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ABSTRACT . 

Ohmic hea t ing  i n p r e s e n t  generat ion tokamzks has  proven t o  be 
e f f i cac ious  t o  ' the  extent  that i t  r a i s e s '  t h e  e l e c t r o n  temperatures  

i n t o  t h e  keB range a n d  i o n  tenpera tures  t o  seve ra l  hundred eV. The 
ultirate ter.,yeratures rlnched have been' d i c t a t e d  ,by t h e  energy 
confinen~e:?.t time which at  present i s  r e l a t i v e l y  shor t  ( 5 15 msec). 

This r e s t r i c t i o n ,  should be relzxed in f u t u r e  devices  i n  which t h e .  
' 

. . discharge dura t ion  &-ill be cornpareble t o  t h e  con.finement time so . 

t h a t  t h e  ohmic hea t ing  r a t e  should be prin.arj.ly s e t  by t h e  t h e r ~ a l  : 

. 
. capaci ty  of t h e  z:lasma. If t h i s  P ~ O V R D  t o  be t h e  case,, and i f  t h e  

curre,rt dens.i t y  p r o f i l e  can be'  s~.:it-ably chosen., ohmic hea.ting w i l l  

provide s cont inual  slowu i n c r e a s e  i n  plasma temperature throu-ghout 
t h e  d i . s c k ~ a ~ g e  dura3.or?, .' . . 

. . The Current dens i ty  p ro f i l e  w i l l  be s t rong ly  dependent on skin  

e f f e c t , .  s t a b i l i t y ,  and  p a r t i c l e .  i n f l u x  a t  t h e  p l a s l ~ a  bowdary.' I n  . . 

. p r s s e ~ t  t-olc.;rr.&s,- s t a b i l . i t y  and p e r t i c l e  i n f l c x  a r e  dominant but  
 ski^ sff e c t  shoLild play a t  i e z s t  as d o ~ n m t  a r o l e .  i n  t h e  f u t u r e  . ', 

machines, There i s  corisiderable cczcerE regzirding a.11 t h r e e  of these:. 
. .p rocesses  and scheses f o r  avoidi.ng t h e i r  i n f l a e n c e  a r e b e i n g  pursned. 

(It i s  ~ i k e l y  tk iak  s t z b i l i t y  and . p z r t i c l e  i n f l u x -  w i l l  be o f .  g r e a t  
importance i n .  a-y heat ing  schene. 

TJri t iL now, t h e  usual  50kwa.k c p e r ~ t i ~ n  employing okMc heatirig 
h a s  been l in l i ted  t o  fie = ~ B * ( ~ ) / G T T  '5 1 . S t  epged ohmic hea t ing  
car,.'. &xporin~en.t c ocgge s t  that equi l ibr ium . and st a b i l i t y  can be 

. . 
r n a i ~ f a i ~ a d  t c  at  l e a s t  A- R/a i$ only t h e  hea t  inpu t  could be . . 
increase2.  P red ic t ions  for. s t ra ightforward en1a"gsn;ents of t h e  

~onvet..t2.(.jri.sl design of t h e  t o k n d  suggest t h a t  be w i l l  actual1.g , 

decrease.  .It i s  poss ib le  t h a t  se lec ted  ma@etic g e o n e t r i e s  can 

1 improve t h e  ohmic heztirig, However, i t  appears  at t h i s  t ime t h a t  . . . . 

* 
Presented at the S~mposium on Plasma Heating in Toroidal 
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supplementary hea t ing  c o ~ b i n e d  with ohmic h.eatiEg will prcvide t h e  . . 

M g h e r  . 8, v a l u e s  d e s i r e d  f o r  r eac to r - l ike  opera t ion  i n  t h e  bext  . . 
. - 

genera t ion  of devices, e s p e c i a l l y  f o r  t h e  r i l a t i v e l y  shor t  discharge 

d u r a t i o n  tinies envis ior~ed.  . . 
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. . 
< .  ' .  . . . . . 

... The current  i n  a tokamak':'iot only p r o v i d e s  f o r  plzsma . . . . confi-  . . 
. . 

. e . -. .:: . 

nement and equi l ibr ium bu t  also s u p p l i e s  energy ' through oh$c ..., - . 
heat ing  , d i r e c t l y  t q  t h e  e l ec t rons  . . .  a n d  i n d i r e c t l y  to. , t h e  ions-. . 1n :.. 

. , 1 . . present tokamaks t h i s  energy source has proven to, , 'be e f  ficaci6u.s t o  ' y '  
! .  
! t h e  e x t e n t .  t h a t  i t  r a i s e s  , the e l e c t r o n  temperature i n t o  t h e  few: keV ": 

I .  . ..: 
range and t h e  ion  t e ~ p e r a t u r e  t i  s e v e r a l  hundred Lv. ~ h u k ,  t h e '  ? . . . .  .. . 

I' . 
. .  : remote p o s s i b i l i t y  e x i s t s  t h a t  ohmic bea t ing  could s u f f i c e  t o  h e a t  . . 

