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ABSTRACT 

Experimental measurements of the dispersion and ' 

damping of externally excited lower hybrid waves are 

presented. A multiple-ring slow-wave antenna, having 

2r/kZ = 23 cm, is used to excite these waves in the 

Princeton L3 or L 4  linear devices (B = 0.5 - 2.8 kG 

- 
10 

uniform to + 1% for 1.6 m, n - 10 , Te " 3-5 eV , 

Ti s 0.1 eV, He gas, plasma diameter - 10 cm). The 

waves are localized in a spatial wave packet that 

propagates into the plasma along a conical trajectory 

which makes a small angle with respect to the confin- 

ing magnetic field. Measurements of the dependence of 

wavelength on frequency are in good agreement with the 

-cold plasma dispersion relation. Measured values of 

the wave damping are in good agreement with Landau 

damping by the combination of the main body of the 

electron distribution and a -30% high energy 

(Te - 15-30 eV) electron tail. 



I. INTRODUCTION 

Because of  t h e i r  p o t e n t i a l  f o r  h e a t i n g  f u s i o n  r e a c t o r s ,  

l ower  h y b r i d  waves have r e c e n t l y  been t h e  s u b j e c t  of cons ide r -  

2  a b l e  t h e o r e t i c a l  and expe r imen ta l  work. s t i x l  and Golan t  

showed t h e o r e t i c a l l y  t h a t  o n l y  waves hav ing  a kZ s u f f i c i e n t i y  

2 . 2  
l a r g e  t o  s a t i s f y  t h e  a c c e s s i b i l i t y  c o n d i t i o n ,  c  kZ /w2 > 1 + - 

w  2/w 
2 

??e 00 
, can  p ropaga te  from the edge of t h e  pla.sma t o  t h e  

lower  h y b r i d  l a y e r .  . (Here w 
Pe 

i s  t h e  e l e c t r o n  plasma f r e -  

quency a t  t h e  lower  h y b r i d  l a y e r ,  uce i s  t h e  e l e c t r o n  cyclo-  

t r o n  f r equency ,  c i s  t h e  v e l o c i t y  o f  l i g h t ,  kZ i s  t h e  

component of  k '  p a r a l l e l ' t o  t h e  confining magnet ic  f i e l d ,  and 

w  i s  t h e  r f  g e n e r a t o r  f requency .  I t  has  been w e l l  known t h a t  

c o l d  plasma t h e o r y  p r e d i c t s  t h a t  kx , t h e  component of  k per-  

p e n d i c u l a r  t o  t h e  c o n f i n i n g  magnet ic  f i e l d ,  should  d i v e r g e  a t  

t h e  lower  h y b r i d  l a y e r .  However, by i n c l u d i n g  t h e  l owes t  o r d e r  

h o t  plasma e f f e c t s  i n  t h e  lower hybrid d i s p e r s i o n  relation, 

s t i x 3  showed t h a t  t h e  d ive rgence  of  kx does  n o t  o c c u r  and 

t h a t  i n s t e a d ,  t h e  c o l d  lower hybr id  waves should  c o n v e r t  

l i n e a r l y  i n t o  a h o t  i o n  plasma mode nea r  t h e  lower h y b r i d  l a y e r .  

These  conve r t ed  h o t  i o n  plasma waves have never  been observed  

e x p e r i m e n t a l l y ,  

The t h e o r i e s  p r e s e n t e d  i n  Refs .  1, 2  and 3 d e a l  w i t h  t h e  

behav iou r  of a. s i n g l e  F o u r i e r  mode h a v i n g a  s p e c i f i c  k and 
z 

k . Rea l i s t i c ,  f i n i t e  sou rces  e x c i t e  a  spectrum of  
X 

kZ modes 

s o  t h a t  t h e  wave f i e l d  of  a  f i n i t e  s o u r c e  canno t  be  d e s c r i b e d  

d i r e c t l y  by t h e  above t h e o r i e s .  I n  o r d e r  t o  unders tand  what 



k i n d  o f  c o l d  plasma wave f i e l d s  a p a r t i c u l a r  f i n i t e  s o u r c e  would 

e x c i t e ,  ~ u e h l l  s o l v e d  t h e  problem o f  a n  o s c i l l a t i n g  p o i n t  

s o u r c e  i n  a  p lasma.  H e  assumed t h a t  t h e  p o i n t  s 'ource  a c t e d  a s  

a d e l t a  f u n c t i o n ,  and s o  e x c i t e d  a  whole  s p e c t r u m  o f  k Z  modes. 

The d i s p e r s i o n  r e l a t i o n  a s s i g n e d  a  k i  t o  e a c h  k Z  mode, s o  

t h a t  t h e r e  was a l s o  a  c o r r e s p o n d i n g  s p e c t r u m  o f  kx modes. 

S u p e r p o s i n g  t h i s  s p e c t r u m  o f  kx ,  k Z  modes, and i n v e r s e  t r a n s -  

fo rming  t h e  r e s u l t  t o  x , z  s p a c e  g a v e  a  f i e l d  p a t t e r n  c o m p l e t e l y  

d i f f e r e n t  from what  o n e ' s  i n t u i t i o n  would ' e x p e c t  from s i m p l y  

l o o k i n g  a t  t h e  d i s p e r s i o n  r e l a t i o n .  The f i e l d  t u r n e d  o u t  t o  b e  

s i n g u l a r  a l o n g  two l i n e s  l y i n g  i n  t h e  x-z p l a n e  and i n t e r s e c t -  

i n g  t h e  p o i n t  s o u r c e .  The l i n e s  made a  f i n i t e  a n g l e  ( 0  - w / w p e  , 

where  w. i s  t h e  wave f r e q u e n c y  and w . i s ' t h e  e l e c t r o n  p lasma 
Pe 

f r e q u e n c y )  w i t h  r e s p e c t  t o  t h e  m a g n e t i c  f i e l d .  I n  r e g i o n s  o t h e r  

t h a n  t h e s e  two l i n e s  t h e  f i e l d  was z e r o .   ish her and Gould 
5 

h a v e  e x p e r i m e n t a l l y  v e r i f i e d  t h e  e x i s t e n c e  o f  t h e s e  l i n e s  f o r  

e l e c t r o n  p lasma waves and c a l l e d  them t h e  r e s o n a n c e  c o n e s .  W e  

n o t e  t h a t  t h e  o r i g i n  o f  r e s o n a n c e  c o n e s  c a n  a l s o  b e  found  i n  a n  

ea r l i e r  p a p e r  by Dawson and  berma an.^ More r e c e n t l y  B r i g g s  and 

p a r k e r 7  showed t h a t  t h e  . lower  h y b r i d  waves (whose d i s p e r s i o n  

i s  t h e  low f r e q u e n c y  e x t e n s i o n  o f  t h e  e l e c t r o n  plasma wave d i s -  

p e r s i o n )  a l s o  p r o p a g a t e  o n  r e s o n a n c e  c o n e s  when e x c i t e d  by a  

d i p o l e  source . .  They a l s o  showed t h a t  n e a r  t h e  lower  h y b r i d  

l a y e r  t h e  cone  became n e a r l y  p a r a l l e l  t o  t h e  c o n f i n i n g  m a g n e t i c  

l i e l d .  



Thus,  t h e  r e s u l t s  of Refs .  4 ,  5 and 7 show t h a t  a  

p a r t i c u l a r  f i n i t e  s o u r c e ,  namely t h e  p o i n t  s o u r c e ,  does  n o t  

e x c i t e  waves hav ing  w e l l  d e f i n e d  k Z  and kx . However, it  

would b e  wor thwhi le  t o  e x c i t e  such  waves i n  o r d e r  t o  make a  

q u a n t i t a t i v e  e x p e r i m e n t a l  check of  t h e  wave d i s p e r s i o n  r e l a -  

t i o n .  Hooke and. ~ e r n a b e i ~  a t t empted  t o  e x c i t e  w e l l  d e f i n e d  

waves by u s i n g  a p a r a l l e l  p l a t e  s o u r c e .  However, Coles tock  and 

~ e t t ~ '  showed t h a t  such  p l a t e s  e x c i t e  mainly resonance  cones  

emanat ing from t h e  ends  of t h e  p l a t e s ,  i n  agreement w i t h  o u r  

r e c e n t  t h e o r y  lo and a l s o  w i t h  Ref. 6 .  I n  Ref.  10 we c a l c u l a t e d  

t h e  wave f i e l d  e x c i t e d  by s e v e r a l  t y p e s  of  ex tended  wave sou rces  

and found. t h a t  i n  o r d e r  t o  e x c i t e  waves w i t h  a w e l l  d e f i n e d  
kx 

and k  . i t  i s  n e c e s s a r y  t o  u s e  a  s o u r c e  p e r i o d i c  i n  t h e  z 
z 

d i r e c t i o n .  W e  a l s o  showed how t h e  c o l d  plasma waves e x c i t e d  by 

a f i n i t e  s o u r c e  would c o n v e r t  i n t o  h o t  i o n . p l a s m a  waves. 

