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ABSTRACT 

Microwave heat ing  a t  t he  e lec t ron -cyc lo t ron  frequency has been 

e f f e c t i v e l y  employed t o  heat plasmas conf ined i n  open and c losed mag- 

n e t i c  confinement geometry where the  app l i ed  heat ing  frequency was near 

o r  above the  plasma frequency. The e a r l i e s t  experimental  i n v e s t i g a t i o n s  

demonstrated t h e  e f fec t i veness  o f  plasma e l  ec t ron-cyc lo t ron  heat ing  (ECH) 

and l a t e r  t h e o r e t i c a l  work v a l i d a t e d  these observat ions. I n  t h i s  review, 

we b r i e f l y  consider  some o f  t he  more r e l e v a n t  ECH propagation processes 

and heat ing mechanisms. Resul ts  a re  presented from some o f  t he  more 

recent  t o r o i d a l  ECH experiments, i n c l u d i n g  tokamaks, b u t  p r i n c i p a l l y  

from the  ELMO Bumpy Torus (EBT). I n  t he  l a s t  sect ion,  we discuss the  

techno log ica l  considerat ions so important  t o  ~ ~ c c e s s f u l  a p p l i c a t i o r ~ s  

o f  ECH t o  plasma experiments. 
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1 . INTRODUCTION 

The two most commonly used methods f o r  heat ing  plasma e lec t rons  i n  

t o r o i d a l  geometry a r e  ohmic heat ing  and e lec t ron -cyc lo t ron  heat ing  (ECH). 

Although ohmic hea t i ng  i s  a convenient and e f f i c i e n t  method o f  plasma 

hea t i ng  when the  plasma e l e c t r o n  temperature i s  below about 2 keV, i t  

becomes l e s s  e f f e c t i v e  a t  h igher  temperatures because the  plasma r e s i s -  

'312 and bremsstrahlung losses sca le  as t i v i  t y  i s  p ropo r t i ona l  t o  Te 

T:". The temperature s a t u r a t i o n  of ohmic heat ing  makes a u x i l  i a r y  

tokamak heat ing  systems necessary. 

A d i s t i n c t  advantage o f  microwave heat ing  o f  e lec t rons  i s  t h e  

r e l a t i v e  i n s e n s i t i v i t y  of heat ing  r a t e  t o  the  e l e c t r o n  temperature. 

Th is  r e s u l t s  from t h e  nature  o f  t h e  bas ic  energy absorp t ion  process i n  

ECH, which i s  Dopp ler -sh i f ted  e lec t ron -cyc lo t ron  damping. However, i n  

most ECH experiments, bo th  the  plasma dens i t y  p r o f  i 1 es and t h e  magnetic 

c o n f i n i n g  f i e l d  geometries are  s u f f i c i e n t l y  nonuniform t h a t  such d e t a i l s  

as wave propagation, r e f r a c t i o n ,  and mode conversion a re  important.  

The e a r l  i e s t  appl i c a t i o n  o f  microwave heat ing  o f  plasmas was the  

ECH experiments i n  s imple magnetic m i r r o r s  [ I -111, i n  which the  app l i ed  

frequency was near o r  above t h e  plasma frequency. The microwave f r e -  

quency was arranged t o  resonate w i t h  the  e l e c t r o n  gyrofrequency on 

cons tan t -B  (mod-B ) surfaces chosen so t h a t  m i  r ro r - t rapped  e lec t rons  

would be e f f e c t i v e l y  heated. L a t e r  experiments a l s o  employed ECH i n  

m i r r o r  quadrupole and mu1 t i p o l e  geometries [ lo -1  51. More recen t l y ,  the  

method has been adapted t o  t o r o i d a l  geometr-y and has been used r a t h e r  

success fu l l y  t o  heat  plasma i n  t h e  ELMO Bumpy Torus (EBT) [16-171 and 

some Russian tokamaks [I 8-25]. 



The f i r s t  experi.menta1 i .nves t iga t ions  o f  ECH phenomena i n  m i r r o r  

machines considerably predated t h e o r e t i c a l  s tud ies  o f  t h e  sub jec t  and 

were p r i n c i p a l l y  designed t o  emphasize the  generat ion o f  s o - c a l l e d ' h o t  

e l e c t r o n  plasmas having k i n e t i c  e lec t ron '  temperatures ranging f rom 0.1 

t o  2 MeV. 

Other poss ib le  a p p l i c a t i o n s  o f  ECH are: c o n t r o l  o f  the  c u r r e n t  

p r o f i l e  .of tokamak plasmas i n  connect ion w i t h  d i s r u p t i v e  i n s t a b i l i t i e s ,  

c o n t r o l  o f  B p o l o i d a l  independent of the  plasma cur ren t ,  microwave d i s -  

charge c lean ing  o f  confinement vessel surfaces, and p re ion i za t i on .  
. . 

Microwave discharge c lean ing  s imply i n v o l v e s ' a  low power cont inuous wave 

(cw) source opera t ing  a t  a f i x e d  frequency s e t  low enough t h a t  the  

t o r o i d a l  magnetic f i e l d  cou ld  be operated cont inuous ly  and swept s low ly  

i n  t ime so t h a t  t h e  i n t e r s e c t i o n  o f  t he  ECH resonant mod-B sur face and ... , . . ., . .  - 

l i n e r  w a l l  would brush over  the whole l i n e r  surface. P re ion i za t i on  us ing  <. , . - . a  

ECH i s  a very obvious a p p l i c a t i o n  o f  the s p a t i a l l y  op t i ona l  heat ing  mod-0's 

which a r e  poss ib le  w i t h  microwave heat ing.  

2. GENERAL ELECTRON-CYCLOTRON PLASMA HEATING CONSIDERATIONS 

2.1 MICROWAVE COUPLING TO PLASMA 

The two dominant heat ing  mechanisms invo lved i n  t h e  microwave 

heat ing  o f  plasmas a re  r a t h e r  hard t o  separate. One i s  the  c o l l i s i o n -  

l e s s  damping o f  microwaves propagating a t  a frequency near t he  e lec t ron -  

c y c l o t r o n  frequency and the  o the r  i s  t he  l i n e a r  convers ion [26-311 of 



electromagnet ic  wave energy i n t o  l o n g i t u d i n a l  waves near t he  upper 

h y b r i d  resonance. Cyc lo t ron  damptng r e s u 1 . t ~  from the  resonant i n t e r -  

a c t i o n  between e lect romagnet ic  waves and e lec t rons  when the  frequency i s  

Dopp ler -sh i f ted  t o  the  e lec t ron -cyc lo t ron  frequency. A t  c y c l o t r o n  

W 
2 

resonance, u = uce ( i n  t h e  low dens i t y  l i m i t  where --$- << I ) ,  t he  

'"ce 

microwave power absorp t ion  c o e f f i c i e n t  f o r  ex t rao rd ina ry  waves i s  

approximate ly  g iven by [32] - 

where n  i s  i n    centimeter^)‘^, Te i n  k i l o e l e c t r o n  v o l t s ,  and f i n  g igahertz .  

For n  = 10 12 ,,-3 , f = 18 GHz, and Te = 1  keV, t he  absorp t ion  l eng th  i s ,  

3 mm. The microwave energy can be absorbed i n  a s i n g l e  pass through the  

plasma when the  absorp t ion  l eng th  I s  comparable o r  even smal ler  than the  

sca le  l eng th  o f  t h e  change i n  magnetic f i e l d  as g iven by AH/H Q kVth/w. 

2 For o r d i n a r y  waves, a 2 f /2arrfc, which i s  B (6 = v / c )  t imes smal le r  than 
P 

t h a t  g iven i n  Eq. ( 1 ) .  

General ly,  t h e  microwave power absorp t ion  as g iven by L i t v a k  e t  a l .  [25] 

and Akhiezer e t  a l .  [38] i s :  

-- 2 dW(r) d t K ( u ; ~ ( ~ ) / u  ,8) exp [- ( - ' ~ c e ( ~ )  ) '1 
ki l  

where w ( r )  i s  the  l o c a l ,  e l e c t r o n  plasma frequency, wce(r)  i s  the  
Pe 



electron-cyclotron frequency, s = 1,2,3,---is the wave number para1 l e l  

t o  the magnetic f i e l d ,  and 6 i s  the angle between the d i r ec t i on  o f  propa- 

gat ion and the magnetic f i e l d .  For ordinary mode coupling, where the 

e l e c t r i c  f i e l d  i s  p a r a l l e l  t o  the magnetic f i e l d  l i nes ,  the absorption 

r a t e  i s  approximately B times smaller than t h a t  given by Eq. (2). The 

power absorbed i n  the plasma can be obtained by in tegra t ing  Eq. (2) 

along the ray path. For the l i m i t i n g  case where a l l  o f  the power i s  

d issipated i n  the plasma, the increase i n  plasma temperature i s  simply 

where P i s  the t o t a l  microwave power input, rE i s  the energy confinement 

time, n i s  the plasma density, and V i s  the volume o f  the plasma. 

A t yp i ca l  ECH appl icat ion,  i l l u s t r a t e d  i n  Fig. 1, i s  the  heating of 

plasma i n  a magnetic mi r ror .  This i s  an equator ia l  plane c u t  showing 

the magnetic f i e l d  geometry o f  one sect ion o f  the ELMO Bumpy Torus. 

M i r ro r ing  c o l l  i sion l  ess electrons t rave l  a1 ong f l u x  1 ines (dashed 1 ines)  

and pass through mod-B iur faces ( s o l i d  l i nes ) .  I n  the resonance region, 

the electrons gain energy from the microwave f i e l d  through a stochast ic 

process. Because the electrons are accelerated t o  gain perpendicular 

k i n e t i c  energy w i t h  respect t o  the magnetic f i e l d ,  they tend Lo gather 

c loser  t o  the midplane o f  the m i r ro r  geometry. A t  e lectron-cyclotron 

resonance, where n r ck/w+ =, the microwave f i e l d  i s  not  1ongJtudinal 1331; 

however, i t  i s  long i tud ina l  a t  the upper hybr id resonance. 
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2nd Harmonlc Ring Heating (18 GHz) 

,- Profile Resonant Heatlng (10.6 Wz) 

EBT Hod-% C~ntnurc (-1, Flux l ines (---), and Heati~q Gemtry ( / I ,  i ,  1. 

I .  1 .  Configuration of magnetic f ie ld  i n  the ELMO Bumpy Torus. Two 
micmwav~ -Frequencies (10.6 CWs and 18 CHz) are fed from the oysnlrry on 
the inside wall of the cavity. The wave mode a t  the injection port is 
'ordinary" rather than  "extraordinary." The hot electron r ing  (runaway 
electrons) i s  observed t o  be a narrnw bel t  encircling the local 2nd 
harmontc resonance (for  18 GHz) region i n  the midplane. The maximum 
microwave heating takes place a t  the cyclotron resonance zone (hatched 
i n  the figure). This makes i t  conveniently possible to control the 
density and temperature profiles i n  the bumpy torus and also analogously 
appl icable to  tokamak plasmas. 



Microwave heat ing  by 1 i nea r  conversion [26-311 o f  e lect romagnet ic  

wave energy i n t o  l o n g i t u d i n a l  waves takes p lace  near t h e  upper h y b r i d  

resonance and i s  s im i  1 a r  t o  1 ower h y b r i d  wave heat ing  [26,28-29,34-361. 

The resonance reg ion  i n  a plasma i s  almost always accompanied by an 

evanescent reg ion  so t h a t ,  i n  coup l i ng  t o  an inhomogeneous plasma, t he  

wave must penet ra te  t h e  evanescent reg ion  i n t o  t he  resonance reg ion .  

Access can be gained t o  t h e  tokamak plasma resonance reg ion ,  where the  

microwave heat ing  power i s  t ransformed i n t o  l o n g i t u d i n a l  plasma waves, by 

launching the  microwave power f rom the  h igh  magnetic f i e l d  s i de  o f  t he  t o r u s  

( t h a t  i s ,  f rom t h e  i n s i d e  w a l l  r eg ion ) .  

The usual ex t rao rd ina ry  mode c o l d  plasma d i spe rs ion  r e l a t i o n s h i p  has a 

resonance branch a t  mu,, = (= , which i s  t he  well-known upper 

h y b r i d  resonance. The c o l d  plasma approximation, however, breaks down a t  

resonance when k -+ m, o r  kVth/w + m, b u t  t he  resonance branch develops 

cont inuous ly  i n t o  the  thermal plasma wave branch when thermal e f f e c t s  a re  

taken i n t o  considerat ion. .  These plasma waves a re  n o t  damped i f  the  wave 

vec to r  i s  s t r i c t l y  perpend icu la r  t o  t h e  magnetic f i e l d .  Usual ly ,  however, 

some component o f  t he  wave vec to r  i s  p a r a l l e l  t o  t he  magnetic f i e l d  and t h e  

waves do d i s s i p a t e  t h e i r  energy i n  t h e  plasma by c y c l o t r o n  damping where the  

c o n d i t i o n  w = swce - kllvth i s  s a t i s f i e d .  Thus, a f t e r  t he  microwave r a d i a -  

t i o n  has been transformed i n t o  l o n g i t u d i n a l  waves near t he  upper h y b r i d  

resonance, these waves w i l l  propagate t o  t h e  r e g i o n ' o f  t he  c y c l o t r o n  

resonant sur face  where t h e  energy w i l l  be absorbed by the  plasma e lec t rons .  

