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ABSTRACT 

A model f o r  wave p r o p a g a t i o n  and a b s o r p t i o n  o f  t h e  Ion C y c l o t r o n  Range of 

Frequenc ies  (ICRF) h a s  been c o n s t r u c t e d  and f i t t e d  i n t o  t h e  1 -D BALDUR 

t r a n s p o r t  code. The wave p ropaga t ion  i s  handled by r a y  t r a c i n g  t e c h n i q u e s .  

Wave a b s o r p t i o n  i s  c a l c u l a t e d  u s i n g  t h e  Fokker-Planck e q u a t i o n  and q u a s i l i n e a r  

d i f f u s i o n .  The wave p r o p a g a t i o n  and damping p r o f i l e s  are evolved i n  t i m e  

a c c o r d i n g  t o  t h e  plasma e v o l u t i o n .  A s i m u l a t i o n  o f  PLT hydrogen m i n o r i t y  ICRF 

h e a t i n g  w i t h  a comparison t o  e x p e r i m e n t a l  d a t a  i s  given.  



I. INTRODUCTION 

Recent  ICRF h e a t i n g  exper iments  on a  number of tokamaks, such a s  PLT, 

TFR, JIPPT-11, and JFT-11, have demons t ra ted  e f f i c i e n t  i o n  and e l e c t r o n  

h e a t i n g  i n  t h e  fundamental  m i n o r i t y ,  t h e  two-ion h y b r i d ,  and t h e  second 

harmonic regimes.  The f i r s t  d i r e c t  measurement of m i n o r i t y  i o n  h e a t i n g  was 

documented on PLT by u s i n g  t h e  mass d i s c r i m i n a t i n g  c h a r q e  exchange d i a g n o s t i c  

t o  i d e n t i f y  t h e  e n e r g e t i c  m i n o r i t y  hydrogen d i s t r i b u t i o n  i n  a  deu te r ium 

plasma.'  The observed m i n o r i t y  i o n  energy  spectrum was found t o  be i n  qood 

agreement  w i t h  q u a s i l i n e a r  d i f f u s i o n  t h e o r y .  More r e c e n t l y ,  t h e  c e n t r a l  

d e u t e r o n  t e m p e r a t u r e  i n  PLT h a s  reached 3  keV through c o l l i s i o n s  w i t h  an  rf 

h e a t e d  e n e r g e t i c  3 ~ e  i o n  d i s t r i b u t i o n  which c o n s i s t s  of 5% of  t h e  e l e c t r o n  

d e n s i t y  and whose energy  i s  a s  h igh  a s  200 keV. Moreover, t h e  f u s i o n  power 

o u t p u t  of t h e  14.7 MeV p r o t o n s  from t h e  D - 3 ~ e  + p (  14.7 MeV) + 4 ~ e  r e a c t i o n s  

i n  t h e s e  exper iments  is approach ing  1 kW. 

I n  t h e  pure  second harmonic h e a t i n g  of a  hydrogen plasma, t h e  observed 

bu lk  i o n  d i s t r i b u t i o n  i s  non-Maxwellian, a s  p r e d i c t e d  by q u a s i l i n e a r  

t h e o r y e 6  Thus,  one c a n n o t  d e p i c t  t h e  h e a t i n g  r e s u l t  by a  t h e r m a l  t e m p e r a t u r e ,  

b u t  r a t h e r  by 2/3 of t h e  averaged i o n  energy ,  <E>. The averaged  i o n  e n e r g y  

f o r  t h e  b e s t  h e a t i n g  case i n  PLT h a s  reached  o v e r  4.5 keV which c o r r e s p o n d s  t o  

an  e f f e c t i v e  t e m p e r a t u r e ,  
T e f f  

= 2<E>/3, o f  3.2 keV. I t  s h o u l d  be no ted  t h a t  

t h e  c h a r a c t e r i s t i c s  of a 3.2 keV thermal  plasma can  be q u i t e  d i f f e r e n t  from a  

non-Maxwellian plasma. For example, t h e  e s t i m a t e d  f u s i o n  power o u t p u t  from D- 

D r e a c t i o n s  f o r  a  deu te r ium plasma w i t h  Teff = 3.2 keV i s  f o u r  times h i g h e r  

t h a n  t h e  c o r r e s p o n d i n g  the rmal  plasma. Moreover, t h e  conf inement  p r o p e r t i e s  

of t h e s e  plasmas a r e  n o t  t h e  same. 

I n  o r d e r  t o  unders tand  t h e  p r e s e n t  e x p e r i m e n t a l  r e s u l t s  as w e l l  a s  t o  

d e v e l o p  t h e o r e t i c a l  models c a p a b l e  of e x t r a p o l a t i n g  t h e s e  r e s u l t s  t o  f u t u r e  



confinement devices,  a  t h e o r e t i c a l  e f f o r t  has been i n i t i a t e d  t o  i n t e g r a t e  the  

various wave coupling, propagation, and absorpt ion  theor ies  i n t o  tokamak 

t r a n s p o r t  models. In t h i s  paper, we p resen t  the  r e s u l t s  of incorpora t ing  

these wave models i n t o  the one-dimensional t r a n s p o r t  code, BALDUR. The wave 

power deposi t ion  p r o f i l e  is  recomputed i n  time a s  the  plasma parameters evolve 

according t o  the  t r a n s p o r t  code. For the  sake of computational speed, various 

approximations and assumptions have been made throughout the ca lcu la t ions .  

The v a l i d i t y  and l i m i t a t i o n s  of these approximations a r e  discussed and f u r t h e r  

improvements t o  the  modeling a r e  suggested. F ina l ly ,  a d i r e c t  comparison of 

the modeling r e s u l t s  with recent  PLT minority heat ing  da ta  i s  given as an 

example. 

11. THE RF MODEL 

The modeling of r f  heat ing requi res  two in te r lock ing  ca lcu la t ions :  ( 1 )  

t h e  determination of the  r f  f i e l d s  throughout the  devices and, ( 2 )  t he  

determination of the  power deposi t ion  i n t o  the  various components of the  

plasma. The computed power deposi t ion p r o f i l e s  f o r  the  plasma species  se rve  

as  the inpu t  f o r  the t r anspor t  code t o  recompute the  various plasma parameters 

and p r o f i l e s  . 

