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SUMMARY 

The information a v a i l a b l e  on t h e  hot  plasma composition a t  and near  t h e  
geos t a t iona ry  s a t e l l i t e  o r b i t  has  increased  d rama t i ca l ly  dur ing  t h e  p a s t  four  
years .  A t  ene rg i e s  below 32 keV, ions  of t e r r e s t r i a l  o r i g i n  (0+ and ~ e + )  a r e  
f r equen t ly  observed t o  be s i g n i f i c a n t  c o n t r i b u t o r s  t o  t h e  ho t  plasma d e n s i t y  
and energy dens i ty ,  and dur ing  geomagnetically d i s tu rbed  pe r iods ,  0+ i o n s  a r e  
f r equen t ly  t he  dominant i ons .  During geomagnetically q u i e t  per iods  Hf ions  
a r e  t y p i c a l l y  the dominant ho t  plasma ions .  Evidence f o r  a s o l a r  cyc l e  depen- 
dence t o  t h e  0+ ho t  plasma d e n s i t i e s  a t  t h e  geos t a t iona ry  o r b i t  has  been found. 
Our understanding of t he  d e t a i l s  of t he  phys i ca l  processes  involved i n  t h e  
e n t r y ,  a c c e l e r a t i o n ,  t r a n s p o r t ,  and l o s s  of t h e  plasma ions ,  and thus  our 
a b i l i t y  t o  model them, is  s t i l l  q u i t e  l imi t ed .  

INTRODUCTION 

A s  r ecen t ly  as t h e  1st Spacecraf t  Charging Technology Conference i n  1977, 
q u a n t i t a t i v e  measurements on t h e  ion  composition of t h e  ho t  (0.1-30 keV) plasmas 
near  t h e  geos ta t ionary  s a t e l l i t e  a l t i t u d e  had n o t  y e t  been performed ( r e f .  1 ) .  
The plasma composition i n  t h i s  reg ion  of t h e  magnetosphere was i n f e r r e d  primar- 
i l y  from composition information obtained on similar magnetic L-shel ls  bu t  a t  
much lower a l t i t u d e s .  Such observa t ions  led  t o  t h e  conclusion t h a t ,  a t  l e a s t  
dur ing  geomagnetically d i s tu rbed  pe r iods ,  t h e r e  were s i g n i f i c a n t  f l u x e s  of O+ 
i ons  a s  w e l l  a s  protons i n  the  hot  plasmas nea r  t h e  geos t a t iona ry  s a t e l l i t e  
a l t i t u d e  and tha t  the  ionosphere was t h e  o r i g i n  of t h e  0+ ions  a s  w e l l  a s  some 
of t he  protons ( r e f .  1 ) .  

P r i o r  t o  the work of Shel ley  e t  a l .  ( r e f .  2) i n  1972, i t  was gene ra l ly  
be l ieved  t h a t  the e n e r g e t i c  i on  popula t ion  i n  t h e  magnetosphere was always 
dominated by protons (Hf) and t h a t  t h e  source of t h e s e  ions  was t h e  s o l a r  wind 
( r e f .  3 and 4 ) .  This  viewpoint w a s  s p e c i f i c a l l y  r e f l e c t e d  . i n  t h e  summary of t h e  
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1965 Conference on Radiation Trapped in the Earth's Magnetic Field (ref. 3) 
which stated: "The solar wind is the source of all electrons and protons of 
energy less than 100 MeV by some diffusion and acceleration processes which 
are currently not understood." This is in contrast to recent observations, 
discussed herein, which show that near the geostationary satellite orbit the 
ionospheric component (o+) often dominates the hot plasma density, as well as 
the energy density, for particle energies up to 32 keV during geomagnetic storms. 
However, many of the important acceleration and transport processes are still 
not understood, and the relative contributions of the solar wind and the iono- 
sphere to the hot plasmas and to the more energetic particle populations under 
the wide variety of geophysical conditions remain to be determined. 

Satellite measurements on the mass composition of the hot plasmas did 
not begin until 11 years after the discovery of the radiation belts. The reason 
for this delay seems to have been twofold. First, there was no strong theoret- 
ical or experimental basis for expecting hot plasma ions with masses greater 
than hydrogen to play a significant role in the energetics of the magneto- 
spheric processes. Second, the spacecraft resources of payload weight, power, 
and telemetry bandwidth were quite limited on early spacecraft and this tended 
to limit the selection of the more complex instrumentation, such as ion mass 
spectrometers, for the payloads. The number of satellites which have included 
hot plasma mass spectrometers for magnetospheric measurements are still quite 
limited and are shown in figure 1. The first three satellites provided compo- 
sition data only at low (<800km) and intermediate (:8000km) altitudes. In situ 
observations which extended to high altitudes near the equatorial plane began 
with the GEOS-1 spacecraft in 1977 (ref. 5), and the first hot plasma compos- 
ition measurements on a geostationary satellite were obtained with GEOS-2 in 
1978 (ref. 6 and 7). 

A knowledge of the plasma ion composition as a function of energy and 
pitch angle is important to spacecraft charging investigations in several ways. 
The number density of the plasma near a spacecraft during a spacecraft charging 
event is frequently determined from measurements of the ion fluxes with energies 
above the spacecraft potential. To correctly calculate the density from ion 
flux measurements, the composition of the ion fluxes must be known. Also, 
secondary electron production by plasma ions incident on spacecraft surfaces is 
typically strongly dependent on the ion mass at a particular energy and angle 
of incidence. And finally, in a more general way, a more complete understanding 
of the plasma composition in the magnetosphere under a variety of geophysical 
conditions is required before a predictive capability for the hot plasma envi- 
ronment in the magnetosphere can be achieved. 

