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ABSTRACT 

I o n  c y c l o t r o n  h e a t i n p  on TEXTOR has  now reached t h e  ?:exajoule l e v e l ,  The h e a t i n g  s c e n a r i o  i s  
normally mode convers ion  b u t  o c c a s i o n a l l y  minor i ty  h e a t i n g  i n  2 D-(H) plasma. i i i t h  a p p r o p r i a t e  
wal l  c o n d i t i o n i n g  by c a r b o n i z a t i o n  more than 1 >lid of RF power has  been i n j e c t e d  f o r  lone  
pulse  d u r a t i o n s  (?. 1 s ) .  The ICRF hea ted  plasma i s  c h a r a c t e r i z e d  by 2 q u a s i - s t a t i o n a r i t y  of 
a l l  plasma parameters ,  l i t t l e  i f  no impur i ty  i n c r e a s e  2nd 2 l o o p  v o l t a g e  r e d u c t i o n  r e s u l t i n g  
i n  t h e  t o t a l  power coupled to  t h e  plasma reaching  s i x  times t h e  remainine ohxic  power i n p u t .  
Evidence of t h e  coupl ing  of t h e  RF power t o  t h e  plasma i s  obta ined  from the  i n c r e a s e  of  the  
thermal load  on t h e  l i m i t e r s  2nd c e n t r a l  enersy  d e p o s i t i o n  i s  supported from a n a l y s i s  o f  the 
sawtooth h e a t i n ?  r a t e .  The energy d e p o s i t i o n  p r o f i l e  appears  to  be broader  than  i n  t h e  OH 
case .  A d e t a i l e d  s tudy  of the  g l o b a l  enerey confinement time shows 2 d e e r a d a t i o n  with addi -  
t i o n a l  RF h e a t i n g  which i s  found t o  s c a l e  wi th  t h e  power and t h e  plasma parameters  as i n  t h e  
case of n e u t r a l  beam heat in^ experiments  per forxed  i n  the  L-mode reqime with g e t t e r e d  w a l l s .  

KEYWORDS 

Lon? pulse  ICRH ; tokamak ; impur i ty  ; c a r b o n i z a t i o n  ; confinement ; enerey d e p o s i t i o n  ; 
sawteeth a n a l y s i s  ; s c a l i n y  ; c o u p l i n e .  

1. ISTRODCCTIOX 

ICXF h e a t i n g  o n  TE!iTOR has  been c a r r i e d  o u t  a t  the !fi pover l e v e l  f o r  l o n g  p u l s e ,  l o w  
i n p u r i t y  plasma c o n d i t i o n s .  The confinement p r o p e r t i e s  of  t h e  d ischaree  poinp f r o n  t h e  pure 
OH regime to  the c a s e  dominated by a d d i t i o n a l  heatinc. have been s tudied  i n  d e t a i l .  

Tne TETTOR I C R H  s y s t e n  c o n s i s t s  of two independent  power l i n e s ,  each being fed by 2 t r a n s -  
m i t t e r  a b l e  to g e n e r a t e  3 second,  1 . j  %' p u l s e s  in the  f requency r a n ~ e  25-29 :Mz [lj. Each 
l i n e  i s  connected on the  low f i e l d  s i d e ,  near  the  e q u a t o r i a l  
s t e e l  s t r i p  l i n e  antennae which, as  shown on  Fig. 12, a r e  placed a l o n g  the hea ted  l i n e r  o f  
TETTOR i n  the same az imutha l  p lane  2nd c o m p l e t e l y s u r r o u n d t h e  plasma. The two antennae ,  o f  
which 2 t r a n s v e r s e  c u t  i s  shown on  F i g .  15, d i f f e r  on ly  i n  the  w i d t h  o f  the c e n t r a l  conductor  
which is narrower f o r  the  top an tenna .  The e l e c t r o s t a t i c  sc reen  resembles 2 v e n e t i a n  b l i n d  
with b lades  a l i e n e d  in the  d i r e c t i o n  of t h e  t o t a l  n a ~ n e t i c  f i e l d  f o r  q = 3.  

Sornal TEXTOR machine parameters  a r e  B 

+ Senior  research  a s s o c i a t e  a t  the  SFSR, Belnium. ] U n i v e r s i t y  o f  C a l i f o r n i a  a t  Los Anpeles, 
U . S . A .  2Sandia S a t i o n a l  L a b o r a t o r i e s ,  Livermore, U.S . A .  jCent ra l  Research I n s t .  o f  Phys ics ,  
Budapest, Hungary. 

p lane ,  to  two :/i s t a i n l e s s  

= 2T,  R = 1 . 7 5  3 ,  w i t h  plasma c u r r e n t  I < 460 kA 
t ? 

il 
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F i y .  1.1. V i c w  of t he  TEXTOR ICRll  ilntenniic. F ig .  l b .  Cross s e c t i o n  of an  an tenna  wi th  i t s  
c e n t r a l  conduc to r ,  s i d e  l i m i t e r s  and e l e c t r o -  
s t a t i c  s h i e l d .  The d o t t e d  l i n e  c o r r e s p o n d s  to  
the  u s u a l  main l i m i t e r  r a d i u s  a = 46 cm. Mean 
d i s t a n c e s  i n  cm : d = 3.85, c = 6 .94 ,h  - 2.8.  
2wz = 20.5 (bot tom a n t e n n a )  o r  7 . 0 ( t o p  an tenna ) .  

Fig .  2 0 .  I 'volution v e r s u s  time or-plasmil 
current Ip,  c e n t r a l  l i n e  d e n s i t y  neo , c e n t r a l  
density Ne,, c e n t r a l  e l e c t r o n  and ion tempera- 
tures Teo and Tio,  plasma energy c o n t e n t  E ,  
central  Z e f f  ( s o l i d  l i n e  : from S p i t z e r  r e s i s -  
t i v i t y  and qo - 1 ; c r o s s e s  : from s o f t  X-rays) 
and RF power PA f o r  t h e  s h o t  14169. 

Fig. 2b.  E v o l u t i o n  o f  t h e  d e n s i t y  p r o f i l e  
( ave raged  o v e r  t h e  sawtooth p e r i o d )  a s  a 
f u n c t i o n  of t ime f o r  t h e  shot 14169.  
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and c e n t r a l  a v e r a g e  l i n e  d e n s i t y  Ge0 
t r a t i o n  r a n g i n g  from < 1 Z t o  Q 25 X . The machine  was o p e r a t e d  n o r m a l l y  w i t h  t h e  main  s t a i n l e s s  
s t e e l  l imiters  a t  a = 46  cm b u t  t h e  pump l imiter  ALT-1 [ 2 ]  w i t h  2 g r a p h i t e  
used  as main  l i m i t e r  w i t h o u t  2 s i g n i f i c a n t  change  i n  t h e  r e s u l t s  .As t h e  a n t e n n a  c u r r e n t  a n t i -  
node l i e s  o n  t h e  h i g h  f i e l d  s i d e  of t h e  mach ine ,  a b o u t  SO Z o f  t h e  r a d i a t e d  power i s  l aunched  
from t h i s  s i d e .  When t h e  hydrogen  c o n c e n t r a t i o n  i s  s u f f i c i e n t l y  l a r g e  (z  1 . 5  Z )  t h e  h e a t i n g  
s c e n a r i o  w i l l  be  p redominan t ly  t h e  mode c o n v e r s i o n  one  f o r  which  t h e  wave l aunched  from t h e  
~ F S  i s  p a r t l y  c o n v e r t e d  i n t o  a n  e l e c t r o s t a t i c  wave a t  2 c o n f l u e n c e  l a v e r  whose l o c a t i o n  i s  

< 5 . 3  x 10'3cm-s i n  2 D-(H) p lasma w i t h  hydrogen  concen- 

head  h a s  a l s o  been  

g i v e n  a p p r o x i m a t e l y  by  t h e  r e l a t i o n  3-R = Ro { - i ) ' i Z - l  ., . I n  t h i s  f o r n u l a  

R 2nd Yh=SH/(S,-X,) 
i s  t h e  i s o t o p e  r a t i o  i n  t h e  p lasma w i t h  hydrogen  2nd d e u t e r i m  d e n s i t i e s  r e s p e c t i v e l y  g i v e n  
by K, 2nd FD . D i r e c t  m i n o r i t y  hea t ing ,  n e a r  t h e  A = gm(R) l a y e r  by t h e  f a s t  wave ( o r  e v e n  
the  s l o w  wave [ 3 l ) t r a n s m i t t e d  th rough  t h e  c o n f l u e n c e  o r  l aunched  from t h e  LFS can  a l s o  o c c u r .  
Expe r imen t s  i n  2 p u r e  m i n o r i t y  h e a t i n p  r eg ime  w i t h  XH < 1 Z have  also been  c a r r i e d  o u t .  
The r e s u l t s  p r e s e n t e d  i n  t h i s  p a p e r  have  been  p a r t l y  summarized i n  r e f e r e n c e  [!I]. 

is t h e  main  r a d i u s ,  uCH(Ro) t h e  hydrogen  c y c l o t r o n  f r e q u e n c y  a t  P, = R 

2 .  LOW I.WURITY, L O K  X L S E  ICR'rI WITH CARBOSIZED WALLS 

2 . 2 .  Wall C o n d i t i o n i n g .  

