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The author expounds a nonlinear theory of the instability of a weakly 
inhomogeneous plasma with hot ions when a "loss cone" is present in 
their velocity distribution. 

Flute-type instabilities (k z =- 0) are considered, which for a strong 
enough irregularity may build up even in short traps with "magnetic 
mirrors. " tt is shown that the total ion flux through the magnetic mir- 
rors, which is caused by turbulent diffusion into the loss cone, exceeds 
by a factor of (2n/R H Vn) 1/2 the ion flux across the magnetic field 
as a result of diffusion in coordinate space (here n, Yn, are the density 
and its gradient, ,R n is the ion Larmor radius). The diffusion time of 
ions into the "loss cone" is of the order x = t0fl,,-* (2n / Ruin)% 
(flu is the ion Larmor frequency). 

A plasma contained in magnetic traps is always in a nonequili- 
brium thermodynamic state. The nature of the noneqnilibrium is con- 
nected with the specific geometry of the containing magnetic field. 
l tere we will consider open traps with magnetic mirrors in which the 
nonequllibrium of the plasma is caused by" 

1) the curvature of the magnetic field force lines and its associated 
effective gravity field; 

2) the localization of the plasma in a small volume, which brings 
about its inhomogeneity; 

3) the presence of the so-called "loss cone" in the velocity distri- 
bution of the particles, in which the relation of the longitudinal and 
transverse velocities is such that they cannot be contained in the trap. 

Under the influence of particle collisions the plasma tends to 
pass to a state of thermodynamic equilibrium. Here there is diffusion 
of the particles in velocity space and after virtually only one collision 
the particle falls into the "loss cone" and escapes from the trap. 

The time of particle containment within the trap could be in- 
creased if collisions were made less frequent. However, in such a 
rarefied plasma various types of oscillation may arise spontaneously. 
The relaxation of the plasma state to one of thermodynamic equili- 
brium comes about much faster under the influence of these oscilla- 
tions than relaxation due to collisions. Consideration of transport 
processes in a turbulent plasma enables us to estimate the real life 
time of particles in the trap, and this turns out to be less than would 
be expected from rare collisions. 

Suitable choice of magnetic field geometry enables us to stifle 
the hydrodynamic instabilities associated with curvature Of the force 
lines, and the weak kinetic instabilities arising from the excitation 
of low-frequency "drift waves." Thus instabilities associated with the 
presence of a "loss cone" are more important. 

Such an instability was first detected by Rosenbluth and Post [1]. 
Development of this instability leads to a state of affairs where under 
conditions close to optimal for thermonuclear reactions to take a 
normal course, anomalous diffusion of ions into the "loss cone" causes 
them to pass through the magnetic mirrors very rapidly [2]. However, 
the perturbations considered in [1] have the form of a wave exp(-lwt + 
+ ikzz) running along the magnetic field Hsz, and as shown in the 
same paper, perturbations of this type are strong damped in the 
region of the "magnetic mirrors," where the phase velocity of the 
perturbations becomes comparable with the thermal velocity of the 
electrons. This imposes a lower limit on the length of the systems in 
which instabilities of this type can develop L > L e [1]. On the other 
hand, in short systems of length L < L c flute.type 0seillations exist 
(kz -= 0) in the same region of frequency and wavelength, associated 
with density inhomogeneity [3]. Calculations similar to those in [1] 

have shown that the presence of a "loss cone" also suffices for the 
development of these oscillations [4]. ~ 

The critical radius Re of the plasma volume, below which the 
instability develops, turns out to be, under conditions necessary for 
thermonuclear reactions to take place, of the same order as the cri- 
tical length Re ~ Le ~ 10 z RH (RH is the ion Larmor radius) [4]. Thus, 
in view of the requirement R < L it is impossible to obtain a stable 
plasma in which R > R e and L < L c. Instabilities of the latter type, 
which we will call drift-anisotropic instabilities, clearly limit the 
density of the plasma stably contained in existing devices [7]. 

