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ABSTRACT

A le f t  c i rc u la r ly  p o la r iz e d  e le c t ro m a g n e t ic  w ave  ( f= 2 .4 5 G H z )  

i s  lau n ch ed  in to  an  o v e rd e n se  e le c t ro n  c y c lo t ro n  p la sm a  (n « 2x 10" cm , 

Te * 8eV). The w av e  i s  o b se rv ed  to  be a n o m a lo u s ly  t ra n s m i t te d  for 

a period  of tim e a f te r  w h ich  i t  i s  e s s e n t i a l l y  c o m p le te ly  a b so rb ed  w ith  

a  co n cu rren t  in c re a s e  in  e le c t ro n  tem p e ra tu re  of up  to  50%. At the  

tim e of a b s o rp t io n ,  rad io  f req u en cy  probe m e asu re m e n ts  in d ic a te  the  

e x c i ta t io n  of e l e c t r o s t a t i c  p la sm a  w a v eg u id e  m odes  a t  f r e q u e n c ie s  both 

below  th e  e le c t ro n  c y c lo t ro n  p la sm a  freq u en cy  and  above  th e  e le c t ro n  

p la sm a  freq u e n cy .  M ea su rem en ts  of th e  f r e q u e n c ie s ,  w avenum bers  

and az im u th a l  o rd e rs  w ere  m ade and  hav e  id e n t i f ie d  t h e s e  w a v e s  a s  

Gould -  T r iv e lp iece  type  m o d e s .  The e x c i t a t io n  and  s u b se q u e n t  d am p ­

ing of t h e s e  m odes is  in te rp re te d  to  be th e  m echan ism  for th e  a b so rp t io n  

of th e  in c id e n t  le f t  w a v e .
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I -  INTRODUCTION

The s tu d y  o f the  p ro p ag a tio n  of e le c t ro m a g n e t ic  w a v e s  in  

p la sm a  h a s  r e c e n t ly  re c e iv e d  much a t t e n t io n .  Radio freq u en cy  p la sm a  

h e a t in g  w here  e le c t ro m a g n e t ic  en e rg y  i s  c o n v er ted  in to  th e rm a l m otion 

of c h arg ed  p a r t i c le s  i s  of in te r e s t  b e c a u s e  of i t s  a p p l ic a t io n  in  c o n ­

t ro l le d  th e rm o n u c le a r  fu s io n  e x p e r im e n ts ;  th e re fo re , i t  i s  im portan t to  

u n d e rs ta n d  th e  m echan ism  by w h ich  e le c tro m a g n e t ic  w a v e s  c a n  be 

a b so rb ed  and  t r a n s fe r  th e i r  en erg y  to  a p la s m a .  We th u s ly  beg in  w ith  

a b r ie f  rev iew  of e le c tro m a g n e t ic  w ave  p ro p ag a tio n  in  a m ag n e t ized  

p l a s m a .

In g e n e r a l ,  w hen  a h igh  f req u en cy  e le c tro m a g n e t ic  w ave  i s  in c id e n t  

on a m ag n e t ize d  unbounded  p la s m a ,  the  re s u l t in g  d i s p e r s io n  re la t io n  

c an  be v e ry  com plex  and  p re d ic ts  s e v e ra l  m odes of p ro p a g a t io n .  1 How­

e v e r ,  we w il l  on ly  c o n s id e r  p ro p ag a tio n  a lo n g  th e  uniform s t a t i c  f ie ld  

—■*
B0  = B0 z .  U nder th e s e  c i rc u m s ta n c e s  th e  d is p e r s io n  r e la t io n  s im p lif ie s  

and  th re e  p o s s ib le  m odes r e s u l t .  One of t h e s e  d e s c r ib e s  lo n g i tu d in a l  

p la sm a  o s c i l l a t i o n s  a t  th e  p la sm a  f req u e n cy .  The o th e r  two m odes a re  

le f t  and  r ig h t  hand c i rc u la r ly  p o la r iz ed  e le c t ro m a g n e t ic  w a v e s .  The d i s ­

p e rs io n  re la t io n s  for t h e s e  m odes p ro p ag a tin g  in  a co ld  unbounded  p la sm a  

p a ra l le l  to  BQ are  g iv en  by ^

( 1)
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w ith  th e  u p p e r  c h o ic e  of s ig n s  for th e  le f t  w ave  and low er s ig n s  for th e  

r ig h t  hand  m ode . The s u b s c r ip ts  on the  c y c lo t ro n  f req u en cy  UJC -  j eB0 //m |

i  2 2re fe r  to  th e  io n s  and  e le c t ro n s  w h ile  th e  p la sm a  f req u en cy  U7j> Ulpe d* U)p;

2 9c a n  be ju s t  ta k e n  a s  Idp  = ne J/ m e £0  b e c a u s e  of th e  la rge  m a ss  

d i f f e r e n c e s  b e tw ee n  th e  tw o s p e c i e s .

E xam ination  of th e  d is p e r s io n  re la t io n  n ea r  th e  e le c t ro n  c y c lo t ro n  

freq u en cy  i . e .  U J-  U7c e r e v e a ls  s e v e ra l  in te re s t in g  fe a tu re s  . If

CUce/w  < 1  and U)p/LO < 1  th e  r ig h t hand  w ave  c a n  p ro p ag a te  for 

la rg e  v a lu e s  of u) , but a s  W d e c r e a s e s  and  a p p ro a c h e s  th e  v a lu e  su ch  

th a t  COct/ u )  = 1 -  th e n  th e  re f ra c t iv e  in d ex  n R a p p ro a c h e s

zero  and th e  w ave  is  r e f l e c te d .  ^ If h ow ever  C O p/tO ^l , the  in d ex  of 

re f ra c t io n  is  a lw a y s  im ag inary  and th e  w ave  i s  c u to f f .  W hen LOce/uO  > 1 

th e  w ave  c a n  p ro p ag a te  for a l l  f r e q u e n c ie s ,  but a s  (j0 a p p ro a c h e s  C , 

th e  re f ra c t iv e  index  d iv e rg e s  and  th e  w ave u n d e rg o es  re s o n a n c e  a t  th is  

p o in t .  Thus a w ave  c a n  p ro p ag a te  from a h igh  f ie ld  to  a low f ie ld  reg ion  

and  if  th e  m ag n e t ic  f ie ld  v a r ia t io n  i s  su ch  th a t  COc e = U-) a t  some p o in t ,  

th e  p e rp e n d ic u la r  en erg y  of th e  e le c t ro n  is  i r r e v e rs ib ly  i n c r e a s e d  and  the  

w ave  i s  a b so rb ed  th rough  th i s  en erg y  t r a n s f e r .  This type  o f  a r rangem en t
O

is  know n a s  a m ag n e t ic  b e ac h  and  th e  e le c t ro n  cy c lo t ro n  dam ping of the  

r ig h t hand  com ponen t of the  in c id e n t  w ave  w ith  th e  e le c t ro n s  i s  th e  method 

u s e d  to  c r e a te  p la sm a  in  th i s  ex p e r im en t .

In a  s im ila r  m anner th e  le f t  w ave  w il l  r e s o n a n t  w ith  th e  io n s  w hen  

U ) =  00c \ , h o w ev er  a t  f r e q u e n c ie s  n ea r  th e  e le c t ro n  c y c lo t ro n  freq u en cy , 

th e  d i s p e r s io n  re la t io n  s im ply  p re d ic ts  th a t  th i s  w ave  w il l  e i th e r  p ro -
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p a g a te  or be r e f le c te d  dep en d in g  on  w h e th e r  UJce/ i s  r e s p e c t iv e ly  

g re a te r  or l e s s  th a n  (u>p/ u ) ) 2 -  1  .

In a warm p la sm a ,  th e rm a l e f f e c t s  in f lu en ce  th e  w ave  p ro p a g a t io n .  

The prim ary  e f fe c t  of f in i te  t e m p e ra tu re  i s  th a t  now th e  e le c t ro n s  w il l  

e x p e r ie n c e  a D oppler  sh if ted  f req u en cy  CO ~ Mg V£ and  th u s  r e s o n ­

a n ce  c a n  o c cu r  for any  e le c t ro n  w ith  th e  ap p ro p r ia te  T ^ . A lso ,

w h e re a s  in  co ld  p lasm a  th e o ry  a l l  th e  e le c t ro n s  w ere  in  p h a s e  w ith  th e  

in c id e n t  w a v e , now th e rm a l m o tions  w i l l  c a u s e  th e  e le c t ro n  to  be ou t 

of p h a s e .  As a r e s u l t  of th e s e  warm p la sm a  e f f e c t s ,  the  co ld  p la sm a  

b eh av io r  m ust be m o d if ied .  Now th e  index  of re f ra c t io n  for the  righ t 

w ave  n ^  d o e s  not d ive rge  a t  re s o n a n c e  but ra th e r  warm th eo ry  p re d ic ts  

a minimum v a lu e  of A ; t h i s  i s  b e c a u s e  not a l l  th e  e le c t ro n s  a re  p a r ­

t i c ip a t in g  in  th e  r e s o n a n c e .  In th e  so lu t io n  of th e  warm p la sm a  d is p e r s io n  

r e la t io n ,  an  in te g ra l  w ith  a s im ple  po le  a t  =  U)c i s  o b ta in ed

and th u s  k z i s  com plex  and  s u b s e q u e n t ly  th e  w a v e s  c a n  now undergo  

grow th or d am p in g . There i s  th u s  a m echan ism  for c y c lo t ro n  dam ping in  

a warm p la sm a  w h ich  did  not e x i s t  in  th e  co ld  th e o ry .

The above  d i s c u s s io n  t r e a te d  th e  c a s e  o f  an  in f in i te  p la sm a  in  w h ich  

any  boundary  e f f e c t s  w ere  n e g le c te d .  In th e  p re s e n t  e x p e r im en t ,  a w ave  

is  la u n c h e d  from a re c ta n g u la r  w av eg u id e  in to  a vacuum  cham ber, the  

in s id e  of w h ich  h a s  a s t a i n l e s s  s t e e l  l in e r .  S ince th i s  l in e r  a c t s  a s  a 

c y l in d r ic a l  w a v e g u id e ,  th e  e f f e c t s  on th e  m odes of p ro p a g a t io n  and the  

cu to ff  f r e q u e n c ie s  m ust be c o n s id e re d  w hen  th e  ap p ro p r ia te  boundary 

c o n d i t io n s  a re  a p p l ie d .  This problem of w av e  p ro p ag a tio n  in  a p la sm a



f i l led  c y l in d r ic a l  w av eg u id e  h a s  b e en  t r e a te d  by Bers . It i s  noted  

th a t  th e  e f fe c t  of th e  bo u n d arie s  i s  to  in c re a s e  th e  p la sm a  cu to ff  f re ­

q u en cy  o r ,  a t  a f ixed  freq u en cy  to  c a u s e  cu to ff  a t  a  low er d e n s i ty  th an  

for th e  unbounded  c a s e .

The problem  of w ave  ab so rp t io n  a t  th e  re s o n a n c e  zone  is  an  

im portan t one and  s e v e ra l  th e o r ie s  hav e  b een  p ro p o sed  in  an  a t tem p t 

to  u n d e rs ta n d  th i s  p rob lem . K u c k es^  ap p ro ach ed  th i s  problem by 

e x p l ic i t ly  c o n s id e r in g  th e  p a r t ic le  m otion  in  a non-uniform  m ag n e t ic  

f ie ld  n ea r  th e  r e s o n a n t  reg ion  and c o n s t ru c te d  s e l f  c o n s i s t e n t  w ave 

so lu t io n s  in  w h ich  th e  w avenum ber d e p en d s  upon p o s i t io n .  He found 

th a t  a w ay  from th e  r e s o n a n t  zone  th e  p la sm a  o b ey s  th e  co ld  p la sm a  r e l a ­

t i o n s ,  but n e a r  the  p lan e  of re s o n a n c e  i t  w as  n e c e s s a r y  to  add  a r e s i s ­

t iv e  s h e e t  to  h i s  m o d e l .  At low d e n s i t i e s  th e  w ave  is  r e la t iv e ly  u n a ffec ted  

and  i t  i s  t ra n sm it te d  e x c e p t  for a sm a ll  am ount of en erg y  w h ich  is  a b so rb ed  

by th e  s h e e t ,  but a t  h ig h e r  d e n s i t i e s  i t  i s  e x p e c te d  th a t  the  c o n d u c t iv i ty  

of th e  re s o n a n t  reg io n  w ould  i n c r e a s e ,  th u s  red u c in g  the  problem to  th a t  

of a n  e le c t ro m a g n e t ic  w ave  in c id e n t  upon a p e r fe c t  co n d u c to r .  This 

shou ld  r e s u l t  in  th e  com ple te  r e f le c t io n  of the  w a v e s ;  h o w ev er ,  h is  

c a lc u la t io n s  p re d ic t  th a t  th e  w ave  is  not r e f le c te d  and  th a t  above  a c e r ta in  

c r i t i c a l  d e n s i ty  com ple te  ab so rp t io n  t a k e s  p la c e .

Brambilla took  a s im ila r  s e l f  c o n s i s t e n t  a p p ro ach  to  th e  problem ,

but o b ta in e d  th e  r e s u l t  th a t  a t  m ost 50% of th e  w ave  is  a b s o rb e d .  This is  in
7

d ire c t  v a r ia n c e  w ith  K uckes c a lc u la t io n .  H ow ever in  a la te r  repo rt  Bram­

b il la  m odif ied  h is  c a lc u la t io n s  now g iv ing  r e s u l t s  more c o n s i s t e n t  w ith
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th o s e  of K u ck es .  Now, th e  "cu rren t  s h e e t"  m odel w a s  e x ten d e d  to  

in c lu d e  n o n - l in e a r  e f fe c t s  w h ich  m odify th e  e le c t ro n  m otion  in  the  

r e s o n a n t  re g io n .  It i s  found th a t  t h e s e  e f f e c t s  g ive  r i s e  to  r e f le c t io n  

of th e  w ave  from th e  r e s o n a n t  p la n e ,  th u s  l im it ing  th e  a b so rp t io n .  Only 

a t  h ig h e r  d e n s i t i e s  d o e s  th e  a b s o rp t io n  r e s u l t  of th e  l in e a r  reg im e hold 

b e c a u s e  th e  f ie ld  i s  d e c r e a s e d  in  th e  re s o n a n t  re g io n .  Therefore  a t  

h igh  pow er l e v e l s ,  th e  w av e  en e rg y  i s  e f fe c t iv e ly  cou p led  to  the  p la sm a  

on ly  if  the  d e n s i ty  i s  h igh  enough  to  red u ce  th e  in te n s i ty  of th e  e le c t r i c  

f ie ld  in  th e  re s o n a n t  reg io n  to  a l e v e l  su ch  th a t  th e  l in e a r  th eo ry  a p p l i e s .

There h av e  a l s o  b e e n  s e v e r a l  ex p e r im en ts  perform ed to  in v e s t ig a te  

w ave  a b so rp t io n  in  both  e le c t ro n  and  ion c y c lo t ro n  p la s m a .  For m ost 

e x p e r im e n t s  invo lv ing  ion  c y c lo t ro n  r e s o n a n c e ,  th e  w a v e s  w ere  lau n ch ed
O

w ith  a  "S tix  c o i l"  and  p ro p ag a ted  in to  a m ag n e t ic  b e ac h  w here  p la sm a  

h e a t in g  in  th e  re s o n a n t  zone  w as  s tu d ie d .  An exam ple  o f  th is  w as  the  

ex p e r im en t perform ed by Uman and  Hooke ^ w here  th e y  u s e d  m ag n e t ic  

p ro b es  to  m e asu re  th e  re la t iv e  w ave  am p litude  and p h a s e  a h ead  of the  

r e s o n a n t  z o n e .  A lthough th e i r  m e asu re m e n ts  show ed r e a so n a b le  ag reem en t 

w ith  th e o ry ,  th e i r  r e s u l t s  c a n n o t  be deem ed  c o n c lu s iv e  b e c a u s e  th e  la rge  

e x p e r im en ta l  erro r  a l lo w s  the  d a ta  to  f i t  th e  th e o r e t ic a l  p re d ic t io n s  e v en  

w h en  th e  l a t t e r  v a r ie s  by a  fa c to r  of tw o .  It i s  a l s o  no ted  from th e  d e s ig n  

of th e  m ag n e t ic  p ro b es  th a t  any  d e c r e a s e  in  Bz c a n  be in te rp re te d  a s  

cy c lo t ro n  a b so rp t io n  and in  a d d i t io n  no a c c o u n t  w a s  m ade of any  mode 

c o n v e r s io n  e f f e c t s  nor w ere  an y  r e s u l t s  reg a rd in g  th e  f rac t io n  of pow er 

a b so rb e d  rep o r te d .
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More re c e n t ly  e le c t ro n  c y c lo t ro n  r e s o n a n c e  h a s  b een  u s e d  a s  a

m ethod to  h e a t  a ho t e le c t ro n  p la sm a  This  m ethod h a s  b een  u s e d  a t  

11 12Oak Ridge ' in  mirror m ach in es  a s  w e l l  a s  in  th e  Tokamak T M - 3  

13a t  K urchatov . For th e  m o s t p a r t  e le c t ro n  r e s o n a n c e  ex p e r im en ts  a re  

p r im ari ly  c o n ce rn ed  w ith  h e a t in g ,  i . e . , th e y  t ry  to  m axim ize  th e  p e r ­

p e n d ic u la r  p lasm a  p re s s u re  n k T ^  , th e  d iam ag n e tism  or th e  X -ray 

e m is s io n  by v a ry ing  th e  m ag n e t ic  f ie ld  and  g a s  p re s su re ;  l i t t l e  a t te n t io n  

i s  g iv en  to  th e  d e ta i l s  of th e  w ave  p ro p a g a t io n .

In th e  ex p e r im en ts  rep o r ted  in  th i s  t h e s i s  we o b se rv e  th e  cy c lo tro n  

a b so rp t io n  of the  r ig h t  h an d  w av e  bu t in  a d d i t io n ,  th e  n o n -re  so n an t  le f t  

w ave  (to w hich  th e  p la sm a  i s  o v e rd e n se )  i s  a l s o  o b se rv ed  to  be a lm o s t

c o m p le te ly  a b s o rb e d .  A bsorp tion  of e le c t ro m a g n e t ic  ra d ia t io n  under  th e s e

14c i rc u m s ta n c e s  i s  of i n t e r e s t  b e c a u s e  of i t s  a p p l ic a t io n s  in  l a s e r  fu s io n .

S ev e ra l  y e a rs  ago  G ekker  and  S i z u k h i n ^  rep o r ted  a s im ila r  non­

re s o n a n t  anom alous  a b s o r p t io n .  They m easu re d  th e  re f le c t io n  c o e f f ic ie n t  

of a n  e le c t ro m a g n e t ic  w av e  in c id e n t  on an  o v e rd e n se  p la sm a  in  a c y l in ­

d r ic a l  w a v e g u id e .  At low pow er le v e l s  (Eo « 1 0 0 V / c m )  th e y  found th a t  

th e  w ave  w a s  c o m p le te ly  r e f le c te d  in  a g reem en t w ith  co ld  p la sm a  th e o ry ,  

bu t a s  th e  w ave  e le c t r i c  f ie ld  w a s  in c re a s e d  beyond lOOV/cm both  th e  

r e f le c t io n  and t r a n s m is s io n  of th e  w ave  d e c r e a s e d  in d ic a t in g  anom alous  

a b s o r p t io n .  U n fo r tu n a te ly ,  no m e asu re m e n ts  w ere  m ade of e i th e r  th e  f ie ld

o r d e n s i ty  d is t r ib u t io n  w ith in  th e  p la s m a .

