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P a r t i c l e  t r a j e c t o r i e s  in a gen t ly  t o r o i d a l  s t e l l a r a t o r  a r e  inves t iga t ed .  The d i s t r i bu t ion  funct ion fo r  the 
p a r t i c l e s  is  d e t e r m i n e d  in the a b s e n c e  of c o l l i s i o n s .  

The l ines  of f o r c e  of a magne t i c  f ie ld  f o r m  s u r f a c e s  in magne t i c  t r a p s  with ro ta t iona l  t r a n s f o r m a t i o n .  As  a ru l e  
the d r i f t  t r a j e c t o r i e s  of p l a s m a  p a r t i c l e s  in such t r a p s  fo rm s u r f a c e s  which a r e  f a i r l y  c lose  to the magne t i c  s u r f a c e .  
However ,  the d r i f t  s u r f a c e s  of p a r t i c l e s  moving with s m a l l  v e l o c i t i e s  a long the l ines  of f o r c e  m a y  suffer  f a i r l y  s t r ong  
d e p a r t u r e s  f r o m  the magne t i c  s u r f a c e s .  The mix ing  which a r i s e s  a s  a r e s u l t  of th is  can lead  to a c o n s i d e r a b l e  i n c r e a s e  
of p a r t i c l e  and heat  f luxes .  These  f luxes  w e r e  found in [1] fo r  the ca se  of t o r o i d a l  s y s t e m s  with ax ia l  s y m m e t r y .  A 
t o r o i d a l  s t e l l a r a t o r  does  not p o s s e s s  ax ia l  s y m m e t r y .  The p a r t i c l e  o r b i t s ,  which p e r f o r m  a f a i r l y  c o m p l i c a t e d  
p r e c e s s i o n  in such t r a p s ,  can  d e p a r t  even f u r t h e r  f r o m  the magne t i c  s u r f a c e s  [2 -4 ] .  This  is  mos t  l i ke ly  fo r  p a r t i c l e s  
with s m a l l  longi tudinal  v e l o c i t i e s ,  p a r t i c u l a r l y  p a r t i c l e s  t r a p p e d  in t h e i r  mot ion  along the l ines  of f o r c e  within r eg ions  
where  the magne t i c  f i e ld  is  a m i n i m u m .  Such p a r t i c l e  mot ion  p r e s e n t s  an exceed ing ly  c o m p l i c a t e d  p i c tu re  s ince  the 
p a r t i c l e s  a r e  s i tua ted  in a f i e ld  which is  the  supe rpos i t i on  of two po ten t i a l  we l l s :  the f i r s t  a s s o c i a t e d  with the fac t  that  
the f i e ld  is  t o r o i d a l  (as in the a x i a s y m m e t r i c  case )  and the second  a r i s i n g  f r o m  the fact  that  the magne t i c  f i e ld  is  
he l i ca l .  F o r  th is  r e a s o n  not even an e s t i m a t e  has  been  m a d e  up to the p r e s e n t  of the mix ing  which r e s u l t s .  

In what  fo l lows we c o n s i d e r  the l im i t i ng  c a s e  of a gent ly  t o r o i d a l  s t e l l a r a t o r ,  fo r  which the dr i f t  equat ions  of 
p a r t i c l e  mot ion  a r e  i n t e g r a b l e .  The p a r t i c l e  d i s t r i bu t i on  funct ion in the a bse nc e  of c o l l i s i ons  i s  a u t o m a t i c a l l y  obtained 
at  the same  t i m e .  The effect  of c o l l i s i o n s  is  subsequen t ly  c a l c u l a t e d  f r o m  p e r t u r b a t i o n  theo ry .  