Accordingly, w gives equations describing the state of a weakly 
turbulent plasma of this type. In w the energy distribution over 
turbulent pulsations with different scales is examined. The fluxes of 
ions through the "magnetic mirrors" and across the magnetic field are 
determined on the basis of the results of w and w 

w B a s i c  e q u a t i o n s .  The  d e s c r i p t i o n  of  a t u r b u l e n t  

p l a s m a  m a y  b e  t a k e n  to be  c o m p l e t e  i f  we  a r e  g i v e n  

t h e  d i s t r i b u t i o n  of  i o n s  and  e l e c t r o n s  in c o o r d i n a t e  

a n d  v e l o c i t y  p h a s e  s p a c e ,  a n d  a l s o  t h e  s p e c t r a l  d i s t r i -  

b u t i o n  of  e n e r g i e s  r e s u l t i n g  f r o m  t h e  i n s t a b i l i t y  of  

o s c i l l a t i o n s  in  t h e  s p a c e  of  t he  w a v e  n u m b e r s  (k ,  ~) .  

A c o r r e c t  m a t h e m a t i c a l  d e s c r i p t i o n  i s  p o s s i b l e  in t he  

c a s e  of  w e a k  i n s t a b i l i t y  (7 < w, y i s  t he  i n s t a b i l i t y  i n -  

c r e m e n t ,  r i s  t h e  o s c i l l a t i o n  f r e q u e n c y ) .  In t h i s  c a s e  

we  m a k e  u s e  of  q u a s i - l i n e a r  e q u a t i o n s  f o r  t h e  ion  and  

e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n s  and  k i n e t i c  e q u a t i o n s  

f o r  t h e  s p e c t r a l  d e n s i t y  o f  o s c i l l a t i o n  e n e r g y ,  g i v e n  

f o r  t h e  g e n e r a l  c a s e  of  an  i n h o m o g e n e o u s  p l a s m a  in a 

m a g n e t i c  f i e l d  in  t h e  r e v i e w  [8]. T h e s e  m a y  be  g e n -  

e r a l i z e d  to t he  c a s e  of  a n o n i s o t r o p i c  p l a s m a  w i t h  d i f -  

f i cu l ty .  

We c o n f i n e  o u r s e l v e s  to  the  c a s e  o f  a p l a s m a  l a y e r  

w i t h  a d e n s i t y  w h i c h  v a r i e s  in  t he  d i r e c t i o n  of  the  x 

a x i s ,  s i t u a t e d  in a s t r o n g  h o m o g e n e o u s  m a g n e t i c  f i e ld  

H 0 =  {0,0,  Hz} (Ho ~ . 8 ~ n T O .  

H e r e  n is  t he  p l a s m a  d e n s i t y ,  T i i s  t he  a v e r a g e  

e n e r g y  of  t he  i ons .  2 We s h a l l  c o n s i d e r  the  e l e c t r o n s  

in t he  p l a s m a  to be  c o l d  (T e << Ti) .  

ZThe paper in question does not consider the build up of flute-type 
instabilities k z = 0, which is possible in a homogeneous plasma either 
when sharp maxima are present in the velocity distribution of the 
ions [5], or when there is a considerable fraction of cold ions present 
[63. 