1 fiKaw, V aleo , and D aw son  in te rp re te d  th e  above  anom alous  a b s o rp ­

t io n  a s  be ing  c a u s e d  by a  p a ram etr ic  i n s t a b i l i ty  in  w h ich  th e  in c id e n t
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w av e  of f req u en cy  u>,, d e c a y s  in to  an  e le c t ro n  p la sm a  w av e  of frequency  

U 0 X and  an  ion  a c o u s t i c  w av e  of f req u en cy  U03 . The e le c t ro n

17
p la sm a  w av e  th e n  t r a n s f e r s  i t s  en erg y  to  th e  p la sm a  by Landau dam ping

18In o rder  for su ch  a d e c a y  to  ta k e  p l a c e ,  th e  p a ram etr ic  s e l e c t io n  ru le s  

m u s t  be o b e y e d ,  nam ely

= U)x +  U)3 (2)

1 ~~ M-x ^ 3 (3)

m ,  ^  m 2 +  m 3 (4)

w here  th e  k is  th e  p ro p a g a tio n  c o n s ta n t  and th e  m is  th e  az im u th a l  mode 

o rd e r .  ' This in te rp re ta t io n  of th e  an om alous  a b so rp t io n  h a s  not been  

v e r if ie d  a s  no o b s e rv a t io n  of th e  e x c i te d  p la sm a  and ion  a c o u s t i c  w av es  

w a s  m ade by G ek k er  and S izu k h in .

S ince  th e  o r ig in a l  ex p e r im en t of G ek k er  and  S iz u k h in ,  s e v e ra l  

re p o r ts  o f  an o m alo u s  a b so rp t io n  hav e  ap p ea re d  in  the  l i t e r a tu r e .  In 1971 

D em irkhanov  e t  a l  . in v e s t ig a te d  th e  b eh av io r  o f  a h ig h ly  io n iz e d  p la sm a  

in  w h ich  a lo n g i tu d in a l  h ig h  freq u en cy  cu rre n t  f lo w ed . They o b se rv ed  

th a t  for f r e q u e n c ie s  c lo s e  to  the  p la sm a  f req u en cy , th e  h igh  f requency  

pow er i s  e f f e c t iv e ly  a b so rb ed  and  c o l l i s i o n l e s s  p la sm a  h e a t in g  r e s u l t s .  

They in te rp re t  th e i r  r e s u l t s  a s  a p p a re n t ly  due  to  th e  d ev e lo p m en t of h igh

freq u en cy  p la sm a  w a v e s  u n d e r  c o n d i t io n s  o f  p a ram etr ic  r e s o n a n c e .

20S e rg e ic h en  and  Trofimov s tu d ie d  th e  e f f e c t s  o f  w ave  ab so rp t io n  

and  e le c t ro n  h e a t in g  in  a uniform p la sm a  la y e r .  Their ex p e r im en t w a s



perform ed w ith  a uniform d e n s i ty  p la sm a  s tream  t ra v e r s in g  a r e c ta n g u la r  

w av eg u id e  p e rp e n d ic u la r  to  th e  broad  w a l l .  They m easu re d  th e  a b s o rp ­

t io n  and re f le c t io n  c o e f f ic ie n ts  w ith  e le c t r i c  f ie ld s  v a ry in g  from lV /cm  

to  7kV/cm for d if fe ren t  c o n c e n tra t io n  of p a r t i c l e s .  The m e asu re m e n ts  

show  th a t  th e re  is  a  s im u lta n eo u s  h e a t in g  of th e  e le c t ro n s  w ith  th e  a b ­

so rp tio n  o f  th e  m icrow ave  energy  and th i s  an o m alo u s  d i s s ip a t io n  of 

pow er i s  c h a r a c te r iz e d  by la rg e  v a lu e s  o f  an  e f fe c t iv e  c o l l i s io n  f req u en cy  

of a t  l e a s t  th re e  or four o rders  h ig h e r  th a n  th e  e le c t ro n  -  ion  c o l l i s io n

freq u e n cy .  The av e rag e  e f fe c t iv e  c o l l i s io n  f req u en cy  w a s  found to  

2
in c re a s e  a s  E0  and  p o s s ib ly  e v e n  more ra p id ly .

21 22 In s im ila r  e x p e r im e n ts ,  Batanov and  S a rk sy an  , Chu and  H ende l

and D re ice r  e t  a l  ^  , a l l  find s im ila r  r e s u l t s .  They repo rt  anom alous

ab so rp t io n  of m ic ro w av es  a t  f re q u e n c ie s  c lo s e  to  th e  p la sm a  frequency

w hich  i s  in te rp re te d  a s  due to  a p a ra m etr ic  d e c a y  in s t a b i l i t y .

In th e  e x p e r im en ts  repo rted  here  a l in e a r ly  p o la r iz e d  e le c t ro m a g n e t ic

w ave  (f = 2 .4 5  GHz) is  lau n ch e d  in to  a c y l in d r ic a l  w av eg u id e  from a h igh

fie ld  to  low f ie ld  mirror g eo m etry .  The r ig h t  hand  com ponent of th e

in c id e n t  w ave  p ro d u c e s  p la sm a  v ia  e le c t ro n  c y c lo t ro n  r e s o n a n c e .  For
1 1  _ g

ty p ic a l  d e n s i t i e s  o b ta in e d  h e re  (n —2x 10 cm ) th e  le f t  w ave  shou ld  be 

cutoff; h o w e v er ,  i t  i s  in i t ia l ly  o b s e rv e d  to  p ro p a g a te  for a sh o rt  period  

of tim e  fo llow ing  th e  b eg inn ing  o f  th e  in c id e n t  pow er p u l s e . Dynamic 

m easu rem en ts  o f  th e  d e n s i ty  and  e le c t ro m a g n e t ic  f ie ld  p ro f i le s  during  

th i s  period  of an o m alo u s  t r a n s m is s io n  show  th a t  bo th  th e  d e n s i ty  and 

f ie ld  d is t r ib u t io n s  ev o lv e  from th e  e x p e c te d  p e a k e d  on a x is  p ro f i le s  to



a n n u la r  c o n f ig u ra t io n s .

In a d d i t io n ,  fo llow ing  th i s  p e riod  of t r a n s m is s io n ,  the  le f t  w ave

is  o b s e rv e d  to  be a lm o s t  c o m p le te ly  n o n - r e s o n a n t ly  ab so rb ed  w ith  a

co n cu r ren t  in c r e a s e  in  e le c t ro n  te m p e ra tu re  of up to  50%.

At th e  tim e of th i s  an om alous  a b so rp t io n ,  RF p robe  m e asu rem en ts

in d ic a te  th e  e x c i t a t io n  o f  e l e c t r o s t a t i c  w a v eg u id e  m odes  a t  f r e q u e n c ie s

both  below  th e  e le c t ro n  c y c lo t ro n  f req u e n cy  and  ab o v e  th e  e le c t ro n

p la sm a  freq u e n cy .  M ea su rem en ts  o f  th e  f r e q u e n c ie s ,  w avenum bers  and

az im u th a l  o rders  a re  p r e s e n te d .  The r e s u l t s  in d ic a te  th a t  th e s e  m odes

24are  of th e  ty p e  d is c o v e re d  by G ould and  T r iv e lp iece
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II -  THEORY

1 -  WAVE PROPAGATION IN A COLD UNBOUNDED PLASMA

The d is p e r s io n  re la t io n  for an  e le c t ro m a g n e t ic  w ave  p ro p ag a tin g  in  a 

uniform ly  m ag n e t ize d  p la sm a  is  o b ta in e d  by t r e a t in g  th e  p la sm a  a s  a 

d ie le c t r ic  medium and defin ing  an  e q u iv a le n t  d ie le c t r i c  c o e f f ic ie n t  t e n s o r .  

The p la sm a  is  a s su m e d  to  be co ld  i . e . , th e  the rm a l m otion  of th e  p a r t ic le s  

i s  n e g lec te d ;  th e y  re sp o n d  on ly  to  th e  ap p l ie d  e le c t ro m a g n e t ic  f i e ld s .
1

The e q u a t io n  of m otion for e i th e r  s p e c i e s  ( io n s  or e l e c t r o n s )  i s  g iv en  by:

w , - 2 ^ - =  e ( E  +  v x B )  (s ;

w here  th e  ap p ro p ria te  m a ss  and charge  i s  u s e d .  For g e n e r a l i ty ,  th e  e f fe c t s

of c o l l i s io n s  w ith  o th e r  p la sm a  p a r t i c le s  or n e u tra ls  shou ld  be in c lu d e d .

These  fo rce s  c an  be acco u n te d  for p h e n o m en a lo g ic a l ly  by a c o l l i s io n  fre -

q u e n cy  U  and a force  c o rrec t io n  -VftiV  in c lu d ed  on the  r ig h t hand  s id e  of (5 ).

In th e  ex p e r im en ts  repo rted  in  th i s  t h e s i s ,  th e  c o l l i s io n  f req u en cy  of

Re le c t ro n s  w ith  e i th e r  ions  or n e u tra ls  i s  abou t 10 s e c  but s in c e  we 

are  in te r e s t e d  in  f re q u e n c ie s  of o rder  10^  s e c  * , c o l l i s io n a l  dam ping 

shou ld  be n e g l ig ib le . The l in e a r  co ld  th eo ry  a l s o  a l lo w s  u s  to  rep la ce
J  *%

w ith  ^ r -  and to  n e g le c t  th e  e f fe c t s  of th e  w ave  m ag n e t ic  f ie ld .  The

problem  to  be c o n ce rn ed  w ith  i s , t h e r e f o r e , p a r t ic le  m otion in  a s ta t i c

m ag n e t ic  f ie ld  §„ w hen  an  o s c i l l a t in g  e le c t r i c  f ie ld  i s  a p p l ie d .

W hen th e  f ie ld s  a re  a ssu m ed  to  v a ry  a s  exp  i(k«r -  c u t ) ,  M a x w e l l 's

2
e q u a t io n s  (MKS u n i ts )  c a n  be w r i t te n  a s :
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A • D =  0
^  - A -

A x E  * o j  B

i * B =  0

i A X  H = J - i 00 D

(6 )

(7)

(8 ) 

(9)

The w ave  in d u c e s  a p la sm a  cu rren t  d e n s i ty  of:

w here  n i s  th e  d e n s i ty  and  th e  sum is  over e a c h  s p e c i e s .  W ith  v 

d e te rm in ed  from (5) , (10) can  be w ri t ten  a s :

(10)

(i d

«-»
w here  <T is  the  c o n d u c t iv i ty  t e n s o r .  W hen th is  i s  in s e r te d  in to  e q u a t io n  

( 9 ) i t  y ie ld s

A*H = -e<,u> 1<- E dz)
O  O

w here  th e  e q u iv a le n t  d ie le c t r ic  te n s o r  K is  d e f in ed  a s

K * 1 + j & (13)

In C a r te s ia n  c o o rd in a te s  K h a s  th e  form

K
Ki
K x  K .J. O

0 o  K,| /
(14)
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w here

Kx =
1/  —  1 (  f c i  * "

In k  O

and

Kl 1 ( i +30  ( i - '£0
«  — 1 _____________ u y / V l -------------

K n  =  1  -  “ V / u f 1

w here
COp =  UJpe +  ^ p i

i s  th e  p la sm a  f re q u e n cy ,  but b e c a u s e  of the  m a ss  d if fe ren ce  b e tw een  

io n s  and e le c t r o n s ,  i t  i s  u s u a l ly  w r i t ten

=  # r -' Vvtc 6o

and th e  c y c lo t ro n  freq u en cy  GJe i s  g iven  by

U t s -

W c«  =

Wi
B,

a
By com bin ing  M a x w e l l 's  e q u a t io n s  ( 7) and  ( 12) , we o b ta in  th e  w ave 

e q u a t io n

K - E « 0

(15)

(16)

(17)

(18)

(19)

( 2 0 )

( 21)

( 2 2 )

(23)

(24)

w here  k = U) / c  i s  the  p ro p a g a tio n  c o n s ta n t  for free  s p a c e . Equation(24)
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r e p re s e n ts  a s e t  of th re e  l in e a r  hom ogeneous  e q u a t io n s  for th e  th ree  com -
_Jk.

p o n en ts  of E . In o rder th a t  a n o n - t r iv ia l  s o lu t io n  e x i s t ,  th e  d e te rm inan t 

o f  the  c o e f f ic ie n ts  of E m ust v a n i s h .  This g iv e s  r i s e  to  a d is p e r s io n
-Jk

r e la t io n .  If w e le t  © be the  ang le  b e tw een  k and BQ th e  d is p e r s io n  r e ­

la t io n  c an  be w r i t ten  a s

c Jkw here  f t  -  7 ;" "  (26)
U )

is  an  index  of r e f ra c t io n .

For p ro p ag a tio n  a long  the  f ie ld  ( 0  = 0 )  th e re  a re  th ree  m odes p o s s ib l e .  

The f i r s t  one of th e s e  i s  K 1( = 0 or

*  lO p c  *+ U ) p i (27)

This d e s c r ib e s  the  lo n g i tu d in a l  p la sm a  o s c i l l a t i o n s  w h ich  a re  u n a ffec ted  

by th e  p re s e n c e  of the  s t a t i c  m ag n e t ic  f ie ld  Bn . This mode w as  f i r s t  ob ­

se rv ed  by Tonks and Langm uir.

o
4

2 2Two o th e r  m odes e x i s t ,  n = and n = KL . This d is p e r s io n  r e ­

la t io n  for th e  f i r s t  o f  th e s e  is

j V  a  __ u £ /

( i - ^ ) ( i + ^ )

(28)

w h ich  is  know n a s  th e  e le c t ro n  cy c lo tro n  w a v e .  This mode is  r igh t 

hand c i rc u la r ly  p o la r iz e d  (E ro ta te s  c lo c k w is e ,  i . e . ,  th e  sam e s e n s e  a s  

e l e c t r o n s ,  w hen  look ing  a long  B0 ) and r e s o n a te s  w ith  th e  e le c t ro n s  a t



th e  e le c t ro n  c y c lo t ro n  f re q u e n cy .  In th e  co ld  p la sm a  ap p ro x im a tio n , 

w hen  CU — J t e  } oo a n d ^ T h i s  mode c a n  p ro p ag a te

a t  a l l  f r e q u e n c ie s  be low  th e  e le c t ro n  c y c lo t ro n  freq u en cy  but i s  cu to ff  

a t  h ig h e r  f r e q u e n c ie s  w here  k z b eco m es  n e g a t iv e .  It i s  th u s  p o s s ib le  

for t h i s  mode to  p ro p ag a te  from a h igh  f ie ld  to  low f ie ld  re g io n .

The d i s p e r s io n  re la t io n  for th e  o th e r  mode i s  g iv en  by

and i s  te rm ed  th e  ion  cy c lo t ro n  w a v e . iThis w ave  i s  le f t  hand  c i rc u la r ly  

p o la r iz e d  ( ro ta te s  c o u n te r - c lo c k w is e  w ith  th e  io n s )  and  r e s o n a te s  a t  th e  

ion  c y c lo t ro n  f req u e n cy .

It i s  no ted  th a t  th e  le f t  w ave  d o e s  not p ro p a g a te  for a l l  f r e q u e n c ie s .  

At f re q u e n c ie s  o f  in t e r e s t  h e re ,  i . e .  (jU~ and  U-^>y/ LO ^  1

we note  th a t  th e  r igh t hand  s id e  of (29) i s  n e g a t iv e .  This mode is  

e v a n e s c e n t ,  i . e .  k z i s  p u re ly  im ag in a ry  and  th e  w ave  is  s p a c ia l ly  

dam ped a s  exp  (- | k z J z ) . This mode i s  cu to ff  and  th e  p la sm a  i s  s a id  to  

be o v e r d e n s e .
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2 -  WARM PLASMA EFFECTS

As w as  s e e n  a b o v e ,  n ea r  re s o n a n c e  th e  d i s p e r s io n  re la t io n  for 

th e  r igh t h a n d  w a v e , e q u a t io n  (2 8 ) , p re d ic ts  th a t  th e  w avenum ber 

d iv e rg e s  w hen  OJ—̂ CJc. Thermal m otion  of the  p la sm a  p a r t i c le s  can  

no lo n g e r  be n e g le c te d  and the  co ld  p la sm a  th e o ry  is  no lo n g e r  v a l id .

In order th a t  th e  w ave  m ag n e t ic  f ie ld  rem ain  f in i te  for a f in i te  e le c t r i c
•■ft

f i e l d ,  M a x w e l l 's  in d u c tio n  eq u a t io n  (7) re q u ire s  th a t  k becom e 

p a ra l le l  to  E in  th e  co ld  th e o ry .  Also th e  w ave  m ag n e t ic  f ie ld  w h ich  w as  

n e g le c te d  in  the  l in e a r iz a t io n  of th e  eq u a t io n  of m otion  (5 ) , m ust now 

be in c lu d e d .  It i s  found th a t  the rm a l e f fe c t s  c an  c o n s id e ra b ly  a l te r  

w ave p ro p ag a tio n  and th u s  i t  i s  n e c e s s a r y  to  modify the  co ld  th e o ry .

If the  p la sm a  p a r t i c le s  have  com ponen ts  of v e lo c i ty  p a ra l le l  to  the  

w ave  p ro p a g a t io n ,  th e y  w il l  now e x p e r ie n c e  an  e le c t r i c  f ie ld  w ith  a 

D o p p le r - sh if te d  f req u en cy  of W i  w here

for a M ax w e ll ia n  d is t r ib u t io n .  It i s  now p o s s ib le  for any  p la sm a  

p a r t ic le  to  undergo  re s o n a n c e  if  it  h a s  an ap p ro p r ia te  v e lo c i ty  a c c o rd ­

ing  to the  co n d itio n

The induced  p la sm a  c u rre n ts  m ust now be w e ig h ted  by an  app rop ria te  

d is t r ib u t io n  func tion  su ch  a s  the  M ax w ell-B o ltzm an  d is t r ib u t io n  w hich  

th e n  le a d s  to  an  e q u iv a le n t  d ie le c t r i c  t e n s o r  w h ich  now in c lu d e s  th e r -

(30)

<jjc = t o  ±  A b v3 (31)
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mal e f f e c t s .