A f t e r  mode.conversion, Landau damping can a l s o  p rov ide  an impor tan t  process 

f o r  t he  d i s s i p a t i o n  o f  l o n g i t u d i n a l  waves ( f o r  s = 0 ) .  



The CMA diagram [37], which f a c i l i t a t e s  the  d iscuss ion  o f  the  

propagat ion o f  microwaves i n  a  plasma, i s  shown i n  Fig. 2(a).  I n  siniple 

m i r r o r  machines o r  i n  a  vacuum bumpy torus:  t he  magnetic f i e l d  r a d i a l l y  

increases f rom the  w a l l  towards the  plasma center  except i n  the  reg ion  

o f  t h e  m i r r o r  t h r o a t ,  so t h a t  propagation o f  the  ex t rao rd ina ry  wave requ i res  

t ransmiss ion  through t h e  c y c l o t r o n  c u t o f f  reg ion  be fore  i t  reaches the  upper 

h y b r i d  resonance reg ion  as a  plasma wave, F ig.  2(b) .  Thus, t h i s  type o f  

coup l ing  i s  genera l l y  very i n e f f i c i e n t .  Since t h i s  c u t o f f  reg ion  i s  almost 

always located ou ts idc  the c y c l o t r o n  resonance region,  wi iv r  energy u s u a l l y  

ends u p b e i n g  d i s s i p a t e d  i n  the'plasma per iphery.  The p re fe r red  tokamak 

plasma hea t i ng  scheme, as i n d i c a t e d  i n  F ig.  2 (c )  o f  the  CMA diagram, e~!~p loys  

upper h y b r i d  resonance v i a  l i n e a r  conversion o f  microwave r a d i a t i o n  launched 

f rom the i n s i d e  w a l l  where bo th  cond i t i ons  Wce/W > 1 and wpe/w < 1  a re  

s a t i s f i e d .  

When t h e  plasma i s  t ransparent  t o  o rd ina ry  waves (w > w ) , i t  has 
Pe 

been o f t e n  demonstrated exper imenta l l y  t h a t  e f f e c t i v e  ECH coup l ing  

r e s u l t s  f rom r a d i a l l y  i n t r o d u c i n g  microwaves i n  t he  dominant ly o rd ina ry  

wave mode, by means o f  a  waveguide s imply f langed t o  the  metal w a l l  of 

t he  plasma vacuum vessel,  a l though more power e f f i c i e n t  matching c i r c u i t s  

a re  t o  be p r e f e r r e d  (see S r c l i o n  4.2). The microwave r a d i a t i o n  i n t o  

such c a v i t y  coupled plasmas i s  usual l y  a  m ix tu re  o f  bo th  ord l r~ary  a r ~ d  

ex t rao rd ina ry  modes. For example, i n  EBT-I, the  niicrowave feed i s  through 

24 openings, each c o n s i s t i n g  o f  two p o r t s  from a h y b r i d  coupler .  The 

e l e c t r i c  f i e l d  a t  t h e  p o r t  openings i s  arranged t o  be p a r a l l e l  t o  t he  

magnetic f i e l d ,  thereby emphasizing the  o rd ina ry  wave mode coupl ing. 



FIG.  2 (a) .  CMA diagram f o r  c o l d  plasma. (1  : e l  e c t r o n - c y c l  o t r o n  resonance; 
2: upper h y b r i d  resonance; 3: plasma f requency;  4: c y c l o t r o n  c u t o f f .  ) 

F IG.  2 ( b ) .  CMA' d iagram f o r  plasma i n  magnet ic m i r r o r  o r  i n  bumpy t o r u s  
( t o p  v iew)  i n  t h e  h i g h  d e n s i t y  case. S t r a i g h t  l i n e s  d e l i n e a t e  t h e  c a v i t y  
w a l l  and magnet ic f i e l d  l i n e s  a r e  p a r a l l e l  t o  t h e  page. 

Su r face  

(Ou ts ide )  

FIG.  ? (c ) .  CMA diagram f o r  tokarnak p l a s ~ ~ ~ a  ( i t t ~ s s  s e c l  i o r ~ ) .  The 111ayne1ic 
f i e l d  l i n e s  a r e  normal t o  t h e  sheet .  



I n  tokamak experiments [19-251, the  i n t e r a c t i o n  between the  o rd ina ry  

wave and t h e  plasma has been observed t o  be an order  o f  magnitude o r  

( B  2 Vth/c) smal le r  than t h a t  f o r  t he  ex t rao rd ina ry  wave coup1 ing .  I t  has 

been repo r ted  1251 t h a t  o rd ina ry  wave power absorp t ion  i s  much smal le r  than 

t h a t  o f  t h e  e x t r a o r d i n a r y  wave when the  power i n j e c t e d  i n t o  the  tokamak i s  

i n  t he  d i r e c t i o n  o f  i nc reas ing  magnetic f i e l d ;  i .e . ,  from the  outs ide  of 

t h e  tokamak, w i t h  l e s s  than a  60" angle between the  wave vec to r  and the  

magnetic f i e l d  a t  t he  plasma boundary. However, f o r  i n j e c t i o n  angles o f  

65" t o  80°, i t  i s  est imated t h a t  absorp t ion  i s  o f  the  same order  f o r  both 

types o f  waves. As a1 1  uded t o  e a r l  i'er, however, o rd ina ry  mode microwaves 

launched perpend icu la r  t o  t he  sur face of a  f a i r l y  dense plasma can be 

absorbed almost as e f f i c i e n t l y  as ex t rao rd ina ry  waves because r e f r a c t i o n  

and r e f l e c t i o n  o f  m u l t i t r a n s i t s  can e f f e c t i v e l y  a l t e r  p o l a r i z a t i o n  t o  

again pe rm i t  plasma heat ing  by c y c l o t r o n  damping. A1 i kaev e t  a1 . [24] 

conclude t h a t  when t h e  wave vec to r  i s  a t  60" t o  t h e  magnetic f i e l d ,  the  

damping f o r  ex t rao rd ina ry  waves i s  so l a r g e  t h a t  t h e i r  energy w i l l  be 

almost e n t i r e l y  d i ss ipa ted  i n  heat ing  the  per iphery  o f  t o r o i d a l  plasmas, 

w h i l e  the  energy o f  t h e  o r d i n a r y  waves goes main ly  i n t o  bu l k  heat ing.  

As the  e l e c t r o n  temperature i s  increased, i t  i s  necessary t o  launch the  

wave a t  l a r g e r  angles t o  avo id  s h i f t i n g  the  heat ing  reg ion  toward t h e  

plasma sur face.  I t  i s  worth emphasizing t h a t  the  evanescent l a y e r  

d i f f i c u l t i e s  w i t h  t h e  ~ x t r a n r d i n a r y  wave launch can be avoided by employing 

the  p rev ious l y  mentioned o r d i n a r y  wave launch. So t h a t  i t  can be argued 

t h a t  whatever i l l u m i n a t i o n  scheme i s  employed the dominant process f o r  



conver t ing  microwave energy i n t o  plasma heat i s  t he  mechanism o f  c y c l o t r o n  

damping; i .e . ,  t he  wave energy i n  bo th  the  o rd ina ry  mode and the  ex t rao rd ina ry  

mode i s  u l t i m a t e l y  deposited i n  t he  reg ion  o f  fundamental o r  harmonic 

c y c l o t r o n  resonances, and the  amount o f  increase i n  the  plasma energy i s  

s imp ly  g iven by Eq. (3 ) .  

2.2 ELECTRON-CYCLOTRON HEATING RATE 

Although the  e a r l i e s t  ECH experiments were accompanied by p r i m i t i v e  

attempts a t  q u a n t i t a t i v e  d e s c r i p t i o n  o f  t he  heat ing  processes, i t  was 

cons iderab ly  l a t e r  be fore  even i d e a l i z e d  c a l c ~ l a t i o n s  gave i n s i g h t  t o  

t he  r a t h e r  i n t r i c a t e  non l inear  problem o f  the  i n t e r a c t i o n  o f  s p a t i a l l y  

complex e lect romagnet ic  f i e l d s  and a n i s o t r o p i c  damping media. 

I n  the  subsequent t h e o r e t i c a l  s tud ies  o f  these plasmas [39-471, 

e lect romagnet ic  propagation i n t o  the  plasma from a  s i n g l e  frequency 

source was assumed and the  main e f f o r t s  were d i r e c t e d  t o  computing the  

e l e c t r o n  heat ing  r a t e  by the  app l i ed  t ime-vary ing e l e c t r i c  f i e l d s .  

Because the  t ime-vary ing e l e c t r i c  f i e l d  i s  u s u a l l y  a t  a  s i n g l e  frequency, 

and because t h e  c o n f i n i n g  f i e l d s  were magnetic m i r ro rs ,  t he  theo r ies  

were concerned w i t h  the  randomizing processes t h a t  caused heat ing.  I n  

t h i s  s tochas t i c  heat ing  process, the  e lec t rons  i n t e r a c t  w i t h  the  o s c i l l a t i n g  

e l e c t r i c  f i e l d  E  f o r  a  t ime A t  du r i ng  each bounce i n t e r v a l  rb between 

the  m i r r o r s .  The heat ing  r a t e  was est imated t o  be 

where W i s  t h e  e l e c t r o n  k i n e t i c  energy. Th is  i s  a  general form o f  t he  

heat ing  r a t e  f o r  trapped e lec t rons  i n  a  nonuniform magnetic f i e l d .  The 



bounce time rb may be a circulat ing time i n  a toroidal configuration, and 

the interaction time A t  depends on the nonuniformity [39]. 

Thus, i n  mirror machines and i n  the bumpy torus,  electrons resonantly 

interact ing with the microwave f i e l d  gain perpendicular energy, thus 

changing t h e i r  ref lect ion points i n  the magnetic mirror f i e ld  a f t e r  

every pass through the local cyclotron resonance zone. Stochastic 

acceleration of par t ic les  does not necessarily require turbulent e l ec t r i c  

f i e l d s  with a wide frequency spectrum. Periodic nonrandom forces can 

lead t o  stochastic acceleration, two typjcal examples uf wtiich are remi 

acceleration [48] and ECH i n  a magnetic mirror f i e ld .  Randomness in 

phase between the electron and the microwave f ie lds  can be introduced i n  

each successive interaction by processes such as nonadiabatic d r i f t s  

across the magnetic f i e l d  or by an equivalent broadening of the w spectrum 

such as a diffused K spectrum i n  the actual system sampled by the electrons. 

I .~  i s  r ' d . t ~  IW - commonly obscrvcd tha t  a small fractinn nf par t ic les  

can be accelerated to  high energy by stochastic heating. For ECH in 

magnetic m i  r ror  geometry, i t  i s  general ly  assumed tha. t  el ectrorls orlly 

gain energy perpendicular to  the external magnetic f i e ld .  If  the 

change in the energy AW in an interval of time A t  i s  such tha t  (AM) and 
2 (dW )contain terms l inear  i n  A t  and a l l  higher products have expectation 

values varying as higher powers of A t ,  then the time evolution of the 

dis t r ibut ion function can be described by the Fokker-Planck equation 

[49] t o  give a qual i ta t ive picture of the stochastic heating of energetic 

electrons by microwave f ie lds  in the aforementioned geometry 



where f(t,W) i s  t h e  time-dependent energy d i s t r i b u t i o n  func t i on .  By 

us ing  the  r e l a t i o n s  

(AW/At)  = R and ( A W ~ / A ~ )  = 2WR , ( 6 )  

we can r e w r i t e  t h e  equat ion by i n t roduc ing  both  l o s s  term and c o l d  

plasma source term, Q, as 

whose s t a t i o n a r y  s o l u t i o n  i s  obta ined w i t h  a  constant  heat ing  ra te ,  R, 

and decay time, T, as 

where Ko(z) i s  t he  modi f ied Bessel func t ion  o f  t he  second order .  From 

t h i s  equat ion, t h e  average k i n e t i c  energy o f  t he  e l e c t r o n  i s  g iven by 

where neo i s  t he  i n i t i a l  dens i t y  o f  t he  c o l d  e l e c t r o n  source. 