T h e  r e s u l t s  of  t a k i n g  in to  a c c o u n t  t he  e f f e c t s  of 

c u r v a t u r e ,  of  t he  l o n g i t u d i n a l  and  t r a n s v e r s e  i r r e g u -  

l a r i t y  of  t h e  m a g n e t i c  f i e l d  f o r  o s c i l l a t i o n s  c l o s e  to 

h a r m o n i e s  of  t h e  c y c l o t r o n  f r e q u e n c y  S2 H, a n d  a l s o  

an  e x p l a n a t i o n  of  t h e  p a r t  p l a y e d  by the  co ld  p l a s m a  

b e h i n d  the  m i r r o r s  m a y  be  found  in  [3] 
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O s c i l l a t i o n s  in the r eg ion  of f r e q u e n c i e s  and wave -  
lengths  [1, 4] 

( eHo ] / -T~[C)  O . } / ' c z > V - T ' e V m  , (1.1> 

a r e  c o n s i d e r e d .  
H e r e  m,~, p,, a r e  the L a r m o r  f r equency  and ion 

and e l e c t r o n  r a d i u s ,  r e s p e c t i v e l y .  Reta in ing  the t e r m s  
a s s o c i a t e d  with the p l a s m a  inhomogene i ty ,  we obta in  
fo r  t h e i r  equat ion  in the l i n e a r  a p p r o x i m a t i o n  [8] 

+ . ~ ' ;  [ , ( o ) + F (  ~o 1~ ~%,L- ~ / j  = o, (L 2) 

14~e~n \ % ]cyYT~2 V/n ~ 
G ) =  ~-7~-)  , % -  ~,~ ,~ , 

V ~ '  o 

w = ~._4~, v ~  = \ - 5 ~ /  " ( 1 . 3 )  
YTi 

Here  COp a r e  the ion and e l e c t r o n  p l a s m a  f r e -  
q u e n c i e s ,  r e s p e c t i v e l y ,  co. is  the d r i f t  f r equency ,  
VTi is  the m e a n  s q u a r e  ion v e l o c i t y ,  ~ (w) i s  the d i s -  
t r i bu t i on  of ions ove r  t r a n s v e r s e  v e l o c i t i e s  w n o r -  
m a l i z e d  to unity.  The r e q u i r e d  b r a n c h  of the roo t  fo r  
w > y2 is ehosen  a c c o r d i n g  to [1] 

1 iy r , 

V~_~Iv~ if ~ , y=y~-l-z'o. 

The d i s t r i b u t i o n  of ion v e l o c i t i e s  is  he r e  a s s u m e d  
to be ax i a l l y  s y m m e t r i c .  

I t  fo l lows f r o m  (1.2) that  fo r  an inhomogeneous  
p l a s m a  in addi t ion  to the t e r m  in the d i s p e r s i o n  equa-  
t ion for  o s c i l l a t i o n s  which t a k e s  account  of the e l e c -  
t r o n  i n e r t i a  t h e r e  is  an e x t r a  t e r m  a s s o c i a t e d  with the 
e l e c t r o n  dens i ty  inhomogenei ty .  The k ine t ic  equat ion 
fo r  the n u m b e r  dens i ty  of o s c i l l a t i o n s  in p h a s e  space  
n k is  a l so  a l t e r e d  in a s i m i l a r  m a n n e r  

nk ~ ~ / _  ~=l ~pk7 8a (1.4) 

He re  ~k  is the ampl i tude  of the k - th  F o u r i e r  h a r -  
mon ic  of the e l e c t r i c  f i e ld  po ten t i a l  of the o s c i l l a t i o n s .  
J u s t  as  in [2], decay  p r o c e s s e s  p l ay  a b a s i c  p a r t  in 
the  i n t e r a c t i o n  of o s c i l l a t i o n s ,  whi le  non l i nea r i t y  is  
aga in  m o s t  s ign i f i can t  in the  e l e c t r o n  mot ion  equat ions  

IS]: 
0nk ( 
Ot --  2Tknk + ~] [Vk, k'. k" I ~ nk,nk"-- 

k~k'+k" 
&k" ask" \ 

- -  nknk, sign ~%., - -  nknk; sign "0%w) 6 (r - -  ek" - -  ek,, ) . 

