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A.B. ~ h r h a r d t ~ ) ,  H.R.  G a r n e r ,  G.A.  ~ a v r a t i l ~ ) ,  R.S. P o s t  

U n i v e r s i t y  o f  W i s c o n s i n  

Madison,  Wisc. 53706 

A b s t r a c t  - - -- -- 
" The d i f f u s i o n  c o e f f i c i e n t ,  DL, f o r  a c o l l i s i o n l e s s  h y d r o g e n  p lasma 

was measu red  i n  t h e  L e v i t a t e d  O c t u p o l e  when a weak t o r o i d a l  f i e l d  was 

added .  A 2 0 - f o l d  d e c r e a s e  i n  t h e  anomalous  d i f f u s i o n  was o b s e r v e d  w i t h  

B ~ ' B ~  - 0.1. S i n c e  t h e  p l a sma  i s  c o l l i s i o n l e s s  l o c a l l y  t r a p p e d  

p a r t i c l e s  i n  t h e  p o l o i d a l  f i e l d  m i r r o r s  a l l o w s  t h e  c o n v e c t i v e  ce l l  

a c t i v i t y  ( f  < 600 Hz) t o  p e r s i s t  e v e n  when t o r o i d a l  f i e l d  was  added.  A 

s h i f t  i n  t h e  kL s p e c t r u m  t o  s h o r t e r  w a v e l e n g t h s  was n o t e d .  Measurments  

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

s p e c t r u m  (f > 600 HZ)  c a n n o t  be r e s p o n s i b l e  f o r  t h e  o b s e r v e d  d i f f u s i o n .  
I 
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C R O S S  F'I FI,D D l F F U S l  ON AND N>UC'TUATION SPEC'I'RA 

I N  A LEVITATED OCI'UI'OLE 1 N  THE PHt:SENCE OF A 'TOROIDAL Fl ELD 

A.B. ~ h r h a r d t ~ ) ,  H.R.  G a r n e r ,  C.A. ~ a v r a t i l ~ ) ,  R.S. P o s t  

U n i v e r s i t y  o f  Wiscons in  

Madison,: Wisc. 53706 

I n t r o d u c t i o n  ---- 
P r e v i o u s  work d e s c r i b i n g  t h e  observed  s c a l i n g  o f  t h e  c r o s s - f i e l d  

p a r t i c l e  d i f f u s i o n  c o e f f i c i e n t ,  DL , . _wi th  d e n s i t y  and m a g n e t i c  f i e l d  i n  

t h e  Wiscons in  L e v i t a t e d  Octupole  h a s  e x p l o r e d  b o t h  t h e  c o l l i s i o n a l '  

(mean- f ree -pa th  l e s s  t h a n  t h e  c o n n e c t i o n  l e n g t h )  and  h i g h l y  

c o l l i s i o n l e s s 2  reg imes  w i t h  a  p u r e l y  p o l o i d a l  m u l t i p o l e  - f i e l d  geometry. 

The c o l l i s i o n a l  regime was i n v e s t i g a t e d  u s i n g  sheare .d  m a g n e t i c  f i e l d s 3  

( a  t o r o i d a l  magne t ic  f i e l d  added t o  . t h e  m u l t i p o l e  f i e l d )  and  p u r e l y  

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

d i f f u s i o n  c o e f f i c i e n t  s c a l i n g  by r e p o r t i n g  t h e  e f f e c t s  o f  a s h e a r e d  

m a g n e t i c  f i e l d  on t h e  d i f f u s i o n  i n  a  h i g h l y  c o l l i s i o n l e s s  plasma. 

The work p r e s e n t e d  i n  Ref. 1-3 showed t h a t  t h e  observed  d i f f u s i o n  

was c a u s e d  by v o r t e x  modes o r  c o n v e c t i v e  c e l l  a c t i v i t y  i n  t h e  plasma. 

