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S T A B I L I T Y  AND HEATING OF A POLOIDAL DIVERTOR TOKAMAK 

ABSTRACT 

F i v e  e x p e r i m e n t a l  s tud ies - - two  s t a b i l i t y  and t h r e e  

h e a t i n g  i n v e s t i g a t i ' o n s - - h a v e  been c a r r i e d  o u t  on 

Tokapole 11, a Tokamak w i t h  a  f o u r  node p o l o i d a l  

d i v e r t o r .  F i r s t ,  d i s c h a r g e s  have been a t t a i n e d  w i t h  

s a f e t y  f a c t o r  q as low as  0.6 o v e r  most o f  t h e  column 

w i t h o u t  d e g r a d a t i o n  o f  c o n f i n e m e n t ,  and c o r r e l a t i o n  o f  

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

b e i n g  s t u d i e d .  Second ,  t h e  ax i symmet r ic  i n s t a b i l i t y  h a s  

been i n v e s t i g a t e d  i n  d e t a i l  f o r  v a r i o u s  n o n c i r c u l a r  

c r o s s - s e c t i o n a l  s h a p e s ,  and r e s u l t s  have been compared 

wi th  a n u m e r i c a l  s t a b i l i t y  c o d e  a d a p t e d  t o  t h e  Tokapole  

machine.  T h i r d ,  a p p l i c a t i o n  o f  h i g h  power fas t  wave i o n  

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

and p e r m i t s  o b s e r v a t i o n  of  h e a t i n g  as a f u n c t i o n  o f  

harmonic number and  s p a t i a l  l o c a t i o n  o f  t h e  r e s o n a n c e .  

F o u r t h ,  l o w  power s h e a r  Alfvgn wave p r o p a g a t i o n  i s  

.underway t o  t es t  t h e .  a p p l i c a b i l i t y  o f  t h i s  h e a t i n g  

method t o  tokamaks.  F i f t h ,  .pre ionizat ion by e lect r -ur l  

c y c i o t r o n  h e a t i n g  h a s  been  employed t o  reduce  t h e  

s t a r t u p . l o o p  v o l t a g e  by ' 60%. 
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F i v e  e x p e r i m e n t a l  s tud ies - - two  s t a b i l i t y  and t h r e e  

h e a t i n g  i n v e s t i g a t i o n s - - h a v e  been c a r r i e d  o u t  o r  

Tokapole  11, a Tokamak w i t h  a  f o u r  node p o l o i d a l  

d i v e r t o r .  A f t e r  a b r i e f  machine d e s c r i p t i o n  i n  s e c t i o n  

I ,  we d e s c r i b e  d i s c h a r g e s  w i t h  q  - 0.6 o v e r  most o f  t h e  

c r o s s - s e c t i o n  w i t h o u t  d e g r a d a t i o n  of c o n f i n e m e n t  (II), 

o b s e r v a t i o n  o f  a x l s y m m e t r i c  instability i n  d e e ,  i n v e r s e  

d e e  and s q u a r e  e q u i l i b r i a  ( I I I ) ,  h i g h  power f a s t  wave 

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

s h e a r  Alfvgn wave r e s o n a n c e s  f o r  h e a t i n g  (V) , and  

r e d u c t i o n  o f  t h e  s t a r t u p  l o o p  v o l t a g e  by - 60% by 

microwave p r e i o n i z a t i o n  a t  e l e c t r o n  c y c l o t r o n  r e s o n a n c e  

( V I ) .  The a x i s y m m e t r i c  i n s t a b i l i t y  work and  

p r e i o n i z a t i o n  s t u d i e s  have been d e s c r i b e d  i n  d e t a i l  

e l s e w h e r e  and  are t h e r e f o r e  o n l y  b r i e f l y  ment ioned  h e r e .  

