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This  r e p o r t  p r o v i d e s  a b r i e f  survey  of p o s s i b l e  n o n i n d u c t i v e  
c u r r e n t  d r i v e  mechanisms for tokamaks. I t  was o r i g i n a l l y  p repared a s  
p a r t  of t h e  l e c t u r e  n o t e s  for f u s i o n  courses  t a u g h t  a t  The U n i v e r s i t y  
of Tennessee by t h e  a u t h o r .  The pr imary a p p l i c a t i o n  of d r i v i n g  
c u r r e n t s  n o n i n d u c t i v e l y  i s  t h e  p o s s i b l e  c o n t i n u o u s  (s teady-s ta te )  
operation of a tokamak r e a c t o r  t h r o u g h  t h e  i n d e f i n i t e  sus ta inment  of 
t h e  p o l o i d a l  m a g n e t i c  f i e l d .  Thus, t h e  amount of power r e q u i r e d  t o  
m a i n t a i n  t h e  c u r r e n t  i s  of c r u c i a l  impor tance.  I n  t h e s e  n o t e s  the 
d i s c u s s i o n s  a r e  r e s t r i c t e d  to t h o s e  schemes t h a t  a r e  s t u d i e d  t h e  m o s t  
(exper imenta l  Ig and/or  t h e o r e t i c a l  ly) and t o  t h o s e  t h a t  a r e  I i k e l y  t o  
be r e a c t o r  contenders .  V a r i o u s  c u r r e n t  d r i v e  mechanisms may be grouped 
i n t o  f o u r  classes: (1) i n j e c t i o n  of e n e r g e t i c  p a r t i c l e  beams; 
(2) l a u n c h i n g  of rf waves; (3) h y b r i d  schemes, w h i c h  a r e  c o m b i n a t i o n s  
of v a r i o u s  r f  schemes (rf p l u s  beams, rf and/or  beam p l u s  ohmic 
hea t ing ,  e t c . ) ;  and (4) o t h e r  schemes, some of wh ich  a r e  s p e c i f i c  t o  
r e a c t o r  plasma c o n d i t i o n s  r e q u i r i n g  t h e  presence of a l p h a  p a r t i c l e  or 
i ntense s y n c h r o t r o n  r a d i a t i o n .  P a r t i  c l  e i nj e c t i o n  schemes i n c l  ude 
c u r r e n t  d r i v e  by n e u t r a l  beams and r e l a t i v i s t i c  e l e c t r o n  beams. The rf 
schemes i n c l u d e  c u r r e n t  d r i v e  by t h e  lower  h y b r i d  (LH) waves, t h e  
e l e c t r o n  waves, t h e  waves i n  t h e  i o n  c y c l o t r o n  r a n g e  of f r e q u e n c i e s ,  
e t c .  Only a few of t h e s e  approaches, however, have been t e s t e d  
experimentally, w i t h  t h e  b r o a d e s t  da ta  base a v a i l a b l e  for LH waves.  
I n c l u d e d  i n  th is r e p o r t  a r e  (1) e f f i c i e n c y  c r i t e r i a  for  c u r r e n t  d r i v e ,  
(2) c u r r e n t  d r i v e  by n e u t r a l  beam i n j e c t i o n ,  (3) LH c u r r e n t  d r i v e ,  
(4) e l e c t r o n  c y c l o t r o n  c u r r e n t  d r i v e ,  (5) c u r r e n t  d r i v e  by i o n  
c y c l o t r o n  waves - m i n o r i t y  s p e c i e s  hea t ing ,  and (6) c u r r e n t  d r i v e  by 
o t h e r  schemes (such a s  h y b r i d s  and low f requency  waves) .  
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a k s  depend o n  i n d u c t i v e  prucesses  for t h e  maintenance 
r r e n t ,  wh ich  is  n e c e s s a r j  for plasma conf inement .  

Because t h e  f l u x - s w i n g  c a p a b i l i t y  of ohmic h e a t i n g  (OH> c o i l s  i s  
i t ed ,  tokamaks must o p e r a t e  i n  B p u l s e d  mode. T erefare, tokamak 

r e a c t o r s  must  go t h r o u g h  a periodic: s t a r t u p ,  burn, an ~ b u t d ~ ~ n  cycle, 
l a s t i n g  o n  t h e  o r d e r  of minutes. T h i s  c y c l i n  of t he  b u r n  i n t r o d u c e s  
many e n g i n e e r i n g  problems a s s o c i a t e d  w i t h  t h e  thermal  c y c I i n g  of the 
f i r s t  wal I ,  t h e  p u l s i n g  of t h e  p o l o i d a l  m a ~ n ~ t i ~  c i r c u i t ,  e t c .  

The r e a c t o r  p o t e n t i a l  of t h e  tokamak c o u l d  be c o n s i d e r a b l y  
improved i f  a method of d r i v i n g  t h e  c u r r e n t  c o n t i n u o u s l y  r a t h e r  t h a n  
i n d u c t i v e l y  c o u l d  be deve loped and demonst ra ted-  C o n t i n u o u s  
(s teady-s ta te )  o p e r a t  i o n  of tokamaks wou I d prov i de a number of 
i m p o r t a n t  e n g i n e e r i n g  simp1 i f i c a t i o n s ,  N a t u r a l  ly, s t e a d y - s t a t e  
o p e r a t i o n  e l i m i n a t e s  the  need for thermal  s t o r a g e  t o  p r e v e n t  p u l s i n g  
from t h e  power o u t p u t  t o  t h e  e l e c t r i c a l  grid. Cont inuous  o p e r a t i o n  
wou ld  also produce s teady  power o u t p u t  w i t h o u t  c y c l  i c  thermal  e x c u r s i o n  
of any p o r t i o n  of t h e  r e a c t o r ;  thermal  cycl i n g  of t h e  f i rs t  w a l  l is  a 
p a r t i c u l a r l y  s e r i o u s  problem t h a t  must  be avo ided i f  t h e  s t r u c t u r a l  
i n t e g r i t y  o f  t h e  w a l l  i s  t o  be m a i n t a i n e d  aver long p e r i o d s .  
N o n i n d u c t i v e  s t e a d y - s t a t e  o p e r a t i o n  g r e a t l y  reduces  t h e  e n g i n e e r i n g  
r e q u i r e d  for t h e  OH co i l  and i t s  r e l a t e d  c i r c u i t  ( s w i t c h i n g  gear ) .  
However, ohmic d r i v e  may be r e q u i r e d  i n  a r e a c t o r  d u r i n g  t h e  s t a r t u p  
phase, even i f  c u r r e n t  d r i v e  i s  s u c c e s s f u l .  F u r t h e r ,  pulsed m a g n e t i c  
fields w i  I I be g r e a t l y  reduced; t h i s  eases t h e  design c o n s t r a i n t s  o n  
t h e  use of superconductors ,  w h i c h  are s e n s i t i v e  t o  t ime-dependent 
fields. 

d r i v i n g  a s t e a d y - s t a t e  c u r r e n t  i n  a r e a c t o r  [I]. I n  1978 F i s c h  
suggested  c o n f  i n i  ng  a tokamak p l  a m a  w i t h  rf -dr i y e n  c u r r e n t s ,  i n 
p a r t i c u l a r ,  c u r r e n t  g e n e r a t i o n  w i t h  lower  h y b r i d  (LH) waves [ a ] .  S i n c e  
then,  t h e r e  h a s  been a r a p i d  expans ion  i n  b o t h  t h e o r e t i c a l  and 
exper imenta  I r e s e a r c h  i n t o  r f - d r i v e n  schemes. Some of t h e s e  schemes 
a r e  l i s t e d  i n  T a b l e  0.1. I n  T a b l e  0.1 v a r i o u s  current, d r i v e  schemes 
a r e  grouped i n t o  f o u r  c l a s s e s :  (1) i n j e c t i o n  of e n e r g e t i c  p a r t i c l e  
beams; (2) l a u n c h i n g  of rf waves; (3) h y b r i d  schemes, w h i c h  a r e  
c o m b i n a t i o n s  of v a r i o u s  rf schemes, rf p l u s  beams, r f  and/or  beam p l u s  
ohmic h e a t i n g ,  e t c . ;  and (4) o t h e r  schemes, some of wh ich  a r e  s p e c i f i c  
t o  r e a c t o r  plasmas. P a r t i c l e  i n j e c t i o n  schemes i n c l u d e  c u r r e n t  d r i v e  

I n  1970 Ohkawa proposed n e u t r a l  i n j e c t i o n  as a p o s s i b l e  
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-I.- Rf-dri y e n  schemes 

Stow (w/kli) << y e  [smal I (cd/k,,)]" 

Cmpressiorra I A t  f u6n wave (CAW) 
Shmr A l f v d n  wayye (%N) 
Ion cyclotron range of frequencies (ICRF) -minority 
h e a t  i Rg 

Fast waves: (iJ/kll) >> w e  [large (w/kI,)la 
Lower hybr id  (1.H) 
Fast; magnetosonic ( 
E I ectron cy e I otron resoila nce heat i ng (ECRH) 

P a r t i c l e  iniection ---driven schemes 

Neutral injection of single- and multiple-charged ions 
Relativistic e lec t ron  beams (REB) 

ICRF and n e u t r a l  injection 
ICXH of t h e  fusion product a 
Cyet i c  operation (ohmic plus any other scheme) 

Phased injection of p e l  lets 
Anisotropic r e f  leetion of synchrotron radiation 
S e l e c t i v e  10s of a s s  

In this t a b l e  classification of s lm or fast waves is with respect to a 

emparison of t h e  wave phase velocity ~ / k , ~  to v e .  
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by n e u t r a l  beams [li3-13] and r e l a t i v i s t i c  e l e c t r o n  beams [14-15]. The 
r f  schemes may be broad ly  classified i n t o  two c a t e g o r i e s :  slow (or 
Im-speed) waYes (w/klr << ye).  whose parallel phase v e l o c i t i e s  a r e  much 
smaller t h a n  t h e  e l e c t r o n  t h e r m a l  v e l o c i t y ,  and fast (or high-speed) 
waves (u/kll >> ue), whose phase v e l o c i t i e s  exceed t h e  e l e c t r o n  thermal  
v e l o c i t y .  Examples i n  t h e  l a t t e r  c a t e g o r j  i n c l u d e  c u r r e n t  d r i v e  b j  t h e  
LH waves [!2,9,16-40] and t h e  e I e c t r o n  cy c I otron yes [9,18,41-%] ; 
t h o s e  i n  t h e  f o r m e r  c a t e g o r y  i n c l u d e  ~ i f f u r i ~ ~  species h e a t i n g  a t  t h e  
i o n  c y c l o t r o n  r a n g e  of f r e q u e n c i e s  [9,54-56]. Among t h e  o t h e r  
approaches, some them a r e  s p e c i f i c  Go r e a c t o r  plasma c o n d i t i o n s ,  
r e q u i r i n g  t h e  presence of a l p h a  p a r t i c l e s  or i n t e n s e  ~ ~ n ~ ~ r u t r o n  
radiation [9,5?-61]. I n  t h e s e  notes we do Rot at tempt  t o  cover  t h e  
complete list b u t  r e s t r i c t  t h e  d i s c u s s i o n s  ta t h o s e  schemes t h a t  a r e  
studied most (exper imenta l  i y  andfor  t h e o r e t i c a l  Iy) and those khat a r e  
I ikely t o  be r e a c t o r  contenders .  For f u r t h e r  i n f o r m a t i o n  and far 
d e t a i  I s  R Q ~  covered h e r e  see r e f s .  [1-88]. 

To d r i v e  a c u r r e n t ,  one s p e c i e s  of charged p a r t i c l e s  needs to be 
g i v e n  a n e t  v e l o c i t y  r e l a t i v e  t o  t h e  o t h e r .  In g e n e r a l ,  any wave (or 
beam) w i t h  n e t  momentum can g e n e r a t e  a c u r r e n t  by t r a n s f e r r i n g  i t s  
m ~ e n ~ u m  v i a  the a p p r o p r i a t e  ~ a ~ p j n g  mechanisms bo t h e  charged 
p a r t i c l e s  i n  t h e  plasma. To hhe e x t e n t  t h a t  c u r r e n t  d r i v e ,  and n o t  
hea t ing ,  is t h e  main  i n t e r e s t ,  it is d e s i r a b l e  t o  m i n i m i z e  t h e  power 
d i s s i p a t i o n  necessary to d r i v e  t h e  c u r r e n t .  For a g i v e n  amount of 
energy, c u r r e n t  d r i v e  i s  most e f f i c i e n t  i f  t h e  momentum i s  t r a n s f e r r e d  
t c r  t h e  e l e c t r o n s  r a t h e r  t h a n  t h e  i o n s ,  A l t h o u g h  the m ~ e n t ~ m  
d i s s i p a t i o n  r a t e  i s  tihe same fo r  ions and e l e c t r o n s ,  t h e  ra t i o  of 
c u r r e n t  to  ~ ~ e n t ~ ~  i s  g r e a t e r  f o r  electrons as compared t a  ions by an 
i o n - e l e c t r o n  mass rat io,  (.ifme). The c u r r e n t  can be e i t h e r  c a r r i e d  by 
t h e  whole e l e c t r o n  d i s t r i b u t i o n ,  by a ma! I number of super thermal  
e l e c t r o n s ,  or t h r o u g h  t h e  o u t f l o w  of e l e c t r o n s  f r o m  t h e  magnet ic  a x i s  
(enhanced radial e l e c t r o n  diPfusiQn). 

I n  g e n e r a l ,  t o  g e n e r a t e  a c u r r e n t  ~ s ~ ~ ~ ~ t r ~  must be i n t r o d u c e d  
into t h e  toroidal g e m e r y  so t h a t  one toroidal d i r e c t i o n  i s  f a v o r e d  
czwer t he  o t h e r .  This i s  an i n g r e d i e n t  i n  almost a l l  of t h e  t h e o r i e s  of 
c u r r e n t  d r i v e  by beams or waves. As l i s t e d  i n  T a b l e  0.1, s e v e r a l  
d i s t i n c t  c u r r e n t  d r i v e  mechanisms have been s t u d i e d .  Only a few of 
t h e s e  approaches, however, have been t e s t e d  e x p e r i m e n t a l  ly  w i t h  t h e  
broadest  da ta  base a v a i l a b l e  f o p  LH waves. As an i l l u s t r a t i o n ,  
Fig. 0.1 shows s c h e m a t i c a l  ly t h e  energgr-momentum t r a n s f e r  p i c t u r e  in 
rf c u r r e n t  d r i v e ,  8 a s i c a r l y .  an  e x t e r n a l  r f  source  couples a 
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F ig .  0.1.  Example of energy-momentum picture  i n  rf c u r r e n t  d p i v e .  
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u n i d i r e c t i o n a l  wave t o  t h e  plasma, w h i c h  d i r e c t s  t h e  power flaw i n  one 
of  t h e  d i r e c t i o n s  p a r a l  l e1  t o  t h e  magnet ic  axis. The waves t r a v e l i n g  
in t h e  t o r o i d a l  d i r e c t i o n  have n e t  p a r a l l e l  momentum. The 
from t h e s e  waves can be d i s s i p a t e d  by e l e c t r o n  Landau or t r a n s i t - t i m e  
damping and/or by c o l  I i s i o n a l  darnpin , t h e r e b y  t r a n s f e r r i n g  ma 
t h e  e l e c t r o n s .  T h i s  n e t  t o r o i d a l  momentum causes t h e  ele 
d r i v e  t o r o i d a l l y ,  c r e a t i n g  an e l e c t r i c  c u r r e n t .  The momentum i s  
absorbed by e l e c t r o n s  t r a v e l 1  i n g  w i t h  t h e  wave p a r a l l e l  phase v e l o c i t y  

(vi, The c u r r e n t ,  i n  th is example (Fig. O.l), is m a i n l y  
c a r r i e d  by t h e s e  r e s o n a n t  (w = k,,~,,), h i g h - v e l o c i t y  t a i l  e l e c t r o n s  
because, b e i n g  col I i s i o n l e s s ,  t h e y  r e t a i n  ~ ~ ~ ~ n t ~ m  l o n g e r  t h a n  b u l k  
e l e c t r o n s .  ( T h i s  is an example of a c u r r e n t  b e i n g  carried by 
s u p e r t h e r m a l  e l e c t r o n s . )  As t h e s e  el e c t r o n s  move t h e y  lose ~ ~ ~ e n ~ u m  t a  
t h e  ions ,  so t h a t  a s t e a d y - s t a t e  c u r r e n t  is  e v e n t u a l l y  ach ieved.  As #e 
w i  I I see, however, it is n o t  necessary for waves t o  have n e t  p a r a l  le! 
m ~ e n t u m  c o n t e n t  to  d r i v e  a c u r r e n t  e f f i c i e n t l y  1411. 

For c u r r e n t  d r i v e  schemes t o  be p r a c t i c a l  Poi- r e a c t o r  
appl i c a t i o n s ,  t h e  c u r r e n t  must; be s u s t a i n e d  a t  levels high enough fo r  
c o n f i n e m e n t  w h i l e  t h e  power c a s t  (and r e c i r c u l a t i n g  power f r a c t i o n )  i s  
k e p t  a t  a lw l e v e l  compared t o  t h e  f u s i o n  power o u t p u t .  Before 
d i s c u s s i n g  t h e  d e t a i  Is of c u r r e n t  d r i v e  schemes, we wi I I d e r i v e  a 
s i m p l e  e f f i c i e n c y  c r i t e r i o n  for c u r r e n t  d r i v e  (Sect. 1). Th is  
e f f i c i e n c y  f a c t o r  (namely, t h e  power necessary to  generate a g i v e n  
c u r r e n t )  i s  a use fu l  f i g u r e  of merit i n  corn a r i  ng variolas c u r r e n t  
g e n e r a t  i o n  t e c h n i q u e s .  

The o r g a n i z a t i o n  of t h e  remainder  of  th is  r e p o r t  i s  a s  
follows: (1) c u r r e n t  d r i v e  by n e u t r a l  beam i n j e c t i o n  (Sect. 2); (2) W 
c u r r e n t  d r i v e  (Sect .  3); (3) e l e c t r o n  rryctotl-on c u r r e n t  d r i v e  
(Sect .  4); (4) c u r r e n t  d r i v e  by i o n  c y c l o t r o n  waves-minor i ty  species 
h e a t i n g  (Sect .  5); and (5) c u r r e n t  d r i v e  by other schemes (Sect .  6), 
which b r i e f l y  a v e r s  various hybr id  schemes and Lhe use of law 
f r e q u e n c y  waves. For each of t h e  major d r i v e r  o p t i o n s ,  we b r i e f l y  
review t h e  b a s i c  mechanisms of c u r r e n t  g e n e r a t i o n  and d i s c u s s  t h e  taois 
used i n  t h e  s t u d y .  By and l a r g e ,  s i m p l e  a n a l y t i c a l  d e r i v a t i o n s  and 
e s t i m a t e s  a r e  used t o  p o i n t  o u t  t h e  b a s i c  s c a l i n g  r e l a t i o n s h i p s ,  Tf 
a v a i l a b l e ,  t h e  d i s c u s s i o n  of e x p e r i m e n t a l  r e s u l t s  i s  a l s o  i n c l u d e d .  

Because i t  is  n o t  t h e  purpose of these n o t e s  to r ~ c o ~ ~ e ~ ~  one 
c u r r e n t  d r i v e  scheme o v e r  another ,  and because t h e s e  n o t e s  were 
p r e p a r e d  p r i m a r i  i y  for c l a s s  l e c t u r e s ,  no compara t ive  assessment of  
driver o p t i o n s  a r e  i n c l u d e d ,  

v p  = u/kl,). 
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A n  u l t i m a t e  measure of t h e  e f f i c i e n c y  of c u r r e n t  d r i v e  by any 
scheme (rf, p a r t i c l e  i n j e c t i o n ,  e tc . )  i s  t h e  r a t i o  of exc i ted  c u r r e n t  
d e n s i t y  to absorbed power d e n s i t y ,  JfP. I n  g e n e r a l ,  it i s  d e s i r a b l e  t o  
have as l a r g e  a J/P as possible. 

I n  i t s  s i m p l e s t  farm, we will c a l c u l a t e  t h e  r a t i o  of c u r r e n t  
d e n s i t y  g e n e r a t e d  t o  power d e n s i t y  d i s s i p a t e d .  As mentioned, t o  d r i v e  
a c u r r e n t  one species of charged particles d e n s i t y  n ( e l e c t r o n s  or 
i ons)  needs t o  be g i v e n  a n e t  v e l o c i t y  r e l a t i v e  t o  t h e  o t h e r .  D e n o t i n g  
t h i s  r e l a t i v e  v e l o c i t y  as V,,I. t h e  c u r r e n t  d e n s i t y  i s  g i v e n  by 

The f o r c e  on t h e s e  p a r t i c l e s  due t o  Coulomb c o l l i s i o n s  i s  

where m is t h e  mass of t h e  p a r t i c l e  c a r r y i n g  t h e  c u r r e n t  and u is t h e  
collision f r e q u e n c y .  The power r e q u i r e d  to m a i n t a i n  t h e  c u r r e n t  i s  
t h e r e f o r e  

We i n t r o d u c e  the following n o r m a l i z a t i o n s  t o  t h e  c u r r e n t  and power 
( i . e . ,  we n o r m a l i z e  b o t h  t o  t h e i r  thermal va lues ) :  

A 

J = J/nev, , (1-44 
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F ig .  1.1. Normalized efficiency factor J/P vs Vrel/ve Uo (Vrei 
i s  the velocity of electrons t h a t  carry the current and v, i s  t h e  
electron thermal velocity) (ref. [ 8 ] ) .  
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s c a l e s  as ve /Vre l  = l / U o ,  and a t  h i g h  v a l u e s  of Vre1/ve, where i t  
s c a l e s  a s  (V re l / ve )2  = Uz.  T h i s  is  because i n  t h e  l i m i t  o f  low 
U, = V r e ~ / v e  t h e  c u r r e n t  i s  c a r r i e d  m a i n l y  by t h e  who le  e l e c t r o n  
d i s t r i b u t i o n  and uo/u i s  independent  of  V r e l / v e ,  where V,,I i s  t h e  
v e l o c i t y  of t h e  e l e c t r o n s  t h a t  c a r r y  t h e  c u r r e n t .  I n  t h e  l i m i t  o f  h i g h  
U,, u,/u s c a l e s  a s  U,, where t h e  c u r r e n t  i s  c a r r i e d  by super thermal  
e l e c t r o n s .  Thus, it i s  b e s t  to  d r i v e  c u r r e n t s  e i t h e r  i n  t h e  h igh-  
v e l o c i t y  e l e c t r o n  t a i l  us ing,  for example, fast waves [u/kII >> ve)  or 
i n  t h e  l o w - v e l o c i t y  e l e c t r o n s  u s i n g  v e r y  slow waves (u/kl, << v e ) .  

T h i s  s i m p l e  e x p r e s s i o n  far t h e  e f f i c i e n c y  f a c t o r ,  as p o i n t e d  o u t  
e a r l i e r ,  h i d e s  most of t h e  p h y s i c s  and, g e n e r a l l y ,  cannot  be used 
d i r e c t l y  t o  f i n d  a c u r r e n t  genera ted  from t h e  i n j e c t e d  power. I t  
s h o u l d  be noted, moreover, t h a t  b o t h  J and P a r e  v e r y  s e n s i t i v e  
f u n c t i o n s  of  Y r e i / v e  [Eqs. (1-1) and (1-331 t h a t  v a n i s h  when t h e  f i g u r e  
of m e r i t  becomes i n f i n i t e .  

One of t h e  most-used methods i n  d e r i v i n g  t h e  e f f i c i e n c y  f a c t o r  is 
t h e  Fokker-Planck equat ion,  which we w i l l  d i s c u s s  b r i e f l y  i n  t h e  n e x t  
s e c t i o n .  

I n  t e r m s  of total  c u r r e n t  Itot (= J.rra2, where a i s  t he  plasma 
r a d i u s )  and r e q u i r e d  power Ptat (= P27?a2Ro, where Ro is t h e  major 
r a d i  us), E q .  (1-6) can be r e w r i t t e n  as 

3 

(mks, keV u n i t s ) .  

1-2. Derivatirrn of Efficiency Factor U s i n g  the F iccn 
[ 2,4,8-9,16-18,45 -46,67-701 

The genera l  form of  t h e  e l e c t r o n  Fokker-Pianck e q u a t i o n  i s  g i v e n  



where C deno tes  t h e  Fokker-Planck col I ision o p e r a t o r  and 1 denotes  t h e  
c u r r e n t  d r i v e  o p e r a t o r .  The s u b s c r i p t s  i n  C r e f e r  t o  e l e c t r o n - i o n  
[ f i rst  t e r m  on t h e  r i g h t  s i d e  of Eq. (1-9)] and e l e c t r o n - e l e c t r o n  [ t h e  
second te rm on t h e  r i g h t  s i d e  of Eq. (1-9)] c o l l i s i o n s .  

The c u r r e n t  dr ive  o p e r a t o r  L f o r  rf schemes is d i f f e r e n t  from t h a t  
f o r  i n j e c t e d  beams. For t h e  rf schemes, t h e  o p e r a t o r  L i s  d e r i v e d  
u s i n g  quas i - l  i n e a r  theo ry ,  whereas for t h e  i n j e c t i o n  d r i v e  schemes, L 
i s  t h e  bearn-background plasma eo1 I i s i o n  o p e r a t o r .  

I n  this s e c t i o n ,  we do n o t  d e r i v e  t h e s e  opera to rs ;  we p r e s e n t  
i n s t e a d  a few examples for rf c u r r e n t  d r i v e  schemes. B a s i c a l l y ,  L(f,) 
represents the  velocity space d i f f u s i o n  caused by t h e  wave. I n  
genera I [75], 

(1-10) 

f, 

where re = - D  * a/+ f, is t h e  f l u x  of electrons ( i n  v e l o c i t y  space) 

induced by rf and D is t h e  q u a s i - l i n e a r  d i f f u s i o n  t e n s o r  r e s u l t i n g  from 
wave-pa r t i c l e  i n t e r a c t i o n  (such as Landau damping). 

The d i f f u s i o n  t e r m  for t h e  e l e c t r o n  Landau damping case i s  g i v e n  

* 

bY 

(1-11) 

where v,, i s  t h e  v e l o c i t y  p a r a l l e l  t o  t h e  magne t i c  f i e l d ,  t h e  5 f u n c t i o n  
expresses  t h e  resonance c o n d i t i o n ,  and D i s  a c o n s t a n t  and p r o p o r t i o n a l  
t o  t h e  wave amp1 i t u d e  square, D N E:. Note  t h a t  t h e  quas i - l  i n e a r  
d i f f u s i o n  t e n s o r  i n  Eq, (1-10) has been reduced to  o n l y  t h e  v,ivlj term, 
because t h e  c u r r e n t  d r i v e  mechanism ( i n  t h i s  example) utilizes o n l y  t h e  
resonance a t  w / k , , ,  t h e  para1 le1  phase v e l o c i t y .  

For c y c l o t r o n  h e a t i n g  ( i o n  c y c l o t r o n  or e l e c t r o n  c y c l o t r o n ) ,  

(1-12) 



1 2  

where R (ne or  Q i )  i s  t h e  c y c l o t r o n  f requency (0 = eB/m), vI is  t h e  
p e r p e n d i c u l a r  v e l o c i t y ,  and, aga in ,  0 i s  a c o n s t a n t  and p r o p o r t i o n a l  t o  
t h e  w a v e  amp1 i t u d e  square,  D N 1E'I2 or D N w i t h  E." t h e  l e f t - h a n d  
component o f  t h e  wave f i e l d  ( i . e . ,  t h e  component of t h e  E f i e l d  t h a t  
r o t a t e s  i n  t h e  same sense as ions)  and E- t h e  r i g h t - h a n d  component of  
t h e  wave f i e l d  ( i . e . ,  t h e  component of  t h e  E f i e l d  t h a t  r o t a t e s  i n  t h e  
same sense as e l e c t r o n s ) .  E q u a t i o n  (1-12) is for fundamental  c y c l o t r o n  
h e a t i n g .  

The c u r r e n t  d e n s i t y  is g i v e n  by 

J = ev,,fe d3v 

and t h e  power d i s s i p a t e d  i s  

P = J--mev2L(fe) 1 d3v 
2 

(1-13) 

(1-14) 

where d3v + vI dv, dv,, and v 2 = vI 2 2  i vI1. 

E q u a t i o n  (1-9) i s  a two-dimensional  (2-0) n o n l i n e a r  i n t e g r o -  
d i f f e r e n t i a l  e q u a t i o n  i n  v e l o c i t y  v a r i a b l e s  v,, and vI. I n  g e n e r a l ,  
t h i s  e q u a t i o n  has t o  be s o l v e d  n u m e r i c a l l y ,  e x c e p t  i n  l i m i t i n g  cases 
where i t  can be reduced t o  a s e t  o f  one-dimensional  (14) e q u a t i o n s  i n  
v .  The r e s u l t i n g  e q u a t i o n s  can t h e n  be s o l v e d  a n a l y t i c a l l y  
(approx imate ly )  or  numer ica l  ly  ( f u l l  1-D), which  a r e  c o n s i d e r a b l y  
s i m p l e r  t h a n  f u l  I 2-0 e q u a t i o n s .  Numer ica l  s o l u t i o n s  (1-D or 2-D) w i l  I 
n o t  be d iscussed here; however, we may r e f e r  t o  t h o s e  r e s u l t s  whenever 
needed (see r e f e r e n c e s ) .  A h  

A compendium of J/P v a l u e s  ( t h e  e f f i c i e n c y  f a c t o r )  c a l c u l a t e d  for  
s e v e r a l  of t h e  c u r r e n t  d r i v e  schemes l i s t e d  i n  T a b l e  0 . 1  i s  d i s p l a y e d  
i n  F i g .  1 .2  as a f u n c t i o n  of Uo. Here, U, i s  a f u n c t i o n  o f  phase 
v e l o c i t y  for waves, t h a t  is, 

and, f o r  p a r t i c l e  i n j e c t i o n  schemes a t  v e l o c i t y  Vb, i t  t a k e s  t h e  form 
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F i g .  1.2. Normalized efficiency factor vs U,, where U, = w/kllve 
[or U, = (w - fi)/k,!ve, with hd the cyclotron frequency] for waves and 
Uo = V b / v e  for particle injection at velocity Vb.  The abbreviations 
a r e  as fol lows (refs. [8,10]): 

OHMIC: Se I f-ex p I ana tory 
CAW: Compressional A l . f v & n  wave 
LH: Lower hybrid 
FM: Fast magnetosornic wave 
REB: Relativistic electron beams 
ECRH: Electron cyclotron resonance heating 
ICRH: Ian cyclotron minority heating 
Ion beams: Neutral injection. 
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Note  t h a t  f o r  some of t h e  wave schemes Uo i s  t h e  D o p p l e r - s h i f t e d  phase 
v e l o c i t y ,  t h a t  is, 

where R i s  t h e  c y c l o t r o n  f requency and E i s  t h e  harmonic nuintier. 
We see f r o m  F ig ,  1 .3 t h a t  i n  t h e  l i m i t  o f  low v e l o c i t i e s  (Uo << 1) 

rf schemes ( i . e . ,  compress ional  and s h e a r  A l f v h  aves) have a 
comparable e f f i c i e n c y  t o  ohmic c u r r e n t  d r i v e  except  i o n  c y c l o t r o n  
m i n o r i t y  h e a t i n g ,  I n  t h e  l i m i t  o f  h i g h  v e l o c i t i e s  (U, >> 1) 
e f f i c i e n c i e s  f o r  rf schemes d i f f e r  by o n l y  a f a c t o r  of  2. Neutral 
i n j e c t i o n  and i o n  c y c l o t r o n  waves have a somewhat lower e f f i c i e n c y  t h a n  
t h e  o t h e r  schemes. The r e d u c t i o n  i n  e f f i c i e n c y  of  t h e  n e u t r a l  
i n j e c t i o n  scheme a t  low i n j e c t i o n  v e l o c i t i e s  (Uo << 1) is due t o  t h e  
s l o w i n g  down of t h e  i n j e c t e d  fast i o n s  on  t h e  background thermal  ions,  
where t h e  e f f i c i e n c y  c u r v e  drops o f f  2s U t .  

The r e s u l t s  d i s p l a y e d  i n  F i g .  1.2 da n o t  i n c l u d e  r e l a t i v i s t i c  
e f f e c t s ,  wh ich  become i m p o r t a n t  a t  h i g h  v e l o c i t i e s .  A t  u l t r a -  
r e l a t i v i s t i c  e n e r g i e s  a h e r e  v, N c, J/P no l o n g e r  s c a l e s  as U,; 
i n s t e a d ,  it becomes n e a r l y  i ndependent of U, [43] . 

Anather  e f f e c t  n o t  accounted fo r  i n  F ig ,  1.2 i s  t h e  t r a p p i n g  of 
e l e c t r o n s  i n  t h e  toroidal  f i e l d  g r a d i e n t .  The r e s u l t s  shown i n  
F i g .  1.2 a r e  f a r  a very  l a r g e  aspec t  r a t i o  (e := 0, where E = r/R, i s  
t h e  i n v e r s e  a s p e c t  ra t io) .  For f i n i t e  a s p e c t  r a t i o ,  t h e  e l e c t r o n s  
t r a p p e d  i n  t h e  toroidal  magnet ic  f i e l d  [ f r a c t i o n  of t r a p p e d  p a r t i c l e s  
N (%)Ir2] can s i g n i f i c a n t l y  reduce 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  by 
(a) r e d u c i  ng t h e  number of c u r r e n t - c a r r y  i ng e l  e c t r o n s  a n d  
(b) i n c r e a s i n g  t h e  f r i c t i o n a l  d r a g  on t h e  p a s s i n g  e l e c t r o n s  ( t o ro ida l l y  
c i r c u l a t i n g ,  c u r r e n t - c a r r y i n g  e l e c t r o n s )  t h r o u g h  c o l  I isions w i t h  t h e  
t r a p p e d  e l e c t r o n s .  T h i s  r e d u c t i o n  of c u r r e n t  c o u l d  be p a r t i c u l a r l y  
s i g n i f i c a n t  a t  low phase v e l o c i t y  (i . e . ,  smal 1 Uo) due to  t h e  f a c t  t h a t  
o n l y  m a l  I i n c r e a s e s  i n  p e r p e n d i c u l a r  v e l o c i t y  a r e  r e q u i r e d  t o  move 
e l e c t r o n s  from t h e  un t rapped (pass ing)  t o  t h e  t r a p p e d  r e g i o n  of 
v e l o c i t y  space. A t  h i g h  phase v e l o c i t y  ( l a r g e  Uo), t h e  wave i n t e r a c t s  

2 A h  
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m a i n l y  w i t h  p a s s i n g  p a r t i c l e s  and so t h e  r e d u c t i o n  i n  c u r r e n t  c o u l d  be 
modest. 

1.3 Reactor Applications 

The p r i m a r y  a p p l i c a t i o n  of d r i v i n g  c u r r e n t s  n o n i n d u c t i v e l y  i s  t h e  
p o s s i b l e  c o n t i n u o u s  o p e r a t i o n  of a tokamak r e a c t o r  t h r o u g h  t h e  
i n d e f i n i t e  s u s t a i n i n g  of t h e  p o l o i d a l  m a g n e t i c  f i e l d .  I n  t h i s  c o n t e x t ,  
t h e  amount of power r e q u i r e d  t o  m a i n t a i n  t h e  c u r r e n t  i s  of c r u c i a l  
impor tance.  M i n i m i z i n g  this power d i s s i p a t i o n  ( m i n i m i z i n g  t h e  
r e c i r c u l a t i n g  power f r a c t i o n )  r e l i e s  o n  t h e  e x c i t a t i o n  of t h e  m o s t  
f a v o r a b l e  waves or p a r t i c l e  i n j e c t i o n  schemes, some of wh ich  were 
d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n  and a r e  l i s t e d  i n  T a b l e  0 .1 (see a l s o  
Fig. 1.2). 

S u p p l y i n g  t h e  c u r r e n t  necessary t o  a c h i e v e  s t e a d y - s t a t e  o p e r a t i o n  
i m p l i e s  t h a t  t h e  p o l o i d a l  magnet ic  f i e l d  B i s  c o m p l e t e l y  s u s t a i n e d  by 
t h e  n o n i n d u c t i v e l y  d r i v e n  c u r r e n t  J. BJ Ampere's l a w ,  t h e  c u r r e n t  
d e n s i t y  J d e t e r m i n e s  t h e  magnet ic  f i e l d  B P' 

P 
t h a t  is, 

Bp woJa/2 I (1-15) 

where a i s  t h e  plasma r a d i u s .  
r e l a t e d  t o  plasma d e n s i t y .  and t e m p e r a t u r e  t h r o u g h  a parameter  8 
( p o l o i d a l  beta) d e f i n e d  by 

The necessary p o l o i d a l  m a g n e t i c  f i e l d  i s  

P 

nk(Te + T i )  h n k T  
Bp = E 

$/a0 B; ' 
(1-16) 

where we assumed, for convenience o n l y ,  Te T i  = T. For plasma 
e q u i l i b r i u m  and s t a b i l i t y ,  /3 < A, where A = Ro/a is t h e  a s p e c t  r a t i o  
w i t h  R, b e i n g  t h e  m a j o r  r a d i u s  of t h e  t o r u s .  Combin ing Eqs. (1-15) and 
(1-16)* we can w r i t e  

P 

(1-17) 
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If t h e  o p e r a t i o n  i s  a c h i e v a b l e  a t  p, = A ,  we have 

(1-18) 

(inks u n i t s ,  T i n  key) .  The normal ized  J (71, which we make more 
f r e q u e n t  use o f  t h a n  t h e  d imens iona l  J, can now be w r i t t e n  as 

h e r e  c i s  t h e  speed of l i g h t  (c2 = l/q.+,) and w is  i h e  e l e c t r o n  
Pe plasma f requency .  For /3 - A = Ro/a, we have P -  

(1-20) 

I t  is  sometlimes conven ien t  t o  express  d e n s i t y  i n  u n i t s  of 10'' m-3 and 
tem e r a t u r e  i n  u n i t s  of 10 key. N o r m a l i z i n g  d e n s i t y  and t e m p e r a t u r e  t o  
Id: 8 m-3 and 10 key, r e s p e c t i v e l y ,  t h a t  is, 

we can rewrite Eqs. (1-18) and (1-20) as 
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(1-21a) 

1pL 
3 1020 A 

J N 2.1 X 10 [( ) 
= 2 , l  x lo3 ("2(pRo) -1'2 . (1-21b) 

N o t e  t h a t  Eq. (1-21) is  fo r  fl = A .  
(1-19), similar normal i z a t i o n s  can e a s i  ly  be i n t r o d u c e d .  

For g e n e r a l  cases, E q s .  (1-17) and P 

A parameter  of  
r e a c t o r ,  d e f i n e d  as 

E=-=-, - 1  PCD 
Q Pfus 

c r u c i a l  impor tance i s  t h e  r e c i r c u l a t i n g  power i n  a 

(1-22) 

where P a  i s  t h e  power d e n s i t y  r e q u i r e d  f a r  c u r r e n t  d r i v e  a n d  Pfus i s  
the fusion power d e n s i t y .  For a D-T plasma 

(1-23) 

where Efus = 17.6 MeV and < a v > ~ p  i s  f u s i o n  r e a c t i o n  r a t e  parameter  

a t  T = 10 keV]. I n  t e r m s  of n o r m a l i z e d  [<ov>DT 10 m s 
q u a n t i t i e s  

-22 3 -1 

(1-24) 



where ?/? i s  a s  g i v e n  by Eq. (1-6). 
For 0,  -= A 

In t h e  range of i n t e r e s t  to  fusion powr 

I ora dal  p 

the f u s i o n  

r2 8 < T < 25 keY . 

(I -25) 

asma betra i s  a n  i m p o r t a n t  r e a c t o r  d e s i g n  parameter, s i n c e  

power scales a s  p"t (Pfus N & B a < a v > ~ ~ / T 2 ,  4 "  where R, i s  t h e  
toroidal magne t i c  f i e l d  s t r e n g t h ) .  i n  terms of t o r o i d a l  b e t a .  

we can also express the r e c i r c u l a t i n g  power f r a c t i o n  as 

h e r e  qs i s  t h e  sa fe ty  f a c t o r ,  

(1-26) 

( 1-27) 

We should n o t e  he re  t h a t  t h e  r e c i r c u l a t i n g  power f r a c t i o n  d e f i n e d  
by Eq- (1-22) does n o t  i n c l u d e  any power c o n v e r s i o n  e f f i c i e n c i e s  [ i  .e . ,  
c o n v e r s i o n  e f f i c i e n c y  from thermal  t o  e l e c t r i c  power (y th  N as%), from 



e l e c t r i c  t o  beam or r f  power (qcd N 30-60%), e t c . ]  . Thus, t h e  a c t u a l  
r e c i r c u l a t i n g  power f r a c t i o n  f o r  the  o v e r a l  I r e a c t o r  system is larger  
(by a f a c t o r  of  5 t o  19, depending on t h e  e f f i c i e n c i e s )  t h a n  t h a t  
c a l c u l a t e d  here. 
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2. CURREXU DRIVE BY IEUTRAL B J N  INJECTION [1,3-13] 

The p o s s i b i l i t y  of  m a i n t a i n i n g  a s t e a d y - s t a t e  c u r r e n t  i n  a p lasma 
by t h e  i n j e c t i o n  of fast i o n s  was f i r s t  proposed by Ohkawa [l], and 
e x p e r i m e n t s  on  t h e  Culham L e v i t r o n  [3] and on  D I T €  [7] have c o n f i r m e d  
t h e  e x i s t e n c e  of t h i s  c u r r e n t .  The s i m p l e  p h y s i c a l  p i c t u r e  of  c u r r e n t  
d r i v e  by beams i s  as follows. The hot i o n s  i n j e c t e d  as n e u t r a l s  a r e  
f i r s t  i o n i z e d  by t h e  background plasma. They t h e n  c i r c u l a t e  around t h e  
t o r u s ,  w h i l e  t h e y  slow down on t h e  background plasma, and form a s e r i e s  
of stacked,  f a s t  i o n  c u r r e n t  loops, t h u s  Porming a s u b s t a n t i a l  c u r r e n t .  
These f a s t  ions ,  however, push on t h e  background e l e c t r o n s  ( i  . e . ,  t h i s  
d i r e c t e d  flow of t h e  Past i o n s  t e n d s  to  d r a g  t h e  e l e c t r o n s  w i t h  it>, 
c a u s i n g  e l e c t r o n s  t o  form a c u r r e n t  t h a t  is i n  t h e  o p p o s i t e  d i r e c t i o n  
t o  t h e  f a s t  ion c u r r e n t .  The tendency of fast i o n s  d r a g g i n g  t h e  
background e l e c t r o n s  i s  opposed by t h e  e l e c t r o n  c o l l i s i o n s  w i t h  t h e  
background i o n s .  I n  sane c i rcumstances,  t h i s  col I i s i o n a l  l y  d r i v e n  
e I e c t r o n  c u r r e n t  (ca I I ed t h e  " e l e c t r o n  r e t u r n  c u r r e n t #  or back 
e l e c t r o n  c u r r e n t " )  can c o m p l e t e l y  cancel  t h e  f a s t  i o n  c u r r e n t .  T h i s  i s  
true> fo r  example, i n  t h e  c l a s s i c a l  d e s c r i p t i o n  of  tokamak, where t h e  
orbits of t r a p p e d  e l e c t r o n s  a r e  n o t  cons idered,  t h e  r e t u r n  e l e c t r o n  
c u r r e n t  e x a c t l y  c a n c e l s  t h e  i o n  c u r r e n t  i f  t h e  f a s t  i o n  charge number 
i s  equal  t o  t h e  e f f e c t i v e  plasma charge number ( i .e . ,  Zf = Z,ff). 

If t h e  background plasma c o n t a i n s  i m p u r i t i e s ,  such t h a t  Z,f-f > Zf, 
t h e  fr i c t i o n a  I f o r c e  oppos ing  t h e  e l e c t r o n  s t r e a m i n g  w i  I I be increased,  
w i t h  t h e  r e s u l t  t h a t  t h e  beam c u r r e n t  i s  n o t  c o m p l e t e l y  cornpensated for 
by t h e  e l e c t r o n  c u r r e n t .  I n  a t o r o i d a l  geometry,  t h e  t r a p p e d  e l e c r o n s  
will, s i m i l a r l y ,  add t o  t h e  f r i c t i o n a l  f o r c e  on t h e  s t r e a m i n g  
e l e c t r o n s ,  a g a i n  l e a d i n g  t o  a l a c k  of comple te  compensat ion of t h e  beam 
c u r r e n t .  When t h e  t r a p p e d  e l e c t r o n  e f f e c t s  a r e  inc luded,  even i f  
Zf = Zeff, t h e r e  can be a s i g n i f i c a n t  c u r r e n t .  

