
June 1964 

Final Report 

THE EFFECTS OF A PLASMA 
IN THE NEAR-ZONE FIELD OF AN ANTENNA 

Prepared for: 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
LANGLEY RESEARCH CENTER 
HAMPTON, VIRGINIA 

By: W. C. TAYLOR D. E. WEISSMAN 

S R I Project 4555 

Distribution.of this report is provided in the interest of 
information exchange. RxpGxibility for the con:ents 
resides in the author or organization that prepared it. 

Approved: T. MORITA, MANAGER 
E L E C T R O M A G N E T I C  3C1 EN C E S  L A B O R A T O R Y  

D. R. SCHEUCH, DIRECTOR 
E L E C T R O N I C S  A N D  R A D I O  S C I E N C E S  D I V I S I O N  

CONTRACT NASI-3099 

C 

\ 

1 copy Ab;- .............. 

https://ntrs.nasa.gov/search.jsp?R=19670009433 2020-03-16T18:53:40+00:00Z



, 
ABSTRACT 

The r e p o r t  s t u d i e s  t h e  p rob lem o f  r a d i a t i n g  e n e r g y  

from a n  a n t e n n a  immersed i n  a f i n i t e  p l a s m a ,  u n d e r  v a r i o u s  

c o n d i t i o n s  o f  t h e  r a t i o s  o f  t h e  c o l l i s i o n  f r e q u e n c y  and  

t h e  p l a sma  f r e q u e n c y  t o  the  Rad ian  F r e q u e n c y .  T h i s  h a s  

been done by f o c u s i n g  a t t e n t i o n  on t h e  two b a s i c  t y p e s  

o f  r a d i a t o r s - t h e  s m a l l  d i p o l e  and loop-and  o b s e r v i n g  

t h e i r  p r o p e r t i e s ,  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y ,  i n  

a d i s s i p a t i v e  medium s i m i l a r  t o  t h a t  p r e s e n t  on a re-  

e n t r y  v e h i c l e .  c o n s i d e r a t i o n  h a s  a l s o  been  g i v e n  t o  

t h e  impedance -ma tch ing  problem w i t h  s m a l l  a n t e n n a s ,  and 

also t o  t h e  e f f e c t s  of s h e a t h s  s u r r o u n d i n g  t h e  a n t e n n a  

s u r  f a c e .  
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I INTRODUCTION 

The a t t e n u a t i o n  of e l e c t r o m a g n e t i c  waves p r o p a g a t i n g  t h r o u g h  a 

p l a s m a  h a s  been  t h e  s u b j e c t  o f  c o n s i d e r a b l e  a t t e n t i o n  i n  r e c e n t  y e a r s :  

However,  when an a n t e n n a  i s  immersed i n  a p l a s m a ,  t h e r e  a r e  more t h a n  

m e r e l y  p r o p a g a t i o n  l o s s e s .  The a b i l i t y  o f  t h e  a n t e n n a  t o  r a d i a t e  RF 
e n e r g y  t o  g r e a t  d i s t a n c e s  is  a f f e c t e d  by t h e  p r o x i m i t y  o f  t h e  plasma i n  

s eve ra l  ways.  I n  t h e  u s u a l  t e r m i n o l o g y ,  two i m p o r t a n t  e f f e c t s  a r e :  

(1) The d i s s i p a t i o n  due t o  immersion o f  n e a r - f i e l d s  i n  a 
c o n d u c t i n g  medium, a c t i n g  a s  a s h u n t  c o n d u c t a n c e  t o  
which a l a r g e  s h a r e  o f  t h e  power may be d i . r e c t e d ;  and 

( 2 )  The a l t e r e d  a b i l i t y  o f  the  a n t e n n a  t o  r a d i a t e  when 
s u r r o u n d e d  by a r e a c t i v e  or d i s s i p a t i v e  medium. 

T h e s e  two e f f e c t s  c o n c e r n  t h e  d i v i s i o n  o f  t h e  a v a i l a b l e  power between 

r a d i a t i n g  and d i s s i p a t i n g  modes. However, s i n c e  t h e  impedance i s  changed  

by t h e  p r e s e n c e  o f  t h e  p l a s m a ,  t h e  power d e l i v e r e d  t o  t h e  a n t e n n a  w i l l  
a l s o  be changed  from t h e  f r e e - s p a c e  v a l u e ,  and t h i s  t h i r d  e f f e c t  must  be  

a c c o u n t e d  f o r  i n  an o v e r - a l l  c o n s i d e r a t i o n  o f " p 1 a s m a  lo s ses"  i n  t h e  

u s u a l  i n s e r t i o n - l o s s  meaning of t h e  term. S t i l l  a f o u r t h  e f f e c t  i s  due  

t o  t h e  s p a c e - c h a r g e  s h e a t h  t h a t  forms a r o u n d  b o d i e s  immersed i n  a p l a sma  

due t o  t h e  d i f f e r e n c e  i n  m o b i l i t y  between e l e c t r o n s  a n d i o n s .  A f i f t h  

p r o b l e m  ( e s p e c i a l l y  a s s o c i a t e d  w i t h  n e a r - f i e l d  p l a s m a s )  i s  t h e  r e d u c e d  

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

p l a sma  c o v e r s  t h e  a n t e n n a  a p e r t u r e .  

Thus i t  i s  s e e n  t h a t ,  p a t t e r n  c o n s i d e r a t i o n s  a s i d e ,  t h e  t o t a l  power 

r a d i a t e d  may be  d i m i n i s h e d  due t o  a t  l e a s t  f i v e  e f f e c t s  i n  a d d i t i o n  t o  

o r d i n a r y  wave a t t e n u a t i o n .  Although t h e  l a s t  two named o c c u r  i n  p l a s m a  

more o f t e n  t h a n  i n  o t h e r  d i s s i p a t i v e  med ia ,  t h e y  a r e  n e v e r t h e l e s s  l e s s  

g e n e r a l  i n  p1,asmas t h a n  t h e  f i r s t  t h r e e  e f f e c t s .  The e m p h a s i s  o f  t h e  

f i r s t  y e a r ' s  e f f o r t  on t h i s  c o n t r a c t  h a s  been  upon t h e s e  f i r s t  t h r e e  

e f f e c t s .  S e c t i o n  I1 of t h i s  r e p o r t  summar izes  t h e  a n a l y s i s  o f  (1) and 

( 2 )  above  a s  t h e y  a p p l y  t o  s m a l l  l o o p s  and  d i p o l e s  immersed i n  p l a s m a s  

o f  i n f i n i t e  e x t e n t .  With s u c h  a model, t h e  d i s t i n c t i o n  i s  made v e r y  , 

c l e a r l y  be tween  t h e s e  n e a r - f i e l d  e f f e c t s  and  p r o p a g a t i o n  l o s s e s .  A s  a 

combined measu re  of t h e s e  two e f f e c t s ,  a r a d i a t i o n  e f f i c i e n c y  i n  p l a sma  

1 



is both defined and derived for these two antennas, demonstrating their 

behavior as plasma conditions are varied widely. 

Section I I I  reports the program of measurements with a small dipole 
and a small loop in a seeded hydrocarbon flame. Results are presented 

showing the VSWR and the loss of radiated power, and comparisons are made 
with the theory developed in Sec. 11. 

Section IV is a discussion of the application of the elementary 
concepts developed for loops and dipoles to more commonly used re-entry 

antenna systems. An outgrowth of this discussion are recommendations 

for future measurements. 

\ 
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I1 ANALYSIS OF LOOP AND DIPOLE RADIATION 
EFFICIENCY IN PLASMA 

The  dependence  o f  f i e l d s  upon d i s t a n c e  from an e l e c t r i c a l l y  s m a l l  

d i p o l e  o r  l o o p ,  immersed i n  an i n f i n i t e  plasma w i t h  p h a s e  a n d  a t t e n u a t i o n  

c o n s t a n t s  p and ~ 1 ,  w i l l  be o f  t h e  form ( e e a 7 r " ' ) ,  where m is  an i n t e g e r .  

I n  a p l a s m a ,  a s  opposed  t o  t h e  f r e e - s p a c e  c a s e ,  t h e  f i e l d s  w i t h  rn > 1 
c a r r y  r e a l  power away from t h e  a n t e n n a  t o  t h e  medium. However, beyond 

a s p h e r e  of  r a d i u s  e q u a l  t o  h t h e  w a v e l e n g t h  i n  t h e  p l a sma ,  t h e  o n l y  

i m p o r t a n t  f i e l d s  a r e  t h o s e  w i t h  m = 1. T h i s  means t h e  t t o t a l  power f l u x  
t h r o u g h  any s u c h  s u r f a c e  r h c a n  be  w r i t t e n  a s  

P '  

P 

where I i s  t h e  c u r r e n t  a t  t h e  an tenna  t e r m i n a l s .  I t  i s  shown i n  

Appendix B t h a t ,  by i n t e g r a t i n g  t h e  e x p r e s s i o n s  f o r  t h e  f i e l d s ,  RP 
i s  g i v e n  by 

P 
Po - R d  f o r  d i p o i e  

f o r  l o o p ,  

where R d  and R ,  a r e  t h e  f r e e - s p a c e  radiation r e s i s t a n c e s  o f . t h e  d i p o l e  

and l o o p ,  r e s p e c t i v e l y .  