This review emphasizes primarily the information available on the compo- 
sition of the hot plasmas at and near the geostationary satellite altitude. 
Some discussion of observations at lower and higher altitudes is presented 
for continuity and for general perspective on the large scale spatial distri- 
butions and dynamic characteristics of the hot plasmas. For more general 
reviews of the origin, entry, acceleration, transport, and loss of the hot 
plasma and energetic ions in the magnetosphere, the reader is referred to recent 
review papers by Shelley (ref. 8),  Young (ref. 6), Johnson (ref. 9) , Spjeldvik 
(ref. 10) and Cornwall and Schulz (ref. 11). 



OBSERVATIONS AT LOW (< 800km) ALTITUDES 

Plasma composition observa t ions  a t  low a l t i t u d e s  have made important 
c o n t r i b u t i o n s  to  our understanding of t h e  h o t  plasmas i n  t h e  o u t e r  reg ions  
of t he  magnetosphere, b u t  gene ra l ly  i n  a  q u a l i t a t i v e  way. They have shown 
t h a t  t h e  ionosphere i s  an important source of h o t  magnetospheric plasmas, 
t h a t  t h e  ionospheric  component is  widely d i s t r i b u t e d  i n  l o c a l  t ime and i n  
a l t i t u d e  i n  the  o u t e r  magnetosphere, t h a t  an  a c c e l e r a t i o n  process  i s  ope ra t ing  
i n s i d e  t h e  magnetosphere t o  produce keV ions  from t h e  thermal  popula t ion ,  
and t h a t  t h e  processes  a r e  h ighly  dynamic and c o r r e l a t e d  w i t h  geomagnetic 
a c t i v i t y .  

It was discovered by Shel ley  e t  a l .  ( r e f .  2) i n  1972 t h a t  l a r g e  f l u x e s  
of e n e r g e t i c  O+ i ons  were p r e c i p i t a t i n g  from t h e  magnetosphere dur ing  geo- 
magnetic storms. The observa t ions  were made w i t h  an  ion  mass spectrometer  
aboard the  polar  o r b i t i n g  s a t e l l i t e  1971-089A a t  800 km a l t i t u d e  and provided 
the  f i r s t  d i r e c t  evidence t h a t  t h e  ionosphere was an  important  c o n t r i b u t o r  
t o  t he  ho t  magnetospheric plasmas. During geomagnetic s torms,  i t  was found 
t h a t  w i t h i n  the  instrument  energy range of 0 .7  t o  12 keV t h e  p r e c i p i t a t i n g  
O+ f l u x e s  were comparable t o  and sometimes exceeded t h e  H+ f luxes .  An example 
of t h i s  i s  seen i n  f i g u r e  2 f o r  d a t a  acqui red  on the  p r e c i p i t a t i n g  energy 
f luxes  dur ing  the 17-18 December 1971 storms. The observed f l u x e s  were widely 
d i s t r i b u t e d  i n  geomagnetic l a t i t u d e  (and thus  L-values) , and t h e  h igh  0' f l u x e s  
a t  L-values corresponding t o  t h e  geos t a t iona ry  s a t e l l i t e  a l t i t u d e  (L-6.6) 
l e d  t o  t h e  e a r l i e r  p r e d i c t i o n  ( r e f .  1) t h a t  s i g n i f i c a n t  f l u x e s  of ionospher ic  
ions  would be found i n  t h e  ho t  plasmas near  geos t a t iona ry  a l t i t u d e  a t  l e a s t  
during geomagnetically d i s tu rbed  per iods .  However, q u a n t i t a t i v e  informat ion  
on the  ion  f luxes  i n  t he  e q u a t o r i a l  r eg ions  of t h e  magnetosphere cannot be  
obtained from measurements a t  low a l t i t u d e s  because they  sample only a s m a l l  
f r a c t i o n  of t h e  e q u a t o r i a l  p i t c h  angles .  

The p r e c i p i t a t i n g  O+ f l uxes  observed a t  low a l t i t u d e s  were found t o  
be c o r r e l a t e d  with substorms a c t i v i t y  ( r e f .  12 ) ,  bu t  dur ing  magnet ica l ly  q u i e t  
per iods ,  t h e  p r e c i p i t a t i n g  f luxes  were most o f t e n  below t h e  s e n s i t i v i t y  l e v e l  
of t h e  instrument (about 2  x 105(cm2 s e c  s t e r ) ' l ) .  

Although the e a r l y  low a l t i t u d e  composition measurements i nd ica t ed  a n  
important r o l e  fo r  t he  ionospher ic  i ons  i n  t h e  h o t  magnetospheric plasmas, 
they provided l i t t l e  d e t a i l e d  information on t h e  l o c a t i o n  of t h e  ionospher ic  
source reg ion  or on t h e  phys i ca l  processes  r e spons ib l e  f o r  t h e  a c c e l e r a t i o n ,  
t r a n s p o r t ,  and l o s s  of t he  ionospheric  ions .  The need f o r  composition measure- 
ments a t  h igh  a l t i t u d e s  i n  t h e  e q u a t o r i a l  r eg ions  and a t  h igh  l a t i t u d e s  was 
c l e a r l y  ind ica ted .  

