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Abstract 

LOWER HYBRID CURRENT RAMP-UP IN THE PLT TOKAMAK. 
A study of radiofrequency current ramp-up in the PLT tokamak is reported. The plasma 

current was first raised to 200-300 kA by the Ohmic heating transformer, and the current in 
the transformer primary circuit was then held constant to remove the OH drive. After the 
current fell below 200 kA, up to  300 kW of the toroidally directed RF power at 
800 MHz was transmitted into the PLT plasma via a 6-element phased waveguide array. Current 
ramp-up rates between 0 and 120 kA/s for a 0.35 s time interval ((112-1/31 L/R time) were 
measured at densities between 2 and 4 X 1012 c K 3 .  It is estimated that about 20% of the RF 
energy introduced into the vacuum vessel was converted into poloidal magnetic field energy, 
~1'12, where L x 3 pH is the total inductance of the plasma current loop. This conversion 
ratio should depend on a variety of factors, including the percentage of RF power absorbed 
by resonant electrons and the magnitude of the back current induced by the changing poloidal 
flux LI. The high ramp-up efficiencies are predicted theoretically in the regime in which the 
PLT ramp-up experiments operate, i.e. where the phase velocity of the waves is approximately 
equal in magnitude to the runaway velocity due to the back voltage. Comparison of the raw 
data with theory suggests that about 112 to 314 of the incident RF power is absorbed by 
resonant high-velocity electrons. 

INTRODUCTION 

Following i n i t i a l  t h e o r e t i c a l  s u g g e s t i o n s  [ I  1 and f a v o r a b l e  
r e s u l t s  on a  number of tokamaks,  PLT [ 2  I ,  ALCATOR C [ 3 1 , JFT-2 
[ 4 ] ,  WT-2 [ 5 ] ,  VERSATOR-I1 [ 6 ] ,  JIPP-T-I1 [ 7 ]  and PETULA 181, 
lower  hybr id  c u r r e n t  d r i v e  h a s  been developed t o  t h e  p o i n t  where 
it i s  now s e r i o u s l y  c o n s i d e r e d  i n  t h e  d e s i g n  s t u d i e s  f o r  
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proposed l a r g e  tokamaks such  a s  TFCX and INTOR. Both t r a n s i e n t  
and s t e a d y  s t a t e  ( T > L / R )  tokamak d i s c h a r g e s  have  been c r e a t e d ,  
a s  w e l l  a s  c u r r e n t  s t a r t u p  andramp-upby RF means a l o n e .  

The f u t u r e  development of t h i s  method of non- induc t ive  
c u r r e n t  d r i v e  remains  u n c e r t a i n  because  o f  t h e  need f o r  h i g h  RF 
power l e v e l s .  However, a  more c l e a r l y  d e f i n e d ,  n e a r - t e r m  r o l e  
f o r  lower  h y b r i d  waves has  emerged: t o  h e l p  t h e  a i r - c o r e  
t r a n s f o r m e r s  i n  l a r g e  tokamaks such  a s  TFTR a c h i e v e  h i g h e r  
c u r r e n t s ,  and t h e r e f o r e  b e t t e r  i o n  conf inemen t ,  d u r i n g  n e u t r a l  
beam h e a t i n g .  With t h i s  end i n  mind, we have  s t u d i e d  t h e  
e f f i c i e n c y  w i t h  which RF ene rgy  c a n  be c o n v e r t e d  t o  p o l o i d a l  
f i e l d  ene rgy  d u r i n g  c u r r e n t  ramp-up expe r imen t s  on t h e  PLT 
tokamak . 

