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ABSTRACT 

The direction of the Poynting flux, up or down the 

geomagnetic field, has been determined for several types of 

VLF radio noise phenomena observed with the Injun zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 satellite, 

thereby providing information about the source region of these 

waves and their propagation in the ionosphere. Determina- 

tions of the Poynting flux direction of proton whistlers 

show that they are propagating up the geomagnetic field 

lines in accordance with the accepted theory of proton 

whistler propagation, thus providing a good check on the 

experimental technique. Initial measurements are presented 

on the Poynting flux direction of ELF hiss, periodic emis- 

sions, VLF hiss, and chorus. Of particular interest is a 

new type of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVLF emission called a saucer which is found to 

be propagating upward from a source below the satellite. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A qualitative explanation of the frequency-time shape of 

this new type of emission is presented. 
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I. INTRODUCTION 

Although there exists a considerable body of data on 

magnetospheric zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVLF radio noises [see, for example, Helliwell, 

19651, no direct measurements have been made to determine 

the source region of these noises, Since the emission meehan- 

isms are usually very dependent on the plasma parameters in 

the source region, it is of fundamental importance to establish 

the source region of these noises, particularly whether t h e  

noises are generated at law altitudes near the base of the 

ionosphere or at much higher altitudes in the magnetosphere, 

This paper presents initial results on measurements of the 

Poynting flux direction, up or down the geomagnetic field, 

of VLF electromagnetic waves in the frequency range from 30 

Hz to 10 kHz using the NASA/University of Iowa Injun 5 satel- 

lite. 

The Injun zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 satellite was launched on 8 August 1968 

into an elliptical polar orbit with an inclination of  80.66* ,  

an apogee altitude of 2528 km, and a perigee altitude of 

677 km. The satellite carried a VLF experiment, which is 

described in more detail by Gurnett et al. [1969], consisting 

of one electric dipole antenna, one magnetic loop antenna, 

two wide-band (30 Hz to 10 kHz) receivers, a narrow-band 

step-frequency receiver, and an impedance measurement for 
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d e t e r m i n i n g  t h e  e l e c t r i c  a n t e n n a  impedance.  The  s p a c e c r a f t  

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

s u c h  t h a t  t h e  x - a x i s  of t h e  s p a c e c r a f t  i s  p a r a l l e l  t o  t h e  

geomagnet ic  f i e l d  (see  F i g u r e  l ) ,  w i t h  t h e  p o s i t i v e  x - a x i s  

downward i n  t h e  n o r t h e r n  hemisphere .  T y p i c a l  maximum a l i g n -  

ment e r r o r s  between t h e  x - a x i s  and t h e  geomagnet ic  f i e l d  

a f t e r  a b o u t  mid-December, 1968,  when magne t i c  a l i g n m e n t  w a s  

a c h i e v e d , ' a r e  a b o u t  1 0  t o  1 5  d e g r e e s .  When m a g n e t i c a l l y  

o r i e n t e d  t h e  e l e c t r i c  a n t e n n a  a x i s  ( y - a x i s )  and  t h e  magne t i c  

a n t e n n a  a x i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(z-axis) a r e  p e r p e n d i c u l a r  t o  t h e  geomagnet ic  

f i e l d ,  as w e l l  as t o  each  o t h e r  ( s e e  F i g u r e  1). As d i s c u s s e d  

i n  t h e  n e x t  s e c t i o n ,  t h i s  a n t e n n a  geomet ry  has t h e  f e a t u r e  

t h a t  t h e  d i r e c t i o n  o f  t h e  P o y n t i n g  f l u x ,  up o r  down t h e  

geomagnet ic  f i e l d ,  c a n  b e  d e t e r m i n e d  f rom t h e  t ime-ave raged  

p r o d u c t  <E B > o f  t h e  e l e c t r i c  a n d  magne t i c  a n t e n n a  s i g n a l s .  
Y Z  
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11. METHOD A N D  LIMITATIONS OF THE 

POYNTING FLUX MEASUREMENT 

For  a s i n g l e  p l a n e  wave p r o p a g a t i n g  i n  a c o l d  p lasma 

a t  a f r e q u e n c y  l e s s  t h a n  t h e  e l e c t r o n  p lasma f r e q u e n c y ,  i t  c a n  

b e  shown [ G u r n e t t  e t  a l ,  19691 t h a t  t h e  s i g n  o f  t h e  t i m e -  

a v e r a g e d  p r o d u c t  < E  B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA>, where  E 

e l e c t r i c  and magne t i c  f i e l d  components i n  a p l a n e  pe rpend f -  

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

o f  t h e  t ime-ave raged  component of  t h e  P o y n t i n g  f l u x  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe S  > 

a l o n g  t h e  s t a t i c  magne t i c  f i e l d .  For  t h e  I n j u n  5 o r b i t ,  t h e  

f r e q u e n c i e s  o f  i n t e r e s t  ( 3 0  Hz t o  1 0  kHz) are  norma l l y  much 

l e s s  t h a n  t h e  e l e c t r o n  p lasma f r e q u e n c y .  Thus,  f o r  a s i n g l e  

wave, t h e  measurement o f  < E  B > w i t h  I n j u n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 i s  s u f f i c i e n t  
Y Z  

t o  d e t e r m i n e  whe the r  t h e  P o y n t i n g  f l u x  o f  t h e  wave i s  

d i r e c t e d  up o r  down t h e  geomagnet ic  f i e l d .  