In g e n e r a l ,  t h e  i n j e c t e d  i o n s  i n c r e a s e  t h e  t o r o i d a l  momentum of 
t h e  background plasma. T h i s  can r e s u l t  i n  l a r g e  t o r o i d a l  plasma flows, 
e s p e c i a l l y  i f  t h e r e  is o n l y  one beam whase d i r e c t i o n  of i n j e c t i o n  i s  
p a r a l l e l  t o  t h e  magnet ic  axis. To keep t h e  to ta l  plasma momentum 
unchanged, beams w i t h  oppos ing  d i r e c t i o n s  (one beam para1 le1 and one 
a n t i p a r a l l e l  t o  t h e  magnet ic  a x i s )  can be i n j e c t e d .  T h i s  is t h e  scheme 
proposed by Ohkawa. I n  t h i s  scheme, t o  avoid i n c r e a s i n g  t h e  toro ida l  
momentum of t h e  plasma, c o u n t e r  s t r e a m i n g  i o n  beams a r e  i n j e c t e d ;  a 
low-energy, h i g h - c u r r e n t  beam is  i n j e c t e d  i n  t h e  o p p o s i t e  d i r e c t i o n  t o  
t h e  high-energy beam. 
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2.1. Simple c rent [ 1,101 

When f a s t  i o n s  a r e  i n j e c t e d  in to  a t o r o i d a l l y  c o n f i n e d  plasma, t h e  
c u r r e n t  I b e a m  i n j e c t e d  p a r a 1  l e 1  bo t h e  magnet,ic f i e l d  is m u l t i p l i e d  
many t i m e s  by t h e  o v e r l a p p i n g  of s u c c e s s i v e  ion t r a n s i t s  a round  t h e  
t o r u s .  The c i r c u l a t i n g  f a s t  i o n  c u r r e n t  If s a t i s f i e s  t h e  e q u a t i o n  

where ~~i~~ is  t h e  c i r c u l a t i o n  t i m e  and Tf i s  g i v e n  by T?' = T?: + T,: 

i n  wh ich  Tfs i s  t h e  f a s t  i o n  slowing-down t i m e  on background e l e c t r o n s  
by Coulomb col I i s i a n s  and T~~ i s  t h e  charge-exchange t i m e .  

I n  s teady  s l a t e  t h e  f a s t  i o n  c u r r e n t  is [from Eq. (2-I)] j u s t  t h e  
p r o d u c t  of  t h e  i n j e c t e d  beam current;  and t h e  number o f  t r a n s i t s  a f a s t  
i o n  makes be fo re  therma 1 i rataion: 

Here  V f  i s  t h e  Past, i o n  v e l o c i t y  (7,.,irc = 2aRo/vf). I n  most 
a p p l i c a t i o n s  *rex >> Tfs, i n  which we can n e g l e c t  t h e  charge exchange; 

The product V p f s  has  t o  be c a l c u l a t e d  u s i n g  a Fokker-Planck 
e q u a t i o n  f o r  t.he f a s t  i o n s  i f  a n  a c c u r a t e  v a l u e  i s  r e q u i r e d  (see 
r e f s .  [4,76-79]). 

The slowing-down t ime,  wh ich  depends o n  b o t h  t h e  f a s t  i o n  v e l o c i t y  
V f  and t h e  e l e c t r o n  thermal  v e l o c i t y  ve, i s  g i v e n  by 

t h u s ,  Tf Tfs. 
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where 

@ ' ( X I  - x@'(x) 
2x2 

$(XI = I 

w i t h  

(2-4 

(2-5a) 

(2-5 b) 

t h e  error f u n c t i o n .  If t h e  energy of beam i o n s  i s  chosen such t h a t  

t h e  beam slows down m a i n l y  o n  e l e c t r o n s  and l o s e s  i t s  d i r e c t e d  momentum 
(and energy) c h i e f l y  t o  e l e c t r o n s .  The c r i t i c a l  energy E,,it is g i v e n  
by 

where A f  and A i  a r e  t h e  a t o m i c  w e i g h t s  0 1  t h e  f a s t  beam i o n  and 
background plasma ion(s ) ,  r e s p e c t i v e l y .  Th is  is t he  energy a t  w h i c h  
t h e  ion beams h e a t  t h e  plasma e l e c t r o n s  and i o n s  a t  equal  r a t e s .  When 
Ebeam < &,,it, s l o w i n g  down is  m a i n l y  o n  background i o n s .  I n  t h e  two 
ext reme I imits of Ebeam >> Ecr i t  and €beam << E,,it, t h e  f a s t  i o n  
c u r r e n t  If scales a s  

a nd 
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r e s p e c t i v e l y .  
A c c u r a t e  d e t e r m i n a t i o n  of t h e  f a s t  i o n  cur i -ent  r e q u i r e s  t h e  use of  

t h e  Fokker-Planck e q u a t i o n  from which  t h e  fast, i o n  d i s t r i b u t i o n  
f u n c t i o n  fbeam i s  o b t a i n e d ,  and t h e  c i r c u l a t i n g  fast i o n  c u r r e n t  
d e n s i t y  i s  c a l c u l a t e d  from 

K i n e t i c  t r e a t m e n t s  o f  both t h e  c u r r e n t  c a r r i e d  by t h e  fast ions and t h e  
r e v e r s e  c u r r e n t  c a r r i e d  by t h e  e l e c t r o n s  a r e  g i v e n  i n  r e f s .  [4-6,791. 

The momentum g a i n e d  by t h e  e l e c t r o n s  as t h e  fast i o n s  slow down is  
last by Coulamb col 1 i s i o n s  w i t h  t h e  p lasma i o n s ,  These i n  t u r n  slow 
down by c o l l i s i a n s  or escape from t h e  conf inement  sysbem. Thus, both 
t h e  plasms e l e c t r o n s  and i o n s  g a i n  a n e t  d r i f t  i n  t h e  d i r e c t i o n  o f  f a s t  
ions ,  and, for s i m p l i c i t y ,  we assume t h a t  t h e y  can be r e p r e s e n t e d  as 
Msxwel l i a n  d i s t r i b u t i o n s  s h i f t e d  by mean v e l o c i t y  v, and V i ,  
r e s p e c t i v e l y .  The to ta l  c i r c u l a t i n g  c u r r e n t  i n  t h e  plasma can be 
o b t a i n e d  frm t h e  f o r c e  balance e q u a t i o n  f o r  t h e  e l e c t r o n s ,  

- 

where t h e  n o t a t i o n s  are obvious: t h e  s u b s c r i p t s  f, e, and i r e p r e s e n t  
fast ions, e l e c t r o n s ,  and plasma ions ,  r e s p e c t i v e l y ;  n i s  the  d e n s i t y ;  
m i s  t h e  mass; and V is  the v e l o c i t y  (average) .  I n  E$. (2-8) t h e  f i r s t  
t e r m  on t h e  r i g h t  s i d e  i s  associated w i t h  t h e  momentum g a i n e d  by t h e  
e l e c t r o n s  (mean v e l o c i t y  V e l  frm t h e  Fast ions and $he second t,em 
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r e p r e s e n t s  t h e  mmentum lost by t h e  e l e c t r o n s  t o  t h e  background i o n s .  
The t i m e  for mmentum t r a n s f e r  between plasma i o n s  and e l e c t r o n s  i s  ~ i .  

A f t e r  a few 601 l i s i o n  t imes,  a n e t  t o t a l  c u r r e n t  d e n s i t y  is now 
g i v e n  by 

For most tokamak c o n d i t i o n s  Te >> T i .  
Eq. (2-8) t o  e l i m i n a t e  Ye, Eq. (2-9) can be p u t  i n  t h e  form 

N o t i n g  t h a t  nf,/ne << 1 and using 

(2-10) 

For t h e  o r d e r i n g  v i  << V f  << v e ,  t h e  slowing-down t i m e s  a r e  
approx imate  ly 

and Eq. (2-10) s i m p 1  i f ies t o  

where Zeff = ni,ZT/ne. I n  t e r m s  of f a s t  i o n  c u r r e n t  

or 

I = If (1 -2). 

(2-11) 

(2-12a) 

(2-12 b) 
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T h i s  i s  t h e  usual  e x p r e s s i o n  for c u r r e n t  d r i v e  by f a s t  i o n s  w i t h  If 
g i v e n  by Eq. (2-2). Thus, we see t h a t  i f  t h e  f a s t  i o n  charge Zf is 
equal  t o  t h e  plasma charge number Zeff t h e r e  is no c u r r e n t .  (Note t h a t  
for a s i n g l e  i o n  s p e c i e s  Z,ff = Z i  .) 

If ve N V f ,  
t h e  e l e c t r o n  Fokker-Planck e q u a t i o n  has  t o  be s o l v e d  ( i n  this case t h e  
assumpt ion  of t h e  s h i f t e d  Maxwel I i a n  d i s t r i b u t i o n  f u n c t i o n  does n o t  
hold) . 

E q u a t i a n  (2-12) i s  v a l i d  only i n  t h e  l i m i t  ve >> V f .  

2.1.3 Trapped Electron Correction [5,6] 

E l e c t r o n  t r a p p i n g  i n  t h e  t o r o i d a l  f i e l d  g r a d i e n t  can s i g n i f i c a n t l y  
reduce  t h e  back e l e c t r o n  c u r r e n t  (a) t h r o u g h  r e d u c i n g  t h e  number of  
c u r r e n t - c a r r y i n g  e l e c t r o n s  and (b) by i n c r e a s i n g  t h e  f r i c t i o n a l  d r a g  on 
t h e  c u r r e n t - c a r r y i  ng e l e c t r o n s ,  A Fakker-Planck t r e a t m e n t  of t h e  
e f f e c t  o n  t h e  c u r r e n t  of  th is  e l e c t r o n  t r a p p i n g  has  been deve loped 
[5,6] and t h e  exp ress ion  fo r  t h e  n e t  c u r r e n t  i s  g i v e n  by 

or 

(2-13a) 

(2-13b) 

where t h e  t r a p p e d  e l e c t r o n  c o r r e c t i o n  G(Zeff,E) depends o n  t h e  i n v e r s e  
a s p e c t  r a t i o  E = r / R o  and o n  Zef f .  For a l a r g e  aspec t  r a t i o  tokamak, 

w i t h  c a l c u l a t i o n s  c o r r e c t  t o  o r d e r  G(Zeff jE) is  g i v e n  by 

where A(Z,ff) is a numer ica l  c o e f f i c i e n t ,  t a b u l a t e d  i n  T a b l e  2.1 for  
s e v e r a l  v a l u e s  of Zef f .  W i t h  t h e  a i d  o f  T a b l e  2.1, we can approx imate  
C a s  

(2-14b) 
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( a p p r o x i m a t i o n  is i n  e r r o r  by < 2% for 1 < Z,ff < 6). Combining 
Eqs. (2-13) and (2-141, we have 

-t 1.46 - (2-15) 

beam e l  e c t r o n  t r a p p e d  el e c t r o n  
c u r r e n t  r e t u r n  

c u r r e n t  

The e x t r a  t e r m  i n  Eq. (2-13) [or Eq. (2-15)] from t h e  t r a p p e d  e l e c t r o n s  
can g i v e  r i s e  to q u i t e  a s i g n i f i c a n t  c u r r e n t ,  even when Zf = Ze f f .  

T a b l e  2.1 V a r i a t i o n  of c o e f f i c i e n t  A(Z,ff) w i t h  Zeff [SI 

Zef f 1 2 3 4 5 6 

A(Zeff) 1.68 1.36 1.24 1.18 1.15 1.12 

I n  g e n e r a l ,  c a l c u l a t i o n s  t o  o r d e r  can o v e r - e s t i m a t e  t h e  
t r a p p e d  e l e c t r o n  c o n t r i b u t i o n  t o  n e t  c u r r e n t  i n  a f i n i t e  a s p e c t  r a t i o  
tokamak. The f i n i t e  aspec t  r a t i o  c a l c u l a t i o n  of G(Zeff,") can be 
approx imated by [5,13] 
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(2-16) 

G i s  sometimes r e f e r r e d  t o  as t h e  n e o c l a s s i c a l  e l e c t r o n  t e r m  or 
e l e c t r o n  t r a p p i n g  c o r r e c t i o n .  

To see t h e  e f f e c t  o f  E, Zf,  and Z,ff on t h e  c u r r e n t ,  we d e f i n e  a 
c u r r e n t  f a c t o r  [ 131 

(2-17) 

wh ich  i s  shown i n  F i g .  2.1. I, t h e  c u r r e n t  i s  c a r r i e d  m a i n l y  
by t h e  fast ions,  and t h e  e l e c t r o n  c u r r e n t  reduces  t h e  beam-driven 
c u r r e n t .  T h i s  r e d u c t i o n  can be min imized by u s i n g  Z,ff > 1 and by 
t a k i n g  advantage of  t h e  n e o c l a s s i c a l  e l e c t r o n  t e r m  ( t r a p p e d  e l e c t r o n  
term) away from t h e  magnet ic  a x i s .  (Note t h a t  t h i s  te rm is 
p r o p o r t i o n a l  t o  elez or E, E = r,/R0, and i t  can have a s i g n i f i c a n t  
c o n t r i b u t i o n  fo r  r # 0.) 

When Zf >> Zeff ,  t h e  c u r r e n t  i s  m a i n l y  c a r r i e d  by t h e  e l e c t r o n s  
and i s  d i r e c t e d  o p p o s i t e  t h e  f a s t  i o n  c u r r e n t .  (If t h e  o r i g i n a l  
d i r e c t i o n  of t h e  c u r r e n t  i s  t o  be main ta ined,  c o u n t e r i n j e c t i o n  of t h e  
beam is r e q u i r e d . )  I n  t h i s  case, t h e  t r a p p e d  e l e c t r o n  c o r r e c t i o n  
r e d u c e s  t h e  t o t a l  d r i v e n  c u r r e n t ,  and t h e  v a l u e  of I F ]  i s  maximized 
near  t h e  magnet ic  a x i s  where G(Zeff,E) i s  m a l  I .  

The dependence of  F(Zf,  Zeff ,  E) on  Zf i s  simply a d d i t i v e ;  
t h e r e f o r e ,  i n  Fig. 2.1,  F is shown for d i f f e r e n t  Z,ff and Zf by u s i n g  a 
set, of s h i f t e d  v e r t i c a l  axes. N o t e  from F ig .  2.1 and Eq. (2-17) t h a t  
when Zf/Zeff  11 1-2, t h e  magni tude of  F (and, t h u s ,  t h e  d r i v e n  
c u r r e n t  I) is low due t o  cancel  l a t i o n  of te rms.  

We should n o t e  h e r e  t h a t ,  a t  p resent ,  t h e r e  i s  u n c e r t a i n t y  over 
t h e  e x i s t e n c e  of t h e  t r a p p e d  p a r t i c l e  e f f e c t s  ( n e o c l a s s i c a l  c o r r e c t i o n )  
s i n c e  t h e r e  i s  as y e t  no exper imenta l  v e r i f i c a t i o n  of t h e s e  i n  
tokamaks. A t  t h e  moment i t  would be unwise t o  r e l y  on  t h i s  e f f e c t  i n  
any r e a c t o r  d e s i g n .  I n  i t s  absence, t h e  c l a s s i c a l  r e s u l t s ,  t h a t  is, 
G = 0 (see t h e  E = 0 axis of  F ig .  2.1),  s h o u l d  be used i n  any r e a c t o r  

When Zf 
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The vertical axes fast ion charge Zf and e f f e c t i v e  plasma charge Z,ff. 

are labeled w i t h  the f a s t  ion (beam) species (ref. [13]). 
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p r o j e c t i o n s .  
for deu te r ium (Zf -= 1) and r a i s e s  IF1 fo r  i m p u r i t y  (Zf >> 1) beams. 

The removal o f  t h e  t r a p p e d  e l e c t r o n  c o r r e c t i o n  lowers ] F I  

2.1.4 

The e f f i c i e n c y  T a c t o r  JJP can be de termined by u s i n g  Eq.  (3-13) 
and d i v i d i n g  by t h e  power. U s i n g  t h e  s i m i l a r  n o r m a l i z a t i o n  f a c t o r s  
i n t r o d u c e d  i n  S e c t .  1.1, F i g .  2.2 d i s p l a y s  t h e  no rma l i zed  e f f i c i e n c y  
f a c t o r  as a f u n c t i o n  of  d i m e n s i o n l e s s  i n j e c t i o n  energy Pr /T (where 
E, = i n j e c t i o n  energy) f o r  t h r e e  d i f f e r e n t  i n j e c t e d  ran  beams 
[deu te r ium (D), he1 iurn (He), and oxygen ( O ) ]  i n t o  a D-T plasma. I t  can 
be seen from F i g .  2.2 t h a t  t h e r e  i s  an optimum i n j e c t i o n  energy around 
E,/AfTe N 30-50, For example, w i t h  T, N 15 keV t h e  optimum i n j e c t i o n  
energy for  d e u t e r i u m  i o n  beams i s  around 1.5 MeV, which r e q u i r e s  t h e  
use of n e g a t i v e  i o n  beam techno logy  ( ? ) .  The o v e r a l  1 e f f i c i e n c y  factor  
( r a t i o  of  the beam-driven c u r r e n t  t o  r e q u i r e d  beam power) a t  th is 
optimum energy i s  (see Fig.  2 , 2 )  

0. e 

(2-18) 

For a plasma w i t h  ne 10 20 m 3 , T, 15 keV, R, 6 m, and Z,ff 2, 
I / P  N 0.06 A/W f o r  a deu te r ium beam. To d r i v e  a c u r r e n t  of  8 t o  10 MA, 
a power l e v e l  of o r d e r  150 FalN is r e q u i r e d .  Tak ing  i n t o  accoun t  t h e  
e l e c t r i c a l  power t o  beam power c o n v e r s i o n  e f f i c i e n c y ,  t h i s  could l e a d  
t o  a s u b s t a n t i a l  r e c i r c u l a t i n g  power f r a c t i o n  i n  a r e a c t o r .  The 
e f f i c i e n c y  f a c t o r  for  D beams i n t o  D-T plasma can be s u b s t a n t i a l l y  
improved when e l w h r o n  t m p p i n g  i s  t a k e n  i n t o  account .  

The power r e q u i r e d  t o  d r i v e  t h e  c u r r e n t  can be reduced by 
o p e r a t i n g  a t  low d e n s i t y ;  however, t h i s  p r e s e n t s  a c o n f l i c t  w i t h  t h e  
need f o r  h i g h  d e n s i t y  t o  maximize t h e  f u s i o n  power. 

The f i r s t  exper imen t  t o  show t h e  e x i s t e n c e  of t h e  beam-driven 
c u r r e w t  was t h e  Cul ham L e v i t r o n  [3]. The L e v i t r o n  experiment; 
e s t a b l  i shed t h e  s e a l  i n g  of  c u r r e n t  w i t h  e l e c t r o n  t e m p e r a t u r e  for  f a s t  
i o n  v e l o c i t i e s  comparable t a  t h e  e l e c t r o n  thermal  v e l o c i t y .  The d r i v e n  
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i n j e c t i o n  energy Ebeam/ApTe = E,/AfT, (where E, = beam energy, 
T, = e l e c t r o n  tempera ture ,  and A e  = a tomic  mass number of fast ion ) .  
Three d i f f e r e n t  i n j e c t i o n  schemes a r e  shown: oxygen i n t o ,  D-T, he1 ium 
into D-T, and deu te r ium i n t o  D-T w i t h  Zeff = 2. Shown on  t h e  right 
sca 1 e i s  dimensiona I q u a n t i t y  (IRo/Pbeam) (en .A/Te) ( n e / l d o )  ( i n  mks and 
keV u n i t s )  ( r e f .  [lo]). 
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c u r r e n t  was small; a b o u t  1 A of c u r r e n t  was d r i v e n  w i t h  abou t  10 kW of 
i n j e c t e d  beam power. T h i s  was a consequence o f  low e l e c t r o n  
tempera tu re  ( ~ 5  eV) and l a r g e  charge-exchange I Q S S ~ S  of fast i o n s .  
Thus, wdemons t ra t i onH of tempera tu re  s c a l i n g  was o n l y  o v e r  a narrow 
range  o f  a few e l e c t r o n  volts. 

A mor:: a m b i t i o u s  exper imen t  w a s  l a t e r  c a r r i e d  o u t  on  t h e  DIE 
(Culham) tokamak [ T i .  I n  t h e  DITE exper imen t ,  40$ o f  t h e  plasma 
c u r r e n t  was e s t i m a t e d  t o  be beam d r i v e n  (abou t  30 kA o u t  of a t o t a l  of 
80 kA) by t h e  1-MW beam. The s c a l i n g  of c u r r e n t  w i t h  d e n s i t y  was 
observed - 

N o t e  t h a t  t h e  magn i tude  o f  t h e  beam-driven c u r r e n t  depends upon 
t h e  c i r c u l a t i n g  f a s t  i o n  c u r r e n t ,  I The fast i o n  c u r r e n t  exceeds 
t h e  equ i  va I e n t  i n j  e c t e d  c u r r e n t  Ibearn by t h e  s t a c k i n g  f a c t o r  
S = VfTfs/2d?,, a s  g i v e n  by Eq. (2-2). For v e  > V f ,  t h e  s lowing-down 

t i m e  7fs v a r i e s  a s  T, / f i e .  Thus, fo r  low ne and h i g h  P,, S i s  t h e  
g r e a t e s t .  One s h o u l d  be cau t ioned ,  however, t h a t  a t  low ne t h e  plasma 
n e u t r a  I d e n s i t y  c o u l d  be l a r g e r  (especia I l y  i n  smal I devices)  and an 
a p p r e c i a b l e  f r a c t i o n  o f  t h e  f a s t  i o n s  c o u l d  be lost by charge exchange, 
w h i c h  we have n e g l e c t e d  i n  out- c a l c u l a t i o n s .  

No tokamak exper imen t  has y e t  succeeded i n  d r i v i n g  i t s  f u l l  
c u r r e n t  by beams and no measurements have y e t  been made of  t h e  e f f e c t  
of  e I e c t r o n  t r a p p i  rig. 

If. 

3 /2 

For t h e  p r e s e n t  l a r g e  exper imen ts  s u c h  a s  t h e  Tokamak F u s i o n  T e s t  
Reac to r  (TFTR) and t h e  Joint European T o r u s  (JET), i t  m i g h t  b e  p o s s i b l e  
t o  d r i v e  s i g n i f i c a n t  c u r r e n t s  by t h e  env isaged i n j e c t i o n  schemes for  
t h e s e  exper imen ts .  For example, i n  TFTR w i t h  10 MW of  n e u t r a l  
i n j e c t i o n  (two 5-MW beam l i n e s  w i t h  90-keV Ho), 20.5 MA of 

c o u l d  be d r i v e n  i n  a plasma of  ne N 3 X 10 
Two h i g h l y  d e s i r a b l e  c h a r a c t e r i s t i c s  of any c u r r e n t  d r i v e  

exper imen t  would be  t h a t  a l l  t h e  c u r r e n t  be d r i v e n  by t h e  n o n i n d u c t i v e  
d r i v e r  and t h a t  t h e r e  be s u f f i c i e n t  t i m e  for t h e  c u r r e n t  d i s t r i b u t i o n  
to r e l a x  t o  equ i  I i b r i u m .  I n  o p e r a t i o n a l  t e r m s  t h i s  means t h a t  t h e  l oop  
v o l t a g e  s h o u l d  be reduced t o  z e r o  (or a s l i g h t l y  n e g a t i v e  va lue)  w h i l e  
t h e  t o t a l  plasma c u r r e n t  i s  h e l d  c o n s t a n t  and t h a t  t he  loop v o l t a g e  
s h o u l d  rema in  n o n p o s i t i v e  f o r  a c u r r e n t  r e l a x a t i o n  t i m e .  

and T, N 2-3 keV. 1 9  ,3 



33 

I n  TFTR t h e  beam p u l s e  l e n g t h  w i l l  p robab ly  n o t  be g r e a t e r  t h a n  
~1 .s ( e s p e c i a l l y  i n  e a r l y  o p e r a t i o n s  a l t h o u g h  it c o u l d  c o n c e i v a b l y  be 
extended t o  3 t o  6 s i n  l a t e r  y e a r s ) ,  wh ich  may n o t  be l o n g  enough for  
t h e  c u r r e n t  d i s t r i b u t i o n  t o  r e l a x  t o  e q u i l i b r i u m ,  t h a t  is, $0 produce a 
c o n s t a n t  toroidal e l e c t r i c  f i e l d .  

I n  JET a t  a d e n s i t y  ne 2 0.5 x lo2* m-', e l e c t r o n  t e m p e r a t u r e  of 
Te 5 keV, and Z,ff E 2, i n j e c t i n g  24 MW of 160-keV d e u t e r i u m  beam 
i n t o  D-T c o u l d  produce a c u r r e n t  of ~2 MA, which  can be o b t a i n e d  
d i r e c t l y  u s i n g  t h e  r e s u l t s  of F i g .  2.2. 

2.3.2 Reactor Proiectiam 

The n e u t r a l  beam c u r r e n t  d r i v e  c o u l d  be e f f e c t i v e  enough for use 
i n  s t e a d y - s t a t e  tokamak power r e a c t o r s  p r o v i d e d  h i g h - e f f  i c i e n c y ,  high- 
energy ( ~ 1  MeY/amu; i . e . ,  ~2 MeV fo r  deuter ium) n e u t r a l  beams were 
deve loped to  a c h i e v e  a c c e p t a b l e  r e c i r c u l a t e d  power. 

A p o s s i b l e  o p t i m i z a t i o n  s c e n a r i o  for  a s t e a d y - s t a t e  r e a c t o r  d r i v e n  
by beams is d i s c u s s e d  i n  r e f ,  [13]. The e s s e n t i a l  p rob lem is t o  
o p t i m i z e  t h e  plasma (n, T, 8, e t c . )  and n e u t r a l  beam ( I /P,  Ebeam, Zf, 
e t c . )  s i m u l t a n e o u s l y .  I t  i s  c l e a r  from 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  
e x p r e s s i o n  (J/P or I/P) t h a t  low d e n s i t y  and high t e m p e r a t u r e  m i n i m i z e  
t h e  power r e q u i r e d  t o  d r i v e  t h e  c u r r e n t  t h a t  b o t h  compete w i t h  t h e  
f u s i o n  power r e q u i r e m e n t s ,  

I n  r e f .  [13], t h e  c a s t  p e r  u n i t  of e l e c t r i c a l  power was m i n i m i z e d  
s u b j e c t  t o  c o n s t r a i n t s  o n  plasma /3> plasma power ba lance requ i rements ,  
f u s i o n  power, beam power, d r i v e r  e f f i c i e n c y ,  e t c .  (One can a l s o  choose 

Pfusion/Pbeam t o  i d e n t i f y  t h e  measure a f  per fo rmance and t o  
o p t i m i z e  it, i n  wh ich  case c a s t  may or may n o t  be optimum s i n c e  a l a r g e  
p a r t  a f  t h e  c o s t  of a r e a c t o r  i s  independent  o f  t h e  f u s i o n  power.) The 
r e s u l t i n g  o p t i m i z e d  c a s t  i s  shown i n  F i g .  2.3 a s  a f u n c t i o n  ot' average 
t e m p e r a t u r e  T,, = (Te + Ti) /2 and @ for c o n v e n t i o n a l ,  p u l s e d  tokamak 
r e a c t o r s  and beam-driven s t e a d y - s t a t e  r e a c t o r s .  F o r  /3 = 6,7%, t h e  
opt imum beam energy Ebeam 2 1 MeV w i t h  Pbeam 100 MW, wh ich  r e p r e s e n t s  
a b o u t  15 t o  20% r e c i r c u l a t i n g  e l e c t r i c a l  power ( e n g i n e e r i n g  QE N 5-6) 
even a t  80% e I e c t r  i c-to-beam power c o n v e r s i o n  e f  f i c i  ency , A steady-  
s t a t e  beam-driven r e a c t o r  scheme i s  c o n c e i v a b l e  o n l y  i f  h i g h - e f f  i c i e n c y  
(91 > 60%) n e g a t i v e  i o n  beams a r e  a v a i l a b l e .  

The main problem w i t h  s t e a d y - s t a t e  o p e r a t i o n  i s  t h a t  i t  t a k e s  a 
l a r g e  amount of  d r i v e n  power i f  t h e  plasma d e n s i t y  is h i g h .  However, 
i f  t h e  plasma d e n s i t y  is lowered, t h e n  t h e  f u s i o n  power and t h e  n e t  
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F i g .  2.3. Con tou rs  of constant, cost pe r  u n i t  power ( i n  a r b i t r a r y  
u n i t s )  fo r  an  IMTOR-sized tokamak r e a c t o r  as a f u n c t i o n  of be ta  and 
average temperature T,, for  (a)  pulsed and ( 5 )  beam-dri ven s t e a d y - s t a t e  
o p e r a t i o n .  For each choice of /3 and T,,, T, i s  v a r i e d  t o  m i n i m i z e  t h e  
cost i n  (a) and T, a n d  Ebeam a r e  var ied t o  m i n i m i z e  t h e  cost i n  (b). 
E l e c t r i c a l  power t o  beam p o ~ e r  conversion e f f i c i e n c y  is  assumed t o  be 

qb 80% i n  (b) (ref. [13]). 
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e l e c t r i c a  power o u t p u t  drops, and t h e  p l a n t  becomes economica l l y  
u n a t t r a c t  ve, A p o s s i b l e  s o l u t i a n  t o  t h i s  problem i s  c y c l i c  c u r r e n t  
d r i v e  i n  which plasma parameters, such as d e n s i t y ,  a r e  modulated bo 
o p t i m i z e  for c u r r e n t  d r i v e  d u r i n g  t h e  c u r r e n t  d r i v i n g  phase and POP 
power p r o d u c t i o n  d u r i n g  t h e  h igh -dens i t y  ~ u ~ n / p o w e ~ - ~ r o ~ u c i n ~  (wcoastf l )  
phase. T h i s  i s  more a t t r a c t i v e  t h a n  a conven t iona l ,  ~ ~ r ~ ~ l - ~ u ~ ~ ~ ~  
c y c l e  because p lasma c u r r e n t  i s  r o u g h l y  c o n s t a n t  and t h e  p o l o i d a l  f i e l d  
changes less t h a n  i n  t h e  p u l s e d  cyc le .  Thus, t h e  c y c l i c  p a r t  of t h e  
ou t -o f -p lane  f o r c e s  on t h e  magnets and t he  f a t i g u e  l i m i t ,  a r e  s m a l l e r  
and less severe .  

One p o s s i b l e  form aP c y c l i c  c u r r e n t  d r i v e  is  a e m b i n a t i o n  of 
n o n i n d u c t i v e  and conven t iona l  i n d u c t i v e  c u r r e n t  d r i v e .  T h i s  method 
uses t h e  e x t e r n a  1 t r a n s f o r m e r  t o  d r i v e  c u r r e n t  d u r i n g  t h e  h igh -dens i t y  
(power p r o d u c t i o n )  phase t o  t h e  l i m i t  of t h e  OH f l u x  swing; then, w h i l e  
t h e  ohmic h e a t i n g  c o i l  c u r r e n t s  a r e  r e s e t  t o  t h e i r  i n i t i a l  values, 
beams a r e  used t o  s u s t a i n  t h e  c u r r e n t  i n  t h e  low-densi ty d r i v e  phase. 

Ano the r  possi b i  I i t y  i s  t h e  f l i i n te rna l  t r a n s f o r m e r @  scheme, The 
p r imary  c u r r e n t  of an  i n t e r n a l  t rans fo rmer  i s  t h e  n o n i n d u c t i v e l y  Ell] 
(beam) d r i v e n  c u r r e n t  i n s i d e  t h e  plasma. When t h e  f a s t  i o n  
d i s t r i b u t i o n  i s  thermal i z e d  and t h e  d r i v e n  c u r r e n t  van ishes  a f t e r  t h e  
d r i v e  phase i s  ended, t h e  change i n  th is  p r imary  c u r r e n t  induces  a n  
e l e c t r i c  f i e l d  i n  t h e  plasma t h a t  m a i n t a i n s  t h e  t o t a !  plasma c u r r e n t .  
As t h e  e l e c t r i c  f i e l d  r e s i s t i v e l y  d i f f u s e s  away d u r i n g  t h e  power 
p r o d u c t i o n  (coast)  phase, the  plasma c u r r e n t  decreases u n t i  I in tense 
n o n i n d u c t i v e  c u r r e n t  d r i v e  r e s t o r e s  t h e  c u r r e n t  t o  i t s  i n i t i a l  va lue ,  
and t h e  c y c l e  beg ins  aga in .  Because t h e  i n t e r n a l  t r a n s f o r m e r  method 
allows t h e  c u r r e n t  t o  r i s e  d u r i n g  t h e  d r i v e  phase and t o  p a r t i a l l y  
decay d u r i n g  t h e  c o a s t  phase, a smal I m a d u l a t i o n  o f  c u r r e n t  has to  be 
t o l e r a t e d .  

F i g u r e  2.4 compares t h e  r e l a t i v e  c o s t s  o f  v a r i o u s  c u r r e n t  d r i v e  
o p t i o n s .  I n  t h e  c y c l i c  mode t h e  t ime-averaged power consumption i s  
lower, and f o r  t h e  i n t e r n a l  t r a n s f o r m e r  scheme t h e  beam power 
r e q u i r e m e n t  i s  abou t  h a l f  t h a t  r e q u i r e d  for t h e  s t e a d y - s t a t e  mode. 
Wi th  c y c l i c  c u r r e n t  d r i v e ,  n e u t r a l  beams o f  more modest energy would be 
adequate.  The m a j o r  d isadvantage of c y c l i c  c u r r e n t  d r i v e  i s  t h a t  it 
o n l y  a l l e v i a t e s  t h e  seve re  c y c l i c  s t r e s s  problems b u t  does n o t  
el i m i n a t e  them as s teady -s ta te  c u r r e n t  d r i v e  does. 
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F i g .  2.4. R e l a t i v e  cost, p e r  u n i t  power v s  bet,a (p) far  v a r i o u s  
c u r r e n t  beam dr ive  options. C o n v e n t i o n a l  pulsed o p e r a t i o n  i s  canpared 
w i t h  s t r i c t  steady-state and cyel i s  (internal and external t r a n s f o r m e r )  
beam cur-rent drive o p t i o n s  (r-ef. [ll]). 
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3. LOWER HYBRID cuRREN"r DENE, [2,9,16-40,66-69,71-74] 

The use o f  rf waves near  t h e  lower  h y b r i d  (LH) f requency  t o  d r i v e  
s t e a d y - s t a t e  e l e c t r o n  c u r r e n t s  i n  tokamaks was proposed by F i s c h  121, 
and exper imen ts  c a r r i e d  o u t  on many tokamaks (see T a b l e  3,l) have 
observed t h e  LH r f - d r i v e n  cu r ren ts ,  w i t h  or  w i t h o u t  ohmic h e a t i n g  (OH) 
e l e c t r i c  fields. 

The LH waves a r e  usual 1y e x c i t e d  by an  a r r a y  of phased waveguides 
capab le  of  p r o d u c i n g  a wave spec t rum wh ich  i s  broad i n  k,, 
(=k * B/IE?I). If  t h e  phas ing  of each g u i d e  i s  71/2 r e l a t i v e  t o  i t s  
ne ighbor ,  a t r a v e l i n g  wave is  launched t h a t  c a r r i e s  momentum i n  t h e  
t o r o i d a l  d i r e c t i o n .  The LH waves w i t h  n e t  p a r a l  l e 1  momentum t r a n s f e r  
momentum t o  t h e  h i g h - v e l o c i t y  t a i l  of t h e  e l e c t r o n  v e l o c i t y  
d i s t r i b u t i o n  ( i . e . ,  to  t hose  e l e c t r o n s  t r a v e l i n g  w i t h  t h e  wave p a r a l  le1 
phase v e l o c i t y  w/kr r )  v i a  Landau damping r a t h e r  than  t h e  p a r t i c l e s  
w i t h i n  t h e  b u l k  of t h e  d i s t r i b u t i o n .  The c u r r e n t  i s  m a i n l y  c a r r i e d  b j  
t h e s e  h i g h - v e l o c i t y  t a i l  e l e c t r o n s  (wh ich  a r e  resonan t  w i t h  t h e  wave 
phase v e l o c i t y  w k , , v I 1 )  - super thermal  e l e c t r o n s  - because they  r e t a i n  
momentum l o n g e r  t h a n  b u l k  thermal  e l e c t r o n s .  (Note t h a t  t h e  
d i s s i p a t i o n  r a t e  of e l e c t r o n  momentum by e l e c t r o n - i o n  eo1 1 i s i o n s  v a r i e s  
as u N v3 N T ~ ~ . )  

The LH wave e x i s t s  for 

where fie and Ri r e p r e s e n t  t h e  gyro f requency  ( c y c l o t r o n  frequency) of 
t h e  e l e c t r o n s  and ions,  r e s p e c t i v e l y .  For plasmas of i n t e r e s t ,  
u2i >> $ and wPe n-e2/m.co i s  t h e  plasma f requency  

for  t h e  j t h  spec ies ) ,  t h e  LH f requency  WLH i s  on t h e  o r d e r  of t h e  i o n  
plasma f requency  w = (m,/mi)'"wpe and i s  g i v e n  by , 

De (where w2 P p j =  J J 

P i  

If a c u r r e n t  i s  t o  be e x c i t e d  ( r a t h e r  than  hea t ing ) ,  t h e  wave f requency 
s h o u l d  be f a r  from t h e  CH resonance, t y p i c a l  l y  w 2 2 wLH. F o r  tokamaks 
of i n t e r e s t  (p resen t  or f u t u r e ) ,  w E 0.5-5.0 GHz. 



38 

r
'l
(
 n
 

4
 

6" 



39 

As can be seen from T a b l e  3.1, wh ich  we d i s c u s s  l a t e r ,  s e v e r a l  
tokamak exper imen ts  have demonst ra ted  t h a t  t h e  t o r o i d a  I c u r r e n t  can be 
m a i n t a i n e d  f o r  extended d u r a t i o n s  by LH waves a l o n e  and, i n  most cases, 
w i t h  h igh  e f f i c i e n c y .  As a r e s u l t ,  LH c u r r e n t  d r i v e  was b e l i e v e d  t o  be 
one of t h e  p r o m i s i n g  c a n d i d a t e s  f o r  a c h i e v i n g  a s t e a d y - s t a t e  r e a c t o r  
c o n d i t i o n  f o r  a tokamak. However, a t  t h e  p resen t ,  t h e r e  is no means 
t h a t  appears  t o  be undeniabl j r  d e s i r a b l e .  Wi th  t h e  e x c e p t i o n  of 
A l c a t o r - C  (and p o s s i b l y  Wega) , most LH c u r r e n t  d r i v e  exper imen ts  
obse rve  an  upper, c r i t i c a l  d e n s i t y  l i m i t  above wh ich  t h e  c u r r e n t  d r i ve .  
ceases (or d i m i n i s h e s  more r a p i d l y  than  t h e  t h e o r e t i c a l  s c a l i n g  
I oc l / ne ) .  S i m i l a r  t o  t h e  case proposed for n e u t r a !  beams, c y c l i c  
c u r r e n t  d r i v e  approaches can be adopted to improve t h e  r e a c t o r  current, 
d r i v e  e f f i c i e n c y  w i t h  LH waves. The wave p e n e t r a t i o n  problem i s  one of 
t h e  ma in  causes of i n e f f i c i e n c y  of LH c u r r e n t  d r i v e  a t  r e a c t o r  
d e n s i t i e s  (and tempera tures) .  Here  t h e  c r i t i c a l  parameter i s  t h e  
p a r a l l e l  wave index q,, = ck,,/u* I n  o r d e r  t o  r e s a n a t e  w i t h  very 
e n e r g e t i c  e l e c t r o n s  ( h i g h - v e l o c i t y  t a i  I e l e c t r o n s ) ,  I W - ~ , ~  waves a r e  

c/vp,, f! c/v,,. where v i s  t h e  para1 le4 phase P 11 necessary (q,, = ck,,/w = 
v e l o c i t y  of  t h e  wave). Low-q,, LH waves ( t h e  slow wave) can o n l y  
p e n e t r a t e  t o  a g i v e n  p lasma d e n s i t y ,  a t  wh ich  poind; t hey  undergo mode 
c o n v e r s i o n  t o  " f a s t  waves, wh ich  w i  I I c a r r y  t h e  r f  energy back towards  
t h e  plasma s u r f a c e .  

One of t h e  p u z z l i n g  a s p e c t s  of t h e  LH c u r r e n t  d r i v e  exper imen ts  i s  
t h e  o b s e r v a t i o n  of f a r  more c u r r e n t  t h a n  expec ted ,  T h a t  is, the 
c u r r e n t  c a r r i e d  by a h i g h  energy e l e c t r o n  t a i  I (Te N 50-200 key i n  
p r e s e n t  exper iments) c o n t a i n s  more p a r t i c l e s  t h a n  p r e d i c t e d .  T h i s  t a i  1 
b u i l d s  up  slowly from an i n i t i a l l y  Maxwe l l i an  p!asma, wh ich  has  no 
p r e e x i s t i n g  t a i l  b e f o r e  t h e  rf i s  t u r n e d  on. Th is  i s  t h e  s o - c a l l e d  
prob lem of s p e c t r a l  gap t h a t  r e v o l v e s  around i d e n t i f y i n g  t h e  u n d e r l y i n g  
mechanism for d r i v i n g  e l e c t r o n s  from t h e  b u l k  d i s t r i b u t i o n  i n t o  t h e  
t a i l .  L a t e r  in th is  s e c t i o n ,  we d i s c u s s  some of t h e  e x p l a n a t i o n s  
( t h e o r e t i c a l  n o t  exper imenta l )  o f f e r e d  to  e x p l a i n  t h e  process .  

In t h i s  s e c t i o n  we b r i e f l y  examine t h e  n a t u r e  of LH waves 
(p ropagat ion ,  a c c e s s i b i  I i t y ,  c h o i c e  of frequency, e t c . ) ,  d i s c u s s  t h e  
guas i - l  i n e a r  t h e o r y  for c u r r e n t  genera t i on ,  and summarize some of t h e  
exper imenta  I r e s u l t s .  The e f f e c t i  veness of LH-dri ven c u r r e n t  for 
r e a c t o r  a p p l i c a t i o n s  i s  d i scussed  i n  many of t h e  r e f e r e n c e s  g i ven ,  and 
i s  n o t  cons ide red  he re  i n  g r e a t  l e n g t h .  
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The f r e q u e n c y  r a n g e  of l o w e r  h y b r i d  i s  i n t e r m e d i a t e  between t h e  

e l e c t r o n  and i o n  g y r o f r e q u e n c i e s  (q << 2 << G",. AS a r e s u l t ,  wave--- 
i n d u c e d  m o t i o n s  of t h e  e l e c t r o n s  a r e  d e s c r i b e d  bj t h e  g u i d i n g - c e n t e r  
t h e o r y ,  i n  w h i c h  e l e c t r o n s  move f r e e l y  p a r a l l e l  t o  t h e  m a g n e t i c  f i e l d  
Bo ( t o r o i d a l  f i e l d ,  i n  t h e  c a s e  of  a tokamak) and undergo  a C o m b i n a t i o n  
of t h e  E X Bo d r i f t  = E  X Bo/B~)  and t h e  p o l a r i z a t i o n  d r i f t  
[wpol = -(Q,BO)-lcE/dt] p e r p e n d i c u l a r  to  B,, where  E i s  t h e  LH wave 
e l e c t r i c  f i e l d .  I h e  ions r e s p o n d  t o  E as i f  unmagne t i zed  s i n c e  t h e  
wave f r e q u e n c y  i s  much greaber t h a n  t h e  i o n  c y c l o t r o n  (gyro) f r e q u e n c y  

The d e t a i l s  of l a v e  p r o p a g a t i o n  and  d i s p e r s i o n  r e l a t i o n  f o r  t h e  
lower h y b r i d  r a n g e  o f  f r e q u e n c i e s  are discussed e lsewhere .  B a s i c a l  ly ,  
i n  t h e  cold p lasma a p p r o x i m a t i o n ,  the d i s p e r s i o n  r e l a t i o n  f o r  waves 
above t h e  LH f r e q u e n c y  h a s  two d i s t i n c t  b r a n c h e s :  t h e  "fast" wave 
b r a n c h  ( i . e . ,  l a r g e  w/ki) a n d  t h e  "'sloww wave b r a n c h  ( i . e . ,  small 
w/ki). Both waves have p o t e n t i a l  fo r  h e a t i n g  and c u r r e n t  d r i v e  
a p p l i c a t i o n s .  Here ,  we a r e  i n t e r e s t e d  i n  c u r r e n t  d r i v e .  I t  is t h e  
slow wave b r a n c h  of t h e  d i s p e r s i o n  r e l a t i o n  t h a t  we u s u a l l y  a s s o c i a t e  
w i t h  t h e  LH wave. This i s  a n  e l e c t r o s t a t i c  wave ( a s  w -3 wLH) i n  t h a t  

a v e  v e c t o r  k i s  p a r a l l e l  t o E  @ 11 E), and  t h e r e  i s  no a s s o c i a t e d  
rf m a g n e t i c  f i e l d ,  

The slow waves  have  t h e  large Eii components needed f o r  e f f e c t i v e  
c u r r e n t  dr ive  i n  s i n g l e - p a s s  a b s o r p t i o n .  F a s t  waves, o n  t h e  o t h e r  
hand,  have  r e l a t i v e l y  small E,, components,  so it is l i k e l y  t h a t  ( i n  t h e  
e v e n t  t h a t  t h e y  a r e  used f o r  c u r r e n t  d r i v e )  m u l t i p a s s  p r o p a g a t i o n  and 
a b s o r p t i o n  w i  I I be needed f o r  e f f e c t i v e  c u r r e n t  d r i v e .  E x p e r i m e n t s  o n  
p r e s e n t J a y  tokamaks  (see Tab1 e 3.1) and  f u t u r e  c o n s i d e r a t i o n s  a r e  
b a s i c a l l y  o n  Aslow waves#  (31so known as t H  waves).  