A.  The plasma 

The plasma cons i s t s  of an a r b i t r a r y  number of ion  species  enabling the 

simulat ion of a  v a r i e t y  of I C R F  heat ing scenar ios .  A l l  plasma p roper t i e s  a r e  

assumed t o  be t o r o i d a l l y  axisymmetric, a s  required f o r  the  1-D t r a n s p o r t  

code. The q  p r o f i l e ,  q ( r ) ,  and the  p r o f i l e s  of dens i ty  and temperature of 

each species ,  n s ( r )  and T s ( r ) ,  a r e  a r b i t r a r y  c i r c u l a r l y  symmetric funct ions  of 

the minor radius ,  r e  m e s e  functions a r e  obtained by f i t t i n g  cubic s p l i n e s  



t o  t h e  d a t a  from BALDUR. 

The magnet ic  f i e l d  has  a t o r o i d a l  component B B R /R and p o l o i d a l  
$ =  $ 0 0  

component Be = B+ r / q  Rot  where Ro i s  t h e  major r a d i u s  of t h e  magnet ic  a x i s ,  

R i s  t h e  d i s t a n c e  t o  t h e  a x i s  of t h e  machine, $ i s  t h e  t o r o i d a l  a n g l e ,  and 8 

i s  t h e  p o l o i d a l  a n g l e .  

Each plasma s p e c i e s  i s  i n i t i a l i z e d  as a n  i s o t r o p i c  Maxwellian 

d i s t r i b u t i o n  f s ( r , v )  produced i n  t h e  ohmic phase  of t h e  t r a n s p o r t  

s i m u l a t i o n .  During t h e  r f  h e a t i n g  p u l s e ,  t h e  background s p e c i e s  a r e  assumed 

t o  s t a y  i s o t r o p i c  and Maxwellian w i t h  t h e  t e m p e r a t u r e  computed by BALDUR. The 

t e s t  s p e c i e s ,  on t h e  o t h e r  hand, a r e  a l lowed t o  become non-Maxwellian ( b u t  

s t i l l  i s o t r o p i c )  a s  a  r e s u l t  of t h e  wave damping and Fokker-Planck 

c a l c u l a t i o n s .  

B. Wave p r o p a g a t i o n  

The c a l c u l a t i o n  of t h e  c o u p l i n g  and t h e  p r o p a g a t i o n  of t h e  r f  wave f i e l d s  

from t h e  an tenna  t o  t h e  plasma c o r e  is d i v i d e d  i n t o  two p a r t s .  F i r s t ,  t h e  

wave c o u p l i n g  problem is  hand lsd  by s o l v i n g  t h e  f i e l d s  n e a r  t h e  a n t e n n a  i n  a  

c o l d  plasma w i t h  a  c y l i n d r i c a l  conduc t ing  w a l l .  ( T h i s  i s  handled by a  

s e p a r a t e  code t h a t  is  s t i l l  under  development . )  The an tenna  modeling p r o v i d e s  

t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  wave p r o p a g a t i o n  c a l c u l a t i o n .  These c o n d i t i o n s  

a r e  t h e  p o s i t i o n  ( r ,  e ) ,  t h e  wave v e c t o r  components (m=poloidal  mode number, 

n = t o r o i d a l  mode number),  and t h e  r f  power d i s t r i b u t i o n  on t h e  an tenna  

p ( r , e ) .  The t o r o i d a l  wave v e c t o r ,  k p  i s  de te rmined  from t h e  F o u r i e r  spectrum 

of s e v e r a l  l o o p  a n t e n n a e  l o c a t e d  a t  d i f f e r e n t  t o r o i d a l  p o s i t i o n s .  

The p r o p a g a t i o n  of t h e  wave f i e l d s  t h r o u g h o u t  t h e  plasma i s  c a l c u l a t e d  

u s i n g  r a y  t r a c i n g  e q u a t i o n s .  A c y l i n d r i c a l  c o o r d i n a t e  sys tem i s  used w i t h  

c o o r d i n a t e s  R ,  z ,  and 4) where z is  t h e  a l t i t u d e  above t h e  e q u a t o r i a l  p lane .  



I n  t h i s  way t h e  r a y  t r a c i n g  e q u a t i o n s  a r e  well-behaved th roughout  t h e  

plasma. The wave numbers c o n j u g a t e  t o  t h e  space  c o o r d i n a t e s  a r e  kR, k,, and 

n. S ince  t h e  plasma i s  axisymmetr ic ,  n  i s  a  c o n s t a n t .  I n  a d d i t i o n  we assume 

t h a t  t h e r e  is a r a p i d  e q u i l i b r a t i o n  of a l l  plasma q u a n t i t i e s  on a  g i v e n  f l u x  

s u r f a c e ;  t h e r e f o r e ,  we d o  n o t  need t o  s o l v e  f o r  t h e  4 c o o r d i n a t e .  Thus we 

need o n l y  s o l v e  f o r  t h e  f o u r  q u a n t i t i e s ,  R ,  kR, z, and k Z .  

The r a y  t r a c i n g  e q u a t i o n s 8  t a k e  the form dR/dt = - (  a ~ / a k ~ ) / ( a ~ / a U ) ,  and 

s i m i l a r l y  f o r  z and t h e  wave numbers. Here D i s  t h e  d i s p e r s i o n  r e l a t i o n ,  

c o n s i d e r e d  a s  a  f u n c t i o n  o f  t h e  s i x  space  and wave number c o o r d i n a t e s  and o f  

t h e  f requency  U. D i s  c a l c u l a t e d  from t h e  f u l l  set of  Maxwell 's  e q u a t i o n s  and 

t h e  l i n e a r i z e d  m u l t i - s p e c i e s  f l u i d  equiations w i t h  a p r e s s u r e  term,  vps, i n  t h e  

momentum e q u a t i o n .  The f l u i d  e q u a t i o n s  a r e  o b t a i n e d  by t a k i n g  moments o f  t h e  

Vlasov e q u a t i o n .  The p r e s s u r e  ps s a t i s f i e s  a p o l y t r o p i c  e q u a t i o n  of s t a t e  

s 
(ps/pso 1 = (ns/nso) . ( I n  t h e  s i m u l a t i o n  we took Ye = 1 ,  Y a = 3 .  ) 