and BZ are  o r t h o g o n a l  
Y Z  Y 

X 

If a s u p e r p o s i t i o n  o f  many waves i s  o b s e r v e d ,  t h e n  

t h i s  i n t e r p r e t a t i o n  must b e  q u a l i f i e d .  S i n c e  t h e  p ropor -  

t i o n a l i t y  between < E  B > and <Sx> f o r  a s i n g l e  wave depends 

upon t h e  wave normal  d i r e c t i o n  [ see  G u r n e t t  e t  a l ,  19691, 

and s i n c e  t h e  wave normal  d i r e c t i o n s  of  t h e  v a r i o u s  waves 

are i n  g e n e r a l  d i f f e r e n t ,  t h e  t i m e  a v e r a g e  < E  B > f o r  a 

s u p e r p o s i t i o n  of many waves i s  n o t  n e c e s s a r i l y  p r o p o r t i o n a l  

t o  t h e  a v e r a g e  P o y n t i n g  f l u x  <Sx> o f  a l l  t h e  waves. 

t hese  c o n d i t i o n s  t h e  i n t e r p r e t a t i o n  which c a n  be made i s  as 

Y =  

Y Z  

Under 
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f o l l o w s :  i f  t h e  s i g n  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< E  B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> i s  o b s e r v e d  t o  be p o s i t i v e ,  

t h e n  a t  l e a s t  some of  t h e  waves must have a P o y n t i n g  f l u x  i n  

t h e  p o s i t i v e  x d i r e c t i o n .  However, t h e r e  may a l s o  be waves 

w i t h  P o y n t i n g  f l u x e s  i n  t h e  n e g a t i v e   direction and t h e  

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

w i t h o u t  f u r t h e r  i n f o r m a t i o n  on t h e  wave normal  a n g l e s  

i n v o l v e d .  S i m i l a r  s t a t e m e n t s  h o l d  when t h e  s i g n  o f  < E  B > 
Y Z  

i s  n e g a t i v e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA measurement o f  < E  13 > w i t h  I n j u n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 t h e r e -  

f o r e  a l l o w s  one t o  make a p o s i t i v e  s t a t e m e n t  t h a t  some 

waves a r e  p r o p a g a t i n g  i n  a c e r t a i n  d i r e c t i o n ,  up  o r  down t h e  

geomagnet ic  f i e l d ;  b u t  it does  n o t  deny t h e  p o s s i b i l i t y  t h a t  

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

Y Z  

Y Z  

P o s s i b l e  e r r o r s  i n  t h e  Poyn t ing  f l u x  d e t e r m i n a t i o n s  

c a n  a r i s e  whenever t h e  e l e c t r i c  ( y )  a n d  magne t i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 )  a n t e n n a  

a x e s  a r e  n o t  a l i g n e d  e x a c t l y  p e r p e n d i c u l a r  t o  t h e  geomagnet ic  

f i e l d .  However, f o r  s m a l l  d e v i a t i o n s  f rom e x a c t  a l i g n m e n t ,  

t y p i c a l l y  l e s s  t h a n  215 d e g r e e s  f o r  a11 t h e  data p r e s e n t e d  

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

waves p r o p a g a t i n g  v e r y  n e a r l y  p e r p e n d i c u l a r  t o  t h e  geomagnet ic  

f i e l d .  F u r t h e r m o r e ,  t h e  e r r o r s  i n t r o d u c e d  by m isa l i gnmen t  

change s i g n  as t h e  s a t e l l i t e  o s c i l l a t e s  abou t  i t s  e q u i l i b r i u m  

o r i e n t a t i o n  so t h a t  t h e s e  e r r o r s  c a n  be r e c o g n i z e d  by look- 

i n g  f o r  a s y s t e m a t i c  dependence of  t h e  c o r r e l a t i o n  measure- 

ments  on t h e  s a t e l l i t e  o r i e n t a t i o n  r e l a t i v e  t o  t h e  geomag- 

n e t i c  f i e l d .  
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The a c t u a l  c o r r e l a t i o n  measurements are made on t h e  

ground u s i n g  t h e  wide-band a n a l o g  e l e c t r i c  and magne t i c  f i e l  

s i g n a l s  t r a n s m i t t e d  from t h e  s a t e l l i t e .  These wide-band 

s i g n a l s  are  f i l t e r e d  by a n  Ad-Yu E l e c t r o n i c s  Model 1034 Dual 

Channel Synchronous F i l t e r  t o  s e l e c t  t h e  f r equency  a t  which 

t h e  c o r r e l a t i o n  of t h e  two s i g n a l s  i s  t o  b e  de te rm ined  ( s e e  

F i g u r e  2). The pass bands of  t h e  two narrow-band f i l t e r  

c h a n n e l s  are  i d e n t i c a l ,  t h e  c e n t e r  f r e q u e n c y  of' t h e  two 

f i l t e r  c h a n n e l s  b e i n g  de te rm ined  by a s i n g l e  t u n i n g  

o s c i l l a t o r  and t h e  bandwidth by p lug - in  u n i t s o  A b a n d w i d t h  

of  50 Hz has been used  f o r  a l l  measurements p r e s e n t e d  i n  

t h i s  p a p e r .  The two narrow-band o u t p u t s  from t h e  synchronous 

f i l t e r  t h e n  go t o  a f ou r -quadran t  a n a l o g  m u l t i p l i e r  which 

p roduces  a n  o u t p u t  p r o p o r t i o n a l  t o  t h e  a l g e b r a i c  p r o d u c t ,  

E B o f  t h e  narrow-band E and BZ i n p u t  s i g n a l s .  T h e  

a n a l o g  m u l t i p l i e r  o u t p u t  i s  t h e n  ave raged  by a s i m p l e  R-C 

i n t e g r a t o r  w i t h  a n  R-C t i m e  c o n s t a n t  o f  50 m i l l i s e c o n d s  t o  

