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Observations of the electric fields that accelerate auroral particles
M TEMERIN and F S MOZER
Space Sciences Laboratory, University of California, Berkeley 94720, USA

Abstract. Electric fields accelerate electrons and ions in the auroral zone at altitudes below
8000 km to produce several distinctive particle distributions. The electric field of electrostatic
shocks and double layers produces the inverted-V precipitating electron and up-flowing ion
beams. Electrostatic ion cyclotron waves heat ion beams. The electric field in low frequency
plasma waves and electrostatic shocks produces ion conics and field-aligned or counterstreaming electrons. Relationships between electric fields and particle distributions are
illustrated with data from the $3-3 satellite.
Keywords. Electric fields; auroral particles; inverted-V electrons; precipitating electrons; upflowing ion beams; electrostatic ion cyclotron waves; ion conics.

1.

Introduction

The aurora is the most beautiful and colorful manifestation of the interaction of the
magnetosphere with the ionosphere. In the past few years there has been remarkable
progress in our understanding of the processes that accelerate and energize electrons to
produce the aurora. This progress is largely due to the results from the $3-3 satellite
which had the good fortune of passing through the region along auroral magnetic field
lines in which auroral electrons and ions are accelerated.
In this report we will be concerned with the observations of electric fields on auroral
field lines and the interaction of these electric fields with charged particles--both
electrons and ions. The features in the electric field data which we consider are
electrostatic shocks (Mozer et aI 1977, 1980; Torbert and Mozer 1978; Hudson and
Mozer 1978; Mozer 1980, 1981; Temerin et ai 1981a, b), which are small-scale regions of
large, mainly perpendicular, quasi-static electric field; double layers (Temerin et al
1982; Mozer and Temerin 1983; Hudson et al 1983), which are small-scale pulses of
parallel electric field; and a variety of waves (Kintner et al 1978, 1979; Kintner 1980;
Hudson et al 1978; Temerin 1978, 1979a, b, 1981a; Temerin et a! 1979; Lysak and
Hudson 1979; Lysak et al 1980; Cattell 1981; Cattell and Hudson 1982; Gorney et al
1982; Temerin and Lysak 1983; Lysak and Temerin 1983; Gorney 1983).
Observations of the electric field are crucial to an understanding of charged particle
energization. From the Lorentz force law (m~ = q[E + V x B]/c), it is seen that the
only way a charged particle can be energized by electromagnetic forces is through its
interaction with the electric field. The change in kinetic energy (e) of a particle is given by
g = q~. E. From this we see that both quasi-static electric fields and oscillatory electric
fields, that is, plasma waves, can energize particles, but that magnetic fields cannot.
It is also well to recall when considering particle energization that there is a
substantial difference between the effects of electric fields parallel to the magnetic field
and of electric fields perpendicular to the magnetic field. Both ions and electrons are
energized by the electric fields parallel to the magnetic field. However, quasi-static
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electric fields perpendicular to the magnetic field do not normally energize charged
particles. This is because the gyroscopic motion of charged particles in a magnetic field
produces an oscillatory motion in the component of the velocity perpendicular to the
magnetic field, and thus, also in qv- E. Instead, quasi-static electric fields perpendicular
to the magnetic field produce particle drifts in both the electrons and ions with a
velocity equal to cE x B / B 2 in Gaussian units. To produce energization through
perpendicular electric fields, it is necessary to violate the first adiabatic invariant. This
can be done by electric fields that oscillate with a frequency of the order of the
gyrofrequency of the electron or the ion or by electric fields that have a spatial scale
length of the order of the particle gyroradius (Mozer et al 1980; Greenspan and
Whipple 1982).
In order to measure the electric field, the $3-3 satellite was equipped to make threecomponent (vector) measurements of both the quasi-static and wave electric fields (see
Mozer et al (1979) for a description of the electric field experiment and Cattell (1982) for
an overall description of the satellite) and at the same time to measure the energetic
electrons and ions that are accelerated by these electric fields. In this article, we present
new data and also review the results of measurements from this satellite with an
emphasis on describing those aspects of the measurements which raise new questions.
We hope to emphasize that, despite the many new discoveries over the last few years,
much still needs to be done in acquiring new data, interpreting existing data, and in
advancing our theoretical understanding of the plasma physics of the processes
involved in producing the aurora.
To understand why the auroral zone at altitudes between 1000 and 8000 km is an
interesting location for the study of the physics of particle acceleration, it is convenient
to start with the big picture. The magnetosphere as a whole can be thought of as an
electric dynamo driven by the interaction of the magnetic field of the earth with the
solar wind. The magnetic field lines in the outer portion of the magnetosphere map
back to the surface of the earth to form a ring around the polar capthat is known as the
'auroral oval' or 'auroral circle'. Plasma convection in the outer portion ot~ the
magnetosphere is coupled to the ionosphere by currents that flow along the magnetic
field lines of the auroral oval. Because currents perpendicular to the magnetic field are
small except in the ionosphere and in the outer portion of the magnetosphere, the
currents parallel to the magnetic field along a given flux tube are approximately
constant. This means the parallel current density increases as the magnetic field lines
converge towards the ionosphere. However, the plasma density increases more slowly
and then rises rapidly in the ionosphere. As a result the relative drift between electrons
and ions necessary to sustain this current is a maximum at an intermediate altitude
(Lysak and Hudson 1979). Figure 1 shows a plot of the plasma density, Alfv6n velocity,
and the relative drift between electrons and ions. The maximum in the relative drift
occurs between 5000 and 8000 km for the density model chosen in figure 1. This model
is based on measurements of the lower hybrid frequency on $3-3 and is confirmed by
the direct Langmuir probe density measurements (Mozer et al 1979). A relative drift
between electrons and ions of large enough magnitude is known to be unstable to
several plasma instabilities which can produce waves and quasi-static electric fields. On
the basis of similar arguments, Kindel and Kennel (1971) predicted the observation of
current-driven electrostatic ion cyclotron waves, which were, in fact, observed in the $33 satellite data (Mozer et al 1977).
Of course, our assurance that the auroral zone at altitudes between 1000 and
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F i g u r e 1. The upper panel shows the density as a function o f altitude in the auroral zone as
determined from measurements of the lower hybrid frequency. The individual points and lines
are lower hybrid measurements. The smooth curve is a fit. The lower panel shows the relative
flow velocity required to maintain current continuity along magnetic field lines and the relative
change in the Alfv6n speed based on the density model in the upper panel.