OBSERVATIONS AT INTERMEDIATE (<8000km) ALTITUDES 

Observations a t  in te rmedia te  a l t i t u d e s  have provided t h e  p r i n c i p a l  b a s i s  
f o r  understanding t h e  ionospher ic  source l o c a t i o n  and t h e  c h a r a c t e r i s t i c s  
of t he  ionospheric  i o n s  t h a t  a r e  i n j e c t e d  i n t o  t h e  o u t e r  magnetosphere a t  h igh  



geomagnetic l a t i t u d e s  ( r e f .  13, 14, 15, and 16) .  This  high l a t i t u d e  reg ion  
appears  t o  be  t h e  p r i n c i p a l  source of ionospher ic  i ons  i n  t h e  ho t  plasmas near 
t he  geos t a t iona ry  s a t e l l i t e  a l t i t u d e .  However, s i g n i f i c a n t  c o n t r i b u t i o n s  
t o  t h e  ion  number d e n s i t y  and energy d e n s i t y  from o the r  ionospher ic  r eg ions ,  
such as the  h igh  a l t i t u d e  plasmasphere, must s t i l l  remain under cons ide ra t ion  
( r e f .  17) .  

Hot plasma composition observa t ions  a t  h igh  l a t i t u d e s  were made a t  a l t i -  
tudes  up t o  8000km wi th  an  ion  mass spectrometer  aboard t h e  p o l a r  o r b i t i n g  
S3-3 s p a c e c r a f t .  Large f l u x e s  of 0+ and H+ i ons  and weaker f l u x e s  of ~ e +  
i o n s  were observed flowing upward from t h e  ionosphere w i t h  e n e r g i e s  i n  t h e  
0.5 t o  16 keV range of t h e  instrument ( r e f .  13, 14, and 15) .  The upward flowing 
i o n s  were a l s o  observed without  mass d i sc r imina t ion  on t h e  same s p a c e c r a f t  
w i t h  an e l e c t r o s t a t i c  ana lyzer  i n  t he  energy range 0.09 t o  3.9 keV ( r e f .  18).  
The upstreaming ion  f luxes  a r e  most f r equen t ly  observed i n  t h e  4000 t o  8000km 
a l t i t u d e  range w i t h  average ene rg i e s  of a few keV and peak f l u x e s  f r equen t ly  
a s  h igh  a s  108(cm2 s e c  s t e r  k e ~ ) ' ~ .  From measurements of p i t c h  ang le  d i s t r i -  
bu t ions ,  evidence f o r  bo th  f i e l d  a l igned  i o n  a c c e l e r a t i o n  and a c c e l e r a t i o n  
perpendicular  t o  t h e  magnetic f i e l d  is found. The s p a t i a l ,  energy,  and angular  
d i s t r i b u t i o n s  and t h e  composition of t h e  upstreaming i o n s  a r e  h igh ly  va r i ab l e .  

Ghie lmet t i  e t  a l .  ( r e f .  15) and Gorney e t  a l .  ( r e f .  16) have conducted 
s t a t i s t i c a l  s t u d i e s  of t h e  l a t i t u d i n a l  and l o c a l  time d i s t r i b u t i o n s  of t h e  
upward flowing ions.  The r e s u l t s  of Ghie lmet t i  e t  a l .  on the  occurence 
frequency of observa t ion  of t hese  ions  i s  shown p ro j ec t ed  i n t o  t h e  e q u a t o r i a l  
p lane  i n  f i g u r e  3 ( r e f .  19) .  It can be seen t h a t  t h e  ionospher ic  source reg ion  
is  wide ly  d i s t r i b u t e d  and t h a t  spacec ra f t  near  t h e  geos t a t iona ry  a l t i t u d e  
w i l l  f r equen t ly  be  on magnetic f i e l d  l i n e s  which connect d i r e c t l y  t o  t h i s  
source reg ion .  Thus, near  t he  geos ta t ionary  s a t e l l i t e  a l t i t u d e ,  h i g h l y  aniso-  
t r o p i c  i o n  f l u x e s  wi th  the  i n t e n s i t i e s  peaked n e a r  o r  a long  t h e  magnetic f i e l d  
d i r e c t i o n  would be an expected consequence of t h e  lower a l t i t u d e  ionospher ic  
source. Such a n i s o t r o p i c  ion  f l u x e s  were observed i n i t i a l l y  wi thout  m a s s  
d i s c r imina t ion  on t h e  ATS-6 s a t e l l i t e  ( r e f .  20) and more r e c e n t l y  w i t h  mass 
d i sc r imina t ion  on t h e  GEOS-1 ( r e f .  5 ) ,  GEOS-2 ( r e f .  6 ) ,  and SCATHA ( r e f .  21) 
s a t e l l j  t e s .  

