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INTRODUCTION 

Table 1 ___ 
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Fig. 1 Poloidal flux contours for a representativs 
discharge bounded by the outer limiters. 
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Fig.? Poloidal flux contours for a representaribe 
discharge bounded by a magnetic separarriv Nith X- 
points at the top and bottom of the plasma cross- 
section. (Double-null configuration). 

-. . techr.icues have beer. ,xsed t o  heat  t h e  ?:as~a i n  a d d i t i o n  13 t h e  :?escapable  o h r i c  

r .ea t i r ,g  :;*.at results from tne passage of c o r r e n t  throug.': t h e  ? l a s n a .  In t.Xe f i r s t  techn:cde 

r a d i c  fre;;ency pcuer ( 2 5 - 5 5 ~ 2 )  i s  coup;e< t~. roug?.  io03 a ~ t e m a e  t o  f a s t  ' X Z V ~ S  arc?a;ating 

in;.ar<s Porn t h e  l o w  f i e i d  s i d e  of  t h e  plasma. T'lese ~ a v e s  a r e  absorbed a t  t h e  resonance 

l a y e r  fo r  x i n s r i t y  i o n s  i n  ;?.e 7lasrr.2, i e  where W- = - -,inere 3 is t h e  charge, V :  t k e  
Ze 3 ,  

rt? Y ;  c 

:?.e secacnb t e c n r i q d e  is t h a t  sf re - t ra :  oeam i n j e c t i o n .  ? o w e r f ~ l  ion beans are extraactsc 

an< acce:eratec f r x  T L t i - a p e r t J r e  icr. sczrc?s.  %e i o n  1ea:s a r e  neitr2;isec by sassage 

ttro~;?. ;as cel ;s  t3 g i v e  Sears sf n e u t r a l  atsns. These c ross  t h e  c o n f i r i n g  n r g n e t i c  f i e i c s  

i:dffecie.l and en'?? tt? ; l a s r a  wnere t?.ey a r e  i x i s e d  iy col:isiors iitt ions and 

elec:?or.s. The r?sc i t i r .g  t ra??ed  f a s t  i ons  ( e n e r g i e s  3S-SOde'J) ',her. t r a n s f e r  t h e i r  energy 

13 t n e  h ~ l i  ; lasa-  h i  coi : i s ionz l  processes .  s t 3 e r e  is a bas:c s i r i i a r i t y  bet,de$r. :ne 
L , .  tecr.r:q::e is d s e d  or? J E T .  Y i c o r i t y  s p e c i e s  io! c y c i c t r o n  h e a t i c g  be ing  ec ;u i va len t  t o  
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i n t e r n a l  n e u t r a l  i n j e c t i o n .  Curing t h e  campaign r e p o r t e d  here  8 ion sources  have Seen used 

t o  i n j e c t  up t o  8MW of deuterium Seams a t  vo l tages  of about 7 5 k V .  

i n j e c t e d  c o n s i s t s  of n e u t r a l  atoms Ki3. t h e  Tu11 er.ergy ;e 75ke ' J ,  tne r e s a i n i n g  power i s  
c a r r i e d  by  atoms w i t h  112 and i / 3  of t h i s  energy.  

About 76% of the ao'der 

F igure  3 s3osis t h e  J5T o p e r a t i o n  i r .  noraa;ised c d r r e n t  anr; d e n s i t y  s;ace f o r  t h e  th ree  

cases, ohmic h e a t i n g  only, ohmic p l u s  rad10  frecce?cy :heat ing,  and o h r i c  r . e c t r a l  heal 

hea t ing .  

0.6 - 
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Fig.3 Operaring diagram for JET in [he norma!isrd 
currer.; ( 1  ( Q ~ ) . ~ )  \c:sss ao:ma.liscd dcntiry ( f i  RB.) a h c .  
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stiddenly te rmina ted  by a d i s r u p t i v e  i n s t a b i l i t y ,  t h e  plasma c u r r e n t  fa i1ir .g  u n c o n t r o l l a b l y  

t o  z e r o  i n  a few t e n s  of mi l l i seconds .  From Tigure 3 i t  can be seer. t h a t  t h e  a d d i t i o n  of  

r a d i o  frequency po'der does not  s i g n i f i c a n t l y  i n c r e a s e  t h e  o e n s i t y  limit above t h e  ohmic 

vz iue .  