8000 km is of special interest comes not from the argument mentioned above but from
actual measurements. Here we shall compare both the quasi-static and wave electric
fields measured on $3-3 with particle distributions that show evidence of acceleration at
altitudes below 8000km. There are four particularly distinctive and particularly
common particle distributions which will be of interest. First, and perhaps the most
interesting, is the downward accelerated electrons that produce the discrete aurora and
the so-called "inverted V" (Frank and Ackerson 1971; Mizera and Fennell 1977). It is
now known that the electrons that produce the discrete aurora are accelerated by
electric fields at altitudes above 3000 km and that most of this acceleration occurs below
8000 km (Sharp et al 1979; Cladis and Sharp 1979; Mizera et al 1981a, b; Fennell and
Mizera 1981; Bennett et al 1983). The second particle distribution is that of the ion
beam (Shelley et al 1976; Croley et al 1978; Ghielmetti et al 1978; Gorney et al 1981).
The same electric field that accelerates electrons downward also accelerates ions into a
warm upward-flowing beam. The third particle distribution that shows evidence of
local energization is that of the narrowly field-aligned electron beams (Sharp et al 1980;
Collin et al 1982). These electrons are often seen flowing up and down magnetic field
lines (counterstreaming). The fourth particle distribution is the ion conic (Ghielmetti
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et a11978; Sharp et a11980; Gorney et a11981)"Ion conic" is the name given to ions that
have been accelerated perpendicular to the magnetic field line.
The inverted V electrons that produce the aurora and the upward-flowing ion beams
are related because they are produced by the same parallel electric fields. The
connection between conics and narrowly field-aligned or counterstreaming electrons
has not been as firmly established but they do tend to occur together and we will treat
them together and present further evidence of their relationship to each' other.

2.