1 

Given t h e  i n i t i a l  s p a t i a l  c o o r d i n a t e  (r ,  e ) ,  t h e  wave numbers (m and n ) ,  

and t h e  r f  power c o n t e n t  a l o n g  t h e  an tenna  from t h e  model ing,  Newton's method 

i s  th?n used t o  f i n d  t h e  v a l u e  of kr which e x a c t l y  s o l v e s  t h e  d i s p e r s i o n  

r e l a t i o n .  These q u a n t i t i e s  a r e  t h e n  conver ted  t o  t h e  c y l i n d r i c a l  c o o r d i n a t e s  

used a s  t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  r a y  t r a c i n g  e q u a t i o n s .  I t  i s  

c o n v e n i e n t  t o  s p e c i f y  t h e  i n i t i a l  p o l o i d a l  mode number, m, even though 

t o r o i d i c i t y  i m p l i e s  t h a t  it is  n o t  c o n s t a n t  f o r  a g i v e n  ray .  The boundary 

c o n d i t i o n  on t h e  e q u a t i o n s  i s  t h a t  whenever t h e  r a y  r e a c h e s  t h e  edge of t h e  

plasma,  i t  is  s p e c u l a r l y  r e f l e c t e d  w i t h  l o s s .  This.  r e f l e c t i o n  l o s s  is used as 

t h e  pa ramete r  t o  s i m u l a t e  power l o s s  due t o  o t h e r  mechanisms ( s u c h  as 

unconf ined e n e r g e t i c  i o n s )  which have been observed  i n  t h e  exper iments  b u t  

which have n o t  been p r o p e r l y  accounted f o r  i n  t h e  p r e s e n t  t h e o r y .  

Because we assume a  f a s t  e q u i l i b r a t i o n  o v e r  a  f l u x  s u r f a c e ,  we need o n l y  



c a l c u l a t e  t h e  wave energy  d e n s i t y  averaged o v e r  a  f l u x  s u r f a c e  and n o t  t h e  

l o c a l  e l e c t r i c  f i e l d  s t r e n g t h .  Thus we o n l y  s o l v e  t h e  r e l a t i v e l y  s imple  

e q u a t i o n  f o r  t h e  power P (see below) r a t h e r  t h a n  t h e  more compl ica ted  f i e l d  

f o c u s i n g  e q u a t i o n  which i n v o l v e s  second d e r i v a t i v e s  o f  D. 8 

C. Wave a b s o r p t i o n  

I n  a d d i t i o n  t o  t h e  p o s i t i o n  and wavenumber, each  r a y  i s  c h a r a c t e r i z e d  by 

a  power P ( w i t h  u n i t s  of w a t t s ) .  The d i f f e r e n t i a l  e q u a t i o n  f o r  P is  d e r i v e d  

by c a l c u l a t i n g  t h e  power l o s t  t o  t h e  plasma by q u a s i l i n e a r  d i f f u s i o n .  

On a  g i v e n  f l u x  s u r f a c e ,  a s i n g l e  r a y  c o n t r i b u t e s  

t o  t h e  wave energy  d e n s i t y  averaged o v e r  a  f l u x  s u r f a c e  where A i s  t h e  area of 

t h e  f l u x  s u r f a c e  and v  i s  t h e  r a d i a l  component o f  t h e  g roup  v e l o c i t y .  The 
9r 

* 3 +. 
wave p o l a r i z a t i o n  i s  o b t a i n e d  from t h e  r e l a t i o n  DOE where D i s  t h e  d i s p e r s i o n  

t e n s o r  of t h e  plasma medium d e r i v e d  from t h e  f l u i d  e q u a t i o n s .  I ts d e t e r m i n a n t  

D is used i n  t h e  r a y  t r a c i n g  c a l c u l a t i o n .  Making use  o f  

w e  can  f i n d  t h e  r m s  f i e l d  s t r e n g t h  due t o  t h e  r a y  i n  terms of P. W e  now f oxm 

t h e  c o n t r i b u t i o n  of t h i s  ray t o  t h e  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  f o r  

p a r t i c l e s  o f  s p e c i e s  s. From Kennel and ~ngelmann;  we  have 



where 

Here 11 and 1 a r e  measured with r e s p e c t  t o  t h e  magnetic f i e l d ,  E a r e  t h e  
R , r  

l e f t -  and right-handed components of t he  e l e c t r i c  f i e l d ,  and t h e  argument of 

t he  Bessel  func t ions  i s  kivL/8 . The wave power absorbed pe r  u n i t  volume 
S 

( ~ r n ' ~ )  i s  

Here ns and ms g ive  t h e  number d e n s i t y  and mass of s p e c i e s .  The d i s t r i b u t i o n  

f u n c t i o n  f s  i s  normalized s o  t h a t  i t s  v e l o c i t y  i n t e g r a l  i s  u n i t y .  

S ince  f s  i s  taken  t o  be i s o t r o p i c ,  t h e  three-dimensional  i n t e g r a l  

c o l l a p s e s  t o  one dimension. In  t h e  p roces s ,  t h e  6 f u n c t i o n s  appear ing  i n  t h e  
* 

d e f i n i t i o n  of D become p iecewise  a l g e b r a i c  f u n c t i o n s  which a r e  e a s i l y  
q l t s  

handled on a d i s c r e t e  g r i d .  F i n a l l y ,  we u t i l i z e  energy conse rva t ion  t o  write 

down the  equa t ion  f o r  e v o l u t i o n  of t h e  power a s  

The r f  damping i s  c a l c u l a t e d  i n  t h i s  way i n c l u d i n g  a l l  plasma s p e c i e s .  

However, t he  Fokker-Planck equa t ion  i s  only  so lved  f o r  t h e  t es t  s p e c i e s  which 

dominate t h e  wave abso rp t ion .  For a l l  t h e  "background" s p e c i e s ,  t h e  

d i s t r i b u t i o n s  a r e  assumed t o  be Maxwellian and an a n a l y t i c a l  form ( invo lv ing  



t h e  plasma d i s p e r s i o n  f u n c t i o n )  f o r  t h e  r f  damping r a t e  can be o b t a i n e d .  

