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AURORAL ZONE ION COMPOSITION

W. K.

Lockheed Palo Alto Research Laboratory,

Abstract. Ion composition measurements provide
valuable information about the sources, energiza-
tion, transport, and loss mechanisms of space
plasmas. In the past 10 years the initial series
of plasma composition measurements from the $3-3,
GEOS, ISEE, SCATHA, PROGNOZ, AUREOL-3, DE, and
AMPTE satellites have provided insights which
have significantly improved our understanding and
models of the magnetosphere and ionosphere. In
particular, we now know that the auroral and
polar ionosphere are important sources of the
magnetospheric plasma. We have learned that the
ionospheric source of magnetospheric plasma
varies systematically in its mass and energy
composition with respect to local time, season of
the year, and the solar cycle, as well as with
respect to magnetic activity. There is also some
evidence that variations in the ionospheric
source composition can lead to the initiation of
plasma sheet instabilities. Today we realize
that auroral field lines are the sites of many
different types of acceleration and energization
processes, some of which are known to be mass
dependent. Detailed measurements of ion distri-
bution functions have been useful in exploring
the importance of various ion energization and
thermalization processes. Some recent observa-
tional results obtained from satellite-borne ion
mass spectrometers that are relevant to
magnetosphere/ionosphere plasma models will be
discussed.

Introduction

Understanding the physical processes involved
in creating the spectacular visual displays
called the aurora has been a goal for several
centuries. Since the start of the systematic
exploration of the near earth plasma environment
using rocket and satellite probes, we have made
rapid progress toward this goal. The in situ
measurements of ion mass, energy, and angle dis-
tributions on auroral field lines have provided
important insights that have lead us to our
present understanding of the ionosphere and mag-
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netosphere and the models we use to characterize
Some recent observations of auroral ion
composition that are relevant to magnetospheric
and ionospheric models will be discussed.

The paper is organized as follows: The discus-
sion begins with a description of the auroral
zone and its role as the region of exchange of
warm and hot plasmas between the magnetosphere
and ionosphere. The ion mass, energy, and angle
distributions observed on a typical mid-altitude
auroral zone crossing are then presented and
discussed, followed by a discussion on the cen-
tral role of oxygen ions as a tracer of the proc-
esses involved in coupling of ionospheric and
magnetospheric plasmas. Rather than review the
extensive statistical studies of the upflowing
ionospheric ions on auroral field lines, which
are discussed in detail elsewhere (Ghielmetti et
al., 1978; Gorney et al., 1981; Yau et al.,
1985a, 1987), discussions will be given on some
recent observations that have been made using the
very high resolution ion mass spectrometer data
that have improved our understanding of
magnetosphere/ionosphere interactions. The ther-
mal (i.e., less than ~10 eV) ion plasma observed
on auroral field lines is not emphasized here
since it is discussed elsewhere (Yau and
Lockwood, 1987; Schunk, 1987). It is also impor-
tant to note that the Swedish VIKING satellite
was successfully operated in 1986. The first
series of papers from the VIKING high resolution
plasma instruments were not available at the time
this paper was written.

Plasma Exchange in the Auroral Zone

Plasma is continuously exchanged at all lati-
tudes between the jionosphere and magnetosphere.
In fact the often sharp gradients in the energy
and mass composition of the plasma exchanged
between the icnosphere and magnetosphere as a
function of latitude are used to identify dis-
tinct regions of the magnetosphere. The aurcral
zone can be thought of as the region where plasma
is exchanged between the plasma sheet and iono-
sphere. This exchange of plasma on aurcral field
lines is, of course, directly associated with the
visible aurora. The relationship between the
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Fig. 1. Schematic relationship of magnetospheric
particle populations from Young (1986). See
text.

aurora, auroral zone particle populations, and
magnetospheric plasma regions has been recently
discussed by FPeldstein and Galperin (1985) and
Young (1983).

Figure 1 (reproduced from Young, 1986)
schematically shows the relationship of magneto-
spheric particle pcpulations to their source
regions in the ionosphere and solar wind. The
ionosphere and magnetosheath (solar wind) are
shown as both sources (top) and sinks (bottom).
The relative latitudes of ionospheric sources and
sinks as well as the characteristic energies of
the various particle populations are also indi-
cated on this chart. At low magnetic latitudes
there is the plasmaspheric (and exoplasmaspheric)
exchange of thermal and warm plasmas of primarily
ionospheric origin. Very high magnetic latitudes
are characterized by the magnetospheric cusp, the
escape of polar ionospheric plasma, and by the
entry of solar wind (electron) plasma in the form
of polar rain. The auroral zone is between the
plasmasphere and magnetotail lobes (polar cap)
and is characterized by heated and/or accelerated
ionospheric plasma flowing up magnetic field

R §

lines, intermixed with trapped and precipitating
energetic plasma sheet plasma.

