l t i p h o t o n  i o n i z a t i o n  o f  Xe a t  532 nm 

F i g .  1  i s  a  t y p i c a l  r e s u l t  o f  t h e  m u l t i p h o t o n  i o n i z a t i o n  o f  Xe a t  532 nm / 13 /. 
Up t o  ~ e 5 +  i o n s  a r e  formed. L e t  us ana lyse t h e  d i f f e r e n t  processes which occu r  
when t h e  l a s e r  i n t e n s i t y  I i s  increased.  F i g .  1  can be d i v i d e d  i n t o  two p a r t s .  The 
f i r s t  p a r t  ( I  < 1.5 x  1012 w.cm-2) i s  c h a r a c t e r i z e d  by a  l a s e r - n e u t r a l  atoms 
i n t e r a c t i o n ,  w h i l e  i n  t h e  second p a r t  ( I  > 1.5 x  1012 w.cm-2) a  l a s e r - i o n s  i n t e r a c -  
t i o n  occurs .  I n  t h e  f i r s t  p a r t ,  t h e  abso rp t i on  o f  6 photons by an atom leads  t o  
t h e  removal o f  one e l e c t r o n  and t h e  fo rma t i on  o f  a  Xe+ i o n .  Th i s  process appears 
i n  F i g .  1 th rough exper imenta l  p o i n t s  j o i n e d  by  a  s t r a i g h t  l i n e  w i t h  a  s l ope  6  
because t h e  6-photon i o n i z a t i o n  r a t e  v a r i e s  as I 6. When t h e  l a s e r  i n t e n s i t y  



i s  i nc reased  f u r t h e r ,  approaching t h e  IS value, t h e  a b s o r p t i o n  o f  15 photons by an 
atom induces t h e  simultaneous removal o f  two e l e c t r o n s  and t h e  p roduc t i on  o f  a  
xe2+ i on .  T h i s  process appears i n  F i g .  1  th rough exper imenta l  p o i n t s  j o i n e d  by a  
s t r a i g h t  l i n e  w i t h  a  s l ope  15. The 6-photon and 15-photon i o n i z a t i o n  processes 
dep le te  t h e  number o f  atoms con ta ined  i n  t h e  i n t e r a c t i o n  volume. A  marked change 
appears i n  t h e  s lope o f  t h e  curves f o r  b o t h  Xe+ and ~ e 2 +  i o n s  beyond t h e  l a s e r  
i n t e n s i t y  IS. T h i s  s a t u r a t i o n  i s  a  t y p i c a l  e f f e c t  which occurs  i n  m u l t i p h o t o n  i o n i -  
z a t i o n  exper iments  when a l l  t h e  atoms i n  t h e  i n t e r a c t i o n  volume a r e  i on i zed .  The 
i n t e n s i t y  dependence o f  bo th  curves o f  Xe+ and ~ e 2 +  i o n s  j u s t  beyond IS a r i s e s  f rom 
i o n s  produced i n  t h e  expanding i n t e r a c t i o n  volume when t h e  l a s e r  i n t e n s i t y  i s  
increased f u r t h e r .  

The second p a r t  o f  F ig .  1, f o r  I > 1.5 x  1 0 ~ ~ ~ . c m - ~ ,  desc r i bes  t h e  i n t e r a c t i o n  o f  
t h e  l a s e r  r a d i a t i o n  w i t h  ions ,  because t h e  i n t e r a c t i o n  volume i s  f i l l e d  up w i t h  
Xe+ i ons  i n  p lace  o f  atoms. A sudden i nc rease  i n  t h e  number o f  ~ e 2 +  i o n s  occurs  
when t h e  l a s e r  i n t e n s i t y  i s  increased f u r t h e r .  Th i s  comes f rom t h e  a b s o r p t i o n  o f  
10 photons by  a  Xe+ i o n .  T h i s  removes one e l e c t r o n  f rom t h e  Xe+ and produces a  
~ e 2 +  i on .  Th i s  appears i n  F i e .  1 t h rough  exper imenta l  p o i n t s  j o i n e d  by  a  s t r a i g h t  
l i n e  w i t h  a  s l ope  10. Vhen t h e  l a s e r  i n t e n s i t y  i s  i nc reased  f u r t h e r ,  t h e  10-photon 
i o n i z a t i o n  o f  Xe+ i ons  a l s o  s a t u r a t e s  and ~ e 3 + ,  ~ e 4 +  and xe5+ i o n s  a r e  formed most 
l i k e l y  t h rough  s tepwise processes. T h i s  means ~ e 3 +  i o n s  a r e  produced f rom xe2+ 
i ons  by abso rb ing  14-photons. I n  t h e  same way, x e 4 j  i o n s  a r e  produced f rom xe3+ 
i ons  by abso rb ing  20 photons, and l i k e w i s e  f o r  xe5+ i o n s .  To sump up, F i g .  1  i s  a  
c l e a r  p i c t u r e  o f  t h e  response o f  t h e  e l e c t r o n s  o f  Xe atoms t o  a  h i g h  l a s e r  i n t e n -  
s i t y .  Each s tep  o f  increased i n t e n s i t y  g i ves  r i s e  t o  t h e  removal o f  an a d d i t i o n a l  
e l e c t r o n .  

