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1. I n t r o d u c t i o n  

Much o b s e r v a t i o n a l  work i n  space r e sea rch  w i t h i n  t h e  p a s t  

f e w  y e a r s  has  been concerned wi th  what are commonly c a l l e d  "low 

energy p a r t i c l e s " .  That  t e r m  i s  somewhat ambiguous: 1 0 0  Mev may 

be low energy t o  a cosmic-ray p h y s i c i s t ,  whi le  1 0  ev i s  probably 

a r a t h e r  high energy t o  many ionosphe r i c  p h y s i c i s t s .  Hence I 

should begin  by c l a r i f y i n g  t h e  meaning of "low energy'' i n  t h e  

p r e s e n t  con tex t .  Most of t h e  e a r l y  p a r t i c l e  obse rva t ions  i n  t h e  

magnetosphere w e r e  ob ta ined  wi th  ins t ruments  (such as Geiger tubes 

and s c i n t i l l a t i o n  coun te r s )  capable  of observing e l e c t r o n s  only 

above an energy of - 40  kev and pro tons  above - 1 0 0  kev. Extensive 

d a t a  on p a r t i c l e s  above these energy l i m i t s  had been accumulated 

by 1 9 6 4  and t h e  g ross  f e a t u r e s ,  a t  l e a s t ,  of t h e i r  d i s t r i b u t i o n  

could be mapped o u t ,  whi le  knowledge of lower energy p a r t i c l e s  w i t h -  

i n  t h e  magnetosphere w a s  s t i l l  r a t h e r  meager by comparison. S ince  

then ,  however, numerous obse rva t ions  wi th  Faraday cups and curved- 

p l a t e  ana lyze r s  have extended our  d e t a i l e d  knowledge of magneto- 

s p h e r i c  p a r t i c l e s  down t o  e n e r g i e s  of some t e n s  of ev; t h e s e  are 

t h e  so -ca l l ed  "low energy'' obse rva t ions  - t h e  energy i s  low com- 

pared t o  what w a s  be ing  measured some yea r s  ago. 

However, t h e s e  low energy obse rva t ions  r e p r e s e n t  more than a 

m e r e  improvement i n  experimental  technique.  They a r e  q u a l i t a t i v e l y  

d i f f e r e n t  from t h e  observa t ions  h i t h e r t o  p o s s i b l e  and provide a 

new way of looking a t  magnetospheric plasma. This can be 
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i l l u s t r a t e d  wi th  F igu re  1, which shows schemat i ca l ly  a t y p i c a l  

e l e c t r o n  energy spectrum i n  t h e  magnetosphere. The o l d e r  "high 

energy" obse rva t ions  w e r e  l i m i t e d  t o  t h e  s m a l l  f r a c t i o n  of  par- 

t i c l e s  whose e n e r g i e s  g r e a t l y  exceeded t h e  average energy of  t h e  

e n t i r e  plasma, i . e .  t o  t h e  "high energy t a i l "  of  t h e  p a r t i c l e  

d i s t r i b u t i o n .  The measured q u a n t i t y  u s u a l l y  w a s  t h e  t o t a l  f l u x  

of p a r t i c l e s  w i th  e n e r g i e s  above some t h r e s h o l d  set  by t h e  i n s t r u -  

ment and o therwise  having no p a r t i c u l a r  p h y s i c a l  s i g n i f i c a n c e ,  

p l u s  a power-law exponent o r  some s i m i l a r  measure of  t h e  s t eep -  

ness  of t h e  spectrum; no informat ion  on t h e  c o l l e c t i v e  p r o p e r t i e s  

of t h e  e n t i r e  plasma could be ob ta ined .  By c o n t r a s t ,  once t h e  

measurements w e r e  extended t o  e n e r g i e s  of  s o m e  hundred e v  and 

below, a wel l -def ined  peak i n  t h e  energy spectrum w a s  found; be- 

low t h e  peak t h e  p a r t i c l e  f l u x  dec reases  r a p i d l y  w i t h  dec reas ing  

energy. Thus t h e  magnetosphere c o n t a i n s  a popula t ion  of p a r t i c l e s  

wi th  an average energy i n  t h e  -100  ev  t o  - 1 0  kev range,  and t h e  

p r e s e n t  ''low energy" obse rva t ions  encompass a major f r a c t i o n  of 

t h i s  popula t ion .  I t  i s  now p o s s i b l e  t o  i n t e g r a t e  t h e  f l u x  vs .  

energy curve ( t h e  r a p i d  dec rease  of f l u x  a t  e n e r g i e s  below t h e  

peak a l l o w s  one t o  e x t r a p o l a t e  t o  z e r o  energy,  as ske tched  i n  

F igure  1, wi th  l i t t l e  e f f e c t  on t h e  va lue  of t h e  i n t e g r a l )  and t o  

compute q u a n t i t i e s  r e f e r r i n g  t o  t h e  e n t i r e  popu la t ion ,  such as 

t o t a l  d e n s i t y ,  t o t a l  energy d e n s i t y ,  o r  t o t a l  energy f l u x .  The 

o b s e r v a t i o n a l  r e s u l t s  can now be p resen ted  us ing  t e r m s  of  plasma 
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phys ics ,  r a t h e r  than  t e r m s  borrowed from cosmic r ay  s t u d i e s .  

A s  i n d i c a t e d  i n  F igure  1, t h e r e  may a l s o  e x i s t  another  

popula t ion  of ( so -ca l l ed  " thermal")  p a r t i c l e s  a t  s t i l l  lower 

ene rg ie s ,  below t h e  range of prsesent "low energy" observa t ions .  

N o  r e l i a b l e  d i r e c t  observa t ions  of such low energy p a r t i c l e s  i n  

t h e  o u t e r  magnetosphere and t h e  magneto ta i l  are p r e s e n t l y  a v a i l -  

ab l e ,  t o  my knowledge; some i n d i r e c t  evidence w i l l  be d iscussed  

la te r .  

This  paper  reviews c e r t a i n  a s p e c t s  of low energy p a r t i c l e  

observa t ions  i n  t h e  magnetosphere. F i r s t  I w i l l  d e s c r i b e  t h e  

over-a11 s p a t i a l  d i s t r i b u t i o n  of t h e  low energy p a r t i c l e s .  Then 

I w i l l  concen t r a t e  on t h e  geomagnetic t a i l  and d i s c u s s  p r o p e r t i e s  

of t h e  p a r t i c l e  popula t ion  w i t h i n  t h e  plasma s h e e t ,  evidence 

bea r ing  on t h e  q u e s t i o n  of a " thermal"  popula t ion ,  and p r e s e n t  

knowledge of p a r t i c l e s  o u t s i d e  t h e  plasma s h e e t .  F i n a l l y  I w i l l  

p r e s e n t  some r e c e n t  r e s u l t s  on a t o p i c  of s p e c i a l  i n t e r e s t  t o  

t h i s  meeting, namely, t h e  connec t ion  between p a r t i c l e  s t r u c t u r e s  

i n  t h e  geomagnetic t a i l  and a u r o r a l  phenomena i n  t h e  ionosphere.  

A major t o p i c  t h a t  w i l l  n o t  be covered is  t i m e  v a r i a t i o n s  and t h e i r  

r e l a t i o n  t o  geomagnetic substorm a c t i v i t y ;  t h e  r eade r  i s  r e f e r r e d  

t o  t h e  work of Hones ( 1 9 6 8 a ,  b ,  1 9 6 9 ) .  The e n t i r e  f i e l d  of low 

energy obse rva t ions  has  r e c e n t l y  been reviewed by Gringauz ( 1 9 6 9 ) .  

Techniques of measurement and a n a l y s i s  w i l l  n o t  be descr ibed;  they  
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are d i scussed  i n  many of t h e  o r i g i n a l  pape r s ,  and a r e c e n t  review 

has been g iven  by Vasyl iunas ( 1 9 6 9 a ) .  

2 .  S p a t i a l  d i s t r i b u t i o n  of  low energy p a r t i c l e s  i n  t h e  magneto- 
a 

sphe re  

Our p r e s e n t  concept ion of t h e  average d i s t r i b u t i o n  of low 

energy e l e c t r o n s  i n  t h e  e q u a t o r i a l  r eg ion  of t h e  magnetosphere i s  

sketched i n  F igu re  2 .  I n t e n s e  f l u x e s  of e l e c t r o n s  ex tend  across 

t h e  e n t i r e  magne to ta i l ,  forming t h e  plasma s h e e t ,  f i r s t  d e t e c t e d  

by t h e  Luna 2 space probe i n  1959 (Gringauz e t  a l . ,  1 9 6 0 a ,  b ;  

Gringauz, 1 9 6 1 )  and s i n c e  1 9 6 4  e x t e n s i v e l y  s t u d i e d  wi th  in s t rumen t s  

aboard t h e  V e l a  and OGO s a t e l l i t e s  (Bame e t  a l . ,  1966, 1’967; B a m e ,  

1968; Hones, 1968a, b ,  1 9 6 9 ;  Vasyl iunas,  1968a; Frank, 1 9 6 7 a ,  b ,  

1968a, b ) .  On t h e  evening s i d e  o f  t h e  magnetosphere t h e s e  e l e c t r o n  

f l u x e s  t e rmina te  a t  a wel l -def ined  boundary, c d l l e d  t h e  i n n e r  

boundary ( o r  i n n e r  edge) of t h e  plasma s h e e t .  This  boundary l i es  

a t  an e q u a t o r i a l  r a d i a l  d i s t a n c e  of  -11 R e  du r ing  magnet ica l ly  

q u i e t  p e r i o d s  and 6-8.Re du r ing  t i m e s  of  magnetic bay a c t i v i t y ,  