Thc p r c a e n t  work is dsvoled tu the  expe r imen ta l  s t u d y  of  

lower  h y b r i d  waves e x c i t e d  by a  p e r i o d i c  s o u r c e  des igned  i n  

acco rdance  w i t h  o u r  t heo ry .  lo The p l a n  of t h e  paper  i s  a s  

f o l l o w s :  I n  S e c t i o n  I1 we w i l l  b r i e f l y  d i s c u s s  t h e  lower hybr id  

d i s p e r s i o n  r e l a t i o n ,  t h e n  g i v e  a  summary of  t h e  t h e o r i e s  of  

resonance cones and f i n i t e  s o u r c e s ,  and f i n a l l y  d e s c r i b e  t h e  

mechanisms t h a t  cou ld  c a u s e  damping of  lower  h y b r i d  waves. I n  

S e c t i o n  I11 'we w i l l  p r e s e n t  expe r imen ta l  measurements of  t h e  

d i s p e r s i o n  of t h e s e  waves ( p r e l i m i n a r y  d i s p e r s i o n  measurements 

have been p r e s e n t e d  i n  Ref. l l ) ,  and i n  S e c t i o n  I V  we w i l l  

p r e s e n t  measurements o f  t h e  wave damping. Because of s t r o n g  



damping observed near the 1owe.r hybrid layer, mode conversion 

into hot ion plasma waves was not observed. Finally, i,n 

Section V we will present a summary of this work. 

11. REVIEW OF LOWER HYBRID WAVE PROPAGATION THEORY 

A. Dispersion Relation 

~lectrostatic lower hybrid modes are described by the 

following dispersion relation: 

which in the cold p1,asma limit reduces to 

Here z and x denote directions parallel and perpendicular 

2 2 
to the confining magnetic field; K = 1 - w /w ; K =. 

z z  Pe XX 

1 - w  2/W2+. 2 -2 -2 
pi pe iWce 

; WLH = w  p i  + I WciWce I - ~ ;  w 
pi ' 

W 
Pe 

are the ion and electron plasma frequencies, w 
ci r w  ce 

are the ion and electron cyclotron frequencies, and m , m 
i e 

are the ion and electron masses, respectively. ~quations (1) 

and (2) hold for inhomogeneous as well as homogeneous plasmas, 

provided the WKB approximation is valid. 

Let us now hrief1.y review the main features of Eqs. (1) 

and (2). Evaluation of aw/akx shows that the wave is back- 

ward in the x direction [i.e. (aw/akx),(w/kX) < 01 . The 



d i s p e r s i o n  r e l a t i o n  a l s o  shows t h a t ,  i n  t h e  p re sence  o f  a  

d e n s i t y  g r a d i e n t  i n  t h e  x  d i r e c t i o n ,  kx i n c r e a s e s  a s  t h e  wave 

p r o p a g a t e s  i n t o  r e g i o n s  of i n c r e a s i n g  plasma d e n s i t y .  I n  

p a r t i c u l a r ,  f o r  a f i x e d  kZ , k x  becomes v e r y  l a r g e  when t h e  

wave r e a c h e s  r e g i o n s  where t h e  l o c a l  lower h y b r i d  f requency  

W 
LH 

i s  c l o s e  t o  t h e  wave f requency ,  w . Near t h e  lower hybr id  

l a y e r  node c o n v e r s i o n  can  occu r .  
3 

B. Resonance Cones 

A s  w e ' p o i n t e d  o u t . i n  t h e .  I n t r o d u c t i o n ,  f i n i t e  sou rces  

e x c i t e  a spectrum of  kZ modes, and i n  p a r t i c u l a r ,  p o i n t  

s o u r c e s  e x c i t e  r e sonance  cones .  I n  r e t r o s p e c t  i t  i s  possi.hl.e 

t o  show why r e sonance  cones  e x i s t  w i t h o u t  go ing  th rough  a l l  t h e  

c o m p l i c a t i o n  of  F o u r i e r  t r a n s f o r m a t i o n s .  The d i s p e r s i o n  r e l a -  

t i o n  f o r  lower  h y b r i d  waves w a s  o b t a i n e d  from P o i s s o n ' s  equa t ion  

f o r  a d i e l e c t r i c  medium, namely 

I n  t h e  lower h y b r i d  parameter  regime - K i s  a n i s o t r o p i c  and 
- 

c ~ n s i s ' t s  e s s e n t i a l l y  o f  K which i s  p o s i t i v e  and 
KZz 

which 
XX 

i s  n e g a t i v e .  I n  a homogeneous plasma t h e  above equa t ion  becomes 

T h i s  e q u a t i o n  i s  f o r m a l l y  t h e  same a s  t h e  f a m i l i a r  e q u a t i o n  



e x c e p t  t h a t  x  h a s  r e p l a c e d  t and I JSZZ I /Kx; h a s  r e p l a c e d  

2 
c I t  i s  w e l l  known t h a t  s o l u t i o n s  of  E q .  ( 5 )  p r o p a g a t e  

a l o n g  c h a r a c t e r i s t i c s  z  f c t  , s o  w e  c a n  s e e  t h a t  t h e  s o l u t i o n s  

# 

o f  E q .  ( 4 )  w i l l  s i m i l a r l y  p r o p a g a t e  a l o n g  t h e  c h a r a c t e r i s t i c s  

2 k ( l ~ ~ ~ l / ~ ~ ~ )  . These  c h ' a r a c t e r i s t i c s  a r e  p r e c i s e l y  t h e  

r e s o n a n c e  c o n e s .  T ~ L s ,  w e  may c o n c l u d e  t h a t  a  p o i n t  s o u r c e  

e x c i t e s  a s i n g u l a r  d i s t u r b a n c e  which p r o p a g a t e s  a l o n g  a  r e s o -  

nance  cone .  ' 5 p 7  From t h e  p r e c e d i n g  d i s c u s s i o n  w e  c a n  a l s o  s e e  

why a  p o i n t  s o u r c e ,  such  a s  a  w i r e  p r o b e ,  w i l l  n o t  e x c i t e  waves 

h a v i n g  w e l l  d e f i n e d ,  m e a s u r a b l e  k  and k Z  . 
X 

C.  P e r i o d i c  S o u r c e  Theory 

~ e c a u s e  measurements  o f  t h e  w a v e l e n g t h s  c a n  provide's 

d i r e c t  check  o f  t h e  d i s p e r s i o n  r e l a t i o n ,  i t . i s  w o r t h w h i l e  t o  

f i n d  a way o f  e x c i t i n g  waves w i t h  w e l l  de.£ined k and k--. 
X I r  

I n  a d d i t i o n ,  t h e  a c c e s s i b i l i t y  c o n d i t i o n  o f  s t i x l  and G o l a n t  2 