~ ta~ %2e[k 'xk" l~ . . . [ . (k ,"Vn ku'Vn~ 
]Vk, w,k" - -8#  k=m%(o;+o") L\%o"n %co'ny + 

-@ O" ) "~- ~7 t ~ ) "CqOk 0alk ' O~k," , 

Here  a s m a l l  t e r m  d e s c r i b i n g  the r e s o n a n c e  ab-  
s o r p t i o n  by ions of two o s c i l l a t i o n s  at  once [2~ is 
omi t t e d  for  the  sake  of s i m p l i c i t y .  

Qua l i t a t i ve ly  new ef fec t s  a p p e a r  when the r e l a x a t i o n  
of the p l a s m a  p a r t i c l e  d i s t r i b u t i o n  unde r  the inf luence 
of o s c i l l a t i o n s  is  examined .  This  is  connected  with 
the fac t  tha t  in addi t ion  to the a n i s o t r o p y  of ion v e l o -  
c i t i e s  the p l a s m a  inhomogene i ty  a lso  b e c o m e s  a s i g -  
n i f i can t  f a c t o r  in the  deve lopmen t  of i n s t a b i l i t i e s .  
Thus the  deve lopmen t  of i n s t ab i l i t y  should l ead  not 
only to the d i f fus ion of ions in v e l o c i t y  space  but a l so  
to t h e i r  d i f fus ion a c r o s s  the  m a g n e t i c  f ie ld  in c o o r -  
d ina te  space .  The q u a s i - l i n e a r  equat ions  fo r  ions and 
e l e c t r o n s  have the f o r m  [8] 

o,  (~'at ~ •  = ~ F  + % %  o=l k,_ I /  ~z'~-" %~' / I~ "" 

( o k 0 )  , olo,. 

= ~ kz Ov~ % ~ (%_ k?z)= +,&2 

( I .  6) 

Here  as  in [2] the ro t a t ion  of the ions in the m a g n e -  
t i c  f i e ld  has  been  a v e r a g e d  ove r  angle  in the equat ion 
fo r  ions ,  and an a v e r a g e  has  a l so  been  t aken  of t h e i r  
longi tud ina l  v e l o c i t i e s  Vz; m o r e o v e r ,  only  the r e s o n -  
ance i n t e r a c t i o n  of ions with o s c i l l a t i o n s  has  been 
taken  into account .  The e l e c t r o n s  have only n o n r e s o -  
nant  i n t e r a c t i o n s  with o s c i l l a t i o n s .  

w T u rbu l e nc e  s p e c t r u m .  The t u rbu l ence  s p e c -  
t r u m  in a homogeneous  p l a s m a  fo r  o s c i l l a t i o n s  with 
k z ~ 0 was found in [2]. He re  we sha l l  dwel l  on the 
c a s e  of f l u t e - t ype  o s c i l l a t i o n s  k z -= 0. Since in view 
of the va l id i ty  of the d i s p e r s i o n  r e l a t i o n  (1.2) both 
the  r a t i o  kz /k  and the r a t i o  w . /w ,  in the  c a s e  under  
c o n s i d e r a t i o n ,  m a y  be  e x p r e s s e d  in t e r m s  of the va lue  
of the  o s c i l l a t i o n  wave n u m b e r  k •  n e i t h e r  of t he se  
r a t i o s  need  be  in t roduced .  In th is  c a s e  the  s p e c t r a l  
dens i ty  of ene rgy  depends  [2] only on the wave v e c t o r  
k •  H 0 and the phase  ve loc i ty  Yk - Wk/kj -VTi '  

~ o . i  ~ k 2 ~  v~ . . . .  ( 2 . 1 )  
" Ti kj-VTi " 

In a weakly inhomogeneous plasma the phase veloc- 
ity determined by the dispersion relation (i. 2) is 

very small Yk << Ym (Ym is the value of the arguments 
for which the function F(y) has a positive maximum). 
Thus for F(y) we may employ the approximate for- 

mula 

co 

S dw + (2.2i 
o 

Oscillations with k z -~ 0 have the frequency [2] 