(h? >> $). 

The ~ a v e  p r o p a g a t i o n  i s  d e s c r i b e d  by a d i s p e r s i o n  r e l a t i o n ,  w h i c h  
we r e v i e w  h e r e  b r i e f l y .  C o n s i d e r  a p lasma w i t h  a u n i f o r m  m a g n e t i c  
f i e l d  i n  t h e  z d i r e c t i o n  18, 1 El ( t h e  t o r o i d a l  d i r e c t i o n  i n  a 
tokamak) w i t h  u n p e r t u r b e d  e l e c t r i c  f i e l d  Eo = 0 and  u n p e r t u r b e d  
e l e c t r o n  and i o n  f l u i d  v e l o c i t i e s  are, = V i o  = 0. The p e r t u r b e d  
e l e c t r i c  f i e l d  E, m a g n e t i c  f i e l d  B, and  c u r r e n t  d e n s i t y  J a r e  t h e n  
described by t h e  Uaxllrel I equations: 
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a? 
O a t  0 X B  = I , L E  - + p J ,  

a3 
a t  - X E  = - -  

(3-2a 1 

(3-2 b) 

Assuming t h a t  t h e  wave f i e l d s  va ry  a s  exp[ i (k  * r - ut)], Eqs. (3-2a) 
and (3-2b) y i e l d  t h e  wave e q u a t i o n  

2 
-k x @C XE) =-E w + iwpJ . 

c2 
(3-3) 

I n  t h e  l i m i t  of cold plasma, t h e  p e r t u r b e d  c u r r e n t  d e n s i t y  J can be 
expressed as J = n e @ i  -Ve), where V, and Vi a r e  t h e  p e r t u r b e d  f l u i d  
v e l o c i t i e s  of e l e c t r o n s  and ions ,  r e s p e c t i v e l y ,  de termined from two 
f l u i d  momentum equations (for T, = T i  E 0): 

m -- ai - e@ +Vi X Bo) . i d t  

Assuming t h a t  V,, V i  also v a r y  a s  e x p [ i @  * r  
Eqs. (3-3) and (3-4) t o  o b t a i n  

2 kX@XE)+,roE=O, W 

c 

(3-4 

w t ) ] ,  we then  use 

(3-5a) 

where l?  i s  t h e  c o l d  plasma d i e l e c t r i c  t e n s o r  
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-1€2 

r =  I.i; 
0 

The components of I? a r e  g i v e n  by 

tl i o n s  

-1 e l  e c t r o n s  
o j  = j D 

2 

2 ’  

W 
E3 : Ell c 1 - 

j w  

where j = e , i  and CT i s  t h e  s i g n  of t h e  charge.  j 
We r e w r i t e  E$. (3-5) i n  m a t r i x  form a s  

where k = k,&, + kPZ = k1ex + kip, @ = Bogz) is 
r e f r a c t  i ve i ndex 

(3-5b) 

(3-6) 

(3-7) = o ,  

used and q i s  t h e  
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k, = k s i n  0 ; k,, = k cos 0 , 

w i t h  8 b e i n g  t h e  a n g l e  between k and Bo. 
For a’ nontrivial solution t o  e x i s t ,  t h e  determinant of t h e  matrix 

[Eq. (3-7)] must van ish .  T h i s  condition gives t h e  cold plasma 
d i s p e r s i o n  re I a t  i o n  : 

where 

Two s o l u t i o n s  to  Eq. (3-8) a r e  

For a lower  h y b r i d  range of f r e q u e n c i e s  ( i . e . ,  i n  t h e  l i m i t  of e >> w2 >> $1, t h e  e l e m e n t s  of t h e  d i e l e c t r i c  tensor can be 
approx imated as 
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(3-11) 

2 2  
E 3  = E,, 1 - 0 /w - "'pip* 1 - w2 /u2 . Pe Pe 

The magnitude of te rms  a r e  such t h a t  

wh ich  t y p i c a l l y  y i e l d s  to  b,c > 0. 
The two branches of Eq.  (3-8) [ g i ven  by Eq. (3-SO)] cor respond t o  

wslow" and Rfastw waves. The slow wave branch (i . e . ,  .mal I w/kl  or 
I a r g e  ql) cor responds t o  t h e  p l  us s i g n  i n Eq.  (3-lo), 

7: ("sloww> = [b i (b2 - 4ac)lPL]/2a ; 

and t h e  fast wave branch (i .e . ,  l a r g e  w/k, or smal I ql) cor responds t o  
t h e  minus  s i g n  i n  E q .  (%lo) ,  

q:("fastR) = [b - (b2 - 4ac)ln]/2a . 

We now no te  a few i m p o r t a n t  f e a t u r e s  of  t h e  d i s p e r s i o n  r e l a t i o n  o f  
LH waves. For a slow wave 

g i v i n g  a c u t o f f  d e n s i t y  th is c u t o f f  i s  a t  €3 = 0, w = w 
n e ( c u t o f f )  C! 1.24 X [ f  (GHz)I2, where f = w/271 i s  i n  g i g a h e r t z .  
T h i s  d e n s i t y  i s  so low t h a t  t h e  slow wave can t u n n e l  t h rough  t h e  
evanescent l a y e r .  (2) The slow wave branch has a resonance ( c o l d  

Hence, i t  is  t h i s  slow wave 

branch of t h e  d i s p e r s i o n  r e l a t i o n  t h a t  i s  t y p i c a l l y  a s s o c i a t e d  w i t h  t h e  

(1) There i s  a c u t o f f  (q: -t 0) a t  c = 0. 
2 2  

Pe # 

p lasma resonance) f o r  a = '1 = 0 ( i . e . ,  vl 2 -). m ) ,  t h u s  d e f i n i n g  t h e  LH 

f requency  w2 = [uPi/( l  2 /PI] E uh. + wpe e 
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LH waves, (3) The slow and f a s t  wave branches coa lesce (mode 
convers ion)  when b2 - 4ac = 0. The v a l u e  of t h e  para1 le1 index of 
r e f r a c t i o n  r),, = k!,c/w is  c r i t i c a l  i n  d e t e r m i n i n g  t h e  p r o p e r t i e s  of LH 
waves, wh ich  we WI I I d i s c u s s  i n  t h e  n e x t  subsec t i on .  

Cons ide r  a slow wave launched a t  t h e  edge of t h e  plasma, which 
p ropaga tes  w e l l  i n s i d e  t h e  plasma where d e n s i t i e s  a r e  much g r e a t e r  t h a n  
t h o s e  c o r r e s p o n d i n g  t o  t h e  c u t o f f  d e n s i t i e s  [ne > n e ( c u t o f f ) ] .  Then, 
t h e  W waves a r e  n e a r l y  e l e c t r o s t a t i c  (7,- >> 1, k >> k,,) i n s i d e  t h e  
plasma. I n  th is  case t h e  d i s p e r s i o n  r e l a t i o n  [Eq. t3-8)] reduces  t o  

wh ich  can be rea r ranged  a s  

(3-12b) 

where rni/m, i s  t h e  i o n  to  e l e c t r o n  m a s s  ra t io .  (If t h e  plasma c o n s i s t s  
of m u l t i p l e  i o n  spec ies ,  an e f f e c t i v e  i o n  mass can be used as a n  
approx i m a t i o n  for mi .) 

E q u a t i o n  (3-12) i n d i c a t e s  t h a t  LH waves p ropaga te  a l o n g  a 
l o c a l i z e d  ray c a l l e d  a "resonance cone" w i t h  t h e  cone a n g l e  0 w i t h  
r e s p e c t  t o  t h e  ( s t a t i c )  magne t i c  f i e l d  g i v e n  by 

2 2 2  t a n  8 = k,/k,, = - e&.~ (3-14a) 

(3-14b) 

E q u a t i o n  (3-13) d e s c r i b e s  p r o p a g a t i o n  of waves a t  f r e q u e n c i e s  w 
g r e a t e r  t h a n  WLH, a parameter t h a t ,  i n  genera l ,  i n c r e a s e s  towards  t h e  
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p l a s m  c e n t e r .  For t h e  case  i n  w h i c h  LH energy  a t  a g i v e n  k,, 
i r r a d i a t e s  a p lasma s l a b  w i t h  d e n s i t y  v a r y i n g  i n  t h e  d i r e c t i o n  
p e r p e n d i c u l a r  t o  B,, k,, of t h e  waves w i t h i n  t h e  p lasma r e m a i n s  
c o n s t a n t .  This i s  a p p r o x i m a t e l y  t h e  c a s e  for tokamak g e o m e t r y .  
E q u a t i o n  (3-13) t h e n  d e m o n s t r a t e s  a r e s o n a n c e  k, .+ rn (yl -+ m ) ,  a s  t h e  
d e n s i t y  i n c r e a s e s  t o  t h e  p o i n t  where w = t q ~  ( a s  m e n t i o n e d  e a r l  ier) . 
FOP c u r r e n t  d r i v e  p u r p o s e s p  we choose  (J t o  be g r e a t e r  t h a n  t h e  maximum 
LH f r e q u e n c y  (WLH, , ,~~ )  w i t h i n  t h e  p lasma sa t h a t  a c c e s s i b i l i t y  of t h e  
LH wave t o  t h e  p lasma c e n t e r  i s  g u a r a n t e e d  (for s u f f i c i e n t l y  l a r g e  k,, 
or q,,), b u t  a r e s o n a n c e  (which causes h e a t i n g  n o t  c u r r e n t  d r i v e )  i s  
a v o i d e d .  

F i g u r e  3.1 shows t h e  group v e l o c i t y  ( r a y )  t r a j e c t o r i e s ,  r e a d i l y  
o b t a i n e d  frcxn t h e  r e l a t i o n  

From Eq. (3-13) we have  

(3-15) 

(3-16b) 

N o t e  t h a t  t h e  r a y  ( g r o u p  v e l o c i t y )  t r a j e c t o r i e s  a s  d e t e r m i n e d  by 

depend o n l y  o n  wave number t h r o u g h  kll/k, b u t  from Eq. (3-13) [or 
Eq. (3-14)] depend o n l y  o n  plasma p a r a m e t e r s .  Hence, t h e  e n t i r e  
s p e c t r u m  of k,,(yl,) waves e x c i t e d  by t h e  a n t e n n a  (waveguides)  w i  I I 
p r o p a g a t e  t o r o i d a l  l y  w i t h i n  t h e  same rf energy  c h a n n e l ,  or R r e s o n a n c e  
cone. 

The phase v e l o c i t y  i s  g i v e n  by 

(3-11) 
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F ig .  3.1. Lower h y b r i d  energy channel as viewed from t h e  top of  
t h e  torus ( r e f .  [a]). 



48 

w h e r e  = k f k  = (kl /k)&, + ( k l l / k ) G z *  We n o t e  t h e  group v e l o c i t y  i s  
p e r p e n d i c u l a r  t o  t h e  wave phase v e l o c i t y  (v * v E 0, or k v = 0). 

To d e s c r i b e  wave p r o p a p t i o n  a t  t h e  LH l a y e r  p r o p e r l y ,  we m u s t  
c o n s i d e r  warm p lasma e f f e c t s .  The a p p r o p r i a t e  d i s p e r s i o n  r e l a t i o n  i n  
this c a s e  i s  g i v e n  by [80] 

g P  

w h e r e  3, b, and c a r e  g i v e n  by Eq. (3-9) and d c o n t a i n s  t h e  f i n i t e -  
t e m p e r a t u r e  e f f e c t s ,  g i  veri by 

(3-19) 

I - {ere v i  = (kTi/mi)”* i s  t h e  i o n  t h e r m a l  v e l o c i t y ,  c i s  s p e e d  of l i g h t ,  
and  pe = ve/Qe i s  the  e l e c t r o n  La rmor  r a d i u s  [v, = (kTe/m,)l4, 
e I e c t r o n  therm I ve I oci t y ]  . 

The vy t e r m  r e p r e s e n t s  a new t h e r m a l  wave b r a n c h  [ c a l  l e d  t h e  i o n  
plasma wave or h o t  i o n  wave, w h i c h  d o e s  n o t  e x i s t  i n  a cold plasma 
a p p r o x i m a t i o n  - E q .  (3-8)]. I n  a h o t  plasma, a s  t h e  waves p r o p a g a t e  
t o w a r d  t h e  r e s o n a n c e  l a y e r  and Tl( i  .e., kl) i n c r e a s e s ,  t h e r m a l  e f f e c t s  

(-dv6 t e rm)  become i m p o r t a n t .  For >> 1 ( e l e c t r o s t a t i c  I i m i t ) ,  
Eq. ts-1.8) r e d u c e s  t o  

or ( a p p r o x i m a t i n g  t h e  c o e f f i c i e n t s  a and b f o r  t h i s  l i m i t )  

(3-20b) 
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No te  from Eq. (3-20) t h a t  t h e  f a s t  wave branch (which i s  a n  
e l e c t r o m a g n e t i c  wave) has been e l  im ina ted .  

Two s o / u t i o n s  t o  Eq. (3-20) are  

or 

(3-212) 

(3-2 1 b) 

The minus  s i g n  i n  Eq. (3-21) corresponds to a slow wave and for  small 
thermal  e f f e c t s  ( i . e . #  for 4bd << a* or k8qid << e;), we: o b t a i n  

wh ich  is t h e  cold plasma LH wave [see Eq. (3-12a)l. 
g i v e s  t h e  hot i o n  plasma wave: 

The p l u s  s i g n  

7; M a/d = El/d (3-22 b) 

(aga in  a2 >> 4bd i s  used). 
simp1 i f i e d  d i s p e r s i o n  r e l a t i o n :  

U s i n g  Eqs. (3-9) and (3-19), w e  o b t a i n  a 

(3-23) 

The two branches of Eq. (3-29) w i  I I coalesce [i .e., t h e  convers ion  
of  t h e  co ld ,  LH wave in to  t h e  ion plasma wave w i l l  occur  a t  a* = 4bd 
(E! = &$lid)]. Note t h a t  t h e  para1 le1  r e f r a c t i v e  index yI, will 
d e t e r m i n e  t h e  s p a t i a l  l o c a t i o n  of th is ion mode convers ion ,  

For c u r r e n t  d r i v e ,  t h e  wave f r equency  t~ and t h e  p a r a l l e l  
r e f r a c t i v e  index ‘q,, must s a t i s f y  c e r t a i n  c r i t e r i o n .  We discuss them i n  
t h e  fo l  lowing s e c t i o n .  
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There are l i m i t a t i o n s  on t h e  p o s s i b i l i t y  of u s i n g  LH waves 
c u r r e n t  d r i v e .  One of t h e  c r i t i c a l  parameters i s  t h e  p a r a  
r e f r a c t i v e  index yI1. 

waves a r e  necessary t o  couple energy and mamenturn to h 11 
energy t a i  I el ectrons: 

Low-? 

lprhere v ?I w/kll i s  the parallel wave phase v e l o c i t y  and v , ~  is t h e  
p a r a l l e l  v e l o c i t y  of t h e  high-energy t a i l  e l e c t r o n s .  As we can see 
from t h e  s i m p l e  p h y s i c a l  arguments g i v e n  i n  Sect.  1, t h e  e f f e c t i v e n e s s  
of c u r r e n t  g e n e r a t i o n  v a r i e s  r a p i d l y  w i t h  t h e  phase v e l o c i t y  of  t h e  rf 

As i i l d i m t e d  e a r l i e r ,  t h e  LH c u r r e n t  d r i v e  
scheme i s  based on t h e  resonant  i n t e r a c t i o n  ( i . c . ,  vPn = w/k, N v ) .  
For such waves t h e  c u r r e n t  d e n s i t y  can he approximated a s  [Eq-  (1-1)y 

Pll 

wave ( A / ?  v P  2 N 1,’~:). 

J ~ll! n ev = nrev N n ev (A/,?) , (3-244 r r  1 1 -  p 

where n p  i s  t h e  d e n s i t y  of t h e  resonan t  (high-energy t a i  1 )  e l e c t r o n s .  
The power absorbed by t h e  resonan t  e l e c t r o n s  a n d  removed by c o l  I is ion 
i s  g i v e n  by [Eq.  (1-211 

where ur i s  t h e  C Q I  l i s i o n  f requency o f  t h e  resonan t  e l e c t r o n s  w i t h  t h e  
b u l k  p lasna e l e c t r o n s  o f  dens i t y  n 
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By volume ave rag ing  we f i n d  t h e  F i g u r e  of m e r i t .  
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  

I i m i  t e d  
an upper 

The 
a c c e s s i  b 
access i  b 
propaga t 

(3-244 

I n  p r a c t i c a l  u n i t s  

(3-25) 

where "20 is t h e  average b u l k  e l e c t r o n  d e n s i t y  i n  u n i t s  of 10 20 ,3 

T h i s  i s  a rough e s t i m a t e  b u t  i s  close to t h a t  o b t a i n e d  from more 
detailed c a l c u l a t i o n s  (which we w i l l  d i s c u s s  l a t e r ) ,  and it r e f l e c t s  
the genera 1 c h a r a c t e r i s t i  c s  of c u r r e n t  d r i  ve e f f e c t i  veneSs of LH waves. 
I t  i s  apparen t  from Eq. (3-25) t h a t  small yl, i s  r e q u i r e d  to  genera te  
c u r r e n t  e f f e c t i v e l y .  However, t h e  minimum q,, a l l o w e d  i n  t h e  plasma is  

ty t h e  a c c e s s i b i l i t y  c r i t e r i o n  of t h e  LH wave. There  is  also 
bound on  qjl.  Let u s  now examine t h e s e  I imits. 

I ower bound q,, ,mi comes from t h e  requ i remen t  of wave 
I i t y ;  t h a t  is, t h e  slow wave must s a t i s f y  c e r t a i n  
l ity c o n d i t i o n s  i n  order n o t  t o  be conver ted  i n t o  t h e  outward  
ng fast wave. Suppose t h a t  t h e  wave f requency  is  

s u b s t a n t i a l  ly g r e a t e r  t han  t h e  maximum LH f requency  (w > W L H , ~ ~ ~ )  
w i t h i n  t h e  plasma so t h a t  t h e  wave a c c e s s i b i l i t y  t o  t h e  p lasma c e n t e r  
i s  assured ( for  s u f f i c i e n t l y  l a r g e  v,,) and t h e  wave-ion i n t e r a c t i o n s  
a r e  min imized;  t h a t  is, 
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Then, o n l y  waves w i t h  s u f f i c i e n t l y  l a r g e  q,l c s n  p e n e t r a t e  t o  a g i v e n  
plasma d e n s i t y .  T h i s  l i m i t  i s  a p p r o x i m a t e d  by 

(3--26) 

ivh ich  i s  o b t a i n e d  from b' - 4ac - 0. F i g u r e  3.2 shows t h e  wave 
p r o p a g a t i o n  c h a r a c t e r i s t i c s  for  t h r e e  d i f f e r e n t  v a l u e s  of q , .  Shown i n  
Fig.  3.2 a r e  

E q u a t i o n  (3-26) i s  t h e  lower bound a n  T~~ t h a t  r e p r e s e n t s  t h e  
a c c e s s i  b i  I i t y  c o n d i t i o n  fo r  a LH (slow) wave. 

As t h e  LH Nave t r a v e l s  i n t o  t h e  h o t  plasma c e n t e r ,  i t may s u f f e r  
mode c o n v e r s i o n  i n t o  heavi ly -damped,  h o b i o n  waves i f  9 i s  l a rge  
enough, ( I n  t h i s  case rf energy and momentum i s  d e p o s i t e d  o n  t h e  ions 
n e a r  t h e  mode c o n v e r s i o n  p o i n t . )  The d e n s i t y  a t  w h i c h  t h e  l o w e r  h y b r i d  
and h o t  plasma w a v e  b ranches c o a l e s c e  i s  denoted  by N i n  Fig. 3.2. 
' T h i s  process (mode c o n v e r s i o n  i n t o  h o t - i o n  wave) may be f a v o r a b l e  - for 
t h e  p u r p o s e  of h e a t i n g  because i t  e f f e c t i v e l y  t r a n s f e r s  wave e n e r g  t o  
t h e  i o n s ,  b u t  it i s  c l e a r l y  u n f a v o r a b l e  for c u r r e n t ,  d r i v e .  Mode 
c o n v e r s i o n  occurs when t h e  r f  p e r p e n d i c u l a r  wave1 e n g t h  h, ::: 2.rr/kl 
becomes comparab le  t o  t h e  i o n  g y r o r a d i u s  pi and t h e  wave a b s o r p t i o n  i s  
v i a  i o n  Landau damping (w k,vi). From Eq. (3-23) t h i s  c a n  a l w a y s  
Q C C U ~  for IJ < W L H , ~ ~ ~ .  F o r  1,~ > W L ~ , ~ ~ ~ ,  c o n v e r s i o n  t o  t h e r m a l  modes 

can be a v o i d e d  i f  qI1 i s  l e s s  t h a n  upper  bound, c r i t i c a l  v a l u e  qIl,,,,: 

vs d e n s i t y  for g i v e n  v a l u e s  of q from Ey.  13-18). I I  

II 
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N - w p e  

Fig. 3.2. q: vs d e n s i t y  N(w w2 ) for f i x e d  qII from E q .  (3-18). 

cutoffs. N T ~  and NQ a r e  t h e  d e n s i t i e s  co r respond ing  t o  t h e  mode 

co r respond ing  t o  t h e  thermal  mode convers ion  p o i n t  a2 - 4bd = 0 (or 
E; k$T;d). ( A t  a g i v e n  d e n s i t y  q l , , c r i t  i s  calculated from 

b2 - 4ac = 0.) 

NS and NF denote  d e n s i t i e s  co r respod ing  Pe 

c o n v e r s i o n  p o i n t s  (b 2 - 4ac = 0). NMC denotes  t h e  densit,] 

to t h e  slow and fast wave 

( r e f .  [ B O ] ) .  



54 

(3-27) 

9-h 1 2 E q u a t i o n  (3-27) i s  o b t a i n e d  from a2 - 4bd = 0 ( ; . e . ,  EI = 4c2 2d , t h e  
c o n d i t i o n  . tha t  two b r a n c h e s  of Eq. (3-20) ( i . e . ,  slow wave and hot i o n  
wave branches)  w i  I I c o a l e s c e .  

S a t i s f y i n g  E q s .  (3-26) and (3-27) s i m u l t a n e o u s l y  imposes a minimum 
value on t h e  f r e q u e n c y  of t h e  rf (1.H) wave ( i . e , ,  w > unlin). F a r  

t y p i c a l  p a r a m e t e r s  o f  i n t e r e s t  (n N 1@' ma, E N 5 T, and T N 15 keV) ,  
"mi n 

A n  a d d i t i o n a l  c o n s i d e r a t i o n  i n  c h o o s i n g  t h e  rf f r e q u e n c y  i s  t h e  
n e c e s s i t y  t o  avoid decay of t h e  LH wave  v i a  v a r i o u s  t y p e s  of  p a r a m e t r i c  
i n s t a b i  I i L i  e s  w h i c h  W D U I  d t r a n s f e r  (damp) energy  t o  t h e  i o n s .  
P a r a m e t r i c  i n s t a b i l i t i e s  ( w h i c h  we w i l l  n o t  d i s c u s s  here)  t ~ o u l d  also 
distort, t h e  LH wave spectrum. Such a p a r a m e t r i c  decay of t h e  Ltl waves 
has t o  be a v o i d e d  fa r  current g e n e r a t i o n  p u r p o s e s .  G e n e r a l l y ,  t h e s e  
p r o c e s s e s  a r e  a v o i d e d  i f  (11 > ~LJLH,~,,. 

E x p r e s s i o n s  g i v e n  by Egs. (3-26) and (3-27) a r e  a p p r o x i m a t i o n s  t o  
b - 4ac = 0 and a* - 4bd L 0, r e s p e c t i v e l y .  C a n s i d e r i n g  t,he f u l  I 
e x p r e s s i o n s ,  t h e  v a r i o u s  r e g i o n s  fo r  wave-plasma i n t e r a c t i s n  d e s c r i b e d  
above a r e  d e p i c t e d  i n  F i g .  3.3. We see i n  F ig .  3.3 t h a t  qll,,,,in 
d e c r e a s e s  w i t h  i n c r e a s i n g  m a g n e t i c  f i e l d  B whereas vl,,max d e c r e a s e s  
w i t h  h i g h e r  Te. For h i g h e r  B, i n c r e a s e s  (not, shown i n  t h e  
f i g u r e ) ,  t h u s  o p e n i n g  t h e  a c c e s s i b i  I I t y  window. The e f f e c t  of d e n s i t y  
an ~ q , ~  can a lso  be deduced from Fig.  3.3. For a g i v e n  m a g n e t i c  f i e l d  B, 
the l i n e s  shown i n  F i g .  3-3 a r e  e s s e n t i a l  ~y f o r  c o n s t a n t  u2 /CI~ n/$. 
Thus, for a g i v e n  vmve f r e q u e n c y  W/MLH, q,l,min i n c r e a s e s  w h i l e  y,l,max 
decreases w i t h  d e n s i t y ,  r e s u l t i n g  i n  a n a r r o w e r  a c c e s s i b i l i t y  window. 
These c h a r a c t e r i s t i c s  can e a s i  I J  be s e e n  from E q s .  (3-26) and (3-27). 
Since  t h e  e l e c t r o n  Landau darnpi ng i s  r e s p o n s i  bl  e for  c u r r e n t  

h. 1.5-1.8 "LHsmax. 

2 

Pe 
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Fig. 3.3. Regions of wave plasma interaction in t h e  parameter 

and B = 7.5 T, 5 T. The dashed I ines are q91,max for 8 = 7.5 T and 
20 3 T, = 20, 14 key. In a l  I cases Ti, = 10 in . [The 1 ines shown 

represent constant = (m,/cJ (n,/B2> = 10.278 n2O/€l2, where 920 
is i n  units of lo2' in3. Thus, vll,,,in lines are for u&/Qz = 0.1m and 

0-41, corresponding t o  8 = 7.5 and 5 T, respectively. q, , ,max I ines are 
for 

space of lower hybrid wave. The solid lines are ql l rrrr in  for  - T, = 14 key 

- 

= 0.183 (or n2o/B2 2! 0.0178).] (ref. [33]). 
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genera t i on ,  one chooses t h e  o p e r a t i n g  P f  f requency  %o be i n  t h a t  r e g i o n .  
Sane s p e c i f i c :  numbers are g i v e n  i n  T a b l e  3.2 for hydrogen (H+) and 
d u e t m i u r n  (D’) plasmas. The d e n s i t y  and t empera tu re  prof i I es (and 
c e n t r a l  v a l u e s  of n and T) w i l l  s i g n i f i c a n t l y  i n f l u e n c e  t h e  wave 
p r o p a g a t i o n  and t h e  a c c e s s i b i  I i t y  regime shown i n  F i g .  3.3. If one i s  
n o t  c a r e f u l ,  c u r r e n t  may be genera ted  near  the  s u r f a c e  w i t h  a p r o f i l e  
tha t ;  may or may not be c o n s i s t e n t  w i t h  MHD e q u i l i b r i u m .  Thus, 
depending on  p r o f i l e s ,  an a d d i t i o n a l  c o n s t r a i n t  i s  imposed on rq,,,max 
from the  d e s i r e  t h a t  only n e g l i g i b l e  c u r r e n t  be genera ted  o u t s i d e  some 
spec i f i ed r a d  i 11s. 

3.2. nt 

The LH c u r r e n t  d r i v e ,  a s  ment ioned e a r l i e r ,  i s  based on  t h e  
damping of high-phase-velaciij r f  t r a v e l i n g  waves. The damping of t h e  
waves causes t h e  wave mmentum t o  be g i v e n  t o  t h e  ( resonant )  e l e c t r o n s  
t r a v e l i n g  w i t h  t h e  wave psralled phase v e l o c i t y ,  r e s u l t i n g  i n  
d i s t o r t i o n  of t h e  e l e c t r o n  d i s t r i b u t i o n  and f o r m a t i o n  o f  a velocity 
space p l a t e a u  on t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  i n  t h e  r e g i o n  o f  
resonant p a r t i c l e s  (see F ig .  3 , 4 ) .  Eeeause t h e  wave t r a v e l s  i n  o n l y  
one d i r e c t i o n  ( u n i d i r e c t i o n a l  wave), %he asymmetr ic e l e c t r o n  
d i s t r i b u t i o n  t h u s  c rea ted  r e s u l t s  i n  a n e t  c u r r e n t  i n  t h e  d i r e c t i o n  of  
t,ke wave’s phase v e l o c i  t y  S i n c e  these c u r r e n t - c a r r y  i ng el e c t r o n s  
(high-energy t a i  I e lec t rons )  a r e  mostly t r a v e l  i n g  a t  s e v e r a l  t i m e s  t h e  
b u l k  e l e c t r o n  thermal v e l o c i t y ,  t hey  col I i d e  r e l a t i v e l y  i n f r e q u e n t l y  
( i . e . ,  c o l l i s i o n l e s s )  and t h u s  r e t a i n  t h e i r  c u r r e n t  (momentum) fo r  an 
a p p r e c i a b l e  t i m e .  

The a n a l y s i s  of momentum and energy d e p o s i t i o n  on t h e  e l e c t r o n s ,  
and t h e i r  subsequent t r a n s f e r  t o  t h e  background i o n s  and e l e c t r o n s ,  i s  
c a r r i e d  o u t  i n  t e rms  ~f a Bo1 tzrnann e u a t i o n  f o r  t h e  electron v e l o c i t y  
d i s t x i  b u t i o n .  T h i s  equa t ion  ba lances  t h e  rf-i ndueed q u a s i - l  i n e a r  
d i f f u s i o n  sf t h e  e l e c t r o n s  aga ins t  t h e  e l e c t r o n - e l e c t r o n  and 
e l e c t r o n - I o n  c o l  I i s i o n a  I e f f e c t s ,  as d e s e r i  bed by a Fokker-PI anck 
C O I  l i s i a n  o p e r a t o r  [Eq. (1-9>]. I n  t h i s  s e c t i o n  we d e s c r i b e  t h e  
ea1 c u l a t i o n s  and o b t a i n  t h e  exp ress ions  for- c u r r e n t  d e n s i t y  generated, 
power d e n s i t y  d i s s i  paled, and t h e  e f f  i c i  ency f a c t o r .  
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Table 3.2. Lower h y b r i d  f requency a t  various dens i t i es  and magnetic 
f i e l d s  and cor respond ing  l i m i t s  on q,, due t o  mode conversions 

(Te f! T i  f! 15 keV; w / w w , ~ ~ ~  = 2.5 are used) 
- -  

0.5 

0.32 1.29 0.91 1.62 7.05 

1.38 0.98 1.35 8.26 

8 0.08 1.42 1.0 1.24 8.432 

0.14 

4 
6 

1.0 

1.64 1.16 1.97 5.61 

1.05 1.3 1.58 7.24 

8 0.16 1.94 1.4 1.39 8.12 

4 
6 

2.0 

1.97 1.39 2.52 4.38 

2.38 1.68 1.9 5.85 

8 0.32 2.58 1.83 1.62 7.05 

4 
6 

aCa I cu 
bCa IC" 

ated from Eq. (3-26) f o r  w / w N  = 2.5. 
a t e d  from Eq. (3.27) for w/wm = 2.5. 



58 

ORNL-DWG 84-3010 FED 

k, ,NO RF 

.A\ - 

\ k " > C O  I L I S  ION s 

QUASIL INEAR PLATEAU 
CARRYING CURRENT 

. ..- 

vII 
ENLARGED / 'RANGE OF PARALLEL 

P H A S E  VELOCITY ' -- TO S C A L E )  (NU1 I 
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T H E  WAVEGUIDE 

F i g .  3.4. Electron velocity distribution, F,!vll) = klfe(v). 
The dotted line i s  the initial Maxwellian distribution (no rf). The 
solid line shows the distorted distribution formed by the spectrum of 
LH waves. A velocity space plateau is enlarged to illustrate t h e  
process. Region of resonant particles i s  v 1  < vI, < v2; Avl, = ~2 - v 1  
(resonance is defined as vpl, = w/kl l  = vI, where v PI1 i s  para1 le1 wave 
phase ve loc i t y )  (ref. [ 3 3 ] ) .  
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3.2. I Electroll Distribution Function 

We s t a r t  from t h e  Fokker-Planck equat ion ,  Eq. (1-9)* The 
i n t e r a c t i o n  between t h e  plasma e l e c t r o n s  and rf wave produces a t i m e  
development of t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n ,  fe(v, t) = 
f&I' v p  t), wh ich  can be rep resen ted  symbol i c a l  l y  a s  [la] 

(3-28) 

where t h e  f i r s t  t e r m  on t h e  r i g h t  s i d e  is due t o  t h e  waves ( v e l o c i t y  
space d i f f u s i o n  caused by t h e  wave) and t h e  second t e r m  is  due t o  
Coulomb c o l  I i s i o n s  (which d e s c r i b e s  b o t h  p a r a l  l e 1  and p e r p e n d i c u l a r  
v e l o c i t y  s c a t t e r i n g ) .  I n  genera l ,  t h e r e  s h o u l d  be a t h i r d  t e r m  on t h e  
r i g h t  s i d e  of Eq. (3-28) t h a t  d e s c r i b e s  t h e  e f f e c t s  of t h e  i n d u c t i v e  
f ie ld,  (afe/at) i nduct-E* a te rm t h a t  is  i m p o r t a n t  when r f - d r i v e n  
c u r r e n t  r e p l a c e s  o n l y  p a r t  of t h e  ohmic c u r r e n t .  I n  t h e  s teady  s t a t e ,  
fo r  a pu re  rf c u r r e n t - d r i v e n  case, t h e r e  i s  no dc e l e c t r i c  f i e l d .  

The LH waves a r e  e l e c t r o s t a t i c  and Landau damped by e l e c t r o n s  
r e s o n a n t  w i t h  t h e  wave (w/kl, = v,!). I n  t h e  even t  t h a t  t h e  waves a r e  
u n c o r r e l a t e d ,  d i f f u s i o n  of t h e  e l e c t r o n s  i n  p a r a l  l e1  v e l o c i t y  spacz  
r e s u l t s  [ i . e . ,  o n l y  t h e  v,,vI, component of t h e  wave d i f f u s i o n  t e n s o r  D 
i s  nonzero  i n  Eq. (1-lo)] : 

(3-29) 

where D, i s  t h e  rf q u a s i - l i n e a r  d i f f u s i o n  c o e f f i c i e n t  due t o  Landau 
damping, g i v e n  by 

(3-30) 

Here, W,, i s  t h e  (one-sided) s p e c t r a l  energy d e n s i t y  (power spectrum) of 
t h e  wave, no rma l i zed  so t h a t  
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o p e r a t o r ,  w h  

(3-31) 

where E,,rms = <E,,> is  t h e  (time-averaged) rms of t h e  a p p l i e d  wave 
e l e c t r i c  f i e l d .  I t  i s  this q u a s i - l i n e a r  d i f f u s i o n  t h a t  t e n d s  t o  
f l a t t e n  t h e  d i s t r i b u t i o n .  The c o l  I i s i o n s ,  on  t h e  o t h e r  hand, t e n d  t o  
r e s t o r e  it t o  a Maxwel I i a n  (Fig. 3.4). 

The t e r m  (i3fe/i3t)co, I i n  Eq. (3-28) i s  t h e  Fokker-Planck c o l  I i s i o n  
ch has t h e  f o l  l ow ing  genera l  form: 

where summation o v e r  01 and 0 a r e  imp1 i e d  and 

w i t h  j = background p a r t i c l e s  ( e , i ) .  In Eq. (3-32) f, is  t h e  ( t e s t -  
p a r t i c l e )  e l e c t r o n  d i s t r i b u t i o n  ( i . e . ,  t h e  d i s t r i b u t i o n  of t h e  
e l e c t r o n s  t h a t  c a r r y  t h e  c u r r e n t ) ,  and H and G a r e  Rasenb lu th  
p o t e n t i a l s ,  wh ich  a r e  i n t e g r a l s  o v e r  t h e  background ( f i e l d )  p a r t i c l e  
d i s t r i b u t i o n :  

-8.1 d 3 v j  , J (3-33 b) 

where M = m m . / ( m e  + m,)  and j = background p a r t i c l e s .  No te  t h a t  i n  
Eq. (3-32) summation o v e r  a l l  background p a r t i c l e s  j s h o u l d  be taken .  

Nhen comput ing (afe/at),,, I , i t  i s  qenera l  l y  assumed t h a t  t h e  
background d i s t r i b u t i o n s  of bo th  i o n s  and e l e c t r o n s  a r e  n o n d r i f t i  ng, 
nonevo lv ing  Maxwel I i a n  d i s t r i b u t i o n s .  Under th is assumption E$. (3-32) 
is  I i near ized ,  and se l  f -co l  I i s i o n s  among t h e  non-Maxwel I i a n  components 

1 
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of t h e  e l e c t r o n  d i s t r i b u t i o n  a r e  neg lec ted ,  ( I n  some s p e c i f i c  cases, 
however, s e l f - c o l  I i s i o n s  ( e l e c t r o n - e l e c t r o n )  were taken i n to  account  
u s i n g  t h e  f u l  I Fokker-Planck c a l  I i s i o n  opera to r ,  see for  example 
r e f .  r18.1) In t h e  l i m i t  where t e s t  p a r t i c l e  ( t a i l  e l e c t r o n )  v e l o c i t y  
i s  much g r e a t e r  t h a n  t h e  thermal  v e l o c i t y  v >> v e  = (kTe/me)ln and t h e  
backgound p a r t i c l e  v e l o c i t y  v i s  less t h a n  or on  o r d e r  of t h e  thermal  
v e l o c i t y ,  Eq. (3-32) is I i n e a r i z e d  a b o u t  a Maxwel l i a n  and s u b s t a n t i a l  l y  
simp1 i f i e d .  As a consequence of I i n e a r i z a t i o n  and t h e  a s s o c i a t e d  
assumpt ions  j u s t  d iscussed, Eq. (3-28) becomes 

j 

where v e l o c i t i e s  a r e  normal i z e d  t o  y e  = (kTe/m,)ld, t i m e  i s  no rma l i zed  
t o  u i l ,  and is  t h e  p i t c h  a n g l e  v a r i a b l e :  

u = v / v e  , u,, = v,,/ve , u2 = u; + % , 

T = uot , uo = &n h4 /2nnv3, = ne4 I n  A / 2 1 r ~ ~ m ~ v ~  2 2 3  , Pe 

= u,,/u = VI,/V = cos 8 , 

D(Uu) = D w ( v , r l ) / ( v ~ ~ o )  = wave d i f f u s i o n  amp1 i t u d e .  

I n  Eq. (3-34) symmetry is assumed i n  t h e  az imu tha l  d i r e c t i o n ,  w i t h  U 
r e p r e s e n t i n g  t h e  normal ized v e l o c i t y  magnitude i n  s p h e r i c a l  c o o r d i n a t e s  
and 8 t h e  polar a n g l e  w i t h  r e s p e c t  t o  magne t i c  f i e l d .  The f i rs t  te rm 
o n  t h e  r i g h t  s ide  of Eq. (3-34) i s  t h e  q u a s i - l i n e a r  rf d i f f u s i o n  
term: i n  (U, €J c o o r d i n a t e s  t h e  a/Bv,, o p e r a t o r  i s  expressed as 
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- 
I he second t e r m  r e p r e s e n t s  p i t c h  a n g l e  s c a t t e r i n g  o f f  i o n s  ( w i t h  c h a r g e  
L ; )  and e l e c t r o n s .  The l a s t  t e r m  r e p r e s e n t s  energy s c a t t e r i n g  o f f  
e I ect t -ons .  

E q u a t i o n  (3-34) i s  ;1 2-0 Fokker -P lanck  e q u a t i o n  for t h e  e l e c t r o n s ,  
w h i c h  can be s o l v e d  n u m e r i c a l l y  or a n a l y t i c a l l y  (under  v a r i o u s  
a s s u m p t i o n s  and expans ions)  To ga i n some i n s i g h t ,  we wi 1 I assume (as 
i s  u s u a l l y  done) t h a t  t h e  wave a m p l i t u d e  i s  s u f f i c i e n t l y  s m a l l  so t h a t  
e l e c t r o n  d i s t r i b u t i o n  fe  i s  p e r t u r b e d  o n l y  s i g h t l y .  S i n c z  t h e  
q u a s i - l  i n e a r  d i f f u s i o n  v i a  t h e  Landau damping causes  e l e c t r o n  v e l o c i t y  
d i f f u s i o n  o n l y  p a r a l l e l  t o  t h e  m a g n e t i c  f i e l d ,  it i s  r e a s o n a b l e  t o  
ossurne t h a t  t h e  e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  r e m a i n s  a p p r o x i m a t e l y  
Maxwel I i a n  i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n ,  Under  t h i s  a s s u m p t i o n  
Eq. (3-34) i s  i n t e g r a t e d  over v e l o c i t i e s  p e r p e n d i  c u I a r  LO t h e  m a g n e t i c  
f i e l d ,  r e s u l t i n g  i n  a 1-D q u a s i - l i n e a r  e q u a t i o n  for an e l e c t r o n  
d i s t r i b u t i o n  f u n c t i o n :  

(3-353 

Here,  Fe  i s  t h e  r e d u c e d  e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  

and f e  v a r i e s  as exp(-v:/2vE) w i t h  vI ( t h e  a s s u m p t i o n  o f  f", b e i n g  
Maxwel I i a n  i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n ) .  

We a r e  p r i t n a r i l y  i n t e r e s t e d  i n  t h e  s t e a d y - s t a t e  s o l u t i o n s  t o  
Eq. (3-35). S o l v i n g  Eq. (3-35) fo r  t h e  s t e a d y - s t a t e  d i s t r i b u t i o n ,  we 
o b t a  i n 

(3-36) 
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where C is  cons tan t ,  de termined from n o r m a l i z a t i o n  of t h e  d i s t r i b u t i o n  

f u n c t i o n ,  F,(U,,)dU,, = nee. 

d i s t r i b u t i o n  f u n c t i o n  i s  Maxwel I ian,  t h a t  is, 

dD 

-do 

We see  from Eq.  (3-36) t h a t  i n  t h e  absence o f  rf waves (D = 0) t h e  

The s i t u a t i o n  of i n t e r e s t  for  rf h e a t i n g  and e s p e c i a l l y  f o r  c u r r e n t  
g e n e r a t i o n  is when O(v,,> i s  ve ry  l a r g e  i n  a f i n i t e  v e l o c i t y  i n t e r v a l ,  
for example, v 1  < v I ,  < v2 (or U1 < UI, < U2 in t e rms  of no rma l i zed  
v e l o c i t y ) ,  and van ishes  e lsewhere .  We see from Eq. (3-36) t h a t  t h e  1-D 
s o l u t i o n  for  t h e  d i s t r i b u t i o n  f u n c t i o n  Fe(y,,) is f l a t  i f  D is la rge .  
This is t h e  mechanism of Landau damping i n  t h e  r e g i o n  of resonan t  
p a r t i c l e s ,  v i  < vI < v2 (Fig. 3.4) ,  t h a t  is, 

where bull N (&/me)'& w i t h  @ being t h e  p o t e n t i a l  f i e l d  a m p l i t u d e  o f  
t h e  waveE = -W. 

