
N O N L I N E A R  T R A N S F O R M A T I O N  OF L A N G M U I R  

W A V E  B E A M  IN I S O T H E R M A L  P L A S M A  

V. A.  G u d k o v a  a n d  V. A.  L i p e r o v s k i i  

We examine the nonlinear mechanisms which lead to the evolution of a given Langmuir  wave beam. 
It is shown that in the large wavenumber  region (vi /3v e << kX e << as a resul t  of induced scat ter ing by 
ions there  is initially a rapid isotropization of the original  wave beam and then a slow spect ra l  t r ans fe r  of 
the result ing isotropic spec t rum in the direct ion of smal le r  wavenumbers ,  which is descr ibed by a differ-  
ential equation. It is shown that in contras t  with the region of small  kk e << vi/3Ve, where the four -p las -  
mon p rocesses  frequently dominate over  induced scat ter ing by ions, in the region kk e > vi /3Ve four -p las -  
mon scat ter ing gives only smal l  cor rec t ions  to the kinetic equation for the plasmons.  In this connection 
the real  quasis tat ionary turbulent Langmuir  wave spec t ra  for kk e > vi /3Ve a re  determined basical ly  by 
induced ion scat ter ing and not by the four -p lasmon processes ,  as was previously thought. 

We examine the evolution of a Langmuir  wave "beam" which is given at the initial t ime. By beam we 
mean that distr ibution of plasmons in k - space  in which all the plasmons have a wave vector  near  k 0 in a 
vicinity of dimension a ,  where a << k 0. 

The possible nonlinear p rocesses  which could determine the nature of the spectra l  evolution in an 
i sothermal  p lasma (T e = Ti) include: nonlinear scat ter ing by plasma ions and electrons (see, for example, 
[1, 2]) and the four -p lasmon scat ter ing p rocesses ,  when two Langmuir  plasmons sca t te r  into two others  
1 + l , ~  l', + l,, [5, 7]. These nonlinear p rocesses  lead to isotropization of the wave beam. 

To clar i fy the evolution pattern of the narrow (Ak < k) isotropic spectrum, f rom the genera l  expres-  
sions for the competing p rocesses  of 4-plasmon scat ter ing and scat ter ing by ions in the region kk e>Vi/3Ve 
we analyzed the formulas  describing the so-ca l led  r e l ay - s ty le  p rocesses ,  in which there  is spect ra l  evo- 
lution of isotropic turbulence as a resul t  of the large number of scat ter ing acts with small  change of the 
wavenumber  modulus. It was found that such p rocesses  in the region kk e > v i / 3 v  e proceed fas ter  than the 
scat ter ing p rocesses  at large Ak. Par t i cu la r ly  fast was the process  of r e l ay - s ty le  induced scat ter ing by 
ions, f i rs t  studied in [3] for the par t icu lar  case  Ak << k, which near ly  always predominates over  the other 
nonlinear p rocesses  for kX e > vi /3Ve.  In this connection we note that the resul ts  of [7] have pract ica l ly  
no region of applicability. 

We note that the problem of Langmuir  wave beam evolution is related direct ly with the studies de- 
voted to explanation of the observed  form of the cosmic  ray  spec t rum on the basis of the assumption on 
high-frequency Langmuir  turbulence in the cosmic  plasma [8-10]. 

Apparently, under as t rophys ica l  conditions the p r ima ry  sources  of intense plasma turbulence are  the 
regions behind shock wave fronts.  In these regions the turbulence is obviously nonisotropic and nonsta-  
t ionary immediately af ter  shock wave passage.  Then there  is a t ransi t ion to the quasis tat ionary isotropic 
states which form as a resul t  of the balance of turbulence generat ion in one spectra l  interval and its t r ans -  
fer  ac ross  the spec t rum into the interval of turbulent pulsation absorption [9, 10]. 

Specifically, the present  investigation of Langmuir  wave beam evolution makes it possible to con- 
clude that turbulence isotropizat ion is a fas te r  process  than spec t ra l  t rans fe r ,  and therefore  the examina- 
tion of th ree-d imens iona l  isotropic problems is fully justified. 