With t h e  S3-3 s a t e l l i t e  d a t a ,  the composition of t h e  t rapped  component 
of t h e  i n n e r  r i n g  c u r r e n t  dur ing  th ree  geomagnetic storms was i n v e s t i g a t e d  
by Johnson e t  a l .  ( r e f .  22). Although these  measurements were n o t  made at  
e q u a t o r i a l  l a t i t u d e s ,  they  were made a t  s u f f i c i e n t l y  h igh  a l t i t u d e s  (5000- 
8000km) t o  sample e q u a t o r i a l  p i t c h  angles  i n  t h e  range of 20' t o  50'. Figure 
4 shows examples of t h e  mass and energy spectrums f o r  time pe r iods  near  t h e  
main phase peak of each storm. For these t ime pe r iods ,  t h e  0+ number d e n s i t y  
w i th in  t h e  instrument  energy range (0.5-16 keV) exceeded t h e  H+ number d e n s i t y  
by f a c t o r s  of 1.5 t o  3.0. Since t h e  measurements sampled only  a p a r t  of t h e  
e q u a t o r i a l  phase space,  ex t r apo la t ion  t o  t he  t o t a l  r i n g  c u r r e n t  composition 
w a s  n o t  poss ib le .  However, t h e  l a rge  O+ f l u x e s  up t o  16 keV s t r o n g l y  ind ica t ed  
t h a t  t h e  ionospher ic  i ons  were playing a s i g n i f i c a n t  r o l e  i n  t h e  dynamics 
and e n e r g e t i c s  of t h e  storm-time r i n g  c u r r e n t  and t h a t  r e l a t i v e l y  l a r g e  f l u x e s  
of t rapped ionospher ic  i ons  would be found i n  t h e  e q u a t o r i a l  l a t i t u d e s  over 
a wide range of a l t i t u d e s .  



OBSERVATIONS AT H I G H  (>8000km) ALTITUDES 

I n  1976, McIlwain ( r e f .  23) r epo r t ed  evidence f o r  i ons  heav ie r  than  
pro tons  i.n t h e  hot  plasmas a t  t h e  ATS-6 geos t a t iona ry  a l t i t u d e .  The i n s t r u -  
mentat ion could n o t  d i s t i n g u i s h  ion  spec i e s ,  b u t  an a n a l y s i s  of d a t a  on 
bouncing c l u s t e r s  of i ons  i n  t he  0.01 t o  1.0 keV energy range showed t h a t  
t h e  d a t a  were b e s t  f i t  i f  He+ o r  O+ i ons  were assumed. The a n a l y s i s  was 
app l i cab le  only f o r  occas iona l  t r a n s i e n t  magnetospheric even t s  and thus  
could not  be used t o  c h a r a c t e r i z e  t h e  composition of t h e  more t y p i c a l  h o t  
plasmas ( r e f .  24) . 

Ion mass spectrometer  measurements on t h e  composition of t h e  ho t  plasmas 
i n  t h e  e q u a t o r i a l  reg ions  a t  h igh  a l t i t u d e s  began w i t h  t h e  GEOS-1 s p a c e c r a f t  
i n  May 1977 ( r e f .  5). This  s p a c e c r a f t  was i n  a h igh ly  e c c e n t r i c  o r b i t  a t  27' 
i n c l i n a t i o n  with pe r igee  nea r  2,000km and apogee near  38,000km. Ba l s ige r  e t  
a l .  ( r e f .  7) have conducted a survey of t h e  h o t  (0.9-16 keV) plasma composition 
dur ing  magnet ical ly  q u i e t  and storm-time pe r iods  us ing  GEOS-1 d a t a  from May 
1977 t o  June 1978. An example of t h e  ion  mass spectrums obta ined  w i t h  t h e  
GEOS-1 spectrometer a t  t he  onse t  of a geomagnetic storm i s  shown i n  f i g u r e  
5. For magnet ical ly  q u i e t  per iods  ( 5 4 )  and f o r  L = 6.8 t o  8.2,  t h e  average 2 f o r  the  ion  abundances was about 90% +, 7% 0+, 2% ~ e + ,  and l e s s  than  1% f o r  
~e* .  The mean ene rg i e s  f o r  t he  Kt and 0+ f l u x e s  a t  q u i e t  t imes were t y p i c a l l y  
i n  t h e  4-8 keV range w i t h  H+ va lues  t y p i c a l l y  h igher  than  t h e  0+ va lues .  

For 24 days of d a t a  acqui red  near  t h e  peak of magnetic s torms (DST = -26 
t o  -172nT) and i n  t h e  range Lz5  t o  8 ,  t h e  0+ abundances ranged from 1% t o  77% 
wi th  the  He+ ranging from 0.1% t o  19%. It was concluded ( r e f .  7) t h a t  qua l i -  
t a t i v e l y  about ha l f  of t h e  storm-time ho t  plasmas o r ig ina t ed  i n  t h e  ionosphere 
and h a l f  i n  t he  s o l a r  wind. Mean e n e r g i e s  f o r  t h e  H+ and 0+ storm-time f l u x e s  
were s i m i l a r  t o  those  found f o r  q u i e t  t imes. 

Radia l  p r o f i l e s  of t h e  hot  pl-asmas composition dur ing  geomagnetic s torms 
were a l s o  obtained wi th  GEOS-1 t o  L-she l l s  a s  low a s  L = 2.5 ( r e f .  5 and 7).  
Both 0+ and He+ t y p i c a l l y  increased  toward low a l t i t u d e s  and 0+ o f t e n  became 
comparable t o  or l a r g e r  than H+ a t  t he  inne r  edge of t h e  r i n g  c u r r e n t .  

