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ABSTRACT 

The s u c c e s s f u l  development of t he  n e u t r a l  beam i n j e c t i o n  method o f  

h e a t i n g  tokamaks h a s  opened up a new range  of t h e o r e t i c a l l y  p r e d i c t e d  

phenomena t o  be e x p l o r e d .  T h i s  a r t i c l e ,  i n t e n d e d  fo r  t h e  

n o n s p e c i a l i s t ,  r e v i e w s  t h e  e x i s t i n g  e x p e r i m e n t a l  o b s e r v a t i o n s  and 

theoret ical  u n d e r s t a n d i n g  of tokamak e q u i l i b r i u m  and large scale 

s t a b i l i t y .  Then a s u r v e y  is p r e s e n t e d  o f  t h e  new phenomena, such  a s  

f l u x  conse rv ing  sequences  o f  e q u i l i b r i a  and p r e s s u r e - d r i v e n  b a l l o o n i n g  

modes, t h a t  are expec ted  t o  accompany t h e  s i g n i f i c a n t l y  enhanced plasma 

p r e s s u r e  t o  be produced i n  tokamaks now under  c o n s t r u c t i o n .  

V 





1. INTRODUCTION 

The o b j e c t i v e  o f  t h e  c o n t r o l l e d  the rmonuc lea r  f u s i o n  program is t o  

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

h o t t e r  t h a n  t h e  c e n t e r  o f  t h e  sun and t o  c o n f i n e  t h i s  h o t  plasma l o n g  

enough f o r  t h e  r e s u l t i n g  n u c l e a r  r e a c t i o n s  t o  produce more energy t h a n  

was consumed. I f  a m i x t u r e  o f  deu te r ium and t r i t i u m  is used ,  for 

example, a t  a t e m p e r a t u r e  o f  6 key (69.63 M i l l i o n  degrees K) and a 

p a r t i c l e  d e n s i t y  o f  4 x l o T 4  ions/cm3, t h e  plasma energy must be 

c o n f i n e d  f o r  a t  l eas t  2 seconds  i n  order t o  produce a u s e f u l  amount o f  

n u c l e a r  ene rgy .  Other  f u e l s  would r e q u i r e  h igher  i g n i t i o n  

t e m p e r a t u r e s .  While t h e  c h a l l e n g e  of producing these c o n d i t i o n s  i n  t he  

l a b o r a t o r y  is great ,  t h e  reward is  enormous. Thermonuclear f u s i o n  

w i t h i n  t h e  sun is u l t i m a t e l y  t h e  s o u r c e  f o r  a lmos t  a l l  o f  t h e  ene rgy  

used  by mankind s o  far .  Thermonuclear f u s i o n  on ear th  is a 

fundamental ly  new s o u r c e  o f  ene rgy  which shou ld  u l t i m a t e l y  become t h e  

most impor t an t  means of producing e l e c t r i c a l  power. It is o n l y  a 

q u e s t i o n  of time b e f o r e  f u s i o n  becomes a u s e f u l  and a t t r a c t i v e  energy 

a l t e r n a t i v e .  

Tokamaks are  now a l e a d i n g  c o n t e n d e r  among t h e  d e v i c e s  b e i n g  b u i l t  

t o  c o n f i n e  h o t  plasmas f o r  c o n t r o l l e d  the rmonuc lea r  f u s i o n .  

E s s e n t i a l l y ,  a tokamak is  a large t r a n s f o r m e r  i n  which t h e  t o r o i d a l l y  

shaped (doughnut shaped)  plasma s e r v e s  as the secondary winding. The 

c u r r e n t  d r i v e n  th rough  t h e  plasma creates a magnet ic  f i e l d  t h a t  

c o n f i n e s  t h e  plasma p r e s s u r e  and p r o v i d e s  the rma l  i n s u l a t i o n .  I n  

a d d i t i o n ,  t h i s  c u r r e n t  heats t h e  plasma up t o  a maximum t e m p e r a t u r e  of 

a few keV ( n o t  q u i t e  h o t  enough f o r  i g n i t i o n ) .  U n t i l  r e c e n t l y ,  

r e s i s t i v e  h e a t i n g  by t h i s  t o r o i d a l  c u r r e n t  was re l ied on a lmos t  

e x c l u s i v e l y  t o  heat t h e  plasma. Now, however, t h e r e  is a r e v o l u t i o n  i n  

t h e  d e s i g n  and c a p a b i l i t y  o f  tokamaks w i t h  t h e  advent  of a v e r y  

s u c c e s s f u l  form of a u x i l i a r y  h e a t i n g  cal led n e u t r a l  beam b i e c t i o n .  To 

produce t h i s  beam, an e lec t r ica l  discharge is used t o  i o n i z e  t h e  gas i n  
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a s e p a r a t e  chamber. The p o s i t i v e  i o n s  are then  e l e c t r i c a l l y  p u l l e d  o u t  

and accelerated by a p o t e n t i a l  of  40,000 V o r  more. A s  t h e s e  i o n s  p a s s  

th rough  a second chamber f i l l e d  w i t h  g a s  a t  low p r e s s u r e ,  t h e y  p i c k  up 

e l e c t r o n s  and proceed i n t o  t h e  tokamak as  e n e r g e t i c  n e u t r a l  atoms. 

These n e u t r a l  atoms p a s s  f r e e l y  through t h e  magnet ic  f i e l d  t h a t  

c o n f i n e s  t h e  tokamak plasma. They p e n e t r a t e  i n t o  t h e  plasma and 

exchange e l e c t r o n s  w i t h  t h e  plasma i o n s  t o  form a beam o f  fas t  i o n s  

w i t h i n  t h e  plasma. T h i s  i o n  beam t h e n  s lows down by Coulomb c o l l i s i o n s  

and i m p a r t s  i t s  energy t o  t h e  r e s t  o f  t h e  plasma. 

Recent expe r imen t s  u s i n g  n e u t r a l  beam i n j e c t i o n  have i n d i c a t e d  

t h a t  t h e  plasma t empera tu re  can be raised a t  w i l l ,  w i t h  no a d v e r s e  

e f f ec t s  observed s o  f a r .  With n e u t r a l  beam i n j e c t i o n  systems now under  

c o n s t r u c t i o n ,  tokamaks should soon be c a p a b l e  o f  a c h i e v i n g  and 

m a i n t a i n i n g  t e m p e r a t u r e s  o f  thermonuclear  i n t e r e s t  (whereupon i t  

remains t o  ra i se  t h e  energy d e n s i t y  and confinement time s u f f i c i e n t l y  

t o  produce u s e a b l e  amounts o f  e n e r g y ) .  

A s  t h e  plasma p r e s s u r e  i s  r a i s e d ,  computa t iona l  s t u d i e s  have 

i n d i c a t e d  t h a t  new k i n d s  o f  e q u i l i b r i a  must be produced t o  p rov ide  

magnet ic  confinement .  With t h e  advent  o f  powerful auxi l - iary h e a t i n g ,  

confinement i s  no l o n g e r  i n h e r e n t l y  coupled t o  ohmic h e a t i n g  and a 

b e t t e r  t e s t  can  be made of t h e  e x i s t i n g  energy confinement t h e o r i e s .  

F i n a l l y ,  t h e o r e t i c a l  p r e d i c t i o n s  have i n d i c a t e d  t h a t  an e n t i r e l y  new 

c l a s s  o f  l a r g e  scale  i n s t a b i l i t i e s ,  c a l l ed  b a l l o o n i n g  modes, shou ld  s e t  

i n  as t h e  plasma p r e s s u r e  is r a i s e d  s i g n i f i c a n t l y .  S t u d i e s  have 

i n d i c a t e d  ways of c o n t r o l l i n g  t h e s e  i n s t a b i l i t i e s  by a d j u s t i n g  t h e  

shape and p r o f i l e  o f  t h e  plasma i n  o r d e r  t o  a c h i e v e  t h e  maximum s tab le  

p r e s s u r e .  Th i s  a r t i c l e  w i l l  survey some o f  t h e s e  major developments i n  

t h e  tokamak approach t o  c o n t r o l l e d  thermonuclear  f u s i o n .  
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2 .  TOKAMAK STABILITY 

The h i s t o r y  o f  tokamaks has l a r g e l y  been a h i s t o r y  o f  c o n t r o l l i n g  

large scale i n s t a b i l i t i e s .  A b r i e f  rev iew of these i n s t a b i l i t i e s  w i l l  

i n d i c a t e  many o f  t h e  r e a s o n s  why tokamaks are b u i l t  t h e  way t h e y  are;  

i t  w i l l  a l s o  p rov ide  some o f  t h e  i n t u i t i o n  needed t o  unde r s t and  t h e  new 

t h e o r e t i c a l  p r e d i c t i o n s  f o r  h igh  pressure tokamaks. 

L e t  u s  beg in  w i t h  t h e  s i m p l e s t  c a s e  i n v e s t i g a t e d  i n  some o f  the 

expe r imen t s  performed dur ing  t h e  e a r l y  1950's  i n  which t h e  plasma was 

produced w i t h  on ly  i ts  s e l f - g e n e r a t e d  p o l o i d a l  magnet ic  f i e l d  (wrapping 

t h e  s h o r t  way around t h e  t o r u s )  and was found t o  be  v i o l e n t l y  u n s t a b l e .  

During t h i s  i n s t a b i l i t y ,  par t s  o f  t h e  plasma column c o n s t r i c t  whi le  

o t h e r  p a r t s  bu lge  o u t .  The magnet ic  f i e l d  around t h e  c o n s t r i c t e d  p a r t s  

becomes s t r o n g e r ,  s i n c e  t h e  t o r o i d a l  c u r r e n t  h a s  t o  squeeze through a 

narrower channe l  there ,  and t h e  s t r o n g e r  f i e l d  e x e r t s  a greater inward 

r a d i a l  f o r c e  on t h e  plasma which makes t h e  column t h e r e  c o n s t r i c t  

further. The plasma p inches  o f f  i n  t h e  form o f  a sausage ,  g e n e r a t i n g  a 

b u r s t  of h i g h  energy  i o n s  and t e r m i n a t i n g  the  d i s c h a r g e  i n  t h e  p r o c e s s .  

Th i s  s ausage  i n s t a b i l i t y  can be s t a b i l i z e d  comple te ly  by 

permeat ing  t h e  plasma w i t h  a t o r o i d a l  magnet ic  f i e l d  ( t h e  long  way 

around)  produced by s o l e n o i d a l  c o i l s  e n c i r c l i n g  t h e  plasma around t h e  

t o r u s .  A combinat ion of two mechanisms can  be used t o  e x p l a i n  t h i s  

s t a b i l i z i n g  e f f e c t .  F i r s t ,  a magnet ic  f i e l d  may be thought  o f  as  be ing  

f rozen  i n t o  any e l e c t r i c a l l y  conduct ing  f l u i d  such as a h o t  plasma, i n  

t h e  s e n s e  t ha t  f i e l d  l i n e s  may be thought  of as  having  t o  move t o g e t h e r  

w i t h  t h e  f l u i d  when t h e  motion t a k e s  p l a c e  on a time s c a l e  f a s t e r  t han  

r e s i s t i v e  d i f f u s i o n .  ( A c t u a l l y ,  t h i s  i n t e r p r e t a t i o n  is n o t  un ique ,  b u t  

any p h y s i c a l  consequence d e r i v e d  from i t  is v a l i d . )  Second, any 

magnet ic  f i e l d  may be thought  o f  as e x e r t i n g  p r e s s u r e  p e r p e n d i c u l a r  t o  

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

t o r o i d a l  magnet ic  field is compressed a s  it c o n s t r i c t s  w i t h  t h e  plasma, 
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and t h e  compressed f i e l d  e x e r t s  a g r e a t e r  outward r a d i a l  f o r c e  which 

i n h i b i t s  f u r t h e r  c o n s t r i c t i o n .  

