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ABSTRACT 

The theory  of  r f -d r iven  plasma c u r r e n t s  i s  a p p l i e d  t o  t he  lower-hybrid 

experiments  on t h e  PLT tokamak. P a r t i c u l a r  emphasis i s  p laced  on t h o s e  

experiments  i n  which t h e  plasma c u r r e n t  was varying.  The comparison between 

theo ry  and experiment i s  made wi th  r e s p e c t  t o  t h e  e f f i c i e n c y  with which r f  

energy was converted to p l o i d a l  magnetic f i e l d  energy. Good agreement i s  

found i r r e s p e c t i v e  of whether t h e  c u r r e n t  was i n c r e a s i n g ,  c o n s t a n t ,  o r  

decreas ing .  



Lower-hybrid waves have been used t o  increase  the t o r o i d a l  c u r r e n t  i n  

tokamaks. The e f f i c i e n c y  of t h i s  process i s  expressed a s  t h e  r a t i o  of t h e  

r a t e  of change of the  poloidal  f i e l d  energy [W = ( ~ / ~ ) L I ~ I  t o  the  r f  power 

i n j e c t e d  Pr f .  In the  PLT experiment an e f f i c i e n c y  of about 25% has been 

repor ted .  6,7 

Recently, a  theory o f  t h i s  process ( r f - c u r r e n t  ramp-up) has been 

p r o p  sed . * This theory genera l i zes  t h e  more r e s t r i c t e d  theory of steady- 

s t a t e9 '10  and near ly  s t e a d y - s t a t e l l  c u r r e n t  d r i v e  and, i n  t h i s  l e t t e r ,  we 

analyze t h e  data  from PLT i n  l i g h t  of  t h i s  genera l i za t ion .  De ta i l s  of the  

experiment appear elsewhere. 6,7,10 

The theory i d e n t i f i e s  two dimensionless parameters and de r ives  a  

r e l a t i o n s h i p  between them. One parameter i s  the  r a t i o  Pel/Pin, where Pin i s  

the r f  power absorbed by the  h o t  current -carry ing e l e c t r o n s  (presumably some 

f r a c t i o n  TI of p r f ) ,  and pel i s  the  power flowing from these  e l e c t r o n s  i n t o  the  

poloidal  f i e l d .  The second parameter is u  = vph/vR, where v  i s  the  p a r a l l e l  ph 

phase v e l o c i t y  of the  lower-hybrid waves i n  the  plasma and vR i s  the  runaway 

2 v e l o c i t y  defined by vR = lnq3 logh/4n&: mnl .  We adopt the s ign  convention 

t h a t  vR > 0  i n  the  "normal" ramp-up cases ,  i .e . ,  when t h e r e  i s  an e l e c t r i c  

f i e l d  opposing the r f  c u r r e n t ,  and vR < 0  when the e l e c t r i c  f i e l d  i s  i n  the  

same d i r e c t i o n  a s  the  r f  cu r ren t .  This parameter r e f l e c t s  the  r e l a t i v e  

importance of the  e l e c t r i c  f i e l d  and c o l l i s i o n s  i n  slowing down the  h o t  

e l ec t rons .  When c o l l i s i o n s  dominate the  slowing down (u << 11, we expect poor 

ramp-up e f f i c i e n c y ,  whereas when the  e l e c t r i c  f i e l d  dominates ( u  >> 1 1 ,  we 

expect  an e f f i c i e n c y  c lose  t o  uni ty .  

The experimental d a t a ,  on the  o t h e r  hand, a r e  o f t e n  p l o t t e d  a s  e f f i c i e n c y  

vs Prf. In order t o  compare theory with experiment, we must r e l a t e  the  

experimental observables t o  the t h e o r e t i c a l  parameters. Assuming t h a t  Pin = 



nPrf ,  w e  may wri te  

The expression f o r  Pel i s  derived by balancing con t r ibu t ions  t o  <. These a r e  

Pel, peXt ( t h e  power coupled from the  v e r t i c a l  and ohmic c o i l s ) ,  and V ~ / R  ( t h e  

ohmic d i s s i p a t i o n ) .  The second t h e o r e t i c a l  parameter, u ,  may be determined 

using vph = c/nllB, where rill i s  the  p a r a l l e l  index of r e f r a c t i o n  determined 

from a Fourier  a n a l y s i s  of the  launched waves and B i s  the  f a c t o r  by which n, ,  

is  upshi f ted  when the  wave propagates i n t o  the  plasma. The runaway v e l o c i t y  

vR i s  given d i r e c t l y  i n  terms of  experimental observables . 
Figure 1 shows the  experimental da ta  from PLT p lo t t ed  i n  terms of Pel/Prf 