OJ, iYk O)k~ q 

O,)p 2 "~ ' /~ '  
( 2 . 3 )  
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He re  X D is  t he  Debye r ad iu s .  Whence i t  is  c l e a r  
tha t  o s c i l l a t i o n s  i n c r e a s e  fo r  ~r > 0. Th is  o c c u r s  at  
l e a s t  fo r  an empty  l o s s  cone ,  when ~ (0) = 0 . ~  ~ 1 
fo r  w >: w A [4]. The i n c r e m e n t  i n c r e a s e s  a s  the  w a v e -  
length  i n c r e a s e s  and r e a c h e s  i t s  m a x i m u m  value  

T m a x ~ O ~ - ~ P *  \ 2n ] \ 6 ]  ' ~P* i T  p ] n = ' c0~ ~o ~ (2.4) 

fo r  wave leng ths  

k~)~D ~.~ ( ~ 9 - -  ~) ':" �9 (2.5) 

In the s h o r t e r  wavelength  r e g i o n  XD -1 > k > k m the 
i n c r e m e n t  d e c r e a s e s  a s  7 = 7max (k in /k )  ~. In t h e  long-  
wave p a r t  of the  s p e c t r u m  the two t e r m s  on the r igh t  
hand s ide  of equat ion (2.3) wi l l  be  i m p o r t a n t ,  so that  
the  i n c r e m e n t  aga in  f a l l s  

r 1 6 2  kv~.i\ 2~n ] ' k ~ k , ~ .  (2.6) 

The condi t ion  ymax ~ ~u d e t e r m i n e s  the c r i t i c a l  
dens i ty  above which i n s t ab i l i t y  deve lops  [411: 

R.Vnn > 2  [~fi-~j+~-J -- . (2.7) 

We note that  fo r  s t i l l  l a r g e r  g r a d i e n t s  n- lRVn 
(~,~ / ~Qp.)'l,, i. e . ,  o s c i l l a t i o n s  with wave length  kk D ~ 

~ 1 deve lop  even in a Maxwe l l i an  p l a s m a .  
Ove r  a c o n s i d e r a b l e  r eg ion  of wave n u m b e r s  k < 

< k m the i n s t ab i l i t y  i s  s t r ong  (T ~ w), and c o n s e -  
quent ly  i t  is  i m p o s s i b l e  to e s t a b l i s h  s t r i c t l y  equat ions  
(1.5) and (1.6) ob ta ined  fo r  a weak ly  tu rbu len t  p l a s m a .  
We sha l l  thus  c o n s i d e r  an i d e a l i z e d  s i tua t ion  when 

(0) > km~kD ~, and consequen t ly  7 < co. The r e s u l t s  
fo r  the c a s e  of an "empty  l o s s  cone"  ~ (0) = 0 m a y  be 
ob ta ined  by going to the l i m i t  ~ (0) ~ 0 in the so lu t ions  
of equat ions  (1.5) ,  (1.6).  

I t  fo l lows f r o m  (2 .1) ,  (2.3) ,  (2.6) that  the  s p e c -  
t r a l  dens i ty  of ene rgy  in the  r e g i o n  of s h o r t - w a v e  
p u l s a t i o n s  d e c r e a s e s  v e r y  r ap id ly :  

t 
~, I(Pkl 2 ~  k~w O~>/~ > kin) �9 (2. S. 1) 

k 

In the r e g i o n  of long-wave  pu l s a t i ons  it i n c r e a s e s ,  
but  v e r y  s lowly  : 

l 
~, I q3k 12 ~ / ~ -  (k < k~). (2 .8 .2)  

k 

V e r y  long wavelength  o s c i l l a t i o n s  fo r  which the 
growth  i n c r e m e n t  b e c o m e s  equal  to the ion g y r o -  
f r equency  7k ~ ~,~, cannot  be c o n s i d e r e d  on the b a s i s  
of (1.2).  This  o c c u r s  fo r  wave leng ths  g r e a t e r  than 

k ~ k~ = t ( 2~n '~'/, (2.9) 
\ 

1This c r i t e r i o n  was ob ta ined  in [3] for  a m o n o e n e r -  
ge t ic  ion v e l o c i t y  d i s t r i b u t i o n  ~ z 6(w - w(0)). 