! t h e  plasma of a . fu tu re  t o r o i d a l  r e a c t o r  device  t o  i g n i t i o n  tenpe- ,  , . .... . . 
".: ... r a tu re .  Consequently, considerable a t t e n t i o n  h a s  been and :L.s Seing 

: . given t o  the  ex t rapo la t ion  of ohmic hkat ing  cond i t ions  t o  l z r g e .  , ' * ,  
> .  . . 4 . . . :  . I . . s c a l e  t o r i .  . . 

I 
-'i ' ,  . . . . .  

. . The. doninat ing f a c t o r s  for ohmic h e a t i n g  a r e  T; , t h e  g r o s s  . 1 
. . . . 

. I  -energy cont&rmen.t time , -and the d i  skhar.ge dura t ion .  t ime.  I n  p re  sent  . . 
I tokamaks %' i s  r e l a t i v e l y  s h o r t  ( 5 1 5 msec) and ,  quickly limits 

the.  plasma temperature,~,Extrapolations to '  t h e  r e a c t o r  regime have 
been made by a number of a ~ ~ t h o r s  (a few of which a r e l i s t e d i n  R.55, . ' 

C 
2 - ' 9) who usual ly  i g ~ o r e  t h e  time ' f a c t  or ,  assume 7 ' sca les .  xec- 

. E  . . 

classicaJ . ly  o r  pseudoclassical ly ,  and K a i t  f o r  i g n i t i o n  t o  occur ' ,  i 

under t h e  prescribed co,nditicns.   ow ever, e x t r a p o l a t i o n  of T,' - - .  , .  
/ 

' . .from t h e  present reg ime i s  highly specula t ive .  I n  f e c t  TE- . sca l ing ,  .. 
. . 

a c c o r d i ~ g  t o  e i t h e r  neoc lass i ca l  o r  ~ s e u . d o c ~ a s s i c a ~  o r  wiy o t h e r  " 
3 

scali.rLg has no firm experimental b a s i s ,  A s  pointed out  by Go1ovi.r~~ " 

i n t e r n e 6 i a . t ~  s i z e  experimer;.tzl device.s a r e  ' requi red  t o  exacdne tk-,&':.>: 
i / 

- ,  t; scaling. 
4 The next &enera t ion  o f  tokamaks (PLT, To1  0, PDX) have a n  i n -  

if. 
' , -  

8 , . crease  i n  minor r a d i u s  a of - 3  over l jrgsent devices  and sh'oul6 
/ 2 j, 

give  an  ins rease  i n  7, of -a = 10. (The a* s c d i o g  h a s  usual-  ., ', ..' 
. . . . .  l y  been observed experimentally up t o  t h e  p r e s e n t :  time. ) This  i s  a.ri ..: . 
. I 

: e x c i t i n g  prospect i n  tha t .  T,' c o d d  at l a s t  be doninated by b u l k '  
. . ef f e o t o  ouch as thuse '  c o ~ b i d e s e d  i n  .neoclassickL'and ~ ; s e u d o c l a s s i c a l ~  

. . energy t r anspor t  i n  p lace  of atomic e f f e c t s  such as i o n i z a t i o n  
I r a d i a t i o n ,  bremstrahlung, and recombination r a d i a t i o n  ( e s p e c i a l l y  ' .. 
! . , 

... 

i., .. i f  impur i t i e s  can  be l i m i t e d  t o ' t h e  l i g h t e r  s p e c i e s  which should , , 

. . 
be fully s t r ipped  over the bulk of t h e  diocharge).  If, t h i s  . t u r n s  out  

1 ; t o  b e t h e  case,  t h e  s c a l i n g  law w i l l  probably'become' evident.  
' 

. 
, . 

j " . ; I  . . . ...... . . . . . . . . . . . .  . . 
i '  : . . 

I' . .; .\. . '.' . 
. . 
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' 

Thus i t  a g p e a r s  that t h e  next genera t ion  of tok-ks w i l l  have 
- 

7 ' comparable t o  t h e  discharge dura t ion  t i a e  s o  that b o t h  f a c t o r s  
E 

. 4  
could  iEflilence t h e  ohmic heat ing 'perfomiance. The dominating 

. . 

f e a t u r e s  of ohmic hea t ing  over this time s c d e  a r e  ., : 
. 1 ) POH O( l/T:' f o r  c o n s t s . ~ t  . q, ( s a f e t y  f a c t o r ) ,  e tc . .  . , s o . .  

t h a t  Te i s  s t rong ly  l i m i t e d  by t h e  the rmal ,  capac i ty  of t h e  plasma,'  

2) 4 has a mininnun limit s e t  by i n s t a b i l i t y  onset ,  ' a ~ d  
O '  

. 3 )  due t o  t h e  inc rease  of . a, a s t rong  s k i n  e f f e c t  i's p o s s i b l e  

f o r  t h e  first t i a e  i n  a conventional tokamak. 
I 

I n  this paper, a n  i m p i r i c a l  ' , rE approach ' w i i l  be made t o  

o b t a i n  p red ic t ions  f o r  t h e  ohmic.heating pe r fo r~~ ian~ce  i n  PLT. Then . ,  

t h e  i r f l u e n t i a l  p r o p e r t i e s  associa ted  d i r e c t l y  with ohuic hea t ing  
. . 

w i l l  . be  discussed : . . / .  ' 

, , 1 ) MHD s t a b i l i t y  limit f o r  and e f f e c t  on r E  , . '. . . 

