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We examine the kinetic p r o c e s s e s  which take place in a p l a sma  under the influence of l a s e r  r ad i a -  
t ion and lead to the c rea t ion  of nonequi l ibr ium s ta tes  and var ia t ions  of the p l a sma  absorpt iv i ty .  By solving 
the F o k k e r - P l a n c k  equations for  the bound s ta tes  we find the excited a tom level population distr ibution un- 
der  the action of the radiat ion.  We calcula te  the s tepwise  ionization ra te  and then the kinetics of the v a r i a -  
t ions of the e lec t ron  and excited a tom densi t ies  and the absorpt ion  coefficient .  The resu l t s  of the light ab-  
sorpt ion calculat ion a r e  com pa red  with the au thors '  exper imenta l  data on l a se r  pulse propagation through 
a p lasma.  Sat is fac tory  ag reemen t  between theory  and exper iment  is obtained. 

Exper imen t s  [1-3] have shown that p l a sma  absorpt iv i ty  depends on the radiat ion intensity and v a r i e s  
nonmonotonically; both reduct ion and inc rea se  of the absorp t iv i ty  have been observed.  A quali tat ive ex-  
planation of the effects  was proposed in [1-3], which re la ted  them with the c rea t ion  of nonequil ibr ium s ta tes  
in the p l a sma  subjected to intense radiat ion.  The need to understand and desc r ibe  quantitatively the action 
of p r o c e s s e s  of l a s e r  radiat ion absorpt ion  by a l o w - t e m p e r a t u r e  dense p l a sma  a r i s e s  in examining quite 
different  phenomena,  for  example  in es t imat ing screening  by ionized vapors  of solid sur faces  on which the 
l a s e r  ray  ac ts ,  in establ ishing the l imits  of applicabi l i ty  of l a s e r  p l a sma  diagnost ics  when the action of 
light on the tes t  object  cannot be to lera ted ,  and so on. 

All this makes  advisable  a spec ia l ized  analys is  of the kinetic p r o c e s s e s  which lead to the c rea t ion  of 
nonequi l ibr ium s ta tes  and the change of p l a sma  absorp t iv i ty  under the influence of powerful light pulses .  
This  is the object ive of the p resen t  paper .  F o r  defini teness  all  the calculat ions were  made in applicat ion 
to the conditions of [1-3], with the r e su l t s  of which they a r e  compared .  

1. ILight Absorpt ion in Equi l ibr ium P l a s m a  and Compar i son  of Theory  with Direc t  Measu remen t  
Data. We shal l  p resen t  some  known informat ion on light absorpt ion  in gases  in the f i r s t  ionization region 
(see, for example,  [4]), which is n e c e s s a r y  for  the la ter  analys is .  The absorpt ion coefficient  ~ is made up 
of the coeff icients  cor responding  to bound- f ree  t rans i t ions  and f ree-bound t rans i t ions  of the e lec t rons  in 
the ion field >t = ~1 + ~42. The coeff icient  of t rue  photoionization absorpt ion equals 

~1 = ~, Nk~lk (1.1) 

where  Nk is the number  of a toms  per  cm 3 in the k - th  quantum state ,  ~lk is the photoeffect c r o s s  sec t ion .  
The summat ion  extends to all  those a tom s ta tes  ( rea l ized in the plasma) f rom which r emova l  of e lec t rons  
by the given quanta h v  is energet ica l ly  poss ible .  The coeff icient  of t rue  stopping absorpt ion  equals 

4 / 2~ \'/~ e-----L--B Ne~g ~ 3'7"lOS'Ne2g~ c,~ -1 (1 .2 )  
~ = T / 3 - a )  1,c~'/'~' = r' / '~,  

where  N e = N+ is the number  of e lec t rons  per  cm 3, T is the e lec t ron t e m p e r a t u r e ,  go is a co r rec t ion  fac tor  
of o rde r  unity. 
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F o r  a t h e r m o d y n a m i c a l l y  e q u i l i b r i u m  g a s  of  h y d r o g e n  a t o m s  wi th  hv and kT which  a r e  s m a l l  in c o m -  
p a r i s o n  wi th  the  i on i za t i on  p o t e n t i a l  I, t he  s u m m a t i o n  in (1.1) c a n  b e  r e p l a c e d  a p p r o x i m a t e l y  by  i n t e g r a t i o n .  
If we  a l so  s e t  gO = 1, we ob ta in  the  w e l l - k n o w n  U n s o l d - K r a m e r s  equa t ion  

= ~o .-~ t6neke G TNa - -  I ~- h'v 0.89. t0 ~4 TNa - -  I + h~ (1.3) 
3 ]/-~ eh ~ "~ "exp  kr --  v~ exp k ~  

w h e r e  N a is  the  n u m b e r  of  a l l  n e u t r a l  a t o m s  p e r  c m  3. Then  