An e s s e n t i a l  f e a t u r e  f o r  t h e  s u c c e s s f u l  a p p l i c a t i o n  of i C R H  on  TEXTOR i s  a p r o p e r  c o n d i t i o n i n n  
of  t h e  machine  by wall c a r b o n i z a t i o n .  A s  r e p o r t e d  p r e v i o u s l y  151, u r i o r  t o  t h e  a p p l i c a t i o n  of  
t h i s  p r o c e d u r e ,  t h e  edge  p lasma 2nd the  s c r a p e - o f f  l a y e r  were  p r o f o u n d l y  p e r t u r b e d  by t h e  RF 
p u l s e .  The maximm RF power was l i m i t e d  by p lasma d i s r u p t i o n  o c c u r r i n g  a f t e r  2 s h r i n k i n ?  of 
t h e  d i s c h a r g e ,  t o  a b o u t  200 k'J a p p l i e d  f o r  2 maximm of  100 ns .  "he OH d i s c h a r p e s  i n  D e u t e r i u v  
were c h a r a c t e r i z e d  by 2 r a t h e r  larqe 2 (> 3 ) .  e f f  
A s t r o n g  m o d i f i c a t i o n  o f  t h e  p l a sma-su r face  i n t e r a c t i o n  i s  o b t a i n e d  by t h e  d e p o s i t i o n  of  a b o u t  
300 mono laye r s  o f  c a r b o n  o v e r  a l l  t h e  i n n e r  s u r f a c e s  by neans o f  glow d i s c h a r g e  i n  2 m i x t u r e  
of  D2 2nd CH4 [ 6 1 .  Tne l e v e l  of  r a d i a t i o n  from heavy i n p u r i t i e s  i n  t o k a n a i  d i s c h a r z e s  t h e n  
d e c r e a s e s  a t  l ea s t  by one  o r d e r  of magn i tude  ; t h e  l e v e l  o f  o sygen  r a d i a t i o n  
r educed .  Consequen t ly ,  t h e  p a r t  o f  t h e  i n p u t  powel r e t r i e v e d  o ? - t h e  l i m i t e r  i n c r e a s e s  ( e . g .  
: h e m a l  l o a d  on  ALT i n c r e a s e d  by  2 f a c t o r  1.5 a t  ne = 3 x l@- ' cn - ' )  and t h e  r a d i a t i o n  s e e n  
by bo lomet ry  i s  r e d u c e d .  The d e p o s i t e d  l a y e r s  a r e  d e n s e  hydroeena ted  amorphous ca rbon  f i l m s  
2nd snow good a d h e s i o n  on  s t a i n l e s s  s t e e l  2nd i n c o n e l .  Due t o  t h e  s t r o n g l y  i n c r e a s e d  r e c y c l i n g  
of t he  c a r b o n i z e d  w a l l ,  t h e  H / D  i s o t o D i c  
e x i s t i n g  i n  :he c a r b o n  l a y e r .  A s p e c i a l  t y p e  o f  p r o c e d u r e  where c a r b o n i z a t i o n  p e r i o d s  a l t e r -  
n a t e  w i t h  $low d i s c h a r g e s  i n  p u r e  D2 h a s  been  develoTed i n  o r d e r  
exchange ,  t h e  H c o n t e n t  w i t h  r e s p e c t  t o  t h e  D c o n t e n t  of  t h e  d e p o s i t e d  l a y e r s  [ h l .  K i t h  suc:i 
a p r o c e d u r e ,  an  i s o t o p i c  r a t i o  X, of  t y p i c a l l y  3-5 R i n  t i e  d i s c h a r g e  is a c h i e v z 3 l e .  Fo r  the  
ve ry  low-values  of  SH < 1 Z n e c e s s a r y  f o r  p u r e  m i n o r i t y  h e a t i n p  c a r b o n i z a t i o n  i n  2 n i x t u r e  
o f  D? 2nd CD4 h a s  been  s u c c e s s f u l l y  c a r r i e d  o u t .  

3 y  c o n d i t i o n i n g  i n  t h i s  Earner, t h e  :o ta l  i n p u t  ?ewer t o  :he an rennae  has ni3w been  taKer, up 
t o  1 . 3  ?ili 2nd t h e  t o t a l  i n p u t  e n e r p y  U? t o  i . 4  XI, t h e  l i 2 i : a t i o n  b e i n ?  t h e  :.ol:a~e s t and-o f f  
( s e e  d i s c u s s i o n  i n  s e c t i o n  3 ) .  S o t e  t h a t  w i t h  2 non-opt imized  
i n  t h e  p r e s e n c e  of i n j e c t e d  i m p u r i t i e s  o r  l e a k s ,  t h e  nasicu:. ?over can  a ~ a i n  beco-e l i c i t e l  
by  p lasma d i s r u p t i o n  [ S I .  

2.3. L o w - I ~ p u r i t y L o n ~ ~ u l s e  Icxx. 
Fig. 2 shows t h e  t ime e v o l u t i o n  of v a r i o u s  p a r a m e t e r s  f o r  2 t y p i c a l  l o n e  p u l s e  o f  RF e n e r g y  
above 1 !U. The s t a t i o n a r i t y  of t h e  plasma c o n d i t i o n s  i s  mnanifest d u r i n s  t h e  ICRH ?else. 
( i )  D e n s i t y .  T y p i c a l  t ime e v o l u t i o n s  o f  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  ( ave raged  o v e r  t h e  
sawtoo th  p e r i o d )  a r e  shown i n  F i g .  22 f r o ?  t h e  Abel i n v e r t e d  HCS i n t e r f e r o z e t r i c  d a t a  znc i z  
F i e .  3 from t h e  e v o l u t i o n  of the  d e n s i t y  p r o f i l e  p a r a n ? t e r  in . i n i s  p a r a c e t e r  d e s c r i b e s  t h e  
d e n s i t y  p r o f i l e  by an  a p p r o s i n a t e  law : Se c 1 - ( r i a ) - n  [ ; I .  The d e n s i t y  p r o f i l e  b roadens  
a t  t n e  b e e i n n i n g  o f  the  ICZY p u l s e  2nd a f t e r w a r d s  r e n a i n s  p r a c t i c a l ! ?  unchaneed .  Z.n i ~ c r e a s e  
o f  c e n t r a l  l i n e  d e n s i t y  always accompar,ies t h e  RF p u l s e  .:se? F i e .  22). I t  i s  ?ar t :?  dce 
t o  the  p r o f i l e  b roaden ing  and i t s  r a q n i t u d e  i s ,  eVen i n  a b s o l u t e  v a l u e ,  x o r e  pronounced  a t  
l o w  d e n s i t i e s .  I t  depends  a l s o  o n  t h e  machine c o n d i t i o n i n g  and the  ? iasza  c x r y e n t .  !;i:hout 
Zaking  any a t t e m p t  t o  r e a c h  t h e  d e n s i t y  l imi t ,  a Yurakami f a c t o r  -., 

qa /Gt (T)o f  1 .25  h a s  been  o b t a i n e d  d u r i n g  s t a b l e  I C E  p u l s e s .  

i s  a l s o  s t r o n g l y  

r a t i o  i n  t h e  d i s c h a r p e  i s  v e r y  dependen t  o n  t h a t  

t o  r e d u c e ,  by i s o t o y  

c a r b o n i z a t i o n  ? r o c e d u r e  o r  

"... 

= n ( l O . - c r - ' ) R ( c )  .lu eo 
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PROFILE 1 bpi PARAMETERS 

L 

m F I  

time (s) 

F i g .  3 .  D e n s i t y  p r o f i l e  p a r a m e t e r  z n  and  
c u r r e n t  d e n s i t y  p r o f i l e  p a r a m e t e r  ij t o g e t h e r  
w i t h  t h e  RF power p u l s e  shown v e r s u s  t ime f o r  
t h e  s h o t  15331. 