i n c r e a s e  i n  d e n s i t y .  Frcm t h i s  ev idence  i t  wouid seem t h a t  poirer a lone  does n o t  i n c r e a s e  

a y  c o n t r a s t  n e u t r a l  beam h e a t i n g  a t  a s i r r . i iar  power l e v e l  p e r n i i s  U ?  t o  ar. 83% 

t h e  i i m i t  but t h e  comSinatlon of power a n d  i n t e r n a l  f u e i l i n g  cor res?oncing  t o  i n j e c t e d  

? a r t i c l e  beams does increase t h e  i i m i t i n g  d e n s i t y .  An impor tan t  J o i n t  r e l a t e d  t o  t h i s  

diasram i s  tne  q u e s t i o c  of Lermicat ing a n e u t r a l  beam heated o ischarge  u i t h o u t  havizg a 

disrGgtion. If t h e  beans a r e  s imply switched of f  v i t h  tT.e dens::, above t h e  c r i t i c a l  value 

f w  o t n i c  ?.eating a l o n e  t?.el? a d i s r u p t i o ?  can DO c o n f i d e r t l y  ?redLcLec.  i r e ~ a - k a b l e  f e a L x e  

is t t a t  i f  t h e  d i s c h a r g e  is  moved t o  t h e  i r x e r  wall !23i;.* carbor. t i i e s !  before t h e  jeans are  

t ~ r r e c  o f f  then t h e  unex?eciedig s t r o n g  3ump:ng a c t i o n  of t h e  i-ne? ,wall can :e used t o  

reduce t n e  d e c s i t y  Seiow tCe ohaic  i i m i t  and so a e r n i t t i n g  Sean s u i t c t - o f f  ;'i '+out I.. 

(jisr,.-.: U,b-on. This  i s  extrexe:y i?portar . t  f o r  s a f e  r e p e t i ; i v e  aacni -e o;erzt ior .  a l t h c ~ ~ h  t?.e 

,+:,,sicai ..n.. and p o s s i 3 l y  chemical processes  involvec  i n  t h i s  p m ? l n &  a c t i c n  a re  no: mders tocb .  

?ULSS ?33PE3TIES 
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on of nrulral beams snirch-on of RF, wi rch .o i fo f  
RF and s\\ilch-off oi' beams. 
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t o  t h e  f l a t - t o p  valce of 3.OM.4. X i t h  tne pulse e s t a S l i s h e d  t h e  neut ra l  Seams are  tu rned on 

a t  7 & 8s i n t o  t h e  a u l s e .  A t  aboa t  9s an aaditiona? 5Mi; of 3F is in:-ted.  II -- A t  1 2  secor.Ss 

the plasma i s  moved t o  the i nner  va:l and t h e  density ; h i e h  ha: been -:sing @ a s  t3 Seam 

f ' i e l l i n g  s t a r t s  t o  f a l l .  3etvee?, ' 1  i : - s  :he a c d i t i ~ r . a l  heating j w e r  is ? r o g r e s s i v e l j  

reduced t o  ze ro  ; i i thouC a plasma disr-etion. :?,e d e x i t y  rises :y - 2  d i r i n g  ?eat ing ,  tile 
, A  cent ra l  ior.  temperature :ore t k r .  c;oub:es e t h e  : T C ~ P Z S C - S  I-. mt?. zentraai I . e ,  L..,- - * r  .,- i Y i c n e  

average ( T e ;  e lec t ron  t e x p e r a t u r e s  a r e  m i c ?  zs re  3n;oces:. 

P.eating i n  t h i s  pulse  1s '3 increase t c e  s x o ' t ~ 3 t t  a r p l i t u d ;  cr. :c:: e l e c t r a r  a7.c i;?. 

t enpera tures  ir. :?.e cent re .  

Tne p r i c c i x :  e f f e c t  n;of :<e ?: 

1 1  - 
1.0 - 
0.9 - 
118- 

Ene-gy conf:nemen: m e  v Scaling law 
T~ is) 

Ohnic l e a m g  o i l y  

0 7 -  

0 6 -  

05- 

0 4 -  

0 3 -  

' a  
i ?  