• / • -~ exp (by / k T )  - -  i ;  (1.4) 

the  a c t u a l  a t t enua t i on  of t he  l ight  r a y  is  c h a r a c t e r i z e d  b y  an e f f ec t ive  c o e f f i c i e n t  which  is de f ined  by  the  
d i f f e r e n c e  b e t w e e n  t r u e  a b s o r p t i o n  and s t i m u l a t e d  e m i s s i o n  

• = • [1 - -  exp ( - - h v  / kT ) ]  (1.5) 

A c c o r d i n g  to [5, 6] the  a b s o r p t i o n  c o e f f i c i e n t  of  a g a s  of c o m p l e x  a t o m s  can  be  r e p r e s e n t e d  a p p r o x i -  
m a t e l y  in the  f o r m  

2,, 'hAy 
• = •176 ~0 + [ (v) exp ~ (1.6) 

H e r e  g+ and go a r e  the  s t a t i s t i c a l  w e i g h t s  of the  ion and a tom;  [ (v) a r e  func t ions  c h a r a c t e r i s t i c  of 
e a c h  e l emen t ;  the  l a s t  f a c t o r  accoun t s  fo r  t he  l ower ing  h a y  of t he  cont inuous  s p e c t r u m  b o u n d a r y  in the  
p l a s m a .  

In the  c a s e  of  i n e r t  g a s e s  the  p r i m a r y  c o r r e c t i o n  to  the  U n s o l d - K r a m e r s  equa t ion  is t ha t  of  the  
we igh t ing  f a c t o r  2 g •  0 = 12;* at  the  ruby  l a s e r  f r e q u e n c y  v = 4.3 �9 10 It sec-1;  then  ~ = 1 . 2 - 1 . 4 .  The  ex -  
p o n e n t i a l  f a c t o r  is  u s u a l l y  c l o s e  to one.  In m o r e  exac t  c a l c u l a t i o n s  the  p r i n c i p a l  t e r m s  in the  s u m  (1.1) 
shou ld  b e  i s o l a t e d ,  i n t e g r a t i n g  on ly  o v e r  the  r e m a i n i n g  l e v e l s  [6]; fo r  xenon,  s tud i ed  in the  e x p e r i m e n t s  of 
[1-3] ,  the  m o s t  c o m p l e t e  c a l c u l a t i o n s  of t h i s  t y p e  w e r e  m a d e  in [7]. 

F o r  the  cond i t i ons  of  the  [1-3] e x p e r i m e n t s  wi th  T = 10,000 ~ K = 0.86 eV, N a = 6.1 �9 10 t8 c m  -3, N e = 
0.38 �9 1018 c m  -3, i o n i z a t i o n  r a t i o  0.06, v = 4.3 �9 10 It s ec  -1, us ing  the  B i b e r m a n - N o r m a n  equa t ion  wi thout  
a ccoun t  fo r  r e d u c t i o n  (Av = 0) we ob t a in  ~ '  = 0.061 c m  -1 (~ = 1.35); n { / n ~  = 7. A c c o r d i n g  to Y a n k o v ' s  c a l -  
c u l a t i o n  ~{ = 0.08 c m  - i  and  the  5d l e v e l  m a k e s  the  d o m i n a n t  c o n t r i b u t i o n  to  the  s u m  (1.1). C a l c u l a t i n g  ~{ 
us ing  (1.2) and  (1.5) w i th  ~t~ = 0.0059 c m  - i  and  us ing  the  Yankov v a l u e s ,  we  ob ta in  ~ ] / ~  = 13.5; n '  = 
~{ + ~ = 0.086 cm-2 .~  

In the  e x p e r i m e n t s  of  [1-3] wi th  low l igh t  i n t e n s i t i e s ,  when the  l ight  does  not  e x c i t e  the  p l a s m a  and 
a b s o r p t i o n  is  l i n e a r ,  the  v a l u e  ~ '  = 0.105 c m  -1 was  ob ta ined .  Howeve r ,  i t  is d i f f i cu l t  to be  conf iden t  about  
the  good  a g r e e m e n t  b e t w e e n  the  c a l c u l a t i o n s  and the  d i r e c t  e x p e r i m e n t a l  da ta ,  s i n c e  t he  p l a s m a  p a r a m e t e r s  
t h e m s e l v e s  a r e  not  known wi th  su f f i c i en t  a c c u r a c y .  