I f  Eq. (1) i s  r e a r r a n g e d  i n  t h e  form 

Eq. ( 3 )  s u g g e s t s  t h a t  R can  be c o n s i d e r e d  a r a d i a t i o n  r e s i s t a n c e  

r e p r e s e n t i n g  n o t  W r ,  e v a l u a t e d  a t  some r 2 h p ,  b u t  W p ,  which i s  m e r e l y  
P 

3 



W r e f e r e n c e d  a t  r = 0 by a s suming  a n  ( e - a r / r )  d e p e n d e n c e  o f  t h e  “ p r o p a -  

g a t i n g  f i e l d s ”  w i t h i n  h p .  
i m m e d i a t e l y  be shown. 

The c o n v e n i e n c e  o f  t h i s  d e f i n i t i o n  w i l l  

Then a f i g u r e  o f  merit  t h a t  i s  i n d e p e n d e n t  o f  r and  u n i q u e  t o  a 

g i v e n  a n t e n n a  i n  a g i v e n  p l a sma  can  be  d e f i n e d  a s  1 t h e  a n t e n n a  p l a sma  

r a d i a t i o n  e f f i c i e n c y  g i v e n  by 
P’ 

where W, i s  t h e  t o t a l  power d e l i v e r e d  t o  t h e  a n t e n n a  and Z i s  t h e  
complex a n t e n n a  impedance measured a t  i t s  t e r m i n a l s .  T h u s ,  t o  f i n d  

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

g i v e n  d i s t a n c e ,  

P 

r ,  qp  i s  m u l t i p l i e d  by e - 2 a r .  

The s c a l i n g  p r o c e d u r e  s u g g e s t e d  by Deschamps” i s  u s e d  f o r  c a l c u l a t -  

i n g  R e ( Z  ) from f r e e - s p a c e  mode l s  o f  t h e  a n t e n n a  impedance.  I f  t h e  t o t a l  

impedance o f  a n  a n t e n n a  i n  f r e e  s p a c e  i s  g i v e n  by 
P 

where  e o  i s  t h e  f r e e - s p a c e  d i e l e c t r i c  c o n s t a n t ,  t h e n  t h e  impedance i n  
plasma d e s c r i b e d  by complex i n d e x  o f  r e f r a c t i o n  n becomes 

Because  n i s  complex,  

i n  g e n e r a l ,  g i v e  r i s e  t o  b o t h  r e a l  and i m a g i n a r y  t e r m s .  Because  f o r  

s m a l l  l o o p s  and  d i p o l e s ,  X ( W ’ , E ~ )  >> R ( w ’ , E ~ ) ,  
[X(no,Eo)/n] c o m p r i s e  t h e  i m p o r t a n t  p a r t  o f  R e ( Z  ) f o r  p l a sma  d e n s i t i e s  

o f  i n t e r e s t .  

e a c h  o f  t h e  f u n c t i o n s  R ( n o , e o )  and X(nw,Eo) w i l l ,  

t h e  i m a g i n a r y  t e r m s  from 

P 

For t h e  d i p o l e ,  a p p r o x i m a t i o n s  from R e f .  2 g i v e t  

L ’  

1 
Reference. are l i s t e d  a t  the end o f  t h e  report.  

See Appendix C 
t 

4 

I 

I 



, 

where n = 2 I n  ( 2 h l a )  and the dimensions h and a are illustrated in the 
sketch accompanying Fig. 1. The first term in the brackets in E q .  ( 7 )  is 
the important loss term, arising from the free-space capacitive reactance. 

For the loop, however, the u s u a l  free-space inductance term gives 

no real contribution in plasma, and second-order terms must be used. 

From Chen and King3, it can be shown that, f o r  o b  z 0 . 3 ,  where b is the 

loop diameter, 

Z ( W ,  E 0 ) 

10-1 A u/w = I 

FIG. 1 

I 

- - - - 
- 
- 

- 
- 
- 

- & h = & b =  0.1 - 
h/o = b/o * 10 10-4 - - - - 

- 

- 
- - 

- 
- 

- 
- 
- 

2h 
- -  IO-^ 
- - - 
- 
- - 

- 

- LOOP DIMENSIONS 

I 
- 

10-6 h I ' l i r h  1 I 1 1 1 1 1 1  I I I 1 1 1 1 1  I I I I l l 1 1  I 1 I l l l l L  

I 0-3 10-2 Io-' I 10 I o2 
(W,/W)* 

ne-435s-7 

RADIATION EFFICIENCY, 
WAVELENGTH SPHERE AS A FUNCTION OF NORMALIZED PLASMA FREQUENCY 

AND PROPAGATION LOSSES, e-2d , FOR ONE 
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where X, i s  t h e  f r e e - s p a c e  l o o p  i n d u c t i v e  r e a c t a n c e ,  C, = ( l /n )  [ l n ( 8 b / a ) - 2 1  
and C = 2 + ( 2 / 3 n C ; ) .  I n  a p l a s m a ,  Eq. (8) g i v e s  

. 

Again t h e  most i m p o r t a n t  l o s s  term, t h e  f i r s t  i n  Eq. .(9), a r i s e s  f rom a' 

f r e e - s p a c e  r e a c t a n c e  term. 

f o r  d i p o l e  
(P IP,  1 R d  

p 3(R - 3 )  
- +  

- 
c 

P 3 0 7  p 3 h 3  - 3 )  1 [E + 

and  

for l o o p  
R ,  - 1 

b 3  
% = 

[2C2b2ap t - (, 
6C 1 

(11) 

E q u a t i o n s  ( 1 0 )  and (11) a r e  p l o t t e d  i n  F i g .  1 a s  a f u n c t i o n  o f  t h e  
p l a sma  f r e q u e n c y ,  w 

c o l l i s i o n  f r e q u e n c y ,  V / W ,  w i t h  d i m e n s i o n s  a s  n o t e d  on t h e  f i g u r e .  T h e s e  

p l o t s  show c l e a r l y  a " r e s o n a n c e "  b e h a v i o r  o f  n e a r - f i e l d  l o s s e s  i n  s m a l l  

n o r m a l i z e d  by w ,  f o r  d i f f e r e n t  v a l u e s  o f  n o r m a l i z e d  
P '  

l o o p s  and d i p o l e s  a s  r e p r e s e n t e d  by t h e  r a d i a t i o n  e f f i c i e n c y  when p l o t t e d  

6 



o v e r  a l a r g e  r a n g e  o f  t h e  n o r m a l i z e d  p l a sma  f r e q u e n c y .  S i n c e  i t  a p p e a r s  

f rom t h e  c h a r a c t e r  o f  t h e s e  c u r q e s  t h a t  a l l  p lasma l o s s e s  migh t  d e c r e a s e  

f o r  up/" g r e a t e r  t h a n ' . 1 0 2 ,  i t  shou ld  be n o t e d  t h a t  t h e  o v e r - a l l  r a d i a t i o n  

e f f i c i e n c y ,  i n c l u d i n g  p r o p a g a t i o n  l o s s e s ,  a t  a d i s t a n c e  r i s  q e - 2 a r ,  where 

i s  an  i n c r e a s i n g l y  l a r g e  number as w. /w e x c e e d s  u n i t y ,  and t h e  a n a l y s i s  
F 

P 
a p p l i e s  o n l y  f o r  r 

on  t h e  same c o o r d i n a t e s  i n  F i g .  1 for t h e  same v a l u e s  o f  c o l l i s i o n  f r e -  

quency  t o  a l l o w  compar i son  w i t h  7 , T h i s  p l o t  shows t h a t  t h e  n e a r - f i e l d  
l o s s e s  a r e  more i m p o r t a n t  t h a n  t h e  p r o p a g a t i o n  l o s s e s  f o r  ( u p / w )  2 1. 

X p .  Thus t h e  q u a n t i t y  e - 2 a X p  h a s  a l s o  been  p l o t t e d  

P 

The c o l l i s i o n  f r e q u e n c y  i s  seen t o  be an i m p o r t a n t  p a r a m e t e r  i n  t h e  

r a d i a t i o n  e f f i c i e n c y  f u n c t i o n .  The c u r v e s  o f  F ig .  1 show t h a t  l o w e r i n g  

t h e  c o l l i s i o n  f r e q u e n c y  w i t h  a g iven  a n t e n n a ,  improves  t h e  r a d i a t i o n  

e f f i c i e n c y  f o r  a l m o s t  a l l  v a l u e s  o f  t h e  p lasma f r e q u e n c y .  The e x c e p t i o n  
i s  when t h e  p lasma f r e q u e n c y  is  i n  a s m a l l  r a n g e  a b o u t  t h e  RF f r e q u e n c y .  

I n  t h i s  r a n g e ,  t h e  d e e p e s t  n u l l s  o f  77 o c c u r  f o r  t h e  lower  v a l u e s  o f  

( v / m ) .  The minima o f  7 a r e  s h i f t e d  t o  t h e  r i g h t  by i n c r e a s e d  ( v / w ) .  

