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In investigating the behavior of an ionized gas in electromagnetic 
fields use is often made of the equations of conservation of mass, 
momentum and energy, the equation of state, Maxwell's equatiom 
and Ohm's law reiating the electric field to the current flowing in the 
plasma. Ifl a homogeneous isotropic medium this relation is a simple 
proportionality between the current density and the eiectric field 
strength [1, 2]. In the genera1 case it is more complex in nature. Pos- 
sible forms of Ohm's law for a fully ionized one-temperature plasma 
were investigated in [8], and for a two-temperature plasma in [4]. 
Moreover, it was shown in [4] that, in general, we must take into 
account terms proportional to the temperature gradients in Ohm's law, 
and that in this case it also becomes necessary to take viscous terms 
into account when the electron temperature exceeds the ion tempera- 
ture by a significant amount. In [8] in order to facilitate the descrip- 
tion of a three-component one-temperature plasma the equations of 
motion for each component, arrived at as a result of a series of 
simplifying assumptions; are replaced by an equation of motion for 
the mixture and two diffusion equations (Ohm's laws). One Ohm's 
law (the relation of current density to electric field) was investigated 
for the case of a partially ionized gas in [6, 7], where it was assumed 
that the medium was inviscid and had one temperature, and, more- 
over, that anisotropy was not allowed for in writing down the frictional 
forces between components. 

The present paper proposes a simplification of the equations given 
in [8-10] for a two-temperature plasma containing electrons, singly- 
ionized ions, and neutral atoms. The effect of the viscosity of the 
components and of thermal forces is allowed for. Particle collisions 
are taken to be elastiC, and it is assumed that T e -> T, where T = 
= T i = Ta. In the:investigation we pass from the equations of motion 
for each component to an equation of motion for the mixture and two 
diffusion equations (Ohm's laws). An investigation is made of how the 
possible forms of diffusion equations depend on the concentration of 
the medium, the parameters describing the anisotropy of the transport 
coefficients, etc., while the necessity of allowing for viscous terms 
and thermal forces is also investigated. Dimensionless criteria are 
given for which Ohm's laws simplify considerably (viscous terms, 
pressure gradients, etc. may be discarded). 

l i gh t ,  k i s  B o l t z m a n n ' s  c o n s t a n t ,  ~'afi t h e  c o l l i s i o n  
t i m e  f o r  ~ and  # t y p e  p a r t i c l e s ;  and  T ~ ,  q ~ ,  u ~  a r e  
t h e  t e m p e r a t u r e ,  h e a t  f lux  a n d  m e a n  v e l o c i t y  of  the  

a - c o m p o n e n t s  of  t h e  p l a s m a .  M o r e o v e r ,  t he  m e a n  

r e l a t i v e  v e l o c i t y  w a = uo~ - u of a - t y p e  p a r t i c l e s  i s  

i n t r o d u c e d ,  w h e r e  u i s  t h e  m e a n  v e l o c i t y  o f  t h e  w h o l e  

m i x t u r e .  In  (1.2) a n d  (1.3) t h e  n o t a t i o n  

d~ 0 d 0 
d"~ ----- -~- @ (H~V)' ~ ~ ~ -~" (uv)'  

w a s  e m p l o y e d ,  w h e r e  E i s  t he  e l e c t r i c  f i e l d  s t r e n g t h ,  
B i s  t he  m a g n e t i c  i n d u c t i o n  v e c t o r ,  v a i s  t h e  v i s c o u s  

s t r e s s  t e n s o r ,  and  P a  t h e  p a r t i a l  p r e s s u r e  of  a -  

c o m p o n e n t s  of t he  p l a s m a .  I t  i s  a s s u m e d  t h a t  e a c h  

of  t h e  c o m p o n e n t s  i s  a p e r f e c t  g a s ,  i . e . ,  P a  = n ( ~ k T a "  

T h e  p l a s m a  i s  t a k e n  to b e  q u a s i - n e u t r a l  n e ~ n i .  
T h e  f o r m  of  t he  h e a t  f l u x e s  and  v i s c o s i t y  t e r m s  

e n t e r i n g  i n to  e q u a t i o n s  (1 .2) ,  (1.3) i s  g i v e n  in  [9].  