The o b s e r v e d  s c a l i n g  o f  t h e  d i f f u s i o n  a g r e e d  w i t h  1 -d imens iona l  v o r t e x  

t h e o r y  w i t h  a f i n i t e  d i e l e c t r i c  c o n s t a n t .  The l e v e l  o f  t h i s  c o n v e c t i v e  

t u r b u l e n c e  was g r e a t l y  enhanced o v e r  t h e  t h e r m a l  l e v e l s  and was 

produced by t h e  t u r b u l e n t  gun i n j e c t i o n  p r o c e s s  u s e d  t o  p roduce  t h e  

c o n f i n e d  plasma. I n  t h i s  paper  we w i l l  p r e s e n t  d a t a  showing t h e  c a s e  



o f  a  c o 1 l i s i o n l . c s s  pla:srna, when a very weak L o r o i d a l  f i e l d  was addeded' 

A l l  o f  t h e  r e s u l t s  p r e s e n t e d  h e r e  were o b t a i n e d  w i t h  t h e  i n t e r n a l  

r i n g s  " l e v i t a t e d t 1 ,  i.e., n o  r i n g  s u p p o r t s  were p r e s e n t  i n  t h e  c o n f i n e d  

p l a sma  volume. T h i s  was c r i t i c a l l y  i m p o r t a n t  when BT was added.  The 

change  o v e r  f r o m  c l o s e d  p o l o i d a l  f i e l d  l i n e s  t o  o p e n  f i e l d  l i n e s  and 

f l u x  s u r f a c e s  a l l o w s  s u b s t a n t i a l  p a r a l l e l  f l o w  o f  p lasma t o  t h e  

s u p p o r t s  i n f l u e n c i n g  b o t h  t h e  d e c a y  t i m e  and d e n s i t y  p r o f i l e  shape .  

The  h y d r o g e n  p l a s m a  was c r e a t e d  by gun i n j e c t i o n  i n t o  a power 

c r o w b a r r e d  r n a g n e t i . ~  f i e l d  e x p o n e n t i a l l y  d e c a y i n g  w i t h  t i m e  

c o n s t a n t  ' 2 0 0  msec. S i n c e  t h e  maximum time t h e  r i n g s  are f u l l y  

l e v i t a t e d  is 2 0  msec all t h e  d a t a  p r e s e n t e d  was t a k e n  w i t h i n  2 0  msec 

a f te r  i n j e c t i o n .  I n t i t i a l  d e n s i t i e s  were  as h i g h  as 10" a n d  

c o u i d  be  r e d u c e d  by p a r t i a l  o b s t r u c t i o n  o f  t h e  i n j e c t e d  p l a sma  beam t o  - 

lo9  ~ r n ' ~ ,  I o n  t e m p e r a t u r e s  r a n g e d  f r o g  20 eV a t  e a r l y  times t o  5 eV, 
I 

2 0  msec a f t e r  i n j e d t i o n .  The  e l e c t r o n  t e m p e r a t u r e  r a n g e d  from 30  eV t o  
. . 

5 eV o v e r  t h e  same time i n t e r v a l ,  bihen . p a r a m e t e r s  o f  d e n s i t y  o r  B  were 

v a r i e d ,  o b s e r v a t i o n  times w e r e  chosen  s o  a s  t o  k e e p .  b o t h  T, and  Ti 

c o n s t a n t .  

Experimen_ta&. R e s u l t s  

A s  d e s c r i b e d  i n  Ref. 2 a n d  5 ,  a n  i n t e r d i g i t a t e d  s t r i p e d  p a r t i c l e  

c o l l e c t o r  is mounted  on t h e  s u r f a c e  o f  an i n t e r n a l  r i n g  a n d  m e a s u r e s  

t h e  f l u x  o f  p l a s m a  t o  t h e  r i n g  s u r f a c e  a s  a f u n c t i o n  o f  time. By u s i n g  

Langmuir  p r o b e s  c a l i b r a t e d  w i t h  a microwave i n t e r f e r o m e t e r  t o  measu re  

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

r v 
I 

b e  c a l u c l a t e d :  D, = A where  r, is t h e  f l u x  of  p a r t i c l e s .  By 
On - 



v a r y i n g  t h e  d e n s i t y  and magne t i c  f i e l d ,  t h e  s c a l i n g  o f  DL w i t h  t h e s e  

p a r a ~ n e t e r s  c a n  t h e n  be de te rmined .  

A l l  of t h e  r e s u l t s  r e p o r t e d  h e r e  were  t a k e n  i n  t h e  

absolute-mini,murn-8 r e g i o n  which e x t e n d s  f rom t h e  r i n g  s u r f a c e  o u t  t o  

t h e  d e n s i t y  peak.  The d e n s i t y  - peak i s  l o c a t e d  i n s i d e  t h e  

s e p a r a t r i x ,  $S. Shown i n  F i g u r e  1 is '  t h e  measured . d i f f u s i o n  

9 c o e f f i c i e n t  t o  t h e  r i n g  s u r f a c e  f o r  f i x e d  d e n s i t y ,  n  =6 x 10  C D - ~ ,  and 