Mass composition measurements in the auroral
zone are used to sort out the complex physical
processes that occur when cool ionospheric plasma
and energetic plasma sheet plasma mix on auroral
field lines. Because the energy and angular
distributions of ions in the ionospheric and
solar wind source regions are reasonably well
known, and the result of plasma processes operat-
ing in the auroral zone is in general to modify
the energy and angular distributions of the var-
ious plasma constituents, ion mass composition
measurements can be a very powerful tool. Unfor-
tunately the major species, hydrogen, is the
dominant constituent of the solar wind (magneto-
sheath) and, above ~1000 km, is the dominant
ionospheric ion. gt energy and angular distri-
butions provide clues that can, at times, be
used to identify its source. For example the
relatively cool (~100 eV) H2Y beanms noving up
auroral field lines with streaming energies of
~1 keV could not have come from the magnetosheath
or plasma sheet, while the very intense streams
of HY with narrow energy distributions with ener-
gies of ~1 keV seen flowing downward in the cusp
region (see, for example, Peterson, 1984) are
definitely from the magnetosheath (solar wind).

Other singly charged ions encountered in the
magnetosphere are generally of ionospheric
origin; multiply charged ions are generally of
solar wind origin. However, there are important
qualifications to this simplified source identi-~-
fication rule. Young et al. (1977) identified an
equatorial suprathermal plasma of ionospheric
constituents that contains significant densities
of low-energy, doubly charged ions, He and
ott, Chappell et al. (1982) also reported
detectable fluxes of low-energy ott ana vt flow-
ing up auroral field lines.

The mass composition of both the solar wind
and ionosphere is variable. The solar wind
charge state distribution is one that is charac-
teristic of variable solar coronal temperatures
(see, for example, Bame et al,, 1983). Helium is
the most common minor constituent (typically a
few percent of hydrogen) and oxygen the next most
abundant (typically 10_4 as abundant as hydro-
gen). Other species are typically less common.
Except for unusual impulsive events, solar wind
helium is doubly charged. Ionospheric plasma
composition is more variable than that of the
solar wind; it depends on altitude, solar light-
ing (local time), and other energy inputs such as
particle precipitation in the auroral region.
Typical ionospheric constituents are H+, et
(singly ionized), O+, N+, and Not.

As indicated in Figure 1, very little solar
wind plasma flows directly from the magnetosheath
onto auroral zone magnetic field lines. The
trapped and precipitating energetic plasma sheet
ions encountered in the auroral zone have resided
for variable times in the plasma sheet after
their entry from either the ionosphere or magne-



tosheath. 1In the plasma sheet, the energy,
angle, and charge state distributions of the
plasma are modified on various time scales, but a
discussion of the processes acting in the plasma
sheet is beyond the scope of this paper. (See,
for example, the recent reviews by Cornwall,
1986, and Young, 1986.)

It is essential in constructing models of the
magnetosphere to have an idea of the relative
strengths of the ionospheric and solar wind con-—
tributions to magnetospheric plasmas. Shelley
(1985, 1986) and Chappell et al. (1987) have
recently addressed the question of the relative
importance of what Shelley has called the
"geogenic" and "heliogenic" plasma sources.
Chappell et al. (1987) argued that the iono-
spheric source is fully adeguate to explain
observed plasma densities in all regions of the
magnetosphere. In a recent presentation Shelley
et al. (1986) extended the calculations presented
in Shelley (1986) and calculated the ionospheric
or geogenic fraction of the plasma sheet as a
function of magnetic and solar activity. At high
levels of magnetic and solar activity Shelley et
al. (1986) found the plasma sheet to be dominated
by ions of ionospheric origin and that most of
these ions are transported along auroral field
lines to the plasma sheet. Clearly, the composi-
tion of the magnetosphere is not static and
models should reflect this.

Energetic Ion Plasma Typically Observed
in the Mid-Altitude Auroral Zone

In addition to identifying the origin of the
plasma, magnetospheric models must also concern
themselves with the details of plasma transport.
Ion composition measurements obtained on auroral
field lines have provided several key insights
into our current understanding of plasma trans-
port in the magnetosphere. Figure 2 presents a
typical example of the composition of the ener-
getic ion plasma encountered in the evening
auroral zone at a distance of about 3 earth radii
(geocentric) by Dynamics Explorer 1 (DE 1). The
data in Figure 2 were acquired on October 25,
1981, by the energetic ion composition spectrom-
eter (EICS) (Shelley et al., 1981). The univer-
sal time (UT) and orbital information are
displayed at the bottom. Figure 2 presents
angle4time and energy-time spectrograms which are
only briefly described here; a complete descrip-
tion of the spectrogram formats is given in
Peterson and Shelley (1984). The top four angle-
time spectrogram panels display hydrogen (first
and third panels) and oxygen (second and fourth
panels) number fluxes encoded in units of cm™
s”' sr ' using the gray scale bar on the right.
The number fluxes displayed in the top four
panels are integyated over two different energy
ranges (1 to 17 keV in the top two panels and 10
eV to 1 keV in the third and fourth panels) and
are displayed as a function of instrumental look
direction with respect to the satellite motion.