I. Machine ~ e s c r i D t i o n " *  

Four  c o p p e r  t o r o i d a l  r i n g s  i n s i d e  a 5 0  cm major  

r a d i u s  44  x 4 4  cm vacuum chamber p r o v i d e  plasma s h a p i n g  

and a n  o c t u p o l e  vacuum f i e l d .  T o r o i d a l  p lasma c u r r e n t  

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

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

p l o t  a s  shown i n  F i g u r e  ( 1  ) w i t h  n  - 1013 T, 
- 

100 eV, Ti - 60 eV, BT - 8 kG (max) ,  I - 40 kA: I n  
PI 

a d d i t i o n  t o  s p e c t r o s c o p i c ,  i n t e r f e r o m e t r i c  and c h a r g e  



exchange d i a g n o s t i c s ,  . i n t e r n a l -  probes a l l o w . d i r e c t .  . ,  . . 

measurcinent o f  t h e ,  po lo ida l  r n a ? n t t i c  f l u x .  p l o t ,  . a n h  

p r o f i l e s  o f  q ,  e l e c t . r i c  f i e l d  and. c u r r e n t d e n s i t y .  

Measured f l u x  p l o t s  a g r e e . w i t h  t h e  numerical  p r e d i c t i o n .  

Proper  r i n g  p o s i t i o n i n g  p rov ides  dee ,  i n v e r s e  dee  o r  

squa re  c r o s s - s e c t i o n  . e q u i l i b r i a .  

11. a < Discha rnes  

The q ( r )  p r o f i l e  h a s  been determined d i r e c t l y  i n  

Tokapole I1 b y  measuring t h e  magnetic f i e l d  on a  

2 cu x 2 cu g r i d  uver Lhe plasma c r o s s  s e c t i o n ,  and 

e v a l u a t i n g  1 /2 1 ( 3 ~ 1 3 0 ) .  d0 around a  f l u x  s u r f a c e ,  where 0  

and @ are t h e  t o r o i d a l  and ,  p o l o i d a l  ang le s .  The q 

p r o f i l e s  t h u s  ob t a ined  a r e  t y p i c a l l y ' c o n s t a n t  ove r  80% 

of  t h e  tokamak p a r t  o f  t h e . d i s c h a r g e  ( F i g u r e  2 ) ,  

a1 t . h n ~ ~ g h  t .he  paloj.dal f i e l d  n u l l s  cause  c: t.o become 

i n f i n i t e  a t  t h e  d i v e r t o r  s e p a r a t r i x .  

The e f f e c t  o f  the,  q  p r o f i l e s  on t h e  i n t e r n a l  

d i s r u p t i o r i s  i s  be ing  s t u d i e d .  F l a t  q  p r o f i l e s  wit.h q  as 

' ' low a s .  0.6 have been ob ta ined .  In  some c a s e s  l a r g e  

. 
sawtooth  o s c i l l a t i o n s ,  a s  observed on t h e  s o f t  x r a y  and 

magnetic probe  s i g n a l s ,  o n s e t  when ' t h e  i n c r e a s i n g  plasma 

c u r r e n t  d r i v e s  q  below 1. These s awtee th ,  which may 

produce a s  much a s  a,  25% f l u c t u a t i o n  i n  t h e  p o l o i d a l  



magne t ic  f i e l d  a t  t h e  d i v e r t &  s e p a r a t r i x ,  d o  . n o t . a p p & a r  
\ 

t o  s i g n i f i c a n t l y  r e d u c e  energy  conf inement  time. Under 

o t h e r  c o n d i t i o n s  we have o b t a i n e d  t h e  f l a t  q = ' 0 .6  

d i s c h a r g e s  w i t h  n o  o b s e r v e d  i n t e r n a l  d i s r u p t i o n s .  

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

when p r e s e n t ,  and t h e  a b s e n c e  of s a w t e e t h  even  though  q 

= 0.6, may b e  t h e  result o f  t h e  f l a t n e s s  o f  t h e  c u r r e n t  

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

c h a n n e l .  The e n e r g y  s o u r c e  which d r i v e s  t h e  r e s i s t i v e  

t e a r i n g  mode, r e s p o n s i b l e  f o r  t h e  tokamak and  minor  

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

Tokapole  11 t h e  c u r r e n t  d e n s i t y  g r a d i e n t  i s  l o c a l i z e d  t o  

t h e  r e g i o n  n e a r  t h e  d i v e r t o r  s e p a r a t r i x ,  and t h u s ,  

d i s r u p t i o n s  may b e  c o n f i n e d  t o  a small p a r t  o f  t h e  

plasma c r o s s e c t i o n  even  i f  q  < 1 o v e r  t h e  b u l k  o f  t h e  

plasma. A l s o ,  r e c e n t  .work by J. A .  Holmes e t  a1 .' 
i n d i c a t e s  t h a t  n o n c i r c u l a r i t y  h a s  a s t a b i l i z i n g  effect  

on t h e  r e s i s t i v e  t e a r i n g  mode. 