The relation of electrostatic shocks to inverted V electrons and ion beams

Electric fields parallel to the magnetic field at altitudes above 3000 km are responsible for
the acceleration that produces the discrete aurora (Torbert and Mozer 1978; Kletzing et
a11983), inverted V's (Gurnett 1972), and upward flowing ion beams (Shelley et a11976;
Croley et a11978). Figure 2 shows the quasi-static electric field and the ion and electron
data from a passage of the $3-3 satellite through such an acceleration region. We will
examine the data in this figure on some detail because it illustrates many of the typical
features of the inverted V acceleration region. The satellite passed through auroral field
lines at an altitude of 7900 km, a magnetic local time of 2000 hr, and an invariant
latitude of 76~. Two components of the electric field are shown in the figure. One of
these components is along the magnetic field (the 'parallel component') and the other is
perpendicular to the magnetic field in the southward or equatorward direction (the
'equatorward component'). The equatorward component is displayed on two scales.
The scale with the + 600 mV/m range is used to show the magnitude of the shock while
the scale with the + 100 mV/m range is used to show the smaller amplitude turbulence.
Also shown are the fluxes of electrons and ions for several energies. As the satellite spun,
it sampled particles at almost all pitch angles. The times the satellite was sampling
particles flowing along the magnetic field out of the ionosphere are indicated by upward
pointing arrows above the ion and electron plots.
Figure 2 illustrates some typical relationships between electrostatic shocks and
regions of large-scale parallel acceleration responsible for inverted V's and of upward
ion beams. Electrostatic shocks are small-scale regions of large electric field. Such a
shock is indicated by 'A' in figure 2. The shock lasted for approximately 1 sec. If we
assume that the temporal variation shown in the figure was due to the satellite motion
through a spatial structure, we can determine that the width of the shock was about
5 km. The average electric field was about 400 mV/m. The total potential drop through
the shock was consequently about 2 kV. Note also that the parallel component (E) was
much smaller with an average magnitude of about 30 mV/m. Before the shock, that is,
equatorward of the shock since the satellite was moving poleward in this case, there was
no parallel field below the satellite. This is indicated by the lack of upgoing ion beams
(N), a small loss cone in the electron flux (1), and the presence of low energy electrons
flowing up and down the field line (F). Moving towards the shock, we see that the flux in
the highest energy electron channel reached a maximum right at the equatorward
boundary of the shock (M). This is a common feature of shocks that has not previously
been noted. The electric field in the shock itself points poleward (A). On the poleward
side of the shock there was a parallel electric field below the satellite, as indicated by the
upward flowing ion beams (N), the suppression of low energy back-scattered electrons
(G), wider loss cones in the energetic electrons (K), and turbulence at a level of about
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15 mV/m in the quasi-static electric field (D). Additional shocks (B) are often embedded
in these regions. Unlike paired shocks, there was no corresponding electrostatic shock
at the end of the region of parallel fields (C). Because of this, we call this an "S-shock," as
opposed to a paired or V-shock (Mozer et al 1977; Temerin et al 1981b). Note that, as
the parallel potential below the shock decreased, as indicated by the decrease in the
energy of the ion beam (O), the low energy electrons increased and the high energy
electrons decreased (H). This is a pattern characteristic of the edges of inverted V's.
Though the field in the shock in figure 2 is mostly perpendicular to the magnetic field,
it is still indicative of a parallel potential drop if the shock structure is electrostatic. This
is because the requirement that V x E = 0 for electrostatic structures cannot be met
without a parallel electric field or an extremely large ionospheric electric field
(~ 1 V/m). However, it is known that ionospheric electric fields are typically no larger
than 150mV/m. Thus, there must be a parallel electric field. If the shock is an
electrostatic structure, we can also make an equipotential electric field model of the
auroral field lines on which inverted V electrons and ion beams are accelerated.
Consequently, if such a model agrees with the data, then this is, in turn, evidence that
the shock is, in fact, an electrostatic structure.
Most of the features in figure 2 can be explained by an electric potential model such as
that shown in figure 3. The lines in figure 3 are lines of electric equipotential. The
magnetic field is assumed vertical. At A in figure 3, nearly all the potential drop is above
the satellite. Energetic electrons are accelerated by the potential above the satellite, but
there are no ion beams. The colder backscattered and secondary electrons from the
ionosphere can move freely up the field line. At B the largest flux of high energy
electrons should be seen corresponding to the region that is just below the parallel
potential drop. As the satellite moves through the shock (C), the electric potential drop
above and thus the flux of the accelerated higher energy electrons decreases. At the same
time, ion beams of ionospheric origin are accelerated upward through the potential.
Low energy secondary electrons from the ionosphere are reflected by the potential belo~
the satellite, and so the density of the low energy electrons decreases. The potential
below the satellite also decreases the parallel velocity component of the upgoing
electrons and thus widens the electron loss cone. Also note that the electric field in the
electrostatic shock in figure 3 points toward the region of parallel potential drop below
the satellite, as did the electric field in figure 2. The fact that the electric field in the
electrostatic shocks points toward the region of parallel field below the satellite is
typical both of S-shocks and V-shocks (Temerin et al 1981). In a S-shock, there is no
shock at the end of the region of parallel potential below the satellite ('D' in figure 3).
Because so many different features fit the model, there is little room for doubt that
potential drops on auroral field lines play a major role in accelerating electrons to
produce the discrete aurora.
Now let us look at some of the unanswered questions raised by the above model.
Figure 3 is only a very schematic sketch of a possible potential structure. In particular,
there is no vertical scale in the figure. This is because the satellite typically makes a
horizontal pass through the acceleration region. Thus the vertical extent and
consequently the average magnitude of the parallel electric field are not well
determined. We shall see that some of the parallel potential drop extends over several
thousand kilometers in a series of double layers but the electrostatic shock data also
suggest that the parallel potential drop is concentrated over a small region of perhaps
50 to 100 km. It seems reasonable to suppose that there may be a region of large
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Figure 3. An electrostatic equipotential model that may be appropriate for the data shown in
figure 2. The lines are lines of electric equipotential. The arrows point in the direction of the
electric field.