T h i s  marked r e s o n a n c e  b e h a v i o r  o f  7 i s  u n i q u e  t o  t h o s e  m e d i a ,  s u c h  a s  

p l a sma ,  i n  which  a c a n  exceed  p and which approach  a c o m p l e t e l y  c u t - o f f  

c o n d i t i o n  a s  ( v / w )  a p p r o a c h e s  z e r o .  The e f f e c t  o f  i n c r e a s e d  c o l l i s i o n  

f r e q u e n c y  on t h e  o v e r - a l l  r a d i a t i o n  e f f i c i e n c y ,  q p e - 2 a r ,  i s  s e e n  t o  v a r y ,  

d e p e n d i n g  upon t h e  r a n g e  of ( w P / w l 2  and the v a l u e  o f  r o f  i n t e r e s t .  

P 

P 

P 

' 

An i m p o r t a n t  f a c t o r  t h a t  t h e  c u r v e s  d o  n o t  s h o w  is t h e  e f f e c t  of  

c h a n g i n g  h and b .  S i n c e  t h e  f r a c t i o n s  R / X  i n  E q s .  ( 1 0 )  and  (11) r e p r e - !  

s e n t  t h e  r e c i p r o c a l  of  t h e  f r e e - s p a c e  Q o f  t h e  r e s p e c t i v e  a n t e n n a s ,  and  

v a r y  a s  ( p , h ) 3  and r e s p e c t i v e l y ,  i t  i s  s e e n  t h a t ,  f o r  h i g h  a ,  
7 ,  f o r  t h e  d i p o l e  v a r i e s  a s  ( , 8 , h ) 3 ,  b u t  f o r  t h e  l o o p  o n l y  a s  ( P , b ) .  
Hence i f  poh = Pab = 0 . 3  ( t h e  maximum v a l u e s  f o r  w h i c h  t h e  t h e o r y  i s  

v a l i d ) ,  t h e  Q of  e a c h  a n t e n n a  compared w i t h  t h o s e  i l l u s t r a t e d  i n  t h e  
f i g u r e  i s  d e c r e a s e d  by a f a c t o r  of  2 7 .  H e n c e  t h e  m i n i m u m  v a l u e  of  t h e  

d i p o l e  q i s  i n c r e a s e d  compared wi th  t h e  f i g u r e  by a f a c t o r  of  27  and 

t h e  l o o p  q m i n i m u m  by a f a c t o r  of  o n l y  t h r e e .  
P 

P 

I t  is  n d t e d  from t h e  r i g h t  s i d e  o f  t h e  f i g u r e  t h a t  i n  p l a s m a s  s i m i l a r  

t o  s e a  w a t e r  ( u 2  >> and p2 >? p i ) ,  t h e  r a d i a t i o n  e f f i c i e n c y  a l o n e  g i v e s  

l i t t l e  t o  c h o o s e  from between s m a l l  l o o p s  and  s m a l l  d i p o l e s .  
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I11 EXPERIMENTAL PROGRAM 

A .  OBJECTIVES 

S i n c e  the t h e o r y  o f  a n t e n n a s  i n  c o n d u c t i v e  med ia  i s  s i m p l e s t  € o r  

v e r y  s m a l l  a n t e n n a s ,  t h e s e  were chosen  f o r  t h e  f i r s t  e x p e r i m e n t a l  e f f o r t  

so c o m p a r i s o n s  c o u l d  r e a d i l y  be  made w i t h  t h e o r y .  I t  was d e c i d e d  t o  con-  

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

o v e r  a ground p l a n e ,  s i n c e  t h i s  would a l l o w  them t o  b e  c o n n e c t e d  t o  a 

c o a x i a l  l i n e  on which impedance and power c o u l d  be measu red  c o n v e n i e n t l y  

( s e e  F i g s .  2 and 3 ) .  

DIPOLE 

LOOP 

R1-4555-1 

FIG. 2 HALF DIPOLE AND LOOP CONSTRUCTED FOR FLAME MEASUREMENTS 
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FIG. 3 LOOP ANTENNA IN MEASUREMENT LOCATION 
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From Sec.  11 i t  i s  s e e n  t h a t  t h e  t o t a l  power r a d i a t e d  beyond a s p h e r e  
o f  r a d i u s  r e q u a l s  t h e  p r o d u c t  o f  t h e  power d e l i v e r e d  t o  t h e  a n t e n n a  t e r m i -  

n a l s ,  t h e  r a d i a t i o n  e f f i c i e n c y ,  and t h e  e x p o n e n t i a l  f a c t o r  e - 2 a r ,  p r o v i d e d  

r e x c e e d s  one w a v e l e n g t h  i n  t h e  p l a sma .  The r a d i a t i o n  e f f i c i e n c y  was d e -  
f i n e d  i n  a n  i n f i n i t e ,  homogeneous medium and i t  c a n  be  a u s e f u l  p a r a m e t e r  

i n  t h e  f o l l o w i n g  way: I f  two d i f f e r e n t  a n t e n n a s  ( f o r  i n s t a n c e ,  a d i p o l e  

and l o o p )  draw t h e  same amount o f  power from a g e n e r a t o r ,  t h e n  t h e  r a t i o  

o f  t h e  powers  t h a t  e a c h - w i l l  t r a n s m i t  beyond a s p h e r e  o f  a g i v e n  r a d i u s  
w i l l  b e  t h e  r a t i o  o f  t h e i r  r a d i a t i o n  e f f i c i e n c i e s ,  and  t h i s  r a t i o  w i l l  n o t  

depend  on t h e  r a d i u s  p r o v i d e d  r 1 h p .  
s h o u l d  be  r e p l a c e d  by f r e e  s p a c e ,  t h e n  t h e  r a t i o  o f  t h e  r e s p e c t i v e  powers  

r a d i a t e d  beyond t h e  s p h e r e  f o r  t h e  g i v e n  a n t e n n a s  w i l l  a l s o  be  t h e  r a t i o  

o f  t h e i r  r a d i a t i o n  e f f i c i e n c i e s .  This i s  b e c a u s e  t h e  p a t t e r n s  f o r  v e r y  
s m a l l  a n t e n n a s  have  a p p r o x i m a t e l y  t h e  same fo rm,  e v e n  i n  t h e  c o n d u c t i n g  

medium, and t h e  wave impedances  a r e  t h e  same,  s o  t h a t  t h e  r e f l e c t i o n  co -  

e f f i c i e n t  from t h e  i n t e r f a c e  w i l l  b e  t h e  same f o r  b o t h  a n t e n n a s .  I t  i s  

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

men t s  w i t h  a f i n i t e ,  f l a m e - p r o d u c e d ,  p l a sma  t r i e d  t o  o b s e r v e .  The r a t i o  
o f  t h e  d i p o l e  r a d i a t i o n  e f f i c i e n c y  t o  t h a t  o f  t h e  l o o p  c a n  be  g r e a t e r  o r  

less t h a n  u n i t y ,  d e p e n d i n g  on t h e i r  r e l a t i v e  s i z e s  and on t h e  p a r a m e t e r s  
of  t h e  medium. For  t h e  s i z e  a n t e n n a s  t h a t  were d e s i g n e d  f o r  o u r  e x p e r i m e n t s ,  

and t h e  c o n s t a n t s  o f  t h e  h y d r o c a r b o n  f l a m e ,  t h e  c a l c u l a t i o n s  f o r  an i n -  

f i n i t e ,  homogeneous medium showed t h e  l oop  t o  be s u p e r i o r  t o  t h e  d i p o l e  

t h r o u g h o u t  t h e  r a n g e  c a l c u l a t e d .  

If t h e  medium o u t s i d e  t h i s  s p h e r e  

Thus i t  was t h e  p u r p o s e  of t h e  e x p e r i m e n t s  t o  measu re  two q u a . n t i t i e s  

which c a n  be  compared w i t h  t h e  t h e o r y  o f  S e c .  11. One i s  t h e  VSWR of  t h e  

a n t e n n a s  i n  f l a m e ,  and t h e  o t h e r  i s  t h e  r a t i o  o f  r a d i a t i o n  e f f i c i e n c i e s .  

B .  EXPERIMENTAL SETUP 

The e x p e r i m e n t a l  a p p a r a t u s  c a n  b e  s e p a r a t e d  i n t o  two main g r o u p s .  

The f i r s t  g roup  i s  c o m p r i s e d  o f  t h e  l o w - p r e s s u r e  v e s s e l  i n  which t h e  
f l a m e  i s  burne-d, t h e  a s s o c i a t e d  g a s  m e t e r i n g  e q u i p m e n t ,  t h e  vacuum s y s t e m  

and t h e  f l a m e  d i a g n o s t i c  equ ipmen t .  
s c r i b e d  i n  Appendix A .  The s e c o n d  g r o u p  c o n t a i n s  t h e  RF equ ipmen t  u s e d  

t o  m e a s u r e  impedance,  r a d i a t e d  and r e c e i v e d  power,  and  t h e  t e s t  a n t e n n a s .  

A s c h e m a t i c  of t h i s  l a t t e r  s e t u p  i s  shown i n  F i g .  4.  