Y z' Y 

g i v e  a good approx ima t ion  t o  t h e  t ime-averaged p roduc t  

< E  B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA>. 
Y Z  

I n  t h e  p r o c e s s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t r a n s m i t t i n g  and  demodu la t ing  t h e  

wide-band e l e c t r i c  and magnet ic  f i e l d  s i g n a l s ,  v a r i o u s  

f requency-dependent  p h a s e  s h i f t s  o c c u r  which must be 

c o r r e c t e d  w i t h  a phase  s h i f t  network p r i o r  t o  making a 

c o r r e l a t i o n  measurement.  Based on t h e  r e p r o d u c a b i l i t y  o f  

v a r i o u s  p r e l a u n c h  c a l i b r a t i o n s ,  t h e  o v e r a l l  u n c e r t a i n t y  i n  
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t h e  p h a s e  s h i f t  c o r r e c t i o n s  r e q u i r e d  i s  b e l i e v e 4  t o  be l ess  

t h a n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25 d e g r e e s .  To e s t a b l i s h  t h a t  e r r o r s  o f  t h i s  magnitude, 

do n o t  a f f e c t  t h e  s i g n  o f  t h e  c o r r e l a t i o n  measurement ,  w e  

have r e q u i r e d  f o r  all data  p r e s e n t e d  t h a t  a p h e s e  s h i f t  of 

210 d e g r e e s  a p p l i e d  t o  one c h a n n e l  n o t  change t h e  s i g n  o f  

t h e  c o r r e l a t i o n  measurement .  

The d e t e r m i n a t i o n  of t h e  P o y n t i n g  f l u x  d i r e c t i o n  o f  

p r o t o n  w h i s t l e r s  p r o v i d e s  a good check  on t h e  P o y n t i n g  f l u x  

s e n s i n g  t e c h n i q u e ,  s i n c e  p r o t o n  w h i s t l e r s  ( a t  h i g h e r  l a t i -  

t u d e s )  are known t o  be p r o p a g a t i n g  upward f rom t h e  base o f  

t h e  i o n o s p h e r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ s e e  G u r n e t t  e t  a l . ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19651. F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 i l l u s -  

t r a tes  t h e  d e t e r m i n a t i o n  of t h e  P o y n t i n g  f l u x  d i r e c t i o n  for 

a s e r i e s  of  p r o t o n  w h i s t l e r s .  The P o y n t i n g  f l u x  i s  o b s e r v e d  

t o  be d i r e c t e d  upward as e x p e c t e d .  I t  s h o u l d  be n o t e d  h e r e  

t h a t  < E  B > d i f f e r s  f rom a c o r r e l a t i o n  c o e f f i c i e n t  i n  t h a t  

it zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  n o t  n o r m a l i z e d ;  hence  t h e  c o r r e l a t i o n  l e v e l s  f o r  t h e  

v a r i o u s  p r o t o n  w h i s t l e r s  i n  F i g u r e  3 depend on  t h e  i n t e n s i t y  

o f  t h e  p r o t o n  w h i s t l e r  s i g n a l s .  

Y Z  
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111. INITIAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOBSERVATIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A .  R e f l e c t i o n  Phenomena zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P 

The d e t e r m i n a t i o n  o f  t h e  P o y n t i n g  f l u x  by t h e  methods 

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

of r e f l e c t i o n  phenomena. F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 i l l u s t r a t e s  some d i s c r e t e  

VLF e m i s s i o n s  o c c u r r i n g  i n  p a i r s ,  t h e  two components of  each  

p a i r  b e i n g  s e p a r a t e d  by a f e w  t e n t h s  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAra. second.  T h e  corre- 

l a t i o n  measurement c l e a r l y  shows t h a t  t h e  f i r s t  emissiom in 

each  p a i r  is downgoing and t h e  second e m i s s i o n  i s  upgo ing ,  

i n d i c a t i n g  t h a t  t h e  e m i s s i o n s  have been r e f l e c t e d  below t h e  

s a t e l l i t e  a l t i t u d e  o f  a p p r o x i m a t e l y  1350 km. The d e l a y  

t imes between t h e  two components of  e a c h  p a i r  are  c o n s i s t e n t  

w i t h  a r e f l e c t i o n  a t  t h e  base o f  t h e  i o n o s p h e r e  below t h e  

s a t e l l i t e .  

B. ELF H i s s  - -__. 

I l l u s t r a t e d  i n  F i g u r e  5 i s  a n  example o f  ELF h i s s  

o b s e r v e d  a t  a n  a l t i t u d e  of a p p r o x i m a t e l y  1200 km. From t h e  

c o r r e l a t i o n  measurement a t  600 Hz, t h e  ELF h i s s  i s  c l e a r l y  

downgoing. Twelve examples of ELF h i s s  have been i n v e s t i -  

g a t e d  t o  date  at  a l t i t u d e s  u p  t o  1500 km and a l l  have been 

found t o  be  downgoing. T h i s  r e s u l t  i s  i n  agreement  w i t h  

p r e v i o u s  e v i d e n c e  on t h e  d i r e c t i o n  o f  p r o p a g a t i o n  o f  ELF h i s s  

[ G u r n e t t  and Burns 19681.  o s y s t e m a t i c  dependence o f  t h e  
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c o r r e l a t i o n  measurement on t h e  s a t e l l i t e  o r i e n t a t i o n  was 

o b s e r v e d  f o r  any  o f  t h e  ELF h iss  c a s e s  s t u d i e d .  It i s  t h u s  

conc luded  t h a t  e r r o r s  i n  t h e  magne t i c  a l i g n m e n t  of  t h e  

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

f o r  ELF h i s s .  