2. A b s o r p t i o n  in N o •  P l a s m a .  In s p e a k i n g  of  p l a s m a  n c n e q u i l i b r i u m  we  wi l l  a s s u m e  tha t  
the  e l e c t r o n  d e n s i t y  N e and the  e x c i t e d  a t o m  s t a t e  popu la t ion  N k a r e  n o •  and we  s h a l l  a l so  have  
in mind  the  d i f f e r e n c e  b e t w e e n  the  e l e c t r o n  T and ion (atom) T i t e m p e r a t u r e s ,  wh i l e  r e t a i n i n g  the a s s u m p -  
t i on  of  M a x w e l l i a n  d i s t r i b u t i o n  in e l e c t r o n  (and, n a t u r a l l y ,  in i o n - a t o m )  g a s e s .  E s t i m a t e s  show tha t  the  
M a x w e l l i a n  d i s t r i b u t i o n  in an e l e c t r o n  g a s  is  u s u a l l y  e s t a b l i s h e d  r a p i d l y ,  for  e x a m p l e ,  in t he  [1-3] e x p e r i -  
m e n t a l  cond i t i ons  a f t e r  a t i m e  of  ~ 10-12-10 -I3 sec;  even  h igh  i n t e n s i t y  l ight  ~10 t -105  M W / c m  2 v i o l a t e s  
t h i s  cond i t i on  v e r y  l i t t l e .  U n d e r  t h e s e  a s s u m p t i o n s  the  s topp ing  a b s o r p t i o n  c o e f f i c i e n t s  ~r ~ a r e  d e s c r i b e d  
by  the  p r e v i o u s  f o r m u l a s  (1.2), (1.5) and the  o r i g i n a l  Eq.  (1.1) fo r  ~1 n a t u r a l l y  r e m a i n s  va l i d ,  but  t he  Eq. 
(1.5) fo r  the  e f f ec t ive  c o e f f i c i e n t  ~{ now b e c o m e s  inva l id .  

L e t  us  f ind ~q. On the  b a s i s  of g e n e r a l  r e l a t i o n s  ( see ,  fo r  e x a m p l e ,  [4]) the  p a r t i a l  c o e f f i c i e n t  Vt{k , 
a s s o c i a t e d  wi th  p h o t o i o n i z a t i o n  of the  k - t h  a t o m  s t a t e  and induced  p h o t o r e c o m b i n a t i o n  at  t h i s  l eve l ,  equa l s  

• = •  - -  ]1~ c~ / 2hvS, • = ~'VkZlk  (2.1) 

2 us ing  Sin n l  t h i s  f a c t o r  a p p e a r s  b e c a u s e  of the  m u l t i p l i c i t y  of  t he  t e r m s ,  in n2 it a p p e a r s  when r e p l a c i n g  N e 
the  Saha equat ion .  

t Stopping a b s o r p t i o n  dur ing  c o l l i s i o n s  of  e l e c t r o n s  wi th  n e u t r a l  a t o m s  y i e l d s  a c o n t r i b u t i o n  of l e s s  than  3% 
to the  a b s o r p t i o n .  

385 



Here Jik erg �9 cm -3 ( sec �9  s ter  �9 Hz) -1 is the corresponding emittance. It is proport ional  to the rate 
of photoabsorption of electrons with energies e = h v - E  k at the k- th  level (E k is the binding energy of the 
k- th  level). With the aid of the detailed balancing principle [4] we can express the photoabsorption c ros s  
section in t e rms  of ~1 k and NeN + = Ne 2 - in tei:ms of the population N k of the k- th  state,  equilibrium with 
respec t  to electron density and t empera tu re  

gk l "h 2 \% E~ 
g~* = Ne~-~-~. ~ )  exp kT (2.2) 

where gk is the s tat is t ical  weight of the k-th level, and we obtain 

(2.3)* 

In many real  cases  and specifically in the [1-3] experimental  conditions, as will be shown later ,  the 
populations of the excited atom states do not differ markedly  from the equilibrium states with respect  to an 
electron gas,  although the relationship between the electron N e and all neutral  atom N a numbers  may be 
far  f rom equilibrium (in accordance  with the terminology of [8] there  exists a "block" of excited and ionized 
atom states). In these cases ,  to calculate n '  we can use the known data on the absorption coefficient of a 
thermodynamical ly  equilibrium gas if in the corresponding expressions we convert  f rom N a to N e using the 
Saha equation. 

In the approximation in which summation over the levels is replaced by integration, on the basis  of 
(1.6), (1.3), (1.5) we obtain for he '  = n,  the block 

~ 2.42.10-a~ (v)Ne 2 [exp ( h v / k T ) -  1] 
(l,vp T '/~ cm'! (2.4) 

where hv and T are  expressed in e lectron volts.  

In deriving this equation, corresponding to (1.6), we  assumed that the reduction hay  of the continuous 
spec t rum boundary does not differ f rom the decrease  AI of the ionization potential in the plasma. 