O I  

0.0 1 
48. 0 50. 0 52.0 

r (cml 

F i g .  4 .  Edge d e n s i t y  p r o f i l c  ve rsus  t ime f o r  
t h e  s h o t  1 3 7 0 4  measured  w i t h  t h e  Li-atom beam 
t e c h n i q u e  [SI. The RF p u l s e  i s  a l s o  shown. The 
main  l imiter  r a d i u s  i s  44  cm. 

l i )S  Fe 

1 

ohmic dlschcrge 
v i t h  I C R H  

\ 

F i g .  j o .  I r o n  n e u t r a l  d e n s i r ) :  obscrvcc ,  i n  t!ic 

SOL, i n  f r o n t  o f  U movablc l i n : L t L d r  mc,;lhiirc..d t,’ 
means of l d s r r  induced  f i u o r c s c c n c r  i o r  !tic 
same w r i e s  o f  s i i o t s  a s  i n  i ? i ) ; .  s a ) ,  d u r i n g  
O H  and I C R H .  
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R a t h e r  l a r g e  s a w t o o t h  d e n s i t y  o s c i l l a t i o n s  are  seen i n  t h e  q < 1 r e g i o n  (e .g.  r 2 1 2  cm f o r  

i n v e r s i o n  w i t h  a h i g h  t empora l  r e s o l u t i o n  i s  shown o n  F i e .  2 a .  

The r e l a t i v e  d e n s i t y  change  i s  1a rp ;e s t  i n  t h e  p lasma e d g e  2nd i n  t h e  s c r a p e - o f f  l a y e r  (SOL) .  
A S  shown on F i g .  4 ,  t h e  d o u b l i n g  s e e n  by  t h e  i n t e r f e r o m e t e r  i s  conf i rmed  by  2 L i t h i u m  beam 
p robe  181 which  f u r t h e r m o r e  i n d i c a t e s  an i n c r e a s e  of t h e  d e n s i t y  d e c a y  l e n p t h  ( e . g .  from 
0 . 7  t o  1 . 0  cm i n  t h e  c a s e  o f  F i g .  4 ) .  These  l a s t  r e s u l t s  are  c o r r o b o r a t e d  by L a n m u i r  p r o b e  
measurements  which  a l s o  show t h a t  t h e  d e n s i t y  near  t h e  wal l  (r  = 52 .5  c a )  i n c r e a s e s  ( e . g .  
i n  t h e  c a s e  of  2 3 46 cm f rom a b o u t  l O . ' ~ m - ~ i n  OH i t  i n c r e a s e s  by  2 f a c t o r  ~ 4 ) .  

The r e s u l t s  r e p o r t e d  h e r e  d i f f e r  s t r o n g l y  f rom t h o s e  d e s c r i b e d  i n  [ 5 ]  p r i o r  t o  wal l  
c a r b o n i z a t i o n .  

= 340 k A ) .  A t y p i c a l  d i s p l a y  o f  t h e  c e n t r a l  e l e c t r o n  d e n s i t y  Ne, a s  o b t a i n e d  f rom Abel  

( i i )  Tempera tu re ,  l o o p  v o l t a g e  and  c u r r e n t  d e n s i t y  p r o f i l e .  E l e c t r o n  h e a t i n s  o v e r  t h e  whole  
p r o f i l e  i s  o b s e r v e d  by  Thomson s c a t t e r i n g  2nd s o f t  X-rays ( see  FiR. 2 o f  9ef .  113) and f r o n  
i C E  measurements  f o r  t h e  r < 1 7  cm p a r t  o f  t h e  p r o f i l e  (see F i g .  2 of  9 e f .  [ 8 ] ) . S i g n i f i c a n t  
s awtoo th  a c t i v i t y  i s  a lways  o b s e r v e d  d u r i n g  I C R H  2s s e e n  o n  t h e  c e n t r a l  Teo n e a s u r e d  by  E C E  
i n  F i g .  22 ; t h i s  i s  s p e c i f i c a l l y  d i s c u s s e d  i n  s e c t i o n  4 . 2 .  

Two o b s e r v a t i o n s  are i n  ag reemen t  w i t h  t h e  f a c t  t b n t  t h e  T, p r o f i l e ,  a v e r a p e d  on t h e  s a w t o o t h  
p e r i o d  d e n o t e d  < Te(r) > , d o e s  n o t  a p p r e c i a b l y  change  d u r i n g  ICR3 : ! 2 )  t h e  c u r r e - t  d e n s i t y  
p r o f i l e  J ( r )  measured  by 2 HCS p o l a r i a e t e r  s!!ows e i t h e r  no change  o r  a t  most 2 s l i g h t  
f l a t t e n i n g  d u r i n g  t h e  RF p u l s e .  F i g .  3 shows 2 t y p i c a l  e v o l u t i o n  o f  t h e  c u r r e n t  d e n s i t y  
f a c t o r  a j  d u r i n g  2 s h o t  w i t h  a l o n g  RF p u l s e .  Tne f a c t o r  2' e x p r e s s e s  t h e  c u r r e n t  p r o f i l e  
jy t h e  a p p r o x i m a t e  r e l a t i o n  J = J ( R  /~)[(l - r > / a : ) a j  - [ i ~  - 9 1/91 : ( r ) l  where  z ( r )  < 0.5 

i s  2 

the  b e h a v i o u r  o f  t h e  d e n s i t y  p r o f i l e  f a c t o r  in . In TE:aOR,  i t  h a s  heen v e r i f i e d  t h a t  : ( r )  i s  
l i n k e d  t o  c T e ( r ) >  b y  t h e  S p i t z e r  r e s i s t i v i t y  [ 9 ]  ; 2 ' )  t h e  l o o p  1 ; o i t a ~ e  I.'; a l x a y s  shows a 
d e c r e a s e  d u r i n e  I C R H ,  e . g .  from 
rough ly  c o n s i s t e n t  w i t h  t h e  o b s e r v e d  i n c r e a s e  of T . 
!!easurements o f  e l e c t r o n  t e m p e r a t u r e  i n  t h e  SOL 2nd near t h e  plas-a edee i n d i c a t e  a n  i n c r e a s e  
d u r i n g  I C R H  n e a r  t h e  w a l l .  S e a r e r  t h e  edge  o f  t h e  p l a s a a  t h i s  : e z p e r a t c r e  i n c r e a s e  b e c o z e s  
s z a l l e r  2nd i n  some c a s e s  2 d e c r e a s e  h a s  even been  o j s e r i - e d .  Pi?. 52 shows a :::sics: Te 
b e h a v i o u r  i n  t h e  SOL d u r i n g  OH and  I C R Y  as aeas t i r ed  b y  2 i angrcu i r  d o u b i e  ? r o j e .  F i q .  55 shows 
the  n e u t r a l  i r o n  d e n s i t y  v e r s u s  t h e  minor  r a d i u s  o b s e r v e d  by laser  i ~ d u c e d  f l u o r e s c e n c e  
[lo] i n  f r o n t  o f  2 movable l i n i r e r  d i s p l a c e d  i n  t h e  S O L .  An i n c r e a s e  o f  nec : ra i  Fe d e x i t y  
d u r i n g  ICRN due  t o  t h e  Te i n c r e a s e  i s  indeed  o b s e r v e d  f a r  ou: i n  t h e  SOL, whereas  2 d e z r e a s e  
o f  n e u t r a l  Fe d e n s i t y  i s  seen a t  s o a l ?  d i s t a n c e s  (<  1 . 5  c-)  f r o -  t h e  -.air? l i - i t e r  r a d i u s  
( 4 6  c n )  which  c a n  o n l y  b e e n  e x p l a i n e d  by a Te d e c r e a s e .  I t  shot i id  5, no ted  :hat :he f e  
s p u t t e r i n g  neasu remen t  was o ~ l y  p o s s i b l e  w i t h  Z i l d  h a l l  c a r b o n i z a t i o n  s i n c e  :he Pe 
c o n c e n t r a t i o n  becomes t o o  low f o r  s t a n d a r d  c a r b o n i z a t i o n .  