W e  i n t r o d u c e  t h e  e l e c t r i c  c u r r e n t  d e n s i t y  j = 

= - n e e  (w e - wi)  a n d  t h e  ion  s l i p  v e l o c i t y  s = w i - 
- w(~. T h e n  f o r  R ~  w e  h a v e  

R ~  = R~ (~) + R~ (m , R~ (~) = R~ (~) + Ra (s) , 

R~ (m = R~ (0 + R~ (r), 

R~ (~) = T~II jll + T~Zj• + ~ j x B ,  

~r 
R~ (s) = ~v~ ii s 11 @ ~ • 1 7 7  @ --if- s xB ,  

1. THE S Y S T E M  O F  E Q U A T I O N S  F O R  A T H R E E -  
C O M P O N E N T  T W O - T E M P E R A T U R E  P L A S M A .  

T h e  t r a n s p o r t  e q u a t i o n s  f o r  a p a r t i a l l y  i o n i z e d  

m u l t i - t e m p e r a t u r e  p l a s m a  h a v e  t h e  f o r m  [8] 

On a 
; ~  + divn~u,~ : 0 ,  (1 .1)  

m~n~, ~ + VP~ -}- div (g~ - -  m~n~w~w~) - -  

-- n~,e~,(E + t u a X B ) =  Ra,  (1.2)  

8u t 
~-2~r ~p~ + ~ , . v u  + vq~ + P~,~ ~ - ~ w ~ F ~  = 

= 3k ~ m~m~n~v~-*(T~ ~ T~,). (1.3)  

H e r e  e(~, n a ,  m a a r e  t h e  c h a r g e ,  d e n s i t y  a n d m a s s ,  

r e s p e c t i v e l y ,  of  ~ - t y p e  p a r t i c l e s ;  c i s  t h e  v e l o c i t y  of  

8r 
R~ (t) = 6~ I' V I1 T o +  6~ZvzT~ + - i f -  vTe x B, 

R~ (r) -~ ~ I I V  iI T -~ ff~Zv• + ~ V T •  

The  s y m b o l s  II and  J- a t t a c h e d  to t h e  v e c t o r s  i n d i -  

c a t e  t h a t  c o m p o n e n t s  p a r a l l e l  and  p e r p e n d i c u l a r  to  
t he  m a g n e t i c  f i e l d ,  r e s p e c t i v e l y ,  a r e  t a k e n ;  y~,  u(~, 
5 ~ ,  J a  a r e  c o n n e c t e d  w i t h  t h e  Xa,  ~ a ,  k a e m p l o y e d  
in  [9]: 

T=ll(l_, A) __ a~ tl(• A) - - X e  I](-L' A)b~ ( 1 ) -  

- -  ~i li (_L, A)b~) __ ~,FI (• A)b(m ' 

~ a  I1 ( l ,  A)  ~ d ~  IE t L ,  ^ )  - -  i~ ~ I1 ( / ,  A ) b a )  _ _  

l.qll(• A)~ (~) ,, n(• A)b (3) ' (1.4) 
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6= ,i (.L, ~) = __ k~ II (• ~)bJ~),  ( 1 . 4 )  

( c o n t ' d . )  

@= !l (2, /,) = _ s tl (• A)bj=) _ ~,a II (2, a ) b j a ) ,  

a~" = a= - k = a = ,  d~ !1 = d ,  •  a= ~ = & , ^  = O, 

ai ~ - -  ~limeTi~-l~ aa ~ - -  Tleme'ffea-l~ de ~ - -  1/2~imaTea-1 ~ 

de = aa , be (~) - -  - -  al be (~) gai eaa - ~ - ,  ~ ,  bJ~) = - - ' ~ ,  

bj~) de ba(U) de be(a) g~. m e 
- -  5p e , - -  tOpi , ~ lOpa , e = m- 7 . 

The c o n d i t i o n s  

~ ] a , t  = ~ , d ~ , = O ,  ' ~ , b j~ l  = 0 ( / = t , 2 , 3 )  ( 1 . 5 )  

a l s o  h o l d .  

I n  o r d e r  t o  c l o s e  t h e  s y s t e m  ( 1 . 1 ) - ( 1 . 3 )  w e  m u s t  

m a k e  u s e  o f  t h e  e q u a t i o n  o f  s t a t e  f o r  e a c h  c o m p o n e n t  

a n d  a l s o  M a x w e l i ' s  e q u a t i o n .  