I n  accordance w i t h  t h i s  s tochas t i c  heat ing  model, the  heat ing  r a t e  

was determined exper imenta l l y  [50] by measuring the  time-dependent 

energy d i s t r i b u t i o n  f u n c t i o n  o f  energet ic  e lec t rons  generated by ECH i n  . 

a  simple m i r r o r  machine. The heat ing  r a t e  f o r  a microwave f i e l d  o f  30 

V/cm was determined t o  be 10 MeV/sec, which i s  q u i t e  common [11,51] i n  most of 

t he  ECH experiments i n  m i r r o r  machines f o r  t he  case where w > w 
Pe ' 



Whether ECH r e s u l t s  on l y  i n  t h e  generat ion o f  energet ic  e lec t rons  

o r  i n  heat ing  o f  t h e  plasma as a  whole, t he  f i n a l  e l e c t r o n  temperature 

i s  determined by a  .combinat ion o f  t h ree  parameters: heat ing  r a t e ,  

confinement t ime, and plasma energy t r a n s f e r  r a t e .  I n  r e l a t i v e l y  low 

d e n s i t y  plasmas, common i n  ECH m i r r o r  experiments, t h e  heat ing  r a t e  i s  

r e l a t i v e l y  l a r g e  and t h e  p a r t i c l e  confinement t ime f o r  energet ic  e lec-  

t r o n s  i s  s h o r t e r  than t h e  t ime f o r  energy t r a n s f e r  between e lec t rons ,  so 

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

d i s t r i b u t i o n .  I n  steady s ta te ,  t he  ho t  e l e c t r o n  temperature (average 

7 
k i n e t i c  energy) i s  determined by Eq. ( 9 ) .  For R = 10 eV/sec and T = 10 

msec, we f i n d  ( W )  = 100 keV. A1 though one would expect the'plasma t o  be 

heated as a  whole t o  t h e  energy (W) - RT, when the  confinement t ime i s  

l onge r  than the  c o l l i s i o n a l  energy t r a n s f e r  t ime, re, the  b u l k  o f  the  

microwave power i s  d i ss ipa ted  i n  c o l d  plasma throughput and, depending 

on t h e  heat ing  con f i gu ra t i on ,  i n  enhanced m i r r o r  losses v i a  micro-  

i n s t a b i l i t i e s .  

2.3. MICROWAVE HOT ELECTRON PLASMA INSTABILITIES 

A s i g n i f i c a n t  e f f e c t  o f  h igh  ECH r a t e s  i s  t he  product ion  o f  

a n i s o t r o p i c  e l e c t r o n  distributions which r e s u l t  i n  an iso t ropy-dr iven 

m i c r o i n s t a b i  1  i t i e s .  Several m i c r o i n s t a b i l  i t i e s  [9,52-541 d r i v e n  by 

a n i s o t r o p i c  e l e c t r o n  d i s t r i b u t i o n s  caused by h igh  heat ing  r a t e s  have 

been observed i n  microwave-heated magnetic m i r r o r  devices. Since these 

i n s t a b i l i t i e s  u s u a l l y  r e s u l t  i n  a  r a p i d  p i t c h  angle f l i p s  i n t o  the l o s s  

cone, they may cause l i t t l e  o r  no increase i n  plasma losses i n  t o r o i d a l  

devices. A1 so, i n  some tokamak experiments t-561, e l  ec t ron-cyc l  o t ron  



hea t i ng  has generated runaway e lec t rons  a t  low plasma dens i t i es ,  causing 

an i ns tab i  1  i t y  which i ncre'ased the  plasma column t ransverse  energy. 

Th i s  inc reased. t ransverse  energy was accompanied by a  decrease i n  l o n g i -  

t u d i n a l  energy of t h e  runaway e lec t rons  and was r a p i d l y  l o s t  t o  t he  

w a l l .  

Some o t h e r  i n s t a b i l i t i e s ,  o f  concern, which d e r i v e  t h e i r  energy 

source f rom the  a n i s o t r o p i c  energy d i s t r i b u t i o n s  poss ib le  i n  m i r r o r -  

con f ined  ECH plasmas are  curva ture  d r i f t  i n s t a b i l i t i e s  [56]  and the  

c y c l o t r o n  i n s t a b i  1  i ty  [57]. The cu rva tu re  d r i f t  i n s t a b i l i t y  can be 

s t a b i l i z e d  by c o l d  e lec t rons  i f  t h e i r  popu la t i on  i s  above a  c e r t a i n  

c r i t i c a l  dens i ty .  Th is  s t a b i l i t y  c o n d i t i o n  i s  r a t h e r  e a s i l y  s a t i s f i e d  i n  

h i g h  beta, h o t  e l e c t r o n  plasmas which can produce a  minimum-B (min-B) 

f i e l d  s e l f - c o n s i s t e n t l y  and which a l s o  can have a  l a r g e  i nhe ren t  d r i f t  

frequency, kvD >> w r e s u l t i n g  from ve ry  h igh  e l e c t r o n  temperatures. c i  ' 

The c y c l o t r o n  o r  Wh is t l e r  i n s t a b i l  i t y  [57] has a  c h a r a c t e r i s t i c  

f requency a t  w  2 wce (1 - TII/T,), where TI, and TI a re  t h e  p a r a l l e l  and 

perpend icu la r  e l e c t r o n  ten~pera ture  r e l a t i v e  t o  t he  magnetic f i e l d .  Th is  

i n s t a b i l i t y  i s  a l s o  s t a b i l i z e d  by the  presence o f  a  co ld -e lec t ron  compo- 

ncn t  whieh has al l  i s o t r o p l c  temperature. Th is  i n s t a b i l  i ty  was a r t i f i c i a l l y  

e x c i t e d  by r a d i a t i n g  a  s h o r t  microwave pu l se  i n t o  t h e  plasma and then 

observed by scanning across magnetic f i e l d  l i n e s  w i t h  an antenna s e n s i t i v e  

t o  c i r c u l a r l y  p o l a r i z e d  e lect romagnet ic  waves C541. The i n s t a b i  1  i ty  was 

observed t o  d r i v e  t h e  h o t  e lec t rons  i n t o  t h e  m i r r o r  l o s s  cone w i t h i n  a 

few microseconds. 



3. MICROWAVE HEATING EXPERIMENTS 

3.1. MICROWAVE HEATING I N  MAGNETIC MIRROR GEOMETRY 

Experimental  r e s u l t s  from plasmas generated by ECH i n  bo th  s imple 

and min-B m i r r o r  machines have been ex tens i ve l y  repor ted  i n  t he  pas t  and 

t h e r e f o r e  a r e  n o t  discussed i n  d e t a i l  here. These plasmas a re ' cha rac te r -  

i z e d  by r a t h e r  low d e n s i t y  and c o l d  ions.  Because o f  t he  low dens i ty ,  

t h e  c o l l i s i o n a l  energy t r a n s f e r  t ime i s  longer  than the  confinement 

t ime, so t h a t  ECH i n  magnetic m i r r o r s  u s u a l l y  r e s u l t s  i n  the  generat ion 

o f  ene rge t i c  e lec t rons  w i t h  an average k i n e t i c  energy o f  several  hundred 

k i l o e l e c t r o n  v o l t s  o r  more. The plasma beta can be on the  order  o f  50% 

so t h e  e lec t rons  can be i n t e r n a l l y  s t a b i l i z e d  aga ins t  f l u t e s  by t h e i r  

se l f -genera ted  min-B c o n f i g u r a t i o n  as l ong  as the  surface i s  s t a b i l i z e d  

by c o l d  plasma [56,58]. Because these energet ic  e lec t rons  a r e  h i g h l y  

a n i s o t r o p i c  i n  v e l o c i t y  space, they a re  trapped i n  the  midplane o f  the  

magnetic, m i r r o r s  and form very  h igh  beta plasma r i n g s  [6,7]. Fur ther -  

more, t h i s  r ing-shaped s t r u c t u r e  encompasses the  constant  mod-B surface 

a t  w = 2wce [8-10,16-171. This  s h e l l  s t r u c t u r e  i s  a  p e c u l i a r  b u t  common 

f e a t u r e  o f  microwave-produced h o t  e l e c t r o n  plasmas i n  s imple m i r r o r  

t raps ,  where t h e  microwave f i e l d  i s  s t r o n g l y  coupled t o  harmonics o f  the  

r e l a t i v i s t i c  e lec t rons .  The EBT concept employs such h igh  B r i n g s  f o r  

macroscopic s t a b i l i z a t i o n .  

I t  has a1 so been exper imenta l l y  observed [53] t h a t  t he  a p p l i c a t i o n  

o f  microwave power a t  f requencies above and below wee can have useful  

plasma heat ing  ef fects.  I n  t he  lower frequency case, w < wce, t he  



e lec t rons  p r i m a r i l y  ga in  V,, ( r e l a t i v e  t o  the  magnetic f i e l d ) ,  and i n  t he  

n ighe r  frequency case they ga in  VL. Such heat ing  cons idera t ions  can 

prov ide  c o n t r o l  o f  t he  e l e c t r o n ' p i t c h  angle d i s t r i b u t i o n s  i n  some 

confinement con f i gu ra t i ons .  

3.2. RECENT MICROWAVE HEATING RESULTS I N  TOKAMAKS 

Microwave heat ing  o f  tokamak plasmas has been s tud ied  i n  several o f  the  

smal l e r  Sov ie t  tokamaks, no tab ly  Tuman-2 [28,60], . TM-3 [I 9-20,23,28,61], and 

FT-1 [59]. F igure 2 ( c )  i l l u s t r a t e s  the a v a i l a b l e  ECH geometries accessib le i n  

tokamaks. I n  a  smooth low B to rus ,  t he  mod-B surfaces a re  c y l i n d r i c a l  and 

concent r ic  w i t h  the  major to rus  ax i s .  The r e s u l t  o f  heat ing  on a  p a r t i c u l a r  

mod-B sur face i s  a l s o  shown i n  Fig. 2 (c ) ,  where t h e  i n t e r s e c t i o n  o f  t h i s  

surface w i t h  the  p o l o i d a l  motion o f  the  plasma can r e s u l t  i n  e i t h e r  s h e l l  

o r  volume heat ing  as a mat te r  o f  choice. Because ECH cou ld  be used i n  

tokamaks t o  change the  c o n d u c t i v i t y  of the  ou te r  s h e l l  o f  the  plasma, a  

shor t ,  h igh  power ECH pulse might  be used t o  modi fy  the  i n i t i a l  c u r r e n t  

p r o f i l e s  t o  c o n t r o l  the  s p a t i a l  d i s t r i b u t i o n  o f  t he  p o l o i d a l  f i e l d  and 

thereby r a i s e  the  B th resho ld  f o r  some i n s t a b i l i t i e s .  

It i s  i n t e r e s t i n g  t o  compare the  r e s u l t s  o f  these two tokamak 

experiments. I n  Tuman-2, t he  plasma parameters a re  R = 40 cm, a  = 10 

cm, B = 2-5 kG, n  = 5 x  10"-3 x  1013 ~ m - ~ ,  and Te = 3-30 eV, where R 

and a  are  the  major and minor rad ius  o f  t he  t o r o i d a l  plasma, respec t i ve l y .  

The plasma i s  heated by a  9-GHz microwave pu lse  o f  300-psec du ra t i on  a t  

50 kW. I t  i s  reasoned t h a t  t he  l i n e a r  t rans format ion  o f  microwaves i n t o  

slow plasma, waves a t  t he  upper h y b r i d  resonance i s  the  heat ing  mechanism. 



I n  TM-3, t h e  plasma parameters a r e  R = 40 cm, a  = 8 cm, B = 5-25 

kG, n  = 3-10 x  l o1 *  ~ m - ~ ,  and Te = 200-400 eV. Microwave heat ing  i s  

ef fected by  a  50-kW pul.se a t  30 GHz o f  500-psec du ra t i on .  Power i s  

i n j e c t e d  i n t o  t h e  plasma through a  window i n  the  chamber d i r e c t l y  con- 

nected t o  a  c i r c u l a r  waveguide o f  3-cm diameter. The l e v e l  o f  r e f l e c t e d  

power throughout  t h e  e n t i r e  range o f  d ischarge cond i t i ons  i s  repor ted  

n o t  t o  exceed 10% o f  t h e  in t roduced power. According t o  Golant [28], 
\ 

e f f e c t i v e  abso rp t i on  o f  the  microwave energy was observed a t  t he  upper 

h y b r i d  resonance; however, a t  h igher  e l e c t r o n  temperatures, more e f f e c t i v e  

heat ing  was observed a t  w = uce and w = 2uce. According t o  A l ikaev  

[61], t h e  heat ing  i n  TM-3 r e s u l t e d  i n  e l e c t r o n  temperature increases of 

as much as 150 eV and i n  a  f3 o f  22.2. He claims, t~owever, t h a t  a l though 
P  - 

heat ing  i s  observed a t  w i wc no evidence o f  heat ing  was observed a t  the  

upper h y b r i d  resonance. I t  was a l s o  repor ted  t h a t  a t  w 2 2wc, the  micro- 

wave power i s  ma in ly  absorbed by runaway e lec t rons  w i t h  no I o n  Reat i r ty.  