, 

and has  been t r a c e d  from nea r  t h e  midnight meridian through dusk 

t o  a loca l  t i m e  nea r  noon, where it m e e t s  t h e  magnetopause (Vasy- 

l i u n a s ,  1968a, b ) .  Earthward of t h e  i n n e r  boundary, a t  l o c a l  t i m e s  

between dusk and midnight t h e  e l e c t r o n  f l u x  i n  t h e  1 0 0  e v  t o  a 

few kev energy range i s  very  weak i n  comparison wi th  t h a t  w i t h i n  
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t h e  plasma s h e e t  (as w i l l  b e  d i s c u s s e d  l a t e r ,  t h i s  i s  n o t  a 

decrease  i n  e l e c t r o n  d e n s i t y  b u t  a dec rease  i n  t h e i r  mean energy 

t o  va lues  w e l l  below 1 0 0  e v ) .  A s  one proceeds from dusk toward 

ea r l i e r  local  t i m e s ,  a p p r e c i a b l e  e l e c t r o n  f l u x e s  appear  between 

t h e  plasmapause and t h e  i n n e r  edge of t h e  plasma s h e e t ,  grow i n  

i n t e n s i t y  and a c q u i r e  a marked outward r a d i a l  g r a d i e n t  i n  t h e  

morning s i d e ,  and become very  i n t e n s e  (exceeding t y p i c a l  plasma 

s h e e t  f l u x e s  by an o r d e r  of magnitude) a t  loca l  t i m e s  n e a r  and 

be fo re  dawn (Vasyl iunas,  1968b).  E lec t rons  i n  t h e  morning s i d e  

of t h e  magnetosphere w e r e  t h e  f i r s t  low energy p a r t i c l e s  t o  be 

d e t e c t e d  i n  o u t e r  space ,  wi th  an ins t rument  aboard Luna 1 (Feb- 

ruary  1959) (Gringauz e t  a l . ,  1960b; Gringauz, 1 9 6 1 ,  1 9 6 4 ) .  The 

very i n t e n s e  e l e c t r o n  f l u x e s  c h a r a c t e r i s t i c  of t h e  predawn hours  

were f i r s t  observed wi th  Explorer  1 2  by Freeman ( 1 9 6 4 ) ;  more re- 

c e n t l y  they  have been observed a t  a d i s t a n c e  of  6 . 6  R e  (only 

du r ing  t i m e s  of magnetic bay a c t i v i t y )  w i th  ATS-1 by Freeman and 

Maguire ( 1 9 6 7 ) ,  who showed t h a t  t h e s e  f l u x e s  extend from dawn t o  

midnight (a l though t h e  ATS in s t rumen t  i s  s e n s i t i v e  t o  both  elec- 

t r o n s  and p ro tons ,  it i s  m o s t  l i k e l y  t h a t  t h e s e  obse rva t ions  re- 

f e r  p r i m a r i l y  t o  e l e c t r o n s  [Vasyl iunas,  1968b1). Other  observa- 

t i o n s  of low energy e l e c t r o n s  i n  t h e  e q u a t o r i a l  r eg ion  have been 

r e p o r t e d  f r o m  IMP 1 (Serbu, 1 9 6 4 ) ,  I M P  2 (Binsack, 1 9 6 6 ) ,  Zond 2 

(Gringauz and Khokhlov, 1965) ,  and Pioneer  7 (Lazarus e t  a l . ,  1968) 

on t h e  morning s i d e ,  and Pioneer  6 (Wolfe and McKibbin, 1968; 
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Howe, 1 9 6 9 )  on t h e  evening s i d e ;  t h e  f i r s t  d e t a i l e d  mapping 

from dusk t o  dawn has  only r e c e n t l y  been obta ined  wi th  OGO 3 

(Vasyl iunas,  1 9 6 8 b ) .  

Observat ions of low energy pro tons  have been f a r  less numer- 

ous. ( I t  should be noted  t h a t ,  f o r  t h e  s a m e  energy and number 

dens i ty ,  t h e  pro ton  f l u x  i s  4 3  t i m e s  smaller than  t h e  e l e c t r o n  

f l u x  and thus  may r e q u i r e  more s e n s i t i v e  ins t ruments  f o r  d e t e c t i o n . )  

The pro ton  component of t h e  magneto ta i l  plasma s h e e t  has  been ob- 

served wi th  t h e  V e l a  s a t e l l i t e s  ( B a m e  e t  a l . ,  1 9 6 7 ;  B a m e ,  1 9 6 8 ) .  

On t h e  evening s i d e  (as observed wi th  OGO 3 ) ,  t h e  i n t e n s e  pro ton  

f luxes  c h a r a c t e r i s t i c  of t h e  plasma s h e e t  reach  c l o s e r  t o  t h e  e a r t h  

than t h e  corresponding e l e c t r o n  f l u x e s ;  a t  t h e  " i n n e r  edge" of 

t h e  plasma s h e e t ,  where t h e  e l e c t r o n  mean energy sha rp ly  decreases  

wi th  decreas ing  d i s t a n c e ,  t h e  pro ton  energy i n s t e a d  i n c r e a s e s  

(Frank, 1 9 6 7 b ,  1 9 6 8 a ,  b ) .  During magnetic s torms low energy p ro tons  

extend inward almost  t o  t h e  plasmasphere and form t h e  r i n g  c u r r e n t  

r e spons ib l e  f o r  t h e  s torm main phase (Frank, 1 9 6 7 c ,  1 9 6 8 a ) .  Very 

r e c e n t l y  Frank ( 1 9 6 8 ~ )  has r epor t ed  t h a t  t h e  l a r g e s t  p ro ton  f l u x e s  

occur  i n  t h e  noon-to-dusk quadrant .  

So f a r  I have d iscussed  p a r t i c l e s  i n  t h e  e q u a t o r i a l  reg ion .  

F igure  3 i l l u s t r a t e s  schemat ica l ly  t h e  d i s t r i b u t i o n  of low energy 

e l e c t r o n s  i n  a meridian p lane  on t h e  n i g h t  s i d e  of t h e  e a r t h .  

(Also shown are t y p i c a l  o r b i t s  of some of t h e  p r i n c i p a l  sa te l l i t es  

t h a t  have provided d a t a  on low energy e l e c t r o n s . )  I n  t h e  geo- 

magnetic t a i l ,  plasma s h e e t  p a r t i c l e s  are conf ined  i n  t h e  n o r t h  - 
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south d i r e c t i o n  t o  w i t h i n  a few R e  of t h e  magnetic n e u t r a l  s h e e t ,  

as f i r s t  e s t a b l i s h e d  by V e l a  measurements (Bame e t  a l . ,  1 9 6 6 ,  

1 9 6 7 ;  - Bame,  1968; Hones, 1968a, b ,  1 9 6 9 )  and confirmed by OGO 1 

and 3 (Vasyl iunas,  1968a) .  (This  p l a n a r  geometry w a s  t h e  reason 

f o r  t h e  t e r m  "plasma s h e e t " ,  in t roduced  by Bame e t  a l . ,  1 9 6 6 . )  

A s easona l  v a r i a t i o n  i n  t h e  north-south p o s i t i o n  of t h e  plasma s h e e t  

has been observed (Bame  e t  a l . ,  1 9 6 7 ;  Vasyl iunas,  1968a) t h a t  re- 

f l e c t s  t h e  north-south displacement  of t h e  n e u t r a l  s h e e t  as t h e  

e a r t h ' s  d i p o l e  - s o l a r  wind angle  v a r i e s  (Spe i se r  and N e s s ,  1 9 6 7 ;  

Russe l l  and Brody, 1 9 6 7 ) .  Thus t h e  plasma s h e e t  appears  t o  be al-  

ways a t  l eas t  roughly cen te red  about  t h e  magnetic n e u t r a l  s h e e t ;  

however, i t s  width of s e v e r a l  e a r t h  r a d i i  g r e a t l y  exceeds t h e  -103km 

width of t h e  a c t u a l  magnetic f i e l d  r e v e r s a l  r eg ion  ( N e s s ,  1965; 

Spe i se r  and N e s s ,  1 9 6 7 ) .  

Even be fo re  t h e  geometry of t h e  t a i l  plasma s h e e t  had been 

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

w e r e  observed c l o s e  t o  t h e  e a r t h  a t  high l a t i t u d e s  by Mars 1 i n  

1 9 6 2  (Gringauz e t  a l . ,  1 9 6 4 )  and E lec t ron  2 i n  1 9 6 4  (Vernov e t  a l . ,  

1965, 1 9 6 6 ) .  These f l u x e s  occurred  i n  a narrow band of l a t i t u d e s ,  

roughly a t  i n v a r i a n t  l a t i t u d e s  65-70', i . e .  i n  t h e  neighborhood 

of t h e  a u r o r a l  zone. Gringauz e t  a l .  ( 1 9 6 4 )  a t  once suggested t h a t  

t h e s e  e l e c t r o n  f l u x e s  w e r e  p a r t  of t h e  s a m e  low energy p a r t i c l e  

r eg ion  t h a t  had ear l ier  been observed by Luna 2 nea r  t h e  equator-  

i a l  p l ane  and which w e  now know t o  be t h e  plasma s h e e t .  Vasyl iunas 
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(1968a)  t r a c e d  t h e  i n n e r  boundary o f  t h e  plasma s h e e t  from t h e  

equator  up t o  l a t i t u d e s  of -40' and concluded t h a t  t h e  i n n e r  

boundary co inc ides  wi th  a s h e l l  of magnetic f i e l d  l i n e s .  A l l  

t h e s e  observa t ions  sugges t  t h e  p i c t u r e  ske tched  i n  F igure  3 :  

plasma s h e e t  e l e c t r o n  f l u x e s  extend from t h e  maqneto ta i l  toward 

t h e  e a r t h  i n  a p a i r  o f  narrow "horns" ,  reaching  t h e  ionosphere 

a t  o r  n e a r  t h e  a u r o r a l  zones. ( P i c t u r e s  of t h i s  k ind  w e r e  earl-  

i e r  presented  and t h e  connec t ion  wi th  t h e  au ro ra  sugges ted  by 

Dessler and Juday [1965] ,  O'Brien [19671 , Piddington  [ 1 9 6 7 a l ,  

and poss ib ly  o t h e r s . )  Recent ly  t h e  s e c u l a r  change of t h e  OGO 1 

o r b i t  has  made it p o s s i b l e  t o  i n v e s t i g a t e  t h e  p r e c i s e  connect ion 

between t h e  plasma s h e e t  and t h e  a u r o r a l  ova l ;  I s h a l l  d i s c u s s  

t h i s  t o p i c  i n  s e c t i o n  4 .  