It shou ld  be no ted  t h a t  t h e  10-photon i o n i z a t i o n  o f  ~ e +  i o n s  which produces Xe 2  + 

i ons  can be i n v e s t i g a t e d  i n  a  w e l l  d e f i n e d  l a s e r  i n t e n s i t  r a n  e. The cor respond ing 
10-photon i o n i z a t i o n  c ross  s e c t i o n  i s  measured t o  be Ic-267 2 9 .  The u n c e r t a i n t y  
i n  t h i s  measurement comes ma in l y  f r o m  t h e  u n c e r t a i n t y  o f  t h e  l a s e r  i n t e n s i t y  i n  
abso lu te  va lues.  It shou ld  be r e c a l l e d  t h a t  a  gene ra l i zed  N-photon abso rp t i on  c ross  
s e c t i o n  i s  expressed i n  cmzN sN-1 u n i t s  when t h e  l a s e r  i n t e n s i t y  i s  expressed i n  
number o f  photons cm-2 s-1. It i s  i n i t i a l l y  amazing t o  f i n d  t h a t  a  m u l t i p h o t o n  
i o n i z a t i o n  c ross  s e c t i o n  o f  a  s i n g l y  charged i o n  can be measured so e a s i l y  w h i l e  
very  few examples o f  measurements o f  p h o t o i o n i z a t i o n  c ross  s e c t i o n  o f  i o n s  a r e  
f ound  i n  e x i s t i n g  l i t e r a t u r e .  Here t h e  measurement i s  easy because i t  s  t h e  same 3 l a s e r  pu l se  which produces b o t h  a  c l e a n  Xe+ i o n  t a r g e t  w i t h  a  1012 cm- dens i t y ,  
and induces t h e  10-photon i o n i z a t i o n  o f  Xe+ i ons .  

2.1.2 - M u l t i p h o t o n  i o n i z a t i o n  o f  Ne a t  532 nm 

F i g .  2  shows i n  a  l o g - l o g  p l o t  t h e  v a r i a t i o n  o f  t h e  number o f  ~ e +  and ~ e ~ +  i o n s  
produced as  a  f u n c t i o n  o f  t h e  l a s e r  i n t e n s i t y  /13/. The Ne+ i o n  cu rve  has a  s l ope  
o f  t e n  which i s  c h a r a c t e r i s t i c  o f  a  non-resonant 10-photon i o n i z a t i o n  o f  Ne atoms. 
~ e 2 +  i o n s  a r e  produced i n  a  l a s e r  i n t e n s i t y  range f a r  beyond t h e  s a t u r a t i o n  i n t e n -  
s i t y  va lue  IS, t h a t  i s  when t h e  i n t e r a c t i o n  volume i s  f i l l e d  up w i t h  Ne+ i o n s  and 
no l onge r  w i t h  any Ne atoms. T h i s  r e q u i r e s  t h a t  ~ e 2 +  i o n s  a r e  produced through an 
18-photon i o n i z a t i o n  o f  Ne+ ions .  T h i s  i s  conf i rmed by  t h e  s lope  17 + 2  measured 
on t h e  ~ e 2 +  i o n  curve. Here, t he  p r o b a b i l i t y  o f  p r o d u c t i o n  o f  ~ e 2 +  i 5 n s  by a  
s imultaneous e x c i t a t i o n  o f  two e l e c t r o n s  i s  much two l ow  t o  be measured. An i n t e -  
r e s t i n g  comparison can be made between t h e  10-photon i o n i z a t i o n  o f  Ne atoms which 
produces Ne+ i o n s  and t h e  10-photon i o n i z a t i o n  o f  Xe+ i o n s  which produces ~ e 2 +  
ions .  The a tomic  process r e q u i r e s  a  l a s e r  i n t e n s i t y  3.7 t imes h i g h e r  than t h e  
i o n i c  process, as shown i n  F igs .  1  and 2. I f  t h e  two processes were compared a t  
t h e  same l a s e r  i n t e n s i t y ,  t h e  10-photon abso rp t i on  r a t e  i n  t h e  spectrum o f  Xe+ i o n  
would be (3.7110 % 4.5 x  105 t imes  h i g h e r  than t h e  10-photon a b s o r p t i o n  r a t e  i n  
t h e  spectrum o f  Ne atoms. 
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F ig .  1 - ( a )  A l o g - l o g  p l o t  o f  t h e  v a r i a t i o n  i n  t h e  number o f  Xenon i o n s  formed a t  
532 nm as a  f u n c t i o n  o f  t h e  l a s e r  i n t e n s i t y .  ( b )  Schematic r e p r e s e n t a t i o n  o f  t h e  
number o f  photons i n v o l v e d  i n  t h e  p roduc t i on  o f  m u l t i p l y  charged i ons .  

2.1.3 - M u l t i p l y  charged i o n s  produced i n  r a r e  gases a t  1064 nm 

The p roduc t i on  o f  m u l t i p l y  charged i o n s  has a l s o  been i n v e s t i g a t e d  i n  t h e  f i v e  r a r e  
gases a t  1064 nm / 12 /. L e t  us cons ide r  here  t h e  two most d i f f e r e n t  examples : Xe 
and He. F i g .  3  shows t h e  v a r i a t i o n  o f  t h e  number o f  Xe+, Xe2+, Xe3+, Xe4+ and Xe5+ 
i ons  as a  f u n c t i o n  o f  t h e  l a s e r  i n t e n s i t y .  The genera l  behav ior  i s  s i m i l a r  t o  
t h a t  observed a t  532 nm, except f o r  two p o i n t s .  F i r s t ,  t h e  two d i f f e r e n t  processes 
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F i g .  2 - The l a s e r  i n t e n s i t y  dependence o f  Ne+ and ~ e 2 +  i o n s  formed a t  532 nm. 

o f  p r o d u c t i o n  o f  xe2+ i ons ,  namely t h e  s imultaneous two -e lec t ron  removal f r om Xe 
atoms, and t h e  one -e lec t ron  removal f r om Xe+ i o n s  a r e  n o t  so w e l l  separated than 
a t  532 nm. Second, t h e  p r o b a b i l i t y  o f  c r e a t i n g  ~ e ? +  i o n s  th rough a s imultaneous 
two -e lec t ron  removal f r om Xe atoms i s  30 t imes l a r g e r  here  than a t  532 nm, a t  t h e  
re fe rence  i n t e n s i t y  IS. A t  s a t u r a t i o n  i n t e n s i t y  I s  = 1.2 x 1013 W.cm-2 a t  1064 nm 
t h e  p r o p o r t i o n  o f  Xe2+ t o  Xe+ i ons  i s  1.5 x 10-2, whereas i t  i s  o n l y  5 x 10-4 a t  
IS = 8 x 1011 w.cm-2 a t  532 nm. 