Golant ascr ibes  the  heat ing  niechanism t o  the  l i n e a r  t rans format ion  o f  

e lect romagnet ic  waves i n t o  slow l o n g i t u d i n a l  waves a t  the  upper h y b r i d  

resonance region.  Al ikaev,  on the  o the r  hand, asser ts  the  heat ing  t o  be 

s imp ly  due t o  l i n e a r  c y c l o t r o n  damping a t  w = swce, i .e . ,  convent ional 

e l e c t r o n - c y c l o t r o n  heat ing.  The d i f f e r e n c e  i n  i n t e r p r e t a t i o n  i s  probably 

due t o  the  d i f ference i n  e l e c t r o n  temperatures. A t  r e l d l i v e l y  law tcm 

pera tures  ( i n  t he  experiments on Tuman-2) d i r e c t  c y c l o t r o n  absorp t ion  i s  

weak f o r  one wave t r a n s i t  and the  probable dominant process i s  the absorpt ion 

of a  l o n g i t u d i n a l  wave r e s u l t i n g  from a  t rans format ion  i n  t he  v i c i n i t y  

o f  the upper h y b r i d  resonance. A t  h igher  temperatures (as i s  t y p i c a l  o f  



most TM-3 experiments) c y c l o t r o n  absorp t ion  i s  l a r g e  i n  one pass o f  an 

ex t rao rd ina ry  wave,accounting f o r  the  observed heat ing. 

I n  any event, e lec t ron -cyc lo t ron  heat ing  genera l l y  r e s u l t e d  i n  an 

increase i n  e l e c t r o n  temperature and was observed t o  lead t o  an increase 

i n  t he  c o n d u c t i v i t y  o f  t he  plasma, r e s u l t i n g  a l so  i n  an increase i n  

c u r r e n t  when ohmic heat ing  vo l tage was kept  constant  [28,60]. For con- 

s t a n t  cu r ren t ,  the  observed increase i n  vo l tage on the  circumference o f  

the  plasma column was i n t e r p r e t e d  t o  be due t o  the  displacement of t he  

plasma column. The increase o f  t he  diamagnetic s igna l  upon a p p l i c a t i o n  

o f  ECH i s  i n t e r p r e t e d  t o  be due both  t o  an increase i n  e l e c t r o n  temperature 

and a l s o  t o  a  s l i g h t  increase i n  plasma d e n s i t y  [60-611. 

The most des i red  r e s u l t  from ECH experiments would be f o r  the  

microwave power t o  be absorbed by the  b u l k  plasma r a t h e r  than a  small 

group o f  runaway e lec t rons ,  accompanied a l s o  by an increase i n  energy 

confinement t ime w i t h  increas ing  e l e c t r o n  temperature, perhaps r e a l i z i n g  

B~ 
= 2.2 w i t h o u t  major i n s t a b i l i t i e s  o r  a  l o s s  o f  plasma e q u i l i b r i u m  

C611. 

These measurements o f  diamagnetism and plasma c o n d u c t i v i t y  have 

made i t  poss ib le  t o  est imate the  e f fec t i veness  o f  tokamak ECH. For 

optimum cond i t ions ,  t he  r a t i o  o f  t he  microwave power deposited i n  the  

b u l k  plasma t o  the  microwave output  reaches 50%. The power l o s s  i s  

considered t o  be due e i t h e r  t o  t he  d i s s i p a t i o n  o f  t he  wave energy i n  the  

plasma per iphery  where the  energy confinement t ime i s  shor te r ,  o r  t o  t he  

a t tenua t i on  o f  t he  wave i n  the  opaque region.  



Elec t ron -cyc lo t ron  heat ing  o f  tokamak plasmas t o  date i n d i c a t e s  

the  a t t r a c t i v e n e s s  o f  us ing  h igh  power microwaves i n  these plasma 

devices. I t  should be noted, however, t h a t  the  experiments have o n l y  

been conducted i n  smal l -sca le  devices, l i k e  Tuman-2 and TM-3, w i t h  

comparat ive ly  s h o r t  energy confinement t imes. 

3.3. MICROWAVE HEATING I N  THE ELMO BUMPY TORUS 

3.3.1. The ELMO Bumpy Torus (EBT) Experiment 

The ELMO Bumpy Torus, which i s  sketched i n  Fig. 3, i s  somewhat 

unusual i n  t h a t  t he  plasma i s  produced, heated, and s t a b i l i z e d  by 

e l e c t r o n - c y c l o t r o n  heat ing  a t  microwave freque'ncies o f  18 GMz and 10.6 

GHz [ c f .  F ig.  2 (b) ] .  I t  has been known f o r  more than twenty years [62, 

651 t h a t  a plasma can be conf ined i n  a. pe r iod i c ,  s p a t i a l l y  modulated, 

t o r o i d a l  magnetic f i e l d ,  the  so-ca l led  bumpy to rus .  However, t h i s  

c o n f i g u r a t i o n  has rece ived very  l i m i t e d  'a t ten t ion ,  p r i m a r i l y  because of 

a n t i c i p a t e d  MHD i n s t a b i l i t i e s  [62]. 

The ELMO Bumpy Torus (EBT) cons i s t s  o f  24 connected nl- i rrors w i t h  a 

2:1 m i r r o r  r a t i o .  The major rad ius  i s  150 cm and the  minor rad ius  a t  the 

m i r r u r  n~ idp lane  i s  25 cm. 

The f o l l o w i n g  a re  t y p i c a l  EBT machine parameters. 

Magnetic f i e l d  (maximtim) 5 kG (midplane)-10 kG ( m i r r o r )  

Magnetic f i e l d  power 6 PI4 

P l  asma volume - ~ 5 0 0  l i t e r s  

Major rad ius  150 cm 

Average aspect. r a t i o  1O:l 

60 kW cw maxirnut~i a t  18 GHz 
Microwave power sources 30 kW cw maxfmum a t  10.6 GHz 





The EBT experiment i s  designed t o  circumvent the MHD i n s t a b i l i t y  

problem by using the high €3 propert ies o f  ho t  e lect ron plasmas observed 

i n  the microwave-heated, open-ended magnetic m i r ro r  experiments throughout 

rhe preceding decade [I -5,16-17,63-641. Experiments car r ied  out  i n  EBT-I 

116-171 dur ing the past  f i v e  years have demonstrated the ef fect iveness 

o f  ECH i n  t o ro ida l  geometry and have supported the v a l i d i t y  o f  the basic 

EBT premise: t h a t  plasma currents produced by the high €3, ho t  e lect ron 

annul i could provide a plasma equi 1 i brium i n  a bumpy torus. 

3.3.2. Electron-Cyclotron Heating i n  EBT 

Mfcrowave heat ing i n  EBT i s  concentrated on the electron-cyclotron 

resonant surfaces. Microwave power i s  coupled t o  the plasma i n  the ordinary 

wave mode from the opening o f  the hybr id  coupler a t  the midplane o f  the 

ins ide-wal l  o f  each cav i ty .  As i s  apparent from Fig. 2(b), the cyc lo t ron 

resonance surface Tn EBT i s  wel l  separated from the extraordinary mode by 

the cyc lo t ron cu to f f .  Because o f  the corrugated nature o f  the to ro ida l  f i e l d  

and the consequent f i e l d  nonuniformi ty, plasmas are generated a t  the funda- 

mental resonance surface and the second harmonic cyc lo t ron resonance i s  

mainly responsible f o r  the generation o f  the energetic e lectrons resu l t i ng  

i n  the high B annuli ,  which i s  a lso ca l led  the hot  e lect ron r ing .  

I n  a number of ECH experiments, we have observed the microwave power 

i l lwmina t ing  the plasma t o  be-absorbed wf th  an ef f ic iency approaching 100%. 

One such measurement of ECH coupling ef f ic iency has been made i n  EBT using 

I den t i ca l  microwave launch and measurement c i r c u i t s .  The power at tenuat ion 

factors i n  Fig. 4 are for  the coupled power outputs o f  cav i t y  N3, i n  which 

the power i s  launched, and two other m i r ro r  cav i t ies ,  E4 and S4; f i v e  and 
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n i n e  c a v i t i e s  were removed r e s p e c t i v e l y  from t h e  launch c a v i t y .  The 

presence o f  plasma reduces the  power o u t  o f  N5 by a  f a c t o r  o f  50 and 

4 
reduces the  power o u t  o f  E4 and S4 each by about a  f a c t o r  o f  10 , showing 

the  extremely h i g h ' a b s o r p t i v i t y  i n  the  e lec t ron -cyc lo t ron  resonant plasma. 

I n c i d e n t a l l y ,  s imi lar.measurements employing power sources whose microwave 

frequency (55 GHz) was g rea te r  than the  e lec t ron -cyc lo t ron  frequency 

everywhere i n  t h e  volume showed ver,y l i t t l e  a t tenua t i on  by the  c o l d  

plasma. 

I n  c o n t r a s t  t o  b u l k  heat ing, experimental  data showing the  h i g h l y  

l o c a l i z e d  second harmonic coup l ing  t o  the  h igh  6 r i n g  e lec t rons  are  

i l l u s t r a t e d  i n  F ig .  5. As the  magnetic f i e l d  c u r r e n t  i s  increased, the  

second harmonic resonance ( w i t h  the  b u l k  18-GHz heat ing  frequency) i s  

observed t o  move r a d i a l l y  outward as shown by the  measured f i e l d  values 

on t h e  s o l i d  curve. The ho r i zon ta l  dashes a re  the  exper imenta l l y  de te r -  

mined p o s i t i o n s  o f  the  annu l i  f o r  each fi:eld value. These data, taken by 

d r i f t  sur face  l i m i t i n g  skimmer probes and diamagnetfc f l u x  i n t e g r a t o r s ,  

a re  i 'n  good agreement w i t h  the  second h.armoni.c heati 'ng premise. 

3.3.3. MHD S t a b i l i t y  

S t a b i l i t y  n f  thp  t o ro ida l  plasma component i n  EBT depends on the  

diamagnetism of t he  h o t  e l e c t r o n  annulus which transforms p a r t  o f  the  

bumpy to rus  volume i n t o  an average min-B con f i gu ra t i on .  The t o r o i d a l  

core  would otherwise be sub jec t  t o  simple in terchange modes, shown by 

Kadomtsev [65] t o  be unstable i n  a  s c a l a r  pressure c l  osed-1 i n e  to rus  

w i t h  monoton ica l l y  inc reas ing  jd!L/B. However, theory  p r e d i c t s  t h a t  a 

h o t  e l e c t r o n  component w i t h  B i n  excess o f  about 7% should reverse the  
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l o c a l  g rad ien t  i n  t he  magnetic f i e l d  i n t e n s i t y ,  thus s a t i s f y i n g  Kadomtsev's 

c r i t e r i o n  f o r  s t a b i l i t y .  Furthermore, there  i s  now experimental  evidence 

t o  suggest t h a t  a c r i t i c a l  value o f  B i n  the  annulus (on the  order  o f  7%) 

separates q u i e t  f rom f l u c t u a t i n g  modes o f  operat ion,  which w i l l  be 

discussed l a t e r .  

I n  normal EBT operat ion,  the f3 o f  the  h o t  e l e c t r o n  annu l i  can be 

s u f f i c i e n t l y  h igh  (20-40%) t h a t  another c lass  of macroscopic i n s t a b i  1 i t i e s ,  

l i k e  pressure-dr iven ba l l oon ing  modes, becomes e n e r g e t i c a l l y  poss ib le .  The 

s t a b i l i t y  c r i t e r i o n  f o r  a bumpy c y l i n d e r  may be g iven by [66] 

which i s  rough ly  equ iva len t  t o  the  c o n d i t i o n  s a t i s f i e d  by the  ho t  e l e c t r o n  

a n n u l i  i n  o rde r  t h a t  i t  reverse the  r a d i a l  magnetic f i e l d  g rad ien t .  

T h i s  c r i t e r l s n  has a number o t  r a t h e r  general i m p l i c a t i o n s  f o r  s t a b i l i t y  

n f  t h e  a n n ~ ~ l i ,  

I n  Eq. ( l o ) ,  t h e  #d!L/B average i s  denoted by (. . .), where I) i s  a 

f l u x  func t i on ,  t h e  f i e l d  curva ture  i s  

and t h e  m i r r o r  s t a b i l i t y  c r i t e r i o n  i s  T > 0, where 



Guiding center  ana lys i s  would suggest t h a t  t he  most impor tan t  

macroscopic modes a re  t h e  pressure-dr iven ba l l oon ing  modes; however, 

t h i s  theory i s  n o t  app l i cab le  t o  the  h o t  e l e c t r o n  annu l i  i n  which the  

e l e c t r o n  Larmor r a d i i  a r e  l a r g e  and d r i f t  f requencies exceed.the ion-  

c y c l o t r o n  frequency. A more co r rec t ,  b u t  geometr ical  l y  simp1 i f i e d ,  

Vlasov ana lys i s  showed t h a t  t he  annu l i  a re  s t a b i l i z e d  by the  h igh  d r i f t  

frequency o f  t he  e lec t rons  [56]. 

Guiding center  and MHD analyses do apply t o  the  t o r o i d a l  core 

because the  lower temperature components have much smal le r  g y r o r a d i i .  

P re l im ina ry  r e s u l t s  demonstrate t h a t  t he  t o r o i d a l  B i n  t he  present  

experiment i s  n o t  l i m i t e d  by i n s t a b i l i t i e s .  The germane s t a b i l i t y  

ana lys i s  suggests t h a t  t he  B i n  the  t o r o i d a l  core can be comparable t o  

the  B i n  the  annu l i  and the  t o r o i d a l  plasma s t i l l  be s t a b l e  w i t h i n  the  

MHD framework. 