Two p o s s i b l e  e f f e c t s  can c b n t r i b u t e  t o ' t h e  f l a t  j 

p r o f i l e .  F i r s t l y ,  t h e  plasma i s  bounded by a m a g n e t i c  

l imi ter ,  n o t  a material o n e ,  and  t h e r e f o r e ,  t h e  c u r r e n t  
. . 

is n o t  f o r c e d  t o '  z e r o  a t  t h e  Tokamak edge.  c u r r e n t  is  
. . 

p e r m i t t e d  t o  f l o w  i n  t h e  u s c r a p e - o f f "  r e g i o n ,  which i s '  

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

a1 though t h e  c o n f i n e m e n t  time a g r e e s  wi th '  t h e  e m p i r i c a l  



~okarnak s c a l i n g  l aws ,  t h e  low t o k o i d a l  f i e l d  (' 2.5 kG) 
. . 

of  t h e s e  low q experiments  c r e a t e s  a  s h o r t  confinement  

time ( -  300 u s e c )  perhaps making t empera tu re  g r a d i e n t s  
. .. 

d i f f i c u l t  t o  s u s t a i n .  

P r e s e n t l y  we a r e  c o n c e n t r a t i n g  on d i s c o v e r i n g  t h e  

u l t i m a t e  lower  l i m i t  on q ,  c l a r i f y i n g  t h e  e f f e c t  o f  

s h e a r  and n o n c i r c u l a r i t y  on d i s r u p t i v e  i n s t a b i l i t y ,  and 

measuring t h e  t ime  dependence o f  q  w i t h i n  a  sawtooth  

pe r iod  (' 200 u s e c )  . 

III .. A x i s m m e t r i c  I n s t a b i l i t y  
. . , . 

The s t a b i l i t y  of  dee ,  i n v e r s e  dee  and squa re  
. . 

, c r o s s - s e c t i o n  plasmas t o  axisymmetr ic  modes h a s  been 

i n v e s t i g a t e d  expe r imen ta l l y  through d i r e c t  measurement 

o f  t h e  p o l o i d d i  magnet ic  f l u x  p l o t  w i t h  i n t e r n a l  

magnet ic  probes .  2p Experimental  r e s u l t s  are compared 

wi th  p r e d i c t i o n s  o f  two numerical  s t a b i l i t y  codes--the 

 PEST^ code ( i d e a l  MHD, l i n e a r  s t a b i l i t y ) ,  adap ted  t o  

Tokapole geometry and a code6 which f o l l o w s  t h e  

n o n l i n e a r  e v o l u t i o n  o f  shapes  s i m i l a r  t o  Tokapole 

e q u i l i b r i a .  Exper imenta l ly , .  t h e  s q u a r e  is v e r t i c a l l y  

s t a b l e  and bo th  dees  a r e  u n s t a b l e  t o  a . v e r t i c a 1  n o n r i g i d  

axisymmetr ic  s h i f t .  The c e n t r a l  magnet ic  a x i s  

d i sp lacement  grows e x p o n e n t i a l l y  w i th  a growth time 



3 - 450 usec  ' 10 p o l o i d a l  Alfvgn t i m e s  '. plasma L/R 

t i m ~ .  T h c s ,  t h e  g rowth  i s  slowed by p a s s i v e  feedback 

from t h e  r i n g s  and w a l l ;  b u t  t h e  feedback  i s  l i m i t e d  by 

t h e  , f i n i t e  p lasma r e s i s t i v i t y  which c a u s e s  damping o f  

t h e  induced image c u r r e n t s .  P r e c i s e  i n i t i a l  v e r t i c a l  . 

p o s i t i o n i n g  o f  t h e  p lasma  a l l o w s  p a s s i v e  feedback  t o  

n o n l i n e a r l y  r e s t o r e  v e r t i c a l  m o t i o n  t.o a small st.eb.Le. 

o s c i l l a t i o n  w i t h  a p e r i o d  a b o u t  e q u a l  t o  t h e  above 

growth time. 