We now r e t u r n  t o  Eq. (3-30) and t r y  to e s t i m a t e  t h e  d i f f u s i o n  
c o e f f i c i e n t  D,, wh ich  depends o n  t h e  wave spectrum. I n  genera l ,  t h e  
%aye spec t rum may be of a r b i t r a r y  shape. Here we w i l l  assume a f l a t  
wave spec t rum i n  t h e  r e g i o n  of  resonance (v I I  = vPll = w/k,(): 

(3-38b) 
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T h a t  is, t h e  s p e c t r a l  energy  d e n s i t y  i s  c e n t e r e d  a t  kll = 
c o r r e s p o n d i n g  t o  phase v e l o c i t y  v I I  I v p l l  o v e r  a narro 
Akl ,  = k l  - k 2  ( A v , ,  = v2 -- VI) of parallel wave numbers (of para1 l e 1  
v e l o c i t i e s ) .  U s i n g  Eqs. (3-38) and (3--31), we can t h e n  a p p r o x i m a t e  
Eq. (3-30) as 

(3-39a) 

P o t  herw i s e  

or, i n  t e r m s  of  n o r m a l i z e d  q u a n t i t i e s ,  

where  U l  = v l / v e [ =  ( v  - Av,, /2) /ve] ,  U2 = v 2 / v e J  U I I  = vI,/veJ and  P 11 

U s i n g  Eq. (3-39) i n  Eq. (3-36), t h e  s t e a d y - s t a t e  s o l u t i o n  of Eq.  (3-35) 
i s  g i v e n  by 

(3-41) 
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- 
where D, = 2D,/(Zi 4 2) and t h e  c o n s t a n t  C, a s  ment ioned be fo re ,  i s  
determined by c o n s e r v a t i o n  o f  p a r t i c l e s  

If the number d e n s i t y  of  e l e c t r o n s  i n  t h e  q u a s i - l  i n e a r  resonance r e g i o n  
i s  ma1 I compared t o  ne, t h e n  G i s  approx ima te l y  t h e  usua l  Maxwel I i an  

E q u a t i o n  (3-41) is t h e  s o l u t i o n  of Eq,  (3-28) i n  t h e  h i g h - v e l o c i t y  
I i m i t  and c o n s i d e r i n g  o n l y  one dimension (para1 le1 v e l o c i t y ) .  
Two-dimensional mode l i ng  of t h e  problem is a l s o  p o s s i b l e ,  in which case 
a n a l y t i c  s o l u t i o n s  i n  l i m i t i n g  cases and numer ica l  s o l u t i o n s  by 
c o n s i d e r i n g  t h e  f u l l  Fokker-Planck e q u a t i o n  can be found i n  t h e  
r e f e r e n c e s  g i ven .  I n  o r d e r  to a p p r e c i a t e  t h e  s t r u c t u r e  of t h e  s o l u t i o n  
of Eq. (3-28) [which i s  i v e n  by Eq. (3-41) i n  t h e  1-5 l i m i t  cons ide red  
here], we choose a r e p r e s e n t a t i v e  case c h a r a c t e r i z e d  by t h e  fo l  l ow ing  
parameters [16] : 

v a l  ue, c = n,/(2,Ir)l4ve. 

zi = 1 ,  

D = 1/2 ; D, %=j- I. v2v e o  ( 2 - 2v, >- 
F i g u r e  3.5 shows t h e  s t e a d y - s t a t e  sol u t i o n  o b t a i n e d  numer ica l  ly by 
s o l v i n g  t h e  2-0 Fokker-Planck e q u a t i o n  Ills]. I n  t h e  resonan t  r e g i o n  
(VI < v,, < vg), t h e  e l e c t r o n s  a r e  approx ima te l y  p la teaued.  A 
s i g n i f i c a n t  f l a t t e n i n g  i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n  is also e v i d e n t  
i n  Fig.  3.5, wh ich  t h e  1-D model does n o t  accoun t  for ( s i n c e  a 
Maxwel I i a n  p e r p e n d i c u l a r  d i s t r i b u t i o n  i s  assumed i n  a 1-D model). 
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Fig.  3.5. S t e a d y - s t a t e  d i s t r i b u t i o n  f u n c t i o n  f, f o r  .%i = 1, 
D = 1/2, U 1  = 3, and U2 = 5. (a )  C o n t o u r s  of  c o n s t a n t  fe(UII, UI). 
[Note t h a t  f o r  a h4axwel l i a n  d i s t r i b u t i o n  c o n t o u r s  of  f, would b e  
circles.] N o t i c e  t h e  d e f o r m a t i o n  of eontours n e a r  t h e  r e g i o n  of 
r e s o n a n c e  (U1 < U I ,  < U2). (b) The s u r f a c e  fe(U,, U , , ) .  This i s  
t r u n c a t e d  a t  f,(rnawimurn)/50 i n  o r d e r  t o  show t h e  plateau c l e a r l y .  I n  
t he  resonant,  r e g i o n  p l a t e a u  i n  t h e  p a r a l l e l  d i r e c t i o n  i s  c l e a r l y  
a p p a r e n t .  T h e r e  i s  s i g n i f i c a n t  f l a t t e n i n g  i n  t h e  p e r p e n d i c u l a r  
d i r e c t i o n ,  also ( r e f .  [ IS]) .  
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By i n t e g r a t i n g  the d i s t r i b u t i o n  f u n c t i o n  shown i n  F ig .  3.5 over 
t h e  p e r p e n d i c u l a r  v e l o c i t y  space [f f, da, I F e ( y u ) ] ,  e o b t a i n  t h e  
p a r a l l e l  d i s t r i b u t i o n  f u n c t i o n  Fe!lJi,) as shown i n  Fig.  3.6, wh ich  
c l e a r l y  e x h i b i t s  the current-carry in plateau. Note t h a t  F,(U,, > $1 
drops o f f  more slowly t han  a Marwellian distribution w i t h  t h e  o r i g i n a l  
t empera tu re  would [see a n a l y t i c  s o l u t i o n  given by Eq. (3-41) for 
U,, > Uz] .  Also n o t e  t h a t  F,(U,, > U2) g r e a t l y  exceeds t h e  original 
Maxwel I i a n  d i s t r i b u t i o n ,  a f e a t u r e  t h a t  can also be seen Prom 
Eq. (3-41). 

3.2.2 

The current d e n s i t y  genera ted  can ~ Q W  be obtained From Eq. (3-41) 
by i n t e g r a t i n g  over velocity space: 

where fo(U1) = (2%) -1 4 2  exp(-$/fl). When io >> 1 ('6,llt >> 1) Eq. (3-42) 
reduces to  
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F i g .  3 . 6 .  The parallel distribution function Fe(U,,) for the case 
shown i n  F i g .  3.5. In (b) the vertical s c a l e  has been m a g n i f i e d  
t e n f o l d  over t h a t  i n  (a). Initial Maxwell ian distribution Fe(7  -) S) is 
shown w i t h  dashed lines i n  (b). The current-carrying p l a t e a u  i s  
clearly seen i n  (b). Not,ice that fo r  Ul, > U2 (VI, > 5) F, drops aff 
more slowly than a Maxwellian distribution with i h e  original 
temperature would, These features can a l s o  be seen from Eq. (3-41) 
(ref. [IS]). 
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Normal ized current. density i s  simply 

We can rewrite Eqs. (3-43) and (3-44) i n  terms of the para1 l e1  
refractive index T,, (= ekl,/w) as 

a nd 

(3-41) 
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%here  yif = c2k!/w2 = c2/v$, 722 = c 212 ~ y ' u  3 = c 2 / v2 ,  2 and v e  = [kTe/me)1'2 

w i t h  m e i 2  2 $11 keV. ( A l l  a r e  i n  inks u n i t s ,  T, i s  i n  keV, and as 
before,  n2-j = ~ , / 1 0 * ~  T I 0  = T e /10 keV.)  

As mentioned ear l  i e r  and a s  Eq.  (3-41) and F i g .  3.6 show, t h e  
electron d i s t r i b u t i o n  f u n c t i o n  a t  UI, > Un  (v l l  > v2 or  q,,  < qp) g r e a t l y  
exceeds t h e  o r i g i n a l  Maxwel I i a n  d i s t r i b u t i o n .  Thus, c u r r e n t  i s  c a r r i e d  
n o t  o n l y  by r e m n a n t  e l e c t r o n s  w i t h  V I  5 vl, 5 v 2  b u t  also by t a i l  
e l e c t r o n s  w i t h  v i e  > v2. F i g u r e  3.7 shows the f r a c t i o n  of to ta l  c u r r e n t  
c a r r i e d  by resonan t  e l e c t r o n s  under Lhe p la teau .  For t h e  example 
cons ide red  i n  F i g s .  3.5 t,o 3.6, more bhan 9 of t h e  cmr ren t  genera ted  
by rf waves i s  c a r r i e d  by t he  resonant  e l e c t r o n s  i n  t h e  p la teau ,  that, 
is, a case for U g  = 3,  U2 = 5. For a high-temperature,  r e a c t o r - l i k e  
plasma, (e .9 .  T, 10-15 keV) .i 3 < U,, < 5 cor responds t o  vll/e 
0.4-0.8 (or q,l 1.25-2.5), i n  which t h e  resonan t  e l e c t r o n s  may become 
r e l a t i v i s t i c .  For t h i s  case, i - c l a t i v i s t i c  e f f e c t s  wi I I be more 
i m p o r t a n t  for t a i l  e l e c t r o n s  w i t h  vII > v 2  (> VI), which a r e  not 
included here (some d i s c u s s i o n  of t h i s  w i l l  be g i v e n  l a t e r ) .  FOP 
moderate va lues  of U1 N 2, U2 N 2 5, we see from F i g .  3.7 t h a t  more 
than  half  of t h e  c u r r e n t  genera ted  by rf waves w i  I I be c a r r i e d  by t h e  
f sst; La i ! e I e c t r o n s .  

i 

- 
I n  t h e  steady s t a t e ,  t h e  power d i s s i p a t e d  by t h e  waves i n  t h e  

resonant e l e c t r o n s  is balanced by t he  powep d i s s i p a t e d  i n  t h e  o t h e r  
p a r t i c l e s  (bulk e lec t i -ons  and ions) v i a  c o l l i s i o n a l  s l o w i n g  down of  
t h e s e  fast ,  resonan t  e l e c t r o n s .  Thus, the power d e n s i t y  d i s s i p a t e d  by 
t h e  r f  wave fo r  maintenance of  the quas i - !  i n e a r  d i s t o r t i o n  of  F, *r i s  
g i v e n  by 

n 



ORNL-DWG 84-3043 FED 

>- 4.0 m 
a 
W 

I- 
O 
Q 
LIZ 
LL 0 I I I I 1 

1 2 3 4 5 

"i 

F ig .  3.7.  F r a c t i o n  of r f -generated c u r r e n t  c a r r i e d  by resonant 
e l e c t r o n s  (U1 < U,, < U2) is shown a s  a f u n c t i o n  of U1 for various U2/U1 
(= ~I /TQ)  for LH w a v e s  ( re f .  r33-j). 
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(3-484 

ahere we used i n t e g r a t i o n  by parts i n  o b t a i n i n g  t h e  last s tep  ( o t h e r  
n o t a t i o n s  a r e  as i n t r o d u c e d  be fore ) .  U s i n g  E q .  (3-41) i n  (3-48~) and 
c o n s i d e r i n g  t h e  limit where DU; >> 1 (or Doli; >> 1)’ Eq. (3-48e) can be 
a pprox i mated a s  

where a i s  a c o r r e c t i o n  factor o b t a i n e d  by nurnerica I l y  s o l v i n g  t h e  2-D 
Fokker-Plan& e q u a t i o n  w i t h  a quasi-! i n e a r  te rm.  In genera l ,  CI = a(Zi) 
i s  a sensitive f u n c t i o n  of  Z i  [ l a ] .  FOP Z i  = 1, cc? 0.4. 

Norma I ized power d e n s i t y  i s  s imply  

(3-50) 
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I n  p r a c t i c a l  u n i t s ,  Eq. (3-49) can be r e w r i t t e n  as 

where Z i  = 1 is  assumed; 90 and T10 a r e  i n  u n i t s  of  lo2' m 3  and 
10 keV, r e s p e c t i v e l y ;  and ci 2 0.4 is  the numer ica l  c o r r e c t i o n  f a c t o r .  
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3.2.4 Efficiency Factor 

A c r u c i a l  parameter by wh ich  t h e  p r a c t i c a l i t y  of a c u r r e n t  d r i v e  
scheme may be assessed i s  J/P, t h e  amount o f  c u r r e n t  genera ted  per 
power d i s s i p a t e d .  T h i s  is t h e  measure o f  t h e  e f f i c i e n c y  of a c u r r e n t  
d r i v e  scheme (see Sec t .  2.1.4). From Eqs .  (3-43) and (3-49) we have 
t h e  fo l  low ing  exp ress ion  for J/P: 

For Z i  = 1, Q = 0.4, and i n  te rms  of r e f r a c t i v e  index we have 

(3-51b) 

(3-52) 

Express ion  (3-51) [or (3-52)] shows u s  t h a t  J/P,f is independent of T,, 
i s  i n v e r s e l y  p r o p o r t i o n a l  t o  ne, and v a r i e s  r a t h e r  r a p i d l y  w i t h  t h e  
phase v e l o c i t y  o f  t h e  rf wave. I n  te rms  of  no rma l i zed  q u a n t i t i e s ,  

= Gi 2 a- +I*) <%> ' (3-53b) 
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where we d e f  i ned 

(3-54) 

I n  terms of t h e  amount of c u r r e n t  generated, we have from 
Eq. (3-51) [or (3-52)] 

where we d e f i n e d  

(3-57) 

It is apparent  from t h e s e  exp ress ions  t h a t  smal I q i s  r e q u i r e d  to 
F i g u r e  3.8 p la ts  J jP  f o r  v a r i o u s  genera te  c u r r e n t  e f f e c t i v e l y .  
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Fig .  3.8. E f f e c t i v e n e s s  of c u r r e n t  d r i v e  by LH waves 
f u n c t i o n  of  p a r a 1  le1 r e f r a c t i v e  index of  LH waves. 

as a 
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ql(= c / v ~ )  and r(2(= c/v2). As we d i scussed  i n  S e c t .  3.1.2, t h e  minimum 
v,, (12) a l  lowed i n  t h e  plasma i s  I i m i t e d  by t h e  a c c e s s i b i  I i t y  c r i t e r i o n  
of t h e  u-l wave (among o t h e r  c o n s t r a i n t s ) .  

For r e s o n a n t  e l e c t r o n s  (VI < vII < VP), we choose qI1 such t h a t  

w i t h  

where qll,min and q,,,max a r e  g i v e n  by Eqs. (3-26) and (3-2?), 
r e s p e c t i v e l y .  To o b t a i n  reasonab le  e f f i c i e n c i e s  (Fig. 3.8) a f a i r l y  
narrow s p e c t r a l  w i d t h  would be r e q u i r e d ,  t h a t  is, 

3.3. Ehprimwnts [19-28,31,35-401 

By f a r  t h e  most e x p e r i m e n t a l l y  used method of d r i v i n g  c u r r e n t s  i n  
tokamaks has been t h e  use of u-l waves. These i n c l u d e  t h e  f o l  l ow ing  
tokama ks: Pr  i nce ton  Large Torus (PLT) a t  P r  i nce ton  119-21,27,38] , 
A lca to r -C  a t  Massachuset ts  I n s t i t u t e  of Technology @ I T )  [22,26,31,36], 
F r a s c a t i  Tokamak (FT) i n  F r a s c a t i  [28,37], Wega a t  Grenob le  [23,30], 
T-7 a t  Kurchatov  1403, JFT-2 a t  JAERI [35], V e r s a t o r  I1 a t  M I T  [26,36] , 
WT-2 [25,39], and s e v e r a l  o t h e r s .  A summary of t h e  parameters  o f  t h e s e  
exper imen ts  i s  g i v e n  i n  Tab le  3.1. One o f  t h e  p r i n c i p a l  achievements 
has been t h e  maintenance of t h e  c u r r e n t  w i t h  rf power a l o n e  for  
extended d u r a t i o n s  i n  A lca tor -C and PLT ( I  i s t e d  as ws teady -s ta tew i n  
T a b l e  3.1, where "s teady  s t a t e w  r e f e r s  t o  t h e  f a c t  t h a t  bo th  t h e  
magn i tude and p r o f i l e  of t h e  c u r r e n t  do n o t  change, t h a t  is, no 
r e d i s t r i b u t i o n  of c u r r e n t ) .  I n  b o t h  of t h e s e  exper imen ts  t h e  OH 
c u r r e n t  has  been te rm ina ted ,  and t h e  p lasma c u r r e n t  produced by rf has 
been kept, c o n s t a n t  ( f l a t  top) for  p e r i o d s  l onger  t h a n  t h e  L/R t i m e  
(where L is t h e  to ta l  induc tance of t h e  plasma and R is  t h e  plasma 
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r e s i s t a n c e ) ,  a n e c e s s a r y  c o n d i t i o n  for  e l  i m i n a t i n g  t r a n s i e n t  c u r r e n t s  
and unamb iguous ly  d e m o n s t r a t i n g  r f  c u r r e n t  d r i v e .  T h i s  i s  shown i n  
F ig .  3 .9  far  t h e  l o n g e s t  p u l s e  g e n e r a t e d  i n  F I T .  I n  t h e  following we 
d i s c u s s  some of t h e  r e s u l t s  o b s e r v e d  fran t h e s e  e x p e r i m e n t s :  (1) 
d e m o n s t r a t i o n  of  c u r r e n t ,  d r i v e ,  (2) c u r r e n t  drive e f f  i c i c n c y ,  (3) 
d e n s i t y  l i m i t ,  (4) s p e c t r a l  gapp. (5) c u r r e n t  ramp u p J  e t c .  

3.3.1 D 

I n  a t o r o i d a l  s y s t e m  t h e  c u r r e n t  ?jog can  be strongly i n f l u e n c e d  
by c l e c t r i c  f i e l d s  i n d u c e d  by changes  i n  t h e  p o l o i d a l  m a g n e t i c  f i e l d .  
D e m o n s t r a t i o n  of rf c u r r e n t  drive can be d e c i d e d  by e x a m i n i n g  t h e  power 
f I Q W  r e l a t i o n s h i p  1201 : 

(3-58) 

where Ip  is t h e  p l a s m  c u r r e n t ;  R i s  t h e  p lasma r e s i s t a n c e ;  

L = poR,[d'n (8K,/a) - 2 1- li/2] is the to ta l  i n d u c t a n c e  of  t h e  plasma; 
a and R, a r e  t h e  m i n o r  and m a j o r  r a d i i ;  p,,Ro1i/2 i s  t h e  i n t e r n a l  
i n d u c t a n c e ;  MnH and Mv a r e  t h e  m u t u a l  i n d u c t a n c e s  between t h e  plasma 
c u r r e n t  and t h e  OH p r i m a r y  a n d  v e r t i c a l  ( e q u i l i b r i u m )  f i e l d  coils, 
r e s p e c t i v e l y ;  and  P,f i s  the  rf power d r i v i n g  t h e  c u r r e n t .  To 
d e m o n s t r a t e  r f ,  c u r r e n t  d r i v e  c o n d i t i o n s  have  been p r o d u c e d  i n  t h e  
e x p e r i m e n t s  s u c h  t h a t  t h e  i 2 R  and  P,s t e r m s  of  Eq. (3-58) a r e  t h e  o n l y  
dmi n a n t  ones :  P 

2 

P 
Prf I R 

A t y p i c a l  c u r r e n t  d r i v e  s h o t  i n  t h e  PLT tokamak w i t h  and w i t h o u t  rf 
power i s  shown i n  F i g .  3.10. Were t h e  w a v e g u i d e s  a r e  phased 90" 
(A+ = a/?), and  130 kW of r-F power (f = 0.8 GHr) is a p p l i e d  for a 
p e r i o d  o f  u p  t o  1 s a f t e r  t h e  p r i m a r y  ohmic current i s  t e r m i n a t e d .  The 
plasma c u r r e n t  was m a i n t a i n e d  a t  240 kA d u r i n g  t h e  i-f p u l s e .  The 
a v e r a g e  d e n s i t y  i s  i n i t i a l  ~y ii N 7 x cm" ( to s y p r e s s  runaways) ;  
t h e n ,  i t  i s  m a i n t a i n e d  f l a t  a t  Ti F! 3.5 X 10" cm . A l o n g - p u l s e  
c u r r e n t  d r i v e  o n  PLT i s  shown i n  Fig.  3.9  i n  w h i c h  a plasma c u r r e n t  of 
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Fig.  3.9.  Long-pulse current d r i v e  on PLT. The plasma i s  formed 
by t h e  OH system, wh ich  was turned o f f  a t  t h e  current peak. Lower 
hybr id power P,f = 70 kW, Bo = 2.3  T, and sie 3 X lo1* m4 (refs. 119, 
20, 271) . 
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(a) plasma c u r r e n t ,  

v o l t a g e ,  (c) a v e r a g e  plasma d e n s i t y ,  and (d) &J + A’ j /2  
nes) and w i t h o u t  (dashed I i n e s )  r f -power :  

o i d a l  beta)  ( r e f .  11201). 
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165 kA was m a i n t a i n e d  for  ~3.5 s. A l though  r e s u l t s  shown i n  Figs. 3.9 
and 3.10 were o b t a i n e d  a t  r e l a t i v e l y  low d e n s i t i e s ,  s i m i l a r  r e s u l t s  
were o b t a i n e d  on t h e  A lca to r -C  tokamak a t  h i g h e r  d e n s i t i e s  
( i t  N 3 X 1013 ma), as shown i n  Fig. 3.11. 

3.3.2 Current Drive Eificiency 

As we have seen, t h e  c u r r e n t  d r i v e  e f f i c i e n c j  may be w r i t t e n  i n  
t h e  fo l  l o w i n g  form: 

(3-59 j 

A A  

where J/P is t h e  no rma l i zed  c u r r e n t  drive e f f i c i e n c y  for  LH waves, 
g i v e n  i n  Sec t .  3.2.4 [see Eqs.  (3-51)-(3-5611, 

or 

w i t h  cc 0.4 and Z i  1 and tu;> and <vi> g i v e n  by Eqs. (3-54) and 
(3-571, r e s p e c t i v e l y .  FOP UJ waves ?,/? i s  expected to  v a r y  from IO t o  
60 ( w i t h  s m a l l e r  v a l u e s  may be r e s u l t i n g  i n  t h e  r e a c t o r  reg imes) .  As 
we have seen i n  o r d e r  to  have as l a r g e  J/P as possible, a wave 
spec t rum shou d be r i c h  w i t h  h i g h  v a l u e s  of t h e  phase v e l o c i t y  ( i .e . ,  
low v a l u e s  of q,,, q,, = ck,,/w = c/v p, v p  v I 1 ) .  This is  possible o n l y  

i f  w2 /Q2 << 1 SO t h a t  low v a l u e s  of vi, a r e  a c c e s s i b l e  [see 

Eq. (3-26)]. 0.1 (see Tab1 e 3. l) ,  

whereas i n  a r e a c t o r  we expect  j! /C? > 0,5. Shown i n  F ig .  3.12 is  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  [Eq. (3-59) ]  vs T, i n  v a r i a u s  u1 c u r r e n t  d r i v e  
tokamak exper iments  l i s t e d  i n  T a b l e  3.1. We see from F i g .  3.12 t h a t  i n  
most exper imen ts  t o  d a t e  J/P 2 30-50 (except  i n  JFT-2, where high 
v a l u e s  o f  r e s u l t  i n  lower e f f i c i e n c i e s ) .  For example, for 

A h  

pe e 
I n  most p r e s e n t  exper imen ts  w2 / C f  Pe e 

Pe e 

A h  
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F i g .  3.11. Current d r i v e  shot i n  Alcator-C a t  T i  3.5 X 10l3 

cm3, l",f 615 kW, f = 4.6 GHz, and  Bo = 8 T (refs. [22, 361). 
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Fig. 3.12. C u r r e n t  d r i v e  e f f i c i e n c y  vs T, fo r  a number of LH 
For a c u r r e n t  d r i v e  tokamak experiments. 

re ference,  ?/? = 30 and 50 are  shown (dashed 1 ines) ( r e f s .  [22, 711). 
D a t a  a r e  g i v e n  in T a b l e  3.1. 
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A 1 catar-C, n20 I (MA) R, (rii)/P (MW) 2 0.093 T e  (keV) a t  Bo = 8 1 .  A t  
B, = 10 T, t h i s  e f f i c i e n c y  i s  of o r d e r  0.12 Te. Povler and d e n s i t y  
dependence o f  t h e  e f f i c i e n c y  a r e  shown i n  Figs .  3.13(a) and (b)  for  
a i c a t o r - c ,  8, = i o  P. 

I n  mast, of t h e  exper imen ts  3 c r i t i c a i  d e n s i t y  l i m i t  was observed. 
Above Lhis c r i t i c a l  d e n s i t y ,  c u r r e n t  d r i v e  e f f e c t s  d isappear  (i .e., 
cilrrent d r i v e  ceases or d i m i n i s h e s  more r a p i d l y  t h a n  t h e  l / n  s c a l i n g ,  
F i g .  3.13). The e x c e p t i o n  i s  Aleator-C (and passibiy Wega), where 
I / P  N l/n, (Fig. 3.13) up t a  t h e  h i g h e s t  d e n s i t y  (Ti N 1014 C I R - ~ )  used. 
A t  prcsent A I  cator-l: i s  be l  i eved  t o  be power I i m i t e d .  

Thc c r i t i c a l  dens i ty  i n  any g i v e n  exper iment  appears t o  be 
r e l a t i v e l y  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  plasma parameters; however, a 
we! I-def ined c o r r e l a t i o n  i s  apparent, from F i g .  3.14 between t h e  d e n s i t y  
I i m i t  and f requency  of t he  rf source ( n c c r i t  N f2). ~hus, one of  the 
s p e c u l a t i o n s  i s  t h a t  t h e  observed c r i t i c a l  d e n s i t y  has i t s  o r i g i n  i n  
t h e  c h o i c e  of t h e  wave .frequency (f I 808 Mz i n  PLI whereas 
f r: 4.6 Qiz i n  A1catm-C). I t  IS, however, f a i r  t o  no te  t h a t  t h e  
mechanism r e s p o n s i b l e  f o r  t h e  A c r i t i c a l  d e n s i t y P B  l i m i t  i s  n o t  weal 
understood at, t h e  p w s e n t ,  a t  though a number of passi bTe e x p l a n a t i o n s  
have been p r o p s e d .  Some of them are r e l a t e d  t o  p ropaga t ion  e f f e c t s .  
For exarnaple, i n  PLT, Pay- t rac ing  c a l c u l a t i o n s  i n d i c a t e  reduced 
a c c e s s i b i l i t y  o f  t h e  waves to t h e  plasma c e n t e r  a t  h i g h e r  d e n s i t i e s  
with loa values of T,,, wh ich  a r e  r e s p o n s i b l e  for t he  high-energy t a i l .  
PLT has a r e l a t i v e l y  mal I aspec t  r a t i o  (A = R,/a = 3) as compared to  
Alcatar-C (Ro,/a = 41, and c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  c r i t i c a l  
density is dependent on a s p e c t  r a t i o  and t h a t  r a p i d  decrease i n  c u r r e n t  
d r i v e  e f f i c i e n c y  i s  much more pronounced a t  lower a s p e c t  ra t ios  [a]. 

Also associated w i t h  l a c k  OF a c c e s s i b i l i t y ,  r e s u l t s  frm b o t h  PLT 
and Aleator-@ show a decrease i n  c u r r e n t - d r i v e  e f f i c i e n c y  w i t h  a 
decrease i n  magnet ic  f i e l d  (Fig. 3.15). These r e s u l t s ,  however, d i f f e r  
somewhat from those  o b t a i n e d  i n  FT where t h e  d e n s i t y  c u t o f f  i s  found t o  
be i n s e n s i t i v e  t o  magnet ic  f i e l d  [37]. 

O the r  possible e x p l a n a t i o n s  are  related t o  t h e  o n s e t  of p a r a m e t r i c  
decay i n s t a b i  I i t i e s  [JFT-2, Ref I 351, t o  the  o n s e t  of a s t r o n g  
i n t e r a c t i o n  of LH waves w i t h  t,he i o n s  (which involve a b s o r p t i o n  o f  p a r t  
of t h e  rf power by t h e  ions r a t h e r  t h a n  t h e  fast e l e c t r o n s ) ,  t o  t h e  

- .  
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P ( M W )  

F ig .  3.13. A lca tor -C lower  h y b r i d  c u r r e n t  d r i v e  a t  Bo = 10 T, He 
gas: (a> I /P  vs A, and (b) ?i,I vs P. Sol i d  dots cor respond t o  SO-ms 
p u l s e  l e n  t h  (which is less  t han  L/R t ime) .  A t  d e n s i t i e s  of 

h i g h e r  d e n s i t i e s ,  t h i s  level of c u r r e n t  r e q u i r e s  P ? 1 MW, which has a 
p u l s e  l e n g t h  I i m i t .  P r o p o r t i o n a l i t y  o f  P N n imp1 ies t h a t  p r i n c i p a l  
energy losses a r e  due t o  eo1 I i s i o n s  ( r e f s .  [31, 361). 

- n 5 5 X 10" tn3, flattop c u r r e n t s  of 1 %  200 kA were produced. A t  
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Fig. 3.14. Possible scaling of observed d e n s i t y  limit w i t h  
frequency i n  several LH cur ren t ,  d r i v e  tokamak exper imen ts  ( re f .  21371). 
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Fig. 3.15. Current drive efficiency degrades w i t b  decreasing 
magnet ic  f i e l d  in PLT. Sol id  l i n e  represents the predictions of model 
(ray tracing) calculations. Relative phasing of waveguides A$ = 60" 
and Ti, 2 (2-4) X 10l2 an3 (ref E%] ) .  
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occur rence  of ponderomot ive e f f e c t s  a t  l a r g e  T~ ( i . e . ,  a t  h igh 
dens i  t y )  , e t @ .  

3.3.4 

As d iscussed p r e v i o u s l y ,  t h e  observed eurrent  d r ive  e f f i c i e n c y  
(Fig.  8.12) i n  many exper iments  ( e s p e c i a l l y  i n  A1cator-C and PLT) has a 
v a l u e  n204Ro/PIe N Q.1, Islrhich i s  i n  reasonab le  agreement w i t h  t h e  
theot -e t i ca  I p r e d i c t i o n s .  I n  t h e s e  exper iments,  X-ray measurements 
i n d i c a t e  t h a t  t h e  c u r r e n t  is  c a r r i e d  by a high-energy e l e c t r o n  t a i l  
( w i t h  energies up Lo 200 keW for - le  N 1 keV) produced by t h e  rf power 
(Fig.  3. IS). Measurements a Is0 i n d i  @ a t e  t h a t  t h e  f a s t  e l e c t r o n  
component c o n s t i t u t e s  abau t  a few p e r c e n t  of t h e  t o t a l  e l e c t r o n s .  
However, a t  a p lasma tempera ture  of T, ;S 1 keV, e n e r g i e s  around 30 t o  
200 keV shou ld  produce a n e g l i g i b l y  s m a l l  v a l u e  of t h e  e l e c t r o n  
d i s t r i b u t i o n  f u n c t i o n  i n  t h e  p l a t e a u  r e g i o n  fe(39 keV) + fe(0)exp(-30). 
W i t h  t h i s  value, t h e  c u r r e n t  p r e d i c t e d  from quasi-l i n e a r  theo ry  
[Eq. (3-43)] i s  many orders of magnitude smaller t h a n  exper imenta l  
s b s e r v a t  ion. 

Tlne o f  t h e  p r i n c i p a l  q u e s t i o n s  t h a t  arises i n  these exper imen ts  
has t o  do w i t h  t h e  e x p l a n a t i o n  of  the mechanism by wh isk  t h e  high- 
energy (supertherma I )  e l  e c t r o n s  are  genera ted  by h igh-phase-ve loc i ty  
( I o w - Q ~ ~ )  ~ a k r e s  i n  a r e l a t i v e l y  c o l d  plasma w i t h  no p r e e x i s t i n g  tail 
beSsre t h e  rf is t u r n e d  on. S p e c i f i c a l l y ,  how i s  t h e  gap ( t h e  
s~-cal l e d  # s p e c t r a l  gapw) b r i d g e d  b e t m e n  t h e  el e c t r s n  thermal  v e l o c i t y  
y e  and vl, t h e  lo v e l o c i t y  end of t h e  a p p l i e d  wave spec t rum (where 
VI  = c / y ~ ,  ~2 < yI I  < 71, see F ig .  3.4>? A number o f  t h e o r e t i c a l  models 
have been p r o p ~ s e d  t o  e x p l a i n  t h e  mechanism t h a t  would b r i d g e  t h e  gap 
between t h e  wave phase v e l o c i t y  v I I  = w/k, ,  = c / y ,  > !he and v,. 

One possibi I i t y  i s  t h e  t o r o i d a l  u p s h i f t  i n  t h e  kll (or qll) spectrum 
due t o  r e f l e c t i o n  of waves around t h e  t o r u s ,  The large qll naves can 
t h e n  i n t e r a c t  w i t h  b u l k  e l e c t r o n s  and a s i g n i f i c a n t  q u a s i - l  inear 
p l a t e a u  ex tend ing  ove r  a w ide  energy range c o u l d  be formed [ 6 9 ] .  This  
enhanced t a i  I of e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  extending a lmos t  from 
v e  t o  vp (upper end of wave spectrum, c / Q ~ ~ ~ >  c3n account  reasonab ly  
we1 1 Po6 t h e  magnitude of t h e  c u r r e n t  genera ted ,  However, t h e  r e s u l t s  
are  somewhat semi L i v e  t o  t h e  a l  lowed number o f  bounc ing  of  the  waves 
around t h e  torus [ 6 9 ] .  Another p o s s i b i l i t y  of  b roaden ing  and 
u p s h i f t i n g  of t h e  y,,-speetrum i s  claimed to  be a s s o c i a t e d  w i t h  t h e  
pmderomot  i ve e f f e c t s  [81] . 
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Fig. 3.16. X-ray spec t rum in PLT w i t h o u t  and w i t h  r f .  No te  t h a t  
target plasma ( w i t h o u t  rf) contains relatively few X rays 
(refs .  [2O, 211). 
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Another  p o s s i b i  I i t y  i s  t h e  anomalous Dopp le r  i n t e r a c t i o n  [73, 741. 
B a s i c a l l y ,  t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  s u s t a i n e d  by LH waves i n  
c u r r e n t  d r i v e  exper iments  e x h i b i t s  an  a n i s o t r o p y  TI > T, for t h e  t a i l  
p o p u l a t i o n .  Th i s  a n i s o t r o p y  d r i v e s  an i n s t a b i  1 i t y  v i a  anomalous 
Dopp le r  resonance w + fie = k , , v I I .  Th is  i s  a P a r a i l  and Pogutse [82] 
t y p e  " f a n "  i n s t a b i  I i t y  [74], which is a magnet ized plasma osci I l a t i o n  
w i t h  w = w T h i s  i n s t a b i l i t y  t hen  t r a n s f e r s  momentum f r o m  high- 
phase-ve loc i t y  t H  waves t o  lower-phase-veloci ty plasma waves and 
i ncreases  t h e  perpendi  eu I ar t a  i I t empera tu re  by wave p i t c h  a n g l e  
s c a t t e r i n g .  B o t h  of these  c o n t r i b u t e  to  a l a r g e  e n e r g e t i c  e l e c t r o n  
p o p u l a t i o n ,  I ead ing  t o  s i g n i f i c a n t  c u r r e n t  s u s t a i  nrnent. 

A t  p resen t ,  exper iments have y e t  t o  p r o v i d e  any i n s i g h t  i n t o  t h i s  
q u e s t i o n ,  There  a r e  some measurements of  i n s t a b i l i t i e s .  I n  a l l  t h e  
t r a n s i e n t  exper imen ts  (Table 3. l) ,  b o t h  microwave r a d i a t i o n  and X-ray 
measurements show r e l a x a t i o n  o s c i  I l a t i o n s  ( i n s t a b i l i t i e s ) .  This 
i n s t a b i  I i t y  c o n v e r t s  e l e c t r o n  p a r a l  l e1  momentum i n t o  p e r p e n d i c u l a r  
momentum, As a r e s u l t ,  th is  i n s t a b i l i t y  is t h o u g h t  t o  be t h a t  of  t h e  
P a r a i l  and Pogutse mode, wh ich  i s  d r i v e n  by TII > TI a n i s o t r o p y .  I n  
WT-2 and V e r s a t o r  t h i s  i n s t a b i l i t y  was shown t o  quench by a p p l i c a t i o n  
of e l  e c t r o n  c y c l o t r o n  resonance h e a t i n g  (ECRH) . No te  t h a t  ECRH 
i n c r e a s e s  t h e  p e r p e n d i c u l a r  energy and t h u s  reduces  t h e  d i s p a r i t y  
between Ti, and TI. D u r i n g  s teady -s ta te  ( f l a t  top) o p e r a t i o n  of PLT and 
Alcator-C, however, no such o s c i  I l a t i o n s  were observed. 

k / k .  Pe 11 
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4. ELECTRON CYCLOTRON CWEN" DRIVE [g, 18,41-53,841 

E l e c t r o n  c y c l o t r o n  c u r r e n t  d r i v e  re1  i e s  o n  c r e a t i n g  an  asymmetr ic 
plasma r e s i s t i v i t y  r a t h e r  t h a n  on t r a n s f e r i n g  momentum t o  t h e  e l e c t r o n s  
(as i n  t h e  Landau damping scheme). Th is  mechanism i s  proposed by F i s c h  
and Boozer [41]. 

D e s p i t e  t h e i r  low momentum conten t ,  e l e c t r o n  c y c l o t r o n  waves c o u l d  
d r i v e  c u r r e n t s  w i t h  similar e f f i c i e n c i e s  t o  o t h e r  n o n i n d u c t i v e  schemes 
(see F i g .  1.2). To c r e a t e  an asymmetr ic r e s i s t i v i t y ,  it i s  necessary 
t o  a l t e r  t h e  plasma c o l l i s i o n a l i t y  i n  such a way t h a t  e l e c t r o n s  moving 
i n  one d i r e c t i o n  (e.g., t o  t h e  l e f t )  c o l l i d e  more f r e q u e n t l y  w i t h  t h e  
i o n s  t h a n  e l e c t r o n s  moving i n  the opposite d i r e c t i o n  (e.g., t o  t h e  
r igh t ) .  As a r e s u l t ,  a n e t  e l e c t r i c  c u r r e n t  would be produced w i t h  
i o n s  mov ing  t o  one d i r e c t i o n  ( to  t h e  l e f t )  and e l e c t r o n s ,  o n  average, 
moving i n  t h e  o p p o s i t e  d i r e c t i o n  ( to  t h e  r i g h t ) .  The means of 
accomp l i sh ing  t h i s  i s  to p r e f e r e n t i a l l y  h e a t  t h e  e l e c t r o n s  t h a t  a r e  
moving i n  one d i r e c t i o n  a l o n g  t h e  magnet ic  f i e l d  l i n e s  ( i . e . ,  i n  this 
example, t h o s e  e l e c t r o n s  moving t o  t h e  r i g h t ) ,  so t h a t  b a i n g  h o t t e r  
t h e y  col I i d e  less. An e l e c t r o n  c y c l o t r o n  wave i s  an o b v i o u s  cand ida te  
for t h i s  s e l e c t i v e  hea t ing ,  wh ich  can be ach ieved  by t u n i n g  t h e  wave 
f requency  w such t h a t  t h e  Dopp le r  sh i f t  due t o  t h e  e l e c t r o n  v e l o c i t y  
a l o n g  t h e  magnet ic  f i e l d  ( v i r >  synchron izes  t h e  wave f requency  and t h e  
e l e c t r o n  c y c l o t r o n  frequency (ne> or ane of i t s  harmonics.  Thus, for 
n o n r e l a t i v i s t i c  e l e c t r o n s ,  t h e  resonance c o n d i t i o n  is 

or 

where 4' i s  t h e  harmonic number. Resonance i s  ach ieved  for a l l  
p e r p e n d i c u l a r  v e l o c i t i e s  p r o v i d e d  t h e  p a r a l  le! v e l o c i t y  v i ,  s a t i s f i e s  
Eq. (4-1). We see from Eq. (4-1) t h a t  t h e  e l e c t r o n  c y c l o t r o n  wave 
c o u p l e s  o n l y  t o  e l e c t r o n s  w i t h  one s i g n  of vj, on  one s i d e  o f  t h e  
resonance. T h a t  is, e l e c t r o n s  moving p a r a l  le1 ( a n t i p a r a l l e l )  w i t h  t h e  
wave w i l l  be i n  resonance i f  t h e  wave frequency w i s  g r e a t e r  ( l ess )  
t h a n  me. I n  t h e  inhomogeneous f i e l d  of a tokamak, t h e  f requency  
d i f f e r e n c e  (w - 42,) changes s i g n  a c r o s s  t h e  resonance l a y e r  so t h a t  
t h e  c u r r e n t  flows i n  o p p o s i t e  d i r e c t i o n s  on opposite sides of t h e  
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resonance. For a weakly damped wave these  oppos ing  c u r r e n t s  a r e  abou t  
of equal ampl i tude,  wh ich  r e s u l t s  i n  no n e t  c u r r e n t  flow. Thus, t h i s  
immediately shows t h a t  f o r  t h i s  method t o  be success fu l  s t r o n g  wave 
damping i s  r e q u i r e d  such t h a t  t h e  wave is e x t i n g u i s h e d  b e f o r e  it passes 
th rough  t h e  resonance. T h i s  requ i remen t  is m o d i f i e d  when r e l a t i v i s t i c  
c o r r e c t i o n s  t o  t h e  resonance c o n d i t i o n  [Eq. (4-l)] a r e  i nc luded .  

As t h e  e l e c t r o n s  become r e l a t i v i s t i c  t h e  e l e c t r o n  c y c l o t r o n  
f requency  deve lops  a v e l o c i t y  dependence due t o  t h e  r e l a t i v i s t i c  mass 
i ncrease: 

(4-2) f i , ( r e l a t i v i s t i c )  = ef3/moq = R e ( l  - v 2 /c 2 ) 1 4 2  , 

where m o r  i s  t h e  r e l a t i v i s t i c  e l e c t r o n  mass, 7 i s  t h e  r e l a t i v i s t i c  
f a c t o r  7 = (1 - V ~ / C ~ ) - ' ~ ,  and ne i s  t h e  n o n r e l a t i v i s t i c  c y c l o t r o n  
(gyro-) f requency  fie = eF3/mo, w i t h  e l e c t r o n  r e s t  mass mo. I n  a weakly 
r e l a t i v i s t i c  plasma ( v  /c << l) ,  t h e  resonance c o n d i t i o n  [Eq. (4-l)] 
is changed to  

2 2  

1 2 2  (1 - - v  /c ) = 0 .  e 2 (4-3) 

I t  i s  c l e a r  Prom Eq.  (4-3) t h a t  a change i n  s i g n  of (w 
t h e  resonance l a y e r  no l onger  s i m p l y  produces a change i n  s i g n  of v i , .  
Thus, i n  a tokamak t h e  c u r r e n t s  on  o p p o s i t e  s i d e s  o f  t h e  c y c l o t r o n  
resonance l a y e r  have d i f f e r e n t  a m p l i t u d e s  and do n o t  cancel  each o t h e r  
i n t h e  case of  weak dampi ng (abso rp t i on ) .  

The p r o g r e s s  on c u r r e n t  d r i v e  by asymmetric ECRH has been l a r g e l y  
i n  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  a l t h o u g h  two exper imen ts  have been 
c a r r i e d  o u t  on t h e  CUI ham L e v i t r o n  and TOSCA (a smal I tokamak) dev i ces .  
Both  of  t h e s e  dev i c e s  demonstrated t h e  ex i s t e n c e  of ECRH-dr i ven 
c u r r e n t s  th rough  asymmetr ic r e s i s t i v i t y ,  which we w i  I I b r i e f l y  d i s c u s s  
I a t e r .  

The resonance s u r f a c e  is  a c c e s s i b l e  to  e l e c t r o n  c y c l o t r o n  waves 
p r o v i d e d  t h e  p lasma is underdense, t h a t  is, w > idpe E (nt/meeo)'/2. 
These waves can be i n j e c t e d  i n t o  t h e  p lasma t h r o u g h  smal l  waveguide 
a p e r t u r e s .  I n  t h i s  respec t ,  wave launch i  ncj s t r u c t u r e s  a r e  
advantageously s i m p l e  compared t o  o t h e r  rf schemes i n  wh ich  
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a c c e s s i b i l i t y  t o  t h e  plasma r e q u i r e s  l a u n c h i n g  a wave spec t rum w i t h  
p r o p e r  para1 l e 1  #ave number, t h u s  n e c e s s i t a t i n g  des ign  of t h e  l aunch ing  
s t r u c t u r e .  The ma in  problem i n  g e n e r a t i n g  c u r r e n t  by ECRH i s  t h e  power 
requ i remen t ,  b o t h  i n  te rms  of t h e  magnitude of t h e  r e c i r c u l a t e d  power 
i n  a tokamak r e a c t o r  and t h e  c o s t s  of  t h e  microwave equipment a t  t hese  
f r e q u e n c i e s  (f' > 100 GHz i n  a r e a c t o r ) .  E f f i c i e n t  con t inuous  wave (cw) 
g y r o t r o n s  for t h i s  range of f r e q u e n c i e s  a r e  y e t  t o  be developed. 
Assuming t h a t  t h e s e  sou rces  can be developed, min ima l  power d i s s i p a t i o n  
r e q u i r e s  t h e  a b s o r p t i o n  of  t h e  wave by o n l y  t h e  f a s t e s t  e l e c t r o n s ,  
wh ich  are t h e  most col I i s i o n l e s s  and hence r e t a i n  t h e i r  d i r e c t e d  
c u r r e n t  l onges t .  I n  t h i s  respec t ,  t h e  ECRH scheme is  similar t o  t h e  
t e c h n i q u e  of c u r r e n t  g e n e r a t i o n  by LH waves ( though e l e c t r o n  c y c l o t r o n  
waves do  n o t  have a high p a r a l l e l  momentum c o n t e n t ) .  