W hen the  warm p la sm a  d ie le c t r i c  t e n s o r  com ponen ts  are  u s e d  in

2
th e  d is p e r s io n  re la t io n  for th e  le f t  and righ t hand  m o d e s ,  n = Ku and

5
O

n = , th e  c o rre sp o n d in g  warm d is p e r s io n  r e la t io n s  are o b ta in ed :

1  —  - k  5 "  I (32)eg 2. JzB uj v  W j '
J

JLc- ) _  x. y  M i- ( MU
0 0 ^ x  2 . Z _  V tf)j

j

w here  €  i s  the  s ig n  of th e  charge  of e a c h  of th e  s p e c ie s  j  and 

< ® > »  is  g iv en  by

= ~ 2 ( i f f )  F0  ( * » )

w here  i FQ ( o< h ) i s  th e  p lasm a  d is p e r s io n  fu nc tion  ta b u la te d  by

(33)

(34)

6
Fried and C onte  and

u; + io u)c f yw
U > t J .  ( 3 5 >

In the  e le c t ro n  cy c lo tro n  approx im ation  i . e .  CO -  (-^ ce^  (^ p  the  

d is p e r s io n  re la t io n s  (32) and (3 3 ) c a n  be w r i t ten  a s

i,V _ 1 ; -Wj?.. ( _W3j_yj
J ^ = 1 +  '  4 ^ 2  A T , ) *  £ ( * * , )  (36)
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w here  th e  u p p e r  s ig n  is  for th e  le f t  hand  mode and the  low er s ig n  is  

for the  righ t hand  m ode . Far from re s o n a n c e  an  approx im ate  form 

for F0(<*.) is  u s e d

W hen (37)is put in to  (36) the  warm d is p e r s io n  r e l a t io n s ,  v a l id  in  a 

reg ion  aw ay  from re s o n a n c e  are o b ta in ed :

If the  tem p era tu re  is  a l low ed  to  a p p ro ach  z e ro ,  the  co ld  p la sm a  

re s u l t s  (eq u a tio n s  28 and 29 ) a re  re c o v e re d .  It i s  e x p e c te d  th a t  

th e  d i s p e r s io n  re la t io n  for the  le f t  hand  w ave  and the  d i s p e r s io n  r e l a ­

t io n  for th e  r igh t hand  w ave  aw ay  from the  re s o n a n c e  reg ion  w ould not 

be s ig n i f ic a n t ly  d if fe ren t  from th e  co ld  p la sm a  r e s u l t s .  This  i s  b e c a u s e ,  

fa r  from r e s o n a n c e ,  very  few e le c t io n s  in  a M ax w e ll ia n  d is t r ib u t io n ,  

have  v e lo c i t i e s  h igh  enough to  m ee t  th e  re s o n a n t  c o n d it io n  (31).

C lo se  to  r e so n a n c e  a d if fe ren t  c o n d i t io n  e x i s t s .  Now for th e  right 

hand m ode, e le c t ro n s  need  not have  very  high  v e lo c i t i e s  in  o rder to  

a c h ie v e  r e s o n a n c e ,  th u s  i t  i s  e x p e c te d  th a t  the  warm d is p e r s io n  re la t io n  

w il l  be q u ite  d iffe ren t  from th e  co ld  r e s u l t  n ea r  the  r e s o n a n t  re g io n .  

Another approx im ate  form for ^((<)which is  v a l id  c lo s e  to  re s o n a n c e  is

(37)

J u c 1 1  CO
to* -1 u) 1 WiU)t (38)



The d is p e rs io n  re la t io n  for th e  rig h t hand m ode becom es

& \ A \ I \  w I T U3lU

The w avenum ber is  now com plex  w hich  a l lo w s  for non c o l l i s io n a l

dam ping (e lec tro n  cy c lo tro n  d am p in g ) .

The re a l  and im ag inary  p a r ts  of th e  w avenum ber for the  r igh t hand

w ave are p lo t te d  in  Figure 1 a long  w ith  a co m p ar iso n  of the  cold

p lasm a  r e s u l t .  It is  s e e n  th a t  e x c e p t  w ith in  5% of r e s o n a n c e ,  the

co ld  th eo ry  a d e q u a te ly  p re d ic ts  the  beh av io r  of the  r igh t hand w a v e .

At l e s s  th a n  5% th e  r e a l  part of k d e v ia te s  from the  co ld  k . W h ere -z  z

a s ,  in  the  co ld  p lasm a  c a s e  the  w avenum ber d iv e rg e s  a t  r e s o n a n c e ,  

the  w a v e le n g th  for the  warm p la sm a  c a s e  a p p ro a ch e s  a minimum v a lu e .  

In the  sam e reg io n  an  im ag inary  part of k^ a p p e a r s .  This g iv e s  r i s e  to  

cy c lo tro n  dam p in g . '

The pow er flow for the  r igh t hand w ave  c a n  be c a lc u la te d  from

The r e s u l t s  of th i s  c a lc u la t io n  are  shown in  Figure 2 . The w ave 

e n te r s  the  m ach ine  a t  z = +22 cm (see  Figure 16 in  th e  a p p a ra tu s

£ _  _ _
(41)



FIGURE CAPTIONS

F ig .  1. The r e a l  and im ag inary  p a r ts  of th e  w avenum ber for the

11 -3
rig h t hand  w ave  a t  a  d e n s i ty  of 2 x  10 cm , Tg = 8eV and a f re ­

q u e n cy  of 2 .4 5  GHz a re  p lo t te d  a s  a  fu n c tio n  of th e  ra t io  of th e  e le c t ro n  

c y c lo t ro n  f req u en cy  QJC to  th e  w ave  f req u en cy  0 0  . The co ld  p la sm a  

r e s u l t  i s  a l s o  show n for co m p ar iso n .

F ig . 2 . The p e rc e n t  t ra n sm it te d  r ig h t  w ave  pow er i s  p lo t te d  a s  a 

fu n c tio n  of a x ia l  p o s i t io n .  The pow er dam ping i s  c a lc u la te d  from th e  

im ag ina ry  pa rt  o f  th e  w avenum ber in  Figure 1 and th e  a x ia l  m ag n e t ic  

f ie ld  p ro f ile  (Figure 17).
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sec t io n )  w here  U^/CD = 1.2  and  p ro p a g a te s  a long  a d e c re a s in g  

m ag n e t ic  f ie ld  u n t i l  i t  r e a c h e s  th e  re s o n a n c e  reg io n  lo c a te d  a t about 

z = 1.5 cm . This type  of a rran g em en t i s  know n a s  a m ag n e t ic  b e a c h .
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3 -  WAVE PROPAGATION IN A COLD BOUNDED PLASMA

In th i s  ex p er im en t th e  p la sm a  i s  c o n ta in ed  in  a c y l in d r ic a l  w av eg u id e

of rad iu s  a = 4 .3 9 4  cm . , (vacuum cu to ff  f req u en cy  = 2 . 0 0  G H z). It is

th e re fo re ,  n e c e s s a r y  to  c a lc u la te  th e  e f fe c t s  th a t  a co n ducting  boundary

w ould  have  on th e  cold  p la sm a  r e s u l t s .  Boundary co n d i t io n s  requ ire  th a t

Ee= Ez = 0 a t  r = a .

We w il l  a s su m e  the  f ie ld s  have  z d e p en d e n c e  of th e  form exp  ( i k z z)

a n d ,  in  a d d i t io n ,  a ra d ia l  d e p en d e n c e  of exp  ( i p *  "rtp) a s  w e l l  a s  an

a z im u th a l  d ep en d e n c e  g iv en  by exp  ( - i m 0 ) .  The s u b sc r ip t  T s ta n d s

for t r a n s v e r s e .  It i s  c o n v en ie n t  to  s e p a ra te  the  f ie ld s  and o p e ra to rs  in to

9
th e i r  t r a n s v e r s e  and z c o m p o n en ts .  Thus

(42)

H = HT + H2 £ (43)

w here

V = VT + 2 = V-v + i l i  £

K - e - i v E T + n „  e 2

Kt*Et = Kj. Et + Kx £ * E t

(44)

(45)

(46)

and z is  a u n it  vector in  th e  z d i r e c t io n .

W hen (42) -  (46) are  put in to  the  w ave  e q u a t io n

(47)

cou p led  w ave  e q u a t io n s  of the  form

v ; E* + q E2 = b H* 
Vy H2 + c H* = d E*

(48)

(49)
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are  o b ta in e d .

T hese  c a n  be transfo rm ed  to  an  u n co u p led  s e t  of forth o rder e q u a t io n s :

[̂ 7y + (a+c)Vj +(ac-bcl)] EL2~0 

[v t4 + (<*+<0 Vj  + (a c “tol)] H2 - 0

The r a d ia l  d e p en d e n c e  exp ( i p  *1 )̂ w here  p i s  th e  p e rp e n d icu la r  w ave 

number i s  in s e r te d  to  o b ta in

pM a+c) p1, + (a c - to l)  = 0

This is  the  d is p e r s io n  r e la t io n .  E x p l ic i t ly

P* - j - 'C ( ~ j ^ ^  - t i c ( Kj, +  p  + h ) ' 0

w here  th e  form of th e  s o lu t io n  for Ez is  g iv en  by

( V T1 H - p ’ ) E 2 i = 0

9
for e a c h  v a lu e  of p .

For a lo n g i tu d in a l ly  m a g n e t iz e d ,  c y l in d r ic a l  w av eg u id e  th e  g en e ra l  

so lu t io n s  to  (54 ) are

I M &
£ ; > ,  =  A  J m ( p , r )  e 1

E ,2= B J >nCpI r ) eime

w here  Jm is  the  o rd ina ry  B esse l  fu n c tio n  and A and B are  a rb itra ry  c o n -

(50)

(51)

(52)

(53)

(54)

(55)

(56)

s t a n t s .  Applying the  boundary  co n d i t io n s  Ez = E ^  = 0 a t  r  = a d e te rm in e s



the  re la t iv e  v a lu e s  of A and B

B  —    J m  ( Pi *0

A (p*a)
and  y ie ld s  the  d e te rm in a n ta l  e q u a t io n

J i P ' C ( p . ® )  ( p * a )  T j p . a )  =

VY\ i Ao K x  ^  ^ m ( p *  a )
■where . ,

g u = ( i «  + ( £  Kx) - ( i . a K ^ i ) p u
and th e  prime d e n o te s  the  d e r iv a t iv e  w ith  r e s p e c t  to  the  a rgum en t. The 

s im u lta n eo u s  so lu t io n  of the  d is p e r s io n  re la t io n  and the  d e te rm in a n ta l  

e q u a t io n  y ie ld  v a lu e s  of k z and p for any  g iv en  p la sm a  pa ram ete rs  and 

f r e q u e n c i e s .

At cu to ff ,  the  p ro p ag a tio n  c o n s ta n t  v a n i s h e s ,  i . e .  k z = 0 and th e  

r ig h t  hand  s id e s  of e q u a t io n s  (48) and (4 9 ) a l s o  v a n i s h ,  th u s  y ie ld ing  

tw o u n coup led  w ave  e q u a t io n s  for Ez and H z . It is  th e re fo re  p o s s ib le  

to  h a v e  s e p a ra te  E and H w a v e s .  For H w a v e s ,  th e  cu to ff  co n d it io n  is  

g iv en  by

w here D *  _  L 1 -K e -K k
P*> Kx

For E w a v e s ,  the  cu to ff  f requency  is

w here

^ C O  C U p  +  (  p e .C ^

P e  ^

w here  is  th e  n1-*1 zero  of th e  m1̂  -  o rder B e s se l  fu n c tio n .r\ n



The r e s u l t s  of th e  c a lc u la t io n s  of th e  d i s p e r s io n  re la t io n  for th e  

m = +1 mode are  show n in  F ig u re s  3 , 4 ,  5,  and  6 . Figure 3 g iv e s  a 

s c h e m a t ic  r e p re s e n ta t io n  o f  th e  d i s p e r s io n  c h a r a c t e r i s t i c s .  It i s  

s e e n  th a t  th e  d i s p e r s io n  re la t io n  d iv id e s  in to  tw o m ain  b ra n c h e s .

The low er b ran ch  p ro p a g a te s  a t  a l l  f r e q u e n c ie s  be low  th e  c y c lo t ro n  

freq u en cy  and h a s  a re s o n a n c e  a t  0 0 s8 C0c  . The r ig h t hand  w ave  

p ro p ag a tin g  in  th i s  mode a long  a m ag n e t ic  b e a c h  i s  th e  m ech an ism  of 

g e n e ra t in g  p la sm a  in  th i s  e x p e r im en t .  The u p p e r  b ranch  a l lo w s  pro ­

p a g a t io n  for f re q u e n c ie s  COp< U) < w here

^ U H  ~  ^ p e  *+ t o t e

i s  the  upper  hybrid  f r e q u e n c y .  Also note  th a t  in  th i s  b ra n c h ,  the  

p h a s e  v e lo c i ty  ix) / k i s  p o s i t iv e  w h ile  th e  group v e lo c i ty  d UJ / d k  is  

n e g a t iv e .  A w ave  h av in g  th i s  p roperty  of o p p o s i te ly  d i re c te d  p h a se  

and  group v e lo c i t i e s  i s  know n a s  a backw ard  w a v e .

Figure 4 show s th e  r e s u l t s  of th e  e x a c t  co ld  p la sm a  c a lc u la t io n .  

Note th a t  th e re  a re  many ro o ts  of the  d i s p e r s io n  re la t io n  a s  w e l l  a s  

th e  lo w e s t  root show n in  Figure 3 . A d if f ic u l ty  a r i s e s  in  th e  c a lc u ­

la t io n  of t h e s e  r o o t s ,  in  th a t  i t  i s  p o s s ib le  for a root w h ich  i s  n ea r  

a n o th e r  roo t for w h ich  one o f  the  p ®1 g o e s  th rough  z e ro ,  to  p a s s  

th ro u g h  th is  r e g io n .  W hen  one of the  v a lu e s  of p i s  zero  th e  so lu t io n  

i s  t r i v i a l ,  i . e .  a l l  f ie ld  com ponen ts  v a n i s h .  It i s  a l s o  no ted  th a t  w hen  

a v a lu e  of p is  im a g in a ry ,  th e  o rd in a ry  Jm B e s se l  fu n c t io n s  m ust be 

r e p la c e d  w ith  th e  m odif ied  B esse l  fu n c tio n s  I .

The low b ran ch  c le a r ly  show s k z  ► oo a s  C0 - ^ U ) c in  ag reem en t



w ith  Figure 3 , th e  upper b ranch  h ow ever  i s  more c o m p lic a te d .  Now

th e re  a re  m any ro o ts  a p p e a r in g ,  ap p ro ach in g  u)p for la rge  k z and 

a t  c u to f f .  The cu to ff  f r e q u e n c ie s  o f  th e s e  ro o ts  for h av e  been

id e n t i f ie d  a s  th e  cu to ff  f r e q u e n c ie s  of H w a v e s  from th e  so lu t io n  of 

e q u a t io n  (60) •

F igures  5 and  6 show  th e s e  sam e d is p e r s io n  c h a r a c te r i s t i c s  for 

ty p ic a l  f r e q u e n c ie s ,  one in the  low  b ranch  (1780 MHz) and  one  in the  

h igh  b ranch  (3 980 MHz) but now th e  p ro p ag a tio n  c o n s ta n t  i s  p lo t te d  a s  

a fu n c tio n  o f  d e n s i ty .  It shou ld  a l s o  be no ted  th a t  w hen  the  above 

c a lc u la t io n s  a re  perform ed for th e  m = 0 m ode , s im ila r  r e s u l t s  are o b ­

ta in e d  .

It i s  no ted  th a t  th e  f ie ld s  have  the  form exp ( i k 2 z -  iwt -  i m 0 )  

w here  m is  an  in te g e r .  For a p o in t  of c o n s ta n t  p h a se  a t  a f ixed  z i t  is  

s e e n  th a t

d  9  _  _  o o  
ofct m

th e re fo re  w a v e s  w ith  m = +1 w i l l  ro ta te  o p p o s i te ly  from th o s e  w ith  

m = -1 .  In th i s  n o ta t io n  m odes w ith  m <  0 ro ta te  c lo c k w ise  (when 

v iew ed  a long  B0 ) and  c o rre sp o n d  to  the  r ig h t hand w ave  w h ile  m odes 

w ith  m >  0 ro ta te  c o u n te r - c lo c k w is e  and co rre sp o n d  to  th e  le f t  hand  

mode in  th e  unbounded  c a s e .

In Figure 7 th e re  i s  a co m p ar iso n  of the  bounded and unbounded  

th e o r ie s  for th e  r ig h t  hand  w a v e .  As w ould  be e x p e c te d  th e  bo u n d a rie s  

have  l i t t l e  e f f e c t  on k z , b e c a u s e  a t  re s o n a n c e  A go es  to  a m inimum



FIGURE CAPTIONS

F ig . 3 .  A s c h e m a t ic  d iagram  of th e  d is p e r s io n  re la t io n  of a  lo n g i tu ­

d in a l ly  m ag n e t ize d  co ld  p la sm a  in  a c y l in d r ic a l  w av eg u id e  for th e  

m = +1 mode .

F ig .  4 .  The d is p e r s io n  c h a r a c t e r i s t i c s ,  th e  s im u lta n eo u s  s o lu t io n  of

e q u a t io n s  (53) and (58), a re  p lo t te d  for th e  m = +1 m o d e . W avegu ide

11 — 3rad iu s  a = 4 . 3 9  c m , n = 2 x  10 cm and fc = GU*/2lT’ = 2 . 7  GHz 

( W c/( jJ  = 1.1).

F ig . 5. The w avenum ber is  p lo t te d  a s  a fu n c tio n  of th e  d e n s i ty  for a 

frequency  of 1780 M H z. a = 4 .3 9  cm , fc = 2 .7  G H z.

F ig . 6. The w avenum ber i s  p lo t te d  a s  a fu n c t io n  of th e  d e n s i t y  for a  

freq u en cy  of 3980 M H z. a = 4 . 3 9  cm,  f = 2 . 7  G H z.

F ig . 7. The w avenum ber for bo th  th e  bounded and  unbounded  co ld  r igh t 

w ave  a re  p lo t te d  a s  a fu nc tion  of U>e/u 7  for ty p ic a l  p a ra m e te rs  in  

th i s  e x p e r im e n t . The p e rp e n d ic u la r  w avenum bers  pt and  p^ a re  a l s o  

sh o w n .
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and  th u s  becomes sm all  com pared  to  th e  gu ide  r a d iu s .

A co m p ar iso n  of the  bounded and unbounded  th e o r ie s  for th e  le ft  

w ave  is  m ade in  Figure 8 , but now th e  cu to ff  f req u en cy  is  p lo t ted

a g a in s t  d e n s i ty  ra th e r  th an  k z v e r s u s  W c./0 ) . It is  s e e n  th a t  in troducing  

a m ag n e t ize d  p la sm a  in to  th e  w av eg u id e  h a s  th e  e f fe c t  of r a is in g  the  

cu to ff  f req u en cy  w h ile  surrounding  th e  p la sm a  w ith  a co n d u c to r  h a s  the  

e f fe c t  of low ering  th e  cu to ff  d e n s i ty .