S i n c e  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  i n c l u d e s  a l l  r e sonance  i n t e r a c t i o n ,  o u r  

approach has  t h e  advan tage  of t r e a t i n q  a l l  s p e c i e s  and a l l  c o l l i s i o n l e s s  

damping p r o c e s s e s  i n  a  uniform and e a s i l y  unders tood  manner. There do n o t  

have t o  be s e p a r a t e  fo rmulas  f o r  c y c l o t r o n  and Landau damping, f o r  example. 

The power a b s o r p t i o n  f o r  each s p e c i e s ,  pds, and q u a s i l i n e a r  d i f f u s i o n  

.) bC 

c o e f f i c i e n t ,  D a r e  accumulated a s  a  f u n c t i o n  of r a d i u s ,  r. D ( r )  i s  
q l ,  s q l , s  

used t o  advance t h e  Fokker-Planck e q u a t i o n .  The sum of pds and a l l  

c o l l i s i o n a l  h e a t i n q  of t h e  "background" s p e c i e s  i s  i n p u t  i n t o  BALDUR a s  a  

h e a t i n q  p r o f i l e ,  whi le  o n l y  pds i s  used i f  t h e  Fokker-Planck e q u a t i o n  f o r  

s p e c i e s  s i s  n o t  advanced. Because a s i n g l e  r a y  may c r o s s  a f l u x  s u r f a c e  

.. 
s e v e r a l  t i m e s ,  D ( r )  i n v o l v e s  a sum b o t h  o v e r  t h e  r a y s  and o v e r  t h e  

q 1 , s  

c r o s s i n g s .  

D. E v o l u t i o n  of f s  

A f t e r  a l l  t h e  r a y  t r a c i n g  c a l c u l a t i o n s  a r e  completed,  we may advance f s  

by s o l v i n g  t h e  Fokker-Planck e q u a t i o n .  Although f  may be computed f o r  a l l  

t h e  s p e c i e s ,  it is  u s u a l l y  n e c e s s a r y  t o  do s o  f o r  t h o s e  s p e c i e s  which d e p a r t  

s i g n i f i c a n t l y  from a  Maxwellian. I n  t h e  m i n o r i t y  h e a t i n g  c a s e ,  f o r  example,  

t h i s  normal ly  i n c l u d e s  o n l y  t h e  m i n o r i t y  i o n s .  

For each tes t  s p e c i e s ,  s, and f o r  each r a d i a l  zone we s o l v e  t h e  i s o t r o p i c  

Fokker-Planck e q u a t i o n  

where D i s  t h e  accumulated w component of t h e  q u a s i l i n e a r  d i f f u s i o n  
q l , s  

t e n s o r  p rov ided  by t h e  r a y  t r a c i n g  c a l c u l a t i o n .  T h i s  e q u a t i o n  i s  advanced by 



a  t i m e  i n t e r v a l  e q u a l  t o  t h e  t i m e  s t e p  used by BALDUR. I n  t h i s  phase  of t h e  

c a l c u l a t i o n  t h e  c o l l i s i o n a l  h e a t i n g  o f  t h e  background s p e c i e s  i s  a l s o  

computed . 
The c o l l i s i o n  term is  c a l c u l a t e d  assuming a l l  

Maxwellians w i t h  t empera tu re  Ts. Th is  r e q u i r e s  

c o r r e c t  Fokker-Planck problem i s  one i n v o l v i n g  b o t h  

space .  What we have done is  t o  f a c t o r  t h e  problem i 

t h e  background s p e c i e s  a r e  

some j u s t i f i c a t i o n .  The 

v e l o c i t y  and c o n f i g u r a t i o n  

n t o  a  v e l o c i t y  s p a c e  p a r t ,  

which we s o l v e  h e r e ,  and a  c o n f i g u r a t i o n  space  p a r t ,  which i s  c o n v e r t e d  t o  a  

d i f f u s i o n  e q u a t i o n  and s o l v e d  by t h e  main p a r t  of BALDUR. Because BALDUR 

h a n d l e s  t h e  terms l e a d i n g  t o  t empera tu re  e q u i l i b r a t i o n  between t h e  v a r i o u s  

s p e c i e s ,  such terms shou ld  be exc luded  from t h e  v e l o c i t y - s p a c e  problem. T h i s  

i s  most c o n v e n i e n t l y  done by making a l l  t h e  background t e m p e r a t u r e s  e q u a l .  

The power f lows  i n  t h e  reduced problem t h e n  a l l  a r i s e  from t h e  r f  h e a t i n g .  

Th is  approach w i l l  b reak  down i f  a  major component of t h e  plasma ( e l e c t r o n s  o r  

m a j o r i t y  i o n s )  becomes very  non-Maxwellian, a s  may happen d u r i n g  second  

harmonic h e a t i n g .  Then t h e  v e l o c i  ty-space c a l c u l a t i o n  shou ld  u s e  t h e  r e a l  

d i s t r i b u t i o n s  and BALDUR should  i n c l u d e  t h e  t e m p e r a t u r e  e q u i l i b r i u m  term. 

S i n c e  is h a s  now changed, we may wish t o  r e p e a t  t h e  r a y  t r a c i n g  

c a l c u l a t i o n  t o  de te rmine  new power d e p o s i t i o n  p r o f i l e s .  S i m i l a r l y ,  we can 

r e p e a t  t h e  s o l u t i o n  of t h e  Fokker-Planck e q u a t i o n  u s i n g  t h e  new wave f i e l d s .  

P r o v i s i o n  is  made i n  t h e  program f o r  i t e r a t i n g  t h i s  p rocedure  an  a r b i t r a r y  

number of t imes .  However, i n  p r a c t i c e ,  no i t e r a t i o n  i s  n e c e s s a r y  because  each  

t ime t h e  code i s  execu ted  t h e  d i s t r i b u t i o n  f u n c t i o n  found i n  t h e  p r e v i o u s  c a l l  

i s  used.  A s  l o n g  a s  t h e  BALDUR t i m e  s t e p  i s  s u f f i c i e n t l y  s m a l l ,  t h e r e  w i l l  

o n l y  be a  s m a l l  change i n  t h e  d i s t r i b u t i o n  from one s t e p  t o  t h e  n e x t  and 

l i t t l e  e r r o r  i s  i n c u r r e d .  