. . 

2: sk in  e f f e c t ,  and 
. . 

3) ' ohmic hea t ing  optimization. . . 

This w i l l  b e  f,ollowed b y  a d i s c u s s i o n  o f .  t h e  . . e f f e c t  auxiliary heat- 

i n g  could hzve i n  conjunction wi th  ohmic h e a t i n g a n d  f i n a l l y , b y  a 
b r i e f  look at  an' impuri ty  e f f e c t  common . to  a l l  hea t ing   scheme.^. 

.Before d i s c u . s a i ~ . g  the PLY pre.dfct;iqn$, a b r i e f  montion of 
heat.i,ng i s  i n  order. I n ,  t h e  s teady s t a t e ,  t h i s  najr . , 

- be defined as. I t e  'energy pc: second d e l i  vel-ed t o '  thc plasma .parL;l- ~. ' ' ,  
. . .  

. c1e.s. divided by t h e  A C l i n e  power ( x  100). I n  present  devices  using 
. . 

d e l a y  l i n e  systems, t h i s ,  e f f i c i ency  i s  N. 4596. I n  pr i t rc if le ,  direct . . . 

flywheel o r  AC-DC co rve r to r  systems could 'give 2. It should , ' 

be note6 t h a t  t h e .  .definj.tion. .employed here  f o r  e f f i c i e n c y  avoids  

p u t t i n g  m y  blame o r .  c r e d i t  on t h e  ohmic'h.eatir-g f o r  t h e  energy 

confinenent time achieved by the  p lasmaja f t e r  t h e  p a r t i c l e s  r e c e i v e  
the '  e n e r g ;  t h e y .  are forgot ten.  

. . 

I1 - PLT OHMIC HEATIKG PREDICTIONS. 

I n  order  t h a t  . . reference  can be mad'eto r e a c t o r  ex t rapo la t ion ,  

t h e  . p r o f i l e s  of ~ e f  .2 w i l l  be assumed t o ,  apply f o r  PLT a f t e r  t h e  

i n i t i a l .  sk in  . . phase (which. i s  ignored f o r  .the presen t )  : .. . i 



b .  
and a l 1 . n .  c m ~ s t i t u e n t s  have the  same r a d i a l  p r o f i l e  as nee (The 

1 . . 

c a l c u l a t i o n s  which f o l l o v  a r e  i n s e n s i t i v e  t o  t h e  exact  2 r o f i l e s . )  
The perl . inent PLT parameters a re  chosen t o  be ? = Q ~ # / R  0, = 3 
and 6#= 50 kG (IoE = 1.25 MA), where R =  130 cm and A Z R/a = 3. 
AS suggested b y ' ~ ~ . ( l ) ,  , .  operation w i l l  be assuned t o  be a t  suffiuen& 

ly high deens i i e s  and s u f f i c i e n t l y  low temperatures  so t h a t .  Ti i s  

approxin~at e l y  equal t o  Tee . . 

The absolu te  maximwn ohmic hea t ing  performance i s  obtained by 
1 

a s s w i n g  %-@. This g i v e s  

. . , .: 
which f o r  t h e  .prof i les  above c & b e  i n t e g r a t e d  d i r e c t l y  t o  g ive  , ' 

2 f 
SYR 5 1 2 5 . ~ '  8 

To(t)= [ + ( x *  gv'c* Retz h,E ( 3  1. 
1 ' 

 he units used here a re  t h e  s a n e  as i n  Ref. 2, 2 i s  the .  appropr ia t e  
. f a c t o r  tak ing  i n t o  accoutt  the  presence of  i a p u r i t i e s  {assuning 2 

. . s i n g l e  i m g u r i t y . w i t h ' z  concentration f '  t imes  t h e  number of sir;.gly . , 

ionized  i c n s  g ives  Z t  = Zeff ' x 21 11' + (l+f)/(l)~f)]),, +d. € i s L  
- 6 .  " 

g'19 /eV. Equation ( 3 )  i s  p l o t t e d  i n  Fig. 1 f o r  a range , 1.5 x 10 . J 

o f  no , ~ d l i e s  assuming Z t  = Z = 1 ,  o r  a l ter . r ia t ively,  f o r  
. . = 1014 and  Z 1 .  = 1,2,and 4 . I t  i s  f o u n d t h a t  To inc reages  slor7- no 

l y  i n  time and a t t a i n s  r a t h e r  modest l e v e l s  .over t h e  exgected d i s -  
charge dura t ion  of 0..5 sec.. T h i ~  r e s u l t  i s  caused. by t h e '  f a l l  of 'PoII 

. .  . 