3. Excited State Populations; Rate of Stepwise Ionization of Atoms. The absorptivity is determined 
p r imar i ly  by the numbers  of atoms in the different excited states (population numbers  N k) ; therefore  we 
shall  examine how the atoms a re  distr ibuted by levels and the degree to which the distribution differs f rom 
equilibrium with respec t  to the electrons.  We shall do this on the basis  of the Fokker -P lanck  equation. 

In the considered case  of sufficiently dense and sufficiently ionized plasma the roles of a t o m - a t o m  
coll isions and radiative t ransi t ions  are  small  in compar ison with the role of electron collisions. We can 
fur ther  a s sume that only the ve ry  highest atom levels part icipate in ionization by eIectron coll ision and 
recombination in t r iple  coll isions.  We introduce into the usual Fokker -P lanck  equation for these conditions 
[9, 10] a t e r m  describing photoionization and induced photorecombination under the action of the laser  light 
in accordance  with the equation 

(ONk / Ot)~ = - -  S •  

where S is the quantt tm-fluxdensity.  We have the following equation for the continuous distribution func- 
tion f (E) of the atoms with respec t  to the binding energies E, which take the d iscre te  numbers  Ek, and 

f k  (Ek) = Nk/gk  

0I i 0i SG1 (E) f --/o exp ~ gk 
O--{- = - -  "0 (E)  g E  

(ol I ) (3.1) 
] = D (E)  g (E)  ,"~-k kT" ' g (E)  = AYe. 

where j is the flux along the energy axis, g (E) is the state density, AE k is the distance between levels, D is 
the diffusion coefficient,  according to [10] equal to 

* It is curious that if the populations of any of the "strong" levels a re  less than N e exp ( -hv /kT)  and the 
corresponding ~4[k < 0 the situation is possible in which the overal l  effective absorption coefficient x '  is 
also negative, i.e., amplification takes place. We emphasize,  however, that this situation cannot be ac-  
counted for per se. 
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D =  D~ x - -  kTz , D ' =  --g-2 ]/-~-a~ea[kT~'/, ~ln~ (3.2) 

D ~ = i .45.  t0  -~ T~I~N~ In s ae~/ce~ 

w h e r e  Tev is  t he  t e m p e r a t u r e  e x p r e s s e d  in e l e c t r o n  v o l t s ,  and In X is  t he  Coulomb l o g a r i t h m .  The  e x p r e s -  
s i o n  D = D~ is u sed  fo r  c o n v e n i e n c e  in c o n v e r t i n g  to the  d i m e n s i o n l e s s  e n e r g y  v a r i a b l e  x = E / k T .  

In the  a p p r o x i m a t i o n  of  h y d r o g e n - l i k e  e x c i t e d  l e v e l s  E n = I / n  2 (n is  the  p r i n c i p a l  quan tum n u m b e r ) ,  
gn = 2n2, AE = 2 I / n  a, so tha t  g (E) = n S / I  o r  

g (E) = (g} x 4'~, (g} = f/~ (kT) -~/' (3.3) 

T h e  pho toe f f ec t  c r o s s - s e c t i o n  [4] 

al~ = 0.79.t0 -17 (I / by) ~ n -5 crn 2 

Hence  fo r  E <- hv o r  x - x v = h v / k T  

~, (E) = o~ '/=, 

F o r  E > h v o r x >  x v 

o ~ = 0.79. i0 -17 (I / kT)'/'xC ~ 

(~ (E) = 0 

If, as  is  u s u a l l y  t he  c a s e ,  the  n u m b e r  of  e x c i t e d  a t o m s  is  f a r  l e s s  than  the  n u m b e r  of u n e x c i t e d  a t o m s  
and e l e c t r o n s ,  t h e r e  is  r a p i d l y  e s t a b l i s h e d  among  the  e x c i t e d  a t o m s  a q u a s i s t a t i o n a r y  d i s t r i b u t i o n  w h i c h  
fo l lows  the  c o m p a r a t i v e l y  s l o w l y  v a r y i n g  e l e c t r o n  d e n s i t y  and t e m p e r a t u r e .  T h e r e f o r e  in (3.1) w e  can  s e t  
a p p r o x i m a t e l y  O f ~ a t  = 0 and a s s u m e  tha t  

I (E,  t) = ! [E, N e  (t), T (t)] 

We c o n v e r t ,  as  in [8], to r e l a t i v e  popu la t i ons  

Yk = N h / N h  ~ y ( E ) = f ( E ) / f ' ( E )  

w h e r e  t he  index ~ deno t e s  the  e q u i l i b r i u m  B o l t z m a n n  quan t i t i e s  

~-1 exp -~-,E~ [~ -2 exp E NE~ = N'ag~" "/",~ = ATe ~'a kl' ' 
E~ 

~.= = ~,  g~exp ~ -  , E ~ I  
k--1 

H e r e  E a is  t he  a t o m  e l e c t r o n  s t a t i s t i c a l  sum.  