w Anomalous  e s c a p e  of ions  f r o m  the t r a p .  We 
sha l l  now c o n s i d e r  t r a n s p o r t  p r o c e s s e s  l ead ing  to 
the  e s c a p e  of p a r t i c l e s  f r o m  the t r ap .  T h e s e  a r e ,  f i r s t  
of a l l ,  the d i f fus ion of ions in ve loc i ty  s p a c e ,  when 
ions  of low ene rgy  at  the  b o r d e r  of t he  " loss  cone" 
give up p a r t  of t h e i r  ene rgy  to the o s c i l l a t i o n s  and fa l l  
into the " loss  cone" ,  subsequen t ly  e scap ing  f rom the 
t r a p s  th rough  the magne t i c  m i r r o r s .  The ene rgy  of 
o s c i l l a t i o n s  in the s t a t i o n a r y  mode  is d a m p e d  by the 
ions  with l a r g e  t r a n s v e r s e  ene rgy  and l eads  to t h e i r  
a c c e l e r a t i o n .  

The di f fus ion coef f ic ien t  fo r  the m a i n  po r t i on  of the 
ions with v e l o c i t i e s  v j_ ~ VTi is  g iven  by the s a m e  
e x p r e s s i o n  as  in [2] 

e2 I OPk 12 TkYk 3 
D w ~ ]  ykC0k M 2 v r i ~  ~-~0.~I - -  (3. 1) 

k k2Ru2 ' 

w h e r e  Tk, Yk and the m i n i m a l  s c a l e  of t u rbu l ence  is 
d e t e r m i n e d  by (2.6) ,  (2.9).  In the  l i m i t  of an empty  
" loss  cone"  we obta in  fo r  the t i m e  fo r  the  p l a s m a  to 
e s c a p e  f r o m  the t r a p  7 ~ DwI 

g]~,~ = iO [ 2zn ~ ~ ( 3 . 2 )  

In t eg ra t ing  the q u a s i - l i n e a r  equat ions  (1.6) with 
r e s p e c t  to v e l o c i t i e s ,  we a r r i v e  at  the  conc lus ion  tha t  
in add i t ion  to the  p l a s m a  f lux th rough  the m a g n e t i c  
m i r r o r s  a s t r ong  di f fus ion of ions a c r o s s  the magne t i c  
f i e ld  m a y  be  obse rved .  The r a t i o  of the  to ta l  p a r t i c l e  
f lux a c r o s s  the  magne t i c  f i e ld  j •  a long i t  j II t u r n s  
out to be  independent  of the  l eve l  of t u rbu len t  p u l s a -  
t ions  

[ •  o ,  ] [ a R u V n \ ' l ~  

1 Jl (3.3) 

It is  c l e a r  f r o m  th i s  r e l a t i o n  tha t  :in [3] the d i f fus ion 
of ions a c r o s s  the  magne t i c  f i e ld  was wrong ly  r e -  
g a r d e d  as  the ch ie f  p r o c e s s  lead ing  to the  e s c a p e  of 
p a r t i c l e s  f r o m  the t r ap .  We note that  fo r  the  c a s e  
when p e r t u r b a t i o n s  with k z ~ 0 m a y  deve lop ,  th is  
r a t i o  d e c r e a s e s  s t i l l  f u r t h e r :  

1 IJ \ o ] \ ym n ] " 
(3.4) 

Diffusion into the " loss  cone"  p r o c e e d s  v e r y  
s t r o n g l y ,  so that  fo r  t r ap  lengths  g r e a t e r  than 