2. ANALYSIS OF THE TRANSPORT COEFFICIENTS 

In order  to m a k e  p rac t i c a l  use of the coeff ic ients  we must know 

the dynamics  of p a r t i c l e  coll is ions.  To be speci f ic ,  we shal l  assume 

that  the  par t i c les  of a l l  components  are spheres and tha t  the col l is ion 

of a charged p a r t i c l e  wi th  a neu t r a l ,  as w e l l  as the  col l i s ion  of two 
neut ra l  pa r t i c les  with each  other, is described by the laws of e l a s t i c  

col l is ion.*  In accordance  with this, we have  the expressions 

Q a a =  Qea = &Qea, Qea = aIad 

for the g e o m e t r i c  col l i s ion  cross sections Qc~g for a -  and g - t y p e  

par t ic les ,  where a o is the radius of the  first Bohr orbit .  For charged 

par t ic les  we sha l l  t ake  the  in t e rac t ion  to be  a Coulomb in terac t ion .  

For known O a f  the col l is ion t imes  r u g  are also known (formuIas 

(2.16)-(2.18) of [9]). 

We int roduce the  parameters  oe%* , c%r and c0iTia , which 

cha rac t e r i ze  the anisotropy. Here w e and w i are the  e lec t ron  and ion 

cyclotron frequencies ,  and are equal  to [5] 

eB eB m~ 
a ) e =  me---7- = t '76"107B' ~ ~ - m 7  = 0"96"t0~"m - B,  

where mp i~ the proton mass, e = I eel is the e l ec t ron ic  charge.  

For the e f fec t ive  t imes  be tween col l is ions we have  [9] 

%*-~ = 0.4T~-~ + t.3 (%i -~ + %~-~), 

Ti *-~ = 0.4~/i -~ -t- 0.74'~ia -~ -~ 3 ~ i e  -1 �9 

The paramete r s  Were* and w i r i a  are connected  by the  re la t ion  

~m~ = % #" 0 -'/~ 113 g ~  + (~3 g ~  + 8) ~1 ~0o~*, 
T Tea ni Qee In A \ / 

10=  Q= .~ 5. |01~ ~-e2  ) �9 

Here en A is the Coulomb logar i thm;  for a p l a sma  which is not 

too dense en  A .-~ 10. 
We note that  the pa rame te r  7 bears a close re la t ion  to the degree  

of i on iza t ion  in the p lasma.  Thus r --, r corresponds to a ful ly  ionized 

p la sma  (within a rea l  range of temperatures) ,  and r ~ 0 corresponds 

*In a t l  e s t ima tes  carried out in  future  we wi l l  m a k e  considerable  

use of the order of the ratios Qa~ / Qvs �9 To m a k e  an e s t ima te  of 

these ratios in  the  gene ra l  case we can employ  the theo re t i ca l  and 

e x p e r i m e n t a l  da ta  of papers [11-14]. 

to a weak ly  ion ized  p lasma.  

It is easy to  see that  the  pa rame te r  coiria , depending on T e and cq 
may  be both sma l l e r  and larger  than the pa rame te r  Were*, though 
% T e * . ~  %%* always.  

We shal l  m a k e  es t imates  of the  f r ic t ion coeff ic ients  (1.4). The  
three  last  te rms in  the expressions for Ya II, 7a.k, v a II, -%.1_, as wel l  as 
the coeff ic ients  ~/a/x, yeA are the result  of a l lowing for terms pro- 
por t ional  to the r e l a t i v e  t he rma l  f luxes of the  components  in the 

equat ions of mot ion .  
The contr ibutions due to the t he rma l  f luxes of ions and neutrals  

( third and fourth terms)  in the expressions (1.4) for % El, ye• are of 

the  order 

d/,0'/~T (i + T)-I ~ ~, d/,0-v,O + ~)-~ <~. t ,  

respect ively ,  in comparison with the contr ibut ion due to the e lec t ron  

hea t  f lux (second term),  so tha t  they  m a y  be  neg lec t ed  to obtain 

ae XO)e'~e* ( x  - -  i - -  3"r % A  (2. 1) noe t + O)eSTe .2 t 3 §  (13 + 4 g2)  T/" 

It can eas i ly  be seen that  the first t e rm plays the  ch ie f  part in these 

expressions. 

We shall  compare  terms in  expressions (1.4) for Yi' Ya" 
If e0'h , ~  �9 - ~  e-10Q, then  we may  also neg lec t  the contr ibutions 

due to the ion and neutra l  hea t  f luxes in comparison with the e lec -  

trons in  the  expressions for t he ' coe f f i c i en t s  Yi' Ya, and so the  coef- 

f ic ients  acquire  the same form as the expressions for Ye (2.1), with 

a e changed to a i and an, respec t ive ly .  In the genera l  case only the 

neutra l  contr ibut ion may  be neg lec ted  in the coeff ic ients  Yi" Here 
the  contr ibut ion due to the  t h e r m a l  f lux of the ions may  be less than 

tha t  for the  electrons,  as we l l  as be ing cons iderably  in  excess of it .  