10 i o n  temperatureproiilemeasure-en: i s a v a i l a j l e .  %e c e n t r a :  i o n  t e ~ ? e r a t c r e  :io has j e e n  
deduced f rom t h e  n e u t r o n  c o u n t  r a t e .  I t  h a s  been checked  tha: fc r  p!as-a  cond i : i sns  o s e d  
f o r  the  ICRH e x p e r i m e n t s  t h e  n e u t r o n s  a r e  o n l y  o f  t h e r x o n u c l e a r  o r i a :n .  The o ' c r a ined  1:alues 
a r e  c o n s i s t e n t  w i t h  :ne r e s u l t s  of  cha rge -exchanoe  - e a s u r e z e n t s  ? e r f J r z e d  o n l y  a: I c x  
d e n s i t i e s .  D u r i n a  t h e  OH phase  t h e  b e h a v i o u r  o f  ::?e cen: ra l  i o n  : e ? p e r a : ~ r e  is we:: 2 e s c r i b s d  

b y  a n  r i r t s i n o v i t c h  lar  : Tio - 

0 0  

c o r r e c t i o n  f a c t o r  [ i ] .  So s i g n i f i c a n t  channe  i n  2 ;  i s  s e e r  c - r i n e  :cx:, i n  cont ras :  i o  

1 V i n  OH down t o  ,̂ 0.7 i' f o r  2 1 ?T.; ICK? s h o t ,  which  i s  

eo 

= 2 . 7 6  lo-$(: 3' i 3.) (ey ,  :+S>. - n i t s  : 
e o o ? .  

:/:(I - s) ; s = T~~/T,, : d e u t e r i u i ? .  :;i:h ICRK, z n  i - n  ~ c - j c r z t i r s  , . r . c i e r b c  : - - - - - - -  3.3:: ; ) -  2 - 2  

e : r a n s f e r  of  e n e r g y  be tween  2 l e c t r o n s  and i s n s  an?  p a r t l y  :a ~ h e  d i r e c t  c c c ? l i n z  c f  
3 power t o  t h e  i o n s  ( see  s e c t i o n  1 . 2 )  i s  o b s e r v e d .  

The e l e c t r o n  and i o n  t e n p e r a t u r e  i n c r e a s e s  a c h i e v f d  d o r i n r  iCR3 deps?.d s n  :?,e der.si:y a n c  
t h e  c o n f i n e m e n t  p r o p e r t i e s  d u r i n o  h e a t i n g  whose de?endence  a n  the  d i s c 3 a r ? e  c o n c ~ i : ~ ? . s  i s  
d i s c u s s e d  i n  d e t a i l - i n  s e c t i o n  5 .  As seen on  f i o .  6 ,  f o r  s c e n t r a !  chord  d e n s i t y  
;. - 1 .  ? : .  
T. :T,/P~~ =' :.I eV x ? ~ - ~ c m -  f o r  electrons s n c  0 . i  e~ 1 

':slues a r e  i n  a g r e e r e n t  w i t h  t h e  -easurcd i n c r e a s e  si :>e plasza ??.er:! C . J ~ : ~ Z :  E a :  t b i s  
d e n s i t y  ( s e e  s e c t i o n  5 ) .  Also i n d i c a t e d  in Fit, 6 a r e  t h e  p r e d i c t i s x  0 5  the? a5,veze?.:ionet 
A::sixovirch law, i . e .  t h e  e s p e c t e d  Tio i n c r e a s r  due  L3nly :e t h c  Tea increase. ::lrsi?:? 
e q t i i 7 a r t i t i o n  w i t h o u t  any  RF p o ~ e r  d i r e c t l y  absorbcc  by the  i o n s  ( s e e  d i s c u s s i c n  i n  
s e c t i o n  A .  2 ) .  

. .  . 

. 
=' 3 . 5  x iO:3cm-2 and  f o r  I = 340 k.4 an? 3 = 2 T '&e o b s e r v e  a h e n t i n c  e r r i c ~ e c ~ y  eo  

eo 

. .  
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I * F i e .  7 .  R a d i a t e d  power f l u x  obse rved  by  a I bo lomete r  and RF power v e r s u s  t ime d u r i n i :  t h e  

s h o t  1 4 7 2 5 .  S e f o r e  I C R H ,  P ~ H  = 340 kk' and 
d u r i n g  I C R H ,  P t o i  = 1.06 W .  

0 0.5 1.0 

a t >  j 

F i g .  6 .  Dependence of T,, and T i o  on F 
a c o n s t a n t  c e n t r a l  l i n e  d e n s i t y  Eeo= 3PbFx10- 'cm-~. 
The d o t t e d  l i n e  g i v e s  t h e  e v o l u t i o n  o f  t he  
A r t s i m o v i t c h  l a w  v a l u e  due t o  i t s  Te0 dependence .  

3. 0 

2. 0 

1. i; 

. i! 

0 10 2 0  t [sec ]  
I 

300 O C  

2 2 3  O C  

210 OC 

1 F i n .  9 .  E v o l u t i o n  versus  t ime of t h e  i2 f r a rL .d  

1 r a i i s t i o n  i r o n  t h e  t e s t  l i m i t e r  s u r f a c e  d u r i n c  
t h e  s i ~ o t  14171.  ' l ' i ~ ~  tieac load i n c r c j s r s  b y  

- +---*-------- 

. 3 1. U 2. 0 3. U 4.  0 5. i! f a c t o r  3 . 9  d u r i n e  ICRH k i t h  r e s p c c t  t o  OH 

F i p .  5. !volut ion v e r s u s  rile c e n t r ; i l  cho rd  
d e n s i t y  neo of t h e  expe r in l cn ta l  v d l u c s  of  t t l v  
s p e c i f i c  loadin;:  res is t '1nt . i . s  Y., . ind I:,: i ruel  
d s t a  c o l l e c t e d  o v e r  many d a y s  o f  o p r r a t i o n  
w i t h  a = 4 5  cm and F = 2 7  YHz. Thc s o l i d  l i n e s  
c o r r e s p o n d  t o  t h e  b e s t  p a r a b o l i c  i i t .  

whereas  ? t o t  r i s e s  Dy a f a c t o r  3 .1  ( f r o n  335 k:; 
d u r i a g  OH t o  1 . U 3  Nh' d u r i n g  1 C R t I ) .  
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( i i i )  Ene rgy  c o n t e n t .  The p lasma e n e r g y  c o n t e n t  E i s  d i r e c t l y  measured  by d i amagne t i sm.  
This  measurement  i s  conf i rmed  by  S T - p r o f i l e  i n t e g r a t i o n  ( a s suming  i d e n t i c a l  p r o f i l e s  
f o r  e l e c t r o n  and  i o n  t e m p e r a t u r e s )  a n d  by  S P  + 1;/2 measu remen t s .  The e r r o r b a r  o n  E i s  
e s t i m a t e d  t o  b e  a b o u t  -+ 20 % .  Tne dependence  of E on  t h e  d i s c h a r p e  p a r a m e t e r s  i s  f u r t h e r  
d i s c u s s e d  i n  s e c t i o n s  4 and 5 .  

( i v )  I m p u r i t i e s .  As s e e n  from t h e  b e h a v i o u r  of t h e  b r i l l i a n c e  of  i m p u r i t i e s  l i n e s  (see 
F i g .  1 of R e f .  [ 4 1 ) ,  l o w  2 and  m e t a l l i c  i m p u r i t i e s  a t t a i n  s t a t i o n a r y  c o n d i t i o n s  v e r y  r a p i d l y .  
AS i n d i c a t e d  i n  Tab le  I ,  t h e  c e n t r a l  c a r b o n  c o n c e n t r a t i o n  i n f e r r e d  f ro -  c o n t i n u w  r a d i a t i o n  
i n  t h e s e  c a r b o n i z e d  d i s c h a r g e s  i s  be low 2 t o  3 % and  does n o t  i n c r e a s e  d u r i n g  RF. T h i s  i s  
a l s o  c o n f i r m e d  by t h e  b r i l l i a n c e  o f  C\,.which changes  n e a r l y  i n  p r o p o r t i o n  t o  t h e  edge 
d e n s i t y .  The sum of t h e  c e n t r a l  m e t a l l l c  i m p u r i t y  c o n c e n t r a t i o n s  (Fe ,  Cr, S i )  measured  
by  X r a y  s p e c t r o s c o p y  i n  t h e  OH d i s c h a r a e  r a n g e s  f r o n  lo-: t o  IO-". A r o u e h l y  c o n s t a n t  
i n c r e m e n t  of ( 6  t 2 )  X i s  o b s e r v e d  when 1 !4W o f  RF power i s  i n j e c t e d .  T h i s  r e s u l t s  
i n  t h e  low-value  Z e f f  o b t a i n e d  e i t h e r  from t h e  s o f t  X-ray a e a s u r e m e n t s  o r ,  f o r  t h e  on-axis  
v a l u e s ,  f rom S p i t z e r  r e s i s t i v i t y  w i t h  t h e  a s s u m p t i o n  t h a t  q o  1 . As s e e n  on F i g .  2a 
t h e  low Z e f f  r ema ins  s t a t i o n a r y  d u r i n g  a long  I C R H  p u l s e .  