We have  the  r e l a t i o n  

-X~ I ~T~ ~ =/~ ~ = (~u ~ = y2 

w h e r e  N e is  the  e q u i l i b r i u m  e l e c t r o n  d e n s i t y ,  c a l c u l a t e d  us ing  the  8aha equat ion .  

In the  r e l a t i v e  v a r i a b l e s  y , x  the  equa t ion  for  the  f lux and Eq.  (3.1) wi th  e x p r e s s i o n s  (3.2)-(3.4)  sub -  
s t i t u t e d  t h e r e i n  t a k e  the  f o r m  

/ (1}  X 3/, e x dy ( / }  DO Na 
= -  = 2 o  dx ' (3.5) 

(3 .6)  

T h e  p a r a m e t e r  Y in (3.6) c h a r a c t e r i z e s  the  d i r e c t  i n f luence  of e x t e r n a l  r a d i a t i o n  on the  l eve l  p o p u l a -  
t i ons ;  the  o t h e r  i n d i r e c t  in f luence  is a s s o c i a t e d  wi th  hea t ing  of the  e l e c t r o n  g a s ,  a s  a r e s u l t  of which  the  
e l e c t r o n  d e n s i t y  b e c o m e s  l o w e r  than  the  e q u i l i b r i u m  va lue .  

L e t  us f o r m u l a t e  t he  b o u n d a r y  c o n d i t i o n s .  The  u p p e r m o s t  l e v e l s  a r e  v e r y  s t r o n g l y  c oup l e d  wi th  the  
e l e c t r o n s  t h r o u g h  the  r a p i d l y  p r o c e e d i n g  i o n i z a t i o n  by  e l e c t r o n  i m p a c t  and a b s o r p t i o n  in t r i p l e  c o l l i s i o n s ,  
and  a r e  t h e r e f o r e  in e q u i l i b r i u m  wi th  r e s p e c t  to the  e l e c t r o n s .  C o n s e q u e n t l y  

g (0) _~_ (Y)~=0 = Ye z (3.7) 
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and ex te rna l  r ad ia t ion  does not d i s tu rb  this equi l ibr ium,  s ince  

ol N x'l, ~ 0 as x --> 0 

We pose the second  condi t ion at the point x = x 2 = E 2 / k T  , i sola t ing f r o m  the cont inuous ene rgy  sca le  
the m o s t  "d i sc re t e "  t r ans i t i on  be tween  the unexci ted  (k = 1) and lower  exci ted (k = 2) s t a tes .  The flux 
j2 = j(x2 ) at  this  point  is 

K o ]~ = --K12N1Ne + K~IN~Ne = - -  x2N1Ne (gl --g2) ~ - -KI~NaNe (1 --Y2) (3.8) 

w h e r e  KI2 is the  r a t e  cons tan t  fo r  a tom exci ta t ion  by e l ec t ron  impact ;  h e r e  we have used the  deta i led  
ba lanc ing  p r inc ip le  and the fac t  that  t h e r e  a r e  f a r  m o r e  unexci ted  than exci ted a toms ,  so that  N 1 ~ N~ ~-, Na, 
Yl ~ 1. The  r a t e  cons tan t  K12 equals  [4] 

- -  E *  Klz = (8kT ] nrn)'/,C* (E* + 2 k T ) e x p  ~ -  (3.9) 

w h e r e  E* = I - E  2 is the exci ta t ion  energy ,  C* is the coef f ic ien t  in the t h r e sho ld  dependence  of the exci ta t ion  
c r o s s  sec t ion  on the e l ec t ron  ene rgy  r 

0"12 (8) : C $ (a  - -  Z $)  

We subs t i tu te  j f r o m  (3.5) into (3.8) and find the bounda ry  condi t ion 

( x -V, e x dy/dx KI~NaN e 
<i> - - -  ~ (3.10) 

The  solut ion of (3.6) with the boundary  condi t ions  (3.7), (3.10) for  g iven Ne, T, Na, S d e t e r m i n e s  not 
only the  a t o m  level  d i s t r ibu t ion  y(x) but a l so  the  r a t e  of change of the  n u m b e r  of e l e c t r o n s  per  cm 3, s ince  
by v i r t ue  of  quas i s t a t i ona r i t y  of  the d i s t r ibu t ion  

dNe dN1 
dt - -  d t  ]'2 ~ K12N~Ne (1 --  g2) (3.11) 

Le t  us examine  the impor t an t  p r a c t i c a l  c a s e  in which  ex te rna l  rad ia t ion  is not v e r y  stong o r  is en-  
t i r e l y  absent :  ~ = 0, but  the e l ec t ron  dens i ty  is nonequ i l ib r ium fo r  s o m e  r e a s o n  or  o the r .  F o r  ~ = 0 (3.6) 
is eas i ly  solved ana ly t ica l ly ,  s ince  j = cons t  [11]. Substi tut ing the in tegra l  of (3.6) into (3.11), we find 

x 

dN K 1 r 1 6 2  (~ -- yJ) Y (x) i x'/~e-~ dx 
dt t + ~J (z~) ' 

o (3.12) 
(J (i) = 0.2t, J (2) = 0.6i, J (3) = 0.93, Y (oo) = 1.33) 