The PEST c o d e ,  i g n o r i n g  p a s s i v e  f e e d b a c k ,  p r e d i c t s  

a l l  s h a p e s  t o  b e  u n s t a b l e  w i t h  t h e  s q u a r e  h a v i n g  t h e  

s l o w e s t  g rowth  w i t h  g rowth  bimes " p o l o i d a l  Alfvgn 

t i m e s .  With p a s s i v e  f e e d b a c k ,  a l l  are s t a b l e .  Thus ,  

b o t h  e x p e r i m e n t  and  c o d e  agree t h a t  t h e  s q u a r e  i s  t h e  

most s t a b l e  s h a p e ,  b u t  e x p e r i m e n t  i n d i c a t e s  t h e  

d e s t a b i l i z i n g  e f f e c t  o f  ' plasma r e s i ' s t i v i t y  . I n  b o t h  

c o d e  and e x p e r i m e n t ,  s q u a r e l i k e  e q u i l i b r i a  e x h i b i t  a 

r e l a t i v e l y  h a r m l e s s  h o r i z o n t a l  i n s t a b i l i t y .  F u r t h e r  

d e t a i l e d  c o m p a r i s o n s  between c o d e  and exper iment  have 

II a1 s o  been made . 



I V .  Ion Cyc- lo t ron  Resonance . .  H e a t i n p  . . . . 

High power f a s t  and s low wave ICRF, s t u d i e s  i n  a 

s i n g l e  component. hydrogen plasma have been completed.  

The a p p l i c a t i o n  o f  70 kW t o  t h e  i o n s  a t  12 M H z  w i t h  a 

. s i n g l e  t u r n ,  c e r a m i c  i n s u l a t e d ,  c e n t e r - t a p p e d ,  Faraday 
. . .  . . .. 

s h i e l d e d  a n t e n n a  raises t h e  body t e m p e r a t u r e  'from 3 5  t o  

75  eV and  g e n e r a t e s  t a i l s  c o m p r i s i n g  8% o f  t h e  plasma t o  . , . 

320 eV a s  measured by c h a r g e  exchange ( F i g u r e  3 ) .  The . . 

second harmonic  h a s  been found t o  b e  t h e  most e f f i c i e n t  , 

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

l a u n c h i n g  s t r u c t u r e .  Exper ime.nta l ly  , however, 

a p p l i c a t i o n  o f  , s u f f i c i e n t  power t o  overcome c o u p l i n g  

i n e f f i c i e n c i e s  .up t p  t h e  .maximum a t t a i n a b l e  . . 4 t i m e s  t h e  

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

t h e  same t e m p e r a t u r e .  The u s e  o f  t h e  s l o w  wave a t  t h e  

fundamenta l  i s  r e l a t i v e l y  i n e f f e c t i v e  and i n c r e a s e s  t h e  
I 

i on  temperature only = 25%. M a g n e t o s o n l . ~  heat.i.ng in a , 

p o l o i d a l l y  d i v e r t e d  tokamak w i t h  low edge d e n s i t y  below 

t h a t  needed f o r  p ropaga t i ,on  r e q u i r e s  t h a t  t h e  l a u n c h i n g  

d e v i c e  b e  as c l o s e  t o  t h e  c u r r e n t  c h a n n e l  as p o s s i b l e .  

S u b s t a n t i a l  c h a r g e  exchange l o s s  . caused  by wall - r e f l u x  

and r f  i o n i z a t i o n  o f  t h e  H2 b l a n k e t  s u r r o u n d i n g  t h e  

plasma . . column and m a g n e t i c  l imiters l i m i t s  t h e  

a t t a i n a b l e  t e m p e r a t u r e s .  Plasma l o s s  t o  t h e  copper  

hoops i s  e v i d e n c e d  by a n  - 15. i n c r e a s e  i n  t h e  

s p e c t r o s c o p i c . a l l y  measured Cu I r a d i a t i o n  w i t h  t h e  
- ,  



a p p l i c a t i o n  o f  r f .  The e l e c t r o n  d e n s i t y  i n c r e a s e d  = 20% ' - '  .. 