F i g .  4 shows t h e  v a r i a t i o n  o f  t h e  number o f  He' and He2+ i o n s  produced as a func-  
t i e n  o f  t h e  l a s e r  i n t e n s i t y .  68 photons a t  l e a s t  have t o  be absorbed by He t o  
produce He2+ i o n s  which most probab ly  comes from a simultaneous e x c i t a t i o n  o f  t h e  
two e l e c t r o n s .  T h i s  conc lus ion  i s  suppor ted by t h e  f a c t  t h a t  s a t u r a t i o n  o f  b o t h  He+ 
and He2+ i ons  occurs a t  t h e  same l a s e r  i n t e n s i t y  I .  

2.2 - Discuss ion 

A t h e o r e t i c a l  one-el  e c t r o n  model has been used successfu l  1 y t o  desc r i be  one e l  ec- 
t r o n  removal i n  m u l t i p h o t o n  i o n i z a t i o n  o f  a tomic  hydrogen and a l k a l i n e  atoms i n  t h e  
p a s t  few years .  However, such a model cannot  be a p p l i e d  by  mere l y  e x t r a p o l a t i n g  t h e  
l o w e s t  o r d e r  p e r t u r b a t i o n  t h e o r y  t o  e x p l a i n  t h e  p r o d u c t i o n  of m u l t i p l y  charged i ons  
induced i n  many-electron atoms. I n  t h i s  respec t ,  t h e  f o l l o w i n g  example o f  t h e  pro-  
d u c t i o n  o f  doub ly  charged i o n s  i s  ve ry  conv inc ing .  The one -e lec t ron  removal i n  Xe 
atoms through 11-photon abso rp t i on  a t  1064 nm r e q u i r e s  a l a s e r  i n t e n s i t y  o f  1013 
W.cm-2. The -29-photon abso rp t i on  cor respond ing t o  t h e  p roduc t i on  o f  ~ e 2 +  i o n s  a t  
1064 nm would r e q u i r e  a l a s e r  i n t e n s i t y  o f  10 5 W.cm-2, a va lue  a n t i c i p a t e d  f rom 
t h e  l owes t  o r d e r  p e r t u r b a t i o n  t h e o r y  i n  t h e  one -e lec t ron  model. T h i s  i s  a t  va r i ance  
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Fig. 3 - The l a s e r  i n t e n s i t y  dependence o f  Xenon ions formed a t  1064 nm. 

w i t h  experimental r e s u l t s  (F ig.  3)  which show t h a t  a l a s e r  i n t e n s i t y  o f  1.5 x 10 13 

W.cm-2 i s  enough t o  produce ~ e 2 +  ions.  F ig .  3 a l s o  shows i n  other  terms t h a t  t h e  
29-photon absorpt ion r a t e  g i v i n g  Xe2+ ions i s  on ly  100 t imes l e s s  than the  11- 
photon absorpt ion r a t e  g i v i n g  Xe+ ions a t  1.5 x 1013 W.cm-2. 

The product ion o f  m u l t i p l y  charged ions through mul t iphoton absorpt ion emphasizes 
both atomic p roper t ies  and l a s e r  c h a r a c t e r i s t i c s  such as i n t e n s i t y ,  photon energy, 
pulse durat ion,  e t c  . . . Consequently the easy product ion o f  mu1 t i p l y  charged ions 
could be explained e i t h e r  i n  terms o f  s p e c i f i c  p roper t ies  o f  many-electron atoms, 
o r  i n  terms o f  d i f f e r e n t  mechanisms o f  absorpt ion o f  photons i n  a continuum o r  i n  
the spectrum o f  ions. L e t  us consider successively the two independent approaches. 
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F ig .  4 - The l a s e r  i n t e n s i t y  dependence o f  He+ and ~ e ~ +  i o n s  formed a t  1064 nm. 

2.2.1 - Mu l t i pho ton  a b s o r p t i o n  and l a s e r  c h a r a c t e r i s t i c s  

One o f  t h e  most impor tan t  ques t i ons  t h a t  faces us i s  r e l a t e d  t o  t h e  mechanism o f  
abso rp t i on  o f  a  ve ry  l a r g e  number o f  photons, f o r  example 68 photons a t  1064 nm t o  
produce ~ e 2 +  i ons .  T h i s  problem c o u l d  be somewhat s i m i l a r  t o  t h e  mu l t i pho ton  e x c i -  
t a t i o n  o r  d i s s o c i a t i o n  o f  l a r g e  po lya tomic  molecules such as SF6 by us ing  C02 l a s e r  
r a d i a t i o n .  I n  such molecules,  i t  i s  w e l l  known t h a t  30 t o  40 photons can be e a s i l y  
absorbed i n  t h e  dense m u l t i t u d e  o f  v i b r a t i o n a l  s t a t e s .  The quasicont inuum model 
p o s t u l a t e s  t h a t  due t o  c o u p l i n g  o f  t h e  v a r i o u s  normal modes o f  a  l a r g e  po lya tomic  
molecule,  t h e r e  w i l l  a lways be quas i - resonant  s t a t e s  a v a i l a b l e  a t  each s tep  o f  t h e  
e x c i t a t i o n  process. I n  t h e  same way, t h e  very  l a r g e  N-photon abso rp t i on  r a t e  g i v i n g  
r i s e  t o  doub ly  charged i o n s  a t  a  h i g h  l a s e r  i n t e n s i t y  cou ld  be exp la ined  i n  terms 
o f  a  s tepwise i ncohe ren t  abso rp t i on  process. A t  h i g h  i n t e n s i t y ,  one c o u l d  desc r i be  
t h e  abso rp t i on  i n  t h e  cont inuum by t h e  use o f  r a t e  equat ions .  