PETERSON 147

In this spin-phase angle coordinate system, ions
flowing up magnetic field lines from the iono-
sphere appear near 90°; ions flowing down mag-
netic field lines toward the ionosphere appear
near 270°. The bottom two energy-time spectro-
gram panels display hydrogen and oxygen differ-—
ential number fluxes for ions flowing upward with
pitch angles that lie within 15° of the magnetic
field direction. These differential fluxes are
also encoded using the gray scale on the right,
but the units are in cm ° s_' sr | kev ',

In Figure 2 the energy and angular distribu-
tion of the ion constituents of the plasma are
seen to vary dramatically from the polar cap
region before ~1700 UT to the plasmasphere ~1730
UT. In fact the particle distributicns observed
on DE 1 from ~1700 to ~1708 UT indicate that the
satellite passed above the region of primary
auroral acceleration. During this period rela-
tively intense upward beams of kiloelectron volt
ions were observed. (Particle beams are charac-
terized by peaked energy distributions and narrow
angular distributions centered on the magnetic
field direction.) Electron data from the DE high
altitude plasma instrument for this time
presented by Persoon et al. (1987) show an ener-
getic, quasi-isotropic electron distribution,
similar to that found in the plasma sheet, rather
than an electron inverted-V which is seen on
auroral field lines below the primary auroral
acceleration region. The rising and falling of
the energy of the upward flowing hydrogen and
oxygen beams from ~1700 to ~1708 UT (bottom two
panels) reflects variations of the electrostatic
potential seen by ions below the satellite. Ion
beams accelerated upward and electron beams
accelerated downward are in fact the basic,
remote plasma signatures of the primary auroral
acceleration region (see, for example, Sharp et
al., 1983).

Not all of the ion distributions on auroral
field lines shown in Figure 2 can be character-
ized as ion beams, however. Near 1708 and 1700
UT, the low-energy angular distributions in
Figure 2 (center two panels) show the angular
distribution peaking on either side of the mag-
netic field direction. These distributions have
been called ion conic distributions and are
indicative of ion accelerations process{es) act-
ing perpendicular to the local magnetic field
(see, for example, Sharp et al., 1977). Conic-
type ion distributions are frequently found on
the "edges" of ion inverted-V events, such as
those shown in Figure 2, but are also cbserved in
isolation, such as near 1650 UT in the data pre-
sented in Figure 2.

Auroral and sub-auroral field lines are also
populated by energetic kiloelectron volt quasi-
isotropic ions. The top two panels in Figure 2
show such distributions. After ~1712 UT, deple-
tions of ions with pitch angles nearly aligned
with the magnetic field direction are observed.
(In the spin-phase angle coordinate system used
in Figure 2, 90° corresponds to upflowing ions
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Fig. 2. Energetic ion composition data observed on mid-altitude auroral magnetic
field 1lines from the DE 1 satellite on October 25, 1981. The universal time (UT) and
orbital parameters, magnetic local time (MLT), invariant latitude (INVL), and geocen-
tric distance in earth radii (Rp) are displayed given at 15-min intervals at the
bottom. Angle-time spectrograms for two energy ranges are presented in the top four
panels and energy-time spectrograms for hydrogen and oxygen ions flowing upward with
pitch angles within 15° of the magnetic field are displayed in the bottom two panels.
The spectrogram format is further described in the text.

with a pitch angle of 180°, and a 270° spin-phase
angle corresponds to downflowing ions with pitch
angles near 0°.) These depletions are the well-
known particle "loss cones" caused by scattering
and loss of ions in the ionosphere. Particles
with pitch angles away from the loss cones mirror
above the ionosphere and so are trapped. The
upward accelerated ion beams seen from ~1700 to
~1708 UT appear in the downward looking loss
cone, indicating their ionospheric origin.