Hot plasma composition measurements i n  a geos ta t ionary  o r b i t  began wi th  
the  GEOS-2 spacec ra f t  i n  August 1977 ( r e f .  6 and 7 ) .  The mass spectrometer  
was t h e  same design a s  t he  one on GEOS-1 and covered t h e  energy range 0 t o  
16 keV. A good example of t h e  v a r i a b i l i t y  of t h e  ho t  plasma (0.9-14 keV) com- 
p o s i t i o n  a t  t h e  geos t a t iona ry  o r b i t  is  shown i n  f i g u r e  6 from Ba l s ige r  e t  a l .  
( r e f .  7) f o r  the 10-day p r iod  beginning on 24 September 1978. It i s  seen  t h a t  
p r i o r  t o  t h e  magnetic a c t i v i t y  l e v e l  reading  % = 5 on 25,  September, H+ was 
t h e  dominant ion. During the  more d i s tu rbed  pe r iods  (Kp25) of 25-29 September, 
t h e  0' i ons  were comparable i n  d e n s i t y  t o  t h e  @ i o n s ,  and on 29 September, 
O+ became by f a r  t h e  dominant ion  f o r  about one day. For t h e  per iod  0600 t o  
1000 U.T. on 29 September, t h e  magnetopause was compressed i n s i d e  t h e  GEOS-2 
o r b i t  and an  enhanced ~ e *  d e n s i t y ,  t y p i c a l  of t h e  magnetosheath i s  'observed. ' + Following t h e  decay of t h e  r i n g  cu r r en t  on 30 September, 0' and H d e n s i t i e s  
a r e  aga in  t y p i c a l  of t h e  magnet ica l ly  q u i e t  and moderately d i s tu rbed  per iods  
i n  which ions a r e  dominant. 



Young ( r e f .  25) has  conducted a synopt ic  s tudy  of t h e  GEOS-2 composition 
da t a  dur ing  t h e  11-month period/August 1978 t o  20 June 1979. He f i n d s  system- 
a t ic  dependences of t h e  ion  energy and composition on both  l o c a l  t ime and 
magnetic a c t i v i t y .  The c o r r e l a t i o n  of t h e  ion  d e n s i t i e s ,  when i n t e g r a t e d  
over l o c a l  t ime,  w i th  the  magnetic a c t i v i t y  i s  shown i n  f i g u r e  7 f o r  two energy 
i n t e r v a l s .  A p a r t i c u l a r l y  s t r o n g  dependence of t h e  0+ d e n s i t y  on $ i s  seen 
i n  both energy i n t e r v a l s .  For t he  higher  energy group t h e  mean energy v a r i e d  
wi th  Kp from 7.8 t o  8.7 keV f o r  H+, from 6.1 t o  7.1 keV f o r  0+, and from 6.1 
t o  7.6 keV f o r  ~ e + .  

By combining GEOS-1 and GEOS-2 ion d a t a  i n  t h e  energy range 0.9-14 keV, 
Young, e t  a l .  ( r e f .  26) have found evidence f o r  a s o l a r  a c t i v i t y  c y c l e  depen- 
dence i n  t he  average O + / e  dens i ty  r a t i o .  The r a t i o  shows a sys temat ic  in-  
c r e a s e  over a 3-year per iod  and i s  well  c o r r e l a t e d  wi th  t h e  increased  s o l a r  
a c t i v i t y  a s  measured by the  10.7cm s o l a r  r a d i o  f lux .  Varia t ions  of t h e  i o n  
d e n s i t y  r a t i o s  f o r  s e l e c t e d  ions  a r e  shown i n  f i g u r e  8 ( r e f .  26).  The inc rease  
i n  t he  o+/& r a t i o  w i th  time i s  q u i t e  l a r g e  whereas t he  0*/0+ and He*/H+ 
r a t i o s  a r e  e s s e n t i a l l y  unchanged. 

To emphasize t h e  importance of inc luding  t h e  ionospheric  p o r t i o n  of 
t he  hot  plasmas i n  magnetospheric models, t h i s  au thor  has  used t h e  d a t a  by 
Young ( r e f .  25) presented  i n  f i g u r e  7,  a long  w i t h  d i f f e r e n t  assumptions on 
the  o r i g i n  of t h e  fi i o n s ,  t o  es t imate  t h e  r e l a t i v e  c o n t r i b u t i o n s  of t he  s o l a r  
wind and t h e  ionosphere ( t e r r e s t r i a l  component) t o  t h e  observed h o t  
H+ i o n s  a r e  p re sen t  i n  h igh  abundance i n  both  t h e  s o l a r  wind and t h e  ionosphere.  
For t h r e e  sepa ra t e  ana lyses ,  t h r e e  d i f f e r e n t  assumptions were made f o r  t h e  
amount of t h e  observed H+ i ons  which o r ig ina t ed  i n  t he  ionosphere'. The He+ 
and O* have been i d e n t i f i e d  a s  ionospheric  i o n s  and t h e  He* a s  s o l a r  wind 
ions  by Young ( r e f .  26) based on a d e t a i l e d  a n a l y s i s  of t h e i r  temporal,  s p a t i a l ,  
and energy c h a r a c t e r i s t i c s .  The O+ ions a r e  i d e n t i f i e d  a s  ionospher ic  i o n s  
because of t h e i r  r e l a t i v e  h igh  abundance r a t i o  r e l a t i v e  t o  t h e  i o n s  ( r e f .  2) .  
For t h e  f i r s t  ca se ,  i t  was assumed tha t  none of t h e  i o n s  came from t h e  
ionosphere,  thus  providing a lower l i m i t  t o  t h e  ionospheric  con t r ibu t ion .  
These r e s u l t s  f o r  t h e  h o t  plasma components (E = 0.9-16 keV) a r e  p l o t t e d  a s  
t he  bottom curve i n  f i g u r e  9.  It i s  seen t h a t  even a s  a lower l i m i t  t h e  iono- 
s p e r i c  components a r e  always more than 37% of t h e  s o l a r  wind components, and 
f o r  Kp>3 t h e  ionospher ic  components a r e  more than  h a l f  of t h e  s o l a r  wind com- 
ponents. Since t h e  mean e n e r g i e s  of the 0+ ions  a r e  lower than t h e  H+ i o n s  
by only about 20%, i t  is evident  t h a t  t h e  energy d e n s i t y  and t o t a l  energy 
of t he  ionospher ic  components should not be neglec ted  i n  cons ide ra t ions  of 
t h e  e n e r g e t i c s  and dynamics of t h e  outer  magnetosphere. 