Once t h e  sausage  i n s t a b i l i t y  was s u p p r e s s e d ,  expe r imen t s  r e v e a l e d  

a second k ind  o f  i n s t a b i l i t y  i n  which t h e  plasma column twists i n t o  a 

k i n k  which l o o k s  l i k e  a corkscrew. As each segment o f  t h e  calumn 

bends,  t h e  magnet ic  f i e l d  t h a t  wraps  around t h e  column becomes s t r o n g e r  

around t h e  i n n e r  edge o f  t h e  bend, where i t  i s  be ing  squeezed th rough  a 

s h o r t e r  arc  l e n g t h ,  and weaker around t h e  o u t e r  edge, where i t  is  b e i n g  

s t r e t ched .  The r e s u l t i n g  magnet ic  p r e s s u r e  t h e n  pushes t h e  column t o  

bend f u r t h e r  and r a p i d l y  d r i v e s  t h e  plasma i n t o  t h e  wal l .  

By 1958, i t  was r e a l i z e d  t h a t  t h i s  large scale k i n k  i n s t a b i l i t y  

cou ld  be suppres sed  by making t h e  t o r o i d a l  magnet ic  f i e l d  s t r o n g  enough 

and t h e  plasma f a t  enough so t h a t  none of  t h e  magnet ic  f i e l d  l i n e s  

c l o s e  upon themse lves  once aound t h e  t o r u s .  T h i s  c o n d i t i o n  i s  known a s  

t h e  Kruskal-Shafranov s t a b i l i t y  cr  i t e r i o n .  Roughly s p e a k i n g ,  i f  t h e  

product  o f  t o r o i d a l  magnet ic  f i e l d  and minor r a d i u s  i s  g r e a t e r  t h a n  t h e  

p roduc t  o f  p o l o i d a l  magnet ic  f i e l d  and major r a d i u s ,  t h e n  t h e  t e n s i o n  

a l o n g  t h e  f i e l d  l i n e s  p r e v e n t s  t h e  column from bending i n t o  a k i n k .  

The Kruskal-Shafranov s t a b i l i t y  c r i t e r i o n  is  o f  o v e r r i d i n g  importance 

i n  t h e  d e s i g n  and o p e r a t i o n  o f  tokamaks. It r e q u i r e s  a s t r o n g  t o r o i d a l  

magnet ic  f i e l d  - much s t r o n g e r  t h a n  t h e  p o l o i d a l  magnet ic  f i e l d .  Given 

t h e  maximum t o r o i d a l  f i e l d  we can  a f f o r d  i n  any g i v e n  d e v i c e ,  it sets 

a n  upper  l i m i t  on t h e  t o r o i d a l  c u r r e n t  t h a t  can  be d r i v e n  th rough  t h e  

plasma, and t h e r e f o r e ,  an upper  l i m i t  on t h e  r e s i s t i v e  h e a t i n g  and 

p r e s s u r e  confinement provided by t h i s  c u r r e n t .  Hence, t h e  

Kruskal-Shafranov s t a b i l i t y  c r i t e r i o n  p r o v i d e s  t h e  m o t i v a t i o n  f o r  

b u i l d i n g  tokamaks w i t h  t h e  smallest p o s s i b l e  aspect r a t i o  - a f a t  

rather t h a n  a t h i n  t o r u s  - even though a low a s p e c t  r a t i o  creates a 

number o f  e n g i n e e r i n g  problems. 

Even a f t e r  t h e  k ink  i n s t a b i l i t y  i s  s u p p r e s s e d ,  a t  l eas t  three more 

large scale i n s t a b i l i t i e s  are  observed i n  tokamak expe r imen t s .  The 

most dramatic of these  is  c a l l e d  t h e  d i s r w t i v e  i n s t a b i l i t v .  When it 

s t r i k e s  a t  random times d u r i n g  t h e  d i s c h a r g e ,  t h e  plasma a b r u p t l y  

expands i n  minor r a d i u s ,  s h i f t s  inward i n  major r a d i u s ,  produces a 
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v o l t a g e  s p i k e  around t h e  t o r o i d a l  plasma column which k i c k s  back 

a g a i n s t  t h e  t r a n s f o r m e r  v o l t a g e ,  and f i n a l l y ,  t h o s e  e l e c t r o n s  t h a t  have 

been a c c e l e r a t e d  t o  r e l a t i v e l y  h i g h  e n e r g i e s  ( ca l l ed  runaway e l e c t r o n s )  

suddenly s t r i k e  t h e  wal l  and t h e r e b y  g e n e r a t e  a p u l s e  o f  hard  X r a y s .  

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

p r e c a u t i o n s  must be t aken  t o  a m i - d  darclage t o  t h e  w a l l  from l o c a l  

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

i n s t a b i l i t y  can be avo ided  a l t o g e t h e r  by operating tokamaks i n  t h e  

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

I n  e f f e c t ,  tokamaks o p e r a t e  on a n  i s l a n d  i n  pa rame te r  space. The r ange  

of these p a r a m e t e r s  c a n  be ex tended  by n e u t r a l  beam i n j e c t i o n  and by 

p u f f i n g  i n  a d d i t i o n a l  g a s  d u r i n g  t h e  d i s c h a r g e .  Also, expe r imen t s  on 

t h e  P u l s a t o r  tokamak a t  t h e  Max-Planck-Inst i tut  f u r  Plasmaphysik i n  

Germany have shown t h a t  a moderate e x t e r n a l l y - a p p l i e d  he l ica l  magnet ic  

f i e l d  is  found t o  d e l a y  t h e  o n s e t  of a d i s r u p t i v e  i n s t a b i l i t y  i n  an 

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

p r e c i p i t a t e d ,  however, when t h e  h e l i c a l  a p p l i e d  f i e l d  is t o o  s t r o n g .  

It c a n  a l s o  be induced i f  t h e  plasma is  poor ly  c e n t e r e d  o r  i f  a probe 

is i n s e r t e d  i n t o  t h e  plasma,  A l l  of t h e s e  o b s e r v a t i o n s  have been 

determined e x p e r i m e n t a l l y .  

The p h y s i c a l  mechanism f o r  d i s r u p t i v e  i n s t a b i l i t i e s  was a mystery 

f o r  many y e a r s .  It was d i f f i c u l t  t o  make p r o p e r  measurements i n s i d e  

t h e  plasma on a phenomenon t h a t  o c c u r r e d  a b r u p t l y  a t  random times, and 

i t  was e q u a l l y  d i f f i c u l t  t o  t h i n k  of any mechanism which cou ld  be 

t r i g g e r e d  w i t h  l i t t l e  o r  no a p p a r e n t  change i n  t h e  plasma s t a t e  and y e t  

have such  a l a r g e  e f f e c t  on t h e  behav io r  of t h e  plasma. However, a 

t h e o r e t i c a l  s c e n a r i o  has bzen developed by a number o f  peop le  over t h e  

l a s t  few y e a r s  which rough ly  e x p l a i n s  t h e  sequence of obse rved  

phenomena and t h e  approximate time scales.  The c e n t r a l  i d e a  i n  t h i s  

s c e n a r i o  is t h a t  a k i n d  of i n s t a b i l i t y ,  c a l l e d  a t e a r i n g  mode, can  

c a u s e  t h e  magnet ic  f i e l d  t o  b r e a k  up  i n t o  t h i n  f i l a m e n t a r y  s t r u c t u r e s ,  

ca l led  mmetic i s l a n d s ,  which t w i s t  t h rough  t h e  plasma. When s e v e r a l  

magne t i c  i s l a n d s  w i t h  d i f f e r e n t  h e l i c i t y  grow w i d e  enough t o  o v e r l a p  

w i t h  each o t h e r ,  t h e n  a t  l eas t  sone of t h e  magnet ic  f i e l d  l i n e s  can  
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wander through t h e  plasma column ove r  some r a d i a l  i n t e r v a l  between t h e  

c e n t e r  and t h e  edge. S i n c e  h e a t  and f a s t  e l e c t r o n s  f low r a p i d l y  a l o n g  

f i e l d  l i n e s  but  s lowly  a c r o s s  t h e  magnet ic  f i e l d ,  t h e  o n s e t  o f  t h i s  

magnetic f i e l d  l i n e  r e c o n n e c t i o n  suddenly a l l o w s  t h e  plasma t e m p e r a t u r e  

t o  s p r e a d  and f a s t  p a r t i c l e s  t o  be l o s t .  Furthermore,  eddy c u r r e n t s  a t  

t h e  edges o f  t h e  r a p i d l y  growing magnetic i s l a n d s  a r e  b e l i e v e d  t o  be 

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

r e s i s t i v e  d i f f u s i o n  t a k e s  much l o n g e r ) .  The n e g a t i v e  v o l t a g e  s p i k e  and 

t h e  inward s h i f t  o f  t h e  plasma column t h e n  f o l l o w  from an e l ec t r i ca l  

c i r c u i t  a n a l y s i s  o f  t h e  i n s t a b i l i t y  f o l l o w i n g  t h e  c u r r e n t  sp read .  

Th i s  s c e n a r i o  h a s  been used t o  e x p l a i n  how a moderate e x t e r n a l l y  

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

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

o f  t h e  fundamental  magnet ic  i s l a n d  ( a  magnet ic  i s l a n d  can be produced 

by any h e l i c a l l y - r e s o n a n t  r a d i a l  magnet ic  f i e l d  p e r t u r b a t i o n ,  even a 

vacuum magnetic f i e l d ) .  T n i s  m o d i f i e s  t h e  t o r o i d a l  c u r r e n t  p r o f i l e  i n  

a way t h a t  i s  u n f a v o r a b l e  f o r  t h e  f u r t h e r  growth o f  t e a r i n g  modes. A 

l a r g e  a p p l i e d  h e l i c a l  f i e l d ,  on t h e  o t h e r  hand, produces an i s l a n d  s o  

w i d e  t h a t  i t  touches  t h e  edge o f  t h e  plasma so  t h a t  confinement  is  l o s t  

o v e r  a l a r g e  p a r t  o f  t h e  plasma. A l t e r n a t i v e l y ,  a t  h i g h  d e n s i t y  o r  low 

c u r r e n t ,  o r  i n  a plasma whose t empera tu re  is  dominated by r a d i a t i o n  

from i m p u r i t i e s ,  t h e  c u r r e n t  channe l  s h r i n k s  so  t h a t  t h e  pr imary 

magnet ic  i s l a n d s  a r e  i n  t h e  r e l a t i v e l y  c o l d  edge o f  t h e  plasma where 

t e a r i n g  modes can grow r a p i d l y ,  p r e c i p i t a t i n g  a d i s r u p t i v e  i n s t a b i l i t y .  

