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LOWER-HYBRID HEATING AND CURRENT DRIVE 
I N  TOKAMAKS AND RELATED EXPERIMENTS 

A b s t r a c t  

Exper imenta l  r e s u l t s  on waveguide-plasma c o u p l i n g  and r f  
h e a t i n g  i n  t h e  v i c i n i t y  of t h e  lower-hybr id  f requency  i n  t h e  
M.I.T. Alcator-A and i n  V e r s a t o r  I1 tokamaks a r e  r e p o r t e d .  
The fo r thcoming  Alcator-C lower-hybrid h e a t i n g  e x p e r i m e n t a l  
p a r a m e t e r s  are summarized. From P r i n c e t o n  r e s u l t s  on s e v e r a l  
s m a l l - s c a l e  exper iments ,  r e l a t e d  t o  waveguide-plasma c o u p l i n g  
(H-1) and r f  c u r r e n t  d r i v e  (ACT-l), a r e p r e s e n t e d ,  as w e l l  a s  
r e c e n t  t h e o r e t i c a l  i n v e s t i g a t i o n s  of e f f i c i e n t  r f  c u r r e n t  gen- 
e r a t i o n  u s i n g  lower-hybrid waves o r  Al fven  waves. 

1. M.I.T. ALCATOR-A AND ALCATOR-C EXPERIMENTS. 

Up t o  90 k W  of microwave power h a s  been  i n j e c t e d  i n t o  t h e  
A l c a t o r  A tokamak a t  a f reque6cy  f  = 2.45 GHz which i s  i n  t h e  
lower-hybrid f requency  range  [ I ] .  A d o u b l e  waveguide a r r a y  
was employed, each waveguide h a v i n g  i n n e r  d imensions  of 1 . 2 7 5  
cm x 8 .13  cm and t h e y  were  s e p a r a t e d  by a 1 mm septum. Both 
r f  phase  and a m p l i t u d e  cou ld  b e  c o n t r o l l e d  i n d e p e n d e n t l y  i n  
each waveguide,  and t h e  r a d i a l  p o s i t i o n  o f  t h e  waveguide 
mouth was a d j u s t a b l e .  The ce ramic  vacuum windows i n  t h e  wave- 
g u i d e s  were  l o c a t e d  o u s i d e  t h e  t o r o i d a l  f i e l d  magnet s o  t h a t  
t h e  w = wce l a y e r  was s i t u a t e d  i n  vacuum. 

Optimized c o u p l i n g  and r e f l e c t i v i t i e s o f  10% t o  15% were  
o b t a i n e d  w i t h  t h e  waveguide mouth p o s i t i o n e d  n e a r  t h e  vacuum 
v e s s e l  w a l l  and w i t h  0 ,  IT phas ing  of t h e  i n c i d e n t  e l e c t r i c  
f i e l d s  i n  t h e  two waveguides.  Th i s  r e f l e c t i v i t y  remained 
unchanged up t o  t h e  f u l l  power l e v e l  of 90 kW, which c o r r e s -  
ponded t o  a n  i n t e n s i t y  a t  t h e  waveguide mouth of 4 .5  k ~ / c m 2 .  

During r f  i n j e c t i o n  a t  t h e  90 kW l e v e l ,  a f a c t o r  of 50 
i n c r e a s e  i n  t h e  f u s i o n  n e u t r o n  r a t e  was observed  i n  a deu te r ium 
plasma i n  which iie 1 . 7  x 1014 ~ m - ~ ,  BT = 62 kG, and Ip = 
150  kA, as shown i n  F i g u r e  l a .  No i n c r e a s e  i n  plasma v o l t a g e  
o r  i m p u r i t y  emiss ion  occur red .  A s p a t i a l l y  r e s o l v e d  n e u t r o n  
d e t e c t o r  i n d i c a t e d  t h a t  t h i s  n e u t r o n  emiss ion  was l o c a l i z e d  t o  
t h e  c e n t e r  o f  t h e  A l c a t o r  A plasma. Charge exchange measure- 
ments i n d i c a t e d  t h a t  t h i s  n e u t r o n  ra te  was caused by t h e  



