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t o  h igh  power m i l l i r n p t c r  microwave t‘rihr development , 1 pading to i n t e r -  

e s t i n g  new rcgjmeb i i i  the a u x i l f s r y  hea t<  ilg of tokamaks, p a r t i c i r l - a r l y  

ISX and 0RM.AK Upgradr ,  S e c k i o n  2 d i s c u s s e s  t h e  advantages of t h i s  t ech -  

miquc.  Sert-ionips ’3 and 4 b r i e f l y  con.;ider the physics of p r o p a g a t i o n ,  

h e a t i n g ,  and breakdown. Scction 5 i s  a b r i e f  S I P I Z ~ ~ T ~  ok- t - 1 ~  USSR elec- 

t r o n  cycJ-otron heating resir1 ts i r n  tokamaks. Somc cons idc ra t lons  on 

technology and enginrering are d i s c u a s c d  in Sect-ion 5 ,  and ~ I I c ?  l a s t  

scction gives  a summary. 

2 .  THE PRKSENT STATUS Ob’ MCCRBWAVE H E A T I N G  

S ince  1960, a v i g o r o u s  p r sg ram of plasma hcatinp, w i t h  microwaves a t  

the e l e c t r o n  c y c l o t r o n  frequency has been car r ied  on a t  ORNL, 1’*-5 

1-aborator i  C R  have a1 so made s i g n i f i c a n t  c o n t r i b u t i o n s  ‘-’ Other 

Unti  1 1974, 

t he  U.  S ,  e f f o r t  was a lmost  en t i r e1 .y  devoted t o  mi r ro r  machines.  Sol-u- 

t i o n s  wert? o b t a i n e d  f o r  t h e  tcchnologi c a l  problems of waveguide c o u p l i n g ,  

microwave leakage from evacuated microwave cav i t i e s ,  and optiimized pl asma 

produc t ion .  I n d u s t r i a l  involvement was eracouragetk through t h e  s u p p o r t  

of h i g h  frequ;.ncy tulle devel oprrnent. 

The p r e s e n t  microwave h e a t i n g  e f f o r t  on EBT i n d i c a L e s  t h e  advanced 

lr.veJ_ t o  ~hThij.ch t h i s  program Inas r i s e n .  ~ h c s e  w ’ w  developments can  

a l s o  be imp1errreated on t h e  Oak Ridge tokamaks 1SX and O W  Upgrade., 

P r o s p e c t s  f o r  i n ~ i l i  z i n g  this technology on l a rge r  rnachincs sucl-n as the 

Techaxolisgi cal T o r o i d a l  Asscmbly (‘1”‘fhP) and t h e  Experimental  Powcr Reactor 

(EPR) look encouraging  i n  the Light 01 r ecen t  devclopmewts i n  high f re-  

quency microwave technolop,y a 

The s~iccesses in t h e  prclgrarn of nnicrowav~ h e a t i n g  on C k  tokamaks 

i n  the USSR have i n d i c a t e d  the v i a b i l i t y  o f  t h i s  techniqup i n  heat-  

i.ng t h e  main body of t h r  plasma. The exper iments  to d a t e  conf i rm only  

adequate  hcatirzg of ~lcctxons b u t  e x t r a p o l  a t i o n s  t o  h i g h e r  d e n s i t y  

d e v i c e s  would i n d i c a t e  that  ene rgy  t r a n s f e r  Ernm electrons t u  i o n s  c a n  

a l s o  be ach ieved .  

One of  t-hc p a r t i c u l a r  a d v a n t ~ g e s  of t h i s  k ind  of h e a t i n g  i s  t h e  

sirrnpli-city 01 ~ i r e  co i ip l ing$  S i m p l e  waveguides b o l t e d  t o  t h ~  wall of t h e  
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Efficient h e a t i n g  OF e l e c t r o n s  i s  well established even in cases 

where t h e  waves must l i aw propagated through evanescent r e g i o n s  e O n  t h e  

o t h e r  hand ,  i t  must bc n o t e d  t h a t  as ,a g m e r n l  m l e  plasma densities 

arhicved by KCIl h a w  a l i l c i k i n g  d e a s i k y  d e f i n e d  approx ima te ly  by (A) 5 01 * 

A s  d i s c u s s c d  i n  S e c t i o n  5 ,  some evid~,-:c:r h a s  becri ebtair ied in the USSR 

t h a t  these a c c e s s i b i l i t y  c o n d i t i o n s  a r c  innportant i n  K(:Ea i n  tokamaks. 