The upward looking loss cone (i.e., the one at
270° spin-phase angle in Figure 2) is the result
of ions being lost in the magnetically conjugate
hemisphere, while the downward looking loss cone
monitors particie losses as they mirror in the
ionosphere below the satellite. From ~1700 to
~1712 UT, the upward loocking loss cone is clearly
filled. Our current understanding is that the
ions are scattered into pitch angles within the
loss cone by plasma waves as they follow magnetic
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Fig. 3. Average ion outflow from the earth's

auroral zones and polar caps observed from the DE
1 satellite for three time periods during the
declining phase of the current solar cycle.
Hydrogen data on the left and oxygen data on the
right are presented as a function of the magnetic
activity index Kp.

field lines between hemispheres, but as discussed
below we really do not fully understand the proc-
esses involved.

The Excess Oxyden Problem

The intense fluxes of oxygen flowing up magne-
tic field lines out of the ionosphere first
observed 10 years ago were unexpected. Subse-
quent investigation of the morphology of upflow-
ing ions established that there were at least two
broad classes of ion acceleration mechanisms
operating on aurcral field lines: one class
accelerates ions primarily parallel to the local
magnetic field and another class imparts energy
to ions perpendicular to the magnetic field. The
region of primary auroral acceleration parallel
to the magnetic field was found to be at an alti-
tude of 5000 to 10,000 km, while evidence for
acceleration of ions perpendicular to the magne-
tic field line has been found at altitudes rang-
ing from 400 km to deep in the magnetotail.

These results have been discussed in detail by
Sharp et al. (1983) and Johnson (1983). The
beams of oxygen observed streaming parallel to
the magnetic field above about 5000 km have on
average comparable oxygen and hydrogen fluxes.
However, ionospheric models predict that the
hydrogen is the dominant thermal ion with little
or no thermal oxygen present in the region of
parallel acceleration above 5000 km. To account
for the high-altitude parallel acceleration of
large numbers of oxygen ions, a low-altitude
(<1000 km) procegs is required to transport suf-
ficient oxygen to the region of parallel acceler-
ation. Experimental and theoretical work has now
firmly established the existence of such low-
altitude processes, although no single mechanism
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has been identified as the source of all or even
a major part of the low-altitude preheating (see,
for example, Whalen et al., 1978; Moore, 1980;
Hultgvist, 1983; Moore et al., 1986; Chang et
al., 1986).

One of the consequences of an ionospheric
source for magnetospheric oxygen is a variation
of oxygen ion outflow during the solar cycle.
Young et al. (1982) demonstrated a long-term
increase in oxygen ions near geosynchronous alti-
tude with no associated increase in hydrogen ions
during the rising phase of the current solar
cycle. They suggested that these results are
expected from the known increase in oxygen scale
height in the ionosphere with solar activity if
the auroral ionosphere is the source of magneto-
spheric oxygen. Yau et al. (1985a,b, 1987)
investigated the long-term variation in outflow-
ing hydrogen and oxygen ions from auroral and
polar regions using data obtained since 1981 by
the DE satellite and confirmed this hypothesis.

Figure 3 presents the observed hydrogen and
oxygen ion outflow rates as a function of the
magnetic activity index, Kp, obtained from three
consecutive periods during the declining phase of
the current solar cycle from DE. These data were
compiled by Yau et al. (1987) and the method used
is described there. The total ion outflow rate
for both hydrogen and oxygen is seen to increase
with the magnetic activity index, XKp. The total
oxygen ion outflow rate retained approximately
the same magnetic activity dependence, but the
level observed in the 1984 to 1986 period had
decreased by at least a factor of 5 from the near
solar maximum level observed from 1981 to 1983.
Young et al. (1982) noted that the daily solar
radio flux index, Fy LT is a good indicator of
the total solar ultraviolet flux and is therefore
the appropriate index with which to monitor solar
cycle variations. Yau et al. (1987) extended
their earlier report (Yau et al., 1985b) to
include data obtained through the current solar
minimum in early 1986 and have presented the data
shown here in Figure 3 as a function of the solar
radio flux index, Fi0.7+ They have shown that
from minimum to maximum values of the solar radio
flux index, at a given level of magnetic activ-
ity, the total oxygen outflow increases by a
factor of ~5 while the hydrogen outflow rate
decreases by less than a factor of 2. The result
is that there is a significant variation in the
average oxygen-to-hydrogen ratio of upflowing
ions over the solar cycle.

In addition to the variation in mass composi-
tion of ionospheric ion outflow with solar cycle
discussed above there is experimental evidence
that suggests that the altitude of the primary
auroral acceleration region rises with increasing
solar activity and that microphysical processes
on auroral field lines are modulated by the iono-
spheric response to variations in the input of
solar energy. Ghielmetti et al. (1984) found
that the frequency of occurrence of upward
streaming hydrogen and oxygen ions with energies
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on the DE 1 satellite in two intervals.
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Average energy of selected upflowing hydrogen and oxygen ion beams observed
1981-1982 was a period of high solar activity
and 1984-1985 was a period of low solar activity.