For t h e  second case ,  t h e  H+ component from t h e  ionosphere i s  assumed 
t o  be 4 times t h e  He+ component. This is  thought t o  be a conserva t ive  assump- 
t i o n  because Ghie lmet t i  e t  al.  ( r e f .  15) found i n  an 8-month survey of up- 
s t reaming ions  observed by t h e  S3-3 spacec ra f t  t h a t  t h e  He+ f l u x e s  were 
t y p i c a l l y  l e s s  than 1% of t h e  H+ f luxes.  He+ reached 25% of t h e  H+ f l u x e s  

t ~ h e  au thor  is indebted t o  and thanks D r .  D .  T. Young f o r  making h i s  reduced 
GEOS-2 d a t a  a v a i l a b l e  f o r  t h i s  ana lys i s  whi le  t h e  au thor  was a t  t h e  Un ive r s i t y  
of Bern. 



only i n  very  few c a s e s  (A. Ghie lmet t i ,  p r i v a t e  communication). I n  t h i s  ca se ,  
t h e  middle curve of f i g u r e  9 i s  obta ined .  

For t h e  t h i r d  ca se ,  t h e  I@ component from t h e  ionosphere i s  assumed 
t o  be equal  t o  t h e  measured O+ component f o r  Kp<2 ( i . e ,  , magnet ica l ly  q u i e t  
per iods) .  This  is a l s o  thought t o  be  a conserva t ive  assumption because C o l l i n  
e t  a l .  ( r e f .  27) f i n d  i n  a survey of upstreaming ions  observed dur ing  q u i e t  
and moderately d is turbed  per iods  wi th  t h e  S3-3 s p a c e c r a f t  t h a t  H+ f l u x e s  t yp i -  
c a l l y  exceed the 0+ f l u x e s  by f a c t o r s  of 2 t o  10. For t h i s  case  t h e  upper 
curve i n  f i g u r e  9 i s  obtained.  I f  e i t h e r  of t h e  assumptions i n  t he  l a s t  two 
cases  i s  v a l i d ,  i t  is seen t h a t  f o r  Kp53 t h e  ionospher ic  components a r e  com- 
parable  t o  o r  exceed the  s o l a r  wind components. The p r i n c i p a l  p o i n t  he re  
i s  t h a t  w i t h  a s  l i t t l e  a s  15 t o  20% of t h e  observed H+ coming from t h e  iono- 
sphere ,  t h e  importance of t he  ionospher ic  i ons  i n  t he  hot  plasmas i s  
p a r t i c u l a r l y  emphasized dur ing  magnet ica l ly  d i s tu rbed  pe r iods  and cannot be 
reasonably ignored i n  modelling t h e  e n e r g e t i c s  and dynamics of t h e  hot  plasmas 
under t hese  condi t ions .  

With t h e  launch of t h e  SCATHA s a t e l l i t e  i n  1979, t h e  h o t  plasma compo- 
s i t i o n  measurements were extended t o  32 keV ( a l l  p rev ious  measurements were 
below 17 keV) and p i t c h  ang le  measurements extending t o  o r  near  t h e  magnetic 
f i e l d  d i r e c t i o n s  were r o u t i n e l y  obtained.  The SCATHA s a t e l l i t e  was i n  a n e a r l y  
geosynchronous o r b i t  w i th  an i n c l i n a t i o n  of 8 degrees ,  pe r igee  near  27,00Okm, 
and apogee near  43,000km. Johnson e t  a l .  ( r e f .  28) have i n v e s t i g a t e d  t h e  
hot  plasma composition from t h e  f i r s t  f i v e  major (DST>90nT) magnetic storms 
observed w i t h  SCATHA. Near t h e  peak of each storm t h e  0+ number and energy 
d e n s i t i e s  i n  the 0.1 t o  32 keV range a r e  comparable t o  o r  l a r g e r  than t h e  
H+ d e n s i t i e s ,  and even a t  32 keV t h e  0+ number d e n s i t i e s  (and thus  energy 
d e n s i t i e s )  a r e  t y p i c a l l y  comparable t o  o r  exceed those  of H?. Figure  10 shows 
r e s u l t s  from the 3-4 A p r i l  1979 storm, which was t h e  l a r g e s t  s torm i n v e s t i g a t e d .  
The gene ra l  f e a t u r e s  mentioned above a r e  ev ident .  It is seen t h a t  t h e  average 
e n e r g i e s  of t he  H+ a r e  gene ra l ly  h igher  than f o r  0+ i o n s  and t h i s  i s  a l s o  
t y p i c a l  of t h e  other  s torms inves t iga t ed .  