For t h e  same r e a s o n ,  a material o b s t r u c t i o n  can make t h e  plasma 

d i s r u p t i v e .  S t a r t i n g  w i t h  t h i s  p l a u s i b l e  e x p l a n a t i o n  and q u a l i t a t i v e  

agreement ,  r e s e a r c h e r s  a re  t r y i n g  t o  deve lop  a more complete  

t h e o r e t i c a l  d e s c r i p t i o n  w i t h  q u a n t i t a t i v e  agreement and p r e d i c t i v e  

v a l u e .  

Even i n  t h e  absence  of d i s r u p t i v e  i n s t a b i l i t i e s ,  f l u c t u a t i o n s  

a t t r i b u t e d  t o  more benign i n s t a b i l i t i e s  a r e  r o u t i n e l y  observed under 

normal tokamak o p e r a t i n g  c o n d i t i o n s .  For more t h a n  a decade,  

r e s e a r c h e r s  have observed r o t a t i n g  h e l i c a l  magnet ic  s t r u c t u r e s ,  c a l l e d  

Mirnov Oscilla-tLw-s ( a f t e r  S. V .  Mirnov of t h e  Kurchatov I n s t i t u t e  i n  
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Moscow), which cirn be e a s i l y  d e t e c t e d  u s i n g  small c o i l s  of wire a t  t h e  

edge of t h e  plasma or  beyond. I f  t h e  to ro ida l .  c u r r e n t  i s  ra i sed ,  t h e  

ampl i tude  of these  Mirnov o s c i l l a t i o n s  becomes l a r g e r  and t h e y  

a p p a r e n t l y  c o n t r i b u t e  t o  a d e t e r i o r a t i o n  o f  t h e  energy confinement i n  

tokamaks l o n g  b e f o r e  t he  t o r o i d a l  c u r r e n t  becomes so l a r g e  t h a t  t h e  

Kruskal-Shafranov s t a b i l i t y  c r i t e r i o n  i s  v i o l a t e d .  These h e l i c a l  

magnet ic  s t r u c t u r e s  are  g e n e r a l l y  a t t r i b u t e d  t o  r e l a t i v e l y  benign 

magnet ic  i s l ands  t h a t  e v o l v e  g r a d u a l l y  d u r i n g  t h e  c o u r s e  o f  most 

tokamak d i s c h a r g e s .  There i s  ev idence  o f  t h i s  from d e t a i l e d  

e x p e r i m e n t a l  o b s e r v a t i o n s  and t h e r e  a r e  a n a l y t i c  as w e l l  as 

computa t iona l  t h e o r e t i c a l  s t u d i e s  which i n d i c a t e  t h a t  t h e  width of 

magnet ic  i s l a n d s  shou ld  s a t u r a t e  a t  a few t e n t h s  o f  t h e  plasma r a d i u s  

under  t h e  a p p r o p r i a t e  c i r c u m s t a n c e s ,  bu t  as  y e t  there has  been l i t t l e  

q u a n t i t a t i v e  agreement between t h e o r y  and e x p e r i m e n t a l  o b s e r v a t i o n  o f  

Mirnov o s c i l l a t i o n s .  Also,  simple estimates have been used t o  

demons t r a t e  t h a t  i s l a n d s  shou ld  r o t a t e  t h rough  t h e  plasma, mainly 

because  o f  f i n i t e  Larmor r a d i u s  e f f ec t s  (due t o  t h e  g y r o r a d i u s  o f  i o n s  

and e l e c t r o n s  i n  t h e  magnet ic  f i e l d ) ,  bu t  no d e t a i l e d  a n a l y s i s  h a s  

succeeded.  Comparison between t h e o r y  and experiment  h a s  been hampered 

by t h e  f a c t  t h a t  it is  ve ry  d i f f i c u l t  t o  make d i r ec t  measurements of' 

crucial  plasma p r o p e r t i e s ,  such as t h e  plasma c u r r e n t  p r o f i l e ,  and t h e  

r e s u l t s  from t h e o r e t i c a l  computa t ions  seem t o  depend s e n s i t i v e l y  on 

d e t a i l s  of t h e  plasma model, such  as  h e a t  t r a n s p o r t  and f i n i t e  Larmor 

r a d i u s  e f fec ts .  I n  t h e  meantime, Mirnov o s c i l l a t i o n s  by t hemse lves  do 

n o t  appea r  t o  be ve ry  dangerous and ,  w h i l e  t h e y  appea r  t o  p l a y  an 

impor t an t  p a r t  d u r i n g  a d i s r u p t i v e  i n s t a b i l i t y ,  t h e y  do n o t  seem t o  be 

a prime c a u s e  o f  d i s r u p t i o n s .  

The l a s t  o f  t h e  l a r g e  scale f l u c t u a t i o n s  normally observed i n  

tokamaks was j u s t  d i s c o v e r e d  I n  1974 when S. Von Goe le r ,  W .  S t o d i e k ,  

and N. S a u t h o f f  a t  P r i n c e t o n  Plasma P h y s i c s  Labora to ry  observed a 

p e r i o d i c  s i g n a l  on t h e  s o f t  X r a y s  e m i t t e d  from n e a r  t h e  c e n t e r  of  t h e  

plasma. On o s c i l l o s c o p e  t races ,  t h i s  f l u c t u a t i o n  s i g n a l  l o o k s  l i k e  

sawteeth, w i t h  a periodic slow r i se  followed by an a b r u p t  f a l l  i n  t h e  

s i g n a l  from t h e  c e n t r a l  p a r t  o f  t h e  plasma o u t  t o  a s h a r p  t r a n s i t i o n  
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r a d i u s ,  beyond which t h e  s i g n a l  is c h a r a c t e r i z e d  by a p e r i o d i c  a b r u p t  

r i s e  fol lowed by e x p o n e n t i a l  decay. The main p a r t  o f  t h i s  s i g n a l  i s  

t h e  same a l l  t h e  way around t h e  tokamak, J u s t  i n s i d e  t h e  t r a n s i t i o n  

r a d i u s ,  however, a h e l i c a l  ( co rksc rew)  d i s t o r t i o n  of t h e  c e n t r a l  p a r t  

o f  t h e  plasma i s  observed j u s t  b e f o r e  each  drop i n  t h e  s i g n a l ,  The X 

ray  s i g n a l  i s  a s e n s i t i v e  i n d i c a t o r  o f  mainly t h e  e l e c t r o n  t e m p e r a t u r e ,  

which had h i t h e r t o  been measured by l a s e r  s c a t t e r i n g  o n l y  a t  b r i e f  

i n s t a n t s  i n  t ime .  ‘Yoday, t h e  d e t e c t i o n  of s o f t  X r a y s  (wi th  2 t o  20 

keV e n e r g i e s )  by f a s t  s o l i d - s t a t e  d e t e c t o r s  is  an e x c e l l e n t  and widely 

used d i a g n o s t i c .  It i s  even c a p a b l e  o f  i n d i c a t i n g  t h e  width o f  t h e  

magnet ic  i s l a n d s  t h a t  seem t o  be r e s p o n s i b l e  f o r  Mirnov o s c i l l a t i o n s .  

A remarkably complete s c e n a r i o  f o r  sawtooth o s c i l l a t i o n s  h a s  been 

developed by B .  V. Waddell ,  G .  I A m  J a h n s ,  J .  D .  C a l l e n ,  M .  S o l e r ,  

and W. R .  Hicks a t  Oak Ridge N a t i o n a l  Labora to ry  ( O R N L ) .  I n  t h e i r  

model, t h e y  have used t h e  f a c t  t h a t  t h e  e l e c t r o n  t empera tu re  and t h e  

t o r o i d a l  c u r r e n t  t e n d  t o  c o n c e n t r a t e  a t  t h e  c e n t e r  of t h e  plasma due t o  

s imple plasma t r a n s p o r t  p r o c e s s e s  under most tokamak c o n d i t i o n s  ( u n l e s s  

r a d i a t i o n  due t o  heavy i m p u r i t i e s ,  f o r  example, c o o l s  t h e  c e n t e r  of  t h e  

plasma too  much). When t h e  c u r r e n t  d e n s i t y  c o n c e n t r a t e s  s o  much t h a t  

magnet ic  f i e l d  l i n e s  near t h e  c e n t e r  c l o s e  upon themse lves ,  a small 

k i n k l i k e  i n s t a b i l i t y  grows and a b r u p t l y  s p r e a d s  o u t  t h e  t empera tu re  and 

c u r r e n t  ove r  t h e  c e n t r a l  r e g i o n  of t h e  plasma. The i n s t a b i l i t y  

i n v o l v e s  a magnetic, f i e l d  l i n e  r e c o n n e c t i o n  which r e o r g a n i z e s  t h e  

c e n t r a l  p a r t  o f  t h e  plasma whi l e  l e a v i n g  t h e  edge of  t h e  plasma 

e s s e n t i a l l y  untouched. The c y c l e  t h e n  b e g i n s  a g a i n  w i t h  t h e  

t empera tu re  and c u r r e n t  d e n s i t y  c o n c e n t r a t i n g  a t  t h e  c e n t e r  o f  t h e  

plasma on a s lower t r a n s p o r t  t ime  scale l e a d i n g  t o  a new h e l i c a l  

i n s t a b i l i t y .  Th i s  model h a s  produced remarkably good q u a n t i t a t i v e  

agreement w i t h  e x p e r i m e n t a l  o b s e r v a t i o n s .  

It i s  c l e a r  t h e n  t h a t  t h e  c e n t e r  of  most tokamak plasmas i s  i n  a 

p e r i o d i c  s t a t e  o f  t u r m o i l ,  and t h e  edge is l a c e d  wi th  magnet ic  i s l a n d s  

o r  r e g i o n s  wi th  more complicated magnet ic  s t r u c t u r e .  Under s u i t a b l e  

c o n d i t i o n s ,  a l l  t h e s e  s t r u c t u r e s  can  j - n t e r a c t  t o  d i s r u p t  t h e  plasma and 

r a d i c a l l y  change t h e  p r o f i l e s .  To some e x t e n t ,  t h e s e  p r o c e s s e s  can  be 
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cont ro l led  by adjusting the i n p u t  power, toroidal current, filling 

pressure, purity, and other properties of t h e  plasma. In spite of t h i s  

involved list of phenomena, tokamaks work remarkably well and their 

performance is being improved every year. 
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3. HIGH PRESSURE E Q U I L I B R I A  

I n  e a r l y  tokamak expe r imen t s ,  t h e  t o r o i d a l  c u r r e n t  was r e l i e d  upon 

almost  e x c l u s i v e l y  t o  hea t  and c o n f i n e  t h e  plasma. I t  is now c l e a r ,  

however, t h a t  t h e  t o r o i d a l  current ,  is l i m i t e d  by a n  impress ive  a r r a y  of 

i n s t a b i l i t i e s .  What t h e n  a r e  t h e  p r o s p e c t s  f o r  i n c r e a s i n g  t h e  

t e m p e r a t u r e ,  p r e s s u r e ,  and confinement i n  tokamaks? 