The average energy of oxygen beams

is seen to be higher than that of the hydrogen beams during the 1984-1985 interval

(from Collin et al., 1987).

greater than 500 eV and at altitudes less than
8000 km by the S3-3 satellite decreased from 1976
to 1979. Ghielmetti et al. (1984) also noted
systematic changes in the composition, energy,
and pitch angle characteristics of these upward
streaming ions over this period of rising solar
activity. During the same general time period
(1979) of decreased S3-3 observations of upward
flowing ions, field-aligned hydrogen and oxygen
structures were commonly observed near geosyn-
chronous orbit by the SCATHA satellite implying
continuing injection from the ionosphere. The
fluxes and energies of the ions detected by the
SCATHA instrument were generally sufficient to
have been detectable at the S3-3 orbit.
Ghielmetti et al. (1984) concluded that these
observations were consistent with the displace-
ment of the principal auroral acceleration regicn
to altitudes above 8000 km near the peak of the
solar cycle.

There are some surprising consequences that
follow from the variation in the number and
energy of oxygen ions leaving the ionosphere.
Measurements from the S$3-3 satellite in 1976 and
1977 showed that oxygen beams observed above 5000
km had, on average, 1.7 times the energy of
simultaneously observed hydrogen beams (Collin et
al., 1981). Observations at higher altitude by
Lundin et al,, (1982) made in 1978 showed that
both oxygen and the singly charged helium ion
beams had more energy than accompanying hydrogen
beams. These results contrast with the results
of Reiff et al. (1987) who studied several beam

events and reported that oxygen and hydrogen
beams had nearly the same energy. The Reiff et
al. observations were made in 1981, near solar
maximum, from DE 1. Reiff et al. (1987) also
showed that, in their beam events, there was a
transfer of ion beam "streaming" energy into
increased random thermal energy in the streaming
frame of reference. Collin et al. (1987)
examined the relative energies of many simultan-
eously observed oxygen and hydrogen beams
observed by S$3-3 at solar minimum and DE 1 at
both sclar maximum (1981-1982) and in the declin-
ing phase of the current solar cycle (1984-1985).
Figure 4, reproduced from their paper, shows that
the relative energies of the hydrogen and oxygen
components of upflowing ion beams for the two
periods are different. It shows that near solar
maximum the oxygen and hydrogen ion beam compon-
ents had comparable mean energies. Near the
1976-1977 solar minimum, Collin et al. (1986a)
found that oxygen beams had more energy than
could have been acquired from the potential drop
determined from the simultaneously observed elec-—
tron loss cone widening. No simultaneous elec-
tron loss cone measurements are available during
the 1984-1985 period, but oxygen beams were found
to have more energy than could have been acquired
from the potential drop determined from the
hydrogen beam energye.

Collin et al. (1987) suggested that the obser-
vations summarized in Figure 4 are consistent
with the ion beams being partially thermalized
through the two-stream instability between hydro-
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duced from Klumpar et al. (1984). See text.

gen and oxygen with the effect being modulated by
the beam composition. The two-stream instability
arises because of the velocity difference between
hydrogen and oxygen beams which, initially,
acquire the same energy when they pass through a
magnetic field-aligned potential drop (Kaufmann
et al., 1986; Bergmann and Lotko, 1986). Collin
et al. (1986b) examined the multi-species disper-
sion relation and showed how it is possible for
oxygen to acquire extra energy from hydrogen
beams with higher velocities when oxygen is a
minor species.

Transverse Acceleration and Ion Conics

The early results from the S3-3 satellite
(Sharp et al., 1977) clearly established that
energization of ions perpendicular to the local
magnetic field iS an important process in the
coupling of ionospheric and magnetospheric
plasmas. Since this initial recognition, consid-
erable work on both the macro- and microphysical
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aspects of perpendicular acceleration processes
has been done. Klumpar (1986) compiled a compre-
hensive bibliography on this subject. It is
beyond the scope of this report to discuss all
aspects of transverse acceleration; instead dis-
cussions will concentrate on recent results that
suggest that the expected ion energy-angle
"signature" of transverse acceleration may not be
unique and that more than one microphysical proc-
ess i1s important for imparting transverse energy
to significant numbers of ions on auroral field
lines.