The d e t a i l s  o f  t h i s  g r o u p  a r e  d e -  
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SWR 
AMPLIFIER 

6 - d b  
ATTENUATOR 1 - 

FIG. 4 SCHEMATIC OF SETUP FOR IMPEDANCE AND RADIATION MEASUREMENTS 

DOUBLE 
STUB IO-db 

ATTENUATOR TUNER 

The t e s t  a n t e n n a s  ( F i g .  2 )  were t h e  t e r m i n a t i o n  o f  a r i g i d ,  s i l v e r  
p l a t e d  b r a s s ,  c o a x i a l  t r a n s m i s s i o n  l i n e .  The t r a n s m i s s i o n  l i n e  was s u p -  

p o r t e d  by a vacuum s e a l ,  mounted on a s i d e  arm o f  t h e  v e s s e l ,  w h i c h  p e r -  

m i t t e d  i t  t o  move t h e  a n t e n n a  i n  and o u t  of t h e  f l a m e .  The a n t e n n a  was  

p o s i t i o n e d  10 i n c h e s  above t h e  b u r n e r  ( s e e  F i g .  3 ) .  The a n t e n n a  c o u l d  be  

l e f t  i n  t h e  f l a m e  o n l y  a few m i n u t e s ,  d u r i n g  which time t h e  e l e c t r o n  d e n -  

s i t y  a n d  e l e c t r i c a l  measurements  were made. 

SLOTTED 
LINE 

DUAL 

COUPLER 
- DIRECTIONAL 

The  e l e c t r o n  d e n s i t y  o f  t h e  flame was enhanced  by p l a c i n g  a c r u c i b l e  

c o n t a i n i n g  NaCl on t h e  edge  o f  t h e  b u r n e r  o p e n i n g  and a l l o w i n g  t h e  s a l t  

t o  e v a p o r a t e  and i o n i z e  t h e  f l a m e .  Some t y p i c a l  p r o f i l e s  a r e  p l o t t e d  i n  

F i g .  5 .  The r a n g e  o f  e l e c t r o n  d e n s i t y  t h a t  was a t t a i n a b l e  was from one -  

f o u r t h  t o  t h r e e  times t h e  c r i t i c a l  v a l u e ,  measured a t  t h e  t i p  o f  t h e  

a n t e n n a .  
f r e q u e n c y  e q u a l s  t h e  RF f r e q u e n c y .  

The c r i t i c a l  e l e c t r o n  d e n s i t y  i s  t h e  d e n s i t y  a t  which t h e  p l a sma  

- 'CALIBRATED 3-db 
ATTENUATOR 

VARIABLE 
ATTENUATOR 

A l l  o f  t h e  measurements  were t a k e n  a t  a s i n g l e  p r e s s u r e  s o  t h e  c o l l i -  

s i o n  f r e q u e n c y  r ema ined  c o n s t a n t  and e s t i m a t e d  a t  1 . 6  t imes t h e  r a d i a n  RF 
f r e q u e n c y .  

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

and w a t e r  m o l e c u l e s ,  s i n c e  a t  t h e s e  f l a m e  t e m p e r a t u r e s  (1000'K) t h e  

c o l l i s i o n  cross s e c t i o n  f o r  . w a t e r  is l a r g e r  t h a n  t h e  o t h e r  c o m b u s t i o n  

S i n c e  t h e  f l a m e  h a s  a l a r g e  p e r c e n t a g e  o f  w a t e r  v a p o r ,  t h e  

1 
loo0 cps LOW 

PASS 
oSCILLAToR - MODULATION , FILTER 
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ANTENNA TIP APPROXIMATELY 
1/2 inch FROM GROUND PLANE 

t I  ‘ I  
THESE ARE TYPICAL PROFILES 
OBTAINED DURING MEASUREMENTS 

so.0 1 
0 I 2 3 4 

DISTANCE FROM GROUND PLANE -inches 
aa-w.5-s 

FIG. 5 ELECTRON DENSITY RELATIVE TO THE CRITICAL VALUE vs. DISTANCE 
FROM GROUND PLANE 

I 

p r o d u c t s .  The c o l l i s i o n  f r e q u e n c y  f o r  t h i s  f l a m e  h a s  been  measu red  a s  
a f u n c t i o n  of p r e s s u r e  a n d  t h e  r e s u l t s  a r e  a v a i l a b l e  i n  R e f .  4 .  

The r e c e i v i n g  a n t e n n a  w a s  p o s i t i o n e d  30 d e g r e e s  f rom t b e  g r o u n d  p l a n e ,  
o u t s i d e  t h e  g l a s s  ves se l .  T h i s  c h o i c e  of p o s i t i o n  was d e t e r m i n e d  o n l y  by 

t h e  f i x e d  a r r angemen t  of  t h e  chamber  a p p a r a t u s .  S i n c e  i t  i s  assumed t h a t  

t h e  f a r  f i e l d  p a t t e r n  of e a c h  a n t e n n a  i s  unchanged by t h e  f l a m e ,  i t  i s  

c o n s i d e r e d  t h a t  t h e  r e c e i v i n g  a n t e n n a  r e c e i v e s  a c o n s t a n t  f r a c t i o n  o f  t h e  

power r a d i a t G d  beyond t h e  p lasma u n d e r  a l l  c o n d i t i o n s .  
w i l l  b e  d i s c u s s e d  f u r t h e r  i n  t h e  n e x t  s e c t i o n .  

T h i s  a s s u m p t i o n  

C. DATA 

B e f o r e  t h e  f l a m e  was i g n i t e d ,  e a c h  a n t e n n a  was mounted i n  i t s  t e s t  

position o v e r  t h e  b u r n e r ,  and t h e  VSWR and  v o l t a g e  m i n i m u m p o s i t i o n  measu red .  



A l s o  measu red  was t h e  l e v e l  o f  Pint, t h e  power i n c i d e n t  on  t h e  a n t e n n a  

t e r m i n a l s ,  and t h e  l e v e l  o f  PreC, t h e  power r e c e i v e d  by t h e  r e c e i v i n g  
a n t e n n a .  The power d e l i v e r e d  t o  t h e  a n t e n n a ,  P d e l ,  w a s  c a l c u l a t e d  by 

s t a n d a r d  t r a n s m i s s i o n  l i n e  t h e o r y  from P i n c  and t h e  VSWR. 

I t  i s  assumed t h a t  t h e  r e c e i v i n g  a n t e n n a  r e c e i v e d  a c o n s t a n t  f r a c t i o n  
F o f  P d e l  s u c h  t h a t  

(2) f r e e - s p a c e  

= F .  

The above  p r o c e d u r e  is  r e p e a t e d  unde r  v a r i o u s  f l a m e  c o n d i t i o n s ,  i n  which 
c a s e  

Combining t h e s e  e q u a t i o n s ,  w e  g e t  

or  

where 

The measu red  r a t i o  R i s  p l o t t e d  f o r  t h e  l o o p  and f o r  t h e  d i p o l e  i n  F i g .  6. 
The r a t i o  o f  R f o r  t h e  l o o p  t o  R f o r  t h e  d i p o l e  i n  t h e  same f l a m e  w i l l  
g i v e  t h e  r a t i o  o f  t h e i r  r a d i a t i o n  e f f i c i e n c i e s .  

t h e  t h e o r e t i c a l  r e s u l t  ( F i g .  7 )  where t h e  r a d i a t i o n  e f f i c i e n c i e s  i n  an 

i n f i n i t e  medium a r e  p l o t t e d .  The r a t i o  o f  r a d i a t i o n  e f f i c i e n c i e s  i s  

shown by t h e  d o t t e d  l i n e .  

T h i s  c a n  be compared t o  

S i n c e  t h e  p l a sma  a b o u t  e a c h  a n t e n n a  was inhomogeneous ,  h a v i n g  a m i n i -  

mum a t  t h e g r o u n d  p l a n e  and amaximum a p p r o x i m a t e l y  one  i n c h  beyond t h e  t i p  
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FlG.7 CALCULATED RADIATION FREQUENCY FOR DIPOLE AND LOOP IN 
INFINITE, HOMOGENEOUS PLASMA vs. NORMALIZED PLASMA FREQUENCY 

I I I I / / I /  I I I 1 I l l )  

3 - LOOP -- 0 - -  +- --___ 

0 - DIPOLE 

-10 

U 
I 

I 

I I I I I I j j  I I I I i l l 1  

4 6 8 IO 0.2 0.4 0.6 0.8 1.0 ~ 2 0.1 

(wp/w12 - at tip ot antenna 
RB-4555-4 
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FIG. 8 CALCULATED AND MEASURED VSWR OF DIPOLE AND LOOP vs. 
NORMALIZED PLASMA FREQUENCY 

(Fig. 8 ) ,  t h e  d e n s i t y  a t  t h e  t i p  was a r b i t r a r i l y  c h o s e n  a s  t h e  a b s c i s s a  
a g a i n s t  which t h e  VSWR and  o t h e r  d a t a  % e r e  p l o t t e d .  No such  a m b i g u i t y  

e x i s t s  f o r  t h e  t h e o r e t i c a l  VSWR s i n c e  t h e  medium i s  assumed homogeneous.  

T h e s e  c u r v e s  of  t h e  VSWR a r e  shown 1 n  F l g .  8 .  

D. IIESCUSSION OF EXPERIMENTAL RESL'LTS 

The  VSWR d a t a  f o r  b o t h  o f  t h e  a n t e n n a s  w a s  i n  r e a s o n a b l e  a g r e e m e n t  

w i t h  t h e  t h e o r y ,  c o n s i d e r i n g  t h e  inhomogenei ty  o f  t h t .  p l a sma .  T h l s  d a t a  
s u b s t a n t i a t e s  t h e  t h e o r y  t h a t  n e a r  f i e l d  l o s s e s  a i l 1  be l a r g e s t  f o r  t h o s e  

a n t e n n a s  t h a t  s t o r e  more e l e c t r i c  ene rgy  i n  t h e i r  n e a r  f i e l d s .  