In expressions (1.4) for Ya we may  omi t  to t ake  into account  the  

contr ibut ion due to the ion t h e r m a l  flux. The  contr ibut ion due to the 

neutrals  may  be sma l l e r  than, as wel l  as considerably in excess of 
the e lec t ron  contr ibut ion.  From analysis  of expressions (2.1) we 

conclude  that  in the l i m i t i n g  case when Were* ~ ~o the  f r ic t iona l  

coef f ic ien t  yell is 16% larger  than ye • if  r --~ :% and only 7% larger  
i f  r << 1. In the case of f in i t e  r the  d i f fe rence  of the coeff ic ients  
yell and ye.k is conta ined  within these l imi t s .  

Knowing the coeff ic ient*  

}l e il = - -  5Peg, 

20sQ (1 - -  O) 
y = l o  -r [ ~ 3 + ( t a + 4  K ~ ) q - ~ +  i 3 Q + O a + 4  V2)~ t + ~  ' 

we can m a k e  es t imates  in the  expressions for Vc~. Here i t  turns out 
that  we can neg lec t  the  last  three terms in the coeff ic ients  Vel ] and 

Ue• in  comparison with the  first, and in YeA the  second and third 

terms. We obta in  as a result  

@ = ~e• = a~, ~ A  = a ~  (t § ~) m~%* (1 + m~2%*2) -~ . 

We can always neg lec t  the second and fourth terms in the ex- 

pression (1.4) for ~1,  %Z in comparison with the first. In this case 

i f  @ ~ e, i .  e . .  the  e lec t ron  t empera tu re  is much in excess of the 

ion tempera ture ,  then  for r -~ 0 the third t e rm in the expressions 

for vii ] and v i •  (contr ibut ion due to the ion the rma l  flux) exceeds  
the first, so that  these coeff ic ients  d i f fer  from each other cons ider -  

ably.  
If = ~ s - ' a  0 - 'h,  then  %!1 = % 2  = da, and we may  neg lec t  

the first t e rm in expression (1 .4)  for VaA; here  i t  turns out tha t  

~a A ~ daYO -~/' a)eTe* (t -~ me2*e*~) -1. 

For a ~ ~-'h 0-% the  t e rm associated with the contr ibut ion due 

to the  t h e r m a l  flux of neutrals  in  the  coeff ic ients  ~atl and v a • (fourth 

*V. A. PolyanskiL Transport  Phenomena in a Mul t i -  Tempera tu re  

Plasma,  Doctoral  dissertat ion,  Moscow State University,  1965. 
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t e r m )  is of  the  s a m e  order  as the  first te rm,  and there  m a y  be a 
cons iderab le  d i f fe rence  be tween  t,aH, and Ua'.  In this case  only  the  last  
term remains in expression (1.4) for UaA. It is easy to see that in a 
weakly ionized plasma the expression for Rc~(0 simplifies when 

/ 

R~ a) = ~ a + d~s. 

Thus, for T , ~  t0 ~ ~ T~ ~ t 0  a ~ (corresponding to 
0 ~ 10 -~ ) we may neglect anisotropy for t0 -~ <~a ~ t0 -~ in the 
expression for the friction force. Now if 

�9 . ~ m a x  {s-'/ '0 Y', s-V'0-'/'Q}, 

(this corresponds to c~ << 10 2 for the electron and ion temperatures 
indicated above), we may neglect the anisotropy of the friction 
force between the ion and neutral components in the expression for 

R~ ~ = ~," j ,  + T~ • j•  + - ~  j x B + d~s. 

In the general case, each component is characterized by three 
heat conduction coefficients. If wiri* << 1, then we have only one 
heat conduction coefficient hill  = J,i• for the ions and one 
coefficient ~'a ~ = ~'a • for the neutrals. In the isotropic ease, i. e., 
for Were * << 1, likewise only one coefficient remains for the elec- 
trons ~.ttl = ~.e• and, in addition to this, simple expressions are 
obtained for the friction forces 

Ra{1) = Tall j q- va!l s,  Ra(~) = 63 II VT~-t- 0all VT.  

We can easi ly  establ ish that  

~}a II 6a.L ~a ̂  1 

~e II - -  6e-L - -  6t " - '~  = t "t- ~ '  

Oall ~t(t --~)~-S/,O'A (~ __ Qaa t0_10 T= 
o,--f ~ g 4  ~7(_ ~q-O 4- ~) - Q .  ~ In h i  

(2.2) 

always. 