parallel electric field in the shock above which there is a larger region of much smaller
parallel electric field. Another unanswered question concerns the temporal development of the parallel potential drop. We have implicitly assumed that the variations that
we see in the data are due to satellite motion through a spatial structure. This must be
true to first order because of the good agreement of the data with the electrostatic
model for inverted V's, but it cannot be the whole story. The temporal evolution of the
electrostatic shock and of the parallel electric field region is a topic of current
theoretical interest. (Mallinckrodt and Carlson 1978; Goertz and Boswell 1979; Lysak
and Carlson 1981; Lysak and Dum 1983).
Another problem is that the electrons and ions that pass through the potential
structure are not only accelerated parallel to the field but are also heated. The upwardflowing ion beams, consisting of ionospheric ions whose initial temperatures are less
than 1 eV, typically have a temperature of 0.1 to 0"2 of the ion beam energy, that is,~a
temperature in the range of tens to hundreds of eV. Parallel potential drops
adiabatically cool the ions further. Thus waves are required to heat the ions. The
accelerated downgoing electrons also generate waves which heat the parallel component of the electron distribution. The self-consistent interaction of the waves with the
electrons and ions is not completely understood.
Some of these questions can be partially answered by the data. Let us consider the
magnitude of the parallel electric field. In the electrostatic shock of figure 2 the parallel
field (E) is about 10 ~ of the perpendicular field. If the electrostatic shock is, in fact, an
electrostatic structure, then this implies that the shock is inclined by about 6 ~ to the
magnetic field. Since the shock width is about 5 km perpendicular to the magnetic field,
parallel to the magnetic field, on a given magnetic field line, it would have an extent of
50 km. In this scenario, a good part of the parallel potential drop occurs in the shock.
However, the measurements of the parallel field are uncertain mainly because small
errors in the measurement of the large perpendicular component can affect the much
smaller parallel field when the electric field vector is rotated from the satellite frame to
the magnetic field-aligned frame of reference. A survey of other similar shocks shows no
obvious preferred direction of the parallel field. One would expect the field usually to
point away from the ionosphere as it does in figure 2 (E) if the potential model in figure
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3 is correct. However, large parallel fields should show up clearly. We can thus conclude
that the average parallel electric field in an electrostatic shock is not likely to be greater
than about 25 mV/m, since a larger average parallel electric field would produce a
systematic tendency, even in the presence of slightly uncertain measurements. It would
not be inconsistent, however, for larger parallel electric fields to occur occasionally.
When the $3-3 satellite was in a favorable orientation and in a favorable mode of
operation, the noise levels associated with antenna asymmetries were less. In these
cases, the parallel electric field uncertainties were less. Figure 2 is an example of such a
favorable mode of operation. In other such cases, parallel electric fields of up to
100 mV/m have been measured (Mozer et al 1980; Mozer 1981). A search for even
larger parallel electric fields in the hundreds of mV/m range (Boehm and Mozer 1981)
found at most only a few such examples. Thus it is not likely that such very large parallel
electric fields play an important role in the acceleration of inverted-V electrons and
ions. A lower bound on the magnitude of the parallel field comes from the particle
measurements. The ion beams and the wider electron loss cones show that the potential
drop below the satellite is about 3 kV in the example in figure 2. Measurements of ion
beams at other altitudes have shown that the upward parallel electric field region can
extend to an altitude of about 3000 km but that it is usually above 5000 km (Corney
et al 1981; Bennett et al 1983). Thus a lower bound on the magnitude of the parallel
electric field should be about 1 mV/m. In some rare cases the potential drop along the
magnetic field exceeds 10 kV. This implies a lower bound on the parallel electric field of
3 mV/m in these cases.
The vertical and horizontal extent of the electrostatic shock across magnetic field
lines is also uncertain. If the nominal values mentioned above are used for the inclination
of the shock in figure 2 and if the shock extends to the 5000 km altitude, then its vertical
extent would be 3000 km and its horizontal extent would be 300 kin. Three hundred
kilometers happens to be the extent of the region of upward going ion beams in figure 2.
This is consistent with a model in which the particle acceleration takes place through an
obliquely-inclined electrostatic shock (Swift 1975). This is also consistent with the
statistical distribution of electrostatic shocks associated with ion beans (Temerin et al
1981b; Bennett et a11983). However, it is clear from the electron distribution that, in the
region of ion beams, there is also a parallel electric field above the satellite. This can be
seen from the presence of energetic electrons and, more specifically, from their pitch
angle distribution. The decrease in the electron flux at 90 ~ in figure 2 (L) for instance, is
evidence of parallel electric fields above the satellite. This, too, is a common feature of
the data. Because evidence of electric field is commonly observed, this region of parallel
electric fields must have a large vertical extent but a small average electric field
magnitude. The region in which the parallel electric field occurs is filled with upwardflowing ion beams and electric field turbulence and waves.
Some of this turbulence can be seen in figure 2 (D). The nature of this turbulence is
well-known from wave electric field data. Figures 4 and 5 each show about 0-5 see of
electric field data for the three components of the electric field for frequencies above
about 8 Hz. These data are from a different orbit and from a region of ion beams of
smaller energy than the data in figure 2. The ion beam energy in these cases was about
if4 kV. Three features can be seen in the data; low frequency turbulence, electrostatic
hydrogen cyclotron (Erlc) waves, and double layers. The EHC waves are the fairly
sinusoidal feature in figure 4 at 140 Hz with a peak-to-peak amplitude of about
10 mV/m. The low-frequency turbulence is of somewhat larger amplitude and much
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Figure 4. Three components of the wave electric field. The parallel component is the
component of the electric field parallel to the magnetic field. The other two electric field
components are perpendicular to the magnetic field. An envelope has been drawn by hand to
the EHCwave form to facilitate comparison of the amplitude of the parallel and perpendicular
electric fields.