Bp = 1.0 kG a n d  v a r y i n g  BT from 0  t o  300 G.  The magni tude  of DL was 

h a l v e d  by t h e  a d d i t i o n  of o n l y  20 G of t o r o i d a l  f i e l d  ( o r  

1 
BT/Bp - The v a l u e  o f  DL was t h e n  r e d u c e d  t o  a p p r o x i m a t e l y  - o f  

20 

i ts  BT = 0  v a l u e  when BT was i n c r e a s e d  t o  1 0 0  G. F u r t h e r  i n c r e a s e s  i n  

BT t o  300 G produced no  change i n  DL w i t h i n  t h e  u n c e r t a i n t y  i n  t h e  

measurement.  The e l e c t r o n  and i o n  t e m p e r a t u r e s  a t  t h e  time of t h e s e  

 measurement.^ were  Ti ' 9 eV a n d  Te ' 5 eV. 

With t h e  f i x e d  v a l u e s  o f  Bp = 1 kG a n d  BT = 300 G t h e  d e n s i t y  was 

v a r i e d  f rom cm'3 t o  a l m o s t  10'' c ~ ' ~ .  The r e s u l t s  a r e  shown i n  

F i g u r e  2 a n d  compared w i t h  c a l c u l a t e d  n-' dependence  o f  DL . 
A d d i t i o n a l l y ,  t h e  ,observed p r o f i l e  s h a p e  was compared w i t h  t h e  .shape 

p r e d i c t e d  by a one-dimensional  d i f f u s i o n  e q u a t i o n 6  and found  t o  f i t  

b e s t  by  D, a 11x1.~ The B-independence of DL was v e r i f i e d  by f i x i n g  t h e  

r a t i o  BT/Bp = 0.24 and t h e  d e n s i t y  v a r y i n g  B  as  shown i n  F ig .  3. The 

v a l u e  of D, was  found t o  be independen t  of IBI o v e r  a f a c t o r  $of 3 

r a n g e ,  

F l u c t u a t i o n  - Measurementg 

I n  o r d e r  t o  d e t e r m i n e  t h e  s o u r c e s  f o r  t h e  anomalous  t r a n s p o r t  we 

have measured  t h e  f l u c t u a t i o n  spec t rum by two means. A movable  c a r t  

which c a n  s c a n  t h e  l o c a l  v a l u e  of t h e  f l o a t i n g  p o t e n t i a l  a t  a l l  v a l u e s  



o f  and was used t o  examine t h e  v e r y  low f requency ,  l o n g  v z v e l e n g t h  

p a r t  o f  t h e  s p e c t r u m  (0 < f < 1 kHz). Higher  f r e q u e n c y  s h o r t e r  

wave leng th  f l u c t u a t i o n s  were  examined u s i n g  Langmuir p r o b e s  a t  f i x e d  

l o c a t i o n s .  We f i r s t  p r e s e n t  t h e  v e r y  low f requency  measurements  

fo l lowed  by t h e  h i g h  f r e q u e n c y  s p e 8 t r a .  

For c o m p l e t e n e s s  w e  show t h e  cel l  s t r u c t u r e  . w i t h o u t  t o r o i d a l  

f i e l d ,  F i g u r e  4 ,  as w e l l  a s  t h e  new d a t a  on t h e  e f f e c t  o f  BT, F i g u r e  5. 

The a v e r a g e  v a l u e  o f  B  f o r  t h i s  d a t a .  is 1 kG a n d  t h e  plasma d e n s i t y  
P 
9 a t  $ = .  5.5 is n  = 10 ~ m - ~ .  Contours  of c o n s t a n t  f l o a t i n g  p o t e n t i a l  

a r e  p l o t t e d  a s  a f u n c t i o n  of t h e  t o r o i d a l  a n g l e ,  8 ,  and  t h e  f l u x  

f u n c t i o n ,  $. The d a t a  i a  accumulated on a s h o t  t o  s h o t  b a s i s  w i t h  t h e  

t o t a l  c e l l  p l o t  g e n e r a t e d  from s e v e r a l  hundred s h o t s .  Only s h o t s  which 

were r e p r o d u c i b l e  t o  + - 10% i n  i o n  s a t u r a t i o n  c u r r e n t  m o n i t o r e d  on t h e  

s e p a r a t  r i x  were used.  