E. Power budget  

The power ba lance  i n  t h i s  code i s  compl ica ted  by t h e  f a c t  t h a t  enerqy  

absorbed  by t h e  p a r t i c l e s  may be s t o r e d  i n  t h e  t e s t  s p e c i e s  b e f o r e  

c o l l i s i o n a l l y  t r a n s f e r r i n q  it t o  t h e  background s p e c i e s  (and BALDUR). An 

example w i l l  make t h i s  c l e a r e r .  

Suppose w e  a r e  s i m u l a t i n g  3 ~ e  m i n o r i t y  h e a t i n g  i n  a  deuter ium plasma. 

L e t  us  t a k e  t h e  helium t o  be a  test  s p e c i e s  and t h e  deu te r ium and e l e c t r o n s  t o  

be  "backqround" s p e c i e s .  Concep tua l ly ,  i t  i s  u s e f u l  t o  c o n s i d e r  two hel ium 

d i s t r i b u t i o n s :  t h e  non-Maxwellian t e s t  d i s t r i b u t i o n  and t h e  Maxwelllan 

background d i s t r i b u t i o n .  During t h e  r a y  t r a c i n q  t h e r e  may be some damping on 

a l l  t h e  s p e c i e s ,  a l t h o u g h  presumably most of t h e  wave e n e r g y  w i l l  damp on t h e  

m i n o r i t y  helium. The energy  which i s  damped on t h e  e l e c t r o n s  and d e u t e r o n s  i s  

s t o r e d  and l a t e r  g iven  t o  BALDUR a s  p a r t  of t h e  h e a t i n q  term. The energy  

whlch i s  damped on t h e  helium i s  computed from t h e  q u a s i l i n e a r  d i f f u s i o n  of 

t h e  tes t  d i s t r i b u t i o n  and qoes  t o  c r e a t i n q  a  t a i l  i n  t h e  helium t e s t  

d i s t r i b u t i o n  f u n c t i o n .  Th is  tail i n t e r a c t s  w i t h  a l l  t h e  background s p e c i e s  

r e s u l t i n g  i n  c o l l i s i o n a l  h e a t i n g  of t h e  e l e c t r o n s  and d e u t e r o n s .  The 

c o l l i s i o n a l  power t r a n s f e r  i s  added t o  t h e  d i r e c t  wave h e a t i n g  t o  p r o v i d e  t h e  

t o t a l  e l e c t r o n  and d e u t e r o n  h e a t i n g  terms.  C o l l i s i o n a l  h e a t i n g  i s  t h e  o n l y  

power s o u r c e  f o r  t h e  background hel ium i o n s .  F i n a l l y  t h e  c o n t r i b u t i o n s  f o r  

t h e  d e u t e r o n s  and hel ium i o n s  a r e  added t o g e t h e r  t o  g i v e  a  combined i o n  

h e a t i n q  term,  and t h e  r e s u l t i n g  i o n  and e l e c t r o n  h e a t i n g  p r o f i l e s  a r e  passed  

back t o  BALDUR. I n  t h i s  way t h e  energy  t h a t  i s  damped on t h e  m i n o r i t y  i o n s  i s  

r e a p p o r t i o n e d  among t h e  background s p e c i e s  ( i f  t h e  m i n o r i t y  t a i  1 is 

s u f f i c i e n t l y  e n e r g e t i c ,  most of i t s  energy  goes  t o  t h e  e l e c t r o n s ) .  However, 

t h e  sum of  t h e  c o l l i s i o n a l  h e a t i n g  terms w i l l  o n l y  b a l a n c e  t h e  m i n o r i t y  wave 

h e a t i n g  t e r m  i n  t h e  s t e a d y  s t a t e .  The d i f f e r e n c e  between t h e  m i n o r i t y  wave 



h e a t i n g  and t h e  c o l l i s i o n a l  h e a t i n g  c a u s e s  the energy  of t h e  tes t  m i n o r i t y  

d i s t r i b u t i o n  t o  change. Th is  means t h a t  t h e  c o l l i s i o n a l  h e a t i n g  w i l l  o n l y  

become e f f e c t i v e  some t i m e  i n t o  t h e  r f  h e a t i n g  p u l s e  (when t h e  m i n o r i t y  t a i l  

i s  e s t a b l i s h e d ) .  However, it w i l l  remain f o r  some t i m e  a f t e r  t h e  r f  i s  t u r n e d  

o f f  w h i l e  t h e  t a i l  r e l a x e s  back t o  a  Maxwellian. 

111. SIMULATION OF PLT EXPERIMENTAL RESULTS 

%e ICRF modeling code h a s  been used e x t e n s i v e l y  t o  s i m u l a t e  t h e  h e a t i n g  

r e s u l t s  on PLT i n  t h e  m i n o r i t y  i o n  regime. I n  t h e s e  e x p e r i m e n t s ,  b o t h  hel ium- 

3 and hydrogen have been used a s  t h e  m i n o r i t y  i o n  s p e c i e s  i n  a d e u t e r i u m  

plasma. The b a s i c  approach of t h e  s i m u l a t i o n  i s  t o  u s e  t h e  power d e p o s i t i o n  

p r o f i l e  produced by t h e  r f  code,  and v a r y  t h e  t r a n s p o r t  model t o  o b t a i n  t h e  

b e s t  f i t  t o  t h e  d a t a .  The same t r a n s p o r t  s c a l i n g  h a s  been used f o r  t h e  ohmic 

and t h e  r f  phase  of t h e  d i s c h a r g e .  

I n  t h e  exper iments ,  t h e  wave i s  launched u s i n g  l o o p  a n t e n n a e  e x t e n d i n g  

h a l f  of t h e  minor c i rcumference  of PLT on t h e  o u t e r  major r a d i u s  of t h e  

tokamak (see Fig.  1 ) .  The r f  c u r r e n t  d i s t r i b u t i o n  on t h e  a n t e n n a e  h a s  been 

computed f o r  t h e  two a p p l i e d  f r e q u e n c i e s ,  42 and 25 MHz. From t h e  a n t e n n a  

power d i s t r i b u t i o n ,  t h e  p o l o i d a l  mode spectrum is o b t a i n e d .  The i n i t i a l  

t o r o i d a l  mode spectrum i s  determined from t h e  p h a s i n g  o f  t h e  v a r i o u s  a n t e n n a e  

l o c a t e d  a t  d i f f e r e n t  t o r o i d a l  p o s i t i o n s .  