The starting point for this discussion is to
note the extreme difficulty experimentalists have
had in finding regions where transverse ion ener-
gization is the dominant process. The expected
"signature" of such regions is the simultaneous
occurrence of intense low-frequency plasma waves
and energetic ions with their energy primarily
perpendicular to the local magnetic field, a so-
called 90° conic distribution. Kintner and
Gorney (1984) were able to find only one such
example in the entire S3-3 data set. Whalen et
al. (1978), Yau et al. (1983), and Kintner et al.
(1986) have been remarkably successful in observ-
ing the so-called 90° conics at ionospheric alti=~
tudes from rockets. However, mapping ion pitch
angle distributions from ion conic distributions
measured at satellite altitudes indicates that
almost all such conical distributions have a
source region at altitudes well above the iono-
sphere. This point is illustrated in Figure 5
from Klumpar et al. (1984). The top panel of
Figure 5 presents the observations made at an
altitude of ~22,000 km and shows contours of the
logarithm of observed velocity space density.
Considering, for the moment, the pitch angles of
only the most energetic particles, Klumpar et al.
showed that conservation of the first adiabatic
invariant in the earth's magnetic field indicates
that the energetic ions would have had 90° pitch
angles where the strength of the magnetic field
was ~1.49 times larger, or at ~18,200 km.

More importantly, because Klumpar et al.
(1984) had observations of ion velocity distribu-
tions to low energies (i.e., ~50 eV), they were
able to show, as indicated in the seccnd two
panels of Figure 5, that the observed ion distri-
bution is inconsistent with simple adiabatic
transport of ions from a source at 18,200 km to
the observation altitude of ~22,000 km. The
interpretation implied in Figure 5 is that a
parallel acceleration of 310 eV and adiabatic
transport, a two-step or bimodal process, is
responsible for producing the observed ion dis-
tribution. There have been three other sugges-
tions of processes that could produce ion distri-
butions such as those shown in Figure 5. Chang
et al. (1986) and Temerin and Roth (1986) showed
how such distributions can be caused by a rela-
tively weak transverse acceleration mechanism
acting over a range of altitudes. Retterer et
al. (1987) extended the work of Chang et al. and
were able to reproduce the type of ion distribu-
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tion discussed by Klumpar et al. (1984). It
should also be noted that Horwitz (1986) has
shown that some of the features of the observed
ion distribution in Figure 5 can be explained by
a velocity filter mechanism (i.e., simply par-
ticle kinematics).

The point of the above discussion is to show
that our understanding of the microphysical proc-
esses that are responsible for the exchange of
ionospheric and magnetospheric plasmas, in spite
of the large number of papers devoted to the
subject, is still incomplete and evolving.
Lennartsson (1983) provided a short introduction
to and catalog of the types of acceleration mech-
anism that have been considered to be operating
in the auroral region. It is important to
realize that most of the mechanisms cataloged by
Lennartsson probably do occur on auroral field
lines and it 1s difficult to distinguish among
them using state-of-the-art in situ plaswma diag-
nostics.

Ion Velocity Dispersion Events

In addition to ion "beams" and "conics," there
is a third type of ion energy-pitch angle distri-
bution observed on auroral field lines that has
been less intensively studied. As noted below,
some of these distributions are unstable and can
lead to the emission of plasma waves. Observable
velocity dispersion effects can be seen after the
introduction in a localized region and/or in a
short period (compared to ion travel times) of a
plasma population with a rather broad energy
and/or pitch angle distribution. The difference
in travel times caused by the different spiral
path distances traveled by ions with different
pitch angles to a remote location leads to unigque
energy-pitch angle, or energy-latitude distribu-
tions at locations well removed from the source.

The first intensively studied ion velocity
dispersion events were observed in the low-
latitude magnetospheric cusp (Shelley et al.,
1976; Reiff et al., 1977). In the cusp there is
localized entry of a broad energy and pitch angle
spectrum of magnetosheath ions and a well defined
anti-sunward drift (independent of energy) of
ions as they move down to the ionosphere. The
spread in ion velocities parallel to cusp field
lines coupled with anti-sunward drift, indepen-
dent of parallel velocity, results in the charac-
teristic energy-latitude signature identified by
Shelley et al. (1976) and Reiff et al. (1977).

At higher altitudes in the cusp Burch et al.
(1982) showed that a characteristic "V" in ion
energy-pitch angle distributions is explained by
the same kinematic effects. Gorney (1983) noted
that these downstreaming cusp ion distributions
have a characteristic ring or shell shape in
velocity space that could lead to plasma wave
instabilities. Subsequently Roth and Hudson
(1985) showed there is enough energy in these
distributions to support significant ion heating.