The minimum power needed t o  m a i n t a i n  a n  RF-driven d i s c h a r g e  
depends on t h e  f r equency  of t h e  c o l l i s i o n s  between c u r r e n t -  
c a r r y i n g  t a i l  e l e c t r o n s  and t h e  background plasma. The p r e s e n c e  
o f  a  d c  e lectr ic  f i e l d  d u r i n g  c u r r e n t  ramp-up, however, d e s t r o y s  
t h i s  s imple  r e l a t i o n s h i p  between c o l l i s i o n s  and power 
d i s s i p a t i o n .  C o l l i s i o n s  d u r i n g  ramp-up c a n  a l s o  be  b e n e f i c i a l ,  
s i n c e  t h e y  p r e v e n t  e l e c t r o n  runaway i n  t h e  p r e s e n c e  o f  t h e  
(backward -d i r ec t ed )  e lectr ic  f i e l d  induced  by t h e  change of 
magnet ic  f l u x  l i n k e d  by t h e  t o r u s .  W e  c a n  d i s t i n g u i s h  t h r e e  
regimes  of o p e r a t i o n ,  which a r e  c h a r a c t e r i z e d  by t h e  r e l a t i v e  
s t r e n g t h  of t h e  e l e c t r i c  f i e l d  and t h e  c o l l i s i o n a l  f r i c t i o n  on 
t h e  e l e c t r o n s  which i n t e r a c t  w i t h  t h e  r f  waves. I f  c o l l i s i o n s  
a r e  dominant ,  t h e n  most  o f  r f  ene rgy  i s  was ted  i n  h e a t i n g  t h e  
plasma. I f  t h e  e l e c t r i c  f i e l d  is dominant ,  t h e r e  is a  h i g h  
p r o b a b i l i t y  of t h e  e l e c t r o n  runn ing  away i n  t h e  backward 
d i r e c t i o n .  I f  t h e  backward runaways a r e  c o n f i n e d ,  t h e y  w i l l  
d r a i n  s u b s t a n t i a l  e n e r g y  from t h e  p o l o i d a l  f i e l d .  F i n a l l y ,  i f  
t h e  two e f f e c t s  a r e  comparahle ,  i . e .  t h e  wave phase  v e l o c i t y  is 
a b o u t  e q u a l  t o  t h e  runaway v e l o c i t y ,  t h e n  a  s u b s t a n t i a l  f r a c t i o n  
of t h e  r f  ene rgy  may be conve r t ed  i n t o  p o l o i d a l  f i e l d  e n e r g y  
w i t h o u t  runaway p roduc t ion .  The ramp-up expe r imen t s  on  PLT 
appea r  t o  f a l l  i n  t h i s  l a s t  f a v o r a b l e  regime,  o r  i n  a  regime i n  
which some runaways a r e  c r e a t e d ,  b u t  n o t  l o n g  c o n f i n e d .  

THE EXPERIMENT 

The 800 MHz lower  h y r i d  c u r r e n t  d r i v e  a p p a r a t u s  on  PLT 
c o n s i s t s  o f  a  f i-waveguide g r i l l ,  w i t h  e a c h  g u i d e  i n d e p e n d e n t l y  
d r i v e n  by a  160 kW s o u r c e  121. The phase  d i f f e r e n c e  6@ between 
waveguides is set e l e c t r i c a l l y  and a r b i t r a r i l y  a t  t h e  i n p u t s  t o  
t h e s e  s o u r c e s ;  f o r  t h e  measurements r e p o r t e d  h e r e  6@ was 60°,  
90° and 135O, c o r r e s p o n d i n g  t o  a n  a v e r a g e  rill o f  1.5, 2.3 and 
3.4. The s p e c t r a l  f u l l  w id th  ( a t  h a l f  maximum) o f  t h e  g r i l l  i s  
6nll : 1.5. A t  t h e  h i g h e s t  phase  v e l o c i t i e s ,  6@ = 60' and rill = 
1.5,  some of t h e  spect rum i s  i n a c c e s s i b l e  t o  t h e  p lasma,  even  a t  
t h e  l o w e s t  d e n s i t i e s .  



FIG.1. Current ramp-up using RF power (40-260 kW). The OH transformer was turned o f f :  
< = 2.2 X 1 012 ~ m - ~ .  