There are  e s s e n t i a l l y  three ways b e i n g  developed t o  c o n f i n e  a h i g h  

p r e s s u r e  plasma i n  tokamaks. One way is  t o  h e a t  t h e  plasma r a p i d l y  

compared t o  t h e  time scale  o f  r e s i s t i v e  d i f f u s i o n ,  by n e u t r a l  beam 

i n j e c t i o n  f o r  example, and r e l y  on induced p o l o i d a l  c u r r e n t s  ( c u r r e n t s  

t h e  s h o r t  way around t h e  t o r u s )  t o  c o n f i n e  t h e  a d d i t i o n a l  p r e s s u r e .  A 

second method i s  t o  a d j u s t  t h e  shape o f  t h e  plasma, by e l o n g a t i n g  t h e  

c r o s s  s e c t i o n  or d e c r e a s i n g  t h e  a s p e c t  r a t i o  (making a f a t t e r  t o r o i d ) ,  

f o r  example, i n  o r d e r  t o  i n c r e a s e  t h e  maximum t o r o i d a l  c u r r e n t  w i thou t  

a l l o w i n g  f i e l d  l i n e s  t o  c l o s e  upon themse lves  once around t h e  machine 

f o r  s t a b i l i t y .  The t h i r d  method i s  t o  broaden t h e  c u r r e n t  p r o f i l e  t o  

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

s t a b i l i t y .  O f  c o u r s e ,  t h e  best p r o s p e c t  f o r  c o n f i n i n g  h i g h e r  p r e s s u r e  

plasmas i n  tokamaks w i l l  probably be a j u d i c i o u s  combinat ion o f  a l l  

three o f  these methods. For t h e  sake o f  i l l u s t r a t i o n ,  l e t  u s  c o n s i d e r  

each  o f  t h e s e  methods s e p a r a t e l y ,  

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

o f  a t o r o i d a l  magnet ic  f i e l d ,  t h e  plasma w i l l  a u t o m a t i c a l l y  induce  

p o l o i d a l  c u r r e n t s  as  i t  is b e i n g  h e a t e d  and expands.  E s s e n t i a l l y ,  t h e  

expanding plasma p u l l s  t he  magnet ic  f i e l d  a l o n g  w i t h  i t  u n t i l  t h e  

d i f f e r e n c e  between t h e  magnet ic  p r e s s u r e  o u t s i d e  and i n s i d e  t h e  plasma 

p r e v e n t s  f u r t h e r  expansion . I n  a n o t h e r  way of l o o k i n g  a t  t h e  same 

p r o c e s s ,  p o l o i d a l  c u r r e n t s  a re  induced which i n t e r a c t  w i t h  t h e  t o r o i d a l  

magnet ic  f i e l d  t o  produce a d d i t i o n a l  inward f o r c e .  (Whenever t he re  is  

a c u r r e n t  o r  component o f  c u r r e n t  f l owing  p e r p e n d i c u l a r  t o  a magnet ic  

f i e l d ,  there w i l l  be a J x B or  Loren tz  f o r c e  p e r p e n d i c u l a r  t o  both.)  
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I f  t h e  t o r o i d a l  magnetic f i e l d  is  s t r o n g  enough, a s  it is  i n  most 

tokamaks, o n l y  a smal l  amount o f  expans ion  produces t h e  needed p o l o i d a l  

c u r r e n t  and inward magnet ic  p r e s s u r e .  The c u r r e n t  decays on t h e  time 

scale of r e s i s t i v e  d i f f u s i o n ,  which g e t s  l o n g e r  and l o n g e r  as  t h e  

plasma g e t s  h o t t e r .  

Not o n l y  does  t h e  plasma p r e s s u r e  e x e r t  an outward f o r c e  i n  a l l  

d i r e c t i o n s  which m u s t  be c o n f i n e d  by t h e  magnet ic  p r e s s u r e  and t e n s i o n ,  

b u t  t h e r e  i s  a l s o  a component o f  t h i s  f o r c e ,  c a l l e d  t h e  hoop f o r c e ,  

t h a t  t e n d s  t o  make t h e  t o r o i d a l  plasma r i n g  expand a l o n g  t h e  major 

r a d i u s .  The o r i g i n  o f  t h i s  f o r c e  can  be broken down i n t o  t h r e e  p a r t s :  

from plasma p r e s s u r e ,  from d iamagne t i c  p o l o i d a l  c u r r e n t s ,  and from t h a t  

p a r t  of t h e  p o l o i d a l  magnet ic  f i e l d  produced by t h e  t o r o i d a l  plasma 

c u r r e n t  a l o n e  ( a s  opposed t o  e x t e r n a l l y  a p p l i e d  p o l o i d a l  magnet ic  

f i e l d s ) .  I n  o r d e r  t o  v i s u a l i z e  t h e  f i r s t  c o n t r i b u t i o n ,  c o n s i d e r  t h e  

plasma p r e s s u r e  a g a i n s t  t h e  f a c e s  of any t h i n  wedge o f  t h e  t o r c i d a l  

plasma column. A small component o f  t h e s e  opposing v e c t o r  f o r c e s  a c t s  

t o  squeeze  t h e  wedge outward and t h e r e f o r e  e x e r t s  a n e t  f o r c e  on t h e  

plasma column outward a l o n g  t h e  major. r a d i u s .  The second component 

comes from t h e  f a c t  t h a t  b o t h  t h e  to ro ida l .  magnet ic  f i e l d  and t h e  

* p o l o i d a l  c u r r e n t  are s t r o n g e r  on t h e  i n n e r  edge o f  t h e  t o r o i d a l  plasma. 

These produce a n e t  outward f o r c e  a l o n g  t h e  major r a d i u s  i f  t h e  

p o l o i d a l  c u r r e n t  is d iamagne t i c  and a n e t  inward f o r c e  i f  t h e  p o l o i d a l  

c u r r e n t  is pa ramagne t i c .  I n  o r d e r  t o  v i s u a l i z e  t h e  t h i r d  f o r c e ,  n o t e  

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

squeeze  th rough  t h e  n o l e  i n  t h e  t o r u s  and t h e n  s p r a y  o u t  t o  f i l l  all 

t h e  s p a c e  o u t s i d e  t h e  t o r u s .  It  f o l l o w s  t h a t  t h i s  p 3 r t  o f  t h e  p o l o i d a l  

magnet ic  f i e l d  is s t r o n g e r  a t  t h e  i n n e r  edge of  t h c  t o r u s  and ‘ x e r t s  7 

n e t  outward f o r c e  on t h e  plasma a l o n g  the  major r a d i u s ,  

I n  o r d e r  t o  p r e v e n t  t h e  plasma from expanding a l o n g  t h e  major 

r a d i u s ,  a n  e x t e r n a l l y  a p p l i e d  v e r t i c a l  magnetic f i e l d  is  used t o  

r e i n f o r c e  t h e  p o l o i d a l  magnet ic  f i e l d  a t  t h e  o u t e r  edge o f  t h e  t o r u s  

and t o  weaken it  a t  t h e  i n n e r  edge.  I n  e a r l y  tokamaks, t h j s  was 

accomplished by s u r r o u n d i n g  t h e  plasma w i t h  a t h i c k  copper  o r  alumjnt m 

s h e l l  and t h e n  r e l y i n g  on image c u r r e n t s  i n  t h e  s h e l l  t o  produce t h e  



r e q u i r e d  v e r t i c a l  magnet ic  f i t ? l d  ( a s  t h e  plasma s h i f t s  ou tward ,  t h e  

p o l o i d a l  magnet ic  f i e l d  beconies compressed a g a i n s t  t h e  s h e l l  u n t i l  

e q u i l i b r i u m  i s  r e a c h e d ) .  l n  more r e c e n t  tokamaks, t h e  shell has been 

r e p l a c e d  by e l ec t r i ca l . ] -y  di-iven c o i l s ,  complete  w i t h  feedback  or 

preprogrammed sys tems,  t o  c e n t e r  and shape  t h e  p l a s m a  i n  t h e  vacuum 

chamber. 

This v e r L i c a l  f i>acnQtic  f i e l d  may p ~ s e  a probleii:, however, a s  t h e  

plasma pr 'essurc  i s  r a i s e d .  A t ,  high pi-cssure , the  requi.red ve r~ t i ca l .  

f i e l d  becomes s o  l a r g e  t h a t  i t  cou ld  c a n c e l  t h e  plasma induced p o l o i d a l  

f i e l d  a t  t h e  inner edge o f  t h e  t o r u s .  Outsi.de o f  t h i s  s t a g n a t i o n  

p o i n t ,  f i e l d  1 . ines  .run i n t o  t h e  w a l l  and t h e r e f o r e  do  n o t  c o n f i n e  a h o t  

plasma ve ry  wel l .  A s  t h c  plasma p r e s s u r e  i s  r a i s e d ,  i f  t h i . s  argument 

i s  va l - id ,  t h e  s t a g n a t i o n  poi.irt, would sh i . f t  toward t h e  c e n t e r  o f  t h e  

plasma, c a u s i n g  t h e  minor  Tadius  t o  s h r i n k  and s p o i l i n g  conf inement .  

An i n t e r e s t i n g  way around this problem was developed by J .  F .  

C la rke ,  D .  J .  Sigiiiw, H. A .  D a ~ y ,  and Y--K. M .  Peng a t  ORNL.  i t  

has a l r e a d y  been p o i n t e d  o i i t  t h a t  magnet ic  f i e l d  l i n e s  c m  be thought  

of  a s  be ing  f rozen  i n t o  ail e lcc t r - ica1 l .y  conduc t ing  f l u i d ,  T h i s  i .mplies 

Lhat  f i e 1  d i i ~ n e s  canno t  bi-eak niq r econncc t  dlli-iilg a n y  con t inuous  motion 

of  t h e  plasma f o r  a s  l o n g  as. t h e  plasma can  be  c o n s i d e r e d  p e r f e c t l y  

conduc t ing .  T h e r e f o r e ,  i f  t h e  pl3srna p r e s s u r e  i s  r a i s e d  r a p i d l y  

enough, a l l  t h e  magnet ic  f i e1 .d  1 iiles that ,  wei'e h i t i a l l y  comple t e ly  

w i t h i n  the plasma remain comp1et.ely w i t h i n  t h e  plasma -- t h e y  cannot  

break  away and i n t e r s e c t  w i th  t h e  w a l l  2nd t h e  s t a g n a t i o n  p o i n t  canno t  

move i n t o  t h c  p l a s n a .  The plasma p r e s s u r e  can  t h e n  be r a i s e d  

a rb i t ra r i .1 .y  high, wi th  t h e  a p p l i e d  v e r t j - c a l  magnet ic  f i e l d  i n c r e a s e d  a s  

needed  t o  keep t h e  plasma wel l  c e n t e r e d ,  a n 6  t h e  c u r r e n t s  w i t h i n  t h e  

plasma w i l l  autoinat i c a l l y  rearrange themselves  t o  keep t h e  plasma 

c o n f i n e d .  This confinement  w i  11 be maintai-ned u n t i l  t h e  induced 

c u r r e n t s  decay somewhat a s  Lhe r e s u l t  of  plasma r e s i s t l v i t y .  If t h e  

plasma i s  s u f f i c i e n t l y  h o t .  and consequen t ly  t h e  resistivity vcr>y low,  

such  a h i g h  p r e s s u r e  p l a s ~ , . : ~  i.s expec ted  t o  b e  coiifirie:~ f o r  a. .long time 

(more t h a n  enough time t o  produce useab1.e amounts o f  ener-gy by 

e n t  c o n c e p t ,  cal-led t h e  I f f lux  
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c o n s e r v i n g  tokamak," w i l l  be t e s t e d  d u r i n g  t h e  next  i ' ~  years  as  ~ m r e  

and more n e u t r a l  beam power i s  i n j e c t e d  i n t o  tokamaks, 

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

t o  t h e  confinement  of h i g h  p r e s s u r e  tokamak plasmas,  t h e r e  are a number- 

of  r e a s o n s  why i t  would be an advan tage  t o  c o n t r o l  t;he : 

p r o f i l e  of  t h e  plasma as well ,  Probably the most . i .mportnnt r e a s o n  has 

t o  do w i t h  s t a b i l i t y ,  whi.ch w i l l  be d i s c u s s e d  bel.ow. P l a s a a  s h a p i n g  

and p r o f i l e  c o n t r o l  can a l s o  be used t o  make more e f f i c i c n l ;  I,? 

t o r o i d a l  volume a v a i l a b l e  a s  t h e  c e n t r a l  p a r t  o f  t h e  pl.asrnn sh.i.ft.s 

outward a l o n g  t h e  major r a d i u s ,  r e l a t i v e  t o  the edge o f  t h e  pl.a3ma, 

l e a v i n g  a wasted dead space  behind a t  the i n n e r  edge o f  Me tor~id. 