3.3.4. P a r t i c l e  Confinement and E q u i l i b r i u m  

Although a  bumpy to rus  magnetic f i e l d  produced by l i n e  cu r ren ts  

prov ides absolute confinement o f  s i n g l e  p a r t i c l e s  [67], such a  f i e l d  

must p r a c t i c a l l y  be produced by c o i l s  w i t h  f i n i t e  c u r r e n t  d e n s i t i e s  

ou ts ide  vacuum wal ls ,  so t h a t  the  gu id ing  center  d r i f t  motion then 

leads some p a r t i c l e s  d i r e c t l y  t o  the chamber wa l ls .  Even i n  the  i d e a l  

case, some p a r t i c l e s  have crescent-shaped d r i f t  o r b i t s  which do c lose  

w i t h i n  the  vacuum chamber, b u t  a re  expected t o  y i e l d  more r a p i d  s p a t i a l  

d issus ion  and heat c o n d u c t i v i t y  than c i r c u l a r  d r f f l  urb i  15. Tlsus, t he  

confinement p rope r t i es  of an experimental  bumpy to rus  are  i n f l uenced  

s i g n i f i c a n t l y  by the g l ~ i d i n g  center  d r i f t  o r b i t s  o f  the  i n d i v i d u a l  

plasrr~d pd rb t i c l es .  



These d r i f t  o r b i t s  a re  themselves mod i f ied  by plasma diamagnetism 

which a l t e r s  the  magnetic f i e l d  g rad ien ts  and a l so  by any s t a t i c  o r  low 

frequency e l e c t r i c  f i e l d s  which may a r i s e  t o  ensure quas i -neut ra l  i ty  

through ambipolar d i f f u s i o n  o f  ions  and e lec t rons .  Turbulence i s  a l s o  

neglected i n  t h i s  ana lys i s .  

I n  t he  bumpy to rus ,  the p a r t i c l e  gu id ing  centers d r i f t  about the 

r i n g  ax i s  w i t h  an angular  v e l o c i t y ,  R, determined by the  curvature,  

f i e l d  g rad ien ts ,  and r a d i a l  e l e c t r i c  f i e l d .  Superimposed on t h i s  i s  a 

perpend icu la r  t o r o i d a l  d r i f t  v e l o c i t y ,  vo, caused by the  t o r o i d a l  curva- 

t u r e .  Both fl and vo a r e  func t i ons  o f  t he  p i t c h  angle, the  p a r t i c l e  

v e l o c i t y ,  and t h e  p a r t i c l e  energy. C o l l i s i o n s  between p a r t i c l e s  cause 

t h e  p i t c h  angle t o  change; hence R and vo change, causing the  gu id ing  

cen te r  o r b i t s  t o  change. This  r e s u l t s  i n  a  r a d i a l  d i f f u s i o n  o f  p a r t i c l e s .  

From t h e  l i n e a r i z e d  k i n e t i c  equat ion, the  d i f f u s i o n  c o e f f i c i e n t  as 

g iven by Kovrizhnykh 1681 i s :  

where 

I v  = -  
o  BeR (14) 

v i s  an e f f e c t i v e  c o l l i s i o n  frequency, and R i s  the  average t o r o i d a l  

curvature,  which i s  approximately equal t o  t he  major rad ius  o f  the  

to rus .  The plasma confinement t ime i s  then g iven by 

v fo r  v >> R [ c o l l i s i o n a l ] ,  and 

'C = 



where a  i s  approximately equal t o  t he  minor rad ius .  I t  i s  i n t e r e s t i n g  

t h a t ,  i n  t he  c o l l i s i o n l e s s  case, the  p a r t i c l e  confinement t ime i s  (Ria)  
2 

. t imes longer  than the  c l a s s i c a l  m i r r o r  confinement t ime. 

3.3.5. EBT Plasma Modes 

~ e p e n d i n g  on the  app l i ed  microwave power l e v e l  and the  ambient 

neu t ra l  gas pressure, any one o f  th ree  d i s t i n c t ,  reproduc ib le  modes o f  

opera t ion  may be measured by a  microwave i n te r fe romete r  a t  75 GHz along 

the  plasma diameter, 2 .  These modes a r e  c l e a r l y  d i s t i ngu i shed  by the  

dens i t y  f l u c t u a t i o n  level. ,  Ant; the  s to red  energy i n  the  s t a b i l i z i n g  

r i ngs ,  W and t h e  ambipolar space p o t e n t i a l ,  V. 
.I. , 

A t  t he  h ighes t  pressures, t he  plasma temperature and the  r i n g  

energy ( B )  i s  low. Ambipolar p o t e n t i a l s  a re  smal l  and genera l l y  pos i -  

t i v e  w i t h  respect  t o  t he  c a v i t y  w a l l .  No gross i n s t a b i l i t i e s  a re  seen, 
" 

b u t  low ampli tude f l u c t u a t i o n s  i n  dens i t y  a re  observed i n  frequency 

ranges suggest ive o f  d r i f t  wave phenomena. This  regime, c a l l e d  the  "C- 

mode," i s  e a s i l y  d i s t i n g u i s h a b l e  by the  l a r g e  amp1 i tude, dens i t y  f l u c -  

t ua t i ons  observed on t h e  microwave in te r fe rometer .  I n  t he  C-mode, most 

o f  the  microwave power i s  d i ss ipa ted  i n  generat ing a  c o l d  plasma i n  

which the  e l e c t r o n  energy r e l a x a t i o n  i s  so r a p i d  t h a t  very  few h o t  

e lec t rons  are  generated. I n  t h i s  case, t he  p a r t i c l e  t ranspor t  i s  b e t t e r  

described by a  phenomenological d i f f u s i o n  c o e f f i c i e n t  which i s  g iven by 

Yoshikawa [69] as 

kTe IJ 

2 FK Jnl s i n  a , 

'L 
where n i s  t h e  f l u c t u a t i n g  p a r t  o f  t he  d e n s i t y  and a i s  t he  phase 

d i f f e r e n c e  between t h e  dens i t y  and p o t e n t i a l  f l u c t u a t i o n s .  



A t  lower pressures, the s tabi l iz ing ring stored energy, W increases 1' 
s igni f icant ly  and the fluctuation amplitude as  a function of the hot 

electron r i n g  f3 drops t o  very low values ( 1  5 3 x , as shown in 

Fig. 6. In t h i s  regime both the toroidal and annular plasma components 

are  f r ee  from gross . i n s t ab i l i t i e s  and the b u l k  electron and ion tempera- 

tures  r i s e  by more than an order of magnitude. A positive space potential 

of several hundred vol ts  i s  measured a t  the high 6 rings w i t h  recent 

measurements [70] showing a negative potential well i n  the in te r ior  of 

the plasma. This regime i s  called the "T-mode." 

A t  s t i l l  lower pressures, the plasma undergoes an abrupt t ransi t ion 

in which the stored energy increases to  f3 > 0.5,  the floating potential 

a t  the plasma edge becomes very large and negative, and measured values 
4 have exceeded 10 V.  A1 though the a.nnul a r ,  m i  rror-confined component 

appears to  remain f ree  of gross i n s t a b i l i t i e s ,  the low density toroidal 

component supports large amplitude fluctuations. This regime i s  called 

the "M-mode. ' I  A1 though we shall  be mainly interested in the T-mode, the 

M modc, w i t h  i t 3  h i g h  energy density and large eleiLi.'ic Tieldb, would bt! 

an interest ing plasma t o  study. 

The t rans i t ion  between the C-mode and the T-mode i s  observed experi- 

mentally to  be a function of the neutral qas pressure and the microwave 

power i n p u t ,  

lbg p O m a l  log P - b l  , (19) 

where po i s  the ambient hydrogen pressure and P i s  the toroidal microwave 

power input. The c r i t i c a l  6 a t  the C-T t ransi t ion for  the relevant machine 

parameters was estimated to  be 7% in reasonable agreement with the theory 
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discussed e a r l i e r .  ,The ho t  e l e c t r o n  annulus i s  observed t o  form a 

narrow be1 t i n  the  midplane; i t s  radi .a l  l o c a t i o n  determined by the  

l o c a t i o n  o f  t h e  fundamental o f  t he  p r o f i l e  heat ing  frequency as we l l  

as t h e  second c y c l o t r o n  harmonic resonance o f  the  bu lk  heat ing  

frequency. 

.It must be kept  i n  mind t h a t  ou ts ide  t h e  ho t  e l e c t r o n  annulus 

where t h e  s t a b i l i t y  c o n d i t i o n  [Eq. ( l o ) ]  i s  n o t  s a t i s f i e d ,  t he  plasma 

i s  d i l u t e ,  co ld,  and unstable. Therefore, t he  dens i t y  p r o f i l e  i n  the  

T-mode i s  steep near the  h o t  e l e c t r o n  annulus and r a t h e r  f l a t  ins ide .  

Th is  i s  a l s o  conf irmed by the  exis tence o f  l o c a l i z e d  d r i f t  waves on 

t h e  sur face o f  t he  plasma column, as w e l l  as by the  d i s t r i b u t i o n  of 

t h e  Ha- l ine  i n t e n s i t y  detected by a scanning m i r r o r  across the  plasma 

cross sec t ion .  The diameter o f  t he  we l l -conf ined plasma was determined 

t y p i c a l l y  t o  be 20 cm when t h e  magnetic f i e l d  i n t e n s i t y  on the  a x i s  o f  

t h e  midplane i s  5 kG. 

As t h e  neu t ra l  gas pressure i s  decreased the  energy s tored i n  the  

h o t  e l e c t r o n  annulus increases, and the  average values o f  t he  plasma 

parameters i n d i c a t e  improved confinement and heating. U l t ima te l y ,  

however, as a c r i t i c a l  pressure i s  approached, the  plasma undergoes 

t h e  abrupt  t r a n s i t i o n  i n t o  t h e  t u r b u l e n t  M-mode. 

Experimental ly,  the  c r i t i c a l  pressure f o r  t he  T-mode t r a n s i t i o n  i s  

found as a f u n c t i o n  o f  the  microwave power i npu t ,  s i m i l a r  t o  the  c r i t i c a l  

c o n d i t i o n  f o r  t h e  C-T t r a n s i t i o n ,  

l o g  po = a2 l o g  P - b2 , 

For the T-M t r a n s i t i o n ,  t he  c r i t i c a l  pressure f o r  an i n p u t  power o f  

50 kW was observed t o  be 5 x Torr .  



3.3.6. Plasma Parameters and Measurements 

Fcr obvious reasons, the T-mode i s  the main regime of in t e res t  for  

study of the dependence of plasma temperature on various machine and 

control parameters. 

Thomson scattering of laser  l igh t  gave a d i rec t  spat ia l  measurement 

of electron energy, b u t  for  typical EBT densit ies the intensi ty  of the 

scattered laser  radiation was marginally detectable. However, steady- 

s t a t e  experimental operation allowed data from multiple laser  pulses to  

be accumulated and electron temperatures of 130 to  200 eV were measured 

when using 1 ow mi'crowave power he.a.ti.ng ('20 kN).  

The l inear  density of electrons as measured by the 70-GHz microwave 

interferometer gives (na) 1. 3 x 10' ~ r n - ~ .  

X-ray spectroscopy has long been one of the standard measurement 

techniques for  microwave-heated, hot electron plasmas, because brems- 

strahlung spectra observed using th i s  technique give de ta i l s  of the 

energy dis t r ibut ion over the range of 1 keV to  several MeV. Soft x-ray 

bremsstrahlung measurements have also been used t o  obtain the bulk 

electron temperatures ranging from 100 to 400 eV. 

Charge-exchange neutral s have an energy spectrum showing typi cdl 

bulk temperatures of 30 to  90 eV. Observations i n  the T-M t ransi t ion 

show the spa t ia l ly  averaged, ion energy dis t r ibut ion to  consist  of two 

components: a thermal (Maxwcll ian) d i  s t r i  hutinn with average energy of 

about 100 eV and a high energy group several hundred eV, which i s  also 

Maxwellian. Since th i s  transit ional region has been l . i t t l e  studied, 

these energetic Ton t a i l s  are  not yet  understood. 



To summarize t h e  plasma parameters i n  t he  T-mode: n e ( t o r o i d a l  ) 'l. 

