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ABSTRACT 

T h i s  p a p e r  r e p o r t s  on t h e  c o n v e c t i o n  e l e c t r i c  f i e l d s  

o b s e r v e d  w i t h  t h e  doub le -p robe  t y p e  D C  e l e c t r i c  f i e l d  

e x p e r i m e n t  on  t h e  low a l t i t u d e  (677-2528 km) p o l a r  orbit- 

i n g  I n j u n  5  s a t e l l i t e .  S i m u l t a n e o u s  measurements  o f  

a n t e n n a  impedance by t h e  s p a c e c r a f t  make it p o s s i b l e  t o  

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

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

t h e  p r o b e s ,  wake e f f e c t s ,  and  o t h e r  f a c t o r s .  E l e c t r i c  

f i e l d  m a g n i t u d e s  a s  s m a l l  a s  + l o  mV/meter c a n  b e  

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

R e v e r s a l s  i n  t h e  DC e l e c t r i c  f i e l d  a t  a u r o r a l  

zone l a t i t u d e s  a r e  t h e  most  s i g n i f i c a n t  c o n v e c t i o n  

e l e c t r i c  f i e l d  e f f e c t  i d e n t i f i e d  i n  t h e  I n j u n  5  d a t a ,  

E l e c t r i c  f i e l d  m a g n i t u d e s  of  t y p i c a l l y  30 mV/meter,  and 

somet imes  1 0 0  mV/meter,  a r e  a s s o c i a t e d  w i t h  r e v e r s a l s .  

E l e c t r i c  f i e l d  r e v e r s a l s  o c c u r  on  %36% o f  a u r o r a l  zone  

t r a v e r s a l s ,  a t  a b o u t  70' t o  80' i n v a r i a n t  l a t i t u d e ,  and 

a t  a l l  l o c a l  t i m e s .  They have  been  i d e n t i f i e d  a t  m a g n e t i  

c a l l y  c o n j u g a t e  p o i n t s  i n  b o t h  h e m i s p h e r e s ,  The latitude 

and  s t r u c t u r e  of  a  r e v e r s a l  o f t e n  change  marked ly  o n  

i v  



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

g r e a t e r  t h a n  40 keV a r e  a s s o c i a t e d  w i t h  t h e s e  h i g h  Isti- 

t u d e  e l e c t r i c  f i e l d s .  R e v e r s a l s  o c c u r  a t  t h e  bounda ry  

o f  m e a s u r a b l e  i n t e n s i t i e s  o f  > 4 5  keV e l e c t r o n s  and are 

c o i n c i d e n t  w i t h  i n v e r t e d  ' V ' t y p e  low e n e r g y  e l e c t r o n  

p r e c i p i t a t i o n  e v e n t s .  I n  a l m o s t  a l l  c a s e s  t h e  % x BIB 2 

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

a r e  d i r e c t e d  e a s t  o r  w e s t ,  w i t h  a n t i - s u n w a r d  components  

a t  h i g h e r  l a t i t u d e s  and  sunward components  a t  l o w e r  

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

~ 1 . 5  km/sec and o r d i n a r i l y  o c c u r  a t  t h e  a u r o r a l  z o n e  

n e a r  t h e  r e v e r s a l .  Two e x t r e m e  ( a n d  many i n t e r m e d i a t e )  

c o n f i g u r a t i o n s  o f  a n t i - s u n w a r d  p l a sma  c o n v e c t i o n  have 

been  o b s e r v e d  t o  o c c u r  on t h e  h i g h  l a t i t u d e  s i d e  o f  

e l e c t r i c  f i e l d  r e v e r s a l s :  (I) O r d i n a r i l y ,  l a r g e - s c a l e  

( > 0 . 7 5  km/sec )  c o n v e c t i o n  i s  l i m i t e d  t o  na r row ( % 5 "  SNV 

w i d e )  zones  a d j a c e n t  t o  t h e  r e v e r s a l .  ( 2 )  For  %1h$ o f  

r e v e r s a l s  m e a s u r a b l e  a n t i - s u n w a r d  c o n v e c t i o n  has  been 

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

o f  t h e  s p a c e c r a f t .  A summary p a t t e r n  o f  > 0 . 7 5  km/see 

p o l a r  t h e r m a l  p lasma c o n v e c t i o n  i s  p r e s e n t e d .  
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I. INTRODUCTION 

The i m p o r t a n c e  of e l e c t r i c  f i e l d  measurements  f o r  

s t u d y i n g  t h e  c o n v e c t i o n  of  p l a sma  i n  t h e  magne tosphe re  has 

b e e n  r e c o g n i z e d  f o r  a  number o f  y e a r s  ( ~ u n g e y ,  1 9 6 1 ;  

Axford  and  N i n e s ,  1961 ;  P i d d i n g t o n ,  1962 ;  A l f v e n ,  1967 ; 

Bost rzm,  1 9 6 7 ;  and  Axfo rd ,  1 9 6 9 ) .  However, o n l y  r e c e n t l y  

have  t e c h n i q u e s  f o r  t h e  measurement  o f  m a g n e t o s p h e r i c  

e l e c t r i c  f i e l d s  been  d e v e l o p e d .  These  t e c h n i q u e s  i n c l u d e  

( 1 )  o b s e r v a t i o n s  o f  t h e  r e l a t i v e  d r i f t  o f  n e u t r a l  a n d  

i o n i z e d  components  o f  a r t i f i c i a l  ba r ium c l o u d s  (~aerendel 

e t  a 1  1 9 6 7 ;  FBppl et 6, 1 9 6 8 ;  Mende, 1968 ;  and W e s e o k t  ,, 2) 

e t  a 1  1 9 6 9 ) ,  (2) measurements  o f  p o t e n t i a l  d i f f e r e n c e s  - 9 

between  Langmuir p r o b e s  on r o c k e t s  and  s a t e l l i t e s  (~ozer 

and  B r u s t o n ,  1 9 6 7 ;  F a h l e s o n  +- &, 1 9 7 0 ;  Gurne tL ,  1970; 

Maynard and Heppner ,  1 9 7 0 ;  and  P o t t e r ,  1 9 7 0 ) ~  (3) subiono- 

s p h e r i c  e l e c t r i c  f i e l d  measurements  w i t h  m e t a l  p robe  

p a i r s  c a r r i e d  by h i g h  a l t i t u d e  b a l l o o n s  ( ~ o z e r  and  S e r l i n ,  

1 9 6 ~ ) ~  and  ( 4 )  v a r i o u s  o t h e r  more i n d i r e c t  methods such as 

o b s e r v a t i o n s  o f  w h i s t l e r  d u c t  m o t i o n s  f rom s p e c t r a l  

a n a l y s i s  o f  r a d i o  n o i s e  measurements  ( c a r p e n t e r ,  1 9 ~ 0 ) ~  

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



o b s e r v a t i o n s ' a t  d i f f e r e n t  p o i n t s  i n  s p a c e  (van  A l l e n ,  

1 9 7 0 ) .  E l e c t r i c  ' f i e l d  m i l l '  d e v i c e s  (Wildman, 1965)  

have n o t  y e t  proved p r a c t i c a l  i n  t h e  magnetosphere.  O f  

t h e s e  t e c h n i q u e s ,  t h e  most e x t e n s i v e  and s e n s i t i v e  measure- 

ments have been o b t a i n e d  from a r t i f i c i a l  barium c l o u d  

r e l e a s e s .  U n f o r t u n a t e l y ,  barium c l o u d  exper iments  a r e  

l i m i t e d  t o  dusk l o c a l  t i m e s .  S a t e l l i t e  measurements 

p r o v i d e  much more e x t e n s i v e  s p a t i a l  coverage  and q u a n t i t i e s  

o f  d a t a  t h a n  i s  polss ib le  w i t h  e i t h e r  sounding r o c k e t s  o r  

barium c l o u d  r e l e a s e s  b u t  cannot  d e t e r m i n e  s m a l l  t i m e  

s c a l e  t e m p o r a l  e f f e c t s .  

T h i s  paper  r e p o r t s  on t h e  o p e r a t i o n  and r e s u l t s  of 

t h e  double-probe t y p e  DC e l e c t r i c  f i e l d  exper iment  on t h e  

low a l t i t u d e  (677 t o  2528 km) p o l a r  o r b i t i n g  I n j u n  5 

s a t e l l i t e .  I n  p a r t i c u l a r ,  e l e c t r i c  f i e l d  phenomena which 

p e r s i s t  f o r  l o n g  t i m e s  ( 1  h o u r s )  a r e  s t u d i e d  and i n t e r -  

p r e t e d  i n  t e rms  of  magnetospher ic  t h e r m a l  plasma convec- 

t i o n .  The r e s u l t s  a r e  examined f o r  t h e i r  i m p l i c a t i o n s  

woncern ing  v a r i o u s  magnetospher ic  models.  



11. DESCRIPTION OF THE EXPERIMENT 

A ,  I n s t r u m e n t a t i o n  

The e l e c t r i c  f i e l d  s e n s o r s  on  I n j u n  5 c o n s i s t  sf 

two s p h e r i c a l  aluminum Langmuir p r o b e s  0 .203  m e t e r s  i n  

d i a m e t e r .  The s p h e r e s  a r e  s e p a r a t e d  by 2 .85 m e t e r e  

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

y  a x i s .  A h i g h  impedance d i f f e r e n t i a l  a m p l i f i e r  is used  

t o  d e t e r m i n e  t h e  p o t e n t i a l  d i f f e r e n c e  be tween  t h e  electric 

f i e l d  p r o b e s .  The a v e r a g e  AC impedance o f  t h e  two s p h e r e s  

i s  measu red  by d i f f e r e n t i a l l y  d r i v i n g  t h e  s p h e r e s  with a 

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

AC p o t e n t i a l  d i f f e r e n c e  be tween  t h e  s p h e r e s .  A s  indicated 

i n  F i g u r e  1, t h e  s p a c e c r a f t  i s  o r i e n t e d  by a n  i n t e r n a l  bar 

magnet s u c h  t h a t  t h e  x a x i s  o f  t h e  s p a c e c r a f t  i s  ma in -  

t a i n e d  p a r a l l e l  t o  t h e  geomagne t i c  f i e l d .  The DC e $ e e % r f e  

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

of  t h e  e l e c t r i c  f i e l d ,  E l ,  p e r p e n d i c u l a r  t o  t h e  geomag- 

n e t i c  f i e l d .  Most d a t a  p r e s e n t e d  i n  t h i s  p a p e r  were 

s t o r e d  by a t a p e  r e c o r d e r  on t h e  s a t e l l i t e  and  % r a n e m i t t e d  

t o  g round  l a t e r ,  on command, a t  h i g h  s p e e d .  I n  t h i s  

manner ,  up  t o  3 . 8  o r b i t s  o f  c o n t i n u o u s  d a t a  a r e  o b t a i n a b l e ,  



T a b l e  1 summar izes  t h e  p a r a m e t e r s  o f  t h e  D C  e l e c t r i c  field 

e x p e r i m e n t .  D e t a i l s  o f  t h e  o r b i t  o f  t h e  I n J u n  5 s a t e l l i t e  

a r e  g i v e n  i n  T a b l e  2 .  For  more i n f o r m a t i o n  abouL t h e  V E F  

e x p e r i m e n t a l  package  on I n j u n  5 s e e  G u r n e t t  & & (1969). 

A r e v i e w  o f  c u r r e n t  t h e o r i e s  o f  s p a c e c r a f t  i n t e r + -  

a c t i o n  w i t h  t h e  i o n o s p h e r e  h a s  b e e n  g i v e n  by  Kasha (1969)- 

F a h l e s o n  ( 1 9 6 7 )  and  Aggson ( 1 9 6 6 )  have  d i s c u s s e d  the 

t h e o r y  of  m a g n e t o s p h e r i c  D C  e l e c t r i c  f i e l d  measurements  

w i t h  d o u b l e - p r o b e  t y p e  a n t e n n a s  c n  s a t e l l i t e s .  The 

r u d i m e n t s  o f  t h e  t h e o r y  a s  p r e s e n t e d  by F a h l e s o n  41967) 

a r e  g i v e n  h e r e  i n  o r d e r  t o  fo rm t h e  b a s i s  f o r  a d i s c u s s i o n  

o f  t h e  p r o b e  o p e r a t i o n  i n  o r b i t  ( ~ e c t i o n  C )  and the errors 

a s s o c i a t e d  w i t h  t h e  m e a s u r i n g  i n s t r u m e n t  ( s e c t i o n  D), 

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

impedance m e t a l  s p h e r e  moving i n  a  p l a sma  o f  h i g h  condueti#- 

v i t y .  The t h e o r y  i n v o l v e d  employs t h e  a p p r o x i m a t i o n s  of 

(1) a  Maxwel l ian  two-component p l a s m a ,  ( 2 )  i o n  v e l o c i t y  < 

s p a c e c r a f t  v e l o c i t y  << e l e c t r o n  v e l o c i t y ,  and ( 3 )  small 

d e v i a t i o n s  o f  t h e  p r o b e  p o t e n t i a l  f rom n e u t r a l i % y ,  MKS 

u n i t s  w i l l  b e  u s e d .  A h i g h  impedance p r o b e  immersed in 



a h i g h l y  c o n d u c t i n g  plasma has f o u r  p r i n c i p a l  c u r r e n t  

c o n s t i t u e n t s  i n  i t s  c u r r e n t - b a l a n c e  e q u a t i o n ,  

i = ie - ii - i as shown i n  t h e  top of  F i g u r e  2 .  The 
P 

e l e c t r o n  c u r r e n t  t o  a s p h e r i c a l  e l e c t r o d e  i a  given by 

f o r  V. )- 0 

2 
where Ie = - 4wr ns 

V = p r o b e  f l o a t i n g  p o t e n t i a l  

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

e = magn i tude  of  e l e c t r o n  charge 

n  = e l e c t r o n  number d e n s i t y  

T = e l e c t r o n  t e m p e r a t u r e  
e 

rand m = e l e c t r o n  mass ,  e  

The i o n  c u r r e n t  t o  a moving p r o b e  i s  g i v e n  by 



-i. 
where V s  = p r o b e  ( s a t e l l i t e )  v e l o c i t y  

III = i o n  mass i 

and  
Ti 

= i o n  k e m p e r a t u r e ,  

When t h e  p r o b e  i s  i n  s u n l i g h t  t h e r e  w i l l  a l s o  b e  a photo- 

e l e c t r o n  c ' u r r e n t  

- V / U p  
i = I e  f o r  V 2 0 

P  P  

where  U = kT / e  = p h o t o - e l e c t r o n  p o t e n t i a l ,  and I i s  
P  P P 

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

Us ing  t h e  r e l a t i o n s  a b o v e ,  t h e  c u r r e n t  b a l a n c e  equation 

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

t h e  p r o b e  p o t e n t i a l  when i = 0 :  

I e  
V = -Ue I n  , I f o r  V 2 0 

I i  P  

f o r  V > 0 

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

ed  s c h e m a t i c a l l y  i n  t h e  botkom of  F i g u r e  2 .  Zero  p o t e n t i a l  



h a s  b e e n  d e f i n e d  t o  b e  t h e  ' s p a c e ' o r  ' p l a s m a s  p o t e n t i a l ,  

where  I - Ii  - I = 0 ,  which would h o l d  f o r  a  s p h e r i c a l  e  P  

s u r f a c e  o f  r a d i u s  r i n  t h e  p l a sma  i f  no p h y s i c a l  p r o b e  

were  p r e s e n t .  When a  b i a s  c u r r e n t  IB i s  drawn t o  a 

s p h e r e ,  t h e  c o n d i t i o n  IB 5 I - Ii - I ( a l t e r n a t i v e l y  
e  P  

IB 2 I - I i  - I ) d e t e r m i n e s  t h a t  t h e  p r o b e  w i l l  be e  P  

n e g a t i v e  ( p o s i t i v e )  and  t h a t  E q u a t i o n s  (1) $hsough (4) par% 

a  ( p a r t  b )  w i l l  h o l d .  I f  t h e  f l o a t i n g  p o t e n t i a l  V i s  

p o s i t i v e ,  a n  inhomogeneous %sheath8 o f  e l e c t r o n s  fo rms  

a r o u n d  t h e  p r o b e ,  which we s h a l l  r e f e r  t o  a s  a pha to -  

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

i t s  ' s h e a t h '  i s  composed of a n  e x c e s s  number o f  p s s i t i ~ r e  

i o n s .  The c h a r a c t e r i s t i c  t h i c k n e s s  o f  a s h e a t h  i s  

a p p r o x i m a t e l y  



The top diagram in Figure 3 schematically illue- 

trates the inhomogeneous sheath, which forms around the 

entire spaceeraf% as well as around the probes and booms, 

The bottom diagram in Figure 3 shows a Thevenin e q u i v a l e n t  

circuit of the probe-plasma system for a plasma c o n t a i n i n g  

an electric field E parallel to the spacecraft +y axFs, 
Y 

The voltage drops V and V across the sheaths of the 
s+ 9- 

spheres are given by the floating potentials V+ and V - 
of each probe. The subscripts 6 and - are added when 
necessary to identify the probes on the spacecraft +y cr 

av  
s> 

-y axes, respeclively. The wheath resistances WB = - 3 -J, 

are g i v e n  in terms of plasma parame$ers by 

The voltage sourcee 

E ( ~ 8 2 )  and 
Y 

E ( - 8 / 2 1  
Y 

represent %he plasma potential at the center sf the two 

spheres, As long as the sheath thickness L is small 

compared to the antenna length, the effective length, 8 ,  



o f  t h e  a n t e n n a  w i l l  b e  e q u a l  t o  t h e  d i s t a n c e  be tween  %he 

c e n t e r s  o f  t h e  s p h e r e s ,  RB r e p r e s e n $ s  t h e  i n p u t  resiszance 

o f  t h e  d i f f e r e n t i a l  a m p l i f i e r ,  which i s  t h e  same for 

e a c h  b r a n c h ,  RB, = RB,. From t h e  c i r c u i t  d i a g r a m  i n  

F i g u r e  3 it c a n  r e a d i l y  be  shown t h a t  t h e  o b s e r v e d  ps -  

t e n t i a l  d i f f e r e n c e  be tween  t h e  s p h e r e s  i s  g i v e n  by 

I d e a l l y ,  t h e  v o l t a g e  d r o p s  a c r o s s  t h e  s h e a t h s  o f  the two 

s p h e r e s  a r e  i d e n t i c a l ,  Vs, = V and  t h e  s h e a t h  resist- 
s - >  

a n c c s  a r e  s m a l l  compared Lo t h e  d i f f e r e n t i a l  a m p l i f i e r  

i n p u t  impedances ,  
R E 1 + ,  < <  R B  I t  f o l l o w s  from 

8- 

E q u a t i o n  ( 6 )  t h a t .  I n  this c a s e  t h e  p o t e n t i a l  d i f f e r e n c e  

be tween  t h e  s p h e r e s  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  y 

component o f  t h e  e l e c t r f c  f i e l d  



6 ,  O p e r a t i o n  

I n  t h i s  s e c t i o n  we d e s c r i b e  t h e  f e a t u r e s  o f  the 

d a t a  t a k e n  w i t h  t h e  I n J u n  5 D C  e l e c t r i c  f i e l d  e x p e r i m e n t  

b e l i e v e d  t o  b e  a s s o c i a t e d  w i t h  e r r o r s  o r  i n s t r u m e n t a l  

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

4 a n d  5 .  Each f i g u r e  d i s p l a y s  b o t h  t h e  e l e c t r i c  f i e l d  

and  t h e  e l e c t r i c  a n t e n n a  impedance measured  d u r i n g  o n e  

o r b i t  o f  t h e  s p a c e c r a f ' t .  The d a t a  a r e  p r e s e n t e d  i n  terms 

o f  ' m e a s u r e d P  e l e c t r i c  f i e l d ,  EM, d e f i n e d  by 

I f  t h e  s h e a t h  r e s i s t a n c e  R s  i s  much l e s s  t h a n  t h e  b i a s  

r e s i s t a n c e  R B  and  t h e  two p r o b e s  a r e  s u f f i c i e n t l y  identi- 

c a l  t h a t  t h e i r  f l o a t i n g  p o t e n t i a l s  V+ and  V - a r e  equal, 

t h e n  E q u a t i o n  ( 7 )  h o l d s  and  EM = E . G e n e r a l  f e a t u r e s  o f  
Y 

t h e  impedance measurements  a r e  d i s c u s s e d  by G u r n e t t  & a.1. 