1. P a r t i c l e  mot ion  in a s t e l l a r a t o r  with a s t rong  he l i c a l  magne t i c  f i e ld .  We c o n s i d e r  p a r t i c l e  mot ion  in a he l i c a l  
magne t i c  f i e ld  which,  to be spec i f i c ,  i s  taken to have t h r e e  s t r a n d s .  The f ie ld  i s  "bent"  into a t o r u s  of l a r g e  r a d i u s .  
Close  to the ax i s  of the h e l i c a l  f i e ld  the fol lowing addi t iona l  a p p r o x i m a t i o n s  can be made  to s i m p l i f y  the p r o b l e m :  

a) c r o s s  s ec t i ons  of the magne t i c  s u r f a c e s  a r e  concen t r i c  c i r c l e s ;  

b) the con t r ibu t ion  of t r a n s v e r s e  componen t s  of the he l i c a l  magne t i c  f i e ld  to the d i amagne t i c  p a r t i c l e  d r i f t  a r e  
neg l ig ib ly  s m a l l  c o m p a r e d  with the con t r ibu t ion  a r i s i n g  f r o m  the inhomogenie ty  of the longi tudinal  f ie ld  B z. 

Close  to the magne t i c  ax i s  the  fo l lowing e x p r e s s i o n  can be used  [5]: 

He re  ~ is  the p i tch  of the he l i c a l  f ie ld ;  the l a s t  t e r m  on the r i g h t - h a n d  s ide  r e p r e s e n t s  the t o r o i d a l  c o r r e c t i o n ,  
so that  

et ~ eh (I .2)  

The equat ions  of mot ion  of a c h a r g e d  p a r t i c l e  with e n e r g y  E and ad iaba t i c  invar ian t  p can be r e p r e s e n t e d  in the 
d r i f t  a p p r o x i m a t i o n  in the fo l lowing f o r m  (~ (r) is  the e l e c t r i c  po ten t i a l ) :  

~ [ c dO] ~Bo 
r t - ~ - - ~ r  vii ar-Bo ~7r ( 3 S h C O S 3 ( ~ - - a r ) + s t c o s 0 ) ;  ( ] . 3 )  rnj cocjr 

d r  }xBo (3Oh sin 3 (~ - -  ~z) + e t sin if) ; ( 1.4) 
- - ~  = - -  m i a ) c i  r 

dz = •  [ E - - e j O - - ~ B o ( l - - e n c o s 3 ( O - - a z )  ~l cos~) (1.5) 

* P l a s m a  P h y s i c s  L a b o r a t o r y ,  P r i n c e t o n  U n i v e r s i t y ,  P r i n c e t o n ,  U S A (Novos ib i r sk ,  1967) 
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The t e r m  (B~/B0) vii is  omitted in Eq. (1.3); it is a s sumed  that it is  sma l l  compared  with the f i r s t  t e r m  on the 
r i gh t -hand  side; this  is valid c lose  to the axis*.  Centr i fugal  drif t  is  not allowed for  in Eq. (1.3) and (1.4) s ince we a re  
deal ing with t rapped pa r t i c l e s  (having sma l l  v II components) .  It follows f rom [6] that this  a lso  imposes  an upper  l imi t  
on the e lec t r i c  field s t rength .  

By means  of the subs t i tu t ion  g0 = 3(~ - a z ) ,  the sys t em of equat ions (1.3)-(1.5) in the zeroth approximat ion  
(Bt~ 0) can be reduced to a form s i m i l a r  to the equat ions of motion of pa r t i c l e s  in an a x i s y m m e t r i c  to rus ,  and if we 
neglect  the depar tu re  of the p a r t i c l e s  Ar  f rom the magnet ic  surface  (Ar is  in fact a smal l  quanti ty p ropor t iona l  to the 
I_armor radius) ,  then ins tead  of (1.3) and (1.5) we can wri te  the following equation to desc r ibe  the mot ion with r e spec t  
to the e coordinate:  

dip (2]1 B0 ~%, 
r0 -~- = - -  3ar0v )fsh [2~: * ~ t + cos (~]~ v = \ m~ 

[ E - - e q i ) - - ~ B q ( t - - e h ) ]  'I,__ �9 
�9 aUor dr] (1.6) 

It follows f rom this  that as in the case of an a x i s y m m e t r i c  to rus  [6, 7], the mot ion of t rapped pa r t i c l e s  can be 
descr ibed  in t e r m s  of el l ipt ic  funct ions  with modulus  

x * % t . (1.7) 