I n  t h i s  s e c t i o n  we g i v e  a b r i e f  d e s c r i p t i o n  of t h e  ECRH c u r r e n t  
d r  i ve mechan i srn based on  s i  ng 1 e -pa r t  i c 1 e t r e a t m e n t  ( h e w  i s t  i c 
d e r i v a t i o n )  and t h e n  d i s c u s s  t h e  v a r i o u s  approaches used t o  c a l c u l a t e  
t h e  d r i v e n  c u r r e n t  and power absorbed. The e f f e c t  of t rapped  e l e c t r o n s  
and t h e  r o l e  of  r e l a t i v i s t i c  c o r r e c t i o n  t o  t h e  resonance c o n d i t i o n  w i  I I 
also be cons idered.  We w i l l  summarize some of  t h e  exper imen ta l  r e s u l t s  
and d i s c u s s  t h e  e f f e c t i v e n e s s  of  ECRH c u r r e n t  d r i v e  for  r e a c t o r  
app l  i c a t i o n s .  

B e f o r e  c o n s i d e r i n g  any of these,  some genera l  o b s e r v a t i o n s  a r e  i n  
o r d e r .  First, once again,  t h e  a i m s  of c u r r e n t  d r i v e  a r e  d i f f e r e n t  from 
t h o s e  of b u l k  h e a t i n g  s i n c e  c u r r e n t s  a r e  most e f f e c t i v e l y  genera ted  by 
c o u p l i n g  of t h e  wave t o  super thermal  e l e c t r o n s  and d e t a c h i n g  them from 
t h e  b u l k  e l e c t r o n s .  Second, t h e  c o l l i s i o n s  between t h e  e l e c t r o n s  and 
i o n s  a r e  r e s p o n s i b l e  for t h e  c u r r e n t  genera t i on ,  whereas 
e l e c t r o n - e l e c t r o n  c o l  I i s i o n s  w i  I I t e n d  t o  remove t h e  asymmetry. Th i rd ,  
e l e c t r o n  c y c l o t r o n  waves inc rease  t h e  p e r p e n d i c u l a r  energy of t h e  
r e s o n a n t  e l e c t r o n s  (i .e., i n c r e a s e  t h e  p e r p e n d i c u l a r  energy of t h o s e  
e l e c t r o n s  moving i n  t h e  same d i r e c t i o n  as t h e  wave v i a  D o p p l e r - s h i f t e d  
c y c l o t r o n  damping). T h i s  means t h a t  resonan t  e l e c t r o n s  c o n t i n u e  i n  
resonance (Eq. (4-l)] whi le i n c r e a s i n g  t h e i r  p e r p e n d i c u l a r  energy .  

4.1. Basic Mechanism of Current Generation E411 

H e r e  we fo i  low t h e  a n a l y s i s  of F i s c h  and Boozer [41], c a l  l e d  t h e  
Fisch-Boozer mechanism, t h a t  i s  based on  a s i n g l e - p a r t i c l e  approach. 
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C o n s i d e r  t h e  d i s p l a c e m e n t  i n  v e l o c i t y  space of a small number, 6f, 
of e l e c t p o n s  from r e g i o n  1 t o  r e g i o n  2 (see F ig .  4.1) due t o  rf 
h e a t i n g . .  T h a t  is, assume t h a t  t h e  r f  pauer  wiI I h e a t  a p a r t i c l e  w i t h  
energy kll and COI I i s i o n  fr-equency u1 to  a h i g h e r  energy  W2 and l o w e r  
c o l l i s i n n  f r e q u e n c y  u2. The e n e r g y  r e q u i r e d  t o  do th is  i s  

AN ‘L (Hg - W$f . (4-4) 

Because e l e c t r o n s  i n  d i f f e r e n t  r e g i o n s  of v e l o c i t y  s p a c e  s c a t t e r  a t  
d i f f e r e n t  r a t e s  (i .e . ,  VI f w2) ,  a c u r r e n t  i s  g e n e r a t e d ,  The c u r r e n t  
d e n s i t y  ( i n  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  m a g n e t i c  f i e l d )  g e n e r a t e d  i s  
g i v e n  by 

The t i m e  a v e r a g e  0-F j ( t )  o v e r  a n  i n t e r v a l  At, t h a t  i s  long compared t o  
l / u l  ad l/u2 (i . e . ,  A t  >> l / u l ;  l/vg) is 

The d i s s i p a t e d  rf power o v e r  t h i s  time i n t e r v a l  can be approximated as 

Frotn E q s .  (4-6) and (4-7) we f i n d  t h e  e x p r e s s i o n  for  c u r r e n t  drive 
e f f i c i e n c y :  

(4-$a) 
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F ig .  4.1. Schematic p i c t u r e  of power deposition i n  velocity space 
for ECRH . 
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I n  t h e  l i m i t  "1 +-v2, t h e  l o c a t i o n s  7. and 2 a r e  separa ted  
i n f i n i t e s i m a l l y  ( i n  t h e  v e l o c i t y  space), and J/Prf reduces t o  

he re  i3 i s  t h e  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of v e l o c i t y  d i sp lacemen t  
and V v  i s  the del o p e r a t o r  i n  v e l o c i t y  space. 

W i t h o u t  any d e t a i  l e d  d i s c u s s i o n  of  t h e  c o l  I i s i o n  processes, 
s e v e r a l  r e s u l t s  can be o b t a i n e d  f rom Eq. (4-8). Assuming t h a t  Ghe 
c o l  I i s i o n  f requency  v a r i e s  as 

-3 
U K Y  , 

where v is t h e  v e l o c i t y  of  t h e  resonant, e l e c t r o n s ,  t h e  form of J/P can 
be immedia te ly  ob ta ined .  F o r  example, for  LH waves (d iscussed i n  
S e c t .  3)> v e l o c i t y  d isp lacement  i s  i n  t h e  p a r a l l e l  d i r e c t i o n  
(or %! I I  G Z ,  wherel3 = Bo@z); we have 

(4-9) 

For resonan t  e l e c t r o n s ,  t h e  e f f e c t i v e  c u r r e n t  d r i v e  reg ime  (with LH 
waves) i s  v i  >> v:. In this l i m i t  t h e  te rm a r i s i n g  from t h e  energy 
i n p u t  [second te rm i n  Ey. (4-9)] i s  t h r e e  t i m e s  l a r g e r  ehan t h e  t e r m  
a r i s i n g  from t h e  momentum i n p u t  [ f i r s t  te rm i n  Eq. (4-9)]. T h i s  
i m p l i e s  t h a t  for success fu l  c u r r e n t  d r i v e  it is n o t  necessary for waves 
t o  have n e t  (lal-ge) momentum c o n t e n t .  The wave w i t h  low momentum 
con ten t .  such a s  e l e c t r o n  c y c l o t r o n  waves, can i n  p r i n c i p l e  have 
s i m i l a r  c u r r e n t  d r i v e  e f f i c i e n c i e s  t o  LH waves, wh ich  c a r r y  much more 
momentum. FOP e l e c t r o n  c y c l o t r o n  waves, I i s  p a r a l l e l  t o  vI and 
.l/Prf a a/av,(v,,u-~)/an/av~, wh ich  r e s u l t s  i n  



97 

Comparison of Eqs .  (4-9) (fer LH waves) and (4-10) (for ECRH) in the 
limit v i  >> Y: indicates that J/Prf for ECRH would be about 
three-fourths of the v a l u e  for lower hybrid. 

We wi I I now determine the coi 1 ision frequency u to  be used i n  
Eq. (4-8). In the  high-velocity l i m i t  Y >> ye, the Fokker-Planck 
equation contai ns two col I isiona I scattering rates (see 
Sect.  3.2.1): a slowing-down rate 

u s -  - u 0 /2u3 

and a momentum destruction rate 

2 + zi 
2u3 

- = (2 f Z i ) U s  , - 

(4-11) 

(4-12) 

where U = v/ve, I n  A/%nv;, v e  = (kT,/m,)", and Z i  i s  the 
ion charge state. Consider a test electron ( i . e . ,  a resonant electron 
with speed v >> v e l  that slows down energetically. In Ref. [41] 
d i f f u s i o n  in energy i s  ignored, but the slowing down i n  energy causes 
both collision rates (us and urn> to vary .  The slowing-down equation i s  
g i v e n  by 

vo = 

dU/dt = -usU . (4- 13) 

The current carried by the electron is 

With the use of Eqs. (4-12) and (4-13), Eq. (4-14a) becomes 
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> (Pl4b)  j j j ( t )  = j l , ( t  .:: 0) [ U ( t ) / U ( t  I Q)] 2 -I- z i  

w h e r e  U ( t  = 0) E U, i s  t h e  i n i t i a l  n o r m a l i z e d  e l e c t r o n  v e l o c i t y .  N o t e  
t h a t  t h e  backg round  e l e c t r o n s ,  as %ell as t h e  i o n s ,  c o n t r i b u t e  t o  the 
c u r r e n t  d e s t r u c t i o n .  

U s i n g  Eg.  (4-13), we wi - i te  t h e  t i m e - i n t e g r a t e d  c u r r e n t  as 

(4-15) 

where we have used Eq. (9-12). It follokvs t h a t  t h e  c o r r e c t  v tn be 
used i n  E q s .  (4-5)-(6-8) i s  g i v e n  by 

5 -4- z; 
(4-16) 

U s i n g  Eq. (4-16) i n  Eq- (4-8b) and n o r m a l i z i n g  v e l o c i t i e s  t o  v e ,  

c u r r e n t  J t o  -env,, a n d  dissipated power t o  menvYevo. we c a n  w r i t e  t h e  
narnia I i zed e f f  i c i  ency f a c t o r  as 

2 

A h  -J/env, B * V,(U,,U3) 4 
- - (4- 1'7) 

2 (U2) 5 + z i  ' J/P = 
p r f /"e eve, V 

urhere UII = V , , / V e .  

The r a n g e  of a p p l i c a t i o n  o f  Eq. (4-17) is  I i m i t x d  t o  s i t u a t i o n s  
where t h e  l oca t , i on  i n  v e l o c i t y  s p a c e  of e l e c t r o n s  t h a t  a b s o r b  energy  
from a wave i s  known, w h i c h  is o b t a i n e d  from t h e  r e s o n a n c e  c o n d i t i o n  
[Eq. (4-1)]. N o t e  t h a t  t h e  r e s o n a n c e  c o n d i t i o n  (w - kllvll I= JQ,, or 

w - &le = kllvl l )  for  LH waves i s  4' = 0 whereas  fo r  e l e c t r o n  c y c l o t r o n  
waves  it i s  l = r l  for fundamenta l  r e s o n a n c e  (4' = ~2 for second  
h a r m o n i c ) .  The p r e c i s e  p e r p e n d i c u l a r  v e l o c i t y  of t h e  e l e c t r o n s  i s  
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immate r ia l  t o  Eq.  (4-17), u n l e s s  i t  becomes comparable to  t h e  para1 
ve l  o c i  t y  . 

E l e c t r o n  c y c l o t r o n  waves induce v e l o c i t y  space d i f f u s i o n  p r i m a r  

e l  

l Y  
i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n ,  so t h a t  t h e  p e r p e n d i c u l a r  f l a t t e n i n g  of  
t h e  e l e c t r o n  d i s t r i b u t i o n  s h o u l d  be expec ted  t o  be more pronounced t h a n  
when e x c i t e d  by LH waves. 

Aceess ib i  I i t y  c o n s t r a i n t s  of t h e  e l e c t r o n  c y c l o t r o n  waves, 
e s p e c i a l  ly i n  high-beta plasmas, i s   mewha hat l e s s  s t r i n g e n t  t h a n  for LH 

ayes.  For t h e  c u r r e n t  to  be genera ted  i n  a s i n g l e  d i r e c t i o n ,  it i s  
necessary t h a t  a l  I t h e  power be absorbed b e f o r e  t h e  c y c l o t r o n  l a y e r .  
Thus, l a u n c h i n g  from t h e  h i g h - f i e l d  s i d e  may be necessary t o  c o n t r o l  
t h e  a b s o r p t i o n .  

I n  t h e  n e x t  s e c t i o n  we d i s c u s s  t h e  exper iments  t h a t  r e l y  on  t h e  
Fisch-Boozer mechanism fo r  p roduc ing  a c u r r e n t  by e l  e c t m n  c y c l o t r o n  
waves and t h e n  i n t r o d u c e  t h e  r e s u l t s  from d e t a i l e d  t r e a t m e n t s  of t h e  
n o n r e l a t i v i s t i c  and r e l a t i v i s t i c  t h e o r i e s .  

4.2. riments [47,48,52] 

Two exper imen ts  have been c a r r i e d  o u t  an t h e  Cui ham L e v i t r a n  [47] 
and TOSCA [48] exper imen ts  to  v e r i f y  t h e  t h e o r y  of ECRH d r i v e n  c u r r e n t  
produced by t h e  F i sch -Bmzer  mechanism. 

Exper imen ts  on  t h e  superconduc t ing  L e v i  t r o n  have e s t a b l  i shed  t h e  
e x i s t e n c e  of  such  a c u r r e n t ,  a l t h o u g h  only in a lon-temperature,  
l a w d e n s i t y  plasma (3 eV < Te < 18 eV; lo1' cm3 < ne < 3 X an3) 
where a 10-GHr microwave sou rce  of approx ima te l y  120 W was used. 
C u r r e n t  r e v e r s a l  on e i t h e r  s i d e  of t h e  c y c l o t r o n  resonance was a l s o  
demonstrated. F i g u r e s  4.2(a) and 4.2(b) show t h e  a m p l i t u d e  of t h e  
r f -d r i  ven c u r r e n t  a s  a f u n c t i o n  of m i  crowave power (i n d i  c a t  i ng t h e  
o v e r a l  I e f f i c i e n c y  of n e t  c u r r e n t  d r i v e )  and nI /P vs T,, r e s p e c t i v e l y .  
As can be seen from F i g .  4.2(a) t h e  e f f i c i e n c y  of c u r r e n t  d r i v e  i s  
abou t  0.03 A/W. 

On TOSCA (a sma l l  a i r - co red  tokamak w i t h  R, = 30 cm, a ,$ 8.5 cm, 
and n o  c a n d u c t i n g  shell), ECRH exper imen ts  a t  t h e  second harmonic have 
been per fo rmed where a 28-GHz g y r o t r o n  w i t h  up t o  85 kW w a s  used. The 
c u r r e n t  d r i v e  e f f i c i e n c y  is c la imed  t o  be as high a s  0.02 Ah. A 
v a r i a t i o n  of 1 kA i n  plasma c u r r e n t  i s  observed as t h e  resonance i s  
moved a c r o s s  t h e  plasma. The d r i v e n  c u r r e n t  was a t  a maximum when t h e  
resonance l a y e r  was on  t h e  h i g h - f i e l d  s i d e  ( i n s i d e  t h e  geomet r i c  a x i s ) .  
A sha rp  f a l l o f f  i n  c u r r e n t  d r i v e  e f f i c i e n c y  was observed as t h e  
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vs e l e c t r o n  tempera tu re  [ i n  eV) ( r e f .  [47]). 
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resonance was moved o u t s i d e  t h e  geometric a x i s  ( l o w - f i e l d  s ide) ,  where 
t r a p p e d  e I e c t r o n s  were present ,  suggest  i ng t h a t  t r a p p e d  e l  e c t r o n s  
s i g n i f i c a n t l y  reduce  any d r i v e n  c u r r e n t .  This; is shown i n  Fig.  4.3 
where t h e  resonance p o s i t i o n  was v a r i e d  by changing t h e  v a l u e  of t h e  
t o r o i d a l  f i e l d .  

4.3. Propagation and Wave Absorption of Elect- Cpclotrorn Raves 

The e l e c t r o n  c y c l o t r o n  waves a r e  e l e c t r o m a g n e t i c  waves. The 
e l e c t r o m a g n e t i c  waves, when p ropaga t ing  p e r p e n d i c u l a r  t o  t h e  c o n f i n i n g  
magne t i c  f i e l d  @ LB,), can be d i v i d e d  i n t o  twa l i n e a r  p o l a r i z a t i o n s :  
t h e  o r d i n a r y  @ I I  Bo) and t h e  e x t r a o r d i n a r y  (E L Bo), where E i s  t h e  
wave e l e c t r i c  f i e l d  and 8, is t h e  s t a t i c  c o n f i n i n g  f i e l d  {i.ct., 
t o r o i d a l  magne t i c  f i e l d  i n  tokamak). These waves a r e  l a b e l e d  0- and 
X-waves, r e s p e c t i v e l y .  The e f f e c t i v e  p r o p a g a t i o n  of each mode i s  
o b t a i n e d  a n l y  i f  t h e  e l e c t r o n  d e n s i t y  rema ins  below a c e r t a i n  plasma 
c u t o f f  va lue .  The d i s p e r s i o n  r e l a t i o n  and resonance and c u t o f f  
c o n d i t i o n s  for  t h e s e  waves can e a s i l y  be o b t a i n e d  from Eq. (3-7) [or 
Eq. (3-8)]. N o t e  t h a t  when p ropaga t ion  is  a l o n g  t h e  magne t i c  f i e l d  
#c I I  Bo), t h e r e  e x i s t  r i g h t -  and le f t -hand c i r c u l a r l y  p o l a r i z e d  waves, 
denoted  a s  R- and L-waves, r e s p e c t i v e l y .  

4.3.1 Dispersion Relation and Polarization 

I n  t h e  f requency  range of i n t e r e s t  (i . e . ,  w >> R i ) ,  we approx imate  
components of t h e  d i e l e c t r i c  t e n s o r  [Eq. (3-611 a s  follows: 

(4-18) 

"3 1 - w2 /u2 . 
Pe 

W i t h  t h e s e  s u b s t i t u t i o n s ,  t h e  c o l d  plasma d i s p e r s i o n  r e l a t i o n  
[Eq. (3-811 y i e l d s  two p o l a r i z a t i o n s  of e l e c t r o m a g n e t i c  waves t h a t  
s a t  i sfy 
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where 8 is t h e  a n g l e  between k and 8, and 

A = [ s i n 4 0  +- 4(u2/%)(1 - , (4-20) 

Equa t ion  (4-19) is for t h e  genera l  case o f  o b l i q u e  p ropaga t ion .  
For t h e  s p e c i a l  case of 9 JT 7112 #c I B,, k = kL), we have t h e  ord inary 
(+ s i g n )  and e x t r a o r d i n a r y  (- s i g n )  modes: t h a t  is, f o r  t h e  0-waye 

and f o r  t h e  X-wave 

(4-21) 

(4-22) 

or 

For t h e  s p e c i a l  case of 8 = 0 @c I I  Bo, k = k, / ) ,  we have t h e  r i g h t  
t h a t  is, for (+ s i g n )  and l e f t  (- s ign )  circularly p o l a r i z e d  waves; 

t h e  R-wave 

and for t h e  L-wave 

(4-23) 

(4-24) 
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Equa t ion  (3-7) relates the phases  and magn i tudes  of t h e  e l e c t r i c  
f i e l d  of t h e  waves. Frm t h e  y-component af Eq. (3-7), ne w i t e  

(4-25) 

If i E  / E  = + 1 t h e  e l e c t r i c  f i e 1  is r i g h t - h a n d  c i r c u l a r l y  p o l a r i z e d  
X Y  

and i f  i E  /E = - 1 it, is le f t -hand  c i r c u l a r l y  polarized, co r respond ing  
t o  t h e  sense i n  wh ich  e l e c t r o n s  and i o n s  gyrate about t h e  magnet ic  
f i e l d ,  respectively. Far B = 0 ( i . e . ,  for waves propaga t ing  a l o n g  t h e  
magnet ic  f i e l d ) ,  t h e  e l e c t r i c  f i e l d  h a s  c i r c u l a r  p o l a r i z a t i o n  fo r  

e l e c t r o m a g n e t i c  l a v e s  a r e  p l a n e  p o l a r i z e d  (0-wave, E, = E = 0, El, # 0) 
and el I ipt,ical ly p o l a r i z e d  (X-wave). For o t h e r  angles (ob1 ique  
prwpagat ion),  bo th  0- and X-waves have  el I i p t i c a l  p o l a r i z a t i o n .  

X Y  

W(iE /E = I )  and  L( iE /E = - 1) W B Y ~ S .  FOP 8 = %/2, the 
X Y  X Y  

Y 

From t h e  cold plasma d i s p e r s i o n  r e l a t i o n  far t h e  Q-wave 
[Eo], (4-21)], we see t h a t  t h e  w a v e  p r o p a g a t i o n  i s  possible o n l y  i f  

(i . e .  , k2 > 0) .  As ye approaches 1~ t h e  propag t isn of t h i s  mode is 
c u t  o f f  ti .e, k y  + 0). Since t h e  wave becomes anescent  i f  a2 > u2 
( i . e . ,  k, i s  p w e l y  imag inary  so a t  t h e  wave i s  damped 
expone i l t ia  I l y ) ,  the  access i  b i  I i t y  t o  ~d = e x i s t s  o n l y  far  d e n s i t i e s  
such that, w < &I,; namely, 

Pe 

Pe 
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ne < n c u t o f f  E 1.24 X ld6[f (GHz>I2 (ma) 

(4-26) 

9.7 X l d 8 $ [ B  (T)I2 ( m 3 )  , 

where f = w / 2 ~  is t h e  wave frequency and L' i s  t h e  harmonic number. For 
t h e  o r d i n a r y  mode, i n  t h e  s p e c i a l  case of  k i ,  = 0, t h e r e  is no resonance 
( i .e . ,  k, + m) c o n d i t i o n .  However, d i r e c t  wave a b s o r p t i o n  a t  w = Re 
o c c u r s  due to  f i n i t e  tempera tu re  e f f e c t s  (which must be  c a l c u l a t e d  from 
t h e  V l a s o v  equat ion)  and due t o  Dopp le r  b roaden ing  a t  t h e  c y c l o t r o n  
resonance l a y e r .  When t h e  resonance c o n d i t i o n  Eq. (4-1) is s a t i s f i e d ,  
c y c l o t r o n  damping by e l e c t r o n s  t a k e s  p l a c e  w i t h  t h e  resonance zone 
( a b s o r p t i o n  zone) b e i n g  a c c e s s i b l e  from bo th  t h e  high- and l o w - f i e l d  
s i d e s  of t h e  tokamak. 

For p u r e l y  p e r p e n d i c u l a r  p r o p a g a t i o n  t h e  d i s p e r s i o n  r e l a t i o n  for 
t h e  X-wave i s  g i v e n  by Eq. (4-22), wh ich  can be rea r ranged  a s  

(4-27) 

The X-mode wi I I p ropagate  ( k l  > 0) p r o v i d e d  e i t h e r  

or 

where WL = - (Qe/2) + (n', -C 4~ 2 1 4  /2 and WH = (w ie  + ri",)'", known 
Pe 

as t h e  upper h y b r i d  (UH) f requency. The wave i s  resonan t  (kl -+ m) as 

w -f. MJH (known as UH resonance) and i t  i s  c u t  o f f  (kl + 0) as w = WR 
and LJ = WL (known a s  t h e  r i g h t -  a n d  lef t -hand c u t o f f  f requenc ies ,  
r e s p e c t i v e l y ) .  J u s t  as i n  t h e  case of t h e  0-mode, X-mode a b s o r p t i o n  a t  
w = me i s  due t o  Dopp le r  b roaden ing  (and r e l a t i v i s t i c  e f f e c t s ) .  
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UH = The X-mode can mode c o n v e r t  a t  t h e  UH laye r ,  w = w 
($e 1- Q;)ln i n t o  e l e c t r o n  B e r n s t e i n  waves, wh ich  a r e  absorbed th rough  
e l e c t r o n  Landau damping. B e r n s t e i n  waves a r e  e l e c t r o s t a t i c  wayes, 
wh ich  propagate  p e r p e n d i c u l a r  t o  t h e  magnet ic f i e l d  near w 

I n  t h e  presence of a f i n i t e  k,, i t  is p o s s i b l e  f o r  a wave of one 
p o l a r i z a t i o n  (e.g., t h e  O-mode) t o  c o n v e r t  t o  a wave of t h e  o t h e r  
p o l a r i z a t i o n .  T h i s  o c c u r s  i f  a s u r f a c e  i s  encountered on  wh ich  
d i s c r i m i n a n t  A [Eq. (4-20)] vanishes. As a r e s u l t  of th is  e f f e c t  i t  i s  
p o s s i b l e  t o  launch an 0-mode from t h e  l a w - f i e l d  s i d e ,  wh ich  
subsequent ly  mode-converts t o  an X-wave and t h e n  t r a n s f e r s  i t s  energy 
t a  t h e  B e r n s t e i n  waves v i a  UH mode convers ion .  

For t h e  purpose of c u r r e n t  d r i v e  ( n o t  for  b u l k  heat ing) ,  B e r n s t e i n  
waves appear t o  be t h e  most e f f i c i e n t ,  because they  a r e  s t r o n g l y  damped 
a s  t h e  c y c l o t r o n  resonance l a y e r  i s  approached, espec ia  I i y  t h e  s t r e n g t h  
of t h e  damping a t  very h i g h  temperatures.  The e f f i c i e n c y  of c u r r e n t  
d r i v e  [Eq. (4-17)] is very s e n s i t i v e  t o  t h e  D o p p l e r - s h i f t e d  resonance 
v e l o c i t y  [ (w  - R ) / k l l ] .  The l a r g e r  i s  t h i s  v e l o c i t y ,  t h e  l a r g e r  i s  t h e  
e f f i c i e n c y  . 

me. 

4.4.6 Resonance Conditian 

The c y c l o t r o n  i n t e r a c t i o n  i s  a resonan t  d i f f u s i o n  i n  v e l o c i t y  
space, and h e a t i n g  o c c u r s  when Eq.  (4-1) i s  s a t i s f i e d :  

w - me - k p , ,  = 0 , 

known a s  t h e  resonance c o n d i t i o n .  A d i s t i n c t i o n  shou ld  be made b e t w e n  
e l e c t r o n  c y c l o t r o n  h e a t i n g  (ECH) i n  a u n i f o r m  magnet ic  f i e l d  and t h a t  
i n  a t o r o i d a l  geometry, where t h e  magnet ic  f i e l d  v a r i e s  as 1/R (here, R 
is  t h e  major r a d i u s  R = Ro + r COS 9; see F ig .  4 . 4  f o r  t h e  c o o r d i n a t e  
system). I n  a u n i f o r m  magnet ic  f i e l d  (cons idered i n  Sec t .  4.1) ,  o n l y  
e l e c t r o n s  w i t h  v,, = V,, where V, f (w - ,l'?J,>/k,, is a cons tan t ,  can 
r e s o n a t e  w i t h  t h e  wave. I n  a t o r o i d a l  geometry Vo i s  no longer  a 
c o n s t a n t  because IIe = Qe(r) v a r i e s  on  a f l u x  s u r f a c e .  As a r e s u l t ,  
more p a r t i c l e s  can t a k e  p a r t  i n  wave-pa r t i c l e  i n t e r a c t i o n .  F i g u r e  4.5 
i l l u s t r a t e s  t h e  d i f f e r e n c e  i n  t h e  resonance r e g i o n  i n  v e l o c i t y  space 
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Fig.  4.5. Resonance r e g i o n  i n  v e l o c i t y  space (shaded area) for 
(a) u n i f o r m  magnet ic  f i e l d  and (b) t o r o i d a l  magne t i c  f i e l d ,  where 
ami,, s eBmin/me [see F i g .  4.4(b)]  and r = rs i s  t h e  t u r n i n g  p o i n t .  In 
b o t h  f i g u r e s  = cl (f undamenta 1 resonance) is cons idered.  
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for a u n i f o r m  magne t i c  f i e l d  and a t o r o i d a l  f i e l d .  The r e f e r e n c e  p l a n e  
for Fig. 4.5(b) is a t  t h e  bo t tom of t h e  magnet ic  w e l l ,  co r respond ing  t o  
B = B,in i n  Fig.  4.4(b). An i m p o r t a n t  p o i n t  t o  no te  is t h a t  bo th  l a r g e  
and small vII p a r t i c l e s  w i l l  p a r t i c i p a t e  i n  t h e  hea t ing .  S i n c e  s l o w e r  
e l e c t r o n s  a r e  less  e f f i c i e n t  t o  h e a t  for g e n e r a t i n g  c u r r e n t s ,  i t  
becomes c r i t i c a l  t h a t  t h e  e l e c t r o n  c y c l o t r o n  wave damps comp le te l y  
b e f o r e  vi, becomes too smal I .  

4.4.2 F&m-Planck Eatla ticm 

The e f f e c t  of ECRH i s  t o  i n c r e a s e  p r i m a r i l y  t h e  p e r p e n d i c u l a r  
v e l o c i t y  of t h e  resonan t  e l e c t r o n s .  C o n s i d e r i n g  t h e  wave-pa r t i c l e  
i n t e r a c t i o n  a s  a d i f f u s i v e  process, o n l y  t h e  vlvl compnent of t h e  wave 
d i f f u s i o n  t e n s o r  D [Eq. (1-lo)] i s  nonzero  f o r  e l e c t r o n  c y c l o t r o n  
waves. The e l e c t r o n  Fokker-Planck equat ion ,  i n  a symbo l i c  form, i s  
g i v e n  by Eq. (3-28), where t h e  wave c o n t r i b u t i o n  i s  now g i v e n  by 

Dvy-'g(w - &le - k,,v,,) , "I I 

where D i s  t h e  q u a s i - l i n e a r  wave d i f f u s i o n  c o e f f i c i e n t  due t o  c y c l o t r o n  
damping and t h e  S f u n c t i o n  expresses  t h e  resonance c o n d i t i o n .  For t h e  
X-mode D i s  independent of v e l o c i t y  space v a r i a b l e s  and i s  g i v e n  by 

(4-29) 

where E- = E, - i E  is t h e  r i gh t -hand  c i r c u l a r l y  p o l a r i z e d  component of 
t h e  E f i e l d  i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  magne t i c  f i e l d  
(Bo = Bog,, k = klex -t kll&,). Without d i s t i n g u i s h i n g  between t h e  0- or 
X-mod es 

Y 

(4-30) 

I m p l i e d  i n  t h e  use of Eqs.  (4-28) t h r o u g h  (4-30) i s  t h e  assumption of 
monochromat ic wave spectrum. I n  p r a c t i c e  t h e r e  is  a sp read  i n  wave 
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numbem t h a t  can  s imply  be i n t r o d u c e d  i n  Eq. (4-28) a s  an i n t e g r a l  o v e r  
t he  k, l  s p e c t r u m ,  as is  done f o r  LH w a ~ e s  (see S e c t .  3.2.1). 

C o n s i d e r i n g  o n l y  t h e  X-mode and l = +1, 

(4-31) 

To s i m p l i f y  t h e  c a l c u l a t i o n s ,  t h e  w a v e  a m p l i t u d e  i s  u s i ~ a l l y  assumed t o  
be ma! I ,  and, as such, i t  p r o d u c e s  a mal1 p e r t u r b a t i o n  o f  t h e  
e I e c t r o n  d i str i b u t i  on f t i n c t  i o n  

f, = f ,  4- f1 , 

where  f, i s  t h e  u n p e r t u r b e d  Max e l  l i a n  d i s t r i b u t i o n  and f l  i s  t h e  
p e r t u r b a t i o n  of  t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  away frmi t h e  
Maxwel 1 i a n .  As a r e s u l t ,  t h e  Fokker-Planek e q u a t i o n  c a n  be I i n e a r i m e d ,  
g i v i n g  i n  steady s t a t e  

(4-32) 

where  (i3fl/at)col I = Cee(f,, f l )  +- C,i(f l, fo) 
a nd 

i s  t h e  col I i s i o n  t e r m  

w i t h  Akll t h e  f i n i t e  (but,  s ina l l )  k,, s p e c t r u m  w i t h i n  t h e  r e s o n a n c e  
region. 

E q u a t i o n  (4-32) can  be s o l v e d  a n a l y t i c a l l y  and/or n u m e r i c a l l y  t o  
o b t a i n  f l ,  w h i c h  w i  I1  n o t  b e  g i v e n  h e r e  ( see  r e f e r e n c e s ) ,  from w h i c h  
t ~ i e  d r i v e n  c u r r e n t  
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J = - e v l l f l  d3v 

and absorbed {or d i s s i  pated) rf power 

(4-34b) 

can be ob ta ined .  I t  t u r n s  o u t  t h a t  a s i m p l e  a n a l y t i c  t h e o r y  (based on  
a s i n g l e - p a r t i c l e  approach and d i scussed  i n  Sec t .  4.1 [41]) and t h e  
e x p r e s s i o n  for t h e  e f f i c i e n c y  f a c t o r  g i v e n  by Eq. (4-17) g i v e  a very  
a c c u r a t e  app rox ima t ion  t o  a f u l l  Fokker-Planck code. Such a canpar i son  
i s  shown i n  F i g .  4.6, where no rma l i zed  e f f i c i e n c y  J/P i s  p l o t t e d  a s  a 
f u n c t i o n  of Cui>, and t h e  average i s  computed w i t h  a tvlaxwel I i a n  
w e i g h t i n g ;  t h a t  is, 

A h  

.u2 
JU1 U i f o ( ~ u )  dUii 

"2 (4-35) 
<u;> = (k1) = 

s, f J",,) dU,, 

is t h e  normal i z e d  para1 le1 v e l o c i t y  of t h e  resonan t  e l e c t r o n s .  For t h e  
r e s u l t s  shown i n  Fig. 4.6, t h e  d i f f u s i o n  c o e f f i c i e n t  D, i s  assumed t o  
be m a l  I and l o c a l i z e d  i n  v e l o c i t y  space: 

D U 1  < UII < U2 and U, < 1 
D, = 

0 o t h e r w i s e  

As can be seen from Fig. 4.6, t h e r e  i s  exce l  l e n t  agreement between t h e  
numer ica l  r e s u l t s  ( c i r c l e s )  and t h e  a n a l y t i c a l  p r e d i c t i o n s  ( I  ines)  for 
t h e  s e l e c t e d  parameter range AIJ,i = U2 - U 1  = 1 and D = D,/vZv, = 
(no rma l i zed  D) .  As a comparison, r e s u l t s  for t h e  LH case a r e  also 
shown t h a t  i n d i c a t e  t h e  e f f i c i e n c y  r a t i o  of  4f3 i n  f a v o r  of  lower  
h y b r i d ,  a s  p r e d i c t e d  by Eq. (4-17). 
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F ig .  4.6. J/P for  small D, a s  a f u n c t i o n  of <U$>, where 
Dw/v~vo = IOs and AU,, = U2 - U1 '=I 1. The waves e x i s t  only for 
U, = v , ~ / v ~  < 1. Open c i r c l e s  denote c y c l o t r o n  damping and closed 
c i r c l e s  Landau damping. L i n e s  show 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  of  
Eq. (4-171, t h a t  is, =vI/vI f o r  c y c l o t r o n  damping (ECRH) and 

=v,, /v, ,  f o r  Landau damping (LH) ( r e f .  [ & I ) .  
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4.4.3 Projections of Efficiency Factm 

The efficiency factor is given by Eq. (4-17): 

For electron cyclotron waves €I = vI/vI, 

where we assume U,, 2 U and Uo U,, =. (w - iae)/k,,ve is the Doppler- 
h shifted resonance velocity normal ized to ye. For Z i  = 1, JP = Cui> E UE is plotted in Fig.  4.6. 

Clearly the efficiency is very sensitive to U,, which i s  
determined not so much by the para1 I el wave number spectrum launched 
but by how strongly a particular mode i s  damped at a given U,. As 
previously discussed, the farther away the cyclotron resonance layer a 
mode is completely absorbed, the larger are Uo and the efficiency. The 
first step i n  the calculation is  to f i n d  out i f  t he  waves can deposit 
t h e i r  energy in the central plasma region. This is  necessary to obtain 
reasonable current profiles. These calculations a r e  carried out by 
tracing a set of rays that emit from the waveguide through the plasma 
and calculating the power deposition along each ray trajectory. In 
general a single-pass absorption is desirable in the inhomogeneous 
field of' a tokamak in order to eliminate the cancelling e f f e c t s  of  
currents on opposite s i d e s  of t he  resonance. In a Maxwellian plasma a t  
high-temperature conditions when single-pass absorption is achieved, it 
is  possible to achieve 

U, 2 1.5 for  0- and X-waves , 

U, 2 3.0 for Bernstein waves . 
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I n  te rms  of  p r a c t i c a l  u n i t s ,  E q .  (4-36) gives 

Assuming Uo N 3, Z i  N 1, and I n  h N 18, t h e  e f f i c i e n c y  becomes 

where 710 i s  i n  u n i t s  of IO keV and n29 is  i n  u n i t s  of IO2’ m ~ - - - ~ .  Thus, 
for a r e a c t o r  w i t h  parameters  Ro 5 r n ,  n e! 10” m 3 ,  and Te E 20 keV, 

To d r i v e  a c u r r e n t  of  8 t o  19 M A #  power l e v e l  an t h e  
o r d e r  o f  150 Mkb i s  r e q u i r e d .  

C o n s i d e r a t i o n  of  t rapped e l e c t r o n  e f f e c t s  would reduce 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  (as much as a f a c t o r  of 2 t o  3 depending on t h e  
l o c a t i o n  where t h e  power i s  depos i ted) .  N o n l i n e a r  e f f e c t s ,  on  t h e  
o t h e r  hand, can enhance ?/? ( I / P ) .  

A/MW. 

The e f f e c t  of e l e c t r o n s  t rapped  i n  t h e  t o r o i d a l  magne t i c  f i e l d  a n  
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  has been cons idered i n  r e f s .  [18] and 
[46]. The n e o c l a s s i c a l  t r a p p e d  p a r t i c l e  e f f e c t  and t h e  a n i s o t r o p i c  
r e s i s t i v i t y  t end  t o  oppose each o t h e r .  The degree of c a n c e l l a t i o n  
depends. on where t h e  microwave power is  be iny  depos i ted .  

R e s u l t s  from a Fokker-Planck code a r e  shown i n  F i g .  4.7, where 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  p l o t t e d  as a f u n c t i o n  of i n v e r s e  aspec t  
r a t i o  E. = r/RQ. F i g u r e  4.7 c l e a r l y  shows t h e  cancel l a t i o n  of  t h e  two 
e f f e c t s ,  I ead ing  t o  a r e d u c t i o n  of J/P and eventua l  l y  t o  a r e v e r s a l  of  
t h e  c u r r e n t  f o r  l a r g e r  r/Ro. lhere i s  o n l y  a min imal  r e d u c t i o n  i n  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 f  t h e  poi ier is depos i ted  near t h e  c e n t e r  of  
t he  plasma ( r  1-0 expand th is  p o i n t ,  F ig .  4.8 shows the v a r i a t i o n  
of t h e  ECRH-driven c u r r e n t  d e n s i t y  p r o f i l e  w i t h  a m ino r  r a d i u s .  It can 

0). 
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Fig. 4.7. ECW-driven c u r r e n t  d e n s i t y  p e r  u n i t  power a s  a f u n c t i o n  
o f  E = r/R, w i t h  e l e c t r o n - i o n  collisions only ( s o l i d  l i n e )  and w i t h  
e l e c t r o n - i o n  and e l e c t r o n - e l e c t r o n  eo1 I isions (dashed I ine) 
(refs. [46, 711). 
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be seen t h a t  t r a p p e d  e l e c t r o n  e f f e c t s  produce o n l y  a small (~1%) 
r e d u c t i o n  i n  t h e  ECRH-induced c u r r e n t  when t h e  power i s  d e p o s i t e d  
( i . e . ,  t h e  c u r r e n t  i s  centered) near  t h e  magnet ic a x i s  [Fig. 4.8(a)]. 
On t h e  o t h e r  band, when t h e  power i s  d e p o s i t e d  away from t h e  magne t i c  
axis (i.e,, when t h e  c u r r e n t  i s  f l o w i n g  away from t h e  cen te r ) ,  a 
s i g n i f i c a n t  m o d i f i c a t i o n  of t h e  c u r r e n t  p r o f i l e  o c c u r s  and 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  is reduced t o  about o n e - t h i r d  t h e  v a l u e  it has when 
t r apped  e l e c t r o n s  a r e  i gno red  [Fig. 4.8(b)]. T h i s  e f f e c t  is c la imed  t o  
be observed o n  TOSCA (see Fig* 4.3). 

4.5.1 Reswanca Gmdition 

The e l e c t r o n  c y c l o t r o n  resonance c o n d i t i o n  fo r  m i  I d l y  r e l a t i v i s t i c  
e l e c t r o n s  i s  g i v e n  by Eq. ( 4 3 ) :  

or 

where v2/c2 << 1 and fie = eB/m,, t h e  n o n r e l a t i v i s t i c  c y c l o t r o n  
f requency .  I n  te rms  of no rma l i zed  v e l o c i t y  space coo rd ina tes ,  vl l /ve 
and vI/ve. t h e  resonance c o n d i t i o n  is  a s e m i c i r c l e ,  

where Uo = (w 
c l i m i t  t h e  
f the  magnet 

w i t h  a r a d i u s  of (1 - 4U,S)1/2/2S c e n t e r e d  on t h e  vI/ve = 0 axis a t  
- Q,)/kl,ve and S = &dl,v,/2k,,c2. I n  t h e  

resonance becomes t h e  straight I i n e  
c f i e l d  i s  un i fo rm,  co r respond ing  to  
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Several resonance c u r v e s  f o r  p o s i t i v e  v a l u e s  o f  S a r e  shown i n  
F i g .  4.9 fo r  Uo = 1 and Uo I -1. For S > 0, p o s i t i v e  v a l u e s  o f  U, 
cor respond to  a b s o r p t i o n  on t h e  l o w - f i e l d  s ide  of t h e  e l e c t r o n  
c y c l o t r o n  resonance i n  a tokamak, I n  t h i s  case t h e  mass i n c r e a s e  (due 
t o  r e l a t i v i s t i c  e f f e c t s )  s e r v e s  t o  i n c r e a s e  t h e  d i f f e r e n c e  between t h e  
Have f requency  23 and bhe c y c l o t r o n  f requency  ne (or e). l e a d i n g  t o  
resonan t  v a l u e s  of  v I I  t h a t  a r e  a lways  p o s i t i v e  and g r e a t e r  t h a n  t h e  
n o n r e l a t i v i s t i c  l i a l  ue. Far S > (1/4Ud r. t h e  f requency  d i f f e r e n c e  
cannot, be recove red  by t h e  Dopp le r  s h i f t  for  any v a i u e  of  v i [ ;  t h u s ,  a 
c u t o f f  i n  wave ab-sorp t ion  o c c w s .  A t  t h e  c u t o f f  vI I /ve = 2U,, 

On the h i g h - f i e l d  s i d e  o f  t h e  e l e c t r o n  c y c l o t r o n  resonance t h e  
c y c l o t r o n  f requency  exceeds t h e  wave f requency  ( 
n o n r e l a t i v i s t i c  e l e c t r o n s ,  and t h e  resonance c o n d i t i o n  i s  s a t i s f i e d  hy 
n e g a t i v e  v a l u e s  of  vl,, F a r  e n e r g e t i c  e i e c t r o n ~ ,  on t h e  o t h e r  hand, t h e  
mass i n c r e a s e  can cause the! eyclo.tron f requency  t o  f a 1  I below t h e  wave 

e/q < w, where 7 i s  t he  r e l a t i v i s t i c  f a c t o r ) ,  g iv ing r i s e  
a l u e s  of v,, a t  resonance, as shown i n  F ig .  4 ,9 (b) .  Thus, 

on t h e  h i g h - f i e l d  s i d e ,  e l e c t r o n s  moving b o t h  papal le1 and a n t i p a r a l  l e 1  
t o  t h e  wave can absorb  power. 