For these  experiments t h e  tokamak was run w i t h  deu te r ium 
plasmas, and with  t h e  plasma c u r r e n t  I r a n  i n g  from 150 t o  400 
kA and t h e  d e n s i t y  from 1.5 t o  6 x 10' cm-'. T y p i c a l l y ,  t h e  OH 
t r ans former  primary was b i a s e d  and then  t h e  c u r r e n t  was 
reversed ,  a s  i n  normal PLT o p e r a t i o n ,  b u t  then  t h e  pr imary was 
clamped and t h e  plasma c u r r e n t  s u s t a i n e d  by lower hybr id  c u r r e n t  
d r i v e .  Often t h e  clamping was n o t  p e r f e c t ,  s o  t h a t  t h e  OH 
t ransformer  added approximately  15 kW of d r i v e .  For - 25% of  
t h e  d a t a  repor ted  h e r e ,  however, t h e  c u r r e n t  i n  t h e  pr imary was 
i n  f a c t  set t o  ze ro ,  and t h e  power supply open c i r c u i t e d ;  i n  
t h e s e  c a s e s  t h e  OH t r ans former  s u p p l i e d  no d r i v e  power. I n  
e i t h e r  case ,  however, t h e  e q u i l i b r i u m  f i e l d  c o i l  (EF) s u p p l i e d  
some d r i v e  t o .  t h e  plasma, i n  an amount approximately  
p r o p o r t i o n a l  t o  I ,  and t y p i c a l l y  10% of t h e  t o t a l  power f lowing  
i n t o  t h e  p o l o i d a l  f i e l d  energy. 

Figure  1 shows a s e t  of ramp-up exper iments .  The plasma 
was i n i t i d t e d  by t h e  OH t r ans former  and t h e  plasma c u r r e n t  
brought  up t o  - 210 kA. A t  100 m s  i n t o  t h e  d i s c h a r g e ,  t h e  
primary c u r r e n t  was clamped and t h e  plasma c u r r e n t  a l lowed t o  
decay. The d e n s i t y  was 2.2 x 1012 cme3 and a f t e r  t h e  100 m s  
p o i n t  the  OH t r ans former  c o n t r i b u t e d  - 6 kW of d r i v e  - a l o o p  
v o l t a g e  of 33 mV. A f t e r  300 m s ,  a t  which t ime t h e  c u r r e n t  had 
decayed t o  approximately  180 kA, t h e  RF was turned on f o r  over  
350 m s  (300 i n  t h e  260 kW c a s e ) ,  which i s  - 1/3 of an L/R 
time. For ty  k i l o w a t t s  s u f f i c e d  t o  main ta in  t h e  c u r r e n t  n e a r l y  
c o n s t a n t  under t h e s e  plasma c o n d i t i o n s  and. a d d i t i o n a l  power 
caused ramp-up, wi th  260 kW producing an I of  - 120 kA/s . 
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FIG.2. The ratio of poloidal energy flow W ~ O  net RF power PRF as a function of PRF. w has 
been corrected for inductive coupling from the OH and equilibrium coils. 

T h i s  h i g h  ramp-up r a t e  was s u s t a i n e d  f o r  o n l y  200 m s ;  a f t e r  
t h a t ,  a  h o t  s p o t  appea red  on a l imiter which caused  a  sudden 
d e n s i t y  rise, which i n  t u r n  reduced t h e  ramp-up r a t e .  No h o t  
s p o t s  appeared  i n  t h e  o t h e r  c a s e s  shown i n  F i g u r e  1 ,  and  t h e  
d e n s i t y  remained c o n s t a n t .  The h o t  s p o t s  o c c u r  a t  h i g h  power 
and l o n g  p u l s e  times. 

A measure o f  t h e  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  ramp-up i s  
g i v e n  by t h e  c o n v e r s i o n  r a t i o  € = i / pRF ,  where PRF is t h e  n e t  RF 
power go ing  i n t o  t h e  plasma, and where = ( d / d t ) ~ 1 ~ / 2  - Pext, 
and peXt a c c o u n t s  f o r  t h e  power coup led  v i a  t h e  EF and OH 
windings  o f  t h e  tokamak. The ramp-up e f f i c i e n c y  i s  n o t  
c o n s t a n t ,  b u t  i s  a  f u n c t i o n  of RF power and phase  v e l o c i t y ,  and 
plasma c u r r e n t  and d e n s i t y .  F i g u r e  2 shows t h e  v a r i a t i o n  o f  € 