. ' ' ' with increas ing  temperature (Fig, 1 ) and.  by t h e  thermal c a p a c i t y  of 
t h a  plasma [at higher dens=t ies  t h e  r a t e  of inc rease  i s  redu-ced ( ~ ~ . : 3 j ]  . 

. . 
The temperatures a t ta ined  a f t e r  - 0.1 sec  a r e  independent cf 

t h e  reasonable s t a r t i n g  To value range a s s m e d  j u s t  a f t e r  t h e .  
s k i n  .phase (10 t o  500 eV), This r e s u l t  i s  a t t r i b u t a b l e  . to  ' the  great- 

. . l y  enhanced POH a t  the lower temPeratr;re l e v e l  ( F ; ~ .  1 ). F i n a l l y ,  
- .  

t h e  s to red  energy o+ p, i s  found t o  i n c r e a s e  slowly o n  t h e  
exgerinlental t ime s c a l e  as expected f o r  t h e  slow temperature r i s e .  *;. ; 

Without .energy losses the  ohmic hea t ing  i s  r a t h e r  slow and .. 

t h e  t e ~ p e r a t w e  i n  PLT would be expected t o  reach a value l e s s  than  

5 W. With a f i n i t e  c o n f i n e ~ ~ e n t  time t h e  temperature must be l e s s .  . 

D 
Aoeuming a d i r e c t  a2 sca l ing  from ST tok& c o r ~ d i t i o n s  p l a c e s  
T: i n  t h e  0.1 second ringe.  It i s  irforrnat ive t o  look at  t h e  effkct 

1 
o f  a constant  ?; i n  t h i s  range on t h e  ohmic hea t ing  per fornmce.  

/ Figure 2 p l o t s  curves s i ~ i l a r  t o  those  of  Fig.1 f o r  r, = 0.1 sec  
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and 0.3 s e c  ( t h e  upper l i m i t  expected f o r  t h e  'ccnfinementt ime).  

T now s a t u r z t e s  i n  a time, of t h e  order  of . TE t o  a n .  equi l ibr ium . . 0 
v a l u e  i n  t h e  range of . . - 1 ' , t o  . 31(rV f o r  th; condi t icr ls  assumed' ap- 

~ r o p r i a t e  f o r  PLT. The s a t u r a t e d  va lue  of To i s  given by . .. 

An important  cons iderz t ion  .at this poin t  i s  t h e  r e l i a b i l i t y  of . '  

/ 
t h e  choice o f  a constant  . Figure 3, taken fromRef.1.; shows the .  

p r e s e n t  state o f  t h e  theory 8 8  regards  t h e  predic ted  energy, contain- 
ment . t ime v e r s u s  e l e c t r o n  tenperatv-re i n  tokarraks. PLT falls i n  

an unexplored region,but i f  t h e  theory i s  c o r r e c t  t h e  energy confine.- 
merit time i s  n o t  a s t rong  . . .  funct ion  of TF! i n  t h e  r.ang& of 1 t o  

3 k&. . . 

. . .  

.I% i s  o f  i n t e r e s t  t o  consider t h e  p o s s i b i l i t y  t h a t  ~ s e u d o -  

~ l a s s i c a l  s c a l i n g  w i l l  extend i n t o  t h e  PLT opera t ing  .regin!e. Then . .  ' . . 
- 

11  ., two p o s s i b i l i t i e s  .occur . . . . 

. 1 ) t h e r z a l  f low could dominate1 and .'I' E ' ,-C T".'/,'/n9 . . 

2) p a r t i d l e  f low could dominate13 and ~ , ' 4  !l1I2 n. . . 

Figure  4 p r e s e n t s  t h e  ca lcu la t ions  f o r  t h e s e  cases  assumifig 
/ 

T;'= 0.3 sec at n o  = 5 x 1 013. ( ~ o t e  ' t h a t  t h i s  n YE i s  n o t  q-xLte 
as o p t i m i s t i c  2s. t h e  p ro jec t ion  of t h e  p s e u d o c l a s s i c z l  e s t ima te  i.r 

. . .  
Fig. ' 3 but  kgrees  with ' t h e  lower t rapped-electron leve l  . ) T h i s  

f i g u r e  c l e a r l y  i l l u s t r a t e s  t h e  p o t e n t i d  f o r  discovering t h e  t r u e  
sca l i f ig  law f o r  l a r g e  Tokanaksbn PLT. For ease ( 1 )  , t h e  e<ui l ibr ium 

temperature is strongly dependent on density, whereas for case 

( 2 ) ,  it is independent of density. (These results follow from 

Eq. (4) by inspection. ) 

All of t h e  c a l c u l a t i o n s  discussed here  poin t  t o  a r a t h e r  mdest 

To . i a  PLT &l,h. ohmic heatir-g alone. More e l abora te  ca lcula t ior -s  
us ing  advanced computer ' codes t o  more accura te ly  r ep resen t  t h e  con- 

' 14 finement theory  provide the  same conclusion. 