Some s a l i e n t  f e a t u r e s  can be drawn f rom exper imenta l  r e s u l t s .  I n  a  s i m p l i f i e d  way 
( F i g .  5 ) ,  we have p l o t t e d  t h e  i o n i z a t i o n  t h r e s h o l d  i n t e n s i t y  r e q u i r e d  t o  produce 
s i n g l y  and doub ly  charged i o n s  i n  t h e  f i v e  r a r e  gases a t  1064 nm, as a  f u n c t i o n  of 
t h e  number N o f  photons absorbed. By i o n i z a t i o n  t h r e s h o l d  i n t e n s i t y ,  we mean t h e  
l a s e r  i n t e n s i t y  which induces t h e  p roduc t i on  o f  a  s i n g l e  i o n  and which i s  d e r i v e d  
f rom o r i g i n a l  f i g u r e s .  Curve 5a i s  r e l a t e d  t o  a  one -e lec t ron  removal f rom a n e u t r a l  
atom. Curve 5b i s  r e l a t e d  t o  a  one-e lec t ron removal f rom a s i n g l y  charged i on ,  and 
cu rve  5c t o  a  s imultaneous two -e lec t ron  removal f rom an atom. As a  f i r s t  observa- 
t i o n ,  l e t  us cons ide r  a  f i x e d  l a s e r  i n t e n s i t y ,  1.8 x 1013 ~ . c m - 2  f o r  example, and 
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F i g .  5 - The i o n i z a t i o n  t h r e s h o l d  i n t e n s i t y  which induces t h e  fo rma t i on  o f  one i o n  
as a  f u n c t i o n  o f  t h e  number N o f  photons absorbed a t  1064 nm. Curve ( a )  r e l a t e s  t o  
a  one -e lec t ron  removal f rom an atom. (b )  r e l a t e s  t o  a  one -e lec t ron  removal f rom a  
s i n g l y  charged i on ,  and ( c )  t o  a  s imultaneous two -e lec t ron  removal f r om an atom. 

l e t  us move a long  a  h o r i z o n t a l  l i n e .  A t  t h i s  i n t e n s i t y ,  one e l e c t r o n  can be removed 
f rom Ar  th rough a  14-photon abso rp t i on ,  one e l e c t r o n  can be removed f rom Xe+ i o n  
th rough a  19-photon abso rp t i on ,  and two e l e c t r o n s  can be s imu l taneous l y  removed 
f rom a  Kr  atom through a  34-photon abso rp t i on .  I n  t h e  same way, c o n s i d e r a t i o n s  
based on a v e r t i c a l  l i n e  would show t h a t  t h e  a b s o r p t i o n  r a t e  o f  a  l a r g e  number o f  
photons i s  h i g h e r  i n  t h e  d i s c r e t e  spectrum o f  an i o n  than i n  t h e  d i s c r e t e  spectrum 
o f  an atom, and i s  s t i l l  h i g h e r  when a  s imultaneous two -e lec t ron  removal o f  an atom 
occurs .  

F i g .  5  a l s o  i l l u s t r a t e s  l a s e r  i n t e n s i t y  e f f e c t s  th rough t h e  t h r e e  l i n e s  a, b, and c  
which d i v e r g e  f rom each o t h e r  as N increases o r  as t h e  l a s e r  i n t e n s i t y  increases.  
L e t  us g i v e  an example drawn f rom F i g .  5 by a  d i r e c t  comparison o f  exper imenta l  
da ta  shown i n  F i g s .  1  and 4. I n  a  moderate i n t e n s i t y  o f  1012 ~ . c m - 2  l e t  us cons ide r  
t h e  one -e lec t ron  removal f rom an Xe atom through a  6-photon abso rp t i on  a t  532 nm. 
The l a s e r  i n t e n s i t y  has t o  be increased by a  f a c t o r  o f  4  a t  t h e  i o n  t h r e s h o l d  
d e t e c t i o n  t o  induce t h e  simultaneous removal o f  two e l e c t r o n s  f rom t h e  Xe atom 
through a  15-photon abso rp t i on .  I n  c o n t r a s t ,  a t  a  ve ry  h i g h  i n t e n s i t y  o f  6  x  1014 
W.cm-2, l e t  us cons ide r  t h e  one -e lec t ron  removal f rom a  He atom through a  22-photon 
abso rp t i on  a t  1064 nm. I nc reas ing  t h e  l a s e r  i n t e n s i t y  by  40 %, a t  t h e  i o n  t h r e s h o l d  
d e t e c t i o n ,  i s  enough t o  induce t h e  simultaneous removal o f  t h e  two e l e c t r o n s  o f  He 
atom through a  68-photon abso rp t i on .  