w i t h  t h e  a p p l i c a t i o n  o f  r f .  The h e a t i n g  i s  by t h e  m = 0 

and q = +1 modes a s  de te rmined  by i n s e r t a b l e  rf probe 

c o i l s  and  by t h e  n e g l i g i b l e  h e a t i n g  i n  t h e  a b s e n c e  o f  a 

mode. A d d i t i o n a l l y ,  s u b s t a n t i a l  edge  h e a t i n g  and ' s e v e r e  
' *  

i m p u r i t y  i n f l u x  o c c u r s  below t h e  normal c u t o f f  d e n s i t y  

by a p r o p a g a t i n g  m = + I  mode f i r s t  d e s c r i b e d  by 

7 P a o l o n i  . No e l e c t r o n  h e a t i n g  o c c u r s .  The u s e  o f  t h e  

a n t e n n a  as  t h e  f r e q u e n c y  d e t e r m i n i n g  e l e m e n t  h a s  a l lowed  

mode t r a c k i n g  due t o  t h e  imposed r e a c t a n c e 8  o f  an 

eigenmode w i t h  a  40% i n c r e a s e  i n  power d e p o s i t i o n  o f  a 

p a s s i n g  mode o v e r  t h e  t h e o r e t i c a l  d e p o s i t i o n  w i t h . a  

f i x e d  f r e q u e n c y  s o u r c e .  ' T h i s .  t e c h n i q u e  s h o u l d  work w e l l  

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

s u i t a b l e  p r e s e l e c t i o n  o f  t h e  kll . - . , 

V. S h e a r  Al fvgn  Wave P r o ~ a a a t i o n  

Wave c o u p l i n g  t o  t h e  plasma th rough  t h e  s p a t i a l  

s h e a r  klf 'vgn r e s o n d n c e  h a s  beeii proposed as a plasma 

h e a t i n g  t e c h n i q u e .  9 9  'O Low ,power ( <  50 kW) wave c o u p l i n g  

e x p e r i m e n t s  a r e  underway on Tokapole  I1 t o  assess t h e  

a p p l i c a b i l i t y  o f  t h i s  t e c h n i q u e  t o  tokamaks.  It i s  

i m p o r t a n t  t o  examine t h e  effect o f  t o r o i d i c i t y  and  

n o n c i r c u l a r i t y  on  t h e  wave'  cou'pling as p i c t u r e d  by t h e  

s t a n d a r d  o n e  d i m e n s i o n a l  theory' .  The i n t e r n a l '  r i n g s  c a n  



' s e r v e  as t h e  l a u n c h i n g  s t r u c t u r e ,  e l i m i n a t i n g  t h e  need  

f o r  c o n s t r u c t e d .  a n t e n n a s . '  By g r o u n d i n g  a r i n g  t o  t h e '  

t a n k  a t  one  o f  i t s  s u p p o r t s  and  d r i v i n g  o n e  o f  t h e . o t h e r .  

two s u p p o r t s ,  r f  c u r r e n t  is d r i v e n  t h r o u g h  t h e  r i n g s  

w i t h . t h e  c u r r e n t  r e t u r n i n g . t h r o u g h  t h e  t a n k  i t s e l f .  The 

t h i r d  s u p p o r t  r e m a i n s  i n s u l a t e d  and  unused  and t h u s  a 

t o r o i d a l  mode number .n = 2  i s  dominan t .  ' P o l o i d a l  mode 

numbers may b e  c h o s e n  as m -' 1 ,  2  o r  4 s i m p l y ' b y  d r i v i n g  

t h e  p r o p e r  number o f  r i n g s .  

One d i m e n s i o n a l  t h e o r y  p r e d i c t s  r e s o n a n c e  t o  o c c u r  

when t h e  p o l o i d a l  wave p h a s e  s p e e d  m a t c h e s  t h e  l o c a l  

A l f v e n  s p e e d ,  i . e .  w / k l l  =.VA(&). Thus  t h e  f r e q u e n c y .  