and u. This inc ludes  the  r e s u l t s  of over 250 s h o t s  with various va lues  of  

dens i ty ,  waveguide phasing, and r f  power. These sho t s  c o n s t i t u t e  a l l  the  

ramp-up experiments on PLT during the period September - October 1983, 

including those cases where the  c u r r e n t  was s teady o r  decaying, so long a s  t h e  

dura t ion  of  the  r f  exceeded 200 m s .  In view of the  wide parameter space 

covered by these sho t s ,  t h e  da ta  show remarkably l i t t l e  s c a t t e r ,  which 

provides strong evidence t h a t  the c r u c i a l  dimensionless parameters have been 

iden ti f i ed  . 
In Ref. 8, a funct ion  G = G ( U , Z )  i s  def ined,  where Z i s  the  e f f e c t i v e  ion  

charge s t a t e ,  and the  r e l a t i o n  

i s  derived by ignoring rf-generated runaways, which a r e  n o t  expected t o  be 

confined long i n  the  PLT experiment. Experimental e s t ima tes ,  based on t h e  



t o t a l  l e v e l  of hard X-ray emissions,  sugges t  Z " 5. Hence, we take  G = G ( u , ~ )  

i n  comparing theory with experiment i n  Fig. 1. Note, however, t h a t  G i s  not  

very s e n s i t i v e  t o  i t s  Z dependence. 

nJo ad jus tab le  parameters must be chosen i n  order  t o  compare theory and 

experiment. They a r e  the  absorption f a c t o r  Tl and t h e  n u p s h i f t  f a c t o r  8. 

These parameters a c t  a s  s c a l e  f a c t o r s  on the  two axes. The b e s t  f i t ,  

displayed i n  Fig. 1 ,  i s  given when 8 = 1.4 and rl = 0.75. Therefore i n  the  

b e s t  case ,  corresponding t o  Pel/Prf = 43%, the  t h e o r e t i c a l  conversion 

e f f i c i e n c y  Pel/Pin approaches 60%. Of course ,  i t  i s  poss ib le  t o  de f ine  more 

genera l  funct ions  ?l and 8 ,  in t roducing dependencies on waveguide phasing, 

power, e t c . ,  which obviously would allow us  t o  f i t  the  d a t a  b e t t e r .  We choose 

n o t  t o  do so because the re  is  no very compelling t h e o r e t i c a l  reason t o  choose 

anything more complicated than a cons tant .  The assumption here i s  t h a t  t h e  

d a t a  a r e  l e s s  s e n s i t i v e  t o  the t h e o r i e s  o f  absorpt ion  and u p s h i f t  than t o  the  

theory  of e f f i c i e n c y ,  and choosing the  s imples t  funct ions  provides the  

s e v e r e s t  t e s t  f o r  the e f f i c i e n c y  theory.  So, considering t h a t  t h e r e  a r e  only  

two adj  us table  parameters,  the re  i s  s t a r t l i n g  agreement over the  f u l l  range of 

the curve. In p a r t i c u l a r ,  the  experimental da ta  f a i t h f u l l y  reproduce the  

"diode" c h a r a c t e r i s  t i c s  of the  t h e o r e t i c a l  formula. 

The da ta  i n  Fig. 1 i l l u s t r a t e  t h r e e  r f  current -dr ive  regimes. For u > 0,  

the  r f  causes the  c u r r e n t  t o  increase ,  and Pel/Prf monotonically inc reases  

because the e l e c t r i c  f i e l d  p lays  an inc reas ing ly  dominant r o l e  i n  slowing down 

the  hot  e l ec t rons .  However f o r  l a r g e  u,  the  ohmic l o s s e s  become l a rge .  This 

means t h a t  al though Pel/Prf inc reases ,  ;/prf may decrease.  For u = 0, a 

s teady-s ta te  c u r r e n t  i s  achieved and the  ramp-up e f f i c i e n c y  i s ,  of course ,  

zero, s ince  the ho t  e l e c t r o n s  slow down only  due t o  c o l l i s i o n s .  For u < 0, 

the  r f  power i s  i n s u f f i c i e n t  t o  prevent  t h e  cu r ren t  from decaying, and, 



i n t e r e s t i n g l y ,  power flows from the  poloidal  f i e l d  i n t o  the  h o t  e l e c t r o n s  (pel 