I n  t h i s  s e c t i o n , '  an a t t e n p t  w i l l  be made t o  dedcce  t h e  possible . 
. ( 

i n f l u e n c e  MEID i r l s t ab i l i . t y  and sk in  e f f e c t  might have pn. , t h e  ohmic 
h e a t i n g  perfornan.ce. i n  PLT from cons idera t ion  of t h e i r  e f f e c t s  i n  

. . . . 
. . 



presentl tokamaks:. The MHD i n s t a b i l i t y  has  two important e f fec t s - 'on  . . ' . ' 

ohmic heating. It puts  a l iwer  L i m i t  on t h e  magnitude of  q and it 
., reduces 7, . Fig.5 shows a s t a b i l i t y  diagran f o r  a constant current  
discharge on the  SX' tokamak. 59 The d i s rup t ive  i n s t a b i l i t y  preceded 

by an m r 2 i n s t a b i l i t y  limits s t ab l e  operation t o -  > 3 f o r  normal. : . 4,& 
operating pressure - i n  t h i s  case. (The same i n s t a b i l i t y  associa ted 
with a shrinking cf the  current . c h w e l  occurs a t  high pressure a t  
any q.16) Even without dis;uption in the presence of the m = 2 

instability, the value of r$ is reduced as is illustrated in Fig. 6 
which is derived.from the data of Ref. 17 for the T-3 Tokamak. .$: 6 :: 

Skin e f f ec t  i n  present machines i s  not s u f f i c i e n t l y  s t rong to.- 
,:. . 

measyre very accurately, However da t a  do e x i s t  which show t h e  
qua l i t a t ive  skin time. Figure, 7 i l l u s t r a t e s  t h a t  f o r .  theST.  tokamak : . 1: 

the re  i s  a skin ~ h a s e . ' o f  .a few milliseconds .during . . the  buildup of 
the  .discharge current. Equilibrium pos i t ion  neasurements of  i n t e rn& .. 

. . . . 

' . inductance 1 and Thonson sca t t e r ing  meakurenents of e lec t ron  -' . . .. 
$< ;; 1 temperaturelQ both i n d i c a t e  this. 

The buildup phase i s  a complicated regine  f o r  which i t  i s  
. . . . 

. d i f f f  c a t  t o  p e d i c t  the. .skin time. Since i t  i s . . q u i t e  probable that .  
- .  

. a well-defined current  channel w i l l  be formed e a r l y  i n  the' curren%" . , 

.. 'ouilc?cp of PLT, i t  would seem t h a t  t he  skin  e f f e c t  dwing the  equi--?.  .-:, . , . . 
. . 

l i b r i u m  of present tokamaks would be,more per t inent .  Some in s igh t .  .; :. - . :  
i n t o  t h i s  skin  time i s  given b y  pulsing o r  stepping , the  ' IoE l e v e l  . .  t:..t : 

3 .  . 
a f t e r  the  discharge has reached i t s  steady s t a t e .  Such an exgeri- . .  

ment was perfor& on the  T-3 tokamak giving the  r e s u l t s  of .. . * I. - -. 
Fig. 8 . ,& j combines the changes i n  be and in. i n t e M a l  ir,- I. 

2 ductmce a (n h/crn) and should be proport ional  t o  I1 / i f  ' , . . 

1 '1 . c,. 
and. TsKIN, are ' kcth >> 1 msec. Since o ther  measurements of 

rL ind ica te  t ha t  i t  i s  indeed consid.erably long'er than 1 msec, 
J 

-. L. , . 

t he  f a i l u r e  of @* t o  follow t h e  t h e o r e t i c a l  curve i s  ind ica t ive  
3 : 

of a short  skin time ( < 1 msec). A similar experiment was perfamed 
*? . on the  ST tokamak 29.with a similar  r e s u l t  (F ig .  9). The p o s i t i o n  : 

loop measurements (u)  were analyzed taking i n t o  account the 'eddy 
-? cur ren ts  ir. the vessel  21 and combined wi th .  t he  d ianagnet ic  loop -.,,. . . 

1 
meascknent s (s) t o  deternine ' 1, and 1 . separately.  ' The r e s u l t -  .' 

. C- - ing time depeltdence f o r  one current  step i s  presented i n  Fig. 10. 
rn 2 . . Clearly . b, s c d e s p r o p e r l y  ( le >> .6 nsec)  whereas 1; does not  

. . , , 

(rsK*U 
.6 msec) . Final ly  a v e r y .  f a s t ,  s t ep  (0 .2  msec) r e su l t ed .  . ,-.. 