PC Cf2 

The present s e c t i o n  corntai ns =t b r i e f  rrview of t h e  theoretical 

p r o p a g a t i o n  and a r r c s s i b i l i t y  c o n s i d e r a t  inns f o r  ISX and  O W K  Upgrade 

arc- inc ludgd .  

The Clcmmow-Mullaly-All i s  diagram3” for c o l d  e l e c t r o n  plasma i s  shown 
2 2  
ce  i n  F i g .  1. The s o l i d  h o r i z o n t a l  lit-nr.1 at w / w  = 1. r e p r e s e n t s  c y c l o t r o n  

rrsonance;  the a i  nc marked TIH r e p r e s e n t s  the u p p e r  h y b r i d  resoiiancc 

w2 +- w 

s e n t s  t he  rutoL-f boundary f o r  t h e  ex t raord inary  wave a n d  i s  d e f i n e d  by 

2 
7- u2; and the l i u ~  marked c u t o f f  between r e g i o n s  1 and 4 reprie- p e  CC? 

2 i . e .  n = 0 .  T h e  s o l i d  arrow shows ithe proposed p a t h  of radiation i n c i -  

d e n t  f r o m  the inside of a tokamak, where t h e  magnet ic  I i e l d  i s  l a r g e  a n d  

w > w .  
r e  

(a> Xn r c g i o n s  1 and 2 all p o l a r i z a t i o n s  may propagate  E r e ~ l y ~  s o  

that h o t h  the o r d i n a r y  and e x t r a o r d i n a r y  wave may r e a c h  c y c l o t r o n  r e so -  

nance, The o r t i i na ry  wave propagates i n  t h c  p n t - i r e  r e g i o n  w < u . 2 3 
P 

(b) I n  r e g i o n  3 t h e  e x t r a o r d i n a r y  wave ci-aergy p r o p a g a t e s  a l o n g  
22 r e sonance  C O ~ P S  e The energy f l u x  i s  c o n c e n t r a t e d  a l o n g  a CQIW a l i g n e d  

wj tl-a t-hc magnetic f i e l d ,  w i t h  opening  angle  

w - w  
Ci‘. 
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( e )  Ornly the  l e f t  c i r c u l a r l y  p o l a r i z ~ d  wave ran  p r o p a g a t e  i n  

(F ig .  1) r e g i o n  6 ,  s o  t h e  r i g h t  c i r c u l a r l y  p n l a r i z c d  wave i s  absorbed 

a t  c y c l o t r o n  resonance.  

( f )  No waves can p ropaga te  i n  ( F i g -  1 )  rPgiQ11 7 ,  a c c o r d i n g  t o  t h e  

c o l d  plasma t h e o r y .  In reg ion  8  he r i g h t  c i r c u l a r l y  p o l a r i a e d  wave 

can p r o p a g a t e  and r e a c h  t h e  c y c l o t r o n  resonance.  

To  f i i r t h tv  c l a r i f y  t h e s e  p o i n t s ,  F i g s .  2a, 2b, and  2c i l l l i s t r a t e  

t h e  rcg ions  of p r o p a g a t i o n  and evanescence Ior t h e  ISX tokamak w i t h  

t h e  clectsron c y c l o t r o n  resonance l o c a t e d  a t  t h e  c e n t e r  of the chamber. 

P r o  j ec  ted on the c r o s s  sect i o n  arc  LIP c u r n f f  s , r e s o n a n c e s ,  and cvanes-- 

c e n t  r e g i o n s  f o r  (a) low d e n s i t y  p l a s m a ,  (b )  moder-ate d e n s i t y  plasma, 

and ( c )  h i g h  d e n s i t y  p l a s m a ,  f o r  the use of the p ropaga t ion  of extra- 

o r d i n a r y  wave. Note t h a t  the  e l e c t r o n  c y c l o t r o n  and upper h y b r i d  

resonaticcs are always a c c e s s i b l e  from the  h i g h  f i r l d  s i d e ,  b u t  o n l y  in 

t h e  h i g h  d e n s i t y  case i s  t h e  p l a s m  center s h i e l d e d  by t h e  c u t o f f  a t  