< 0 ) .  Nevertheless, W does not  decay a s  r a p i d l y  a s  with no r f ,  s ince  the V ~ / R  

l o s s e s  a r e  reduced. Note t h a t ,  near  u = 0, only a small  e l e c t r i c  f i e l d  i s  

p resen t ,  and the theory of  the  s teady-s ta te  ( u  = 0 )  rf-generated c u r r e n t  9,lO 

and the theory of rf-enhanced ( u  " 0)  conduct iv i ty1 '  may be t e s t ed .  C lea r ly ,  

t h e  experimental da ta  here  o f f e r  s o l i d  confirmation of  these  t h e o r i e s ,  

inc luding the  sca l ing  of the  s teady-s ta te  e f f i c i e n c y  wi th  d e n s i t y  and phase 

ve loc i ty .  Note t h a t  i n  making the  comparison t o  the  s teady-s ta te  theory,  we 

may use the second d e r i v a t i v e  of the  t h e o r e t i c a l  curve i n  Fig. 1 ,  which i s  

j u s t  the  so-defined s teady-s ta te  e f f i c i ency ,  Irf/Pin ( a s  opposed t o  the  r a m p  

up e f f i c i e n c y  used he re ) .  

Apart from the  conclusions drawn from the  very smal l  s c a t t e r  i n  the d a t a ,  

what does t h i s  apparent ly  remarkable agreement be tween theory  and experiment 

t e l l  us? While the l ack  of s c a t t e r  i n d i c a t e s  the  i d e n t i f i c a t i o n  of the  

r e l e v a n t  dimensionless parameters,  the  f i t  t o  t h e  d a t a  can be used a s  

corrobora t ion  f o r  the t h e o r e t i c a l  r e l a t i o n s h i p  between these parameters.  

Al t e rna t ive ly ,  the  theory can be assumed t o  be c o r r e c t  and the  exe rc i se  of 

f i t t i n g  the  da ta  can be used t o  provide rough es t ima tes  f o r  q and B ,  two 

q u a n t i t i e s  which a r e  d i f f i c u l t  t o  measure experimentally. In making the  b e s t  

f i t ,  note t h a t  11 and B a r e  no t  independent; e.g, i f  6 = 1 ,  then rl. = 0.5 

provides the  b e s t  f i t ,  although not  a s  good f o r  the p a i r  of values used i n  t h e  

f igure .  Observe t h a t  the  b e s t  e s t ima tes  f o r  Tl and t u r n  o u t  t o  be  c o n s i s t e n t  

with the  expectat ion t h a t  l a r g e  absorption r e q u i r e s  a  moderate n,, 

upsh i f t .  ' 3 r  ' * The consis tency of experiment and theory g ives  us confidence i n  

ex t rapo la t ing  these  r e s u l t s  t o  l a r g e r  machines. 

There a r e  some s u b t l e t i e s  i n  the  c a l c u l a t i o n  of t h e  experimental d a t a  

points  which we wish t o  e luc ida te .  The most important quan t i ty  which must be 



c a r e f u l l y  measured is  - Pext. This i s  determined a s  a  funct ion  of time by 

using the  experimental ly observed plasmas c u r r e n t ,  an es t ima te  of the  t o t a l  

inductance and the c u r r e n t s  i n  the  e x t e r n a l  c o i l s .  The inductance inc ludes  

the  ca lcu la ted  ex te rna l  inductance (g iven by the  pos i t ion  of the  plasma) and 

an i n t e r n a l  inductance, which i s  approximately deduced from the  v e r t i c a l  

f i e l d .  Generally 6 - peXt i s  not  exac t ly  cons tan t  over the  r f  pulse  and an 

average quan t i ty  i s  employed i n  Eq. ( 1  ). The ques t ion  i s  how t o  perform t h i s  

averaging. 

Traces of Vj - Pext f o r  two s h o t s  a r e  shown i n  Fig. 2, wi th  Fig. 2a 

represent ing  the  more t y p i c a l  s i t u a t i o n .  In both cases  the re  i s  a t r a n s i e n t  

por t ion  before -Pext s e t t l e s  down t o  a nea r ly  s teady value about 100 m s  

a f t e r  the  beginning of the  r f  pulse.  Two methods of averaging 6 - Pext 

suggest themselves: e i t h e r  averaging over the  whole r f  pulse  o r  averaging over 

a l l  bu t  the  f i r s t  100 m s  where $ - peXt i s  more nea r ly  constant .  The two 

methods g ive  Pel/Prf = 32% and 21 % f o r  the  s h o t  shown i n  Fig. 2a, and 16% and 