The  d a t a  t h a t  was t a k e n  t o  compare w i t h  t h e  t h e o r e t i c a l  r a d i a t i o n  e f -  

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

o f  t h e  a n t e n n ? ~  w i l l  n o t  be  a f f e c t e d  by t h e  f l ame .  

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

becomes p o o r e r  a s  t h e  e l e c t r o n  d e n s i t y  i n c r e a s e s  beyond i t s  c r i t i c a l  v a l u e ,  

b e c a u s e  o f  t h e  two d i m e n s i o n a l  i nhomogene i ty  of  t h e  e l e c t r o n  d e n s i t y .  

Below t h e  c r i t i c a l  d e n s i t y ,  however,  t h e  d a t a  d o e s  show,  q u a l i t a t i v e l y ,  

t h e  s u p e r i o r i t y  o f  t h e  l o o p  i n  r a d i a t i n g  power.  

Whi le  t h i s  a s s u m p t i o n  
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For  these d a t a ,  a l s o ,  t h e  a b s c i s s a  o f  t h e  g r a p h s  i s  t h e  e l e c t r o n  
d e n s i t y  a t  t h e  t i p  o f  t h e  a n t e n n a .  B e c a u s e  o f  t h i s  a m b i g u i t y  i t  w i l l  n o t  

b e  f r u i t f u l  t o  q u a n t i t a t i v e l y  compare  t h e  t h e o r e t i c a l  c u r v e s  o f  r a d i a t i o n  

e f f i c i e n c y  w i t h  t h i s  d a t a ,  s i n c e  t h e y  were c a l c u l a t e d  u n d e r  f i r m  r e s t r i c -  

t i o n s  on t h e  s i z e ,  symmetry and  u n i f o r m i t y  o f  t h e  p l a s m a .  

Ano the r  f e a t u r e  o f  t h i s  d a t a  i s  t h e  m e r g i n g  o f  t h e  c u r v e s  i n  F i g .  ( 6 )  
a t  t h e  h i g h e r  e l e c t r o n  d e n s i t i e s .  T h i s  s u g g e s t s  t h e  i n c r e a s i n g  dominance  

o f  t h e  e x p o n e n t i a l  a t t e n u a t i o n ,  at; t h e s e  d e n s i t i e s ,  o v e r  t h e  n e a r  f i e l d  

e f f e c t s ,  which a r e  more not iceable  a t  t h e  l o w e r  d e n s i t i e s .  Under  t h e s e  

h i g h e r  d e n s i t y  c o n d i t i o n s  t h e  d i p o l e  and  l o o p ,  w h i c h a r e  c o m p a r a b l e  s i z e ,  

a re  v e r y  s i m i l a r  in p e r f o r m a n c e .  

, 
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IV NEAR-FIELD EFFECTS IN PRACTICAL ANTENNA SYSTEMS 

A .  GENERAL 

The understanding of the loop and dipole behavior in plasmas under 
the simple conditions of complete immersion in plasmas of infinite extent 

is important to understanding more specialized classes o f  problems such 

as large antennas with near fields only partially immersed in plasmas of 
finite extent. In addition, the prior sections of this report have not 

treated some of the effects that are appropriate to both the loop a r d  

dipole as well as larger antennas. This section gives a discussion o f  

both of these classes of problems as they are expected t o  influence 
communication and diagnostic equipment on a reentry'vehicle. 

B .  FEED GAP L O S S E S  IN PLASMA 

The impedance calculated in Sec. I1 of this report assumes an 
infinitesimal gap at the feed points. The losses in a gap o f  finite 

s i z e  that is exposed to plasma may be significan~. In air,  his f e e d  

effect is usually represented by a shunt reactance (icross the ant,enna. 

In a lossy plasma, the gap will act like a capacitor iiiied with a i o s r y  

dielectric and will add conductance a n d  suscept,ance to the antenna 
admittance. This will represent enr.igy st.ored arid dissipated in the 

nonradiating electric fieids i n  t h e  feed region. For a given feed 

geometry, the effect o f  this shunt impedance on t h e  power delivered to 

the radiat 

s t r u c t u re. 

admittance 

substantia 

ng structure will depend on the impedance of Lhe radiating 
An antenna that h a s  an admittance comparable to.the g a p  

(for instance a small dipole) will a!low the gap to shunt. a 

portion o f  the available p o w e r .  

C .  IMPEDANCE- MATCHING CONSIDERATIONS 

The case where no matching network is placed between an antenna and 
a generator will first be considered. The effect of a transmission line 

joining the two will be of  interest. The generator impedance will be 

assumed resistive and equal to z , ,  the transmission line characteristic 
impedance. Then the effects of a matching network will be considered. 
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If an a n t e n n a  i s  c o n n e c t e d  t o  a g e n e r a t o r  t h r o u g h  a l o s s l e s s  t r a n s -  

m i s s i o n  l i n e  ( a L i n e  = O), a l l  t h e  power d e l i v e r e d  t o  t h e  i n p u t  o f  t h e  

t r a n s m i s s i o n  l i n e  w i l l  b e  a b s o r b e d  i n  t h e  a n t e n n a ,  r e g a r d l e s s  o f  t h e  VSWR 
on t h e  t r a n s m i s s i o n  l i n e .  For  t h e  r e a l i s t i c  c a s e  where t h e  t r a n s m i s s i o n  

l i n e  h a s  some f i n i t e  l o s s ,  i t  i s  p o s s i b l e  t h a t  more power w i l l  be  
d i s s i p a t e d  i n  t h e  t r a n s m i s s i o n  l i n e  t h a n  w i l l  be  d e l i v e r e d  t o  t h e  
a n t e n n a  impedance.  The h i g h e r  t h e  VSWR o f  t h e  a n t e n n a  impedance ,  t h e  
p o o r e r  w i l l  b e  t h e  e f f i c i e n c y .  For t h e  c a s e  where  aZ << 1 n e p e r ,  a n d  

s > 20, 
1 
S 
- 

Power d e l i v e r e d  t o  a n t e n n a  impedance  - - 
Power d e l i v e r e d  t o  i n p u t  o f  t r a n s m i s s i o n  l i n e  1 al t - r  

S 

t r a n s m i s s i o n  l i n e  o f  t h e  same 2,. A r e d u c t i o n  o f  S r e s u l t s  i n  l e s s  

r e f l e c t e d  power a t  t h e  t r a n s m i s s i o n  l i n e  i n p u t  p l u s  an i n c r e a s e  i n  t h e  

e f f i c i e n c y  o f  t h e  n e t w o r k ,  b o t h  o f  which r e s u l t  i n  g r e a t e r  power tcj t h e  

a n t e n n a .  T h e r e f o r e ,  i f  a h igh-Q a n t e n n a  were immersed i n  a t h i n  p l a s m a ,  

p a r t  o f  t h e  l o s s e s  due  t o  n e a r - f i e l d  d i s s i p a t i o n  i n  t h e  p lasma would Le 

compensa ted  by i n c r e a s e d  power t o  t h e  a n t e n n a  i n  t h i s  c i r c u i t  s i n c e  t h e  

' VSWR would b e  l o w e r e d  by t h e s e  l o s s e s .  

I n  p l a c e  o f  t h e  d i r e c t , s i n g l e  t r a n s m i s s i o n  l i n e  c o n n e c t i o n  t o  t h e  

t r a n s m i t t e r ,  a m a t c h i n g  n e t w o r k - p o s s i b l y  c o n s i s t i n g  o f  lumped r e a c t i v e  

e l e m e n t s  and s e c t i o n s  o f  t r a n s m i s s i o n  l i n e s - w i l l  n e x t  be c o n s i d e r e d .  

For a high-Q a n t e n n a ,  t h e  c i r c u i t  which m a t c h e s  i t ,  i n  a i r ,  t o  a r e s i s -  

t i v e  g e n e r a t o r  impedance w i l l  a l s o  c a u s e  a s e v e r e  mismatch when t h e  

a n t e n n a  i s  immersed i n  a p lasma t h a t  c a u s e s  i t s  impedance t o  change  

a p p r e c i a b l y .  For l o s s l e s s  m a t c h i n g  e l e m e n t s ,  t h e  VSWR on t h e  g e n e r a t o r  
s i d e  of  t h e  ma tch ing  ne twork  d e t e r m i n e s  t h e  power d e l i v e r e d  t o  t h e  

a n t e n n a .  I f  t h e r e  a r e  i o s s e s  i n  t h e  m a t c h i n g  e l e m e n t s ,  i t  i s  p o s s i b l e  

t h a t  t h e  power d i v i s i o n  be tween t h e  r a d i a t i o n  r e s i s t a n c e s  of  a s h o r t  

a n t e n n a  and  the  e q u i v a l e n t  l o s s  r e s i s t a n c e  o f  t h e  m a t c h i n g  e l e m e n t s  w i l l  
be  p o o r  i n  a i r  b u t  w i l l  improve  u n d e r  p lasma c o n d i t i o n s .  L o s s e s  i n  t h e  

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

o f  t h e  a n t e n n a  impedance from d i s t u r b i n g  t h e  impedance match a p p r e c i a b l y  

( i f  Q,,,, .  
b e c a u s e  o f  the lowered  S and h e n c e  more f a v o r a b l e  power d i v i s i o n .  