3. T R A N S F O R M A T I O N  O F  T E E  E Q U A T I O N S  O F  
M O T I O N  

We i n t r o d u c e  t h e  m e a n  v e l o c i t y  u, i n s t e a d  of the  
v e l o c i t y  c o m p o n e n t s  u ~ ,  the  c u r r e n t  d e n s i t y  j and  
t he  ion s l i p  v e l o c i t y  s and  p a s s  to t he  e q u a t i o n  of  
m o t i o n  f o r  t he  m i x t u r e  a s  a w h o l e  and  to two d i f f u s -  
ion e q u a t i o n s  

men eU s ~- m i n l U i  -~ manaUa ~ niui -~ naU a 
n =  

mtne ~- min i @ man a n i -~- n a 

H e r e  and  in w h a t  f o l l o w s  we a s s u m e  t h a t  m i = m a = 

m,  s = m e / m  << 1. 
We  c a n  e a s i l y  show t h a t  

ti~ -- j + [as 4- u, ui :-: ~ s  4- u, 
ne~ 

u~ = - - I t s  4- u (3 .1 )  

man a n a n i 

~a =: me,,. + mini -b mana ~ 'q ~- na ' ~i ~ ni + na , 

w h e r e  ~c~ and  ~i a r e  the  r e l a t i v e  c o n c e n t r a t i o n s  of 

n e u t r a l s  and  i o n s .  
A d d i n g  the  e q u a t i o n s  of m o t i o n  (1.2) ,  we  o b t a i n  

m ( n i h  n~)du I ">:B, ~t . . . .  U P  - -  div :T 4- T - J  

p = P , - ~  lqq-P . , ,  .~: n ? n  I W n  , (3.2) 

w h e r e  p, 7r a r e  the  p r e s s u r e  and  v i s c o s i t y  t e n s o r  of 
t he  w h o l e  m i x t u r e .  F o l l o w i n g  the  u s u a l  p a t t e r n  we  
i n t r o d u c e  the  d i f f u s i o n  r e l a t i o n s .  We  u s e  t he  n o t a t i o n  

d~u~ 
m~n~ - 7 ~ - -  div m~n~ w~w~ = 

: ~i-O m~n~u~ + div m~n~ (uu~ - -  uu + u~u) ~ I~ 

and  i n t r o d u c e  t he  c h a r a c t e r i s t i c  p a r a m e t e r s :  d i m e n -  
s i o n  L,  v e l o c i t y  U and  t i m e  T = L/U.  N e g l e c t i n g  t he  
t e r m  I e in  c o m p a r i s o n  w i t h  I i ( h e r e  we t ake  in to  a c -  
c o u n t  t h e  f a c t  t h a t  e << 1), we  f o r m  the  e q u a t i o n s  of 
m o t i o n  f o r  e l e c t r o n s  and  i o n s .  In t he  r e l a t i o n s h i p  
t h u s  o b t a i n e d  we  r e p l a c e  u i, and  in  the  e q u a t i o n  of 
m o t i o n  f o r  n e u t r a l s  t i~ ,  w i th  u.  Such a c h a n g e  is  
e q u i v a l e n t  to n e g l e c t i n g  t e r m s  of o r d e r  ~aS/T and 
~ i s / T  in c o m p a r i s o n  w i t h  t he  t e r m s  s/ria and S/rai ,  
c o n t a i n e d  in  the  r i g h t - h a n d  s i d e s  of t h e  e q u a t i o n s .  

E l i m i n a t i n g  t he  t e r m  d u / d t  f r o m  t h e s e  two e x p r e s -  
s i o n s ,  we  a r r i v e  a t  a n  e q u a t i o n  c o n n e c t i n g  s u, s_L and  
s x B. I t  i s  no t  h a r d  to f ind  one  of the  O h m ' s  l aws  

f r o m  t h i s  e q u a t i o n :  t h e  e x p r e s s i o n  f o r  s = Sll + s~.. We  
s e t  s s• and  s x B in t he  r i g h t - h a n d  s i d e  of  the  e q u a -  

t i on  o~ m o t i o n  of  t he  e l e c t r o n  c o m p o n e n t  and  e m p l o y  

t he  f i r s t  r e l a t i o n  of  (3.1) in  w r i t i n g  down  t h e  L o r e n t z  
f o r c e .  N e g l e c t i n g  I e in  c o m p a r i s o n  w i t h  t he  e l e c t r o -  
m a g n e t i c  t e r m ,  we o b t a i n  a g e n e r a l i z e d  OhmVs law 