Outs ide  t h e  plasma s h e e t ,  p a r t i c l e  f l u x e s  i n  t h e  magneto ta i l  

are very weak and have only  r e c e n t l y  been d e t e c t e d  by V e l a  4 

( B a m e ,  1968) ;  they w e r e  gene ra l ly  below t h e  s e n s i t i v i t y  and/or 

energy l i m i t s  o f  ea r l ie r  ins t ruments  (Bame  e t  a l . ,  1 9 6 7 ;  Vasy- 

l i u n a s ,  1 9 6 8 a ) .  This  absence of s t r o n g  f l u x e s  a t  g r e a t  h e i g h t s  

above t h e  n e u t r a l  s h e e t  p e r s i s t s  r i g h t  up t o  t h e  magnetopause 

(Vasyl iunas,  1 9 6 8 a ;  Bame,  1968) ;  t h e  e a r l y  sugges t ion  by Dessler 

and Juday (1965) of a O-shaped plasma s h e e t  has  n o t  been borne 

o u t  by t h e  da t a .  
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3. P r o p e r t i e s  of low energy p a r t i c l e  popula t ions  i n  t h e  magneto- 

t a i l  

The e a r l y  observa t ions  by Gringauz and co-workers i n d i c a t e d  

t h a t  w i t h i n  what w e  now c a l l  t h e  plasma s h e e t  t h e  t o t a l  f l u x  of 

e l e c t r o n s  wi th  e n e r g i e s  above - 2 0 0  ev  i s  of t h e  o rde r  o f  2x10' 

cm-2 sec-l and t h a t  most of t h e s e  e l e c t r o n s  have ene rg ie s  w e l l  be- 

low 50 kev; t h e s e  observa t ions  d i d  no t  provide  any f u r t h e r  i n f o r -  

mation on t h e  na tu re  of t h e  e l e c t r o n  energy spectrum. The f i r s t  

d i r e c t  observa t ion  t h a t  t h e  e l e c t r o n  energy spectrum peaks near  

1 kev came from curved-p la te  ana lyzer  measurements on E lec t ron  2 

(Vernov e t  a l . ,  1 9 6 5 ,  1 9 6 6 ) .  I n  r e c e n t  y e a r s  d e t a i l e d  observa- 

t i o n s  of t h e  e l e c t r o n  energy spectrum have been obta ined  wi th  

curved-p la te  ana lyze r s  on V e l a  (Bame e t  a l . ,  1 9 6 6 ,  1 9 6 7 ;  Barne,  1 9 6 8 )  

and OGO 3 (Frank, 1 9 6 7 a ,  b ,  1 9 6 8 a ,  b;  Sch ie ld  and Frank, 1 9 6 9 ) .  

L e s s  d e t a i l e d  observa t ions  t h a t  nonethe less  are adequate  t o  de- 

l i n e a t e  t h e  gross  f e a t u r e s  of t h e  e l e c t r o n  energy spectrum have 

been obta ined  wi th  Faraday cups on OGO 1 and 3 (Vasyl iunas,  1 9 6 8 a ) ,  

P ioneer  7 (Lazarus e t  a l . ,  1 9 6 8 ) ,  and Pioneer  6 (Howe, 1 9 6 9 ) .  The 

t y p i c a l  energy spectrum of e l e c t r o n s  w i t h i n  t h e  plasma s h e e t  i s  

found t o  be  r a t h e r  s i m i l a r  t o  t h e  i d e a l i z e d  ske tch  of F igure  1: 

t h e r e  i s  a broad maximum a t  an energy t h a t  can range from -100 e v  

t o  s e v e r a l  kev, and a f l u x  dec rease  a t  bo th  low and h igh  ene rg ie s .  

W e l l  above t h e  peak t h e  d i f f e r e n t i a l  f l u x  decreases  roughly as an 
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i n v e r s e  power of t h e  energy,  w i t h  exponents t y p i c a l l y  i n  t h e  

range 3-5, and e x t r a p o l a t e s  more o r  less smoothly i n t o  t h e  power 

l a w  s p e c t r a  observed a t  h igh  (50-100 kev) e n e r g i e s  (Montgomery 

e t  a l . ,  1965; Montgomery, 1968) .  On t h e  o t h e r  hand, t h e r e  i s  s o m e  

evidence from occas iona l  o b s e r v a t i o n  of a double-peaked energy 

spectrum (Frank, 1 9 6 7 a )  and from d e t a i l e d  s tudy  of t i m e  v a r i a t i o n s  

of e l e c t r o n  f l u x e s  a t  d i f f e r e n t  e n e r g i e s  (Montgomery, 1968) t h a t  

e l e c t r o n s  above s o m e  1 0  kev energy may n o t  be merely t h e  h igh  

energy t a i l  of t h e  main plasma s h e e t  e l e c t r o n  popu la t ion  b u t  

p o s s i b l y  a s e p a r a t e  popu la t ion .  The angu la r  d i s t r i b u t i o n  of  elec- 

t r o n s  w i t h i n  t h e  plasma s h e e t  appears  t o  be approximately i s o t r o p i c  

a t  a l l  e n e r g i e s  up t o  hundreds of  kev (Vernov e t  a l e ,  1 9 6 6 ;  Bame  

e t  a l . ,  1 9 6 7 ;  Hones e t  a l . ,  1968; R e t z l e r  and Simpson, 1 9 6 9 ) .  

A smooth, broad,  s ingle-peaked,  i s o t r o p i c  p a r t i c l e  d i s t r i b u -  

t i o n  can be q u a n t i t a t i v e l y  c h a r a c t e r i z e d  by two parameters ,  which 

may be chosen as t h e  number d e n s i t y  n and t h e  energy d e n s i t y  U ;  

i n  t e r m s  of t h e  p a r t i c l e  v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n  f ( v )  t h e s e  
'L 

are 

One may then  d e f i n e  t h e  mean p a r t i c l e  

t r i b u t i o n  f u n c t i o n  i s  Maxwellian wi th  

f ($ 

energy E E U/n ( i f  t h e  d i s -  

a temperature  T ,  then  

E = 3/2 kT). (Other s o m e t i m e s  u s e f u l  q u a n t i t i e s  such as t o t a l  om- 

n i d i r e c t i o n a l  p a r t i c l e  o r  energy f l u x  may be de f ined  i n  a s i m i l a r  
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manner. ) These q u a n t i t i e s  may be  deduced from t h e  measurements 

e i t h e r  by approximating t h e  i n t e g r a l s  by sums and e s t i m a t i n g  t h e  

r equ i r ed  va lues  of f (I$ from t h e  measured f l u x e s ,  o r  by assuming 

a s p e c i f i c  f u n c t i o n a l  f o r m  f o r  f ( $  and vary ing  parameters  t o  ob- 

t a i n  a b e s t  f i t  t o  t h e  measurements; t h e s e  methods have been 

reviewed by Vasyl iunas ( 1 9 6 9 a ) .  

Two major surveys  of t h e  q u a n t i t a t i v e  p r o p e r t i e s  o f  t h e  plasma 

s h e e t  e l e c t r o n  popu la t ion  have been publ i shed ,  as of  t h e  t i m e  of 

t h i s  w r i t i n g .  Vasyl iunas (1968a) used OGO 1 Faraday cup measure- 

ments a t  l o c a l  t i m e s  from -17 t o  - 2 2  hours  and d i s t a n c e s  up t o  

2 4  R e .  F igure  4 shows t h e  d i s t r i b u t i o n  of e l e c t r o n  parameters  

ob ta ined  from a sample of t h e s e  measurements; t h e  e l e c t r o n  pro- 

p e r t i e s  w e r e  found t o  be more o r  less uniform over  t h e  e n t i r e  su r -  

veyed r e g i o n  of  t h e  plasma s h e e t .  Hones (1968a, 1 9 6 9 )  used curved- 

p l a t e  ana lyze r  measurements from t h e  V e l a  sa te l l i t es  t o  c o n s t r u c t  

maps showing t h e  average va lues  of  e l e c t r o n  d e n s i t y ,  energy den- 

s i t y ,  and mean energy as f u n c t i o n  of l a t i t u d e  and loca l  t i m e  a t  

a c o n s t a n t  d i s t a n c e  of 1 7  R e .  The maps i n d i c a t e  t h a t  t h e  e l e c t r o n  

mean energy is  -1 kev nea r  t h e  c e n t e r  of  t h e  plasma s h e e t ,  decreases 

wi th  i n c r e a s i n g  l a t i t u d e  t o  -0.3 - 0 . 5  kev nea r  t h e  boundaries  of  

t h e  plasma s h e e t ,  and shows no s i g n i f i c a n t  dependence on l o c a l  

t i m e .  The d e n s i t y  and energy d e n s i t y  show a minimum n e a r  midnight ;  

i n  t h e  c e n t e r  of  t h e  plasma s h e e t  t h e  d e n s i t y  i s  - 0 . 1  - 0 . 3  cm-3 

nea r  midnight  and -0.3 - 0 . 4  cm-3 n e a r  t h e  f l a n k s  of  t h e  m a g n e t o t a i l ,  
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whi le  t h e  energy d e n s i t y  i n  t h e  same reg ions  i s  - 0 . 1  - 0 . 2  and 

- 0 . 3  - 0 . 4  kev ~ m - ~ ,  r e s p e c t i v e l y .  The local t i m e  dependence of 

a l l  q u a n t i t i e s  i s  roughly symmetric about  midnight;  t h e  s t r i k i n g  

dawn-dusk asymmetry observed i n  high energy (E>45 kev)  e l e c t r o n s  

(Montgomery e t  a l . ,  1965; Bame  e t  a l . ,  1 9 6 7 ;  Hones, 1968b; 

Montgomery, 1968) appa ren t ly  does n o t  p e r s i s t  a t  l o w e r  ene rg ie s .  

Comparing t h e  numbers given by Hones wi th  those  i n  F igure  4 ,  

it i s  apparent  t h a t  bo th  sets of measurements agree  on t h e  e l e c t r o n  

mean energy b u t  t h e r e  may be s o m e  d i screpancy  on d e n s i t y  and ener -  

gy d e n s i t y :  t h e  " m o s t  p robable"  va lues  given by Vasyliunas are a 

f a c t o r  of "3 h i g h e r  than  t h e  "average" va lues  of Hones f o r  t h e  

same loca l  t i m e  range. Whether t h e  d iscrepancy  i s  s i g n i f i c a n t  i s  

d i f f i c u l t  t o  say  a t  p r e s e n t ;  t h e  d i f f e r e n c e  i s  no l a r g e r  t han  t h e  

sp read  of i n d i v i d u a l  va lues  i n  F igure  4 ,  and may perhaps be due 

i n  p a r t  t o  sampling s t a t i s t i c s .  Of t h e  o t h e r  e l e c t r o n  measure- 

ments t h a t  have been r e p o r t e d ,  t h e  curved-p la te  ana lyze r  r e s u l t s  

from OGO 3 (Frank, 1 9 6 7 a ,  b ;  Sch ie ld  and Frank, 1 9 6 9 )  g i v e  d e n s i t y  

va lues  i n  agreement wi th  t h o s e  of Vasyl iunas ,  whi le  t h e  Faraday 

cup measurements on P ioneer  7 (Lazarus e t  a l . ,  1968) are somewhat 

closer t o  t h e  va lues  of Hones ( thus  t h e  discrepancy appears  t o  be ,  

a t  any r a t e ,  n o t  r e l a t e d  t o  t h e  type  of ins t rument  u s e d ) .  