2 
shows t h a t  o n l y  waves h a v i n g  (ckZ/w) 2 1 + w p e  2 ( X L ~ ) / W c e  ' 2 

c a n  p r o p a g a t e  w i t h o u t  r e f l e c t i o n  f rom t h e  edge  o f  t h e  plasma 

t o  , t h e  lower  h y b r i d  l a y e r .  Thus ,  it i s  i m p o r t a n t  t o  s t u d y  t h e  

p r o p a g a t i o n  of  l o w e r  h y b r i d  waves h a v i n g  a  c o n t r o l l e d ,  w e l l  

d e f i n e d .  and r e l a t i v e l y  narrow k  s p e c t r u m .  
2 

I n  R e f .  10 w e  p r e s e n t e d  t h e o r e t i c a l  r e s u l t s  which showed 

t h a t .  a s o u r c e  p e r i o d i c  i n .  t h e  z  d i r e c t i o n  w i l l  s e l e c t i v e l y  

e x c i t e  a  k  c o r r e s p o n d i n g  t o  t h e  p e r i o d i c i t y .  The waves 
z  

e x c i t e d  by such  a  s o u r c e ,  shown i n  F i g .  1, a r e  s p a t i a l l y  l o c a l -  

i z e d  between c o n i c a l  t r a j e c t o r i e s  e n a n a t i n g . f r o m  t h e  e n d s  of  

t h e  s o u r c e .  W e  n o t e  t h a t  t h e  number 'o f  w a v e l e n g t h s  e x i s t i n g  

i n  t h e  plasma i n  b o t h  t h e  x . a n d  z  d i r e c t i o n s  a r e  t h e  same a s  

t h e  number o f  w a v e l e n g t h s  a l o n g  t h e  p e r i o d i c  s o u r c e .  
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If the, damping is weak, then kx , /kx << 1 and the dispersion 
, 1  r 

relation may be written as 

Taking real and imaginary parts of the above equation, we find 

that 

Since,it is more convenient to compare theory and experiment in 

terms of dimensionless quantities, we will express the damping 

in the form of the ratio 

Qualitatively, kx /k = (2nn) -1 means that the wave e-folds 
i Xr 

i jn  n wavelengths. Using the fact that for w <<  min(u PO~Wcc) 
4 

2. 
- 

we have kx - k2 and 



so that Eq. (10) may be written as. 

We see here that the ratio k /kX is not directly affected by 
X : - 

the lower hybrid resonance unless kLci is proportional to 

some positive power of k . 
. . 

X 

E. Summary of ~ o s t  Probable Damping Mechanisms 

1. Collisional Damping: 

with the inclusion of collisions we find 

and 

where . vi , v are the Ton and electron collision frequencies. 
e 

In this case 

2 
and since k 2/k 1 1. using E q .  (12) we have 

X 



2. E l e c t r o n  Landau Damping: 

The d i s p e r s i o n  r e l a t i o n  w i t h  e l e c t r o n  Landau damping 

i n c l u d e d  is 

where 

i s  t h e  e L e c t r o n  Debeye l e n g t h ,  and 

i s  t h e  e l e c t r o n  t h e r m a l  v e l o c i t y  ( h e r e  K i s ' B o l t z m a n l s  
. . 

c o n s t a n t ,  and 
Te 

i s  t h e  e l e c t r o n  t e m p e r a t u r e ) .  I n  t h i s  c a s e  

we. have  

and 

~ o t i n g  t h a t  K Z Z  - - W  
2 2 - 

Pe IW and A D  l= w /vT , t h e  above  
pe .e 

e x p r e s s i o n  may b e  w r i t t e n  as 
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3. Turbulent Damping: 

The theories of turbulent damping are complex and not 

generally. agreed upon. The existing theories deal with low 

frequency turbulence (W turb - drift or acoustic wave frequencies) 
or with high frequency turbulence 

(W turb 
." w). Dupree l2 has 

. . 

treated the low frequency turbulence and has shown analytically 

how turbulence-induced damping can causea nonlinear saturation 

of the drift wave instability. Okuda and Dawson, l3 and Chu. 14 

have treated high frequency turbulence using numerical particle 

simulation techniques and have shown that lower hybrid waves 

can be damped by high frequency turbulence (w - W  1 .  
turb LH 

However, their computer model differs from our experimental 

situation in that they set kZ = 0 . 

In the above references it is shown that turbulence causes 

an anomalous diffusion which, in turn, gives a damp,ing. In ~ e f .  ' 

12 this turbulence-induced diffusion was derived using particle 

orbit calculations and the resulting diffusion coefficient was 

found to be 

where $turb is the turbulent potential fluctuation. 

C 

On the Other hand, in Refs. 13 and 14 it was possible to simply 

n1easui.e the actual diffusion of the particles in the simulations, 

and then with this measurement calculate the diffusion coeffi- 

cient.. Since the wave damping turns 'out to be a function of 

D, - , and not the mechanisln -producing D, , we may split the - 
problem into (i) calculating how a given DL causes damping, 

and (ii) calculating or measuring D, . 



In Refs. 13 and 14 it has been shown that with the 

inclusion of perpendicular diffusion, the linearized equation 

of motion becomes 

( W e  have assumed here that the ditfusion and viscosity magnitudes 

are the same.) After the usual Fourier analysis, the additional 

term is observed to be approximately equivalent to an effective 

collision frequency,, veff 
2 - DL . By using the dispersion 

X 

relation found from Eq. (25), Poisson's equation and the equation 

of continuity, we find that 

Substituting the above result in Eq. (12), we find that 



111. EXPERIMENTAL MEASUREMENTS OF THE WAVE DISPERSION 

The . expe r imen t s  w e r e  done u s i n g  t h e  P r i n c e t o n  L3 and L 4  

machines ,  b o t h  l i n e a r  d e v i c e s  hav ing  a 160 c m  l ong  un i fo rm ( t o  

+1%) - magnet ic  f i e l d .  The f i e l d  o f  t h e  L 4  machine was bounded 

on b o t h  e n d s  by a 1 . 8 : l  m i r r o r  f i e l d  w h i l e  L3 had a n  a d j u s t a b l e  

m i r r o r  f i e l d .  

During t h e  c o u r s e  of o u r  expe r imen t s  w e  found t h a t ,  i n  

o r d e r  t o  c a r r y  o u t  q u a n t i t a t i v e  .measurements of t h e s e  waves ,  it 

was i m p o r t a n t  t o  have a  s o u r c e  w i t h  minimal d e n s i t y  f l u c t u a t i o n s .  

T h i s  i s  because  background d e n s i t y  f l u c t u a t i o n s  c a u s e  a  phase  

d e c o r r e l a t i o n  o f  t h e  wave, which makes i n t e r f e r o m e t r i c  measure- 

ments d i f f i c u l t  o r  i m p o s s i b l e .  W e  t h u s  used  f o u r  d i f f e r e n t  

plasma s o u r c e s  and found t h a t  e i t h e r  a  h o t  c a thode  d i s c h a r g e  

s o u r c e  l5 o r  a  m u l t i p l e  f i l a m e n t  and d i p o l e  magnet s o u r c e  
16 

produced s u i t a b l e  p lasmas,  w h i l e  h i g h  power r f  d i s c h a r g e s ,  such  

a s  ~ i s i t a n o  coi ls1 '  o r  a  c o a x i a l  rf s o u r c e  l8 produced plasmas 

w i t h  excessive amounts of  r3ensit.y £1 u c t u a t i o n s ,  

W e  des igned  a  p e r i o d i c  s low wave an t enna  i n  accordance  w i t h  

t h e  r e q u i r e m e n t s  o f  Ref.  10 s o  t h a t  p e r i o d i c  waves would be  

l i n e a r l y  e x c i t e d  i n  t h e  plasma.  ( W e  n o t e  t h a t  lower  h y b r i d  

waves have been p r e v i o u s l y  e x c i t e d  n o n l i n e a r l y ,  by p a r a m e t r i c  

decay .  19120)  The an t enna ,  which i s  shown i n  F i g .  2 ,  c o n s i s t e d  

o f  an  a r r a y , o f  r i n g s  su r round ing  t h e  p lasma,  w i t h  t h e  r i n g s  

hav ing  an  o u t s i d e  d i a m e t e r  s l i g h t l y  less t h a n  t h a t  o f  t h e  L4 

vacuum chamber. I n  o r d e r  t o  s a t i s f y  b o t h  t h e  e l e c t r o s t a t i c  

approx imat ion  and y e t  avo id  e x c e s s i v e  Landau damping, o u r  

s t r u c t u r e  had t o  have a  p a r a l l e l  wave leng th  2n/k,, s a t i s f y i n g  



The he l ium ( o r  o c c a s i o n a l l y  hydrogen) plasmas w i t h  which we 

worked t y p i c a l l y  had t empera tu re s  
Te 

= 5  eV , d e n s i t i e s  o f  

5 x  l o 9  - 2 x  l o l o  , d i a m e t e r s  of -10 c m ,  and were con f ined  by 

magnet ic  f i e l d s  of  0 .5  - ' 2 . 8  K g .  We spaced the r i n g s  on t h e  

a n t e n n a  t o  have  2n/kz = A = 23 c m  s o  t h a t  lower hybr id  waves 
Z 

:' 
p r o p a g a t i n g  i n  t h e  plasma ( t h e s e  waves have w - w ) would 

LH 

s a t i s f y  Eq. (28)  f o r  t h e  r ange  of f r e q u e n c i e s  1 0  t o  1 0 0  Mhz. 