F o r  p u r e  p e r p e n d i c u l a r  p r o p a g a t i o n  (k,, =: O), a l  I d i r e c t i o n a l  i t y  
d i s a p p e a r s  (as expected) and the wave i s  absorbed by i s o e n e r g e t i c  
e l e c t r o n s  (vl = v,, = v ) .  The resonance c u r v e  i s  a s e m i c i r c l e  

F u r t h e r  i n s i g h t s  i n t o  t h e  e f f e c t s  of f i n i t e  tempera ture ,  k,, 
spec t rum (or y,,  = ck,, /w),  s p a t i a l  v a r i a t i o n  of  magne t i c  f i e l d ,  e t@, ,  on  
t h e  resonance c o n d i t i o n  may be o b t a i n e d  by s o l v i n g  Eq.  (4-3) and 
w r i t i n g  i t  i n  a s l i g h t l y  d i f f e r - e n t  form t h a n  t h a t  g i v e n  by Fq .  (4-39) 
near  t h e  resonance l a y e r :  

v L / V e  = 0. 

e -- u)/lQ, cen te red  a t  v I I  = v1 = 0. 

where A. = la) - Rie. [ I n  te rms  of  the v a r i a b l e s  o f  Eq. (4-39), 

2 r l , / ~ ,  = (U,/S)(v,/c ) . ]  The magnet ic  f i e l d  v a r i e s  as 1 /R  
(B = 8,R,/R), and w i t h i n  the  r e g i o n  of t h e  e l e c t r o n  c y c l o t r o n  
resonance, we assume a I i near  f i e l d  prof i I e w i t h  

2 2  
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Fig. 4.9. E l e c t r o n  c y c l o t r o n  resonance c o n t o u r s  i n  v e l o c i t y  space 
for (a) U, = 1 and (b) U, = -1 for s e v e r a l  va lues  of  S ,  which  
pa ramete r i zes  t h e  r e l a t i v i s t i c  e f f e c t .  Here U, = (w - &,)/k,,v, i s  t h e  
D o p p l e r - s h i f t e d  resonance v e l o c i t y  normal i z e d  t o  v e  and 
S I &,~~,2k~,c~. S = 0 i s  t h e  n o n r e l a t i v i s t i c  l i m i t .  Mote t h e  cu to f f  
for U, = 1 a s  S reaches  t h e  v a l u e  0.25 ( the  c u t o f f  c o n d i t i o n  is given 
by S = 1/4U,). (a) Va 1 ues of U, > 0 cor respond t o  absorption on t h e  
l o w - f i e l d  s i d e  of t h e  resonance, and (b) v a l u e s  of U, < 0 cor respond to  
absorption on t h e  h i g h - f i e l d  s i d e  of t h e  resonance (ref. [ 4 9 J ) .  
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(4-41) 

where x i s  t h e  d i s t a n c e  measured frm t h e  resonance. No te  t h a t  t h e  
- f i e l d  s i d e  of  t h e  ~esonance corpesponds t o  x > 0 and t h e  h i g h - f i e l d  

s i d e  cor responds to  x < 0. The dependence o f  v H  on v , , ,  vI, and Ao/me 
(or x/Ro) i s  shown i n  Fig.  4.10. Platitxd a s  a f u n c t i o n  o f  Ao/k'Qes t h e  
resonan t  v a l u e s  of v I I  f o r  f i x e d  vI I i e  on  a parabo la ,  a s  i I I u s t r a t e d  i n  
F i g s .  4.10(a) and (b) f o r  vi, .:: 0 . 1  and 0.2, r e s p e c t i v e l y .  The 
n o n r e l a t i v i s t i c  limit corresponds t o  a l i n e  t h a t  i s  t a n g e n t i a l  t o  t h e  
vI = 0 parabo la  a t  t h e  o r i g i n  (resonance l o c a t i o n )  , independent of vI. 
It i s  c l e a r  From F ig .  4.10 t h a t  w e n  a t  n o n r e l a t i v i s t i c  t empera tu res  
(Te N 1-10 keV) r e l a t i v i s t i c  c o r r e c t i o n s  t o  t h e  resonance c o n d i t i o n  a r e  
impor tan t ,  i n  t h a t  t h e  resonan t  v a l u e s  of v I 1  a r e  no longer  
a n t i s y m m e t r i c  about t h e  resonance. 

We see  from Eq. (4-40) t h a t  t h e r e  a r e  no resonant, p a r t i c l e s  i f  
x/R, ( Z  Ao/KIe) > 7$/2. T h i s  c o n d i t i o n  de te rm ines  a p o i n t  on t h e  IQW- 
f i e l d  s i d e  for  which t h e r e  is  n e i t h e r  power a b s o r p t i o n  n o r  c u r r e n t  
di-i \re. 

I n  t h e  absence of r e l a t i v i s t i c  c o r r e c t i o n 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  J/P t h e  square  of t h e  
t o r o i d a l  mamenturn. [ I n  t h e  n o n r e l a t i v i s t i c  I i m i t  P, , .=  mvII and 
~ q .  (4-36) s c a l e s  as J/P N p i . ]    ow ever, as the  v e l o c i t y  of t h e  
resonan t  e l e c t r o n s  (i . e . ,  t h e  c u r r e n t  c a r r i e r s )  approach t h e  speed of 
l i g h t ,  t he  previous s ta temen t  becomes i n v a l i d  and t h e  i n c l u s i o n  of 
r e l a t i v i s t i c  dynamics t o  t he  F i s c h - B o o z e r  s i n g l e - p a r t i c l e  model shows a 
bound on  t h e  l imi ts of c u r r e n t  d r i v e  e f f i c i e n c y  [#I .  

I n  the  st;rongly r e l a t i v i s t i c  l i m i t ,  Fig .  4-11 e x h i b i t s  t h e  r e s u l t s  
of r e f .  [43] ba th  f o r  lower h y b r i d  and ECRt-I. Note  t h a t  t h e  
normal i z a b i o n  c o n s t a n t s  fo r  c u r r e n t  and t h e  d i s s i p a t e d  pourer a r e  
somewhab d i f f e r e n t  t han  those  used e a r l i e r .  In F i g .  4.11, J i s  
normal i zed  to  -enc (not -enye) ( n o t  
v,nm,v",, where v = V ~ ( V , / C ) ~  and mo i s  t h e  r e s t  mass of e l e c t r o n s .  I n  
te rms  af conven t iona l  normal i z a t i o n s  used e a r l  i e r ,  

A A 

i nc reases  without,  bound as Pi, 
A h  

and P i s  normal i z e d  t o  unm,c2 
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resonance for  x/R0 > y i / 2 .  Here, A. = w - A'Qe(x) and x i s  measured 
from t h e  resonance. (Based on a similar f i g u r e  from r e f .  [ 5 3 ] ) .  
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and p t o  unm0c2, where u = u4 I n  A/2.rrnc3. E f f i c i e n c y  of c u r r e n t  d r i v e  Pe i n c r e a s e s  n o n r e l a t i v i s t i c a l  l y  (dashed I ines) w i t h  i n c r e a s i n g  momentum 
of  t h e  resonan t  e l e c t r o n s .  However, t h e r e  is a bound t o  t h e  e f f i c i e n c y  
due t o  r e l a t i v i s t i c  dynamics ( s o l i d  t i nes )  i n  t h e  l i m i t  v N c 
( r e f .  [43]). 

A h  
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where (?/?)c i s  t h e  numerical  f a c t o r  to  be t a k e n  from Fig.  4.11. 
t e r m s  of p r a c t i c a l  u n i t s  

I n  

E q u a t i o n  (4-42) app l  i e s  e x p l i c i t l y  t o  t h e  s t r o n g l y  r e l a t i v i s t i c  regime, 
where t h e  e l e c t r o n  v e l o c i t y  v N c .  However, a s  seen i n  t h e  p r e v i o u s  
s e c t i o n ,  t h e  r e l a t i v i s t i c  e f f e c t s  a r e  i m p o r t a n t  even when v e  << c.  

4.5.3 Weak Relativistic Limit  (v2/c2 << 1) 

2 2  For m i l d l y  r e l a t i v i s t i c  e l e c t r o n s  (v /c << l ) ,  one m i g h t  n e g l e c t  
t h e  r e l a t i v i s t i c  dynamics of fast p a r t i c l e s  and c o n s i d e r  o n l y  t h e  
r e l a t i v i s t i c  c o r r e c t i o n  t o  t h e  resonance c o n d i t i o n  a r i s i n g  f rom t h e  
v e l o c i t y  dependence of t h e  e l e c t r o n  c y c l o t r o n  f requency .  These 
c a l c u l a t i o n s  a r e  g i v e n  i n  r e f s .  [49,53]. To c a l c u l a t e  t h e  e f f e c t  of 
e l e c t r o n  c y c l o t r o n  waves on  t h e  p a r t i c l e  d i s t r i b u t i o n ,  t h e  I i n e a r i z e d ,  
s t e a d y - s t a t e  Fokker-Planck e q u a t i o n  is  used. The wave c o n t r i b u t i o n  is 
of t h e  form g i v e n  by Eq. (4-28) w i t h  t h e  r e l a t i v i s t i c  c o r r e c t i o n  
i n c l u d e d  o n l y  i n  t h e  c y c l o t r o n  f requency  i n  t h e  & - func t i on ,  which 
expresses  t h e  resonance c o n d i t i o n .  Here, we p r e s e n t  a few r e s u l t s  t o  
i I l u s t r a t e  t h e  e f f e c t s  of t h e  r e l a t i v i s t i c  resonance c o n d i t i o n  on t h e  
d r i v e n  c u r r e n t .  

I n  Fig. 4.12 we show r e p r e s e n t a t i v e  c u r r e n t  p r o f i i e s  o b t a i n e d  from 
n o n r e l a t i v i s t i c  and r e l a t i v i s t i c  t h e o r i e s  for  a tokamak w i t h  
T, = 1 keV, R - 1.2 rn w i t h  a wave f requency  f = 60 GHz, and a d e n s i t y  
such t h a t  w2 ?a'= 0.75. F i g u r e  4.12 r e p r e s e n t s  t h e  wave i n c i d e n t  from 

Pe t h e  l o w - f i e l d  s i d e  of  t h e  resonance i n  t h e  0-mode w i t h  an a n g l e  of 
i n c i d e n c e  such t h a t  q,, = 0.1. From t h i s  f i g u r e  we see t h e  e f f e c t  of 
t h e  s h a r p  c u t o f f  on  t h e  l o w - f i e l d  s i d e .  We a lso  n o t e  t h a t  a c c o r d i n g  t o  
t h e  n o n r e l a t i v i s t i c  t h e o r y  t h e  c u r r e n t  d e n s i t y  changes s i g n  a t  t h e  
o r i g i n ,  whereas i n  t h e  r e l a t i v i s t i c  case t h e  c u r r e n t  does n o t  r e v e r s e  
i n  going t h r o u g h  t h e  o r i g i n  ( w i t h  t h e  o r i g i n  r e f e r i n g  t o  t h e  resonance 
l o c a t i o n  where x = 0). T h i s  nonreversa l  of c u r r e n t  i s  much more 
pronounced for  sma l l  va lues  of q,,, where r e l a t i v i s t i c  e f f e c t s  a r e  very  
impor tan t .  T h i s  i s  because fo r  smal I yl ,  ( i . e . ,  sma l l  k,,) t h e  Dopp le r  
s h i f t  component i n  t h e  resonance c o n d i t i o n  p l a y s  o n l y  a minor  r o l e  
compared t o  t h e  mass inc rease.  
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F i g .  4.12. C u r r e n t  p r o f i l e  fo r  0-mode i n c i d e n t  Prom t h e  l o w - f i e l d  
s i d e  f o r  r e l a t i v i s t i c  (sol i d  l i n e )  and n o n r e l a t i v i s t i c  (dashed l i n e )  
resonance c o n d i t i o n s  fo r  l = 1. R e p r e s e n t a t i v e  tokamak parameters  a r e  
T = 1 keV, R, = 1.2 m, w i t h  f = 60 GHz, w2 /u2 = 0.75, and vl l  = 0.1. 
Here  x i s  t h e  d i s t a n c e  measured f rom t h e  resonance ( x  > 0 cor responds 
t a  l o w - f i e l d  s i d e  and x < 0 cor responds t o  t h e  h i g h - f i e l d  s i d e ) .  A 
n e g a t i v e  c u r r e n t  d e n s i t y  is i n  t h e  o p p o s i t e  d i r e c t i o n  t o  t h e  k,, v e c t o r  
of  t h e  wave. 

Pe 

(Based on simi l a r  f i g u r e s  from r e f s .  [50, 531). 
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When t h e  wave i s  i n c i d e n t  from t h e  h i g h - f i e l d  s i d e  ( i n  which case 
t h e  resonance i s  a c c e s s i b l e  by e i t h e r  0- or  X-mode), a b s o r p t i o n  may 
o c c u r  (and t h u s  t h e  c u r r e n t  d r i v e  may s t a r t )  f a r  from t h e  c y c l o t r o n  
resonance. N o t e  f r o m  Fig. 4.10 t h a t  t h e  resonan t  v e l o c i t i e s  g e t  
smal l e r  a s  t h e  resonance i s  approached and a b s o r p t i o n  and c u r r e n t  d r i v e  
can b e g i n  as soon a s  t h e r e  a r e  a s u f f i c i e n t  number of resonan t  
e l e c t r o n s  to  produce a s i g n i f i c a n t  e f f e c t .  I f  t h e  plasma i s  
s u f f i c i e n t l y  hot, s t r o n g  a b s o r p t i o n  c o u l d  be p o s s i b l e  we1 I b e f o r e  t h e  
wave reaches  t h e  c y c l o t r o n  resonance. Such an example is  i I l u s t r a t e d  
i n  Fig. 4.13, wh ich  shows t h e  c u r r e n t  prof i  l e  produced by t h e  0-mode 
( i n c i d e n t  from t h e  h igh - f  i e l d  s i d e )  R e p r e s e n t a t i v e  parameters  a r e  
Te = 5 keV, Ro = 5 m, f = 150 CHz, j! /u2 = 0.75, and T,, = 0:l. The 
c u r r e n t  p r o f i l e  f o r  t h e  X-mode, i n c i  cp" e n t  from t h e  h i g h - f i e l d  s i d e ,  i s  
ve ry  s i m i l a r .  

4.6,  Camments 

The b a s i c  mechanism of c u r r e n t  d r i v e  by e l e c t r o n  c y c l o t r o n  waves 
is we1 I e s t a b l  i shed  t h e o r e t i c a l  ly (Sect. 4. 1), and t h e r e  is sane 
exper imenta  I ev idence t h a t  such  c u r r e n t s  e x i s t  (Sect. 4.2). However, 
more d e t a i  l e d  exper imen ts  ( p a r t i c u l a r l y  i n  la rge ,  hot, and dense 
plasmas) a r e  necessary b e f o r e  a d e f i n i t i v e  c o n c l u s i o n  can be  reached 
a b o u t  t h e  v i a b i l i t y  of ECRH c u r r e n t  d r i v e  fo r  p r a c t i c a l  a p p l i c a t i o n s .  

On t h e  t h e o r e t i c a l  s i d e ,  n o n r e l a t i v i s t i c  and r e l a t i v i s t i c  
t r e a t m e n t s  a r e  used. The c a l c u l a t i o n s  i n  t h e  f i r s t  ca tegory  
(Sect.  4.4) a r e  more e l a b o r a t e  where t h e  f u l l  Fokker-Planck model has 
been s o l v e d  i n c l u d i n g  t h e  e f f e c t s  of t rapped  e l e c t r o n s  and t o r o i d a  I 
geometry.  However, i n  most c a l c u l a t i o n s  t h e  wave amp l i t ude  is  assumed 
t o  be s m a l l  so t h a t  t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  i s  p e r t u r b e d  
o n l y  s l i g h t l y .  Also assumed i n  t h e s e  c a l c u l a t i o n s  i s  a c o n s t a n t  
quas i - I  i near wave d i f f u s i o n  c o e f f i c i e n t  ( independent of v e l o c i t y  space 
v a r i a b l e s ) .  The o n l y  n o n l i n e a r  c a l c u l a t i o n  ( n o t  d i scussed  here) i s  
g i v e n  i n  r e f .  [45], where t h e  d i f f u s i o n  c o e f f i c i e n t  i s  t a k e n  l a r g e  
enough to  p e r t u r b  t h e  e l e c t r o n  d i s t r i b u t i o n  s i g n i f i c a n t l y .  The 
c a l c u l a t i o n s ,  however, use t h e  n o n r e l a t i v i s t i c  resonance c o n d i t i o n  and 
n e g l e c t  t h e  t r a p p e d  p a r t i  c I  e e f f e c t s .  

R e l a t i v i s t i c  e f f e c t s  a r e  i m p o r t a n t  f o r  d e s c r i p t i o n  of e n e r g e t i c  
e l e c t r o n s  i n  r e a c t o r - I  i k e  plasmas. R e l a t i v i s t i c  c o r r e c t i o n s  t o  t h e  
resonance c o n d i t i o n  change t h e  whole p i c t u r e  of ECRH c u r r e n t  d r i v e  even 
a t  modest t empera tu res  ( few k i  loel e c t r o n  volts) fa r  sma I I k, ,  
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F ig .  4.13. C u r r e n t  p r o f i l e  far 8-mode i n c i d e n t  from t h e  h i g h -  
f i e l d  s i d e  f o r  a plasma w i t h  T = 5 keV, R, = 5 m, f :: 150 GHz, 

u2 /u2 = 0.75, and  q,, = 0.1. Cur ren f ,  s t a r t s  to  be d r i v e n  a t  1 m from 

r e s o n a n c e  a n d  f a l l s  t o  zero at, a b o u t  30 cm b e f o r e  t h e  r e s o n a n c e  i s  
r e a c h e d ,  because  t h e  w a v e  h a s  been c o m p l e t e l y  a b s o r b e d  by t h e n  ( n o t  
because c u r r e n t  c a n n o t  be d r i v e n  n e a r e r  t h e  r e s o n a n c e ) .  (Based on a 
s i m i l a r  f i g u r e  from r e f .  [53]). 

Pe 
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(Sect .  4.5). It is not, however, clear whether this correction wi I I 
improve or reduce the reactor potential of ECRH current drive. 
Nonlinear calculations i n c l u d i n g  all significant effects have yet to be 
carried out. 
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5 .  CURRENT DRIVE BY ION CICLOTRON fpAVES - 
MIMORITY SfEcIES HEATING [ 54-57,60,70,84] 

Ano the r  scheme t o  d r i v e  t h e  t o r o i d a l  c u r r e n t  i s  t h e  use of rf 
Haves i n  t h e  i o n  c y c l o t r o n  range of f r e q u e n c i e s  (ICRF). The I c R f  
scheme d i f f e r s  fundamenta l l y  from LH and ECRH schemes (d iscussed i n  
Sects.  3 and 4, r e s p e c t i v e l y )  i n  t h a t  waves i n t e r a c t  w i t h  i o n s  r a t h e r  
than  w i t h  e l e c t r o n s .  As i n  t h e  case of  ECRH, these  waves do  n o t  have 
n e t  t a r o i d a  I momentum. 

The p o s s i b i l i t y  of u s i n g  ICRF waves t o  d r i v e  c u r r e n t s  i n  a plasma 
was f i r s t  proposed by F i s c h  [54] as a n  e x t e n s i o n  of t h e  Fisch-Boozer 
mechanism [41] d iscussed  i n  S e c t .  4.1. In th is scheme, the i n t e r a c t i o n  
of a t r a v e l i n g  wave w i t h  m i n o r i t y  i o n s  of a p a r t i c u l a r  p a r a l l e l  
v e l o c i t y  [such t h a t  they  a r e  D o p p l e r - s h i f t e d  in to  resonance w i t h  t h e  
wave (w - & J i ) / k r r ,  where Ifi  is t h e  i o n  c y c l o t r o n  frequency] l eads  t o  an 
inc rease  i n  t h e i r  p e r p e n d i c u l a r  (and hence t o t a l )  v e l o c i t y .  The 
r e s u l t i n g  r e d u c t i o n  i n  c o l l i s i a n a l i t y  w i t h  t h e  bulk plasma i o n s  s e t s  up 
a r e l a t i v e  d r i f t  between t h e  two i o n  s p e c i e s  [ i . e . ,  between majori ty 
(bulk)  and m i n o r i t y  i o n s ] .  C o l l i s i o n s  between t h e  b u l k  and m i n o r i t y  
ions and t h e  plasma e l e c t r o n s  genera te  an e l e c t r o n  d r i f t ,  As a r e s u l t ,  
a n e t  c u r r e n t  i s  produced. Thus, Ir=RF c u r r e n t  d r i v e  may be cons idered 
a comb ina t ion  of t h e  Fisch-Boozer mechanism (d iscussed i n  Sec t .  4) and 
Ohkawa's method of d r i v i n g  c u r r e n t  by n e u t r a l  beams (d iscussed i n  
Sec t .  2). It i s  s i m i l a r  t o  n e u t r a l  beam c u r r e n t  d r i v e  i n  t h a t  it 
r e q u i r e s  a r e l a t i v e  d r i f t  between t h e  b u l k  ions and t h e  m i n o r i t y  i o n s .  
T h i s  r e l a t i v e  d r i f t  is ach ieved  by t h e  Fisch-Boozer mechanism, t h a t  is, 
by a s y m m e t r i c a l l y  h e a t i n g  m i n o r i t y  i o n s  (see Fig, 4.1). 

The main d i sadvan tage  o f  this scheme i s  t h a t  a t r a v e l i n g  ICRF wave 
is r e q u i r e d  i f  a n e t  d r i f t  between t h e  i o n  s p e c i e s  is to be genera ted .  
I n  p r i n c i p l e ,  th is  may be ach ieved  by t h e  use of" an ar ray  of phase- 
s h i f t e d  antennae, a l t h o u g h  p r o d u c t i o n  of  such  waves has n o t  y e t  been 
a t tempted  exper imenta 1 l y .  As such, no exper imenta I measurements of 
c u r r e n t  d r i v e  by ICRF waves have been r e c o r d e d  t o  d a t e .  However, t h e  
t h e o r y  has been pursued v i g o r o u s l y  . 

I t  i s  a l s o  p o s s i b l e  t o  use t h e  ICRF wave n o t  o n l y  t o  s t a n d  a l o n e  
for c u r r e n t  d r i v e  b u t  a l s o  t o  enhance t h e  c u r r e n t  d r i v e n  by beams. I n  
this h y b r i d  scheme, t h e  n e u t r a l  beam i n j e c t i o n  m a i n l y  s u p p l i e s  t o r o i d a l  
momentum and is s u s t a i n e d  by ICRF wave h e a t i n g  [84]. 

If power i s  v i a b l e ,  one of t h e  advantages  of t h e  TCRF m i n o r i t y  
h e a t i n g  scheme m i g h t  be  t h e  f a c t  t h a t  t h e r e  a r e  s e v e r a l  parameters  
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e x p r e s s i o n  fo r  t h e  n e t  c u r r e n t  d e n s i t y ,  i ne I ud i ng t h e  e I ectron t r a p p i  n g  
c o n t r i b u t i o n ,  i s  t h e n  g i v e n  by 

(5-19) 

w h e r e  A(Z,ff) i s  a f u n c t i o n  of Z,ff, t a b u l a t e d  i n  T a b l e  2.1. For 

7,ff = 1, A(1) E. 1.68. The e l e c t r o n s  I n  Lhe t r a p p e d  region p a r t i c i p a t e  
i n  d r a g g i n g  t h e  i o n s  b u t  do not c o n t r i b u t e  t o  c u r r e n t .  The f r a c t i o n  o f  
them is  p r o p o r t i o n a l  t o  e l p a  (E = r/Ro, t h e  i n v e r s e  a s p e c t  ratio). 
D e p e n d i n g  on t h e  c h o i c e  of m i n o r i t y  s p e c i e s ,  t h e  t r a p p e d  e l e c t r o n  
e f f e c t ,  which i s  t h e  l a s t  t e r m  i n  Eq. (5-191, can q u a l i t a t i v e l y  change 
t h e  g e n e r a t e d  c u p r e n t .  

The amount, of m i n o p i b y  c u r r e n t  Jh generat,ed can  be a p p r e c i a b l y  
a l t e r e d  by t h e  c o n s i d c r a t i o n  of t h e  t r a p p e d  i o n s .  D e p e n d i n g  on t h e  
m i n o r i t y - m a j o r i t y  spec ies  m i x  (D-H, D-We3, e t e . ) ,  t h e  t r a p p e d  i o n s  can 
decrease t h e  m i n o r i t y  c u r r e n t  a p p r e c i a b l y  [55]. Usua l  l y ,  t h e  e f f e c t  o f  
t r a p p e d  e l e c t r o n s  on t o t a l  current J i s  much more p ronounced  t h a n  t h e  
e f f e c t  o f  t r a p p e d  i o n s  on m i n o r i t y  c u r r e n t  J h  [55]. 

Befare c a l c u l a t i n g  a n  e f f i c i e n c y  f a c t o r ,  a few o b s e r v a t i o n s  can  be 
made from Eg. (5-18) [or (5-19)]. Far t h e  ICRF scheme of c u r r e n t  
g e n e r a t i o n  t o  be u e f u l ,  a number of c r i t e r i a  must b e  s a t i s f i e d ,  

We f i r s t  exam ne t h e  c r i t e r i a  t o  be s a t i s f i e d  by t h e  charge states 
o f  t h e  m i n o r i t y  and m a j o r i t y  species. If toroidal e f f e c k s  are  
n e g l e c t e d ,  from Eq (5-18) we n o t e  t h e  c o n d i t i o n  

for c u r r e n t  g e n e s s t i o n .  S a t i s f y i n g  Lhis c o n d i t i o n  i m p l i e s  t h a t  Zh # 0 

For ICRF waves t o  be employed fo r  c u r r e n t  g e n e r a t i o n  v i a  m i n o r i t y  
zh # z e f f ( "  z i ) .  

s p e c i e s  hea t ing  a secorid c o n d i t i o n  must, be imposed: 

(5-2 1) 
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( t y p e  of m i n o r i t y  specie:;, m i n o r i t y  c o n c e n t r a t i o n ,  and t h e  k,, spectrum) 
t h a t  can he a d j u s t e d  and c o n t r o l  l e d  far o p t i m i z e d  exper imenta l  
c o n d i t i o n s  (and optimum e f f i c i e n c y ) .  

In t h i s  s e c t i o n  we g i v e  B b r i e f  d e s c r i p t i o n  of t h e  ICRF c u r r e n t  
d r i v e  mechanism by m i n o r i t y  s p e c i e s  h e s t i n g  and i d e n t i f y  t h e  wave 
regime and plasma parameters f o r  wh ich  this scheme o p e r a t e s  opt,imal l y  
i n  r e a c t o r  a p p l i c a t i o n s .  We shall a l s o  d i s c u s s  t h e  wave p e n e t r a t i o n  
and power d e p o s i t i o n  c h a r a c t e r i s t i c s  and modif i cat ions t o  t h e  current 
genera ted  by t r a p p e d  p a r t i c l e s  and m a j o r i t y - m i n o r i t y  s p e c i e s  m i x .  

The operat, ion o f  t h e  ICRF scheme may be thought of as a two-step 
process .  The f i r s t  s t e p  is t h e  inducement of  a r e l a t i v e  ( t o r o i d a l )  
d r i f t  v e l o c i t y  between t h e  b u l k  (majority) i o n s  and t h e  m i n o r i k y  i ons .  
The second s t e p  i s  t h e  response sf t h e  e l e c t r o n s  to  t h e  i o n  
d i s t r i b u t i o n .  The e l e c t r o n s  can d r i f t  even when t h e  total i o n  current;  
van ishes .  

The r e l a t i v e  d r i f t  can be accompl ished by s e l e c t i v e  h e a t i n g  of 
minor- iby i o n s  i n  one d i r e c t i o n  of  p a r a l l e l  v e l o c i t y  space (see 
F i g .  4.1). Consider, for example, a s i n g l e - t e s t  m i n o r i t y - s p e c i e s  ion 
t h a t  moves t o  t h e  r i g h t ,  wh ich  i s  t h e  d i r e c t i o n  p a r - a l l e l  t o  t h e  
magne t i c  f i e l d .  The c o l  I i s i o n  f requency  between the tes t ,  ( m i n o r i t y )  
ion and the background  majori ty ions, wh ich  e x e r t  a d r a g  force,  i s  
s e n s i t i v e  t o  t h e  t e s t  ( m i n o r i t y )  i n  energy.  By p r e f e r e n t i a l  h e a t i n g  of 
th is test  i o n  from ene~gy  hrl (and ~ 0 1 1  i s i o n  f requency  V I )  t o  a h i g h e r  
energy W2 (and lower  c o l l i s i o n  f requency  u2) ,  t h e  drag f o r c e  on t h e  
t e s t  ions can be reduced, and a s  a r e s u l t  t h e  r v l a t i v e  d r i f t A  can be 
pw~duced. The energy i nc rease  need not o c c u r  as a r e s u l t  of i nc rease  
i n  any s p e c i f i c  v e l o c i t y  component. The inc rease  i n  energy can be 
accompl ished th rough  the damping of  a t r a v e l i n g  plasma wave t h a t  i s  i n  
resonance w i t h  these  m i n o r i t y  i o n s .  Such a w a ~ e  i s  t h e  i o n  c y c l o t r o n  
wave at .  a f requency  near t h e  m i  nori t y - i o n  c y c l o t r o n  f requency .  These 
waves a r e  e a s t  waves or" magnetosonic waves a n d ,  i n  p r i n c i p l e ,  would be 
launched u n i d i r e c t i o n a l t y  i n  t h e  t o r o i d a l  d i r e c t i o n  i n  a tokamak .  

We f i r s t  c a l c u l a t e  t h e  amount o f  power necessary t o  e s t a b l i s h  a 
g i v e n  m i n o r i t y  s p e c i e s  ion d r i f t , ,  
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6.1. I P m r  Dissipation 

Consider the displacement in velocity space of a smal I number, 5f", 
of minority ions from region 1 to region 2 due to  rf heating, as 
illustrated in Fig.  4.1. Let us assume that momentum in the direction 
of i n t e r e s t  i s  lost from the minority ions a t  a rate V I  and v2 in 
locations 1 and 2, respectively. These rates include col I isians with 
the background majarity ions and with electrons. For s m a l l  minority 
ion concentrations, self-col I isions may be neglected. 

Here we foilaw the analysis of Sect .  4.1.  Basically, the amount 
of energy r e q u i r e d  to d i s p l a c e  the minority ions frm location 1 t o  
location 2 is given by Eq. (4-4), that is, 

(5-1 b) 

where v1 2 is the velocity at, location 1,2 and rnh i s  the mass 07 
m i  nor i ty-speci es ions. 

The change in para1 lel momentum in the minority species induced b j  
this displacement (i . e . ,  by this preferential heating) is  g i v e n  
approximately by 

i 

where energy scattering i s  negl ected, 
Note that at t = 0, the instant i n  which the displacement occurs, 

there i s  no change in parallel momentum unless ~ 2 , ~ ~  # !lI ,II.  That is, 
unless t h e r e  is  an impulse given to the minority ions in the parallel 
direction, there initially can be no flow i n  that direction. At t + m, 
however, even i f  # v2,,,, al I directed momentum has  relaxed through 
col I isions with other species so that there can be no relative drift of 
t h e  minority ion species with respect to the majority ions. 

In view of the above, Ap,,  vanishes 
at both t = 0 and t -+ m .  At finite times, however, there will be a 

Consider t h e  ease v l r l ,  = ~ 2 , ~ ~ .  
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f i n i t e  Api, i f  u1 # u2. 
m i n o r i t y  i o n  spec ies .  
d r i f t  can be c o n t i n u o u s l y  ma in ta ined .  

i s  long cornpared to  t h e  mmentum d e s t r u c t i o n  t i m e s  1/u1 and I /LJ~ i s  

Imp!  i e d  here i s  a n  asymmetr ic d r a g  on t h e  
By con t inuous ly  s u p p l y i n g  energy, t he  r e s u l t i n g  

The time average of t h e  p a r a l l e l  momentum o v e r  an i n t e r v a l  A t  t h a t  

The d i s s i p a t e d  power o v e r  t h i s  t i m e  i n t e r v a l  i s  

Combining Eqs .  (5-3) and (S-4) we f i n d  t h e  r a t i o  of  m i n o r i t y  s p e c i e s  
momentum ta power e l i s s i p b e d :  

is  the 4rnit  v e c t o r  i n  t h e  d i r e c t i o n  of  v e l o c i t y  displacement,  
he v e l o c i t y  space del operator, and w = m&2. 

f i "1 .2  

The c u r r e n t  a r i s e s  from t h e  mo t ion  of e l e c t r o n s  r e a c t i n g  t o  t h e  
r e l a t i v e  d r i f t  bet,ween the two ion species. We see from Eq. (5-6) t h a t  
t h e r e  is  a d r i f t  of t h e  n i n o r i b y  species i f  
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which  o c c u r s  i n  two ways; t h a t  is, e i t h e r  

V,v,, # 0 

$ ' V , Y f O  * 

(&-?'a) 

(5-7b) 

When Eq.  (5-7a) holds, n e t  momentum i s  impar ted  from an e x t e r n a l  
sou rce  d i r e c t l y  t o  t h e  m i n o r i t y  s p e c i e s  as t h e  i o n s  a r e  pushed t o  
h i g h e r  v,,. To keep t h e  plasma from r o t a t i n g ,  it is  necessary t h a t  an 
equal amount of momentum, b u t  i n  t h e  o p p o s i t e  d i r e c t i o n ,  be impar ted  t o  
t h e  majority spec ies ,  also f r o m  an e x t e r n a l  source. I f  t h e  minor- t j  
s p e c i e s  i s  f a s t  enough to  c o l l i d e  ma in l y  w i t h  t h e  e l e c t r o n s ,  an 
e l e c t r i c  c u r r e n t  is  d r i v e n  and can be main ta ined  e f f i c i e n t l y ,  he 
process  j u s t  d e s c r i b e d  i s  simi l a r  i n  concept and e f f i c i e n c y  t o  d r i v  ng 
c u r r e n t s  by n e u t r a l  beams (see Sect .  2). 

When Eq. (5-7b) holds,  b u t  n o t  Eq. (5-7a), a m i n o r i t y  ion s p e c i e s  
d r i f t  deve lops  even though no n e t  momentum is  i n j e c t e d .  T h i s  is 
similar t o  t h e  Fisch-Boozer mechanism, which i s  cons idered for  
e l e c t r o n s  i n  Sec t .  4. There is, hourever, one c o n s t r a i n t  he re  i n  t h a t  
t h e  m i n o r i t y  i o n s  s h o u l d  not c o l l i d e  e i t h e r  too f r e q u e n t l y  or too 
i n f r e q u e n t l y  w i t h  t h e  e l e c t r o n s  a s  compared to t h e  f requency  af 
col I i s i o n s  w i t h  t h e  m a j o r i t y  ions .  

To c a l c u l a t e  t h e  amount of c u r r e n t  generated, we assume t h a t  t h e  
e f f e c t i v e  col I i s i o n  f requency  i s  

v = u , + u i ,  (5-8) 

where ue and u ;  a r e  t h e  r a t e s  of  momentum loss (from m i n o r i t y  s p e c i e s  
ions) t o  e l e c t r o n s  and t o  m a j o r i t y  ions ,  r e s p e c t i v e l y .  The reg ime of 
i n t e r e s t  i s  

vi << II << Y e  , (5-9) 
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where v i  = (kT i fmi ) lR ,  v, = (kT,/m,)'&, and v i s  t h e  v e l o c i t y  of t h e  
r n l n e r i t y  i o n s .  Here ,  t h e  f i r s t  i n e q u a l i t y  ( v i  << v) e n s u r e s  t h a t  
Eq- (5-7b) i s  s a t i s f i e d .  The s e c o n d  i n e q u a l  i t y  ( V  << ve) a r i s e s  i n  
p r a c t i c a l  s i t u a t i o n s  s imply because me << m i .  I n  this l i m i t  [ i . e . ,  
Eq. (5-911, n e g l e c t i n g  energy s c a t t e r i n g ,  momentum loss r a t e s  are  t h o s e  
of  slowing-down r a t e s ;  t h u s ,  we have 

where  uo = nee4 .!n A / 2 m ~ m ~ v ~ .  The f i r s t  berm i n  s q u a r e  b r a c k e t s  i s  
t h e  i o n  c o n t r i b u t i o n  ( s l o w i n g  down of  t h e  t e s t  m i n o r i t y  i o n s  on 
background m a j o r i t y  i o n s  i n  t h e  l i m i t  v i  << v ) ,  and t h e  second t e r m  is  
due to  t h e  e l e c t r o n s .  S i n c e  t h e  i o n s  a r e  much s l o w e r  t h a n  t h e  
e l e c t r o n s ,  u, i s  i n s e n s i t i v e  t o  t h e  t e s t  i o n  ( m i n o r i t y  ion)  v e l o c i t y ,  

e s e e  from E q .  (5-10). B a s i c a l l y ,  we have 

where  W -:: rnhv2/2 is  t h e  m i n o r i t y  s p e c i e s  energy and 6, and C i  a r e  
c o n s t a n t s ,  w h i c h  a r e  given by Eq.  (5-10): 
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(5-1 l c )  

(5-lld) 

[Note t h a t  once a g a i n  t h e  s u b s c r i p t s  e, i, and h cor respond bo 
e l e c t r o n s ,  m a j o r i t y  ions, and m i n o r i t y  ions, r e s p e c t i v e l y . ]  In 
Eqs .  (5-10) and (5-11), it i s  assumed t h a t  ne n iZ i  >> nhZh. 

Using Eqs. (5-10) and (5-11) i n  Eq. (5-61, we o b t a i n  

(5-12) 

For a p u r e l y  p e r p e n d i c u l a r  h e a t i n g  (a =vL/vL), t h e  f i r s t  te rm i n  t h e  
square b r a c k e t  of Eq. (5-12) i s  zero [i . e . ,  II * O , v l ,  = 0, wh ich  means 
Eq. (5-7a) does n o t  hold, but Eq. (5-7b) does ho ld ] ,  and we have 

It is  obvious from Eq. (5-13) 
The l a r g e s t  and, hence, more 
vi u, up. 

(5-13) 

t h a t  Ph van ishes  when ui -+ 0 and v i  + m. 
f a v o r a b l e  Ph/P,f w i l l  be a t t a i n e d  when 

W e  now c a l c u l a t e  t h e  amount of c u r r e n t  genera ted  p e r  power 
d i s s i p a t e d .  The c a l c u l a t i o n s  are  similar t o  t h o s e  g i v e n  i n  
S e c t .  2.1.2. Assume t h a t  t h e  m i n o r i t y  ion s p e c i e s  d r i f t s  a t  a speed 
vh,, p a r a l l e l  t o  t h e  magne t i c  f i e l d  whereas t h e  ma jor i t y  i o n  s p e c i e s  
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d r i f t s  at a speed V i .  The e l e c t r o n  p a r a l l e l  d r i f t  speed Ve can be 
o b t a i n e d  from t h e  f a r c e  balance e q u a t i o n  [Eq. (2-431; t h a t  is, i n  t he  
s teady  s t a t e  5, E I ~ J S ~  obey 

(5-144 

(5-14b) 

- where i n  t h e  last s t e p  we have used t h e  o r d e r i n g  v i  << v << Ve 
[Eq. (5-9)]. The f i rs t  te rm i n  Eq. (5-14) i s  a s s o c i a t e d  w i t h  t h e  
mmenturn gained by t h e  e l e c t r o n s  fl-am t h e  minor i ty s p e c i e s  i o n s  and t h e  
second term r e p r e s e n t s  t h e  momentum lost by t h e  e l e c t r o n s  t o  t h e  
background majority ions .  FOP t h e  o r d e r i n g  o f  v e l o c i t i e s ,  

t h a t  is, t h e  electrons m1 I ;de ~ i t h  the minority i o n s  (Zf!,/mh)/(,Z~/mi) 
t i m e s  more o f t e n  t h a n  w i t h  t h e  major i ty ions. 

I n  t h e  case of no n e t  p a r a  I I e l  mamenturn i n j e c t e d  i n t o  t h e  m i n o r i t y  
species, t h e  plasma w i l l  have no n e t  pa ra1  le1 momentum so t h a t  t h e  
d r i f t s  must s a t i s f y  

Note tha t ;  i n  t h e  case where t h e r e  i s  a n  i n j e c t e d  n e t  p a r a 1  le1 momentum 
[Eq. (5-E)] c o n s e r v a t i o n  of t o ta l  momentum can be cons ide red  t o  app ly  
i n  t h e  center-of-mass frame i n s t e a d  crf t h e  rest  f rame. T h i s  
t r a n s f o r m a t i o n  does not a f f e c t  t h e  c u r r e n t  as l ong  as t h e  charge 
n e u t r a l i t y  is  obeyed, t h a t  is, 
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(5-18) 

The c u r r e n t  d e n s i t y  is g i v e n  by 

U s i n g  Eqs .  (5-14)-(5-16) i n  Eq.  (5-17) and t a k i n g  t h e  I i m i t  rn,/mi + 0, 
we o b t a i  n 

where Zeff  = 1 njZ:/ne = (niZT + nhZ$/ne and J h  = enhvhllZh is  t h e  

m i n o r i t y  s p e c i e s  ( i on )  c u r r e n t .  I n  w r i t i n g  Eq. (5-18b) we assume a 
p r a c t i c a  I regime, where 

j 

and niZ7 >> nhZ;, wh ich  l eads  t o  Zeff rt! Z i .  I n  Eq. (5-18), t h e  f i r s t  
t e r m  i s  c l e a r l y  due t o  m i n o r i t y - d r i v e n  c u r r e n t .  The r e s t  of Eq. (5-18) 
is t h e  sum of the m a j o r i t y  i o n  and e l e c t r o n  c u r r e n t s .  [Note t h e  
s i m i l a r i t y  of Eqs. (2-11) and (5-18).] In Eq. (5-18) t rapped  e l e c t r o n s  
(i.e., t o r o i d a l  e f f e c t s )  a r e  n o t  included. 

As mentioned p r e v i o u s l y ,  t h e r e  a r e  c e r t a i n  s i m i l a r i t i e s  between 
t h e  n e u t r a l  beam method of d r i v i n g  c u r r e n t  and t h e  ICRF m i n o r i t y  
h e a t i n g  scheme; bo th  r e l y  on t h e  g e n e r a t i o n  of a m i n o r i t y  c u r r e n t .  
Thus, t h e  techn iques  used t o  c a l c u l a t e  e l e c t r o n  t r a p p i n g  e f f e c t s  on 
c u r r e n t  can be d i r e c t l y  a p p l i e d  [see Eqs. (2-13)-(2-16)]. The 
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T h i s  i s  t h e  r e q u i r e m e n t  t h a t  t h e  i o n  s p e c i e s  c y c l o t r o n  f r e  
d i s p a r a t e .  T h i s  i s  necessary for  t h e  ICRF wave to  d i s t i n g u i s h  between 
t h e  two i o n  s p e c i e s  so t h a t  energy can be t r a n s f e r r e d  s e l e c t i v e l y  Lo 
t h e  m i n o r i t y  s p e c i e s .  I n  most cases Eq, (5-21) shou ld  be s a t i s f i e d  far  
t h e  f i r s t  few harmonics ( i . e B ,  f lh # Qi l = 1, 2) to  a v o i d  h e a t i n g  o f  
the major i ty  ions ,  e s p e c i a l l y  a t  t h e  second harmonic (1 = 2), where 
wave a b s o r p t i o n  can be a p p r e c i a b l e .  

When t o r o i d a l  e f f e c t s  a r e  i n c l u d e d  a s i g n i f i c a n t  current can be 
genera ted  even when Zh = Z,ff; thus ,  a c o n d i t i o n  g i v e n  by Eqa (5-20) i s  
re! axed * 

5.1.3 Efficiency Factor 

The amount of c u r r e n t  genera ted  by owet. d i s s i p a t e d ,  J/P,  can now 
be o b t a i n e d  by making use of Eqs.  (5-13) and (5-18) [or (5-19) i f  
t o r o i d a  I e f f e c t s  need t o  be m n s i  dered] : 

(5-22) 

We n o t e  t h a t  Eq. (5-22) a p p l i e s  o n l y  when t h e  p a r a l  le1 momentum 
i n j e c t e d  i n t o  t h e  m i n o r i t y  s p e c i e s  from t h e  e x t e r n a l  sou rce  i s  
n e g l i g i b l e .  T h a t  is, Eq. (5-22) i s  v a l i d  o n l y  for p e r p e n d i c u l a r  
h e a t i n g .  If t h e r e  e x i s t s  a n e t  p a r a l  le1 momentum i n p u t  t o  t h e  m i n o r i t y  
spec ies ,  we must r e t a i n  b o t h  t e r m s  i n  Eq.  (5-12). [Note t h a t  t h e  f i r s t  
te rm i n  Eq. (5-12) was s e t  equal t o  z e r o  for p e r p e n d i c u l a r  
h e a t i n g . ]  I n c l u s i o n  of t o r o i d a l  e f f e c t s  m o d i f i e s  t h e  te rm i n  t h e  
parentheses  i n  Eq. (5-22), s i m i l a r  t o  Eq.  (5-19). 



140 

I n  terms of n o r m a l i z e d  q u a n t i t i e s  we may r e w r i t e  Eq. (5-22) a s  

(5-23) 

where i n  t h e  last s t e p  we used w :: mhv2/2 a n d  u = v, i- vi, both of 
which we re  defined p r e v i o u s l y .  A h  

We now calculate t h e  maximum a t t a i n a b l e  J /P:  

(5-24) 

Hhere  we define 

(&%a) 

For thermal particles assuming  P, N T i  N T, we define thermal  v e l o c i t y  

far the  m i n o r i t y  s p e c i e s  as Vt>h :: (kT/mh)''?. N o r m a l i z i n g  v e l o c i t i e s  

to ytdh.' 

(5-25 b) 

(5-25C) 
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U2 (?k) (1 + KU3)* 
(5-254) 

(5-!%e) 

where C, and c i  a r e  constants de f ined in Eq. (5-ll), U,, = vI,/vth, 
u = v / v t h ,  

and 

F(U) U2/(1 + KU3)2 . 

(5-26a) 

(5-26 b) 

I n  w r i t i n g  Eq. (5-256) we assume U,I W U, which i s  a reasonable 
a p p r o x i m a t i o n  for resonan t  i o n s  ( v  >> v t J .  