12 1-3 x 10 /cm3; T e ( t o r o i d a l )  '1. 50-300 eV; Ti ( t o r o i d a l  ) 2. 30-100 eV; 

ne(annulus) Q, 1-4 x 1 0 ~ ~ / c m ~ ;  Te(annulus) 2 - 250 keV; annulus beta 

0.1 $ 6 4 0.4. One s e t  o f  t o r o i d a l  plasma parameters deducib le from our 

present  d i a g n o s t i c  system, i n c l u d i n g  est imates o f  microwave power d i ss ipa ted  

i n  c i r c u i t r y ,  sur face  plasmas, and r i n g  plasmas g ives an est imated 

t o r o i d a l  energy confinement t ime o f  7 msec, a value i n  reasonable agree- 

ment w i t h  bo th  the  measured and ca l cu la ted  p a r t i c l e  confinement t imes of 

15-30 m i l l i seconds .  A comparison o f  t h i s  energy confinement t ime w i t h  

bo th  neoc lass ica l  t r a n s p o r t  and w i t h  Bohm i s  shown i n  F ig.  7, i n  f a i r l y  

good agreement w i t h  Eq. (15b).  I t s h o u l d  a l s o  be mentioned t h a t  EBT, as 

a consequence o f  t he  open ou te r  d r i f t  sur faces and the  ambipolar e l e c t r i c  

f i e l d  on t h e  r i n g  plasma surface, e x h i b i t s  h igh  plasma p u r i t y .  F i e l d  

e r r o r  s tud ies  showed an i n t e r e s t i n g  behavior  b u t  no pe rcep t i b le  d i f f i c u l t i e s  

w i t h  magnetic f i e l d  e r r o r s  o r  convective.. c e l l s .  

3.3.7. Other  Microwave Heated Bumpy T o r i  

The ELMO Bumpy Torus- I  became EBT-S w i t h  the  a d d i t i o n  o f  more than 50 

kW o f  28-GHt  power i n  June 1978, thus permitting bu lk  d e n s i t i e s  h igher  than 

The Nagoya Bumpy Torus o f  the  I n s t i t u t e  o f  Plasma Physics, Nagoya 

U n i v e r s i t y ,  s t a r t e d  i t s  opera t ion  a t  a s i m i l a r  power l e v e l  and scale du r ing  

1978. 

On t h e  bas i s  o f  these s tud ies ,  EBT-I1 was conceived as a 30- t o  60-kG 

superconducting, 48 -co i l ,  bumpy to rus  heated by 2.4 MW o f  m i l l i m e t e r  

microwave power t o  keV temperatures a t  d e n s i t i e s  o f  5 x 10' ~ m - ~ . .  The 

design base used a 5-meter major rad ius  w i t h  a 30:1 aspect r a t i o .  Th is  

experimental  f a c i l i t y  i s  expected t o  come i n t o  opera t ion  i n  t he  e a r l y  

1980s. 
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EBT as a Reactor 

The experimental results from EBT have motivated a consideration of 

the EBT concept as the basis for a potential reactor [71]. A large, 

power-producing EBT reactor system might be especially attractive because 

of the possibility of steady-state operation at high plasma pressure. 

Assuming neoclassical collisionless confinement, it is not surprising 

that no fundamental difficulties have been found in extrapolating con- 

ceptual EBT designs to intermediate power reactors in the 500-MW to 

2000-MW range. The additional assumption of adequate microwave power 

sources at a frequency of 110 GHz, although judged possible, is certainly 

not trivial. 

From the nuclear engineering point of view, the large aspect ratio 

inherent in the EBT concept eases the accessibility problems encountered 

in most other toroidal device designs. Microwave heating of the  EBT 

plasma has proved to be very effective experinlentally, and design studies 

o f  larger devices, even up to the reactor size level, indicate that, in 

prmlnciple, t h ~ s  heating method offers many advantages. 



4. TECHNOLOGICAL APPLICATION OF MICROWAVE HEATING 

4.1. GENERAL CONSIDERATIONS 

As evident from the previous discussions, the formation and heating 

of fusion plasmas by application of microwave power at the electron- 

cyclotron frequency is an efficient technique not only when used alone 

as in EBT [16-171, but also when used in combination with other heating 

methods [lo]. Although the method is, in principle, applicable to 

almost any fusion device utilizing magnetic confinement, a significant 

technological constraint on extension of the'method currently lies in 

the limited availability of suitable high power microwave sources at 

frequencies appropriate to resonant magnetic fields of several tens of 

ki 1 ogauss. The advantages of ECH are suffici:ently great., however, to 

warrant a signifi'cant development effort to overcome present microwave 

power source limitations. Such efforts are now under way in both the 

U.S.A. and the Soviet Union. 

An often understated advantage of ECH is the relative ease with 

which the power input to the plasma may be controlled over a wide range. 

ECH systems employing either single or mu1 tiple rf amp1 ifier output 

devices can be simply provided with smooth, infinite resolution control 

over rf power output by control of drive power at a low rf level. The 

rf power output of systems employing oscillator output devices may be 

controlled by variation of supply voltages. Negative feedback may be 

employed to control and stabilize the output of either device type by 

applying a signal proportional to rf output to an appropriate control 

electrode (e. g. , the accelerating anode of the electron gun). Power 



level as a function .of time may thus be varied or maintained with almost 

any desired degree of precision. Rf bandwidths ranging upward from tens 

of megahertz provide additional options for application of feedback, 

including stabilization and programming of plasma parameters, with 

almost any required speed of response. Capability for both extreme 

flexibility and high reliabil'ity canthus be provided by appropriate 

design. 

Waveguide transmission systems are generally employed for ECH 

applications. Dominant mode waveguide is useful for transmission at 

multikilowatt levels in the frequency range below 35 GHz. However, due 

to considerations of ohmic losses and vol tage breakdown, oversized 

waveguides capable of supporting mu1 t i p 1  e electromagnetic propagating 

modes are required for high power transmission in the millimeter wave- 

length region. Efficient transmission in such l~~ultirnode systems re- 

quires careful design to minimize I ~ R  propagation losses associated with 

"spurious" higher order modes and especial 1.y t o  minimize lnsses sssoci- 

ated with energy storage of such modcs. EGH systems canstrainls drat! 

fortunately well-suited to minimize the latter effect because the wave- 

guide cross section normally need not be constricted at its entry to the 

fusion device. Bends may be incorporated in wavegl~ide transmission 

systems, permitting flexibility in the location of rf sources relative 

to thc fusion device. Usc of the low loss HOn family of circular elec- 

tric modes is especially attractive in the mil 1 imeter wavelength region 

because of efficiency and power handling considerations. Although 

hollow metallic waveguides have inherent self-shielding advantages, free 

space transmission of millimeter wave power for ECH is also a viable 

a1 ternative in cases where imperfect shielding may be tolerated [72]. 



Waveguide vacuum window availability has formerly presented few 

problems in ECH systems, since window designs used on microwave output 

tubes are generally applicable for use at equivalent power levels on the 

fusion device. As an alternative, completely windowless systems employ- 

ing fast acting vacuum valves in the waveguide system are considered 

feasible for future applications requiring very high power and short 

wavelength if the realizability of waveguide vacuum windows should 

become a basic limitation. In general, however, the use of waveguide 

vacuum windows is highly desirable because the manufacture and appli- 

cation of microwave tubes are thereby simplified and because differ- 

ential vacuum pumping requirements common to some other plasma heating 

methods are thereby eliminated. Window location is flexible in ECH 

systems because the window may be located at an-arbitrary distance from 

the wall of the fusion device and may be readily shielded from plasma 

bombardment by interposing waveguide bends. A complication arises when 

the waveguide itself must pass through a magnetic field region where 

w = w (as in the case of a min-B). In order to prevent breakdown and c e 
arcing in such regions,the waveguide vacuum window has been located in 

the strong field region where u < uce, thereby maintalnlng pr-essurized 

waveguide operation through the spurious electron-cyclotron resonance 

region. 

Acceptable impedance matching of ECH transmission systems to fusion 

devices may be readily achieved. Because the physical dimensions of 

fusion devices are much greater than h and due to the efficient power 

absorption and resulting low Qeff of fusion devices in normal ECH oper- 

ation where 1,) > w matching considerations are greatly simplified. A 
pe ' 



2 power d e n s i t y  o f  x5 kW/cm per  p o r t  has been r o u t i n e l y  employed. An 

increase o f  an o rde r  o f  magnitude o r  more, up t o  t h e  opera t ing  l i m i t  o f  

t h e  waveguide, i s  considered possib le,  b a r r i n g  adverse n e a r - f i e l d  e f f e c t s .  

Simultaneous a p p l i c a t i o n  o f  ECH power through m u l t i p l e  e n t r y  p o r t s  and 

f rom m u l t i p l e  power ou tpu t  devices i s  n o t  o n l y  f eas ib le ,  b u t  a l s o  gener- 

a l l y  des i rab le ,  due bo th  t o  increased v e r s a t i l i t y  i n  heat ing  d i s t r i b u t i o n  

and t o  t h e  enhanced r e l i a b i l i t y  a t t a i n e d  through redundancy. A p p l i c a t i o n  

o f  ECH power a t  m u l t i p l e  f requencies f o r  t he  purpose o f  s imul taneously 

heat ing  several  reg ions  of t he  device i s  a l s o  accomplished r o u t i n e l y .  A  

d i s t i n c t  advantage o f  ECH over some o the r  plasma heat ing  methods i s  t h a t -  

i n d i v i d u a l  p o r t  openings need be no l a r g e r  than the  waveguide cross 

sec t ion .  I n t e r a c t i v e  coup l ing  between p o r t s  i s  minimal due t o  the  low 

Qe f f and t h e  l a r g e  r a t i o  o f  t o t a l  w a l l  area t o  p o r t  area. ECH systems 

have demonstrated very  !ow s e n s i t i v i t y  t o  changing p l  asiird cundl t l o n s  

when operated under normal cond i t i ons  o f  w > w 
pe ' 

Pcrhaps the most d l l r ~ a c t l v e  adtiantage o f  ECH 1 i e s  i n  t h e  h igh  

e f f i c i e n c y  w i t h  which microwave energy i s  t r a n s f e r r e d  t o  the  plasma. 

High e f f i c i e n c y  o f  energy t r a n s f e r  i s  ensured by the  l a r g e  absorp t ion  

c o e f f i c i e n t  o f  plasmas a t  e lec t ron -cyc lo t ron  resonance and by min imiz ing  

1  osses i n  t h e  coup1 i n g  system, Since hnth  microwave t ransmiss ion 1  incs 

and dc power supp l ies  may be made very  e f f i c i e n t ,  t he  a t t a i n a b l e  o v e r a l l  

e f f i c i ency  of convers ion o f  l i n e  power t o  plasma heat ing  i s  l i m i t e d  

p r i m a r i l y  by  the  d c - t o - r f  convers ion e f f i c i e n c y  o f  t he  h igh  power micro-  

wave tubes. Th is  e f f i c i e n c y  f a c t o r ,  and thus the  o v e r a l l  system e f f i -  

c iency, can range upward from 30% i n  u t i l i z a t i o n  o f  l i n e  power fo r  



plasma heat ing.  Overa l l  ECH system e f f i c i e n c y  may the re fo re  be made 

compet i t i ve  w i th ,  i f  n o t  super io r  t o ,  t h a t  ob ta inab le  w i t h  o the r  plasma 

hka t i ng  methods. 

4.2. PLASMA COUPLING METHODS 

A fundamental cons idera t ion  i n  power t ransmiss ion i n  a l l  rf systems 

i s  t h a t  o f  impedance matching. I n  a d d i t i o n  t o  p rov id ing  f o r  maximum 

power t r a n s f e r  ( i  .e. , maximum e f f i c i e n c y ) ,  impedance matching i s  impor- 

t a n t  i n  h igh  power systems f o r  p revent ion  o f  adverse e f f e c t s  o f  r e f l e c t e d  

power upon t h e  rf power source and waveguide t ransmiss ion system compo- 

nents, e.g., overheat ing, a rc ing ,  and vo l tage breakdown. Due t o  the  

t ime-vary ing q u a l i t y  o f  plasmas, which u l t i m a t e l y  c o n s t i t u t e  the  rf load  

i n  ECH systems, c l a s s i c a l  methods o f  impedance matching, us ing  networks 

o f  passive elements, a r e  very d i f f i c u l t  t o  apply. I t  i s  t he re fo re  

necessary t o  r e s o r t  t o  emp i r i ca l  methods. Even though the  plasma i s  

enclosed by a chamber having w a l l s  which a re  h i g h l y  r e f l e c t i v e  a t  microwa-ve 

frequencies ( i  .e., w a l l s  o f  h igh  e l e c t r i c a l  c o n d u c t i v i t y  and w i t h  s u i t a b l e  

precaut ions aga ins t  microwave leakage f rom j o i n t s  o r  openings), one can 

minimize l o c a l  plasma coupl i n g  i n  t he  n e a r - f i e l d  o f  t he  waveguide coupl i n g  

aper tu re  and thereby achieve h igh  e f f i c i e n c y  coup l ing  t o  the  plasma w i t h  

low r e f l e c t i o n s  over  a wide range o f  plasma cond i t i ons .  