W e  co.mpromised on a t o t a l  l e n g t h  o f  f o u r  wavelengths  (92 cm) 

f o r  t h e  s t r u c t u r e .  T h i s  c h o i c e  gave s u f f i c i e n t  wavelengths  t o  

a l l o w  u s  t o  check t h e  t h e o r e t i c a l  p r e d i c t i o n  t h a t  t h e  number 

o f  waves, i n  t h e  plasma e q u a l s  t he  number on t h e  s o u r c e ,  and y e t  

w a s  s h o r t  enough t o  l e a v e  adequa te  room f o r  t h e  waves t o  propa- 

g a t e  i n  a  r e a s o n a b l y  long  uniform f i e l d  r e g i o n  beyond t h e  

s o u r c e  ( c f .  F ig .  2 ) .  The r i n g s  making up t h e  p e r i o d i c  a r r a y  

had s l o t s  c u t  i n  t h e i r  bottoms s o  as t o  a l l o w a n  a x i a l  probe 

t o  p a s s  th rough .  Using a  power d i v i d e r  having two o u t p u t s  of 

o p p o s i t e  phase  ( c f .  F i g .  2 ) ,  t h e  e i g h t  r i n g s  were p e r i o d i c a l l y '  

phased+-+- , e t c .  An rf o s c i l l a t o r  w a s  connected t o  t h e  i n p u t  

of t h e  power d i v i d e r  and t h e  two o u t p u t s  were each  connected 

t o  a four-way power d i v i d e r  which, i n  t u r n ,  was connected t o  

f o u r  o f  t h e  r i n g s .  

Up t o  t h r e e  . r a d i a l  probes  were p o s i t i o n e d  a t  d i f f e r e n t  

a x i a l  p o s i t i o n s  from t h e  slow wave s t r u c t u r e .  W e  a l s o  con- 

s t r u c t e d  an a x i a l  probe t h a t  cou ld  be  r o t a t e d  abou t  i t s  a x i s  



s o  t h a t  a x i a l  measurements  c o u l d  be made a t  d i f f e r e n t  r a d i a l  

p o s i t i o n s  ( o r  r a d i a l  measurements  a t  a r b i t r a r y  a x i a l  p o s i t i o n s )  . 
J 

The p r o b e  s i g n a l  was f e d  i n t o  a  s t a n d a r d  i n t e r f e r o m e t e r  c i r c u i t .  

G 

The c a b l e s  t o  t h e  v a r i o u s  p r o b e s  and t h e  c a b l e  i n  t h e  r e f e r e n c e  

l e g  o f  t h e  i n t e r f e r o m e t e r  w e r e  o f  t h e  same l e n g t h  - 
s o  t h a t  t h e  r e l a t i v e  p h a s e  be tween t h e  p r o b e s  and 

t h e  r e f e r e n c e  s i g n a l  would n o t  have  any i n s t r u m e n t a l  f r e q u e n c y  

dependence  coming from p h a s e  s h i f t s  a l o n g  t h e  c a b l e s .  The i n t e r -  

f e r o m e t e r  o u t p u t  was d i s p l a y e d  on  a n  x-y r e c o r d e r .  

I n  F i g .  3 w e  show t y p i c a l  i n t e r f e r o m e t e r  o u t p u t  t r a c e s  

o b t a i n e d  w i t h  a r a d i a l  p r o b e .  A s  p r e d i c t e d  i n  Ref .  1 0  (.and a l s o  

shown i n  F i g .  l ) ,  t h e  number o f  w a v e l e n g t h s  i n  t h e  wave p a c k e t  

( f o u r  i n  t h i s  c a s e )  c o r r e s p o n d s  t o  t h e  number o f  w a v e l e n g t h s  o n  

t h e  p e r i o d i c  s o u r c e .  A t  lower  f r e q u e n c i e s  t h e  wave p a c k e t  i s  

f u r t h e r  from t h e  plasma c e n t e r ,  i n  ag reement  w i t h  t h e  cone  t r a -  

j e c t o r y  z = g ( x )  , which i m p l i e s  t h a t  t h e  cone  a n g l e ,  

8 - 0 ( w / w p e )  , i s  a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  wave f r e q u e n c y .  

I n  F i g .  4 w e  show a series o f  a x i a l  p r o b e  i n t e r f e r o m e t e r  s i g n a l s .  

The bo t tom t r a c e  shows t h e  f o u r  w a v e l e n g t h  l o n g  f i e l d  o f  t h e  

s o u r c e  w h i l e  t h e  o t h e r  t r a c e s  show waves i n  t h e  plasma a t  

d i f f e r e n t  r a d i a l  p o s i t i o n s .  The c o n i c a l  t r a j e c t o r y  o f  t h e  waves 

is  a p p a r e n t  i n  t h e s e  t r a c e s .  W e  a l s o  n o t e  t h a t  k Z  i s  c o n s t a n t ,  

and  i s  f i ' x e d  by t h e  boundary c o n d i t i o n  imposed by t h e  p e r i o d i c i t y  

o f  t h e  s o u r c e .  

W e  found t h a t  
kZ 

was o n l y  c o n s t a n t  when t h e  a x i a l  d e n s i t y  

g r a d i e n t  was s m a l l .  For  l a r g e  a x i a l ' d e n s i t y  g r a d i e n t s ,  k  
Z 

would i n c r e a s e  a s  t h e  d e n s i t y  d e c r e a s e d  a x i a l l y .  W e  n o t e  t h a t  



t h i s  i s  t h e  o p p o s i t e  of  t h e  behaviour  of  kx when t h e r e  i s  a  

r a d i a l  d e n s i t y  g r a d i e n t  and k  i s  f i x e d .  However, t h i s  
Z 

b e h a v i o u r  i s  i n  agreement  w i t h  t h e  d i s p e r s i o n  r e l a t i o n , .  ~ . q .  (1) , f o r  
u 

' t h e  f o l l o w i n g  r e a s o n :  s i n c e  k  occ.urs i n  t h e  numerator of ~ q .  ( 1 0 )  
X 

w h i l e  kZ o c c u r s  i n  t h e  denominator ,  we may expec t  
IC Z 

t o  behave 

i n  t h e  o p p o s i t e  way compared t o  kx w h e n  ' t h e r e  i s  a change i n  

plasma pa rame te r s .  (Which one of kx o r  k remains f i x e d  
z 

w h i l e  t h e  o t h e r  v a r i e s  depends on whether  th 'e  plasma i s  uniform 

r a d i a l l y  o r  a x i a l l y . )  The a x i a l  d e n s i t y  y r a d i e n t  e x i s t e d  mainly 

i n  t h e  slow wave s t r u c t u r e  and was moni tored i n  a  s e m i - q u a n t i t a t i v e  

way u s i n g  two s i m i l a r  Langmuir p robes ,  one on each end o f  t h e  slow 

wave s t r u c t u r e .  T h e ' a x i a l  s e p a r a t i o n  o f  t h e  probes  w a s  150 cm 

and b o t h  probes  w e r e  l o c a t e d  on-ax is .  We found t h a t  t h e  a x i , a l  

scale l e n g t h ,  c a l c u l a t e d  by Assuming an  e x p o n e n t i a l  d e n s i t y  decay 

o v e r  t h e  d i s t a n c e  between t h e  two p robes ,  d e c r e a s e d w i t h  i n c r e a s -  

i n g  f i l l i n g  p re s su re . '  Th i s  s c a l e  l e n g t h  t y p i c a l l y  v a r i e d  from 

3 2 
-10 c m  a t  0 . 5 ~  t o  -10 cm a t  3 ~ .  I n  t h e  former case k, was 

c o n s t a n t , .  w h i l e '  i n  t h e  l a t t e r  c a s e  
kZ 

i n c r e a s e d  t o  abou t  tw ice  

i t s  i n i t i a l  v a l u e  a t  t h e  slow wave s t r u c t u r e .  The m i r r o r  f i e l d  

s t r e n g t h  a l s o  a f f e c t e d  t h e  a x i a l  g r a d i e n t ,  . w i t h  t h e  s c a l e  l e n g t h  

g e n e r a l l y  d e c r e a s i n g  w i t h  i n c r e a s i n g  m i r r o r  f i e l d .  I n  F ig .  5 

w e  show t h e  v a r i a t i o n  o f  . h = 2n/kz w i t h  t h e  r a t i o  of  i o n  
Z 

s a t u r a t i o n  c u r r e n t s  o b t a i n e d  f r o m e t h e  two p robes .  