w i t h  RF power i n p u t  f o r  ii = 2.2 x 1012 crne3, I " 180 kA, 6 @  = 
60°. Below 40 kW, E fs n e g a t i v e ,  i .e.  t h e  RF power is 
i n s u f f i c i e n t  t o  h o l d  t h e  c u r r e n t  c o n s t a n t .  Above 50 kW, € rises 
r a p i d l y  t o  a  maximum o f  - 25%. Under o t h e r  c o n d i t i o n s  ( h i g h e r  
d e n s i t y  o r  phase  a n g l e s  > 6 0 ° ) ,  t h e  maximum € v a r i e s  be tween 12 
and 20%. 

THEORY 
I t  is c o n v e n i e n t  t o  d i s t i n g u i s h  between t h e  d i f f e r e n t  

channe l s  f o r  power f l o w  i n  t h e  sys tem.  An r f  s o u r c e  o f  power 

PRF i s  t r a n s m i t t e d  i n t o  t h e  sys tem,  of which some f r a c t i o n  rl i s  
absorbed by r e s o n a n t  e l e c t r o n s .  The abso rbed  power, Pin = rlPRFf 



FIG.3. The efficiency (W + v 2 / ~ ) / p R F  as a function o f  the ratio o f  the phase velocity vph 
to the runaway ve1ocit.v vR. q=  (1.5-6.0) X 10l2 ~ r n - ~ ;  I =  (150-400) kA.  A@ values are: 
x 60°; + 90°. 

f lows i n  two d i r e c t i o n s :  a  power PH goes  i n t o  Coulomb 
c o l l i s i o n s ,  caus ing  bulk  h e a t i n g ,  and t h e  remainder Pel = Pin - 
P i s  a v a i l a b l e  t o  i n c r e a s e  t h e  p o l o i d a l  f i e f d  energy.  The 
cgange i n  p o l o i d a l  f i e l d  energy is  g iven  by W = Pel - v 2 / R 1  

2 where V /R r e p r e s e n t s  t h e  r e s i s t i v e  bulk  h e a t i n g  of t h e  back 
c u r r e n t ,  i . e .  work done by t h e  f i e l d  on t h e  background plasma; V 
i s  t h e  loop  v o l t a g e ;  R i s  t h e  plasma r e s i s t a n c e .  

From t h e  above d i s c u s s i o n ,  i t  is reasonab le  t h a t  t h e  
convers ion  e f f i c i e n c y ,  Pel/pin, depends p r i m a r i l y  on t h e  
d imens ion less  r a t i o  <v  >/vR, where t h e  runaway v e l o c i t y  vR, 
which i s  r e l a t e d  t o  tgeh D r e i c e r  v e l o c i t y ,  i s  g iven  by vR2 = 
14nnee3 l o g  h/~m,l and <v  > is t h e  average phase v e l o c i t y  of 
t h e  waves. The problem '!ay be formulated i n  terms of t h e  
Langevin equa t ions  f o r  an e l e c t r o n  s u f f e r i n g  c o l l i s i o n s  and 
be ing  d e c e l e r a t e d  by an  e l e c t r i c  f i e l d  [9 ] .  When t h e  waves 
i n c r e a s e  t h e  energy of a  p a r t i c l e ,  t h e r e  i s  a  r e s u l t i n g  i n c r e a s e  
i n  t h e  energy f lowing i n t o  t h e  p o l o i d a l  f i e l d ,  e j ~ v ~ ~  d t .  The 
r a t i o  of these  two increments  g i v e s  Pel/Pinlwhich depends o n l y  
on <vph>/vR and t h e  i o n  charge  Z. 