A second velocity dispersion effect has also

been found in the cusp region. The Marshall
group has recently found in their DE 1 retarding
ion mass spectrometer (RIMS) data an interesting
and unexpectedly intense source of low-energy ion
outflow from a limited latitudinal region in the
dayside cusp/cleft which they have called the
"upwelling ion region" (see, for example,
Lockwood et al., 1985a). This spatially
restricted low-energy ion source and the normal
anti-sunward high-latitude plasma convection
pattern result in effects which have been called
a "fountain in a wind" (Lockwood et al., 1985a)
where the upwelling ion energies are small com-—
pared to the gravitational potential energy at
high altitudes, or a "geomagnetic ion mass spec-
trometer" (Lockwood et al., 1985b) where the
energy of the upflowing low-energy ions is
slightly higher. The further acceleration of
some of these ions on auroral and cusp field
lines by a mechanism such as that recently pro-
posed by Cladis (1986) suggests that this
upwelling ion region could be an important source
of low-energy (~10-50 eV) plasma sheet ions
(Chappell et al., 1987).

Ion velocity dispersion signatures not asso-
ciated with the dayside cusp or cleft region have
also been reported on auroral magnetic field
lines. Figure 6 is from a presentation made by
Klumpar et al. (1983) and shows in the middle
panel an oxygen energy-pitch angle velocity dis-
persion feature. The data presented in Figure 6
were obtained by the EICS instrument on DE 1 and
are in the form of mass resolved energy-time
spectrograms. Data for about 7 min on July 14,
1982, when DE 1 was on mid-altitude (R/R
~ 4) auroral field lines (L ~ 5.6) near 1600
magnetic local time are shown. The top two
panels display mass-resolved hydrogen and oxygen
ion count rate presented at the highest time
resolution encoded with the gray bar shown on the
right. The EICS instrumental response function
is such that the counting rate is approximately
proportional to number flux. The bottom panel,
labeled ED, is from an ion detector sensitive to
all ion species. The EICS mode used during the
interval presented in Figure 6 obtained complete
pitch angle coverage for oxygen and hydrogen ions
over the energy range (10 eV to 17 keV) every 24
s. The data in Figure 6 are displayed in pitch
angle order for each measurement cycle instead of
in strict time order. The pitch angle character-
istic of each energy spectrum is displayed as a
function of time in the bottom panel. Klumpar et
al. (1983) analyzed the oxygen energy-time-pitch
angle signature in Figure 6 and have found that
it is consistent with an impulsive isotropic
equatorial source with a broad energy and pitch
angle spectrum which occurred for a short (com-
pared to the ion bounce time) period at 23:26:25.
Note that the low-energy trace (i.e., the slow
ions) have come directly from the equator, while
the higher energy dispersion signature starting
near 23:34 comes from ions which have traveled
through the opposite hemisphere, mirrored, and
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Fig. 6.

illustrating an oxygen ion dispersion event.

are coming back down magnetic field lines. Quinn
and McIlwain (1979) reported the not infrequent
occurrence of ion energy pitch angle dispersion
signatures consistent with those shown in Figure
6 at geosynchronous altitudes. They analyzed the
ion dispersion signatures for a number of events
and found two classes of dispersion signature,
one consistent with an equatorial source and the
other with an ionospheric source for the initial
population responsible for what they have called
"bouncing ion clusters." 1In a subsequent paper
Quinn and Southwood (1982) proposed a parallel
ion acceleration mechanism for the equatorial ion
source. -

Quinn and McIlwain (19792) noted that a very
large fraction of the "bouncing ion clusters"
they observed survived multiple reflections at

Energy-time spectrograms of hydrogen (top panel) and oxygen (middle panel)

See text.

low altitudes with very little reduction in
intensity. At the time of thelr observations
this was consistent with the lack of detection of
significant numbers of downflowing ion events
(i.e., ion beams precipitating into the iono-
sphere) by instrumentation on the S3~3 satellite
(Ghielmetti et al., 1979). Since that time there
have been reports from the DE 2 and AUREOL-3
satellites of significant numbers of downflowing
ion events (Winningham et al., 1984; Frahm et
al., 1986; Bosqued et al., 1986).

Figure 7, reproduced from Bosqued et al.
(1986), illustrates the observational details and
interpretation of a downward flowing ion event
observed on AUREOL-3 on June 27, 1982. The
observations are of a precipitating ion distribu-
tion with a maximum intensity at an energy that
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Fig. 7. Schematic representation of the observed
energy-latitude dispersion (left) of an ion band
observed from the AUREOL-3 satellite on June 27,
1982. The inferred source distribution is shown
in the right-hand panel (from Bosqued et al.,
1986).

systematically decreases with invariant latitude
as the satellite moves across auroral field
lines. The curve labeled "final distribution" in
Figure 7 shows the observed peak energy as a
function of invariant latitude. The interpreta-
tion is that the final energy-latitude distribu-
tion is the result of the transport of ions
accelerated from a range of local times at more
or less the same invariant latitude in the mag-
netically conjugate hemisphere, including the
effects of ion drift in a uniform dawn-dusk
electric field. The curve labeled "initial dis-
tribution" in Figure 7 shows the ion energies as
a function of magnetic local time inferred using
this interpretation.