A s  a l r e a d y  n o t e d ,  propagation t o   he re sonances  from t h e  low f i e l d  s i d e  

may be d i f f i c u l t .  I t  i s  n e c e s s a r y  to p e n e t r a t e  through t h e  evanescent 

r e g i o n ,  u n l e s s  the wave will bounce around tl-nc r e g i o n  between the  w a l l  

and the f i r s t  c u t o f f ,  O f  coursc, Lor some cases t h e  evanescen t  r e g i o n  

is  S Q  narrow t h a t  t u n n e l i n g  through i t  w i l l  a l l o w  a c c e s s  t o  t h e  reso- 

nances. 

T f  t h e  o r d i n a r y  wave p r o p a g a t i o n  i s  used ,  there i s  no u p p ~ r  h y b r i d  

o x  cycloCrorn resonance and on ly  a c u t o f f  a t  w . This  c u t o f f  i s  a l s o  

illustrated on F i g s .  2b and 2 s  by a d o t t e d  l ine .  I n  t h e  c o l d  plasma 

t h e o r y ,  c o l l i s i o n a l  damping of  t h i s  brave i s  p o s s i b l e  and the hot plasma 

t h e o r y  sl-noiild give c y c l o t r o n  dampinge 

pe  

For  a v e r y  low d e n s i t y  p l a s m a ,  t h e  upper h y b r i d  l a y e r  i s  n e a r  t h e  

c y c l o t r o n  resoiiance 1 ayer. Heat ing by  e i ther  mechanism woiild p r o v i d e  

body healirrg and the  ~ w o  would probably not  be d i s t ing i i i shab le .  For 

cases i n  F i g .  2a and 2h ,  l o w  t o  irisderaLe density plasmas,  tl-xc. ECM and 
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non- l inea r  p r o c e s s e s  can occur.  The exact h e a t i n g  nechaizism i s  thought 

t o  be mode conve r s ion  t o  h o t  plasma mode a t  the sanne f r equency .  
2 1  

TAan$au damping of t h e  mare e n e r g e t i c  e l e c t r o n s  i s  a l s o  p o s s i b l e ,  

From the i n s i d e  edge  of the t o m s ,  t h e  i n c i d e n t  r a d i a t i o n  f i r s t  

p a s s e s  through the  c y c l o t r o n  resonant s u r f a c e ,  

c u l a t e d  17’20 f o r  ECH i n  a mirror geometry are easi.1.y extended t o  a 

The h e a t i n g  rates cal- 

tokamak w i t h  a t o r o i d a l  f i e l d  B ( R )  a gi-ven by 

where 

B ( 0 )  - f i e l d  on t h e  minor axis  

KO - major r a d i u s  

R = r a d i u s  

The p e r p e n d i c u l a r  h e a t i n g  rate aL eycLotron r e sonance  i.s 

where the r i g h t  s i d e  of t h e  e q u a t i o n  is  t o  be e v a l u a t e d  a t  resonance. 

The area a t  the  r e sonance  i r r a d i a t e d  i s  A ,  and WLand W 

p e r p e n d i c u l a r  and p a r a l l e l  energy i n  t h e  i r r a d i a t e d  volume, T h i s  energy 

i s  ga ined  by the e l e c t r o n s  as they  d r i f t  a c r o s s  rcsonant. s u r f a c e s .  I n  a 

tokamak t h i s  c r o s s i n g  is provided p r i m a r i l y  by t-hc r o t a t i o n a l  transform, 

The t i m e  r e q u i r e d  f o r  an electron t o  c i r c u l a t e  a round  the niachine i s  on 

the  o rde r  o f  a microsecond,  so one expects t h e  entire plasma t o  be  heated.  