With t h e  a p p l i c a t i o n  of t h e  t o r o i d a l  f i e l d  t h e  i n i t i a l  plasma 

p a r a m e t e r s  n ,  Te, and  Ti- remained t h e  same b u t  t h e  r e s u l t a n t  c o n v e c t i v e  

ce l l  p a t t e r n s  a r e  m o d i f i e d .  ( S e e  F i g u r e  5). The d e n s i t y  g r a d i e n t  

maximizes a t  J, = 4.0. The r e g i o n  t o  which t h e  d i f f u s i o n  measurements  

p e r t a i n  is f r o m $  = 2.2 t o  t h e  d e n s i t y  maximum. Comparing F i g u r e  4  and 

F i g u r e  5 ,  t h e  l o n g  wave l e n g t h  p o r t i o n  o f  t h e  spec t rum was r e p l a c e d  by 

a s h o r t e r  wave l e n g t h  spec t rum,  The p o t e n t i a l  a m p l i t u d e  was o f  t h e  

same magni tude in both c a s e s .  I n  o r d e r  t o  e s t i m a t e  t h e  e f f e c t  o f  of 

c o n v e c t i v e  c e l l  s p e c t r u m  on d i f f u s i o n  it i s  n e c e s s a r y  t o  know how t h e s e  

f l o a t i n g  p o t e n t i a l s  are d i s t r i b u t e d  a l o n g  a f l u x  s u r f a c e .  The c a r t  

used t o  t a k e  t h e  d a t a  f o r  t h e  c e l l  p l o t s  has  a c c e s s  o n l y  t o  t h e  low 

f i e l d  s i d e  o f  t h e  r i n g .  I n  o r d e r  t o  measure t h e  p o t e n t i a l  i n  t h e  h i g h  I 

f i e l d  r e g i o n  between t h e  r i n g  and t h e  vacuum w a l l ,  a p robe  was i n s e r t e d  



i n t o  a  f i x e d  a x i m u t h a l  l o c a t i o n .  By comparing t h e  c e l l  p l o t s  a t  . t w o  

t i m e s ,  e.g., 5 msec and  20  msec, one  can s e e  t h a t  t h e r e  a r e  t empora l  

p o t e n t i a l  v a r i a t i o n s  w i t h  f r e q u e n c i e s  l e s s  t h a n  600 Hz. When t h i s  

p o r t i o n  of t h e  spec t rum was compared u s i n g  p r o b e s  l o c a t e d  on t h e  

same s u r f a c e  b u t  on t h e  o p p o s i t e  s i d e  o f  t h e  i n t e r n a l  r i n g ,  we f i n d  

t h a t  f l u c t u a t i o n s  a r e  n e a r l y  , i d e n t i c a l  i n  a b s e n c e  o f  BT. With BT = 300 

G ,  t h e  low f requency  f l u c t u a t i o n s  a r e  l a r g e r  on t h e  low f i e l d  s i d e  of  

t h e  r i n g  where p a r t i c l e s  a r e  m i r r o r  t r a p p e d  t h e n  i n  t h e  h i g h  f i e l d  

r e g i o n .  Thus we s e e  t h a t  t h e  c o n v e c t i v e  c e l l s  a q u i r e  a f i n i t e  kL f o r  

> t h e  BT -= 300 G c a s e s ,  

he  have a l s o  measured t h e  h i g h e r  f r e q u e n c y  p o r t i o n  600 Hz < f < 10 

kHz o f  t h e  s p e c t r u m ,  and  i ts  dependence on t o r o i d a l  f i e l d .  The 

f l u c t u a t i o n  d a t a  was t a k e n  by d i g i t i z i n g  t h e  s i g n a l  from a Langmuir 

p r o b e  whose bandwith  was set from 600 Hz t o  10 kHz. The p r o b e  was 

l o c a t e d  a t  JI = 4.0 ( p o i n t  o f  maximum Vn ) b e h i n d  and i n  f r o n t  o f  t h e  

l o w e r  o u t e r  r i n g .  D i g i t i z i n g  was s t a r t e d  a t  5 msec a f t e r  gun. 

i n j e c t i o n .  The e i g h t  b i t  by 1024 b i n  h i g h  s p e e d  A t o  D ' s  were used t o  

t a k e  d a t a  f o r  5 msec, a l l o w i n g  f o r  measurements down t o  200 Hz. The 

d i g i t i z i n g  s i g n a l  was t h e n  p r o c e s s e d  u s i n g  a fast  F o u r i e r  t r a n s f o r m  

program. The FFT was r e l a t i v e l y  c a l i b r a t e d  by a n a l y z i n g .  d i g i t i z e d  

s q u a r e  waves whose F o u r i e r  components are known. The FFT was 

a b s o l u t e l y  c a l i b r a t e d  on a s h o t  t o  s h o t  b a s i s  u s i n g  a f r e q u e n c y  

component e a s i l y  i d e n t i f i e d  from t h e  raw d a t a .  The d i g i t i z e d  s i g n a l  . 