r c o n c e n t r a t i o n  o f  z -  e f  I t i n e  window 

0 C o r  0 
(S) (CZ) C o r  0 Cr Fe S i  

z z z  z 
0 .ii-o. 8 5 1.98 0.48 .OOO .OOO - 1.6 I .3 

(OH) 15 2 . 1 9  0.47 .001 .OOO .001 1 . 7  : .3 

0.8-1.2 5 1 . 4 2  0 . i l  .OOl .002 .001 1 . A  1 .? 
(ICRH) 15 2.02 0.50 .001 ,002 .001 1.6 1 . 3  

1 .2 -1 .6  5 2.13 0.60 .OO2 .006 .002 1 . 7  1 .L 
( I C R H )  1 5  1 .39  0 .37  .OOi .002 .OOI 1 .L - .- 
1.6-2.0 5 2 . 9 3  0 . 7 9  .003 .0@8 .003 1 . 9  .5 
(ICRH+OH) 15 1 . 5 7  0.60 .001 .002 .001 1 .5 - .- 

' 1  

1 9  

TABLE I .  I n p u r i t y  c o n c e c t r a t i o n  and Z e f f  d e r i v e d  f r o n  s c f t  X-ray a n a l y s i s  f o r  
t he  s h o t  shown on F i s .  2 .  Fo r  t h e  i i e h t  i n p u r i t i e s  a i o d e l  w i t h  o n l y  C o r  o n l y  0 c o n t r i b z t i o n  
is c o n s i d e r e d  ; :he r e s u l t s  of t h e  two c a s e s  are  S i v e n  t o s e t h e r  K i t h  rke  x r r e s ? o n i i z g  Z -=. 

ihese  o b s e r v a t i o n s  a r e  c o n f i r x e d  b y  t h e  r e s u l t s  o f  ac i n t e e r a !  h l o z e r e r  I ; .L?~T.E a t  2 c e n t r a l  
chord  a t  a t o r o i d a l  l o c a t i o n  a b o u t  1 3 away f r o n  :he a n t e n n a  ( s e e  F i e .  7 ) .  Tne r a t i o  o r  t h e  
r a d i a t e d  power f l u x  P rad t o  t h e  t o t a l  power c o u p l e d  t o  t k e  p i a s -a  ? does r o t  

change  s i g n i f i c a n t l y  d u r i n z  ICRE.  ?bH i s  t h e  r educed  OH power d c r i n e  ICX: a n i  ? ~ r  :he 3' 
power c o u p l e d  t o  the  plasrca (see s e c t i o n  3 ) .  The i n f r a r e d  cher?.ograp:?y o f  v a r i o u s  l i c i t e r s  
( see  s e c t i o n  6 . 1 )  also c o n f i r m s  t h a t  t h e  r e l a t i v e  p a r t  of  ra?ia:ed ?ov;er i n  :>e power 
b a l a n c e  does n o t  i n c r e a s e .  

( v )  E f f e c t  o f  node cor7:ersisn and cyc:s:ron :ayer p o s i t i o n s .  % s t  o r  :?e e s ? e r i z e r t s  were  
?er formed i n  t h e  node c o n v e r s i o n  r e x i i s  v i t h  a j o c a t i o n  of the -ode c c n v s r s i o n  l a y e r  a b o u t  
15 cm o f f - c e n t e r  towards  t h e  !ow f i e l d  s i d e  (X, 
s i t u a : i o n  g i v e s  t > e  b e s t  h e a t i n o  r e s u l t s  and tiie : a x e s t  d s n s i t y  !.crease c:r:?.c I C  

S a x  m i n o r i t y  h e a t i n g  e x p e r i x n t s  were p e r f o r z e d  ,wit5. 1 .:. Zt r i ?? ra rs  :hat t h e  ;:yirogen 
c y c l o t r o n  l a y e r  p o s i t i o n  i s  n o t  c r i t i c a l .  The h e a t i n s  f e c t s  s r e  ? r a c t i c a i i y  no: a::ecteC 
when the  p o s i t i o n  of t h i s  l a y e r  i s  rcoved f r o n  t h e  c e n t e r  t o  20 c- tc';srds t h e  !c.d f i e l d  s i d e .  
F u r t h e n o r e ,  the h e a t i n g  e f f e c t s  are;.;i:hip t h e  e r r a r  b a r s ,  i d s2 : i ca l  t o  :>cse o i t a i n e d  
a n d e r  t h e  a j o v c z e n r i c n e d  node c o n v e r s i o r .  c a n d i t i a n s .  

e x +  

. -  
= ? '  - 

to: @E XF 

. .  . .  

10 '-, 3 ;  = 2 T, - , ' 2 -  = 2 7  > ? z ) .  . .  

_. 
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The RF power f e d  t o  t h e  a n t e n n a  i s  eiver ,  b y  P ,  = ? + ? 

i n p u t  c o n d u c t a n c e  G 

t he  lower  a n t e n n a .  
r e s i s t a n c e  o f  t he  a n t e n n a  i l l ]  e x p r e s s e d  i n  .. in. Thc pou?r  ?. r s ? r e s e - t s  the s c t ? n n a  
s y s t e m  l o s s e s  ( w i t h  RTloss  = 0.35 

r a d i a t e d  i n  t h e  ? r e s e n c e  o f  p 1 3 s m .  

= 0 . 5  C,4 Y.4 - where t he  an:????. 
.< SF !JSS 

=' 3 . 7  \ lo--!$ f o r  t h?  n a r r o w e r  to? a n t e n n a  a n ?  G 
.A A 

l .- 1 .c .-- ' -  . L ~  :or  

v.\, i s  the i n p u t  v o i t s c e  s z p l i t u d e  and 3 i s  :ke i i r e a r  s p e c i f i c  : oad ing  

i 3 S S  P,- i s  :he n e t  ?owe: 
3: S l o s s  
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I t  should  be noted t h a t  t h e  c a r b o n i z a t i o n  has  improved t h e  antenna coupl ing  by a l lowing  
o p e r a t i o n  a t  h i g h e r  d e n s i t i e s  and wi th  broader  d e n s i t y  p r o f i l e s .  F i g .  8 shows t h e  e v o l u t i o n  
of R T  and RB versus  the c e n t r a l  l i n e  d e n s i t y  neo f o r  carbonized w a l l  c o n d i t i o n  
l i m i t e r  r a d i u s  of 46 cm. The s c a t t e r i n g  of the  l o a d i n g  v a l u e s  i s  l a r g e  a s  they depend on 
the  a c t u a l  w a l l  c o n d i t i o n s .  Following a f r e s h  c a r b o n i z a t i o n  a p r o g r e s s i v e  d iminut ion  of  t h e  
loading  i s  observed.  

The coupl ing  fo l lows  the  t h e o r e t i c a l  t r e n d s  : ( i )  f o r  a g iven  w a l l  c o n d i t i o n  
wi th  neo and wi th  decreased  plasma-antenna d i s t a n c e  ; ( i i )  i t  is l a r g e r  f o r  the narrow 
antenna than f o r  the  broad one ; ( i i i )  when the  two antennae a r e  opera ted  t o p e t h e r  wi th  
a v a r i a b l e  phase d i f f e r e n c e  between t h e i r  e x c i t a t i o n s ,  i t  i s  found t h a t  the  b e s t  l o a d i n g  
c o n d i t i o n s  occur  wi th  t h e i r  c u r r e n t s  in phase o p p o s i t i o n  (% a x i s y m e t r i c  e x c i t a t i o n  ) and 
t h a t  the  loading  of each an tenna ,  i n  t h i s  c a s e ,  i s  l a r g e r  than f o r  s i n g l e  antenna o p e r a t i o n .  
The loading  r e s i s t a n c e s  c a l c u l a t e d  from a s i n g l e  pass  a b s o r p t i o n  coupl ing  code [ 1 2 ]  show 
l a r g e r  r e l a t i v e  e f f e c t s  f o r  the above-mentioned p o i n t  ( i i i )  and s m a l l e r  f o r ( i i ) .  The 
experimental  va lues  f o r  ( i )  a r e  found t o  be roughly i n  agreement wi th  the  t h e o r e t i c a l  
r e s u l t s  when i t  i s  assumed t h a t  a d e n s i t y  d e p l e t i o n  i s  c r e a t e d  i n  f r o n t  of the an tenna  
up t o  the  main l i m i t e r  r a d i u s  p o s i t i o n .  