The photon energy seems t o  p l a y  an impor tan t  r o l e  i n  t h e  p r o d u c t i o n  o f  doub ly  
charged i o n s  th rough t h e  simultaneous e x c i t a t i o n  o f  two e l e c t r o n s .  Fo r  example, t h e  
p r o b a b i l i t y  o f  p r o d u c t i o n  o f  ~ e 2 +  i o n s  th rough a  s imultaneous two -e lec t ron  removal 
f rom Xe atoms i s  30 t imes  l e s s  a t  532 nm f o r  1012 ~ . c m - 2  than a t  1064 nm f o r  1013 



~ . c m - ~ ,  as shown by a  comparison o f  F igs .  1  and 3 .  T h i s  r e s u l t  can most l i k e l y  be 
exp la ined  r a t h e r  i n  terms o f  l a s e r  wavelength t han  i n  terms o f  l a s e r  i n t e n s i t y ,  as 
exem l i f i e d  by F i g .  2. T h i s  f i g u r e  shows t h a t  a t  532 nm and a t  h i g h  l a s e r  i n t e n s i t y  
(1019 W.cm-2) no ~ e 2 +  i o n s  a r e  produced by a  s imultaneous e x c i t a t i o n  o f  two e l e c -  
t r o n s .  Such a  wavelength dependence i n  t h e  s imultaneous e x c i t a t i o n  o f  two e l e c t r o n s  
l o o k s  l i k e  t h e  w e l l  known wavelength dependence i n  t h e  p h o t o i o n i z a t i o n  c ross  s e c t i o n  
o f  Rydberg atoms. I n  c o n t r a s t ,  t h e  sequen t i a l  p roduc t i on  o f  doubly charged i o n s  
th rough s i n g l y  charged i o n s  does n o t  seem t o  depend so s t r o n g l y  on t h e  photon 
energy. 

2.2.2 - Atomic p r o p e r t i e s  

I n  m u l t i p h o t o n  i o n i z a t i o n  o f  a  many-electron atom, one can no l o n g e r  cons ide r  t h e  
i n t e r a c t i o n  o f  t h e  l a s e r  r a d i a t i o n  w i t h  a  s i n g l e  e l e c t r o n ,  as one c o u l d  f o r  a  one- 
e l e c t r o n  atom. F i r s t l y  two e l e c t r o n s  can be s imu l taneous l y  e x c i t e d  and removed. 
Exper imental  r e s u l t s  have shown t h a t  such a  process i s  very  s e n s i t i v e  t o  t h e  l a s e r  
wavelength,  and i s  e s p e c i a l l y  impor tan t  when a  l o n g  wavelength l a s e r  r a d i a t i o n  i s  
used. Secondly, e l e c t r o n  c o r r e l a t i o n  e f f e c t s  can l e a d  t o  a  c o l l e c t i v e  response o f  
t h e  o u t e r  s h e l l  i r r a d i a t e d  by an i n t e n s e  l a s e r  pu lse .  I n  a  c l osed  s h e l l ,  severa l  
e l e c t r o n s  c o u l d  be e x c i t e d  w h i l e  t h e  f i r s t  o r  two f i r s t  e l e c t r o n s  a r e  removed f rom 
t h e  s h e l l .  T h i s  c o u l d  e x p l a i n  why an a d d i t i o n a l  e l e c t r o n  can be removed by i nc rea -  
s i n g  f u r t h e r  t h e  l a s e r  i n t e n s i t y  by a  smal l  amount. 

F ig .  6 shows t h e  v a r i a t i o n  o f  t h e  maximum i o n  charge s t a t e s  produced a t  1064 nm and 
193 nm i n  t h e  f i v e  r a r e  gases, as a  f u n c t i o n  o f  t h e  a tomic  number Z. The 193 nm 
data  used here  a r e  d e r i v e d  f rom a  r e c e n t  work b y  Luk e t  a l .  / 15 /. F ig .  6  shows 
t h a t  ~ e 2 +  and ~ e 2 +  i o n s  a r e  produced a t  1064 nm and n o t  a t  193 nm. T h i s  r e s u l t  
c o u l d  be exp la ined  by c o n s i d e r i n g  t h a t  ~ e 2 +  and ~ e 2 +  i o n s  a r e  produced a t  1064 nm 
through a  s imultaneous e x c i t a t i o n  o f  two e l e c t r o n s .  I t was shown p r e v i o u s l y  t h a t  
such a  process i s  ve ry  s e n s i t i v e  t o  t h e  l a s e r  photon energy and c o u l d  have proba- 
b i l i t y  t o o  l o w  a t  193 nm t o  be observed. Furthermore, a  l a r g e  amount o f  energy can 
be t r a n s m i t t e d  t o  a  many-electron atom through m u l t i p h o t o n  a b s o r p t i o n  processes. 
For  example, 250 eV when ~ e 6 +  i ons  a r e  produced. 

As i s  w e l l  known, i n n e r  s h e l l s  have t o  be considered, e s p e c i a l l y  i n  K r  and Xe, i n  
m u l t i p l e  p h o t o i o n i z a t i o n  by us ing  Synchro t ron R a d i a t i o n  a t  about  100 eV. Here, i t  
i s  n o t  p o s s i b l e  t o  draw any conc lus ion  on t h e  p o s s i b l e  c o n t r i b u t i o n s  o f  an i n n e r  
s h e l l  i n  t h e  p roduc t i on  o f  m u l t i p l y  charged i ons  a t  1064 nm, o r  532 nm. It c o u l d  
be assumed t h a t  one goes g r a d u a l l y  f rom a  s i t u a t i o n  c l o s e  t o  mu1 t i p l e  pho to ion i za -  
t i o n  when h i g h  energy photons (5-10 eV) a r e  used t o  produce m u l t i p l y  charged i o n s  
w i t h  consequent ly  few photons absorbed a t  moderate l a s e r  i n t e n s i t y ,  t o  a  v e r y  
d i f f e r e n t  s i t u a t i o n  when l ow  energy photons ( 1  eV) a r e  used w i t h  a  very  l a r g e  num- 
b e r  o f  photons absorbed by atoms a t  ve ry  h i g h  l a s e r  i n t e n s i t y .  Gene ra l l y  speaking, 
we have t o  cons ide r  how i n n e r  s h e l l  c o n t r i b u t i o n  v a r i e s  i n  t h e  response o f  an atom 
which absorbs one 100 eV photon o r  100 photons w i t h  1  eV each. 