One is  a f i n i t e  cyclo-  

are t h e  t o t a l  I1 

The p a r a l l e l  heating i s  due to three effects. 

t r o n  r a d i u s  e f f e c t  w i t h  a r a t e  

Another e f f e c t  i s  t h e  p a r a l l e l  heating that always accompanies peryen- 

d i c u l a r  h c n t i n g  i n  a iion-uwifoxxi f i e l d ,  due t o  t h e  pV R f o r c e  which 11 
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where x i s  the d i s t a n c e  from resonance. So 

w i t h  

2 
ll 

I- - R2n 2 
in c 

For  T Î 250 e V ,  R .z $0 c m ,  and n = I ,  one f i n d s  A = 1.8 cm. 11 
The h e a t i n g  ra te  depends on the angle  of p r o p a g a t i o n  and may be  

c a l c u l a e e d  from t h e  r a d i a t i o n  p a t t e r n  by r a y  t r a c i n g  t e c h n i q u e s .  The 

b a s i c  ra te  of E q .  8 i s  very l a r g e ,  and rough estimates show corrnylete ab- 

s o r p t i o n  of t h e  gxtraordinary mode, except Lor a narrow cone n e a r  perpen-  

d i c u l a r  i n c i d e n c e  I )  

6 3  As an  example, w i t h  a volume of 10 cm , a d e n s i t y  of n =I 5 x 

c m  , and 100 kW of power, one f i n d s  dW/dt = 120 e V / m s e c .  For - 3  

p a r a l l e l  h e a t i n g ,  one has 

2 For a 250 SV plasma w i t h  R = 80, X = 1 cm, and m2 

nary  wave i s  absorbed i n  one p a s s .  The wave i s  probab ly  d e p o l a r i z e d  by 

r e f l e c t i o n  f rom c a v i t y  wa l l s ,  and m o s t  of i t  goes i n t o  p e r p e n d i c u l a r  

ene rgy .  For  100 kW of p o w e r ,  i n i t i a l l y  u n p o l a r i z e d ,  one expects 

dW / d t  = 5 eV/mscc. The ratp of  energy exchange between t h e  perpen- 

d i  c u l a r  and para1 le1  c o m p ~ n e n t s  i s  r a p i d  f o r  t y p i c a l  tokamak parameters. 

Hence i t  i s  expected t h a t  isotropizakion of t h e  e l e c t r o n  energy w i l l  occur  

q u i c k l y .  

I- w /2 ,  5% of the ordi- 
pe 

11 
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for the hrea nd an es t% e 
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The drift v mble of e l ec t r  
26 
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cm/sec 

d r i f t  ve loc i  on t h e  h i g h e r  e s .  

on temperatur s is approxim 



1. 2 

4 . 3  R JN A 

T = 0 .1  ( E / p )  
e 

PREVENTION 

E / p  < 1.00 

E / p  > 100 

Runaway e l e c t r o n s  r e s u l t  Irom free-fall i n  t h e  toroidal e l e c t r i c  

f i e l d .  The runaway f l u x  depends on c o n d i f - i o n s  of d e n s i t y  and t empera tu re  

which arp only i m p r e c i s e l y  known. T h e o r e t i c a l  estimates can h e  made i n  

t h e  p r e s e n c e  of plasma o r  n e u t r a l  gas ,  

T h e  c r i t i c a l  f i e l d 2 7  i n  a v e r y  weakly ioizized plasma ( n e u t r a l  g a s )  

i s  g i v e n  by 

where n i s  t h e  neutral gas  d e n s i t y .  Hence, t h e  c r i t i c a l  f i e l d  can be  

g iven  by E / p  -- 2 4 8 .  O p e r a t i n g  a tokamak a t  E/p 100 g i v e s  a h i g h  

p r o b a b i l i t y  of a s i g n i f i c a n t  runaway p r o d u c t i o n ;  i n  f a c t ,  even v a l u e s  

of E / p  an o r d e r  01 magnitude lower can l e a d  t o  runaways. 

0 

cn 

The c r i t i c a l  f i c l -d  i n  a i s  g i v e n  by 

e 

2 where v i s  the  c r i t i c a l  v e l o c i t y  f o r  runaways, and T and mv are i n  

e l e c t r o n  v o l t s .  The l o g a r i t h m i c  t e r m  has  a v a l u e  of - 10 f o r  t y p i c a l  

c o n d i t i o n s ,  and i t  i s  r e I a t i v e I y  i n s e n s i t i v e  t o  pa rame te r s .  For E / p  L 100,  

Te 10 e V ,  s o  t h a t  

C e C 

3 E C i  / p  9 . 2  x 10 (ne /no) .  
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-4 QRMAK Upgrade 92 30 66 11.. 4 ~ 1 0 ~ ~  259 3 ~ X I O - ~  2.2xl-0 

A c a l c u l a t i o n  of t h e  s a v i n g s  i n  t r a n s f o r m e r  v o l t  seconds shows no s i .gn i -  

f i c a n t  e f f e c t  f o r  either machine unde r  h i . g h  p r e - i o n i z a t i o n .  S i m i l a r  

c a l c u l a t i o n s  f o r  a l a r g e  machine such as an  EPK, with a lower E fi.el.d, 

show a s a v i n g s  of - 10% of t h e  ava i lab le  v o l t  seconds,  which is  signi- 

f i c a n t .  