f o r m a t i o n  of an e n e r g e t i c  i o n  t a i l  a t  t h e  plasma c e n t e r .  The 
2 . 5  - 2 . 0  msec decay t i m e s  of t h e  n e u t r o n  r a t e  a f t e r  r f  s h u t -  
down imply t h a t  t h e  e n e r g e t i c  t a i l  i s  c h a r a c t e r i z e d  by a tem- 
p e r a t u r e  TT > 10 keV and t h a t  t h i s  t a i l  p e r s i s t s  o u t  t o  a n  
energy ET > 50 keV [ 2 ] .  This  e n e r g e t i c  t a i l  e x h i b i t s  t h e  
expec ted  i n f l u e n c e  of banana o r b i t  i o n  conf inement  on n e u t r o n  
p r o d u c t i o n : '  no  r f -produced n e u t r o n  enhancement i s  observed a t  
Ip < 100 kA and t h e  n e u t r o n  r a t e  decay t ime  i n c r e a s e s  by a 
f a c t o r  of 2  when Ip is  r a i s e d  from 120k.A t o  200 kA. F u r t h e r -  
more, t h e  observed  p r e s e n c e  of a  v e l o c i t y  s p a c e  l o s s  r e g i o n  
d u e  t o  r i p p l e  t r a p p i n g  [ 3 ]  i s  expec ted  t o  c o n t r i b u t e  t o  t h e  
l o s s  r a t e  of t h e  r f -produced i o n  t a i l  [ 2 ] .  The e s t i m a t e d  i o n  
h e a t i n g  e f f i c i e n c y  is l e s s  t h a n  40% i n  t h e  p r e s e n t  exper iments .  

F i g u r e  l b  shows t h e  n e u t r o n  r a t e  enhancement v s .  fie; t h e  
s h a r p  band i n  fie w i t h i n  which t h e r e  i s  a  n e u t r o n  enhancement 
occu$s a t  a  lower d e n s i t y  t h a n  expec ted  f o r  t h e  v a l u e  of $1 = B / I B /  % 3 w/c t h a t  shou ld  c h a r a c t e r i z e  t h e  e m i t t e d  lower 
h y b r i d  wave spectrum.  Fur the rmore ,  changing t h e  r e l a t i v e  
p h a s i n g  of t h e  two waveguides t o  0 ,  0  from 0 ,  d i d  n o t  a f f e c t  
t h e  r f  enhanced n e u t r o n  r a t e .  When t h e  d e n s i t y  was reduced 
below t h i s  n e u t r o n  p r o d u c t i o n  d e n s i t y  band, a  10% i n c r e a s e  i n  
Te was observed.  The h e a t i n g  e f f i c i e n c y  i n  t h e  e l e c t r o n  
h e a t i n g  mode i s  a t  least 35% (and p o s s i b l y  much h i g h e r ) .  Elec- 
t r o n  h e a t i n g  due t o  e l e c t r o n  Landau damping would r e q u i r e  

kll 5  w/c f o r  Te = 1 keV. These h e a t i n g  r e s u l t s  imply a  modi- 
f i c a t i o n  i n  t h e  wave v e c t o r  spec t rum a t  t h e  plasma edge from 
t h a t  o f  l i n e a r  t h e o r y  s o  as t o  enhance t h e  h i g h e r  kl! compon- 
e n t s .  Fur the rmore ,  r f  p robe  s p e c t r a  o b t a i n e d  a t  t h e  plasma 
edge showed t h a t  t h e  pump wave f requency  was broadened by 
0 . 5  t o  6 MHz and comparably downsh i f t ed ;  t h e s e  s p e c t r a  were  
waveguide p h a s e  independen t .  