Equat ion (3.12) is s i m i l a r  to the known solut ions  of  [10, 11]. In the l imit ing c a s e  Ye >> 1, K12 ~ ,  x 2 --* % 
which  c o r r e s p o n d s  to the p r o b l e m  fo rmula t i on  in [10], (3.12) y ie lds  the e x p r e s s i o n  obta ined in [10] fo r  the 
r e c o m b i n a t i o n  ra te .  

F o r  Ye < 1, when the kinet ic  p r o c e s s  p r o c e e d s  in the ionizat ion d i rec t ion ,  (3.12) y ie lds  the  r e su l t an t  
r a t e  of s t epwise  ionizat ion.  

If/3 << 1, we see  f r o m  c o m p a r i s o n  of  (3.12) and (3.11) that  Y2 ~ y2 (and in g e n e r a l  y(x) ~ y2e) , i .e . ,  the 
exc i ted  a t o m s  a r e  in equ i l ib r ium with the e l e c t r o n s .  In this  c a s e  

d N e  - -  g~) = K~2N~N~ ( i  - -  Ne'- ,~ (3.13) dt = K12N~N~(t _ N o~ j 

Equat ion  (3.13) au toma t i ca l l y  e n s u r e s  a p p r o a c h  of d N e / d t  to  ze ro  as  the  e l e c t r o n  dens i ty  a p p r o a c h e s  
the equ i l ib r ium value.  

The  condi t ion of  (j) << 1 for  the ex i s t ence  of  the b lock  fl = K12NaN e is phys ica l ly  unders t andab ly  c l e a r  
s ince  the p a r a m e t e r / 3  c h a r a c t e r i z e s  the  binding ra t io  of  the exc i ted  a toms  with the unexc i ted  ( through the 
exci ta t ion  rate)  and with the e l ec t rons  ( through the diffusion coef f ic ien t  D, which  is p ropor t i ona l  to the 
quant i ty  ( j ) ) .  The  quanti ty/3 equals  a p p r o x i m a t e l y  (if we se t  Z a ~ gl exp (I/kT)) 

[Y~4"6"IOlac*'E*+2kT- In ~, kTl T~gl'Z exp ~E* (3.14) 

It is independent  of  the e l e c t r o n  and a tom dens i t ies  and is m in ima l  for  kT ~ E 2 / 3 . 5  , essen t i a l ly  fo r  
T ~ 1 eV, and/3rain ~ 10-2" 
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Figure  1 shows examples of the numerical  solution of (3.6) for  
Y0 = 0.1 and fl = 0.01 (actually the numer ica l  calculation was made only 
in the region 0 < x < Xv, since for x v < • < x 2 the equation can be solved 
analytically,  and since y and dy /dx  are  continuous in Xv). We shall 
present  an example of the numer ica l  values of the pa ramete r s .  Let 
N e = 0.38 �9 1018 cm -3, as in the initial p lasma of the [1-3] experiments 
N a =6 .1  �9 1018 cm-3; in x e n o n I  =12.1 eV, E* = 8.4 eV, E 2 =3 .7  eV, we 
set  C* = 3 �9 1018 cm2/eV (the choice of this quantity will be discussed 
later), hv = 1.78 eV (ruby). Let S = 3.3 �9 1027 p h o t / c m  2 � 9  which 

corresponds  to a light intensity of 1000 M W / c m  2 and T = 1.2 eV (initial p lasma t empera tu re  T ~ 10,000 ~ 
K = 0.86 eV). Setting In k = 0.22 in accordance  with [11], we find fi = 0.007, Y = 0.28. 

We see f rom Fig. I that in the high excitation region, where photoionization takes place, the popula- 
tions do not differ markedly  f rom the equil ibrium populations with respec t  to electrons.  We note that in the 
case  of very  s t rong radiation in a large par t  of the photoionization region 0 < x< x v there  is established the 
distribution y = ye 2 exp ( - h v / k T )  corresponding to approximate compensation of photoionization and induced 
photorecombination.  