Figure 5. Three components of the electric field from a time slightly before that shown in
figure 4. Note the double layers (DL),solitary waves (sw), and the E.C waves.
lower frequency. T h e d o u b l e layers a r e the small features in figure 5 in the parallel
c o m p o n e n t . A n envelope to the Eric waves has been d r a w n in by h a n d in figure 4 to
facilitate c o m p a r i s o n o f the a m p l i t u d e o f parallel a n d p e r p e n d i c u l a r c o m p o n e n t s o f the
electric field in the Eric wave. As can be seen from figure 4 the EriC waves have a large
p e r p e n d i c u l a r electric field a n d a small parallel electric field. However, the EriC waves
have a frequency o n l y slightly larger t h a n the gyrofrequency o f the H + ions. T h u s they
can effectively energize o r heat the ions. T h e nonlinear interaction o f the Eric waves with
the ions m a y well p r o d u c e the ion heating that is necessary to account for the ion
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temperature. However, hot ions tend to damp electrostatic ion clyclotron waves. A
completely self-consistent theory that explains the ion heating without completely
damping the waves has yet to be formulated though there have been steps in that
direction (Okuda and Ashour-Abdalla 1983). It is not even certain what the basic
mechanism for the instability is. The large currents (Cattell 1981) and low densities in
these regions suggests that the instability is current driven, as originally suggested by
Kindel and Kennel (1971). The presence of the ion beams, however, suggests that the
instability may be driven by ion beams streaming through a colder ion background
(Kaufman and Kinter 1982).
The data in figure 4 are, however, helpful in limiting the possible mechanisms that
produce the instability. Since for electrostatic waves the wavevector points in the
direction of the electric field, figure 4 indicates that the wavevector of the observed Eric
waves is oblique. Typically, kll/k • is less than 0.2. In order for such wavevectors to be
linearly excited in a plasma described by drifting Maxwellian distributions, the ion and
electron temperatures should be comparable. However, if a warm ion beam excites
waves in a background of cold ions and warm electrons, the ratio, k d k • should be
larger (Bergmann 1983). One cannot rule out ion beam generation of Eric waves,
however, since the presence of a loss cone in the electron distribution function has not
yet been taken into account. Furthermore, nonlinear processes such as three-wave
decay may lead to the generation of wavevectors more oblique to B than the original
linearly unstable modes.
The wave data in figure 5 are also from the same region of ion beams as the data in
figure 4. In this figure, the double layers are more prominent and the EHC waves are
somewhat less prominent than in figure 4. Double layers are small-scale regions of a few
hundred meters with parallel electric fields of the order of a few mV/m (Temerin and
Mozer 1982). Only a lower limit to the spatial extent of a double layer is known because
measurements of the delay in their detection among the different antennas of the $3-3
satellite have placed only a lower limit on the velocity with which the double layers pass
the satellite. Note that the electric field in the double layer points predominantly out of
the ionosphere, that is, in a direction accelerating ions upward along the field line. The
fact that the electric field in the double layers is largely parallel to the magnetic field is
important because such electric fields can freely energize electrons and ions. The
potential through a series of such double layers can account for the total potential drop
in the region of the large-scale parallel electric field associated with the ion beam.
In summary, it is fair to say that much has been learned about the processes that
accelerate electrons to produce the aurora from the direct observation of electric fields
but that there are also still many unanswered questions. The relative importance and
temporal evolution of electrostatic shocks, double layers, and large-scale regions of
unstructured parallel electric field is uncertain. Most regions of large (>~ 1.5 keV)
parallel potential drop are associated with electrostatic shocks (Bennett et al 1983).
However, small potential drops (< 0-5 keV) are usually not associated with electrostatic shocks though such regions typically contain numerous double layers. The
wave data in the electrostatic shock itselfls often badly saturated because of the large
amplitude of the electric fields inside shocks (Temerin et a1198 la). Thus, it has not been
possible so far to determine whether double layers are embedded in electrostatic
shocks. Double layers have also not been found in regions of very energetic ion beams.
Again, the problem is that such regions are associated with large amplitude EHc waves
which saturate the detector and make it difficult to detect the smaller amplitude parallel
electric field structures of the double layer.
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Conics and field-aligned electrons