Bosqued et al. (1986) had a data base consist-
ing of 600 auroral zone crossings in 1982 and
1983, They found ion energy-latitude dispersion
features similar to the one shown in Figure 7 in
68 auroral crossings (~11%). Frahm et al. (1986)
analyzed 227 low-altitude auroral crossings of
the DE 2 satellite from the fall of 1981 and
found 40 such signatures (~18%). This contrasts
with the results of Ghielmetti et al. (1979) who
found only 20 downward flowing ion events in 570
auroral crossings of the S3-3 satellite between
1976 and 1979 (~4%). The relatively low number
of downward flowing ion events seen by the S3-3
satellite might be explained by the large differ-
ences in sensitivity and energy threshold between
the $3-3 instrument and the AUREOL-3 and DE 2
instruments. It is interesting to note however,
that the DE 7 cbservations were obtained closer
to the recent solar maximum than either the 53-3
or AUREOL-3. The ATS 6 results of Quinn and
McIlwain (1979) were also obtained during rela-

tively low levels of solar activity. It is, of
course, not possible to demonstrate a solar cycle
variation in the occurrence frequency of downward
flowing ion events from the data discussed here,
but since Yau et al. (1985a,b, 1987) have demon-
strated a solar cycle dependence in upflowing ion
events, a solar cycle dependence to the observa-
tion of downward flowing ion events would not be
surprising.

The above discussion shows a large gap in our
understanding of the physical processes involved
in the coupling of ionospheric and magnetospheric
plasmas. Ionospheric ions stream out of the
ionosphere as collimated beams or, in the absence
of other interactions, become collimated beams
near the equator as the strength of the magnetic
field decreases because of the conservation of
the first adiabatic invariant. At some time in
their transport through the plasma sheet, these
directed ion streams are converted into the hot
quasi-isotropic plasma sheet population. We do
not understand, at this time, the processes
occurring on auroral field lines in the plasma
sheet well enough to be able to explain why some
streams of ions retain their identity and perform
multiple bounces, others precipitate into the
ionosphere, and still others are pitch-angle
scattered to become the quasi-isotropic plasma
sheet population. Perhaps the key to understand-
ing these complicated relationships will come
from the detailed studies of counterstreaming ion
populations observed on mid-altitude auroral
field lines (see, for example, Horita et al.,
1987; Sagawa et al., 1987) and near the equator
(see, for example, Quinn and Johnson, 1985).

Concluding Remarks

In situ plasma diagnostics and particular
energetic ion composition measurements on auroral
field lines in the past 10 years have greatly
improved our understanding of the magnetosphere
and the ionosphere and their interactions, but we
are still far from a complete picture. Current
models of the magnetosphere and ionosphere are
starting to reflect the importance and dynamic
nature of the ionospheric contribution to magne-
tospheric plasmas. Our present level of under-
standing is illustrated by considering the recent
suggestion by Baker et al. (1982) that variations
in the ionospheric source composition can lead to
the initiation of plasma sheet instabilities. We
have observations that lead to such suggestions
that large-scale physical processes are important
in coupling ionospheric and magnetospheric
plasmas, but we cannot confirm or rule out these
suggestions because of the very global nature of
the processes and the very limited, in space and
time, simultaneous observational data available
to test them. On a more fundamental level, the
recent discovery of the frequent occurrence of
cross polar cap emission features, the so-called
"theta aurora," during extended periods of north-
ward interplanetary magnetic field (see, for



example, Frank et al., 1986; Peterson and
Shelley, 1984) has raised some basic questions
about our understanding of the topology of the
magnetosphere.

On auroral field lines we also have a very
incomplete understanding of the relative impor-
tance of the many possible mechanisms that could
be involved in the transport of atomic oxygen
from the ionosphere to the magnetosphere and why
some ion populations pass through the equatorial
magnetosphere to precipitate in the magnetically
conjugate hemisphere and some populations become
trapped.

Until we can answer questions such as these,
there will have to be doubts about the generality
of any empirical models we use to describe the
magnetosphere/ionosphere system. We are making
progress, however. The Dynamics Explorer project
has illustrated the importance and difficulty of
looking at the complete range of in situ param-
eters. The continued analysis of the high reso-
lution Dynamics Explorer data, the very recent
successful operation of the Swedish VIKING satel-
lite with its complement of high resolution
plasma instruments, and multi-satellite collabo-
ration such as the recently initiated PROMIS cam-
paign (Hones, 1985) should continue to provide
new insights into both the micro- and macro-
physics involved in the interaction of magneto-
spheric and ionospheric plasmas on auroral field
lines.
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