A t ' h i g h e r  p r e s s u r e s  ( p - 3 ~ )  where X - 10-12 cm ( i n s t e a d  of  
z 

t h e  23 c m  p e r i o d i c i t y  o f  t h e  slow wave s t r u c t u r e ) ,  w e  observed 

p e r p e n d i c u l a r  wavelengths  a s  s h o r t .  a s  0 . 2  cm. A t  lower p r e s s u r e s  



( p - 0 . 5 ~ )  where A - 23 cn , we found that the minimum 

observable perpendicular wavelength was - 0 . 4  cm. These 

investigations of the effect of axial density gradients were 

done using the multiple filament plasma source. 
16 

In Figs. 6 and 7, and again in 8 and 9, we show a series 

of radial traces of the interferometer signal and wave ampli- 

tude for two wave frequencies, respectively. These measurements 

were made by rotating the axial probe at a sequence of axial 

positions.' Here again we see the conical wave packet propaga- 

tion and the fact that the waves in the plasma are an image of 

those on the source in agreement with the theoretical 

prediction presented in Fig. 1. Note in Fig. 6 the shortening 

of the wavelengths towards the plasma center. This is due to 

the increasing density, and the local wavelengths are in good 

agreement with WKB. theory. In Figs. 6 and 7 the wave frequency 

was relatively high and the waves were weakly damped, while in 

Figs. 8 and 9 the wave frequency was relatively low and the wave 

was more strongly damped. From Figs. 8 and 9 it can be seen 

that the interferometer signal damps before the amplitude signal, 

indicating that a phase decorrelation is occuring. We will dis- 

cuss the cause of such a decorrelation in the next section. 

From Figs. 7 and 9 we see that for each frequency there is a 

critical layer at which the wave amplitude is damped. In 

particular, it can be seen in Fig. 9 that the wave packet moves 

inwards along the conical trajectory to about r=2.5 cm , at 

which point strong damping takes place. This occurs because 

the'wave damping is characterized by an inverse damping length, 



k , which i s  p r o p o r t i o n a l  t o  
kx-. 

and k  i n c r e a s e s  t o  
x  : x- 

l a r g e  v a l u e s  n e a r  r=2 .5  cm . W e  n o t e  from F ig .  9 t h a t ' s i n c e  

- t h e  wave p a c k e t  is b o t h  moving inward a l o n g  t h e  c o n i c a l  t r a j e c -  

t o r y  and damping o u t  a t  r -2 .5  cm , t h e  r a d i a l  wid th  o f  t h e  

wave p a c k e t  d e c r e a s e s  w i t h  i n c r e a s i n g  a x i a l  d i sp l acemen t  from 

t h e  an tenna .  These measurements were made u s i n g  a double - t ipped  

r f  p robe  ( d e s c r i b e d  i n  S e c t i o n  IV) . 
By u s i n g  , sampl ing  t echn iques  t o  measure t h e  phase  and group 

v e l o c i t i e s . ' d i r e c t l y ,  w e  have v e r i f i e d  t h a t  t h e  waves were 

"backward" [ i . e .  (aw/a'kx) (w/kx) < 01 . A s  shown i n  t h e  sampling 

c i r c u i t  ske t ched  i n  F i g .  1 0 ,  an  e l e c t r o n i c  swi t ch  was used t o  

form tempora l  wave p a c k e t s  ( d u r a t i o n  '2-100'wave p e r i o d s ) ,  which 

. w e r e  t h e n  a p p l i e d  t o  t h e  slow wave an tenna .  The r e s u l t i n g  s i g n a l  

i n  t h e  plasma was p i cked  up by. a  probe and was sampled by 'a 

boxca r  i n t e g r a t o r  a t . a  sequence o f  t imes  a f t e r  t h e  wave packe t  

emis s ion .  These  de l ayed  o b s e r v a t i o n  t imes  had t o  be  synchronized  

w i t h  r e s p e c t  t o  t h e  r f  wave s o  t h a t  t h e  wave phase  coherence  

would b e  r e t a i n e d .  T h i s  w a s  achieved  by t r i g g e r i n g  t h e  e l e c -  

t r o n i c  s w i t c h  and t h e  boxcar  i n t e g r a t o r  s imu l t aneous ly  by a  h igh  

speed  o s c i l l o s c o p e  (Tek t ron ix  79041.. The o s c i l l o s c o p e  was s e t  

t o  sweep a t '  t h e  r e p e t i t i o n  r a t e  d e s i r e d  t o r  t h e  wave packe t  and 

t h e n  w a s  i t s e l f  e x t e r n a l l y  t r i g g e r e d  by p a r t  o f  t h e  r f  o s c i l l a -  

t o r  s i g n a l ' s o . t h a t  t h e  wave packe t  envelope would be  phase  

c o h e r e n t  w i t h  t h e  wave i t s e l f .  The b o x c a r  g a t e  window was ' 

a d j u s t e d  t o  be  much s h o r t e r  t han  t h e  wave p e r i o d  s o  t h a t  t h e  

a c t u a l  h igh  f requency  r f  s i g n a l  cou ld  b e  observed  a t  a  p a r t i c u l a r  



d e l a y  t i m e .  I n  F i g .  11 w e  see how t h e  wave p a c k e t  moves i n t o  

t h e  p lasma w i t h  i n c r e a s e d  t i m e ,  w h i l e  i n  F i g .  1 2  (made . u s i n g  2  

n s e c  t i m e  s t e p s  i n s t e a d  o f  t h e  50 n s e c  t i m e  s t e p s  o f  Fig. 11) 

w e  see how t h e  wave p h a s e  moves o u t  o f  t h e  p lasma.  - 

W e  produced rf and h o t  c a t h o d e  d i s c h a r g e  p lasmas  t h a t  were 
i 

u n i f o r m  t o  + l o %  - r a d i a l l y ,  a n d  t h e n  measured t h e  dependence  o f  

r a d i a l  wave leng th  o n  g e n e r a t o r  f r e q u e n c y .  The r e s u l t s  o f  t h e s e  

measurements  a r e  shown i n  F i g s .  13a  and 13b and compared w i t h  

t h e  t h e o r e t i c a l  d i s p e r s i o n  r e l a t i o n  E q .  2. O f  t h e  p a r a m e t e r s  

n t B t m e / m i 1  k Z t  kx ' and w o c c u r r i n g  i n  t h e  d i s p e r s i o n  r e l a -  

t i o n ,  o n l y  t h e  d e n s i t y  c o u l d  n o t  b e  measured  a c c u r a t e l y ,  and s o  

w e  a d j u s t e d  t h i s  p a r a m e t e r  t o  g i v e  t h e  b e s t  f i t  t o  t h e  e x p e r i -  

m e n t a l  d a t a .  The f i t t e d  d e n s i t y  was i n  r e a s o n a b l e  agreement  

w i t h ' l a n g m u i r  p r o b e  measurements ,  u s i n g  t h e  t h e o r y  o f  L a f r a m b o i s e .  21 



IV. MEASUREMENTS OF THE WAVE ATTENUATION 

Spatial wave damping is customarily determined experimentally 

- by measuring the e-folding distance of the interferometer signal 

envelope. we' found that this method indicated a very strong wave 'G 

damping, the magnitude of which appeared 'to be related to the 

i 

density fluctuation level. Because the density fluctuation level 

varied from one plasma source to another, we found that for each 

source there was a typical minimum observable wavelength. For 

plasmas produced the Lisitano coil or the coaxial rf source , 

no waves were observable when n - lo1* cm-3 (and 6n/n was 
e 

very iarge), and when these sources we-re operated at n - 101' cm-3 
e 

the miniinu~n observable perpendicular wavelengths were -8-10 mm- 

For the hot cathode discharge the minimum observable wavelength 

was -4 mm, and for the multiple filament source - 2-4 rrm. 