[ 2an ~/'R (3.5) 

the " loss  cone" f i l l s  up and the t ime  of e s c a p e  in-  
c r e a s e s  to the t r a n s i t  t i m e  of t h e r m a l  ions be tween  
the magne t i c  m i r r o r s  

T ~ L /  v r , .  (3.6) 

This  r e s u l t  is  va l id  in those  c a s e s  when slow ions 
v z << VTi cannot  accumula t e  in the s y s t e m  (for ex -  
a m p l e ,  due to the p r e s e n c e  of a pos i t i ve  space  cha rge  
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of  ions  a r i s i n g  a s  a r e s u R  of  t he  r a p i d  e s c a p e  of  
e l e c t r o n s  d u r i n g  e l e c t r o n - e l e c t r o n  c o l l i s i o n s ) .  

O t h e r w i s e  t h e r e  a r e  n e v e r  any s low ions  tha t  do 
no t  m a n a g e  to e s c a p e  f r o m  the  t r a p  d u r i n g  the  d i f fu -  
s i o n  t i m e  into  t he  " l o s s  c o n e "  (Vz ~< L / r ) .  T h e i r  a c -  
c u m u l a t i o n  in the  " l o s s  c o n e "  m a y  l e a d  to  a c o n s i d e r -  
a b l e  d e c r e a s e  in t he  r a t e  of  d e c a y  of  t he  p l a s m a ,  i f  

the  n u m b e r  of  p a r t i c l e s  w i th  an  i n c r e a s e  of  v z d o e s  
not  f a l l  off  e x p o n e n t i a l l y  (in t h i s  c a s e  t he  l o n g i t u d i n a l  
e n e r g y  (1/2 M v z  2) t u r n s  out  to be  m u c h  l e s s  t h a n  the  
t r a n s v e r s e  < 1/2 Mv•  2) and th i s  m a y  l e a d  to the  d e v e l -  

o p m e n t  of  s t r o n g  h y d r o d y n a m i c  i n s t a b i l i t i e s ) .  
T h e  s t a b i l i t y  of  a p l a s m a  wi th  a l a r g e  n u m b e r  of  

s l o w  ions  when  q) (0) ~ 1, wi th  r e s p e c t  to the  b u i l d - u p  

of  o s c i l l a t i o n s  w i t h  k z ~ 0 h a s  b e e n  t r e a t e d  in  [9]. T h e  

g e n e r a l i z a t i o n  to the  c a s e  of  f l u t e - t y p e  i n s t a b i l i t i e s  
k z ~ 0 is  t r i v i a l .  W i t h o u t  d w e l l i n g  in d e t a i l  on  the  
p a r t i c u l a r  c a s e  of  s u c h  a p l a s m a ,  we  w i l l  c o n s i d e r  

s o m e  r e s u l t s .  As  in [9], the  d i s t r i b u t i o n  w i t h  ~(0) ~ 0 
i s  s t a b l e  e v e n  w h e n  a l o s s  cone  is  p r e s e n t  and b e -  
c o m e s  u n s t a b l e  on ly  w h e n  a l l o w a n c e  is  m a d e  f o r  the  
r a r e  i o n - i o n  c o l l i s i o n s  wh ich  l e a d  to a M a x w e l l  d i s -  
t r i b u t i o n  of  l o n g i t u d i n a l  ion  v e l o c i t i e s  in  the  s m a l l  

r e g i o n  v z < Av. In  th i s  c a s e  only  o s c i l l a t i o n s  wi th  a 

p h a s e  v e l o c i t y  Yk < Ym ~ AVPCT i d e v e l o p ,  If  y,~ 
~,~]/R~Vn / n, t hen  no c h a n g e  in the  t h e o r y  n e e d  be  
i n t r o d u c e d .  O t h e r w i s e  the  i n s t a b i l i t y  b e c o m e s  w e a k  
a s  f o l l o w s  f r o m  (2 .3) .  