F i g u r e  5 a l s o  i l l u s t r a t e s  a n  ELF h i s s  c o r r e l a t i o n  

measurement a t  t h e  s h a r p  l ower  c u t o f f  f r e q u e n c y  (510 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH a )  of 

t h e  ELF h i s s  band.  In t h i s  measurement ,  b o t h  downgoing and 

upgo ing  waves are o b s e r v e d  w i t h  t h e  upgo ing  component b e i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA_N_ 

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

are  o c c u r r i n g  below t h e  s a t e l l i t e .  These o b s e r v a t i o n s  a r e  

c o n s i s t e n t  w i t h  t h e  e x p l a n a t i o n  o f  t h e  low- f requency  c u t o f f  

o f  ELF h i s s  g i v e n  by G u r n e t t  and Burns 119681 i n  terms of 

r e f l e c t i o n s  n e a r  t h e  two- ion c u t o f f  f r e q u e n c y .  T h e  c o r r e l a -  

t i o n  measurement a t  600 Hz i n  F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ,  showing o n l y  downgoing 

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

be low t h e  s a t e l l i t e  a l t i t u d e  a t  t h i s  f r e q u e n c y .  T h i s  c a n  

o c c u r  i f  t h e  wave f r e q u e n c y  i s  above t h e  maximum two- ion 

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

t h e  s a t e l l i t e .  The two- ion c u t o f f  i s  se ldom o b s e r v e d  above 

600-650 Hz [ G u r n e t t  and Burns ,  19681 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso t h a t  t h e  ELF h i s s  a t  

600 Hz i n  F i g u r e  5 i s  v e r y  l i k e l y  above t h e  maximum t w c - i o n  

c u t o f f  and i s ,  t h e r e f o r e ,  ab le  t o  p r o p a g a t e  t o  t h e  base o f  

t h e  i o n o s p h e r e ,  where s t r o n g  a b s o r p t i o n  c a n  o c c u r  t o  

a t t e n u a t e  t h e  r e f l e c t e d  wave. 
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- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC .  Periodic Emissions 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 illustrates an example of periodic emissions 

in which all of the observed emissions are downgoing. These 

emissions were observed for a period zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  approximately three 

minutes over an altitude range of approximately 150 km and 

a range of magnetic shell parameters from L = 4.2 to L = 3.6. 

Since the echo period of the periodic emission is very nearly 

constant over this large range of L values, it is concluded 

that the observed emissions must have "leaked" from the L 

shell on which the echoing is taking place and propagated 

directly to the satellite. The observation in Figure 6 

strongly supports this conclusion since no upgoing waves 

associated with the echoing process are observed. 

D. VLF Hiss - -- 
Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 shows a correlation measurement for auroral- 

zone VLF hiss. In this example, and in 15 additional examples 

which have been studied up to this time, VLF hiss is observed 

to be propagating down the geomagnetic field lines (in the 

northern hemisphere). However, in all but 2 of the 16 cases 

observed, there are also some brief impulsive bursts propagat- 

ing up the geomagnetic field lines from below the satellite. 

The upgoing signals are much less intense than the downgoing 

signals and the impulsive bursts which characterize many of 

the VLF hiss events are much less frequent for the upgoing 

waves than for the downgoing waves. 



1 2  

These o b s e r v a t i o n s  s u g g e s t  t h a t  VLF h iss zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  g e n e r a t e d  

above t h e  a l t i t u d e  r a n g e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e  I n j u n  5 s a t e l l i t e .  T h e  

o c c a s i o n a l  upgo ing  VLF h i s s  b u r s t s  which are  observed  are  

b e l i e v e d  t o  be r e f l e c t i o n s  o f  downgoing waves below t h e  

s a t e l l i t e  n e a r  t h e  a l t i t u d e  a t  w h i c h  t h e  wave f r e q u e n c y  

e q u a l s  t h e  l ower -hybr id - resonance (LHR) f r e q u e n c y .  T h e  

r e f l e c t i o n  mechanism a t  t h e  LHR f r equency  hag been d i scugged  

by Thorne and K e n n e l  119671 and SQ;orey and Cer is ier  [ 1 9 6 8 ] ,  

that downgoing waves w i t h  wave normal  ang les  n e a r  

r / 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw i l l  be r e f l e c t e d  when $he  wave f r e q u e n c y  bscomqs l e s s  

t h a n  t h e  LHR f r equency .  

l o  o r i e n t a t i o n  dependence has been obse rved  i n  any of 

t h e  c a s e s  o f  VLF h i s s  s t u d i e d  up t o  t h i s  t i m e ,  I t  i s  con- 

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

i s  a l s o  no t  a f f e c t i n g  t h e  Poynt ing  f l u x  d e t e r m i n a t i o n s d o f  

VLF h i s s .  

E. Chorus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- -  
Very f e w  examples o f  c h o r u s  have been a n a l y z e d  up t o  

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

r e g i o n  o f  c h o r u s  canno t  be p r e s e n t e d .  F i g u r e  8 i l l u s t r a t e s  

one measurement which has been made and which shows t h e  

c h o r u s  t o  be downgoing a t  t h e  s a t e l l i t e  a l t i t u d e  o f  

~ p ~ o x i ~ ~ t e ~ ~  2500 km. A d d i t i o n a l  c a s e s  o f  c h o r u s  must be 

s ' tud ied  b e f o r e  any d e f i n i t e  c o n c l u s i o n s  can be made. 
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- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF. Saucer- Emissions 

Illustrated in Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 is a new type of emission 

which is called a "saucer," following the established 

terminology of several investigators [personal cammupication, 

N. Brice, R. L. Smith, R. E. Barrington]. In contrast to 

all other types of emissions investigated to date, the Poynt- 

ing flux of' the saucer-shaped emission is directed the 

geomagnetic field line, indicating that the source o f  the 

emission is below the satellite. The satellite altitude 

for the event shown in Figure 9 is 2530 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkrn and the inv 

latitude is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA69.8O. 

Saucer-shaped emissions of' the type shown in Figure 

9 were first observed with the Alouette 1 and 2 satellites 

[R. E. Barrington, personal communication] and are commonly 

observed at high latitudes near the auroral zone with the 

Injun 5 satellite. These emissions typically have a duration 

from several seconds to several tens of seconds and OCCUF 

in the frequency range from about 2 kHz to above 10 kHz. 