1. . .  . . 



t i n  t h e  separate 'and R p lo t s  of Fig. 1 1 . 
Importantly, 6, (loop measurements and Thomson .scat ter ing measure- 1 
ments) sca les  according t o  theory u p  t o  R/a where i n s t a b i l i t y  
i p sues  ( be does not reach R/a possibly due t o  t,he p l a smah i t t i ng  
the  outside l i m i t e r )  whereas 1. does  not follow t h e  theore- 

t i c a l  curve even fdr a 0.2 msec current  step. : C 

The e lect ron telrperature i s  t o o  high i n  t he  plasma t o  perinit . . , 

such a fast s k i n  time i n  the. absence . . of some current  d ispers ing 
mechanism . I n  t h i s  .regard, MHD o s c i l l a t i o n s  observed I i n  the  current  

s t e p  with azimuthzl mode numbers. m up t o  6 might play a r o l e  i n  
d ispers ing t h e  skl~l cul;yrlit.22 dlso  i n  thc prCoont c b e  of a &ree 
change i n  plasma current ,  a dy&c calculat ion.  including heat ing 
by t h e  s u r f a c e  current i s  required t o  c o r r e c t l y  pre.dict the  skin  

k 

time. Such a calcula t ion has been attempted using neoclass ica l  and 

pne~~Aocla.ssical codes 23 and gives a voltage response to the  s:ep 
i n  current  qu i t e  similar i n  form t o  t h a t  ~ e a s u r e d .  Eowever, t he  

magnitude of t he  voltage a s  well a s  the  temperature andOensi ty  
p r o f i l e .  depen.dences on time do, not agree with experiment. A t  this 

point ,  i t  i s  apparently necessary t o  accept the  experimental finding . ' 

and hope tha t  rSg p e r s i s t s  i n  being short i n  PLT. , 

An independent, measuremen.t of t he  resistivity p r o f i l e  i n  the ST . 

tokamak has been made by measuring t h e  ac impedance of the  plasma 
versus  frequency by ~upe~imposlng a very small ac C u r ~ s n t  on the  . . 

o W c  heating current  24 Thk ana lys i s  of t h e  data  i n  t e r m s  of the  
measured telrper.atur.e p ro f i l e s  i s  . r a the r  involved and w i l l  not be 

entered in to  here (see Ref  24). However, . the  e s s e n t i a l  r e s u l t s  a r e  4 
that 1 + A ( ) with A i n  the  range of 4 t o 6 ,  and 
t h a t  f u l l  current  penetration i s  obtained i n  ST for f 5 50 Hz 
( ~ i g .  12). The reason fo r .  the  increase i n  r e s i s t i v i t y  a t  the  surface 
i s  not known. But i n  ' t he  present context, t h e  important observation ., 

i s  t h a t  3 i s  c l a s s i c a l  over the  bulk of.  t h e  plasma and i s  l i k e l y  
t o  be ~ L s o  over.  the. much .larger cen t r a l  . region.  of PLT. 

Assuming t h a t  f u l l  current penetrat ion can be obtained i n  2LI' .. 

before the e lec t ron  temperature exceeds 500 eV bermits the  
. . 
calcula t ion of cur r ln t  density p ro f i l e s  at d i f f e r en t  frequencies 
f o r  the  Te p r o f i l e  of Eq. (1 ). The r i g h t  p lo t  i n  Fig. 12 suggests 

t h a t  f u l l  penetra t ion should occur between: 1 and 5 HZ. The 



1' l a r g e r  frequency correspocds t o  a curr.e'nt bui ldup t ime of ayproxi- 
. mately 50 nsec which i s  perhaps acceptable .  However, an even faster  

b u i l d ~ p  tiiee may be requi red  t o  hold down t h e  temperature suf f ic ient -  
l y  d u e  t o  t h e  enhanceuent of ohmic hea t ing  a t  low t e n p e r a t u r e s  as, 
discussed e a r l i e r .  . . 

I n  t h e  -event t h a t  sk in  e f f e c t .  does  a s e r i o u s  problem i n  

PLT and o ther  next-generation devices ,  a numberof se thods  have been . . 

proposed t o  circumvent it. Figure 13  p r e s e n t s  t h e  s implest  methoar; 
b y  ad jus t ing  t h e  v e r t i c a l  magnetic f i e l d ,  , t h e .  plasma p o s i t i o n  can - . . 

be progranmed so t h a t  t h e  r ad ius  a i n c r e a s e s  approximately as 
qH thereby keeping j OH approximately c o n s t a t  . c his same prin-  

c i p l e  a p p l i e s  f o r  moving l i m i t e r s a 5  which were proposed sone t ime 

ago by Kadomtsev2 and which w i l l '  be a v a i l a b l e  on PLT, However, i t  ).. . . 
would be preferable  t o  e s t a b l i s h  t h e  cu r ren t  without having t h e  . 

current  channel i n  d i r e c t  contact with a metal  surface so as t o  
avo id  excessive i m p & i t y  iriflux. A magnetic l i m i t e r  t h e r e f o r e  w o k d .  ': 'a L 

be optimal end w i l l  be a poss ib le  method f o r  PDX*~ F i n a l l y  i n s t a b = _  . ,  , . I  ' 

. . l i t i e s  i n  the  surface of the  plasma may n a t u r a l l y  d i spe r se  t h e  

cu r ren t  as suggested ' . in  - the  'stepped-current - ex-gerimente d iscussed  
> '  . above, Hotrever, this process  m y  l e a d  t o ' o v e r h e a t i n g  t h e  l i m i t e r  , . 

I '  

as. d e t a i l e d  i n  Ref.. 25. 

I 

IV - .ENHANCEPENT OF' O I I I C  HEATING PERFORMIII\TCEo .: . 