Using C02 l a s e r  s c a t t e r i n g ,  t h e  d r i v e n  lower-hybrid waves 
have been s t u d i e d  d i r e c t l y  i n  t h e  plasma i n t e r i o r  141. The 
measured wave a m p l i t u d e  was p r o p o r t i o n a l  t o  t h e  n e t  t r a n s -  
m i t t e d  power P i n t o  t h e  plasma, b u t  was independen t  of wave- 
g u i d e  p h a s i n g ,  f o r  0.4 < P < 4  kw/cm2. By measur ing t h e  wave 
a m p l i t u d e  as a  f u n c t i o n o f  k, = 2r/X and u s i n g  t h e  lower h y b r i d  
d i s p e r s i o n  r e l a t i o n ,  t h e  nli spectrum was deduced. A broad rill 
spec t rum P (n was observed w i t h  h i g h e s t  a m p l i t u d e s  a t  t h e  
l o w e s t  rill i n  t h e  r a n g e  3  2 rill 5 8. The waves observed i n  t h e  
r a n g e  of d e n s i t i e s  5  x 1 0 1 3  5 ii ,$ 1 . 5  x 1 0 1 4  were  n o t  
l o c a l i z e d  i n t o  r e s o n a n c e  cones .  They have a  f requency  w i d t h  
Av(0 < Av 5 8 MHz FWHM), which i s  independen t  of P and i n -  
c r e a s e s  w i t h  plasma d e n s i t y ,  and a r e  downsh i f t ed  from t h e  
d r i v i n g  f requency  by an  amount 5 1 . 5  MHz, w i t h  t h e  l a r g e s t  
downsh i f t  a t  t h e  h i g h e s t  d e n s i t y .  F i n a l l y ,  P (rill ) d e c r e a s e s  
r a p i d l y  a s  a  f u n c t i o n  of d e n s i t y  a t  a l l  obse rved  n U 1 s  f o r  
ii 5 1 . 5  x 1 0 1 4  



There  a r e  s e v e r a l  mechanisms which c o u l d  e x p l a i n  t h e  f o r e -  
going r e s u l t s :  (1)  s c a t t e r i n g  o f  lower-hybr id  waves from l o n g  
p a r a l l e l  wavelength  d e n s i t y  f l u c t u a t i o n s  p r e v i o u s l y  observed  
n e a r  t h e  edge of t h e  Alcator-A plasma column [ 5 ]  and t h e i r  sub- 
s e q u e n t  m o d i f i c a t i o n  by s h e a r  [ 2 , 6 ] ,  p a r a m e t r i c  decay [ 2 ] ,  and 
t o r o i d a l  e f f e c t s  161. 

We a r e  b e g i n n i n g  a new s e r i e s  of high-power lower-hybrid 
- h e a t i n g  exper iments  i n  Alcator-C. The p a r a m e t e r s  w i l l  a s  be  
as f o l l o w s :  B "  IOT, n = (4-10) x ~ O l ~ c m - ~ ,  f o  = 4 .6  GHz, - 
P 7- 4.0 MW, ~~~l~~ i 0 . 5  s e c .  The power w i l l  b e  i n j e c t e d  i n t o  
Alcator-C th rough  f o u r  p o r t s ,  each h a v i n g  a g r i l l  w i t h  a 4 x 4 
waveguide a r r a y .  The phase  of each waveguide can  b e  v a r i e d  
e l e c t r o n i c a l l y  d u r i n g  t h e  r f  p u l s e .  The ce ramic  windows (BeO) 
w i l l  b e  b razed  i n t o  t h e  waveguides s o  t h a t  t h e  w = Wca l a y e r  
w i l l  b e  p r e s s u r i z e d  i n  t h e  waveguide. 

2. VERSATOR I1 EXPERIMENTS 

Using a four-waveguide a r r a y ,  we a r e  s t u d y i n g  i o n  h e a t i n g  
n e a r  t h e  lower-hybr id  f requency ,  and u s i n g  a six-waveguide 
a r r a y  we a r e  s t u d y i n g  e l e c t r o n  h e a t i n g  and c u r r e n t  d r i v e  i n  
t h e  M.I.T. V e r s a t o r  I I t o k a m a k  (R = 40 cm, a = 1 3  cm, - 
BT " 1.2-1.5  T ,  Ip 7 40 kA, Teo < 600 eV, n o  = (1-4) x 10' 3cm-3) 
Coupling exper iments  a t  power-levels P = 1-10 kW, S = P/A = 