( 1 9 6 9 ) .  The impedance i s  found  Lo b e  a l m o s t  e n t i r e l y  

r e s i s t i v e  at 32 Hz and i s  a t t r i b u t e d  t o  t h e  r e s i s t a n c e  of 

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

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

s h e a t h s  a r o u n d  t h e  two s p h e r e s .  A l so  shown i n  Figuree b 



and  5 i s  t h e  e l e c t r o n  number d e n s i t y ,  n ,  o f  t h e  t h e r m a l  

p l a sma  a s  measured  by t h e  A i r  F o r c e  Cambridge R e s e a r c h  

L a b o r a t o r i e s  ( A F C R L )  e x p e r i m e n t  on I n j u n  5 ,  ( A  e s n s t a f i t  

e l e c t r o n  t e m p e r a t u r e  o f  2500  OK i s  assumed i n  c a l i b r a t i n g  

t h i s  d a t a , )  

The d a s h e d  l i n e s  i n  F i g u r e s  4 a n d  5 r e p r e s e n t  t h e  

magn i tude  o f  t h e  Qs x 5 e l e c t r i c  f i e l d  i n  t h e  r e f e r e n c e  
-3 

f r a m e  o f  t h e  s a t e l l i t e .  Vs i s  t h e  s a t e l l i t e  v e l o c i t y  

c a l c u l a t e d  f rom t h e  I n j u n  5 o r b i t  r e l a t i v e  Lo a  c o o r d i n a t e  

s y s t e m  c o - r o t a t i n g  w i t h  t h e  e a r t h ,  and  3 i s  t h e  m a g n e t i c  

f i e l d  a t  t h e  s p a c e c r a f t  p o s i t i o n  computed u s i n g  t h e  1 9 6 5  

Gain -- e t  sl.  ( 1 9 6 7 )  e x p a n s i o n  f o r  t h e  geomagne t i c  f i e l d ,  

N e g l e c t i n g  wake and  shadow e f f e c t s ,  %he  measured  electric 

f i e l d  EM i n  F i g u r e  4 h a s  a s i n u s o i d a l  s h a p e  modu la t ed  by 

t h e  + I ?  x  $ 1  e n v e l o p e .  T h i s  s i n u s o i d a l  s h a p e  i s  due  Lo 
8 

t h e  s a t e l l i t e  s p i n  a b o u t  t h e  geomagne t i c  f i e l d  w i t h  a 

p e r i o d  o f  a b o u t  20 m i n u t e s .  When t h e  +y a x i s  o f  the 

+ 
s p a c e c r a f t  i s  a l i g n e d  p a r a l l e l  t o  Vs x 3 ,  t h e r e  i s  a 

peak  i n  t h e  EM c u r v e ;  when t h e  -y a x i s  i s  p a r a l l e l  to 

-+ 
V g  x  3 ,  t h e r e  i s  a v a l l e y .  



Pn Figure 5 the spacecraft is almost not r o t a t i n g ,  

In the northern hemisphere the y axis of the satellite is 

nearly aligned with bs x 3, so E = + [ b s  x 31. S i n c e  the 
JB 

x 3 direction reverses at the magneLPc equator, s 

E = -ItB x $ 1  in the southern hemisphere. During 
Y 

InJun 5 @ s  lifetime %he spin rate has increased and 

decreased several times, Both sen8es of spin about %he 

geomagnetic field direction have been observed. 

2, Shadow Effects 

The large perturbations in Figures 4 and 5 labeled 

"pacecrafk shadows' occur when the photo-electron c u r s e n $  

to one of $he spheres changes ae the sphere enters the 

sunlight shadow of the spacecraft body, Figure 6 fPlus- 

trates Ghat small increases in %he impedance often 

accompany the occurrence of shadows on the spheres. Also 

shown are the angles Bs, and 0 between the sun d i r e c t i o n  
8- 

and the vectors to each sphere from the spacecraft c e n t e r ,  

Since, from Figure 1, the spacecraft subtends a 20" 

half-angle as seen f r om a sphere, shadow  effect^ are 

predicted to oceur when Bs exceeds 1 6 0 Q .  Shadows on the 

+y (-Y) sphere cauae positive (negative) perturbations in 



t h e  measu red  e l e c t r i c  f i e l d .  Shadow e f f e c t s  a r e  wider 

when t h e  s a t e l l i t e  i s  s p i n n i n g  s l o w e r .  The magn i tude  of 

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

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

s p h e r e  i s  shadowed by t h e  o t h e r ,  a s  o c c u r s  i n  F i g u r e  4 

a t  1 3 4 0  UT. A shadow o f  o n e  o f  t h e  J o i n t s  i n  t h e  e l e c t r i c  

a n t e n n a  booms f a l l s  on a p r o b e  a t  2017 UT i n  F i g u r e  5 ,  

For  o r b i t s  i n  t h e  dawn-dusk p l a n e ,  s u c h  a s  t h a t  

shown i n  F i g u r e  4 ,  shadowing o f  t h e  s p h e r e s  by  t h e  support- 

i n g  booms ( e f ,  F i g u r e  I) i s  u n e q u a l  f o r  t h e  two s p h e r e s  

a t  o r i e n t a t i o n s  c o r r e s p o n d i n g  t o  p e a k s  and  v a l l e y s  i n  

-C 
t h e  j * Vs x 3 e l e c t r i c  f i e l d .  A s  i l l u s t r a t e d  i n  F i g u r e  4, 

t h i s  a s y m m e t r i c a l  boom shadowing e f f e c t  a d d s  t o  p e a k s  i n  
+ 

j * Vs x 3 i n  one  h e m i s p h e r e  and  s u b t r a c t s  f rom p e a k s  i n  

+- j d x 5 i n  t h e  o t h e r  h e m i s p h e r e ,  b e c a u s e  V x 3 reverses s s 

d i r e c t i o n  a t  t h e  e q u a t o r .  F o r  noon-midnight  o r b i t s ,  boom 

-+ 
shadowing i s  s y m m e t r i c a l  on t h e  two s p h e r e s  a t  f 

VB 
x % 

p e a k s  and  v a l l e y s .  F i g u r e  7 shows t h a t ,  i n  t h i s  c a e e ,  
+- 

EM e q u a l s  5 [ v ~  x $ 1  a t  p e a k s  and  v a l l e y s  t o  w i t h i n  10 a V /  

m e t e r ,  



3. Umbra E f f e c t s  

F i g u r e  5 shows a n  o r b i t  o f  e l e c t r i c  f i e l d  d a t a  i n  

which I n j u n  5 p a s s e s  t h r o u g h  t h e  e a r t h ' s  umbra.  I n  

F i g u r e  5 ,  a s  t h e  s p a c e c r a f t  e n t e r s  t h e  e a r t h "  umbra,  a 

p e c u l i a r  p e r t u r b a t i o n  o c c u r s .  It c o n s i s t s  o f  two separate 

e f f e c t s :  ( 1 )  a  change  i n  t h e  e l e c t r i c  f i e l d  t oward  z e r o  

(wh ich  i n  F i g u r e  5 i s  a  p o s i t i v e  change  i n  E M ) ,  and ( 2 )  

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

measurement .  These  s p i k e s  c o r r e s p o n d  e x a c t l y  t o  the t i m e s  

t h a t  t h e  impedance measurement  i s  made. F i g u r e  8 shows 

two more examples  of  b o t h  t h e  s p i k e s  ( n e g a t i v e  i n  b o t h  

c a s e s )  and  t h e  change  t o w a r d  z e r o .  These  e f f e c t s  occur 

o n l y  when t h e  s p a c e c r a f t  i s  i n  t h e  umbra and s i m u l t a n e o u s l y  

v e r y  low e l e c t r o n  number d e n s i t i e s  a r e  measu red ,  a s  

i l l u s t r a t e d  by F i g u r e  5 .  Impedance v a l u e s  of  a b o u t  10 
G 

ohms o r  g r e a t e r  i n v a r i a b l y  accompany t h e  phenomenon, 

When t h e  s p a c e c r a f t  l e a v e s  t h e  umbra i n  F i g u r e  5, 

a n e g a t i v e  s t e p  i n  EM o c c u r s .  Such s t e p s  o c c u r  commonly 

a t  umbra t r a n s i t i o n s ,  w i t h  EM g r e a t e r  i n s i d e  t h e  umbra ,  

4 .  Wake E f f e c t s  

The l a r g e  n e g a t i v e  p e r t u r b a t i o n  i n  F i g u r e  % 

l a b e l e d  "spacecraf t  wakeq  o o e u r s  when t h e  +y s p h e r e  



e n t e r s  t h e  s a t e l l i t e "  r a r e f i e d  v e l o c i t y  wake. Figure 9 

shows t h e  c o r r e l a t i o n  be tween  wake e f f e c t s  and  t h e  a n g l e  

+ 
between  t h e  +y s p h e r e  and  - V s ,  on t h r e e  s u c c e s s i v e  pa s se s  

+ 
o v e r  t h e  n o r t h  p o l a r  c a p .  $ V x 3 h a s  b e e n  subtracted s 

f rom t h e  e l e c t r i c  f i e l d  d a t a  shown. The wake e f f e c t s  

+ 
shown o c c u r  w h i l e  t h e  p r o b e  i s  w i t h i n  80' o f  -Vs 

T a b l e s  3 and 4 g i v e  t h e  r e s u l t s  of  a  s t u d y  o f  4 5 1  occasions 
4 

when one s p h e r e  came c l o s e r  t h a n  '30' t o  t h e  -Vs  v e c t o r .  

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

4 
which c o r r e l a t e d  w i t h  t h e  minimum a n g l e  t o  -Vs  w a s  

c l a s s i f i e d  a s  a wake e f f e c t  i n  t h i s  s t u d y ,  s o  some n a t u r -  

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

c h a n c e .  T a b l e  3  shows t h a t  v i r t u a l l y  a l l  wake e f f e c t s  

6 
a r e  accompanied  by impedances  g r e a t e r  t h a n  1 0  ohms and 

t h a t  most o f  t h e  wake e f f e c t s  i n  t h e  s t u d y  o c c u r r e d  at 

h i g h  a l t i t u d e .  T a b l e  4 shows t h a t  more t h a n  88% of  the 

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

p r o b e  i n  t h e  wake was more p o s i t i v e  t h a n  t h e  p o t e n t i a l  of 

t h e  p r o b e  o u t s i d e  t h e  wake r e g i o n ,  and  t h a t  wake effects 

o c c u r r e d  more t h a n  t w i c e  a s  o f t e n  when t h e  +y s p h e r e  w a s  

i n  t h e  wake as when t h e  -y s p h e r e  was i n  t h e  wake, T h e  

example o f  a  wake e f f e c t  shown i n  F i g u r e  4 o c c u r 8  when t h e  



6 impedance i s  g r e a t e r  t h a n  10 ohms. F i g u r e  4 a l s o  shows 

t h e  low e l e c t r o n  number d e n s i t y ,  a s  measured  by t h e  A F C R E  

e x p e r i m e n t  on  Ingun  5 ,  which i s  commonly o b s e r v e d  whenever  

wake e f f e c t s  o r  h i g h  impedances  o c c u r .  Dur ing  t h e  o r b i L  

shown i n  F i g u r e  4 t h e  e l e c t r i c  a n t e n n a  s p h e r e s  entered 

t h e  wake r e g i o n  s e v e n  t i m e s ,  i n  b o t h  h e m i s p h e r e s .  Never- 

t h e l e s s  o n l y  o n e  wake e f f e c t  o c c u r r e d ,  and  t h a t  e v e n t  

o c c u r r e d  when t h e  +y s p h e r e  was i n  t h e  wake, a t  h i g h  

a l t i t u d e ,  h i g h  impedance ,  and  low e l e c t r o n  number d e n s i t y ,  

D, E r r o r s  

I n  t h i s  s e c t i o n  we s h a l l  e x p l a i n  t h e  o c c u r r e n c e  

o f  t h e  i n s t r u m e n t a l  e f f e c t s  d e s c r i b e d  i n  S e c t i o n  C a n d  

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

t h e  D C  e l e c t r i c  f i e l d  measu remen t s .  Because  v a r i a t i o n s  

i n  measu red  e l e c % r i c  f i e l d s  n o t  o t h e r w i s e  e x p l a i n e d  w i l l  

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

d e t a i l  i s  J u s t i f i e d  i n  d i s c u s s i n g  e r r o r s .  

I. T h e o r e t i c a l  P r e d i c t i o n s  o f  P r o b e  B e h a v i o r  

To h e l p  d e l i n e a t e  t h e  r e l a t i v e  c o n d i t i o n s  under 

which  v a r i o u s  e f f e c t s  may b e  e x p e c t e d  t o  o c c u r ,  w e  shall 

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



probe syetem in terms of plasma parameters. The theory 

presented in Section B comprises the mathematical basis 

of the model. Equation ( 6 )  depends, through EquaGloas $ b )  

and (5), on parameters which are constant, except for the 

medium parameters n (number density), Te (electron temp- 

erature), Ti (ion temperature), end E (electric f i e l d  
Y 

component). In Equation ( 9 ) ,  Equations (6) and (8) are 

rewritten to show explicitly the linear dependence of the 

measured quantity, EM,  on the electric field E and t h e  
Y 

floating potentials, V+ and V - . 

v... R -1 
B- 

E~ ( v )  = i- 1 + --- ( g e l  
%- 

Since the InJun 5 orbit includes altitudes from 

677 to 2580 kilometers, the electron number density may 

vary by severs1 orders sf magnitude. The electron 

densities, as measured by the AFGRL experiment on I n j u n  5, 

are commonly in the range 10' to lo5 electrons/cm3, but 



may be higher at perigee near the equator and oceasionslly 

as low as lo3 electrons/cm3 at apogee over the polar c e p s  

(R. Sagalyn, private communication, 1970). In the model 

we shall therefore independently vary n .  The electron 

temperature Te is less well known. Brace -- et al. (~9671 

have reported average values of 500 - 3000 OK at 2.000 kra 

at solar minimum, The preliminary results of S a g a l y r A t s  

experiment (Private communication, 1970) on I n J u n  5 

indicate a typical electron temperature of 2500 OK, w i t h  

temperatures sometimes as high as IO,OQO O M  and f r e q u e n t l y  

about 5000 OK above 1500 km over the polar caps (ad 

solar maximum). In the model we assume Te = 2500 OK, or 

else vary T, independently. The calculation is insensi-- 

Live to the ion temperature Ti, which is taken to Be 

It i s  obvious from Equation (9c) that asymxnadries 

in V, Rs, or R for the two spheres may be i~porlant B 

sources of errors, V and Rs are dependent on plas~na 

parameters (see Equations ( 4 )  and (5)) except for the 

photo-electron current I . The photo-electron current 
P 

may differ for the two spheres at a given time due to 

either (1) differential shadowing or (2) unequal surface 



p r o p e r t i e s  o f  t h e  s p h e r e s ,  Assuming t h a t  t h e  l a t t e r  

e f f e c t  i s  c o n s t a n t  i n  t i w e ,  shadowing may b e  e x p l o i t e d  

t o  f i n d  a p p r o x i m a t e  v a l u e s  o f  I f o r  e a c h  s p h e r e ,  A s$udy 
P 

h a s  b e e n  made o f  86 o c c a s i o n s  when t h e  s p a c e c r a f t  body 

shadowed one  o f  t h e  e l e c t r i c  a n t e n n a  s p h e r e s .  F l a t -  

t o p p e d  shadow p e r t u r b a t i o n s  were  s e l e c t e d  t o  e n s u r e  t h e s t  

a  s p h e r e  w a s  c o m p l e t e l y  shadowed. F i g u r e  1 0  shows the 

r e s u l t s  of t h e  s t u d y .  I n  t h e  bo t tom d r a w i n g ,  u s i n g  t h e  

Ohm's Law a p p r o x i m a t i o n ,  

p h o t o - e l e c t r o n  c u r r e n t s  o f  I = 4 pampa a n d  I = 3 vamps 
P+ p- 

a r e  s u g g e s t e d .  The t o p  d rawing  shows t h e  r e s u l t s  o f  an 

a n a l y t i c  s o l u t i o n  ( d e s c r i b e d  I n  t h e  ~ p p e n d i x )  f o r  t h e  

p h o t o - e l e c t r o n  c u r r e n t s ,  which g i v e s  I = 3 ?I vamps 
P+ 

and  I = 2 f l  vamps. The l a t t e r  v a l u e s  h a v e  been  adopted 
P- 

f o r  u s e  i n  t h e  mode l ,  The d i f f e r e n c e  I - I e a n  be 
P9 P- 

checked  by examinfng  t r a n s i t i o n s  f rom t h e  umbra region 

i n t o  s u n l i g h t  ( e x c l u d i n g  s i t u a t i o n s  w i t h  s h a d o w i n g ) ,  A 

s t u d y  o f  26  s u c h  t r a n s i t i o n s  i m p l i e s  t h a t  I - I = 
P" P- 

1 . 5  20.5  vamps i n  t h e  l i n e a r  a p p r o x i m a t i o n  (wh ich  will 



t e n d  t o  o v e r e s t i m a t e  t h e  c u r r e n t s ) .  The asymmetry pre- 

sumably a r i s e s  f rom s u r f a c e  c o n t a m i n a t i o n  o f  t h e  s p h e r e s ,  

p e r h a p s  d u r i n g  t h e  l a u n c h ,  Because  s u n l i g h t  s t r i k e s  

d i f f e r e n t  a r e a s  o f  e a c h  s p h e r e  a s  t h e  s p a c e c r a f t  r o t a t e s ,  

t h e  magn i tude  o f  t h e  p h o t o - e l e c t r o n  asymmetry and i t s  

c o n s e q u e n c e s  may b e  o r i e n t a t i o n  d e p e n d e n t .  I n  %he mode l ,  

however ,  a n y  o r I e n t a t 8 o n  dependence  o f  I h a s  been  
P 

n e g l e c t e d ,  T a b l e  5 summar izes  t h e  v a l u e s  o f  p a r a m e t e r s  

employed i n  t h e  n u m e r i c a l  model .  