The com ple te  f ie ld  so lu t io n s  c a n  now be o b ta in e d  by in se r t in g  

e q u a t io n s  (4 2 ) -  (46)into M a x w e l l 's  e q u a t io n s .  The r e s u l t s  a r e :

e

E*- ~ A [4 p, JJ Cp, r) -  Ljl (p,*j] e ' *

+  B [ i ,  p 1 3 j»  ^  E i X ,  ( „ r ) ] e -

0

Ee= A f f  (p,r) + L2 p , r ) ]  e ' h

+  B  7 m  (pa.*-) ■+ L . p a .T j (  p a V - ) ] e  1 *  6  (68)

e

* f B  ( p * r )  J  e

( 6 6 )

(67)

(69)



H*-=A p i  4 ' (p.r) ~ X. 4 ,  Ip, r) 6 ’

+• B [ j,  ft 4 V 1") ~ X 4  (pr) e !
M 0

H0 _a [ 1t3 4  (pir) + X. p, 4  (pi 0  

+ ^ 4 ( ^ 0  +Y. pt̂ in'Ĉ lr)

i i m 0

w here

J -  iA |,1  i :  -r-
1

i .*  Kj. fa

L,z = j_ J j
'  K  K,

i _  p-' U ' k x - X )
1  ( £ K i - v t f ) % 6 C K » f

h l ( 1 -  k x p «  -  K b ( £ K > - J ? 1
O J ^ o Mgt K x

» i c o / hCO/<0 K> * , \ u : k

a :  < ± - j k ; r + u : k * Y



For th e  p a ra m ete rs  in  th i s  e x p e r im en t ,  n = 2x10 cm and 

f = 2 . 45  G H z, th e  r ig h t  mode p ro p a g a te s  but th e  le f t  mode i s  cu to f f .  

The cu to ff  d e n s i ty  for th e  le f t  w ave  is  show n in  Figure 9 w hile  

Figure 10 show s the  e v a n e s c e n t  e le c t r i c  f ie ld  p rofile  for th i s  m ode.



FIGURE CAPTIONS

F ig . 8. The cu to ff  f req u en cy  of th e  le f t  w ave  i s  p lo t te d  a g a in s t  d e n s i ty

for bo th  th e  bounded and unbounded  c a s e s ,  a = 4 . 3 9  cm for th e  bounded

c a lc u la t io n  and f = 2 .7  G H z. c

F ig . 9. The w avenum ber sq u ared  for th e  bounded le f t  w ave  is  p lo t te d  

a g a in s t  d e n s i ty  for f = 2 .7  G H z. The w avenum ber p a s s e s  th rough  zero
v

10 -3a t  a  d e n s i ty  of 6 .6  x  10 cm

F ig . 10. The c a lc u la te d  e le c t r i c  f ie ld  p ro f i le s  in  a rb i t ra ry  u n i ts  a re  

p lo t te d  a s  a fu n c tio n  of th e  norm alized  r a d ia l  p o s i t io n  for th e  m = +1 

le f t  w ave  a t  co n d it io n s  ty p ic a l  of th i s  e x p e r im e n t .
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4 -  COMPARISON OF VARIOUS THEORIES

For e le c t ro m a g n e t ic  w a v es  p ro p ag a tin g  a long  a s t a t i c  m ag n e t ic  

f ie ld  th e re  are  tw o p o s s ib le  m odes i . e .  , both th e  le f t  and r ig h t hand  

c i rc u la r ly  p o la r iz e d  w a v e s .  As w a s  s e e n  in  Figure 1 , more th a n  5%

from re s o n a n c e  th e  co ld  unbounded  th e o ry  s u f f ic e s  for th e  r igh t hand 

m = -1  m ode , how ever w hen l e s s  th a n  5% from re s o n a n c e  th e  co ld  

th e o ry  f a i l s ,  p r e d ic t in g  th a t  th e  w avenum ber d iv e rg e s  a s  C O  a p p ro a ch e s  

UJc e  . In th i s  reg io n  i t  i s  n e c e s s a r y  to  in c lu d e  the rm a l e f f e c t s .

The warm th e o ry  now p re d ic ts  th a t  the  w a v e le n g th  a p p ro ach ed  a m in i­

mum v a lu e  a t  re s o n a n c e  and th e  w ave c a n  undergo  cy c lo t ro n  dam ping .

The re c e ip e  th e n  for the  r igh t hand w ave  w ould  be to  u s e  th e  co ld  

bounded th eo ry  w hen  g re a te r  th an  5% from th e  re s o n a n c e  reg io n  and the  

unbounded  warm th e o ry  w hen  l e s s  th a n  5% from r e s o n a n c e .  It shou ld  be

no ted  th a t  th e  bounded warm th eo ry  w as  not a p p l ie d  b e c a u s e  th i s  problem

10
can n o t  be so lv ed  in  c lo s e d  form. S w anson  found th a t  w h en  boundary  

c o n d i t io n s  are  a p p l ie d  to  the  warm th e o ry ,  a s e t  of in f in i te  o rder d if ­

f e re n t ia l  e q u a t io n s  are  o b ta in ed  (s in ce  th e y  c o n ta in  an in f in i te  s e r ie s  

of B e s s e l  fu n c t io n s ) .  If n ^  o rder te rm s  are  in c lu d e d ,  th e n  2 (n + 1) 

boundary  c o n d i t io n s  ar e requ ired  to  de term ine  th e  s o lu t io n .

For th e  le f t  w av e  a d iffe ren t s i tu a t io n  e x i s t s .  H ere  th e  co ld  and 

warm th e o r ie s  g ive  a lm o s t  id e n t ic a l  r e s u l t s  w h ich  one w ould  e x p e c t  

s in c e  we are  s e v e ra l  o rders  o f  m agn itude  aw ay  from th e  r e s o n a n t  fre ­

q u e n c y  of th i s  m ode . An ion cy c lo tro n  w ave  b e h av e s  l in e a r ly  n ea r  e l e c ­

tro n  cy c lo tro n  r e s o n a n c e .  H ow ever, the  b o u n d a r ie s  becom e a l l  im portan t
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w hen  c o n s id e r in g  th i s  c a s e ,  This i s  b e c a u s e  th e  m = +1 mode is  

n ea r  cu to ff  in  th e  v ic in i ty  of tO«C*Jc c . At cu to f f ,  A ap p ro a ch e s  

in f in i ty  and  th u s  i t  is  com parab le  to  th e  w av eg u id e  d im e n s io n s .

Cold  bounded th e o ry  p re d ic ts  th a t  i f  th e  d e n s i ty  i s  be low  th e  cu to ff  

d e n s i ty ,  th e  w ave  w il l  p ro p ag a te  u n a t te n u a te d ,  h ow ever  if  th e  p la sm a  

d e n s i ty  i s  above  th e  cu to ff  d e n s i ty  (overdense) th e  w ave  w i l l  be com­

p le te ly  r e f le c te d  a t  th e  cu to ff  p o in t .
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5 -  ELECTROSTATIC APPROXIMATION

One of th e  p ro p e r t ie s  of p la sm a  w a v e g u id e s  i s  th a t  th e y  c a n  p ro p a ­

g a te  s low  w a v e s  h av ing  p h a se  v e lo c i t i e s  s m a l le r  th a n  c .  An approx im ate  

f ie ld  so lu t io n  for th e s e  w a v e s  c a n  be o b ta in ed  by regard ing  th e  v e lo c i ty  

o f  l ig h t  to  be in f in i te  and  th u s  th e  f ie ld s  e s s e n t i a l l y  s t a t i c .  This 

a n a ly s i s  of w ave  p ro p ag a tio n  in  a m ag n e t ize d  p la sm a  w av eg u id e  w as  

f i r s t  done by T r iv e lp iece  and  G o u ld . 1 *

If w e  a ssu m e  th a t  th e  f i r s t  o rder  m ag n e t ic  f ie ld  i s  n e g l ig ib le  we 

c a n  w rite

(77)

It i s  th e n  p o s s ib le  to  d e r iv e  th e  e le c t r i c  f ie ld  from a s c a la r  p o te n t ia l  <f) . 

Thus

(79)

Putting  (79) in to  (78) we ge t

(80)

w h ich  le a d s  to  th e  w ave  e q u a t io n

(8 1)

1Assume th a t  0  ^  0 . Then
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v ; ^  = o (82)

In c y l in d r ic a l  c o o rd in a te s ,  the  so lu t io n  to  (82) is

w here

or

f

i = i  P
^ c o a ( o f - U Q p -  VO* )

i k

read s

-LO  ( w *  r- Q)p -  U l6u )

(83)

(84)

(85)

w here  K u and Kj_ have  b een  e v a lu a te d  in  the  e le c t ro n  c y c lo t ro n  lim it 

i . e .  C U » C J C e « tU c and 00 »  0 0  c ; . Applying the  boundary  co n d i­

t io n  nam ely  Ez = 0 a t  r= a  re q u ire s  th a t

D —
r  a

w here  i s  the  n**1 root o f  Jm (pr) = 0 . The d is p e r s io n  re la t io n  th e n

k

(8 6 )

_  ( u ) a  - U p  )  ( u * -  v l )

and is  p lo t te d  in  Figure 11 for ty p ic a l  p a ra m e te rs .  It i s  no ted  th a t  tw o 

b ran c h es  a p p e a r .  A low f req u en cy  b ranch  ap p roach ing  tOc and a h igh  

freq u en cy  b ranch  ap p ro ach in g  tOp for UJC <  LOp . W hen tOc >  tOp 

th e s e  tw o b ran c h es  r e v e r s e .  Figure 12 show s  th e s e  m odes p lo t te d

(87)
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FIGURE CAPTIONS

F ig .  11. The d i s p e r s io n  re la t io n  for th e  G o u ld -T r iv e lp ie ce  m odes  is

11 -3
p lo t te d  for tw o d if fe ren t  d e n s i t i e s ,  n^ = 0 .5  x  10 cm and  n.2 =

11 - 32 .0  x  10 cm . Note th a t  for n ^ ,  th e  low  f req u en cy  b ranch  a p p ro a ch e s  

th e  p la sm a  f req u en cy  for th a t  d e n s i ty  and  th e  h ig h  f req u e n cy  b ranch  

a p p ro a c h e s  th e  cy c lo t ro n  frequency ; h ow ever  for n  ̂ the  low b ran ch  

a p p ro a c h e s  th e  cy c lo t ro n  freq u en cy  and  th e  h ig h  b ranch  a p p ro a c h e s  th e  

p la sm a  freq u e n cy  for th a t  d e n s i t y .

F ig . 12. The w avenum ber v e r s u s  d e n s i ty  i s  p lo t te d  for tw o ty p ic a l  f re ­

q u e n c ie s ,  one  in  th e  low branch  and  one in  th e  h igh  branch .m  = 0,

f = 2 . 4 5  GHz and a = 4 . 3 9  cm.  c
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a g a in s t  d e n s i t y .  Figure 13 show s  th e  m ag n e t ic  f ie ld  p ro f i le s  for the

low freq u e n cy  b ranch  w h ile  Figure 14 is  for th e  h igh  f req u en cy  b ra n c h .

12
The m ag n e t ic  f ie ld s  a re  com puted  from

_ »  +—*  — ■*

V * H  =  i U) £„ K ' E. <88>

The com ple te  f ie ld  so lu t io n s  are  g iv en  a s :

E*. = "Ap 7* (pr)e (89)

I *
(90)

E s =  i A k  Jm (p r )  <2 .i (9.1)

(92)

H g s i A Y , J j ?  t ( p r ) ' P  w  ^ ( p r ) (93)

H 2  = A  Y3  i A J M ( p i - ) M% B i i  J „  i \ i r ) c ‘ (94)

w here  D  ^  & T  m ( P &)  jJ V  . .



and th e  boundary  c o n d it io n  Hr = 0 a t  r = a re q u ire s  th a t

w here  i s  the  n̂ *1 roo t of T .'  hn m

In the  e l e c t r o s t a t i c  ap p ro x im a tio n ,  dam ping  can  be easily-

in c lu d e d  in  th e  c a l c u l a t i o n s .  The V c o l l i s io n a l  term w hich  w as

p re v io u s ly  om itted  c a n  now be in c lu d ed  in to  (87) by rep la c in g  m e
13

w ith  the  q u a n t i ty  m e (W— i V  ) / uJ  . Thus

 >

and

0 0 c .--------- *

The r e s u l t s  o f  th is  c a lc u la t io n  for th e  low f req u en cy  b ranch  i s  shown 

in  Figure 15 . It i s  s e e n  th a t  the  in c lu s io n  of a c o l l i s io n  f requency

h a s  th e  e f fe c t  of in c re a s in g  th e  w a v e le n g th .
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FIGURE CAPTIONS

F ig . 13. The r a d ia l  m ag n e t ic  f ie ld  p ro f i le s  for f = 1780 M H z, a  ty p ic a l

freq u en cy  in  th e  low er b ra n c h .  The re la t iv e  f ie ld  am plitude  i s  p lo t te d

11 -3
a g a in s t  th e  n o rm a lized  r a d ia l  p o s i t io n ,  n = 2 .0  x  10 cm , f = 2 .45G H z 

and  a = 4 .3 9  c m .

F ig . 14. The r a d ia l  m ag n e t ic  f ie ld  p ro f i le s  for f = 4070 M H z, a ty p ic a l

f req u en cy  in  th e  h ig h  b ra n c h .  The re la t iv e  f ie ld  am plitude  i s  p lo t te d

11 -3
a g a in s t  th e  no rm alized  r a d ia l  p o s i t io n ,  n = 2 .0  x  10 cm , fc = 2 .45G H z 

and  a = 4 .39 c m .

F ig . 15. The re a l  and  im ag ina ry  p a r ts  of th e  w avenum ber a re  p lo t te d  a g a in s t  

d e n s i ty  for v a r io u s  v a lu e s  of c o l l i s io n  f req u en cy  for th e  m = 0 e l e c t r o ­

s t a t i c  m od e , f = 1780 M H z, f = 2 . 7  GHz and a  = 4 .3 9  cm .c



FIGURE 
13

A M P L I T U D E (ARB. UN IT5)

ro

Ui
00



A M P L I T U D E

ClcP3
PI

I .«
N3



1.6

*  h  (  IO io c h ’’ ) 1 1

&  I  v /u ) '~  o . o  

A  v /v > -  .1 5  

h , A v/u) - .SO

<bv A VJ <p  - .50

An Jk .IS

CTv
FIGURE 15 °



61

6 -  REFERENCES

1. G . S chm id t,  P h y s ic s  of H igh T em pera ture  P la s m a s ,  Academ ic 

P re s s  (1966) p p .  5 - 9 .

2 . W .P .  A l ld s , S . J .  Buchsbaum and  A. B ers, W av e s  In A niso trop ic  

P l a s m a s , M . I . T .  P ress  (1963), C h a p t .  1.

3 . J. S tix ,  The Theory of P lasm a W a v e s , M cG raw -H il l  Book C o .

(1962) p p .  9 -12 .

4 .  L. Tdnks and  I .  Langm uir, P h y s ic a l  Review 3u3, 195 (1929).

5 . R eference  3 , C h ap te r  9 .

6 .  B .D . Fried  and  S .D .  C o n te ,  The P lasm a D is p e r s io n  F u n c tio n ,

A cadem ic P re s s  (1961).

7 . B .D . McVey and  J .E .  S c h a re r ,  P h y s ic s  of F lu id s  17_, 142 (1974).

8 . ’ J .H .  S tix ,  P h y s ic s  o f  F lu id s  _1, 308 (1958).

9 .  R eference  2, C h ap te r  9 .

10. D .G .  S w an so n , P h y s ic s  of F lu id s  10, 428 (1967).

11. A .W . T r iv e lp iec e  and  R .W . G ou ld , Journal o f  Applied P h y s ic s  3 0 ,

1784 (1959).

12. R eference  2, p p .  2 5 3 -2 5 4 .

13. R eference  3 , p .  39 .



I l l  APPARATUS AND DIAGNOSTICS

1 -  APPARATUS

Figure 16 show s th e  e x p e r im en ta l  a p p a r a tu s .  An e le c tro m a g n e t ic  w ave  

i s  lau n ch ed  from a r e c ta n g u la r  S -b an d  w av eg u id e  in to  the  vacuum  cham ber. 

The w ave  th e n  p ro p a g a te s  in  th e  vacuum  cham ber l in e r  w h ich  a c t s  a s  a 

c y l in d r ic a l  w a v e g u id e .  The m ag n e t ic  f ie ld  p ro file  i s  d e s ig n e d  so  th a t  the  

w ave  w il l  e n te r  a re s o n a n t  zone  and c re a te  a p la sm a  v ia  e le c t ro n  c y c lo t ro n  

re s o n a n c e  w h ich  is  th e n  c o n ta in ed  in  th e  mirror geom etry  f ie ld .

The m ag n e t ic  f ie ld  i s  c re a te d  by four w a te r  c o o led  c o i ls  w h ich  are 

pow ered  by a 15 k i lo w a t t ,  low r ip p le ,  D .C .  pow er su p p ly  (Bertan A s s o c ia te s  

m odel 1064). The four c o i l s  are  eq u ip p ed  w ith  a s e t  of flux re tu rn  bars 

w h ich  c o n c e n tra te  th e  re tu rn  flux so  th a t  the  f ie ld  s tren g th  in s id e  the  c o i ls  

is  ap p rox im a te ly  th a t  of an  in f in i te  s o le n o id .  The f ie ld  p rofile  is  shown 

in  Figure 17. The c o i ls  a re  sp a c e d  so th a t  the  mirror ra t io  i s  1 .25  and the  

d i s ta n c e  b e tw een  the  reg io n s  of maxium fie ld  is  ap p ro x im a te ly  31 cm .

The m agnet cu rren t i s  a d ju s te d  ( ^ 2 8 .5  amps) so  th a t  the  e le c t ro n  cy c lo tro n  

re s o n a n t  z o n es  a re  lo c a te d  abou t 1.5 cm on e i th e r  s id e  of the  m id p lan e .

At th e  re so n a n t  zone  th e  f ie ld  is  abou t 876 G a u ss  and  h a s  a g ra d ie n t  of 7 

G / c m .

The vacuum  cham ber i t s e l f  i s  m ade of 5 inch  I .D .  s t a i n l e s s  s tee l 

tub ing  and th e  l in e r  c o n s i s t s  of a len g th  of th in  w a l l  (.51 mm), s t a i n l e s s  

s t e e l  tub ing  w ith  an I .D .  of 8 .7 8  cm . A vacuum  s e a l  i s  m ade b e tw een  th e  

re c ta n g u la r  w av eg u id e  and  the  re so n a n t  i r i s .  Note th a t  an  aluminum baffe l
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w a s  p la c e d  f lu sh  w ith  the  i r i s  in  o rder to  reduce  th e  m ism a tch  be tw een  the  

re c ta n g u la r  and c y l in d r ic a l  w a v e g u id e . A rad io  f req u en cy  probe (dipole 

or loop) or a Langmuir probe c an  be in s e r te d  in  the  end  f lange  v ia  a vacuum  

feed  th ro u g h . The feed through is  d e s ig n e d  so  th a t  th e s e  p robes  canno t 

on ly  be m oved a x ia l ly  but c a n  a l s o  be sw ep t t r a n s v e r s e ly  so  th a t  ra d ia l  

p ro f i le s  c a n  a l s o  be m e a s u re d .  Another Langmuir probe c a n  be in s e r te d  

in to  th e  s id e  of th e  cham ber so  th a t  ra d ia l  p ro f i le s  can  be ta k e n  on the  

m id p la n e .

A d iam a g n e t ic  co il  w h ich  su rrounds  the  s t a i n l e s s  s t e e l  l in e r  i s  lo c a te d  

ju s t  off the  m id p la n e .  It i s  u s e d  to  m onitor th e  p e rp e n d icu la r  p la sm a  p re s ­

su re  nkT£jL . Side ports  (not show n in  Figure 16) in  the  cham ber a l s o  provide 

a c c e s s  for a K-band m icrow ave in te rfe ro m ete r  u s e d  to  m easu re  th e  av erag e  

d e n s i ty  of the  p la sm a  volum e a t  the  m id p lan e .