1. Let  us examine the evolution of a Langmuir  wave beam on the wavenumber interval 
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for  induced s c a t t e r i n g  by p l a s m a  ions.  Here  k is the w a v e n u m b e r ,  X e is the e l ec t ron  Debye rad ius .  The 
o the r  nota t ions  a r e  s t andard .  F u r t h e r ,  we examine  a p l a s m a  which  is n e a r l y  i s o t h e r m a l  (T e = Ti) in which 
the  ex i s t ence  of  ion-sound  waves  is not  poss ib le  (for T e >> T i the p r i m a r y  non l inea r  p r o c e s s  [11] wil l  be 
the  d e c a y  I > l '  + s). We note  tha t  it is the  i s o t h e r m a l  p l a s m a  which is m o s t  of ten encoun te red  under  a s t r o -  
phys ica l  condi t ions .  

Nonl inear  s c a t t e r i n g  of  L a n g m u i r  waves  by p l a s m a  ions is d e s c r i b e d  by the equat ion [1, 2] 

0N(k) = N(k) !w(p ,  k( k') (k --  k ' ) - ~  a/0) . . . .  dk d p  

If we  make  the  na tu ra l  a s s u m p t i o n  that  the  ion ve loc i t y  d i s t r ibu t ion  is Maxwell ian* 

/(i) ( p ) n 0  (2~) % ( - -  2 r n ~ )  = miavt------- ~- exp 

and subs t i tu te  into (1.2) the e x p r e s s i o n  fo r  the  p robab i l i ty  

(1.2)  

(1.3) 

4 (2n)a e 4 (kk'}~ 8 (co k -- (Ok, -- (k -- k') v) ~ Osl 0sz [ ]-1 I set (r -- ~)~'' k -- k') -- 1 
w (p, k,  k ' )  = • 

rne~o)k4k'k '2 [ O~ I~k Do) [~k "j I 81 (c% - -  co k, k - -  k ' )  

then  on the in te rva l  (1.1) we  obtain 

0N(k) = N ( k )  3 %T, SN(k,)d k, "(kk,)2 k,~_k~ ( ( o ~ )  
Ot ~ T~menoV~. (2n)% Mk'2 [ k' ---~l exp - -  

3 re2 ( k~" --  k'~) 
oJ- = 0 ) k - - 0 ) ~ , = - 2  o0 , k = k - - k '  

[2 (1.4) 

(1.5)  

Equat ion (1.5), defining the s p e c t r a l  t r a n s f e r  by ions,  is wr i t t en  with accoun t  for  the  fac t  tha t  on the 
c o n s i d e r e d  in te rva l  (1.1) with suf f ic ien t  a c c u r a c y  [to (kXe)~] the ra t io  

ee z (o)_, k)  - - i  = t s i  l ( t o ,  k )  ~ i 

e l ((o_, k_) e I (co_, k_) 

It is ea sy  to see  f r o m  (1.5) that  s c a t t e r i n g  by ions is m a x i m a l  for  

exp [ : -  0)2_/2k~ve 2] N i, or 0)~.. k_v~ (1.6) 

In a c c o r d a n c e  with (1.5) the l a t t e r  condi t ion  m a y  be wr i t t en  as 

XeIk + k'[  cosa ~ 2vi/3re 

w h e r e  a is the angle  be tween the v e c t o r s  k + k '  and k - k '  = k_. 

It m u s t  be e m p h a s i z e d  tha t  evolut ion of the  L a n g m u i r  wave b e a m  in k - s p a c e  depends on the " seeds"  in 
k - s p a c e ,  i .e . ,  in o r d e r  tha t  the  induced s c a t t e r i n g  p r o c e s s  can begin  in an e l emen t  dk of k - s p a c e  n e a r  k 0 it 
is n e c e s s a r y  tha t  the seed ing  p l a sm on  level  ex is t  t he r e .  