F i g u r e s  ll t h r o u g h  1 8  show r e s u l t s  c a l c u l a t e d  

u s i n g  t h e  p r o b e  s y s t e m  model ,  F i g u r e  11 shows value8 for 

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

e l e c t r o n  number d e n s i t y ,  n ,  f o r  a  r a n g e  o f  e l e c t r o n  temp-  

e r a t u r e  v a l u e s .  The c u r v e s  were  c a l c u l a t e d  u s i n g  

E q u a t i o n  ( 4 ) .  The p o t e n t i a l s  a r e  t y p i c a l l y  a  f r a c t i o n  of 

a  v o l t  n e g a t i v e ,  s o  t h e  c o n d i t i o n  t h a t  V b e  s m a l l  i s  

s a t i s f i e d .  For  t h e  v a l u e s  of Ti and  Te u s e d  i n  t h e  c s l c u -  

l a t i o n  t h e  i n e q u a l i t y  %on v e l o c i t y  < s a t e l l i t e  v e l o c i t y  < <  

e l e c t r o n  v e l o c i t y  i s  a l s o  s a t i s f i e d .  T y p i c a l  Debye 

l e n g t h s  and  s h e a t h  t h i c k n e s s e s  e n c o u n t e r e d  i n  t h e  I n J u n  5 

o r b i t  a r e  shown i n  F i g u r e  1 2 ,  S h e a t h  w i d t h s  l e s s  t h a n  

t h e  p r o b e  r a d I u s  a r e  p r e d i c t e d .  I n  F i g u r e  1 3  V i s  c o m p a r e d  



f o r  t h e  two s p h e r e s  and  t h e  s p a c e c r a f t  body ,  The effects 

o f  t h e  o b v i o u s  asymmetry w i l l  b e  d i s c u s s e d  be low.  F i g u r e  

1 4  shows t h a t  i n  s u n l i g h t  c o n d i t i o n s  t h e r e  i s  a l s o  a n  

asymmetry i n  t h e  c o r r e s p o n d i n g  s h e a t h  r e s i s t a n c e s  for &he 

two s p h e r e s .  

The p r i n c i p a l  L e s t  which may b e  a p p l i e d  t o  deter- 

mine t h e  e x t e n t  t o  which t h e  model i s  q u a n t i t a t i v e l y  

c o r r e c t  i s  t o  compare p r e d i c t e d  and  measured  v a l u e s  o f  

t h e  s h e a t h  impedance .  The p o i n t s  p l o t t e d  i n  F i g u r e  1 5  

c o r r e s p o n d  to s h e a t h  r e s i s t a n c e s  measured  a r o u n d  t h e  

I n J u n  5 o r b i t  and e l e e L r o n  number d e n s i t i e s  measured  

s i m u l t a n e o u s l y  w i t h  t h e  A F C R L  e x p e r i m e n t  on I n J u n  5, 

Because  Te v a r i e s  s t r o n g l y  w i t h  a l t i t u d e ,  l a t i t u d e ,  a n d  

l o c a l  t i m e  ( c f .  B raee  eQ &, ~ 9 6 7 ) ~  i t  i s  n o t  e x p e c t e d  

t h a t  t h e  measured  p o i n t s  R s ( n )  w i l l  f a l l  on any  one 

c a l c u l a t e d  c u r v e  R ( n ,  T,). 1x1 g e n e r a l  t h e  h i g h e s t  Te 
S 

w i l l  o c c u r  a t  h i g h  a l t i t u d e s  where  n  i s  l ow ,  and  e o n -  

T e r s e l y .  An e x a m i n s t i o n  o f  t h e  measu red  v e r s u s  computed 

v a l u e s  i n  F i g u r e  2.5 v e r i f i e s  t h a t  t h i s  o c c u r s ,  Further- 

more ,  t h e  v a l u e s  o f  \ observed f a l l  on t h e o r e t i c a l  curves 

c o r r e s p o n d i n g  t o  r e a s o n a b l e  v a l u e s  o f  T e e  These  facts 

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



be tween  t h e  model  p r e d i c t i o n s  and  a c t u a l  p r o b e  b e h a v i o r ,  

A d d i t i o n a l  v e r i f i c a L i o n  o f  t h e  v a l i d i t y  o f  t h e  model  i s  

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

o f  e r r o r .  

2 ,  Shadow E f f e c t s  

F i g u r e  1 6  shows t h e  c a l c u l a t e d  m a g n i t u d e s  of the 

q u a n t i t i e s  E ( E  ) and  E 2 ( y )  i n t r o d u c e d  i n  E q u a t i o n  (91, 
3, Y 

f o r  d a r k n e s s ,  s u n l i g h t ,  and  shadow c o n d i t i o n s .  If 

< c  R El = E r e p r e s e n t s  t h e  s e a l  e l e c t r i c  f i e l d  B" Y 

y-component m e a s u r a b l e  i n  t h e  s a t e l l i t e  r e f e r e n c e  f r ame ,  

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

r e s p e c t ,  E 2  = 0 .  

It i s  e v i d e n t  P r o m  F i g u r e  1 6  t h a t  t h e  b e h a v i o r  o f  

E2 when e i t h e r  s p h e r e  i s  shadowed e x p l a i n s  t h e  l a r g e r  

m a g n i t u d e s  o f  p o l a r  ( l o w e r  n )  v e r s u s  e q u a t o r i a l  (higher n) 

shadow e f f e c t s ,  ( C o n s i s t e n c y  i s  e x p e c t e d  b e c a u s e  shadows 

were  u s e d  t o  e s t i m a t e  1 . )  S i n c e  t h e  e l e c t r i c  f i e l d  
P 

a n t e n n a  booms and  boom J o i n t s  c a n  shadow as much a s  20% 

o f  t h e  s u r f a c e  o f  a p r o b e ,  t h e  e f f e c t s  o f  boom s h a d o w s  

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

t o t a l  s p h e r e  shadowing .  Maximum boom shadowing  errors 

a r e  t h e r e f o r e  e x p e c t e d  t o  b e  a b o u t  4 0  mV/meter.  



3. Umbra E f f e c t s  

The d i s c r e p a n c y  o f  2 mV/meter be tween  El i n  

s u n l i g h t  and  E f o r  l a r g e  n, shown i n  F i g u r e  16 i s  due  
Y 

t o  f i n i t e  b i a s  r e s i s t a n c e  i n  t h e  f a c t o r  (1 + R ~ / R ~ ) - ~  

i n  E q u a t i o n  ( 9 ) .  T h i a  f a c t o r  i s  n e g l i g i b l e  f o r  usual ri 

v a l u e s .  When n  f s  l ow ,  t h e  d i s c r e p a n c y  i n c r e a s e 8  because  

R s  becomes l a r g e  ( s e e  F i g u r e  14). I n  d a y l i g h t  t h e  effect 

i s  i m p o r t a n t  o n l y  be low n = 2 x  l o 3  e l e c t r o n e / c m 3  ( w h i c h  

r a r e l y  o c c u r s ) .  A t  n i g h t ,  when t h e  I t e r m  disappears 
P  

from E q u a t i o n  ( 5 1 ,  t h e  e f f e c t  o f  l a r g e  s h e a t h  r e s i s t a n c e  

i s  much g r e a t e r .  We a t t r i b u t e  t h e  change  t o w a r d s  z e r o  

e l e c t r i c  f i e l d  which a p p e a r s  i n  F i g u r e s  5  and  8 (ignoring 

t h e  s p i k e s )  a s  t h e  s a t e l l i t e  e n t e r s  t h e  e a r t h "  umbra ,  

t o  t h i s  c a u s e .  It i s  c o n s i s t e n t  w i t h  t h i s  explanaa'biesn 

t h a t  a s  n r i s e s  t o w a ~ d s  l o w e r  l a t i t u d e s  i n  t h e  umbra, 

t h e  e f f e c t  d i s a p p e a r s .  I n  t h e  example i n  F i g u r e  5 t h e  

m a g n i t u d e  of  t h e  change  i s  a b o u t  50 mV/meter,  w h i l e  t h e  

AFCRL number d e n s i t y  e x p e r i m e n t  i n d i c a t e s  n = 2 x 10 
3 

3 e l e c t r o n s / c m  . The ag reemen t  w i t h  t h e  model p r e d i c t i o n  

i s  good.  F i g u r e  1 4  shows t h e  accompanying l a r g e  increase 

i n  impedance p r e d i c t e d  ( a n d  o b s e r v e d ;  s e e  F i g u r e s  5 

and  8 )  a s  t h e  s p a c e c r a f t  g o e s  f r o m  s u n l i g h t  i n t o  d a r k -  

ness w h i l e  n i s  low,  



Figure 16 verifies that in darkness, E2 ia nearly 

zero, However, in sunlight, the sphere floating poten- 

tials are different, as shown in Figure 11, due do 

asymmetric photo-electron emission. Excluding values when 

densities are below 2 x electrons/cm3, E2 may be 

as great as -30 mV/meLer in sunlight. This is in exact 

agreement with the magnitude and direction of the jump 

in the measured electric field observed when the space- 

craft. undergoes the transition from -the earth" sumbra 

into sunlight at. 23-27 UT in Figure 5. The spheres were 

not shadowed at this time by the spacecraft booms or 

body. E2 for both spheres in sunlight may vary by up 

to 20 mV/meter as n varies slowly with altitude and 

latitude around the Znjun 5 orbit. Like boom shadowing, 

this error contributes to the difference between Em and 
-+ 

$ * V x 8 ,  and is virtually impossible to ealcula."c* s 

The method for eliminating theee effect8 will be d i a -  

cussed in Section E. The combination of 20 mV/meter due 

Lo %he rasponee of the asymmetric probe syetem to slow 

plasma variations around the HnJun 5 orbit, and 40 mV/ 

metes boom shadowing, gives a maximum of 60 mV/meter for 

-b 
EM - 5 * Vs x 8 .  This is in good agreement with the 

50 mV/mcter maximal diserepseeics observed. 



I n  F i g u r e  5 t h e  s a t e l l i t e  c r o s s e s  t h e  e a r t h ' s  

4- 
umbra w h i l e  i t s  y a x i s  i s  n e a r l y  p a r a l l e l  t o  t h e  Vs x 3 

d i r e c t i o n  i n  t h e  n o r t h e r n  h e m i s p h e r e ,  The measu red  

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

-k 
e q u a t o r  where  Vs  x 3 c h a n g e s  d i r e c t i o n ,  by a b o u t  50  mV/ 

m e t e r .  T h i s  d i f f e r e n c e  c o r r e s p o n d s  Lo a  0 , l b  v o l t  

c o n s t a n t  B e o n t a c t  p o t e n t i a l s  . T h i s  c o n s t a n t  o f f s e t  

s h o u l d  n o t  a f f e c t  t h e  r e a u l t s  of  t h e  DC e l e c t r i c  field 

e x p e r i m e n t  beyond s h i f t i n g  i t s  z e r o  p o i n t .  I n  s u n l i g h t  

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

by  Lhe e f f e c t s  o f  t h e  p h o t o - e m i s s i o n  asymmetry o f  t h e  

two s p h e r e s .  A s  shown i n  F i g u r e  5 ,  a t  t h e  s u n l i t  equator 

t h e  e l e c t r i c  f i e l d  measurement  m i s s e s  z e r o  by j u s t  

20 mV/meter. ( p r i o r  t o  t h e  boom J o i n t  shadow BndicaQed 

a t  2018 UT, n e i t h e r  s p h e r e  was shadowed , )  The d i f f e r e n c e  

be tween  t h e  amounts  by which EM e x c e e d s  z e r o  a t  t h e  t w o  

e q u a t o r s  i s  30 mV/meter,  which c o r r e s p o n d s  e x a c t l y  t o  the 

30 mV/meter Jump a t t r i b u t e d  t o  p h o t o c u r r e n t  asymmetry 

e v i d e n t  a t  2127 UT i n  F i g u r e  5 .  F u r t h e r m o r e ,  t h e  s h e a t h  

4 
impedance a t  t h e  s u n l i t  e q u a t o r  i s  R s  = 8 r 1 0  ohms. 

I n  t h e  l i n e a r  a p p r o x i m a t i o n ,  t h e r e f o r e ,  t h e  p h o t o - c u r r e n t  

asymmetry s h o u l d  b e  



T h i s  v a l u e  i s  i n  ag reemen t  w i t h  t h e  r e s u l t s  o f  t h e  shadow 

s t u d y  p r e v i o u s l y  d i s c u s s e d .  The c o n s i s t e n c y  e v i d e n t  i n  

t h e  o b s e r v a t i o n s  of  c o n t a c t  p o t e n t i a l s ,  umbra t r a n s i t i o n  

d i s c o n t i n u i t i e s ,  shadowing m a g n i t u d e s ,  and  s h e a t h  imped- 

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

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

The s o - c a l l e d  ' r e c t i f i c a t i o n  e f f e c t b b s e r v e d  i n  

t h e  umbra r e g i o n  ( s e e  F i g u r e s  5 and  8 )  may b e  expl .a ined 

a s  f o l l o w s .  The p o t e n t i a l  o f  a  s p h e r e  due  t o  the s l n u -  

s o i d a l l y  v a r y i n g  c u r r e n t  o f  m a g n i t u d e  iZ = V Z o / R B  im- 

p r e s s e d  b r i e f l y  on e a c h  s p h e r e  by t h e  impedance measure- 

ment ( s e e  G u r n e t t  & al,, 1 9 6 9 )  may be  expanded  i n  a 

T a y l o r  s e r i e s :  

where  i = iZ c o s  w t  and Vo i s  t h e  f l o a t i n g  p o t e n t i a l  

f rom E q u a t i o n  ( 4 ) .  The D C  e l e c t r i c  f i e l d  measure~meat  

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

o b t a i n  



1 /& 2 v = (vo) +(% iz CQs w t  >+ 5 \ a i 2  iz c o s 2  wt)  l- . . . 

Vz i s  a n  a d d i t i o n a l  t e r m  p r e s e n t  o n l y  when t h e  impedance  

measurement  i s  made, I n  t e r m s  of p la sma  p a r a m e t e r s  w e  

h a v e ,  f o r  V < 0 ,  

We s h a l l  i n v e s t i g a t e  t h e  e f f e c t s  o f  t h i s  t e r m  i n  darknesa 

f o r  low e l e c t r o n  d e n s i t i e s .  F i g u r e  1 3  v e r i f i e s  t h a t  t h e  

s p h e r e  f l o a t i n g  p o t e n t i a l  w i l l  b e  n e g a t i v e  I P = 0 i n  

d a r k n e s s ,  and Ii i s  p r o p o r t i o n a l  t o  n ,  s o  V Z  u n d e r  t h e  

s p e c i f i e d  c o n d i t i o n s  w i l l  become v e r y  l a r g e  and can 

d o m i n a t e  t h e  f l o a t i n g  p o t e n t i a l  t e r m  Y o  i n  E q u a t i o n  10. 

If Vz+ f V Z- , which  i n  d a r k n e s s  c o u l d  happen d u e  t o  a n  

asymmetry i n  t h e  b i a s  r e s i s t a n c e s  ( s e e  E q u a t i o n  (9~11, E2 

w i l l  change  when t h e  impedance measurement  i s  o n ,  T f  

R ~ +  were  g r e a t e r  t h a n  R B _  t h e n  t h e  r e s u l t i n g  p e r t u r b a t i o n  



i n  E2 would a lways  Be n e g a t i v e ,  T h i s  e f f e c t ,  w h i c h  

c o n s t i t u t e s  a  r e c t i f  l e a t i o n  of  t h e  impedance measuremend 

d r i v i n g  c u r r e n t  by t h e  e l e c t r i c  a n t e n n a  s y s t e m ,  q u a l i f a -  

L i v e l y  e x p l a i n s  t h e  n e g a t i v e  s p i k e s  o b s e r v e d  when t h e  

impedance measurement  i s  made i n  t h e  umbra at Isw number 

d e n s i t i e s  a s  shown i n  F i g u r e s  5 and  8, Because  umbra 

e f f e c t s  g e n e r a l l y  o c c u r  a t  m i d d l e  t o  low l a t i t u d e s ,  they 

do n o t  i n t e r f e r e  w i t h  t h e  measurement  o f  a u r o r a l  z o n e  

and  p o l a r  cap e l e c t r i c  f i e l d s .  

4 .  Wake E f f e c t s  

-9 
The s a t e l l i t e  v e l o c i t y  Vs e x c e e d s  t h e  thermal 

i o n  v e l o c i t y  a t  I n j u n  5 a l t i t u d e s ,  A s  a r e s u l t ,  i o n s  are 

swept  away by t h e  nosring s p a c e c r e ~ f t  a n d  a r a r e f i e d .  wake 

r e g i o n  e x i s t s  b e h i n d  t h e  s a t e l l i t e ,  Because  a p p r o x i m a t e  

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

e n t e r  t h e  wake u n t i l  t h e  h e a v i e r ,  s l o w e r ,  ions d o ,  

Hence t h e  wake r e g i o n  i s  r a r e f i e d  and  has  a s l i g h t l y  

n e g a t i v e  p o t e n t  P a l .  

The model o f  p r o b e  b e h a v i o r  p r e d i c t s  t h a t  when the 

e l e c t r o n  number d e n s i t y  i n  t h e  p r o b e  v i c i n i t y  d r o p s  below 

s 2 x l o 3  e l e c t r o n s / c m 3 ,  t h e  p r o b e  f l o a t i n g  p o t e n t i a l  



becomes p o s i t i v e  w i t h  r e s p e c t  t o  t h e  s p a c e  p o t e n t i a l  a n d  

a  p h o t o - e l e c t r o n  s h e a t h  i s  formed ( s e e  F i g u r e  1 3 1 .  

