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1. The t h e o r y  of the  s t a b i l i t y  of m a g n e t i c  c o n f i n e -  
m e n t  of p l a s m a  h a s  b e e n  d e v e l o p e d  by a l lowing  f o r  t h e  

e f f e c t  of d i s s i p a t i v e  f a c t o r s  on u n s t a b l e  o s c i l l a t i o n s  
[1, 2]. This  l ed  to  the  d i s c o v e r y  of a n u m b e r  of d a n -  

g e r o u s  i n s t a b i l i t i e s  tha t  a r e  a b s e n t  in a m e d i u m  w i t h -  

out d i s s i p a t i o n .  A l l o w a n c e  fo r  e l e c t r o n - i o n  f r i c t i o n  in 

an i n h o m o g e n e o u s  p l a s m a  [3] gave  r i s e  to an i n s t a b i l i t y  
( s o - c a l l e d  d r i f t - d i s s i p a t i v e )  tha t  can  cau:se a n o m a l o u s  

Bohm d i f fus ion  [4] w i th  t he  c o e f f i c i e n t  

D ~.o cT o / eHo, (1.1) 

w h e r e  c is  the  s p e e d  of l ight  in  v a c u u m ,  H0 is t h e m a g -  

n e t i c - f i e l d  s t r e n g t h ,  T o i s  the  p l a s m a t e m p e r a t u r e ,  and 

e is  t h e  e l e c t r o n  c h a r g e .  
This result explained a number of experiments [2], although the 

theory of drift-dissipative instability does not include all the cases in 
which diffusion is observed [5]. 

Ion currents transverse to H0 (in particular, inertial ion drift) play 
a vital role in the development of drift-dissipative instability. Here 
longitudinal ion motion is not considered. At the same time, an in- 
crease in kz/k• (k z is the projection of the wave vector k onto the 
magnetic-field direction and k• is the projection of k in the perpen- 
dicular direction) can change the situation, and longitudinal ion mo- 
tion can be more significant. This is especially true in the frequency 
range w .< kzVT i (VTi is the ion thermal velocity). But, in general, 
we are discussing long-wave perturbations in a direction perpendicular 
to H0, i .e . ,  perturbations that can result in great diffusion when in- 
stability develops, 

The study of plasma stability in the frequency range w .< kzVTi is 
important in connection with the efficiency of installations with 
crossed field lines [6]. 

It should be noted that increased plasma stability in this frequency 
range has been assumed by a number of authors (see [7], for example). 

The part of the electron-ion friction which depends on the mean 
relative velocity between electrons and ions, i . e . ,  on the current 
density j, is responsible for the drift-dissipative instability in an inho- 
mogeneous plasma. Electron-ion friction also arises when an electron- 
temperature gradient (thermal force) is present [8]. As is well known, 
thermal force arises because a smaller friction force acts on "heated" 
electrons than on cold electrons. The effect of thermal force on 
plasma stability has received littlestudy. Sineethermal force isrelated 
to the electron-temperature gradient, it is clear that its role is deter- 
mined by the nature of the temperature perturbations in the plasma. 
The examination below shows that successive allowance for the longi- 
tudinal motion of the electron and ion gases makes it necessary to 
take into account perturbation of the electron and ion temperatures, 
even if the initial plasma temperature is homogeneous. 

2. Now le t  us  d e r i v e  the  d i s p e r s i o n  equa t ion  in the  

a p p r o x i m a t i o n  tha t  i n t e r e s t s  us .  We wi l l  e x a m i n e  the  

p o t e n t i a l  p e r t u r b a t i o n s  ( ro t  E = 0; E i s  t h e  e l e c t r i c  
f i e l d  of the  p e r t u r b a t i o n ) .  A s s u m i n g  t h a t  the  i n i t i a l  
p a r a m e t e r s  of the  p l a s m a  v a r y  s lowly ,  we t a k e  t h e  
p e r t u r b a t i o n s  in the  f o r m  

exp (i(ot 4- ik~g + ikzz). 