With t h i s  i n  mind, l e t  IPS f i r s t  c o n s i d e r  shap ing  t h e  plasma by 

e l o n g a t i n g  i t s  c r o s s  s e c t i o n .  

There are e s s e n t i a l l y  two ways t o  t?l.ongate t h e  plasma c ross  

s e c t i o n  - e i t h e r  p u l l  a t  t h e  t o p  and bottom 01" p i ~ s h  oil the sides. One 

p u l l s  a t  t h e  t o p  and bottom by u s i n g  e x t e r n a l   current.^ above and below 

t h e  plasma column runn ing  i n  the same d3.rect lon as t h e  'ioroidc71 p l a s m  

cu r ren t .  T h i s  r e d u c e s  t h e  poloida.1 ma.gnetie f i e l d  and  therefore 

r e d u c e s  t h e  ma.gnetic p r e s s u r e  and t e n s i o n  between t h e  plasma and i;hc 

c o i l s .  The plasma re sponds  by b u l g i n g  out u n t i l  the c u r v a t u r e  an.3 

c o r r e s p o n d i n g  magnet tc  t e n s i o n  i n c r e a s e  suPf ' ici .ently w k i i ? ~  t h e  p lasma 

p r e s s u r e  g r a d i e n t  d e c r e a s e s  i n  t,he d i r e c t i o n  of  the coi. ls  u n t i l  t h e  

f o r c e s  a r e  brought  i n t o  b a l a n c e .  Al . t ,erna. t iveiy,  i n  ~riltir t o  push on 

t h e  s i d e s  of t h e  plasma,  one u s e s  wal ls  o f  c u r r e n t  a long t h e  sides of  

t h e  plasma runn ing  i n  t h e  d i r e c t i o n  oppc;site t o  t ]?e toroidal pl.asma 

c u r r e n t .  Magnetic f i e l d  s t r e n g t h  i s  t h e n  i n c r e a s e d  betwpen the plasma 

and t h e s e  c o i l s ,  and t h e  plasnia i s  squeezed i.nt,o an  e l o n g a i e d  :;hap*:. 

The same b a s i c  t e c h n i q u e s  can  be used  t o  s h a p e  the  plazmii i n  a v a r i e t y  

o f  ways such  as making t h e  cross s e c t i o n  i n t o  a I3 shape,  whi.ch seems t o  

be more f a v o r a b l e  f o r  s t a b i l i t y ,  or i n t o  a rrDoublet3'  shape (where 

Doublet  is  t h e  g e n e r i c  name of  a se r ies  of tokamaks coristrwcted at, t h e  

General Atomic Company i n  San Diego, California) i n  which the midplane 

i s  pinched i n  and t h e  upper and lower r e g i o n s  bu lge  out.. 
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A d i sadvan tage  o f  t h c  p u l l i n g  ructhod i s  t h a t  t h e  plasma t e n d s  t o  

be s u b j e c t  t o  a v e r t i c a l  i n s t a b i l i t y  i n  which t h e  plasma column s h i f t s  

a s  a whole toward one o r  more o f  t h e  c o i l s  t h a t  p u l l  on i t .  I f  t h e  

c o i l s  a r e  d r i v e n  w i t h  a f i x e d  c u r r e n t ,  t h e  plasma t e n d s  t o  be swallowed 

up by  t h e  c o i l .  Even i f  t h e  c o i l  c i r c u i t  c o n s e r v e s  f l u x ,  t h e r e  i s  a 

s t a g n a t i o n  p o i n t  between t h e  plasma and t h e  c o i l s  so t h a t  t h e  b u f f e r  of 

flux su r round ing  t h e  plasma does n o t  o p e r a t e  w e l l  as a s t a b i l i z i n g  

mechanism. I n  o r d e r  t o  be e f f e c t i v e ,  a p a s s j v e  ( f l u x  c o n s e r v i n g )  

c i r c u i t ,  e lement  such  a s  a copper  s h e l l  o r  c o i l  must be  p l aced  c l o s e  t o  

t h e  plasma ( c l o s e r  t h a n  t h e  s t a g n a t i o n  p o i n t ) .  For h i g h l y  e l o n g a t e d  

plasmas, t h i s  s t a g n a t i o n  p o i n t  i s  ve ry  c l o s e  t o  t h e  plasma and i t  t e n d s  

t o  move around a s  t h e  plasma c u r r e n t  p r o f i l e  changes.  

On t h e  o t h e r  hand, pushing on t h e  sides of t h e  plasma w i t h  wal ls  

of  curr’ent g e n e r a l l y  does n o t  produce a s t a g n a t i o n  p o i n t  anywhere 

w i t h i n  t h e  r e g i o n  bounded by t h e  c o i l s ,  and v e r t i c a l .  s t a b i l i t y  seems t o  

be l e s s  o f  a problem. However, t h e  c o i l s  must be ve ry  c l o s e  t o  t h e  

plasma and t h e  p l a s m  c u r r e n t  p r o f i l e  m u s t  be q u i t e  broad f o r  

e l o n g a t i o n  t o  be e f f e c t i v e .  Th i s  was demonstrated computa t iona l ly  by 

t h e  l a t e  K .  U .  Von Hagenow a t  t h e  Max-Planck-Inst i tut  f u r  

P las rnaphys ik  i n  Germany and e x p e r i m e n t a l l y  by r e s e a r c h e r s  working on 

t h e  Bel t  Pinch a t  t h e  same i n s t j t u t e .  If t h e  t o r o i d a l  c u r r e n t  

c o n c e n t r a t e s  a t  t h e  c e n t e r  of t h e  plasma, as  i t  does i n  most tokamaks, 

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

s e c t i o n  even though t h e  e x t e r n a l  c u r r e n t s  have e l o n g a t e d  t h e  edge of 

t h e  plasma. E x p e r i m e n t a l i s t s  working wi th  t h e  Doublet c o n f i g u r a t i o n  

t r y  t o  avo id  t h i s  s i t u a t i o n  by s p l i t t i n g  t h e  c e n t r a l  c u r r e n t  channe l  

i n t o  two t o r o i d a l  c u r r e n t  r i n g s ,  s t a c k e d  one on t o p  o f  t h e  o t h e r ,  and 

t h e n  d e l i c a t e l y  c o n t r o l l i n g  t h e i r  p o s i t i o n  s o  t h a t  t h e  r i n g s  do n o t  

completely s e p a r a t e  o r  comple t e ly  merge t o g e t h e r .  F o r t u n a t e l y ,  t h e  

feedback mechanism needed t o  do t h i s  h a s  t o  o p e r a t e  o n l y  on t h e  

r e l a t i v e l y  slow time scale o f  r e s i s t i v e  d i f f u s i o n .  N e v e r t h e l e s s ,  t h e s e  

c o i l s  mr is t  be p l a c e d  c l o s e  t o  t h e  plasma t o  have a s i g n i f i c a n t  e f f e c t .  
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O f  c o u r s e ,  b o t h  t h e  pushing and p u l l i n g  methods can  be used 

t o g e t h e r ,  and t h e  r e q u i r e m e n t s  on e x t e r n a l  c o i l  p o s i t i o n  and c u r r e n t  

are  l e s s  demanding i f  o n l y  a modest e l o n g a t i o n  o r  s h a p i n g  is d e s i r e d .  

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

shape  t h e  c e n t r a l  p a r t  o f  t h e  plasma i n t o  an o b l a t e  D s h a p e ,  The 

e x t e r n a l l y  a p p l i e d  s h a p i n g  f i e l d ,  t h e n ,  c a n  be used mainly t o  o p t i m i z e  

t h e  shape  of t h e  o u t e r  p a r t  o f  t h e  plasma s o  t h a t  it makes t h e  most 

e f f i c i e n t  u s e  o f  t h e  volume w i t h i n  t h e  vacuum v e s s e l .  There a r e  a 

number o f  advan tages  t o  u s i n g  a D-shaped plasma which make i t  t h e  most 

l i k e l y  c a n d i d a t e  f o r  t h e  tokamaks b e i n g  des igned  a t  t h i s  t ime.  The D 

shape  is a n a t u r a l  shape f o r  t h e  c o i l s  t h a t  produce t h e  t o r o i d a l  

magnetic f i e l d  because t h e s e  c o i l s  a r e  t h e n  i n  a s t a t e  of p u r e  t e n s i o n  

i n  t h e i r  own f i e l d s  ( t h a t  i s ,  t h e  c o i l s  would go t o  a D shape i f  t h e y  

were made o u t  o f  a f l e x i b l e  mater ia l ) .  These c o i l s  have been made i n  a 

c i r c u l a r  shape  up t o  now because t h e  c i r c u l a r  shape is eas ie r  t o  

manufacture .  F i n a l l y ,  a moderately e l o n g a t e d  D shape a p p e a r s  t o  be 

most f a v o r a b l e  fo r  s t a b i l i t y ,  as  we s h a l l  see below. 
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4. S'TABILITY OF H I G H  PRESSURE TOKAMAKS 

One o f  t h e  most e x c i t i n g  developments i n  t h e  f i e l d  o f  h i g h  

p r e s s u r e  tokamaks h a s  been t h e  t h e o r e t i c a l  p r e d i c t i o n  of a comple t e ly  

new c l a s s  o f  l a r g e  sca1.e i n s t a b i l i t i e s  c a l l e d  bal looning,  modes. A 

b a l l o o n i n g  mode i n  g e n e r a l  i s  an i n s t a b i l i t y  whose ampl i tude  i s  n o t  

uniforiii a l o n g  r e s o n a n t  magnetic f i e l d  l i n e s  - t h e  i n s t a b i l i t y  bends 

magnet ic  f i e l d  l i n e s  because o f  t h e  v e r y  nonuniform n a t u r e  o f  t h e  

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

b a l l o o n i n g  mades are  expec ted  t o  form a f l u t e l i k e  de fo rma t ion  o f  t h e  

plasma column which i s  s t r o n g e s t  a t  t h e  o u t e r  edge o f  t h e  t o r u s  and 

weakest on t h e  i n n e r  edge.  T h i s  i n s t a b i l i t y ,  which i s  e s s e n t i a l l y  

analogous t o  a Rayleigh-Taylor i n s t a b i l i t y ,  is d r i v e n  by t h e  

c e n t r i f u g a l -  f o r c e  o f  t h e  charged plasma p a r t j - c l e s  moving w i t h  random 

the rma l  v e l o c i t i e s  a l o n g  t h e  magnet ic  f i e l d  l i n e s  t h a t  c u r v e  around t h e  

o u t e r  edge o f  t h e  t o r o i d a l  plasma. The i n s t a b i l i t y  is opposed by t h e  

reztoring f o r c e  o f  magnet ic  t e n s i o n  as  f i e l d  l i n e s  a re  b e n t .  Hence 

t h e r e  i s  a t h r e s h o l d  p r e d i c t e d  f o r  t h e  plasma p r e s s u r e  b e f o r e  t h i s  k ind  

o f  de fo rma t ion  becomes u n s t a b l e .  