Ohmic hea t ing  of t h e  plasma may be made more e f f e c t i v e . a c c o r d i c g  
$0 Eq. (4) by 1 ) increas ing  jOH and . . 'r 

2) increas ing  plasma r e s i s t i v i t y .  
An increase  i n  jOH . can be p r o v i d e d  b y  

6 .  

a )  f i e l d  shaping27 ( a s  i n  Dou-blet and PDX) 
2.8,29 b) im-provilig MHD s t a b i l i t y  b i t h  feedback o r  dynamic stabi1.ization. 

so  t h a t  q can he decr$ascd, cind _ , ._, 

c)  inc reas ing  01 ( a s  i n '  ~ l c a t o r ) .  . s 

An i nc rease  i n  r e s i g t i v i t y  might be produced by 
- a )  turbulence (Texas ~ok&nak,  Alcator)  and 

30 1 b). .by c a t a l y t i c  heating. 

b, Al l  of these  metho s have y e t  t o  be .proven e x c e ~ t  f o r  increas-;,.' 
i n g  BI which has  a t e c  o logica l  upper l i m i t .  



. . 

It i s  qui te  possible t h a t  m w  of them w i l l  succeed t o  some extent 
but since th;e r e s i s t i v i t y  falls s o :  ragidly with temperature' , ( 
i t  i s  not expected t h a t  they w i l l  g r e a t l y  enhance t h e  f i n a l  tempe- ., , , 

, 

V - SCENARIO, WITH SUPPLEMENTARY HEATING. . , 

. . 

. . . . 
, . . . .  

. . . . It i s  interest ing t o  determine the e f fec t  an 

auxi l ia ry  hea t ing  source might 'have on the PLT:plas~a  i n  . . con~v.nction 
with ohmic heaticg. This i s  determined by asgmming tha t  the  auxi l ia ry  
power goes d i rec t ly  i n t o  heating the plasma par t ic les .  F i g ~ e  14 . . . . 

. . 
shows. the  r e su l t  o f  applying 5 M W  of addit ional  power wtil To 
exceeds 4 keV and then  dropping the auxi l ia ry ,  power. t o  a l e v e l .  , . 

.. which would hold T o  a t  4 keV i n  the  absence of ohmic heating.. .For 
/ .  

,T, constant a t  0.1 sed, the plasma i s  .heated'-rapidly a t  lower  ' 

d e n s i t i e s ,  but 5 5 i s  insuff ic ient  f o r  ' T6 t o  reach 5 kek a t  
1/2 " 

. . 

. , = '1014m 'Or TE''D'T~ and-equal t o  0.1 sec a t  t = 6.,5 set',,' ' ' . 

. , . i n  the  absenoe of auxi l iary sower, 5 MW i s  . suf f ic ien t  t o  reach 4 keV 

even at 2 x 10' 4e Theoe results demonskrzte . . first tha t  5 of . , "  " ' . . ' 

auxi l ia ry  power can produce .a slgliificant inoroase - in. ~tsmperFl.tWa .- . . ; ' ,  

. f o r  PLT ' and t h a t  t h i s  power should serve a s  another t e s t  f o r  ,deter- ,.. 

mining the 7;' scaling law. . . .  . . 

. . 
. . . . 

. . .  V I  - IMPURITY INFLCX. . . 

It i s '  well known that  the f i n a l  density obtained in '  a .  
i s  a fu-nction. of '  the ohmic heating current and not  of the f i l l i x g  . . 

pressure, This i s  i l lu .s t ra ted i n  Fig 5 f o r  the  early operation . . 

- of ST. The i n i t i a l  peak i n  density-follows closely.  the base, p ress re  
.value whereas the f i n a l  value of ' d e ~ s i t y  i s  almost independent of 

. . .  pressure (apparen.tly the increment A n i s  a constant). Over the e 
years  a s  the ST. has "clemed up!' , the l e v e l  of the  f i n a l  defisity . 

f o r  a given IOH has fa l len a s  have the dens i t ies  of i n ~ p u r i t i e s  
(especially 0). However, i t  has remained t rue  tha t  a t  any given' 
time, the f i n a l  density i s  an increasing function o f  

IOE .. . . .  
. T h i s  dependence of n, on . IoH i s u s u a l l y  a t t r i b u t e d  t o  an 

.( 

increase i n  with an increase o f  IOH. 
P 

3 1 y  However, an . , 

. . .  



' ' , a l t e r n a t i v e  explanat ion i s  t h a t  t h e  i o n  energy i n c r e a s e s  wi th  IOH , , . 

. and hence t h e  w a l l  bombardment, so t h a t  t h o  n e u t r a l  i n f l u x  i s  
i n c r e a s e d .  If this  l a t t e r  explanation i s  c o r r e c t ,  t h i s  e f f e c t  could : 

b e  extremely i;ronour~ced i n  PLT and next  genera t ion  devices  s i n c e  as 
t h e  i o n s  become h o t t e r  t h e  spu t t e r ing  y i e l d s  become important. 

