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SUMMARY

The information available on the hot plasma composition at and near the
geostationary satellite orbit has increased dramatically during the past four
years. At energies below 32 keV, ions of terrestrial origin (0% and Het) are
frequently observed to be significant contributors to the hot plasma density
and energy density, and during geomagnetically disturbed periods, 0% ions are
frequently the dominant ions. During geomagnetically quiet periods H' ions
are typically the dominant hot plasma ions. Evidence for a solar cycle depen-
dence to the 01 hot plasma densities at the geostationary orbit has been found.
Our understanding of the details of the physical processes involved in the
entry, acceleration, transport, and loss of the plasma ions, and thus our
ability to model them, is still quite limited.

INTRODUCTION

As recently as the lst Spacecraft Charging Technology Conference in 1977,
quantitative measurements on the ion composition of the hot (0.1-30 keV) plasmas
near the geostationary satellite altitude had not yet been performed (ref. 1).
The plasma composition in this region of the magnetosphere was inferred primar-
ily from composition information obtained on similar magnetic L-~shells but at
much lower altitudes. Such observations led to the conclusion that, at least
during geomagnetically disturbed periods, there were significant fluxes of 0%
ions as well as protons in the hot plasmas near the geostationary satellite
altitude and that the ionosphere was the origin of the Ot ions as well as some
of the protons (ref. 1).

Prior to the work of Shelley et al. (ref. 2) in 1972, it was generally
believed that the energetic ion population in the magnetosphere was always
dominated by protons (H') and that the source of these ions was the solar wind
(ref. 3 and 4). This viewpoint was specifically reflected in the summary of the

TMost of the unreferenced data presented in this review was reduced and analyzed
while I was a Visiting Professor at the University of Bern. I am indebted to
Professor J. Geiss and Dr. H. Balsiger for making the visit possible and wish
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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 observatioms,
discussed herein, which show that near the geostationary satellite orbit the
ionospheric component (0%) 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 GE0S-1 spacecraft in 1977 (ref. 5), and the first hot plasma compos-
ition measurements on a geostationary satellite were obtained with GEO0S-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. 1l1).
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OBSERVATIONS AT LOW (<800km) ALTITUDES

Plasma composition observations at low altitudes have made important
contributions to our understanding of the hot plasmas in the outer regions
of the magnetosphere, but generally in a qualitative way. They have shown
that the ionosphere is an important source of hot magnetospheric plasmas,
that the ionospheric component is widely distributed in local time and in
altitude in the outer magnetosphere, that an acceleration process is operating
inside the magnetosphere to produce keV ions from the thermal population,
and that the processes are highly dynamic and correlated with geomagnetic
activity.

It was discovered by Shelley et al. (ref. 2) in 1972 that large fluxes
of energetic Ot ions were precipitating from the magnetosphere during geo-
magnetic storms. The observations were made with an ion mass spectrometer
aboard the polar orbiting satellite 1971-089A at 800 km altitude and provided
the first direct evidence that the ionosphere was an important contributor
to the hot magnetospheric plasmas. During geomagnetic storms, it was found
that within the instrument energy range of 0.7 to 12 keV the precipitating
0% fluxes were comparable to and sometimes exceeded the Ht fluxes. An example
of this is seen in figure 2 for data acquired on the precipitating energy
fluxes during the 17-18 December 1971 storms. The observed fluxes were w1dely
distributed in geomagnetic latitude (and thus L-values), and the high 0t fluxes
at L-values corresponding to the geostationary satellite altitude (L~6.6)
led to the earlier prediction (ref. 1) that significant fluxes of ionospheric
ions would be found in the hot plasmas near geostationary altitude at least
during geomagnetically disturbed periods. However, quantitative information
on the ion fluxes in the equatorial regions of the magnetosphere cannot be
obtained from measurements at low altitudes because they sample only a small
fraction of the equatorial pitch angles.

The precipitating 0t fluxes observed at low altitudes were found to
be correlated with substorms activity (ref. 12), but during magnetically quiet
periods, the precipitating fluxes were most often below the sensitivity level
of the instrument (about 2 x 10°(cm? sec ster)'l)

Although the early low altitude composition measurements indicated an
important role for the ionospheric ions in the hot magnetospheric plasmas,
they provided little detailed information on the location of the ionospheric
source region or on the physical processes responsible for the acceleration,
transport, and loss of the ionospheric ions. The need for composition measure-
ments at high altitudes in the equatorial regions and at high latitudes was
clearly indicated.