We i g n o r e  i n e r t i a l  ion  d r i f t  and  the  f i n i t e n e s s  of 
t he  L a r m o r  ion r a d i u s ,  but we  c o n s i d e r  long i tud ina l  
ion m o t i o n .  Then,  t he  equa t ion  of c o n s e r v a t i o n  of 

c h a r g e  t a k e s  the  f o r m  

v z , - -  vz~ = 0, (2.1) 

w h e r e  Vze a n d  v z i  a r e  the  long i tud ina l  p e r t u r b e d  e l e c -  
t r o n  and ion v e l o c i t i e s ,  r e s p e c t i v e l y .  

We a l s o  n e e d  the  e q u a t i o n s  

icoMv ~no = ~ik~noT~ 4- enoEz--  ik~noT i - -  

- -  ik~n To - -  4/sk,~Tonovz~ / vq  ~ , (2.2) 

(t  4- s) ikznoTe--  i k z n T o -  enoEz = 0, (2.3) 

icon -k eE~no' / Ho -[- ikzvzeno = 0. (2.4) 

3/~icoTe 4- iTokzv~ = - -  x~kzST~ - -  3v~ / e (Te - -  T,:,), (2.5) 

3/2io)Tt 4- iTokzvzi = - -  %tkz~T~ 4- 3vqe(Te- -  TO, (2.6) 

E u c n 
v= ---- c-~o 4- ikv-gH~o ( re 4- T~ -~o ) ' (2.7) 

~" �9 ~ ( "), (2.s) 

e d n o  cTo no" s = 0 . 7 1 ,  no =-g~-, and co~=ky - -  

' e g o  n o  . 

Here, (2.2) and (2.3) are the equations of ion and electron motion 
along H0, respectively; (2.4) is the electron continuity equation; (2.5) 
and (2.6) are, respectively, the heat-balance equations for electrons 
and ions; M is the ion mass; n, Te, and T i are the perturbations of 
density, and eIectron and ion temperature, respectively; n0(x) is the 
initial plasma density; T0 is the initial plasma temperature, which is 
assumed to be homogeneous; Xe and • are the coefficients of electron 
and ion thermal conductivity along H0 referred to a single particle; vii i 
is the ion-ion collision frequency (Eq, (2.2)) incorporates a term propor- 
tional to u]~ i, which arises from the longitudinalcomponent of the ion- 
viscosity tensor); and vi-#e is the electron-ion heat-transfer time.* 
Equations (2.7) and (2.8) are, respectively, expressions for the electron 
and ion velocities along the inhomogeneity. The above equations 
also allow for thermal force, which here plays a special role in (2.2) 
and (2.3): these are the terms proportional to s. 

E q u a t i o n s  (2 .1 ) - (2 .8 )  l ead  to  the  fo l lowing  d i s p e r -  

s i o n  equa t ion :  

( -coo {(co- 
kz~vr{ ~ 

- -  2iVt/eco ---~-4 v~/eTjCze} ~ 5cos 4- 

8 ikzS)C * -  20ivt/e} - -  + t 2sco~ -- -U co 

- -  4v~/eX,~kz ~ - -  + 
2 

%{%ekz~ 4- -~- i%~kz2e{-- 8isea{vt/e. (2 .9)  
o 

*The  n e c e s s i t y  of a l lowing  fo r  h e a t  t r a n s f e r  b e t w e e n  
e l e c t r o n s  and ions  w a s  p o i n t e d  out to the au tho r  by 
B. B. K a d o m t s e v .  
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C o n s i d e r  t h e  c a s e  of  co << kzVTi .  T h e n ,  f r o m  Eq .  

(2 .9) ,  w e  h a v e  

5~o 2 + c o { 2 s o h _  s �9 2 20iv~l~}_4V~le~kz2 

4 4 2 . 2 
7~xek. + -g- zx~k~ o~-- 8isr + 3 

i~ --r 0 + 2~ = 0. (2.10) 
,~Z~VT~2 xfD kz2VTi ~ 

The unstable solution of (2.10) is 

Im c0 ~ ~/9 (8svl/~- 

- -  ~/3~ek~ ~) (o)~ ~ %ekz 2 ~ ~!e  ~ k~vrO. (2 .11)  

W h e n  w i > ~o, t h e  e x i s t e n c e  of  an  i n s t a b i l i t y  f o l l o w s  

f r o m  (2.9):  

I m  r ~ ]fsk~v~i, 

Re co ~ kz~vr~ ~ / (o~ ( ~  ~ % 0 '  

I m  o) ~ sv~ ~ / X~ (~ k~ ~ ~%vr0. (2 .12)  

I n s t a b i l i t y  (2 .12)  a l s o  e x i s t s  w i t h  c o l d  i o n s .  
We should point out that the instabilities obtained here are poorly 

stabilized by crossing the field lines, since they cover the frequency 
range w ~< kzVT i. A characteristic of the developed instability condi- 
tions is thermal expansion of the plasma. 