Pre- ionization i s  s t i l l  impor t an t  t o  r educe  the p r o b a b i l i t y  of 

runaways. For no p r e - i o n i z a t i o n ,  E / p  = 248 and the  a p p l i e d  e l e c t r i c  

f i e l d  i s  near t h e  c r i t i ca l .  f i e l d  f o r  ISX and above t h e  c r i t i c a l  f i e l d  

f o r  QRMAK Upgrade. 

c. 11 

4 . 5  RATE EQUATIONS 

The d e n s i t y  and t empera tu re  r a t e  e q u a t i o n s  f o r  l o w  o r  no l o s s e s  are 

dn 

d t  e o  i 
e 

= 11 n (ov) -1.- 

where (av) i s  t h e  i o n i z a t i o n  r a t e  of H by electrons,  E ,  i s  t h e  energy i 2 1 

r e q u i r e d  t o  produce an e l r c t r s n - i o n  p a i r  (- 93  ev> a t  l o w  e l ec t ron  

t e m p e r a t u r e s ,  and P i s  t h e  absorhed microwave power p e r  u n i t  volume. 

T h e  solutions t o  t h e s e  e q u a t i o n s ,  f o r  c o n s t a n t  (av) and n are 
1-I 

i 0 )  
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1. e, 

and the required microwa.ve power may be caLculated f r o m  the d e s i r e d  

d e n s i t y .  

4.6  APPLICATPQN TO ISX AND O W K  UPGRADE 

The single particle d r i f t  time i s  given by 

a RW 
8 2 x LO Te 

T = :  ----_--lL-.l..........llI 

ri 

For ISX,  w i t h  T L 100 e V ,  and t J _ . Q  msec, a high p r e - i o n i z a t i o n  
12 e D 

XI l e v e l  of ne/n 2- 0.1  would j - equ i r e  II 2 1 . 6  x 10 . Setting T and T 
0 5 P 

would r e q u i r e  P = 3.89 x eV/cm s e c ,  o r  a t o t a l  powcr of 7 1  kW f o r  

breakdown. 
I-r 

For  O W K  Upgrade,  with the same T and T = 5 . 4  msec, the same 

pre-ionization level  would require P = 7 . 2  x 10 eV/cm s e c ,  o r  a total 
F-r 

D14 3 
e' 

power of - 19 kW f o r  breakdown. 

P a r t  of the experimental p r o g r a m  would be t o  explore the v a l i d i t y  

of these calculations. The a v a i l a b l e  microwave power shou ld  b e  much 

larger  t h a n  these predicted I.evels so that a wide parameter space may be 

explored 

5. EXPERIMENTS ON ECH I N  TOKAMAKS IN THE lJSSR 

There have been two laborator ies  in the USSR where significant 

experiments have be.en performed on ECW in tokamak.s, A s  early as 1.971, 

bo th  Alikaev at the Kurchatov Institute and Gslant at t h e  I o f f e  I n s t i -  

tute had r e p o r t e d  high power microwave experiments 

Golant12 used a microwave source  of 80 kW a t  9 GHz on t h e  T i m a n - 2  

tokamak f a r  .fundamental EClI s t u d i e s  i n  low ( -  5 kG) magnetic f i e l d s .  

Pul .se  lengths were between 100 and 300 p e c .  Al.so, 100 yscc p u l s e s  of 

- 30 kW a t  34 GHz w e r e  used f o r  second harmonic ECH. At 9 G H z ,  the 

h e a t i n g  was concluded t o  be due t o  wave conversion a t  the uppe r  h y b r i d  

f requency.  The presence of a c-yclotron resonance rcgj.0-11 was necess3.r~ 
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The absa rp t i an  process  at 22 GHz w a s  a t t r i b u t e d  t o  l i n e a r  wave 

transformatton of the microwave energy a t  the upper h y b r i d  s u r f a c e .  