was a l s o  p layed  back i n t o  e l e c t r o n i c  s p e c t r u m  a n a l y z e r  y i e l d i n g  good 

agreement  w i t h  t h e  FFT. The d a t a  p r e s e n t e d  i s  P( f )  = P(%) where ~ ( f )  
2 J T  - 

i s  power spectrum.  It is  formed i n  such  a way t h a t  t h e  t o t a l  power i n  

a l l  modes is PT 



- 
P(w) was c a l c u l a t e d  by t r a n s f o r m i n g  t h e  f l o a t i n g  p o t e n t i a l  $ ( t )  a f te r  

r,emoving any  l i n e a r  t r e n d s :  

A p e r i o d i g r a m  o f  t h e  F o u r i e r  c o e f f i c i e n t s  was 

formed: $ ( f )  vs .  f. T h i s  was smoothed and  m u l t i p l i e d  by b i n  wid th ;  

i .e., t h e  f r e q u e n c y  window A f  = 200 Hz. The r e s u l t s  are g i v e n  i n  

F i g u r e s  6 and  7. 

The power s p e c t r a  was found t o  p e a k ,  a t  t h e  l o w e s t  f r e q u e n c y  

measured (600  Hz). When t h e  h i g h  f r e q u e n c y  p o r t i o n  o f  t h e  s p e c t r u m  is 

compared u s i n g  p r o b e s  on  t h e  h i g h  f i e l d  s i d e  o f  t h e  r i n g s  t o  t h e  low 

f i e l d  s i d e  we f i n d  t h a t  / P ( f ) d f  t o  b e  t h e  same i n  t h e  a b s e n c e  o f  BT. 

With BT = 300 G ,  t h e  h i g h  f r e q u e n c y  f l u c u t a t i o n s  ( f  > 600 Hz) are 

s m a l l e r  on t h e  low f i e l d  s i d e  o f  t h e  r i n g  where BT/Bp i s  maximized on 

' t h e  - f l u x  s u r f a c e .  

For  600 Hz < f < 1 0  kHz. c o r r e s p o n d i n g  t o  t h e  d r i f t  wave f r e q u e n c y  

range f l u c t u a t i o n s  on t h e  h i g h  f i e l d  ( f r o n t )  o f  i n t e r n a l  r i n g s  were 

found t o  have p e r p e n d i c u l a r  wave leng ths  between 5 cm and 1 0  cm. T h a t  

D i s c u s s i o n  --- 

I n  p r e v i o u s  work"3 a l o n g  w i t h  a r e c e n t  p u b l i c a t i o n 1 2  t h e  v e r y  low 

f requency  p a r t  o f  t h e  f l u c t u a t i o n  spec t rum o r  c o n v e c i t v e  cel ls  have 

been shown t o  be  r e s p o n s i b l e  f o r  t h e . o b s e r v e d  l e v e l s  o f  anomalous 
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d i f f u s i o n .  I n  t h e  p r e s e n t  e x p e r i m e n t s  t h e  a d d i t i o n  of t h e  t o r o i d a l  

f i e l d  r e s u l t s  i n  a  d e c r e a s e  i n  t h e  d i f f u s i o n  by a  f a c t o r  o f  20 t o  

2 a p p r o x i m a t e l y  40 cm / sec .  F o r  a p u r e l y  p o l o i d a l  c a s e  we have used t h e  

d i f f u s i o n  - c o e f f i c i e n t  o f  T a y l o r  and ~ c ~ a m a r a *  t o  c a l c u l a t e  

c2 g DL = -- 2 ( e x p (  -k2DL t ) - 1 )  f rqm t h e  measured Ek. We f i n d  t h a t  we are 
B2 k2 

a b l e  t o  compute DL t o  w i t h i n  a s m a l l  n u m e r i c a l  f a c t o r  o f  t h e  measured 

DL u s i n g  t h i s  method. 12,15 Al though we do n o t  have a 360' s c a n  o f  t h e  

c o n v e c t i v e  c e l l  spec t rum f o r  t h e  p r e s e n t  c a s e  w i t h  300 g ,  we can s e e  

q u a l i t a t i v e l y  t h a t  t h e  energy  is c o n c e n t r a t e d  s h o r t e r  wavelength  modes. 