4. Kinetics of Heating, Ionization, and Light Absorption. We shall formulate the sys tem of equations 
describing the changes of state and absorptivi ty of the plasma under the action of intense radiation. We 
shall  neglect  hydrodynamic effects and also diffusion and thermal  conduction, since they cannot show up 
during the short  t ime of the giant l a se r  pulse. We assume that the number of excited atoms is small  in 
compar i son  with the numbers  of unexcited atoms and electrons,  so that the approximation of quasis ta-  
t ionari ty  of the excited s tates ,  examined in the previous section, is applicable; in this case  we can also 
neglect  the excitation energy in the gas in compar ison with the ionization energy. The energy of the ab- 
sorbed radiation t ransi t ions  into energy of the electron gas,  where each free electron has the thermal  
e n e r g y  3/2 kT and the potential energy I. There fore  

d N~ (U2 -6 I )  = - -  31~kNe ( T  - -  T~) / "~ei k T  hv'~' S 

where Tel = 3.15 �9 108AT3e/v2/Ne In h is the charac te r i s t i c  t ime for energy exchange between electrons and 
ions (A is atomic weight, In k is the corresponding Coulomb logarithm); the comparat ively  small  losses to 
thermal  radiation a re  neglected. Thus the equations for the t empera tures  of the electrons and heavy par -  
t icles have the form 

3 , . .  d r  , , _  ( + ) dNe 3 k N  T - - T ~  
~-~1% -~- = a~n o - -  I + k T  dt 2 ~e------~* (4.1) 

dT 3 T - -  T i 
k N ~  ~ ~ T k N e  ~ '  No = N~ + Ne = const (4.2) 

Te i 

It is worthy of note that even for ve ry  high light intensities,  when ionization by the external radiation 
may be s t ronger  than the ionization by electron impacts,  the creat ion of one free electron still  reduces the 
energy content of the e lectron gas by I + 3/2hP , although it would appear that the energy is der ived at the 
expense of the external source.  This is explained by the fact that spli t t ing-out of a single excited atom 
during photoionization is immediately (by vir tue of quasistationarity) compensated by excitation of an un- 
excited atom, which takes place at the expense of the electron gas energy. 

The electron number  rate  of change dN e / d t  is expressed by the genera l  equation (3.11), which calls for 
solution of the Fokker -P lanck  equation. We shall formulate  the expression for the absorpt ivi ty in nonequi- 
l ibrium conditions. On the bas is  of (2.3), replacing summation over the levels by integration and, in addi- 
tion, using the analogous definition of the effective photoelectr ic  absorptivity ~e, ,  corresponding to equi- 
l ibrium of excited atoms with e lectrons,  we obtain 

x~ 
x o 

• = •  (e ~ - 1 7  ~ e-~ 1~, 

When more  exact calculation of the absorption is neces sa ry  it may be advisable to substitute into this 
e '  

equation the value of ~1 calculated with separat ion of the strong levels f rom the integral. The overal l  co-  
e ~ efficient ~ '  = ~1 + ~2 with integration over  the levels ~1 /~2 = eXv-1,  ~2 = ~ e '  e-Xl), so that 
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xv 

where he '  is given by (2.4). The use of this equation involves quite tedious calculations and it is presented 
only for information. 

For  the calculations made with the specific objective of explaining the experimental  resul ts  of [1-3 ], 
it was sufficient to use the b lock-of - s ta tes  approximation and set n '  = he '  and also replace "exact" Eq. 
(3.11) for the ionization rate by the approximate Eq.  (3.13). 

We thus obtain a simplified sys tem of three ord inary  f i r s t - o r d e r  differential equations for the t ime 
functions T, Ti, N e -  (4.1), (4.2), (3.13), (2.4) plus the Saha equation, whose solution permits  finding n '  (t), 
i.e., the plasma absorptivi ty.  

The calculation resul ts  depend markedly on the coefficient C* in (3.9) for the excitation ra te  constant, 
which defines the ionization rate  (3.13). Unfortunately, there  a re  no experimental  data in the l i terature  on 
C* for xenon, with which the experiments  of [1-3] were  conducted (the data are  very  incomplete for the 
other  gases  as well, since in cer ta in  cases  the data re la te  to the overal l  excitation c ross  section at many 
levels,  and in other cases  to the excitation of definite spect ra l  lines), It is known that for argon C* = 
7 �9 i0  -is cm2/eV,  while apparently for neon C* = 1.5 �9 10 -Is cm2/eV,  and for helium C* = 4.6 �9 10 -18 
cm2/eV [4]. 

The calculation resul ts  presented below were  obtained with the value C* = 3 �9 10 -ls cm 2/eV. We 
note that the l a rger  C*, the lower the light intensities at which "clarification" and subsequent increase  of 
the absorpt ivi ty take place. 