2 
1-20 W/cm , show t h a t  t h e  r e f l e c t e d  power i s  s t r o n g l y  dependent  
on t h e  r e l a t i v e  p h a s e s  A@ of t h e  g u i d e s ,  a s  w e l l  as on t h e  
g r i l l  r a d i a l  p o s i t i o n .  The r e s u l t s  f o r  t h e  four-waveguide 
g r i l l  (gap w i d t h  2.45 cm, w a l l  t h i c k n e s s  i s  0 . 6  cm) a r e  shown 
i n  F i g u r e  2. I n  t h e  t h e o r e t i c a l  c u r v e s  (based on t h e  Eram- 
b i l l a  code 171) we used t h e  d e n s i t y  g r a d i e n t s  measured by 
Langmuir p robes  a t  t h e  plasma edge (Vn" 1 0 ~ ~ - 1 0 ~ ~ c r n - ~ )  i n  
t h e  absence  o f  r f  power. We s e e  t h a t  t h e r e  a r e  c o n s i d e r a b l e  
d i s c r e p a n c i e s  between t h e  e x p e r i m e n t a l l y  measured r e f l e c t i o n  
c o e f f i c i e n t s  and t h e  t h e o r e t i c a l  p r e d i c t i o n s .  I f  we assume 
a d e n s i t y  g r a d i e n t  50-100 t i m e s  l a r g e r  t h a n  t h e  measured 
v a l u e s ,  we g e t  a r e a s o n a b l e  agreement w i t h  t h e  a v e r a g e  r e f l e c -  
t i o n  c o e f f i c i e n t .  However, t h e  r e l a t i v e  magni tude of t h e  
r e f l e c t i o n  c o e f f i c i e n t s  between i n n e r  and o u t e r  waveguides  
i s  s t i l l  r e v e r s e d  from t h a t  p r e d i c t e d  by t h e o r y .  S i m i l a r  d i s -  
agreement i s  found i n  low power exper iments  u t i l i z i n g  t h e  s i x -  
waveguide g r i l l .  A t  p r e s e n t ,  t h e s e  r e s u l t s  a r e  n o t  w e l l  
unders tood .  

We have a l s o  begun h i g h  power exper iments  (P = 10-60 kW, 
2 

P/A = 100-600 ~ / c m  ) i n  which c a s e  we o b s e r v e  a t r a n s i t i o n  t o  
a regime c h a r a c t e r i z e d  by phase--independent r e f l e c t i o n  coef -  
f i c L e n t s  a t  power l e v e l s  P/A = 400 w/cm2. F u r t h e r  h i g h  power 
(P < 100 kW) h e a t i n g  and c u r r e n t  d r i v e  s t u d i e s  have j u s t  
begun. 



3. THEORETICAL AND EXPERIMENTAL RESULTS FROM PRINCETON 

I n  u s i n g  r f - d r i v e n  c u r r e n t s  f o r  s t e a d y - s t a t e  r e a c t o r  oper-  
a t i o n ,  t h e  c r u c i a l  concern i s  t h e  min imiza t ion  o f  t h e  power 
d i s s i p a t i o n .  Th is  p o i n t s  t o  u t i l i z i n g  e i t h e r  lower-hybr id  
waves [8] which t r a n s f e r  t h e i r  momentum t o  n e a r l y  c o l l i s i o n l e s s  
e l e c t r o n s ,  o r  Al fven  waves which have h i g h  momentum c o n t e n t  [ 9 ] .  

C u r r e n t  g e n e r a t i o n  by means of lower-hybr id  waves h a s  now 
been observed i n  t h e  ACT-1 t o r o i d a l  d e v i c e  [ l o ] .  The waves 
a r e  d r i v e n  by slow-wave s t r u c t u r e s  which are e n e r g i z e d  90°0ut 
of phase  w i t h  each  o t h e r ,  g i v i n g  rise t o  waves t r a v e l i n g  p re -  
dominant ly  i n  one d i r e c t i o n .  C u r r e n t s  of up t o  1 0  A have  been 
g e n e r a t e d  by 500 W of r f  power a t  160 KHz. The c u r r e n t  d i r e c -  
t i o n  c h a n g e s w i t h t h e  wave d i r e c t i o n a s  expec ted .  Numerical  
s t u d i e s  [ l l ]  show t h e  power d i s s i p a t i o n  t o  b e  a f a c t o r  of 1 . 7  
l e s s  t h a n  i n i t i a l  a n a l y t i c  e s t i m a t e s  [ a ] .  The new estimates, 
which a r e  based on t h e  s o l u t i o n  of t h e  two-dimensional ( i n  
v e l o c i t y  s p a c e )  Fokker-Planck e q u a t i o n  w i t h  an added q u a s i -  
l i n e a r  d i f f u s i o n  t e r m  due t o  t h e  waves, enhance t h e  a t t r a c -  
t i v e n e s s  of t h e  lower-hybr id  c u r r e n t - d r i v e  scheme f o r  tokamak 
r e a c t o r s .  