>> Q c k t )  w h i l e  t h e  power d e l i v e r e d  t o  t h e  a n t e n n a  i n c r e a s e s  
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T h e r e f o r e ,  i t  i s  d e s i r a b l e  t o  u s e  an a n t e n n a  w i t h  a s  l o w  a Q a s  

p o s s i b l e  t o  m i n i m i z e  t h e  misma tch  c a u s e d  by t h e  m a t c h i n g  c i r c u i t  i n  t h e  

p l a s m a  r e g i m e .  The  Q o f  t h e  ma tch ing  c i r c u i t  w i l l  o n l y  be  i m p o r t a n t  i n  

f r e e  s p a c e ,  when i t  w i l l  b e  l e s s  t h a n  t h e  a n t e n n a  0, and w i l l  l i m i t  t h e  

e f f i c i e n c y  o f  t h e  ne twork .  

D .  SHEATH EFFECT FOR SMALL DIPOLE A N D  LOOP 

One o f  t h e  f e a t u r e s  t h a t  d i s t i n g u i s h  a p l a sma  from a n  o r d i n a r y  con-  

d u c t i v e  medium-such a s  s e a  w a t e r - i s  t h a t  t h e  n e g a t i v e  c h a r g e  c a r r i e r s  

a r e  f r e e  e l e c t r o n s ,  n o t  n e g a t i v e  i o n s ,  and t h e y  have  a much g r e a t e r  m o b i l i t y  

t h a n  t h e  l i g h t e s t  p o s i t i v e  i o n .  An o b j e c t  t h a t  i s  p l a c e d  i n s i d e  a n e u t r a l  

p l a s m a  w i l l  i n i t i a l l y  r e c e i v e  a l a r g e r  random e l e c t r o n  c u r r e n t  t h a n  i o n  

c u r r e n t  and  w i l l  a c c u m u l a t e  a n e g a t i v e  c h a r g e  on i t s  s u r f a c e ,  which  w i l l  
r e p e l  o t h e r  e l e c t r o n s  from t h e  immedia t e  v i c i n i t y  o f  t h e  s u r f a c e .  The 

e l e c t r o s t a t i c  p o t e n t i a l  p r o d u c e d  by t h i s  a c c u m u l a t i n g  s u r f a c e  c h a r g e  w i l l  
i n c r e a s e  u n t i l  b o t h  e l e c t r o n  a n d . i o n  c u r r e n t s  t o  t h e  s u r f a c e  a r e  e q u a l ,  

mak ing  t h e  n e t  c u r r e n t  z e r o .  Also, be tween  t ; l i s  s u r f a c e  c h a r g e  on t h e  

o b j e c t  and  t h e  p l a s m a ,  a s h e a t h  o c c u p i e d  by i o n s  w i l l  be  fo rmed .  T h i s  

s h e a t h  w i l l  be  found i n  any p l a sma ,  i . e . ,  f o r  any v a l u e  o f  LJ/W and  w i l l  
b e  o f  t h e  o r d e r  o f  s e v e r a l  Debye l e n g t h s  t h i c k . ’  

P ’  

I f  a v o l t a g e  i s  a p p l i e d  t o  e i t h e r  t h e  d i p o l e  o r  l o o p  whose 0) >> w P‘ 
t h e  e l e c t r o n s  o u t s i d e  t h e  s h e a t h  w i l l  n o t  be a b l e  t o  r e s p o n d  t o  t h i s  

v a r y i n g  v o l t a g e  and  t h e  t o t a l  c h a r g e  on  t h e  a n t e n n a  and t o t a l  c h a r g e  o f  

t h e  i o n s  i n  t h e  s h e a t h  w i l l  n o t  v a r y .  The e f f e c t  on t h e  p r o p a g a t i n g  

f i e l d s  i s  t h a t  t h e  a n t e n n a  a p p e a r s  t o  be  s u r r o u n d e d  by a loss less  d i e l e c t r i c  

w i t h  a d i e l e c t r i c  c o n s t a n t  a p p r o x i m a t e l y  e q u a l  t o  c 0 ,  

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

u s u a l  p l a sma  p r o p e r t i e s .  T h e r e f o r e ,  t h e  p l a sma  w i l l  h a v e  a , n e g l i g i b l e  

e f f e c t  on t h e  a n t e n n a  impedance a s  w e l l  a s  on ehe  p r o p a g a t i o n .  

of  e x t e n t  c o r r e s p o n d -  

For  f r e q u e n c i e s  l o w e r  t h a n  w t h e  s h e a t h  d i m e n s i o n s  w i l l  r e s p o n d  
P 1  

t o  t h e  RF f r e q u e n c y .  The r e s u l t  i s  a v a r y i n g  s h e a t h  c a p a c i t a n c e  and  a n  

i n c r e a s e  i n  t h e  a n t e n n a  c o n d u c t a n c e .  T h e r e f o r e ,  i n  t h i s  p l a s m a  r e g i m e ,  

where  p r o p a g a t i o n  i s  c u t o f f  o r  a t t e n u a t e d ,  t h e  p r e s e n c e  o f  t h e  s h e a t h  w i l l  
be s e e n  i n  t h e  a n t e n n a  impedance  and a n y  e f f o r t  t o  d i a g n o s e  t h e  p l a sma  f rom 

a n t e n n a  impedance  measu remen t s  s h o u l d  i n c l u d e  a knowledge  of  t h e  s h e a t h  
d i m e n s i o n s  a n d  s h e a t h  mot ion .  These  p a r a m e t e r s  w i l l  depend  on t h e  
r e l a t i v e  m a g n i t u d e s  of t h e  a n t e n n a  r a d i u s ,  Debye l e n g t h ,  t h e  mean f r e e  

p a t h ,  and  t h e  v a l u e s  o f  V / W .  
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V'SUMMARY AND CONCLUSIONS 

The s u b j e c t  o f  a n t e n n a s  i n  l o s s y  media a d d s  a n o t h e r  d e g r e e  o f  f r eedom 

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

a t t e n t i o n  on t h e  two b a s i c  t y p e s  o f  r a d i a t o r s  and t o  compare t h e i r  p r o p e r -  

t i e s  i n  a d i s s i p a t i v e  medium s i m i l a r  t o  t h a t  p r e s e n t  on a r e - e n t r y  v e h i c l e .  

The e x p e r i m e n t a l  resu . l t s  a r e  i n  good a g r e e m e n t  w i t h  t h e  l i n e a r  t h e o r y  f o r  

t h e s e  a n t e n n a s .  

B e s i d e s  t h e  d i r e c t  e x p e r i m e n t s  made, s t u d y  o f ' t h e  t h e o r e t i c a l  

impedance  and r a d i a t i o n  p r o p e r t i e s  o f  t h e s e  a n t e n n a s  h a s  y i e l d e d  i n f o r n a -  

t i o n  a b o u t  some p r a c t i c a l  p r o b l e m s ,  s u c h  a s  t h e  e f f e c t s  o f  a n t e n n a  Q on 

impedance  m a t c h i n g ,  t h e  e f f e c t  o f  t h e  f e e d  p o i n t  on t h e  a n t e n n a  impedance  

and some o t h e r  f e a t u r e s  o f  t h e  impedance m a t c h i n g  p rob lem t h a t  a r e  f a c e d  

when an a n t e n n a  must  r a d i a t e  b o t h  i n  and o u t  o f  a p l a s m a .  

The s t u d i e s  r e p o r t e d  above s u g g e s t  s e v e r a l  o t h e r  p o s s i b l e  t o p i c s  

f o r  s t u d y .  One i s  t h e  e f f e c t  o f  an i r r e g u l a r ,  s m a l l  p l a sma  on t h e  f a r  

f i e l d  p a t t e r n s  of  t h e  e l e m e n t a l  a n t e n n a s .  Ano the r  t o p i c  would be t h e  

s t u d y  o f  l a r g e r  d i p o l e s  and l o o p s ,  t h o s e  t h a t  a r e  n a t u r a l l y  e f f i c i e n t  

r a d i a t o r s ,  and t o  n o t e  t h e  e f f e c t  o f  t h e  p l a sma  on t h e s e  a n t e n n a s .  The 

s l o t  a n t e n n a  would a l s o  be  i n c l u d e d  i n  t h i s  g r o u p .  
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A P P E N D I X  A 

EXPERIMEIYTAL APPARATUS 

1. LOW-PRESSURE FLAME EQUIPMENT 

The l o w - p r e s s u r e  chamber was a 2 0 - i n c h  c y l i n d r i c a l  s e c t i o n  o f  p y r e x  
g l a s s .  Two 4 - i n c h - d i a m e t e r  p o r t s  were  added on o p p o s i t e  s i d e s  t o  p r o v i d e  

f l a t  g l a s s  v i ewing  a r e a s  f o r  t h e  o p t i c a l  t e m p e r a t u r e  measu remen t .  A l l  
a c c e s s  t o  t h e  chamber  f o r  g a s  l i n e s ,  w a t e r  l i n e s ,  and Langmuir  p r o b e  was 

t h r o u g h  t h e  b a s e  p l a t e .  The s t e e l  p l a t e  which  formed t h e  t o p  of  t h e  

chamber ,  a s  well a s  a s h o r t  s e c t i o n  o f  t h e  4 - i n c h  e x h a u s t  l i n e  above  i t ,  

were w a t e r - c o o l e d .  A w a t e r - c o o l e d  b a f f l e  s e c t i o n  t o  f u r t h e r  c o o l  t h e  

g a s  was i n s e r t e d  i n  t h e  e x h a u s t  l i n e  b e f o r e  t,he 4 - i n c h  g a t e  v a l v e  u s e d  

f o r  f l o w  c o n t r o l .  The vacuum pump, which i s  l o c a t e d  o u t s i d e  t h e  b u i l d i n g ,  
i s  a 200-cfm r o t a r y  g a s  b a l l a s t  pump. The gas  b a l l a s t  f e a t u r e  o f  t h e  

pump s y s t e m  is n e c e s s a r y  b e c a u s e  l a r g e  amounts  of  w a t e r  vapor  must  be 
hand1 e d .  