0 2 -  to 0 Llcl,:er 

O! - 
0 0 L ~ 

= a  a 
3 9  Fig.6 Energ: confinemen! !im> for ohmic 

discharpss plorted againsi !he s a h g  sombinxior. 
ri q R' 0. Double null  an3  outer l:mi!s: dsra 3:e 
di Ifcrsniiared. 0 50 !OO 150 

i iq  R2a[x1O'? 1 ... 



Figure  ? shows t h e  energy conten t  of t h e  plasma a g a i n s t  t h e  t o t a l  power input .  The h i g h e s t  

power l e v e l  is achieved wi th  combined ohmic, n e u t r a l  beam and RF h e a t i n g .  The r e s u l t s  do not  

depend s i g n i f i c a n t l y  on plasma d e n s i t y .  A t  h igh powers they fo l low c l o s e l y  t h e  va lues  

pred ic ted  Sy t h e  L-mode s c a l i n g  ( C o l d s t o n  195;1), t h a t  i s  h' = P TOTAL' Tc where 

T = 3.?xlO-' I, P-' R 1 ' 7 5  Ky2 seconds ( 3 )  

where the u n i t s  are  K A ,  Mw, m ana K is t h e  plasma e longat ion .  T h i s  form der ived  on t h e  b a s i s  

of r e s u l l s  i n  xuch s m a l l e r  machines p r e d i c t s  ,xi:h s u r p - i s i n g  accuracy  t h e  JET performance a t  

1 - j M A  provided t h a t  t h e  at i t i i t ional  h e a t i n g  power is  s e v e r a i  t imes t h e  ohmic c o n t r i b u t i o n .  

2.0 2'5i 
1.51 1 

i 
1.0r 

Total Energy Versus Power 

I,=3MA 

o o  
x x 0 0  O 

"$?o& o o o  

$:?$ x xx 

x %?a 

x Ohmic 
5 High n (2-4.101gm-3) 

0.5 c A Low n. (1-2.1019m-3) 

I I I I I I 

0 2 4 6 a 10 12 14 16 
P(MW :idt:..+ 

Fig. 7 Plasma energy content t e n u s  input power for the 
fu!l range of operation wirh and without additional 
hearing ai 3hl.A. High and IOU density ranzes are 
differentiated rhowing that  rhe densir> dependecce is 
tveak. 

The segrat ia t ioc of conf ineaent  t i x e  *,it? po'wer c e s c r i o e c  i:: ( 3 )  is  seen equal ly  wit? ?.eutfai  

Deaz a r  9F Peat ing  s e ? z r a t e l y  3." combine?. This ?esa:r, i s  ?f -?si- i - ; S r t s ? C ?  si?.?? I: g::'?: 

a s e v e r e  l inn i ta t ion  t o  tke JZT ?erforza?.?e when e x t r a y l a t e a  i3 ::he ?suer ar.3 c u r r e n t  l e v e l s  

??eser . t ly  alannec f c r  t h e  l a t e r  s t a g e s  of  t n e  e x p r i x e n t .  

& e r e  ?, is t h e  ?owe? per u n i t  volume, n .  t h e  i o n  d e n s i t y ,  (5) t h e  fus ion  c r o s s - s e c t i o c  ion . N  
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v e l d i t y  product  averaged over  t h e  d i s t r i b u t i o n  f u n c t i o n  and Y t he  energy y i e l d  per  

r e a c t i o n .  

The ? r o d w t .  5 depends on t h e  ior, t e g p e r a t u r e ,  

- Y  
G V  = T. 

where ? is ar, index ; h i c k  reduces ?regressively ,*.it? r i s i n g  i o n  t o s p e r a t u r e  t o  - 2  ir. :he 

theaonuciear  range of i n t e r e s t ,  i e  7deV < Ti < 20ke.;. Since  t h e  l o c a l  e z e r g j  censit:; n7 i s  
where ? is tne  i n p ~ t  p o s e r ,  the  important  razic ZTx se:;reer. t h e  

ar.d t h e  l o v e r  input  :has t t e  celenoer.ce 

propor t iona l  t o  P:_ 
t hermonucl e a r  out. ?ut  

b 

TN ? 