The m icrow ave feed  l ine  is  show n in  Figure 18 . S -b an d  m icrow aves  of 

f req u en cy  2 .4 5  GHz are g e n e ra te d  by an  Amperex DX-20G m agnetron  at 

pow er le v e l s  of abou t 1 kW . The m agnetron  is  o p e ra ted  in  a p u ls e d  mode 

c o n tro lled  by a p u ls e  forming ne tw ork . The p u lse  form, show n in  Figure 19 , 

h a s  a r e la t iv e ly  f la t  am plitude  for ab o u t 4 m s e c s ,  th e  en t i re  p u ls e  la s t in g  

for abou t 6 1/2 m s e c s .

The cham ber i s  e v a c u a te d  w ith  a 2 inch  o il  d if fu s io n  pump and a liqu id

n itrogen  co ld  t ra p  pumping sy s tem  w h ich  i s  c a p a b le  of a b a se  p re s su re  of

-1 - 4ab o u t 10 to r r .  The working g a s  is  hydrogen  a t  n eu tra l  p r e s s u re s  in  th e  10

to r r r a n g e .  It i s  m e te red  in to  th e  vacuum  cham ber by m eans  of a v a r ia b le  

l e a k .



FIGURE CAPTIONS

Fig . 16. Schem atic  d iagram  of th e  e x p e r im en ta l  a p p a r tu s .  The in s id e

d ia m e te r  of th e  c y l in d r ic a l  w av eg u id e  i s  8 .7 8  cm , th e  re c ta n g u la r

- 7
inpu t w av eg u id e  e n d s  a t  z = +22 cm and th e  b a se  p re s su re  i s  10 

to r r .

F ig .  17. The a x ia l  m ag n e t ic  f ie ld  p ro f i le .  The mirror ra t io  is  1 .25 and  

th e  f ie ld  a t  the  re s o n a n c e  z o n es  (z = -±1 .5  cm) i s  abou t 876 G a u s s .

F ig .  18. S chem atic  of th e  inpu t m icrow ave sy s tem  w h ich  fe e d s  pow er 

in to  th e  vacuum  c h am b er .  R ec tangu la r  S -b an d  w av eg u id e  i s  u s e d  th ro u g h ­

o u t .

F i g . 19. O sc il log ram  o f ty p ic a l  d a t a . The u p p e r  t r a c e  i s  th e  in te g ra te d  

d iam a g n e t ic  c o i l  s ig n a l ,  th e  m iddle  t r a c e  is  th e  m icrow ave pow er in  the  

p la sm a  volum e and  th e  low er t r a c e  is  th e  inpu t m icrow ave pow er p u lse  

(c ry s ta l  r e c t i f ie d ) .  The tim e s c a le  i s  1 m s /c m .
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2 -  MICROWAVE INTERFEROMETER

The K-band in te rfe ro m e te r  bridge i s  show n in  Figure 20. Two m icro­

w ave  horns  w ere  m ounted in  th e  s id e s  of the  c y l in d r ic a l  w av eg u id e  a t  the  

m idplane  of the  mirror m ach ine  in  o rder  to  p ro p ag a te  a sm all  am plitude  s ig ­

na l a t  f re q u e n c ie s  of abou t 20 GHz a c r o s s  the  m ag n e t ic  f i e ld .  This g iv e s  

a m easu rem en t of th e  av erag e  d e n s i ty  of the  p la sm a  a c r o s s  the  m id p lan e .

The K-band s ig n a l  i s  s p l i t  up in to  tw o b ra n c h e s ,  one w h ich  p a s s e s  

th rough th e  p la sm a  and th e  o th e r  b ranch  se rv in g  a s  a r e f e re n c e .  The s ig n a ls  

from th e s e  tw o b ran c h es  are  com bined  in  a m agic  t e e \ v h i c h  ad d s  the  two 

s ig n a ls  in  one arm and su b tra c ts  them in  th e  o th e r .  T hus , if  R and P r e ­

p re s e n t  the  s ig n a ls  in  th e  re fe ren ce  and p la sm a  b ran c h es  r e s p e c t iv e ly  and 

i s  th e  p h a se  d if fe ren ce  b e tw een  R and  P, th e n  the  pow er in  the  ad d it iv e  

(max) arm of the  m agic  te e  is  R ^  + P 2 + 2RP c o s  & w h ile  th e  pow er in  the  

o th e r  (null) arm is  R 2 + P 2 -  2RP co s  0  . In i t ia l ly  R and  P are  a d ju s te d  to  

be e q u a l  in  am plitude  and 0  i s  a d ju s te d  to  be z e ro .  W hen a p la sm a  is  

formed in  the  w a v e g u id e ,  i t  d e c r e a s e s  th e  in d ex  of re f ra c t io n  in  th a t  branch 

w hich  c a u s e s  a p h a se  sh if t  o f A  Q . This w i l l  th e n  produce c h a n g e s  in  the  

pow er le v e l s  of th e  tw o arms of th e  m agic  t e e  w h ich  are m o n ito red .  If the  

s ig n a ls  in  the  tw o arms are  s u b t ra c te d ,  th e  p h a se  sh i f t  c an  be d e te rm in ed .

O nce A  6  h a s  b een  found, the  p la sm a  d e n s i ty  c a n  be c a lc u la te d  a s

fo llow s: th e  d is p e r s io n  re la t io n  for p ro p ag a tio n  a c r o s s  the  s t a t i c  m agnetic  

2
f ie ld  is  g iv en  by
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This is  a pu re ly  t r a n s v e r s e  l in e a r ly  p o la r iz ed  e le c tro m a g n e t ic  w ave  w ith  

th e  o s c i l la t in g  e le c t r i c  f ie ld  v e c to r  po in ting  in  the  d i re c t io n  of the  s ta t i c  

m ag n e t ic  f ie ld  and th u s  i s  not e f fe c te d  by the  m ag n e t ic  f i e ld .  If U7p <■< (A>2 

(as i t  i s  for th i s  ex p er im en t) ,  th e n  the  index  of re f rac t io n  becom es

n  ~  1  — r  ~ u £  <102)

3
The av erag e  d e n s i ty  a c r o s s  a p a th  len g th  of 2a i s  g iven  by

n  =  ^  ^ o t m - ~ — <103>
f  2 a

w here  f i s  in  h e r tz  and A 9  i s  in  r a d i a n s .

A ty p ic a l  s e t  of d a ta  i s  show n in  Figure 21 . By read in g  th e  pow er le v e l s  

in  the  max and nu ll  arms and the  tra n sm it te d  pow er, th e  p h a se  sh if t  c a n  be 

m easu red  before  and a f te r  ab so rp t io n .

The av erag e  d e n s i ty  m easu red  for two d iffe ren t  f re q u e n c ie s  both before  

and a f te r  ab so rp t io n  a re  g iv en  in  the  ta b le  below :

FREQUENCY
(GFIz)

N BEFORE 
xlOn cm "3

N AFTER 
xlO11 cm”3

19.775 2. 6±  .5 3 . 3±. 2

22 .0 0 0 2 . 2 ± .8 2 .9  ±1 .0



FIGURE CAPTIONS

F ig . 20 . S chem atic  o f  th e  K band m icrow ave in te r fe ro m e te r .

F ig . 21. O sc il lo g ram  of ty p ic a l  in te r fe ro m e te r  d a t a .  The to p  t ra c e

is  th e  d if fe ren c e  s ig n a l  b e tw een  th e  m ax and  n u ll  b r a n c h e s .  The

low er t r a c e  i s  th e  t ra n sm it te d  p o w er.  Time s c a le  =.5 m s /c m ,  p r e s -  

-4su re  i s  2 .5  x  10 to r r .  The p ic tu re  i s  show n tw ic e  to  d em o n s tra te  

r e p ro d u c ib i l i ty .
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3 -  LANGMUIR PROBES

Both r a d ia l  and  a x ia l  Langmuir p robes  w ere  u s e d  to  m easu re  th e  lo c a l  

p la sm a  d e n s i t y  and  te m p e ra tu re .  The r a d ia l  probe e n te r s  th e  cham ber a t  

th e  m idp lane  th rough  a port in  the  vacuum  cham ber and a sm all  ho le  in  the  

s id e  of th e  c y l in d r ic a l  w a v e g u id e . It c a n  on ly  be p o s i t io n e d  from the  

c e n te r  of th e  w a v eg u id e  to  th e  w a l l .  The a x ia l  Langmuir p ro b e ,  on the  

o th e r  h and , w as  d e s ig n e d  to  sw iv e l  in  th e  vacuum  feed  th rough  and th u s  

c a n  tak e  ra d ia l  p ro f i le s  a t  any  a x ia l  p o s i t io n .  Both p robes  c o n s i s t  of a 

p ie c e  of w ire  w h ich  is  in s u la te d  from th e  p la sm a  by a lum ina (excep t for 

th e  e n d ) . A d iagram  of the  a x ia l  Langmuir probe i s  show n in  Figure 22 .

In o rder  to  m easu re  th e  e le c t ro n  te m p e ra tu re ,  th e  probe i s  b ia se d  p o s i ­

t iv e ly  and c o l l e c t s  p rim arily  an  e le c t ro n  cu rren t  I & . For a M ax w e ll ian  

e le c tro n  d is t r ib u t io n  th e  e le c t ro n  cu rren t c o l le c te d  is  g iven  by:

This e x p re s s io n  is  v a l id  on ly  up to  the  po in t w here  e le c t ro n  s a tu ra t io n  is  

re a ch e d  and th e  probe i s  sp a c e  c h a r g e  l im i te d .  The e le c t ro n  tem pera tu re  

c a n  th u s  be found by m aking a s e m i- lo g  p lo t  of I e v e r s u s  V and c a lc u la t in g  

th e  s lo p e  in  th e  l in e a r  re g io n .  T yp ica l r e s u l t s  a re  show n in  Figure 23.

In o rder to  d e te rm ine  the  d e n s i ty  we note  th a t  w hen  th e  probe i s  n e g a ­

t iv e ly  b ia s e d ,  a l l  th e  e le c t ro n s  a re  r e p e l le d  and ions  are  c o l l e c te d .  The

4
ion  cu rren t d e n s i ty  c o l le c te d  is  g iv en  by:

w here  A is  th e  a re a  of the  probe and nj = n€ = n for a n eu tra l  p la s m a .  The

(104)

T - JL- Vi; e v*h h-.e / 2 i l i  )'/z
A 4 4  \ w.' I (105)
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above  e x p re s s io n  would s im ply  e n a b le  u s  to  c a lc u la te  the  d e n s i ty  e x c e p t

for th e  fa c t  th a t  a n e g a t iv e ly  ch a rg ed  s h e a th  b u ild s  up around th e  probe

(due to  the  h ig h e r  m o b ili ty  of th e  e le c t ro n s )  w h ich  in c r e a s e s  the  e f fe c t iv e

c o l le c t in g  a re a  o f  th e  p ro b e .  W hen  th e  s h e a th  is  th in  com pared  to  th e  rad iu s
4

of th e  probe and T*( «  Te , th e  cu rren t  i s  g iv en  by

T hus , if  th e  probe a re a  A is  m e asu re d  and Te h a s  b een  de te rm ined  a s  a b o v e ,  

th e n  i t  i s  s e e n  th a t  th e  d e n s i ty  i s  s im ply  p ro p or tiona l to  th e  ion  s a tu ra t io n  

cu rren t  w h ich  i s  e a s i l y  m e a s u re d .  F igures 24 and  25 show  ty p ic a l  d a t a .

The above  a n a ly s i s  a p p l ie s  on ly  w hen  th e re  i s  no m ag n e t ic  f ie ld  p re s e n t .

If a s t a t i c  m ag n e t ic  f ie ld  e x i s t s  (as d o e s  in  th is  ex p er im en t) ,  the  random 

flux of p a r t i c le s  w il l  be l im ited  b e c a u s e  ion  Larmor rad iu s  c a n  be sm a l le r  

th a n  th e  probe ra d iu s  and  th e  m easu red  d e n s i ty  w i l l  th u s  be low er th an  the  

true  d e n s i t y .  This is  overcom e by u s in g  a ve ry  th in  probe (d iam eter  = 0 .0 0 8 9 " )  

but now the  s h e a th  w i l l  no lo n g e r  be th in  com pared  to  th e  probe r a d iu s .  The 

above  th in  s h e a th  th e o ry  f a i l s  and a th ick  s h e a th  th e o ry  m ust be s u b s t i tu te d  

to  a cc o u n t  for p a r t i c le s  w h ich  a re  not c o l le c te d  b e c a u s e  of o rb i ta l  m o tio n s .

I, (106)

5
It c a n  be show n th a t

(107)

w here  A is  the  a re a  of th e  probe and jr i s  th e  random cu rren t d e n s i t y ;

(108)

2
T herefo re , i f  a p lo t is  m ade of I v e r s u s  V, th e  d e n s i ty  c an  be c a lc u la te d
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by m easu rin g  th e  s lo p e  S w h ich  is  g iv en  by

5  =  I f  A 1 <109>

Note th a t  n e i th e r  T e nor Tj m ust be know n a s  w a s  p re v io u s ly .  T ypica l 

r e s u l t s  a re  shown in  Figure 26 .



FIGURE CAPTIONS

F ig .  22 . Axial Langmuir p ro b e .

F ig .  23 . R adial Langmuir probe d a ta ;  th e  e le c t ro n  cu rren t  on a log 

s c a le  i s  p lo t te d  v e r s u s  th e  a p p l ie d  v o l ta g e  on a  l in e a r  s c a l e .  The 

probe w a s  lo c a te d  a t  r = 1 .25 cm .

F ig .  24 . O sc il lo g ram  o f ty p ic a l  Langmuir probe d a t a . The to p  t ra c e

i s  th e  in te rg ra te d  d ia m a g n e t ic  s ig n a l  c o i l  s ig n a l  (p lasm a p re s su re ) ;

th e  low er t r a c e  i s  th e  ion  s a tu ra t io n  cu rren t  (the v o l ta g e  drop a c r o s s

a  100 ohm r e s i s to r ) .  The ra d ia l  probe i s  b ia s e d  a t  -5 0  v o l t s .  V ertical
-4

g a in  = 50 m v /c m , tim e s c a le  = 1.0 m s /c m .  P re s su re  = 2 .6  x  10 to rr  

and  r  = 0.

F ig .  25 . O sc il log ram  of ty p ic a l  Langm uir p robe d a t a .  The to p  t ra c e

is  th e  in te rg ra te d  d ia m a g n e t ic  s ig n a l  c o i l  s ig n a l  (p lasm a p re s su re ) ;

th e  low er t r a c e  i s  th e  ion  s a tu ra t io n  cu rren t  (the v o l ta g e  drop a c r o s s

a 100 ohm r e s i s to r ) .  The r a d ia l  probe i s  b ia s e d  a t  -5 0  v o l t s .  V ertical
- 4

g a in  = 50 m v /c m , tim e s c a le  = 0 .1  m s /c m .  P res su re  = 2 .6  x  10 to rr  

and  r  = 0 .

F ig .  26 . R adial Langmuir probe c h a r a c t e r i s t i c s  both before  and  a f te r  

a b so rp t io n  of th e  le f t  w a v e ,  r = 1 .25  cm .
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4 -  DIAMAGNETIC COIL
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The d iam a g n e t ic  c o i l  c o n s i s t s  of 100 tu rn s  of w ire  w rapped  around  the

s t a i n l e s s  s t e e l  l in e r  and is  lo c a te d  a t  z -  +1 cm (see  Figure 16). As th e

p e rp e n d icu la r  p la sm a  p re s su re  p ^  = nkTe j. c h a n g e s ,  i t  in d u c e s  an  e m f

6
in  the  c o i l  g iv en  by

w here  N i s  the  number of tu rn s  and  A is  the  a rea  of the  c o i l .

This s ig n a l  i s  th e n  in te g ra te d  by an  RC in te g ra t in g  c i r c u i t .  The v o l ta g e

7
a c r o s s  th e  c a p a c i to r  i s  g iv en  by

T ypica l r e s u l t s  a re  show n in  Figure 27. The v o lta g e  re s p o n s e  before 

ab so rp t io n  is  abou t 40 mv w h ich  co rre sp o n d s  to  a p re s su re  of 0 .4 5  N /m 2, . 

During th i s  p h a se  sm all  r ip p le s  a p p e a r  on the  t r a c e  w h ich  c o r re sp o n d s  to  

the  ion  a c o u s t ic  o s c i l l a t io n  o b se rv ed  on th e  RF s ig n a l .  A bsorp tion  is  c le a r ly  

s e e n  on th e  d ia m a g n e t ic  s ig n a l  a s  a r i s e  in  th e  p e rp e n d ic u la r  p re s su re  of 

up to  50%. S ince  d e n s i ty  m e asu re m e n ts  (Langmuir probe and in te rfe rom ete r)  

in d ic a te  no a p p re c ia b le  chan g e  in  av e rag e  d e n s i ty  a f te r  a b so rp t io n ,  th i s  50% 

r is e  c an  be a t t r ib u te d  to  a r i s e  in  th e  p re p e n d icu la r  e le c t ro n  te m p e ra tu re .

(110 )

(111)



FIGURE CAPTIONS

F ig .  27 . O sc illog ram  of ty p ic a l  d a t a .  The to p  t r a c e  is  th e  in te r ­

g ra ted  d iam a g n e t ic  c o i l  s ig n a l  (p lasm a p re s su re )  w ith  RC = IOO^m s , 

the  m iddle  t r a c e  i s  c r y s ta l  r e c t i f ie d  RF probe s ig n a l  and th e  bottom 

t ra c e  i s  th e  in c id e n t  m icrow ave po w er.  The RF loop  probe w a s  lo c a te d  

a t  z =-15.2 cm and r = 0 .  Time s c a le  = .2  m s /c m .
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5 -  RADIO FREQUENCY PROBES

In order to  d e te c t  th e  w ave  fie ld  in  the  w a v eg u id e  a d ip o le  probe w as  

u s e d  to  sam ple  th e  e le c t r i c  f ie ld s  E^ and E 0 and a m ag n e t ic  loop p ickup  

w as  u s e d  to  sam ple  H  ̂ and H 0 . E ither probe is  in tro d u ced  in to  th e  cham ­

ber v ia  a vacuum  feed  th rough on th e  end  f lange  ju s t  a s  the  a x ia l  Langmuir 

p ro b e .  These p robes  a re  c a p a b le  of tak in g  ra d ia l  p ro f i le s  a t  a l l  a x ia l  

p o s i t io n s .  The s ig n a l  from th e s e  p ro b es  i s  fed  in to  a c ry s ta l  d e te c to r  

w h o se  re c t i f ie d  ou tp u t  i s  proportioned  to  th e  pow er re c e iv e d  by th e  probe 

w hen th e  c ry s ta l  i s  o p e ra ted  in  i t s  l in e a r  re g io n .  In o rder to  m easu re  

th e  w ave  f ie ld s  for any  p a r t ic u la r  f req u e n cy ,  th e  probe ou tpu t w a s  fed 

d i re c t ly  in to  a m icrow ave re c e iv e r  (Polarad M odel R) w h ich  h a s  a v ideo  

ou tpu t p roportional to  the  f ie ld  r e c e iv e d .  W ith  v a r io u s  p lu g - in  u n i ts  th is  

r e c e iv e r  i s  c a p a b le  of d e te c t in g  f re q u e n c ie s  of 9 0 0 -2 ,0 0 0  MHz and 2 ,0 0 0 -  

4 ,0 0 0  MHZ .