With the  maximum values  of R T  and Rg achieved ,  t h e  antenna e f f i c i e n c y  P R F / P ~  reaches  85 t o  
90 Z .  The maximum power h i t h e r t o  launched wi thout  system breakdown reached 800 kW f o r  the  
broad antenna and 600 kW f o r  the  narrow one.  This corresponds to  iVAivalues of 2. 30 kV and 

3 7  k V .  r e s p e c t i v e l v .  Tnere i s  no s i g n i f i c a n t  change of loading  i n  t h e  case  of a r e v e r s a l  

and a main 

i t  i n c r e a s e s  

of t h e  BT d i r e c t i o n  ; t h i s  i n d i c a t e s  t h a t  a p r e c i s e  a l ignment  
b lades  is n o t  mandatory. 

4 .  POWER DEPOSITION ASKiYSIS 

4 .1 .  Tota l  Power Deposi ted i n  the  Plasma. 

Tnere i s  evidence t h a t  a lmost  a l l  of the  RF power i s  a c t u a l l y  
converted i n t o  p a r t i c l e  k i n e t i c  enerqy .  

of t h e  e l e c t r o s t a t i c  s c r e e n  

coupled t o  the  plasma and 

( i )  L i m i t e r  i n f r a r e d  thermography. I n f r a r e d  thermography of the  heads of  t h e  p u ~ p  l i m i t e r  
(UT-?), p o s i t i o n e d  on the L.F.S., 40' t o r o i d a l l y  from the  an tennae ,  and of a r e f e r e n c e  
l i n i t e r  p laced  a t  t h e  bottom p o l o i d a l l y  and s e p a r a t e d  by 180 Z t o r o i d a l l y  from ALT-1, h a s  

OH given  i d e n t i c a l  r e s u l t s  : when the  t o t a l  i n p u t  power P i n c r e a s e s  from i t s  OH l e v e l  P 

to  the  l e v e l  Ptot = P '  OH + PRF dur ing  I C R H ,  the  t h e r n a l  load o n  the  l i m i t e r  due t o  convec t ive  

l o s s e s  ? th  i n c r e a s e s  a t  l e a s t  i n  the  same p r o p o r t i o n  a s  P . Tine r a t i o  [P / P  1 / 
[Pth/?oH]os ranges between 0 .9  2nd 1 . 3  ; plasma motion e f f e c t s  can  be ru led  o u t  i n  these  

r e s u l t s .  F i g .  9 shows an example of I - R  thermography of t h e  r e f e r e n c e  l i m i t e r  s u r f a c e  [I31 
f o r  a long RF p u l s e  : the  d i f f e r e n t  g r a d i e n t s  on the i n f r a r e d  r a d i a t i o n  curve d u r i n g  the 
OH and ICBd p a r t s  of the s h o t  a r e  c l e a r l y  s e e n .  The s h a r p  r a d i a t i o n  i n c r e a s e  o c c u r r i n g  a t  
2 2 . 3  s corresponds to  a n a j o r p l a s n a  d i s r u p t i o n .  

( i i )  Time e v o l u t i o n  of the energy c o n t e n t  a t  RF swi tch-of f .  I f  a t  the momentof the  R,: swi tch-  
o f f  t o f f ,  the t r a n s p o r t  p r o p e r t i e s  of the  plasma C O  not  chanee a b r u ? t l y  , the  
d i f f e r e n c e  of the energy s l o p e  
PAC e f f e c t i v e l y  coupled to  the  plasma, i . e .  ( d E / d t ) t o f f -  - ( d E / d t ) t o f f +  = P:- . As the 

diamagnet ic  loop which measures the plasma energy c o n t e n t  E s e e s  the t o t a l  t o r o i d a l  magnet ic  
f l u s  i n  the plasma, i n c l u d i n g  the  S O L ,  the  d i f f e r e n c e  P I l ~  - P ~ F  o n l y  corresponds t o  the  
d i r e c t  XF power losses i n  t h e  w a l l .  The p a r t  of E cor responding  t o  the  RF energy d e p o s i t e d  
near  the edge o r  i n  the  SOL will d isappear  very r a p i d l y  due t o  the bad confinement i n  t h i s  
reg ion .  A s  a r e s u l t  a p r e c i s e  Teasureaent  of P iF  r e q u i r e s  high accuracy i n  the  d i s p l a y  of  
E v e r s u s  t ime.  The diamagnet ic  loop d a t a  have t o  be c o r r e c t e d  f o r  the  w a l l  t i n e  c o n s t a n t  
T~ and the t i n e  c o n s t a n t s  of the  e l e c t r o n i c  process ing  of t h e  s i g n a l .  The value of T~ f o r  
TEXTOR has  n o t  been measured and i s  e s t i m a t e d  t h e o r e t i c a l l y .  Iihen the T~ c o r r e c t i o n  i s  
made on  the diamagnet ic  s i g n a l  ( a s  shown i n  F i g .  ? a ) ,  due to  the u n c e r t a i n t y  i n  T~ , v a l u e s  
vary ing  between 0 . 5  and 1.0 PRF can be  obta ined  f o r  P ~ F  . 
4 . 2 .  C e n t r a l  Power Densi ty  Balance.  

(i) E l e c t r o n  power ba lance .  The e l e c t r o n  temperature  and the d e n s i t y  e x h i b i t  a l a r g e  
sawtooth a c t i v i t y  i n  the q < 1 r e g i o n .  If we n e z l e c t ,  a s  u s u a l ,  a t  the beginning of the  
sawtooth,  the h e a t  conduct ion and convec t ive  losses ,  the  power d e n s i t y  ba lance  a t  r = o 

t o t  

t o t  t h  t o t  I C R H  

v e r s u s  t i n e  a t  t = t o f f  a u s t  be equal  t o  the  t o t a l  RF power 

nr 



can be w r i t t e n  
a 

312 

where P O H t  PRF,e 

Ion  Cyclotron Resonance 

(NeoKTeo) pOH 'RF,e - q e i  - 

Heating on TEXTOR 

'rad (1) 

the  OH. the  RF Dower d e n s i t v  fed t o  the  

7 9  

, q e i  and Prad a r e  r e s p e c t i v e l y  
e l e c t r o n s ,  the  power d e n s i t y  t r a n s f e r r e d  t o  the ions by e q u i p a r t i t i o n  

(qe i  mi L 

power losses  p e r  u n i t  volume. We est i . r ,a te  p 

('e- Ti)  
= % w -  ) where T i s  t h e  e l e c t r o n  c o l l i s i o n  time [14! and t h e  r a d i a t i v e  

= V 3 ( - -  R z  a ) - '  from t h e  c o n d i t i o n  qo 2 1 OH I t  3 0 ' 0  

(as  confirmed by J ( r )  polar imet ry  measurements)and Prad from the  d a t a  f o r  m e t a l l i c  i m p u r i t i e s  
from s o f t  X-ray measurements ( see  Table I )  and Ref .  [lj]. The term 1.5 Z/St(NeoKTe0) i s  
measured from the  shape of Teo a s  ob ta inedf romiCE radiometry and of Ne, ob ta ined  from the  
Abel i n v e r t e d  p r o f i l e .  F i g .  10 shows the  Teo and Ne, sawtooth d i s p l a y  t o g e t h e r  with t h e  

c e n t r a l  e l e c t r o n  energy d e n s i t y  312  NeoKTeO n e a r  the  a b r u p t  end of t h e  I C R H  p u l s e  f o r  the 
s h o t  of F i g .  2 ,  and Table I1 shows the  cor responding  e v a l u a t i o n  of t h e  d i f f e r e n t  t e n s  of 
E q .  ( 1 ) .  Xote t h a t  i n  the OH case  E q .  (1) i s  r a t h e r  well s a t i s f i e d  when a l l  the t e m s  a r e  
rep laced  by t h e i r  e s t i m a t e d  v a l u e s .  I n  the  ICRH case  P R F , ~ ,  which i s  n o t  known, i s  obta ixed  
d i r e c t l y  from E q .  (1). 
A s  seen on F ig .  10,  a sharp  change i n  the  s l o p  of  Te0 versus time appears  a t  the  ICIII! 
switch-off  t = t o f f  . I f  we cons ider  t h a t  POH, q e i ,  prad and the convec t ive  and conduct ive 
l osses  d o  n o t  change i n s t a n t a n e o u s l y ,  then  we have a t  t = t o f f  

where t h e  f i r s :  term i s  t h e  change i n  t h e  energy d e n s i t y  r a t e  of  i n c r e a s e .  Eq. ( 2 )  provides  
a second clethod f o r  the  e s t i m a t i o n  of  p p , ~  e . A t h i r d  method i s  a l s o  ? o s s i b l e  when u s i n g  an 
ECE and a d e n s i t y  s i g n a l  wi th  sawtee th  o s k i l l a t i o n s f i i t e r e d  o u t .  Tne chanee of s l o p e ,  a t  
t = t o f f  , of the  mean c e n t r a l  e l e c t r o n  temperature  a l s o  Rives p x ~ , ~  by the  r e l a t i o n  

A t y p i c a l  comparison of the r e s u l t s  from these  t h r e e  methods i s  foxnd  i n  Table II. 