E q u a t i o n  ( 9 )  i n d i c a t e s  t h a t  if t h e  +y ( - y )  s p h e r e  potential 

r i s e s ,  EM, t h r o u g h  E2, w i l l  d r o p  ( r i s e ) .  T h i s  i s  i n  

ag reemen t  w i t h  %he  o b s e r v a t i o n s  of wake e f f e c t s  reported 

i n  S e c t i o n  C .  F u r t h e r m o r e ,  a s  shown by F i g u r e  1 3 ,  a 

p h o t o - s h e a t h  forms  a r o u n d  t h e  -by s p h e r e  a t  h i g h e r  n than 

f o r  t h e  -y s p h e r e ,  I t  i s  t h e r e f o r e  e x p e c t e d  t h a t  wake 

e f f e c t s  s h o u l d  b e  o b s e r v e d  more f r e q u e n t l y  when the +y 

s p h e r e  i s  i n  t h e  wake r e g i o n  t h a n  when t h e  -y s p h e r e  is 

i n  t h e  wake,  T h i s  p r e d i c t i o n ,  a l s o ,  a g r e e s  w i t h  observa- 

t i o n s  ( s e e  T a b l e  4 ) .  F i g u r e s  1 4  and  1 5  show t h a t  the 

> 6 impedance s h o u l d  r i s e  d r a m a t i c a l l y ,  t o  % 1 0  ohms, when 

a  p h o t o s h e a t h  f o r m s .  Nigh measured  impedances  have  been 

r e p o r t e d  t o  be  a f e a t u r e  of  wake e f f e c t s  ( s e e  F i g u r e  4 ) .  

Q u a n t i t a t i v e  c o m p a r i s o n s  a r e  n o t  p o s s i b l e  b e c a u s e  t h e  

d e n s i t i e s  and  t e m p e r a t u r e s  i n  t h e  wake r e g i o n s  are un- 

known. However, on t h e  b a s i s  o f  t h e  e x c e l l e n t  q u a l i t a l i v e  

ag reemen t  o f  t h e s e  p r e d i c t i o n s  of  wake e f f e c t s  w i t h  the 

o b s e r v a t i o n s  d i s c u s s e d  i n  S e c t i o n  C ,  we c o n c l u d e  that 

wake e f f e c t s  a r e  i n  f a c t  c a u s e d  when one  p r o b e  d e v e l o p s  

a p h o t o - e l e c t r o n  s h e a t h  i n  t h e  r a r e f i e d  r e g i o n  b e h i n d  &he 

moving s p a c e c r a f t ,  



5 .  V a r i a t i o n s  and  G r a d i e n t s  i n  Plasma P a r a m e t e r s  

The e f f e c t  o f  v a r i a t i o n s  i n  n  and  T e  ( a t  b o t h  

s p h e r e s )  may b e  i n v e s t i g a t e d  by L a k i n g  p a r t i a l  derivatives 

of  E q u a t i o n  ( 9 )  w i t h  r e s p e c t  Lo t h e s e  q u a n t i t i e s ,  T3e  t o p  

d i a g r a m  i n  F i g u r e  17 shows t h e  n u m e r i c a l  e v a l u a t i o n  

o f  t e r m s  o f  t h e  e q u a t i o n  

a s  f u n c t i o n s  o f  n, f o r  a n  a r b i t r a r i l y  c h o s e n ,  b u t  large, 

ATe = 1 0 0  O K ,  e v a l u a t e d  a t  T  e  = 2500 OK. bEM i s  e l e a r l y  

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

low n whieh c o r r e s p o n d s  t o  g u s t  t h e  +y s p h e r e  h a v i n g  a 

p h o t o - s h e a t h .  I n  t h e  bo t tom d i a g r a m  o f  F i g u r e  1 7 ,  t h e  

a r e  shown f o r  An = Q,B n .  The r e s u l t s  a r e  s i m i l a r  in 

t h a t  AEM i s  n e g l i g i b l e  e x c e p t  w h i l e  j u s t  one  s p h e r e  bas 

a  p h o t o - s h e a t h .  



F i g u r e  1 8  i l l u s t r a t e s  t h e  e f f e c t s  o f  g r a d i e n t s  

i n  t h e  p lasma s u c h  t h a t  n  o r  Te i s  d i f f e r e n t  a t  t h e  two 

s p h e r e s ,  I n  t h e  Lop d i a g r a m  of  F i g u r e  1 8  t h e  c h a n g e s  i n  

El and  E2 a r e  shown which  would o c c u r  i f  t h e  +y sphere 

e n c o u n t e r e d  t e m p e r a t u r e s  of 2450 O K  w h i l e  a t  t h e  -y 

s p h e r e  t h e  t e m p e r a t u r e  was 2500 OK. It i s  u n l i k e l y  t h a t  

s u c h  a  l a r g e ,  2 % ,  g r a d i e n t  would b e  e n c o u n t e r e d  i n  t h e  

2 .85 m e t e r s  be tween  s p h e r e s .  The m a g n i t u d e  o f  AEM 

p r e d i c t e d  r e m a i n s  l e s s  t h a n  6 mV/meter,  s o  t h e  e f f e c t  

f o r  a c t u a l  g r a d i e n t s  i s  p r o b a b l y  n e g l i g i b l e .  The bot%om 

of  F i g u r e  1 8  shows t h e  change  AEM r e s u l t i n g  Prom lowering 

n  a t  t h e  +y s p h e r e  by  1 0 % .  T h i s  u n p h y s i c a l l y  l a r g e  

g r a d i e n t  i n  o n l y  2 .85 m e t e r s  p r o d u c e s  l e s s  t h a n  10 m V /  

m e t e r  change  i n  t h e  measu red  e l e c t r i c  f i e l d  above  

3 n  = 2 x  l o 3  e l e c t r o n s / c m  . We c o n c l u d e  t h a t  t h e  effects 

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

a r e  n o t  s e r i o u s  e x c e p t  a t  d e n s i t i e s  low enough t o  cause 

p h o t o - s h e a t h s  t o  o c c u r .  

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

e x p e r i m e n h l  e v i d e n c e  c a n  b e  g i v e n  t h a t  n  and  Te variations 

and  g r a d i e n t s  h a v e  n e g l i g i b b e  e f f e c t s  on t h e  D C  e l e c t r i c  

f i e l d  measurement ,  A l though  e l e c t r o n  number d e n s i t i e s  



o r  t e m p e r a t u r e s  measu red  by t h e  AFCRL e x p e r i m e n t  on  

I n J u n  5 f r e q u e n t l y  e x h i b i t  f l u c t u a t i o n s  i n  t h e  same 

i n t e r v a l s  when e l e c t r i c  f i e l d  n o i s e  i s  o b s e r v e d ,  t h e  

AFCRL d a t a  and t h e  DC e l e c t r i c  f i e l d  v a r i a t i o n s  do not 

c o r r e l a t e  on a  one- to-one  b a s i s .  F i g u r e s  1 9  t h r o u g h  22  

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

number d e n s i t y  f l u c t u a t i o n s .  These  d a t a  were  t a k e n  i n  

t h e  h i g h  d a t a  r a t e  mode d u r i n g  apogee  p o l a r  p a s s e s  In 

t h e  n o r t h e r n  h e m i s p h e r e  i n  w i n t e r .  The DC e l e c t r i c  f l e P d  

i s  measu red  16 t i m e s  p e r  s e c o n d  i n  t h i s  mode w h i l e  %he 

AFCRL e x p e r i m e n t  i n  f a c t  m e a s u r e s  a q u a n t i t y  proportional 

t o  n f l z 7  A c o n s t a n t  e l e c t r o n  t e m p e r a t u r e  o f  2500 OK 

h a s  b e e n  assumed i n  c a l i b r a t i n g  t h e  d a t a .  I t  i s  e v i d e n t  

t h a t  t h e  f l u c t u a t i o n s  shown a s  due  Lo number d e n s i t y  

v a r i a t i o n s  c o u l d  a l t e r n a t i v e l y  b e  due  t o  e l e c t r o n  tempera- 

t u r e  v a r i a t i o n s ,  The l a c k  o f  c o r r e l a t i o n  o f  t h e  APCRL- 

and  D C  e l e c t r i c  f i e l d  d a t a  may t h e r e f o r e  b e  t a k e n  as  a n  

i n d i c a t i o n  t h a t  n e i t h e r  n  n o r  Te v a r i a t i o n s  which 

e x i s t  d i r e c t l y  a f f e c t  t h e  D C  e l e c t r i c  f i e l d  measurement ,  

I n  F i g u r e s  1 9  and  20 l a r g e  ( 2  50 mV/meter)  e l e c t r i c  f i e l d  

f l u c t u a t i o n s  o c c u r  b u t  o n l y  s m a l l  v a r i a t i o n s  i n  n ( o r  T) 

o c c u r .  F i g u r e s  2 1  and 2 2  show number d e n s i t y  ( o r  



t e m p e r a t u r e )  f l u c t u a t i o n s  o f  2 1 0 0 % ~  b u t  t h e s e  flue$uations 

show no r e l a t i o n s h i p  Lo t h e  v a r i a t i o n s  i n  e l e c t r i c  field 

o b s e r v e d .  

6 .  E n e r g e t i c  Charged P a r t i c l e s  

Over t h e  a u r o r a l  zones  I n j u n  5 e n c o u n t e r s  intense 

f l u x e s  o f  e n e r g e t i c  c h a r g e d  p a r t i c l e s .  I n  o r d e r  to 

a f f e c t  t h e  o p e r a t i o n  of  t h e  D C  e l e c t r i c  f i e l d  e x p e r i m e n t  

t h e  c u r r e n t  c o n t r i b u t i o n  from e n e r g e t i c  i o n s  minus the 

c u r r e n t  c o n t r i b u t i o n  f rom e n e r g e t i c  e l e c t r o n s  must be  

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

50 eV e l e c t r o n  i s  a b o u t  one  m e t e r  o r  g r e a t e r  at I n j u n  5 

a l t i t u d e s ,  no s i g n i f i c a n t  g r a d i e n t s  a r e  e x p e c t e d  I n  t h e  

2 . 8 5  m e t e r s  be tween  s p h e r e s ,  An u p p e r  l i m i t  f o r  r 50 eV 

e l e c t r o n  f l u x  e n c o u n t e r e d  i n  t h e  I n J u n  5 o r b i t  is 

8 2 
J e  = 5  x  1 0  p a r t i e l e s / c m  - s e e ,  (L. A .  F r a n k ,  p r i v a t e  

communica t ion ,  197'1). T h i s  f l u x  c o r r e s p o n d s  t o  a density 

o f  

a s suming  50 eV e l e c t r o n s .  As t h i s  d e n s i t y  i s  a b o u t  0,1$ 

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

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



7 .  I n t e r f e r e n c e  

On j u s t  a  few o c c a s i o n s  d u r i n g  t h e  I n J u n  5 life- 

t i m e ,  s m a l l  ( 2 0  mV/meter)  o s c i l l a t i o n s  w i t h  ~ 3 0  second  

p e r i o d  were  d e t e c t e d  by  t h e  D C  e l e c t r i c  f i e l d  e x p e r i m e n t ,  

These  o s c i l l a t i o n s  were  found  t o  c o i n c i d e  p r e c i 8 e l : y  

w i t h  t h e  v o l t a g e  sweep o f  t h e  A F C R L  e l e c t r o n  number 

d e n s i t y  e x p e r i m e n t  on I n J u n  5 .  The e x a c t  c a u s e  o f  t h e  

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

a r e  u n m i s t a k a b l e  i n  a p p e a r a n c e ,  no f u r t h e r  e f f o r t s  a r e  

n e c e s s a r y  t o  e l i m i n a t e  them.  

Most e r r o r s  i n  t h e  d a t a  which o r i g i n a t e  i n  tele- 

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

and  a r e  e l i m i n a t e d  by a  p a r i t y  check .  It i s  n o t  uncommon, 

however ,  t o  e n c o u n t e r  s i n g l e  d a t a  p o i n t s  c o n s i d e r a b l y  

-+ -b 
d i f f e r e n t  f rom t h e  5 - V s  x B e l e c t r i c  f i e l d  v a l u e .  

These  i s o l a t e d  p o i n t s  a r e  e l i m i n a t e d  f rom t h e  d a t a  because 

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

e r r o r s  which  i n v o l v e d  no p a r i t y  c h a n g e .  

Thermal  n o i s e  due  t o  t h e  b i a s  r e s i s t a n c e s  i s  

e v i d e n t l y  s m a l l ,  a s  t h e  e l e c t r i c  f i e l d  measured  a t  law 

l a t i t u d e s  v a r i e s  smoo th ly  down t o  t h e  2 . 7 5  mV/metcr 

minimum measu red  s t e p  s i z e .  



8, Summary 

With t h e  a i d  o f  a  n u m e r i c a l  model o f  Langmuir 

p r o b e  r e s p o n s e  t o  p l a sma  p a r a m e t e r s  b a s e d  on r a n g e s  sf 

v a l u e s  o f  p lasma p a r a m e t e r s  e n c o u n t e r e d  i n  t h e  I n j u n  5 

o r b i t ,  we have  e x p l a i n e d ,  q u a l i t a t i v e l y  , a n d ,  where  

a p p r o p r i a t e  measurements  e x i s t ,  q u a n t i t a t i v e l y ,  all o f  

t h e  v a r i o u s  i n s t r u m e n t - a s s o c i a t e d  e f f e c t s  e v i d e n t  i n  the 

I n j u n  5 D C  e l e c t r i c  f i e l d  e x p e r i m e n t  d a t a .  The amounts  

by which t h e  measu red  e l e c t r i c  f i e l d  m i s s e s  t h e  "GS x $ 1  
l i m i t  h ave  b e e n  a c c o u n t e d  f o r  by t h e  s l o w l y - v a r y i n g  

e r r o r s  due  t o  shadowing by t h e  s p a c e c r a f t  booms a n d  

c h a n g e s  i n  p lasma p a r a m e t e r s  a r o u n d  t h e  I n j u n  5 o r b i t ,  

O t h e r  o b s e r v e d  e f f e c t s  we have  e x p l a i n e d  i n c l u d e  (1) p e r -  

t u r b a t i o n s  a s s o c i a t e d  w i t h  shadows o f  t h e  s p a c e c r a f t  

body o r  boom J o i n t s  on t h e  e l e c t r i c  a n t e n n a  s p h e r e s ,  (2) 

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

wake,  ( 3 )  d i s c o n L i n u i t i e s  upon e n t e r i n g  o r  l e a v i n g  the 

e a r t h "  umbra c a u s e d  by  d i f f e r e n c e s  i n  t h e  p h o t o - e m i s s i o n  

p r o p e r t i e s  o f  t h e  two s p h e r e s ,  ( 4 )  n e g a t i v e  s p i k e s  d u e  

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

c u r r e n t ,  ( 5 )  c h a n g e s  i n  t h e  measu red  f i e l d  magn i tude  d u e  

t o  f i n i t e  b i a s  r e s i e t a n e e ,  ( 6 )  c o n t a c t  p o t e n t i a l s ,  a n d  



( 7 )  i n t e r f e r e n c e  phenomena. I n  a d d i t i o n ,  we have  e x a m f n e d  

t h e  p o s s i b i l i t y  of e r r o r s  due t o  o t h e r  e f f e c t s ,  s u c h  as 

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

t e m p e r a t u r e  g r a d i e n t s  be tween  t h e  s p h e r e s ,  and  plasma 

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

S p a c c e r a f t  shadows and  s t e p s  a t  t h e  edge  sf %he 

umbra c a n  b e  e a s i l y  i d e n t i f i e d  f rom s p a c e c r a f t  a t t i t u d e  

and  o r b i t a l  p a r a m e t e r s *  A l l  r e m a i n i n g  e r r o r s  a r e  Poun-d 

t o  b e  l e s s  t h a n  1 0  mV/meter e x c e p t  a t  e l e c t r o n  d e n s i t i e s  

p r e d i c t e d  by t h e  model t o  b e  l e s s  t h a n  a b o u t  2 x PO 3 

e l e c t r o n s / c m 3 ,  be low which  p h o t o - s h e a t h s  b e g i n  t o  fo rm 

a r o u n d  t h e  s p h e r e s .  However, a  c r i t e r i o n  f o r  t h e  psss;bl%-, 

i t y  of l a r g e  e r r o r s  b a s e d  on o b s e r v a t i o n s ,  r a t h e r  t h a n  on 

t h e  model ,  c a n  b e  d e t e r m i n e d .  When a  p h o t o - s h e a t h  forms 

a round  e i t h e r  s p h e r e ,  t h e  a n t e n n a  impedance r i s e s  sharply, 

The s t u d y  of 4 5 1  s p a c e c r a f t  wake p r e d i c t i o n s  d i s c u s s e d  in 

S e c t i o n  C and  summarized i n  T a b l e s  3 and  4 shows t h a t  wake 

e f f e c t s  ( a n d  henee  p h o t o - s h e a t h s )  o c c u r  o n l y  when imped- 

6 
a n e e s  a r e  g r e a t e r  t h a n  1 0  ohms. The impedance measure- 

ment t h u s  p r o v i d e s  a  r i g o r o u s  o b s e r v a t i o n a l  t e s t  sf t h e  

q u a l i t y  of t h e  DC e l e c t r i c  f i e l d  d a t a .  I f  t h e  i m p e d a n c e  

6 
i s  l e e s  t h a n  1 0  ohms, t h e  DC e l e c t r i c  f i e l d  measuremenla  



may b e  i n t e r p r e t e d  u s i n g  E q u a t i o n  ( 7 ) .  When t h e  i m p e d a n c e  

6 i s  g r e a t e r  t h a n  1 0  ohms, c a u t i o n  must b e  e x e r c i s e d  

b e c a u s e  l a r g e  impedances  c a n  r e s u l t  Prom e i t h e r  u n u s u a l l y  

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

Only t h e  l a t t e r  w i l l  r e s u l t  i n  t h e  f o r m a t i o n  of  photo- 

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

6 
l a r g e  e r r o r s ,  Fo r  impedances  l e s s  t h a n  1 0  ohms, a 

l i m i t  on t h e  c o n t r i b u t i o n s  due  t o  a l l  e r r o r s  e x c e p t  the 

v a r i o u s  m a n i f e s t a t i o n s  o f  shadowing and  s low c h a n g e s  i n  

p l a sma  p a r a m e t e r s  a r o u n d  t h e  Ingun  5 o r b i t  may b e  set 

a t  t l 0  mV/meter. I n  t h e  n e x t  s e c t i o n  t h e  method u s e d  La 

e l i m i n a t e  t h e  l a r g e r ,  s l o w l y  c h a n g i n g  e r r o r s ,  a s  well, 

w i l l  b e  d i s c u s s e d .  