OBSERVATIONS AT INTERMEDIATE (<8000km) ALTITUDES

Observations at intermediate altitudes have provided the principal basis
for understanding the ionospheric source location and the characteristics
of the ionospheric ions that are injected into the outer magnetosphere at high
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geomagnetic latitudes (ref. 13, 14, 15, and 16). This high latitude region
appears to be the principal source of ionospheric ions in the hot plasmas near
the geostationary satellite altitude. However, significant contributions

to the ion number density and energy density from other ionospheric regions,
such as the high altitude plasmasphere, must still remain under consideration
(ref. 17).

Hot plasma composition observations at high latitudes were made at alti-
tudes up to 8000km with an ion mass spectrometer aboard the polar orbiting
$3-3 spacecraft. Large fluxes of 01 and Ht ions and weaker fluxes of Het
ions were observed flowing upward from the ionosphere with energies in the
0.5 to 16 keV range of the instrument (ref. 13, 14, and 15). The upward flowing
ions were also observed without mass discrimination on the same spacecraft
with an electrostatic analyzer in the energy range 0.09 to 3.9 keV (ref. 18).
The upstreaming ion fluxes are most frequently observed in the 4000 to 8000km
altitude range with average energies of a few keV and peak fluxes frequently
as high as 108(cm2 sec ster keV)~l. From measurements of pitch angle distri-
butions, evidence for both field aligned ion acceleration and acceleration
perpendicular to the magnetic field is found. The spatial, energy, and angular
distributions and the composition of the upstreaming ions are highly variable.

Ghielmetti et al. (ref. 15) and Gorney et al. (ref. 16) have conducted
statistical studies of the latitudinal and local time distributions of the
upward flowing ions. The results of Ghielmetti et al. on the occurence
frequency of observation of these ions is shown projected into the equatorial
plane in figure 3 (ref. 19). It can be seen that the ionospheric source region
is widely distributed and that spacecraft near the geostationary altitude
will frequently be on magnetic field lines which connect directly to this
source region. Thus, near the geostationary satellite altitude, highly aniso-
tropic ion fluxes with the intensities peaked near or along the magnetic field
direction would be an expected consequence of the lower altitude ionospheric
source, Such anisotropic ion fluxes were observed initially without mass
discrimination on the ATS-6 satellite (ref. 20) and more recently with mass
discrimination on the GEOS-1 (ref. 5), GEOS~2 (ref. 6), and SCATHA (ref. 21)
satellites.

With the S3-3 satellite data, the composition of the trapped component
of the inner ring current during three geomagnetic storms was investigated
by Johnson et al. (ref. 22). Although these measurements were not made at
equatorial latitudes, they were made at sufficiently high altitudes (5000~
8000km) to sample equatorial pitch angles in the range of 20° to 50°. Figure
4 shows examples of the mass and energy spectrums for time periods near the
main phase peak of each storm. For these time periods, the 0% number density
within the instrument energy range (0.5-16 keV) exceeded the H' number density
by factors of 1.5 to 3.0. Since the measurements sampled only a part of the
equatorial phase space, extrapolation to the total ring current composition
was not possible. However, the large Ot fluxes up to 16 keV strongly indicated
that the ionospheric ions were playing a significant role in the dynamics
and energetics of the storm-time ring current and that relatively large fluxes
of trapped ionospheric ions would be found in the equatorial latitudes over
a wide range of altitudes.
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OBSERVATIONS AT HIGH (>8000km) ALTITUDES

In 1976, McIlwain (ref. 23) reported evidence for ions heavier than
protons in the hot plasmas at the ATS-6 geostationary altitude. The instru-
mentation could not distinguish ion species, but an analysis of data on
bouncing clusters of ions in the 0.01 to 1.0 keV energy range showed that
the data were best fit if He'T or Ot ions were assumed. The analysis was
applicable only for occasional transient magnetospheric events and thus
could not be used to characterize the composition of the more typical hot
plasmas (ref. 24).