( i i )  Ion power b a l a n c e .  Tne power d e n s i t y  ba lance  f o r  the  i o n s  a t  r = o can be w r i t t e n  

where p ~ ~ , i  i s  t h e  RF power d e n s i t y  d i r e c t l y  fed t o  t h e  i o n s  and : ~ , i  i s  the  centra!  i o n  
energy conf inenent  t i n e ,  r;hich takes  i n t o  account  the conduc:ive , convect ive  a r d  charne 

p la teau  r e g i n e ,  we have ( . A S  2 r e s z l t ,  i f  we :o=?are starisnar:;  

c o n d i t i o n s  i n  OH and ICm, we have 

exchange l o s s e s .  Assuming the  neo-c:assicai cond-c:i.:e l o s s e s  fro:! t i e  

( 5 )  

TABLE 11. Values of c e n r r a l  power d e n s i t i e s ,  expressed  i n  nl;,'cz:, d u r i n r  :he e:? 
a?.:! ICRH p a r t s  of the s h o t  o f  F i e .  2 .  Values f o r  the t o t a l  ene r -y  conten: Z and  :he Co:al 
power coupled t o  :he plasrna P a r e  a l s o  g iven .  t o t  
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. 11.  Experimental  p o i n t s  givine,  'OH versus  
f o r  I, = 340 and 450 k.4. The s o l i d  l i n e s  

co;respon$ t o  t h e  
TEXT08 i n  s e c t i o n  5 . 1 .  

Seo-Alcator law g i v e n  f o r  1.9 s . .- 

F i g .  10.  Display versds  t ime o f  the c e n t r a l  
t e m p e r a t u r e  Tea, c e n t r a l  d e n s i t y  S e ,  and 
c e n t r a l  energy d e n s i t y  sawtee t l i  around the end 
o f  t h e  ICRH p u l s e  ( t o f f  = 1.85 s )  f o r  t h e  sho t  
1 4 1 6 9 .  Note the cnangr  or' s l o p e  o f  the sdwtootii 
a t  t = t o f f  . 
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c a n  be  a l s o  e s t i m a t e d  f rom t h e  change  o f  i o n  h e a t i n g  ra te  a t  t h e  I C R H  s w i t c h - o f f  
'RF, i 
( f rom t h e  decay  of  n e u t r o n  y i e l d ) .  Ne h a v e  

3 a  
2 at  i o  i o  P w , i  - A  [ -  - ( X .  T. ) ] = 

i f  we assume t h a t  T ~ , ~  a n d  q 

Tab le  I1 shows a compar i son  of t h e  two e s t i m a t i o n s  f o r  p 

I t  a p p e a r s  f rom t h i s  a n a l y s i s  t h a t  t h e  c e n t r a l  power d e p o s i t i o n  d o e s  n o t  i n c r e a s e  
p r o p o r t i o n a l l y  t o  t h e  t o t a l  power P to t  . A s  

i s  o n l y  2 .  Tak ing  t h e s e  r e s u l t s  t o e e t h e r  and  t h e  f a c t ,  as shown i n  4 . 1 ,  t h a t  ?lF i s  e f f e c -  
t i v e l y  c o u p l e d  t o  t h e  p l a sma ,  we c o n c l u d e  t h a t  t h e  RF power d e p o s i t i o n  p r o f i l e  i s  b r o a d e r  
t h a n  d u r i n g  the OH p h a s e .  

do n o t  chanpe  a b r u u t l y .  e i  

R F , i  * 

shown o n  Tab le  I1 when ?tot  i s  r a i s e d  by a 

OH 'RF,e + 'RF,i f a c t o r  3 . 7  t h e  c o r r e s p o n d i n g  r a t i o  of  t h e  d e p o s i t e d  power d e n s i t i e s ( p '  ) 

5 .  GLOBAL COSFISEYE?J TIXE Ah3 ESERGI' COSTEST 

I n  t h i s  s e c t i o n  we s h a l l  u s e  t h e  E l o b a l  c o n f i n e m e n t  t i n e  y G  = E / P t o t ,  where  ? 

i s  t h e  t o t a l  power c o u p l e d  t o  t h e  p l a sma .  A s  d e f i n e d  i? s e c t i o n  2 ,  
c o r r e s p o n d i n g  t o  t h e  r educed  l o o p  v o l t a g e  Vi i n  p r e s e n c e  of  I C R X .  From the d i s c u s s i o n  o f  
s e c t i o n  4 . 1 ,  we know t h a t  i t  i s  f a i r  t o  assume t h a t  ? t o t  i s  a very eood a p p r o s i z a t i o n  t o  
t h e  power a c t u a l l y  d e p o s i t e d  i n  t h e  b u l k  o f  t h e  p l a sma .  Such a d e f i n i t i c r t  o f  :G c l e a r l y  
i s  t h e  more n a t u r a l  one f r o r  a n  e n g i n e e r i n g  p o i n t  o f  v i e w .  Sote  c a r e f u l l y  t h a t  i f  t h e  ? o v e r  
d e p o s i t e d  i s  a c t u a l l y  s m a l l e r  t h a n  t h e  maximal v a l u e  P t o t ,  t h e  a c t u a l  e n e r g y  c o n f i n e m e n t  
time d u r i n g  I C R H  w i l l  b e  c o r r e s p o n d i n g l y  l a r g e r  t h a n  T 

5 . l  . OH D i s c h a r g e .  

I n  F i g .  l i ,  f rom t h e  d a t a  c o l l e c t e d  o v e r  many days  of  o p e r a t i o n ,  we show t h e  OH c o n f i n e c e n t  
t i n e  708 as a f u n c t i o n  o f  d e n s i t y .  I t  c a n  5e  s e e n  t h a t  TESTOR v i t h  c a r b o n i z e d  wails f s i iows  
a Seo-Alca to r  law which  c a n  be e x p r e s s e d , _ f r o n  :he ? r e s e n t 1  
2 . 5  < qa < 6 , by t h e  e x p r e s s i o n  :OH(ZS) = 9.8  q - d 3  n (10 

f o r  a = 0 . 4 6  c .  Tine r e s u l t i n :  p l a sma  e n e r g y  c o n t e n t  d u r i n g  08 i s  q i v e n  by 

= ? '  t o t  OH p?LF 
'6, i s  t h e  o h c i c  power 

G '  

a v a i l a b l e  da:a  i n  t h e  r a n e e  
cn-:) v i t h  a p r e c i s i o n  of  i 20% 

a eo 

- 
and f o r  c o n s t a n t  neo  i n c r e a s e s  ma in ly  i n  p r o ? o r t i o n  t o  i'1 as Ip i s  i n c r e a s e d  (VI 
o r  1.2 
5 . 2 .  IC?A D i s c h a r g e .  

F i g .  122 shows t h e  e x p e r i n e n t a l l y  o b s e r v e d  i n c r e a s e  o f  t h e  e x r ? ] ;  c o n t e n t  f .;hen ? t o t  i s  
r a i s e d  f r o 3  i t s  OH v a l u e  Po9 by I C R H ,  s e l e c t i n g  r e s u l t s  a: c o n s t a n t  d e n s i t y  ne! = 3 .6  and  
4 . 7  x 10:'cm-' a n d  d i s c h a r g e , $ u r r e n t  I? = 340 and 460  k.4. Fro- t h e s e  r e s u l t s ,  I: z p ? e a r s  
t h a t  : (i)  a t  neo = 3.6  x 10*2cm-2 ,  we o b t a i n  dE,'dPtCt = 1 2  k:/'>L' a t  1, = 340 k.4 and 
dE/dPto t  = 21 kJ/!X a t  460 kA. Both v a l u e s  i n d i c a t e ; ! ]  a p p r e c i a b l e  d e g r a d a t i o n  ir c o n f i n e z e z t  
( s e e  a l s o  F i g .  25) b u t  a l s o  u n d e r l i n e  t h e - 5 e n e f i c i a l  i n f l v e r c e  of  . "  t h e  Fr, i n c r e a s e .  ( i i )  At 
c o n s t a n t  c u r r e n t  ID = 460 k.4, i n c r e a s i n g  neo f r o n  3 . 6  t o  i . 7  
r a t e .  