E .  Da t a  A n a l y s i s  

I .  M a g n e t o s p h e r i c  E l e c t r i c  F i e l d  DetermPns, t ion 

I n  o r d e r  t o  d e t e r m i n e  n a t u r a l l y  o c c u r r i n g  e l e c t r i c  

3 +- 
f i e l d s  it i s  n e c e s s a r y  t o  s u b t r a c t  t h e  V s  x B electric 

f i e l d  and  o t h e r  i n s t r u m e n t a l  e f f e c t s  f rom t h e  measured  

e l e c t r i c  f i e l d .  I n  t h i s  s t u d y  e l e c t r i c  f i e l d  e f f e c t s  

a r e  d i s r e g a r d e d  when t h e  s h e a t h  r e s i s t a n c e  e x c e e d s  60 
6 

ohms. A s  d e s c r i b e d  i n  S e c t i o n  D, t h i s  c o n d i t i o n  eBimlnaLes  



v i r t u a l l y  a l l  wake and  umbra e f f e c t s  and  a s s u r e s  t h a t  t h e  

d i f f e r e n t i a l  a m p l i f i e r  impedance i s  much l a r g e r  t h a n  $he  

s h e a t h  r e s i s t a n c e .  S i n c e  s p a c e c r a f t  shadow e f f e c t s  a r e  

p r e d i c t a b l e  f rom t h e  s p a c e c r a f t  o r i e n t a t i o n ,  d a t a  are 

a l s o  d i s c a r d e d  when a p r o b e  i s  c l o s e  t o  t h e  a n t i - s u n  

3 
v e c t o r .  The component o f  t h e  Vs x 3 e l e c t r i c  f i e l d  

-b 
p a r a l l e l  t o  t h e  a n t e n n a  a x i s ,  j * Vs x 3 ,  i s  e a s i l y  

c a l c u l a t e d  a l s o  f rom knowledge of  t h e  s p a c e c r a f t  o r i e n t a -  

t i o n .  The o n l y  s e r i o u s  prob lem which r e m a i n s  i s  t o  

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

f o r  t h e  amount ( 2  50 m V / m e ~ e r )  by  which t h e  measu red  

e l e c t r i c  f i e l d  m i s s e s  f * Vs x 3, a s  d i s c u s s e d  i n  t h e  

l a s t  s e c t i o n .  Because  o f  u n c e r t a i n t i e s  i n  t h e  v a r i o u s  

p lasma p a r a m e t e r s  i n v o l v e d ,  t h i s  f a c t o r  c a n n o t  b e  e a l e u l e -  

t e d  w i t h  s u f f i c i e n t  a c c u r a c y  t o  be  u s e f u l .  

The p r o c e d u r e  which  h a s  b e e n  a d o p t e d  f o r  sub-  

+ + 
t r a c t i n g  j * V s  x B and t h e  boom shadowing e r r o r  i s  t h e  

f o l l o w i n g :  a  smooth c u r v e  ES  i s  hand-drawn t h r o u g h  t h e  

measured  e l e c t r i c  f i e l d  s u b j e c t  t o  t h e  f o l l o w i n g  require- 

ment s : 

( 1 )  I t  b a s  a s i n e  wave s h a p e  which  i s  qualitatively 

+ 
t h e  same aa t h e  computed j * V B  x 3 f i e l d ,  



( 2 )  The m o d u l a t i o n  a m p l i t u d e  and  p h a s e  a r e  

a d 3 u s t e d  t o  p r o v i d e  a  good f i t  a low l a t i t u d e s  

where  no c o n v e c t i o n  e l e c t r i c  f i e l d s  a r e  

e x p e c t e d .  

( 3 )  I n  c a s e s  of u n c e r t a i n t y  t h e  c u r v e  i s  d r a w n  

c l o s e r  t o  t h e  a v e r a g e  measured  f i e l d ,  

"" x " 6  T h i s  p r o c e d u r e  t a k e s  i n t o  a c c o u n t  b o t h  f Vg 

and  t h e  smooth c h a n g e s  due  m o s t l y  t o  boom shadowing ,  In 

c a s e s  o f  u n c e r t a i n t y  t h e  r e s i d u a l  e l e c t r i c  f i e l d ,  Ec  = 

EM - ES, a t t r i b u t e d  t o  m a g n e t o s p h e r i c  e l e c t r i c  f i e l d s ,  will 

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

e l e c t r i c  f i e l d .  I f  n a t u r a l  e l e c t r i c  f i e l d s  o c c u r  which 

a r e  small and  u n i f o r m  f o r  t i m e s  comparab l e  t o  t h e  r o t a l i o n  

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

u n a v o i d a b l y  be  s u b t r a c t e d  o u t  by t h i s  p r o c e d u r e  a n d  will 

n o t  a p p e a r  i n  E c .  However, when t h e  s p a c e c r a f t  i s  

r o t a t i n g  s l o w l y ,  f o r  some o r i e n t a t i o n s  boom shadowing is 

e x c l u d e d  and  t h e  m a g n i t u d e  o f  Ec  c a n  b e  d e t e r m i n e d  t o  a n  

a c c u r a c y  of  + l o  mQ/meter .  The a b s o l u t e  v a l u e s  o f  ES a n d  

Ec c a n n o t  u s u a l l y  b e  d e t e r m i n e d  more a c c u r a t e l y  t h a n  

a b o u t  +30 mQ/meter .  F l u c t u a t i o n s  i n  t h e  Ec e l e c t r i c  field 

which  o c c u r  w i t h  p e r i o d s  much l e s s  t h a n  t h e  s a t e l l i t e  s p i n  



p e r i o d  a r e  s i g n i f i c a n t  i f  t h e i r  m a g n i t u d e  e x c e e d s  10 mV/ 

m e t e r ,  F i g u r e  23 shows an  example  o f  ES compared with 

-+ 
EM and  9 * Vs x 3 f o r  a  f u l l  o r b i t  o f  I n j u n  5 .  

The l e f t - h a n d  s i d e  o f  F i g u r e  24 i l l u s t r a t e s  t h e  

d a t a  r e d u c t i o n  p r o c e d u r e  u s e d  t o  d e t e r m i n e  t h e  natural 

e l e c t r i c  f i e l d ,  E c ,  f o r  a  t y p i c a l  p o l a r  p a s s .  i~ 

+ 
t h e  smooth c u r v e  drawn t o  b e s t  a p p r o x i m a t e  t h e  f Ys x B 
f i e l d  and  t h e  boom shadowing  e r r o r .  The d i f f e r e n c e  

e l e c t r i c  f i e l d ,  Ec = EM - E S 4 a s  a b r u p t  r e v e r s a l s  o f  

a p p r o x i m a t e l y  2 3 0  mV/meter a t  2225 and  2234 UT, The 

a n g l e s  be tween  t h e  p r o b e s  and  t h e  sun  v e c t o r ,  B 8 ,  

v e r i f y  t h a t  f o r  t h e s e  e v e n t s  n e i t h e r  p r o b e  was in a 

shadow. The a n g l e p  be tween  t h e  p r o b e s  and  t h e  velocity 

v e c t o r ,  i n d i c a t e  t h a t  t h e  +y  s p h e r e  was i n  t h e  wake  

r e g i o n  a t  2234 UT, b u t  b e c a u s e  t h e  impedance i s  much less 

t h a n  ohms t h e  e v e n t  a t  t h i s  t i m e  c o u l d  n o t  be  due  t o  

a wake e f f e c t .  Hence,  t h e s e  e l e c t r i c  f i e l d  r e v e r s a l s  

a r e  assumed t o  b e  due  t o  n a t u r a l l y  o c c u r r i n g  magneto-  

s p h e r i c  e l e c t r i c  f i e l d s .  

2 .  C o n v e c t i o n  ' 4 e l o c i t y  D e t e r m i n a t i o n  

Axford  ( 1 9 6 9 )  h a s  e x p l a i n e d  t h a t  a t  I n J u n  5 alti- 

t u d e s  t h e  e o n d u c t i v i t f e e  a r e  s u c h  that a  D C  e l e c t r i c  f i e l d  



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

by t h e  e q u a t i o n  

The m a g n e t i c  o r i e n t a t i o n  o f  I n j u n  5 (2 / I  3 )  r e s t r i c t s  

t h e  D C  e l e c t r i c  f i e l d  e x p e r i m e n t  t o  measu re  o n l y  e l e c t r i c  

f i e l d s  p e r p e n d i c u l a r  t o  t h e  geomagne t i c  f i e l d .  F u r t h e r -  

more ,  s i n c e  o n l y  t h e  E component o f  t h e  e l e c t r i c  f i e l d  
Y 

i s  s e n s e d ,  o n l y  t h e  component o f  c o n v e c t i o n  v e l o c i t y  

p a r a l l e l  t o  t h e  a x i s  o f  t h e  s p a c e c r a f t  c a n  b e  inferred, 

The c o n v e c t i o n  v e l o c i t y  component measured  i s  computed 

f rom t h e  r e l a t i o n  

The c o n v e c t i o n  v e l o c i t y  components  a s s o c i a t e d  

w i t h  t h e  e l e c t r i c  f i e l d s  shown i n  t h e  l e f t - h a n d  s i d e  of 

F i g u r e  24  a r e  i l l u s t r a t e d  on a  m a g n e t i c  l o c a l  t i m e /  

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

o f  F i g u r e  2 4 .  Each a r r o w  r e p r e s e n t s  t h e  measured  com- 

ponen t  o f  t h e  c o n v e c t i o n  v e l o c i t y  computed u s i n g  



E q u a t i o n  (11). The l e n g t h  o f  t h e  a r r o w  i e  p r o p o r t i o n a l  

t o  t h e  magni tude  of  Tc and t h e  d i r e c t i o n  o f  t h e  a r row i s  

i n  t h e  d i r e c t i o n  sf t h e  c o n v e c t i o n  v e l o c i t y  s e n s e d ,  Bf 

loc 1 c 0 .25  km/sec,  a d o t  i s  drawn. The Base o f  each  

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

p o s i t i o n  a t  h a l f - m i n u t e  i n t e r v a l s .  S i n c e  v a r i a t i o n s  in 
4 
Vc o c c u r  w i t h i n  t h e  30 seconde  between a r r o w s ,  each arrow 

c o r r e s p o n d s  t o  t h e  maximum o r  % n v e l o p e V o n v e e t i o n  

v e l o e i t y  a u r i n g  t h e  i n t e r v a l .  It must b e  emphaeized 

t h a t  - t h e  a r row - t h e  -- of  t h e  

c o n v e c t i o n  d e t e c t e d ;  it does  n o t  r e p r e s e n t  the 

v e c t o r  d i r e c t i o n  o f  %he c o n v e c t i o n  v e l o c i t y  s i n c e  o n l y  

one  component i s  measured.  Because of t h e  o r i e n t a t i o n  sf 

t h e  s p a c e c r a f t  d u r i n g  t h e  e v e n t s  ehown i n  F i g u r e  24, the 

n o r t h - s o u t h  component of  t h e  c o n v e c t i o n  v e l o c i t y  c a n n o t  

be de te rmined .  

S i n c e  t h e  s a t e l l i t e  i s  r o t a t i n g  v e r y  slowly and  

boom shadowing canno t  o c c u r  f o r  t h e  o r i e n t a t i o n s  shown 

i n  F i g u r e  24, t h e  c o n v e c t i o n  v e l o c i t y  component c a n  be  

d e t e r m i n e d  v e r y  a c c u r a t e l y  f o r  t h i s  example.  I n  general 

t h e  magn i tudes  of  c o n v e c t i o n  v e l o c i t y  v a r i a t i o n s  d e t e r -  

mined f o r  i n t e r v a l s  much s m a l l e r  t h a n  t h e  s a t e l l i t e  

r o t a t i o n  p e r i o d  a r e  b e l i e v e d  t o  b e  u n c e r t a i n  by about 



0 . 2 5  km/sec a n d ,  a s  i n  t h e  c a s e  of  E c ,  r e p r e s e n t  a Lower 

l i m i t .  Uniform c o n v e c t i o n  v e l o c i t i e s  f o r  t i m e s  c o ~ p a r a b l e  

t o  t h e  I n j u n  5 s p i n  p e r i o d  a r e  n o t  e x p e c t e d  t o  Be 

d e t e c t a b l e  i f  t h e  c o n v e c t i o n  v e l o c i t y  i s  Pees  t h a n  about 

1 km/sec b e c a u s e  s l o w l y - v a r y i n g  e l e c t r i c  f i e l d s  are 

e l i m i n a t e d  i n  t h e  d a t a  r e d u c t i o n  p r o c e d u r e .  

F. Improvements  

A s  a n  a i d  La f u t u r e  m i s s i o n s  t o  measu re  m a g n e t o -  

s p h e r i c  D C  e l e c t r i c  f i e l d s ,  we b r i e f l y  l i s t  some o f  t h e  

p r a c t i c a l  c o n s i d e r a t i o n s  we have  found  t o  be  e x t r e m e l j ~  

i m p o r t a n t .  

1, Symmetry f o r  d o u b l e - p r o b e  s y s t e m s  i s  o b v i o u s l y  

o f  paramount  i m p o r l a n e e .  S t u b  booms s h o u l d  b e  a d d e d  t o  

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

F a h l e s o n  ( I - 9 6 ~ ) ~  T h i s  would e l i m i n a t e  t h e  boom s h a d o v l n g  

p rob lems  we e n c o u n t e r e d .  E f f o r t s  s h o u l d  b e  made 'to 

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

s u r f a c e s  o f  t h e  two s p h e r e s  ( s e e  F a h l e s o n  e& al,, 1 9 7 3 ) ~  

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

The s p h e r e s  must  b e  a s  s i m i l a r  a s  p o s s i b l e  electrically, 

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

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



2 .  I t  i s  e s s e n t i a l  t h a t  t h e  i n p u t  impedance of 

t h e  d i f f e r e n t i a l  a m p l i f i e r  b e  v e r y  much h i g h e r  t h a n  the 

s h e a t h  impedances  e n c o u n t e r e d  anywhere  i n  t h e  satellite 

o r b i t ,  

3. A c c u r a t e  knowledge o f  s a t e l l i t e  a t t i t u d e  i s  

3 -I- 
c r i t i c a l  f o r  c a l c u l a t i o n  o f  ? * Y s  r 8 and  shadowing 

c o n d i t i o n s .  

4 ,  The  measurement  o f  p l a sma  s h e a t h  impedance 

by I n j u n  5 p r o v e d  t o  b e  a v a l u a b l e  a d j u n c t  t o  the DC 

e l e c t r i c  f i e l d  measurement ,  and  q u a n t i t a t i v e  e r r o r  

a n a l y s i s  would n o t  h a v e  been  p o s s i b l e  w i t h o u t  i t ,  W e  

s u g g e s t  t h a t  f u t u r e  m i s s i o n s  by o t h e r  e x p e r i m e n t e r s  

would a l s o  b e  improved by i n c l u d i n g  a n  impedance measure- 

ment .  

5 .  S i m u l t a n e o u s  measurements  o f  p lasma pa , r amefe r s ,  

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

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

a n t e n n a ,  as  w e l l  a s  f o r  i n v e s t i g a t i n g  t h e  complex pbeno- 

mena, s u c h  a s  a u r o r a e ,  o c c u r r i n g  i n  t h e  m a g n e t o s p h e r e ,  

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

f i e l d  p r o b e s  would p e r m i t  measurement  o f  t h e  v e c t o r  

d i r e c t i o n  o f  t h e  DG e l e c t r i c  f i e l d .  



A, G e n e r a l  O b s e r v a t i o n s  

S i g n i f i c a n t  DC e l e c t r i c  f i e l d s  n o t  a t t r i b u t a b l e  

t o  any  known i n s t r u m e n t a l  e f f e c t  a r e  o b s e r v e d  a t  middle 

and  h i g h  l a t i t u d e s  on  n e a r l y  e v e r y  o r b i t  o f  t h e  InJun 5 

s a t e l l i t e .  A t  t h e  p l a s m a p a u s e / l i g h t  i o n  t r o u g h  boundary 

s m a l l  ( 1 0  - 20 mV/meter)  e l e c t r i c  f i e l d  p e r t u r b a t i o n s  a r e  

somet imes  o b s e r v e d ,  g e n e r a l l y  c o r r e s p o n d i n g  t o  w e s t w a r d  

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

above  a b o u t  l5QO km, o v e r  t h e  a u r o r a l  z o n e / p o l s r  e a g  

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

"noise-ith t i m e  s c a l e s  g e n e r a l l y  l e s s  t h a n  60 s e c o n d s  

a r c  c o n s i s t e n t l y  d e t e c t e d .  F i g u r e  1 9  shows a n  example 

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

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

have  a l r e a d y  b e e n  d i s c u s s e d  by Cauffman and  G u r n e t t  

( 197 l . a ) .  

B. O b s e r v a t i o n s  o f  BC E l e c t r i c  F i e l d  Reversa l& 

l. G e n e r a l  C h a r a c t e r i s t i c s  

F r e q u e n t l y  a %  t h e  a u r o r a l  zone electric field 

p e r t u r b a t i o n s  a r e  o b s e r v e d  which t a k e  t h e  form o f  reversals 





Three examples of reversals which occurred on 

different days of January, 1 9 6 9 ,  are shown in F i g u r e  25, 

In these three cases a reversal occurs at 75" INV at 

dawn, but, as is frequently true, no corresponding 

electric field perturbation is detected at dusk, 

In Figure 26 reversals are shown which occur at 

similar latitudes at both dawn and dusk local times, 

The different polar diagrams In Figure 26 represent 

opposite hemispheres one hour apart. The reveraal~ in 

the two hemispheres occur on opposite ends of the same 

magnetic field lines, On the dawn side, in the northern 

hemisphere (top and bottom diagrams in Figure 261,  a 

reversal occurs at ~ 7 3 "  INV. In the opposite hemisphere 

(center diagram), a reversal occurs at 70"  INV, again at 

53.5 hours MLT. The electric fields for these reversals 

(not shown) display several oscillations with c 2 0  s e c c n d  

periods on lbe low latitude sides of each of the three 

reversals. On the dusk side of Figure 26 another, 

smaller, pair of congugate reversals may be seen at 75" 

IMV and ~ 1 5 . 5  hours MLT, 

Special menlion should be made of the observation 

at 1643 UT in Figure 2 4 .  Here, because the satellite 



r o t a t e s ,  o n l y  t h e  n o r t h - s o u t h  component o f  c o n v e c t i o n  

i s  b e i n g  measured .  S i m u l t a n e o u s l y ,  t h e  magn i tude  of eon- 

v e c t i o n  measured  becomes e q u a l  t o  z e r o ,  and  a f t e r w a r d s  

a g a i n  becomes non-zero ,  Both b e f o r e  and  a f t e r  1643 UT, 

t h e  c o n v e c t i o n  i s  d e t e r m i n e d  t o  have  e a s t w a r d  components ,  

T h i s  e v e n t  i s  i n t e r p r e t e d  t o  mean t h a t  t h e  t r u e  convecLfon 

d i r e c t i o n  i s  e a s t w a r d ,  w i t h  no n o r t h - s o u t h  component ,  

One h o u r  l a t e r  ( a t  1730  U T )  a t  t h e  m a g n e t i c a l l y  c o n j u g a t e  

l o c a t i o n ,  o n l y  t h e  e a s t - w e s t  component i s  measu red ,  

and  l a r g e  e a s t w a r d  c o n v e c t i o n  i s  o b s e r v e d .  