The p r o p a g a t i o n  of t h e  wave from t h e  a n t e n n a  t o  t h e  plasma i n t e r i o r  is  

r e p r e s e n t e d  t y p i c a l l y  by 30 t o  50 r a y s  d i s t r i b u t e d  un i fo rmly  i n  t h e  p o l o i d a l  

d i r e c t i o n  n e a r  t h e  an tenna  s u r f a c e .  The t o t a l  r f  i n p u t  power i s  d i v i d e d  among 

t h e  r a y s  a c c o r d i n g  t o  t h e i r  p o l o i d a l  l o c a t i o n s  and t h e  c o r r e s p o n d i n g  r f  power 

p r o f i l e  e x c i t e d  by t h e  antenna.  I n  t h e  e x p e r i m e n t s ,  t h e  r f  c u r r e n t  maximum 

h a s  been a d j u s t e d  t o  be n e a r  t h e  e q u a t o r i a l  midplane of t h e  tokamak, i . e., a t  



t h e  c e n t e r  of t h e  h a l f - t u r n  loop. The plasma p a r a m e t e r s  and p r o f i l e s  a r e  

g i v e n  by BALDUR a f t e r  a  s t e a d y - s t a t e  ohmic s o l u t i o n  s i m i l a r  t o  t h e  

e x p e r i m e n t a l  c o n d i t i o n s  h a s  been ach ieved .  

The r a y  t r a c i n g  p r o c e s s  is  i l l u s t r a t e d  i n  Fig .  2. Twenty r a y s  have been 

launched a t  v a r i o u s  p o l o i d a l  a n g l e s  from t h e  low magnet ic  f i e l d  r e g i o n  of t h e  

tokamak w i t h  d i f f e r e n t  wave numbers ( s e e  f i g u r e  c a p t i o n ) .  The plasma i s  

composed of m a j o r i t y  d e u t e r o n s  and 5% m i n o r i t y  hydrogen i o n s .  The a p p l i e d  

f requency  i s  42 MHz, co r responding  t o  t h e  hydrogen c y c l o t r o n  f requency  a t  28 

kG. The t o r o i d a l  t r a n s f o r m  i n  t h e  plasma i s  de te rmined  w i t h  t h e  s p e c i f i c a t i o n  

o f  t h e  q p r o f i l e .  For t h e  example shown i n  Fig.  2, t h e  q p r o f i l e  v a r i e s  from 

1 a t  t h e  plasma c e n t e r  t o  " 4  a t  t h e  l imiter r a d i u s  o f  40 c m .  The r a y s  a r e  

r e f l e c t e d  a t  t h e  f a s t  wave c u t o f f  l a y e r s  l o c a t e d  i n  t h e  plasma c o r e  and a t  t h e  

plasma p e r i p h e r y .  Each c r o s s  superimposed on t h e  r a y s  r e p r e s e n t s  t h e  damping 

of 10% of  t h e  wave energy  a s  computed from q u a s i l i n e a r  theory .  

The t i m e  e v o l u t i o n  of t h e  m i n o r i t y  hydrogen d i s t r i b u t i o n  i s  shown i n  Fig .  

3 where t h e  i n i t i a l  1  keV thermal  i o n s  have been h e a t e d  t o  a non-Maxwellian 

t a i l .  The t a i l  d i s t r i b u t i o n  i s  s lowing  down on t h e  e l e c t r o n  p o p u l a t i o n  which 

i s  f i x e d  a t  1  keV. 

For  t h e  ICRF h e a t i n g  s i m u l a t i o n  g i v e n  below a n  a n t e n n a  c o u p l i n g  

e f f i c i e n c y  of 90% is  assumed s o  t h a t  " 1 . I  MW of t h e  t o t a l  r f  power o f  1 . 2  MW 

reached  t h e  plasma. Approximately 900 kW of t h i s  power i s  damped on t h e  

m i n o r i t y  i o n s ,  100 kW i s  coupled d i r e c t l y  t o  t h e  background s p e c i e s ,  and a b o u t  

100 kW i s  l o s t  due t o  f i n i t e  r e f l e c t i v i t y  a t  t h e  c u t o f f  r e g i o n  i n  t h e  plasma 

p e r i p h e r y  s i m u l a t i n g  power l o s s  due t o  t h e  unconf ined h i g h  energy  hydrogen 

t a i l .  ( I n  t h i s  s i m u l a t i o n ,  t h e  r e f l e c t i v i t y  was t a k e n  t o  he 90%. ) The power 

s p l i t t i n g  of t h e  c o l l i s i o n a l  i n t e r a c t i o n  between t h e  m i n o r i t y  i o n s  and t h e  

background s p e c i e s  i s  400 kW t o  t h e  e l e c t r o n s ,  500 kW t o  t h e  d e u t e r o n s .  



A t r a n s p o r t  model which f i t s  t h e  e x p e r i m e n t a l  d a t a  w e l l  can  be summarized 

a s  f o l l o w s .  The e l e c t r o n  the rmal  c o n d u c t i v i t y ,  Xe, t a k e s  t h e  form of 

where Xnc i s  t h e  n e o c l a s s i c a l  e l e c t r o n  conduc t ion  and t h e  T e ( r )  dependence 

enhances t h e  c o n d u c t i o n  a t  t h e  plasma edge  above t h e  u s u a l  A l c a t o r l i k e  

s c a l i n g .  (These  q u a n t i t i e s  are a l l  e x p r e s s e d  i n  CGS u n i t s . )  The m i n o r i t y  

hydrogen r a d i a l  d e n s i t y  p r o f i l e  i s  a d j u s t e d  t o  f o l l o w  t h e  ne p r o f i l e  

c l o s e l y .  The l i n e  averaged  e l e c t r o n  d e n s i t y  t i m e  e v o l u t i o n  i s  programmed t o  

be similar t o  t h e  e x p e r i m e n t a l  r e s u l t s  through b o t h  g a s  p u f f i n g  and r e c y c l i n g  

o f f  l i m i t e r s .  