( r e l a t i o n  b e t w e e n  j and  E) .  
We  s h a l l  c o n f i n e  o u r s e l v e s  to the  t r e a t m e n t  of  a 

p a r t i a l l y  i o n i z e d  p l a s m a  w h e n  a ~ i .  T a k i n g  (1.5) 
in to  a c c o u n t  and  o m i t t i n g  t e r m s  of  h i g h e r  o r d e r  of  
s m a l l n e s s ,  we f ind t h a t  t h e  OhmTs l aws  h a v e  t he  

f o r m  

s = r t l j l l  q - r • 1 7 7 2 1 5  d -~ (G-} -Kq-  Ra(2}), (3.3) 

1 1 . t 1 �9 
E + - ~ - u x B =  ~-Jil q- ~-J• ~ - j x B q -  

q- R=!l) q- (G• q- K• q- R ~ )  - -  

- - •  (G x B + K • B + Ra (2) x B) + 

1 tR (2j ~ d" +n~e~  ~ - - X / p ~ - -  , vn , ) ,  

G = ~ . V  (P. + Pl) - -  ~VP~ ,  

K = [~ div (ae -4- axi) - -  [ i d i v  3%. (3.4) 

A f t e r  a s e r i e s  of  s i m p l i f i c a t i o n s  in  w h i c h  c o n -  
s i d e r a b l e  u s e  i s  m a d e  of t he  c o n d i t i o n s  e ~ i ,  ~0 

t ,  a ~< 1, T~ ~< 10 4 ~ the  c o e f f i c i e n t s  a p p e a r i n g  

in e q u a t i o n s  (3.3) ,  (3.4) m a y  b e  r e p r e s e n t e d  in t h e  
f o l l o w i n g  f o r m :  

~all r k  t (n e ~(a• ~ r A : ~a r t 
T ' = ~," ~ ~ T ~~176 ' ~ ' 

nee nee Cnee 
~[1 : - -  O• ~ {]A 

7e 1] ' Te2( l .~_  A) ' - -  t q _ [ a t 0 i l i a  ' 

( vaA t0i~ia) x ^  X II : t de 1 de 
nee di 'X•  = ne----e -~i -1- ~a " ~  ' = rA '  

B 
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4. ESTIMATE O F  THE TERMS IN EQUATIONS (3.2)- 
(3.4) 

We shall assume that in equation (3.2) the momentum 
term, the pressure forces and viscous forces are of 
an order which does not exceed that of the electro- 

magnetic forces (otherwise we could neglect the ef- 
fect of the electromagnetic forces on the medium in 

general), whence it follows that 

i 
i V P l ~ < J _ l j x B i ,  I d i v ~ l ~ <  ~ -  [ j x B I .  (4.1) 

We note that for any Were* and wiri * there is, amongst the five 
viscosity coefficients which characterize each component in the gen- 
eral case, at least one (~a (~)) of order larger or equal to the order of 
the remaining viscosity coefficients of this component 

q(o )  ~la(O) ~ e ~ PeX'e ' rt{ (0) ~ P i l t  ' PaPa ' 

where rc~ are expressed by formulas (2.6) of [9]. 

C o m p a r i n g  v i s c o s i t y  c o e f f i c i e n t s ,  we  o b t a i n  

*1~ (~ ~1r (~ t + a (4 .2 )  
lie(O) t -~ "g ~ lla{0) t 4- ~0 -s ' 

A l l o w i n g  f o r  t he  f a c t  t h a t  r ~< t ,  T, ~< t0 ~ ~ in 

t he  c a s e  u n d e r  c o n s i d e r a t i o n ,  we  c o n c l u d e  f r o m  (4.2) 

t h a t  t h e  v i s c o u s  f o r c e s  in  e q u a t i o n  (3.2) a~)e e n t i r e l y  
d e t e r m i n e d  by  t h e  n e u t r a l s ,  i . e . ,  ~ = Va, So t h a t  

~ 
t div n.  ~<-7-1j  x B1, K = - - r  (4.3) 

M a k i n g  u s e  of the  e s t i m a t e s ,  we  f ind  t h a t  t h e  r a t i o  

of  v i s c o u s  to  e l e c t r o m a g n e t i c  f o r c e s  in  e x p r e s s i o n  