To conclude t h i s  d i scuss ion ,  i t  shou ld  be p o i n t e d  o u t  t h a t  resonance e f f e c t s  i n  
m u l t i p h o t o n  i o n i z a t i o n  r a t e s  o f  one-e lec t ron atoms have been i n v e s t i g a t e d  i n  d e t a i l  
over  t h e  p a s t  few years  / 10 /. These resonances a r e  due t o  s e l e c t i v e  m u l t i p h o t o n  
e x c i t a t i o n  o f  an atomic s t a t e .  An obv ious ques t i on  a r i s e s  here.  I s  i t  p o s s i b l e ,  i n  
t h e  same way, t o  observe s e l e c t i v e  m u l t i p h o t o n  e x c i t a t i o n  o f  h i g h  l y i n g  energy 
i o n i c  s t a t e s  ? I f  yes, i s  i t  p o s s i b l e  t o  g e t  a  l a r g e  p o p u l a t i o n  i n  a  s p e c i f i c  
s t a t e  i nduc ing  a  p o p u l a t i o n  i n v e r s i o n  and a  s t i m u l a t e d  emiss ion i n  t he  extreme 
u l t r a v i o l e t  w i t h  a  s i g n i f i c a n t  g a i n  ? Measurements o f  t h e  e l e c t r o n  energy spectrum 
and o f  p o s s i b l e  extreme u l t r a v i o l e t  r a d i a t i o n  w i l l  be performed i n  t h e  p roduc t i on  
o f  m u l t i p l y  charged i o n s  i n  t h e  near  f u t u r e  t o  answer t h e  afore-ment ioned ques t i on .  
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ATOMIC NUMBER Z 

F ig .  6 - The maximum i o n  charge s t a t e s  produced i n  t h e  f i v e  r a r e  gases a t  193 and 
1064 nm as a f u n c t i o n  o f  t h e  a tomic  number Z. 

2.3 - A d d i t i o n a l  da ta  

2.3.1 - The p roduc t i on  of doub ly  charged i o n s  and t h e  p roduc t i on  o f  e n e r g e t i c  
e l e c t r o n s  

A many-electron atom i r r a d i a t e d  by an i n t e n s e  l a s e r  pu l se  can absorb a ve ry  l a r g e  
number o f  photons, where " ve ry  l a r g e "  shou ld  be unders tood by comparison t o  t h e  
minimum number o f  photons r e q u i r e d  t o  reach t h e  f i r s t  i o n i z a t i o n  t h resho ld .  Fo r  
example, t h e  Xenon atom shou ld  absorb a t  l e a s t  29-photons t o  produce ~ e 2 +  i o n s  a t  
1064 nm, a t  l e a s t  57 photons t o  produce ~ e 3 +  i o n s  ..., w h i l e  t h e  a b s o r p t i o n  o f  11- 
photons i s  enough t o  reach t h e  f i r s t  i o n i z a t i o n  t h resho ld .  The excess energy, 
compared t o  s i n g l e  i o n i z a t i o n  energy, i s  used t o  remove a d d i t i o n a l  e l e c t r o n s  and 
t o  produce m u l t i p l y  charged i ons .  An excess energy can a l s o  be used t o  genera te  
e n e r g e t i c  e l e c t r o n s ,  as shown i n  p rev ious  exper iments / 16-19 /. The energy spec- 
t r um o f  t h e  pho toe lec t rons  produced by a b s o r p t i o n  o f  photons above t h e  f i r s t  i o n i -  
z a t i o n  t h r e s h o l d  shows a s e r i e s  o f  peaks even l y  spaced by an amount equal  t o  t h e  
photon energy. These exper iments  have been performed m a i n l y  on Xe a t  1064 and 
532 nm. A t  1064 nm, xe2+ i ons  produced by s imultaneous e x c i t a t i o n  o f  two e l e c t r o n s  
o f  Xe atoms as shown i n  F ig .  3, and t h e  abso rp t i on  o f  about  t e n  a d d i t i o n a l  photons 
above t h e  f i r s t  i o n i z a t i o n  t h r e s h o l d  occur  s imu l taneous l y  a t  t h e  same l a s e r  i n t e n -  
s i t y  j u s t  below t h e  s a t u r a t i o n  i n t e n s i t y  IS. Consequently, an obvious ques t i on  
a r i s e s .  Are these two processes independent o r  n o t  ? A u n i f i e d  t h e o r e t i c a l  model 
shou ld  be developed i f  these two processes a r e  n o t  independent.  

2.3.2 - Doubly charged i ons  produced by mu l t i pho ton  i o n i z a t i o n  i n  a l k a l i n e - e a r t h  
a toms 

Prev ious exper iments on t h e  mu l t i pho ton  i o n i z a t i o n  o f  a l k a l i n e  e a r t h  atoms have 
emphasized t h e  p r o d u c t i o n  o f  doub ly  charged i o n s  / 20, 21 /. A s t r i k i n g  s i m i l a r i t y  