Le t  the seed ing  p l a sm on  level  be  n o n z e r o  n e a r  k 0 at  a d i s tance  of  the  o r d e r  of  the  d imens ions  of the 
ini t ial  s p e c t r u m  in k - s p a c e ,  then the p r o c e s s  of  d i f fus ion of  the s p e c t r u m  n e a r  its m a x i m u m  in k - s p a c e  
t akes  place.  F o r  the  c o n s i d e r e d  b e a m  the  wave  v e c t o r s  of  the in t e rac t ing  waves  a r e  c lose  and, consequen t -  

* F o r  the  L a n g m u i r  wave  evolut ion p r o c e s s e s  s tudied in the p r e s e n t  pape r  AT i << T i a lways ,  i .e . ,  we can  
use  (1.3) and neg lec t  the change  of  the ion d i s t r ibu t ion  funct ion fo r  non l inea r  s ca t t e r i ng  of  L a n g m u i r  waves  
by ions.  Ions of  all  the ve loc i t i e s  p r e s e n t  in the p l a s m a  pa r t i c i pa t e  in the s ca t t e r i ng  p r o c e s s  (and not  jus t  
the ions c o r r e s p o n d i n g  to individual  s e g m e n t s  of  the d i s t r ibu t ion  function); t h e r e f o r e  the r e s u l t  of  the  non-  
l i nea r  p r o c e s s  wil l  be  g e n e r a l  heat ing of the ion gas ,  This  p r o c e s s  c a n b e  c h a r a c t e r i z e d  by the t e m p e r a t u r e  
change  ATi, which  is found f r o m  the  e s t i m a t e  c o r r e s p o n d i n g  to the e n e r g y  c o n s e r v a t i o n  law fo r  s p e c t r a l  
t r a n s f e r  of  the waves  by Ak ~ k 

Hence for  T e N Ti  we obtain 

s ince  

no A T~ ~ 2V Z Acok~A k / 2 ~  2 ,~  (3/2 ~ )  (k~,e)~W ~ 

ATi/T~. .~ (3/2 ~ )  u (k~e) ~, u ~ WZ/nTe 

372 



ly, [k + k'l = 2k0. Therefore  (1.6) on the interval (1.1), where k0X e >> v i / 3 v  e, will be satisfied only for 
cos a << 1. This implies that the maximal  increment  cor responds  to scat ter ing in which the change of the 
scat ter ing wave vec tor  k_ is near ly  perpendicular  to k0, i.e., most  probable is isotropization with small  
change Ak in modulus. However, we note that scat ter ing in genera l  without change of the modulus of k also 
does not take place because  of the cofactor  (k '2 -k  2) under the integral sign in (1.5). 

Thus, if at the initial t ime a beam of Langmuir  waves is given it will become isotropic as a resul t  of 
nonlinear scat ter ing by ions. In compar ison with the isotropization process  the spec t ra l  t r ans fe r  in the di- 
rect ion of smal le r  [kl takes place far  more  slowly. We shall now evaluate the charac te r i s t i c  increment  of 
scat ter ing by ions, having in mind the process  of Langmuir  wave beam diffusion in the sense descr ibed 
above. It is easy to see that the increment  of this process  (for broadening of the spec t rum by a magnitude 
of the o rder  of its dimensions in k-space)  is maximal for 

3 ve ~" (k 2 _ k,2) N vilk --  k'[ (1.7) 
2 oJ0 

If the beam is a "cloud" of sufficiently small  dimension a in k-space  aX e << v i / 3 v  e << kXe, then in 
the integral  on the right in (1.5) all the k' f rom N (k') yield a contribution 

,to) u = W~ / noTe (1.8) (i) ~ (00Lt, 

It is obvious that this first fastest diffusion stage passes rapidly. Assuming that the initial spectrum 
dimension a > v i/3VEX e, we find that in accordance with (1.5) spectral wave transfer can occur only in 
those k such that Ik] < Ik'[ from N (k'). The layer in the initial spectrum cloud which is cut out by the ex- 
ponential function in (1.5) has a thickness of order 

Ak ~ ave~ 3ko~,~ve (1.9) 

The est imate  (1.9) is easily obtained f rom (1.7) if we substitute 

k + k ' N 2 k ,  f k - - k ' l ~ a  

Therefore ,  of all the sca t te red  plasmons of the given spec t rum N (k') only a f ract ion of o rder  

Ak  / a = v i i  3v~ko%e (1.10) 

sca t t e r s  to the point k. 