The maximal increment is attained for kk9 
(R~ V n  / umn)V' : 

<~ [ Y m R n ~  n \'/~ ~ / R \V, 

(3.7) 

and f a l l s  of f  a s  Yk d e c r e a s e s .  C o m p a r i n g  the  d i f f u s i o n  
t i m e  of  ions  in to  the  l o s s  cone  1 

-'~/, t03, ,  (R~ V~/n)v, (3.8)  

w i t h  the  r e l a x a t i o n  t i m e  of  the  d i s t r i b u t i o n  in t he  

r e g i o n  v z < Ym VTi 

M'h T~/~ ~, ~ 2 0  
T ~ T i / iYm ~, Ti / i ~ ne4)~ 

we f ind the  r e g i o n  in wh ich  the  d i s t r i b u t i o n  func t i on  

is  M a x w e l l i a n  

~. ( ~_~D 1 v* 
Ym x~i/~/ ' (3.9) 

i The same expression must be applied for ion dis- 

tributions in which the decrease of the number of ions 
with transverse energy starts from very small ener- 

gies only 

w < R n V n T i / n .  

13/17 4/17 
In this case the containment time is, ~ T. �9 T i/i D ~ 

The apprOximation of an empty "loss cone" is not 
violated since in short %raps L < YmVTi % It follows 
from the expression for the increment and from the 
last formula that for very high temperatures the in- 
stability increment in a plasma with a large number 
of slow ions becomes comparable with Q~, and as the 
temperature increases further the instability will not 
develop. 

Summing up the results of the paper we may draw 
attention to the following characteristics of the con- 
tainment of a dense plasma with hot ions in a mirror 
machine. 

i. If the plasma density exceeds the critical, then 
the development of an instability leads to the anom- 
alously fast escape of the ions through the "magnetic 

mirrors" in the time (3.2). When this Occurs the 
density falls to the critical value (2.7). 

2. The ion flux across the magnetic field is less 
then the corresponding flux through the magnetic 
mirrors. 

3. The transverse energy of the ions remaining 
in the trap increases with time on account of the de- 
crease of the transverse ion energy of those ions 
escaping through the "magnetic mirrors. " 

To obtain a clearer idea of the size of the real limit in density 
n ~< n0c which may be attained in existing traps with magnetic 
mirrors, we give an estimate of n0c for two devices lIP-5 [7] and 
"O FPA-II" [I0]. 

For typical conditions of the apparatus liP-5 (H 0 ~ 4000 Oe, 
RHVn/n ~ 0.25, T i --~ 5 keV, maxn ~ I0 n, L= 120 cm) thelength 
of the device is less than the critical and the value of the critical 
density n0c is found from (2.7). The quantity n0c ~ 101~ cm -s has 
limited the density of plasma contained for a time in the trap of recent 
experiments [7], regardless of the fairly high density of the injected 
plasma. The decay time of a plasma with density n ~ 1011 cm -a 
coincides in order of magnitude with (3.2). All this tends to suggest 
that dtift-anisotropy instability [7] occurred in experiments [7]. The 
Mitdaailovskii-Timofeev criterion of drift-cyclotron instability [3] 
gives a higher limit for the density; the diffusion time for particles 
across H 0 is in this case greater than (3.2). Thus its manifestation in 
the experiments is apparently weaker. 

For typical parameters of "OFPA-II" (T i = 75 keV, L = 200 cm. 
R = 28 cm, Ho ~ 1.5 �9 104 Oe) the length of the apparatus also turns 
out to be tess than the critical. The critical density n0c ~ 1012 cm-3 
has not yet been attained in this device. 

T h e  a u t h o r  i s  g r a t e f u l  to R. Z. S a g d e e v  f o r  a 
s e r i e s  of  v a l u a b l e  o b s e r v a t i o n s  and d i s c u s s i o n s .  
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