The osc i l l a t ion  per iod  of the t rapped pa r t i c l e s  is  equal to 

4 i '  d(p 4tr~- K(n) ,  (1.8) 
3:{v g 28a o,} V• 2 -  sin '~ V,{p 3r V 8h 

where  K(~) is a complete  el l ipt ic  in tegra l  of the f i r s t  kind, % is a zero  of the exp res s ion  in the rad icand .  The 
cor respond ing  orbi t s  in the O - a z ,  r p lane a re  shown in Fig .  1 (we wil l  cal l  these  "bananasU). The t rapped pa r t i c l e s  
move in the angular  i n t e rva l s  

~ l a ~ ( l - - l l 2 ) ~ < ~ - - ~ z ~ < 2 l a ~ ( l ~ - V ~ )  if=0, 1, 2,...) . (1.9) 

Fo r  what follows it is  impor tan t  to note that the pa r t i c l e  orb i t s ,  on the average ,  drif t  in the z d i rec t ion .  The 
veloci ty  of this  drif t  can be found f rom the obvious condit ion that 

d~ ({p> = 0 .  (1.10) 

This  condit ion gives 

/ d ~ \ . ~  / d z \ _  c dO 31~Bo [2E( •  
\d--t- Z ~ \ \  dt / r Bo dr m i o)cj r2 LK(~,) - j  e a . (1.11) 

Here the angle b racke t s  denote an average  taken over  an osc i l la t ion  per iod  for  the t rapped pa r t i c l e s  accord ing  to 
the ru le  

r 

t ! A ((p)d(p (1.12) 
<A ((p)> = ~ 1t/• _ sins (1/~r 

F o r  weakly toroidal  condit ions s t ~ 0, it is  c l e a r  that one can a s sume  that the rapid  b a n a n a - f o r m  motion of the 
t rapped pa r t i c l e s  between the magnet ic  s toppers  is  main ta ined ,  but the r coordinate  of the banana  as well  as (~), wil l  
va ry  slowly. The equat ion desc r ib ing  this  slow motion can be found averag ing  Eq. (1.4), 

/ d r  \ dr ~Bo <sin~> (1.13) 
\ ,  dt / ~ - d t  = - - e t  ~ 

Within the approximat ion  employed he re  B ~ / B  z << a (i. eo, neglec t ing  the ro ta t iona l  t r ans fo rma t ion )  there  is no 
rapid mot ion with respec t  to ~ and consequent ly  {sin ,~) = s in  (~) .  

*This  cannot be done even close to the axis  for  pa r t i c l e s  in t r a n s i t .  
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Fig .  1 

It i s  c l e a r  f r o m  Eq. (1.13) that  a s  a r e s u l t  of the t o r o i d a l  condi t ion the  banana  wi l l  d r i f t  a c r o s s  the magne t i c  
su r f ace .  In the p r o c e s s  of p a r t i c l e  o s c i l l a t i o n  be tween  r e g ions  with a s t rong  he l i ca l  magne t i c  f i e ld  the r a d i a i  t o r o i d a l  
d r i f t  keeps  the s a m e  s ign unt i l  the p a r t i c l e  f a l l s  into a t o r o i d a l  d r i f t  r e g i o n  of the  oppos i te  s ign,  a s  a r e s u l t  of the slow 
a z i m u t h a l  <~) mot ion .  The s l o w e r  the banana  moves  with r e s p e c t  to <d) (and consequen t ly  with r e s p e c t  to z), the  
g r e a t e r  i t s  d e p a r t u r e  f r o m  the o r i g i n a l  magne t i c  s u r f a c e .  In the  a p p r o x i m a t i o n  w h e r e  the t o ro ida l  condi t ion  i s  v e r y  
s l ight  the mot ion  with r e s p e c t  to <~) i s  d e s c r i b e d  by Eq. (1.11). 

F i r s t  of a l l ,  we c o n s i d e r  the  ca se  in which the e l e c t r i c  f i e ld  d ~ / d r  = O. Then fo r  ~2 = ~ = 0~ the d r i f t  ve loc i ty  
of the banana  a long the z - a x i s  goes  to z e r o  (the r i g h t - h a n d  s ide  of Eq. (1.11) van i shes ) .  In the p r o c e s s  of the slow dr i f t  
mot ion  such bananas  tu rn  out to be t r a p p e d  within the l i m i t s  of the bounded s e c t i o n s  of the f o r c e  l ines  and have 
a n o m a l o u s l y  l a r g e  d e p a r t u r e s  f r o m  the m a g n e t i c  s u r f a c e .  We expand the e x p r e s s i o n  fo r  the d r i f t  ve loc i ty  d <d>/dt in 
t e r m s  of a s m a l l  d e p a r t u r e  f r o m  the point  (x0, r0), 

a <8> 
dt 

, dx 2 ] 
3p, Bo% d [2E (• - -  K (• •  • ~ -b (r - -  ro) -dT-rJ" 

rnj (OcjroK (~r d• 2 
(1.14) 