The p a r t i c l e  d i f f u s i o n  c o e f f i c i e n t  h a s  been chosen t o  match 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 s  f o r  bo th  t h e  ohmic and r f  h e a t e d  plasma. The form o f  t h e  

d i f f u s i o n  c o e f f i c i e n t ,  Dh, i s  

Here D~ i s  t h e  Bohm d i f f u s i o n  and i s  i n c l u d e d  o n l y  i n s i d e  t h e  r e g i o n  where q < 

1 .  S i n c e  t h e  t r a n s p o r t  modeling of t h e  c e n t r a l  s a w t e e t h  a c t i v i t i e s  obse rved  

i n  th? exper iments  is  n o t  i n c l u d e d  i n  t h e s e  s t u d i e s ,  an  enhanced c o n d u c t i o n  

and d i f f u s i o n  c o e f f i c i e n t ,  0.05 Db i s  i n c l u d e d  t o  s i m u l a t e  t h e  averaged  Te and 

ne p r o f i l e s  o v e r  t h e  s a w t e e t h  p e r i o d  i n s i d e  q = 1. The i o n  c o n d u c t i v i t y  is  

taken  t o  be t w i c e  t h e  Chang-Hinton n e o c l a s s i c a l  v a l u e .  The comparison o f  t h e  

~ , ( r )  and n ( r )  p r o f i l e  b e f o r e  and d u r i n g  t h e  r f  p u l s e  w i t h  t h e  Thomson 
e 



s c a t t e r i n g  d a t a  is shown i n  Figs .  4 and 7. The comparison of t h e  c e n t r a l  i n  

t e m p e r a t u r e  e v o l u t i o n  is  g iven  i n  Fig.  8. The agreement  between t h e  

s i m u l a t i o n  and t h e  d a t a  i s  q u i t e  good a l t h o u g h  t h e  t r a n s p o r t  model used i s  n o t  

unique.  

The ICRF t r a n s p o r t  code h a s  a l s o  been used t o  e x t r a p o l a t e  t h e  h e a t i n g  

r e s u l t s  t o  f u t u r e  tokamaks such a s  FED and INTOR. S t u d i e s  o f  ICRF h e a t i n g  oE 

FED w i t h  26 MW of r f  power wi th  10% hydrogen m i n o r i t y  i n  a  plasma composed of 

45% deu te r ium and 45% t r i t i u m  h a s  been r e p o r t e d  i n  t r a d e  s t u d y  r e p o r t s .  10 

Furthermore,  BALDUR h a s  been used t o  e s t i m a t e  t h e  i g n i t i o n  c o n d i t i o n  f o r  a 

d e v i c e  l i k e  FED by scann ing  t h e  r f  power w i t h  c o n s t a n t  p u l s e  l e n g t h ,  o r  

v a r y i n g  t h e  p u l s e  l e n g t h  a t  c o n s t a n t  power l e v e l .  Examples of t h e s e  s c a n s  are 

g i v e n  i n  t h e  d e s i g n  s t u d i e s  where t h e  volume-averaged b e t a  and Ti a r e  p l o t t e d  

v e r s u s  t h e  p u l s e  l e n g t h  and t h e  power l e v e l .  The an tenna  system used i n  t h e s e  

computa t ions  i s  s t i l l  loop  type .  W e  are i n  t h e  p r o c e s s  of i n c o r p o r a t i n g  wave 

c o u p l i n g  c a l c u l a t i o n s  f o r  o t h e r  wave l a u n c h e r s ,  such as waveguides o r  s l o t  

c a v i t i e s ,  i n t o  t h e  t r a n s p o r t  code.  

I V .  CONCLUSION AND IMPROVEMENTS 

The u n d e r l y i n g  c o n s t r a i n t  i n  t h e  ICRF h e a t i n g  t r a n s p o r t  c a l c u l a t i o n s  

p r e s e n t e d  h e r e  is t h e  assumption t h a t  wave p r o p a g a t i o n  and a b s o r p t i o n  a r e  

c o r r e c t ,  and t h e  t r a n s p o r t  model o r  t h e  r f  power l e v e l  is  i t e r a t e d  t o  match 

t h e  e x p e r i m e n t a l  d a t a .  With t h e  approx imat ions  i n  t h e  r f  model, such  a s  f l u i d  

wave p o l a r i z a t i o n  and i s o t r o p i c  d i s t r i b u t i o n s ,  t h e  r e s u l t a n t  t r a n s p o r t  model 

i s  c o n s i s t e n t  w i t h  t h e  ohmic va lue .  F u r t h e r  improvements of t h e  wave model 

and t h e  t r e a t m e n t  of t h e  e n e r g e t i c  p a r t i c l e s  can  f a c i l i t a t e  b e t t e r  

u n d e r s t a n d i n g  o f  t h e  h e a t i n g  p h y s i c s .  S e v e r a l  of t h e s e  m o d i f i c a t i o n s  a r e  

under  way w h i l e  o t h e r s  r e q u i r e  b e t t e r  approx imat ions  t o  meet t h e  l i m i t s  on 



computer t i m e .  

The an tenna  c o u p l i n g  problem f o r  d i f f e r e n t  l a u n c h e r s ,  which may be 

r e l e v a n t  f o r  f u t u r e  d e v i c e s ,  needs t o  be a d d r e s s e d .  For l o o p  a n t e n n a ,  t h e  

wave c o u p l i n g  i s  o n l y  weakly s e n s i t i v e  t o  t h e  plasma p r o f i l e s ;  t h u s  it i s  o n l y  

n e c e s s a r y  t o  c a l c u l a t e  t h e  a n t e n n a  f i e l d  p a t t e r n  once i n i t i a l l y .  So f a r  t h e  

wave c o u p l i n g  i n  a  c o l d  plasma has  been used.  The t empera tu re  e f f e c t s  on 

t h e s e  c a l c u l a t i o n s  remain t o  be a s s e s s e d .  