Ion mass spectrometer measurements on the composition of the hot plasmas
in the equatorial regions at high altitudes began with the GEOS-1 spacecraft
in May 1977 (ref. 5). This spacecraft was in a highly eccentric orbit at 27°
inclination with perigee near 2,000km and apogee near 38,000km. Balsiger et
al. (ref. 7) have conducted a survey of the hot (0.9-16 keV) plasma composition
during magnetically quiet and storm-time periods using GEOS-1 data from May
1977 to June 1978. An example of the ion mass spectrums obtained with the
GEOS-1 spectrometer at the onset of a geomagnetic storm is shown in figure
5. For magnetically quiet periods (K,<4) and for L = 6.8 to 8.2, the average
for the ion abundances was about 90% HY, 7% 0%, 2% Het, and less than 1% for
Het+. The mean energies for the H'Y and 0t fluxes at quiet times were typically
in the 4-8 keV range with Ht values typically higher than the 0% values.

For 24 days of data acquired near the peak of magnetic storms (Dgp = -26
to -172nT) and in the range I~5 to 8, the 0% abundances ranged from 1% to 77%
with the He' ranging from 0.1% to 19%. It was concluded (ref. 7) that quali-
tatively about half of the storm-time hot plasmas originated in the ionosphere
and half in the solar wind. Mean energies for the H' and 0% storm-time fluxes
were similar to those found for quiet times.

Radial profiles of the hot plasmas composition during geomagnetic storms
were also obtained with GEOS-1 to L-shells as low as L = 2.5 (ref. 5 and 7).
Both 0t and He! typically increased toward low altitudes and 0% often became
comparable to or larger than Ht at the inner edge of the ring current.

Hot plasma composition measurements in a geostationary orbit began with
the GEOS-2 spacecraft in August 1977 (ref. 6 and 7). The mass spectrometer
was the same design as the one on GEO0S-1 and covered the energy range 0 to
16 keV. A good example of the variability of the hot plasma (0.9-14 keV) com-
position at the geostationary orbit is shown in figure 6 from Balsiger et al.
(ref. 7) for the 10-day priod beginning on 24 September 1978. It is seen that
prior to the magnetic activity level reading = 5 on 25 September, H" was
the dominant ion. During the more disturbed periods (KPZS) of 25-29 September,
the 0% ions were comparable in density to the Ht ions, and on 29 September,

0% became by far the dominant ion for about one day. For the period 0600 to
1000 U.T. on 29 September, the magnetopause was compressed inside the GEOS-2
orbit and an enhanced He'™  density, typical of the magnetosheath, is observed.
Following the decay of the ring current on 30 September, ot and H' densities
are again typical of the magnetically quiet and moderately disturbed periods
in which HY ions are dominant.
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Young (ref. 25) has conducted a synoptic study of the GEOS-2 composition
data during the ll-month period/August 1978 to 20 June 1979. He finds system—
atic dependences of the ion energy and composition on both local time and
magnetic activity. The correlation of the ion densities, when integrated
over local time, with the magnetic activity is shown in figure 7 for two energy
intervals. A particularly strong dependence of the Ot density on is seen
in both energy intervals. For the higher energy group the mean energy varied
with K from 7.8 to 8.7 keV for H', from 6.1 to 7.1 keV for 0%, and from 6.1
to 7.6 keV for Het.

By combining GEOS-1 and GEOS-2 ion data in the energy range 0.9-14 keV,
Young, et al. (ref. 26) have found evidence for a solar activity cycle depen-
dence in the average Ot/Ht density ratio. The ratio shows a systematic in-
crease over a 3-year period and is well correlated with the increased solar
activity as measured by the 10.7cm solar radio flux. Variations of the ion
density ratios for selected ions are shown in figure 8 (ref. 26). The increase
in the 0%/H' ratio with time is quite large whereas the 0*t/0% and gett/ut
ratios are essentially unchanged.