I n  t he  manner described i n  Sect ion 3, ECH power which i s  f ed  i n t o  

the  plasma chamber undergoes m u l t i p l e  low l o s s  r e f l e c t i o n s  w i t h  accom- 

panying changes i n  p o l a r i z a t i o n  and d i r e c t i o n .  The Qo of t he  plasma 

chamber w i thou t  t h e  plasma present i s  t he re fo re  very  la rge .  However, 

w i t h  magnetic f i e l d  sur faces a t  e lec t ron -cyc lo t ron  resonance present  i n  



t h e  chamber, t h e  ex t rao rd ina ry  wave i s  h e a v i l y  damped by absorpt ion 

du r ing  i t s  t r a n s i t  through a  resonance region.  Because p o l a r i z a t i o n  and 

d i r e c t i o n a l  changes accompany successive r e f l e c t i o n s  ( r e s u l t i n g  i n  

r e f l e c t e d  waves comprising both o rd ina ry  and ex t rao rd ina ry  waves), t h e  

t o t a l  i n p u t  wave i s  soon converted t o  ex t raord inary  waves and i's. r a p i d l y  

damped by coup l ing  t o  the  plasma. The r e s u l t i n g  loaded Q o f  t h e  chamber 
I 

i s  then very  low. The o v e r a l l  a c t i o n  may be v i s u a l i z e d  by comparing i t  

t o  t h a t  a t t a i n e d  by coup l ing  t o  a l ossy  d i e l e c t r i c  medium which par- 

t i a l l y  f i l l s  and i s  enclosed by a  l a r g e  multimode c a v i t y .  I n p u t  power i s  d is - '  

s ipa ted i n  the  d i e l e c t r i c  medium w i t h  h igh  e f f i c i e n c y  and w i t h  l i t t l e  

v a r i a t i o n  due t o  s ize,  shape, o r  l o c a t i o n  o f  t he  medium w i t h i n  t h e  

c a v i t y  so long as l o c a l  i n t e r a c t i o n  w i t h  the  i n c i d e n t  wave i n  the  near- 

f i e l d  of t h e  coup l ing  aper ture  I s  small. I n  a  s i m i l a r  way, coup l ing  o f  

ECH power. to t h e  plasma i s  r e l a t i v e l y  unaffected by t h ~  shape o r  exact  

lucdL.lon of c y c l o t r o n  resonant mod-B magnetic f i e l d  surfaces, as long as 

these surfaces l i e  ou ts ide  the  near - f i e ld  o f  the  coup l ing  aperture.  

An impor tant  a d d i t i o n a l  s t e p ' i n  min imiz ing n e a r - f i e l d  i n t e r a c t i o n  

between t h e  coup l ing  aper ture  and t h e  plasma i s  a t t a i n e d  by o r i e n t i n g  

the  i n p u t  waveguide w i t h  EllB such t h a t  t he  o rd ina ry  wave i s  p r e f e r e n t i a l l y  

1  aunched i n t o  t h e  chamber. Because the  o rd ina ry  wave propagates read i  1 y 

through t h e  plasma under normal cond i t i ons  o f  u > n e a r - f i e l d  i n t e r -  
Pe ' 

a c t i o n  i s  minimized and s i g n i f i c a n t  plasma coup l ing  occurs on ly  af te r  

subsequent r e f l e c t i o n  from t h e  chamber w a l l s  i n  t h e  manner p rev ious l y  

described. From the  standpoint  o f  t he  microwave t ransmission system, 

t h e  advantage o f  launching w i t h  EllB i s  a  s i g n . i f i c a n t  reduc t ion  i n  r e f l e c t e d  

power and r e s u l t i n g  standing waves over a  very  wide range o f  plasma 



cond i t ions .  An a d d i t i o n a l  advantage (though perhaps a l e s s  obvious one) 

of t h i s  launch p o l a r i z a t i o n  i s  t h a t  ECH power i s  d i s t r i b u t e d  more u n i -  

f o rm ly  throughout t he  c a v i t y ,  r e s u l t i n g  i n  more un i fo rm heat ing  through- 

ou t  t he  plasma volume. 

Because the  e f f e c t i v e  loaded Q o f  t he  ECH multirnode c a v i t y  i s  very  

low under normal cond i t i ons  where u > u the  impedance presented t o  
pe ' 

the  i n p u t  wave i s  n e a r l y  equal t o  t h e  impedance o f  f r e e  space. Imped- 

ance matching cons idera t ions  f o r  design o f  t he  coup l ing  aper tu re  a r e  

then s i m i l a r  t o  those f o r  a r a d i a t i n g  antenna. The s imp les t  such aper- 

t u r e  s u i t a b l e  f o r  h igh  power use i s  an open-ended waveguide te rm ina t i ng  

f l u s h  w i t h  the  i n t e r i o r  w a l l  o f  t he  c a v i t y .  Such an aper ture,  used as 

an antenna i n  dominant mode waveguide, presents an impedance mismatch 

r e s u l t i n g  i n  VSWR o f  =1.8:1 [ 7 3 ] .  A considerably lower VSWR may be 

a t t a i n e d  by us ing  an overs ized waveguide o r  by f l a r i n g  the  waveguide 

wa l l s ,  as i n  a horn antenna, and thereby u t i l i z i n g  a l a r g e r  aper ture.  A 

w ide l y  used and b e n e f i c i a l  method o f  coup l ing  from dominant mode wave- 

guide employs quadrature-type waveguide h y b r i d  j unc t i ons  te rm ina t i ng  i n  

two i d e n t i c a l  r a d i a t i n g  aper tures a t  t h e  c a v i t y  wa l l ,  as described i n  

Ref. [74]. I n  t h i s  method, t he  combinat ion o f  network p r o p e r t i e s  of t he  

h y b r i d  j u n c t i o n  and p h y s i c a l l y  symmetrical connect ion o f  the  ou tput  

p o r t s  i s  used t o  produce h igh  order  c a n c e l l a t i o n  o f  mismatch e f f e c t s  

caused by d i s c o n t i n u i t i e s  and some c a n c e l l a t i o n  o f  mismatch e f f e c t s  
> 

caused by n e a r - f i e l d  i n t e r a c t i o n  w i t h  the  plasma. Add i t i ona l  decoupl i n g  

from n e a r - f i e l d  ef fects i s  obta ined by o r i e n t i n g  the  feed w i t h  EliB as 

described above. As an example o f  t h e  e f fec t i veness  o f  t h i s  method, an 



average VSWR o f  <1.4:1 and a peak VSWR o f  <2.0:1 have been observed on 

EBT-I for '  a l l  of the 48 feeds associated w i t h  both ECH systems over the 

f u l l  range of power inpu t  under normal condi t ions.  

Acceptable impedance matching has been obtained i n  the m i l l ime te r  

wave reg ion by terminat ing the oversized waveguide f l u s h  w i t h  the i n t e -  

r i o r  surface of the cav i ty .  The complex electromagnetic f i e l d  pat terns 

associated w i t h  h igher mode propagation i n  such multimode transmission 

1  ines obviously do no t  permit launching o f  the ord inary  wave w i t h  h igh 

p u r i t y .  The wave which i s  launched i s  i n  general, however, a  combina- 

t i o n  o f  ord inary  and extraordinary waves resu l  t i n g  i n  g rea t l y  reduced 

s e n s i t i v i t y  t o  near - f i e ld  e f f e c t s  as compared t o  the case where the 

ext raord inary  wave i s  launched from dominant mode' waveguide w i t h  E l B .  

Due t o  e f f i c i e n t  absorption and t o  plasma sh ie ld ing e f fec ts ,  

microwave power fed i n t o  one m i r ro r  confinement region o f  EBT does no t  

r e a d i l y  propagate i n t o  adjacent regions. I t  has accordingly been nec-. 

essary t o  provide a  d isc re te  ECH inpu t  t o  each o f  t h e  24 m i r r o r  con- 

finement regions. This i s  necessary i n  order t o  form and maintain the 

h igh 8 ,  hot  e lec t ron  annul i  upon which s t a b i l i t y  depends, as wel l  as t o  

provide uni form heat ing o f  the e n t i r e  volume. This has necessitated the 

use o f  a  complex dominant mode waveguide power d i v i s i o n  network t o  

der ive 24  inputs  o f  equal l eve l  from no greater than four  output tubes 

i n  ~ a c h  power source, Such a n  arrangement affords great. f l e x i h i l  it.y and 

permits prec ise con t ro l  over ind iv idua l  i npu t  1  eve1 s  f o r  d iagnost ic 

purposes. Such networks are d i f f i c u l t  t o  r e a l i z e  i n  multimode trans- 

mission systems, however, due t o  the problem o f  achieving the necessary 

components and t o  the sheer bu lk  o f  such an apparatus. 



An alternative approach, which is being pursued in connection with 

EBT-S and future systems, is to combine all or several mirror confinement 

regions of the bumpy torus into a single multimode cavity. This may be 

accomplished by connecting the desired number of confinement regions to 

a large external reflecting chamber via identical oversized waveguides 

entering along the minor radius. Figure 1 shows that no spurious cyclo- 

tron resonant regions are involved with this arrangement of entry, and 

no such regions are likely to interfere in the external reflecting 

chamber, because the magnetic fields everywhere outside the torus are 

quite small. In this way, ECH power fed from the source into the 

external refl'ecting chamber via oversized waveguide is coup1 ed into 

several regions simultaneously. Some degree of balance between power 

inputs to individual regions is provided by the large Qo of the reflect- 

ing chamber and by symmetry in the connections. An additi'onal degree of 

balance and an increase in overall efficiency result because power 

reflected from one region is available for absorption in another. 

Additional control of power distribution may be obtained by the use of 

irises or "stops" to limit power fed to a selected region or to remove 

i t  entirely. Attractive possibilities exist for combining the functions 

of the external reflecting chamber with those of the external vacuum 

manifold. This method may also be used to improve the uniformity of 

plasma heating in other types of fusion devices through use of multiple 

ECH power feeds. 



4.3. MICROWAVE POWER SOURCES 

Applicable microwave device (tube) types for ECH microwave power 

sources are generally limited to those with basic suitability for con- 

tinuous wave (cw) operation. A1 though pulsed applications exist in 

tokamak heating as well as in other types of fusion devices, power 

output durations of milliseconds or greater are usually required, and 

such pul se durations exceed practical values of critical thermal time 

constants for most millim~ter wave devices, Dcvices may be tailored 

especially for such long pulse applications at low duty cycles by a p t i a  

mization of thermal characteristics and use of pulsed power supplies. 

The principal benefit in such cases is realized through reduction in 

cost and complexity of power supplies, cooling systems, and associated 

equi pment . 
Almost any high power cw microwave device capable of prnd~icing 

power output at the required frequency can be used for ECH, pr~viding 

the application requirements for the device can be met. The output 

stage of an ECH source may be made up of one or manv similar devices. 

Due to requirements for power supplies and auxiliary equipment, lowest 

system cost and highest reliability usually result when t he  device 

having the  g r e a l e s l  puwer outpur at the required frequency is used, thus 

minimizing the number of devices. Power output of sources utilizing 

multiple output devices need not be combined into a single waveguide but 

rather may be transmitted to the plasma device by separate waveguides 

from each output device. Such an arrangement not only offers advantages 

in reducing power handling problems in large systems, but also produces 

more balanced excitation of the device through the use of multiple feed 

points. 



Ampl i f ie r  power ou tput  devices a r e  p re fe r red  over o s c i l l a t o r s  

because of t he  s i m p l i c i t y  and f l e x i b i l i t y  o f  power ou tput  c o n t r o l .  The 

power ou tpu t  o f  many ampl i f i e r s  may be c o n t r o l l e d  simul taneously by 

adjustment o f  a  common low l e v e l  d r i v e  power source. The power ou tput  

of o s c i l  l a t o r  devices must be c o n t r o l  l e d  by v a r i a t i o n  o f  supply voltages. 

I n  a d d i t i o n  t o  these d i f fe rences,  the  power ou tpu t  o f  an o s c i l l a t o r  i s  

l i k e l y  t o  be more s e n s i t i v e  t o  changes i n  ou tpu t  load impedance, depending 

on the  i nhe ren t  degree,o f  i s o l a t i o n  o f  ou tpu t  l oad  r e f l e c t i o n s  from t h e  

i n t e r n a l  feedback path. Aside f rom these bas i c  considerat ions,  ampl i f  i e r s  

and o s c i l l a t o r s  a re  equa l l y  app l i cab le  f o r  use i n  ECH sources. Some 

p o s s i b i l i t i e s  f o r  use o f  ex terna l  negat ive  feedback f o r  s t a b i l i z a t i o n  

and c o n t r o l  were mentioned above. Some d e t a i l e d  cons idera t ions  f o r  ECH 

power source p r o t e c t i o n  and c o n t r o l  and f o r  h igh  power t ransmiss ion l i n e  

p r a c t i c e  as app l i ed  t o  ECH systems a r e  g iven i n  Ref. 1741. 

Countless cw devices s u i t a b l e  f o r  ECH, developed f o r  o the r  app l i ca t i ons ,  

a re  r e a d i l y  a v a i l a b l e  i n  t h e  lower frequency p o r t i o n  o f  t he  microwave 

spectrum. K l ys t ron  a m p l i f i e r s  have been w ide l y  used a t  frequencies up 

t o  18 GHz, and cw magnetrons have been used a t  f requencies up t o  9 GHz. 