may be  c h o s e n  a r b i t r a r i l y  i f  a s u i t a b l e  p a r a l l e l  

w a v e l e n g t h  i s  imposed  by  t h e  a n t e n n a  s t r u c t u r e .  I n  t h i s  

e x p e r i m e n t ,  w i t h  w/2T - 1 MHz, a d j u s t m e n t  o f  t h e  

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

r e s o n a n t  m a g n e t i c  s u r f a c e  e i t h e r  n e a r  t h e  a x i s  o r  t h e  

s e p a r a t r i x  e d g e  r e g i o n  w h e r e  q -+ rn. L o c a l  r e s o n a n c e s  i n  

t h e  f l u c t u a t i n g  m a g n e t i c  f i e l d  are i n d e e d  o b s e r v e d .  F o r  

example ,  when t h e  . a n t e n n a  is c o n f i g u r e d  ' f o r  a n  . m  = 2 ,  

n  = 1 mode by d r i v i n g  e a c h  r i n g  180' o u t  o f  p h a s e  w i t h  

i t s  n e i g h b o r ,  r e s o n a n c e s  are o b s e r v e d  o n  both a i d e s  of 

t h e  s e p a r a t r i x  ( F i g u r e  4 )  w h i c h  i s  l o c a t e d  a t  ' 8 cm 

f rom t h e  m i n o r  a x i s .  . I n  t h i s  case, some p la sma  i s  

a l l o w e d  t o  o c c u p y  t h e  " s c r a p e - o f f "  r e g i o n  a t  r > 8 an. . 

. T h e  wave p o l o i d a l  m a g n e t i c  f i e l d  is  enhanced  l o c a l l y  by  



a  f a c t o r  of 20 ove r  i t s  vacuum va lue  which i s  roughly 

uniform s p a t i a l i y  o v e r  t h e  d i sp l ayed  r e g i o n .  The 

observed s u r f a c e  o f  r e sonance  d o e s  indeed c o i n c i d e  with 

a  magnet ic  s u r f a c e ,  a s  expec ted  f o r  t h i s  mode. 11 

Furthermore,  as a p p r o p r i a t e  f o r  a s h e a r  Alfven 

resonance ,  t h e  wave magnet ic  f i e l d  i s  p o l a r i z e d  

predominantely p e r p e n d i c u l a r  t o  t h e  e q u i l i b r i u m  f i e l d ;  . 

i . e . ,  t h e  wave r a d i a l  and p o l o i d a l  f i e l d s  a r e  s i m i l a r  i n  

magnitude and s t r u c t u r e  b u t  l i t t l e  wave t o r o i d a l  f i e l d  

e x i s t s .  However, as  t h e  plasma i s  n o n c i r c u l a r ,  a s  wel l  

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

l o c a t i o n  by a  two d imens iona l  t h e o r y  i s  neces sa ry  b e f o r e  

t h e  d e s i r e d  waves can  be  d e f i n i t i v e l y  i d e n t i f i e d  a s  

s h e a r  Alfv6n resonance .  Such a  c a l c u l a t i o n  i s  underway, 

a s  w e l l  as power c o u p l i n g  and wavelength measurements t o  

de te rmine  whether an. e s c a l a t i o n  t o  h i g h  power h e a t i n g  is  

i n  o r d e r .  

VI. S t a r t u ~  w i t h  E l e c t r o n  Cvc lo t ron  Resonance Hea t inq  

(ECRHP 

One p o s s i b l e  means f o r  surmounting t h e  

t e c h n o l o g i c a l  r equ i r emen t  of  a  h i g h  s t a r t u p  l o o p  v o l t a g e  

is  t h e  a p p l i c a t i o n  of ECRH bo produce a plasma o f  modest 

c o n d u c t i v i t y  p r i o r  t o  t h e  ons'et o f  ohmic h e a t i n g .  l 2  On 

Tokapole I1 ECRH p r e i o n i z a t i o n  i s  a p p l i e d  (16 kW a t  9 o r  



16 GHz f o r  ' 1 rnsec) when t h e  rnagnet.ic f i e l d .  . . ..,. i s  p u r e l y  
< .  

t o r o i d a l  s o .  t h a t  t h e  r e s o n a n c e  zone 1s. a  v e , r t i c a l .  . . % s , . . , . . , . . 
c y l i n d e r .  The observed e f f e c t  i s  a r q d u c t i o n  i n  t .he ' .  

. . . . . . . . 

l o o p  v o l t a g e  on a x i s  by - 60% ( 2 0  V -+ 8 V). The . ... . 
., . . 

r e d u c t i o n l a s t s a b o u t  300 p s e c . w i t h . n e g l i g i b l e  e f f e c t  . 