However, it became apparent that measuring wave damping from 

the interferometer signal envelope was incorrect for the following 

reason. Interferometry requires that the measured wave be phase ' 

coherent with respect to a reference signal; if not, no wave will 

be observed. We found tnai as the lower hybrid wave propagated 

through the plasma, it lost coherence with respect to the refer- 

ence signal Iobtaincd from part of the trans~r~itter. ~iyr~dl). 

Consequently, the interferometer signal was attenuated because of 

this phase decorrelation, rather than because of a true dissipa- 

tive damping of the wave. This decorrelation increased as the 

wavelength decreased. 

The existence of such a decorrelation was verified by using 

a second stationary proDe as the reference.. When the reference 



probe was located near the receiving probe, a large coherent 

interferometer signal was often observed even If both the 

signals at the reference and pickup probes were decorrelated 

with respect to the transmitter. We also found that this damp- 

ing due to.phase decorrelation could be increased by injecting 

noise into a grid in the pl-asma. 

The consequence of this confusing instrumental problem is 

that in the presence of background fluctuations one cannot 

safely use the interferometer signal envelope to measure lower 

hybrid wave damping. We therefore made measurements of the 

detected wave amplitude which, unlike the interferoneter signal, 

is phase insensitive. However, witn this technique one measures 

a 'DC' signal (i.e., the wave amplitude) superimposed on a back- 

ground of noise, modes other than lower hybrid waves, and stray 

pick-up. These unwanted signals cause an uncertainty in the base 

line, making quantitative measurements of the wave amplitude 

difficult. In particular, we found that a standard T probe would 

pick up, in addition to the lower hybrid signal, a long wavelength 

signal consisting of the fast electromagnetic mode, and also what 

appeared to be natu'ral resonances of the plasma column. 22  The 

amplitude of this additional signal was typically 0.1-0.3 

the lower hybrid wave amplitude, and consequently made it 

- 
impossible to establish the baseline needed to calculate the 

damping of the lower hybrid wave amplitude. In order to avoid 

picking up this undesirable long wavelength signal, we buiit a 

special double-tipped rf probe that measured the wave radial 

electric - field (instezd of the wave potential measured by a 



s t a n d a r d  s i n g l e - t i p p e d  T  p r o b e ) .  T h i s  doube p r o b e  c o n s i s t e d  

o f  two p a r a l l e l  l e n g t h s  of 0 . 6  mm d i a m e t e r  r i g i d  c o a x i a l  c a b l e ,  

e a c h  hav'ing 5 mrn o f  t h e  c e n t e r  c o n d u c t o r  exposed t o  a c t  a s  a .  

p r o b e  t i p .  The two t i p s  were p a r a l l e l  t o  - B and w e r e  s p a c e d  

1 mm a p a r t .  The o u t e r  c o n d u c t o r s  o f  t h e  c a b l e s  w e r e  s o l d e r e d  

t o g e t h e r .  and s p r a y e d  w i t h  boron  n i t r i d e  i n s u l a t i o n .  The sub- 

t r a c t i o n  of  t h e  s i g n a l s  coming from t h e  two t i p s ,  which i s  

r e q u i r e d  t o  o b t a i n  t h e e l e c t r i c  f i e l d ,  was pe r fo rmed  by a 180° 

p h a s e  r e v e r s i n g ,  wideband power d i v i d e r .  With t h i s  t e c h n i q u e  

t h e  l o n g  w a v e l e n g t h  s i g n a l s  w e r e  r e j e c t e d  r e l a t i v e  t o  t h e  s h o r t  

w a v e l e n g t h  l o w e r  h y b r i d  wave, s o  t h a t  when t h e  p r o b e  t r a v e l l e d  

o u t s i d e  t h e  lower  h y b r i d  wave p a c k e t ,  t h e  r e c e i v e d  s i g n a l  wen t  

t o  z e r o .  

S t a n d a r d  c r y s t a l  a e t e c t o r s  were n o t  s u i t a b l e .  f o r  a m p l i t u d e  

measurements  b e c a u s e  o f  t h e i r  i n h e r e n t l y  n o n l i n e a r  r e s p o n s e .  

I n s t e a d ,  w e  t u n e d  a s p e c t r u m  a n a l y z e r  t o  f i x e d  f r e q u e n c i e s  ( r a t h e r  

t h a n  h a v i n g  i t  s c a n  f r e q u e n c i e s )  and used  i t  i n  t h e  l i n e a r  

r e s p o n s e  mode s o  t h a t  it e f f e c t i v e l y  became a  t u n e d  r f  v o l t -  

mctcr. We a l s o  e l e c t r o n i c a l l y  chopped t h e  t r a n s m i t t e d  s i g n a l  

and  u s e d  a  l o c k - i n  a m p l i f i e r ,  s y n c h r o n i z e d  t o  t h e  chopp ing  f r e -  

quency ,  t o  r e j e c t  r a n d o n  n o i s e  i n  t h e  r e c e i v e d  s i g n a l .  The 

c a b l e  from t h e  p r o b e  t o  t h e  s p e c t r u m  a n a l y z e r  was d o u b l e  s h i e l d e d  

t o  r e d u c e  p ick-up  o f  t h e  t r a n s m i t t e d  s i g n a l  d u e  t o  s t r a y  c a p a c i t a -  

t i v e  c o u p l i n q  from o u t s i d e  t h e  machine.  Using t h e s e  t e c h n i q u e s ,  

w e  w e r e  a b l e  t o  o b t a i n  a n ' a m p l i t u d e  s i g n a l  w i t h  a  w e l l  d e f i n e d  

b a s e l i n e  and s o  yere a b l e  t o  measure  t h e  e - f o l d i n g  o f  t h e  lower  

h y b r i d  wave a m p l i t u d e .  



Measurements of k /k were thus made by using the 
X;. X- 

interferometer signal to determine k , and the e-folding of 
X 
r 

the amplitude signal to determine k . A typical amplitude 
x 
i 

signal, measured using the methods described above, is shown in 

Fig. 14, together with the corresponding interferometer signal. 

For low frequency, short wavelength waves the interferometer 

signal was washed out due to phase decorrelation and k was 
Xr 

determined from the dispersion relation, Eq. (1). In these cases 

the density used in Eq. (1) was calculated from measurements made 

at higher frequencies, .where the longer wavelengths were less 

affected by phase decorrelation. 

Using the method described above, we measured the damping 

ratio k /kx over sequences of wave frequencies for two general 
X 
i .  r' 

types of equilibria, namely, low pressure ( p  - 0.5~) where 
X - 23 cm, and high pressure i p  - 3p), where X - 11.5 cm. 

z z 

. These measurements are plotted in Figs. 15 and lG, where we also 

show the kx . /kx predicted by Landau damping with and without a 
1 r 

high energy tail, and also collisional damping. [The theoretical 

curves were evaluated using Eqs. (15) , (21) , and (23), and values 

of v = 10 sec 
i 

and v =5x106sec 
e 

were used. ] The main 

body temperature of 5.5 eV, used in the low pressure case, Fig. 

15, was determined from Langmuir probe measurements. In the high 

pressure case Langmuir probe measurements indicated a main body 

temperature of 3 eV; we found better agreement between theory 

and experiment using 4 eV. In Fig. 16 damping for both 3 and 4 eV 

temperatures are plotted. As can be seen from the figures, 



I 

n e i t h e r  . c o l l i s i o n a l  damping n o r  Landau damping from t h e  main 

body a l o n e  i s  i n s u f f i c i e n t  t o  a c c o u n t  f o r  t h e  o b s e r v e d . d a m p i n g .  