I n  F i g u r e  27 s i x  s u c c e s s i v e  p o l a r  c a p  e r o s s i n g e  i n  

t h e  noon-midnight  p l a n e  a r e  shown. The p lasma c o n v e c t i o n  

d e t e c t e d  a t  a u r o r a l  l a t i t u d e s  i s  c o n s i s t e n t  whth t h e  

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

na r row l o n g i t u d i n a l  bands  of c o n v e c t i o n  which were 

d i r e c t e d  sunward a t  l a t i t u d e s  be low a b o u t  75' PNV a n d  

a n t i - s u n w a r d  a t  h i g h e r  l a t i t u d e s .  The w i d t h  of the eon- 

v e c t i o n  zones  o b s e r v e d  a p p e a r s  g r e a t e r  b e f o r e  dawn a n 2  

a f t e r  dusk .  

F i g u r e  28 d e p i c t s  a n  example o f  p a i r s  o f  c o n v e c t i o n  

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

a b o u t  75' I N V ,  f o r  t h r e e  s u e c e a a i v e  dawn-to-dusk passes  



o v e r  t h e  n o r t h  p o l a r  c a p ,  A l a r g e  a n t i - s u n w a r d  zone of  

c o n v e c t i o n  a p p e a r s  t o  b e  d i r e c t e d  a c r o s s  t h e  c e n t e r  of 

t h e  p o l a r  c a p  i n  t h e  t o p  d i ag ram,  A t  1930  UT i n  the 

m i d d l e  d i ag ram t h e  0 4 ~ 0 0  - l 6 : 0 0  h o u r s  MLT component 

of  c o n v e c t i o n  i s  b e i n g  measu red ,  and  no e l e c t r i c  field 

i s  measu red ,  T h i s  d o e s  n o t  r u l e  o u t  t h e  p o e s i b i l i t y  

LhaL eonvecLion  i n  t h e  l 8 : 0 0  - 2 2 ~ 0 0  d i r e c t i o n  p e r s i s t s  

a t  1930  UT. Some of the v a r i a t i o n  i n  v e l o c i t y  magnitude 

between  p a s s e s  i n  F i g u r e  28 may b e  a s c r i b e d  Lo the d i f f -  

e r e n t  o r i e n t a t i o n s  o f  t h e  s a t e l l i t e ,  However, EL c l o s e  

e x a m i n a t i o n ,  f o r  i n s t a n c e  of t h e  c o n v e c t i o n  zones  a t  1924 

and  23-21 UT, showe t h a t  i n  t h e  2 h o u r s  be tween  passes  

t h e  magn i tude  o f  t h e  e a s t w a r d  c o n v e c t i o n  component 

c h a n g e s  s i g n i f i c a n L B y ,  t h e  w i d t h  of  t h e  zone c h a n g e s ,  

and  t h e  i n v a r i a n t  l a t i t u d e  of t h e  r e v e r s a l  s h i f t s  by 

s e v e r a l  d e g r e e s .  Thus t h e  t i m e  s c a l e s  of  t h e  phenomena 

i n  t h i s  example a r e  s h o r t e r  t h a n  t h e  two h o u r s  between 

g a s s e s ,  a l t h o u g h  t h e  o v e r a l l  p a t t e r n  p e r s i s t s ,  

The peak  m a g n i t u d e s  o f  c o n v e c t i o n  v e l o c i t i e s  

o b s e r v e d  i n  i n d i v i d u a l  zones  a v e r a g e  1 . 5  km/aec and  

i n c l u d e  s p e e d s  g r e a t e r  t h a n  5 km/sec .  The maximum 

m a g n i t u d e s  o f  c o n v e c t i o n  o b s e r v e d  do n o t  va ry  



s y s t e m a t i c a l l y  a s  a  f u n c t i o n  o f  l o c a l  t i m e ,  I n  general 

t h e  maximum c o n v e c t i o n  v e l o c i t i e s  a t  l a t i t u d e s  above a n d  

be low r e v e r s a l s  a r e  u n e q u a l .  

I n  F i g u r e  29 t h e  a v e r a g e  w i d t h  o f  c o n v e c t i o n  z o n e s  

( e x c l u d i n g  z o n e s  e x t e n d i n g  a c r o s s  t h e  e n t i r e  p o l a r  cap) 

i s  d i s p l a y e d  a s  a  f u n c t i o n  of  MLT. The z o n e s  a p p e a r  t o  

b e  w i d e s t  j u s t  b e f o r e  dawn and  J u s t  a f t e r  d u s k ,  F i g u r e  

30 shows t h a t  t h e  w i d t h s  of  t h e  z o n e s  on e a c h  s i d e  o f  1 1 2  

r e v e r s a l s  a r e  o f t e n ,  b u t  n o t  n e c e s s a r i l y ,  e q u a l .  

I n  a b o u t  1 4 %  o f  t h e  r e v e r s a l s  s t u d i e d ,  t h e  e o n -  

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

d o e s  e x t e n d  a c r o s s  t h e  p o l a r  c a p ,  a s  shown i n  t h e  Lop 

d i a g r a m  o f  F i g u r e  28. F i g u r e  31  shows t h e  l a r g e s t  ex- 

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

I n j u n  5 d a t a .  I n  mos t  c a s e s  t h e  m a g n i t u d e  o f  c o n v e c t i o n  

a c r o s s  t h e  p o l a r  c a p  c a n n o t  b e  d e t e r m i n e d  more accurately 

t h a n  1 0 . 7 5  km/sec .  I n  a few c a s e s ,  due  t o  s low  spaee-  

c r a f t  r o t a t i o n  o r  o r i e n t a t f o n s  p r e c l u d i n g  boom shadowing ,  

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

d e t e r m i n e d  t o  b e  l e s s  t h a n  0 .25  km/sec.  F i g u r e 8  3 2 ,  33 ,  

and  34 show t h r e e  o f  t h e s e  c a s e s .  I n  t h e s e  exampies  EB 

c a n  b e  drawn more a c c u r a t e l y  t h a n  110  mV/meter,  80  t h e  



c o n v e c t i o n  v e l o c i t y  components  d e t e r m i n e d  a r e  a c c u r a t e  

t o  l e s s  t h a n  f 0 . 2 5  km/sec ,  F i g u r e s  3 2 ,  3 3 ,  and  34 

i n d i c a t e  b o t h  t h a t  ( 1 )  ( i n  t h e s e  c a s e s )  Vc i s  a m a l l  

(<0,25 k m i s e c )  o v e r  $he c e n t e r  o f  t h e  p o l a r  c a p  a n d  

( 2 )  t h a t  % h e  m a j o r  c a n v e c $ i o n  ( e x c e p t  n e a r  m i d n i g h t )  

i s  i n  r e l a t i v e l y  n a r r o w  zones  s e p a r a t e d  by e l e c t r i c  

f i e l d  r e v e r s a l s  a t  a u r o r a l  zone  l a t i t u d e s ,  Thue t r a n s - -  

p o l a r  c o n v e c t i o n  i s  n o r m a l l y  l e s s  t h a n  0 .75  km/sec ,  

and  somet imes  l e s s  khan  0 , 2 5  kmisec .  

A c a t a l o g u e  o f  3-12 examples  o f  e l e c t r i c  f i e l d /  

c o n v e c t i o n  v e l o c i t y  r e v e r s a l s  h a s  b e e n  compi l ed  ( ~ a u i f ~ n a n  

and  G u r n e t t ,  l 9 7 l b ) .  The p o i n t s  i n  F i g u r e  35 show the 

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

m a g n e t i c  l o c a l  t i m e .  The r e l a t i v e  o c c u r r e n c e  o f  reversals 

a s  a func tBon  of  MLT i s  d e t e r m i n e d  by t h e  s a t e l l i t e  o r b i t  

and  d a t a  c o v e r a g e .  It P s  e v i d e n t  i n  t h e  f i g u r e  t h a t  

r e v e r s a l s  t e n d  t o  o c c u r  a t  7 9 "  t o  80' INV n e a r  n o o n ,  st 

60" t o  75"  INV n e a r  m f d n i g h t ,  and  a t  i n t e r m e d i a t e  invari- 

a n t  l a t i t u d e s  n e a r  dawn and  d u s k .  I n d i v i d u a l  e x c e p t i o n s  

do o c c u r ,  I t  i s  n o t  known w h e t h e r  o r  n o t  t h e  c l u s t e r  of 

r e v e r s a l s  o b s e r v e d  be tween  80' and  85' 6NV a t  dawn and 

d u s k  i s  a r e s u l t  o f  t h e  g r e a t e r  amount o f  d a t a  which xs 

a v a i l a b l e  i n  t h o s e  s e e t o r s .  T a b l e  '7 l i s t s  the average 

INV f o r  t h e  1 1 2  r e v e r e a l s ,  by l o c a l  t i m e  e e c t o r s ,  



2 ,  Convection Directions 

The convection shown in Figures 24, 25, 26,  2 7 ,  

28, 31, 32, 33, and 34 illustrates the persistent 

occurrence of reversals in the east-west direction of 

the convection in the ausoral zone. In most sf these 

eases the primary convection pattern is limited to a 

region several degrees in latitude on either side o f  the 

reversal with sunward convection generally observed oc 

the low latitude side of the reversal and anti-sunward 

convection on the high latitude side of the reversa,l, 

Broad convection zones with velocities greater than 

0.75 km/sec over the polar region, such as those evident 

in Figure 31, are less common, 

Although only one component of convection velocity 

is measured, it % B  possible Lo deduce the general direction 

of the plasma flow f rom large numbers of observationsm 

The points in Figure 35 are coded Lo show which of the 

112 reversals studied had eastward flow components meas- 

ured on the high latitude sides of the reversals, and vhieh 

had westward components. (The directions of Plow corn- 

poaents measured on the low latitude sides 0% the re- 

versals are opposite Lo those indicated, because $he 

spacecraft does not rotate aignifleanlly i n  the t i w e  



r e q u i r e d  t o  d e t e c t  a  r e v e r s a l . )  I t  i s  c l e a r  from the 

f i g u r e  t h a t  n e a r l y  a l l  r e v e r s a l s  which  o c c u r  a t  magne%ie 

l o c a l  t i m e s  be tween  0 and  1 2  h o u r s  have  wes tward  esnvec- 

L i o n  components  measured  on t h e  h i g h  l a t i t u d e  sEdes  of 

t h e  r e v e r s a l s .  S i m i l a r l y ,  be tween  1 2  and  24 h o u r s  MLT, 

most  r e v e r s a l s  p o s s e s s  e a s t w a r d  f l o w  components  on  their 

h i g h - l a t i t u d e  s i d e s .  I n  F i g u r e  36 t h e  l h 2  r e v e r s a l s  

a r e  a n a l y z e d  w i t h  r e s p e c t  t o  po le -ward  v e r s u s  equator -"  

ward measured  f l o w  components .  The d i s t r i b u t i o n  appears 

t o  b e  random. Randomness would b e  e x p e c t e d ,  due  t o  

a r b i t r a r y  s a t e l l i t e  o r i e n t a t i o n ,  i f  t h e  t r u e  convection 

d i r e c t i o n  were  e a s t  o r  w e s t ,  The c o n t e n t i o n  t h a t  t h e  

t r u e  c o n v e c t i o n  d i r e c t i o n  i s  e a s t  o r  wes t  i s  further 

s u p p o r t e d  by  t h e  l a r g e  numbers o f  r e v e r s a l s  ( s e e  Figure 

3 6 )  which have  no n o r t h - s o u t h  component ,  a s  compared to 

t h e  few ( s e e  F i g u r e  359 which h a v e  no e a s t - w e s t  component, 

 idni night may b e  a n  e x c e p t i o n . )  T a b l e  8 summar izes  t h e  

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

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

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

s u c h  as t h a t  a% 1 6 4 3  UT i n  F i g u r e  26 ,  t h a t  t r u e  c o n v e c t i o n  

d i r e c t i o n s  a r e  p r i m a r i l y  wes tward  a t  l o c a l  t f m e a  l e s s  



t h a n  a b o u t  1 2  h o u r s ,  and  e a s t w a r d  a t  l o c a l  t i m e s  

g r e a t e r  t h a n  1 2  h o u r s ,  on t h e  pole-ward s i d e s  o f  r e -  

v e r s a l s .  

F i g u r e  37 summarizes  t h e  d i r e c t i o n s  o f  >0,15 

km/sec p lasma c o n v e c t i o n  a s s o c i a t e d  w i t h  DC e l e c t r i c  

f i e l d  r e v e r s a l s .  The d i ag ram h a s  i n c o r p o r a t e d  the 

e v i d e n c e  t h a t  ( I )  c o n v e c t i o n  i s  o r d i n a r i l y  l e s s  t h a n  

0 .75  km/sec o v e r  t h e  p o l a r  c a p ,  ( 2 )  zones  may be w i d e r  

j u s t  b e f o r e  dawn and  a f t e r  d u s k ,  ( 3 )  even  n e a r  n o o n ,  

c o n v e c t i o n  d i r e c t i o n s  a r e  e a s t  o r  w e s t ,  n o t  n o r t h  o r  

s o u t h ,  ( 4 )  n e a r  m i d n i g h t  some equa to r -ward  c o n v e c t i o n  

may o c c u r ,  ( 5 )  c o n v e c t i o n  m a g n i t u d e s  a r e  g r e a t e s t  

n e a r e s t  r e v e r s a l s ,  and  ( 6 )  c o n v e c t i o n  m a g n i t u d e s  may be 

g r e a t e r  a t  n i g h &  t h a n  i n  day  l o c a l  t i m e s .  I t  must  be 

emphas ized  t h a t  t h i s  d i ag ram r e p r e s e n t s  a  g r o s s  sfmpli- 

f i c a t i o n  o f  t h e  a c t u a l  c o n v e c t i o n .  MaJor d e p a r t u r e s  

i n c l u d e  ( 1 )  t e m p o r a l  v a r i a t i o n s  o f  t h e  l a t i t u d e  o f  %he 

r e v e r s a l ,  ( 2 )  v a r i a t i o n s  i n  t h e  p o s i t i o n  a f  t h e  sunward 

n e u t r a l  p o i n t  o f  $he  magne tosphe re  by 52 h o u r s  MLT (as 

shown by t h e  r e g i o n  o f  B o v e r l a p b f  e a s t - w e s t  c s n ~ r e c t i s n  

i n  F i g u r e  351 ,  ( 3 )  t h e  o c c a s i o n a l  o c c u r r e n e e  o f  anti- 

sunward c o n v e c t i o n  (>0 .75  km/sec )  a c r o s s  t h e  e n t i r e  



polar cap, ( 4 )  the exisLence of multiple reversals, 

possibly associated with turbulence, and ( 5 )  the 

occasional disappearance of one or both of the $ws 

convection zones associated with a reversal. 

3. Magnetic Activity Dependence 

Figure 38 shows $he maximum convection v e l s c i s y  

magnitude versus the magnetic index K . A weak dependence 
P 

may be deduced. However, in many cases large convee%isn 

velocities occur when K is low, and conversely, The 
P 

relative occurrence of reversala as a function of K is 
B 

shown in Figure 39. Again there is weak aependenee e v r i -  

dent. A detailed comparison of convecLion with substorm 

phenomena is required to determine better the r e 1 a t i o n s h i . s  

between the convection magnitude8 and magnetic a c t i v i t y ,  

Such a study is in progress, It should be pointed out 

that the large-sesle convection shown in Figure 31 

occurred on a disturbed day when K was 4-4. Large dis- 
P 

turbances in 7 north polar cap magnetograms occurred 

about an hour after this large trans-polar conveetion was 

first observed, However, in Figure 27 eonvection v e P o @ i -  

Lies observed range from leas than 0.25 km/sec to Ia75 

kmlaec while K woe 1 and 0, respectively, 
P 



4 .  P o t e n t i a l s  

F i g u r e  40 shows two o p p o s i t e l y - d i r e c t e d  e l e c t r i c  

f i e l d  z o n e s  s e p a r a t e d  by a r e g i o n  o f  z e r o  e l e c t r i c  

f i e l d .  T h i s  p a s s  i s  o f  i n t e r e s t  becauge  t h e  s a t e l l i t e  

was n o t  r o t a t i n g ,  and  t h e  e l e c t r i c  a n t e n n a  a x i s  w a s  

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

F i g u r e  41 .  The o r i e n t a t i o n  i s  f o r t u n a t e l y  s u c h  as  $0 

e x c l u d e  a l l  shadow e f f e c t s .  Under t h i s  ( r a t h e r  rare) 

s e t  o f  c i r c u m s t a n c e s  t h e  p o t e n t i a l  a c r o s s  t h e  p o l a r  e a 2  

may b e  i n t e g r a t e d  d i r e c t l y  f rom t h e  e l e c t r i c  f i e l d ,  

a s suming  t h a t  t h e  e l e c t r i c  f i e l d  i s  a  s p a t i a l  e f f e c t :  

The p o t e n t i a l ,  p l o t t e d  i n  t h e  t o p  o f  F i g u r e  40 ,  r e aches  

44 ,000  v o l t s  i n  a b o u t  2500 k i l o m e t e r s .  The p o l a r  d i a -  

gram i n  F i g u r e  4 1  shows t h e  c o n v e c t i o n  v e l o c i t y  eamponeats 

i m p l i e d  by  t h e  measured  e l e c t r i c  f i e l d  z o n e s .  O n l y  t h e  

s u n w a r d l a n t i - s u n w a r d  c o n v e c t i o n  component i s  measu red ,  

The a n t i - s u n w a r d  f l o w  above  75' INV and  sunward f l o w  

be low 75' I N V  i s  c o n s i s t e n t  w i t h  t h e  g e n e r a l  d i r e c t i o n s  

o f  c o n v e c t i o n  a l r e a d y  d i s c u s s e d .  



Not a l l  e l e c t r i c  P i e l d  r e v e r s a l s  o c c u r  on time 

s c a l e s  o f  m i n u t e s ,  F i g u r e  42 shows a  r e v e r s a l  which 

c h a n g e s  f rom minimum t o  maximum (13.7 m ~ / m e t e r )  i n  8 

s e c o n d s .  A S  t h e  y  a x i s  a t  t h i s  Lime was a l i g n e d  p a r a l l e l  

3. 
t o  I T g .  t h e  p o t e n t i a l  may a g a i n  b e  found a s  i n d i c a t e d  

by  E q u a t i o n  (93). The t o p  o f  F i g u r e  42 shows t h e  

p o t e n t i a l  o b t a i n e d ,  which r e a c h e s  3600 v o l t s  i n  B e s a  

t h a n  100  km. The e l e c t r i c  f i e l d  i n  t h i s  example was 

measured  e v e r y  4 /30  second .  