- 

A premixed  e t h y l e n e - o x y g e n  f l ame  was used  i n  t h e  e x p e r i m e n t .  

The CO, and  Ii,O s u b s e q u e n t l y  d i s a s s o c i a t e  i n t o  CO, ] I , ,  0,’ 011, 0 and 11. 

T h e s e  d i s a s s o c i a t i o n s ,  which a r e  e n d o t h e r m i c ,  use  an enormous amount of 

h e a t ,  which  l i m i t s  t h e  f l ame  t e m p e r a t u r e .  The e t h y l e n e  g a s  w a s  u s e d  b e -  

c a u s e  o f  i t s  r e l a t i v e l y  h i g h  t e m p e r a t u r e - a b o u t  2 5 0 0  degree ;  K-and e a s e  

o f  h a n d l i n g .  N i t r o g e n  ( N , )  i s  a l s o  used  o c c a s i o n a l l y  a s  ii d i l u e n t ;  t h e  

n i t r o g e n  p r o v i d e s  some measu re  of  c o n t r o l  o f  flow r a t e  a s  w e l l  a s  f l ame  

s p e e d ,  and  t h u s  of f l ame  p o s i t i o n  r e l a t i v e  to the  b u r n e r .  ‘The g a s  e q u i p -  
ment  i s  d e p i c t e d  i n  F i g .  A - 1 .  The g a s  f low t o  t h e  b u r n e r  i s  c o n t r o l l e d  

by a n u l - l m a t i c  p r e s s u r e  r e g u l a t o r  and  j e w e l e d  m e t e r i n g  o r i f i c e .  

f l o w  t h r o u g h  t h e  c r i t i c a l  o r i f i c e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  o r i f i c e  
a r e a  and  gas s u p p l y  p r e s s u r e .  

The g a s  

u = kk‘Ap 
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where  

v = f l o w  t h r o u g h  c r i t i c a l  f l o w  o r i f i c e  

k = i n c l u d e s  t h e  g a s  c o n s t a n t s  and  t e m p e r a t u r e  

k' = o r i f i c e  e f f i c i e n c y  

A = . o r i f i c e  c r o s s  s e c t i o n a l  a r e a  

p = u p s t r e a m  p r e s s u r e .  

I n  o r d e r  t o  q b t a i n  t h e  p r o p o r t i o n a l  f l o w  c o n d i t i o n  i t  i s  n e c e s s a r y  t h a t  

t h e  s o n i c  f l o w  b e  o b t a i n e d  i n  t h e  o r i f i c e  t h r o a t .  

met when t h e  p r e s s u r e  r a t i o  ( u p s t r e a m  p r e s s u r e / d o w n s t r e a m  p r e s s u r e )  a c r o s s  

t h e  o r i f i c e  i s  a b o u t  3 : l  o r  g r e a t e r .  
r a t i o  was on t h e  o r d e r  of 100. 

T h i s  r e q u i r e m e n t  i s  

I n  t h i s  e x p e r i m e n t  t h e  p r e s s u r e  
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A f t e r  t h e  v a r i o u s  g a s e s  a r e  m e t e r e d  t h e y  p a s s  t o  a m i x i n g  chamber ,  
wh ich  s e r v e s  a l s o  t o  p r e v e n t  f l o w  r e s o n a n c e s .  The p r e m i x e d  g a s  i s  t h e n  

p a s s e d  t o  t h e  b u r n e r  t h r o u g h  a f l e x i b l e  h o s e  S O  t h a t  t h e  b u r n e r  c a n  be 

r a i s e d  and lowered w h i l e  t h e  f l a m e  i s  b u r n i n g .  The b u r n e r  c o n s i s t s  o f  

s i x  aluminum r i n g s  U 2 i n c h h i g h  by 3 i n c h e s  OD by 2 i n c h e s  I D ,  be tween  

e a c h  o f  which i s  i n s e r t e d  a f i n e  mesh s t a i n l e s s  s t e e l  s c r e e n  t o  d i f f u s e  

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

b u r n e r  s u r f a c e .  The t o p  s c r e e n ,  which i s  w a t e r  c o o l e d  a r o u n d  t h e  e d g e ,  

i s  a p e r f o r a t e d  20-gauge s t a i n l e s s  s t e e l  s h e e t  w i t h  1/8 i n c h  h o l e s  

The g a s  m i x t u r e  was i g n i t e d  by a glow d i s c h a r g e  formed a b o u t  an 

e l e c t r o d e  a d j a c e n t  t o  t h e  b u r n e r .  The h i g h  v o l t a g e  was s u p p l i e d  f rom a 

60 - c yc 1 e h i g h -  vo 1 t age t r a n s  f o r m e r  . 
The p r e s s u r e  w i t h i n  t h e  s y s t e m  was measu red  by a n  A l p h a t r o n  i o n i z a -  

t i o n  g a u g e .  The gauge was c h e c k e d  p e r i o d i c a l l y  a g a i n s t  a d i f f e r e n t i a l  

manometer .  

F l ames  were s u s t a i n e d  w i t h i n  t h e  chamber o v e r  t h e  1 t o  40 m m  Hg 

p r e s s u r e  r a n g e .  A t  t h e  h i g h  and low e n d s  o f  t h i s  r a n g e  some r e s t r i c t i o n s  

were e n c o u n t e r e d  i n  m i x t u r e  r a t i o s  and f low r a t e s .  O v e r  a s u b s t a n t i a l  

p o r t i o n  o f  t h e  p r e s s u r e  r a n g e ,  however ,  a r e a s o n a b l y  wide r a n g e  o f  mix- 
t u r e  r a t i o s  and f l o w  r a t e s  c o u l d  be  accommodated. 

2. TEMPERATIJRE MEASUREMENT 

The t e m p e r a t u r e  of t h e  g a s e s  above t h e  f l ame  was measu red  u s i n g  t h e  

sodium l i n e  r e v e r s a l  t e c h n i q u e .  When sodium i s  i n t r o d u c e d  i n t o  a f l a m e  

t h e  y e l l o w  sodium D l i n e s  (5890 and 5896 A )  a r e  e m i t t e d .  I t  c a n  be shown 

from K i r c h h o f f ’ s  law t h a t  when l i g h t  f rom a b r i g h t  background  s o u r c e ,  s u c h  

a s  a t u n g s t e n  s t r i p  lamp, g i v i n g  a c o n t i n u o u s  s p e c t r u m ,  is  p a s s e d  t h r o u g h  

a I l a y e  c o n t a i n i n g  sodium v a p o r ,  t h e  sodium l i n e s  w i l l  a p p e a r  e i t h e r  i n  

a b s o r p t i o n ,  a s  d a r k  l i n e s  a g a i n s t  t h e  con t inuum,  o r  a s  b r i g h t  l i n e s ,  

s t a n d i n g  o u t  b r i g h t e r  t h a n  t h e  c o n t i n u u m ,  a c c o r d i n g  t o  w h e t h e r  t h e  b r i g h t -  

n e s s  t e m p e r a t u r e  of  t h e  background  s o u r c e  i s  h i g h e r  o r  lower  t h a n  t h e  
f l a m e  t e m p e r a t u r e .  When t h e  b r i g h t n e s s  o f  t h e  two s o u r c e s  i s  t h e  same 

t h e  t e m p e r a t u r e s  a r e  t h e  same. By m e a s u r i n g  t h e  t e m p e r a t u r e  o f  t h e  t u n g -  

s t e n  f i l a m e n t  w i t h  an o p t i c a l  p y r o m e t e r ,  and a s s u m i n g  t h a t  t h e  sod ium i s  
t h e  e q u i l i b r i u m  t e m p e r a t u r e  o f  t h e  g a s ,  t h e  g a s  t e m p e r a t u r e  i s  known. 
The sod ium,  i n  t h e  form o f  s a l t  (NaCl ) ,  WaB i n t r o d u c e d  i n t o  t h e  f l a m e  f o r  

two r e a s o n s :  t o  measure  t e m p e r a t u r e  a n d  t o  e n h a n c e  t h e  e l e c t r o n  d e n s i t y  

by t h e  e a s i l y  i o n i z e d  sod ium ( N a ) .  
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3 .  ELECTROST T I C  PROBE FOR ELECTRON D E  I S I T Y  M E A S U R E M E N T  