In t e r m s  of the v a r i a b l e s  

T-~ ~ t ,  x =  r . - r ~  , ( 1 . 1 5 )  
rnj o)cj r0 r0 

the s y s t e m  of the equat ions  of mot ion  (1o11) and (1.14) fo r  the d r i f t  o rb i t s  (bananas)  have the s imp le  f o r m  

~ = -- st sin~, ~ = 5,4~: (•215 (1.16) 

Solving system (1A6) for the initial condition x(d = 7r) = O, we find that the following quantity is conserved in the 

drift process:  

I = x -~ ~ i f  ~ ]/2~12 --(1 + cos 0 ) ,  (1 .17)  

and the v a r i a t i o n  of (d) i s  d e s c r i b e d  by the equat ion 

d <8> 3p, B__.~o V} / 1.2 ehet [2TI ~ -  (1 -ff cost~)] , (:1.18) r ~ = mF%F 

2~12 = 2.7 % [• • 2. (1.19) 
gt 

It is  c l e a r  f rom th i s  that  the d r i f t  o rb i t s  of p a r t i c l e s  with the p a r a m e t e r  0 < ~2 < 1 p r e c e s s  within l i m i t s  of the 
bounded s e c t i o n s  of the l ines  of f o r c e  with a p e r i o d  

T t  ~ __ 2mj~ (~l) 
~'o V ~  " (1.20) 
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A graph of the max imum depar ture  (r - ro) f r o m  the magnet ic  sur face  as  a function of n2 is given in Fig.  2. 
Bananas at the capture  l imit  ~72 = 1 have the g rea t e s t  d isplacement  

Drif t  orbi ts  which go r ight  around the whole toroid  in the drift  p r o c e s s  (we r e f e r  to these  as t r ans i t  bananas) 
depar t  cons iderab ly  less  f r o m  the magnet ic  sur face ,  

• 28t 

The p r e c e s s i o n  per iod  of such bananas is equal to 

2gmj%i r2 [2E (~r 4 ] -1 

(1.22) 

(1 .23)  

In the p r e s e n c e  of a fa i r ly  s t rong e lec t r i c  field 

c dO ILB0eh 
---~'o --dT" ---- rE>> rnjo)r (1.24) 

the drift  veloci ty  (~) does not vanish anywhere .  As a resu l t  of this the drif t  orbi ts  move along the to rus  with a lmos t  
constant  ve loci ty  and gradual ly  go around regions  with different  signs of toro ida l  drif t .  In this  case  t r a j e c to r i e s  
confined within the l imited region  of the magnet ic  l ines of fo r ce  do not exist  at all .  Solving the equation 

d<O~ = c dr (1.25) 
dt �9 Bo dr 

toge ther  with Eq. (1.13), we have 

ro ( c de~ r ( ( 0 ) ) - - r o = e t  ILB-------~--~ (COS(O> + l ) ,  TE mj e%v R \ 
(1 .26)  

2. The banana kinetic equation. As a next step it is na tura l  to wri te  the kinetic equation descr ib ing  the average  
motion of the bananas.  This is obtained by averag ing  the o rd ina ry  drif t  kinetic equation over  a per iod of t r apped-  
pa r t i c l e  rapid motion in the magnet ic  field. We introduce the dis t r ibut ion function Fj (r,  (~) ,  pOr 2, t) fo r  the bananas .  
It obeys the kinetic equation 

OFj d<~) OFj dr OF i Oz ~ Or dFj 
Ot 4" dt O6 -{--'dT--~ - q  Oe dt 0 ~ = - - ( S { F i } )  , (2.1) 

where  the drif t  equations (1.11) and (1.13) of the bananas must  be used for  d (~ ) /d r  and d r /d t ,  while 

0• 0 [ t .f ( 2  __eh( r ) ) ] l ' ,~  ~ L ~=~=-~ (') I.mi\-~J [ E - e ~ ( I ) ( r ) - ' t ~ B ~  
! 

c dr 
r dr j J 

The e lement  of phase  space fo r  the bananas af ter  in tegrat ion over  a per iod  3(~ - ~z) has the f o r m  

4gdl~B~ d ~ - ~  II dt = 4 i  ...\'I,, It  
mj mj . . 