The q u a n t i t y  F(U) [Eq. (5-26bjl i s  a maximum when 

U = U, = (1/2K)l" , (5-27a) 

(5-27 b) 

From Eq. (5- l ld)  we have 

Combin ing  Eqs. (5-25) th rough  (5-28) i n  Eq. (5-24), we o b t a i n  t h e  
f o l  l o w i n g  simple form for t h e  maximum J/P: 

A h  
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( 5  -29) 

(5-38) 

ahere kl i s  t h e  r e d u c e d  i o n  mass, 

U n d e r  most optimum c o n d i t i o n s  A !* fo r  a dueter is l rn  p l a - m a  w t h ,  for 
example,  a Me' m i n o r i t y  s l y i e s ,  J/P E 35. I n  t h i s  c a s e  Uo E 7 ( i . e . >  

7 v t h ) .  I n  g e n e r a l  J/P i s  n o t  a v e r y  peaked f u n c b i o n  o f  U; thus, " 1 1  - 
t h e  m i n o r i t y  s p e c i e s  ions o v e r  a r a n g e  of 3 < U <, 8 (3 < v , , / v t h  < 8) 
w u l d  a l  low r e a s o n a b l e  c u r r e n t  d r i v e  e f f i c i e n c i e s .  

As i n d i c a t e d  b e f o r e ,  t h e  e f f e c t ,  of t r a p p e d  e l e c t r o n s  car, 
q u a l  i t a t i v e l y  change t h e  g e n e r a t e d  c u r r e n t  a n d  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 .  l o  c o n s i d e r  th is  e f f e c t ,  E?.  (5-23) s h o u l d  tie m o d i f i e d  by 
using E q .  (5-19) [ i n s t e a d  of  Eq. (5-18)]. 

3 

H e r e  we assume t h a t  t h e  r e s t r i c t i o n s  an t h e  m i n o r i t y  charge s t ,a te  
and d i s p a r a t e  c y c l o t r o n  f r e q u e n c y  r e q u i r e m e n t s  [ i  .e . ,  Eqs. (5-20) and 
(5-2111 ape m e t  a n d  t h a t  t h e  ICRF wave i s  c a p a b l e  of d e p o s i t i n g  i t s  
e n e r - 9  f u l l y  t o  t h e  miiioritj s p e c i e s .  To b e  p r a c t i c a l  for r e a c t o r  
a p p l i c a t i o n ,  d i s s i p a t e d  power s h o u l d  be m i n i m a l ,  Thus, we f u r t h e r  
assume t h a t  a l  I t h e  r e q u i r e d  c u r i q s n t  can be g e n e r a t e d  a t  n e a r  t h e  
maximum e f f i c i e n c y  [Eq. (5 -29 ) ] .  

C o n s i d e r  a s t e a d y - s t a t e  tokamak r e a c t o r  w i t h  t h e  p o l o i d a  I magnetic 
f i e l d  s u s t a i n e d  by a t o r o i d a l  c u r r e n t  g e n e r a t e d  by means o f  m i n o r i t y  
s p e c i e s  h e a t i n g .  75 i s  a t t a i n e d  i n  a 
r e a c t o r  and  o p e r a t i o n  a t  pp = Ro/a i s  a c h i e v a b l e ,  t h e n  t h e  
r e c i r c u l a t i n g  power f r a c b i o n  [Eq. (1-25)] i s  

A h  

If maximum e f f i c i e n c y  (J/P)max 

P,p (ICRH) 
= 0.72 (aR0n20T10) --If2 (lO"'/(av>D-J . 

P f  us  
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For a r e a c t o r  w i t h  parameters n N Id' m"?, T N 15 keV, a N 1.5 m, and 
Ro N 6 m, we f i n d  E N 7.5% ( w i t h o u t  any e f f i c i e n c y  c o n s i d e r a t i o n s ) ,  
N o t e  t h a t  E N 4% at, T = 20 key and E N 24% a t  10 key. Whereas 4 
r e c i r c u l a t i n g  f u s i o n  power (which t r a n s l a t e s  i n t o  r o u g h l y  20 
e l e c t r i c a l  power, assuming a thermal  conve rs ion  e f f i c i e n c y  of 0.35 and 
e l e c t r i c - t o - r f  conve rs ion  e f f i c i e n c y  of  N 0.6) c o u l d  be accep tab le ,  

is  d e f i n i t e l y  n o t  p r a c t i c a l .  For t h e s e  r e a c t o r  parameters, 
I / P  N 0.1 ~ A / ~ ~  ( i .e . ,  about 10 MW of  power i s  necessary t o  m a i n t a i n  
each 1 UA of c u r r e n t ) .  It i s  i m p o r t a n t  t o  no te  t h a t  t hese  a r e  h i g h l y  
i d e a l i z e d  ( o p t i m i s t i c )  numbers; t hey  a r e  g i v e n  here o n l y  to  p r o v i d e  a 
rough  f e e l  i n g .  

IG i s  i m p o r t a n t  also t o  see whether t h e r e  a r e  enough r e s o n a n t  
m i n o r i t y  i o n s  to  genera te  t h e  c u r r e n t  r e q u i r e d .  To answer t h i s  
q u a n t i t a t i v e l y ,  we use Eq. (1-21I~)~ t h a t  is, t h e  no rma l i zed  e u r r e n t  
r e q u i r e d  t o  o p e r a t e  a tokamak a t  p, = Ro/a: 

To o b t a i n  t h i s  c u r r e n t  we need a m i n o r i t y  s p e c i e s  d r i f t  l a r g e  enough 
such t h a t  

or, i n  t e r m s  of to ta l  c u r r e n t ,  

where Eq. (5-18) i s  used. As a crude approx imat ion ,  i f  we assume t h a t  
khe m i n o r i t y  c u r r e n t  is of t h e  same o r d e r  of magnitude as t h e  c u r r e n t  
of  resonan t  i o n s  [ i .e., 

he re  nr i s  t h e  d e n s i t y  of resonant  m i n o r i t y  ions,  uI1 = v,,/vth i s  bhe 
no rma l i zed  p a r a !  l e1  v e l o c i t y  of resonan t  ions,  and Yth = (T/mh>lPL is  
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t h e  thermal  v e l o c i t y  of  m i n o r i t y  ions ] ,  t h e  requ i remen t  can be w r i t t e n  
as 

For example, f o r  He3 m i n o r i t y  s p e c i e s  (zh N 2, mh N 3 mproton ) w i t h  

Z e f f  1, 

2.6 X 10-2/Ul, . 
ne 

For r e p r e s e n t a t i v e  v a l u e s  of  UII N 3-5, nr/ne N 5-8 X lo3. 

we have UII N U(= vyv t . , ) ;  thus ,  
T a k i n g  U1  < U < U2 t o  be t h e  resonance r e g i o n  and s i n c e  UII >> 1, 

nr nh fo(U) d3U = nh 4d2fo(U)  dU 

Assuming t h a t  t h e  d i s t r i b u t i o n  f u n c t i o n  f l a t t e n s  i n  t h e  resonan t  r e g i o n  
of v e l o c i t y  space [ i . e . ,  f,(U) M f,(U1) fa r  U > U l ] ,  we have r o u g h l y  

44 where f,(U1) = (2%) The dependence o f  nr on  U 1  i s  so 
s t r o n g  t h a t  any s l i g h t  v a r i a t i o n  of  U1 can change t h e  answer 
d r a s t i c a l l y  and on  t h e  p o s i t i v e  s i d e ,  thus ,  any s l i g h t  ad jus tment  t o  U 1  
can g i v e  t h e  r e q u i r e d  m i n o r i t y  c u r r e n t .  For example, i n  t h e  range of 
3 < U < 5, n,/ne 0.3(nh/ne) and o n l y  a few pe rcen t  of m i n o r i t y  
c o n c e n t r a t i o n  ("/ne ? 3%) can s a t i s f y  t h e  requ i rement .  However, for 
4 < U < 7 t h e  necessary m i n o r i t y  c o n c e n t r a t i o n  i nc reases  an o r d e r  of 
magnitude (nh/ne N 3 8 )  t o  produce t h e  r e q u i r e d  m i n o r i t y  c u r r e n t ,  wh ich  
i s  n o t  a p r a c t i c a l  case for a r e a c t o r ,  I t  is  t h u s  i m p o r t a n t  t o  
de te rm i  ne (and se t  e c t )  resonance c o n d i t i o n s  and wave kll spec t rum 
p r o p e r l y .  [Note t h a t  t h e  resonan t  v e l o c i t y  i s  v I 1  = (a - R h ) / k l l  and 
U1 = (vI,/vtJmin i s  t h e  minimum norma l i zed  v e l o c i t y  of t h e  resonan t  
i o n s  .] 

exp(- U1/2). 
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Nave p r o p a g a t i o n  i n  t h e  ion cyclotron range o f  f r e q u e n c i e s  can be 
a c c u r a t e l y  r e p r e s e n t e d  bj t h e  cold plasma approx ima t ion .  Plasma 
k i n e t i c  e f fects ,  however, e n t e r  i n t o  t h e  mode convers ion  and 
col I i s i o n l e s s  a b s o r p t i o n .  

I n  ar s ing le - i on -spec ies  plasma t h e  d i s p e r s i o n  r e l a t i o n  for ICRF 
waves e x h i b i t s  two nodes: t h e  ion c y c l o t r o n  (slow) wave and t h e  
magnetosonic (fast) w a v e .  The presence of two or more ion s p e c i e s  i n  a 
plasma i n t r o d u c e s  a new mode, c a l l e d  t h e  i on - ion  h y b r i d  wave. This 
allows strong i n t e r a c t i o n  of t h e  fast wave w i t h  t h e  i o n s  near t h e  
l o c a t i o n  of t h e  i on - ion  h y b r i d  resonance, wh ich  o c c u r s  when 

where m are  t h e  mass and d e n s i t y  of i o n  s p e c i e s  j(= 1, 2). 
This resonance i ies i n t e r m e d i a t e  between t h e  cyclotron f r e q u e n c i e s  of 
the two ion s p e c i e s  and approaches t h e  c y c l o t r o n  frequency of t h e  most 
d i I u t e  (mi nor  i ty) spec i es. 

and n j 

.I Dispsrsion Relation 

C o n s i d e r i n g  t h e  i o n  c y c l o t r o n  range of f r e q u e n c i e s ,  w2 N @ << g, 
we approx imate  t h e  components sf t h e  d i e l e c t r i c  t e n s o r  [Eq. (s-a)] 

for B m u l t i p l e  i o n  s p e c i e s  plasma a s  Pol lows: 

2 
M 1 %..."bai, 

"2 - j q w 2 - 4  (5-31) 
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Here j refers t o  t h e  ion s e c i e s  (for exa p l e ,  m a j o r i t y  and m i n o r i t y  
ions). Note t h a t  1~31 >> P “11, 1 ~ 2 1 ,  SQ t h a t  E, = E,, fi! 0. T h a t  is, 
t h e  h igh c o n d u c t i v i t y  af t h e  p l  sina s h o r t s  out t h e  papa I I e l  electric 
f i e l d .  W i t h  E,, E 0, t h e  d i s p e r s i o n  r e l a t i o n  [ o b t a i n e d  from Eq. (3-711 
is 

which can be r e a r r a n g e d  as 

t o  y i e l d  

k:(A - k i )  - (8 - k%)(C - ki) = 0 (5-32 b) 

2 2  2 2  2 2  where A = (w /c )EI, B = (w / c  1 ( ~ 1  - ~ g ) ,  and C = (w / e  ) (el + ~ 2 )  . 
Note t h a t  A =: (B + C)/2.  

I n  a tokamak, wave propagation proceeds a t  almost constant 
k,, (E n/Ro c o n s t a n t ,  where n i s  t h e  toro ida l  mode number). I n  
Eq. (5-32b) t h e  s u r f a c e  where 
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d e f i n e s  t h e  i on - ion  h y b r i d  resonance (k: -0 M ) ~  T h i s  a l s o  r e p r e s e n t s  a 
mode convers ion  s u r f a c e ,  TIE v a n i s h i n g  sf B - k i  = o and c - $ = o 
leads t o  cutoffs (ki -+ s>,  he fast-wave cutof f  c - kf = o i s  n o t  
a f f e c t e d  by the resonances. However, c u t o f f  for t h e  i o n  c y c l o t r o n  
(slow) wave B - ki IT 0 o c c u r s  near  t h e  resonance. For a tokamak c r o s s  
s e c t i o n ,  r e p r e s e n t a t i v e  d i s p e r s i o n  s u r f a c e s  Tor t h e  case of a l i g h t  
m i n o r i t y  i n  B heBvy background m a j o r i t y  species are shown in Fig .  5.1. 

I n  t h e  presence of m i n o p i t y  spec ies ,  t h e  p o l a r i z a t i o n  o f  t h e  w ~ v e  
e l e c t r i c  f i e l d  for  magnetosonic fast waves is s i g n i f  i c s n t l y  a l t e r e d  
w i t h  \E?I 5: 0 (where E' = E, + i E  i s  t h e  l e f t -hand  component of t h e  
wave t h a t  r o t a t e s  i n  t h e  same sense a s  i ons ) .  Y 

6.2.2 AsloJ.Dliasr 

A c h a r a c t e r i s t i c  f e a t u r e  of fast waves i n  t h e  i o n  c y c l o t r o n  range 
of f r e q u e n c i e s  of a m u l t i - i o n - s p e c i e s  plasma i s  t h e  l o c a l  i r a t i o n  of t h e  
wave damping mechanism around t h e  h y b r i d  r e m n a n c e  l a y e r  (shaded area 
in Fig. 5.1). Most of t h e  wave power i s  absarbed around t h e  t h i n  
v e r t i c a l  l aye r ,  where A - k2 = 0 (resonance) and E3 - kf = Q ( c u t o f f )  

When t h e  c o n c e n t r a t i o n  of t h e  m i n o r i t y  s p e c i e s  i s  low, rf power is 
absorbed m a i n l y  by t h e  m i n o r i t y  ions ,  p r o d u c i n g  an  e n e r g e t i c  m i n o r i t y  
d i s t r i b u t i o n .  When t h e  m i n o r i t y  c o n c e n t r a t i a n  i s  above a c e r t a i n  
t h r e s h o l d  (de termined by T, v, , ,  e t c . ) ,  the f a s t  wave can mode-convert 
i n t o  an e l e c t r o s t a t i c  i o n  B e t n s t e i n  wave, wh ich  can t h e n  t e n d  t o  h e a t  
t h e  e l e c t r o n s  t h r o u g h  e l e c t r o n  Landau damping. 

I n  order t o  c a l c u l a t e  t h e  l e f t -hand  component of t h e  wave e l e c t r i c  
f i e l d  p r o p e r l y ,  we need t o  c o n s i d e r  t h e  complete warm plasma dispersion 
r e l a t i o n .  F igure  5.2 is  a plot  o f  t h e  l e f t -hand  component IE'I of the 
f a s t  wave, showing t h e  s t r o n g  peak ing  o f  ]E'l around a t h i n  h y b r i d  
resonance l a y e r .  R e s u l t s  shown a r e  for a D (deuter ium) plasma w i t h  H+' 
m i n o r i t y  w i t h  t h e  f o l l o w i n g  plasma parameters:  T = 4 keb", 

Bo = 2 T, and R, = 2 on. 
The d i s t a n c e  of t h e  h y b r i d  l a y e r  from t h e  c y c l o t r o n  resonance o f  

t h e  m i n o r i t y  i o n s  i s  p r o p o r t i o n a l  t o  t h e  m i n o r i t y  c o n c e n t r a t i a n  and t h e  
m a j o r  r a d i u s  of t h e  t o r u s .  Because t h e  c y c l o t r o n  resonance h e a t i n g  is  

occur" (see F ig .  5.1). The t a i c k n e s s  of h y b r i d  l a y e r  i s  Ax = X A  - X B .  

ng(background) = 10 20 rn -3 , n h ( m i n o r i t y )  = 5 X 10 IS m 3 (nh/nD n" 5 
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F i g .  5.1.  Mode c o n v e r s i o n  sur faces  a n d  c u t o f f s  for a l i g h t  
m i n o r i t y  s p e c i e s  in a heavy backg round  m a j o r i t y  s p e c i e s  plasma.  
C u r v e  A i s  t h e  mode c o n v e r s i o n  r e s o n a n c e  (A - k i  = 0) w h e r e a s  c u r v e  B 
i s  the a s s o c i a t e d  cu to f f  (B - !(j z . 0 ) .  c u r v e  c is  t h e  fast wave cutof f  
c - I( z 0. i s  t h e  m i n o r i t y  s p e c i e s  ion c y c l a t r o n  resonance 
l a y e r .  Wave power is  a b s o r b e d  a r o u n d  shaded area,  h y b r i d  l a y e r  

w = 

A X  X A  - X B .  
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F ig .  5.2. F r a c t i o n  of l e f t -hand  component of t o t a l  power a s  a 
f u n c t i o n  of r a d i u s  for D-H plasma (D-majority, H-mino r i t y ) .  Plasma 
a x i s  is a t  x = 0 (x > 0 is t h e  l o w - f i e l d  s i d e ) .  Plasma parameters  a r e  
g i v e n  i n  t e x t .  N o t e  t h a t  ]E'] peaks around h y b r i d  resonance l a y e r  and 
i n  t h e  h i g h  f i e l d  s i d e  (x  < 0'). B e r n s t e i n  waves a r e  also s t r o n g l y  
absorbed ( r e f .  [ 5 5 ] ) .  
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g o v e r n e d  by t h e  r e s o n a n c e  c o n d i t i o n  v,, = (w - oh) / k l l  (where 
Rh = eZhBo/m:, i s  t h e  m i n o r i t y  s p e c i e s  c y c l o t r o n  f r e q u e n c y ) ,  v a r y i n g  t h e  
kll s p e c t r u m  and  m i n o r i t y  c o n e e n t r a % i o n  w i  I I v a r y  t h e  v e l o c i t y  s p a c e  
r e g i o n  o f  r e s o n a n t l y  h e a t e d  i o n s .  To d r i v e  a c u r r e n t ,  a s y m m e t r i c a l  
h e a t i n g  o f  supert ,hermal m i n o r i t y  i o n s  i s  r e q u i r e d .  This cali b e  
r e a l  i zec l  by c r e a t i n g  a n  e n e r g e t i c  t a i  1 of m i n o r i t y  i o n s .  

We n o t e  t h a t  bath t h e  l o c a l i z a t i o n  of ]E+I and t h e  asymmetry  o f  k,, 
s p e c t r u m  a p e  necessa ry  t o  a c h i e v e  a s y m m e t r i c  h e a t i n g  of  m i n o r i t y  i o n s .  

A t r a v e l i n g  ICRF wave is  r e q u i r e d  i f  a n e t  d r i f t  be tween  t he  ion 
s p e c i e s  i s  t o  be g e n e r a t e d .  The  c a l c u l a t i o n  i n  r e f .  [55] i n d i c a t e s  
t h a t .  th is  can  be a c h i e v e d  by t h e  u s e  o f  an a r r a y  o f  p h a s e - s h i f t e d  
a n t e n n a e .  Assuming t h a t  (1) t h e  Wave p r o p a g a t i o n  p r o c e e d s  a t  a l m o s t  
c o n s t a n t  k,,, (2) t h e  weak s h e a r  d o e s  n o t  change t h e  s p e c t r u m  l a u n c h e d  
from t h e  edge of t h e  plasma, and (3) t h e  p o l o i d a l  v a r i a t i o n  of  t h e  wave 
f i e l d  is weak (long antennae) ,  a s l a h  model  fo r  a n t e n n a  c o u p l i n g  can be 
used  t o  d e t e r m i n e  t h e  plasma p a r a m e l e r s  t h a t  a r e  n e c e s s a r y  t o  p r o d u c e  
a n  a s y m m e t r i c  k,, s p e c t r u m  r e q u i r e d  for  a s y m m e t r i c  h e a t i n g .  [ N o t e  t h a t  
a p p r o x i i n a t i o n  o f  almost c o n s t a n t  k,, d o e s  not r e m a i n  u n i f o r m l y  v a l  id, 
e s p e c i a l  l y  i n  r e g i o n s  where mode c o n v e r s i o n  p l a y s  a ro le  a n d  t h e  
p e r p e n d i c u l a r  wave number (ki) becomes v e r y  l a r g e . ]  I n  th is mode, t h e  
a n t e n n a e  a r e  t r e a t e d  a s  c u r r e n t  f i l a m e n t s  i n f i n i t e  i n  t h e  y ( i . e . ,  
p o l o i d a l )  d i r e c t i o n .  The d e n s i t y  g r a d i e n t  i s  t a k e n  t o  be i n  t h e  
x d i r e c t i o n ,  and t o r o i d a l  m a g n e t i c  f i e l d  i s  i n  t h e  z - - d i r e c t i o n ,  

For t h e  f a s t  wave t h e  wave e q u a t i o n  [Eq. (3-5)] i s  s o l v e d ,  and t h e  
ki, s p e c t r u m  f a r  f o u r  a n t e n n a e  phased a t  4 = 7~/2 i s  sho n i n  F ig .  5.4 
for two d i f f e r e n t  t h i c k n e s s e s  of t h e  l o w d e n s i t y  edge p lasma r e g i o n  i n  
f r o n t  o f  t h e  a n t e n n a e .  The asymmetry of t h e  kli s p e c t r u m  depends 
s e n s i t i v e l y  o n  t h e  t h i c k n e s s  of  t h e  l o w - d e n s i t y  r e g i o n  w i t h  a t h i c k e r  
l o w - d e n s i t y  r e g i o n  p r o d u c i n g  a snore a s y m m e t r i c  spectrum. ( T h i s  i s  
because a t  s u f f i c i e n t l y  h igh k,,, t h e  l ou r -dens i t y  r e g i o n  becomes 
evanescen t ,  t h u s  s u p p r e s s i n g  t h e  p e a k s  of t h e  s p e c t r u m  a t  h i g h e r  

k , , . )  These  r e s u l t s  i n d i c a t e  t h a t  i t  i s  e a s i e r  t o  l a u n c h  a t r a v e l i n g  
f a s t  wave i n  l a r g e r  tokamaks. 

(Fig.  5 . 3 ) .  
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Fig. 5.3 .  Configuration of antennae-plasma coup1 i ng model (edge 
plasma 0 < x < XI, b u l k  plasma x > XI) for fast wave coupling. 
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As ment ioned e a r l  i e r ,  c y c l o t r o n  resonance h e a t i n g  o c c u r s  when t h e  
resonance c o n d i t i o n  i s  s a t i s f i e d :  

The t h i c k n e s s  of t h e  h y b r i d  l a y e r  Ax = - X B  (Fig.  S . l ) ,  where most 
of t h e  wave power i s  absorbed, depends on k,,. W i t h i n  t h e  main peak o f  
a spec t rum (such a s  t h a t  g i v e n  by F i g .  5,4-), we can approx imate  t h e  
wave spec t rum as f l a t t o p p e d  w i t h i n  some upper ( k l )  and lower (kg) I i m i t  
o f  t h e  main peak (k2 < k,, < k l ) .  W i t h  t h i s  assumption, Ax can be 
regarded as c o n s t a n t .  The minimum (VI) a n d  maximum (vp) para1  le1 
v e l a c i t i e s  of t h e  r e s o n a n t  i o n s  c3n t h e n  be approx imated (for = 1) a s  

t h a t  is, t h e  v e l o c i t y  space resonance r e g i o n  i s  VI < vII < v2. 

The quas i - l  i n e a r  Fokker-Planck equa t ion  of t h e  form g i v e n  by 
Eq. (3-28) i s  s o l v e d  numerical  l y  for  m i n o r i t y  i o n s  i n  t h e  presence of  a 
weak rf f i e l d  i n  r e f .  [ 5 5 ] .  For fundamental c y c l o t r o n  h e a t i n g ,  t h e  
quas i - - !  i n e a r  operator-  fo r  t h e  m i n o r i t y  i o n s  i s  

(5-34) 

A spread i n  t h e  kll spectrum can s i m p l y  be i n t r o d u c e d  i n  E q .  (5-34) a s  
an i n t e g r a l  (ar summation) o v e r  t h e  kll spectrum. W i t h i n  t h e  h y b r i d  
resonance laye r ,  1E'I i s  l o c a l i z e d  (F ig .  5.2) and t h u s  can be taken  as 
a c o n s t a n t  i n  v e l o c i t y  space. 

Knowing t h e  d i s t r i b u t i o n  f u n c t i o n  fh ,  t h e  m i n o r i t y  c u r r e n t  J h  and 
t h e  power absorbed by t h e  m i n o r i t y  Prf can be c a l c u l a t e d .  To 
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Fig .  5.4. k,,-spectrum of rf power e x c i t e d  by f o u r  a n t e n n a e  90° 
out of phase: (a) thickness of low-density r e g i o n  = 15 cm; (b) 
t h i c k n e s s  o f  low d e n s i t y  r e g i o n  = 10 crn ( r e f .  [55]>, 
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c a l c u l a t e  t h e  to ta  I c u r r e n t  response of  b u l k  plasma m a j o r i t y  i o n s  and 
e l e c t r o n s  need t o  be es t ima ted .  C a l c u l a t i o n  of t h e  response of t h e  
ma jo r i t y  i o n s  r e q u i r e s  know I edge of  t h e  ex te rna  I momentum source .  
Assuming t h a t  t h e  p a r a 1  l e1  momentum of ICRF i s  z e r o  (or n e g l i g i b l e ) ,  
t h e  f o l l o w i n g  a r e  p o s s i b l e :  (1) t h e r e  i s  a momentum source  on t h e  
major i ty i o n s  (e.g., n e u t r a l  beam) such t h a t  t h e  to ta l  i o n  momentum 
remains  z e r o  ( i . e . ,  m i n i Y i  = -mhnhhvhll), and (2) t h e  m a j o r i t y  i o n  
v e l o c i t y  remains  z e r o  ( i . e . ,  v i  = 0). I n  t h e  f i r s t  case t h e  m a j o r i t y  
i o n  c u r r e n t  i s  o b t a i n e d  from c o n s e r v a t i o n  of t o ta l  momentum 
[Eq. (5-15)], and i n  t h e  second case t h e r e  i s  no m a j o r i t y  i o n  c u r r e n t .  

The e l e c t r o n  c u r r e n t  is  c a l c u l a t e d  f rom an e l e c t r o n  Fokker-Planck 
e q u a t i o n  i n  wh ich  t h e  e l e c t r o n  d r a g  on  t h e  e n e r g e t i c  m i n o r i t y  i o n s  
r e s u l t s  i n  a r e l a t i v e  e l e c t r o n  d r i f t  and t h u s  an  e l e c t r o n  ( r e t u r n )  
c u r r e n t .  The t o t a l  c u r r e n t  for a s i n g l e  m a j o r i t y  i o n  i s  

(5-35) 

for more t h a n  one major i ty i o n  spec ies ,  one can r e p l a c e  Z i  w i t h  Z,ff. 
Note  t h a t  this i s  t h e  same e q u a t i o n  g i v e n  by Eq. (5-19) w i t h  X = 1 
cor respond ing  t o  case 1 ( i . e . ,  total  i o n  momentum be ing  zero) and A = 0 
co r respond ing  t o  case 2 ( i . e . ,  T i  = 0); t h a t  is, v i  = -hmhnhvh,,/mini. 

As d iscussed  i n  S e c t .  5.1.2, Eq. (5-35) shows t h a t  t h e  c u r r e n t  
prof i I e genera ted  and i t s  d i r e c t i o n  depend s t r o n g l y  on t h e  compos i t i on  
of  t h e  m i n o r i t y - m a j o r i t y  s p e c i e s  (Zh/Zi) .  The e f f i c i e n c y  o f  t h e  t o ta l  
c u r r e n t  genera ted  i s  g i v e n  by 

- 

which  i s  shown i n  F ig .  5.5 for D-He3. F o r  t h i s  case, t h e  c u r r e n t  
genera ted  i s  peaked near t h e  plasma a x i s  (E = r/R, = 0). The c u r r e n t  
d r i v e n  i n  a D-H plasma (H i s  t h e  m i n o r i t y  spec ies)  i s  shown i n  
Fig.  5.6, where t h e  p r o f i l e  can be seen t o  be q u i t e  f l a t  except  near 
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Fig.  5.5. Effieienc of t o t a l  c u r r e n t  g e n e r a t i o n  vs i n v e r s e  
a s p e c t  r a t i o  for a D-He plasma. Plasma parameters  a r e  Tg = 4 keV, 

and X = 1 ( r e f .  11551). 

Q 
no = 10 2o m3, nHe3 = 5 x lola m3, R, = 2 m, ~ / 2 3  = 20 MHZ, v1 = 2 v,,, 
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F i g -  5.6. Eff ic iency of to ta l  cur ren t  generat ion vs i n v e r s e  
aspect ratio for D-H plasma. Plasma pararneters a r e  t h e  same a s  those 
i n  ~ i g ,  5.5  excep t :  nH = 5 x m.3, w/2.rr = 30 MHZ, and x = o 
( r e f .  [ 5 5 ] ) .  
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t h e  a x i s .  Th i s  i s  because i n  t h e  D-He3 case 1 - zh/zi and t h e  l a s t  
t e r m  i n  Eq. (5-35) a r e  o p p o s i t e  i n  s i g n  and can cancel  each o t h e r  for 
i n c r e a s i n g  E, whereas fo r  t h e  D-H case o n l y  t h e  last  t e r m  ( t rapped  
e l e c t r o n s )  c o n t r i  bu te .  

The b a s i c  mechanism of c u r r e n t  g e n e r a t i o n  by ICRF m i n o r i t y  s p e c i e s  
h e a t i n g  r e !  i e s  on  t h e  Fisch-Boozer mechanism by asymmet r i ca l l y  h e a t i n g  
t h e  m i n o r i t y  i o n  s p e c i e s  t o  c r e a t e  a r e l a t i v e  d r i f t  (between m i n o r i t y  
i o n s  and background m a j o r i t y  i o n s  and e l e c t r o n s )  and on  t h e  mechanism 
of n e u t r a l  beam c u r r e n t  d r i v e  t h a t  r e q u i r e s  t h i s  r e l a t i v e  d r i f t  between 
t h e  s p e c i e s .  When Considered s e p a r a t e l y ,  b o t h  of t h e s e  techn iques  a r e  
w e l l  e s t a b l i s h e d .  However, a comb ina t ion  of bo th  has n o t  y e t  been 
demonstrated experirnenta I iy  . 

I n  genera l ,  c a l c u l a t i o n s  based on  s i n g l e - p a r t i c l e  t r e a t m e n t  and 
quas i - I  i n e a r  Fokker-Planck a n a l y s i s  a r e  i n  reasonab le  agreement. 
Fokker-Planck c a l c u l a t i o n s  a r e  for t h e  weak rf l i m i t ,  wh ich  assumes 
i s o t r o p i c  d i s t r i b u t i o n  (not v a l i d  f o r  an  enhanced t a i l  from a s t r o n g  
asymmetr ic r f) .  No s tudy  is  y e t  a v a i l a b l e  for a s t r o n g  rf case. 

There  a r e  some p r a c t i c a l  1 imits, some ~f which were d iscussed 
p r e v i o u s l y .  For example, c a l c u l a t i o n s  assume t h a t  the wave power i s  
absorbed e x c l u s i v e l y  by t h e  resonan t  m i n o r i t y  s p e c i e s  w i t h i n  t h e  narrow 
h y b r i d  resonance l a y e r  (Fig. 5.2). Also, o n l y  i o n s  i n  t h e  most 
f a v o r a b l e  r e g i o n  of v e l o c i t y  space a r e  assumed t o  be resonan t  
[Eqs. (5-24)-(5-29)]. I n  o r d e r  t o  a v o i d  power a b s o r p t i o n  by majori ty 
s p e c i e s  ions, t h e  wave phase v e l o c i t y  must  s a t i s f y  c e r t a i n  c o n s t r a i n t s .  
To o b t a i n  h i g h  e f f i c i e n c i e s ,  t h e  v e l o c i t y  of  resonant  ( m i n o r i t y )  i o n s  
s h o u l d  l i e  i n  t h e  range of, fo r  example, v I ,  - (3-5)vth; t h a t  is, 

On t h e  o t h e r  hand, f o r  t h e  resonance c o n d i t i o n  to  a v o i d  h e a t i n g  a 
s u b s t a n t i a l  number of m a j o r i t y  ions, one r e q u i r e s  

w - f l i  > 5u; . 
11 
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For m i n o r i t y  ( n o t  m a j o r i t y )  h e a t i n g  t o  o c c u r  a t  t h e  f i r s t  h a r m o n i c  
(4 ::- l ) ,  we combine t h e s e  two r e q u i r e m e n t s  to  o b t a i n  a c o n d i t i o n  on  t h e  
p a r a l l e l  wave phase v e l o c i t y  (u/k, l ) ;  t h a t  is, for v I I  N 3 v t h  and 
flh > f i i ,  

A s i m i l a r  c o n d i t ,  
D 4 e 3  plasma ( m i  
u/k, ,  > 1 3 v t h  f o r  

Compet ing  w i  

i o n  may be o b t a i n e d  when 61h < Qi. For example, for 
= 2, mh = 3, z h  = 2), W/kll  > 16v th  f o r  V,, N 3 v t h  and 

5 Q t k  
t h  t h e  c y c l o t r o n  damping of  t h e  wave by m i n o r i t j  i o n s  

is  t h e  Landau damping o f  t h e  wave by e l e c t r o n s  ( S e c t .  5.2.2).  T h i s  may 
become t h e  case when t h e  r e q u i r e d  m i n o r i t y  c o n c e n t r a t i o n  i s  h i g h  
enough, i n  w h i c h  case t h e  fast wave c a n  mode-conver t  i n t o  a B e r n s t e i n  
wave. As can be  seen from F i g .  5.2, even t h o u g h  t h e  c y c l o t r o n  damping 
d a n i n a t e s  n e a r  re-wnance ( h y b r i d  1ayer) ,  e l e c t r o n  damping d o m i n a t e s  o f f  
r esona n c e. 

T h e r e  a r e  a l s o  c o n s t r a i n t s  on  t h e  m a j o r i t y - m i n o r i t y  s p e c i e s  mix 
[ see  d i s c u s s i o n  f o l l o w i n g  Eq, (5--21)]. For example,  for  t h e  D-4 c a s e  
c o n s i d e r e d  i n  F i g .  5.6, t h e  fundamenta l  harmon ic  of  H c o i n c i d e s  w i t h  
t h e  second harmon ic  of D. A t  h i g h  t e m p e r a t u r e s ,  t h e  second h a r m o n i c  
a b s o r p t i o n  of D can be a p p r e c i a b l e .  

P r o b a b l y  t h e  b e s t  c a n d i d a t e  f o r  a D-T r e a c t o r  i s  t h e  He3 m i n o r i t y  
i o n s .  However, t h e  He3 f undasnenta I r e s o n a n c e  c o i  n c i  d e s  w i t h  t h e  second 
harmon ic  o f  t r i t i u m ,  and some i n e f f i c i e n c y  i n  c u r r e n t  d r i v e  w i l l  r e s u l t  
due t o  d i r e c t  t r i t i u m  h e a t i n g  ( s i m i l a r  t o  t h e  D-H c a s e ) .  

One u n d e s i r a b l e  f e a t u r e  of ICRF m i n o r i t y  c u r r e n t  d r i v e  will come 
from t h e  f a c t  t h a t  a t  f i x e d  b e t a  ( t o r o i d a l  be ta)  any i n j e c t i o n  o f  
m i n o r i t y  i o n s  w i l l  d i l u t e  t h e  D-T f u e l  d e n s i t y .  T h i s  w i l l  r e s u l t  i n  a n  
u n d e s i r a b l e  r e d u c t i o n  i n  r e a c t o r  power o u t p u t .  The p r e s e n c e  of  s e v e r a l  
i o n  s p e c i e s  ( t h r e e ,  f o u r ,  o r  f i v e )  w i l l  r e s u l t  i n  s u b s t a n t i a l  p a r a s i t i c  

h e a t i n g  losses, and i n  a r e a c t o r  t h i s  may s e v e r e l y  l i m i t  t h e  e f f i c i e n c y  
of c u r r e n t  d r i v e  v i a  m i n o r i t y  h e a t i n g .  

A l t h o u g h  t h e  ICRF m i n o r i t y  h e a t i n g  scheme m i g h t  n o t  be  h i g h l y  
d e s i r a b l e  as a r e a c t o r  c a n d i d a t e  fop c u r r e n t  d r i v e ,  ICRF waves c o u l d  be 
used t o  enhance t h e  beam d r i v e n  c u r r e n t  e f f i c i e n c y  o r  t o  a c c e l e r a t e  
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a l p h a  particles (asymmetrical ly )  t o  generate a current. 
w i l  I be discussed w i t h  the other hybrid schemes. 

These options 





In p r e v i o u s  s e c t i o n s  we d i scussed  t h e  p o s s i b i  I it] of m a i n t a i n i n g  a 
s teady -s ta te  c u r r e n t  based on  more deve loped schemes such as n e u t r a l  
beam i n j e c t i o n ,  lower hyb r id  waves, e l e e t r o n  c y c l o t r o n  waves, and i o n  
c y c l o t r o n  waves.  In th is  s e c t i o n  we b r i e f l y  comment on m e  of t h e  
o t h e r  schemes 1 i s t e d  i n Tab 1 e 0 1 a 

A c u r r e n t  d r i v e  scheme based on t h e  use of  ICRF waves t o  enhance 
t h e  e f f i c i e n c y  of  t h e  beam-driven c u r r e n t  w a s  prapsed by Okano 
e t  a t .  [57,84]. Th is  scheme uses ICRF t o  inc rease  t h e  p e r p e n d i c u l a r  
energy of f a s t  beam i o n s  i n  o r d e r  t o  reduce t h e i r  c o l I i s i o n s  w i t h  
background therma! ions,  t he reby  i n c r e a s i n g  t h e i r  t h e r m a l i z a t i o n  t i m e .  
The mechanism i s  i I  l u s t r a t e d  i n  Fig.  6.1, where t h e  s l o w i n g  down 
t r a j e c t o r y  of t h e  beam i o n s  i s  shown s c h e m a t i c a l l y  i n  v e l o c i t y  space, 
W i t h o u t  ICRF, t h e  beam ions slow down due to Coulomb c o l l i s i o n s  along a 
t r a j e c t o r y ,  (1) shown i n  Fig.  8 , l -  W i t h  ICRF, 5 n  t h e  o t h e r  hand, t h e  
slowing-down t r a j e c t o r y  i s  deformed due t o  p e r p e n d i c u l a r  a c c e l e r a t i o n  
~f f a s t  beam i o n s  by t h e  ICRF wave, as i l l u s t r a t e d  by a t r a j e c t o r y ,  (2) 
i n  Fig. 6.1. This d e f o r m a t i o n  causes t h e  e x t e n s i o n  OS t h e  beam-ion 
l i f e t i m e ;  thus, i n  e q u i l i b r i u m ,  t h e  d e n s i t y  of and t h e  c u r r e n t  c a r r i e d  
by t h e  f a s t  i o n s  a r e  enhanced [see Eq. (2.2)]. A 2-D Fokker-Planck 
t r e a t m e n t  of t h e  i n t e r a c t i o n  between a n  XCRF wave and fast  ions a r i s i n g  
from n e u t r a l  beam i n j e c t i o n  is  d i s c u s s e d  i n  d e t a i l  i n  r e f .  [?O]. The 
r e s u l t s  i n d i c a t e  t h a t  t h e  c u r r e n t  c a r r i e d  by t h e  i n j e c t e d  fast i o n s  i s  
inc reased  by t h e  wave i n t e r a c t i o n  i n  most c i rcumstances ,  The optimum 
c u r r e n t  d r i v e  e f f i c i e n c y .  w i t h  t h e  a p p l i c a t i o n  of ICRF, i s  found  to  be 
a b u t  t w i c e  t h e  optimum e f f i c i e n c y  of g e n e r a t  ion of t h e  s t r a i g h t f o r w a r d  
b e a m d r i v e n  c u r r e n t  d i scussed  i n  S e c t .  2. For pu re  beam-driven 
c u r r e n t s ,  t h e  peak e f f i c i e n c y  o c c u r s  for an  i n j e c t e d  beam energy around 
Eo N (30-50)AfTe (see Fig. 2.2). The r e s u l t s  of  r e f .  [TO] i n d i c a t e  
t h a t  a p p l y i n g  ICRF can reduce t h e  optimum beam energy by up t o  a f a c t o r  
of 4. For example, with T, N 15 keV the optimum i n j e c t i o n  energy f o r  a 
deu te r ium beam (At = 2) i s  around 1 t o  1.5 MeV for t h e  s t r a i g h t f o r w a r d  
beam-driven c u r r e n t  scheme, whereas it is around 250 t o  400 keV fo r  t h e  
wave-enhanced beam-driven scheme. T h i s  is  c e r t a i n l y  i m p o r t a n t  t o  t h e  
o v e r a l  I e f f i c i e n c y  of t h e  d r i v e r .  I n  p r a c t i c e ,  t h e  o v e r a l  I e f f  i c i e n e y  
of t h e  rf scheme m i g h t  be expec ted  t o  be even more improved because t h e  
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~itlhout; ICRF ( r e f .  [5’1]).  



163 

e f f i c i e n c y  of g e n e r a t i n g  t h e  rf s h o u l d  almost c e r t a i n l y  exceed t h a t  of 
high-energy n e u t r a l  beams. A g a i n s t  th is advantage, t h e  c o m p l i c a t i o n s  
i n h e r e n t  i n  t h e  s imu l taneous  use o f  two d i f f e r e n t  h e a t i n g  systems 
s h o u l d  be o f f s e t ,  

6.2. Current Drive by Q! Particles-rf W Interactian [57,59-61] 

I t  is p o s s i b l e  to  use t h e  high-energy a p a r t i c l e s  produced by 
f u s i o n  r e a c t o r s  t o  s u s t a i n  a s t e a d y - s t a t e  c u r r e n t  i n  a tokamak plasma. 
The i dea  i s  to  use rf power t o  p r o h i b i t  t h e  a p a r t i c l e s  from s l o w i n g  
down i s o t r o p i c a l l y  and t o  push t h e  a p a r t i c l e s  i n  a p r e f e r e n t i a l  
d i r e c t i o n  and t h u s  form an @ - p a r t i c l e  beam. T h i s  a - p a r t i c l e  beam w i l l  
t h e n  t r a n s f e r  t h e  momentum t o  e l e c t r o n s  and s u s t a i n  a c u r r e n t .  I n  a 
r e a c t o r ,  cx p a r t i c l e s  a r e  born  i s o t r o p i c a l l y  i n  v e l o c i t y  space and slow 
down v i a  Coulomb c o l l i s i o n s  w i t h  t h e  background plasma p a r t i c l e s .  The 
&-pa rt i c I e d i str i b u t  i on f u n c t  i on, i n i dea 1 c i r cumsta nces, r ema i n s  
i s o t r o p i c  d u r i n g  t h e  s l o w i n g  down, and t h e r e  i s  no n e t  c u r r e n t .  
However, t o  genera te  a c u r r e n t ,  t h e  c r - p a r t i c l e  d i s t r i b u t i o n  has t o  be 
made asymmetr ic by means of rf power, p a r t i c l e  loss, e t c .  

6.2.1 Aspnrms tric Heat% of ct Particles with I W  [57,60] 

A mechanism s i m i l a r  t o  t h a t  d i scussed  i n  S e c t .  6 .1  can a l s o  be 
used w i t h  f u s i o n  p r o d u c t s  (01 p a r t i c l e s ) .  The scheme proposed by Okano 
e t  a l .  [57,60] uses ICRF waves t o  clamp t h e  energy of ix p a r t i c l e s  
produced i n  t h e  resonan t  r e g i o n  i n  v e l o c i t y  space. The ICRF waves have 
no  t o r o i d a l  momentum (see Sect ,  5) and a c c e l e r a t e  a p a r t i c l e s  o n l y  i n  
t h e  p e r p e n d i c u l a r  d i r e c t i o n  ( i . e * ,  i nc rease  vL) w i t h  r e s p e c t  t o  t h e  
t o r o i d a l  f i e l d .  However, t h i s  a c c e l e r a t i o n  is  e f f e c t i v e  i n  c lamping  
t h e  p a r t i c l e  momentum i n  t h e  p a r a l l e l  d i r e c t i o n .  If t h e  ICRF wave 
t r a v e l i n g  u n i d i r e c t i o n a l  ly  a l o n g  t h e  t o r o i d a l  f i e l d  is launched t o  t h e  
tokamak plasma, t h e  resonan t  r e g i o n  i n  v e l o c i t y  space becomes 
asymmetric, and it produces an asymmetr ic v e l o c i t y  d i s t r i b u t i o n  of 
a p a r t i c l e s  (Fig.  6.2). As a r e s u l t ,  t h e  average d r i f t  of 01 p a r t i c l e s  
i s  e s t a b l i s h e d  and t h e  n e t  toroidal c u r r e n t  i s  induced. Th i s  mechanism 
i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  b a s i e  mechanism of  ICRF c u r r e n t  
g e n e r a t i o n  by m i n o r i t y  s p e c i e s  h e a t i n g  (Sec t ,  5). The p r e s e n t  scheme 
u s i n g  a - p a r t i c l e s  i s  s p e c i f i c  t o  r e a c t o r  plasma c o n d i t i o n s .  As such, 
it does n o t  favor low-density, low-temperature s t a r t u p  o p e r a t i o n s  
because of t h e  i n s u f f i c i e n t  amount of  resanan t  a p a r t i c l e s .  
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I n  s teady  s t a t e ,  t h e  total c u r r e n t  J induced by t h e  d r i f t  o f  
01 p a r t i c l e s  i s  d e s c r i b e d  f a i r l y  w e l l  w i t h  Eq. (5-18) 

where Ta i s  t h e  a - p a r t i c l e  d r i f t  speed and J = enaZaTia i s  t h e  
@ - p a r t i c l e  c u r r e n t .  I n  t h i s  express ion ,  n e o c l a s s i c a l  e l e c t r o n  o r b i t  
e f f e c t s  a r e  n o t  t aken  i n t o  accoun t .  As i n  t h e  case of m i n o r i t y  c u r r e n t  
(Sect. 5) or beam c u r r e n t  {Sect.  2), t h e r e  i s  a n e t  c u r r e n t  i n  t h e  
plasma i f  Za # Z,,f. 