Although one may d i s c u s s  " t y p i c a l "  o r  "average" v a l u e s ,  it 

i s  a l so  c l e a r  from F igure  4 t h a t  observed i n d i v i d u a l  va lues  of  

e l e c t r o n  d e n s i t y  and mean energy vary over  a range of several 
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decades.  High d e n s i t i e s ,  however, t end  t o  be  accompanied by 

low mean ene rg ie s  and v i c e  ve r sa ,  so  t h a t  t h e  e l e c t r o n  energy 

dens i ty  shows r e l a t i v e l y  l i t t l e  v a r i a t i o n  (Vasyl iunas,  1 9 6 8 a )  . 
This  i s  i l l u s t r a t e d  i n  F igure  5 ,  i n  which mean energy i s  p l o t t e d  

a g a i n s t  d e n s i t y  (from t h e  s a m e  d a t a  as F igure  4 ) ;  l i n e s  of con- 

s t a n t  energy d e n s i t y  have been drawn and l a b e l e d  by t h e  magnetic 

f i e l d  s t r e n g t h  corresponding t o  t w i c e  t h e  energy dens i ty .  The 

i n d i v i d u a l  p o i n t s  i n  F igure  5 come from a wide range of s p a t i a l  

l o c a t i o n s  and cond i t ions  of geomagnetic a c t i v i t y  (note  t h a t  very 

h igh  d e n s i t i e s  and low ene rg ie s  usua l ly  occur  dur ing  magnetic 

s to rms) .  F igure  5 thus  p r imar i ly  r e p r e s e n t s  g ross ,  l a rge - sca l e  

s p a t i a l  and temporal v a r i a t i c n s  i n  plasma s h e e t  p r o p e r t i e s ;  it 

shows t h a t  t h e  e l e c t r o n  energy d e n s i t y  i s  l i t t l e  a f f e c t e d  by such 

v a r i a t i o n s  and on t h e  average i s  of  t h e  s a m e  o rde r  of magnitude 

as t h e  magnetic f i e l d  energy dens i ty .  

The r e l a t i o n  between t h e  ins tan taneous  va lues  of magnetic 

and plasma energy d e n s i t y  (as opposed t o  t h e  o v e r - a l l  average be- 

hav io r  j u s t  d i scussed)  w a s  i n v e s t i g a t e d  by Lazarus e t  a l .  ( 1 9 6 8 ) ,  

us ing  magnetic f i e l d  and e l e c t r o n  measurements dur ing  t h e  s i n g l e  

magneto ta i l  t r a v e r s a l  of P ioneer  7. F igure  6 ,  taken from t h e i r  

paper ,  shows t h e  magnetic f i e l d  p re s su re  and t h e  sum of it and 

t w i c e  t h e  e l e c t r o n  p res su re .  (Magnetic f i e l d  p r e s s u r e  i s  equa l  t o  

t h e  energy dens i ty ;  p a r t i c l e  p r e s s u r e  i s  2/3 of t h e  energy d e n s i t y . )  
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A s  can be seen ,  major dec reases  i n  magnetic p r e s s u r e  are g e n e r a l l y  

compensated by i n c r e a s e s  i n  e l e c t r o n  p r e s s u r e ,  so t h a t  t h e  t o t a l  

p r e s s u r e  remains approximately c o n s t a n t ;  t h i s  i s  e s p e c i a l l y  appar- 

e n t  i n  F igu re  6 du r ing  t h e  i n t e r v a l s  22-23h, 1-2h (which c o n t a i n s  

a magnetic n e u t r a l  s h e e t  c r o s s i n g ) ,  and 5-9h. 

I t  appears ,  t hen ,  t h a t  plasma s h e e t  e l e c t r o n s  undergo a t  

l eas t  t w o  types  of  v a r i a t i o n s .  F i r s t ,  t h e i r  energy d e n s i t y  may 

change, b u t  a t  t h e  s a m e  t i m e  t h e  magnetic f i e l d  a lso changes so  

t h a t  t h e  t o t a l  ( p a r t i c l e  p l u s  f i e l d )  p r e s s u r e  remains cons t an t ;  

thus  t h e s e  v a r i a t i o n s  p r e s e r v e ,  a t  l ea s t  approximately,  a condi- 

t i o n  of  h y d r o s t a t i c  ba lance .  Second, t h e  e l e c t r o n  d e n s i t y  and 

mean energy may both  change by as much as an o r d e r  of magnitude, 

b u t  t h e  energy d e n s i t y  remains approximately c o n s t a n t ;  t h e s e  

v a r i a t i o n s  p r e s e r v e  what may l o o s e l y  be c a l l e d  e q u i p a r t i t i o n  of 

energy between e l e c t r o n s  and magnetic f i e l d .  

The pro ton  component of t h e  plasma s h e e t  has  been d e t e c t e d  

wi th  curved-p la te  ana lyze r s  (Bame e t  a l . ,  1 9 6 7 ;  Frank, 1967b, 

1968a, b;  B a m e ,  1 9 6 8 ;  Hones, 1968a ) ,  b u t  o u r  knowledge of it i s  

as y e t  f a r  less d e t a i l e d  than  t h a t  of  e l e c t r o n s .  The pro ton  

energy spectrum has a smooth, b road ,  s ingle-peaked shape ,  q u a l i -  

t a t i v e l y  s i m i l a r  t o  t h e  e l e c t r o n  spectrum. The p ro ton  angu la r  

d i s t r i b u t i o n  i s  approximately i s o t r o p i c ,  b u t  s l i g h t  ( - 1 0 % )  an iso-  

t r o p i e s  p o s s i b l y  i n d i c a t i v e  of a bulk flow (with speeds 550 km sec-l) 
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have been observed (Hones, 1 9 6 8 a ) .  The number dens i ty  of  pro- 

t ons  equals  t h a t  of t h e  e l e c t r o n s ,  t o  w i t h i n  t h e  obse rva t iona l  

u n c e r t a i n t i e s .  The pro ton  mean energy appears  t o  exceed t h e  

e l e c t r o n  mean energy, b u t  by how much i s  no t  y e t  e n t i r e l y  clear:  

t h e  r a t i o  of  pro ton  t o  e l e c t r o n  mean energy i s  -5 according t o  

Hones ( 1 9 6 9 )  and 210 accord ing  t o  Bame ( 1 9 6 8 ) ,  whi le  Frank (196733) 

r e p o r t s  examples of pro ton  and e l e c t r o n  s p e c t r a  i n  which the  

mean ene rg ie s  of t h e  two are approximately t h e  same (a l though t h e  

pro ton  spectrum has  a much b roade r  s h a p e ) ,  and Lazarus e t  a l .  

( 1 9 6 8 )  i n f e r  by an i n d i r e c t  argument based on p res su re  ba lance  

t h a t  t h e  r a t i o  i s  -1 t o  3 .  

W e  now come t o  t h e  ques t ion  whether a s i g n i f i c a n t  popula- 

t i o n  of very  low energy ( 5  few ev)  p a r t i c l e s  e x i s t s  w i t h i n  t h e  

plasma s h e e t .  Observing such p a r t i c l e s  d i r e c t l y  by means of in -  

s t ruments  of  t h e  Langmuir probe type  does n o t  appear t o  be pos- 

s i b l e ;  when such probes have been used o u t s i d e  of t h e  ionosphere  

(Serbu and Maier, 1 9 6 6 ) ,  s e v e r a l  f e a t u r e s  of  t h e  r e s u l t s  cast  

grave doubts  as t o  t h e i r  v a l i d i t y .  F i r s t ,  t h e  probes f a i l  t o  

d e t e c t  t h e  d e n s i t y  change a t  t h e  plasmapause, whose e x i s t e n c e  

has  been f i rmly  e s t a b l i s h e d  by a g r e a t  v a r i e t y  of observa t ions  

(see, e .ge  t h e  summary by Binsack, 1 9 6 7 ,  and a l s o  Carpenter  e t  a l . ,  

1 9 6 8 ,  1 9 6 9 ) .  Second, w i t h i n  t h e  magnetosheath and t h e  s o l a r  wind 

t h e  probes y i e l d  e l e c t r o n  d e n s i t i e s  exceeding by more than  an 
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o r d e r  of magnitude t h e  pro ton  d e n s i t i e s  ob ta ined  by s o l a r  wind 

d e t e c t o r s  (see, e .g . ,  Axford, 1968) .  ( I t  should be  k e p t  i n  mind 

t h a t  even i f  a s o - c a l l e d  " thermal"  component e x i s t e d  i n  t h e  so la r  

wind, it would have t o  move w i t h  t h e  s o l a r  wind v e l o c i t y ,  a t  

l e a s t  as f a r  as motion across magnetic f i e l d  l i n e s  i s  concerned; 

t hus  t h e  " thermal"  p ro tons  would have e n e r g i e s  of  hundreds of e v  

and would be r e a d i l y  observable  wi th  t h e  u s u a l  s o l a r  wind d e t e c t o r s . )  

S ince  Langmuir probes appa ren t ly  do n o t  work p rope r ly  e i t h e r  nea r  

t h e  plasmapause o r  beyond t h e  magnefopause, t h e r e  i s  l i t t l e  reason  

t o  suppose t h a t  they  work i n  t h e  o u t e r  magnetosphere and t h e  mag- 

n e t o t a i l .  The d i f f i c u l t y  appears  t o  l i e  i n  t h e  l a r g e  f l u x e s  of 

-1 ev  e l e c t r o n s  t h a t  can be produced a t  t h e  s u r f a c e  of  t h e  s a t e l -  

l i t e  by photoemission and secondary emission;  Whipple and Parker  

( 1 9 6 9 a ,  b )  have r e c e n t l y  demonstrated t h a t  t h e s e  secondary f l u x e s  

can account  f o r  t h e  anomalous probe r e s u l t s  i n  t h e  s o l a r  wind. 