5 .  A s s o c i a t i o n  w i t h  E n e r g e t i c  Charged P a r k i e l e s  

The a s s o c i a t i o n  be tween  D C  e l e c t r i c  P i e l d  reversals 

a n d  e n e r g e t i c  c h a r g e d  p a r t i c l e s  h a s  been  i n v e s t i g a t e d  

by F rank  and  G u r n e t t  ( 1 9 7 1 ) .  They have  found  that e l e c -  

t r i c  f i e l d  r e v e r s a l s  a r e  c o i n c i d e n t  w i t h  t h e  high lati- 

t u d e  t e r m i n a t i o n  o f  m e a s u r a b l e  i n t e n s i t i e s  o f  >k-5  keV 

e n e r g e t i c  e l e c t r o n s ,  as shown i n  F i g u r e  43. Aleo  shown 

i n  t h i s  f i g u r e  a r e  t h e  i n t e n s i t i e s  o f  low e n e r g y  p r o t o n s  

and  e l e c t r o n s  measured  b y  t h e  LEPEDEA d e t e c t o r  on I n g u n  5 

( c f .  F rank  et &, 1966). The p e a k s  i n  t h e  low tiraergj 

e l e c t r o n  i n t e n s i t i e e  a r e  a n  i n d e x  t o  t h e  l o c a t i o n  of 

i n v e r t e d  Q V q  t y p e  p r e c i p i t a t i o n  e v e n t s  d e s c r i b e d  'by 



Prank  and Ackerson ( 1 9 7 0 ) .  The a v e r a g e  p o e i t i o n  of 

e l e c t r i c  f i e l d  r e v e r s a l s  as shown i n  F i g u r e  37 c o r r e l a t e s  

w e l l  w i t h  t h e  a v e r a g e  p o s i t i o n  of v i s u a l  a u r o r a  a s  reported 

by F e l d s t e i n  ( 1 9 6 6 ) .  

6 Summary 

E l e c t r i c  f i e l d  r e v e r s a l s  a r e  t h e  most s i g n i f i c a n t  

c o n v e c t i o n  e l e c t r i c  f i e l d  e f f e c t  i d e n t i f i e d  i n  t h e  

I n j u n  5 DC e l e c t r i c  f i e l d  d a t a .  E l e c t r i c  f i e l d  r e v e r s a l a  

o c c u r  on %36$ of t h e  a u r o r a l  zone t r a v e r s a l e ,  a t  about 

70' t o  80° i n v a r i a n t  l a t i t u d e ,  and a t  a l l  l o c a l  ttmea, 

They have been  i d e n t i f i e d  a t  m a g n e t i c a l l y  c o n j u g a t e  

p o i n t s  i n  b o t h  hemispheres .  Ampl i tudes  a r e  o f t e n  greater 

t h a n  30 mV/meter, and o c c a s i o n a l l y  g r e a t e r  t h a n  1 0 0  mV/ 

m e t e r ,  The l a t i t u d e  and  s t r u c t u r e  of  a  r e v e r s a l  o f L e n  

change markedly  on t fme  s c a l e s  l e s s  t h a n  2 h a u r e ,  

E l e c t r i c  p o t e n t i a l s  o f  g r e a t e r  t h a n  40 keV a r e  a s s o c i a t e d  

w i t h  r e v e r s a l s .  Frank a n d  G u r n e t t  ( 1 9 7 1 )  have  shown t h a t  

r e v e r s a l s  o c c u r  a t  t h e  boundary  of m e a s u r a b l e  i n t e n s i t i e s  

of  > 4 5  keV e l e c t r o n s  and a r e  c o i n c i d e n t  w i t h  i n v e r t e d  qV" 

low ene rgy  e l e c t r o n  p r e c i p i t a t i o n  e v e n t s ,  G e n e r a l l y  

t h e  plasma c o n v e c t i o n  v e l o c i t i e s  a s s o c i a t e d  with rever- 

s a l s  a r e  d i r e c t e d  e a s t  o r  w e s t ,  w i t h  an t i - sunward  



components at higher latitudes and sunward components 

at lower latitudes, as summarized in Figure 3 7 .  Maximum 

convection velocities generally occur near reversals 

and average cl.5 km/sec. Over the polar region above 

the auroral zone the convection velocity ia usually 

small (generally less than 0.75 kmfsec, and sometimes 

less than 0.25 km/sec) compared to convection ve%ocSlies 

in the region of the reversal. Large scale anti-eunward 

convection across the magnetic poles with convection 

velocities exceeding 0.75 kmfsec is occasionally sb- 

served. 



H a e r e n d e l  and  L u s t  ( 1 9 7 0 )  summarize  r e c e n t  results 

o f  measurements  o f  p l a sma  c o n v e c t i o n  by t h e  b a r i u m  c l s a a  

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

r e s t r i c t s  b a r i u m  c l o u d  measurements  t o  t h e  m i d n i g h t  

s e c t o r  and i n v a r i a n t  l a t i t u d e s  g e n e r a l l y  be low 7 0 " .  

However, a t  l o c a l  t i m e s  n e a r e r  dawn, e a s t w a r d  d r i f t s  

a r e  o b s e r v e d ,  and  n e a r  d u s k ,  wes tward  d r i f t s ,  These 

d i r e c t i o n s  a r e  e n t i r e l y  c o n s i s t e n t  w i t h  t h e  8 s u n w a r d "  

c o n v e c t i o n  r e p o r t e d  i n  t h i s  p a p e r  a t  dawn and  d u s k  at 

c o m p a r a b l e  l a t i t u d e s .  S e v e r a l  c a s e s  of  h i g h  la%i%ude 

c l o u d s  which  r e v e r s e  d r i f t  d i r e c t i o n s  have  b e e n  reported, 

The m a g n i t u d e s  of  c o n v e c t i o n  e l e c t r i c  f i e l d s  we o b s e r v e  

a r e  c o n s i s t e n t  w i t h  t h o s e  q u o t e d  by  Wesco t t  et &, 

(19691 ,  who r e p o r k  i n t e n s i t i e s  o f  18 - 136) mV/maQer, 
These  a u t h o r s  a l s o  r e p o r t  t h a t  l a r g e  i r r e g u l a r i t i e s  i n  

t h e  e l e c t s i e  f i e l d  e x i s t  most  o f  t h e  t i m e .  

High l a t i t u d e  c o n v e e % i o n  i s  i n t i m a t e l y  L i e d  to 

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



p r o b a b l y  t o  evenLs and  m a g n e t i c  f i e l d  d i r e c t i o n s  i n  the 

s o l a r  wind a s  w e l l ,  DG e l e c t r i c  f i e l d  r e v e r s a l s  a n d  t h e  

' s i m p l e V o n v e c t i o n  p a t L e r n  ( ~ b g u r e  3 7 )  t h e y  imp ly  may 

r e p r e s e n t  a n  e q u i l i b r i u m  c o n f i g u r a t i o n  o f  t h i s  generally 

dynamic s y s t e m .  

Dungey ( 1 9 6 1 )  s u g g e s t e d  t h a t  t h e  s o l a r  m a g n e t i c  

f i e l d  c o u l d  merge w i t h  t h e  e a r t h "  smagnetfc f i e l d  f a  sn 

q o 6 p n h a g n e t o s p h e r i c  model .  F i e l d  l i n e s  merged at t h e  

bow o f  t h e  m a g n e t o s p h e r e  would b e  p u l l e d  a c r o s s  the pelar 

c a p s  by t h e  s o l a r  wind and  would r econnecL  on t h e  earl:h's 

n i g h t  s i d e ,  C o n s e q u e n t l y  t h e r e  would be  a r e t u r n  flaw 

o f  f i e l d  l i n e s  t o  t h e  sunward s i d e  o f  t h e  e a r t h  at 

l o w e r  l a t i t u d e s .  A s  c h a r g e d  p a r t i c l e s  would remain 

a t t a c h e d  ( V r o z e n P )  t o  f i e l d  l i n e s  e x c e p t  n e a r  reeonncczioa 

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

would r e s u l t .  The measurements  p r e s e n t e d  h e r e  of  DC 

e l e c L r i c  f i e l d s  r e l a t e d  d i r e c t l y  t o  p l a sma  c o n v e c t i o n ,  

i n d i c a t e  t h a t  t h e  l a r g e - s c a l e  (>0,75 km/sec )  a n t i - - s o l a r  

c o n v e c t i o n  f l o w  a c r o s s  t h e  p o l a r  c a p s  i m p l i e d  by D l ~ n g e : ~ ' ~  

model  1s n o t  a no rma l  f e a t u r e  o f  t h e  m a g n e t o s p h e r e ,  

F i g u r e s  28 and 31 i n d i e a t e ,  however ,  t h a t  s u c h  a convective 



f l o w  does  sometimes o c c u r ,  b u t  t h e  v e l o c i t i e s  a r e  less 

t h a n  would b e  e x p e c t e d  from a g e o m e t r i c a l  r e d u c t i o n  sf 

t h e  s o l a r  wind v e l o c i t y  t o  s a t e l l i t e  a l t i t u d e s .  

Axford and Hines" l96l )  ' c e l o a d p  magne tospher i c  

model more e x p l i c i t l y  s u g g e s t e d  c o n v e c t i o n  a c r o s s  t h e  

p o l a r  c a p  w i t h  r e t u r n  f l o w  a t  t h e  a u r o r a l  zone ,  but 

u s e d  "viscous i n t e r a e t i o n h i t h  t h e  s o l a r  wind a t  t h e  

magne tospher i c  boundary a s  t h e  p r i n c i p a l  d r i v i n g  f o r c e ,  

To t h e  e x t e n t  t h a t  t h e i r  t r a n s - p o l a r  f l o w  w a s  concen t r sGed  

a t  a u r o r a l  zone l a t i t u d e s ,  %be o b s e r v a t i o n s  p r e s e n t e d  

h e r e i n  a r e  c o n s i s t e n t  w i t h  t h e  Axford and Nines mode l ,  

Frank (1970,  1 9 7 1 )  u s e s  o b s e r v e d  e n e r g e t i c  parti- 

c l e  d i s t r i b u t t o n s  t o  t r a c e  geomagnet ic  f i e l d  l i n e s  t o  

d i f f e r e n t  r e g i o n s  of t h e  magnetosphere .  Frank a n d  

G u r n e t t  ( 1 9 7 1 )  show t h e  agreement  o f  t h i s  s o b s e r v a B i o n a l "  

model o f  %he  magnetosphere  ( s e e  F i g u r e  4 4 )  based  on $he 

magne t i c  f i e l d  s t r u c t u r e  deduced Prom t h e  o b s e r v e d  

p a r t i c l e  s p e c t r a ,  w i t h  t h e  c o n v e c t i o n  i n f e r r e d  from %be 

o b s e r v a t i o n s  o f  e l e c t r i c  f i e l d  r e v e r s a l s  p r e s e n t e d  here, 

I n  t h i s  magne tospher i c  model t h e  c o n v e c t i n g  f i e l d  l i n e s  

a t  l a t i t u d e s  d u s t  above r e v e r s a l s  a r e  t h o s e  which have 

been c o n n e c t e d  t o  t h e  i n t e r p l a n e t a r y  magne t i c  f i e l d  at 



t h e  p o l a r  c u s p  ( f i e l d  l i n e s  B and  b  i n  F i g u r e  b h ) ,  These 

f i e l d  l i n e s  a r e  drawn back  i n t o  t h e  p lasma s h e e t  ( f i e l d  

l i n e s  B h n d  b" by t h e  s o l a r  wind.  I n  t h e  p lasma sheet 

t h e y  become r e c o n n e c t e d  ( f i e l d  l i n e s  A )  and  r e t u r n  to 

t h e  sunward s i d e  of t h e  magne tosphe re  ( f i e l d  l i n e s  A") ,  

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

t h e  l o w - l a t i t u d e  s i d e s  o f  r e v e r s a l s .  The p a t t e r n  of 

c o n v e c t i o n  which r e s u l t s  a t  i o n o s p h e r i c  l e v e l s  i s  t h u s  

i n  ag reemen t  w i t h  t h a t  p r e s e n t e d  i n  F i g u r e  3 7 *  

The s h o r t  t i m e  s c a l e s  we o b s e r v e  f o r  mador chacges 

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

t i e s  w i t h  m a g n e t i c  s u b s t o r m  phenomena. The same e s s e n -  

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

t r a n s - p o l a r  f l o w  and  a u r o r a l  zone  r e t u r n  p a t h s ,  appeal- 

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

d e r i v e d  by N i s h i d a  ( 1 9 4 7 ) ~  Wegpner (19691 ,  Wescot t  - e$ - al, 
(19691 ,  and  o t h e r s ,  on t h e  b a s i s  o f  g round magnetometer  

measurements .  These  c u r r e n t s  a r e  assumed t o  b e  coneen--  

t r a t e d  i n  t h e  i o n o s p h e r e .  U s u a l l y  we o b s e r v e  > 0 . 7 5  km/see 

a n t i - s o l a r  c o n v e c t i o n  t o  b e  c o n c e n t r a t e d  i n  t h e  a u r o r a l  

zone ,  r a t h e r  t h a n  s p r e a d  a c r o s s  t h e  p o l a r  c a p .  However, 



we do at times (cf. Figures 28 and 31) see trans-polar 

flow components, and since the substorm current pattern 

is presumably a transitory feature of the Ponosphere, 

theee theories may explain the strong convection some- 

times observed across the polar cap. 

A competing theory of magnetic substorms uLiLizes 

a 3-dimeneional current system with field aligned 

currents (Bostr~m, 1967; Bonnevier, &, 1970; 

Akasofu and Meng, 1969). A current is aasumed La flow 

through the ionosphere (auroral electro~et) Prom dawn 

to dusk, then outward along a dusk magnetic field Ifne, 

There the ring current, which drives the system, c o n n e e t e  

dusk to dawn, where the current Plows inward along a 

field line. The effects of such field-aligned currents 

in the ionosphere have been investigated theoretically 

by Block and Fglthammar (1968)~ leading to a theory of 

space-charge regions above aurorae (~arlqvist and Bostsbm, 

1970). One of the consequences of such a space-charge 

region is the existence of a current slab above the 

aurora containing a north-south electric field which 

reverses in the center of the slab. The fields w i l l  

point towards the center if the field-aligned current 



i s  upwards ,  and  away from t h e  s l a b  c e n t e r  i f  the field- 

a l i g n e d  c u r r e n t  i s  downwards, The e l e c t r i c  f i e l d s  arc 

t h e n  presumed t o  c a u s e  % x B / B ~  d r i f t s .  With  the c u r r a n t  

s y s t e m  p o s t u l a t e d ,  t h e s e  d r i f t s  w i l l  b e  sunward a t  

l a t i t u d e s  be low t h e  a u r o r a  and  a n t i - s u a w a r d  at h i g h e r  

l a t i t u d e s .  These  f i e l d s  and  d r i f t s  a r e  e n t i r e l y  

c o n s i s t e n t  w i t h  o u r  o b s e r v a t i o n s  of  t h e  p redominan t  

d i r e c t i o n s  of r e v e r s a l s .  C a r l q v i s t  and  Bostr8m p r e d i e L  

p o t e n t i a l s  a t  t h e  c e n t e r  of t h e  s l a b s  o f  l o 3  - v a i % s ,  

and  t h i s  i s  c o n s i e t e n t  w i t h  t h e  3600 v o l t  and  44,000 

v o l t  examples  ahown i n  F i g u r e s  40 and  42.  However, o n e  

must assume s l a b  w i d t h s  o f  l o 2  - l o 3  k i l o m e t e r s  t o  make 

% h e  r a n g e  o f  c o n v e c t i o n  v e l o c i t i e s  p r e d i c t e d  encompaaa 

t h e  r a n g e  o f  v e l o c i t i e s  we o b s e r v e .  

The l a r g e  p o t e n t i a l s ,  > b 0  keV, o b s e r v e d  betweer  

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

c o i n c i d e n c e  o f  i n v e r t e d  ' V f  e l e c t r o n  p r e c i p i t a t i o n  evenGs 

w i t h  e l e c t r i c  f i e l d  r e v e r s a l s  co rank and  Gurne tL ,  1971) 

s u g g e s t  t h a t  a n  a c c e l e r a t i o n  mechanism i n v o l v i n g  

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

o p e r a t i n g  t o  e n e r g i z e  m a g n e t o s p h e r i c  p l a sma ,  T h i s  inter- 

p r e t a t i o n  i s  d i s c u s s e d  i n  d e t a i l  by F rank  and Gurnett 



APPENDIX 

Solution for Photo-Electron Current 

The impedance measured by the Injun 5 VLP plasxs 

impedance experiment at 30 Ma is the average of t h e  resis- 

tances of the plasma sheaths around the two electric 

field probes. For the normal ease of negative probe 

potential, Equation (5a) gives the sheath resistance f n 

terms of plasma parameters and probe dimensions accorZing 

to Fahleson (1967). In an unshadowed situation the 

measured impedance will be 

We shall assume that I = I = I , so 
P P + P- 

If one sphere is shadowed, the measured impedance xi12 be 



The change  i n  measured  e l e c t r i c  f i e l d ,  AEM, when I = 3 
lP 

f o r  j u s t  one s p h e r e  and  R s  < <  R B ,  i s  found  from E q a r a t h n s  

( b a ) ,  ( 6 ) ,  and  ( 8 )  t o  b e  

The t h r e e  e q u a t i o n s  ( A l ) ,  ( ~ 2 ) ,  and ( ~ 3 )  may be  

a l g e b r a i c a l l y  s o l v e d  f o r  t h e  unknowns U e ,  I i 3  and  I , 
P 

i n  t e r m s  of Z s 9  Z0"nd AEM, i n  s p i t e  o f  t h e  n o n - l i n e a r r t y  

e v i d e n t  i n  E q u a t i o n  ( ~ 3 ) .  The s o l u t i o n  f o r  I 
P 

The p h o t o - e l e c t r o n  c u r r e n t  I may be found  from E q u a L i ~ n  
P  

( ~ 4 )  when one  s p h e r e  i s  c o m p l e t e l y  shadowed by d e t e r m i n -  

i n g  t h e  change  i n  measured  e l e c t r i c  f i e l d ,  AEM,  the 

impedance , Zo  , j u s t  b e f o r e  o r  a f t e r  t h e  shadow o c c u r s ,  a n d  

t h e  impedance ,  Z., measured  d u r i n g  t h e  shadow occurrebee. 