8(e-~i~)l~Odl~Bo/,,n_~ ~ K(u) d~2 (x~ ~ 1) . (2~ 

The col l is ion in tegra l  in (2.1) fo r  the bananas  can be obtained f r o m  the following cons idera t ions .  F o r  s h << 1 the 
number  of bananas is smal l  compared  with the t rans i t  pa r t i c les .  Consequently,  the col l is ion in tegra l  can be l inear ized  
if we neglect  the col l is ions  between the bananas .  We begin f r o m  the f ami l i a r  express ion  [8] fo r  the l inear ized  
col l is ion in tegral :  

o {( "')[~ "'I S{Fs}=~ "~ ~ n~'+~J"--~ ~ j +  
j, 
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xj 
2 e -~ ] f [ - d t ,  ~l' - -  O~ (z) x j  = 2 

~'1; - 'rl (x ; )  = ~ o 0~ ' ~':r; (2.3) 

This  e x p r e s s i o n  can be s t i l l  f u r t h e r  s i m p l i f i e d  if we take into account  that  the d i s t r i bu t ion  of t r a ppe d  p a r t i c l e s  is  
mos t  s ens i t i ve  to changes  in the longi tud ina l  ve loc i ty  and so a l l  the r e m a i n i n g  d e r i v a t i v e s  can be  neg lec ted  in Eq. (1.3). 
M o r e o v e r  p a s s i n g  to the  new v a r i a b l e s  p ,  ~2, (p a c c o r d i n g  to the r e l a t i o n  which fo l lows f rom Eq. (1.3) and (1.6), we 
have 

(2.4) 

Rewr i t i ng  (2.3) in the f o r m  [1] 

Vj 0 
S { Fj} = ~-h A (xj) ~ ~/z 2 - -  sin 21/2q~ ~z2{~ ~/• - -  sin 21/2 q) X 

(2.5) 

Here  

t6 ]/"~ ~e4n 
3 ~ 

"qJ' ~ Xj-~/2 , 
A (xj) ~- 3 V~- ~ (~1;' + ~lJ" - -  2xj, ! 

4 :i" 

c d O  

cj  ~ aBorVT j -~ -  �9 

F i n a l l y ,  to obtain the  co l l i s i on  i n t e g r a l  fo r  the bananas  th is  e x p r e s s i o n  m u s t  be a v e r a g e d  ove r  a p e r i o d  of the 
r a p i d  o sc i l l a t i on  of the t r a p p e d  p a r t i c l e s  in the magne t i c  f i e ld  a c c o r d i n g  to ru l e  (1.12). As a r e s u l t  we have 

"; A (x ; )~ (~ / )~2 I  K ( t " ~ ) d t ( ~ 2 x j e , ~ F ; ) .  (2.6) <5 '  { F ; } >  = 

o 

It should be kept  in mind that  the banana  k ine t ic  equat ion (3.1) is  va l id  only when a t r a p p e d  p a r t i c l e  unde rgoes  no 
c o l l i s i o n s  at  a l l  dur ing  a p e r i o d  of the r a p i d  mot ion :  

o the rwi se  the v e r y  concept  of the  bananas  does  not have any mean ing .  

3. P l a s m a  t r a n s p o r t  coe f f i c i en t s  in the  a b s e n c e  of an e l e c t r i c  f i e ld .  In the f ina l  a n a l y s i s  the e l e c t r i c  f i e ld  ~( r )  
mus~ be d e t e r m i n e d  f r o m  the condi t ion of a m b i p o l a r  d i f fus ion.  In what  fo l lows we c o n s i d e r  the spe c i a l  l imi t ing  ca se  in 
which,  a s  wi l l  be c l e a r ,  the di f fus ion i s  a m b i p o l a r  f o r  d ~ / d r  = 0. Since the p a r t i c l e s  in th is  c a se  depa r t  s t rong ly  f r o m  
the magne t i c  s u r f a c e s  we can expec t  a l a r g e  d i f fus ion h e r e .  