The outer "envelope" of %he emission is often sharply zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAde- 

fined, as for the case shown in Figure 9 ,  and the electric 

field intensity is usually greater than the magnetic field 

intensity, on a free space basis. In addition, spectrograms 

of these emissions sometimes have attenuation bands at 

harmonics of the proton gyrofrequency [see Figure 3.4 o 

Gurnett et a1 e I) 1969 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 
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V-shaped VLF hiss events, similar in some respects 

to the saueer-shaped emissions reported here but usually of 

much longer duration (%lo0 seconds) have been previously 

studied and reported by Gurnett 119661. Because of their 

much longer duration, the V-shaped VLF hiss emissions are 

believed to be distinctly different from, although possibly 

related to, the saucer-shaped emissions of the type shown in 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 .  The Injun zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 data [Gurnett, 19661 showed that the 

V-shaped VLF hiss events were often associated with intense 

fluxes of soft (10 keV) electrons, with the VLF emission 

usually being symmetric in latitude about the region of 

most intense electron flux. 

The symmetry of the saucer envelope suggests that 

the source of this emission may a l s o  lie along the symmetry 

axis of the emission, much as for the V-shaped VLF hiss 

events. Unfortunately, because of the limited data 

available at the time of this preliminary report, the rela- 

tionship between the saucer-shaped emissions and charged 

particle fluxes simultaneously observed with Indun zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 has 

not yet been investigated. 
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IV. A QUALITATIVE EXPLANATION 

OF THE SAUCER ENVELOPE 

When t h e  a n i s o t r o p i c  p r o p a g a t i o n  o f  wh is t le r -mode zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
83 

waves upward from a s o u r c e  below t h e  s a t e l l i t e  i s  c o n s i d e r e d ,  

a r e a d y  e x p l a n a t i o  .ar ises f o r  t h e  c h a r a c t e r i s t i c  f requency=  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv 

t i m e  s p e c t r a  of  t h e  saucer -shaped  e m i s s i o n s .  For  a q u a l i -  

t a t i v e  model w e  v i s u a l i z e  t h e  s o u r c e  as b e i n g  a l o n g  a n  east- 

west l i n e  ( a n  a u r o r a l  a r c ,  f o r  example)  f a r  below t h e  sate l -  

l i t e .  The s h a r p l y  d e f i n e d  f requency - t ime  enve lope  o f  t h e  s a u c e r  

c a n  t h e n  be e x p l a i n e d  by a f requency-dependent  l i m i t i n g  r a y  

w g l e  f o r  p r o p a g a t i o n  from t h e  s o u r c e  t o  t h e  s a t e l l i t e .  T h e  

n o i s e  i n t e n s i t y  v a r i a t i o n s  obse rved  a t  a g i v e n  f r e q u e n c y  

are c o m p l e t e l y  due t o  t h e  h o r i z o n t a l  ( n o r t h - s o u t h )  mot ion  of 

t h e  s a t e l l i t e  t h r o u g h  t h e  "beam" o f  a l l o w e d  r a y  p a t h s  f rom 

t h e  s o u r c e  t o  t h e  s a t e l l i t e ,  and t h e  f r equency  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr%e 

t h e  beamwidth a c c o u n t s  f o r  t h e  observed  f r e q u e n c y - f i r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAen- 

v e l o p e  o f  t h e  emiss ion .  

For  t h e  w h i s t l e r  mode o f  p r o p a g a t i o n  t h e r e  are  t w o  

l i m i t i n g  r a y  a n g l e s  which c o u l d  p o s s i b l y  e x p l a i n  t h e  observed  

beamwidth. As shown by Smi th  [1960], H e l l i w e l l  [19653 and 

o t h e r s ,  t h e  a n g l e  Ji between t h e  r a y  d i r e c t i o n  and t h e  s t a t i c  

magne t i c  f i e l d  depends on t h e  wave normal a n g l e  8 ,  a l s o  

measured r e l a t i v e  t o  t h e  s t a t i c  magnet ic  f i e l d ,  as shown 

i n  F i g u r e  lO(a). The f i r s t  l i m i t i n g  r a y  a n g l e ,  Jimax, o c c u r s  
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a t  a wave normal  a n g l e  i n t e r m e d i a t e  between 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0 and 6 = O r e s .  

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

S t o r e y  [1953] i n  c o n n e c t i o n  w i t h  t h e  g u i d i n g  o f  w h i s t l e r s  i n  

t h e  geomagnet ic  f i e l d .  I n  t h e  low f r e q u e n c y  l i m i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJI i s  

a p p r o x i m a t e l y  1902g9  [ S t o r e y ,  19531. The second l i m i t i n g  

r a y  a n g l e ,  

i n f i n i t y  a t  a wave normal  a n g l e  e q u a l  t o  t h e  r e s o n a n c e  

cone a n g l e ,  O r e s  . S i n c e  t h e  ray d i r e c t i o n  i s  p e r p e n d i c u l a r  

t o  t h e  r e f r a c t i v e  i n d e x  s u r f a c e  [ S t i x ,  19621, t h e  s i m p l e  

max 

o c c u r s  as t h e  r e f r a c t i v e  i n d e x  goes  t o  'res' 

- g e o m e t r i c  c o n s t r u c t i o n  i n  F i g u r e  l O ( b )  shows t h a t  - 

' res * n / 2  - 
S e v e r a l  f a c t o r s  s t r o n g l y  s u g g e s t  t h a t  i t  i s  t h i s  

f o r  wave normal  a n g l e s  $ r e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 
second  l i m i t i n g  r a y  a n g l e ,  

n e a r  t h e  r e s o n a n c e  cone a n g l e ,  which a c c o u n t s  f o r  t h e  

c h a r a c t e r i s t i c  s h a p e  of  t h e  s a u c e r  enve lope :  (1) S i n c e  t h e  

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

i n c r e a s i n g  f r e q u e n c y ,  t h e  l i m i t i n g  r a y  a n g l e  must i n c r e a s e  

w i t h  i n c r e a s i n g  f r e q u e n c y .  

f r e q u e n c y  dependence s i n c e  'max d e c r e a s e s  w i t h  i n c r e a s i n g  

f r e q u e n c y  [ s e e  Smi th ,  19601.  ( 2 )  The l a r g e  obse rved  r a t i o  