To emphasize the importance of including the ionospheric portion of
the hot plasmas in magnetospheric models, this author has used the data by
Young (ref. 25) presented in figure 7, along with different assumptions on
the origin of the HT ions, to estimate the relative contributions of the solar
wind and the ionosphere (terrestrial component) to the observed hot plasmasT.
Ht ions are present in high abundance in both the solar wind and the ionosphere.
For three separate analyses, three different assumptions were made for the
amount of the observed H' ions which originated in the ionosphere. The Het
and O0tt have been identified as ionospheric ions and the Hett as solar wind
ions by Young (ref. 26) based on a detailed analysis of their temporal, spatial,
and energy characteristics. The 0% ions are identified as ionospheric ions
because of their relative high abundance ratio relative to the HY ions (ref. 2).
For the first case, it was assumed that none of the HY ions came from the
ionosphere, thus providing a lower limit to the ionospheric contribution.
These results for the hot plasma components (E = 0.9-16 keV) are plotted as
the bottom curve in figure 9. It is seen that even as a lower limit the iono-
speric components are always more than 377 of the solar wind components, and
for Kp>3 the ionospheric components are more than half of the solar wind com-
ponents. Since the mean energies of the 0% ions are lower than the H' ions
by only about 20%, it is evident that the energy density and total energy
of the ionospheric components should not be neglected in considerations of
the energetics and dynamics of the outer magnetosphere.

For the second case, the Ht component from the ionosphere is assumed
to be 4 times the Het component. This is thought to be a conservative assump-
tion because Ghielmetti et al. (ref. 15) found in an 8-month survey of up-
streaming ions observed by the $3-3 spacecraft that the Het fluxes were
typically less than 1% of the HY fluxes. Het reached 25% of the H' fluxes

TThe author is indebted to and thanks Dr. D. T. Young for making his reduced
GEOS-2 data available for this analysis while the author was at the University
of Bern.
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only in very few cases (A. Ghielmetti, private communication). In this case,
the middle curve of figure 9 is obtained.

For the third case, the H' component from the ionosphere is assumed
to be equal to the measured 0% component for Kp<2 (i.e., magnetically quiet
periods). This is also thought to be a conservative assumption because Collin
et al. (ref. 27) find in a survey of upstreaming ions observed during quiet
and moderately disturbed periods with the S3-3 spacecraft that Ht fluxes typi-
cally exceed the 0t fluxes by factors of 2 to 10. For this case the upper
curve in figure 9 is obtained. If either of the assumptions in the last two
cases is valid, it is seen that for Kp§3 the ionospheric components are com-
parable to or exceed the solar wind components. The principal point here
is that with as little as 15 to 20% of the observed Ht coming from the iono-
sphere, the importance of the ionospheric ions in the hot plasmas is
particularly emphasized during magnetically disturbed periods and cannot be
reasonably ignored in modelling the energetics and dynamics of the hot plasmas
under these conditions.

With the launch of the SCATHA satellite in 1979, the hot plasma compo-
sition measurements were extended to 32 keV (all previous measurements were
below 17 keV) and pitch angle measurements extending to or near the magnetic
field directions were routinely obtained. The SCATHA satellite was in a nearly
geosynchronous orbit with an inclination of 8 degrees, perigee near 27,000km,
and apogee near 43,000km. Johnson et al. (ref. 28) have investigated the
hot plasma composition from the first five major (Dgp>90nT) magnetic storms
observed with SCATHA. Near the peak of each storm the Ot number and energy
densities in the 0.1 to 32 keV range are comparable to or larger than the
Ht densities, and even at 32 keV the O number densities (and thus energy
densities) are typically comparable to or exceed those of HY. Figure 10 shows
results from the 3-4 April 1979 storm, which was the largest storm investigated.
The general features mentioned above are evident. It is seen that the average
energies of the HY are generally higher than for Ot ions and this is also
typical of the other storms investigated.

Although a systematic study of the ion composition as a function of
pitch angle has not yet been reported for the SCATHA data, specialized studies
have shown that 0% and H* fluxes peaked at or near the magnetic field directions
are a common feature of the data (ref. 21 and 29).