Very l o w  energy p a r t i c l e s  t h u s  must be s t u d i e d  by i n d i r e c t  

t echniques ,  t h e  m o s t  impor tan t  o f  which i s  observ ing  t h e  e f f e c t  

of t h e  p a r t i c l e s  on e l ec t romagne t i c  wave propagat ion.  D i spe r s ive  

e f f e c t s  i n  r a d a r  s i g n a l s  r e f l e c t e d  from t h e  moon w e r e  used by 

Howard e t  a l .  (1965) ,  Yoh e t  a l .  ( 1 9 6 6 ) ,  and Howard ( 1 9 6 7 )  t o  i n f e r  

t h e  t o t a l  e l e c t r o n  c o n t e n t  p e r  u n i t  area i n  a column between t h e  

e a r t h  and t h e  moon. A f t e r  removing t h e  c o n t r i b u t i o n  o f  t h e  ion- 

osphere,  va lues  of t h e  o r d e r  of 10' e l e c t r o n s  m-* w e r e  ob ta ined  

i n  t h e  d i r e c t i o n  of t h e  magneto ta i l .  I f  sp read  uniformly between 

t h e  e a r t h  and t h e  moon, as was done by Howard e t  a l .  and Yoh e t  a l . ,  
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t h i s  columnar c o n t e n t  would correspond t o  a d e n s i t y  of -200-300 

c m  . However, t h e  e l e c t r o n  d i s t r i b u t i o n  a long  t h e  column i s  -3 

c e r t a i n l y  n o t  uniform, and it w a s  shown by Howard ( 1 9 6 7 )  t h a t  

t h e  e n t i r e  observed c o n t e n t  can w i t h i n  experimental  u n c e r t a i n t i e s  

be accounted f o r  by e l e c t r o n s  w i t h i n  t h e  plasmasphere; f o r  t h e  

average e l e c t r o n  d e n s i t y  between t h e  plasmapause and t h e  moon, 

t h e s e  obse rva t ions  y i e l d  only  an upper l i m i t  of approximately 

30 ~ m - ~ .  

E l e c t r o n  d e n s i t i e s  w i t h i n  t h e  plasmasphere and o u t  t o  s e v e r a l  

e a r t h  r a d i i  beyond i t  have been e x t e n s i v e l y  s t u d i e d  by t h e  w e l l -  

known w h i s t l e r  technique  (see, e .g . ,  Carpenter  and Smith,  1 9 6 4 ;  

H e l l i w e l l ,  1965; Carpenter ,  1 9 6 6 ;  Angerami and Carpenter ,  1 9 6 6 ;  

and many o t h e r  p a p e r s ) .  These measurements do n o t  ex tend  f a r  

enough o u t  t o  provide  d a t a  on d e n s i t i e s  w i t h i n  t h e  plasma s h e e t .  

Never the less ,  a comparison between t h e  e l e c t r o n  d e n s i t y  va lues  

as measured beyond t h e  plasmapause by t h e  w h i s t l e r  technique  and 

w i t h i n  t h e  plasma s h e e t  by low energy p a r t i c l e  d e t e c t o r s  may have 

some s i g n i f i c a n c e ,  s i n c e  t h e  l o w  energy e l e c t r o n  d e n s i t y  appears  

n o t  t o  change apprec iab ly  a c r o s s  t h e  i n n e r  boundary of t h e  plasma 

s h e e t  (Vasyl iunas,  1968a) .  F igu re  7 ,  f o r  example, shows an i n n e r  

boundary c r o s s i n g  observed by OGO 1; t h e  e l e c t r o n  energy i s  ob- 

served  t o  drop p r e c i p i t u o u s l y  as t h e  s a t e l l i t e  moves ear thward,  

b u t  t h e  d e n s i t y  shows l i t t l e  v a r i a t i o n .  This  r e s u l t  has  r e c e n t l y  
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been confirmed by Schie ld-and  Frank (1969) I us ing  curved-p la te  

ana lyzer  measurements wi th  h igh  s p e c t r a l  r e s o l u t i o n  from OGO 3 .  

The i n n e r  boundary of  t h e  plasma s h e e t  t hus  appears  t o  be  a d i s -  

c o n t i n u i t y  i n  e l e c t r o n  energy b u t  n o t  dens i ty .  

With t h i s  i n  mind, F igure  8 shows, as a func t ion  of r a d i a l  

d i s t a n c e ,  t he  e l e c t r o n  d e n s i t y  i n  t h e  e q u a t o r i a l  r eg ion ,  measured 

by t h e  two techniques .  The w h i s t l e r  measurements, t aken  from 

Angerami and Carpenter  ( 1 9 6 6 )  , r e p r e s e n t  t h e  t o t a l  plasma d e n s i t y ,  

i nc lud ing  e l e c t r o n s  of a l l  energ ies .  The OGO 1 measurements 

r e p r e s e n t  t h e  d e n s i t y  of t h e  observed plasma sheet e l e c t r o n  popu- 

l a t i o n  ( t h e  p o i n t s  a t  d i s t a n c e s  less than  1 0  R e  come from pe r iods  

of bay a c t i v i t y ,  when t h e  i n n e r  boundary of t h e  plasma s h e e t  i s  

d i sp laced  ear thward) .  N e a r  4 R e  t h e  d e n s i t i e s  ob ta ined  from 

w h i s t l e r  measurements show t h e  f a m i l i a r  drop,  from s e v e r a l  hun- 

dred t o  - 1 0  ~ m - ~ ,  t h a t  c o n s t i t u t e s  t h e  plasmapause; t hen  they  

decrease gradual ly  and near  6-7 R e  j o i n  more o r  less smoothly 

onto  t h e  51 cm-3 d e n s i t i e s  measured i n  t h e  plasma s h e e t .  

c o n s i s t e n t  w i t h  .the suppos i t i on  t h a t  a very low energy (" thermal")  

e l e c t r o n  popula t ion  e i t h e r  does no t  e x i s t  w i t h i n  t h e  plasma s h e e t  

o r ,  if it does e x i s t ,  i t s  t o t a l  dens i ty  i s  a t  most comparable t o  

T h i s  i s  

t h e  d e n s i t y  of t h e  e l e c t r o n  popula t ion  t h a t  has  a l ready  been 

observed.(The argument, however, i s  n o t  conclus ive  s i n c e  it i s  

based on comparison of two sets of d a t a  taken  i n  d i f f e r e n t  y e a r s ,  

a t  d i f f e r e n t  l o c a l  t i m e s ,  and under a v a r i e t y  of geomagnetic 
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a c t i v i t y  cond i t ions . )  The obse rva t ion  mentioned ear l ier  t h a t  

w i th in  t h e  plasma s h e e t  t h e  measured e l e c t r o n  and pro ton  number 

d e n s i t i e s  are equa l  i s  a l s o  c o n s i s t e n t  wi th  t h i s  suppos i t ion .  

I n  summary, (1) l u n a r  r a d a r  observa t ions  impose an upper 

l i m i t  of some t e n s  cm-3 on t h e  t o t a l  d e n s i t y  of  very low energy 

p a r t i c l e s ,  below t h e  energy range of p r e s e n t  d e t e c t o r s ,  i n  t h e  

magneto ta i l ;  ( 2 )  comparison of w h i s t l e r  and plasma s h e e t  observa- 

t i o n s ,  as w e l l  as t h e  observed e q u a l i t y  of pro ton  and e l e c t r o n  

d e n s i t i e s  sugges t  (a l though do n o t  n e c e s s a r i l y  prove)  t h a t  

w i t h i n  t h e  plasma s h e e t  t h e  d e n s i t y  of such p a r t i c l e s  does n o t  

s i g n i f i c a n t l y  exceed t h e  d e n s i t y  a l ready  measured; ( 3 )  t h e r e  i s  

a t  p r e s e n t ,  t o  my knowledge, no obse rva t iona l  evidence t h a t  a 

d i s t i n c t  popula t ion  of such very low energy p a r t i c l e s  a c t u a l l y  

e x i s t s  w i t h i n  t h e  plasma shee t .  

I n  reg ions  of t h e  magneto ta i l  ou t s ide  of t h e  plasma s h e e t ,  

i .e .  more than  a f e w  e a r t h  r a d i i  above o r  below t h e  magnetic neu- 

t r a l  s h e e t ,  p a r t i c l e  f luxes  w e r e  u n t i l  r e c e n t l y  undetec tab le  wi th  

a v a i l a b l e  ins t ruments ,  as a l ready  mentioned i n  s e c t i o n  2. Vasyl iunas  

( 1 9 6 8 a )  cons idered  t h e  upper l i m i t s  on t h e  e l e c t r o n  popula t ion  

t h a t  could be deduced from t h e  absence of  a measurable f l u x  i n  

t h e  OGO 3 Faraday cup. H e  concluded t h a t  (1) i f  t h e  e l e c t r o n  mean 

energy w a s  E - 1 kev, t h e i r  d e n s i t y  w a s  n L 1 x 1 0  c m  ; ( 2 )  i f  

E - 50 ev ,  then  n S 5 x ~ m - ~ ;  ( 3 )  i f  one i n s i s t e d  t h a t  t h e  

dens i ty  be h igh ,  n - 1 ~ m - ~ ,  t h e  mean energy had t o  be very  low 

-2 - 3  
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( t o  p l a c e  most of t h e  e l e c t r o n  d i s t r i b u t i o n  a t  e n e r g i e s  below t h e  

range of t h e  d e t e c t o r )  , E < 1 0  ev. With curved-p la te  ana lyzers  

on V e l a  4 ,  - Bame (1968)  has  a c t u a l l y  de t ec t ed  e l e c t r o n s  o u t s i d e  of 

t h e  plasma s h e e t  and found t h a t  they  have an average energy near  

o r  under 1 0 0  e v  and a d e n s i t y  t h a t  i s  r a t h e r  c l o s e  t o  t h e  upper 

l i m i t  of  Vasyl iunas;  an example publ i shed  by B a m e  shows an elec- 

t r o n  d e n s i t y  5 4 x 

hence a mean energy of - 50  ev.  