36% for  t h a t  i n  Fig. 2b. When the  da ta  f o r  a l l  t he  sho t s  a r e  compared, t h e  

f i r s t  method (which i s  used i n  Fig. 1 )  g ives  much l e s s  s c a t t e r .  The s c a t t e r  

i n  da ta  when the  second method i s  used a r i s e s  p r imar i ly  from the  s h o t s  

represented  by Fig. 2b, which l i e  cons iderably  above the  o t h e r  points .  The 

reason f o r  t h i s  may l i e  i n  the a b i l i t y  of the  plasma t o  t r a n s f e r  energy 

between energe t i c  p a r t i c l e s  and the  f i e l d  energy. During the  i n i t i a l  p a r t  of  

the  rf pulse i n  Fig. 2b, the  c u r r e n t  i s  s t i l l  decaying and the re  i s  a forward 

e l e c t r i c  f i e l d .  It i s  poss ib le  t h a t  a  l a r g e  populat ion o f  runaways may be  

generated i n  these  circumstances,  and they w i l l  absorb energy from the  

poloidal  f i e l d .  However, t h i s  energy flows back i n t o  the  poloidal  f i e l d  when 

changes s ign  and the  runaways slow down giving an apparent ly  high 

e f f i c i ency .  



By averaging over the whole r f  pulse ,  we can ignore the temporary s to rage  

of energy i n  the  runaway component t h a t  may occur i n  Fig. 2b. S imi lar ly ,  t h e  

i n i t i a l l y  high value of - Pext seen i n  Fig. 2a may be due t o  the  presence of 

forward runaways when t h e  r f  i s  f i r s t  turned on. S t r i c t l y  speaking we would 

wish t o  e l iminate  t h i s  a d d i t i o n a l  source of energy when making the  comparison 

to the  theory. However, there  appears t o  be no convenient and c o n s i s t e n t  way 

of doing so while s t i l l  avoiding the  p o t e n t i a l  problem with pu l ses  l i k e  

Fig. 2b. I f  t h i s  i s  the  explanation fo r  the  peak i n  Fig. 2a, some of the  

experimental values f o r  Pel/Prf i n  Fig. 1 may be overestimated. 

The voltage V, which i s  needed i n  t h e  ca lcu la t ion  of vR and of t h e  ohmic 

l o s s  v ~ / R ,  i s  computed a s  (peXt - ;)/I. The c a l c u l a t i o n  of R i s  d i f f i c u l t .  

One method i s  t o  c a l c u l a t e  t h e  r a t i o  of vol tage  t o  c u r r e n t  before  t h e  r f  i s  

turned on. %is method was r e j e c t e d  s i n c e  the i n i t i a l  ohmic plasma may have a 

s i g n i f i c a n t  non-Maxwellian component which lowers R. However, t h e  non- 

Maxwellian o r  " slide-away" e l e c t r o n s  wi 11 slow down by c o l l i s i o n s  during the  

r f  pulse and not then dominate t h e  conduct iv i ty .  Instead R i s  ca lcu la ted  

using the  Spitzer-Harm conduct iv i ty  with the  temperature est imated using a 

crude energy balance and neo-Alca t o r  sca l ing .  The temperature so  obtained 

approximately conforms t o  the  meager Thomson s c a t t e r i n g  data .  ~ y p i c a l l y  V'/R 

is  a small term (about  10%)  i n  the  c a l c u l a t i o n  of pel and so ,  f o r t u n a t e l y  our 

r e s u l t s  a r e  i n s e n s i t i v e  to  e r r o r s  i n  t h i s  crude c a l c u l a t i o n  of  R. 

We have shown i n  t h i s  l e t t e r  t h a t  the  theory given i n  Ref. 8 expla ins  the 

ramp-up e f f i c i e n c i e s  i n  PLT. The agreement i s  over a wide range of plasma 

parameters,  encompassing shots  i n  which the  c u r r e n t  i s  inc reas ing ,  s teady,  and 

decaying. Confidence i n  our understanding of these  experiments now allows the  

contemplation of l a r g e r  machines u t i l i z i n g  the  favorable rf-ramp-up regime 

a t t a i n e d  i n  PLT. 
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FIGURE CAPTIONS 

FIG. 1.  Pel/Prf vs u f o r  250 PLT shots .  The r f  power Prf var ied  from 0 t o  

300 kw, the  d e n s i t y  n from 1.5 x 10' t o  6.0 x 10' 2m'31 the  plasma 

c u r r e n t  I from 150 t o  400 k ~ .  Three waveguide phasings were used 

6 0 ° ( * ) ,  g o 0 ( + ) ,  and 135O(#). 

FIG. 2. Traces of  i - Pext vs  t f o r  two represen ta t ive  ramp-up sho t s .  In 

( a ) ,  Prf = 160 kW and f > 0 a s  soon a s  the  r f  i s  turned on. In  (b), 

Pif  = 96 kW and t h e r e  i s  a de lay  i n  f changing sign. 