(3.3) i s  of the  o r d e r  

1 IKI ~<~a. (4 .4)  
r^dt t j x B I  

K e e p i n g  (4.3) in  m i n d ,  we  e a s i l y  s e e  t h a t  we  c a n  

a l w a y s  n e g l e c t  t he  t e r m  d iv  7r e in  t he  i a s t  b r a c k e t  on  
the  r i g h t - h a n d  s i d e  in O h m ' s  law (3.4) ,  and  t h a t  t he  

r a t i o s  of  the  v i s c o u s  • K,  and  •  x B to the  
e l e c t r o m a g n e t i c  t e r m s  ( i  / ~^) j • B a r e  of t he  o r d e r  

~llaA IKIIf ~ e v , 0 [ t - - y ( t - 4 - T ) ] ,  

(4.5) 

C o m p a r i n g  t r a n s p o r t  c o e f f i c i e n t s ,  we  o b t a i n  

~ 1 + t0  -~ (1 + r) ~o,xr 
p A B  

�9 r • 

(1 -4- ~) %~e* 
t + (1 + T) %%*" ' 

a • 1 ~ I B  (1 4- (oi~ia) (%1:t* 

u• (t + T) %'T, *" 
xl- 7 ~ t - -  t0-1g t + %~**~ 

x^B (1 + T)(t + %~,*) toj,* 
~ I q- %~**  + y(1 + T)(% %*-- t)%T~* " (4.6) 

F o r  any  r e l a t i o n s  b e t w e e n  t he  p a r t i a l  p r e s s u r e  
g r a d i e n t s  t h e  f o l l o w i n g  e s t i m a t e s  h o l d  

[ G I ~ < I V p l  ' ]~pe l<~[~p! .  (4.7) 

W e  s h a l l  a s s u m e  t h a t  

I E f ~  ~ l u  x BI.  (4.8) 

H o w e v e r ,  if  IE I >> C -1 l u •  m a y  o m i t  t h e  t c r m m  

c - l u •  in  ( 3 . 4 ) .  

5. POSSIBLE FORMS OF OHMfS LAW 

The estimates given in (4.4), (4.5) show that 
generally speaking, viscous terms must be taken into 
account in the Ohm's laws for a three-component 
plasma. We shall write out the possible simplified 

forms of these relations. In so doing we shall make 
considerable use of estimates (2.2), (4.1)-(4.8), from 

which we conclude that the relative magnitude of the 
terms in the Ohm's laws is determined by the mag- 

nitude of the following dimensionless parameters: 

We can easily show that for O >~ g'/, in the expression ~ Rail(s), 
entering into the right-hand side of (3.4), we can neglect terms 
proportional to the electron temperature gradient in comparison 
with the analogous term entering into the expression (l / nee) R,~(2). 
If o)Ce* ~ 8 -s/' O '/', then the corresponding terms may also be 
neglected in the expressions •177177 ' •  X B,  entering into 
the same expression. 

In further estimates we shall compare the viscous and pressure 
forces with the electromagnetic terms. Upon so doing, it turns out 
that in both Ohm's laws and in these cases when it is not necessary 
to take into account terms proportional to j x IL viscous and pres- 
sure forces may also be neglected. In addition, we need not take 
into account viscosity and pressure gradients in expression (3.3) in 
a weakly ionized plasma, when a << 1, and viscosity terms drop 
out of (3.4) for the less stringent requirement awiria << 1. 

1~ Le t  r  e ' / , ~ c r  i ,  0 ~ s  I f ~ s - ' / , ,  

t h e n  we m a y  n e g l e c t  t e r m s  in the  e x p r e s s i o n  ( 1 / n e e )  �9 
�9 Re (2) p r o p o r t i o n a l  to  V ,  T, V•  VT • B, in  c o m p a r i s o n  

�9 lk.~.) • 1 7 7  ~^ R~ ~) •  M o r e o v e r ,  t he  w i t h  t e r m s  ,~ ~.al/ , 
p r e s s u r e  g r a d i e n t s  of  a l l  c o m p o n e n t s  d r o p  ou t  of  
e q u a t i o n  (3.3) ,  and  on ly  the  e l e c t r o n  p r e s s u r e  g r a -  

d i e n t  r e m a i n s  in  (3 .4) .  
1% 1. If �9 ~ e-'/, ( fo r  e x a m p l e ,  l e t  T~ ~ 10* ~ 

a ~ 10-~), t h e n  we  m a y  a s s u m e  t h a t  • = •177 bu t  
uli and  a-~ d i f f e r  c o n s i d e r a b l y  f r o m  e a c h  o t h e r ;  t he  