0 o.g3 

Fig .  2 
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We consider the situation in which the collision frequency of the trapped part icles lies in an interval between the 
inverse precession periods of trapped and transit  bananas: 

T~-~ >> ~ >> 8-~- T~-~ ( 3 . 1 )  

Then in a small region of "energy" ~2 of the trapped bananas the collisions manage to establish a Maxwell 
distribution and so the complete solution of the banana kinetic equation (2.1) can be sought in the form of an expansion 
in the small parameter  (et/eh) << 1. To do this we write the distribution function Fj in the form of a Maxwell function 
F} ~ together with a small increment Fit) since the system is toroidal: 

F j =  F~ ~ E) ~-F} x) (r, @, ~, x2), 

noj (r) f 2E s ) =  (3.2) 

In Eq. (2.1) for --F} 1) we confine ourselves to the approximation for the eollision integral and insert explieit 
expressions for the drift velocities of the bananas from (1.11) and (1.13). The resulting equation 

has the following solution: 

31xB0 o [2E (z)  ~ OF (1). c3F~O) 
,mjOcjr2 ~h \ ~  - -  t )  - - ~  -~- "~Jgh Fj(I) = mj~176 - Sift ~ - - O r  ( 3 . 3 )  

~, 0rs (~ {p r e - -  zsin e6 {2e (~) )} 
Fj(1) 3e h 01nr 2E (x) / K (n) -- t \ " k - ~  - i " 

Here the symbol P is used to denote the principal value of the singular expression. 

(3,4) 

Multiplying function (3.4) by the drift velocity dr /d t  of a banana and integrating (2.2) with respect  to the phase 
volume of the bananas, we find the plasma flux across  the magnetic field: 

(3.5) 
o o mj oJ 

FS1) ~B0 e t sin 0 = - -  eta YTj  2 dn, (r) . 

mj%jr  4.3e~/2 %i dr 

It follows from this that if inequalities (3.1) for the collision frequency of ions and electrons are satisfied (which, 
by the way, cannot always be satisfied simultaneously for both types of particles) the diffusion of part icles in an 
isothermic plasma will be ambipolar. 

If the collision frequency passes outside the limits of inequalities (3.1), the requirement that diffusion in a dense 
plasma be ambipolar imposes a restr ict ion of the following form on the electric field strength: 

dO 
- -  m j v r j  ~ ~ (3.6) e j n  - 7 7 - -  ~ 

Here the subscript j refers  to the class of particles which diffuse most strongly in the absence of an electric field. 

4. The effect of an unperturbed electric field on the transport  process .  An electric field with amplitude (3.6) 
reduces considerably the amount by which orbits depart from the magnetic surface, and also markedly smoothes the 
way this depends on the energy of the particle.  It is thus natural to expect a marked decrease of the transport  
coefficients in a rarefied plasma. 

Firs t  of all, we consider the case in which collisions are not very  ra re ,  when the drift orbits of the part icles do 
not manage to perform complete precession periods over the t rajectories  (1.26) during the collision time, i . e . ,  

~J >TE -~. (4.1) 
gh 

The character is t ic  mixing scale is then the mean free path of a drift orbit between collisions: 
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~B~ I f_L . (4.2) 
~j ~ m~Ocjr [ sh 

As the co l l i s i on  f r equency  d e c r e a s e s ,  the mix ing  sca l e  i n c r e a s e s  and the t r a n s p o r t  coe f f i c ien t s  i n c r e a s e  
c o r r e s p o n d i n g l y .  To ca l cu l a t e  t hese  n u m e r i c a l l y ,  we look for  a solut ion of the k ine t ic  equation (2.1) in the f o r m  of an 
expans ion  with r e s p e c t  to s m a l l n e s s  of the mean  f r e e  pa th  in the f o r m  (3.2). When condi t ion (4ol) i s  s a t i s f i e d  i t  i s  
suff ic ient  to take  into account  only c o l l i s i o n s  and t o r o i d a l  d r i f t  in the k ine t ic  equat ion (2.1). F u r t h e r ,  be c ause  of the 
s m a l l n e s s  of d i s p l a c e m e n t  of the t r a n s i t  p a r t i c l e s  f rom the magne t i c  s u r f a c e ,  the  c o r r e c t i o n  to the Maxwel l  
d i s t r i b u t i o n  funct ion a l s o  t u rns  out to be c o n s i d e r a b l y  l e s s  than fo r  the bananas .  However ,  the r e q u i r e m e n t  that  the 