F! a f t e r  - 1 msec. D e t a i l e d  measurements  o f  s p a t i a l  l o o p  
- .  

v o l t a g e  and c u r r e n t  p r o f i l e  e v o l u t i o n  a r e  o b t a i n e d  . . 
. . 

d u r i n g  t h e  s t a r t u p  phase.  

T h i s  work i s  s u p p o r t e d  by t h e  U.S. Department.  of 

Energy . 



[ I ]  B i d d l e ,  A.P., Dex te r ,  R . N . ,  Groebner,  R.J., 

Ho l ly ,  D . J . ,  L i p s c h u l t z ,  B. P h i l l i p s ,  M . W . ,  
. . 

Prage r  ,, S-. C . ,  ' S p r o t t  , J. C . ,  ~ u c l  . Fus ion ,  9 
.,.. . 

. . 
(1979)  1509. ' 

[ 2 ]  L i p s c h u l t z ,  B ,  P r a g e r ,  S.C., Osborne, T.H. 

S p r o t t ,  J . C . ,  P h i l l i p s ,  M.W., Phys. Rev. 

Let t . ,  (1979)  36. 

[31 Holmes, J . A . ,  c a m e r a s ,  B . ,  'H icks ,  A.R. ,  

Lynck, V.E. , '980 IEEE l n t e r n i t i o n i l  Conference 

on  Plasma S c i e n c e  Paper 517. 

[ 4 ]  L i p s c h u l t z ,  B., P r a g e r ,  S.,C., Todd, A.M.M., 

DeLucia, S.', Nucl. Fus ion ,  t o  be  pub l i shed ,  

E51 G r i m m ,  R .C . ,  Greene ,  J.N., Johnson, J.L.; i n  

Methods in C o m ~ u t a t i o n a l  P h v s i c s ,  Vol. i 6  

( K i l e e n ,  J. Ed .) ' Academic P r e s s ,  New York 

( 1976) 253. 

[61 J a r d i n ,  S.C., Phys. F l u i d s , a ( 1 9 7 8 )  395. 

173 P a o l i n i ,  F. J . ,  Phys. F l u i d s  18 (1975) 640. 

[81 Hwang, D.Q.and Gould, R.W., Phys. F l u i d s ,  a 
(1980)  614. 

[9 ]  T a t a r o n i s ,  J . A .  and Grossman, W. Z . ,  Phys. 

261 (1973)  203. 

[ 101 Hasegawa, A. and Chen, L. ,  Phys. F l u i d s ,  

(1974)  1399. 



I 111  (;oc.!dblood, I { . ,  P h y s .  ~ l u i d s a ,  (1975)  2358. 

. . . . 
[ 1 2 1  ~ 0 1 1 ~ ;  D .  J.. Prager, s . c . ,  s h e p a r d l  D . A .  

. S p r o t t ,  J;,C., s u b m i t t e d  to  ~hys i 'ca l  Review. . ' . .  

. . .  , .  
I. ' . . . . ~ e t t e r s .  : ' . .  I .  

. . . . ,  ' 



FIGURE CAPTIONS ,, . . 
:: ; " ;  

s . .. I 

F i g .  1 : Numerical  P o l o i d a l .  F l u x  P l o t ,  . . o f .  Tokapole  , . .  11. % .. . . ~ 

F i g .  2:  .Rad ia l  q  p r o f i l e s  f o r  q  < 1 d i s c h a r g e s .  The 

d i v e r t o r  s e p a r a t r i x  i s  a t  r " 6 cm. q . i s  

measured '  d i r e c t l y  w i t h  i n t e r n a l  m a g n e t i c  

p r o b e s .  

Pig. ' 3 !  Ancrease i l l  body a n d  t a i l  t.pm~erat.urea vs ICRH 

power. 

Fig. 4: R a d i a l  p r o f i l e  o f  wave p o l o i d a l  m a g n e t i c  f i e l d  

( i n  a r b i t r a r y  units) a t  f ' IMHz, w i t h  and 

w i t h o u t  p lasma  p r e s e n t ,  i n  s h e a r  Alfve'n wave 

e x p e r i m e n t .  
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