Hot plasma composition measurements which extend to altitudes much
greater than the geostationary satellite altitude are now available for ener-
gies up to 17 keV from the ISEE-1 and Prognoz-7 satellites. ISEE-1, with apogee
near 23R, and perigee near 1.1R,, has provided data near the equatorial plane
out to and beyond the boundaries of the magnetosphere on the sunward side
and deep into the magnetotail (ref. 30 and 31). The Prognoz-7 satellite with
apogee near 32R, and perigee near 1.1R, is in a 65° inclination orbit and
thus is providing data out to and beyond the boundaries of the magnetosphere
at high latitudes (ref. 23). A presentation of detailed results at these
higher altitudes is beyond the scope of this review. However, it is noted
that ionospheric (0%) ions are commonly observed in the hot plasmas beyond
8R, at the level of a few to several percent of the Ht ions during geomagnet-
ically quiet and moderately disturbed periods. During geomagnetic storms,
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comparable 07 and H' densities have been observed out to the magnetospheric
boundary on the sunward side and to 15R, in the magnetotail. Ionospheric
ions in the keV range are also observed in the high latitude magnetospheric
boundary layer (plasma mantle) with the Prognoz-7 satellite (ref. 32).

A preliminary report on coordinated hot plasma composition measurements
obtained in 1979 from seven satellites has been presented by Balsiger (ref. 17).
These measurements provide simultaneous information on the large scale distri-
butions of the plasmas and assist in separating temporal and spatial variations
in the characteristics of the plasmas. Mass spectrometer data were obtained
from Ss3-3, GEOS-1, -2, ISEE-1, -3, Prognoz-7, and SCATHA. Their orbits
within the magnetosphere when projected onto the geomagnetic equatorial
plane are shown in figure 11 for the 21-22 February 1979 magnetic storms.
Universal times are indicated along the orbits beginning on 21 February
and the magnetopause locations are shown schematically for low and high
solar wind pressures. ISEE-3 was at the sun-earth libration point and provided
information on the solar wind composition. Along with geomagnetic indices,
the composition data for GEOS-2 and ISEE-1 in the 0.9 to 16 keV range are
shown in figure 12 (ref. 17). 0t ions become dominant during these storms
at the GEOS-2 and SCATHA orbits and are more temporally/spatially structured
than the H' ions. The high 0% energy densities observed on SCATHA in the
0.1-32 keV range and at 32 keV are seen near the peaks of the storms in
figure 13. Enhanced Ot/H' ratios are also seen in the ISEE-1 data near
the peaks of the storms even when ISEE-1 is relatively deep in the magneto-
tail. The round, triangular, and square symbols in figure 11 indicate the
locations of the satellites at or near the peaks of the storms as indicated
by the dotted lines in figure 13. The 0% densities (not yet published)
were also dominant at and near the S3-3 and Prognoz-7 locations indicated
by the round circles. 0™ ions were also observed as a part of the hot
plasma at GEOS-2 during this storm (ref. 17). Preliminary conclusions from
the coordinated data are that during geomagnetic storms the ionospheric
ion injections occur nearly simultaneously over a wide range of local times
and that the ionospheric components of the hot plasmas are distributed over
a very large volume of the magnetosphere as opposed to being found just
in limited local time and/or spatial regions. Coordinated measurements
of this nature hold considerable promise for improving our understanding
of the injection, energization, transport and loss of the hot plasmas in
the magnetosphere.

CONCLUDING REMARKS

Major progress has been made during the past 4 years in understanding
the composition and the origins of the hot magnetospheric plasmas near the
geostationary satellite altitude. It is now established that during geomag-
netically disturbed periods Ot ions of ionospheric origin are a major and
sometimes dominant contributor to the hot plasma number density and energy
density in this region of the magnetosphere. With the greatly expanded
data bases now available and with new data acquisitions now planned, the

phenomenological characterization of the hot plasma populations near the
geostationary satellite orbit can be expected to improve substantially in the
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next few years. However, our ability to model, and thus to predict, the
plasma environment near the geostationary satellite orbit is still in its
infancy due to our lack of understanding of the details of the physical
processes involved in the entry, energization, transport, and loss of the
plasma ionms.
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Figure 1. Launch dates and orbit information for spacecraft with hot
plasma mass spectrometers.
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Figure 2. Latitudinal variation of the precipitating energy flux of
ot and Ht ion during magnetic storms on 17-18 December 1971

(ref. 9).
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