It is interesting to see to what degree the solution of the nonstat ionary problem in which explicit account 
is made for the kinetics of the excitation of the different atom levels differs f rom the solution of the prob- 
lem in the approximation of quasis tat ionari ty of the populations or  the existence of a block. (We note that 
in cer ta in  cases  the conditions of quasis ta t ionar i ty  and smallness  of the numbers  and energy of the ex- 
cited atoms may be completely invalid or  questionable.) The complete sys tem of kinetic equations for T, 
Ti, N e and the ensemble of population numbers  N k is obviously quite cumbersome.  Therefore  it is ad- 
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visable to simplify this sys tem if our objective is to clar i fy the question of the relationship between the 
nonstat ionary and quasis ta t ionary cases .  This can be done by combining approximately all the excited 
states into two groups with binding energies E 2 and E 3 and population numbers  N~ and N~. The index 1, as 
before,  is ass igned to the ground state.  Assuming that only the a toms of the more  highly excited third 
"state ,  a re  ionized by quanta and by electron impact,  we wri te  the kinetic equations 

tiN1 
dt = --K12NeNI + K~INeN~ 

dN~ = K12N~N1 -- K21N~N2 -- K~zN, N2 + K32N, Ns dt 
d/V8 (4.5) 
dt = K2aN~N~ --Ka~N~Na --K3~N, Na -t- K~aN~ a -- S (ai> (N3 -- N~ ~ exp (-- hv /( kT) 

Ne ~- Ni ~- N~ -~ Na ~- No ---- const 

The discre te  t ransi t ion rate  constants K12 , K21 , K2~ , K32 and also the ionization and recombinat ion 
ra te  constants K~e, Ke~ a re  related as follows by the detailed balancing principle:  

K12 N2 g~ -- gi~ 
Kz, ---- ~ = ~ exp - k T  (El2 ~--- E1 - -  E2) 

K~a Na ~ gs - -  E ~  
K--~" = ~ = exp (E:8 = E~ -- E3) N~ - ~  kT (4.6) 
Kae !Ne ~ 2g+ [ 2,~rnkT \~h - -  E~ 
K~3 = Ns ~ - -  g3 ~ )  exp ~ 

It is natural  to select  the average  photoionization c ross  section (~I) so that in the equilibrium case 
we obtain the known t rue  photoionization absorptivi ty (q l )  N~ = n~. The energy of the absorbed radiation 
t ransi t ions  to energy of the electrons and excited atoms.  In place of (4.1) we obtain the new equation 

_~kNe~T ( 3 ) dNe aN~ , ~tr 3 r - - r ~  -di" =- h ~ ' 3  --  I + - T k T  ~ - - E ~ z - - [ [ -  --  z l ~ - - ~ y - - - - - ~ k N e ~  
"gei 

Equation (4.2) remains  in force.  The effective coefficient ~r equals 

(4.7) 

x'----<oi> INs- -  ~ --hv \ , N~ exp - i T - )  + m (4.8) 

The rate  constant K12 is found f rom (3.9). The ra te  constants K23 and K32 can be selected approxi-  
mately on the basis  of the known values for hydrogen-l ike atoms [4]; the s tat is t ical  weights g2 and g3 of the 
grouped levels can be chosen by examining the atom level d iagram and taking into account cutoff of the 
upper states in the plasma.  Calculations of the nonstat ionary sys tem (4.7), (4.2), (4.5), (4.8) with different 
values of the constants showed that the b lock-of -s ta tes  approximation (and, consequently, the quasis tat ionary 
approximation) is sat isf ied with adequate precision.  

Figure  2 shows the resul ts  of calculations of the kinetics and absorption of the laser  pulse. The pulse 
was approximated for ease of calculation by the sinusoidal function S (t) = S o sin (rt/T) with T = 50 nsec.  In 
the figures S O = St3 , where S t = 4.9 �9 1028 p h o t / c m  2 �9 see in the peak flux corresponding to breakdown of 
cold xenon of the same density as the plasma.  

Figure  2 shows the t ime var iat ion of the electron density N e and the excited atom densities N 2 and 
N 3 in the second and third groups,  the e lectron tempera ture ,  and the light absorptivity.  Also shown are  the 
densities of all the atoms.  The ion t empera tu re  does not differ markedly from the electron t empera tu re  
(somewhat lower than the latter).  Curves a re  shown for radiation intensities amounting to 5 = 10 TM, 10 -3, 
3 �9 10 -3, and 10  -2  of the breakdown Value S t. 

F igure  3 shows the form of the t ransmi t ted  pulse for different incident radiation intensities; this 
value is compared  with the sinusoidal form of the incident light. 

Figure  4 shows the calculated rat io of the t ransmit ted  and incident light powers for different values 
of the incident power (dashed curve).  Also shown are  the experimental  data (solid curve,  drawn through 
the experimental  points). The scale  of the absolute values of the intensity J in MW/cm 2 is plotted with ac-  
count for the slight conicity of the light beam in the p lasma [1] and corresponds  to the average  values of 
the light intensity in the plasma (average along the conical channel). We see that the calculated values 
agree  sa t i s fac tor i ly  with the experimental  data. 
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