Hence the unknown increment  has the o rde r  

T(0 (1) ~ r / 3v~ko~,, (1.11) 

Now let the seed level N (k) be sufficient for wave vec tors  for any angles between k and k 0 (but in 
modulus Ik[ c lose  to [k0[) , then by analogy with (1.9) we obtain easily 

Ak ~ v~ / 3v~,~ (1.12) 

and correspondingly 

y~i)(~)~_~ o)ouv~/3vea~.~ >~-(~)(1) (ko>~.a) (1.13) 

In real  conditions, obviously, the seed densities of the plasmon number exist in all direct ions k, and 
therefore  we should assume that, as a rule, the Langmuir  wave beam which is given at the initial t ime will 
be rapidly sca t te red  (become isotropic) in all directions more  o r  less uniformly with the increment  (1.13). 

In compar ison  with this p rocess ,  scat ter ing through large angles by electrons with y(e) ~ o~0u (kX e) 3 
is always insignificant. 

2. The nonlinear p rocess  of four -p lasmon scat ter ing of Langmuir  waves ! + l, ~ I ,  + l~, on the same 
wavenumber interval  (1.1) in cer ta in  cases  can compete with the induced scat ter ing process  examined in 
the previous section. 

The increment  of four -p lasmon scat ter ing of Langmuir  waves can be est imated using the equation 

e~-(4) f dkldk2dk* W lZ /k = ~ tt ~ ~,k~[ka, k) N(k~)N(ka) (2.1) 

where the process  probabili ty has the form [10] 
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where  

Wll lz (kl, k~ l ka, k) = (2Y~)9 e'8 (kl ,-~ k2 - -  ka  - -  k )  ~ (r -~ o) (k2) - - r  (ka)  - -  ( o ( k ) )  
2rae~V e "1 (dg) 8 k'-kFk2?k3 ~ 

/ei~ (k2 -- ka) ei~ (k~ -- ka) 
• [ ' 7  [~-----~8) kk~k~ka + e~ (k~ -- k~) kk~.k~ka - -  )~2 [kk~k~k3 (k~ - -  k3) 2 ~- k3k~kk 2 (kz - -  k3) ~] 

"~ ~'e2 [ 34 k~k~ k+ ~ -  (k~k=)~ (k~k~k+ ~ - -  kk+ksk+) -~ k+ ~ (k~k~) 2 ~- kklk3klk~ 2 -~ kk~k~k~k~ ~ 

- -  k~k~ (kx~k~k+ ~- k ~ k ~ k +  -~ kak~kk~ -~ k3k2kk~) -~  kk~ksk~ (k - -  kx) '~ ~-2 (k~ - -  ka) ~ ~- kk2k3kx (k~ - -  ks) ~ 2 + (k - -  k,)2]} 

(2.2) 

k+ : k 1 -~- k 2 = k -~  k3, k2 - -  k3 --~ {k2 - -  ks, (02 --(03} 
k l  - -  k3 "~- { k l  - -  k3, (01 - -  (03}, o) (k) : (00 ~-  3/2k~ve~~ -1 

On the in terval  (1.1) the m a x i m a l  f o u r - p l a s m o n  decay increment  is exp re s sed  by the equation 

k 2 2 (2.3) 

Here  (2.3) co r re sponds  only to those  dis integrat ions in which each of the p lasmons  par t ic ipat ing in 
the p roces s  a l t e r s  the modulus of its wave vec to r  only slightly,  i .e. ,  

~ (k_) I J ( k )  = ~I~ 

in (2.2). Fo r  the cons idered  beam this co r re sponds  to sca t te r ing  a c r o s s  the beam,  i.e, i sot ropizat ion of the 
initial wave spec t rum.  