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

Only J t r e s  h a s  t h e  r e q u i r e d  

shaped e m i s s i o n s  s u g g e s t s  t h a t  t h e  wave normal  a n g l e  i s  

v e r y  c l o s e  t o  t h e  r e s o n a n c e  cone  a n g l e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  The p r o t o n  

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

s h i f t i n g  o f  t h e  c y c l o t r o n  harmonic  f r e q u e n c i e s  somet imes 

o b s e r v e d  [ G u r n e t t  e t  a l . ,  19691 s u g g e s t  t h a t  t h e  wave leng ths  



i n v o l v e d  may be as s h o r t  as 100 meters,  c o r r e s p o n d i n g  t o  a 

v e r y  l a r g e  r e f r a c t i v e  i n d e x  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( % 3 0 0 ) .  These v e r y  s h o r t  wave- 

l e n g t h s  are p o s s i b l e  o n l y  f o r  wave normal  a n g l e s  n e a r  t h e  

r e s o n a n c e  cone a n g l e .  

Wave normal  a n g l e s  v e r y  n e a r  t h e  r e s o n a n c e  cone 

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

e m i s s i o n  mechanism may f a v o r  t h e  p r o d u c t i o n  o f  waves w i t h  

wave normal  a n g l e s  n e a r  t h e  r e s o n a n c e  cone a n g l e .  A l s o ,  even 

f o r  wave normal  a n g l e s  n o t  i n i t i a l l y  n e a r  t h e  r e s o n a n c e  c0ne 

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

t i v e  i n d e x  w i t h  i n c r e a s i n g  a l t i t u d e  by S n e l l ' s  l a w  c a u s e s  

t h e  wave normal  a n g l e  t o  app roach  t h e  r e s o n a n c e  cone  a n g l e  

as t h e  wave p r o p a g a t e s  upward t h r o u g h  t h e  i o n o s p h e r e .  

The q u a l i t a t i v e  e x p l a n a t i o n  o f  t h e  f requency - t ime  

s h a p e  of  t h e  saucer -shaped  e m i s s i o n  i s  i l l u s t r a t e d  i n  F i g u r e s  

l O ( c )  and l O ( d )  which show t h e  l i m i t i n g  r a y  p a t h s  f rom t h e  

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

r e s u l t i n g  f requency - t ime  s p e c t r o g r a m  o b s e r v e d  by t h e  s a t e l l i t e  

p a s s i n g  o v e r  t h e  s o u r c e .  For  t h i s  q u a l i t a t i v e  i l l u s t r a t i o n ,  

w e  have assumed t h a t  t h e  p lasma p a r a m e t e r s  a re  independen t  

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

q u a n t i t a t i v e  model would of  c o u r s e  r e q u i r e  a d e t a i l e d  r a y  

p a t h  i n t e g r a t i o n .  

The s i m p l e  r a y  p a t h  model i l l u s t r a t e d  i n  F i g u r e  1 0  

q u a l i t a t i v e l y  e x p l a i n s  t h e  p r i n c i p a l  f e a t u r e s  o f  t h e  s a u c e r  
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e m i s s i o n  enve lope :  (1) Al l  waves w i t h  wave normal  a n g l e s  

near t h e  r e s o n a n c e  cone a n g l e  r e s u l t  i n  r a y  p a t h s  which are  

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

e n v e l o p e  o f  t h e  e m i s s i o n .  The l a r g e  f i e l d  i n t e n s i t y  n e a r  

t h e  enve lope  i s  t h e  r e s u l t  o f  t h e  v e r y  small  s p r e a d  i n  r a y  

d i r e c t i o n s  f o r  wave normal  d i r e c t i o n s  n e a r  t h e  r e s o n a n c e  

cone  a n g l e .  ( 2 )  The f requency - t ime  s h a p e  o f  t h e  o u t e r  en- 

v e l o p e  c a n  be  u n d e r s t o o d  i n  terms o f  t h e  f r e q u e n c y  dependence 

of  t h e  l i m i t i n g  r a y  a n g l e ,  $,,,. 

by S t i x  [ 1 9 6 2 ] ,  t h e  l i m i t i n g  r a y  a n g l e  i s  g i v e n  by 

Using t h e  n o t a t i o n  d e f i n e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- -S - -  2 

Tan $ r e s  P 

If zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx is t h e  h o r i z o n t a l  d i s t a n c e  ( a l s o  p r o p o r t i o n a l  t o  t h e  t i m e  

c o o r d i n a t e  on t h e  s p e c t r o g r a m )  from t h e  symmetry a x i s  o f  t h e  

e m i s s i o n  and h i s  t h e  a l t i t u d e  of t h e  s a t e l l i t e  above t h e  

s o u r c e ,  t h e n  

-S = -  2 Id' = Tan JIres P . 

The minimum f r e q u e n c y  of t h e  e m i s s i o n  e n v e l o p e  ( x  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 )  

c a n  now b e  i d e n t i f i e d  as t h e  l ower -hyb r id - resonance  (LHR) 

f r e q u e n c y ,  where S = 0 [ see  S t i x ,  19621.  The s h a p e  o f  t h e  

e m i s s i o n  e n v e l o p e  n e a r  t h e  LHR f r e q u e n c y  c a n  be approx ima ted  

by expand ing  S i n  a T a y l o r  s e r i e s  a b o u t  f = fLKR and  n e g l e c t -  

i n g  h i g h e r  o r d e r  terms 



which upon s u b s t i t u t i n g  i n t o  e q u a t i o n  2 becomes 

Equa t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 above shows t h a t  i n  t h e  neighborhood o f  t h e  LHR 

f r e q u e n c y ,  where aS/a f  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP can b e  r e g a r d e d  as c o n s t a n t ,  

t h e  emiss ion  enve lope  i s  a p a r a b o l a ,  

A t  h i g h e r  f r e q u e n c i e s  t h e  shape  o f  t h e  emiss ion  en- 