In w we discussed the possible role of EHC waves in heating the upward-flowing ion
beam. Another possible explanation of the temperature of the ion beam is that the ions
had already been heated below the acceleration region. Ions are heated transversely to
the magnetic field at altitudes between 1000 km and 8000 km (Sharp et al 1977;
Klumpar 1979; Gorney et al 1981).
Transversely heated ions, or "ion conics" as they are more commonly known, are an
even more common phenomenon than ion beams in the auroral zone. Despite their
wide occurrence, the mechanism responsible for their energization has not been
established. As discussed previously, the energization of ions perpendicular to the
magnetic field requires perpendicular electric fields that oscillate at frequencies near the
ion gyrofrequency or that have scale lengths of the order of the ion gyroradius. Such
fields are easily observed by the $3-3 satellite but there are problems in the
interpretation of the data. An ion distribution which is energized at one altitude will
flow up the magnetic field line due to the magnetic mirror force and will also be seen at
higher altitudes. Thus measurements of ion conics and wave electric fields do not
necessarily imply that the locally measured electric fields are energizing the ions.
Another problem is the difficulty of identifying the actual frequency of the waves.
Waves which have frequencies near the ion gyrofrequencyand wavelengths of the order
of the ion gyroradius should be most effective in energizing ions. However, waves with
such short wavelengths experience substantial Doppler shifts due to the relative motion
of the plasma with respect to the spacecraft. Perhaps because of these effects, the
narrow-banded electrostatic ion cyclotron waves seen in upward-flowing ion beam
regions have not been observed in conic regions.
Though ion conics are more widespread than ion beams, they are seemingly not as
well correlated with other indicators of auroral activity. Upward-flowing ion beams
occur only in regions of upward field-aligned current (Cattell et al 1979; Cattell 1983)
and are well correlated with energetic (hundreds of eV to a few keV) electrons.
Furthermore, there is a fairly good correlation between energetic electrons and ions, in
that the more energetic ion beams occur in regions of larger and more energetic electron
flux. This is not the case for conics and narrowly field-aligned or counterstreaming
electrons. Conics occur in regions both of upward and downward field-aligned current
(Cattell et al 1979) and in association with energetic electron precipitation and also in
regions of practically no energetic electrons. Furthermore, very energetic conics can
occur in regions of little energetic electron precipitation other than that of the
counterstreaming electrons. Though not associated with a specific direction of current,
conics are associated with enhanced field-aligned currents and with enhanced levels of
low frequency waves and turbulence. We wish to determine the source of the electric
field turbulence and whether the observed level of turbulence is sufficient to energize the
observed conics. Because regions of upward and downward current are substantially
different, the fact that conics are observed in both regions suggests that more than one
plasma instability may be involved in the generation of electric field turbulence that
energizes conics. The main difference between the upward and downward current
regions is that, in the upward current region, most of the current is carried by the hot
plasma sheet electrons, while, in the downward current region, most of the current is
carried by the cold ionospheric electrons. Here we shall give an example of a conic in
both a downward and upward current region and speculate about the possible free
energy source for the waves that produce the conic in each case.
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Figure 6 shows an example of a conic in an upward current region underneath the
potential drop that produced an inverted V. The electric field shown in the top panel is
the component along one of the radial antennas. The first part of the figure is similar to
the example in figure 2; there is an S-shock (A) on the poleward boundary of a region of
small low energy electron flux (D) and upward ion beams (H). In this case, however, the
region of turbulent electric fields associated with the ion beam was followed by a region
of even more turbulent electric fields (B) associated with a region of conics (I) and
downward flowing accelerated eletrons (F). Note that the conic (I) is characterized by a
maximum in the ion flux at an oblique angle to the magnetic field and a local minimum
in the ion flux along the magnetic field. Some of the downgoing electron beam was
reflected by the magnetic mirror force below the satellite and appeared as an upgoing
electron beam with a bite-out in it due to losses in the ionosphere (G). Such pitch angle
dependent features in the electron distribution are typically found below regions of
strong upward parallel electric fields. The low energy electrons were counterstreaming
(E) because they consisted of secondaries from the ionosphere which were reflected by
the potential above the satellite. We will see later that most counterstreaming electrons
cannot be so easily explained. The most notable features in this figure are the large
amplitudes (100 mV/m) of the electric field turbulence (B) and the presence of energetic
(3.9 keV) conics. In contrast, most conics have energies of less than 0.5 keV. Note also
that as the electric field turbulence decreased (C), so did the energy of the conics (d).
In addition to the low frequency electric field turbulence evident in figure 6 (B), there
are other waves in the region below the parallel potential drop. Figure 7 shows 2 min of
electric field wave data between 0-800 Hz in the form of a frequency-time spectrogram
from a region similar to that shown in figure 6. In the figure, darker shades indicate
greater power. The waves consisted of VLF whistler mode waves (A) above the lower
hybrid frequency (B) and ELFelectromagnetic ion cyclotron waves propagating below
the hydrogen cyclotron frequency (E). Both of these waves modes are thought to be
generated by the downgoing electron beam (Gurnett and Frank 1972; Maggs 1976"
Temerin and Lysak 1983; Lysak and Temerin 1983). The VLr hiss above the lowerhybrid frequency had minima in its intensity spaced at harmonics of the hydrogen
cyclotron frequency (C) (Gurnett et a11969; Gorney et a11982; Gorney 1983). Thus, the
ion conic was damping the waves and the waves were in turn heating the ion conic. In
addition, there were harmonically-spaced emissions below the lower hybrid frequency
(D) which may have been generated by the ion conic (Kintner et al 1980; Cattell and
Hudson 1982).
In the above example, the accelerated inverted-V electrons appear to be the major
source of free energy for the waves which in turn appear to be producing the conics.
However, there are some problems. It is not known which of the wave modes are
producing the conic. For instance, Gorney et al (1982) argued that there is not enough
energy in the VLF hiss to energize the conics and the properties of the low frequency
turbulence are not as well known as we would like because of Doppler shift effects.
Furthermore, waves below the inverted-V can account for only a small portion of the
observed conics. Usually there are no conics observed below inverted-V's. Conics are
common only directly below the potential drop associated with very energetic invertedV's. Thus, despite examples such as those in figures 6 and 7, it appears that the ions
forming most ion beams are not appreciably heated below the parallel potential drop
that produces the inverted-V.
Since most conics occur in downward current regions where there are no energetic
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Figure 6. An example of electric field turbulence and ion conics in a region underneath the