According t d  r ecen t  measurements3f' t h e  s p u t t e r i n g  y i e l d s  (atoms/ion). . . 
2 shoul'd increase  ( 4 Ei ) by about two o r d e r s  of magnitude i n  PLT 

over what they were i n  ST. If such an i n c r e a s e  occurs,  impuri ty  . .  

. r a d i a t i o n  w i l l  dominate t h e  power balance and hold t h e  t empera tme  . . , 

33 
. ..down i n  PLT t o  below t h e  l e v e l s  presented e a r l i e r .  

. '  
VII - DISCUSSION, . . 

. . 
. . 

. . 

The subjec t  of obmic heat ing i s  of  i n t e r e s t  t o  many r e s e a r c h e r s  
. . 

and i s  a c t i v e l y  being pursued. It i s  no t  poss ib le  t o  cover all of 
i t s  aspec t s  i n  a 40 minute l e c t u r e  and t h e  ones I have d iscussed  a r e  

' ' sketched out . . ' 0 - d y  b r i e f l y .  However, t h e  m a t e r i a l  assembled h e r e  
'g ives  a genera l  i d e a  o t  t h e  prospect8 f o r  ohmic heati l ig . i n  the.  next  

. . 

genera t ion  devices.,  It would appear  t h a t  ohmic hea t ing  a l o n e  w i l l  . . 

. . '-contintze . . t o  produce e l e c t r c n  temperstures i n  t h e  few keV range . . 

. (but over a l ? r q e r  volume) and w i l l  a t  l a s t  p r o v i d e i o n  temperature,& 
. . ' which.. .are a l s o  i n  t h e  .few keV r a g e . .  :The i n c r e a s e  i n  s i z e  znd i n .  

. , . . . 
i o n  ten~gera ture  make PLY and o ther  next  genera t ion  devices  i n ~ ~ a l u a -  
b l e  t o  t h e  quest f o r  s. t o r o i d a l  r e a c t o r  system. 

. . 

, . 
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Fig. 1. Ohmic heating of PLT'  plasma with + m .  Two 
initial values of T are assumed: 10 eV and 500 e ; n is in 
units of 1 ~ 1 1 3  crn-3;O and Z=Z' values are for n =1813 8m-3. 
[ B g  = 50 kG, q =  3. R =  130 cm. A,-= 3 ( 1 ~ . ~ =  1.95 MA)J 

. . - .  
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Fig. 2. Ohmic heating of PLT plasma with, T' .= 0.3 sec. and 

E 0.1 sec. 



Fig. 3. Theoretical temperature scaling of n e T E as given 
in Ref. 1. . . . .. .. . 
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Fig. 4. Ohinic heating of PLT plasma with T' values ' 

correspondin to two pseudoclassical laws. r ' =EO. 3 sec at 
n = 5 x lo13 for both plots. E .  
0 
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Fig. 5. Stability diagr3.m fo r  ST tokamak plasiild showing 
the low q limit for stable operation. [Helium discharges with 

I IOH = 42 kA, a - 11.5 cm (discharges of Table I in Ref. 15) . I  
. . .. 



Fig. 6. T' versus q f o r  the T - 2,tokamak derived from 
' the dat.a of ~ e f . ~ 1 7 .  The diminution df ' r '  before the onset 
of the disruptive instabi,lity is clearly .ifluetrated. 



Fig. 7. Time evolution of discharges in the ST tokamak: 
: (a) Li (nh/cm) is measured for a hydrogen discharge with , 

B = 34.4 kG and a - 12 cm, and (b) Thomson scattering measure-: 
mgnts are for B = 43 kG and a - 12 cm. 
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.Fig. 10. Temperature profiles before and after the stes . . 
down in current of Fig. 9 and the time resolved.behaviour of 
8 ,  and Ri . 



Fig. 11. B ti scaling for a fast 6 1  step (At = 0.2 msec) 
on the ST tokamafi. (The initial conditions are those of Fig. 9 
at IOH = 32 kA). 
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Fig. 12. Current density profiles calculated for 
(ai Left plots: helium discharges on the ST tokamak (B = 33 kG, 
I = 30 kA) using the experimental temperature profil$s and the 
agHimpedance measurement of r / (r) , and 

.. r\ 
i. . " (b) Right*plots: a . ~ b ~ ' d i s c h a r ~ e  wita ZEFF = 1. ' *  ' 
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Fig. '13. Plasma expansion method for avoiding skin effect. 
. . 



Fig. 14. Performance of auxiliary heating for 
(a) T I; = 0.1 sec and (b) r ' a TI/* and equal to 0.1 sec in 
the absence f auxiliary heat& fog all values of no (units 
of 1013 m .  An auxiliary power of 5 MW is applied unti.1 T 
reaches 4 keV at whic,h time it is reduced to a level, sufficient 
t,o maintain T at 4 keV in the absence of ohmic heating. 
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Fig. 15. The dependence of electron density on filling 
pressure during the initial operating phase on the ST tokamak 
(BO = 33 kG). 



NOTICE 

This report was prepared a s  an account 
of work sponsored by the United States Gov- 
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