(1) fo r  the bananas  should van i sh  d i s t r i b u t i o n  function should be cont inuous i m p o s e s  the condi t ion  that  the c o r r e c t i o n  F~ 
at the boundary  of t h e i r  phase  vo lume:  J 

F~(, I,,~=,_o = 0 .  (4~  

Using the bounda ry  condi t ion (403) we f ind a solut ion of the l i n e a r i z e d  equat ion (2.1): 

OF(O) 
Fi(~ ) = p, Bo % ~h t) ~ sin ~ (4.4) 

m i O)cirVjA(x j) ( ~ - -  

An e x p r e s s i o n  for  the f lux of p a r t i c l e s  d i f fus ing a c r o s s  the magne t i c  f i e ld  i s  found by subs t i tu t ing  the obta ined 
r e s u l t  into Eq. (3.5): 

( 2 ~ ) %  \ vjr  2 / o)ej (~ A (xj) dr refiT2 n , 

~t~h v-l~ .~'~ - ~  ~ T~ -1 . ( 4.5) 

Here  the l e f t -hand  inequa l i ty  a s  r e g a r d s  the co l l i s ion  f r equency  i s  an e x p r e s s i o n  of the fac t  that  the p r e c e s s i o n  
of the bananas  b e c o m e s  i m p o r t a n t  only in a f a i r l y  r a r e f i e d  p l a s m a ,  when the f r e e  path  of t o r o i d a l  d r i f t  (4.2) of a 
banana  exceeds  the width of a banana  i t s e l f .  Otherwise  the p l a s m a  mix ing  in the p r o c e s s  of the r a p i d  mot ion  of a 
t r a p p e d  p a r t i c l e  a long a banana ,  c o n s i d e r e d  p r e v i o u s l y  in [1], m a k e s  a l a r g e r  con t r ibu t ion  to  the  t r a n s p o r t  coe f f i c ien t s  
than the weak  p r e c e s s i o n  of the banana  (F ig .  3). 

z . . ,& 

I P I 

' c,.. 8~ / v i z" i 

Fig .  3 

It fo l lows  d i r e c t l y  f r o m  Eq. (4.5) that  the ion and e l e c t r o n  f lux a c r o s s  the magne t i c  f ie ld  wi l l  be a m b i p o l a r  only 
on condi t ion  that  the e l e c t r i c  f i e ld  a l m o s t  c o m p l e t e l y  c o m p e n s a t e s  the ion p r e s s u r e  (the case  j = i in f o r m u l a  (3.6))~ 

The r a t e  of a m b i p o l a r  di f fus ion i s  then d e t e r m i n e d  by the e l e c t r o n s ,  while  the coef f i c ien t s  of ion t h e r m a l  
d i f fus iv i ty  )/• r e m a i n s  c o n s i d e r a b l y  g r e a t e r  than fo r  the e l e c t r o n s ,  and can e a s i l y  be found by the s a m e  method as  the 
p a r t i c l e  flux.  A m a x i m u m  

I i ~ ShllZ~t 2 ~?)lz 

i s  a t t a ined  fo r  a co l l i s i on  f r e q u e n c y  on the o r d e r  of one p r e c e s s i o n  p e r i o d  of an o rb i t ,  and subsequen t ly  beg ins  to 
d e c r e a s e  l i n e a r l y  with v (see  F ig .  3). The r e s u l t i n g  e x p r e s s i o n  (1.26) fo r  the mix ing  length in th is  c a se  enab les  us to 
e s t i m a t e  the quant i ty  )~• without  c a l cu l a t i ons :  
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2 , ,  / d l n  n0"~ -2 v .  
Z •  < T ~  -1 . (4.6> 

As the co l l i s ion  f requency  dec r ea se s  fu r the r ,  the e lec t r ic  f ield changes s ign and the e lec t rons  begin to make the 
g rea tes t  contr ibut ion to the t h e r m a l  conductivi ty.  