Due t o  t h e  s t r o n g  kL dependence  o f  DL , o n l y  t h e  l o n g e s t  wavelengths  

make s i g n i f i c a n t  c o n t r i b u t i o n s  t o  t h e  d i f f u s i o n .  Thus we s e e  t h a t  t h e  

spec t rum o f  F i g u r e  5 w i l l  p r o d u c e  s i g n i f i c a n t l y  l e s s  d i f f u s i o n  t h a n  

t h a t  o b t a i n e d  from t h e  s p e c t r u m  of F i g .  4 c o n s i s t e n t  w i t h  t h e  

o b s e r v a t i o n s . .  I n  a d d i t i o n  t h e  f l u x  s u r f a c e  averaged d i f f u s i o n  

c o e f f i c i e n t  i s  reduced ' 2 o v e r  t h e  BT = 0  c a s e  due t o  t h e  l o c a l i z a t i o n  

o f  t h e  c o n v e c t i v e  c e l l s  i n  t h e  low f i e l d  r e g i o n .  Thus we conc lude  t h a t  

t h e  c o n v e c t i v e  c e l l  spec t rum i s  p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  

c r o s s f i e l d  t r a n s p o r t .  The d i f f u s i o n  e x p e c t e d  from v o r t i c e s  o f  t h i s  

t y p e  was i n v e s i t g a t e d  b o t h  t h e o r e t i c a l l y  and i n  s i m u l a t i o n  s t u d i e s  by 

Kamimura and ~ a w s o n "  and  found t o  scale a s  D, an-' and  i n d e p e n d e n t  o f  

!El when t h e  low f requency  d i e l e c t r i c  c o n s t a n t  is  i n c l u d e d  i n  agreement 

cL 2 w i t h  t h e  measured s c a l i n g  o f  D, when DL = 7% fk o r  
3 B 

c 
- 

b, = ---- T i  f *. Where Ts i s  t h e  e f f e c t i v e  t e m p e r a t u r e  o f  t h e  k 
B% , k 

mode and -E, i s  t h e  low f r e q u e n c y  d i e l e c t r i c  c o n s t a n t .  The c o r r e l a t i o n  

time Tk is assumed t o  have a n  i n v e r s e  n  dependence; e .g, Coulomb 

c o l l i s i o n s .  S i n c e  t h e s e  modes s h o u l d  damp by p a r a l l e l  i o n  d i f f u s i o n  Tk 

is assumed t o  s c a l e  as  Tk ' T ~ ~ ,  t h e  ion- ion  c o l l i s i o n  time. I n  t h e s e  



I e x p e r i m e n t s  -rii - 2 0  msec' i n i t i a l l y .  A f t e r  15  msec t h e  i o n s  have 

cooled by c h a r g e  exchange t o  5 e V  w h i l e  n  d e c r e a s e s  by 2 o v e r  t h i s  

i n t e r v a l .  T h u s  a t  t = 1 5  msec r ii is - 2 msec. I n  s p i t e  of t h i s ,  ' t h e  

c o n v e c t i v e  c e l l  s p e c t r u m  and anomalous  d i f f u s i o n  p e r s i s t .  Thus it is 
I 

n e c e s s a r y  t o  invoke  a d r i v i n g  mechanism f o r  t h e  c o n v e c t i v e  c e l l s .  

A' p o s s i b l e  mechanism f o r  d r i v i n g  t h e  c o n v e c t i v e  c e l l s  is t h e  

n o n l i n e a r  c o u p l i n g  t o  d r i f t  waves a s  proposed by Cheng and  Okuda. 1 2  

However, i n  a d d i t i o n  we n o t e  t h a t  d u e  t o  t h e  E,, caused  by t h e  f i n i t e  

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

p lasma.  I n  t h i s '  low d e n s i t y  plasma t h e  c u r r e n t  i s  s u f f i c i e n t  t o  d r i v e  

t h e .  i o n  c y c l o t r o n  model4 u n s t a b l e  as  p r e v i o u s l y  noted.  7 

Ve now c o n s i d e r  t h e  c o n t r i b u t i o n  o f  t h e  h i g h  f requency  p a r t  o f  t h e  

f l u c t u a t i o n  s p e c t r u m  ( f  > 600 Hz) t o  t h e  c r o s s - f i e l d  t r a n s p o r t .  The 

p e r p e n d i c u l a r  d i f f u s i o n  c o e f f i c i e n t  c a n  b e . e s t i r n a t e d  by 

a s s u m i n g  optimum p h a s e  s h i f t  f o r  maximum t r a n s p o r t  f o r  e v e r y  f r e q u e n c y  

component. Using t h e  measured power s p e c t r u m  P ( f )  shown in F i g u r e s  6 

a n d  7 we conc lude  t h a t  f o r  a n y  v a l u e  o f  BT t h e  h i g h  f requency  modes can  

a c c o u n t  f o r  a t  most  20% of t h e  o b s e r v e d  t r a n s p o r t  a s  shown i n  F i g u r e  1. 