However, b o t h  t h e  Langmuir p r o b e  and a p a r a l l e l  e l e c t r o n  e n e r g y  

a n a l y z e r  showed t h a t  a  h i g h  e n e r g y  t a i l  e x i s t e d  i n  t h e  p lasma.  

F o r  t h e  low p r e s s u r e  e q u i l i b r i u m ,  Langmuir p r o b e  measurements  

i n d i c a t e d  t a i l  t e m p e r a t u r e s  o f  20 e V  w h i l e  t h e  e n e r g y  a n a l y z e r  

(more r e l i a b l e  f o r  t a i l  measurements)  g a v e  -30 e V  f o r  a  r a n g e  

o f  e n e r g i e s  up  t o  a b o u t  60 v o l t s .  ( W e  n o t e  t h a t  t h e  e n e r g y  

a n a l y z e r  o n l y  d e t e c t s  t h e  t a i l ;  it  d o e s  n o t  p i c k  up t h e  main 

body.  ) 

F o r  t h e  h i g h  p r e s s u r e  e q u i l i b r i u m ,  t h e  Langmuir p r o b e  

c h a r a c t e r i s t i c  i n d i c a t e d  t a i l  t e m p e r a t u r e s  o f  15-20 e V  w h i l e  t h e  

more r e l i a b l e  e n e r g y  a n a l y z e r  g a v e  8-16 e V .  T y p i c a l  e n e r g y  

a n a l y z e r  c h a r a c t e r i s t i c s  f o r  b o t h  t h e  low and  h i g h  p r e s s u r e  

e q u i l i b r i a  a r e  shown i n  F i g .  1 7 .  F r o m t h e  Lanyn~ui r  p r o b e  c h a r -  

a c t e r i s t i c s  i t  a p p e a r e d  t h a t  t h e  t a i l  p o p u l a t i o n  was 20-30% o f  

t h e  main  body p o p u l a t i o n ;  however,  t h i s  i s  or-lly a  rough e s t i m a t e  

b e c a u s e  o f  t h e  u n c e r t a i n t y  i n  t h e  l o c a t i o n  o f  t h e  p l a s m a ' p o t e n -  

t i a l .  

W e  t h u s  u s e d  i n  F i g s .  1 5  and 16 main body t e m p e r a t u r e s  and,  

t a i l  t c m p e r a t u r e s  t h a t  w e r e  i n  reasonable aqreement w i t . h  t h e  

p r o b e  measurements ,  and t h e n  c h o s e  t a i l  p e r c e n t a g e s  t o  g i v e  t h e  

b e s t  f i t  t o  t h e  e x p e r i m e n t a l  d a t a .  W e  found t h a t  t a i l  p e r c e n t -  

a g e s  o f  -30% gave t h e  b e s t  ag reement .  S i n c e  t h i s  i s  a  r e a s o n a b l e  

p e r c e n t a g e ,  w e  c o n c l u d e  t h a t  Landau damping from t h e  c o m b i n a t i o n  

o f  main body and t a i l  i s  t h e  mechanism c a u s i n g  damping o f  t h e  

wave. 



The s t r o n g  damping o b s e r v e d  i n  F i g .  9 i s  a n  example o f  t h e  

o c c u r r e n c e  o f  t h i s  Landau damping. A s  d i s c u s s e d  i n  S e c t i o n  111, 

t h e  d a y p i n g  o c c u r s  a t ' a  s h a r p l y  d e f i n e d  r a d i a l . p o s i t i o n  b e c a u s e  

Eqs. ( 2 1 )  and (23)  show t h a t  k  i s  p r o p o r t i o n a l  t o  k , 
x  ; XI 

and k  i s  i n c r e a s i n g  ag t h e  wave p e n e t r a t e s  r a d i a l l y  i n t o  t h e  
X Y  

inhomogeneous p lasma.  

S i n c e  t h e  t u r b u l e n t  d i f f u s i o n  c o e f f i c i e n t ,  D ,  - , c o u l d  n o t  

b e  r e a d i l y  measured ,  i n . o r d e r  t o  s t u d y  e f f e c t s  o f  background 

t u r b u l e n c e  w e  i n j e c t e d  broad-band r f  n o i s e  i n t o  t h e  p lasma v i a  

g r i d s  and looked  f o r  a n  i n c r e a s e  i n  fix /k . I t  was found 
i 

X 
r 

t h a t  t h e  n o i s e  a f f e c t e d  t h e  c o u p l i n g  e f f i c i e n c y  between t h e  s l o w  

wave s t r u c t u r e  and t h e  p lasma ,  and  a l s o ,  l a r g e  n o i s e  l e v e l s  

(dn/n  > 1 0 % )  caused  t h e  wave p a c k e t  t o  b e  smeared o u t  r a d i a l l y .  

.These  two e f f e c t s  c a n  r e d u c e  t h e  wave a m p l i t u d e  a t  a g i v e n  r a d i a l  

p o s i t i o n  b u t  do  n o t  p r o v i d e  c l e a r  e v i d e n c e  o f  d i s s i p a t i v e  e n e r g y  

l o s s  by t h e  wave p a c k e t  ( i . e . ,  a n  i n c r e a s e  i n  t h e  s p a t i a l  e - f o l d i n g  

o f  t h e  wave a m p l i t u d e ) .  However, t u r b u l e n t  damping i s  e x p e c t e d  t o  

b e  l a r g e  o n l y  when k i s  l a r g e ;  i . e . ,  when w i s  c l o s e  t o  t h e  
X 

lower  h y b r i d  f r e q u e n c y .  I n  o u r  e x p e r i m e n t  it was n o t  p o s s i b l e  t o  

a v o i d  s t r o n g  Landau damping a s  w+w 
LH 

, and  h e n c e ,  w e  c o n c l u d e d  

t h a t  d e n s i t y  f l u c t u a t i o n  t u r b u l e n c e  was n o t  t h e  dominan t  damping 

mechanism h e r e .  However, a s  ment ioned p r e v i o u s l y ,  t h e  i n j e c t e d  

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

t h e  p h a s e  ' d e c o r r e l a t i o n  o f  th .e  waves.  



V. SUMMARY AND CONCLUSIONS 

1n o r d e r  t o  d e s c r i b e  e x t e r n a l l y  e x c i t e d  e l e c t r o s t a t i c  lower 

h y b r i d  waves, i t  . i s  neces sa ry  t o , t a k e  i n t o  accoun t  t h e  d e t a i l e d  

F o u r i e r  spec t rum of  t h e  an t enna .  When t h i s  Is done,  it i s  found 
.I 

t h a t  o n l y ' a  s o u r c e  p e r i o d i c  i n  t h e  z d i r e c t i o n  w i l l  e x c i t e  waves 

hav ing  w e l l  d e f i n e d  kZ and k . T h i s  t y p e  of s o u r c e  e x c i t e s  a t 
X 

s p a t i a l  wave p a c k e t  which p ropaga te s  a long  a c o n i c a l  t r a j e c t o r y ' ,  

making a sma l l  a n g l e  [e  - u/upe + (me/mi) 1 / 2 ]  w i t h  r e s p e c t  t o  

t h e  c o n f i n i n g  magnet ic  f i e l d .  
10 

I n  o r d e r  t o  do q u a n t i t a t i v e  measurements of t h e s e  waves, it 

i s  i m p o r t a n t  t o  have a plasma w i t h  minimal d e n s i t y  fluctuations, 

because  t h e s e  f l u c t u a t i o n s  can cause  a phase  d e c o r r e l a t i o n  o f  

t h e  wave a long  i t s  t r a j e c t o r y ,  making i n t e r f e r o m e t r y  d i f f i c u l t  

or  imposs ib l e .  