5. The mot ion of t rapped pa r t i c l e s  in a t ight s te l lara toro We now cons ide r  the case  which is jus t  the opposite of 
that cons idered  previous ly .  This  is the case  of a ve ry  tight s t e l l a ra to r .  

We wil l  use the magnet ic  f ield of a two- t rack  s t e l l a r a to r  close to the axis  [5] as the model :  

B = B0{l --.% cos ~}ez ~- arb {cos 2 (~--az) --1/2b/Bo}ea ~- 
arb sin 2 ('~ - -  :tz) er (5,J)  

I ~ b b 
et >~-l~-0) (zcr)', 

Two types of trapped particles must be distinguished. Some of these have a fairly large longitudinal velocity and 
pass freely across  the local magnetic bottles, which arise as a result  of the rapid oscillations of the line of force 
around its average  posi t ion.  Thus in the p r o c e s s  of motion of such pa r t i c l e s  an averag ing  takes  place over  the per iod  of 
the he l ica l  f ield and this  case  reduces  to the case a l r eady  cons idered ,  i . e . ,  an  a x i s y m m e t r i c  f ield with an average  
rotatory transformation [1]. 

However,  there  a l so  exis t s  a group of pa r t i c l e s  with a v e r y  smal l  longi tudinal  ve loci ty  

( %'~'~' (5.2) v Ii ~< v• \2B0/ 

and these  p a r t i c l e s  tu rn  out to be t rapped in the l im i t s  of one per iod  of the hel ica l  f ield.  The cause  of this  is  the fact 
that a l ine of force  i n t e r s ec t s  the sur face  of the constant  magnet ic  field where  a ma x i mum value of the f ield is  obtained 
for a given por t ion  of a l ine of force ,  twice dur ing  one per iod  ((see Fig.  4); the t r a j e c t o r y  is  r e p r e s e n t e d  by the dashed 
l ine,  and i ts  p ro jec t ion  onto the z = const  plane is  r e p r e se n t e d  by the solid l ine) .  Jus t  as in Section 2, we b reak  up the 
mot ion into rapid osc i l la t ions  along the l ine of force  and drif t  in the toroidal  magnet ic  f ield.  Solving the equation for  
drif t ,  averaged  with r e spec t  to the rapid osc i l l a t ions ,  we obtain the pa r t i c l e  t r a j e c t o r y  in the absence  of an e lec t r i c  

f ield:  

ro 
<r (<~})} = cos (#> -~ (b / B0) (E (• / K (~) -- 0.5) ' ( 5.3) 

• = E -- ~Bo (l -- %> cos <~) ~ (V~b / Bo) (st)) ( 5.4) 
~b <st> 

We find f rom (5.3) and (5.4) that a pa r t i c le  dr i f ts  approximate ly  in the plane of the constant  magnet ic  f ield unt i l  it 
escapes ,  owing to a change in the p a r a m e t e r  x 2. It i s  t rue  that dur ing this  t ime  it dr i f t s  a d is tance  on the o rder  of the 
d imens ions  of the sys tem.  In the p r e sence  of an equ i l ib r ium e lec t r i c  f ield (40) the toro ida l  dr if t  of t rapped pa r t i c l e s  is 
averaged with r e spec t  to the angle $ because  of the rapid  drif t  (see Section 2) and the t r a j e c t o r y  coincides  with that 
found p rev ious ly  (1.26). The depar tu re  of the pa r t i c l e s  f rom the magnet ic  surface  in this  case is reduced cons ide rab ly  
in compar i son  with the case  in which there  is no e lec t r i c  f ield.  

F ig .  4 
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The transport  coefficients can be calculated in the same way as in Section 5. Trapped particles of the first  type 
make the fundamental contribution to the transport  processes  when collisions are frequent, and part icles of the second 
type, when they are rare .  As before, the coefficients D• and )/• as functions of the collision frequency are described 
qualitatively in Fig. 3. 

To obtain quantitative estimates we should keep in mind that the number of particles of the second type is 
considerably smaller  and the collision frequency much greater  than for particles of the f irst  type. 

~n 2 (bst~ 1/2' (bet~. (5.5) 
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