d i f f e r e n c e  b e t w e e n  r LI and  r i i s  t e s s  s i g n i f i c a n t ,  tn  
b o t h  O h m ' s  l aws  a n i s o t r o p y  a p p e a r s  in  the  c u r r e n t s  
and  t h e r m a l  f o r c e s .  T h e  OhmTs l aws  a s s u m e  the  

f o r m  

1 R(~), (5.1) s = rlljll + r • 1 7 7  • B + 

1 i + !  ~ "  
E - ~ c  u •  z~-jtt z• j • 2 1 5  

- -  • (') x B -.4- ~ (Re (t) - -  VP~)-  (5 ,2)  

1% 2. If T ~ 1 ( for  T~ ~ t0 4 ~ t h i s  c o r r e s p o n d s  

to  c~ ~ 10 - a ) ,  t h e n  r ~ i s  g r e a t e r  t h a n  r II by l e s s  t h a n  

10%, and  the  d i f f e r e n c e  b e t w e e n  all and  or• m a y  be  
s e v e r a l  t i m e s  l a r g e r  t h a n  b e t w e e n  r •  and  r l l .  In  t h e  
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d i f fus ion  equat ion  (3.3) we m a y  d i s r e g a r d  a n i s o t r o p y  
in the  c u r r e n t s  

t R (z) s = r il j _ _  r ^ j  • B ~- ~ (  ..~ - ( 5 . 3 )  

The second  r e l a t i o n  has  i t s  p r e v i o u s  f o r m  (5.2). 
1% 3. F o r  ~- << 1 the a n i s o t r o p y  in the c u r r e n t s  

d i s a p p e a r s  in both equa t ions .  The Ohm' s  laws  a s s u m e  
the form 

s r II j __ rAj ~ _ I 1) (2) : X ~ -J-  - ~ - i  1~ a , 

I i . i . R a ( r )  E ~- -7 -u  xB = ~-~-j + ~ - j  xB + • 

i t R  (t) 
- -  • (~) x B + ~ ~ - -  VP , ) .  (5.4) 

In  c a s e s  (1 ~ 2), (1% 3) w e  m a y  a s s u m e  t h a t  

~o ~ A  ~ CTle e , 

t a a n e e ~ o  
ro - -  , Zo . . . . .  T0-1 = ~ r  + 1:ea-1. ( 5 . 5 )  

nee d i m e  ' 

and the equat ions  s i m p l i f y  c o n s i d e r a b l y .  
2 ~ Le t  e ~ ~%%* ~ ~, 0 ~ ev,. The fol lowing c a s e s  

a r e  p o s s i b l e .  
2 ~ . 1. If a ~ t ,  ~ e - ' / ,  ( this  c o r r e s p o n d s  to T e ~  

~ 10r K), then the v i s c o s i t y  of the n e u t r a l s  and the 
p r e s s u r e  f o r c e s  m u s t  be  taken  into account  in the  
f i r s t  r e l a t i o n ;  h e r e  a n i s o t r o p y  of the t r a n s p o r t  co -  
e f f i c i en t s  is  ab sen t  

r t [ j - - r^ j  X B -~ d-~ ( G - -  ~d iv  ~a ~-Ra(~) ). (5.6) 

The e l e c t r o n  p r e s s u r e  g r a d i e n t  m u s t  a l so  be o m i t -  
t ed  in the second  e x p r e s s i o n ,  and a n i s o t r o p y  i s  a l so  
absen t  

i i , 
E - ~  c u •  = - ~ - 0  j - ~  • - -  

- -  • + l-~:Rst0. (5.7) 

G e n e r a l l y  speak ing ,  we may  not  neg l ec t  the second  
t e r m  on the r i g h t - h a n d  s ide .  

2% 2. F o r  e ' / , ~ i  a n d ~ t t h e  Ohm's  laws 
a s s u m e  the fo rm 

I Ra(~>, ( 5 . 8 )  s : roj  - ~  

E +  i - -u •  = ~-~j-~• + -J--i RJt) (5.9) 
C T/ee 

3 ~ If e'/, ~ ~ a ~ I, x ~ e-'l, 0 ~ e'l,, then the Ohm's 
laws reduce to the form 2 ~ 2, for co~x~* ~ e. 

F o r  lVI]Tt  /1 vI[T, ] ~ IV~ T I /] V• .T~ [ ~ t we m a y  
omit terms proportional to the ion temperature 
gradient in all the expressions which have been 
given. 
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