Using a p e r i o d i c  s o u r c e  des igned  t o  have a s u i t a b l e  k 
z 

spec t rum,  we have e x c i t e d  lower i iyLr. id waves having w e l l  d e f i n e d  

p a r a l l e l  and p e r p e n d i c u l a r  wavelengths .  W e  have v e r i f i e d  t h e  

c o n i c a l  p ropaga t ion  o f  t h e  s p a t L a l  wave packe t  e x c i t e d  by t h i s  

s o u r c e ,  and a l so . ,  u s i n g  sampling t echn iques ,  have shown t h a t  

t h e  wave i s  a backward wave. We have found t h a t  i n  t h e  p re sence  

o f  a x i a l  d e n s i t y  g r a d i e n t s  kn  i n c r e a s e s  as t h e  wave p ropaga te s  ,. 

a x i a l l y  i n t o  r e g i o n s  o f  d e c r e a s i n g  d e n s i t y .  (Th i s  i s  t h e  

o p p o s i t e  of t h e  behaviour  of  kx i n  t h e  p re sence  of r a d i a l  - 

d e n s i t y  g r a d i e n t s . )  B y  v a r y i n g  t h e  g e n e r a t o r  f requency ,  w , 

and measuring k and kZ , we have v e r i f i e d  t h e  c o l d  plasma 
X .  

lower hybr id  d i s p e r s i o n  r e l a t i o n .  



. 
Because of the possibility of phase decorrelations 

occurring, measurements of wave damping cannot be made from the 

spatial e-folding of the interferometer signal envelope. 

Instead, damping rates must be measured directly from the 

e-folding of the detected wave amplitude. One must use more 

precautions to eliminate spurious signals with this technique 

than is necessary whe.n using interferometry. Externally injec- 

ted noise increases the instrumental damping caused by.phase 

decorrelation of interferometer signals but does not increase 

the spatial e-folding of the wave amplitude. Instead, in the 

'L 
present experimental regimes (u/uLH > 1.5) , the injected noise 

I 

changes the coupling from the antenna to the plasma and also 

causes a .radial. smearing out of the wave packet without greatly 

changing the total energy in the wave packet. 

The experimentally determined spatial damping ratio 

kx Ikx 
, with kx measured from the e-folding of the wave 

i r i 
amplitude and k from the interferometer signal, is in 

X 
r 

reasonable agreement with electron Landau damping, provided the 

electron distribution function is assumed to contain a -30% high 

energy (-15-30 eV) tail. 

In conclusion, we have shown that, by using a periodic slow 

wave antenna, it is possible to excite well defined lower hybrid 

waves and that the experimentally observed characteristics of 

these waves are in good agreement with theory. However, because 

of strong electron Landau damping before the wave could reach 

tlie lower hybrid layer, linear mode conversion into hot ion 

plasma waves was not observed. 
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Fig. I. P l o t s  of f i e l d  generated by a 100 c m  long slow wave 
s t r u c t u r e  ( loca ted  along t h e  l i n  h = 3 3 . 3  cm; dens i ty  
p r o f i l e  i s  Lorentzian,  n ( r )  = 1OT2?!*+ (810.75) ] ; f=50 MHz; 
B=2Kg; H e  gas. Sharp logar i thmic  s i n g u l a r i t i e s  shown as blanks 
(arrow) bound t h e  wave f i e l d .  

sLour WAVE ~ R U ~ T W  

Fig.  2. Experimental setup. The e i g h t  r i n g s  d r iven  by power 
d i v i d e r s  a l t e r n a t e  i n  phase by 180°, 



Fig. 3. Typical radial probe interferometer traces for a few 
frequencies. Note how both the wave packet moves out of the 
plasma and the wavelength decreases as the frequency is lowered. 
The probe is 30 ern beyond the last ring of the slow wave structure. 
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Fig. 4. Axial probe interferometer signal. The axial traces 
made at difgerent radial positions show the conical trajectory of 
the wave. The bottom trace is the vacuum field of the slow wave 
structure. 
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Fig. 6. (a) Density 
profile for (b) and Fiy.s. 
7-9. (b) 1nterf erometer . .  

signal of.radia1 wave field 

Fig. 5. X, vs. the ratio 
of the ion saturation currents 
from two probes separated 
axially by 150 cm. When the 
density gradient is weak, the 
probe currents are approximately 
the same, and $ corresponds to 
the wavelength Imposed by the 
slow wave structure. When the 
density gradient is large, XZ 
becomes shorter, in qualitative 
agreement with Eq. (1). These 
measurements were obtained by 
varying the filling pressure 
and/or the mirror field. 

" 
for a sequence of axial I 

positions ,. The conical 
trajectory of the wave 7,=Zot40cm 

packet is in good agreement 

4- 
with the theoretical predic- Z=ZOA32an 

tions shown in Fig. 1. He 
plasma, B=1.3 kG, f=20 MHz. z:z,+ 2 4 ~ ~  

Note that the perpendicular W 
-1 
4: U 

wavelength decreases as the '., 
* 

wave penetrates the plasma. a c z-z0+ 16an 
a 

These ~i~easurements and thosg t 
m 

in Figs. 7-9 were made using a =s 

the double tipped rf probe 

- - - v v Q G  

described in Section IV. 



~ i g .  8. Interferometer 
siyrlal for a sequence ot axial 
positions at 12 MHz (the plasma 
conditions areidentical with 
those of Figs. 6 and 7). The 
wave packet is radially further 
out than the 20 MHz case and 
appears to be more strongly 
damped. However, this inter- 
ferometrically observed damping 
comes from phase decorrebation 
(c.f. Fig. 9 and discussion in 
text) . 

Fig. 7. Measurements 
of the wave electric field 
amplitude for the same con- 

" 

ditions as Fig. 6. Note 
that the wave amplitude '. 
begins to damp at r-2.5 cm 
regardless of axial position. 



Pig. 10. Boxcar 
integrator sampling curcuit. 
This circuit permitted 
direct observation of the 
direction of both the wave 

t phase velocity and group 
velocity. 

Fig. 9. Measurements 
of the detected amplitude 
of the electric field of the 
12 MHz wave shown in Fig. 8. 
The wave amplitude extends 
further into the plasma than 
the damping of the inter- 
ferometer signal (Fig. 8) 
would indicate. The washing 
out of the interferometer 
signal comes from the phase 
decorrelation discussed in 
Sec. I11 and IV. The wave 
packet moves along the conical 
trajectory up to a critical 
radial position where it is 
strongly damped. 
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Fig. 11. Radial motion of wave packet using the boxcar 
integrator circuit.' The wave packet moves radially into the 
plasma with increased'time. f=40 MHz. 

Fig. 12. Radial motion of the wave phase using the boxcar 
integrator circuit, same settings as Fig. 11 except that the time 
between successive traces is now much less a wave period. The 
wave phase moves radially - out of the plasma with increased time. 



Fig. 13: (a) Comparison 
of experimental measurements 
of dependence of kx on w with 
Eq. (2); He plasma produced. 
by coaxial rf source, X =23 cm- 
B=2470 G; and fitted n=f .6xl0 16 

~ m - ~ .  (b) Same as (a) except 
that hot cathode plasma data 
used. X,=23 crn,;B=515 G, 
n=2.5x109cm-3. 

Fig. 14. Bottom: 
Typical amplitude signal 
measured using a doubled 
tipped rf probe as described 
in Section IV (high pressure 
e t j u i l i b r i u m ;  A, - 11.5 cm) ; 
Top: Interferometer trace 
of the same signal. 
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Fig. 15. Damping ratio kxi/kxr for the low pressure (p-0.5~) 
,equilibrium, He, B=1.3 kG, Xz=23 cm. The experimental 
measurements (dots) are in reasonable agreement with'landau 
damping from an electron distribution function consisiting of 
a 5.5 eV main body and a -30%, 30 eV tail. The experimentally 
obse,rved damping is too large to he explained by collisional 
damping .or solely main body .Landa,u damping. 

Fig. 16. Damping ratio kxi/kxr for the high pressure (p-3~) 
equilibrium; He, B=1.3 kGI Xz=11.5 cm. The experimental 
measurements ( 1-1 ) . are in reasonable agreement with the Landau 
damping from an electron distribution function consisting of a 4 eC 
main body and a -30%, 16 eV tail. Again, the experimentally ob- 
served damping is too large to be explained by collisional damping 
or main body Landau damping. 
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Fig. 17. Typical energy analyzer characteristics 
for both the Low and the high pressure equilibria. 