The plasma waves arising from t h i s  t ransformation were b e l i e v e d  t o  be 

absorbed between the upper  h y b r i d  and cyclotron reso~-iance surf aces e 

~n 1974  ~ ~ k ~ ~ ~ l ~  et al. r e p o r t e d  ftnrther measurements on the TM-3 

tokamak us ing  30 GHz wi th  ixp to 70 kW of power and a p u l s e  lengF-h of 1 

msec, Runaway electrons were observed tpy t h e  b remss t r ah lung  radiation 

and by m i l l i i n c t e r  microwave r a d i a t i o n ,  when the magrnetic f i e l d  on a x i s  

was higher  than  t h e  resonant  E i c l d  by 30%; i - e . ,  when the resonanL zone 

was d i s p l a c e d  t o  t h e  o u t s i d e .  The X-ray measurements suggest t h a t  

electrons w i t h  l o n g i t u d i n a l  energy o f  - 20 keV did not a c q u i r e  more than 

10% aP the  plasma energy gain measured diamagnetically. The number of 

runaway electrons could  be minimized by o p e r a t i n g  at h i g h  d e n s i t y .  

A l s o ,  apply ing  the  microap7ave power e a r l y  d i d  n o t  increase t h e  runaway 

popu la t ion .  

With t h e  magnetic f i e l d  a d j u s t e d  f o r  electron cyclotron resonance 

on the axis, t he  number o f  runaways was a lso  decreased. Operatinz wi th  

the resonance 011 a x i s ,  the rneasuremen~s suggest t h a t  on ly  25% o f  the  

bu lk  of t h e  e l e c t r a n s  are heated .  In any c a s e ,  no ion  tempera ture  

i n c r e a s e  was observed. 

I n  1975 AZikaev28 e t  a l .  reported f u r t h e r  measurements on the TM- 

3 tokamak. This  t i m e ,  laser s c a t t e r i n g  was used t o  ilzeasure t h e  c e n t r a l  

c lectran t empera tu re .  Measurements w i t h  the resonant f i e l d  on axis  

r e s u l t e d  i n  a b u l k  h e a t i n g  of the  cl iectrons,  b u t  experiments a t  the 

second harmonic caused SOMC runaway p r o d u c t i o n .  A l s o ,  h e a t i n g  a t  the 

second harrnoni-c r e s u l t e d  i n  a #3 2 , 2 .  The l i f e t i m e  o f  t he  ~unaway 

was estimated a t  2 msec f o r  10 keV elect-rons and 9 msec f o r  60 keV 

electrons. 

P 

Recent unpubl i shed  results on rl?4-332 have indicated no heating of 

the  main body of t h e  plasma when o n l y  the u p p e r  h y b r i d  resonance exists 

and there is no e l e c t r o n  cyc lo t ron  resonance. T h e  measurements a1 so 

suggest that t h e  e l e c t r o n  thermal c o n d u c t i v i t y  decreases as t h e  e l e c t r o n  

tempera ture  i n c r e a s e s  under ECH, S O  that  the energy conlinement t i m e  

increases w i t h  T . 
e 
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l i ne  d e v i c e  l i k e  ORMAK Upgrade. There are some p a r t i c u l a r  advan tages  

o f  doing the experiment  on TSX: ISX i s  designed t o  be a f l e x i b l e  

experiment .  I f  the waveguides are i n  t h e  wrong p l a c e ,  o r  t h e  micrswave 

l eakage  is  too  g r e a t ,  o r  sonic o t h e r  d i f f i c u l t y  o c c u r s ,  i t  can  be  e a s i l y  

c o r r e c t e d .  

I n  O W K  Upgrade t h e  ohmic h e a t i n g  d i s s i p a t i o n  shou ld  be  01- t h e  

o r d e r  of 1 MW, s o  t h a t  a number of t h e  a n t i c i p a t e d  120 GHz tubes  would 

be  r e q u i r e d  i n  o rde r  t o  make t h e  a u x i l i a r y  h e a t i n g  comparable t o  the 

ohmic h e a t i n g ,  N e u t r a l  beams s u p p l y i n g  - 2 PFd of a u x i l i a r y  hea t ing  are 

planned f o r  O W K  Upgrade. An ECH experiment  a t  t h i s  .same power lcvcl  

would p r o v i d e  an  impor t an t  comparison between t h e s e  two h e a t i n g  t ech -  

n i q u e s .  