Ponderomotive f o r c e  e f f e c t s  on lower-hybr id  wave c o u p l i n g  
and p r o p a g a t i o n  i s  t h e  concern of r e l a t e d  t h e o r e t i c a l  and 
e x p e r i m e n t a l  work. T h e o r e t i c a l  s t u d i e s  of t h e  waveguide 
coup l ing  i n c l u d i n g  t h e  n o n l i n e a r  e f f e c t s  i n d i c a t e  a d e c r e a s e d  
s e n s i t i v i t y  of t h e  r e f l e c t i v i t y  t o  t h e  waveguide p h a s i n g  a t  
h i g h  power [ 1 2 ] .  I n  t h e  -3 l i n e a r  d e v i c e ,  when E~ / 8 m ~  % 0 (1)  
a t  t h e  plasma s u r f a c e ,  t h e  wave c o u p l i n g  e f f i c i e n c y  d e t e r i -  
o r a t e s  [13] .  Also  observed a r e  d e n s i t y  m o d i f i c a r i o n s  which 
change t h e  wave t r a j e c t o r y  [14] .  

Ponderomotive e f f e c t s  were  a l s o  s t u d i e d  i n  t h e  H-1 l i n e a r  
d e v i c e  where 5-60 y s  b u r s t  of power from a n  8 kW, 2.45 GHz 
magnetron were  a p p l i e d  t o  a n  overdense  l i n e a r  t e s t  p lasma 
( u i / u 2  C 1 5 ,  B = 1 3  kG) by a t w i n  waveguide.  

A t  modera te  a rgon  p r e s s u r e  (2 x 1 0 - ~ t o r r )  t h e  waveguide 
r e f l e c t i v i r y  (180') rises from Q 5% t o  12% w i t h i n  'L 20 u s .  
T h i s  moderate  i n c r e a s e  o c c u r s  because  t h e  plasma p u l l s  away 
from t h e  g u i d e  by 5-10 rum as a r e s u l t  of a  c r o s s - f i e l d  v o r t e x  
motion c e n t e r e d  0-1 cm from t h e  g u i d e  mouth [15] .  

A t  low p r e s s u r e  and h i g h  power (> 4 kW f 0.4 kw/cm2) a 
l o c a l i z e d  ponderomotive c a v i t y  forms w i t h i n  6 mm of  t h e  mouth 
of t h e  g u i d e  ( F i g u r e  3 ) .  The g u i d e  r e f l e c t i o n  t h e n  rises 
t o  'L 40% and i s  independen t  of t h e  phase  of e x c i t a t i o n .  Simi- 
l a r  b e h a v i o r  i s  t o  b e  expec ted  i n  tokamak e x p e r i m e n t s  a t  

2 
5  kW/cm i f  t h e  plasma p r e s s u r e  is  < 3 x 1013ev  cm-3 w i t h i n  a  
d i s t a n c e  of % k l 1 o f  t h e  waveguide. 

Two exper iments  on t h e  p a r a m e t r i c  decay o f  lower  h y b r i d  
waves have been c a r r i e d  o u t .  One invo lved  p a r a m e t r i c  decay  



i n t o  a lower h y b r i d  wave and an i o n - a c o u s t i c  wave i n  which con- 
v e c t i v e  l o s s e s  a r e  predominant [16] .  Another exper iment  i n v o l -  
ved p a r a m e t r i c  decay i n t o  a  lower h y b r i d  wave and a  non-resonant  
i o n  quasi-mode which o c c u r s  a t  w % w S t r o n g  i o n  h e a t i n g  i s  
observed w i t h  t h i s  decay.  The decayP&resho lds  measured i n  b o t h  
exper iments  a r e  i n  good agreement w i t h  t h e o r y .  