3. Let us attempt to determine, from the known results, when the 
anomalous Bohm diffusion develops in a plasma, considered in the 
approximation of two-fluid hydrodynamics. For simplicity, we assume 
To = const. As is well known (see [2]), if Im w ~ wi and the dimen- 
sion of the turbulent pulsations is on the order of the transverse dimen- 
sions of the system, the coefficient of anomalous plasma diffusion due 
to developed instability can be on the order of the Bohm coefficient. 
If kzVTi is on the order of w ~ = r-2cT0/l H0 (r is the characteristic 
transverse dimension), then, as follows from (2.12), the given in- 
stability leads to Bohm diffusion. Here we made the natural assump- 
tion that under turbulent conditions k X ~ ky, and the dimension of 
the turbulent pulsations can reach the transverse dimensions of the 
system, since the unstable conditions in question are also developed 
for such pulsations. Satisfaction of • ~ kzVTi is also necessary; it 
can be written as 

where ke is the electron free path and m is the electron mass. 
As was shown in [3], drift-dissipative Instability leads to Bohm 

diffusion if w ~ ~ %, where 

O) s ~ (k z / ky)2 0)Le (OLi / v e . ( 3 . 2 )  

Here, WLe and WLi are the Larmor electron and ion frequencies, 
respectively, and v e is the electron-ion collision frequency. In this 
case, ky ~ 2~r/r. 

Under ordinary experimental conditions, w s is a very large value. 
If we compare Ws and Xek2z, weseethat the condition w s >> XekZz gives 

kyV~, i / O L i  ~ 1. ( 3 . 3 )  

Therefore, we can conceive of the following possibilities for the 
development of Bohm diffusion in plasma apparatus, depending upon 
the parameter w ~ For sufficiently high WB, when ww ~ ~ Ws, Bohm 
diffusion results from the developed drift-dissipative imtability. With 
a decrease in WB, if (3.1) can be satisfied, Bohm diffusion is due to 
instability (2�9 

Note that the results in this paper and [3] explain, the anomalous 
Bohm diffusion observed in [5]. 

If condition (3.1) is not satisfied, Bohm diffusion can be caused 
by, besides drift-dissipative instability, the instability of rarefied 
plasma that develops at very high drift frequencies w i = kzky I �9 
�9 (M/m)i/a(WLi) (see [1]). 

In conclusion, we should point out the possibility of the following 

effect when field-line curvature is present. As was mentioned above, 

drift-dissipative instabilities can be caused by friction forces directed 

along H0 which also lead to a phase shift between the forces acting on 
the plasma and the motion. 

Let us consider a particle moving with velocity ull along a mag- 

netic field line with radius of curvature R. In a frame of reference in 

which the particle does not move along the field line, it is acted on by, 

among other things, a Coriolis force that is proportional to the angular 
velocity of the frame of reference u]]/R and the velocity of relative 
motion of the particle across H0. InaSmuch as this force, like the fric- 
tion force, is proportional to u]l, it can result in similar instabilities. 

Thus, in the drift approximation, in the equation for the mean 
longitudinal ion velocity ull we have the force f = --Mu]]n0(h, (hv)w F 
(see [9]), where h is the unit vector along the magnetic field and w F 
is the velocity of ion drift due to the force F, which has a projection 
onto the binormal to the field line. This force makes possible an in- 

stability with Im w ~ wF/R�9 If as w F we take the velocity of electric 
drift, which corresponds to electric potentials in the plasma with 
energy on the order of the thermal energy (w F ~ vzT,/wLir), we see 
that anomalous particle drift with the diffusion coeff~icient D ~ 

rR-lcT0/eH0 is possible. For sufficiently steep toroidal systems (r 
R), this diffusion differs little from Bohm diffusion. 

The author thanks A. A. Galeev, B. B. Kadomtsev, A. B. 
Mikhailovskii, and R. Z. Sagdeev for valuable discussion of a number 
of the results. 
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