Although a sys temat ic  s tudy  of t he  ion  composition a s  a func t ion  of 
p i t c h  angle  has  n o t  y e t  been r epor t ed  f o r  t h e  SCATHA d a t a ,  s p e c i a l i z e d  s t u d i e s  
have shown t h a t  0+ and IT+ f l u x e s  peaked a t  o r  near  t h e  magnetic f i e l d  d i r e c t i o n s  
a r e  a common fea tu re  of t h e  d a t a  ( r e f .  21 and 29).  

Hot plasma composition measurements which extend t o  a l t i t u d e s  much 
g r e a t e r  than  the geos t a t iona ry  s a t e l l i t e  a l t i t u d e  a r e  now a v a i l a b l e  f o r  ener- 
g i e s  up t o  17 keV from the  ISEE-1 and Prognox-7 s a t e l l i t e s .  ISEE-1, w i t h  apogee 
near  23% and perigee nea r  1.1%, has provided d a t a  n e a r  t h e  e q u a t o r i a l  p lane  
out  t o  and beyond t h e  boundaries  of t h e  magnetosphere on t h e  sunward s i d e  
and deep i n t o  the magneto ta i l  ( r e f .  30 and 31) .  The Prognoz-7 s a t e l l i t e  wi th  
apogee near  32% and per igee  nea r  1.1% i s  i n  a 65" i n c l i n a t i o n  o r b i t  and 
thus  i s  providing d a t a  out  t o  and beyond t h e  boundaries  of t h e  magnetosphere 
a t  high l a t i t u d e s  ( r e f .  23) .  A p r e s e n t a t i o n  of d e t a i l e d  r e s u l t s  a t  t h e s e  
h igher  a l t i t u d e s  is  beyond t h e  scope of t h i s  review. However, i t  i s  noted 
t h a t  ionospher ic  (o+) i ons  a r e  commonly observed i n  t h e  hot  plasmas beyond 
8Re a t  t he  l e v e l  of a few t o  s e v e r a l  percent  of t h e  i o n s  dur ing  geomagnet- 
i c a l l y  q u i e t  and moderately d i s tu rbed  pe r iods .  During geomagnetic s torms,  



comparable 0' and d e n s i t i e s  have been observed out  t o  t h e  magnetospheric 
boundary on t h e  sunward s i d e  and t o  15% i n  t h e  magneto ta i l .  Ionospheric  
i o n s  i n  t h e  keV range a r e  a l s o  observed i n  t h e  h igh  l a t i t u d e  magnetospheric 
boundary l a y e r  (plasma mantle) w i t h  the Prognoz-7 s a t e l l i t e  ( r e f .  32).  

A pre l iminary  r e p o r t  on coordinated ho t  plasma composition measurements 
obta ined  i n  1979 from seven s a t e l l i t e s  has  been presented  by Bals iger  ( r e f .  17) .  
These measurements provide simultaneous information on t h e  l a r g e  s c a l e  d i s t r i -  
bu t ions  of t h e  plasmas and assist i n  s epa ra t ing  temporal and s p a t i a l  v a r i a t i o n s  
i n  t h e  c h a r a c t e r i s t i c s  of t h e  plasmas. Mass spectrometer  d a t a  were obta ined  
from S3-3, GEOS-1, -2, ISEE-1, -3, Prognoz-7, and SCATHA. Their  o r b i t s  
w i t h i n  t h e  magnetosphere when pro jec ted  onto t h e  geomagnetic e q u a t o r i a l  
plane a r e  shown i n  f i g u r e  11 f o r  t h e  21-22 February 1979 magnetic storms. 
Universa l  t i m e s  a r e  i nd ica t ed  a long  the o r b i t s  beginning on 21 February 
and t h e  magnetopause l o c a t i o n s  a r e  shown schemat ica l ly  f o r  low and h igh  
s o l a r  wind p re s su res .  ISEE-3 was a t  the sun-earth l i b r a t i o n  p o i n t  and provided 
information on the  s o l a r  wind composition. Along wi th  geomagnetic i n d i c e s ,  
the  composition d a t a  f o r  GEOS-2 and ISEE-1 i n  t h e  0.9 t o  16 keV range a r e  
shown i n  f i g u r e  12 ( r e f .  17) .  0+ ions become dominant dur ing  these  storms 
a t  t he  GEOS-2 and SCATHA o r b i t s  and a r e  more t empora l ly / spa t i a l l y  s t r u c t u r e d  
than t h e  ions .  The h igh  0+ energy d e n s i t i e s  observed on SCATHA i n  t h e  
0.1-32 keV range and a t  32 keV a r e  seen n e a r  t h e  peaks of t h e  storms i n  
f i g u r e  13. Enhanced o+/$ r a t i o s  a r e  a l s o  seen i n  t h e  LSEE-1 d a t a  near  
t he  peaks of t h e  s torms even when ISEE-1 i s  r e l a t i v e l y  deep i n  t h e  magneto- 
t a i l .  The round, t r i a n g u l a r ,  and square symbols i n  f i g u r e  11 i n d i c a t e  t h e  
l o c a t i o n s  of t h e  s a t e l l i t e s  a t  o r  near t h e  peaks of t h e  s torms a s  i n d i c a t e d  
by t h e  d o t t e d  l i n e s  i n  f i g u r e  13. The 0' d e n s i t i e s  (not  y e t  publ ished)  
were a l s o  dominant a t  and near  t h e  S3-3 and Prognoz-7 l o c a t i o n s  ind ica t ed  
by t h e  round c i r c l e s .  oft i ons  were a l s o  observed a s  a p a r t  of t h e  ho t  
plasma a t  GEOS-2 dur ing  t h i s  storm ( re f .  17) .  Prel iminary conclus ions  from 
the  coordinated d a t a  a r e  t h a t  du r ing  geomagnetic storms t h e  ionospher ic  
ion i n j e c t i o n s  occur n e a r l y  simultaneously over a  wide range of l o c a l  t i m e s  
and t h a t  t h e  ionospher ic  components of t h e  hot  plasmas a r e  d i s t r i b u t e d  over 
a  very l a r g e  volume of t he  magnetosphere a s  opposed t o  be ing  found j u s t  
i n  l i m i t e d  l o c a l  t i m e  and/or  s p a t i a l  reg ions .  Coordinated measurements 
of t h i s  na tu re  hold cons ide rab le  promise f o r  improving our understanding 
of t h e  i n j e c t i o n ,  ene rg i za t ion ,  t r anspor t  and l o s s  of t h e  ho t  plasmas i n  
t he  magnetosphere. 