potential that accelerates inverted-Velectrons.

Figure 7. A frequency-timespectrogram of the wavesin a region similar to that shown in
figure 6. Darker tones indicate greater electric field wave intensity.

precipitating inverted-V electrons, most conics must have a different source o f free
energy. The most obvious source is the downward current consisting o f upward flowing
ionospheric electrons. Figure 8 shows an example of a conic (E) and of a downward (B)
and upward (C) electron beam in a region o f downward currents (Sharp et a11980). The
most energetic electron beams (C) (D) were flowing out o f the ionosphere. Again there
were electric field turbulence and electrostatic shocks. The conics were again very
energetic. However, the overall electron flux was relatively small. There was no
indication from the electron data of upward-pointing parallel electric fields above the
satellite.
The example shown in figure 8 is probably the most extreme example of conics, field-
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Figure 8. An example of electric field turbulence, ion conics, and narrowly field-aligned
electron beamsin a region of downward field-alignedcurrent.

aligned electrons, and electrostatic shocks in the $3-3 data. However, the correlations
implied by this example are common. In most examples, the field-aligned electron
energies, the conic ion energies, and the magnitude of the electric field turbulence are all
smaller, yet they all typically occur together. Of the 1067 electrostatic shocks for which
there are ion data, 490 occurred within regions of conics (410 occurred near ion beams).
Many of these conics were associated with narrowly field-aligned electrons. B o ~ the
most energetic narrowly field-aligned electrons and most energetic conics were typically
found near the largest shocks in a given event.
There are several problems that the ion conic and field-aligned electron data present.
Consider, for example, the narrowly field-aligned electrons. The narrowness of the
field-aligned electrons means that the perpendicular temperature of the electrons is
small. Thus the field-aligned electrons must be of ionospheric origin. The upwardflowing field-aligned electrons could be explained by a downward-pointing quasi-static
electric field, which would accelerate electrons out of the ionosphere. However, this
would not explain the downward-flowing field-aligned electrons nor the lack of
evidence of parallel fields in the ion data. For these reasons, Sharp et al (1980) proposed
that the field-aligned electrons are produced by flickering double layers. If the double
layers lasted only for a short time, the slower-moving ions would not be greatly affected
but the electrons would be accelerated. The connection between the flickering double
layer theory and the observed low-frequency electric field turbulence and ion conics is
not clear. In any case, the flickering double layer idea shows that it is not easy to argue
from the particle data that the large electric fields, that we have been calling
"electrostatic shocks," are in fact electrostatic in these cases. Another possibility is that
they may be Alfvrn waves or kinetic Alfvrn waves (Hasegawa 1977).
The fact that some "electrostatic shocks" may be Alfvrn waves is not particularly
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noteworthy: any large scale low-frequency disturbance will propagate parallel to the
magnetic field in the form of an Alfv~n wave. What we would like to know is how the
Alfv6nic turbulence is generated and whether it or some other wave mode is capable of
producing the ion conics and narrowly field-aligned electrons.
Figure 9 shows an example of wave data from a region of downward currents and ion
conics. The figure shows that there were electrostatic shocks and that VLF waves in the
form of VLFsaucers were centered on these electrostatic shocks (Temerin et al 198 l a).
These VLFwaves were, as in VLFwaves associated with inverted V's, propagating above
the lower hybrid frequency along the resonance cone of the whistler mode. Again, as in
whistler mode waves associated with inverted V's, it is thought that the VLFsaucers are
generated by electron beams through the Landau resonance ( James 1976). However,
since they are often not observed, the electron beams must be of much lower energy.
A possible scenario which explains the data involves the downward current. The
downward current, consisting of cold upward-flowing ionospheric electrons, produces