The e l e c t r o s t a t i c  p r o b e  i s  a c o n d u c t o r  immersed i n  a plasma t o  which 
a v o l t a g e  is a p p l i e d .  The v a r i a t i o n  of  t h e  c u r r e n t  drawn by t h e  p r o b e  

a s  t h e  v o l t a g e  is v a r i e d  p r o d u c e s  a c u r v e  which h a s  t h e  c h a r a c t e r i s t i c  

s h a p e  shown i n  F i g .  A - 2 .  

i (PROBE CURRENT) 

+V(PROBE TO PLASMA- 
A B POTENTIAL 

F1G.A-2 TYPICAL PLOT OF CURRENT AS A FUNCTION OF VOLTAGE FOR AN 
ELECTROSTATIC PROBE 

When t h e  p r o b e  i s  h i g h l y  n e g a t i v e  ( A B  i n  F i g .  A - 2 )  w i t h  r e s p e c t  t o  

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

r e p e l l e d .  Thus t h e  c u r r e n t  c o l l e c t e d  i s  p r e d o m i n a n t l y  made up o f  p o s i t i v e  

i o n s .  Because  o f  t h e  p r e p o n d e r a n c e  o f  p o s i t i v e  i o n s  and t h e  l a c k  o f  

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

r e g i o n  which l i m i t s  t h e  c u r r e n t  c o l l e c t e d  by t h e  p r o b e .  The p r o b e  and 
p l a sma  form a s y s t e m  s i m i l a r  t o  a d i o d e ;  t h e  plasma a c t s  a s  t h e  c a t h o d e  

and t h e  p r o b e  a c t s  a s  t h e  anode .  

As t h e  p r o b e  i s  made l e s s  h i g h l y  n e g a t i v e  (BC i n  F i g .  A - 2 1 ,  a p o i n t  

is r e a c h e d  a t e w h i c h  a few h i g h - e n e r g y  e l e q t r o n s  a r e  a b l e  t o  r e a c h  t h e  

p r o b e ,  The c u r r e n t  i s  t h e n  made up o f  e l e c t r o n s  and  p o s i t i v e  i o n s  so 

t h a t  t h e  measu red  c u r r e n t  is 
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S i n c e  t h e  e l e c t r o n  c u r r e n t  i s  made up o f  c h a r g e s  o f  o p p o s i t e  s i g n  from 

t h e  p o s i t i v e - i o n  c u r r e n t ,  t h e  measu red  c u r r e n t  d e c r e a s e s .  

The p o s i t i v e  i o n  c u r r e n t  t h r o u g h  t h e  p r o b e  when n e g a t i v e l y  b i a s e d  

h a s  been r e l a t e d  t o  t h e  i o n  d e n s i t y  ( h e n c e  e l e c t r o n  d e n s i t y )  i n  t h e  p l a sma  

by s e v e r a l  a u t h o r s .  f ~ * ’ * ’  
p r o b e  r a d i u s  i s  much l a r g e r  t h a n  s e v e r a l  Debye l e n g t h s  and t h a t  t h e  p r o b e  

r a d i u s  is s m a l l  compared w i t h  m e a n - f r e e  p a t h ,  g i v e s  t h e  s i m p l e  a p p r o x i m a t e  

r e s u l t  

Chen’ s  a n a l y s i s , ’  a s s u m i n g  a s  u s u a l  t h a t  t h e  

i, = K A ~ I , , ~ ( ~ ~ . I . ~ / M ) ~ ’ *  

where K i s  a c o n s t a n t ,  o f  t h e  o r d e r  o f  u n i t y ,  which depends  on t h e  p r o b e  
geomet ry  and a l s o  s l i g h t l y  on t h e  i o n  t e m p e r a t u r e .  R e f e r e n c e  7 g i v e s  

K 0 . 4 .  

T h i s  method o f  m e a s u r i n g  t h e  e l e c t r o n  d e n s i t y ,  w h i l e  r e q u i r i n g  a n  

i n d e p e n d e n t  measurement or e s t i m a t e  o f  t h e  e l e c t r o n  t e m p e r a t u r e ,  was n o t  

e x p e c t e d  t o  be i n f l u e n c e d  a s  much by t h e  d e p l e t i o n  o f  t h e  c h a r g e s  i n  t h e  

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

two o r d e r s  o f  m a g n i t u d e  f rom t h e  r e a d i n g s  needed  t o  e s t a b l i s h  t h e  a c t u a l  

d e n s i t y  on t h e  e l e c t r o n  s i d e  o f  t h e  c u r v e .  
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A P P E N D I X  B 

TOTAL POWER RADIATED BY A DIPOLE AND 
L O O P I N A N  I N F I N I T E  CONDUCTING MEDIUM 

. 
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A P P E N D I X .  B 

TOTAL, POWER RADIATED BY A DIPOLE AND 
LOOP I N  AN I N F I N I T E  CONDUCTING MEOIUM . 

The total average power radiated beyond a sphere of radius r ,  is 

Comp 1 ex 

Poyn t ing 
z 

Vector 

where 

* denotes complex conjugate . 
2 

The a s s  are the unit vectors in the spherical coordinate system. 

components of the field vectors and phasors, with e io" suppressed. 

coordinate 9 will denote angles with respect to the axis of the electric 
o r  magnetic dipole moment. 

The 

The 

For the dipole: (Triangular current distribution, half height h )  

for r > )r 
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I(0) d e n o t e s  the c u r r e n t  a t  the f e e d  p o i n t  

where k i s  the c o m p l e x  wave number, and E i s  t h e  c o m p l e x  d i e l e c t r i c  c o n s t a n t .  

For a p l a s m a  

€ 0  

v = c o l l i s i o n , f r e q u e n c y  

w = p l a s m a  f r e q u e n c y .  
P 

A1 so 

k P - j a  

= w v q  

P = p h a s e  c o n s t a n t  

a = a t t e n u a t i o n  c o n s t a n t  

Making t h i s  s u b s t i t u t i o n  f o r  k ,  

where  

2 
t 2 4 aP L =  t 

For r c h o s e n  s u f f i c i e n t l y  l a r g e  t o  make P r  >> 1, and  i f  ~1 L P ,  t h e n  
L << 1 
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S i n c e  

A 
R a d i a t i o n  r e s i s t a n c e  i n  f r e e  s p a c e  = 20p2,h2 = R ,  

For t h e  l o o p  = ( u n i f o r m  c u r r e n t ,  r a d i u s  b )  

m = m a g n e t i c  d i p o l e  moment = n b 2 1 ( 0 )  

Again  s u b s t i t u t i n g  k f l  - ja 

. 
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. 

A f t e r  integration over a sphere, on which ,& >> 1 

R ,  = f r e e  space radiation resistance = 2 O d ( P , b ) '  . 
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A P P E N D I X  C 

IMPEDANCE OFASMALL DIPOLE I N  AN UNBOUNDED 
PLASMAOFMODERATE CONDUCTIVITY 
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A P P E N D I X  C 

! -  IMPEDANCE OF A SMALL DIPOLE I N  AN UNBOUNDED 
PLASMA OF MODERATE CONDUCTIVITY 

I n  a p lasma f o r  which (2c i /P )*  << 1 ,  t h e  a d m i t t a n c e  o f  a s m a l l  d i p o l e  
( P h  L 0 . 3 )  h a s  been  shown t o  b e 2  

w h e r e  

i, = w , / P  

= 2 In ( h / a )  - 2 R = 2 In ( 2 h / a )  +d 1 

Re {Zp} = Rely} r l  = 
G 

G 2  + B 2  

The r a d i a t i o n  e f f i c i e n c y  i s  t h e n  

T,, ( d i p o l e )  
Re {Zp)  

P 
, X R d  
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where  R, and Xd a r e  the f r e e  s p a c e  r a d i a t i o n  r e s i s t a n c e  and r e a c t a n c e ,  

r e s p e c t i v e l y .  
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APPENDIX D 

IMPEDANCE OF A SMALL LOOP IN AN UNBOUNDED 
PLASMA OF MODERATE CONDUCTIVITY 
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A P P E N D I X  D 

For a s m a l l  l o o p ,  namely  ,8b 5 0 . 3 ,  King  and Chen3  h a v e  shown t h a t  

Y p  - j  1 [I - 2 ( k b ) j ’  . 
1 2 0 7 ? ( P o b )  K ,  

k = p - j a  

b = l o o p  r a d i u s  

a = w i r e  r a d i u s  

- -  2 ( k b l q  - j [ t ( k b ) j  and a L P  
3 K l  - l n - - -  n a ll 

Z p  j ( 1 2 0 n 2 P o b )  K ,  

[ l  - 2 ( k b ) * ]  

S e p a r a t i n g  r e a l  and i m a g i n a r y  p a r t s ,  

Re { z p )  = ( 1 2 0 n P O b )  [ b n  F) - 2] I ( a b ) ( p b )  [ + c(ln :) 2 - 23 } ~ 

(pb)n[(Pb) - ( a b )  2l I 

t 

6 (In:) - 2  ] , 

L 
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IMPEDANCE OF A SMALL LOOP IN AN UNBOUNDED 
PLASMA OF MODERATE CONDUCTIVITY 



, 
where X ,  i s  the free s p a c e  r e a c t a n c e ,  and i s  

The r a d i a t i o n  e f f i c i e n c y  for t h e  loop  i s  t h e n  

p :  
L 

r I p  (Loop)  = 
Re [Z,] 

. i  

\ 
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