F o r  p r o c e s s e s  with re la t ive ly  l a rge  changes of the wave vec tor  modulus 

e~ ~ (k) me l for v~ t [me\'/" 
e~ (k_) -- 9rn~ (k~e)~ ~ ~ k~e < ~ ~-~) (2.4) 

e z (k) V3 ~ - ~  ~ k Z e ~ i  (2.5) 

T h e r e f o r e  the inc rement  7(u) equals on the in terval  (2.4) 

Ti(a) .-~ 7o(~) (m e ] rot) ~ (3kke) -4 (2 .6)  

and on the in terva l  (2.5) 

7~ ~a) ~ Yo (~) (kke) 4 (2.7) 

Thus it is easy  to see  that  the fou r -p l a smon  sca t te r ing  p r o c e s s e s  with cons iderable  change of the 
modulus Ak = [kl[ - ]kl ~ ]kI, which yield broadening of the spec t rum with r e spec t  to the modulus Ik}, takes  
place  v e r y  slowly in compar i son  with isotropizat ion.  

Let  us c o m p a r e  the nonl inear  p r o c e s s e s  of sca t te r ing  by ions and fou r -p l a smon  sca t te r ing  and find 
under what conditions on the in terval  (1.1) the fou r -p l a smon  p r o c e s s e s  dominate  over  the induced s c a t t e r -  
ing by the p l a s m a  ions. The inequality Y 14) > 7 [ 2) yields 

t28 v~ ^ 
U ~ - - - -  a/~e (2 .8)  

yc Ye 

As the spe c t rum  broadens  (a /k)  inc reases , and  thus in accordance  with (2.8) only for  sufficiently 
na r row beams  and high wave energy  can the fou r -p l a smon  p r o c e s s e s  de te rmine  the beam evolution. When 
(2.8) is violated the induced sca t t e r ing  by p l a s m a  ions begins to be the p r i m a r y  nonlinear  p roce s s .  Con- 
s ider ing the condition for  appl icabi l i ty  of the random phase  approximat ion  

T(~) ~ A0) = 3~.e~akO)o 

we obtain a l imitat ion on u which defines the region of dominance of fou r -p l a smon  interact ion of waves  with 
r andom phase  

U ~ 4  (]f.~,e) 2 [ 2a~ B/" (2 .9)  
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We find f rom (2.8) and (2.9) that for the existence of a region of dominance of four -p iasmon interac-  
tions for waves with random phase it is neces sa ry  that 

a~ ~ 3.6v~ ] v~ (2.1 0) 

This condition on the interval (1.1) is quite severe  on the "size" a / k  and kk e of the beam in k-space;  
there fore  we can conclude that for waves with random phase on the interval (1.1) the process  of induced 
scat ter ing by plasma ions is always in pract ice  the p r imary  nonlinear p rocess  leading to evolution of the 
Langmuir  wave beam. 

3. It has been shown that the evolution of a Langmuir  wave beam which is given at the initial t ime 
leads to isotropization. As a resul t  the spec t rum takes in k - space  the form of a spher ical  layer  of thick- 
ness a and radius ~ k  0. 

For  the isotropic case  and sufficiently smooth spect rum in the region (1.1), (1.5) can be reduced to 
differential form. With account for the fact that 

k - - k '  ~ k ,  k_=  ] k - - k ' l = k  ] /2(i  --  cos 0) 
kk' 

~OS 0 kk" 
the re fore  

r 3 ~'e (k --  k') 

~-~--( = V---~ ~-7 V i  - ~ o ~  

Substituting k_ into (1.5), we obtain for the isetropic case  

01g (k) -= N (k) 3c~176 ~N (k')dMk'2c~176 ~r2(k'--k) 
8t 8TimenoVi ~ ( 2 g )  ~/~ V'i - - C o s  0 

3 ~ ( i - - cos0 ) - ' ;  

exp 

(3.1) 

Similarly [2, 3], expanding the turbulent pulsation spectra l  energy density W(k) into a se r ies  in (k ' - k )  
and integrating the right side f i rs t  with respec t  to da ( k ' - k )  and then d cos 0, we obtain* (T e = Ti) 

w( o~kw (k) (3.2) o w  (k) _= W (k) o k) ~o~ W (k) = 
Ot 2 7  rninoYe 4 ~ 2~ ~ 

Equation (3.2) cor responds  to the situation in which in each induced scat ter ing act there  is only a 
smal l  change of the f requency (modulus of the wave vec tor  Ak g v i / v e k  e). T rans fe r  by relat ively large Ak 
can be achieved for a large number  of scat ter ing acts,  i.e., the process  has a " re lay- type"  nature.  