Aside f r o m  these r a t h e r  s imple  power and f r equency  considerations 

t h e  f o l l o w i n g  s u b j e c t s  must be c a r e f u l l y  cons ide red  i n  any d e t a i l e d  

e n g i n e e r i n g  s t u d y :  

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

magnet supp ly  

waveguide t y p e ,  o r i e n t a t i o n  and modeing 

window l o c a t i o n  

t u b s  l o c a t i o n ;  f i e l d  p e r t u r b a t i o n  

vacuum t a n k  c o n s t r u c t i o n  

W e  are c o n s i d e r i n g  t h e  potential p r o b 1 . m ~  a n t i c i p a t e d  f o r  ISX w i t h  

care, because they  are  b e t t e r  kno a t  t h e  p r e s e n t .  When p o s s i b l e ,  

w e  a l s o  c o n s i d e r  t h e  problems t o  be a n t i c i p a t e d  f o r  OT(MAK Upgrade. 

6 . 1  H I G H  VOLTAGE POWER SUPPLY: POWER CONTROL AN31 OVERLOAD CONTROL 

For t h e  g y r o k l y s t r o n  f o r  EBT, a dc power supp ly  w i t h  an o u t p u t  of 

z 100 kV and z I O  A i s  a n t i c i p a t e d .  This  would be i n  the g e n e r a l  

v i c i n i t y  of EBT, p robab ly  on the  mezzanine of b u i l d i n g  9201-2. Spark 

gaps f o r  removal of e l e c t r o n  beam power w i t h i n  10 wsec of a f a u l t  wou1.d 

be  r e q u i r e d  €or  t h e  normal d c  o p e r a t i o n  of t h e  tubes  on EBT. 

It is  p o s s i b l e  t h a t  this supp ly  could be used f o r  ISX. S ince  w e  

expec t  pu l sed  o p e r a t i o n  ~ L t h  p u l s e  l e n g t h s  o€ LO-100 msec, t h e  power 
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t h e  i n t e r a c t i o n  r e g i o n .  In t h e  c a s e  of ISX, any s i n g l e  e x t e r n a l  f i e l d  

shou ld  n o t  be  al lowed t o  produce more than a 100 G p e r t u r b a t i o n  on t h e  

minor axis.  For t h e  w o r s t  case, t h i s  restricts the  t u b e  t o  be ing  more 

t h a n  - 1.1 m from the  minor axis o r  - 75 c m  from t h e  vacu~m w a l l .  With 

i r o n  s h i e l d i n g  of t h e  s o l e n o i d ,  i t  may be  p o s s i b l e  t o  reduce  t h i s  

d i s t a n c e ;  however,  t h i s  s h i e l d i n g  may have t o  be  t aken  i n t o  account  i n  

t he  t u b e  d e s i g n .  

For 0 Upgrade, t h e  solenoi-d on t h e  g y r o k l y s t r o n  would produce 

a f i e l d  of - 40 kG. Th i s  may p r e s e n t  a more s e r i o u s  f i e l d  p e r t u r b a t i o n .  

Also, t h e  external . .  f i e l d  from the a i r  core t r ans fo rmer  may s e r i o u s l y  

p e r t u r b  t h e  g y r o k l y s t r o n .  

6 . 4  WAVEGUIDES: LOCATION, LENGTIS, TYPE, MODE CONTROL, ORIENTATION 

For t h e  i n i t i a l  expe r imen t s ,  t he  s i m p l e s t  waveguide l o c a t i o n  would 

be  on t h e  o u t s i d e  of t h e  tokamak vessel. Because of thc c o n d i t i o n s  on 

a c c e s s i b i l i t y  mentioned i n  S e c t i o n  3,  i t  may be  a d v i s a b l e  t o  i n t r o d u c e  

the power f rom t h e  h i g h  f i e l d  s i d e .  Based on p a s t  e x p e r i e n c e ,  f o r  TSX 

t h e  f i r s t  l o c a t i o n  would a l l o w  launching from t h e  o u t s i d e  from a gyrokl-y- 

stron a t  a major r a d i u s  of - 2 m. The second l o c a t i o n ,  as sugges t ed  by 

the a c c e s s i b i l i t y  r equ i r emen t s  above would probably  b e  f %-om t h e  t o p  

i n s i d e  of t h e  machine. 