can be seen between F i g .  3 i n  Xe i n  t h e  p resen t  paper and F i g .  2 o f  Feldmann e t  a l .  
/ 21 / on Sr  atoms, bo th  ob ta ined  a t  1064 nm. I n  bo th  cases, doub ly  charged i o n s  
appear b e f o r e  t h e  s a t u r a t i o n  o f  s i n g l y  charged ions .  T h i s  suppor ts  t h e  assumption 
o f  a p roduc t i on  o f  ~ r 2 +  i o n s  th rough t h e  simultaneous e x c i t a t i o n  and removal o f  t h e  
two e l e c t r o n s  o f  t h e  o u t e r  s h e l l .  Exper imental  r e s u l t s  ob ta ined  i n  Sr  a l s o  empha- 
s i z e d  t h a t  t h e  s imultaneous e x c i t a t i o n  o f  t h e  two e l e c t r o n s  i s  ve ry  s e n s i t i v e  t o  
t h e  photon energy. For example a t  532 nm, Sr2+ i o n s  a r e  produced i n  a l a s e r  i n t e n -  
s i t y  range f a r  beyond t h e  s a t u r a t i o n  i n t e n s i t y ,  t h a t  i s  when t h e  i n t e r a c t i o n  volume 
i s  f i l l e d  up w i t h  Sr+ i o n s  and no l o n g e r  w i t h  S r  atoms. T h i s  r e q u i r e s  t h a t  ~ r 2 +  
i o n s  a r e  produced s o l e l y  th rough a m u l t i p h o t o n  i o n i z a t i o n  o f  Sr+ i o n s  a t  532 nm. 
I n  consequence, t h e  p r o b a b i l i t y  o f  t h e  s imultaneous e x c i t a t i o n  o f  t h e  two e l e c t r o n s  
decreases d r a m a t i c a l l y  when t h e  l a s e r  wavelength decreases by a f a c t o r  o f  two. I n  
conc lus ion,  a s t r i k i n g  s i m i l a r i t y  i s  observed i n  t h e  p roduc t i on  o f  doub ly  charged 
i o n s  by m u l t i p h o t o n  a b s o r p t i o n  i n  r a r e  gases and a l k a l i n e  e a r t h  atoms. Other  atoms 
a r e  expected t o  behave s i m i l a r l y .  

3 - MULTIPHOTON IONIZATION AND ODD HARMONIC GENERATION 

C o l l i s i o n l e s s  m u l t i p h o t o n  i o n i z a t i o n  o f  atoms has been w e l l  desc r i bed  by t h e  per -  
t u r b a t i o n  t heo ry  when a tomic  d e n s i t y  i s  l o w  enough so t h a t  atoms can be cons idered 
t o  i n t e r a c t  independent ly  w i t h  t h e  l a s e r  f i e l d .  However, t h e  d e s c r i p t i o n  o f  m u l t i -  
photon i o n i z a t i o n  i s  more complex when t h e  a tomic  d e n s i t y  i s  increased so much t h a t  
odd harmonics a r e  generated, and consequent ly  shou ld  be i n c l u d e d  i n  t h e o r e t i c a l  
t r ea tmen t  o f  m u l t i p h o t o n  i o n i z a t i o n .  

Recent exper iments performed i n  Xenon / 22, 23 / and mercury / 24 / c l e a r l y  
e x h i b i t  t h a t  a t h i r d  harmonic wave can be produced i n  f i ve -pho ton  i o n i z a t i o n  when 
a th ree-photon resonance takes  p lace  on t h e  6s s t a t e  i n  Xe o r  t h e  6p l p l  s t a t e  i n  
Hg. T h i r d  harmonic gene ra t i on  s t r o n g l y  a f f e c t s  t h e  i o n i z a t i o n  r a t e .  F ig .  7 (a)  i s  
a scheme f o r  f i ve -pho ton  i o n i z a t i o n  i n  Hg near a th ree-photon resonance on t h e  
6p I p l  s t a t e .  A sample r e s u l t  i s  shown i n  F i g .  7 ( b ) .  The g l o b a l  i o n  p roduc t i on ,  
which shou ld  be l i n e a r  versus pressure  a t  l ow  pressure ,  s a t u r a t e s  and then  decrea- 
ses. Conversely, a VUV emiss ion cor respond ing t o  t h e  t h i r d  gene ra t i on  i s  observed 
i n  t h e  f o rwa rd  d i r e c t i o n  a t  a pressure  as low as 10-4 To r r .  I n  Xenon, a disappea- 
rance o f  t h e  i o n  s i gna l  has even been observed when t h e  pressure  i s  increased 
beyond 1 T o r r .  Furthermore, t h e  resonant  i o n i z a t i o n  p r o f i l e  and t h e  l i n e  shape o f  
t h e  t h i r d  harmonic gene ra t i on  p r o g r e s s i v e l y  broaden and a r e  b l u e  s h i f t e d  as t h e  
pressure  i s  increased.  D i f f e r e n t  t h e o r e t i c a l  models have been developed t o  e x p l a i n  
t h e  observed behav iour  / 25-30 /. B r i e f l y ,  exper imenta l  r e s u l t s  a r e  exp la ined  i n  
terms o f  an i n t e r f e r e n c e  between two d i f f e r e n t  coherent  channels t o  t h e  resonant  
s t a t e  : t h e  abso rp t i on  o f  t h r e e  l a s e r  photons and abso rp t i on  o f  one t h i r d  harmonic 
photon. These two ampl i tudes can e x a c t l y  cancel  each o t h e r .  The resonant  l e v e l  i s  
no l o n g e r  popu la ted,  and t h e  i o n i z a t i o n  s i g n a l  d isappears.  I n  each model, c o l l i -  
s i o n a l  e f f e c t s  a r e  neg lec ted  because they make a n e g l i g i b l e  c o n t r i b u t i o n  over  t h e  
range o f  p ressures  r e l e v a n t  t o  these exper iments.  