cm-3  and an energy d e n s i t y  of  5 2 e v  ~ m - ~ ,  

4.  Re la t ion  of t h e  plasma s h e e t  t o  t h e  a u r o r a l  ova l  

That  t h e  a u r o r a l  ova l  and t h e  plasma s h e e t  are i n  some way 

connected i s  s t r o n g l y  sugges ted  by t h e  meridian p lane  configura-  

t i o n  of t h e  plasma s h e e t  ske tched  i n  F igure  3,  as a l r eady  d i s -  

cussed i n  s e c t i o n  2.  H i t h e r t o  a v a i l a b l e  obse rva t ions ,  however, 

have n o t  been adequate t o  e s t a b l i s h  t h e  na tu re  of t h e  connec t ion  

(due l a r g e l y  t o  u n c e r t a i n t i e s  i n  a t tempt ing  t o  trace f i e l d  l i n e s  

from t h e  p o s i t i o n  of t h e  observa t ions  t o  t h e  ionosphere)  and a 

number of t h e o r e t i c a l  sugges t ions  have been made t h a t  can be  

c l a s s i f i e d  i n t o  t h r e e  major groups: 

(1) Aurora occurs  on a l l  magnetic f i e l d  l i n e s  th read ing  t h e  

plasma shee t .  This  i s  e s s e n t i a l l y  t h e  concept  argued by O'Brien 

( 1 9 6 7 ) .  The equatorward edge of  t h e  a u r o r a l  o v a l  cor responds ,  

i n  t h i s  i n t e r p r e t a t i o n ,  t o  t h e  i n n e r  boundary of t h e  plasma s h e e t  

which, as d iscussed  by Vasyl iunas ( 1 9 6 8 a )  l i e s  on f i e l d  l i n e s  
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t h a t  are d e f i n i t e l y  c l o s e d  and i n  fac t  s t i l l  of a roughly dipo- 

l a r  (al though d i s t o r t e d )  shape; t h e  poleward edge of t h e  o v a l  

corresponds t o  t h e  o u t e r  boundary of t h e  plasma s h e e t  and thus  

l ies  on ( so -ca l l ed  "open") f i e l d  l i n e s  ex tending  f a r  i n t o  t h e  

magneto ta i l .  

( 2 )  Aurora occurs  on f i e l d  l i n e s  t h a t  come from t h e  immediate 

v i c i n i t y  of t h e  magnetic n e u t r a l  s h e e t  (and thus  are "open") .  Th i s  

sugges t ion  has  been made by a number of au tho r s ,  among them 

Dessler and Juday (1965) ,  Coppi e t  a l .  ( 1 9 6 6 ) ,  S p e i s e r  ( 1 9 6 7 a ,  b ) t  

Piddington ( 1 9 6 7 a ,  b ) ,  and has  o f t e n  been coupled wi th  a theory  of 

p a r t i c l e  a c c e l e r a t i o n  a t  t h e  n e u t r a l  s h e e t .  S ince  t h e  i n n e r  edge 

of t h e  plasma s h e e t ,  as j u s t  d i scussed ,  co inc ides  wi th  c losed  f i e l d  

l i n e s  t h a t  must l i e  w e l l  ear thward of t h e  magnetic n e u t r a l  s h e e t ,  

t h i s  sugges t ibn  impl i e s  t h a t  t h e  equatorward edge of t h e  a u r o r a l  

ova l  occurs  poleward of t h e  f i e l d  l i n e s  pas s ing  through t h e  i n n e r  

edge of t h e  plasma s h e e t .  

( 3 )  I t  has  r e c e n t l y  been proposed by Sch ie ld  (1968; see also 

Sch ie ld  e t  a l . ,  1 9 6 9 )  t h a t  au ro ra  occurs  _. a t  t h e  i n n e r  boundary of 

t h e  plasma s h e e t  and t h a t  t h e  a u r o r a l  ova l  corresponds t o  t h e  lay-  

er  (-1 R e  t h i c k  a t  t h e  equa to r )  w i t h i n  which t h e  change i n  t h e  

e l e c t r o n  energy spectrum a s s o c i a t e d  wi th  t h e  i n n e r  boundary occur s  

(Vasyl iunas,  1968a) .  I f  t h e  p r e c i s e  l o c a t i o n  of  t h e  i n n e r  boundary 

i s  taken  t o  be  t h e  p o i n t  a t  which t h e  e l e c t r o n  spectrum j u s t  beg ins  

t o  change from i t s  plasma s h e e t  c h a r a c t e r ,  as done c o n s i s t e n t l y  
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by Vasyl iunas ,  t hen  S c h i e l d ' s  model imp l i e s  t h a t  t h e  poleward 

edge of t h e  a u r o r a l  o v a l  c o i n c i d e s  wi th  f i e l d  l i n e s  through t h e  

i n n e r  boundary of t h e  plasma sheet. 

Recently I have obta ined  some o b s e r v a t i o n a l  evidence d i r e c t l y  

bea r ing  on t h i s  problem from e l e c t r o n  measurements on t h e  OGO 1 

sa t e l l i t e .  What fo l lows  i s  a b r i e f  d e s c r i p t i o n  of t h e  r e s u l t s ;  a 

more d e t a i l e d  account  has  been given by Vasyl iunas (196933). 

The change of t h e  OGO 1 o r b i t a l  p l ane  i n c l i n a t i o n  from 31' a t  

launch i n  September 1 9 6 4  t o  45' a yea r  l a t e r  allowed t h e  s a t e l l i t e ,  

dur ing  c e r t a i n  o r b i t s  i n  1965 which were favorably  phased r e l a t i v e  

t o  t h e  d a i l y  wobble of t h e  e a r t h ' s  d i p o l e ,  t o  approach t h e  e a r t h  

a t  r e l a t i v e l y  h igh  geomagnetic l a t i t u d e s .  A t y p i c a l  n e a r l y  equa to r -  

i a l  o r b i t  of 1 9 6 4  and a "high l a t i t u d e "  Q r b i t  of  1965 have a l r e a d y  

been ske tched  i n  F igu re  3 .  Data from s i x  such "high l a t i t u d e ' '  

o r b i t s  are a v a i l a b l e ,  and i n  each of  them t h e  narrow ''horns" of  

t h e  plasma sheet as i n d i c a t e d  i n  F igure  3 were c l e a r l y  observed. 

I n  p a r t i c u l a r ,  a t  these h igh  l a t i t u d e s  t h e  plasma sheet s t i l l  has  

a c l e a r l y  d i s c e r n i b l e  i n n e r  boundary, which w a s  c ros sed  by t h e  

s a t e l l i t e  a t  g e o c e n t r i c  d i s t a n c e s  ranging  between 2.5 and 3 R e .  

From such c l o s e  d i s t a n c e s ,  magnetic f i e l d  l i n e s  can be  t r a c e d  t o  

t h e  ea r th ' s  s u r f a c e  f a i r l y  a c c u r a t e l y  us ing  t h e  ea r th ' s  main f i e l d  

a lone  ( i n c l u s i o n  of f i e l d s  due t o  magnetopause and t a i l  c u r r e n t s  

changes t h e  ' l a t i t u d e  and long i tude  of t h e  f i e l d  l i n e  i n t e r s e c t i o n  

wi th  t h e  e a r t h  by - lo). Thus t h e  observed p o s i t i o n  of t h e  i n n e r  
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edge of t h e  plasma s h e e t  can be mapped t o  ionospher ic  h e i g h t s  

and compared wi th  d a t a  on t h e  a u r o r a l  ova l .  Simultaneous ground 

observa t ions  of t h e  au ro ra  are n o t  a v a i l a b l e ,  b u t  according t o  

F e l d s t e i n  and Starkov ( 1 9 6 8 )  t h e  a c t u a l  l o c a t i o n  of t h e  au ro ra  

a t  a p a r t i c u l a r  t i m e  i s  c l o s e l y  approximated by t h e  s t a t i s t i c a l  

a u r o r a l  b e l t  f o r  t h e  corresponding degree of geomagnetic a c t i v i t y  

( F e l d s t e i n  and Starkov,  1 9 6 7 ) .  

I n  F igure  9 t h e  observed p o s i t i o n s  of t h e  i n n e r  edge of t h e  

plasma s h e e t ,  mapped t o  t h e  ionosphere a s  descr ibed  above, a r e  

shown t o g e t h e r  with t h e  equatorward boundary of t h e  a u r o r a l  ova l  

a s  determined from r a d a r  b a c k s c a t t e r  observa t ions  (Bates ,  1 9 6 6 )  

f o r  q u i e t  geomagnetic cond i t ions .  I t  has been shown by Bates e t  a l .  

( 1 9 6 9 )  t h a t  r a d a r  and v i s u a l  ova l  aurora  a r e  c l o s e l y  a s s o c i a t e d ;  

t h e s e  p a r t i c u l a r  r a d a r  obse rva t ions  a r e  shown he re  because they 

w e r e  ob ta ined  i n  t h e  same yea r  a s  t h e  OGO 1 d a t a .  I n  F igure  1 0  

t h e  same observa t ions  of t h e  i n n e r  edge of t h e  plasma s h e e t  a r e  

compared wi th  t h e  a u r o r a l  ova l  f o r  q u i e t  geomagnetic cond i t ions  

as given by F e l d s t e i n  and Starkov ( 1 9 6 7 ) ;  a l s o  included i n  F igure  

1 0  a r e  t h e  p o s i t i o n s  of t h e  i n n e r  edge observed by OGO 1 i n  t h e  

e q u a t o r i a l  p lane  and mapped t o  t h e  ionosphere using t h e  f i e l d  l i n e  

mapping determined by F a i r f i e l d  ( 1 9 6 8 ) .  A s  can be seen i n  both  

f i g u r e s ,  t h e  i n n e r  edge of t h e  plasma s h e e t  l i e s  on o r  c l o s e  t o  

t h e  equatorward boundary of t h e  a u r o r a l  ova l  and ( i n  F igure  1 0 )  

i s  w e l l  removed from i t s  poleward boundary. The s a m e  r e s u l t  i s  



-24- 

even m O r e  apparent  i n  F igure  11, which shows observa t ions  dur ing  

r i o d s  of magnetic bay a c t i v i t y .  The ear thward displacement  of  

t h e  i n n e r  edge of t h e  plasma sheet dur ing  magnetic bays t o  d i s -  

t ances  5 6 R e ,  observed i n  t h e  e q u a t o r i a l  p lane  (Vasyl iunas,  1968a) ,  

here i s  seen t o  correspond p r e c i s e l y  t o  t h e  well-known equator-  

ward expansion of t h e  a u r o r a l  ova l  dur ing  magnet ica l ly  d i s t u r b e d  

per iods .  