The f i r s t  d e t a i l e d  computa t iona l  s t u d y  of  b a l l o o n i n g  modes was 

Z a r r i e d  o u t  by J .  P .  F r e i d b e r g ,  F.  A .  Haas, B .  M. Marder, W .  

GrC;sraann, and J .  P.  Goedbloed s t a r t i n g  i n  1973 a t  Los Alamos 

S c i e n t i f i c  Labora to ry .  Using a simp1.e model i n  which a l l  t h e  c u r r e n t  

i s  c o n c e n t r a t e d  a t  t h e  s u r f a c e  of t h e  plasma, t h e y  f i r s t  demonstrated 

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

u n s t a b l e  when t h e  p r e s s u r e  i s  r a i s e d  above a c r i t i c a l  v a l u e ,  r e g a r d l e s s  

of" t h e  h e l i c a l  p i t c h  o f  t h e  magnet ic  f i e l d .  The i n s t a b i l i t y  a p p e a r s  t o  

blow o u t  t h e  ends  of  t h e  plasma c r o s s  s e c t i o n .  The c r i t i c a l  v a l u e  of 

t h e  p r e s s u r e  depends on how t i g h t  t h e  c u r v a t u r e  is  a t  t h e  ends  o f  t h e  

e l o n g a t e d  c r o s s  s e c t i o n .  An e l l i p t i c a l  cross s e c t i o n  is  bad ,  because 

t h e  c u r v a t u r e  a t  t h e  t i p s  o f  t h e  e l l i p s e  becomes v e r y  t i g h t  a t  h i g h  

e l o n g a t  Pons, wh i l e  a " r a c e - t r a c k "  o r  a Doublet  shape ,  w i t h  more g e n t l y  
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curved e n d s ,  is  b e t t e r .  T h i s  i n s t a b i l i t y ,  t h e r e f o r e ,  h a s  a 1 1  t h e  

e s s e n t i a l  features  o f  a b a l l o o n i n g  mode. It i s  d r i v e n  by ;1 h i g h  

p r e s s u r e  g r a d i e n t  a t  a p l a c e  where t h e  magnet ic  f i e l d  l i n e s  c u r v e  

s h a r p l y  toward t h e  plasma i n t e r i o r ,  and i t  is n o t  uniform a l o n g  field 

l i n e s .  The s u r f a c e  c u r r e n t  plasma model does n o t  a p p l y  t o  a c t u a l  

tokamaks, bu t  s imilar  r e su l t s  have been found i n  more a p p l i c a b l e  

t h e o r e t i c a l  models.  

The f i n d i n g s  o f  F r e i d b e r g  and h i s  a s s o c i a t e s  came as q u i t e  a 

s u r p r i s e  t o  t h e  a d v o c a t e s  o f  b u i l d i n g  tokamaks wi th  a h i g h l y  e l o n g a t e d  

c r o s s  s e c t i o n .  Much o f  t h e  r a t i o n a l e  f o r  t h e s e  d e v i c e s  was based on 

t h e  i d e a  t h a t  k i n k  modes are  suppres sed  when none of  t h e  magnetic field 

l i n e s  c l o s e  upon themse lves  once around t h e  t o r o i d ,  s o  t h a t  a s t r o n g e r  

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

cross s e c t i o n  i s  e l o n g a t e d .  F r e i d b e r g ' s  team p r e d i c t e d  t h a t  there  was 

something t o  be g a i n e d  by making t h e  plasma o n l y  m i l d l y  e l o n g a t e d ,  but, 

t h e  c r i t i c a l  p r e s s u r e  r a p i d l y  d e c r e a s e s  as  t h e  c r o s s  s e c t i o n  is  made 

h i g h l y  e l o n g a t e d .  Debate c o n t i n u e s  on t h i s  s u b j e c t  and expe r imen ta l  

r e s u l t s  a re  i n c o n c l u s i v e ,  b u t  t h e  main l i n e  of tokamak p l a n n i n g  i s  

moving i n  t h e  d i r e c t i o n  o f  moderate e l o n g a t i o n ,  l e s s  t h a n  2 t o  I i n  

D-shaped tokamaks and 3 t o  1 i n  Doublet  c o n f i g u r a t i o n s .  

The s i t u a t i o n  ge ts  somewhat worse as  t h e  c y l i n d r i c a l  plasma i s  

b e n t  i n t o  a t o r o i d  ( a  t o r u s  w i t h  a r b i t r a r y  c ross  s e c t i o n ) .  S i n c e  t h e  

magnet ic  f i e l d  r u n s  most ly  i n  t h e  t o r o i d a l  d i r e c t i o n ,  t h e  t o r o i d a l  

c u r v a t u r e  dominates  under  most c o n d i t i o n s  o v e r  t h e  p o l o i d a l  c u r v a t u r e .  

The s t a b i l i t y  c r i t e r i o n  f o r  b a l l o o n i n g  modes can be e s t i m a t e d  by n o t i n g  

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

around t h e  o u t e r  edge o f  t h e  t o r o i d  and t h e  t o r o i d a l  c u r v a t u r e  ( t h e  

r e c i p r o c a l  o f  t h e  major r a d i u s )  must be l e s s  t h a n  t h e  r e s t o r i n g  farce 

due t o  t h e  bending o f  f i e l d  l i n e s ,  which i s  p r o p o r t i o n a l  t o  t h e  square 

o f  t h e  magnet ic  f i e l d  s t r e n g t h  d i v i d e d  by t h e  s q u a r e  o f  t h e  "connec t ion  

l e n g t h "  - t h e  l e n g t h  of  t h e  p e r t u r b a t i o n  a l o n g  r e s o n a n t  magnetic f i e l d  

l i n e s  around t h e  o u t e r  edge of t h e  t o r o i d .  For a given t o r o i d a l  

magnet ic  f i e l d  and major r a d i u s ,  t h e  plasma can  be made more s t a b l e  by 

r e d u c i n g  t h e  pressure g r a d i e n t  o r  t h e  c o n n e c t i o n  l e n g t h  around t h e  
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o u t e r  edge o f  t h e  t o r o i d .  Hence, f o r  maximum p r e s s u r e  confinement ,  t h e  

p r e s s u r e  p r o f i l e  shou1.d have t h e  smallest g r a d i e n t  p o s s i b l e  - g e n t l y  

d e c r e a s i n g  t o  zero  p r e s s u r e  a t  t h e  edge o f  t h e  plasma. Also,  t h e  

h e l i c a l  p i t c h  o f  t h e  magnet ic  f i e l d  should be as  l a r g e  as p o s s i b l e  

wi thou t  v i o l a t , i n g  t h e  s t a b i l i t y  c o n d i t i o n  f o r  k ink  modes (such a s  t h e  

Kruskal-Shafranov s t a b i l i t y  c r i t e r i o n ) .  

A number o f  r e s e a r c h  teams are  s t u d y i n g  b a l l o o n i n g  modes wi th  

computers.  Ex tens ive  work h a s  been done by teams l e d  by D.  B .  

Yel.son, R .  A .  Dory, and G .  Bateman a t  Oak Ridge National. Labora to ry ,  

. L .  Johnson, J .  M .  Greene, and R .  C .  G r i m m  a t  t h e  P r i n c e t o n  

P! 3sm P h y s i c s  Labora to ry ,  D.  Dobrot t  a t  General  Atomic Company, F .  

Troyon i n  Lausanne, S w i t z e r l a n d ,  and J .  A .  Wesson a t  Culham 

Labora to ry ,  England, among o t h e r s .  The o p t i m i z a t i o n  done so  f a r  wi th  

ccmputers  has l e d  t o  a m i l d l y  e l o n g a t e d  D-shaped c r o s s  s e c t i o n  w i t h  t h e  

lowes t  a s p e c t  r a t i o  a l lowed by e n g i n e e r i n g  c o n s i d e r a t i o n s .  A s t a b l e  

r asma p r e s s u r e  o f  n e a r l y  10% of t h e  ambient; t o r o i d a l  magnet ic  f i e l d  

Dressure h a s  been p r e d i c t e d  when a very broad c u r r e n t  p r o f i l e  is used 

w i t h  t h e  edge o f  t h e  plasma s t a b i l i z e d  by a p e r f e c t l y  conduc t ing  wall 

around t h e  plasma. When t h e  edge o f  t h e  plasma deforms, under t h e s e  

cond j t i -ons ,  an image c u r r e n t  i n  t h e  wal l  ( o r  e q u i v a l e n t l y ,  compression 

o f  magnetic f l u x  between t h e  plasma and t h e  w a l l )  p r o v i d e s  a r e s t o r i n g  

f o r c e .  Without t h e  u s e  of  an e f f e c t i v e  f l u x  conse rv ing  wal l ,  more 

peaked c u r r e n t  p r o f i l e s  and lower ave rage  pressures  a r e  r e q u i r e d  f o r  

stabj.1-i.ty . 
There i s  a s t r i k i n g  change i n  t h e  c h a r a c t e r  and s t r u c t u r e  of  t h e  

m x r o s c o p i c  i n s t a b i l i t i e s  as  t h e  p r e s s u r e  o f  t h e  plasma i s  r a i s e d .  A t  

loid p r e s s u r e ,  under  c o n d i t i o n s  t h a t  co r re spond  t o  present-day tokamaks, 

t h e  i n s t a b i l i t i e s  are  r e l a t i v e l y  l o c a l i z e d .  A k ink  mode l o c a l i z e d  n e a r  

t h e  c e n t e r  o f  t h e  plasma, modif ied by r e s i s t i v e  and f i n i t e  Larmor 

r a d i u s  e f f e c t s ,  a p p e a r s  t o  be r e s p o n s i b l e  f o r  t h e  observed sawtooth 

o s c i l l a t i o n s .  The r e s i s t i v e  form of  a k ink  mode n e a r  t h e  edge o f  t h e  

pl.asma is  b e l i e v e d  t o  be r e s p o n s i b l e  f o r  t h e  r e l a t i v e l y  l o c a l i z e d  

i s l a n d  s t r u c t u r e s  t h e r e ,  t o  which Mirnov o s c i l l a t i o n s  a r e  a t t r i b u t e d .  