P a r a m e t r i c  d e c a y s ,  however, a r e  n o t  expec ted  t o  a f f e c t  
t h e  e f f i c i e n c y  of lower-hybrid c u r r e n t - d r i v e  under  r e a c t o r  con- 
d i t i o n s  [8 ] .  Numerical  c a l c u l a t i o n s  show t h a t  f o r  r e a c t o r s  t h e  
c u r r e n t - d r i v e  e f f i c i e n c y  i s ,  s i m i l a r l y ,  n e g l i g i b l y  i n f l u e n c e d  
by t h e  n o n l i n e a r  e f f e c t  of w a v e - p a r t i c l e  r e s o n a n c e  b roaden ing  
[171.  

Numerical  s t u d i e s  of c u r r e n t  g e n e r a t i o n  by Al fven  waves, 
s i m i l a r  t o  t h e  s t u d i e s  on lower-hybrid waves,  show t h a t  s u i t -  
a b l y  chosen Al fven  waves can i n c u r  l e s s  power d i s s i p a t i o n  t h a n  
lower-hybr id  waves [18] .  It i s  assumed h e r e  t h a t  o n l y  t h e  com- 
p r e s s i o n a l  Al fven  wave is e x c i t e d .  Coupling t o  t h e  s h e a r  Alf-  
ven  r e s o n a n c e  [19]  i s  shown t o  b e  n e g l i g i b l e .  I n  t h e  1 0  keV 
t e m p e r a t u r e  r a n g e  and assuming f3 > 5%, Alfven waves can  d r i v e  
c u r r e n t s  u s i n g  l e s s  t h a n  h a l f  t h e  power r e q u i r e d  f o r  lower- 
h y b r i d  waves. I n  t h e  20 keV t e m p e r a t u r e  r a n g e ,  t h e  a c c e s s i -  
b i l i t y  c o n d i t i o n  on lower-hybr id  waves becomes more s e v e r e  w i t h  
t h e  consequence t h a t  Alfven waves become r e l a t i v e l y  more a t t r a c -  
t i v e .  N e v e r t h e l e s s ,  f o r  con t inuous  r e a c t o r  o p e r a t i o n ,  lower 
h y b r i d  waves may s t i l l  b e  p r e f e r r e d  f o r  g e n e r a t i n g  c u r r e n t s  
b e c a u s e  t h e y  may b e  i n j e c t e d  by means of waveguides,  which 
w i t h s t a n d  r e a c t o r  c o n d i t i o n s  b e t t e r  t h a n  c o i l s  do. 
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FIGURE CAPTIONS 

F i g u r e  1. a )  Plasma p a r a m e t e r s  d u r i n g  r f  i n j e c t i o n  i n  A l -  
c a t o r  A ;  BT = 62 kG, Prf = 90 kW, d e u t e r i u m  g a s  
f i l l ,  and t h e  waveguides  a r e  phased 0, IT. 

b )  Neutron r a t e  enhancements from s e v e r a l  s h o t s  - 
v s  ne f o r  t h e  same p a r a m e t e r s  a s  ( a )  and Ip = 15OkA. 

F i g u r e  2 .  E s p e r i m e n t a l  and t h e o r e t i c a l  r e f l e c t i v i t y  i n  t h e  
V e r s a t o r  I1 f  our-waveguide exper iment .  The p h a s i n g  
of  t h e  f o u r  waveguides  i s  0 ,  T ,  0 ,  T.  The plasma 
chamber l i e s  t o  t h e  l e f t  of X = 0 ,  and t o  t h e  
r i g h t  t h e  g r i l l  i s  r e t r a c t e d  i n t o  t h e  p o r t .  

. 

2' 
F i g u r e  3. Rf s i g n a l  (a E  ) and d e n s i t y  2 mq f rom mnuth of  z ' 

g u i d e  d u r i n g  8 kW r f  p u l s e s .  Dashed l i n e s  show 
p o s i t i o n  of waveguide w a l l s .  