Sample d a ta  of th e  RF p lasm a  re s p o n se  for th e  c r y s ta l  and  the  r e c e iv e r  

are show n in  F igures 27 and 28.

The d ip o le  probe h a s  a len g th  of 1.3 cm and i s  c o n n ec te d  to  0 .9  mm O .D .  

c o a x ia l  c a b le .  So a s  not to  p ick  up any  p la sm a  c u r r e n ts ,  th e  probe and the  

c ab le  are in s u la te d  from the  p la sm a  w ith  a lum ina  tub ing  and e p o x y . The 

m ag n e t ic  probe c o n s i s t s  of a p ie c e  of c o a x ia l  c a b le  w h ich  i s  b en t in to  a 

1 cm d iam e te r  lo o p .  The in n e r  co n d u c to r  is  sp o t  w e ld ed  to  th e  o u te r  c a s in g  

and a g a in  ca re  i s  ta k e n  to  in s u la te  th e  probe from th e  p la sm a .  D iagram s 

of t h e s e  p robes  are  show n in  F igures 29 and 30 .

The p robes  do have  f in i te  s iz e  and i t  i s  p o s s ib le  to  coup le  to  an o th er
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fie ld  com ponent or com ponen ts  o th e r  th a n  th o s e  for w h ich  th e  probe w as

d e s ig n e d .  In o rder to  t e s t  th e  d ip o le  p ro b e ,  and  E^. w ere  m e asu red
8

in  th e  vacuum  w av eg u id e  w here  on ly  th e  dom inan t TEjjm ode c a n  e x i s t  a t  

f = 2 .4 5  G H z. The r e s u l t s  are  show n in  Figure 31. The Eg p o in ts  g ive  a 

good fit to  th e  th e o re t ic a l  cu rve  but th e  E r r e s p o n s e  f a l l s  off f a s t e r  than  

p re d ic te d .  This is  b e c a u s e  th e  probe h a s  a f in i te  s iz e  and is  cou p lin g  to  

E q a s  w e l l  a s  E r .

S im ilar r e s u l t s  are  show n for th e  loop probe in  Figure 3 2 .  Again the  

poor ag reem en t for th e  H & p rofile  c a n  be a t t r ib u te d  to  th e  f in i te  probe 

s i z e ,  but in  ad d i t io n  now the  probe cou ld  a l s o  p ick  up some H z com ponent 

w h ich  i s  p re s e n t  in  th e  TE |( m ode . This e f fe c t  beco m es  more im portan t 

a s  th e  probe is  moved off a x is  th u s  e x p o s in g  more o f i t s  a re a  to  th e  a x ia l  

d i re c t io n .

Another problem w ith  the  loop  probe is  th a t  i t  m ay be c a p a b le  of cou p lin g

to  th e  e le c t r i c  f ie ld s  a s  w e l l  a s  th e  m ag n e t ic  f i e ld s .  For e x am p le ,  in  the

vacuum  guide  Hr and E e both hav e  the  sam e r a d ia l  p r o f i l e , nam ely

Hr,Ee~ y/a) (U2)
w here  X | j  i s  the  f i r s t  root o f  and a is  th e  w av eg u id e

ra d iu s .  To t e s t  th a t  the  probe i s  re sp o n d in g  to  H ra th e r  th a n  E a TM0|0 mode

m icrow ave c a v i ty  w as  c o n s t r u c te d .  For th i s  mode th e  on ly  f ie ld s  p re s e n t  

9are

E z ~ 3 o ( % o i  t/a ) (us)

( % 0 |  r / a )  0 M >



w here  ^ oj i s  th e  f i r s t  roo t of JG. The re s u l t s  a re  show n in  Figure 33 .

The d a ta  i s  on ly  in  fa ir  ag reem en t w ith  H q . The s ig n a l  a t  r = O drops 

o n ly  to  10% in  pow er ra th e r  th a n  to  z e ro .  This i s  p robab ly  due  to  th e  probe 

co u p lin g  to  Ez w h ich  i s  g r e a te s t  a t  r = O . T hus , i t  i s  s e e n  th a t  th e  loop 

probe c an  e f f e c t iv e ly  be u s e d  to  m easu re  m ag n e t ic  f ie ld  p ro f i le s  e v en  w hen  

an  e le c t r i c  f ie ld  i s  p re s e n t .
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FIGURE CAPTIONS

F ig . 28 . O sc il log ram  of r e c e iv e r  re s p o n s e  a t  f = 1685 M H z. The

u n re c t i f ie d  RF loop  probe s ig n a l  i s  fed in to  th e  m icrow ave  r e c e iv e r .

-4
p = 2 .5  x  10 to r r ,  z = -1 2 .7  cin , r = 0 and  .2  m s /c m .

F ig . 29 . RF d ipo le  probe .

F ig .  30 .  RF loop p ro b e .

F ig . 31. The sq u are  roo t of th e  RF d ip o le  r e s p o n s e ,  in  th e  vacuum  

guide  (norm alized) i s  p lo t te d  v e r s u s  th e  norm alized  r a d ia l  p o s i t io n  r / a .  

The cu rv e s  a re  the  c a lc u la te d  vacuum  guide  f ie ld s  for th e  TE^ m ode .

F ig .  32 .  The sq u a re  roo t of th e  RF loop probe  r e s p o n s e ,  in  th e  vacuum  

gu ide  (norm alized) i s  p lo t te d  v e r s u s  the  norm alized  r a d ia l  p o s i t io n  r / a .  

The cu rv es  a re  th e  c a lc u la te d  vacuum  guide  f ie ld s  for th e  TE^ m o d e .

F ig . 33 . The sq u a re  roo t of th e  RF loop  probe re s p o n s e  (norm alized) in  

th e  m icrow ave t e s t  c a v i ty  i s  p lo t te d  for d if fe ren t  r a d ia l  p o s i t io n .  The 

cu rv e s  a re  th e  c a v i ty  f ie ld s  for th e  TM m ode .
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IV -  EXPERIMENTAL RESULTS

In ex p e r im en ts  perform ed w ith  the  p re v io u s ly  d e sc r ib e d  a p p a r a tu s ,  a 

p la n e  l in e a r i ly  p o la r iz e d  e le c t ro m a g n e t ic  w ave  of freq u en cy  2 .4 5  GHz 

p ro p a g a tin g  in  th e  dom inan t TE ,Q mode in  th e  re c ta n g u la r  S -b an d  w a v e ­

gu ide  (cu toff f req u en cy  = 2 . 0 8  GHz) i s  lau n ch e d  in to  a c y l in d r ic a l  

w a v eg u id e  (vacuum cu to ff  f req u en cy  = 2 . 0 0  G H z). The r ig h t hand  com­

p o n en t of the  in c id e n t  w ave  in te r a c t s  w ith  th e  e le c t ro n s  in  a m ag n e t ic  

b e a c h  a rran g em en t to  c r e a te  an  e le c t ro n  cy c lo tro n  p la s m a .  The le f t  

han d  com ponen t of th e  in c id e n t  w ave  shou ld  e i th e r  be re f le c te d  if  the  

p la sm a  is  o v e rd e n se  or be t ra n sm it ted th ro u g h  th e  p la sm a  if  i t  i s  u n d e r-  

d e n s e , to  a w ave  of th a t  f r eq u e n cy .

Figure 34 i s  an  o sc i l lo g ra m  show ing  the  re s p o n s e  of the  d iam ag n e tic  

c o i l  and th e  RF d ip o le  probe a lo n g  w ith  the  in c id e n t  po w er.  Figure 35 

show s  th e  sam e p a ra m ete rs  but now on an  ex p an d ed  tim e s c a l e .  These  

o s c i l lo g ra m s  r e v e a l  s e v e ra l  in te r e s t in g  phenom ena  during  the  tim e of 

th e  in c id e n t  pow er p u l s e .  In i t ia l ly ,  th e  p la sm a  b u ild s  up; th i s  i s  b e s t  

s e e n  on  th e  d ia m a g n e t ic  t r a c e  in d ic a te d  by a sh a rp  r i s e  in  p la sm a  p re s ­

su re  nkTe j _ . During th i s  p h a se  the  RF re s p o n se  u n d e rg o es  s e v e ra l  la rg e  

am plitude  f lu c tu a t io n s  w h ich  i s  a t t r ib u te d  to  a ra p id ly  ch an g in g  s tan d in g  

w av e  p a t te rn  a s  th e  p la sm a  i s  c r e a te d .  N ext w e o b se rv e  th a t  an  e q u i l ­

ibrium ( d p j _ / d t ^ 0 )  i s  r e a c h e d .  This i s  in d ic a te d  by the  c o n s ta n t  

am p li tu d e  d ia m a g n e t ic  and  RF r e s p o n s e s .  The m odula tion  of both 

t h e s e  s ig n a l s  by low freq u e n cy  o s c i l l a t i o n s  is  v e ry  a p p a re n t .  These 

m o d u la t io n s  hav e  a f req u en cy  of abou t 75 kHz and hav e  b een  id e n t i f ie d



a s  ion  a c o u s t ic  w a v e s .  1 It i s  a l s o  no ted  th a t  the  RF s ig n a l

le v e l  i s  su ch  th a t  s u b s ta n t ia l  pow er i s  p re s e n t  a t  the  probe p o s i t io n ,

w h ich  in d ic a te s  th a t  th e  le f t  w av e  i s  be ing  t r a n s m i t te d .  D en s i ty
\\ ^

m e asu rem en ts  during th i s  p h a s e  find th a t  n a* 2x10 cm* . Cold 

p la sm a  th eo ry  p re d ic ts  (see  th e o ry  s e c t io n ,  Figure 9 ) th a t  the  le f t

lO i
w av e  shou ld  be cu to ff  for d e n s i t i e s  above  6 .6  x  10 cm " , th u s  th e  

o b se rv e d  t r a n s m is s io n  c an  be te rm ed  an o m a lo u s .

After a pe riod  of tim e the  RF s ig n a l  e s s e n t i a l l y  drops  to  zero  w ith  

a c o n cu rren t  in c re a s e  in  th e  p la sm a  p r e s s u r e .  At th e  sam e tim e th e  

r e f le c te d  pow er a l s o  d e c r e a s e s  from 30% to  as 4%. D e n s i ty  m e a s u re ­

m en ts  in d ic a te  th a t  th e  av erag e  d e n s i ty  rem a ins  e s s e n t i a l l y  u n changed  

a t  th i s  t i m e , th u s  we a t t r ib u te  the  r i s e  in  th e  d iam ag n e t ic  s ig n a l  to  an 

in c re a s e  in  th e  te m p e ra tu re .  This i s  in te rp re te d  to  be anom alous  a b ­

so rp tio n  of th e  in c id e n t  le f t  hand  w a v e .

Each o f th e  above  phenom ena  w i l l  now be d i s c u s s e d  in  more d e t a i l .



FIGURE CAPTIONS

F ig .  34 . O sc il lo g ram  of ty p ic a l  d a t a .  The top  t r a c e  i s  th e  in te rg ra te d  

d ia m a g n e t ic  c o i l  s ig n a l  (p lasm a p r e s s u r e ) ,  th e  m iddle  t r a c e  i s  th e  

c r y s ta l  r e c t i f ie d  RF d ip o le  probe re s p o n s e  (z = -1 5 .2  cm) and  th e  bo t­

tom t ra c e  i s  th e  in c id e n t  m icrow ave po w er.  Time s c a le  = 1 m s /c m .

F ig .  35 . O sc illog ram  of ty p ic a l  d a t a .  The top  t r a c e  i s  th e  in te rg ra te d  

d ia m a g n e t ic  c o i l  s ig n a l  (p lasm a p re s s u re ) ,  th e  m iddle  t r a c e  i s  the  

c r y s ta l  r e c t i f ie d  RF d ip o le  probe re s p o n s e  (z = -1 5 .2  cm) and  th e  bo t­

tom t ra c e  i s  th e  in c id e n t  m icrow ave po w er.  Time s c a le  = 0 .1  m s /c m .
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1 -  ION ACOUSTIC WAVES

The a p p e a ra n c e  of low freq u en cy  75 kHz) m o d u la t io n s  c a n  be 

c le a r ly  s e e n  on th e  d ia m a g n e t ic  and RF s ig n a ls  (see  F igures  3 4 a n d 3 5 ) .  

These  o s c i l l a t i o n s  are  a l s o  o b se rv ed  w ith  a h igh  im pedance  e l e c t r o ­

s t a t i c  probe and on  th e  Langmuir probe d a t a .  They are  in te rp re te d  to  

be d e n s i ty  f lu c tu a t io n s  due to  ion  a c o u s t ic  w a v e s .

2
The d is p e r s io n  re la t io n  for th e s e  w a v e s  is  g iv en  by

and in  th e  long w a v e le n g th  lim it (of in te r e s t  h e r e ) , e q u a t io n  (115) c a n  

be w r i t te n  a s

The w a v e le n g th  w a s  m e asu red  by com paring  th e  p h a se  of the  m odu­

la t io n s  of th e  d ia m a g n e t ic  s ig n a l  to  th e  RF pow er m o d u la t io n s  for d if fe ren t  

a x ia l  p o s i t io n s .  The RF probe w a s  moved a x ia l ly  u n t i l  a p h a se  sh if t  

o f  TT/2 ra d ia n s  w a s  n o te d .  T hese  m easu re m e n ts  y ie ld  a r e s u l t  o f  A= 40±8cm .

in to  e q u a t io n  (116), th e  r e s u l t  i s  f = 69 + 11 k H z .  This i s  in  good 

ag reem en t w ith  th e  m easu red  v a lu e  of 75 k H z .

W hen  th e  e f fe c t s  of a s t a t i c  m ag n e t ic  f ie ld  and  c y l in d r ic a l  co n d u c tin g  

b o u n d a r ie s  are in c lu d e d ,  th e  d is p e r s io n  re la t io n  for th e  ion  a c o u s t ic

(115)

(116)

W hen  th i s  v a lu e  of A  and a ty p ic a l  v a lu e  of Te = 8 + 1 e V are  in s e r te d

. 1w a v e s  is

(117)



w here  = kTe / m j ,  Sl> s  CAJCI- + W j>;} «  U)C'itJla i s  a  roo t of Jm ( i a ) ,

a i s  th e  w av eg u id e  r a d iu s ,  and  Jm is  th e  o rd ina ry  B e s s e l  fu n c tio n  of

2 D %
order m . The m e asu red  w a v e le n g th  is  long enough  so  th a t  k z  <<m a  .

The a z im u th a l  mode number m is  unknow n, but w hen  th e  f req u en cy  

i s  c a lc u la te d  from (117)for m = 0 and m = 1 for th e  p a ra m e te r s  o f  th i s  

e x p e r im en t ,  th e  r e s u l t s  d iffe r  w ith  th e  v a lu e  o b ta in e d  from (116) by on ly  

m  2%. Again, th i s  i s  w e l l  w ith in  the  e x p e r im en ta l  e r ro r .

In a d d i t io n ,  to  d em o n s tra te  th a t  th e  f req u en cy  of t h e s e  w a v e s  d e p en d s  

on th e  ion  m a ss  a s  p red ic ted  by (116), f req u en cy  m e asu re m e n ts  w ere  m ade 

w ith  neon (atom ic w e ig h t  = 20) and  a rgon  (atom ic w e ig h t  = 40) a s  w e l l  

a s  h y d ro g en . The r e s u l t s  a re  show n in  th e  ta b le  be lo w .

W orking
G as

Atomic
W eigh t

M easu red
Frequency
( k H z )

C a lc u la te d  
F requency  * 

( k H z )

H 1 75 75
Ne 20 18 17
Ar 40 6 12

* -  The c a lc u la te d  freq u en cy  w a s  ta k e n  to  be the  m e asu re d  f req u en cy  
for hydrogen  and  75 k H z /  -y/m  ̂ for th e  o th e r  g a s e s .

Although th e s e  r e s u l t s  are  not in  good ag reem en t i t  m ust be no ted  th a t

no a c c o u n t  w a s  m ade for any  change  in  Te or A .
The m agn itude  of th e  d e n s i ty  m odu la tion  i s  ab o u t 25% but c an  be

a s  h igh  a s  40% a t  off a x is  p o s i t io n s .  This i s  not a s u f f ic ie n t  re d u c t io n

in  th e  d e n s i ty  to  a l lo w  th e  le f t  w ave  to  p ro p a g a te .  In o rder  for th i s  to

h a p p e n ,  the  ion  a c o u s t ic  w a v e s  w ould  have  to  m odu la te  th e  d e n s i ty  

a t  a m agn itude  of th e  o rder o f  70%.
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2 -  DENSITY PROFILES

R adial d e n s i ty  p ro f i le s  (at z = 0 only) w ere  made w ith  the  ra d ia l  

Langmuir p ro b e ,  w h ile  both a x ia l  and  r a d ia l  (for v a r io u s  a x ia l  p o s i t io n s )  

w ere  m ade w ith  th e  a x ia l  Langmuir p ro b e .  In p lo t t in g  th e s e  p ro f i le s ,  

the  ion  s a tu ra t io n  cu rren t w as  u s e d  b e c a u s e ,  a s  w a s  show n p re v io u s ly ,  

i t  i s  d i r e c t ly  p ro p o r t io n a l  to  the  p la sm a  d e n s i ty .  It is  n o ted ,  how ever ,

IA
th a t  th e  ion  s a tu ra t io n  cu rren t is  a l s o  p ro p o r t io n a l  to  Te 7 and th u s  

w il l  on ly  g ive  a true  r e p re s e n ta t io n  of th e  d e n s i ty  on ly  if  th e  tem p er­

a tu re  is  c o n s ta n t .  H ow ever, tem p e ra tu re  m e asu rem en ts  in d ic a te  th a t  

th e  lo n g i tu d in a l  and  t r a n s v e r s e  tem p e ra tu re  g ra d ie n ts  are  on ly  abou t 

30%. This in d ic a te s  th a t  th e  p ro f i le s  show n d iffe r  from th e  true  

d e n s i ty  d is t r ib u t io n  by 15% at m o s t .

Figure 36 show s  th e  a x ia l  d e n s i ty  p ro f ile  both before  and  a f te r  a b ­

so rp tio n  a t  r = 1 c m . M icrow ave  in te r fe ro m e te r  m easu rem en ts  in d ic a te  

th a t  th e  av e rag e  d e n s i ty  c h a n g e s  v e ry  l i t t l e  a t  the  tim e of a b so rp t io n  

but Figure 36 c le a r ly  show s th e  d e n s i ty  a f te r  ab so rp t io n  h ig h e r  th a n  

before a b so rp t io n .  The re a so n  for t h i s  i s  tw o fo ld .  F ir s t ,  tem pera tu re  

m easu rem en ts  show  th a t  Te in c r e a s e s  by abou t 30% a f te r  a b so rp tio n  

w h ich  a c c o u n ts  for a 15% in c re a s e  in  th e  ion  sa tu ra t io n  cu rren t and 

s e c o n d ja s  w i l l  be show n , th e  r a d ia l  d e n s i ty  p rofile  u n d e rg o es  s e v e ra l  

rap id  c h a n g e s .  Thus we c an n o t co n c lu d e  from Figure 36 th a t  the  d e n s i ty  

a f te r  a b so rp t io n  i s  g re a te r  for a l l  z ,  but w e c a n  g e t  a r e a so n a b le  p ic ­

tu re  of how the  d e n s i ty  is  d is t r ib u te d  a lo n g  th e  a x is  of th e  mirror 

m a c h in e .