These i n s t a b i l i t i e s  a re  f a i r l y  benign as long  as  t h e y  do n o t  grow s o  
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l a r g e  t h a t  t h e y  i n t e r a c t  w i th  each o t h e r  o r  w i t h  t h e  edge o f  t h e  plasma 

and l e a d  t o  a d i s r u p t i v e  i n s t a b i l i t y .  As t h e  p r e s s u r e  is raised t o  t h e  

p o i n t  where b a l l o o n i n g  modes s e t  i n ,  however, t h e  r e s u l t i n g  p r e d i c t e d  

i n s t a b i l i t y  forms deep convec t ion  c e l l s  e x t e n d i n g  from t h e  c e n t e r  t o  

t h e  edge o f  t he  plasma. The flow of plasma i n  these  c o n v e c t i o n  c e l l s  

i s  g e n e r a l l y  s t r o n g e s t  around t h e  o u t e r  edge of  t h e  t o r o i d  where the: 

p r e s s u r e  g r a d i e n t  is s t e e p e s t  and ,  c o n s e q u e n t l y ,  where t h e  r e s u l t i n g  

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

modes are expec ted  t o  have much t h e  same e f f ec t  as  t h e  analogous 

Rayleigh-Taylor i n s t a b i l i t y  which leads  t o  c o n v e c t i v e  mixing of  t h e  

f l u i d  o r ,  when v i s c o s i t y  is v e r y  large,  t o  enhanced t r a n s p o r t  by a 

p r o c e s s  known as  Benard convec t ion .  

Most of t h e  p r e d i c t i o n s  o f  b a l l o o n i n g  modes made so f a r  have used 

a ve ry  s imple  f l u i d  plasma model, w i t h o u t  r e s i s t i v i t y ,  v i s c o s i t y ,  h e a t  

c o n d u c t i v i t y ,  o r  f i n i t e  Larmor r a d i u s  e f f e c t s .  The few c a l c u l a t i o n s  

and estimates t h a t  have i n c l u d e d  one o r  more o f  t h e s e  e f f e c t s  have n o t  

y e t  i n d i c a t e d  any s u b s t a n t i a l  change i n  t h e  o n s e t  o f  t h e  l a r g e s t - s c a l e  

b a l l o o n i n g  modes. It is d i f f i c u l t ,  however, t o  make t h e  models 

r e a l i s t i c  enough t o  be s u r e  t h a t  t h e  p r e d i c t e d  r e s u l t s  w i l l  agree 

q u a n t i t a t i v e l y  w i t h  expe r imen t s  - t h e  b e s t  agreement between t h e o r y  and 

experiment  under  present-day low p r e s s u r e  c o n d i t i o n s  has  been ach ieved  

w i t h  approx ima t ions  and g e o m e t r i e s  t h a t  are  n o t  s u i t a b l e  f o r  s t u d y i n g  

b a l l o o n i n g  modes. T h e r e f o r e ,  a large r e s e a r c h  e f f o r t  is  now be ing  

devo ted  t o  t h i s  problem. 
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5. TOKAMAK EXPERIMENTAL PROGRAM 

By t h e  end o f  1976, t h e  ORMAK tokamak a t  Oak Ridge N a t i o n a l  

Laboratory had  demonstrated s e v e r a l  o f  t h e  p r e r e q u i s i t e s  needed t o  

r a i se  t h e  p r e s s u r e  i n  tokamaks. N e u t r a l  beam i n j e c t o r s  were shown t o  

be s u c c e s s f u l  i n  h e a t i n g  both i o n s  and e l e c t r o n s .  Experiments  were 

a l s o  performed i n  which  t h e  n e u t r a l  beam h e a t i n g  power was g r e a t e r  t h a n  

t h e  r e s i s t i v e  h e a t i n g  power, w i t h  no a d v e r s e  e f f e c t s  obse rved .  The 

combined p r e s s u r e  o f  t h e  beam and t h a t  o f  t h e  ambient background plasma 

exceeded 1% o f  t h e  magnet ic  p r e s s u r e ,  j u s t  s h o r t  of t h e  c o n d i t i o n s  

p r e d i c t e d  f o r  t h e  o n s e t  o f  b a l l o o n i n g  modes i n  t h a t  tokamak, a g a i n  w i t h  

no unusual  e f f ec t s  obse rved .  With i n j e c t i o n  h e a t i n g ,  a maximum i o n  

t empera tu re  c l o s e  t o  2 keV was ach ieved  i n  ORMAK as  wel l  as i n  t h e  TFR 

d e v i c e  i n  Fontenay-aux-Roses, France.  Also, i o n  t e m p e r a t u r e s  exceed ing  

2 keV have r e c e n t l y  been produced i n  t h e  PLT tokamak a t  t h e  P r i n c e t o n  

Plasma Thys ic s  Labora to ry ,  which i s  now t h e  most powerful tokamak i n  

t h e  world.  

The r e s u l t s  j u s t  quoted f o r  ORMAK were ach ieved  w i t h  340 kW of 

n e u t r a l  beam i n j e c t e d  power i n t o  a moderate s i z e d  machine (80 em major 

r a d i u s ,  23 ern minor r a d i u s ,  10 t o  25 k i l o g a u s s  t o r o i d a l  magnetic 

f i e l d ) .  The PLT tokamak a t  P r i n c e t o n  i s  now b e i n g  f i t t e d  w i t h  more 

t h a n  a megawatt o f  n e u t r a l  beam i n j e c t i o n  power i n t o  a c o n s i d e r a b l y  

larger  volume ( 1 . 5  meter major r a d i u s ,  50 cm minor r a d i u s ,  more t h a n  35 

kG t o r o i d a l  magnet ic  f i e l d )  i n  o r d e r  t o  a c h i e v e  r e c o r d  t e m p e r a t u r e s  and 

confinement times under tokamak c o n d i t i o n s .  

A key experiment  now under c o n s t r u c t i o n ,  which is s p e c i f i c a l l y  

be ing  designed t o  t e s t  h igh  p r e s s u r e  confinement ,  is  t h e  ISX-B tokamak 

a t  Oak Ridge ,  i n  which a massive amount of n e u t r a l  beam i n j e c t i o n  power 

(1 .8  t o  3 MTnr) w i l l  be i n j e c t e d  i n t o  a tokamak n o t  much l a r g e r  t h a n  

ORMAK (92 ern major r a d i u s ,  26 cm minor r a d i u s ,  and up t o  18 kG t o r o i d a l  

magnet ic  f i e l d  i n  1 S X - B ) .  I n  t h i s  expe r imen t ,  t he  plasma c ross  s e c t i o n  

can be c o n t r o l l e d  from c i rcu lar  t o  e l l i p t i c a l l y  e l o n g a t e d  t o  D-shaped. 
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The d e v i c e  is des igned  t o  be  f l e x i b l e  and e a s y  t o  change (some tokamaks 

have  t o  be l a b o r i o u s l y  c u t  a p a r t  and welded t o g e t h e r  i f  any i n t e r n a l  

changes need t o  be  made). 

With s o  much power b e i n g  i n j e c t e d  i n t o  t h e  moderate volume o f  

ISX-B, plasma p r e s s u r e s  well above 1% of  t h e  magnet ic  p r e s s u r e  are  

e x p e c t e d .  The maximum p r e s s u r e  is expec ted  t o  exceed t h e  p r e d i c t e d  

o n s e t  of b a l l o o n i n g  modes and t h e  r a n g e  o f  a v a i l a b l e  plasma p r e s s u r e  

shou ld  cove r  t h e  r a n g e  o f  p r e s s u r e  t h a t  c a n  be s t a b i l i z e d  by a d j u s t i n g  

t h e  shape  and p r o f i l e  o f  t h e  plasma. The wall s t a n d s  away from the  

plasma i n  t h e  p r e s e n t  model o f  t h e  experiment  ( I S X - A )  now i n  o p e r a t i o n .  

Given t h e  f l e x i b l e  d e s i g n  of t h i s  series o f  expe r imen t s ,  a 

c l o s e r - f i t t i n g  wall, a d d i t i o n a l  c o i l s ,  a d d i t i o n a l  d i a g n o s t i c s  c o u l d  be 

implemented, shou ld  t h i s  become n e c e s s a r y .  Past e x p e r i e n c e  h a s  

i n d i c a t e d  t h a t  such  f l e x i b l i t y  is ex t r eme ly  h e l p f u l  when approach ing  a 

new phenomenon. 

A number o f  l a r g e  and powerful  tokamaks are now planned o r  under  

c o n s t r u c t i o n  i n  t h e  Un i t ed  S ta tes ,  t h e  S o v i e t  Union, Western Europe, 

and Japan.  The most powerful  tokamak c u r r e n t l y  b e i n g  c o n s t r u c t e d  i s  

t h e  TFTR ( T o r o i d a l  Fusion Test Reac to r )  d e v i c e  t o  be completed i n  t h e  

e a r l y  1980's a t  P r i n c e t o n .  T h i s  d e v i c e  w i l l  supplement t h e  h o t  

background plasma w i t h  c o l l i d i n g  beams o f  p a r t i c l e s  t o  a s s u r e  a n  

abundance of f u s i o n  r e a c t i o n s .  I n  between PLT and TFTR, P r i n c e t o n  i s  

b u i l d i n g  t h e  P o l o i d a l  D i v e r t o r  Experiment ( P D X )  which is  des igned  t o  

shape  t h e  plasma,  t o  c o n t r o l  t he  edge i n  a way t h a t  i n h i b i t s  t h e  i n f l u x  

of i m p u r i t i e s  from t h e  wall ( u s i n g  a d i v e r t o r ) ,  and t o  c o n t r o l  t h e  

d e n s i t y  and p r e s s u r e  o f  t h e  plasma. The t h i r d  large tokamak i n  t h e  

Un i t ed  S t a t e s  w i l l  be the  Doublet  III. d e v i c e  n e a r i n g  complet ion a t  t h e  

Genera l  Atomic Company i n  San Diego. T h i s  experiment  i s  s p e c i f i c a l l y  

des igned  t o  c o n f i n e  a h igher  p r e s s u r e  plasma by use of  t h e  Doublet  

e l o n g a t e d  cross s e c t i o n a l  shape ,  as d e s c r i b e d  earlier i n  t h i s  a r t i c l e .  
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A s  an a l t e r n a t i v e  t o  u s i n g  h i g h  plasma p r e s s u r e  r e l a t i v e  t o  t h e  

magnetic p r e s s u r e ,  t h e  A l c a t o r  s e r i e s  o f  expe r imen t s  a t  t h e  

Massachuse t t s  I n s t i t u t e  o f  Technology a r e  designed w i t h  e x c e p t i o n a l l y  

h i g h  t o r o i d a l  magnetic f i e l d s  (85 kG h a s  been a c h i e v e d ) .  The A l c a t o r  

experiment  h o l d s  t h e  world r e c o r d  f o r  tokamak d e n s i t y  and f o r  t h e  

product  of  d e n s i t y  w i t h  confinement time (above 1013 sec/cm3).  Other  

major expe r imen t s  i n c l u d e  J E T  ( J o i n t  European T o r u s ) ,  a huge tokamak t o  

be  b u i l t  i n  Culham, England, a major s e r i e s  o f  tokamaks a t  t h e  

Kurchatov i n s t i t u t e  i n  Moscow (where tokamaks were o r i g i n a l l y  developed 

under t h e  d i r e c t i o n  o f  t h e  l a t e  L.  A .  A r t s i m o v i t c h ) ,  w i t h  t h e  

c u r r e n t l y  o p e r a t i n g  T-10 tokamak co r re spond ing  roughly t o  PLT i n  s i z e  

and t h e  r e a c t o r - s i z e d  tokamak T-20 i n  t h e  p l a n n i n g  s tages ,  and ,  a 

rapidly-growing tokamak program i n  Japan ,  c u l m i n a t i n g  i n  t h e  JT-60 

d e v i c e  now be ing  planned.  