The example which has been desc r i bed  shou ld  n o t  be cons idered as a r u l e .  The pres-  
su re  a t  wh ich  t h i r d  harmonic gene ra t i on  becomes an impor tan t  channel t o  i n c l u d e  
i n  t h e  i o n i z a t i o n  process depends s t r o n g l y  on p h y s i c a l  c o n d i t i o n s .  I n  a p rev ious  
exper iment t h e  four -photon i o n i z a t i o n  o f  mercury atoms through t h e  resonant  t h ree -  
photon e x c i t a t i o n  o f  t h e  7p l p l  s t a t e  has been i n v e s t i g a t e d  / 24 /. I n  t h i s  expe- 
r imen t ,  no t h i r d  harmonic gene ra t i on  has been observed when t h e  Hg pressure  i s  
increased, even a t  10-1 T o r r ,  and t h e  i o n i z a t i o n  s i g n a l  does n o t  depa r t  f rom a 
l i n e a r  pressure  dependence. T h i s  c o u l d  be because t h e  resonant  7p l p l  s t a t e  i s  
much more s t r o n g l y  coup led (by  a one-photon process)  t o  t h e  cont inuum than t o  t h e  
ground s t a t e .  T h i s  s t r o n g  c o u p l i n g  o f  t h e  resonant  s t a t e  t o  t h e  cont inuum does n o t  
f avou r  t h e  gene ra t i on  o f  a t h i r d  harmonic. 

I n  conc lus ion,  mu l t i pho ton  i o n i z a t i o n  o f  atoms has been ma in l y  i n v e s t i g a t e d  so f a r  
a t  l o w  gas pressures  l e s s  t han  10-4 To r r ,  w h i l e  n o n l i n e a r  o p t i c s  have been i nves -  
t i g a t e d  a t  p ressures  t y p i c a l l y  h i g h e r  than 10 T o r r .  An ove r l ap  between m u l t i p h o t o n  
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F ig .  7 - ( a )  Schematic r e p r e s e n t a t i o n  o f  t h e  f i ve -pho ton  i o n i z a t i o n  o f  Hg through 
t h e  three-photon e x c i t a t i o n  o f  t h e  6p IP s t a t e .  ( b )  The v a r i a t i o n  o f  t h e  i o n i z a -  
t i o n  s i g n a l  and t h e  VUV emiss ion (185 nmj cor respond ing t o  t h i r d  harmonic o f  t h e  
l a s e r  wavelength (555 nm), as a f u n c t i o n  o f  Hg pressure .  
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i o n i z a t i o n  and odd harmonics gene ra t i on  can occu r  i n  t h e b r o a d  i n t e r m e d i a t e  pres-  
sure  range (10-4 t o  10 T o r r ) .  The pressure  1 i m i t  which determines a "pure"  mu1 ti- 
photon i o n i z a t i o n  process s t r o n g l y  depends on phys i ca l  c o n d i t i o n s .  

lo-5 lo-3 10-1 

4 - CONCLUSION 

The i n t e r a c t i o n  o f  an i n t e n s e  l a s e r  r a d i a t i o n  w i t h  a many-electron atom i s  one o f  
t h e  few main t o p i c s  which remains t o  be i n v e s t i g a t e d  i n  a tomic  phys i cs .  I t i s  q u i t e  
an open f i e l d  and i s  o f  g r e a t  i n t e r e s t  f rom a bas i c  p o i n t  o f  view. I t leads t o  t h e  
cha l l enge  o f  c a l c u l a t i n g  m u l t i p h o t o n  i o n i z a t i o n  r a t e s  f o r  a many-electron atom. 
The t h e o r e t i c a l  one -e lec t ron  model which has been used s u c c e s s f u l l y  t o  desc r i be  
m u l t i p h o t o n  i o n i z a t i o n  o f  a tomic  hydrogen and a l k a l i n e  atoms i n  t h e  p a s t  few 
yea rs  cannot be a p p l i e d  t o  desc r i be  t h e  p roduc t i on  o f  m u l t i p l y  charged i ons  induced 
by  a c o l l e c t i v e  response o f  an a tomic  s h e l l  i r r a d i a t e d  by an i n t e n s e  l a s e r  pu l se .  
A s imultaneous e x c i t a t i o n  o f  many e l e c t r o n s  o f  t h e  o u t e r  s h e l l  c o u l d  occur .  Another 
model has t o  be developed t o  t a k e  i n t o  account  e l e c t r o n  c o r r e l a t i o n  e f f e c t s  and 
p o s s i b l e  e l e c t r o n  rearrangement d u r i n g  t h e  mu1 t i p h o t o n  abso rp t i on .  Furthermore, t h e  
process o f  abso rp t i on  o f  a ve ry  l a r g e  number o f  photons by  a many-electron atom i s  
n o t  y e t  understood and has y e t  t o  be i n v e s t i g a t e d .  

Recent exper iments desc r i bed  i n  t h e  p resen t  paper have been performed us ing  an i o n  
d e t e c t o r .  These exper iments w i l l  be completed i n  t h e  near  f u t u r e ,  f i r s t  by measure- 
ment o f  energy spectrum o f  e l e c t r o n s  generated i n  t h e  p roduc t i on  o f  m u l t i p l y  



charged i ons ,  and second by f l uo rescence  measurements. Both methods a re  expected t o  
g i v e  ve ry  v a l u a b l e  i n f o r m a t i o n  on t h e  i n t e r n a l  energy s t a t e s  o f  t h e  i o n s  produced. 
An i nc rease  i n  t h e  data  concern ing a tomic  and i o n i c  spec t roscop i c  behav iour  can be 
expected. F i n a l l y ,  one o f  t h e  most impor tan t  aues t i ons  i s  r e l a t e d  t o  t h e  p o s s i b i l i t y  
o f  a s e l e c t i v e  m u l t i p h o t o n  e x c i t a t i o n  o f  a h i g h  l y i n g  energy i o n i c  s t a t e ,  by t u n i n g  
t h e  l a s e r  wavelength.  A t  h i g h  a tomic  d e n s i t y ,  i t  would then be p o s s i b l e  t o  g e t  a 
l a r g e  p o p u l a t i o n  i n  a s p e c i f i c  i o n i c  s t a t e  i nduc ing  a p o p u l a t i o n  i nve rs ion ,  and an 
extreme u l  t r a v i o l e t  genera t ion .  
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