The observa t ions  thus  s t r o n g l y  sugges t  t h a t  t h e  i n n e r  edge of 

t h e  plasma sheet and t h e  equatorward boundary of  t h e  a u r o r a l  o v a l  

co inc ide .  T h i s  suppor ts  sugges t ion  (1) of  t h e  t h r e e  t h e o r e t i c a l  

sugges t ions  desc r ibed  ear l ie r  and i s  i n  d e f i n i t e  disagreement w i t h  

( 2 )  and e s p e c i a l l y  w i t h  ( 3 ) .  The p o s i t i o n  of the  poleward bound- 

a ry  of t h e  ova l  i n  r e l a t i o n  t o  t h e  plasma sheet i s  n o t  s o  c lear  

( t h e  OGO 1 observa t ions  of t h e  o u t e r  boundary of t h e  plasma s h e e t  

occur  a t  l a r g e r  r ad ia l  d i s t a n c e s  where r e l i a b l e  mapping does n o t  

appear t o  be p o s s i b l e ) .  T h e  observa t ion  by McDiarmid and Burrows 

( 1 9 6 8 )  t h a t  t he  poleward boundary of t h e  a u r o r a l  o v a l  marks t h e  

l i m i t  of observable  high energy (E>4O kev) e l e c t r o n  f l u x e s ,  to -  

g e t h e r  w i t h  the  fac t  t h a t  h igh  energy e l e c t r o n  f l u x e s  observed 

w i t h i n  t h e  magneto ta i l  are conf ined  t o  a reg ion  (Murayama, 1 9 6 6 ;  

Anderson and N e s s ,  1 9 6 6 ;  Montgomery, 1 9 6 8 )  t h a t  appears  t o  coin-  

cide wi th  t h e  plasma s h e e t ,  may be taken  as (admi t ted ly  inconclu-  

s i v e )  evidence t h a t  t h e  poleward boundary of t h e  a u r o r a l  o v a l  and 

t h e  o u t e r  boundary of t h e  plasma s h e e t  a l s o  co inc ide .  T h e  g e n e r a l  
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conf igu ra t ion  of plasma and magnetic f i e l d s  on t h e  n i g h t  s i d e  

suggested by a l l  t h e s e  obse rva t ions  i s  ske tched  i n  F igure  1 2 :  

t h e  a u r o r a l  ova l  i s  simply t h e  plasma s h e e t  mapped down t o  t h e  

ionosphere.  (The connect ion between t h e  poleward boundaries  of  t h e  

ova l  and t h e  plasma s h e e t ,  however, i s  f a r  from be ing  w e l l  e s t ab -  

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

t i o n  zone r e c e n t l y  observed a t  low a l t i t u d e s  by Burch [ 1 9 6 8 ]  and 

Hoffman [ 1 9 6 9 ]  i s  no t  c l e a r . )  

I t  i s  now of i n t e r e s t  t o  compare t h e  e l e c t r o n  energy f luxes  

observed w i t h i n  t h e  plasma s h e e t  w i th  t h e  energy f luxes  p r e c i p i t a t e d  

i n t o  t h e  a u r o r a l  ova l .  F igure  1 3  shows i n d i v i d u a l  va lues  of t h e  

omnidi rec t iona l  e l e c t r o n  energy f l u x  measured by OGO 1 wi th in  t h e  

plasma s h e e t  (from t h e  s a m e  set  of d a t a  as F igures  4 and 51, as a 

func t ion  of  t h e  Kp index.  Also shown i s  t h e  average p r e c i p i t a t e d  

e l e c t r o n  energy f l u x  i n t o  t h e  n i g h t  side a u r o r a l  ova l ,  ob ta ined  

from r e s u l t s  publ i shed  by Sharp and Johnson ( 1 9 6 8 ) ;  t h i s  i s  t h e  

t o t a l  p r e c i p i t a t e d  energy f l u x  averaged over  t h e  l a t i t u d i n a l  wid th  

of t h e  o v a l  and has  been m u l t i p l i e d  by 4 t o  make it d i r e c t l y  com- 

pa rab le  wi th  t h e  e q u a t o r i a l  omnidi rec t iona l  f l u x  (it i s  r e a d i l y  

shown t h a t ,  i f  t h e  p a r t i c l e  d i s t r i b u t i o n  i n  t h e  e q u a t o r i a l  r eg ion  

i s  i s o t r o p i c  over  a l l  d i r e c t i o n s  inc lud ing  t h e  loss  cone,  then  t h e  

t o t a l  p r e c i p i t a t e d  f l u x  observed a t  t h e  ionosphere i s  one q u a r t e r  

of t h e  omnidi rec t iona l  f l u x  observed nea r  t h e  e q u a t o r ) .  Except 

poss ib ly  a t  very low Kp va lues ,  t h e  e q u a t o r i a l  and t h e  p r e c i p i t a t e d  
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energy f l u x e s  are of the same o r d e r  of magnitude; averaging  a l l  

t h e  measurements g ives  a p r e c i p i t a t e d  f l u x  ( t i m e s  4 )  of 5 + - 1 e r g s  

c m  

sec . T h i s  means t h a t  i f  t h e  p r e c i p i t a t e d  p a r t i c l e s  come from 

t h e  plasma sheet, t h e  energy f l u x  p e r  s t e r a d i a n  w i t h i n  t h e  loss 

cone i s  of t h e  s a m e  o rde r  of magnitude as t h e  energy f l u x  p e r  

s t e r a d i a n  averaged over  a l l  d i r e c t i o n s .  T h i s  r e s u l t  i s  i n  agree-  

ment w i t h  t h e  hypothes is  of Kennel ( 1 9 6 9 )  and Vasyl iunas ( 1 9 6 9 c ) ,  

t h a t  s t r o n g  p i t c h  angle  d i f f u s i o n  main ta ins  t h e  plasma s h e e t  elec- 

t r o n  d i s t r i b u t i o n  approximately i s o t r o p i c  over  t h e  loss  cone, and 

f u r t h e r  i n d i c a t e s  t h a t  t h e  e l e c t r o n  p r e c i p i t a t i o n  impl ied  by t h i s  

hypothes is  i s  j u s t  adequate  t o  supply t h e  average energy f l u x  ob- 

se rved  i n  the  a u r o r a l  ova l .  (It should be  emphasized t h a t  w e  are 

here d i scuss ing  only  va lues  averaged over  t h e  width of  t h e  a u r o r a l  

ova l ;  the  p r e s e n t  r e s u l t s  shed no l i g h t  on t h e  o r i g i n  of t h e  in-  

d i v i d u a l  a u r o r a l  forms.)  Independent ly  of t h e o r e t i c a l  s p e c u l a t i o n ,  

t h e  observa t ions  i n d i c a t e  t h a t  t h e  source  of a u r o r a l  p a r t i c l e s ,  

-2  sec-l and a f l u x  w i t h i n  t h e  plasma sheet of 4 5 2 e r g s  cme2 
-1 

whatever it may be ,  main ta ins  an average energy i n p u t  t o  the  iono- 

sphere  of t h e  s a m e  o rde r  of magnitude as t h e  maximum energy f l u x  

t h a t  can be drawn o u t  of the plasma sheet e l e c t r o n  popu la t ion  by 

p i t c h  angle  s c a t t e r i n g  processes .  

The p r e s e n t  r e s u l t s  are c o n s i s t e n t  w i t h  t h e  obse rva t ion  by 

Chase (1969) t h a t  t h e  e l e c t r o n  energy spectrum i n  post-breakup 

aurora  c l o s e l y  resembles ,  i n  bo th  shape and i n t e n s i t y ,  t h e  spec- 
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trum w i t h i n  t h e  plasma s h e e t .  

5. Summary 

I n t e n s e  f luxes  of low energy p a r t i c l e s  e x i s t  w i t h i n  t h e  geo- 

magnetic t a i l .  They are conf ined  t o  t h e  e q u a t o r i a l  reg ion  of t h e  

t a i l  and form a plasma s h e e t  s e v e r a l  e a r t h  r a d i i  t h i c k  and centered  

about  t h e  magnetic n e u t r a l  s h e e t .  The mean energy of e l e c t r o n s  

wi th in  t h e  plasma s h e e t  t y p i c a l l y  ranges from a few hundred e v  t o  

a few kev; t h e  mean energy of  pro tons  i s  apprec iab ly  h igher .  The 

e l e c t r o n  and pro ton  number d e n s i t i e s  are equal .  Typica l  va lues  of 

t h e  number d e n s i t y  rangicg  from 0 . 1  t o  1 cm-3 have been repor ted ;  

t h e  lowes t  va lues  occur  near  midnight.  The plasma energy d e n s i t y  

i s  comparable t o  t h e  magnetic f i e l d  energy d e n s i t y ;  c o r r e l a t e d  

plasma and magnetic f i e l d  v a r i a t i o n s  have been observed i n  which 

t h e  sum of plasma and magnetic f i e l d  p re s su res  remains cons t an t .  

Large c o r r e l a t e d  changes i n  e l e c t r o n  d e n s i t y  and energy,  which 

main ta in  t h e  energy d e n s i t y  cons t an t ,  have a l s o  been observed. 

There i s  no d i r e c t  evidence f o r  a very low energy (" thermal"  o r  

"background") p a r t i c l e  popula t ion  w i t h i n  t h e  plasma s h e e t ;  i f  such 

a popula t ion  e x i s t s  a t  a l l ,  i t s  e l e c t r o n  d e n s i t y  must be  less than  

some t e n s  of p a r t i c l e s  ~ m - ~ ,  and t h e r e  are i n d i r e c t  arguments t h a t  

t h e  d e n s i t y  i s  less than  - 1 ~ m - ~ .  

I n  t h e  h igh  l a t i t u d e  reg ions  of t h e  magneto ta i l ,  above and 
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below the  plasma sheet, t h e  observed e l e c t r o n  d e n s i t y  i s  5 4 x 

cm-3 and t h e  e l e c t r o n  mean energy i s  5 1 0 0  ev;  t hus  t h e  energy 

dens i ty  i s  very low i n  comparison wi th  t h a t  w i t h i n  t h e  plasma s h e e t .  