have a l r e a d y  been planned.  Ptz e i ther  c a s e ,  1-aiinching t a n g e n t i a l l y  

along t h e  f i e l d  i s  not  p o s s i b l e ,  b u t  a n g l e s  w i t h  r e s p e c t  t o  the f i e l d  

- > 50° f o r  t h e  o u t s i d e  p o r t s  would be r easonab le .  

30 are p o s s i b l e  w i t h  spec ia l  techniques. 

Figinre 2 shows the r e l e v a n t  p o r t s  an 'TSX t h a t  

Angles between 20" slid 
o 

The waveguide t y p e  would be chosen f o r  mix i imum a t t e n u a t i o n .  The 

waveguides reconunendcd f o r  h i g h  power t r a n s m i s s i o n  w i t h  least  a t t e n u a -  

t i o n  are t h e  c j rc .ular  gu ides  c a r r y i n g  t h e  T E o k  modes. 

the  a t t e n u a t i o n  d e c r e a s e s  as the f requency  i n c r e a s e s ,  I n e v i t a b l e  non- 

u n i f o r m i t i e s ,  the f ac t  t h a t  thc gu ides  can c a r r y  a number of lower 

o r d e r  modes i f  t hey  can c a r r y  t h e  TEOR mode, and t h e  f a c t  t h a t  Irreg- 

u la r i t i e s  can cause mode conve r s ion  t o  thc unwanted modes make t h e  

waveguide d e s i g n  a v e r y  s e r i o u s  matter. It i s  a n t i c i p a t e d  that t h e  

For  t h e s e  modes, 
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not excessive, i t  may be poss ihSe  tra view the plasma through a window 

can ta in ing  flowing demine ra l i zed  water, 

There may be some c o n s i d e r a t i o n s  conce rn ing  the use of organic  

materials i n  c e r t a i n  c r i t i c a l  p l a c e s .  However, as ISX i s  expec ted  t o  

be baked, these are not expec ted  to be a problem. The u s e  of rubbe r  0- 

r i n g s  must b c  r e s t r i c t e d  t o  p l a c e s  where metal-t~-metal contact  can be 

made b e f o r e  the O-ring vacuum seal.  

Vacuum pump p o r t s  will be  covered w i t h  m e t a l  s c r e e n i n g  t o  avo id  

the  l o s s  of microwave power. 

7 .  S W R Y  

The p r e c e d i n g  s e c t i o n s  have endeavored t o  show t h a t  promising 

regimes of  a u x i l i a r y  h e a t i n g  can be o b t a i n e d  by ECH i n  tokamaks, Our 

s p e c i f i c  near-tern goals  f o r  ISX are: b u l k  h e a t i n g ,  p r o f i l e  heating, 

breakdown s t u d i e s  to con t ro l  runaways and t h e  i n i t i a l  current c h a n n e l ,  

and d i s c h a r g e  c l e a n i n g .  

A l o n g e r - t e r n  goa l  would h e  a rna-jor bulk OK p r o f i l e  h e a t i n g  ex- 

periment  on ORMAK Upgrade. Breakdown s t u d i e s  would rate h i g h  on a 

p r i o r i t y  l i s t  i f  s u f f i c i e n t  power w a s  no t  available f o r  b u l k  h e a t i n g .  
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FIGURE L I S T  

C a D  t i o n  

Cl-em-Rlow-Mullaly-Allis diagram f o r  a c o l d  electron plasma. 

Fip,,  2a. OWL-DWG 76-3599 

Cross  s e c t i o n  of TSX w i t h  a low d e n s i t y  plasma and cycl .otron 

resonance i n  the  plasma cen te r .  The plasma d e n s i t y  maximinrn is 

Same as F i g u r e  2a, b u t  w i t h  a higher  d e n s i t y  plasma, such that 

Same as F i g u r e s  2a and 2 h ,  b u t  w i t h  much h i g h e r  density p lasma ,  

2' such that w < 0 r f  
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