It is easy to see that (3.2) corresponds  to spect ra l  t r ans fe r  in the direction of lower frequencies.  The 
effect of some narrowing of the spect rum [2, 3] is small ,  since (khe) 2 is comparable  with 1. It is easy to 
obtain f rom (3.2) the est imate  of the increment  of the corresponding process  

rrt e 
7 (i)* ~ ~-o) 0 ~ u (k~) -z (k [ Ak) ~ (3.3) 

By analogy with the p rocess  of induced scat ter ing by ions, omitting the tedious calculations,  we can 
wri te  in the region (1.1) for the isotropic case  and sufficiently smooth spectrum the expression cor respond-  
ing to re lay- type  spect ra l  t r ans fe r  of Langmuir  waves for the four -p lasmon processes  

ON(h)ot ~dktdk2dk~ wZZ~ku~ z, kz I k3, k) {N (k) N (kt) N (ka) 

+ N (k) N (k2) N (k~) --  N (k) N (k~) ,V (k,) --  N (k~) N (k,) N (k3)} 
o ( 3 . 4 )  

Here 

=, 

* The resul t  [2, 3] was obtained in the par t icu lar  case of a narrow isotropic spec t rum Ak" << k. However, 
if in the corresponding equation of [2, 3] we neglect the small  t e rms  of o rder  k -1Ak retained there  in com-  
parison with 1, the resul ts  of [2, 3] coincide with (3.2) for Ak ~ k. 
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D = g~j (4~15(nr,)~ \ ~  ~ y212 (y) dy 
o 

;1 

f l ( k '  k~) = I " - ,~,kl' l . , l ,  
- 1  

1 

F~(k,k~)= Idc~177 F 2 ~ k  for k ~ . k  
- 1  

kk~ sin 0 kk~ sin 0 , k II ~ V ~ k• ~ 
k• = ~ = V k~ + k ~' -- 2kk~ cos O 

kk~ 
k2 l~ = k~ 2 -- kff, cos O -- W 

15 k ~ 23t k~'~k 4 J 

h ~ } 
k~k  ~ 

(3.5) 

(3.6) 

The express ion for I+ (y) may be found, for example, in [13]. Strictly speaking, the expression (3.4) 
is valid only for 

If the inequality sign is reversed the spectral transfer does not have a relay-type nature (see the es- 
timate (11) of [101). 

Using (3.4)-(3.6) it is easy to obtain the est imate of the increment  for such a process  

f ,n~'r k t - O)o ' - v  (3kx,)-o (3.7)  

The condition for dominance of induced scat ter ing by ions over the four -p lasmon processes  in the 
isotropic case  

[m~\'12 ~ k k e ~ . i ,  u ~ l  (3.8) 

is near ly  always satisfied owing to the large coefficient in the right side of (3.8). Therefore  the t e rm c o r -  
responding in the complete kinetic equation to the four -p lasmon p rocesses  should be considered only as a 
cor rec t ion  t e r m  for vanishing of the t r ans fe r  because of scat ter ing by ions (for example O(k2N (k))/Ok) = 0. 

4. Let  us es t imate  the increments  of four -p lasmon scat ter ing and scat ter ing by ions for a Langmuir  
wave beam if 

kk~ ~ vl / 3v, (4.1) 

The maximal  increment  of four -p lasmon scat ter ing for the process  of spectra l  broadening in k-space  
by a magnitude of o rder  of the initial spec t rum width is defined by the expression 

1 
In estimating the increment  here  we have considered that for kX e << vi/3Ve in (2.2) the ratio ~i (k_)/ 

r (k_) ~: T e / ( T  e +. Ti) (fo~ v i / 3 v  e < kk < I /3~fme/mi,  which makes sense holds only for a nonisothermal  
p lasma Te >> Ti, ~ (k - ) / s  (k-) ~ 1). e 