I t  i s  e x t r e m e l y  n o t e v o r t h y  t h a t  t h e s e  low h e a t i n g  r a t e s  and  t h e  re:a:ive t r e n d  a:cn$ the: 
a r e  e n t i r e l y  c o n s i s t e n t  wit!: t h e  knoh-n e 3 p i r i : a l  s?a!ine la;.s f a r  a u x i l i a r y  h e a r i n g ,  ::?e 
b e s t  known o f  which  i s  Says -Golds ton  s c a l i n g  [ 1 6 ] e s t a S i i s h e d  f r o -  d a t a  o f  L - x d e  p e t t e r e d  
n e u t r a l  beam h e a t e d  d i s c h a r ~ e s ,  where  the a d d i t i o n a l  h e a t i n g  s c f f i c i e n t l y  e x c e e d s  t h e  
r e m a i n i n g  OH power .  App ly ing  t h i s  l a v  t o  TESTOR,  we e s p e c r  

1 . 0  
V f o r  Ip  = 340 o r  460 kA r e s p e c t i v e l y ) .  

10. '"- ' ' redcC?S t h e  heati7.i :  

- . _.  . .  . 
7 K-G(3s) = 0.021 n -.  - -  p-:. 5 .  I :.:. (lO.;c3-:, ?f< ,  k.4) i s )  G ,  eo - t o t  ? 

f o r  a = 0 . 4 6  m and  a ,  = 2 T vhen ? t o t  e s c e e d s  3 PA? . ?*?. , t he  corres3cndin; E v a l u e  r e a d s  

E.. -(ti.J) = O . O L 1  n 

I n  F i g .  1 2 3  we have  p l o t t e d  EK-C f o r  t h e  3 c a s e s  s t c d i e d  ir i t s  v a l i d i t y  r a n e e  ( d o t t e d  
c u r v e s ) .  It i s  now \,er? c l e a r  t h a t  any  smooth t r a n s i t i o n  frc: t h e  s s p e r i - e n t a l  03 v a l u e s  
t o  t h e  p r e d i c t e d  K-C s c a l i n g  c3n  o n l y  g i v e  r i s e  C O  :I!? o b s e r v e d  hecl t ins  r a t e s .  L i k s v i s e ,  t h e  
d e n s i t y  de;rendence of :he h e a t i n g  r a t e s  a p p e a r s  as a n a t u r a !  co:!sequcnce o f  a s t r o c s l y  

- ?  . .  I . . L  Pto; ' .  
e0 P 

- - -  
h-t, 
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d e m i t y  dependent  OH s c a l i n g  and a p r a c t i c a l l y  d e n s i t y  independent  a u x i l i a r y  h e a t i n g  s c a l i n g .  

A l l  i n  a l l ,  i t  i s  remarkable t o  what e x t e n t  t h e  p r e s e n t  d a t a  f i t s  t h e  s c a l i n g ,  
a l though the  c u r r e n t  dependence appears  t o  be somewhat weaker. As  Kaye-Goldston s c a l i n g  
d e s c r i b e s  NB experiments  on c l e a n  machines, we may conclude t h a t  t h e  observed h e a t i n g  
e f f i c i e n c i e s  a r e  a s  good a s  those  t h a t  could be obta ined  on TEXTOX with N B .  

The Kaye-Golston s c a l i n g  i s  r a t h e r  p e s s i m i s t i c  because T G  

t o t i c  v a l u e  f o r  l a r g e  va lues  of Ptot  , implyinn t h a t  the  confinement  d e g r a d a t i o n  would go 
on i n d e f i n i t e l y .  I t  should be noted  t h a t  the  exper imenta l  d a t a  could be used wi th  comparable 
confidence a s  i n  the K-G c a s e ,  t o  demonstrate  the  e x i s t e n c e  of  an asymptot ic  a u x i l i a r y  
h e a t i n g  confinement time T~~~ = (AE)RF/?RF t o  which T G  = E / P t o t  reduces when PRF >> P& 
I n  F i g .  12a we r e p r e s e n t  i n  s o l i d  l i n e s  t h e  p r e d i c t i o n s  cor responding  t o  t h e  assumption 
E = EVA + Eaux = 

P;8t5R and has  no non-zero asymp- 

~ 0 1 1  P& + T ~ ~ ~ P R F  when yoH i s  taken from Eq. ( 7 )  and where we use 

The r e s u l t i n g  TG = E / ( P ~ H  + PRF) i s  shown by the  s o l i d  l i n e  i n  F i g .  12b. A s c a l i n g  l i k e  
Eq. (9)  was previous ly  proposed i n  [17]  f o r  T~~~ of D - 1 1 1  and i n  [181 f o r  T G  of  Asdex 
i n  the H-regime. 

Although our  d a t a  does n o t  a l low any d i s c r i m i n a t i o n  between the  two a l t e r n a t i v e s ,  namely 
E q .  (8)  o r  Eq. ( 9 ) ,  they both c l e a r l y  show t h e  importance of i n c r e a s i n g  the  plasma c u r r e n t  
t o  avoid a s i g n i f i c a n t  reduct ion  of  T G  wi th  r e s p e c t  t o  'OH . Indeed,  we have T 2 I-3c9 
and T~ 2 I f o r  P > >  P' 1 OH P 

P RF OH ' 

I t  i s  p e r t i n e n t  t o  a s k  whether the  a p p r e c i a b l e  d e g r a d a t i o n  i n  confinement could be expla ined  
wi thout  invoking t r a n s p o r t  degrada t ion .  

From 5 5 . 1 ,  we know t h a t  a t  b e s t  2 small  f r a c t i o n  of  P R ~  mipht end up d i r e c t l y  on the  w a l l s  
wi thout  be ing  converted t o  k i n e t i c  energy of plasma p a r t i c l e s .  Therefore ,  t h e  only  p o s s i b l e  
a l t e r n a t i v e  t o  genuine degrada t ion  would be a poor energy d e p o s i t i o n  p r o f i l e .  

Refer r ing  to  t h e  case  of F i g .  2 ,  we observe  t h a t  when P t o t  i n c r e a s e d  from 340 t o  1215 kW, the  
c e n t r a l  power d e n s i t y  i n c r e a s e s  f r o n  0.17 W t o  0 .33  IJ/cmj and y e t  

which a r e  both  s t r o n g l y  peaked a t  the very  c e n t e r  and a t  the  e x t r e n e  plasma edge 2nd woulr! 
be completely i n c o n s i s t e n t  with t h e  t h e o r e t i c a l  e x p e c t a t i o n s  from r a y - t r a c i n g .  

S e v e r t h e l e s s ,  t h e  a b o v e d a t a a l s o  c l e a r l y  i n d i c a t e  t h a t  the  RF power d e p o s i t i o n  p r o f i l e  
cannot  be a s  c e n t r a l  a s  the  OH one and 2 p a r t  of t h e  degrada t ion  i s  due t o  p r o f i l e  e f f e c t s .  

Turning t o  F i g .  12a,  i t  i s  seen  t h a t  an i n c r e a s e  of the  OH power from 330 to  ', 540 kh' 
(brought  about  by a c u r r e n t  i n c r e a s e  f r o n  340 to  460 kA) r e s u l t e d  i n  an energy i n c r e a s e  of 
7 . 5  k J ,  y i e l d i n g  an e q u i v a l e n t  h e a t i n g  r a t e  of 36 kJ/?fl2 a s  opposed t o  100 k J / W  f o r  the  
f i r s t  330 kh'. I t  appears  a s  i f  the 02 regime a l s o  i s  c h a r a c t e r i z e d  by a degrada t ion  of  
confinement, a l though i t  i s  c l e a r  t h a t  t h i s  could be p a r t l y  due t o  a d i f f e r e n t  d e p o s i t i o n  
p r o f i l e .  Indeed,  t h e  e x t r a  210 kh' have a much broader  d e p o s i t i o n  p r o f i l e  than the  i n i t i a l  
330 ki' s i n c e  the  power d e n s i t y  i n  the c e n t e r  i s  expec ted  t o  i n c r e a s e  only  by about  20 Z 
due t o  the change i n  the loop v o l t a g e .  

E on ly  goes  up from 
'030 to  ""40 k J .  Power d e p o s i t i o n  p r o f i l e s  capable  of  r e c o n c i l i n g  t h e s e f i g u r e s  would be ones 
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