a current-driven instability. The current-driven instability with the lowest threshold is
the EHC instability (Kindel and Kennel 1971; Okuda and Ashour-Abdalla 1983). This
instability results in anomalous resistivity (Hudson et al 1978)and a beam of runaway
electrons, which produces the VLFsaucers. Alfv6n waves can also be driven unstable by
electron beams (Temerin and Lysak 1983; Lysak and Temerin 1983) so the electron
beam can also contribute to the creation of the "electrostatic shock". Alternatively, any
interruption of the current due to anomalous resistivity or other processes will launch
an Alfv6n wave.
There are a few problems with the above scenario. The most important is that EHC
waves have not been observed in these regions. Kintner and Gorney (1983) examined a
region of conic generation but found no EHC waves. So the method described above for
creating the electron beams and ion conics are speculative. Another possible way of
producing electron beams is through double layers or ion acoustic driven anomalous
resistivity. The initial stages of the instabilities in the upward current region are not
known.
The region of generation of the low-frequency Alfv6nic turbulence is also difficult to
determine. Low frequency turbulence has been observed along magnetic field lines all
the way into the magnetotail (Gurnett et a11976; Gurnett and Frank 1977; CatteU et al
1982). Thus, since it has been observed everywhere, it is difficult to determine the region
of origin.
The possible role of Eric waves and lower hybrid waves in energizing conics has
already been considered (Ungstrup et al 1979; Lysak et al 1980; Papadopoulos et al
1980; Chang and Coppi 1981). The possible role of Alfv6n waves, kinetic Alfv6n waves,
or electromagnetic ion cyclotron waves should also be considered. After all, if the
'electrostatic shocks' and low-frequency turbulence in conic regions are interpreted as
Alfv6n waves, then Alfv~n waves are the largest amplitude waves commonly seen in
regions of conics and narrowly field-aligned electrons. Current-driven electromagnetic
ion cyclotron waves have generally not been considered because the threshold for this
instability is greater than for electrostatic ion cyclotron waves in the auroral plasma
(Forslund et al 1979). However, if the upward current region consists of nonMaxwellian distributions, possibly created initially because of current-driven instabilities, electromagnetic ion cyclotron waves or Alfv6n waves may be generated.
Once generated, these waves can heat the electrons and ions.
Alfv6n waves have phase velocities oblique to the magnetic field. Thus they can
10
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interact with electrons through L a n d a u resonance. O n e possible mechanism for
accelerating electrons is similar to that proposed by Reinleitner et al (1983) and Gurnett
and Reinleitner (1983) for electrons trapped in VLF chorus. Because o f the large change
in the Alfv6n velocity near the earth on auroral field lines (see figure 1), electrons
trapped in the wave, initially with small velocities, can be accelerated to large velocities
as the phase velocity o f the wave increases. Since kinetic Alfv6n waves have a
perpendicular scale length o f the order o f ion gyroradius, they can also interact with the
perpendicular c o m p o n e n t o f the ion velocity. The Alfv6n m o d e exists up to the ion
gyrofrequency. As the Alfv6n wave propagates up the field line, the ion gyrofrequency
decreases and waves near the ion gyrofrequency are absorbed, heating the perpendicular c o m p o n e n t s o f the ion velocity and thus producing the conics. Also large
amplitude kinetic Alfv6n waves may be subject to nonlinear steepening which effectively
generate high frequency c o m p o n e n t s that can heat the ions. Again, this is very
speculative and only presented as one possible scenario for the generation o f conics and
narrowly field-aligned electrons.

3.

Conclusions

The energization o f electrons and ions on auroral field lines involves several processes.
Electrostatic shocks, double layers, electric field waves and electric field turbulence all
play a role. The importance o f these various processes depends on the direction o f local
current flow, which, in turn, depends on the interaction o f the magnetosphere with the
solar wind. In the past few years much progress has been made in understanding how
ions and electrons are accelerated in the auroral zone. M u c h still needs to be done.
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