v e l o p e  depends on t h e  d e t a i l e d  plasma pa ramete rs .  If t h e  

e l e c t r o n  plasma f r e q u e n c y ,  f i s  l e s s  t h a n  t h e  e l e c t r o n  

gy ro f requency ,  f t h e n  t h e  enve lope a s y m p t o t i c a l l y  app roaches  

t h e  e l e c t r o n  plasma f requency  as shown i n  F i g u r e  LO,  s i n c e  P 

goes  t o  zero a t  f = f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
enve lope  a s y m p t o t i c a l l y  app roaches  t h e  e l e c t r o n  gy ro f requency ,  

s i n c e  S becomes i n f i n i t e  a t  f = f  . Thus,  t h e  upper  f requency  

l i m i t  i s  e i t h e r  f o r  f , whichever  i s  s m a l l e r .  S i n c e  t h e  

upper  f requency  l i m i t  of t h e  I n j u n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 wideband r e c e i v e r  i s  

w e l l  below e i t h e r  t h e  e l e c t r o n  gy ro f requency  o r  plasma f r e -  

quency,  t h e  f l a r i n g  o f  t h e  emiss ion  enve lope  a t  h i g h  f re -  

q u e n c i e s ,  a s  shown i n  F i g u r e  aO(d), h a s  n o t  y e t  been 

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

P *  

63 

I f  f p  is g r e a t e r  t h a n  f t h e n  t h e  
P g '  

65 

P g 
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To p r o v i d e  a rough  q u a n t i t a t i v e  v e r i f i c a t i o n  of t h i s  

e x p l a n a t i o n  o f  t h e  e m i s s i o n  e n v e l o p e  s h a p e ,  e q u a t i o n  2 w a s  

f i t  t o  t h e  e n v e l o p e  o f  t h e  s a u c e r  shown i n  F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 ,  even 

though  t h i s  e q u a t i o n  w a s  d e r i v e d  under  t h e  r a t h e r  u n r e a l i s t i c  

a s s u m p t i o n  of  a c o m p l e t e l y  homogeneous i o n o s p h e r e  w i t h  

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

s a t e l l i t e  d u r i n g  t h i s  e v e n t  was d e t e r m i n e d  t o  b e  f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 602 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkHz 

f rom t h e  J e n s e n  and Ca in  [1962 ]  e x p a n s i o n  f o r  t h e  geomagnet ic  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi3 

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

b e  f = 200 kHz f rom t h e  AFCRL e l e c t r o n  d e n s i t y  p robe  on 

I n j u n  5 [ p e r s o n a l  communicat ion,  R .  S a g a l y n ] .  For  t h e s e  

r a t h e r  low d e n s i t y  c o n d i t i o n s ,  w i t h  f * < <  f ', zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS i n  e q u a t i o n  

2 can  t o  a v e r y  good a p p r o x i m a t i o n  be  w r i t t e n .  

P 

P g 

LHR s = 1 -  
f2 

2 2  
S i n c e  P = 1 - f / f  [ S t i x ,  19621,  E q u a t i o n  2 becomes 

P 

Using f 

minimum f r e q u e n c y  of t h e  e m i s s i o n  e n v e l o p e ) ,  e q u a t i o n  4 

above w a s  found t o  p r o v i d e  a n  e x c e l l e n t  f i t  t o  t h e  enve lope  

of  t h e  s a u c e r  shown i n  F i g u r e  9 i f  t h e  s o u r c e  were l o c a t e d  a t  

= 200 kHz and fLHR = 1 .7  kHz ( e s t i m a t e d  from t h e  
P 



2 1  

h 1100 km below t h e  s a t e l l i t e  o r  a t  an  a l t i t u d e  of a b o u t  

1400 km. S i n c e  t h i s  s o u r c e  l o c a t i o n  assumed s t r a i g h t - l i n e  

r a y  p a t h s ,  it s h o u l d  be emphasized t h a t  t h i s  c a l c u l a t i o n  

g i v e s  a " v i r t u a l  s o u r c e  l o c a t i o n "  which may d i f f e r  somewhat 

from t h e  a c t u a l  s o u r c e  l o c a t i o n  when v e r t i c a l  g r a d i e n t s  i n  

t h e  i o n o s p h e r e  are c o n s i d e r e d .  N e v e r t h e l e s s ,  t h e  e x c e l l e n t  

agreement  between t h e  obse rved  shape  o f  t h e  e m i s s i o n  enve lope  

and e q u a t i o n  4 and t h e  p h y s i c a l l y  r e a s o n a b l e  v i r t u a l  s o u r c e  

a l t i t u d e  p r e d i c t e d  shows t h a t  t h i s  p roposed e x p l a n a t i o n  of  

t h e  s a u c e r  enve lope  i s  q u a n t i t a t i v e l y  r e a s o n a b l e .  

When v e r t i c a l  g r a d i e n t s  i n  t h e  i o n o s p h e r e  a re  con- 

s ide red ,  t h e  d e t a i l e d  shape of t h e  e m i s s i o n  enve lope  must ,  i n  

g e n e r a l ,  be  d e t e r m i n e d  by numer i ca l  i n t e g r a t i o n .  I f  t h e  

e l e c t r o n  p lasma f r e q u e n c y  and  t h e  lower -hybr id - resonance 

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

as shown i n  F i g u r e  l l ( a ) ,  t h e n  t h e  l i m i t i n g  r a y  p a t h s  and 

t h e  c o r r e s p o n d i n g  emiss ion  enve lope w i l l  have t h e  form 

i l l u s t r a t e d  i n  F i g u r e s  l l ( b )  a n d  l l ( c ) .  The a l t i t u d e  depen- 

dence of  t h e  plasma f requency  c a u s e s  t h e  r a y  p a t h s  t o  

d i v e r g e  as i l l u s t r a t e d  i n  F i g u r e  l l ( b )  because  $res  i n c r e a s e s  

w i t h  i n c r e a s i n g  a l t i t u d e .  T h i s  d i v e r g e n c e  has  t h e  e f f e c t  

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

computed u s i n g  e q u a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 .  