Only t h e  low f r e q u e n c y  p a r t  of t h e  spec t rum ( f  < 600 Hz) h a s  

s u f f i c i e n t  a m p l i t u d e  t o  a c c o u n t  f o r  t h e  remainder  o f  t h e  t r a n s p o r t .  

A l l  power s p e c t r a  shown h e r e  are f l u c t u a t i n g  ' p o t e n t i a l  

'6 measurements  w i t h  - ' 2% f o r  f < 600 Hz. The power s p e c t r a  o f  t h e  
kTe/e 

An 6 d e n s i t y  f l u c t u a t i o n s  a r e  n o t  showri b e c a u s e  - <<. ---- f o r  low 
n kTe/e 



f r e q u e n c i e s  and cannot  be measured by t h e  t e c h n i q u e s  employed. For  

C o n c l u s i o n  -- 

We have p r e s e n t e d  d a t a  which show t h a t  t h e  a d d i t i o n  o f  a  weak 

t o r o i d a l  f i e l d  (BT/Bp 1 0.1) s i g n i f i c a n t l y  r e d u c e s  t h e  magni tude o f  t h e  

anomalous  v o r t e x  d i f f u s i o n .  Observed v a l u e s  o f  t h e  anamolous d i f f u s i o n  

1  
a r e  as low as  - of  t h e  Bohm v a l u e  a n d  are  comparab le  w i t h  t h e  b e s t  

1000 

conf inement  r e s u l t s  o b t a i n e d  i n  c o l l i s i o n l e s s  p lasmas  i n  o t h e r  

m u l t i p o l e  e x p e r i m e n t s  such as FM-I' and  t h e  G.A. d c  Octupole .  1  0 

\ 
However, t h e  r e d u c e d  v a l u e  of  DL o b t a i n e d  was s t i l l  100 t i m e s  l a r g e r  

t h a n  t h e  c l a s s i c a l  v a l u e  f o r  peak d e n s i t y  of 10" An examina t ion  

o f  t h e  p o t e n t i a l  s t r u c t u r e  i n  t h e  plasma r e v e a l e d  t h e  c o n t i n u e d  

p r e s e n c e  o f  c o n v e c t i v e  c e l l s  b u t  no f l u c t u a t i o n s  i n  t h e  d r i f t  mode 

f r e q u e n c y  r a n g e  which which a r e  l a r g e  enough t o  d i r e c t l y  c a u s e  t h e  

d i f f u s i o n .  T h e r e f o r e  we conclude t h a t  t h e  c o n v e c t i v e  c e l l s  must be 

r e s p o n s i b l e  f o r  t h e  r e s i d u a l  l e v e l  of  anamalous  d i f f u s i o n .  

E a r l i e r  work showed t h a t  if . t h e  plasma is c o l l i s i o n a l  ( n o  t r a p p e d  

p a r t i c l e s ) ,  t h e  a d d i t i o n  of a t o r o i d a l  f i e l d  (BT/Bp - 0.1) e l i m i n a t e d  

t h e  anomalous  d i f f u s i o n  and o n l y  classical d i f f u s i o n  i s  ~ b s e r v e d . ~  When 

t h e  plasma is c o l l i s i o n l e s s  t h e  p r e s e n c e  o f  e x c e s s  c h a r g e  t rapped '  i n  

t h e  l o c a l  p o l o i d a l  f i e l d  m i r r o r s  a l l o w s  t h e  c o n v e c t i v e  c e l l s  t o  e x i s t  

even i n  t h e  p r e s e n c e  of . s h e a r .  O b s e r v a t i o n s  of t h e  low f requency  

c o n v e c t i v e  ce l l  s t r u c t u r e s  i n  t h e  plasma showed a n  i n c r e a s e  i n  t h e  