There is no q u e s t i o n  t h a t  f u s i o n  can  be produced i n  tokamaks - 
l a r g e  numbers of f u s i o n  r e a c t i o n s  are a l r e a d y  d e t e c t e d  i n  c u r r e n t l y  

o p e r a t i n g  tokamaks. Given t h e  p r e s e n t  r a t e  o f  s t e a d y  p r o g r e s s ,  many 

r e s e a r c h e r s  are  o p t i m i s t i c  t h a t  tokamaks can produce s i g n i f i c a n t  

amounts of  c o n t r o l l e d  f u s i o n  ene rgy ;  expe r imen t s  d u r i n g  t h e  n e x t  t e n  

y e a r s  shou ld  demons t r a t e  t h i s .  A t t e n t i o n  i s  now b e i n g  t u r n e d  t o  t h e  

problem o f  making t h i s  energy p r o d u c t i o n  e f f i c i e n t ,  u s e f u l ,  and 

a t t r - a c t i v e ,  compared t o  o t h e r  s o u r c e s  of ene rgy .  There i s  no t e l l i n g  

how l o n g  t h i s  w i l l  t a k e ,  bu t  t h e  soone r  i t  can be a c h i e v e d ,  t h e  more 

comfor t ab le  and s e c u r e  o u r  l i v e s  w i l l  be.  
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Fig. 1. Photograph of t h e  ISX-A tokamak a t  Oak Ridge N a t i o n a l  
Labora tory  i n  c o l l a b o r a t i o n  wi th  t h e  Genera l  Atomic Company. The 
d e v i c e  is sur rounded by d i a g n o s t i c  equipment ,  i n c l u d i n g  s p e c t r o s c o p e s ,  
lasers, microwave g u i d e s ,  and a s u r f a c e  a n a l y s i s  a p p a r a t u s .  T h i s  
tokamak w i l l  soon be conve r t ed  i n t o  t he  ISX-B exper iment  i n  which 1.8 
t o  3 mW of n e u t r a l  beam power w i l l  be i n j e c t e d  i n  an e f f o r t  t o  raise 
the plasma p r e s s u r e  w e l l  above 1% of t h e  magnet ic  p r e s s u r e .  
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Fig .  2. Photograph o f  the  PLT tokamak a t  P r i n c e t o n  Plasma 
P h y s i c s  Labora to ry .  The s t a i n l e s s  steel  box t o  t h e  lower l e f t  f;s a 
n e u t r a l  beam i n j e c t i o n  l i n e  aimed t a n g e n t i a l  t o  the t o r o i d a l  plasma 
column. J u s t  v i s i b l e  w i t h i n  t h e  t u b u l a r  s u p p o r t i n g  s t r u c t u r e  are t h e  
dark b l u e  t o r o i d a l  f i e l d  c o i l s  and ye l low p o l o i d a l  f i e l d  c o i l s ,  which 
c e n t e r  t h e  plasma and d r i v e  t he  a i r  c o r e  t r a n s f o r m e r .  Cour tesy  o f  
P r i n c e t o n  Plasma Phys ic s  Labora tory .  
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F i g .  3. Schematic i l l u s t r a t i o n  showing t h e  o p e r a t i n g  p r i n c i p l e s  
o f  tokamaks i n  g e n e r a l .  The t r a n s f o r m e r  shown i n  t h e  t o p  view d r i v e s  a 
t o r o i d a l  c u r r e n t  t h rough  t h e  plasma, as i l l u s t r a t e d  i n  t h e  second view, 
which produces a po l -o ida l  magnet ic  f i e l d  which c o n f i n e s  t h e  plasma. 
A d d i t i o n a l  c o i l s  shown i n  t h e  t o p  view produce t h e  s t r o n g  t o r o i d a l  
magnet ic  f i e l d  needed f o r  l a r g e  s c a l e  s t a b i l i t y .  A sample magnet ic  
f i e l d  l i n e ,  w i t h  i t s  s l i g h t  h e l i c a l  t w i s t  a round t h e  plasma column, is 
shown i n  t h e  t h i r d  view. 
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F i g .  4. Three  examples of l a r g e  sca le  i n s t a b i l i t i e s .  
Deformations o f  a s t r a i g h t  c y l i n d r i c a l  plasma column are  shown f o r  a 
"sausage i n s t a b i l i t y , "  a k ink  i n s t a b i l i t y  which bends t h e  plasma column 
i n t o  a corkscrew,  and a more complicated h e l i c a l  deformation of t h e  
plasma column. 
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F i g .  5. A photograph o f  t h e  c r o s s  s e c t i o n  of  t h e  plasma i n  t h e  
ATC tokamak a t  P r i n c e t o n ,  showing h e l i c a l  de fo rma t ions  and a moderately 
s t r o n g  d i s r u p t i v e  i n s t a b i l i t y .  T i m e  proceeds from l e f t  t o  r i g h t  a s  t h e  
f i l m  is r a p i d l y  moved p a s t  a s l i t  i n  t h e  wall of t h e  tokamak. Courtesy 
of R .  A .  Jacobsen and t h e  P r i n c e t o n  Plasma Phys ic s  Laboratory.  
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Fig. 6. Rough schemat i c  of t h e  t o r o i d a l  c u r r e n t  (on t h e  v e r t i c a l  
a x i s )  as a f u n c t i o n  of t h e  plasma p a r t i c l e  d e n s i t y  o p e r a t i n g  c o n d i t i o n s  
f o r  most tokamaks. D i s r u p t i v e  i n s t a b i l i t i e s  t e r m i n a t e  t h e  plasma 
d i s c h a r g e  a t  h i g h  c u r r e n t ,  a t  h i g h  d e n s i t y ,  and a t  low c u r r e n t .  Highly 
a c c e l e r a t e d  e l e c t r o n s  a b s o r b  most o f  t h e  plasma energy when low d e n s i t y  
o p e r a t i o n  is a t t e m p t e d .  The e x t e n t  of  t h e  " s t a b l e  o p e r a t i n g  regimetf 
h a s  been broadened i n  more advanced tokamaks by t h e  u s e  of n e u t r a l  beam 
i n j e c t i o n ,  gas p u f f i n g ,  and low i m p u r i t y  c o n d i t i o n s .  From WASH-1295, 
c o u r t e s y  of t h e  U .  S. Department o f  Energy. 
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F i g .  7 .  I l l u s t r a t i o n  showing how t h e  plasma p r e s s u r e  produces an 
outward f o r c e  a l o n g  t h e  major r a d i u s  o f  t h e  t o r o i d a l  plasma column. 

Sin 
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F i g .  8. The p a r t  o f  t h e  p o l o i d a l  magnet ic  f i e l d  due t o  t h e  
plasma c u r r e n t  a l o n e  c o n t r i b u t e s  t o  t h e  outward r a d i a l  f o r c e  on t h e  
plasma column. An a p p l i e d  v e r t i c a l  magnet ic  f i e l d ,  however, p r o v i d e s  a 
compensating inward r a d i a l  f o r c e .  
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F i g .  9 .  As t h e  plasma p r e s s u r e  is r a i s e d  by h e a t i n g ,  t h e  
c o n t o u r s  o f  c o n s t a n t  p r e s s u r e  w i t h i n  t h e  plasma s h i f t  outward, a s  shown 
i n  t h e s e  c r o s s  s e c t i o n s  o f  t o r o i d a l  plasmas. I f  t h e  plasma i s  produced 
with a D shape ,  a s  shown i n  t h e  sequence on t h e  r i g h t ,  t h e r e  i s  l e s s  
s h i f t  and t h e  space  i s  used more e f f e c t i v e l y .  Courtesy o f  R .  A .  Dory 
and  Y-K. M .  Peng, Oak Ridge N a t i o n a l  Labora to ry .  
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Fig. 10. Cross s e c t i o n s  of t h e  c o n t o u r s  of c o n s t a n t  p r e s s u r e  
computed for a t o r o i d a l  plasma w i t h  e l l i p t i c a l l y  e l o n g a t e d  c r o s s  
s e c t i o n  and w i t h  a Doublet  cross s e c t i o n .  Cour tesy  of the General  
Atomic Corpora t ion  and t h e  E l e c t r i c a l  Power Research I n s t i t u t e .  
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F i g .  11.  S t a b i l i t y  diagram showing the  t r a n s i t i o n  from k ink  and 
l o c a l i z e d  i n s t a b i l i t i e s  t o  large scale b a l l o o n i n g  i n s t a b i l i t i e s .  Here, 
beta is t h e  volume averaged plasma p r e s s u r e  d i v i d e d  by t h e  t o r o i d a l  
magnet ic  p r e s s u r e ,  b e t a - p o l o i d a l  is t h e  ave rage  plasma p r e s s u r e  d i v i d e d  
by a measure of  t h e  p o l o i d a l  magnet ic  f i e l d  p r e s s u r e ,  and q -ax i s  ( t h e  
minor r a d i u s  times t o r o i d a l  magnetic f i e l d  d i v i d e d  by t h e  major r a d i u s  
times p o l o i d a l  magnet ic  f i e l d )  is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  h e l i c a l  
p i t c h  of t h e  magnet ic  f i e l d  o r ,  e q u i v a l e n t l y ,  i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  t o r o i d a l  c u r r e n t .  
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Fig. 12. P e r t u r b e d  p r e s s u r e  c o n t o u r s  f o r  an i n t e r n a l  k ink  
i n s t a b i l i t y  ( t o p  a , b , c )  compared t o  a b a l l o o n i n g  mode (bot tom d , e , f )  
which is p r e d i c t e d  t o  occur  a t  s u f f i c i e n t l y  h i g h  p r e s s u r e .  A cross 
s e c t i o n  of t h e  e q u i l i b r i u m  p r e s s u r e  c o n t o u r s  is  shown t o  t h e  l e f t  ,ind 
two cross s e c t i o n s  o f  t h e  h e l i c a l l y  t w i s t e d  p e r t u r b e d  p r e s s u r e  con+oc- s  
are shown t o  t h e  r i g h t .  The c e n t e r  l i n e  o f  t h e  t o r o i d a l  p lasma is  t o  
t h e  l e f t .  
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Fig .  13. V e l o c i t y  f low p a t t e r n  a s s o c i a t e d  wi th  a l a r g e  scale 
b a l l o o n i n g  mode i n  a t o r o i d a l  plasma wi th  c i r c u l a r  cross s e c t i o n  
(center l i n e  t o  t h e  l e f t ) .  Courtesy of  A .  M .  M .  Todd, M.  S. 
Chance, J .  M. Greene, R .  C .  G r i m m ,  J. L .  Johnson, and J, 
Manickam of t h e  P r i n c e t o n  Plasma P h y s i c s  Labora to ry .  
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