I n  o r d e r  t o  compare t h e  t h e o r e t i c a l  r e s u l t s  wi th  t h e  
exper imen ta l  d a t a ,  we p l o t  pel/pRF (where Pel = 4 + v 2 / R )  
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a g a i n s t  <vXh>/vR. Here R is t a k e n  t o  b e  t h e  S p i t z e r  r e s i s t a n c e  
of t h e  ackground plasma, based on Thomson s c a t t e r i n g  
measurements,  and V i s  t h e  c a l c u l a t e d  l o o p  v o l t a g e .  The runaway 
v e l o c i t y  i s  o b t a i n e d  from t h e  measured d e n s i t y  and l o o p  v o l t a g e ,  
and < v  > i s  e s t i m a t e d  by t a k i n g  t h e  peak of t h e  B r a m b i l l a  rill 

ph spect rum and m u l t i p l y i n g  by a  f a c t o r  of  1.4. 

The t h e o r e t i c a l  e f f i c i e n c y  Pel/Pin d i f f e r s  from Pel/PRF: b y  
t h e  a b s o r p t i o n  f a c t o r  n. We t h e r e f o r e  p l o t  n Pel/Pin and a d j u s t  
n t o  g i v e  t h e  b e s t  f i t .  The comparison between t h e o r y  ( l i n e )  
and expe r imen t  i s  shown i n  Fig.  3. I n  t h i s  c a s e ,  we took  Z = 5  
and f i t t e d  = 0.75. There  a r e  two p o i n t s  wor thy o f  no te .  When 
t h e  e x p e r i m e n t a l  d a t a  a r e  p l o t t e d  i n  t h i s  way, t h e r e  is v e r y  
l i t t l e  s c a t t e r  i n  t h e  p o i n t s ,  d e s p i t e  t h e  f a c t  t h a t  F ig .  3  
i n c l u d e s  t h e  r e s u l t s  of ove r  200 d i s c h a r g e s  o p e r a t i n g  i n  a  
v a r i e t y  of regimes .  The second p o i n t  is t h a t  t h e  e x p e r i m e n t a l  
d a t a  c l o s e l y  f o l l o w  t h e  t h e o r e t i c a l  cu rve .  Note t h a t  t h e r e  a r e  
o n l y  two a d j u s t a b l e  p a r a m e t e r s  i n  t h i s  f i t  - t h e  a b s o r p t i o n  
f a c t o r  n ,  and t h e  n  ll u p s h i f t  f a c t o r .  I f  t h e r e  i s  no u p s h i f t  of  
rill , t h e n  n = 0.5 g i v e s  t h e  b e s t  f i t .  

SUMMARY 

Measurements of  lower  h y b r i d  c u r r e n t  ramp-up f o l l o w i n g  
ohmic d i s c h a r g e s  i n  t h e  PLT Tokamak show t h a t  15-25% of  t h e  RF 
i n p u t  power c a n  be  c o n v e r t e d  i n t o  p o l o i d a l  f i e l d  ene rgy .  
C a l c u l a t i o n s  show t h a t  t h i s  c o n v e r s i o n  r a t i o  is r e a s o n a b l e ,  
because  t h e  phase  v e l o c i t y  o f  t h e  waves is comparable  t o  t h e  
v e l o c i t y  f o r  e l e c t r o n  runaway i n  t h e  ( b a c k )  e l e c t r i c  f i e l d  
induced by t h e  c u r r e n t  ramp-up. 
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DISCUSSION 

S. TANAKA: In your current ramp-up experiments, Ip is increased while 
the electron density is constant. What change is observed in the electron 
velocity distribution function, especially in the high energy tail electrons? 

R. MOTLEY: In our analysis we assume that the shape of the electron 
distribution function is not reflected by ramp-up. We have, however, no 
experimental evidence for this yet. 

G. FUSSMANN: Do you have any information on the confinement time 
of the 'tail electrons'? 

R. MOTLEY: We have no direct evidence showing whether the surface 
tail electrons are formed at the centre or on the periphery. Since the electron 
temperature is so low and the confinement so poor at the edge, we believe that 
the electrons diffuse from the core. 

V.E. GOLANT: What can you say about the role of fast electron losses 
in the energy balance of your current drive experiment? 

R. MOTLEY: First, we estimate that only 5-10 kW of power (out of 
about 200 kW) is sufficient to account for the limiter hot spots observed. 
Secondly, a lower limit to the hot electron confinement time during current 
drive at the lowest densities can be established by assuming that all the power 
is lost in the tail. By this method we obtain That < 30 ms. 