, l a r g e  kL number p a r t  o f  t h e  spec t rum w i t h  mos t  o f  t h e  a m p l i t u d e  i n  t h e  

l o w e s t  f i e l d  p o r t i o n  o f  t h e  l o c a l  p o l o i d a l  f i e l d  m i r r o r s .  The r e g i o n  

of l a r g e s t  c o n v e c t i v e  ce l l  a c t i v i t y  o c c u r s  when t h e  t r a p p e d  p a r t i c l e  

p o p u l a t i o n  is t h e  l a r g e s t ,  as  expected.  The 2 0 - f o l d  d e c r e a s e  i n  t h e  



nnornalons d l  f f u s i o n  c o ~ ~ l d  t h e n  be caused by a  l o c a l i z a t i o n  o f  t h e  

c o n v e c t i o n  t o  o n l y  a part; of  t h e  f l u x  s u r f a c e  coup led  w i t h  a  s h i f t '  i n  

t h e  kL -spectrum t o  s h o r t e r  wave leng ths  which are e x p e c t e d  t o  c a u s e  

less d i f f u s i o n .  11 

There is n o t h i n g  i n  o u r  o b s e r v a t i o n s  o r  t h e o r y  which would 

p r e c l u d e  t h e  e x i s t e n c e  of t h e s e  modes i n  o t h e r  t o r o i d a l  machines  such  

An f o r  t h e  a s  bumpy t o r i  o r  tokamaks.  The o b s e r v a t i o n  t h a t  - n  << - 
kTe/e 

c o n v e c t i v e  c e l i  s p e c t r a  would impiy t h a t  a s e a r c h  f o r  t h e s e  modes i n  

o t h e r  d e v i c e s  where t h e  h i g h  t e m p e r a t u r e  and d e n s i t y  p r e v e n t  t h e  u s e  o f  

Langmuir p r o b e s  t o  make a , loca l  potent ; ia l  measurement would . b e  

d i f f i c u l t .  More s o p h i s t i c a t e d  methods t o  measure  t h e  l o c a l  v a l u e  o f  

s p a c e  p o t e n t i a l  would have t o  b e  employed such  a s  heavy  i o n  beam 

probes .  
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FIGURE CAPTIONS 

Fig.  1 Measured v a l u e s  o f  p e r p e n d i c u l a r  d i f f u s i o n  c o e f f i c i e n t ,  

.DL ($=4) ,  a s  a f u n c t i o n  o f  t o r o i d a l ,  f i e l d  a t  $ = 4. 

'Fig. 2 Measured DL ($=4) as a f u n c t i o n  o f  d e n s i t y  showing its I/n 

dependence.  

.'Fig. 3 Measured D, ($=4) as a f u n c t i o n  o f  Bp showing its ' 

inde.pendence o f  B . 
P i g .  4 C e l l  p l o t  f o r  BT = 0 showing l i n e s  o f  c o n s t a n t  p o t e n t i a l  

(vo1 t . s )  i n  t h e  t o r o i d a l  d i r e c t i o n ,  8, v e r s u s  t h e  p o l o i d a l  f l u x  

f u n c t i o n ,  $. The p o l o i d a l  f i e l d  g a p  is a t  8 = 0'. 'The i n t e r n a l  r i n g  

s u r f a c e  is l o c a t e d  a t  $ = 2.2 a n d  t h e  qS = 5.7. The t i m e s  shown . 'are 

r e f e r e n c e d  t o  t h e  i n j e c t i o n  time. . . 

Q i g .  5 Same as F i g u r e  4 e x c e p t  tiT = 300 G. 

F ig .  6 Power s p e c t r a  o f  f l u c t u a t i o n s  i n  t h e  f r e q u e n c y  range  600 

Hz t o  1 0  kHz on t h e  h i g h  f i e l d  s i d e  o f  t h e  r i n g  ( f r o n t )  a r e  shown : f o r  

t h e  v a l u e s  o f  BT. 

Fig .  7 Power s p e c t r a  o b t a i n e d  as  i n  F i g u r e  6 f o r  t h e  l o w ' f i e l d  . . 

s i d e  of t h e  r i n g  (beh ind) .  



FOR FIXED Bp = 1.0 K G  

FOR F IXED n = 6 x 1 0 ~ c m - 3 @ ~ ~  

BT  (GAUSS) 

Fig.. 1 



D, vs n F O R  FIXED Bp + B T  

Fig .  2 



BT - 0.24 AND FIXED n = 3 x 10' cmW3 FIXED - - 
B~ 

Bp  (GAUSS) 



Fig. 4 



Fig. 5 
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