In estimating the increment  we considered that N (k) = 6r2wl/woa ~ in a smal l  spherical  region of k- 
space of radius a near  k 0 (k 0 >> a). The increment  of Langmuir  wave scat ter ing by ions in the region (4.1) 
for spect ra l  t r ans fe r  in k - space  by a magnitude of the o rder  of the initial spect rum width is defined by the 
express ion 
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7(~)~o) 2(T~/T~) ,~ 

The  condi t ions  fo r  dominance  of f o u r - p l a s m o n  sca t t e r i ng  ,/(4) >> T(i) can be wr i t t en  in the  f o r m  

(4.3) 

/ 2a \o t6 [ Ti ~l/, / m~ t'1, 
u > ul = \--s -~- ~ - j  ~-~] (k~e) 3 (4.4) 

NOW we shal l  accoun t  fo r  the condi t ion  of  appl icab i l i ty  of  the r a n d o m - p h a s e  app rox ima t ion  

2a ",,% / 96 \'I2 "k~, "2 T(')~Ac0=3Xe22kaco0, or u < u z = ( - - k - - i \  / ~--ff-) ( ~ )  r~+T,  (4.5) 
2T e 

and the condition for insignificance of Coulomb interactions 

32 2a k~ Te-kT{ T (4) ~ ~'st = COo / n~,e 3, or U ~ Ua = ~ k e ~ (n~3) -~/~ (4.6) 

The  condi t ions  (4.4)-(4.6) define the r eg ion  of dominance  of  f o u r - p l a s m o n  in t e rac t ion  of waves  with 
r a n d o m  phase  o v e r  the o the r  p r o c e s s e s  for  

u 1 < u < u2 (4.7) 
As for  the c r i t e r i o n  (4.6), usua l ly  u 3 < u 1. 

Cons ide r ing  both (4.5) and (4.6), we obtain the n e c e s s a r y  condi t ion fo r  the  ex i s t ence  of  a reg ion  of  
dominance  of f o u r - p l a s m o n  p r o c e s s e s  o v e r  co l l i s ions  for  waves  with r a n d o m  phase  

The  condi t ion  can  be  c o n s i d e r e d  as a l imi ta t ion  on T e and n o for  g iven  a~, e and kk e. This  y ie lds ,  fo r  
example ,  fo r  T e ~ l e v ,  kX e = 10 -2, a / k  = 0.1,and a hyd rogen  p l a s m a  h << 5 �9 10 c m  -3. 

An in te rva l  of va lues  o f  u p e r m i t t e d  by (4.4) and (4.5) ex i s t s  fo r  

i .e . ,  p r a c t i c a l l y  a lways  fo r  k~, e < v i / 3 v  e and a < k / 2 .  

Le t  us take,  fo r  example ,  a hyd rogen  p l a s m a  with T e = Ti,  a = 0.05k 0 and kk e = 0.1 (me /mi ) l /2 .  In 
th is  case ,  fo r  dominance  o f  the  f o u r - p l a s m o n  p r o c e s s e s  o v e r  non l inea r  s ca t t e r i ng  by ions and, at the s a m e  
t ime ,  in o r d e r  tha t  the r a n d o m  phase  app rox ima t ion  s t i l l  be appl icable ,  it is n e c e s s a r y  tha t  the wave e n e r -  
gy  dens i ty  u lie in the range .  

2.5"10 -s ~ u ~ 10 -6 

We note  tha t  by v i r t u e  of  (1.5) and kX e << v i / 3 V e  the  w a v e - e n e r g y  dens i ty  has the upper  l imi t  u << 
(me /mi ) .  In the  c a s e  of  lower  e n e r g i e s  than t hose  defined by  (4.4), u 3 < u < u 1 and induced s c a t t e r i n g  by 
ions domina tes  o v e r  f o u r - p l a s m o n  sca t t e r i ng .  We note  tha t  t h e r e  is a qua l i ta t ive  d i f f e r ence  in the s p e c t r a l  
evolut ion of  the L a n g m u i r  wave  b e a m  in k - s p a c e  in the  in te rva l  v i / 3 v  e << k~. e << 1 and fo r  k~. e << v i / 3 v  e. 
In the  l a t t e r  c a s e  b e c a u s e  of induced s c a t t e r i n g  by ions the  init ial  s p e c t r u m  c o r r e s p o n d i n g  to the L a n g m u i r  
wave  b e a m  d i sp laces  in k - s p a c e  in the d i r ec t i on  of  s m a l l e r  k and n a r r o w s  s o m e w h a t  in modulus  at  the  
s a m e  t i m e  it b e c o m e s  i so t rop ic  (see [5]), which  is not  the  dominant  p r o c e s s  in this ca se .  