QT?; = 'z 

in t h e  neig9courhood 

t h a t  
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b 
energy y i e l d  per  r e a c t i o n .  For a case wi th  only n e u t r a l  beam h e a t i n g  t h e  f a s t  ior. d e n s i t y  n 

is 

P T  
n a -  
b c S  

where T is t h e  s lowing down time f o r  f a s t  ions .  Jnder  present  J E T  c o n d i t i o n s  with 

r e l a t i v e l y  low v o L "  average e l e c t r o n  tempera tures  ( 2 - 3 k e V )  t h e  i n i t i a l  slocjing down i s  

predoninant ly  on t h e  e l e c t r o n s  s o  t h a t  

leading t o  t h e  r a t i o  of Sean plasma f u s i o n  ?owe? t o  t h e  i n p u t  of t h e  form 

o r  f o r  t h e  L-mode s c a l i n g ,  

So or.ce a g a i n  for p r e s e n t  JST p a r a x e t e r s  we f i n c  advantage ir. o 2 e r a t i r . g  a t  :?e higkes :  

n e u t r a l  >ea? zauer and tte ? o v e s t  p las -a  der .s i ty .  

:he t o t a l  f u s i o n  y i e l d  Gill t h e r .  Se t i e  sum 

%- -13T.kL = :b-? + %, , L i  
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Representative values  f o r  t h e  ?resent J E T  opera t ion  aTe skoiin i n  TaSie 2. 

3F 

Table 2 

Ne utr a l  Chrnic 

3.6 

I -  - .< 

3.5 

a. !. 

- 7  
5x1s  

-.. 
i.jx'3 - 

- i  5x.3 

i 0 . C  

5.5 

. I  

1.3  

2 . 2 3  

- 7  
5x1: - 

2.5s". 

. . c x 1 :  

! 953 
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I = 7MA Limiter,  L-mode confinement 
? 

T - 0.34s giving f o r  D-T 
i 

- 0.85, pa  - 6MW !P = a - p a r t i c l e  power) 
QTOTAL QT, - 0.25, Q b - p  - 0.6, 

ID = 4 M A ,  S e p a r a t r i x ,  2 x i-mode confinement 

T = 3.4s 

T h u s  i n  both cases Q - 1 and " s c i e n t i f i c  breakdovn" is achieved. T O  improve on t h i s  and 

t o  ac:hiave Q - 1 .0  w i l l  r equi re  sone i,?prcvenent i n  t h e  confinement s c a l i n g  and /o r  i n  the  

r a d i a l  ?rof;!es. Measures a e s i g n e d  t o  e f f e c t  such i np rovexen ts  a r e  i n  hand. They a r e  a:? i n  

:he research  c l a s s  ar.d w i l l  r e q u i r e  severa l  years t o  be irpleZenced and fu;ly t e s t e d .  

TOTAL 
TN 

SUMMA4Y 

a )  W i t h  ohmic heating a1or.e record energy confinement t i x e s  u? t o  0.6s  have beer. reacned .  

i o n  and e l e c t r o n  tezpera tures  a r e  3-5ke.J.  

b j  Wi th  a c d i t i o n a l  hea t i?g  the confineZen: : ire i s  rdpid ly  degraded independently 3f the 

heating methoc. 

c j  Ce?.tra: i o n  tezpera igres  G? t c  :Ode!' a r e  reached a t  icw d e n s i t y  %it?.  neatrl-1 388:: 

ne2t i r .g .  

d )  CGZditiGns 2quivZlent t G  3 %- 

e,)  Xi',?& tne sresent ly  observea s c a l i n g  f - r t k e r  ??ogress requi res  o?era t ion  a t  lcr; c e n s i t y  a n i  

- 0.  i i:, D-T nave bee? reached.  .OTAi 

maxizua heating ;over. 

f )  TO achieve t r u l y  thernonic lear  2 v a i u e s  cf mi:! G? - o r e  r ec l~ i r e s  Srrsxi:g 2::  cf tno 

?rese.:t s c a l i n g .  Y e a s s e s  t o  do t h i s  a r e  in har.6 b u t  tr.ey a r e  of a s?ecJl;ci';e researcr.  

. - . a t r e  anc .xi?; re;cire ' ,:?e f3r f;?? exp13lta:ian. 
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