Figure 37 show s  th e  ra d ia l  d e n s i ty  p ro file  for s e v e ra l  d if fe ren t  

t im e s  in  th e  e v o lu tio n  of the  p la sm a .  C urves  A and B show th e  d is t r ib u ­

t io n  sh o r t ly  a f te r  p la sm a  form ation to  be p eak ed  on a x is  and fa l l in g  off 

tow ard  th e  w av eg u id e  w a l l .  C and D ta k e n  a t  p ro g re s s iv e ly  la te r  t im e s  

show  th a t  th e  d e n s i ty  is  re d is t r ib u t in g  i t s e l f  to  c o n f ig u ra t io n s  w ith  

m axim a off th e  a x i s .  Curve E show s th e  d e n s i ty  d is t r ib u t io n  j u s t  a f te r  

a b so rp t io n .

Figure 38 show s the  d e n s i ty  p ro f i le s  for s e v e ra l  a x ia l  p o s i t io n s  

ju s t  before  a b so rp t io n  of th e  le f t  w a v e .  The in n e r  maximum of curve 

E in  Figure 37 (z=0) h a s  moved onto th e  a x is  a t  z = - 7 . 6  cm and h a s  

co m p le te ly  v a n ish e d  by z = -1 5 .3  cm . It i s  a l s o  s e e n  th a t  a t  p o s i t io n s  

fu r ther dow nstream  from the  c e n te r  of the  m a ch in e ,  th e  maxima move 

c lo s e r  to  th e  a x is  .
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Fig . 36 . The a x ia l  d e n s i ty  d is t r ib u t io n  (a rb itrary  u n i ts )  i s  show n for 

both  before  and  a f te r  ab so rp t io n  of th e  le f t  w av e  a lo n g  w ith  th e  m ag­

n e t ic  f ie ld  p r o f i l e . The m icrow ave p ow er i s  in c id e n t  from th e  le f t  a t  

z = +22 cm ( lo ca tio n  of th e  re s o n a n t  i r i s )  and  th e  le f t  w av e  i s  cu to ff  

a t  ab o u t z = +11 cm .

F ig .  37 .  Time ev o lu tio n  of the  r a d ia l  d e n s i ty  p ro f i le .  The ion  s a tu ra t io n  

cu rren t in  a rb i tra ry  u n i ts  i s  p lo t te d  v e r s u s  th e  n o rm a lized  r a d ia l  p o s i t io n .  

Po in ts  A -  E re fe r  to  p ro g re s s iv e  p o in ts  in  t im e .

F ig . 38 .  R adial d e n s i ty  p ro file  for v a r io u s  a x ia l  p o s i t io n s  j u s t  before  

a b so rp t io n  o f  th e  le f t  w a v e .
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3 -  RF PROFILES

Figure 39 is  an  a x ia l  p ro file  a t  r = 0 ta k e n  w ith  th e  d ipo le  p ro b e .

The RF pow er (c ry s ta l  re sp o n se )  i s  p lo t te d  for both h o r izo n ta l  (H) 

and  v e r t i c a l  (V) o r ie n ta t io n s  of th e  p ro b e . The upper cu rv es  w ere  

ta k e n  before a b so rp t io n  and th e  low er s e t  a f te r  a b so rp t io n .  The w ave  

e n te r s  th e  c y l in d r ic a l  w av eg u id e  a t  z = +22 cm and shou ld  be in t ia l ly  

l in e a r ly  p o la r iz e d  in  th e  v e r t i c a l  d i re c t io n  (not show n) . The re s p o n se  

before  a b so rp t io n  c le a r ly  show s th a t  Faraday ro ta t io n  of th e  w ave is  

ta k in g  p la c e  up to  ab o u t z = +13 c m . Beyond z = +4 cm th e  h o r izo n ta l  

and  v e r t i c a l  s ig n a l s  are  id e n t ic a l  in d ic a t in g  th a t  th e  w ave i s  now 

c i rc u la r ly  p o la r iz e d  (e ith e r  le f t  or r igh t h a n d ed ) .  We a ssu m e  th a t  it  

i s  th e  le f t  com ponent w h ich  is  p ro p ag a tin g  b e c a u s e  of the  s trong  c y ­

c lo tro n  dam ping of r ig h t w ave p re d ic te d  by th e o ry .  (Evidence w il l  be 

p re s e n te d  la t e r  to  v e r ify  th a t  i t  i s  in d eed  the  le f t  w ave  w h ich  i s  p ro ­

p a g a t in g . )  This le f t  w ave  i s  t ra n sm it te d  th rough  the  p la sm a  volume 

and th e n  s e t s  up a s tan d in g  w ave  p a t te rn  in  an  e s s e n t i a l l y  vacuum  

guide  on th e  dow nstream  s id e  of th e  p lasm a  for z ?  -  15 cm . Only the  

f i r s t  p eak  in  the  s tan d in g  w ave  p a t te rn  is  show n .

The low er s e t  of cu rv es  (a fte r  abso rp tion )  a g a in  show Faraday  ro ­

ta t io n  but now both  th e  le f t  and  r igh t com ponen ts  are a b so rb ed  by 

z = +4 cm . R ef lec ted  pow er m e asu re m e n ts  (see  Figure 40 ) show th a t  

th e re  i s  e s s e n t i a l l y  no re f le c te d  pow er a f te r  a b so rp t io n ,  th u s  we co n ­

c lu d e  th a t  bo th  the  le f t  and r ig h t  hand  w a v e s  a re  be ing  a b so rb e d .  M o st  

of th e  a/ 4% re f le c te d  pow er a f te r  ab so rp t io n  in  Figure 40 i s  a t t r ib u te d
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FIGURE CAPTIONS

F ig .  39 .  Axial s tan d in g  w ave  p a t te rn  for v e r t i c a l  (V) and  h o r iz o n ta l  

(H) o r ie n ta t io n s  o f  the  RF d ip o le  p ro b e .  The u p p e r  cu rv e s  a re  before  

a b so rp t io n  and  th e  low er cu rv e s  a f te r .

F ig . 4 0 .  P e rcen t  r e f le c te d  pow er a s  a  fu nc tion  of n eu tra l  p re s su re  

i s  p lo t te d  both  before  and  a f te r  th e  a b so rp t io n  of the  le f t  w a v e . The 

in c id e n t  pow er is  365 w a t t s .  In th e  vacuum  g u id e ,  th e  r e f le c te d  pow er 

i s  67%.
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to  w av eg u id e  m ism a tch .

To v e r ify  th a t  th e  le f t  w ave  w a s  be ing  t ra n sm it te d  before a b so rp ­

t i o n ^  sp ira l  an ten n a  w a s  u s e d .  This a n ten n a  c o n s i s t s  of a p ie c e  of 

w ire  w ound on a p le x ig la s s  cone in  a s e n s e  so  th a t  i t  re sp o n d s  p re ­

d om inan tly  to  a le f t  hand  p o la r iz ed  w a v e . W hen the  s t a t i c  m ag n e t ic  

f ie ld  i s  r e v e r s e d ,  th e  ro le of th e  le f t  and r igh t w a v e s  i s  a lso  r e v e r s e d .  

The re s p o n se  of th e  probe w ith  the  f ie ld  re v e rse d  w a s  10 db low er 

th a n  i t s  r e s p o n s e  to  th e  le f t  w ave th u s  confirm ing th i s  h y p o th e s i s .

Radial p ro f i le s  of Er and w ere  ta k e n  a t v a r io u s  a x ia l  p o s i t io n s  

w ith  the  d ip o le  p ro b e .  F igures  41 and 42 show  ty p ic a l  r e s u l t s .  Curve 

A is  t a k e n  ju s t  a f te r  p la sm a  form ation  w here  th e  d iam ag n e tic  s ig n a l  

le v e l s  o ff .  These  p ro f i le s  are in  e x c e l le n t  ag reem en t w ith  the  th e o r e t i ­

c a l  p ro f i le s  (see  Figure 10 ) .  Curve B w as  t a k e n  a t th e  averag e  of the  

ion  a c o u s t ic  m o d u la t io n s  of t ra n sm it te d  le f t  w ave  s ig n a l  (before ab ­

s o rp t io n ) . As w ith  th e  d e n s i ty  p ro f i le s ,  th e  e le c t r i c  fie ld  d is t r ib u t io n s  

are  a l so  "an n u la r"  in  co n f ig u ra t io n .

F igures  43, 44 , 45 show  the  f ie ld  p ro f i le s  for th e  dow nstream  p o s i ­

t io n s  o f  z = - 7 . 6  cm . - 2 0 . 0  cm and - 2 5 . 4  cm . Again i t  is  o b se rv ed  

th a t  the  maxima are  f a r th e s t  from the  a x is  c lo s e  to  th e  c e n te r  of the  

m a c h in e , but move c lo s e r  to g e th e r  for p o s i t io n s  fu r ther dow nstream  

(to reg io n s  of low er d e n s ity )  u n ti l  the  p ro f i le s  a g a in  a p p ea r  a s  e x p e c t ­

ed  by z = - 2 5 . 4  cm . This re d is t r ib u t io n  of th e  f ie ld s  a c c o u n ts  for the  

la rg e  am plitude  p e a k s  in  F igure  39 . The reg io n s  of maximum d e n s i ty  

a s  w e ll  a s  maximum e le c t r i c  f ie ld  a p p e a r  to  be " foo tba ll  s h a p e d . "



The w ave  m ag n e t ic  f ie ld  p ro f i le s  ju s t  before  ab so rp t io n  are  

show n in  F igures  46 and 47 . Here  a g a in  Hf and  H q  e x h ib i t  

an n u la r  co n f ig u ra t io n  ra th e r  th a n  th e i r  e x p e c te d  p e ak e d  on a x is  

d is t r ib u t io n .
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Fig . 41. E ^  r a d ia l  p ro f ile  (a rb itrary  u n i ts )  a t  z = -1 5 .3  cm . Curve 

A i s  th e  d ip o le  p robe re s p o n s e  ju s t  a f te r  p la sm a  form ation and curve 

B i s  th e  a v e rag e  o f  th e  ion  a c o u s t ic  m o d u la t io n s  of th e  le f t  w ave  before 

a b s o rp t io n .

F ig . 4 2 .  Ef  r a d ia l  p ro f ile  (a rb itrary  u n i ts )  a t  z = -1 5 .3  cm . Curve 

A i s  th e  d ip o le  p robe re s p o n s e  j u s t  a f te r  p la sm a  form ation  and curve 

B i s  th e  a v e ra g e  of th e  ion  a c o u s t ic  m o d u la t io n s  of th e  le f t  w av e  before 

a b so rp t io n .

F ig .  4 3 .  E le c tr ic  f ie ld  ra d ia l  p ro f i le s  a t  a  tim e j u s t  before  a b so rp t io n  a t  

z = - 7 . 6  c m .

F ig .  4 4 .  E lec tr ic  f ie ld  r a d ia l  p ro f i le s  a t  a  tim e ju s t  before  a b so rp t io n  a t  

z = - 2 0 . 0  cm .

F ig . 4 5 .  E lec tr ic  f ie ld  ra d ia l  p ro f i le s  a t  a tim e ju s t  before  a b so rp t io n  a t  

z = - 2 5 .4  c m .

F ig .  4 6 .  r a d ia l  p ro f ile  a t a  tim e before  a b so rp t io n  a t  z = -1 5 .3  cm .

F ig .  4 7 .  H r a d ia l  p ro f ile  a t  a  tim e before  a b so rp t io n  a t  z = -1 5 .3  cm .
V
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4 -  ELECTROSTATIC PROFILES

As w a s  p re v io u s ly  d i s c u s s e d ,  th e  le f t  hand w ave  is  f i r s t  t ra n s m it te d  

th e n  an o m alo u s ly  a b so rb e d .  During a b so rp t io n  th e  to ta l  t ra n sm it te d  

pow er is  l e s s  th a n  .01%, th e  e le c t ro n  tem p era tu re  in c r e a s e s  20-50% 

w h ile  the  a v e rag e  d e n s i ty  rem a ins  e s s e n t i a l l y  u n c h a n g e d .  In a d d i t io n  

to  m aking RF pow er m easu rem en ts  w ith  a c ry s ta l  d e te c to r  (which h a s  

a broad band r e s p o n s e ) ,  m e asu rem en ts  w ere  a l s o  m ade w ith  a m ic ro ­

w ave  re c e iv e r  (see  a p p a ra tu s )  a t  a l l  f r e q u e n c ie s  w ith in  the  range  of 

0 .9  -  4 .1  G H z. Figures 48 and 49 show  the  pow er f req u en cy  spec trum  

ta k e n  w ith  the  r e c e iv e r .  S im ilar m easu re m e n ts  w ere  m ade in  th e  

vacuum  guide in  o rder to  in su re  th a t  th e  o b s e rv ed  s ig n a ls  w ere  p la sm a  

r e s p o n s e s  and not ju s t  p ick  up from th e  m agnetron  i t s e l f .  Any r e s ­

p o n s e s  in th e  2 - 3 . 7  GHz reg ion  w ere  found to  be from th e  m agnetron .

W hen  the  re s p o n s e s  a t  any  p a r t ic u la r  f req u en cy  are  e x am in ed ,  th e y  

a re  ty p ic a l ly  found to  look l ike  F igures 50 and 51 . It i s  found th a t  th e re  

i s  no re s p o n se  before  a b so rp t io n .  M ea su rem en ts  a t  a l l  f r e q u e n c ie s  

c le a r ly  show the  RF s ig n a ls  to  build  on ly  im m ed ia te ly  a f te r  a b so rp t io n .  

This in d ic a te s  th a t  the re  a re  many m odes w h ich  are  e x c i te d  in  the  p la sm a  

a t  the  tim e of a b so rp t io n .

In o rder to  de term ine  th e  p ro p ag a tio n  c o n s ta n t s  for t h e s e  v a r io u s  

m o d e s ,  a x ia l  s tandingw ave p a t te rn s  of th e  w ave  m ag n e t ic  f ie ld  w ere  

t a k e n  a t  f r e q u e n c ie s  co rre sp o n d in g  to  the  c e n te r  of th e  p e a k s  in  F igures 

48 and  49 . T yp ica l r e s u l t s  for the  low f req u en cy  b ranch  a re  show n 

in  F igures 52 , 53 , 54 and 55 . Two fe a tu re s  c a n  e a s i l y  be  d is c e rn e d
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F ig .  4 8 .  Power freq u en cy  spec trum  of e x c i t e d  r e s p o n s e s .  The RF 

loop  probe r e s p o n s e  (a rb itrary  u n i ts )  i s  p lo t te d  a g a in s t  th e  freq u en cy  

to  w h ich  the  r e c e iv e r  i s  tu n e d .

F ig .  4 9 .  Same as Figure 48 e x c e p t  for a h ig h e r  range  of f r e q u e n c ie s .

F ig .  50 . RF r e c e iv e r  re s p o n s e  of th e  loop  probe s ig n a l  a t  f = 1685 

M H z. Probe lo c a te d  z = -1 2 .7  cm , r  = 0 .  V ertica l  g a in  = .2  v /c m ,  

tim e  s c a le  = .2  m s /c m .

F ig .  51. Same a s  F igure 50 e x c e p t  f = 3980 MHz and z = - 8 . 9  cm .

F ig .  5 2 .  Axial s tan d in g  w av e  p a t te rn  a t  f = 1480 M H z. The RF re c e iv e r

r e s p o n s e  (arb itrary  u n i ts )  of th e  loop  probe  i s  p lo t te d  a s  a fu nc tion  of 

a x ia l  p o s i t io n  z .

F ig . 53 . Same a s  F igure 52 but a  f = 1578 M H z.

F ig .  5 4 .  Same a s  F igure 52 bu t a t  f = 1685 M H z.

F ig .  55 . Same a s  F igure 52 bu t a t  f = 1780 M H z.
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h ere : 1 . -  The w avenum ber in c r e a s e s  w ith  f req u en cy  and 2 .-  k z

in c r e a s e s  for low er d e n s i t i e s  (h igher a x ia l  p o s i t io n s ) .

Figure 56 show s the  averag e  p ro p ag a tio n  c o n s ta n t  for e ac h  ,

m easu re d  freq u en cy  p lo tted  a s  d a ta  p o in ts ;  th e  so l id  cu rv es  are the

d is p e r s io n  cu rv es  for th e  low freq u en cy  b ranch  of bounded Gould -  
3

T r iv e lp iece  m odes (see  Figure 11 ). It is  no ted  th a t  th e  s lo p e  of the  

d a ta  p o in ts  i s  in  r e a so n a b le  ag reem en t w ith  th e  th eo ry  for no dam ping 

but the  v a lu e s  of k z are sm a l le r  th a n  e x p e c te d .  This s u g g e s ts  th a t  

dam ping m ay be o c cu r in g ,  a s  c o l l i s io n a l  dam ping w ould  te n d  to  in c re a s e  

th e  w a v e le n g th  from i t s  undam ped v a lu e .  It i s  s e e n  th a t  a c o l l i s io n  

f req u e n cy  of v/(x) -  .3  g iv e s  e x c e l le n t  a g re em e n t .

Figure 57 is  a p lo t of the  p ro p ag a tio n  for a s in g le  freq u en cy  (1785 

MHz) a long  w ith  the  th e o re t ic a l  d is p e r s io n  c u rv e s ,  but now p re se n te d  

a s  a fu n c tio n  of d e n s i ty  ra th e r  th a n  f r e q u e n cy .  Again i t  i s  found th a t  

the  m e asu re d  w avenum ber is  in  r e a s o n a b le  ag reem en t w ith  the  undam ped 

th e o ry ,  but i s  l e s s  th a n  p re d ic te d .  For co m p ar iso n ,  th e  dam ped e l e c ­

t r o s ta t i c  m odes are  a l s o  shown. It i s  s e e n  th a t  for low d e n s i t i e s ,  a 

sm all  c o l l i s io n  frequency  g iv e s  a b e t te r  f it  to  th e  d a ta ,  w h e rea s  a t  

h ig h e r  d e n s i t i e s  more dam ping a p p e a rs  ev id en t ;  th i s  i s  to  be e x p e c te d .

The s tan d in g  w ave  p a t te rn  for f = 1578 MHz (Figure 53 ) a l so  

r e v e a ls  an  e x p o n en t ia l  e n v e lo p e  w h ich  is  s u g g e s t iv e  of dam ping . In 

Figure 58 th e  maxima and minima of the  a x ia l  p ro file  for th i s  frequency  

are  p re s e n te d  on a s e m i- lo g  p lo t .  The s lope  of th e s e  cu rv e s  y ie ld s  

a dam ping  d ecrem en t of abou t 9 cm (for pow er) .  This c o rre sp o n d s  to
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F ig .  5 6 .  The a v e ra g e  w avenum ber a t  e a c h  m easu re d  f requency  is  

p lo t te d  a s  d a ta  p o in ts ;  th e  cu rv es  a re  th e  com puted  d is p e r s io n  c h a r a c ­

t e r i s t i c s  for th e  low freq u en cy  b ranch  of th e  m = 0 G o u ld -T riv e lp iece

m o d e s .  The cu rv e s  w ere  c a lc u la te d  for f = 2 . 7  G H z, n = 2 .0  x  K)^c
_ Q

cm and a = 4 .3 9  cm .