Low energy pro ton  f l u x e s  ex tend  from t h e  magneto ta i l  e a r t h -  

ward t o  w e l l  w i t h i n  t h e  o u t e r  r a d i a t i o n  b e l t ,  where dur ing  magnetic 

storms they  become very i n t e n s e  and form t h e  r i n g  c u r r e n t  respons i -  

b l e  f o r  t h e  s torm main phase.  Low energy e l e c t r o n  f l u x e s  extend 

from t h e  magneto ta i l  a long  t h e  f l a n k s  of the  magnetosphere and 

merge w i t h  t h e  complicated (and as y e t  only p a r t l y  explored)  low 

energy e l e c t r o n  s t r u c t u r e s  on t h e  day s i d e  of t h e  magnetosphere. 

I n  t h e  evening s e c t o r ,  however, these i n t e n s e  e l e c t r o n  f luxes  do 

n o t  extend f a r  i n t o  t h e  r a d i a t i o n  be l t s  b u t  te rmina te  a t  t h e  so- 

c a l l e d  i n n e r  boundary of t h e  plasma sheet, which l i e s  a t  an equa- 

t o r i a l  d i s t a n c e  of 1 0  R e  dur ing  magnet ica l ly  q u i e t  pe r iods  and 

moves inward t o  d i s t a n c e s  - 6 R e  dur ing  magnetic bays. A t  t h i s  

i n n e r  boundary t h e  e l e c t r o n  d e n s i t y  appears  no t  t o  change b u t  t h e  

e l e c t r o n  mean energy decreases very r a p i d l y  w i t h  decreas ing  d i s t a n c e .  

The i n n e r  boundary of t h e  plasma sheet has now been traced 

i n  l a t i t u d e  t o  - 5 5 O  (geocen t r i c  d i s t a n c e  of - 2.5-3 R e )  and shown 

t o  co inc ide  w i t h  magnetic f i e l d  l i n e s  through t h e  equatorward 

boundary of t h e  a u r o r a l  ova l .  I t  has been sugges ted  t h a t  t h e  e n t i r e  

a u r o r a l  ova l  i s  simply the plasma sheet mapped down t o  t h e  iono- 

sphere ,  b u t  f u r t h e r  s tudy  of the  poleward boundaries  e s p e c i a l l y  i s  

needed. The average p r e c i p i t a t e d  energy f l u x  i n t o  the  a u r o r a l  o v a l  
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appears  t o  be of t h e  s a m e  o r d e r  of magnitude as t h e  e l e c t r o n  

f l u x  w i t h i n  t h e  plasma s h e e t .  
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Figure  c a p t i o n s  

Figure 1. - S o l i d  l i n e :  Sketch of a t y p i c a l  e l e c t r o n  

energy spectrum ( d i f f e r e n t i a l  f l u x  pe r  

u n i t  energy) observed i n  t h e  o u t e r  magneto- 

sphere  and t h e  magneto ta i l .  Dashed l i n e :  

Spectrum of a h y p o t h e t i c a l  unobserved " thermal"  

e l e c t r o n  popula t ion  (he re  drawn wi th  a t o t a l  

d e n s i t y  1 0  t i m e s  t h a t  of t h e  observed low 

energy e l e c t r o n  p o p u l a t i o n ) .  

Figure 2 .  - The average low energy e l e c t r o n  d i s t r i b u t i o n  

i n  t h e  e q u a t o r i a l  r eg ion  of t h e  magnetosphere, 

viewed from t h e  n o r t h  pole .  The d e n s i t y  of 

d o t s  i n d i c a t e s  q u a l i t a t i v e l y  t h e  f l u x  of elec- 

t r o n s  w i t h  e n e r g i e s  from 1 0 0  ev  t o  s e v e r a l  kev. 

The shaded reg ion  i n  t h e  predawn s e c t o r  has  

n o t  y e t  been s t u d i e d  i n  d e t a i l ;  it i s ,  however, 

known t h a t  s t r o n g  e l e c t r o n  f l u x e s  are p r e s e n t  

w i t h i n  it. 

Figure 3 .  - The average low energy e l e c t r o n  d i s t r i b u t i o n  i n  

a meridian p lane  on the  n i g h t  side of t h e  

magnetosphere. The sun i s  t o  t h e  l e f t ,  t h e  

magneto ta i l  t o  t h e  r i g h t .  The s a t e l l i t e  o r b i t s  

are shown r o t a t e d  i n t o  a common meridian p l ane ,  
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wi thout  regard  t o  l o c a l  t i m e  ( t h e  Vela obser-  

v a t i o n s  cover  a l l  local t i m e s ,  t h e  OGO-1, OGO-3, 

and Mars 1 obse rva t ions  a r e  most ly  between dusk 

and midnight ,  and t h e  E lec t ron  2 obse rva t ions  

a r e  near  midnight  and near  dawn). 

Figure 4 .  - Frequency of occurrence of var ious  e l e c t r o n  

parameters  w i t h i n  t h e  plasma s h e e t  a t  l o c a l  

t i m e s  from dusk t o  midnight  from obse rva t ions  

wi th  OGO-1 ( p l u s  a few obse rva t ions  wi th  Ve la ) .  

The his tograms are cons t ruc t ed  a t  i n t e r v a l s  of 

1 / 2  decade i n  ( a ) ,  ( b ) ,  and ( c ) ,  a t  1 / 4  decade 

i n  (d)  and ( e ) .  The V e l a  , .  observa t ions  w e r e  

taken from sample va lues  publ ished by Bame e t  

- a l .  (1967)  and may n o t  be r e p r e s e n t a t i v e  of 

t h e  e n t i r e  se t  of Vela observa t ions .  

-- 

Figure 5. - P l o t  of e l e c t r o n  mean energy vs .  d e n s i t y ,  for 

t h e  same set  of d a t a  as Figure 4. P o i n t s  en- 

c losed  i n  circles r e f e r  t o  measurements dur ing  

t h e  October 3, 1 9 6 4 ,  magnetic storm; those  

enclosed i n  squares  r e f e r  t o  t h e  November 1 5 ,  

1 9 6 4 ,  storm. 

Figure 6 .  - Magnetic f i e l d  p re s su re  ( s o l i d  l i n e )  and t o t a l  

p r e s s u r e  (da t a  p o i n t s )  , assuming equal  pro ton  

and e l e c t r o n  p r e s s u r e s ,  measured dur ing  t h e  
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magnetosphere passage of Pioneer  7. The 

s p a c e c r a f t  c rossed  t h e  magneto ta i l  a t  a 

n e a r l y  c o n s t a n t  l o c a l  t i m e  of -2  hours:  i t s  

d i s t a n c e  was 11 R e  a t  t h e  beginning of t h e  

f i g u r e  ( t h e  high f i e l d  va lues  r e f l e c t  t h e  

proximity t o  t h e  e a r t h )  and 32 R e  a t  1 0  hours  

on August 18 .  (Af t e r  Lazarus - e t  -, a l . ,  1968.) 

F igure  7. - Typica l  v a r i a t i o n  of e l e c t r o n  p r o p e r t i e s  ac ross  

t h e  i n n e r  boundary of t h e  plasma s h e e t .  

t h e  energy corresponding t o  t h e  most probable  

speed and i n  t h e  p r e s e n t  ca se  i s  approximately 

1 / 2  of t h e  e l e c t r o n  mean energy; N is  t h e  

e l e c t r o n  number d e n s i t y  and u t h e  energy d e n s i t y .  

The l o c a l  t i m e  is approximately 1 9  hours.  

Eo i s  

Figure 8. - Equa to r i a l  e l e c t r o n  d e n s i t y  measured by t h e  

w h i s t l e r  technique ( taken  from Figures  4 and 

8 of Angerami and Carpenter ,  1 9 6 6 )  and e l e c t r o n  

d e n s i t y  w i t h i n  t h e  plasma s h e e t  measured wi th  

a Faraday cup on OGO-1 (excluding measurements 

du r ing  magnetic s to rms) .  

Figure 9.  - Observed p o s i t i o n s  of t h e  inner  edge of t h e  

plasma s h e e t ,  mapped t o  t h e  ionosphere,  and 

t h e  average equatorward boundary of r a d a r  

au ro ra  as given by B a t e s  ( 1 9 6 6 ) .  
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Figure 10 .  - Observed p o s i t i o n s  of t h e  i n n e r  edge of 

t h e  plasma s h e e t ,  mapped t o  t h e  ionosphere,  

and t h e  a u r o r a l  ova l  as given i n  F igure  5 

of F e l d s t e i n  - and Starkov (1964)  f o r  d i f f e r e n t  

va lues  of t h e  geomagnetic a c t i v i t y  index Q. 

The obse rva t ion  a t  Kp=Oo was preceded by a n  

i n t e r v a l  of 1 2  hours  w i t h  K n o t  exceeding 

0 + ,  and 4 2  hours  w i t h  K n o t  exceeding lo .  
P 

P 

Figure 11. - Same a s  Figure 1 0  b u t  dur ing  d i s t u r b e d  

geomagnetic cond i t ions .  

Figure 1 2 .  - Conf igura t ion  of t h e  magnetic f i e l d  l i n e s  

and the  plasma i n  a meridian p lane  on t h e  

n i g h t  s i d e  of t h e  magnetosphere. The 45' 

hatch ing  i n d i c a t e s  t3e plasma sheet,  which 

corresponds t o  t h e  a u r o r a l  ova l  according 

t o  t h e o r e t i c a l  suggest ion (1) and t h e  p r e s e n t  

obse rva t ions ;  t h e  h o r i z o n t a l  hatching ind i -  

c a t e s  t h e  "boundary l a y e r "  a t  t h e  i n n e r  edge 

of t h e  plasma sheet w i t h i n  which t h e  change 

of e l e c t r o n  p r o p e r t i e s  occur s ,  which would be 

a s s o c i a t e d  w i t h  t h e  a u r o r a l  ova l  according t o  

sugges t ion  ( 3 ) .  

Figure 13. - The omnidi rec t iona l  e l e c t r o n  energy f l u x  

w i t h i n  t h e  plasma sheet and t h e  p r e c i p i t a t e d  
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f l u x  i n t o  t h e  a u r o r a l  ova l .  The l a t t e r  w a s  

ob ta ined  from Table  2 a  of Sharp - and Johnson 

(1968), d i v i d i n g  t h e i r  parameter  PRECP 

(which r e p r e s e n t s  t h e  energy f l u x  i n t e g r a t e d  

over  t h e  l a t i t u d i n a l  width of t h e  o v a l )  by 

t h e  average width of t h e  o v a l  near  midnight  

f o r  t h e  a p p r o p r i a t e  va lue  of K as given by 

F e l d s t e i n  and Starkov ( 1 9 6 7 ) .  
P’ 
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