The c u r r e n t  d r i v e  e f f i c i e n c y  (?/?> i s  no b e t t e r  t h a n  t h e  case of 
m i n o r i t y  h e a t i n g .  When one a p p l i e s  th is scheme t o  f u s i o n  r e a c t o r s ,  t h e  
f i r s t  d i f f i c u l t y  a r i s e s  from t h e  e q u a l i t y  of t h e  i o n  c y c l o t r o n  
resonance f requency  between 01 p a r t i c l e s  and deu te rons  (h)o = %), 
because both have t h e  same charge-to-mass r a t i o .  To a v o i d  majori ty 
c y c l o t r o n  damping, t h e  resonan t  c o n d i t i o n  [vlII = (w - R>/k,,] and rf 
f requency  w must be chosen c a r e f u l l y .  U s u a l l y  a p a r t i c l e s  have ve ry  
high energy (up t o  3.5 MeV i n  a D-T plasma) compared t o  background 
m a j o r i t y  deu te rons  (T i  N 10-20 keV). I f  t h e  minimum resonan t  v e l o c i t y  
Vli,rnin = (w - r$ max)/kl, is s e l e c t e d  such t h a t  v,l,min >> VD, t h e r e  w i l  I 
be no (or very few) deu te rons  t o  r e s o n a t e  i n  t h e  resonan t  reg ion ,  b u t  
most Q p a r t i c l e s  can resonant .  Here, $,max i s  t h e  maximum deu te ron  
c y c l o t r o n  f requency  w i t h i  n t h e  plasma. Thus, a f a v o r a b l e  resonan t  
c o n d i t i o n  can be o b t a i n e d  by choos ing  a wave f requency  such t h a t  

a 

- k,,va >> *D,max. 

6.2.2 A s y m e  tric Heat- of ~r Particles with. Traveling Baaan etmanic 
XFast) kves  [59,61] 

I n  p r i n c i p l e  a s t a t e  of induced a n i s o t r o p y  (namely, asymmetr ic 
Q p a r t i c l e  d i s t r i b u t i o n )  can be c r e a t e d  by i n t e r a c t i o n  of  a p a r t i c l e s  
w i t h  t h e  fast t r a v e l i n g  (magnetosonic) waves. I n  genera l ,  t h e  P a s t  
wave i s  an e l e c t r o m a g n e t i c  mode i n  which t h e  wave e l e c t r i c  f i e l d  i s  
p r i m a r i l y  p e r p e n d i c u l a r  t o  t h e  dc  ( s t a t i c )  magnet ic  f i e l d ;  because of 
t h i s  p r o p e r t y ,  i t can propagate  i n  a plasma over a w ide  f requency  range 
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from be loa  t h e  i o n  c y c l o t r o n  f requency  a l  I t h e  way up Lo t h e  
e l e c t r o n  c y c l o t r o n  frequency 0,. When w < Q i ,  it i s  c a l l e d  t h e  
compressional  A l f v 6 n  wave. When sli < w < w~1-i .  it has t h e  names 
magnetosonic wave, high-frequency Alfv6n wave, ebc. When w > aws i t  
i s  genera l  l y  named t h e  Nhis t le r  wave, I he magnetosonic waye (w > ni) 
seems p a r t i c u l a r l y  i n t e r e s t i n g  for p roduc ing  an asymmetric a - p a r t i c l e  
d i s t r i b u t i o n .  The phase v e l o c i t y  of such waves i s  of the order of 
A l f v e n  speed V A  

- 

which, i n  a r e a c t o r - l i k e  plasma, i s  r o u g h l y  t h e  same a s  t h e  speed of 

For t h e  purpose of c u r r e n t  d r i v e  t h e  i n t e r e s t  i s  i n  c o n v e r t i n g  
wave momentum t o  t h a t  of a p a r t i c l e s .  Thus, i b  i s  conven ien t  t o  have 
the  wave p a r a 1  le1 phase speed be of  t h e  o r d e r  o f  a - p a r t i c l e  speed 
(vpll N va) t o  maximize t h e  c o l  I isionless wave damping, and, a t  t h e  same 
t ime,  t o  have a f requency  w n o t  tos c l o s e  i o  t h e  ion c y c l o t r ~ n  
f requency  t o  a v o i d  c y c l o t r o n  damping on  t h e  background ions. The 
choice of w 5h6i appears  m o s t  s u i t a b l e ,  i n  t h a t  Landau damping and 
t r a n s i t  t i m e  magne t i c  pumping (PTMP) can now s e l e c t i v e l y  i n t e r a c t  
@I p a r t i c l e s  genera te  an asymmetr ic d i s t r i b u t i o n ,  thereby  a c i r c u l a t i n g  
CI p a r t i c l e  ( m i n o r i t y )  beam. 

The force e x e r t e d  on  CL p a r t i c l e s  i n  t h e  d i r e c t i o n  of  s t a t i c  
magnet ic  f i e l d  8, i s  

a - p a r t i c l e s  (vp = w/k,, N V A  N Y ~ ) .  

N 

here  E m,v2,1/2Bo i s  t h e  magnetic moment; E,, and Bll are t h e  para1 le1 
wave e l e c t r i c  and magnet ic  fields, r e s p e c t i v e l y ;  and t h e  z d i r e c t i o n  i s  
taken t o  be p a r a l l e l  t o  Bo. For Landau dampingg, t h e  i n t e r a c t i o n  of E,, 
w i t h  a p a r t i c l e s  whose p a r a l l e l  v e l o c i t i e s  are  equal t o  t h e  
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v e l o c i t y  l eads  t o  t r a n s f e r  t o  momentum and energy.  The q u a s i - l i n e a r  
d i f f u s i o n  c o e f f i c i e n t  due t o  Landau damping i s  g i v e n  by Eq. (3-39) 

for  

y1 < 
t h a t  

a narrow spectrum of wave w i t h i n  t h e  resonance N r e g i o n  
va,, = v < v2. For t r a n s i t  t i m e  damping, it i s  t h e  paVS,, t e rm P 
t r a n s f e r s  momentum t o  t h e  p a r t i c l e s .  By s t r i c t  ana logy  t o  t h e  

Landau damping case, s u b s t i t u t i n g  t h e  magnet ic  acce l  e r a t i o r ,  te rm for  
t h e  e l e c t r i c  a c c e l e r a t i o n  term, we can form a quas i - I  i n e a r  d i f f u s i o n  
c o e f f i c i e n t  o f  t h e  form of  Eq. (6-3) as 

l o  o t  h erw i s e  

The main d i f f e r e n c e  between DL and DTTMP i s  t h a t  DTTMP e x h i b i t s  s t r o n g  
dependence on  vI (DTTM~ N The para  I l e1  wave e l e c t r i c  f i e l d  
i s  r e l a t e d  t o  t h e  wave magnet ic  f i e l d  by t h e  r e l a t i o n  

2 4  
N vu). 

U s i n g  E q .  (6-5) i n  Eq. (6-2), we have 
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No te  t h a t  Landau damping and magnet ic  pumping f o r c e s  a r e  i n  phase and 
a d d i t i v e ,  w i t h  t h e  p r imary  c o n t r i b u t i o n  coming from t h e  TTMP. 

I n  t h e  f requency range cons idered (w > %i), one expec ts  t h e  
magnetosonic waves t o  i n t e r a c t  also w i t h  e l e c t r o n s  t h r o u g h  Landau 
damping and TTMP [64]. It is i n t e r e s t i n g  t o  n o t e  t h a t  Landau damping 
and TTMP f o r c e s  a r e  always o u t  of phase f o r  e l e c t r o n s  and t h e r e  i s  an 
e x a c t  cancel  l a t i o n  of  these  f o r c e s  when v i  = 2\12, [64].  

The e f f i c i e n c y  of this c u r r e n t  d r i v e  scheme i s  c a l c u l a t e d  i n  
r e f s .  [59,61]. The r e s u l t s  show t h a t  t h e  e f f i c i e n c y  of &-dr iven  
c u r r e n t  can be a f a c t o r  of 3 t o  4 l a r g e r  t h a n  t h a t  o b t a i n e d  f r a m  d i r e c t  
magnetosonic wave i n t e r a c t i o n  w i t h  e l e c t r o n s  [64]. Also, w i t h  
Z,ff < Zol, t h e  to ta l  c u r r e n t  due t o  CY p a r t i c l e s  [J = J,(1 - Z,ff/Z,>] 
i s  i n  t h e  same d i r e c t i o n  as t h e  e l e c t r o n  c u r r e n t  genera ted  due to  the - 
d i r e c t  i n t e r a c t i o n  of  t h e  waves w i t h  t h e  e l e c t r o n s ;  thus,  t h e  c u r r e n t s  
a r e  a d d i t i v e .  The r e s u l t s  o b t a i n e d  i n  r e f s .  [59,61] have n o t  t a k e n  
i n t o  account  t h e  n e o c l a s s i c a l  e l e c t r o n  o r b i t  e f f e c t s  ( i . e . ,  t h e  e f f e c t  
of magne t i ca l  I y  t rapped  e l e c t r o n s ) .  i f  t h e s e  e f f e c t s  e x i s t ,  t h e  scheme 
c o u l d  be s u s c e p t i b l e  t o  a l a r g e  r e d u c t i o n  i n  e f f i c i e n c y .  On t h e  o t h e r  
hand, t h e r e  may be e f f e c t s  such as t h e  b o o t s t r a p  c u r r e n t ,  wh ich  c o u l d  
be h e l p f u l .  

. Current Drive Radiation [ 58,851 

T h i s  i s  one of t h e  unconvent ional  means of c u r r e n t  d r i v e ,  i n  t h a t  
i t  r e q u i r e s  no e x t e r n a l  c u r r e n t - d r i v i n g  scheme (beams and/or r f  
sources) ,  b u t  i t  r e q u i r e s  very h i g h  tempera tu re  r e a c t o r  plasma 
c o n d i t i o n s .  The idea i s  t h a t  a t  h i g h  tempera tu res  a r e a c t o r  p lasma 
g e n e r a t e s  a s i g n i f i c a n t  amount of rf power as s y n c h r o t r o n  r a d i a t i o n .  
Th is  i s  p a r t i c u l a r l y  t r u e  f o r  0-0 and D-He3 r e a c t o r s ,  where most o r  a l l  
of  t h e  energy i s  i n  t h e  charged p a r t i c l e s ,  and an a p p r e c i a b l e  f r a c t i o n  
o f  t h e  charged p a r t i c l e  power comes out  i n  t h e  form of s y n c h r o t r o n  
r a d i a t i o n .  Fo r  example, i n  a 1000-MW r e a c t o r ,  r a d i a t i o n  powers i n  t h e  
tens-to-hundreds i f  megawatts range may be i n v o l v e d .  These powers a r e  
comparable to those  be ing  cons idered f o r  o t h e r  c u r r e n t  d r i v e  schemes. 
A t  h i g h  e l e c t r o n  tempera tures  (Te N 30-50 keV), most of t h e  emiss ion  i s  
i n  t h e  h i g h e r  harmonics o f  t h e  c y c l o t r o n  f requency ,  i m p l y i n g  t h a t  t h e  
r a d i a t i o n  i s  n o t  o n l y  s t r o n g l y  e m i t t e d  by t h e  plasma b u t  i s  also 
s t r o n g l y  absorbed. A t  t h e s e  h i g h  r a d i a t i o n  f requenc ies ,  t h e  r a d i a t i o n  
i s  s t r o n g l y  r e f l e c t e d  by t h e  walls or t h e  walls can be made h i g h l y  
r e f l e c t i n g  t o  i t . T h i s  means t h a t  t h e  r a d i a t i o n  fo rms  an i d e a l  medium 
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for i n t e r a c t i o n  of t h e  plasma w i t h  t h e  w a l l s .  Because t h e  w a l l s  and 
t h e  plasma a r e  n o t  i n  thermal e q u i l i b r i u m ,  t h e  exchange i n  momentum 
between t h e  plasma e l e c t r o n s  and t h e  w a l  I p r o v i d e s  t h e  p o s s i b i  I i t y  of 
d r i v i n g  a c u r r e n t .  

F i g u r e  6.3 i I l u s t r a t e s  one method f o r  d r i v i n g  such a c u r r e n t  where 
an a n i s o t r o p i c  w a l l  c o n f i g u r a t i o n  is used to  cause t h e  s y n c h r o t r o n  
r a d i a t i o n  t o  r o t a t e  p r e f e r e n t i a l l y  around t h e  d e v i c e  i n  one d i r e c t i o n .  
The methad uses f i n s  o n  t h e  tokamak w a l  I t h a t  a r e  a b s o r b i n g  (A) on one 
s i d e  and r e f l e c t i n g  (R) on t h e  o t h e r .  The r e f l e c t e d  r a d i a t i o n  passes 
t h r o u g h  t h e  plasma and a f r a c t i o n  i s  absorbed. As r a d i a t i o n  r e p e a t e d l y  
r e f l e c t s  Prom t h e  walls, i t s  d i r e c t i o n  of p r o p a g a t i o n  r o t a t e s  u n t i l  i t  
i s  p r o p a g a t i n g  i n  one d i r e c t i o n .  As it does so, it r e p e a t e d l y  passes 
t h r o u g h  t h e  plasma and pushes t h e  e l e c t r o n s .  This g i v e s  t h e  c u r r e n t .  
The magn i tude of t h e  c u r r e n t  i s  p r o p o r t i o n a l  t o  Tt and a p p a r e n t l y  
becomes s u f f i c i e n t  for  a r e a c t o r  a t  Te N 50 keV. A s i m p l e  t h e o r e t i c a l  
t r e a t m e n t  based o n  a momentum-balance c a l c u l a t i o n  i s  g i v e n  i n  
r e f s .  [58,85]. The exp ress ion  for d r i v e n  c u r r e n t  i s  g i v e n  as follows 
( i n  mks u n i t s  w i t h  Te i n  k i l o e l e c t r o n  volts): 

where Rw i s  t h e  wal I r e f l e c t i v i t y  and a 2 5-10 i s  a numer ica l  f a c t o r  
t h a t  t a k e s  i n t o  account  t h e  f a c t  t h a t  t h e  more e n e r g e t i c  e l e c t r o n s  
r a d i a t e  and abso rb  t h e  s y n c h r o t r o n  r a d i a t i o n  most s t r o n g l y  and c o l t  i d e  
w i t h  i o n s  l e s s  f r e q u e n t l y  so t h a t  they  c a r r y  more c u r r e n t .  I n  o t h e r  
words, t h e  e l e c t r o n s  c a r r y i n g  most of the c u r r e n t  have an  energy 
g r e a t e r  t h a n  t h e  average e l e c t r o n  energy 3T,/2 and have a lower  
e f f e c t i v e  r e s i s t i v i t y .  

We see  t h a t  t h e  c u r r e n t  i s  a ve ry  s t r o n g  f u n c t i o n  of Te (N T i ) ;  
t h u s  s y n c h r o t r o n  c u r r e n t  d r i v e  works  b e s t  a t  h i g h  tempera tures .  I t  
also works b e s t  a t  h igh  magnet ic  f i e l d s .  These a r e  t h e  c o n d i t i o n s  t h a t  
would  be found i n  D-D and 0-tl: advanced f u e l  tokamak r e a c t o r s ,  so t h i s  
method of c u r r e n t  d r i v e  shou ld  work b e s t  t h e r e .  

As an example, cons ide r  a D-D or  D-H: plasma a t  Te ill 50 key, 
ne - 1 X IO2' rn3, a 1.5 m, B = 10 T, and a wal I r e f l e c t i v i t y  
R, = 0.9. Phis plasma has a be ta  of 4% ( i f  T, N T i )  and Eq. (6-7) 
p r e d i c t s  a c u r r e n t  of 
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Fig, 6.3. (a) A simple configuration (fins) for achieving current 

drive by synchrotron radiation. Absorping (A) a n d  reflecting (R) 
surfaces are shown with solid and dotted lines, respectively. (b) A 
more efficient fish-scale wall configuration (ref. [85]). 
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for Zeff 2 and CL E 5, I 15 M A .  
Th is  c o u l d  

p robab ly  be ach ieved  by ports i n  t h e  w a l l  t h a t  c o u l d  be opened or 
c l o s e d  t o  c o n t r o l  t h e  l e v e l  of s y n c h r o t r o n  r a d i a t i o n  i n  t h e  dev i ce .  
The prob lem of  maintenance of t h e  a p p r o p r i a t e  r e f l e c t i v i t y  of t h e  f i r s t  
w a l l  may a l s o  be i m p o r t a n t  i n  l i g h t  of  w a l l  e r o s i o n  due t o  s p u t t e r i n g  
and plasma d i s r u p t i o n .  

The problem of c o n t r o l l i n g  t h e  c u r r e n t  i s  impor tan t .  

6.4. Current Drive with Lm-Fregumcy Waves 

H e r e  we a r e  p r i m a r i l y  i n t e r e s t e d  i n  c u r r e n t  g e n e r a t i o n  w i t h  law- 
f requency  fast waves. These a r e  (1) magnetosonic waves (a > R i ) ,  t h e  
f a s t  wave branch of i o n  c y c l o t r o n  waves, and (2) compressional  AlfvtSn 
wave (w << Di), t h e  f a s t  wave branch of A l f v 6 n  waves. As i I I u s t r a t e d  
i n  F i g .  1.2, t h e r e  a r e  two wave reg imes t h a t  a r e  a t t r a c t i v e  f o r  
o b t a i n i n g  a l a r g e  c u r r e n t  d r i v e  e f f i c i e n c y  f a c t o r  (?/?): low- and 
high-para1 le l -phase-ve loc i t y  waves, i .e. ,  w/k,, << v e  and u/k,, >> v,, 
r e s p e c t i v e l y .  C u r r e n t  d r i v e  w i t h  t h e  LH wave is an example of  
h igh-phase-ve loc i ty  waves (Sect.  3). Because of t h e  lower  f requenc ies ,  
magnetosonic waves and compressional  AlfvBn waves ( C A W )  a r e  genera l  l y  
low-phase-speed waves. I t  is, however, p o s s i b l e  to  genera te  a 
h igh-phase-ve loc i ty  magnetosonic wave as we1 I .  

As compared to  h igh-phase-ve loc i ty  waves, low-phase-veloci ty waves 
have a high momentum c o n t e n t  p e r  u n i t  energy, which makes them 
a t t r a c t i v e  f o r  a c u r r e n t  d r i v e .  Th i s  is because t h e  momentum i n  a wave 
is  p r o p o r t i o n a l  t o  i t s  wave number k,  whereas t h e  energy c a r r i e d  by t h e  
wave i s  p r o p o r t i o n a l  t o  i t s  f requency  w, so t h a t  waves w i t h  low w/kll 
have a h i g h  p a r a l l e l  momentum c o n t e n t .  When t h e  energy of such  waves 
is absorbed by e l e c t r o n s ,  t h e  momentum absorbed i s  p r o p o r t i o n a t e l y  
h i g h e r .  The c u r r e n t  i s  c a r r i e d  by s l o w e r  ( thermal )  e l e c t r o n s ,  wh ich  
a r e  r e l a t i v e l y  c o l  I i s i o n a l  as compared t o  super thermal  ( t a i  1 )  e l e c t r o n s  
t h a t  c a r r y  t h e  c u r r e n t  where h i g h  w/k,, waves (such as LH waves) a r e  
emp I oyed. 

The f requency  reg ime of i n t e r e s t  spans from a few megahertz 
( A l f v h  waves) to  a few hundred megahertz (magnetosonic waves). A t  
t h e s e  f r e q u e n c i e s  l a r g e  amounts of cw power a r e  r e a d i l y  a v a i l a b l e  a t  
h i g h  e f f i c e n c i e s  and i n  high-power u n i t s .  On t h e  o t h e r  hand, a t  t h e  
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Inwest f r e q u e n c i e s ,  t h e  required eoupl i n y  s t r u c t u r e s  become large, and 
t h e  n e c e s s i t y  t a  use coi Isr  loops, or  o t h e r  i n t e r n a l  antennas t o  e x c i t e  
lower f requency  W ~ Y ~ S  may pose t e c h n o l o g i c a l  problem i n  a f u s i o n  
errv i ronment . 

The d i s p e r s i o n  r e l a t i o n  ( va l  i d  for w << Re) t h a t  c h a r a c t e r i z e s  
t h e s e  waves i s  g i v e n  by Eq .  (5-32): 

k:(A - ki) --. (B - k:)(C - k;) = 0 

where 

Here  '1 and 9 a r e  t h e  components of d i e l e c t r i c  t e n s o r ,  g i v e n  by 
Eq. (5-31), and V A  i s  t h e  A I f v 6 n  speed 

E q u a t i o n  (6-8) can be rea r ranged  t,o r e a d  [86] 

(6-1 l a  ) 

or, equ i va I ent, ly , 
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where we d e f i n e  

(6-1 1 b) 

(6-12b) 

(6-124 

The q u a n t i t i e s  N, and N,, - a r e  called t he  A l f v 6 n  r e f r a c t i v e  i n d i c e s .  
Note  t h a t  when w << Q i ,  A -). 1, t h e  f a c t o r  i n  square  b r a c k e t s  i n  
Eq. (6-11) approaches 1 and t h e  fast wave d i s p e r s i o n  r e l a t i o n  becomes 
2 2 2  2 2  w = k Y A  = (k: + k , , ) v ~ .  It may be seen from Eqs .  (6-11) and (6-12) 

t h a t  

N: = 1 when N: = 0 (6-13a) 

and t h a t  (for t h e  fast-wave branch) 

(6-13b) 2 N i  = Qii / (Ri  -+ w) when N , = O .  

The fast wave branch of Eq. (6-11) is ske tched  i n  Fig. 6.4 f o r  rf 
f r e q u e n c i e s  below (w < 0,) and above (w > ") t h e  i o n  c y c l o t r o n  
f requency  . 

The Alfv6n i n d i c e s  of t h e  fast wave, f o r  w > f l i  and w < ni, remain  
of  o r d e r  u n i t y  w i t h i n  t h e  p r o p a g a t i n g  r e g i o n  (Fig. 6.4) .  T h i s  i m p l i e s  
t h a t  p r o p a g a t i o n  i s  p o s s i b l e  o n l y  i n  s u f f i c i e n t l y  l a r g e  and dense 
plasmas. I n  a t o r o i d a l  geometry k, and k,, can be approximated as [86] 
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(6-14) 

where N i s  t h e  t o r o i d a l  mode number, wh ich  i s  an i n t e g e r .  From 
Eqs, (6-11) and (6-14), f o r  f a s t  wave p r o p a g a t i o n  we r e q u i r e  

where Z i  and Ai a r e  t h e  ion charge and r e l a t i v e  a tomic  we igh t ,  
r e s p e c t  i ye ly. 

6.4.2 f&as i-linear Wave Diffusion Coefficient [64] 
N 

The a c c e l e r a t i o n  of e l e c t r o n s  due t o  t h e  Ell and el, f i e l d  
components of t r a v e l i n g  waves is  g i v e n  by Eq. (6-2): 

(6-16) 

where p = m,vl/2B,. 2 If only E,, i s  nonzero, t h e  waves a r e  Landau damped 
by e l e c t r o n s  resanan t  w i t h  t h e  wave ( v , ,  = wlk, , ) ,  and t h e  d i f f u s i o n  
c o e f f i c i e n t  i s  g i v e n  by Eq. (3-39). I f  E,, i n  Eq. (6-16) van ishes ,  t h e  
t r a v e l i n g  magnet ic  f i e l d  a c c e l e r a t e s  t h e  e l e c t r o n s .  The Wave damping 
i s  now due to  TTMP and t h e  d i f J u s i o n  c o e f f i c i e n t  is  g i v e n  by Eq. (6-4). 
I n  genera l ,  however, E,, and E?,, a r e  bo th  p r e s e n t  and r e l a t e d  t o  each 
o t h e r  by Eq. (6-5). U s i n g  Eq. (6-5) i n  Eq. (6-161, t h e  f o r c e  e q u a t i o n  
for e l e c t r o n s  becomes 

N 

(8-17) 

The Landau damping and TTMP f o r c e s  a r e  a l w a y s  out of phase fo r  
electrons, w i t h  TTMP domina t ing  for l a r g e  vI. T h i s  i s  i n  c o n t r a s t  t o  
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t h e  f o r c e  e q m t i o n  f o r  t h e  i o n s  (see Sect .  6.2.2). By analogy w i t h  t h e  
Landau damping a n d  T'I'FAP, t h e  d i  f - f us ion  c o e f f i c i e n t  can be forined e a s i l y  
w i t h  mere substitution. The f o l  loai ng e x p r e s s i o n  summarizes t h e  t h r e e  
cases 

where 

i s  t h e  d i f f u s i o n  c o e f f i c i e n t  for Lsndsu darnpi fig, 

i s  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  TTMP, and 

(6-18) 

(6-19b) 

(6-1%) 
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is t h e  d i f f u s i o n  c o e f f i c i e n t  co r respond ing  t o  t h e  case when b o t h  
damping mechanisms (Landau damping and TTMP) a r e  p r e s e n t .  (DA i s  
r e f e r r e d  t o  as t h e  A l f  v6n wave d i f f u s i o n  c o e f f i c i e n t  i n  r e f .  [64] .> 

6.4.3 Current Drive Efficiency [64] 

The c u r r e n t  d r i v e  e f f i c i e n c y  fop l ow- f requenc j  waves is d e r i v e d  i n  
r e f .  [64] for  v a r i o u s  wave types ,  assuming t h a t  0,f i s  as g i v e n  by 
Eq. (6-18). In t h e  l i m i t  of ;mall wave a m p l i t u d e s  (law Drf l i m i t )  and 
for a narrow spec t rum o f  wave p a r a l l e l  phase v e l o c i t i e s ,  a n  a p p r o ~ i ~ ~ ~ ~  
exp ress ion  for J/P i n  t h e  ow-phase-velocity 1 i i t  (u/kll << ve) i s  
g i v e n  by 

h A  

A 
J 3  (6-20) 

where U 1  and U2 a r e  t h e  d imens ion less  v e l o c i t i e s ,  r e p r e s e n t i n g  t h e  
s l o w e s t  (U, = v l / v e )  and f a s t e s t  (U, = v*/ve) p a r a l l e l  phase v e l o c i t i e s  
i n  t h e  spec t rum ( V I  < v , ,  < v2); $ is a c o n s t a n t  t h a t  depends o n l y  can 
t h e  wave type; and <U,> is an average resonant Uli d e f i n e d  as 

(6-21) 

The c o n s t a n t  Q is determined n u m e r i c a l l y  t o  f i t  t h e  r e s u l t s  o b t a i n e d  
by a numer ica l  s o l u t i o n  o f  t h e  2-D Fokker-Planck equation. For 
Z,ff = 1, t h e y  a r e  approx ima te l y  g i v e n  by [64] 

C L " 8 9  (6-22b) 

where C L ~  CTTMP, and CA denote  t h e  cases  of Landau damping, inagnet ic  
pumping (TTMP), and A l f v 6 n  waves ( t h e  combina t ion  of t h e  p r e v i o u s  two), 
r e s p e c t i v e l y .  The c o e f f i c i e n t s  $ o b t a i n e d  from more a c c u r a t e  
c a l c u l a t i o n s  [87] a r e  l i s t e d  i n  T a b l e  6.1. 
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T a b l e  6.1. The c o e f f i c i e n t s  $ for  t h e  
t h r e e  t y p e s  of  c u r r e n t  d r i v e  by 1 0 % -  

f r e q u e n c y  w a y s  [87] 

1 7.52 18-98 16.18 
2 3.76 1%) 1 *% 10.14 
5 1,50 5.10 5.20 

10 0.75 2.84 2.98 

The  r a t i o  ?/? h a s  been d e t e r m i n e d  n u m e r i c a l l y  A A  fo r  a wide r a n g e  of 
parameters i n  r e f .  [MI. F i g u r e  6.5 shows J/P as a f u n c t i o n  of t h e  
w e i g h t e d  a v e r a g e  p a r a l l e l  v e l o c i t y  <U,>, d e f i n e d  by Eq. (6-21), f o r  
v a r i o u s  t y p e s  of w3~e.s i n  t h e  small Drf l i m i t .  Rough s e m i a n a l y t i e  f i t s  
t o  t h e  d a t a  shown i n  F ig .  6 .5 i n d i c a t e  

(6-23) 

where  yw i s  a c o n s t a n t :  
Once a g a i n ,  two f a v o r a b l e  wave phase  v e l o c i t y  r e g i m e s  a r e  a p p a r e n t  

fraa Fig. 6 .5 [or Eq.  (6-23)]. For h i g h - p h a s e - v e l o c i t y  m v e s  
(?/? N <U,>2),  a s i m i l a r  b e h a v i o r  i s  seen, fa r  A h  example,  f o r  LH waves 
[E$. (3-55)]. For lo - p h a s e - v e l o c i t y  waves, J/P l/<U,>. It would, 
t h e r e f o r e ,  b e  p r e f e r a b l e  to  have  e i t h e r  v e r y  f a s t  waves  ( i . e . ,  
<U,> >> 1) or v e r y  slow waves ( i . e s j  <U,> << 1). O b v i o u s l y ,  t h e r e  a r e  
I imits o n  how f a s t  or ho F a r  
example,  i n  h o t  plasmas ( i . e . ,  re 10-20 keV, a t e m p e r a t u r e  
r e p r e s e n t a t i v e  of r e a c t o r  plasmas), i h e  wave  accessibi 1 i t y  r e p r e s e n t s  a 
limit o n  t h e  f a s t e s t  phase v e l o c i t y ,  l ~ h i c h  a t  <Ua> N 4-5 i s  n e a r l y  t h e  
speed of I i g h t .  F o r  l oa -phase-ve loc i t Jy  waves, <U,> N 0.1-0.2 w o u l d  
p r o b a b l y  be the l i m i t  t o  a v o i d  i o n  Landau damping.  The damping of t h e  

YA E y - i - ~ ~ p  5 and yb  N 2. 

a v e  phase v e l o c i t y  could be. 
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Fig. 6.5. J/P vs <U,> for t h r e e  wave types i n  t h e  low-D,f 
I i m i t :  Landau damping (open c i r c l e s ) ,  magnet ic  pumping (x’s), and 
A l f v 6 n  waves ( c losed  c i r c l e s ) .  The sol i d  c u r v e s  a r  rough s e m i a n a l y t i c  
f i t s  t o  t h e  da ta .  The upper cu rve  (TTMP and A l f v 6 n )  obeys 
J/P N 13/<U,> t- 1.4<U,>2 + 5 and t h e  lower c u r v e  (Landau damping) obeys 
J/i: 8/<U,> + 1.4<Ua>* + 2.  I n  a l  I cases a narrow spectrum i s  
assumed: 

A A  

A 

Av,, = (v2 - ‘1) = 0.2 ve(AU,, = 0.2). ( r e f .  [64]). 
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r a t i o  as 

CI M/(k , , v j )  6 . 

T n  terms of wave r e  

wave on t h e  i o n s  n i l  1 be n e a r l y  a b s e n t  i f  Y!!(= "/kll) i s  larye enough 
( i . e . ,  several t i n e s  t h e  ion t h e r m a l  ve loc i t y  v i >  Ne  d e f i n e  th is  

(6-24) 

- a c t i v e  n d i c e s  (qII = w/ckll .:: vII /c ) ,  we 
r e w r i t e  current d r i v e  e f f i c i e n c y  i n  t h e  Iow--phase.-ve loc iby I irnit, 
[Eq. (6-20)] as 

(6-25) 

(6-26) 

We d i s c u s s  some of t he  Iow--.fE"equen@y-waYe d r i v e r s  i n  .the foi  lowing 
three s u b s e c t i o n s .  

As m e n t i o n e d  p r e v i o u s l y ,  t h e  CAN is t h e  f a s t  wave b r a n c h  of t h e  
A l f v 6 n  waves and exists a s  c a v i t y  eigeniiiode a t  r e l a t i v e l y  ION 
frequencies (w << Q i ) ,  ranging from s e v e r a l  h u n d r e d s  of k i l o h e r t z  t o  a 
few t e n s  of m e g a h e r t z .  These waves  have  t h e  d i s p e r s i o n  r e l a t i o n  [ see  
Eq. (6-11) and t he  d i s c u s s i o n s  fol l o w i n g  t h e r e a f t e r ]  
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with the desirable characteristic of low-phase velocity, w/kl,ve << 1. 
To avoid ion Landau damping, we require OL: ~ ~ ~ ~ ~ , v ~ ~  2 6. To avoid ion 
cyclotron damping at higher harmonics, the frequency should be chosen 
such that w < Ri/2. In terms of a, the dispersion relatian 
[Eq. (6-27)] takes the convenient form 

or 

w h  re &, is the average toroidal bet 

According to Eqs, (6-20) or Eq. (6-25) 
[S, E $ o n ~ e  + Ti>/% "V ~PO~T/B~,I 

(6-28) 

(6-29) 

given by Eq. (1-26) 

current drive efficiency 
is maximized by exciting the slowest phase velocities (smal lest 
LJ,, = v , , / Y ~  = w/kl,v, or largest qll = c / v I I  = ~k,~/u)), subject to  
Eq. (6-29). Thus, it is advantageous to have 01 values not much greater 
t h a n  6 .  However, note that even for the lowest order perpendicular 
mode k, M %/a and k,, = N/Ro 

which indicates that a (in turn w/k,,) does not decrease significantly 
unless N (toroidal mode number) i s  very large. By decreasing N t h e  
phase velocity increases, #rhich yields higher ?/;. Because of the 
necessity of a large number of coils (or a complex antenna design) to 
excite a high N mode, there is, however, a practical upper limit on N; 
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N N 10-20. Fr~m Eq. (630 )  e s e e  t h a t  t h e  minimum a i s  a = 2&l", 
w h i c h  is  opt imum (i .e. ,  CL N 6) f o r  jFJt E 10%. 

ne - IO*' mi3, a h" 1.25 rn, Ro E 5 IW, 8, = 4 T, and a n  a v e r  
2,5 f o r  D-T p a s t i c l e s .  T a k i n g  N = 20, we f i n d  w 
f = w/2sr -:: 4.15 MHz, a n d  A,, = 2~/k,, = 1.57 m. For t h e  
g i v e n ,  Pt = 7. and t h e  i o n  c y c l o t r o n  f r e q u e n c y  (h2/2~) i 
d e u t e r i  um (28 2: for t r i t i u m ) .  Because w < QT/2, i o n  c y c l o t r o n  
damping i s  n e g l i g i b l e .  Knowing w and k l l ,  U,, = v , , / v e  = u/kl,ve E 0.13 
and y,, 46. For a nar row wave spec t rum,  <Ua> N UII 0.13. W i t h  t h e s e  
numbers 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  ?fi N 108. In t e r m s  o f  p r a c t i c a l  
u n i t s  ( i . e . ,  t h e  t o t a l  wave power r e q u i r e d  t o  s u s t a i n  t h e  t o t a l  plasma 
c u r r e n t  [see Eq. (1--a)]), we have 

As an example, c o n s i d e r  a r e a c t o r  plasma w i t h  Te N Ti N 15 keV, 

These c r u d e  e s t i m a t e s  i n d i c a t e  f a v o r a b l  e c u r r e n t  d r i v e  
e f f i c i e n c i e s .  For simi I ar r e a c t o r  parameters ,  t h e  o p t i m a  1 c u r r e n t  
d r i v e  e f f i c i e n c y ,  far example, Tor LH waves ould be a r o u n d  
J/P 2 2 0 3 0 ,  r e q u i r i n g  a f a c t o r  of  3 t o  4 as much power as t h e  CAW t o  
g e n e r a t e  t h e  same c u r r e n t .  The a t t r a c t i v e n e s s  of C A W  (or t h e  low- 
f r e q u e n c y  wave reg ime,  i n  g e n e r a l )  s h o u l d  be  v iewed v e r y  c a u t i o u s l y ,  
however, because t h e  scheme c a u l d  be  s u s c e p t i  b i  e t o  a l a r g e  r e d u c t i o n  
i n  e f f i c i e n c y  due t o  e l e c t r o n  t r a p p i n g  e f f e c t s ,  i f  t h e s e  e x i s t .  As 
p o i n t e d  o u t  p r e v i o u s l y ,  t h e  e x p r e s s i o n s  g i v e n  f o r  t h e  e f f i c i e n c y  f a c t o r  
do n o t  c o n s i d e r  t h e  n e o c l a s s i c a l  e f f e c t s  of  t r a p p e d  e l e c t r o n s .  The 
n e o c l a s s i c a l  e f f e c t s  a re  n o t  tm i m p o r t a n t  i n  t h e  case of LH waves, 
This i s  because t h e  c u r r e n t  i s  c a r r i e d  by s u p e r t h e r m a l  r e s o n a n t  t a i l  
e l e c t r o n s  (UI, >> l),  w h i c h  a r e  n e a r l y  a l l  c i r c u l a t i n g .  The c u r r e n t  
c a r r i e d  by t h e r m a l  background e l e c t r o n s  i s  n e g l i g i b l e ,  so t h a  
e l e c t r o n  e f f e c t s  do not rnat tep.  
w a v e  phase v e l o c i t y  i s  low, t h e  wvave i s  r e s o n a n t  w i t h  t r a p p e d  

A h  

I n  t h e  low- f requency  reg ime,  
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e l e c t r o n s  (Ulr << l), wh ich  c a r r y  no c u r r e n t .  I t  i s  u n c l e a r  how l a r g e  
a t o r o i d a l  c u r r e n t  can r e a l l y  be generated. Severa l  arguments a r e  
g i v e n  i n  r e f .  [04] t o  j u s t i f y  t h e  f a c t  t h a t  t h e  r e s o n a n t  e l e c t r o n s  a r e  
t r a p p e d  p r e s e n t s  no problem. 

6.4.5 Law-Phase-Velocity Magn etosanic nave [64,66] 

Here, t h e  f requency  regime of i n t e r e s t  is w > i2i w i t h  w/kilve << 1. 
To a v o i d  i o n  Landau damping it is r e q u i r e d  t h a t  01 Z w / ( k v i )  2 6. I o n  
c y c l o t r o n  damping is n e g l i g i b l e ,  p r o v i d e d  w/Qi 2 5. Under t h e s e  
assumptions, magnetosonic wave (fast wave branch of t h e  ICRF waves) 
damping is m a i n l y  due to TTMP, and Eq. (6-20) a p p l i e s  

(6-32) 

where v 2 / v e  << 1 (or 72 >> c/ve). As an appl  i c a t i o n  we c o n s i d e r  plasma 
parameters  chosen for  t h e  p r e v i o u s  example i n  S e c t .  6.4.4. We s e l e c t  
f = w / 2 ~  = 150 MHz, such t h a t  w/Qo = 5 ( w / b l ~  > 5). As i n  t h e  case of  
CAW, m a x i m i z a t i o n  of y,, maximizes J/P. From t h e  d i s p e r s i o n  r e l a t i o n  
[Eq. (6-11)] and F ig .  6,4, we see t h a t  t h e  l a r g e s t  7 I N I I )  o c c u r s  near  

For an 
e f f e c t i v e  i o n  mass of 2.5, V A / C  = 1.84 X and yll  22. The 
co r respond ing  wave number i s  k l l  2 70 m-' (or XI, = 2 ~ / k , ~  2 9 cm), wh ich  
g i v e s  a taro ida l  mode number N = klr .R,  f( 250. A l though  a t  f r e q u e n c i e s  
above 100 MHz t h e  use o f  r i d g e d  or d i e l e c t r i c  waveguide an tennas may be 
p o s s i b l e ,  i t  w i l l  be d i f f i c u l t  t o  des ign  a t r a v e l i n g  fast wave antenna 
w i t h  such  a short A,,  (N 9 cm). The very  l a r g e  mode number makes it 
a l m o s t  i m p o s s i b l e  t o  e x c i t e  a s i n g l e  mode w i t h  un ique c h a r a c t e r i s t i c s .  
The problem w i t h  mu l t imode e x c i t a t i o n  is t h a t  t h e  modes i n t e r f e r e  
c o n s t r u c t i v e l y  near  t h e  antenna (as t h e j  a r e  d r i v e n  by t h e  same l o c a l  
antenna f i e l d s )  b u t  d e s t r u c t i v e l y  elsewhere [86]. The near  f i e l d s ,  

A h  

t h e  c u t o f f  [Eq. (6-13b)l NII Z q l v ~ / c  2 2  2 = fii/(ni +. wy = 116. 

. 
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t h u s  produced, may cause anomalous ly  l a r g e  damping a t  t h e  plasma edge 
t h u s  c r e a t i n g  hol low c u r r e n t  d e n s i t y  prof i es .  

R e t u r n i n g  t o  t h e  e f f i c i e n c y  f a c t o r ,  assuming a n a r r o w  wave 
s p e c t r u m  f i .e . ,  n a r r o w  r a n g e  o f  phase v e l o c i t i e s  w i t h  72/71 N 0.8-0.9), 
we a p p r o x i m a t e  Eq. (6-32) as 

W i t h  ?,,.E 72 22 and T, = 15 keV, we f i n d  ?/p II 50, w h i c h  i s  
c o m p e t i t i v e  w i t h  o t h e r  d r i v e r s  (somewhat l e s s  a t t r a c t i v e  t h a n  CAW, b u t  
b e t t e r  t h a n  LH). I n  p r a c t i c a l  u n i t s  it g i v e s  Itot/Ptot 2 0.25 A I M .  
Again ,  because of  t h e  c h o i c e  o f  phase v e l o c i t i e s  w/(k,,v,) << 1, t h e  
m a j o r i t y  o f  t h e  r e s o n a n t  e l e c t r o n s  a r e  m a g n e t i c a l  l y  t r a p p e d .  The 
n e o c l a s s i c a l  e f f e c t , s  d i s c u s s e d  p r e v i o u s l y  c o u l d  s u b s t a n t i a l  l y  i n f l u e n c e  
t h e  f a v o r a b l e  e f f i c i e n c i e s  p r e d i c t e d  here .  

I t  is  also p o s s i b l e  t o  b r o a d c a s t  m a g n e t o s o n i c  waves (w > ") a t  
h i g h  phase v e l o c i t i e s  w/(k,,+ve) > 1. I n  t h i s  case, t h e  l o n g  A,, make it 
a p p r o p r i a t e  t o  u s e  wavegu ide  c o u p l e r s .  Because o f  t h e  h i g h  phase 
v e l o c i t i e s  (w/k,,v, N 3-4), t h e  n e o c l a s s i c a l  e f f e c t s  s h o u l d  n o t  p l a y  a 
s i g n i f i c a n t  r o l e .  The a d v a n t a g e s  and v a r i o u s  a p p l  i c a t i o n s  of t h e s e  
waves as a c u r r e n t  d r i v e r  a r e  d i s c u s s e d  i n  r e f s .  [71,88]. 

The h igh-phase-ve loc i  t y  magnetsson ic  waves a r e  also damped w i t h  
TYMP. Because t h e  e l e c t r o n  TTMP a b s o r p t i o n  p r o c e s s  i s  weak a t  h i g h  
phase v e l o c i t i e s  (v,,/ve > l ) ,  t h e  o t h e r  damping mechanisms ( i . e . ,  i o n  
c y c l o t r o n  h a r m o n i c  damping) may compete w i t h  t h e  weak e l e c t r o n  damping, 
t e n d i n g  to r e d u c e  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 .  It is, however, 
p o s s i b l e  t o  a v o i d  c y c l o t r o n  harmon ic  damping i n  a D-T r e a c t o r  i f  t h e  

i n e q u a l i t i e s  can be  s a t i s f i e d  i f  t h e  plasma a s p e c t  r a t i o  exceeds 
Ro/a il! 5 [71]. Thus, t h i s  scheme f a v o r s  l a r g e  a s p e c t  r a t i o  tokamaks. 
By d i r e c t  n a t u r e  of t h e  damping mechanism (TTMP), t h i s  scheme w o r k s  
b e s t  i n  t h e  dense, h igh-be ta ,  high-T, p lasmas (a r e g i m e  where LJ-i 
c u r r e n t  d r i v e  e n c o u n t e r s  i t s  g r e a t e s t  d i f f  i c u l t i e s ) .  C u r r e n t  d r i v e  

f r e q u e n c y  i s  chosen t o  satisfy 2 i l ~ , ~ ~ ~  < w < % l ~ , ~ i ~ .  These 
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efficiencies a c h i e v a b l e  w i t h  th is  scheme a r e  somewhat b e t t e r  t h a n  t h o s e  
of LH waves (see Fig. 1.2). 
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