CONCLUDING REMARKS 

Major p rog res s  has  been made during t h e  p a s t  4 yea r s  i n  understanding 
the  composition and the  o r i g i n s  of the h o t  magnetospheric plasmas nea r  t he  
geos t a t iona ry  s a t e l l i t e  a l t i t u d e .  It i s  now e s t a b l i s h e d  t h a t  dur ing  geomag- 
n e t i c a l l y  d i s tu rbed  pe r iods  O+ i ons  of ionospher ic  o r i g i n  a r e  a  major and 
sometimes dominant c o n t r i b u t o r  t o  the ho t  plasma number d e n s i t y  and energy 
d e n s i t y  i n  t h i s  reg ion  of t h e  magnetosphere. With t h e  g r e a t l y  expanded 
d a t a  bases  now a v a i l a b l e  and wi th  new d a t a  a c q u i s i t i o n s  now planned, t h e  
phenomenological c h a r a c t e r i z a t i o n  of t h e  h o t  plasma popula t ions  nea r  t h e  
geos t a t iona ry  s a t e l l i t e  o r b i t  can be expected t o  improve s u b s t a n t i a l l y  i n  t h e  



next  few years .  However, our  a b i l i t y  t o  model, and thus  t o  p r e d i c t ,  t h e  
plasma environment near  t h e  geos t a t iona ry  s a t e l l i t e  o r b i t  i s  s t i l l  i n  i t s  
infancy  due t o  our  l a c k  of understanding of t he  d e t a i l s  of t h e  phys i ca l  
processes  involved i n  t he  e n t r y ,  e n e r g i z a t i o n ,  t r a n s p o r t ,  and l o s s  of t h e  
plasma ions .  
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Figure 3. Equatorial projection of occurence frequencies of upward 
streaming ions observed below 8000 kn with the S3-3 
spacecraft (ref. 15 and 19). 
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Figure 4 .  Mass and energy spectra obtained with the S3-3 spacecraft in, 
the inner ring current during three magnetic storms (ref. 22). 
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Figure 5. Mass spectrums from GEOS-1,sequentially repeated three 
times in the energy range-noted, demonstrating in an 18- 
minute sequence the increase in heavy ion fluxes at the 
onset of a magnetic storm (ref. 7). 



Figure 6. One hour averages of GEOS-2 hot plasma data for a 10-day 
period demonstrating composition variations for a wide range 
of geomagnetic activity (ref. 7). 
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Figure 7. Ion dens i ty  averaged over a l l  l o c a l  times using 
11 months of GEOS-2 synoptic da ta  ( r e f .  25). 
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Fiuure 8. Long term t rends  i n  average ion  r a t i o s  over near ly  3 years of  

GEOS-1 and GEOS-2 operat ion ( r e f .  26). 
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Figure 9. Est imates  of t h e  r a t i o  of hot  plasma ions  of t e r r e s t r i a l  
o r i g i n  t o  those  of s o l a r  wind o r i g i n  a t  t h e  geos t a t iona ry  
o r b i t .  H+ i s  t h e  observed H+ ions .  The bottom curve i s  
d i r e c t l y  Trom t h e  0 s - 2  d a t a  presented i n  F ig .  7 ( r e f .  25).  



Figure 10. Characteristics of the hot plasma composition during 
the 3-4 April 1979 magnetic storm. 



Figure 11. 
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Equatorial projections of satellite orbits during coordinated 
composition measurements of magnetic storms on 21-22 February 

ion 
1979. 



Figure 12. ISEE-1 and GEOS-2 hot plasma composition data during the 
magnetic storms on 21-22 February 1979 (ref. 17). 
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Figure 13. SCATHA hot plasma composition data during the magnetic storms 
on 21-22 February 1979. 
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