The evolut ion of  i so t rop ic  tu rbu len t  s p e c t r a  on the in te rva l  kk e < v i / 3 V e  was  examined  in deta i l  in 
[3] and the q u a s i s t a t i o n a r y  i so t rop ic  s ta tes  w e r e  examined  in [9, 10]. 

In conc lus ion  the au tho r s  w i sh  to thank V. N. T s y t o v i c h  for  n u m e r o u s  va luable  d i s c u s s i o n s  and advice .  

L I T E R A T U R E  C I T E D  

1. V . N .  Tsy tov ich ,  Non l inea r  Ef fec t s  in P l a s m a  [in Russ ian] ,  Nauka,  Moscow (1967). 
2.  A . A .  Galeev ,  V. I. K a r p m a n ,  and R. Z. Sagdeev,  "Mul t ipa r t i c l e  a spec t s  of tu rbu len t  p l a s m a  theory , ' ,  

Nucl.  Fus ion ,  Vol. 5, No. 1 (1965). 

3. A . A .  Galeev,  V. I. K a r p m a n ,  and R. Z. Sagdeev,  "On a so lvab le  p r o b l e m  in tu rbu len t  p l a s m a  theory,~ 
Dokl. AN SSSR, 157, No. 5 (1964), p. 1088. 

4. V . N .  T s y t o v i c h  and V. D. Shapiro,  "Nonl inear  s t ab i l i za t ion  of  p l a s m a  b e a m  ins tab i l i t i e s , ,  Nucl.  
Fus ion ,  Vot. 5, No. 3 (1965). 

5. L . M .  Kovr izhnykh ,  "On p l a s m o n  in t e rac t ion  ef fec ts ,"  Zh. E k s p e r i m .  Theor .  F iz . ,  49, No. 1(6), 
(1965), p. 237. 

377 



6. L . M .  Kovrizhnykh, Cor rec t ion  to a r t i c l e  ~On p lasmon interact ion effects,  ~ Zh. l~ksperim. Theor .  
Fiz . ,  49, No. 4 (1965). 

7. V . E .  Zakharov,  ' On the s p e c t r u m  of weak turbulence in a p l a sma  without a magnet ic  f ield, ,  Zh. 
]~ksperim. Theor .  Fiz . ,  51, No. 2 (1966), p. 688. 

8. S .A .  Kaplan and V. N. Tsytovich,  ' P l a s m a  radiat ion m e c h a n i s m s  in a s t rophys ics , "  Usp. Fiz.  N., 
97, No. 1 (1969). 

9. S.B. Pikil'ner and V. N. Tsytovich, "Spectra of high-frequency plasma turbulence and acceleration 
of subcosmic rays," Zh. I~ksperim. Theor. Fiz., 55, No. 3 (1968), p. 977. 

10. V.A. Liperovskii and V. N. Tsytovieh, ~ On the spectra of hot plasma turbulence, ~ Zh. Ekserim. 
Theor. Fiz., 57, No. 10 (1969). 

i i .  V.A. Liperovskii and V. N. Tsytovich, "On the decay of longitudinal Langmuir plasma oscillations 
into ion-sound oscillations," PMTF (J. Appl. Mech. and Tech. Phys.), No. 5 (1965). 

12. V.A. Liperovskii and V. N. Tsytovich, ' On the interaction of Langmuir plasmons, ~ Izv. Vuzov, 
Radiofizika, 12, No. 6 (1969), p. 823. 

13. V.P. Silin and A. A. Rukhadze, "Electromagnetic Properties of Plasma and Plasma-Like Media [in 
Russian], Atomizdat, Moscow (1961). 

378 