F ig .  57 . The w avenum ber a t  f  = 1785 MHz i s  p lo t te d  v e r s u s  d e n s i ty .  

T h ese  v a lu e s  w ere  in te rp o la te d  from th e  a x ia l  s tan d in g  w av e  p a t te rn  

(Figure 55) and  th e  a x ia l  d e n s i ty  p ro file  (Figure 36). The cu rv e s  a re  the  

d i s p e r s io n  c h a r a c te r i s t i c s  of th e  re a l  p a r t  o f  th e  w avenum ber for th e  m=0 

G o u ld -T r iv e lp ie c e  m o d e s ,  f = 1780 M H z, f = 2 .7  GHz and a = 4 .3 9  cm .

F ig .  5 8 .  The m axim a and  minima of a x ia l  p ro f ile  for f = 1578 MHz 

(Figure 53) a re  p lo t te d  on a  log s c a le  v e r s u s  a x ia l  p o s i t io n  on a  l in e a r  

s c a l e .  The pow er dam ping d ecrem en t a s  d e te rm ined  from th e  s lo p e  is  

approx im ate ly  9 cm .
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a c o l l i s io n  f req u en cy  of ab o u t T//u> = . 1 w h ich  is  com parab le  to  th e  

v a lu e  p re v io u s ly  o b ta in e d .  The s tan d in g  w ave  p a t te rn s  for the  o th e r  

f re q u e n c ie s  a l so  e x h ib i t  dam ping , but i t  i s  not a s  c le a r ly  d e f in ed  a s  in  

th e  f req u en cy  d i s c u s s e d  a b o v e .  In g en e ra l  i t  i s  no ted  th a t  the  o th e r  

a x ia l  p a t te rn s  y ie ld  som ew hat g re a te r  v a lu e s  of c o l l i s io n  f req u en cy .

In the  low  f req u en cy  b ranch  on ly  e l e c t r o s ta t i c  m odes c an  e x is t  

(the cu to ff  f req u en cy  for e le c t ro m a g n e t ic  m odes = 2 .0 0  GHz) and 

we had  c le a r ly  de fined  v a lu e s  for the  p ro p ag a tio n  c o n s t a n t s .  How­

e v e r ,  for the  h igh  f req u en cy  b ra n c h ,  e le c t ro m a g n e t ic  a s  w e ll  a s  e le c t ro ­

s t a t i c  m odes are  p re s e n t  and th i s  p re v e n ts  u s  from o b ta in in g  the  

w avenum ber from th e  s tan d in g  w ave  p a t te rn s  here  (see  F igures 59 ,

60 / 61 and 62 ) .  To o b ta in  th e s e  p lo ts ,m a n y  d a ta  (at the  sam e and 

a t  d if fe ren t  a x ia l  and r a d ia l  p o s i t io n s )  w ere  t a k e n .  At c e r ta in  a x ia l  

p o s i t io n s  th e  r e s u l t s  w ere  not re a d i ly  r e p ro d u c a b le . The problem here  

is  th a t  w ith  more th a n  one mode p re s e n t ,  s l ig h t  p e r tu rb a tio n  in  th e  d i s ­

ch arg e  w ould  c a u s e  th e  probe to  p ick  up f i r s t  one m ode , th e n  a n o th e r  

and  p o s s ib ly  a co m b in a tio n  of m odes in  the  n ex t m e asu re m e n t .  Another 

problem is  th a t  for th e  h igh  freq u en cy  b ran ch , th e  w avenum ber is  s t ro n g ­

ly  d e p en d e n t  upon  th e  d e n s i ty  (see  Figure 12 ) .  Any lo c a l  d e n s i ty  

f lu c tu a t io n s  can  c a u s e  la rge  v a r ia t io n s  in  k z th u s  c a u s in g  e r ra t ic  re ­

s u l t s . F igures 59 -  62 r e p re se n t  th e  av e rag e  or more c o n s i s t e n t  of 

th e  v a lu e s  o b ta in e d ,  h o w ev er ,  i t  w as  not deem ed p la u s ib le  to  a s ­

c e r ta in  v a lu e s  for the  w avenum ber from th i s  d a ta .

To p re s e n t  fu r ther e v id e n c e  th a t  th e s e  e x c i te d  m odes are  the  e le c t ro -



FIGURE CAPTIONS

F ig .  5 9 .  Axial s ta n d in g  w ave  p a t te rn  of loop probe (a rb itrary  u n its )

a t  f = 3780 M H z.

F ig . 60 . Same a s  F igure  59 but a t  f = 3880 M H z.

F ig . 61 . Same a s  Figure 59 but a t  f  = 3980 M H z.

F ig .  62 .  Same a s  Figure 59 but a t  f = 4070 M H z.
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s t a t i c  m odes d e sc r ib e d  by Gould and T r iv e lp iece  and in a d d i t io n  to  

m e asu re  the  az im u th a l  mode number m , th e  r a d ia l  w ave m ag n e t ic  

f ie ld  p ro f i le s  w ere  com pared  to  th e o ry .  On F igures 63 , 64 , 65 , and 

66 the  ra d ia l  p rofile  of Hr i s  p re s e n te d  a long  w ith  th e  th e o re t ic a l  r e s u l t s  

for th e  low frequency  b ran ch . The th e o re t ic a l  cu rv es  w ere  c a lc u la te d ,  

u s in g  th e  approx im ate  d e n s i ty  a t the  a x ia l  p o s i t io n  a t  w hich  th e  d a ta  

w a s  o b ta in e d ,fo r  the  m = 0 m ode . All of th e s e  r e s u l t s  show a profile  

w ith  a minimum on the  a x is  (often ve ry  c lo s e  to  th e  p re d ic te d  zero  

v a lu e ) ,  d e f in i te  minima a t  r / a  = 1 and maxima a t  r / a  ^  . 5 .  The d a ta  

a g re e s  rem arkab ly  w e l l  w ith  the  th e o ry ,  co n s id e r in g  th e  erro rs  in v o lv e d .  

There are  on ly  a few p o in ts  on e a c h  p lo t th a t  w e re n ' t  ab le  to  fit  the  

th eo ry  w ith in  the  e s t im a te d  e x p e r im en ta l  e rro r .  Any d isag ree m e n t  can  

s a t i s f a c to r i ly  be e x p la in ed  by the  problem s a lre ad y  p re s e n te d  in  the  

d e s c r ip t io n  and c a l ib ra t io n  of th is  p robe . The d a ta  w as  f i t ted  a g a in s t  

th e  c a lc u la te d  p ro file  for m = 0 . This w as  done b e c a u s e  the  m =0 profile  

m a tch ed  the  d a ta  much c lo s e r  th a n  the  ni = 1 p ro f i le .  For co m p ar iso n , 

th e  low frequency  p rofile  for . m = 1 is  show n in  Figure 13 . It i s  in d eed  

s im ila r  to  the  m = 0 c a s e  in  th a t  i t  goes  to  zero  a t  r = a and h a s  a 

minima a t  r = 0 . H ow ever, i t  d o es  not go to  zero  on the  a x is  ( i t s  

m inima here  i s  ^  40% of i t s  peak  va lue) and th e  maxima are  fu r ther 

from th e  c e n te r .  The m = 0 c a lc u la t io n  i s  a c o n s id e ra b ly  b e t te r  f i t  to  

th e  d a ta  th an  the  m = 1 c a s e .

F igures 67 , 68 , 69 , and 70 show th e  r e s u l t s  for the  low frequency  

p ro f i le s .  Again a l l  t h e s e  re s u l t s  ag ree  rem arkab ly  w e l l  w ith  the



FIGURE CAPTIONS

F ig . 63 . H r a d ia l  p ro f ile  (a rb itra ry  u n i ts )  for f = 1480 M H z. The 
r

cu rve  i s  th e  com puted  f ie ld  p ro f ile  for th e  G o u ld -T r iv e lp ie ce  m o d e s ,  

m = 0 .

F ig .  64 . r a d ia l  p ro f ile  for f = 1578 M H z, m = 0 .

F ig .  65 .  H r a d ia l  p ro file  for f = 1685 M H z, m = 0. 
r

F ig .  6 6 . H^ r a d ia l  p ro file  for f = 1780 M H z, m = 0 .

F ig .  6 7 .  H q r a d ia l  p ro f i le  for f = 1480 M H z, m = 0 .

F ig .  6 8 . H q  r a d ia l  p ro f ile  for f = 1578 M H z, m = 0 .

F ig .  6 9 .  H q  r a d ia l  p ro f ile  for f = 1685 M H z, m = 0 .

F ig .  70 .  H 0  r a d ia l  p ro f ile  for f = 1780 M H z, m = 0 .
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c a lc u la te d  p rofile  for m -  0 . They a l l  ex h ib i t  minima on th e  ax is  

(c lo se  to  zero) and maxim a a t  r / a  ^  .7 5 .  Again com paring  w ith  the  

o th e r  c a lc u la te d  p ro f i le s  (see  Figure 13), th e  m = 0 mode offers  the  

b e s t  f i t .

The H r a d ia l  p ro f i le s  for the  h igh  freq u en cy  c a s e  a re  shown 

in  F igures 71 to  74 . The ag reem en t for t h e s e  d a ta  are  not n ear ly  a s  

good a s  the  low freq u en cy  c a s e .  As w as  p o in ted  out e a r l i e r ,  the  

w avenum ber and  h en ce  the  f ie ld  p ro f i le s  i s  s tro n g ly  d e p en d e n t  upon 

d e n s i ty  in  th i s  regim e w hich  m ake m easu rem en ts  c o n s id e ra b ly  more 

d i f f ic u l t .  This a c c o u n ts  for the  la rge  error ba rs  re p re se n te d  in  th i s  

d a ta  and  th e  poorer  ag reem en t w ith  the  c a lc u la te d  p ro f i l e s .  The d a ta  

is  now com pared  w ith  both the  m = 1 (so lid  curve) and th e  m = -1  

(dashed  curve) h igh  frequency  c a lc u la t io n .  It is  s e e n  th a t  both c a lc u ­

la te d  p ro f i le s  e x h ib i t  nodes w h ich  is  e v id e n t  in  th e  d a ta ,  h o w ev er ,  i t  

i s  c le a r  th a t  on ly  th e  m = 1 p ro file  c an  f it  th e  d a ta  w ith  re a s o n a b le  

a g re e m e n t .  In c o n tra s t in g  the  d a ta  for tw o t r i a l s ,  th e  r e s u l t  for 

f = 3980 MHz d o e s n ' t  seem  to  co rre sp o n d  to  any  of the  c a lc u la te d  

p ro f i le s  w here  on th e  o th e r  hand f = 4070 MHz g iv e s  good a g reem en t.

In o rder to  d em o n s tra te  th a t  th e  vacuum  e le c t ro m a g n e t ic  m odes a re  a l s o  

p r e s e n t ,  a p ro f ile  w a s  ta k e n  a t  z = -30cm  w here  w e e s s e n t i a l l y  have  a 

vacuum  w a v e g u id e .  Figure 75 d o e s  indeed  show th a t  the  p ro file  te n d s  

tow ard  th e  fam il ia r  vacuum  w av eg u id e  f i e l d s . (This m easu rem en t cou ld  

not be done for th e  low frequency  c a s e  b e c a u s e  i t  is  be low  the  vacuum  

w av eg u id e  c u to f f .)



FIGURE CAPTIONS

F ig .  71. Hr r a d ia l  p ro f ile  for f = 3780 M H z, m = 1, m = -1

F ig .  7 2 .  r a d ia l  p ro f ile  for f = 3880 M H z, m = 1, m = - 1

F ig .  7 3 .  H r a d ia l  p ro f ile  for f = 3980 M H z, m = 1, m =— 1 
r

F ig .  74 . H r a d ia l  p ro f i le  for f = 4070 M H z, m = 1, m = -1  
r

F ig .  7 5 .  Hf  r a d ia l  p ro file  for f = 4070 MHz bu t a t  z = -3 0  cm 

( e s s e n t i a l ly  v acu u m ). The cu rve  i s  th e  com puted  f ie ld  p ro f ile  for th e  

TE ^ w av eg u id e  m ode .
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Fina lly  we exam ine  th e  p ro f i le s  for th e  h igh  f req u en cy  c a s e  

(see  F igures  76 , 77 , 78 and  79). The r e s u l t s  he re  a re  p o o r .  It w a s  

hoped  to  f i t  t h e s e  d a ta  p o in ts  to  the  m = 1 h igh  f req u en cy  p ro f ile  in 

o rder to  be c o n s i s t e n t  w ith  th e  o th e r  d a ta ,  h o w ev er ,  none of th e  r e s u l t s  

seem  to  approx im ate  th i s  c a lc u la te d  p ro f ile  (see  Figure 14), nor do 

th e y  ag ree  w ith  any  of th e  c a lc u la te d  p r o f i l e s .  It is  no ted  h o w ev er ,  

th a t  the  d a ta  for f = 3880 MHz and  f = 4070 MHz (F igures 77 and  79) 

do seem  to  e x h ib i t  w e l l  d e f in ed  p ro f i l e s ,  bu t a g a in  no re s e m b la n c e  

to  any  of th e  c a lc u la te d  e l e c t r o s t a t i c  p la sm a  m odes c a n  be s e e n .

Figure 80 a g a in  d e m o n s t ra te s  th a t  th e  w e l l  know n vacuum  gu ide  f ie ld s  

a p p e a r  w hen  th e  probe i s  m oved ou t of th e  p la sm a  v o lu m e .



FIGURE CAPTIONS

F ig .  76 . H 0 r a d ia l  p ro file  for f = 3780 M H z.

F ig .  7 7 .  Hq r a d ia l  p ro file  for f = 3880 M H z.

F ig .  78 . Hg r a d ia l  p ro file  for f = 3980 M H z.

F ig .  79 . H g  r a d ia l  p ro f ile  for f = 4070 M H z.

F ig .  80 . H q  r a d ia l  p ro file  for f = 4070 MHz a t

a lo n g  w ith  th e  com puted  f ie ld  p ro f ile  fo r th e  TE^

z = -3 0  cm i s  show n 

w a v eg u id e  m ode .
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V -  CONCLUSIONS

E vidence  h a s  b een  p re s e n te d  th a t  w hen  th e  le f t  hand  w ave  i s

a b s o rb e d ,  i t  h a s  in  fa c t  c o n v er ted  in to  e l e c t r o s t a t i c  m odes of the

Gould -  T r iv e lp iece   ̂ t y p e .  These  m odes hav e  tw o b ra n c h e s ,  one

below  th e  e le c t ro n  c y c lo t ro n  f req u en cy  and  th e  o th e r  above  th e  e le c t ro n

p la sm a  freq u e n cy .  It h a s  b een  d e m o n s tra ted  from th e  w ave  m ag n e t ic

f ie ld  p ro f i le s  th a t  th e  low f req u en cy  b ranch  h a s  an  a z im u th a l  o rder of

m = 0 w hile  th e  h igh  f req u en cy  b ranch  h a s  a n  o rder  of m = +1. The

in c id e n t  le f t  w ave  a l s o  h a s  an  o rder of m = 4-T; th e re fo re ,  i t  i s  s e e n  th a t

2
th e  az im u th a l  o rder s e le c t io n  ru le  i s  o b e y e d .

In d e s ig n in g  the  a p p a ra tu s  for t h e s e  e x p e r im e n ts ,  care  w a s  t a k e n
3

to  in su re  th a t  m u ltip le  w av eg u id e  m odes did  not e x i s t  a s  w a s  p o s s ib le

4
w ith  o th e r  w av eg u id e  p ro p ag a tio n  e x p e r im e n t s . The inpu t f req u en cy  of 

f = 2 .4 5  GHz and th e  w av eg u id e  ra d iu s  of a = 4 .3 9  cm w a s  c h o s e n  so 

th a t  on ly  th e  dom inant H-q  mode cou ld  p ro p ag a te  in  the  vacuum  g u id e .  

Th is  mode h a s  a cu to ff  f req u en cy  of 2 .0 0  GHz w h ile  the  n e x t .h ig h e s t  

mode (E10) h a s  a cu to ff  f req u en cy  of 2 .6 2  G H z. U n fo r tu n a te ly ,  the  

e x i s t e n c e  of a s in g le  mode of p ro p ag a tio n  c a n  on ly  be g u a ra n tee d  for the  

vacuum  g u id e .

As w a s  s e e n ,  th e  le f t  w ave  a t  2 .4 5  GHz e x c i t e s  m odes hav ing  

f re q u e n c ie s  both  above  and be low  th e  vacuum  cu to ff  f requency  of 2 .0 0  

G H z. The m odes in  th e  h igh  freq u en cy  b ran ch  (3 .7  -  4 .1  GHz) a re  

c a p a b le  of p ro p ag a tin g  in  the  em pty  gu ide  and  th u s  th e y  c a n  p ropaga te
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out of th e  p la sm a  vo lu m e . The m odes  in  th e  low  freq u en cy  branch  

(1.4 -  1.9 GHz) h o w ev er  a re  not free  to  p ro p ag a te  ou t of th e  p la sm a  

reg io n  b e c a u s e  th e y  a re  below th e  vacuum  cu to ff  f r e q u e n c y .  These  

m odes a re  th u s  " trapped"  in  th e  p la sm a  vo lu m e .

S ince  t h e s e  tra p p e d  m odes a re  con fin ed  to  e x i s t  on ly  in  reg io n s  

w ith  s u f f ic ie n t ly  h igh  p la sm a  d e n s i ty ,  th e y  a c t  s im ila r i ly  to  c a v i ty  

m odes; th a t  i s ,  a  s tan d in g  w ave  p a t te rn  i s  s e t  up w ith in  th e  p la sm a  

volum e and  th e  o s c i l l a t i o n s  bu ild  in  am plitude  u n t i l  an  equ ilib rium  i s  

r e a c h e d  b e tw ee n  th e  inpu t m icrow ave pow er and  th e  ohmic h e a t in g  of 

th e  p la s m a .  To v e rify  t h i s ,  th e  c l a s s i c a l  S p i t z e r^  r e s i s t i v i t y  of th e  

p la sm a  w a s  c a lc u la te d  in  o rder to  com pare  th e  r a te  of ohm ic h e a t in g  

w ith  th e  in c id e n t  p o w er.  It w as  found th a t  th e  m easu red  e le c t r i c  f ie ld  

am plitude  w ith in  th e  p la sm a  i s  a p p ro x im a te ly  2 .6  v / m .  This v a lu e  

a g re e s  r e a s o n a b ly  w ith  a c a lc u la te d  f ie ld  am plitude  of 1 .6  v /m  w hich  

w ould  be th e  e le c t r i c  f ie ld  am plitude  com m ensu ra te  w ith  th e  in c id e n t  

m icrow ave  p o w er .  It i s  th u s ly  s u g g e s te d  th a t  ohm ic h e a t in g  of th e  

p la sm a  due to  th e  trap p ed  p la sm a  m odes i s  a v ia b le  m echan ism  to  e x p la in  

th e  o b se rv ed  a b so rp t io n  of the  le f t  w ave  and  th e  su b se q u e n t  h e a t in g  of 

th e  p la s m a .
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