TWT a m p l i f i e r s  employing coupled c a v i t y ,  s low wave s t r u c t u r e s  have been 

used f o r  ECH a t  m u l t i k i l o w a t t  cw power ou tput  l e v e l s  a t  f requencies up 

t o  55 GHz. Pulsed gy ro t ron  o s c i l l a t o r s  opera t ing  i n  t he  m i l l i m e t e r  

wavelength reg ion  have been used f o r  ECH i n  the  Sov ie t  Union. A cw 

gy ro t ron  osc i  1  l a t o r  opera t ing  a t  28 GHz i s  used ,on EBT-S. 



Projected requirements of ECH sources f o r  f u tu re  appl i c a t i o n  i n  the 

EBT program and f o r  heat ing la rge  tokamaks include multimegawatt cw 

power l eve l s  a t  frequencies i n  the range o f  100-150 GHz. Microwave 

devices having power output  c a p a b i l i t y  consistent  w i t h  these require-  

ments are n o t  present ly  ava i lab le  and are cu r ren t l y  the ob ject  o f  in tens ive 

development. The p r i nc i pa l  l i m i t a t i o n  i n  extension o f  power output 

c a p a b i l i t y  o f  devices a t  higher frequencies i s  t ha t  o f  power dens i ty  i n  

the rf i n t e r a c t i o n  s t ruc ture ,  because the dimensions o f  such s t ruc tures 

2 are propor t iona l  t o  wavelength. An addi t iona l  I R thermal burden propor- 

t i o n a l  t o  X ' I 2  r e s u l t s  from high frequency sk in  e f fec t  as frequency i s  

increased. Simple sca l ing  therefore  pred ic ts  power proport ional  t o  x 51 2 
- 

f o r  a given power dens i t y  i n  the rf s t ruc ture .  This sca l ing re l a t i on -  

sh ip  i s  modi f ied through increase i n  the ax ia l  dimensions o f  l i n e a r  beam 

rf st ruc tures when r e l a t i v i s t i c  beams are employed. Development o f  h igh 

power cw m i l l i m e t e r  wave devices for  ECH i s  f a c i l i t a t e d  because many 

t r a d i t i o n a l  performance const ra in ts  placed upon communications tubes are 

unimportant i n  the ECH app l ica t ion.  Further bene f i t  i s  derived from the 

s ta t ionary  nature of the  appl icat ion,  'which makes size, weight, and 

a u x i l i a r y  equipment requirements o f  secondary importance. 

The basic class of devices which present ly  o f f e r s  the greatest  

promise f o r  achieving ECH power source needs i s  the cyc lo t ron resonance 

maser (CKM),  which was f i r s t  described by H l r s h f i e l d  and Wachtel [75]. 

The gyrotron o s c i l l a t o r ,  a  form of CRM, has been the ob ject  o f  in tens ive 

i nves t i ga t i on  i n  the Soviet Union, The achievement by Zaytsev e t  a l .  

[76] o f  >lo-kW cw power output from a gyrotron a t  X = 3 mm w i t h  an 

ef f ic iency o f  >30% i s  notable. Varian Associates i n  the U.S.A. i s  



c u r r e n t l y  developing a 28-GHz gyro t ron  w i t h  the  o b j e c t i v e  o f  200-kW cw 

ou tpu t  c a p a b i l i t y  from a s i n g l e  device. The 28-GHz gy ro t ron  i s  a low 

frequency pro to type f o r  a l a t e r  device t o  produce 200-kW cw output  a t  

1'10 GHz. The 200-kW, 110-GHz device i s  intended as a bas ic  b u i l d i n g  

b lock  f o r  f u t u r e  multimegawatt ECH sources i n  the  U. S. A. 's  f u s i o n  

energy e f f o r t .  

4.4 EBT-I MICROWAVE HEATING SYSTEMS 

The microwave heat ing  systems used f o r  plasma fo rmat ion  and ECH i n  

EBT-I [16-171 are  b r i e f l y  described. Basic s p e c i f i c a t i o n s  f o r  the systems 

a re  shown i n  F ig .  8. Two separate microwave power sources a r e  employed. 

The pr imary resonant heat ing  source produces power ou tput  up t o  60 kW cw 

a t  a frequency o f  18 GHz. The power ou tput  o f  t h i s  source i s  d i v i d e d  

i n t o  24 equal p a r t s  which a re  d i s t r i b u t e d  t o  the  24 reg ions  o f  t he  

to rus .  The lower resonant heat ing  source, used f o r  p r o f i l e  heat ing,  

produces power ou tput  up t o  30 kW cw a t  10.6 GHz, and a l s o  prov ides 24 

outputs o f  equal l e v e l  - one t o  each reg ion  o f  t h e  to rus .  

A b lock  diagram o f  t h e  60-kW, 18-GHz pr imary resonant heat ing  

source i s  shown i n  F ig.  9. Th is  source i s  comprised o f  f o u r  type VA- 

934A2 5 -cav i t y  cw k l y s t r o n  amp l i f i e r s  as manufactured by Varian Associates, 

Palo A l t o ,  C a l i f o r n i a ,  U.S.A. Each o f  these k l y s t r o n  a m p l i f i e r s  has 

~ 5 0  dB gain, i s  l i q u i d  cooled and magne t i ca l l y  focused by an ex te rna l  

electromagnet, and requ i res  a beam vo l tage  supply o f  21 kV a t  3.2-A 

capac i ty  which i s  i s o l a t e d  from ground f o r  mon i to r i ng  o f  body c u r r e n t  

i n te rcep ted  by the  rf s t r u c t u r e .  D r i ve  power f o r  t he  f o u r  k l y s t r o n  

a m p l i f i e r s  i s  der ived f rom t h e  output  o f  a s i n g l e  r e f l e x  k l y s t r o n  
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oscillator, augmented by a small TWT amplifier, and is divided four ways 

by a p0we.r divider network consisting of hybrid junctions. A single 

master level control attenuator serves to control the drive power level 

and thus to control the output power level of all klystron amplifiers 

simultaneously. Balance control attenuators are included at the input 

of each klystron amplifier to compensate both for differences in power 

gain between tubes and for differences in attenuation due to unequal 

lengths of the input waveguides. The water cooled WR-62 dominant mode 

waveguide output of each klystron amplifier is equipped with a reverse 

power directional coupler and crystal detector for sensing power re- 

flected by an arc in the waveguide system. Characteristically, cw 

waveguide arcs propagate toward the power source and, unless promptly 

extinguished, can destroy the output waveguide window of the tube. The 

amplified output signal from the crystal detectnr is used to activate a 

crystal switch for removal of drive power from the tube, thereby extin- 

guishing the arc within a few microseconds after it occurs. Simultaneous 

activation of the beam supply crowbar by the crystal detector signal 

provides redundant protection. In other systems, additional redundancy 

is provided by activation of the protective circuitry through optical 

sensing of the 1 ight produced by a waveguide arc. 

The output waveguide of each klystron amplifier in Fig. 9 is 

directed through a 4-port. differential phasc shift ferrite cir-culator, 

connected as a load isolator by installation of high power matched 

terminations on appropriate ports. The circulator serves to isolate the 

klystron amplifiers from the adverse effects of reflected power produced 

by either load mismatch or waveguide arcs in the transmission system 



beyond. Protective c i rcu i t ry  activated by reflected power signals a t  

the circulator  output provides additional arc protecti'on. The output of 

each circulator  i s  fed to  a 6-way power divider network made u p  of a 

sidewall directional coupler and sidewall hybrid junctions. The s ix 

equal outputs are  then fed to  s ix  separate regions of EBT. In th is  

manner, the required 24 ECH power inputs to  the torus a re  derived from 

four output tubes. The poss ib i l i t ies  for  increased power capabili ty by 

addition of output tubes and al terat ion of the power divider networks 

a re  obvious. The design of the 30-kW cw, 10.6-GHz lower resonant heating 

source i s  very similar,  except tha t  a total  of three 10-kW cw klystron 

amplifiers are  used, with each amplifier feeding one-third of the torus 

via an &way power divider network. 

Each of the 24 primary ECH inputs t o  the EBT i s  provided w i t h  

control,  monitoring, protective, and coupling c i rcu i t ry  as indicated in 

F i g .  10. The re la t ive  level of i n p u t  power fed to  each region i s  inde- 

pendently controllable over the f u l l  range from zero to  maximum by a 

f e r r i t e  variable power divider which functions as a remotely control led 

attenuator w i t h  a response t.ime of 4 . 5  msec. Each f e r r i t e  attenuator 

i s  equipped w i t h  a sol id-s tate  controller,which may be ut i l ized e i ther  

with manually selected commands or i n  a closed loop system to  provide 

control of ECH power inputs to  individual confinement regions i n  re- 

sponse to  external signals.  Actual ECH power i n p u t  t o  each region i s  

monitored by a forward power directional coupler. A reverse power 

directional coupler i n  each feed i s  used for  sensing excessive reflected 

power and the presence of possib.le waveguide arcs.  These signals operate 
I' 

.u" an rf  crystal  switch through sol id-s tate  logic c i r cu i t ry  t o  remove the 
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rf d r i v e  power from a l l  k l y s t r o n  ampl i f i e r s  w i t h i n  -1 psec i f  an a r c  

occurs. The waveguide vacuum windows a r e  X/2-thick alumina ceramic o f  

water cooled design s i m i l a r  t o  those employed i n  cons t ruc t i on  o f  t h e  VA- 

934A2 k l y s t r o n  ampl if i e r .  Sidewal l  h y b r i d  j unc t i ons  a re  used f o r  impedance 

matching and coup1 i n g  i n  t he  manner descr ibed i n  Ref. [74]. 

A comprehensive system of permiss ive safety i n t e r 1  ocks i s  incorpora ted  

i n t o  each system t o  ensure aga ins t  ope ra t i on  w i t h  improper c o o l i n g  o r  

beam focus ing  cond i t i ons  which would be hazardous f o r  t he  k l y s t r o n  

a m p l i f i e r s  and t ransmiss ion system components. Add i t i ona l  personnel 

s'afety i n t e r l o c k s  prevent  e n t r y  i n t o  unsafe areas du r ing  operat ion.  

Waveguides which operate a t  power l e v e l s  g rea te r  than =1 kW cw a t  18 GHz 

o r  =2 kW cw a t  10.6 GHz are  water cooled t o  l i m i t  temperature r i s e  

2 r e s u l t i n g  f rom I R losses. Th is  decreases a r c i n g  tendency and improves 

environment f o r  equipment and personnel i n  c lose  p rox im i t y .  Waveguides 

ou ts ide  the  vacuum system a re  pressur ized t o  =1 atm w i t h  d r y  n i t rogen .  

Th is  increases power handl ing capac i t y  by i nc reas ing  vo l tage  breakdown 

p o t e n t i a l ,  prevents e n t r y  o f  mo is tu re  o r  f o r e i g n  mat ter ,  and decreases 

o x i d a t i o n  o f  i n t e r i o r  surfaces which would r e s u l t  i n  increased at tenua- 

t i o n .  Flange j o i n t s  a re  lapped hy hand t n  ensure p e r f e c t  mating of 

surfaces, and no d i e l e c t r i c  gaskets a re  used i n  t h e i r  assembly. I n  t h i s  

way, by a d m i t t i n g  t h e  p ressu r i z ing  gas through a  l i m i t i n g  o r i f i c e ,  a 

pressure swi tch  i n t e r l o c k  may be used t o  de tec t  t he  presence o f  a  loose 

f l ange  j o i n t  o r  danjaged component and thereby prevent  system operat ion.  

I 'n a d d i t i o n  t o  red-ucing the  p r o b a b i l i t y  o f  waveguide arcs, t h i s  

p recaut ion  a ids  i n '  p revent ing  i nadve r ten t  exposure o f  personnel t o  

microwave leakage radi 'at ion. 



Very reliable operation has been experienced with the ECH systems 

described. The principal design criteria were the provision of maximum 

experimental flexibility and good operating reliability. Although 

transmission efficiency was a secondary consideration, an overall rf 

transmission efficiency of 72% has been measured for the 18-GHz system 

which uses dominant mode waveguide throughout. The systems have under- 

gone numerous evolutionary changes to conform to experimental need. Few 

modifications were necessary for application as profile heating systems 

in conjunction with thc EBT-S 28-CHz primary ECH systcm. These systems 

were not chosen for discussion because they are necessarily typical ECH 

systems, but rather to illustrate some basic design considerations and 

to provide an example of the manner in which ECH systems may be tailored 

to the specific needs of the associated plasma facility. 

5. CONCLUSIONS 

To summarize the status of ECH at this time, one could certainly 

state that the effectiveness and flexibility of the method have been 

amply demonstrated. However, future appl ications of ECH could greatly 

benefit from the development of methods to self-consistently calculate 

the microwave heating fields in plasma and the further development of 

very high power mil 1 imeter wavelength microwave sources for heating in 

magnetic fields of hundreds of kilogauss. For assistance and counsel, 

the authors are very grateful to G. E. Guest, E. F. Jaeger, and the many 

other people who have contributed to the subject of ECH. 
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