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

a p p r o x i m a t i o n  I = I = I and by t h e  f a c t  that t h e  
P  P+ P- 

f u n d a m e n t a l  e q v a t i o n s  u s e d  a r e  f o r  ' smal l" ia8 c u r r e n t s ,  

n e v e r t h e l e s s  t h e  r e s u l t  s h o u l d  b e  more a c c u r a t e  than 

t h e  l i n e a r  'Ohm's law" a s s u m p t i o n  



F i g u r e  1 0  shows t h a t  t h e  e f f e c t  o f  u s i n g  Equation 

( ~ 4 )  ( t o p  $ r a p b )  i n s t e a d  o f  E q u a t i o n  ( ~ 5 )  ( b o ~ t o r n  g r a ~ h )  

i s  t o  r e d u c e  I . T h e r e  a r e  f e w e r  c a s e s  c o n s i d e r e d  i n  
P  

t h e  t o p  g r a p h  b e c a u s e  f o r  many o f  t h e  shadows i n  t h e  

s t u d y  ( e e e  S e c t i o n  IID) t h e  n a t u r a l  fmpedanes vsristisns 

were  o f  t h e  same m a g n i t u d e  a s  t h e  c h a n g e s  p roduced  by 

t h e  shadow, and  E q u a t i o n  ( ~ 4 )  i s  i n v a l i d  i f  Z o  2 Z . 
9 
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T a b l e  1 

P a r a m e t e r s  o f  t h e  DC E l e c t r i c  F i e l d  Exper iment  

S p h e r e  s e p a r a t i o n  d i s t a n c e  2.85 m e t e r s  be tween  c e n t e r s  

r a d i u s  0 .1015 m e t e r s  

c o a t i n g  

Boom c o a t i n g  

d i a m e t e r  

D i f f e r e n t i a l  a m p l i f i e r  
dynamic r a n g e  

R C  t i m e  c o n s t a n t  

i n p u t  impedance t o  
e a c h  s p h e r e  

c o n d u c t i n g  s i l v e r  paint 
w i t h  g o l d  d o t s  f o r  thermal 
c o n t r o l  

b l a c k  i n s u l a t i n g  p a i n t  

0 .019 m e t e r s  

k l . 0  v o l t  

0 .4  s econd  

20 megohms 

E l e c t r i c  f i e l d  s a m p l i n g  r a t e  

normal  d a t a  r a t e  mode e v e r y  4 s e c o n d s  

h i g h  d a t a  r a t e  mode e v e r y  4 /30  second  

Tape r e c o r d e r  s t o r a g e  456 m i n u t e s  o f  d a t a  
c a p a c i t y  ( n o r m a l  d a t a  r a t e  
o n l y  

Impedance measurement  
f r e q u e n c y  

s a m p l i n g  r a t e  e v e r y  30 s e c o n d s  

c a n e t a n t  c u r r a n t  0 . 1  vamp R M S  



T a b l e  2  

I n j u n  5 O r b i t a l  Data 

D a t e  o f  l a u n c h  ~ u g u s t  8 ,  1968  

D a t e  o f  a l i g n m e n t  w i t h  t h e  geo-  December 3 ,  1968 
m a g n e t i c  f i e l d  

Maximum a l i g n m e n t  e r r o r  a f t e r  +15O 
a l i g n m e n t  d a t e  

O r b i t a l  p e r i o d  118 m i n u t e s  

I n c l i n a t i o n  

Apogee 2528 km 

P e r i g e e  677 km 

O r b i t a l  p r e c e s s i o n  r a t e  1 2  h o u r s  LT i n  1 0 3  days 

V e l o c i t y  6 .4  t o  7 .9  km/see 
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T a b l e  4 

Probe  P o t e n t i a l  i n  t h e  S p a c e c r a f t  Wake 

+ p o t e n t i a l  1 

- p o t e n t i a l  1 

b o t h  p o t e n t i a l s  2 

t o t a l  s amples  

S p h e r e  1 Sphere  2 

95% (54) 88% ( 2 2 )  

5% ( 3 )  1 2 %  ( 3 )  

26% ( 5 7  11% (25) 

(222) ( 2 2 9 )  

Numbers i n  p a r e n t h e s e s  i n d i c a t e  number o f  s amples  ( p r o b e  
i= 

w i t h i n  30' of  -Vs) 

P e r c e n t  o f  s amples  f o r  t h i s  s p h e r e  e x h i b i t i n g  wake 

e f f e c t s  

P e r c e n t  o f  t o t a l  s amples  f o r  t h i s  s p h e r e  



T a b l e  5 

S t a n d a r d  P a r a m e t e r s  Used i n  P r o b e  Model C a l c u l a t i o n  

Q u a n t i t y  Value  --'.- 

e l e c t r o n  t e m p e r a t u r e  

i o n  t e m p e r a t u r e  

number d e n s i t y  o f  i o E s  
o r  e l e c t r o n s  

7 km/sec 

0 .1015 meter 

2.85 m e t e r s  

0 , 3 0 5  m e t e r  

350 mV/meter 

s a t e l l i t e  v e l o c i t y  

r a d i u s  o f  s p h e r e  

s p h e r e  s e p a r a t i o n  

s p a c e c r a f t  body r a d i u s  

e l e c t r i c  f i e l d  component 
measured  

b i a s  r e s i s t a n c e :  +y 
s p h e r e  b r a n c h  

b i a s  r e s i s t a n c e :  -y  
s p h e r e  b r a n c h  

p h o t o - e l e c t r o n  p o t e n t i a l  1 . 5  v o l t s  

1 6  amu 

3  x amp 

i o n  mass 

p h o t o - e l e c t r o n  c u r r e n t  
t o  +y s p h e r e  





Table 6 

DC Electric Field Phenomena Observed 
at the Auroral Zone 

number of percent 
cases occurrenee 

Single convection zones 66 23 

Reversals (two oppositely- 102 
directed convection zones) 

Noise (multiple convection 5 7 
zones ) 

Noise extending across the 
polar cap 

Quiet ( I P ~ ~  c 10 mv/meter) 36 13 

Total 286 



Table  7 

Average I n v a r i a n t  L a t i t u d e  of R e v e r s a l s  

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



Table 8 

Directions of Convection Components* 

MLT Sector Number of Cases 

Eastward Westward No East-Wee% Total 
Components Components ComponenL Cases  

0 -  3 1 5 2 8 

3 -  6 1 23 1 25 

6 -  9 1 31 2 3L 

g - 12 1 2 0 3 

12 - 15 8 4 0 12 



Table 8 (conttdd.) 

MLT Sector Humber of Cases 

Pole-ward Equator-ward No North-South Total 
Components Components Component Ca+acs 

"Directione given correspond to the high latitude side of'  
electric field reversals. Convection direelions on 
the low latitude side of reversals are opposite to 
those indicated. 



FIGURE CAPTIONS 

F i g u r e  1 

F i g u r e  2 

F i g u r e  3 

F i g u r e  4 

F i g u r e  5 

F i g u r e  6 

F i g u r e  7 

F i g u r e  8 

O r i e n t a t i o n  o f  e l e c t r i c  a n t e n n a s  on t h e  
I n j u n  5 s a t e l l i t e .  

Top: S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  
c u r r e n t s  t o  a  Langmuir p r o b e .  
Bot tom: C u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  
o f  a  p r o b e .  

Top: S c h e m a t i c  i l l u s t r a t i o n  o f  t h e  p l a sma  
s h e a t h .  
Bot tom: E q u i v a l e n t  c i r c u i t  o f  t h e  p robe -  
p l a sma  s y s t e m .  

Measured e l e c t r i c  f i e l d ,  e l e c t r i c  a n t e n n a  
impedance ,  and  e l e c t r o n  number d e n s i t y  f o r  
a  c o m p l e t e  o r b i t  o f  I n j u n  5 i n  t h e  daxn-  
d u s k  p l a n e .  

Measured e l e c t r i c  f i e l d ,  e l e c t r i c  a n t e n n a  
impedance ,  and  e l e c t r o n  number d e n s i t y  f o r  
a c o m p l e t e  o r b i t  o f  I n j u n  5 i n  t h e  noon- 
m i d n i g h t  p l a n e .  

Examples o f  t h e  e f f e c t s  o f  shadows of  the 
s p a c e c r a f t  body on t h e  e l e c t r i c  f i e l d  p r o b e s .  

Measured D C  e l e c t r i c  f i e l d  EM,  s u b t r a c t e d  

c u r v e  E and  m a g n i t u d e  o f  e l e c t r i c  field due 
8 '  

-k -k 
t o  s a t e l l i t e  m o t i o n ,  k l v S  x B I  , f o r  a  noon- 

m i d n i g h t  s a t e l l i t e  o r b i t .  The c o n t a c L  p s t e n -  
t i a l  h a s  b e e n  s u b t r a c t e d  f rom t h e  d a t a  shown,  

Examples o f  (1) change  o f  EM t o w a r d  zero 
and  ( 2 )  r e c t i f i c a t i o n  s p i k e s  somet imes  ob- 
s e r v e d  a t  t h e  edge  o f  t h e  e a r t h "  umbra,  



F i g u r e  9  S p a c e c r a f t  wake e f f e c t s  o b s e r v e d  on 3 
s u c c e s s i v e  h i g h - a l t i t u d e  p a s s e s .  

F i g u r e  1 0  Top: P h o t o - e l e c t r o n  c u r r e n t s  t o  t h e  two 
e l e c t r i c  a n t e n n a  s p h e r e s  f o r  47 shadow 
o c c u r r e n c e s ,  c a l c u l a t e d  u s i n g  t h e  a n a l y t  ie 
s o l u t i o n  f o r  I d e s c r i b e d  i n  t h e  Appendix ,  

P  - 

Bottom: P h o t o - e l e c t r o n  c u r r e n t s  f o r  86 
shadow o c c u r r e n c e s  c a l c u l a t e d  u s i n g  t h e  
l i n e a r  a p p r o x i m a t i o n .  

F i g u r e  11 T h e o r e t i c a l  c u r v e s  o f  p r o b e  f l o a t i n g  p o t e n -  
t i a l  a s  a  f u n c t i o n  of  e l e c t r o n  number d e n s % t y  
and  t e m p e r a t u r e .  

F i g u r e  1 2  V a l u e s  o f  t h e  Debye l e n g t h  and  s h e a t h  t h i c k n e s s  
c a l c u l a t e d  f o r  e l e c t r o n  number d e n s i t i e s  
e n c o u n t e r e d  i n  t h e  PnJun 5 o r b i t .  

F i g u r e  1 3  T h e o r e t i c a l  f l o a t i n g  p o t e n t i a l  v a l u e s  o f  t h e  
e l e c t r i c  a n t e n n a  s p h e r e s  and  s p a c e c r a f t  
body i n  s u n l i g h t  and  d a r k n e s s .  

av F i g u r e  1 4  S h e a t h  r e s i s t a n c e s  - c o r r e s p o n d i n g  t o  the a r 
p o t e n t i a l s  shown i n  F i g u r e  1 3 .  

F i g u r e  1 5  Comparison o f  measured  and  c a l c u l a t e d  values 
o f  t h e  p r o b e  s h e a t h  r e s i s t a n c e ,  

F i g u r e  1 6  V a l u e s  o f  t h e  t e r m s  El and  E2 ( s e e  E q u a t i o n  

( 9 ) )  c a l c u l a t e d  f c i r  s u n l i g h t  and shadow 
c o n d i t i o n s .  

F i g u r e  1 7  C a l c u l a t e d  c h a n g e s  i n  t h e  v a l u e s  of  El and 

E2 ( s e e  E q u a t i o n  ( 9 ) )  c a u s e d  by l a r g e  e l e c t r o n  

number d e n s i t y  ( t o p )  and  t e m p e r a t u r e  ( b o t t o m %  
v a r i a t i o n s  i n  t h e  p l a sma  a t  b o t h  p r o b e s ,  

F i g u r e  18  C a l c u l a t e d  c h a n g e s  i n  t h e  v a l u e s  of  El a n d  E 2  

c a u s e d  by v e r y  l a r g e  e l e c t r o n  t e m p e r a t u r e  
( t o p )  and number d e n s i t y  ( b o t t o m )  d i f f e r e n c e s  
be tween  t h e  s p h e r e s .  



F i g u r e  1 9  Comparison of  Ingun 5 D C  e l e c t r i c  f i e l d  a n d  
e l e c t r o n  number d e n s i t y  f l u c t u a t i o n s  taken 
a t  apogee ,  

F i g u r e  20 Comparison o f  I n J u n  5 D C  e l e c t r i c  f i e l d  a n d  
e l e c t r o n  number d e n s i t y  f l u c t u a t i o n s  taken 
a t  apogee .  

F i g u r e  2 1  Comparison o f  I n j u n  5 D C  e l e c t r i c  f i e l d  a n d  
e l e c t r o n  number d e n s i t y  f l u c t u a t i o n s  taken 
a t  apogee .  

F i g u r e  22  Comparison of  I n j u n  5 D C  e l e c t r i c  f i e l d  a n d  
e l e c t r o n  number d e n s i t y  f l u c t u a t i o n s  t a k e n  
a t  apogee .  

F i g u r e  23 Measured B e  e l e c t r i c  f i e l d  EM,  s u b t r a c t e d  

3 
c u r v e  E and c a l c u l a t e d  y * Vs x  5 e l e c t r i c  

8 ' 
f i e l d  f o r  8 comple te  dawn-dusk s a t e l l i t e  
o r b i t ,  

F i g u r e  24 Example of  a p o l a r  p a s s  i l l u s t r a t i n g  t h e  
d a t a  r e d u c t i o n  p r o c e d u r e .  L e f t  : The eonvec-  
% i o n  e l e c t r i c  f i e l d  i s  assumed t o  be  g i v e n  
by Ec = EM - E s "  

R i g h t :  Arrows r e p r e s e n t i n g  t h e  magni tude  
and d i r e c t i o n  o f  t h e  component o f  c o n v e c t i o n  

4 
v e l o c i t y  c a l c u l a t e d  from Vc = (Ec I B I / B ~ *  
The a r r o w  does  n o t  r e p r e s e n t  t h e  t r u e  eon-  
v e c t i o n  v e l o c i t y ,  b u t  o n l y  t h e  one component 
measured.  

F i g u r e  25  Convec t ion  v e l o e i L y  r e v e r s a l s  i n f e r r e d  f r o m  
BC e l e c t r i c  f i e l d  measurement8 on t h r e e  days 
o f  J a n u a r y ,  1949.  ( o n l y  t h e  one meaeused 
component o f  t h e  a c t u a l  c o n v e c t i o n  v e l o c i t y  
is shown) ,  

F i g u r e  26 Convec t ion  v e l o c i t y  r e v e r s a l s  obse rved  t o  
o c c u r  on c o n j u g a t e  ends of' t h e  same geomsg- 
n e t i c  f i e l d  l i n e s ,  one  hour  a p a r t .  



Figure 27 Components of plasma convection measured on 
six polar passes during a magnetically quiet 
period. 

Figure 28 Pairs of convection velocity reversals ob- 
served at dawn and dusk MLT on three suceess- 
ive passes over the northern polar cap, 

Figure 29 Average width of the convection zones on %he 
high and low latitude sides of electric f i e l d  
reversals as a function of magnetic local 
time. The error bars give average deviations, 

Figure 30 Comparison of the width of convection zones 
on the high and low latitude sides of 112 
reversalsr 

Figure 31 Large-scale anti-sunward convection observed 
over both poles during a magnetically dis- 
turbed period. 

Figure 32 DC electric fields and derived plasma Convec- 
tion velocity components observed when the 
satellite was slowly rotating. The accuyacies 
of the measurements in these favorable ciseum-- 
stances are 510 mV/meter for Ec = EM - E and 

8 
3 +- 2 

F0 .25  kmjsec for V E  = Ec x % / B  . 
Figure 33 DC electric fields and derived plasma convec- 

tion velocity components observed when the 
satellite was slowly rotating. The accuracies 
of the measurements in these favorable circum- 
stances are 210 mV/meter for E = EM - Es and c 

Figure 34 DC electrie fields and derived plasma convec- 
tion velocity components observed when t h e  
satellite was slowly rotating. The accuracies 
of the measurements in these favorable circum- 
stances are 510 mV/meter for Ec = EM - E a n d  

8 

3 
50.25 km/sec for V = $ x 

C C 



Figure 35 Locations in invariant latitude and magnetic 
local time of 112 reversals. The points are 
coded to show whether the measured component 
of convection velocity on the high latitude 
side of each revereal had eastward or west- 
ward componenta. 

Figure 36 PoPnts corresponding to those in Figure 35 
showing whether the measured component af 
convection velocity on the high latitude 
side of each reversal had pole-ward or 
equator-ward componenta. 

Figure 37 Schematic diagram showing the average l o c a t i o n  
and normal directions of >0.75 km/sec eoaveea-  
Lion of thermal plasma at low altitudes in "the 
magnetosphere as derived from measurements 
of DC electric fields with the InJun 5 satellite, 

Figure 38 Maximum magnitude of the measured convection 
velocity component in the zones associated 
with 112 reversals, as a function of the nmg- 
netic index K . 

P 

Figure 39 Occurrenee of reversals (see Table 6) for 286 
auroral zone crossings, displayed as a Punctfon 
of the magnetic activity index K . The error 

-1/2 P 
bars give 1 N  

Figure 40 Electric field measured parallel to the satellite 
path for a southern polar cap pass at Isw 
altituce, and the eorreeponding potential 

Figure 41 Convection velocity components corresponding 
to the electric fields ahown in Figure 40, 

Figure 42 Example of a very rapid reversal in t h e  north- 
south convection electric field. 



F i g u r e  4 3  ( ~ f t e r  F r a n k  and  G u r n e t t ,  1 9 7 1 )  
S i m u l t a n e o u s  o b s e r v a t i o n s  o f  p r o t o n  and  
e l e c t r o n  i n t e n s i t i t e s  a t  l o c a l  p i t c h  angle 
a = 9Q0 and  of  BC e l e c t r i c  f i e l d s  f o r  a 
n o r t h e r n  p o l a r  p a s s  i n  March,  197'0. 

F i g u r e  4 4  ( ~ f t e r  F r a n k  and  Gurne tL ,  1 9 7 l )  
Schema t i c  d i a g r a m  showing t h e  r e l a t i o n s h i ?  
o f  p l a sma  and  c o n v e c t i o n  r e g i o n s  a t  l o w  
a l t i t u d e s  w i t h  t h e  t o p o l o g y  and  p lasma 
r e g i m e s  of t h e  d i s t a n t  m a g n e t o s p h e r e .  
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ELECTRONCURRENT 

BIAS CURRENT 
. . . . ION RAM CURRENT 
I = l e e - I i -  'P 

PHOTO-ELECTROB 
CURRENT 

ip = ip(V,Ip) 

v < o  
POSITIVE ION SHEATH 

CURRENT 

SPACE POTENTIAL 
TYPICAL 
FLOATING 
POTENTIAL 

SHEATH 
TOTAL ELECTRON 
REPULSION 

i = -Ii - Ip  

Figure 2 
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Figure 9 
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E (E = 350mV/METER) FOR BOTH 
SPHERES IN SUNLIGHT 
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