The low-f requency c u t o f f  a t  fLHR ( s o u r c e )  o c c u r s  

i s  n e g a t i v e )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 
because  t h e r e  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAno l i m i t i n g  r a y  p a t h  (Tan 

f o r  a l t i t u d e s  where t h e  wave f r e q u e n c y  i s  l ess  t h a n  t h e  LHR 
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f r e q u e n c y .  

o c c u r s  because  t h e  two l i m i t i n g  r a y  p a t h s  a t  t h i s  f r equency  

d i v e r g e  as t h e y  p r o p a g a t e  upward i n t o  t h e  i o n o s p h e r e .  For  

f r e q u e n c i e s  below t h e  LHR f r equency ,  t h e  r a y  p a t h s  a re  a sen-  

s i t i v e  f u n c t i o n  of t h e  i n i t i a l  wave normal a n g l e  and no g e n e r a l  

s t a t e m e n t s  can b e  made c o n c e r n i n g  l i m i t i n g  r a y  p a t h s  a t  t h e s e  

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

The gap i n  t h e  e m i s s i o n  enve lope  a t  fLHR ( s o u r c e )  

E f f e c t s  due t o  t h i s  "gap" i n  t h e  emiss ion  enve lope  

a r e  o f t e n  c l e a r l y  e v i d e n t  i n  t h e  saucer -shaped e m i s s i o n s  

obse rved  w i t h  I n j u n  5. Near t h e  minimum f r e q u e n c y  o f  t h e  

emiss ion  t h e  enve lope  o f t e n  becomes v e r y  i n d i s t i n c t  and 

p o o r l y  d e f i n e d ,  as can  be  s e e n  f o r  t h e  s a u c e r  shown i n  F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9. I n  some c a s e s  t h e  emiss ion  a lmos t  comp le te l y  d i s a p p e a r s  

i n  t h e  gap r e g i o n  as cou ld  be expec ted  from t h e  r a y  p a t h  

model i l l u s t r a t e d  i n  F i g u r e  11. 

T h i s  p r o p a g a t i o n  model a c c o u n t s  f o r  most of t h e  

g e n e r a l  c h a r a c t e r i s t i c s  of t h e  saucer -shaped  e m i s s i o n s ,  and  

i s  b e l i e v e d  t o  be e s s e n t i a l l y  c o r r e c t .  However, many d e t a i l e d  

q u e s t i o n s  remain t o  be i n v e s t i g a t e d ,  i n c l u d i n g  (1) t h e  a c t u a l  

s o u r c e  a l t i t u d e ,  (2) t h e  s o u r c e  geometry  ( p o i n t ,  l i n e ,  s h e e t  

o r  ex tended  s o u r c e ) ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  t h e  emiss ion  mechanism and r e l a t e d  

p a r t i c l e  f l u x e s ,  and ( 4 )  t h e  d e t a i l e d  o r i g i n  o f  t h e  p r o t o n  

c y c l o t r o n  harmonics somet imes obse rved .  



I V .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASUMMARY 

The r e s u l t s  p r e s e n t e d  above are  p r e l i m i n a r y  i n  t h a t  

o n l y  a small p o r t i o n  o f  t h e  I n j u n  5 data h a s  been s t u d i e d .  

However, s e v e r a l  c o n c l u s i v e  r e s u l t s  have been o b t a i n e d  from 

these  d a t a .  ELF h i s s  h a s  been observed  t o  be  downgoing a t  

a l t i t u d e s  below 1500 km and VLF h i s s  h a s  been obse rved  as 

g e n e r a l l y  downgoing w i t h  some upgoing waves a t  a l t i t u d e s  

up t o  2500 km, i n d i c a t i n g  t h a t  t h e  s o u r c e s  o f  t h e s e  e m i s s i o n s  

e x i s t  above t hese  a l t i t u d e s .  

A t  t h e  t i m e  of  t h i s  r e p o r t ,  t h e  o n l y  obse rved  phenomenon 

which a p p e a r s  t o  b e  g e n e r a t e d  below t h e  s a t e l l i t e  a l t i t u d e  

i s  t h e  saucer -shaped emiss ion .  The c h a r a c t e r i s t i c  f r e -  

quency-t ime shape  of  t h i s  em iss ion  h a s  been e x p l a i n e d  as a 

p r o p a g a t i o n  e f f e c t  f o r  wh is t le r -mode waves p r o p a g a t i n g  upward 

from t h e  s o u r c e  t o  t h e  s a t e l l i t e .  

It s h o u l d  b e  commented t h a t  t h e  r e s u l t s  p r e s e n t e d  i n  

t h i s  paper  r e p r e s e n t  o n l y  an  i n i t i a l  s t u d y  o f  a small amount 

o f  data so t h a t  b road  g e n e r a l i z a t i o n s  o f  t h e s e  r e s u l t s  may 

n o t  be  j u s t i f i e d .  F u r t h e r  s t u d i e s  i n v e s t i g a t i n g  a l l  a l t i t u d e ,  

l a t i t u d e ,  and l o c a l  t i m e s  covered  by I n j u n  5 and c o n s i d e r i n g  

p o s s i b l e  s u b c a t e g o r i e s  o f  v a r i o u s  phenomena are  p lanned and 

w i l l  b e  p r e s e n t e d  a t  t h e  e a r l i e s t  p o s s i b l e  t i m e .  
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D i s t r i b u t i o n  o f  t h i s  document i s  u n l i m i t e d .  

The  d i r e c t i o n  o f  t h e  Poyn t ing  f l u x ,  up o r  down t h e  geomagnet ic  
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f o r m a t i o n  abou t  t h e  s o u r c e  r e g i o n  of  t h e s e  waves and t h e i r  p r o p a g a t i c  
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w h i c h  i s  found t o  be p r o p a g a t i n g  upwsrd from a s o u r c e  below t h e  
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