A b e t t e r  t r e a t m e n t  of t h e  wave p o l a r i z a t i o n  i n  a  h o t  plasma and i n  

r e g i o n s  where WKB s o l u t i o n s  become i n v a l i d  needs  t o  be developed.  Ray t r a c i n g  

c a l c u l a t i o n  i n  a  f i n i t e  plasma i s  under i n v e s t i g a t i o n .  I n  t h e  ion- ion  h y b r i d  

mode convers ion  regime, t h e  WKB t r e a t m e n t  becomes i n v a l i d ;  t h u s  a f u l l  wave 

s o l u t i o n  i s  n e c e s s a r y  t o  d e r i v e  t h e  f i e l d s  i n s i d e  t h e  zone between t h e  c u t o f f  

and t h e  mode convers ion  l a y e r s .  S e v e r a l  t e c h n i q u e s  which have been deve loped  

f o r  one-dimensional p l a n e  wave s o l u t i o n "  a r e  b e i n g  g e n e r a l i z e d  t o  t h e  two- 

d imens iona l  problem. 

I n  t h e  exper iments ,  t h e  e n e r g e t i c  m i n o r i t y  t a i l  h a s  been observed t o  be 

a n i s o t r o p i c  i n  v e l o c i t y  space.  Moreover, t h e s e  p a r t i c l e s  can f o l l o w  t r a p p e d  

p a r t i c l e  o r b i t s  which s o  f a r  have been n e g l e c t e d  i n  o u r  computat ions .  There  

are s e v e r a l  approaches  depending on t h e  s p e c i f i c  a r e a  of i n t e r e s t  f o r  t h e  

e n e r g e t i c  p a r t i c l e  problem. I f  t h e  main i n t e r e s t  i s  t o  c a l c u l a t e  t h e  v e l o c i t y  

space  a n i s o t r o p y ,  a  two-dimensional Fokker-Planck t r e a t m e n t  can be used .  

However, t h i s  computat ion is  t o o  slow f o r  i n t e r f a c i n g  w i t h  any t r a n s p o r t  

code.  It  may be p o s s i b l e  t o  r e t a i n  t h e  i m p o r t a n t  p h y s i c s  by c o n s i d e r i n g  o n l y  

a  few Legendre harmonics o f  f .  I f  t h e  o b j e c t i v e  i s  t o  s t u d y  t h e  t r a n s p o r t  and 

conf inement  p r o p e r t i e s  of t h e s e  p a r t i c l e s ,  Monte C a r l o  t e c h n i q u e s  can he 

employed. Again t h i s  is  a  ve ry  t ime consuming p r o c e s s  and d i f f i c u l t  t o  c o u p l e  

w i t h  a t r a n s p o r t  c a l c u l a t i o n .  A b e t t e r  approach is  t o  compute t h e  



n e o c l a s s i c a l  t r a n s p o r t  c o e f f i c i e n t s  f o r  t h e  non-Maxwellian a n i s o t r o p i c  

d i s t r i b u t i o n s  which can be e a s i l y  i n c o r p o r a t e d  i n t o  t h e  t r a n s p o r t  model. Th i s  

way t h e  e n e r g e t i c  s p e c i e s  can be t r e a t e d  t h e  same a s  t h e  background plasma 

components. T h i s  is  e s p e c i a l l y  i m p o r t a n t  f o r  second harmonic h e a t i n g  where 

t h e  m a j o r i t y  i o n  s p e c i e s  i s  non-Maxwellian and a n i s o t r o p i c .  

\ 
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FIGURE CAPTIONS 

FIG. 1 Geometry of t h e  PLT an tenna  used i n  t h e  ICRF h e a t i n g  exper iments .  

The an tenna  i s  l o c a t e d  a t  43 c m  of t h e  minor r a d i u s .  The p o l o i d a l  r f  

c u r r e n t  d i s t r i b u t i o n s  cor respond  t o  waves a t  25 MHz ( s o l i d )  and 42 MHz 

( d a s h e d ) .  

FIG. 2 Rays r e p r e s e n t i n g  t h e  r f  power f low from t h e  an tenna  t o  t h e  plasma 

c o r e  around 20 p o l o i d a l  l o c a t i o n s .  The r a y s  c o r r e s p o n d  t o  a  wave v e c t o r  o f  

n  = t o r o i d a l  mode number = 5, m = p o l o i d a l  mode numbers = 1 , O r  and -1. The 

power d i s t r i b u t i o n  of t h e  r a y s  i s  g i v e n  by t h e  an tenna  geometry and 

coup l ing .  The plasma mix ture  is 80% D, 5% H, and Zeff  of  1.5, C and T i  

i m p u r i t i e s .  

FIG. 3 The t i m e  e v o l u t i o n  of hydrogen m i n o r i t y  i o n  d i s t r i b u t i o n  produced by 

t h e  r f  h e a t i n g  a t  t h e  plasma c e n t e r .  The i n i t i a l  Maxwellian d i s t r i b u t i o n  i s  

t h e  bu lk  plasma tempera tu re .  

FIG, 4 Comparison of t h e  computed e q u a l i b r i u m  e l e c t r o n  d e n s i t y  p r o f i l e  from 
, 

t h e  t r a n s p o r t  code and t h e  e x p r i m e n t a l  d a t a  from Thomson s c a t t e r i n g  d u r i n g  

ohmic d i s c h a r g e .  The p a r t i c l e  d i f f u s i o n  c o e f f i c i e n t  i s  Dh = Dnc + 1000 + 

0.05 Db + 5000 (r/a13 where Db is  Bolm d i f f u s i o n  i n s i d e  q < 1 r e g i o n .  



FIG. 5 Comparison of t h e  ohmic e l e c t r o n  tempera ture  p r o f i l e s  between 

t r a n s p o r t  code and d a t a  wi th  

FIG. 6 Comparison of n  ( r )  p r o f i l e  near  t h e  end of t h e  r f  pu l se  u s ing  t h e  e 

same t r a n s p o r t  model. 

FIG. 7 Comparison of T e ( r )  p r o f i l e  near  t h e  end of t h e  r f  pu lse .  

FIG. 8 Comparison of t h e  time evo lu t ion  of t he  c e n t r a l  i o n  tempera ture  

between t r a n s p o r t  c a l c u l a t i o n  and d a t a  va lues  deduced from neut ron  f l u x .  




















